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Preface

Molecules in the electronic excited state take important roles in various processes.
For the excited molecules in condensed phase, however, there exist general
restrictions in the efficient utilization of light energies. First, higher electronically
excited states of rather large molecules very rapidly relax to lower electronic states
(Kasha’s rule), and some portion of the photon energy is diminished in this
relaxation. Second, a large number of the molecules excited in assemblies undergo
fast annihilation, and only a small number of excited state molecules can remain,
leading to the loss of the number of photons absorbed in the system. In addition, the
electronic state accessible by the photoabsorption is limited by the optical selection
rule, and we cannot access various dark electronic excited states of molecules.
These restrictions have confined most of the photochemical responses into the
framework of “one-photon and one-molecule outcomes in the lowest excited state”
and have been preventing us from efficiently and cooperatively utilizing a number
of photons and excited molecules.

To explore principles to realize responses induced by a number of photons and
excited molecules (photosynergetic responses) beyond the limit of “one-photon and
one-molecule outcomes in the lowest excited state” leading to the new paradigm,
we organized a Grant-in-Aid for Scientific Research (Kakenhi) Project on
Innovative Areas “Photosynergetics: Application of Cooperative Excitation into
Innovative Molecular Systems with High-Order Photofunctions” (Hiroshi
Miyasaka, project leader and 34 research groups) from 2014 to 2019, supported by
the Ministry of Education, Culture, Sports, Science and Technology, Japan.

The research project focused on the three subjects for the realization of the
photosynergetic responses.

(1) Exploration and elucidation of reactions from higher electronic excited states,
modulation of electronic states by the local field and effective utilization of
multiple excitons.

(2) Development of high-order photofunctions based on the synergetic action of
photoresponsive molecules.
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(3) Advanced construction of meso- and macroscopic cooperative photoresponsive
molecular assemblies and elucidation of their mechanisms.

This book compiles the accomplishments of this research project conducted with
these subjects. In Part I, we introduce the research results of the first subject directly
relating to the three general restrictions. By developing and applying multiple and
multiphoton excitations, nano-environments, new materials and theoretical meth-
ods, we could find new phenomena beyond the three restrictions and elucidated
their mechanisms, which can lead to the realization of photosynergetic responsive
materials. In addition, the developments of new materials, experimental apparatuses
and theoretical methods in the study have ensured further progress of the research
field on the photosynergetics.

Part II bundles research outcomes on the second subject aiming to explore
photoresponsive systems where the photoreaction in a molecular level is integrated
and amplified. By designing and synthesizing molecules and assemblies, reaction
chains and molecular networks overcoming the loss of the photon energy were
achieved by the amplification. Moreover, many examples were realized for coop-
erative photoresponses of molecular aggregates arising from the integration of
molecular photoreactions. From these results, we could obtain the principles for the
realization of responses through the multiple photons and multiple excited mole-
cules, which can guide future research.

Part III compiles the photoresponse of materials in rather large scale, where the
individual reaction of molecules in the excited state is accumulated in the material,
leading to the hierarchical photoresponse of meso- and macroscopic materials.
Researchers in various fields of materials chemistry such as molecular synthesis,
designing of molecular crystals, time- and space-resolved detection of reaction
dynamics developed photoresponsive meso- and macroscopic systems and eluci-
dated their mechanisms. These new phenomena, materials, mechanisms and
experimental methods can lead to the further advancement of photosynergetics.

We hope that the achievement of the project is a significant landmark and
principles in the stream of studies on the photochemistry of molecules and
materials.

The editors express their sincere appreciation to outstanding contributors and to
the Ministry of Education, Culture, Sports, Science and Technology, Japan, for
their support of the project.

Toyonaka, Japan Hiroshi Miyasaka
Kyoto, Japan Kenji Matsuda
Sagamihara, Japan Jiro Abe
Ikoma, Japan Tsuyoshi Kawai
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Chapter 1
Advanced Control of Photochemical
Reactions Leading to Synergetic
Responses in Molecules and Mesoscopic
Materials

Hiroshi Miyasaka, Hikaru Sotome, and Syoji Ito

Abstract In the present chapter, we first introduce the mechanism of the
multiphoton-gated photochromic reactions in diarylethene and fulgide derivatives
by pulsed laser excitation, where the multiple photons lead to the specific photore-
sponse beyond the Kasha’s rule. In the second part, we discuss the one-color control
of the activation, deactivation, and fluorescence excitation in the single-molecule
detection. One-color of light takes various roles resulting in the effective single-
molecule tracking via the photon-material synergetic response. In the third section,
photochromic reaction is applied to the controlled translational motion of nano- to
micron-sized materials under the laser trapping. Integrated photoresponses of mate-
rials, such as absorption, photochemical reaction, and the photon pressure, lead to
the mesoscopic motion synchronized with the photochemical reaction.

Keywords Multiphoton excitation · Multiple excitation · Diarylethene · Fulgide ·
Ultrafast laser pulse · Single-molecule tracking · Photon pressure

1.1 Introduction

The property and reactivity of molecules are dependent on the electronic states and,
accordingly, we can expect various photoresponses of molecules by changing the
irradiation wavelength and the mode of the excitation. However, specific reaction
depending on the high electronic state is very rare for polyatomic molecules due
to the rapid internal conversion in the highly excited state (Kasha’s rule). In the
present chapter, we first introduce the multiphoton-gated cycloreversion reaction of
diarylethene and fulgide derivatives as one of photosynergetic responses beyond the
Kasha’s rule. In these systems, marked enhancement of the cycloreversion reaction
takes place in specific electronic states attained only by the two-photon absorption.
We discuss the mechanism of the multiphoton-gated reaction on the basis of the

H. Miyasaka (B) · H. Sotome · S. Ito
Division of Frontier Materials Science, Graduate School of Engineering Science,
Osaka University, Toyonaka, Osaka 560-8531, Japan
e-mail: miyasaka@chem.es.oasaka-u.ac.jp
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experimental results by the two-color stepwise excitation and simultaneous two-
photon excitation.

As the second topic, we show the one-color control of fluorescence activation,
deactivation, and excitation of a fluorescent diarylethene derivative. In this system,
a one-color laser light takes various roles through the synergetic interaction between
thematerial and the light and enables the long-term fluorescence imaging with super-
resolution.

In the third topic, we introduce the mesoscopic motion of nano- to micron-sized
materials under the laser trapping, which is controlled by the photochromic reactions
of molecules inside the materials. Integration of lasers with the photochemical reac-
tion demonstrates the controlled mesoscopic motion which can amplify the chemical
reaction in molecular levels into the mesoscopic translational movements.

1.2 Multiphoton-Gated Cycloreversion Reaction at Higher
Excited States of 6π Electron Systems

Cyclization and cycloreversion between 1,3,5-hexatriene and 1,3-cyclohexadiene are
typical reactions of 6π electron systems, where the relation between the structure of
the product and the orbital symmetry of the reactant is regulated by the Woodward–
Hoffmann rules [1]. Diarylethene and fulgide derivatives are typical photochromic
molecules undergoing photoinduced cyclization and cycloreversion, which can be
regarded as 6π electrocyclic reactions in principle [2–4]. From viewpoints of the
elucidation of fundamental photochemical reactions as well as the application to
photofunctional molecular materials, these photochromic systems have been long
investigated.

We reported that the cycloreversion reaction of these derivatives in solution,
polymer matrices, and in crystalline phase takes place very efficiently in higher
excited state attained by the visible stepwise two-photon excitation under the pulsed
laser excitation [5–12]. For derivatives with the low cycloreversion reaction yield of
<few % in the lowest excited state, the yield in higher excited state was found to be
more than 50% [5, 6, 12]. Interestingly, this efficient cycloreversion does not take
place by the one-photon excitation whose photon energy is almost the same with
that of the two-photon of the visible light, as shown in Fig. 1.1. This result strongly
suggested that the excited state accessible only by the two-photon absorption takes
an important role in the drastic enhancement of the cycloreversion reaction. This
multiphoton-gated reaction is one of the rare responses in polyatomic molecules
depending on the specific high electronic state that are not easily accessible by the
one-photon absorption. The elucidation of the mechanism is quite important for
the control of the photochemical reaction by the multiple laser excitations [13–17]
and development of the photo-function of these molecular materials. In this project,
we applied femtosecond two-color two-pulse excitation to precisely elucidate the
mechanism of this specific reaction channel.
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Fig. 1.1 Stepwise two-photon cycloreversion reaction of diarylethene and fulgide derivatives

1.2.1 Stepwise Two-Photon Cycloreversion Reactions
in Diarylethene Derivatives

Figure 1.2a shows photochromic reactions of one of diarylethene derivatives, PT,
used in the present investigation. PT undergoes the photoinduced cyclization and
cycloreversion between the open-ring isomer, PT(o), and the closed-ring one, PT(c).
As shown in Fig. 1.2b, PT(o) has absorption only in the UV region while PT(c)
has absorption bands also in the visible region. PT(c) shows broad fluorescence
spectrum with rather large Stokes shift (4200 cm−1) even in nonpolar n-hexane
solution, strongly suggesting large geometrical rearrangement in the excited state.
The cyclization quantum yield of PT(o) by the 280-nm irradiation is 0.59, while the
cycloreversion yield by the 492-nm excitation is 0.013 [3].

In the stepwise two-photon absorption process, the actual intermediate state
produced by the first photon absorption is the initial state of the second photon

Fig. 1.2 a Molecular
structure and photochromic
reactions of PT.
b Steady-state absorption
spectra of PT(o) and PT(c)
and fluorescence spectrum of
PT(c) in n-hexane solution.
Excitation wavelength for the
fluorescence measurement
was 580 nm. Adapted with
permission from ref 18.
Copyright (2017) American
Chemical Society
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Fig. 1.3 Potential energy
curves and cycloreversion
reaction of PT(c). Adapted
with permission from Ref.
[18]. Copyright (2017)
American Chemical Society

excitation. In the present case, the second photon is absorbed by the excited state
pumped from the ground state by the visible light. Because the excited state under-
goes various relaxation processes during its lifetime, it is indispensable to elucidate
the dynamics of the excited state (initial state) responsible for the second photon
absorption. Figure 1.3 shows potential energy curves and reaction profiles of PT(c)
in n-hexane solution excited by the visible one-photon absorption [18]. The 1B state
produced by the visible excitation of the ground state interconverts into the 2A state
with the time constant of 200 fs. This 2A state undergoes vibrational relaxation
accompanied with the geometrical rearrangement with the time constant of 3 ps,
and the relaxed 2A state shows the transition into the conical intersection (CI) in
competition with the direct deactivation to the ground state with the time constant
12 ps.

In order to elucidate the mechanism of the efficient cycloreversion reaction in
higher excited states of PT(c), we employed a double-pulse pump and probe system,
whose conceptual setup is shown in Fig. 1.4. The first pump pulse (Pump 1) excites
the ground statemolecule, and the second pumppulse (Pump2) is introduced after the
delay time of �t from Pump 1. The amount of the reaction is monitored as negative
transient absorbance of the closed-ring isomer at the delay timemuch longer than the
lifetime of the excited state. In the present case, this delay time was set to be 400 ps.
By subtracting the reaction amounts by the one-photon absorption of Pump 1 and
Pump 2, we can obtain the reaction amount induced by the successive two-photon
excitation. In the case where Pump 2 is introduced immediately after Pump 1, we
can pump the 1B state to higher excited states. On the other hand, when Pump 2
is introduced with �t ~ ca. 1 ps, geometrically unrelaxed 2A state can be excited.

Fig. 1.4 Schematic illustration of the experimental setup for the stepwise two-photon cyclorever-
sion reaction amount measurement
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In the condition with much longer time interval, the relaxed 2A state is excited.
Accordingly, we can choose the initial state of the second photon absorption by
changing �t. In addition to the selection of the initial state leading to the formation
of the different final state, the wavelength of Pump 2 also determines the final state.
Thus, the detailed information on the enhancement of the cycloreversion can be
obtained as functions of the time interval, �t, and the wavelength of Pump 2.

Figure 1.5 shows one of the experimental results, where Pump 1 at 600 nm and
Pump 2 at 530 nmwere employed. The abscissa in this figure is the time interval,�t,
between the Pump 1 and 2 pulses, and the ordinate is the reaction amount induced
by the successive two-photon excitation detected as ��Absorbance. As shown in
this figure, the amount of the two-photon reaction at �t = 0 is rather small although
the population of the excited state is the largest. With an increase in �t, the reaction
amount induced by the two-photon excitation increases up to ca. 5 ps and decreases
in a few tens of ps time region. The solid line is the calculated curve with a triple-
exponential function with time constants of 200 fs, 3 ps, and 12 ps. The first two
time constants correspond to the rise components (increase in the amount of the
two-photon induced reaction), while the time constant of 12 ps is the decay one. As
was shown in Fig. 1.3, the time constant of the interconversion from 1B to 2A was
200 fs and that of 3 ps was due to the geometrical rearrangement in the 2A state. The
increase of the two-photon cycloreversion reaction with these two time constants in
Fig. 1.5 indicates that the excitation of the 2A state, especially the geometrically
relaxed one, more efficiently induces the cycloreversion reaction than the excitation
of the 1B state. The decay time constant of 12 ps corresponds to the lifetime of the
2A state, indicating that the depopulation of the initial state of the second photon
absorption led to the decrease of the two-photon induced cycloreversion reaction.

The above result depending on the character of the electronic state strongly
suggests that the symmetry of the electronic wave function takes an important role
for the ring-opening in the higher excited state. As shown in Fig. 1.6, the excited
state produced by the optically allowed transition from the A state is in the B state
for which the node between the two carbon atoms is expected. On the other hand,

Fig. 1.5 ��Absorbance due to the stepwise two-photon cycloreversion reaction versus the time
interval between the two excitation pulses, �t. Wavelengths of the pump 1 and pump 2 pulses
were 600 and 530 nm, respectively. Reprinted with permission from Ref. [18]. Copyright (2017)
American Chemical Society
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Fig. 1.6 Schematic
illustration of the phase of
wavefunctions in A and B
states

the excited state attained by the optically allowed transition from the B state is the A
state where the node of the wave function between the two carbons is not plausible.
Although more detailed investigation by advanced theoretical methods is necessary
to derive a clear conclusion, the present experimental result strongly implies the
importance of the symmetry of the wavefunction.

The second rise component in Fig. 1.5 was attributed to the geometrical rear-
rangement in the 2A state. This increase of the two-photon induced cycloreversion
reaction may be related to the short lifetime of higher electronic state. Generally, the
lifetime of higher excited states of rather large molecules is in the sub-picosecond
region. In the present system, the lifetime of the higher excited state PT(c) was 300 fs
[18], which is comparable to the one period of the large amplitude motion with the
frequency of ca. 100 cm−1. Owing to the short lifetime, molecules in higher excited
states have less chance to undergo the large geometrical change before the deactiva-
tion to lower excited state. In other word, the initial geometry of the molecule in the
excited Franck–Condon state takes an important role for the reaction with geomet-
rical rearrangements, as shown in Fig. 1.7. Actually, as was shown in Fig. 1.2, large
Stokes shift of PT(c) strongly suggested large geometrical change taking place in the
lowest excited state. In the present case, the geometry in the relaxed 2A state is more
favorable for the cycloreversion reaction in the higher excited state pumped from the
2A state. This result indicates that the Franck–Condon geometry in the higher excited
state, in addition to the character of the electronic state, also takes a crucial role in the
effective reaction during the short lifetime. That is, even the one-photon transition

Fig. 1.7 Schematic
illustration for the relation
between the subsequent
reaction and the
Franck–Condon geometry in
the highly electronic excited
state
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from the ground state can access to the specific electronic state, the reaction may not
so efficiently occur in the vertical transition of which Franck–Condon geometry is
far from the crossing point for the reaction.

The wavelength of the second laser pulse is also an important factor for the
effective reaction. Figure 1.8 shows the two-photon induced cycloreversion amount
as a function of �t between the two pulses, where Pump 1 was fixed at 600 nm
and various wavelengths were used for Pump 2. As was performed in Fig. 1.5, the
contribution of the one-photon reaction was subtracted. The rise of the reaction
amount within ca. 5 ps of �t was observed for Pump 2 in the wavelength region of
530–680 mm, while such behavior was not detected for Pump 2 in the wavelength
region longer than 730 nm and monotonous decrease of the enhancement of the
reaction was observed with an increase in �t.

Figure 1.9 shows the cycloreversion reaction yield in the high electronic state
pumped up from the relaxed 2A state as a function of the wavelength of Pump 2.

Fig. 1.8 Pump 2 wavelength
dependence of
��Absorbance due to the
stepwise two-photon
cycloreversion reaction
versus the time interval
between the two excitation
pulses, �t. The wavelength
of the pump 1 was 600 nm
and that of the pump 2 is
shown in the figure.
Reprinted with permission
from ref 18. Copyright
(2017) American Chemical
Society

Fig. 1.9 Dependence of the
reaction yields in the higher
excited states on the
wavelength of the second
excitation pulse. Reprinted
with permission from Ref.
[18]. Copyright (2017)
American Chemical Society
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As shown in this figure, the cycloreversion yield by the second laser pulse in the
wavelength region shorter than 680 nm is ca. 50–90%. The cycloreversion yield in
higher excited states under the multiple excitations of PT(c) by a picosecond 532-
nm laser pulse was estimated to be ca. 50% [6]. Because the picosecond laser pulse
with 15-ps FWHM excites the 1B and 2A state during the pulse duration. In addition,
unrelaxed 2A state is also excited in addition to the relaxed 2A state. Accordingly, the
reaction yield in the high state estimated in the picosecond experiment was slightly
smaller than that obtained for the relaxed 2A state in the femtosecond experiment,
70%. In anyhow, present results are almost in the same order of the picosecond
pulsed excitation. On the other hand, the reaction yield is much smaller, less than
1%, in the wavelength region ≥730 nm. It is worth noting for the correlation curve
with the second pulse ≥730 nm in Fig. 1.8 that the amount of the cycloreversion
reaction induced by the second photon absorption showed the monotonous decrease
with an increase in �t and no selectivity depending on the initial electronic state or
the geometry of the molecule for the second photon absorption was found. These
results strongly suggest the contribution of the vibrationally excited state in the lowest
electronically excited state,whichwas producedby the rapid internal conversion from
the highly excited states pumped by Pump 2 in the wavelength region ≥730 nm. The
excess energy of the S1 state may assist the molecules in overcoming the activation
barrier on the 2Apotential energy surface, leading to the slight increase in the reaction
yield of the cycloreversion.Actually, the cycloreversion reaction yield of diarylethene
derivatives generally increases with increasing temperature [19].

By summarizing above results and discussion, we could conclude that the char-
acter of the electronic state, the Franck–Condon geometry of molecules in highly
excited states, and the level of the final state are key factors for the marked increase
of the cycloreversion reaction by the stepwise two-photon excitation.

1.2.2 Stepwise Two-Photon Cycloreversion Reactions
in Fulgide Derivatives

To elucidate the generality of these reactions in 6π electron systems, we have studied
the reaction dynamics of fulgide derivatives by the stepwise two-photon excitation
of femtosecond laser pulses [20].

Figure 1.10 shows the photochromic reaction of F1, together with the absorption
spectra of the open-ring isomer, F1(o), and closed-ring one, F1(c), in toluene solution.
The fluorescence spectrum of F1(c) is also exhibited. As shown in Fig. 1.2, F1(o) has
absorption bands only in the UV region while F1(c) shows the absorption bands also
in the visible region. The fluorescence spectrum of F1(c) shows a very broad band
with rather largeStokes shift in nonpolar solution, strongly suggesting that the relaxed
excited state of F1(c) in the lowest excited state has a geometry largely different from
the ground state as observed for the diarylethene derivative. The cyclization yield
upon the irradiation at 366 nmand the cycloreversion yield upon the 505-nmexposure
were, respectively, 0.39 and 0.11 in toluene solution at 295 K [20].



1 Advanced Control of Photochemical Reactions … 11

Fig. 1.10 a Molecular
structure and photochromic
reactions of F1.
b Steady-state absorption
spectrum of F1(o) and that
under the photo-stationary
(PSS) state under the
irradiation at 330 nm (solid
black line) and fluorescence
spectrum of F1(c) in toluene
solution. Excitation
wavelength for the
fluorescence measurement
was 450 nm. Adapted with
permission from Ref. [20].
Copyright (2018) American
Chemical Society

Figure 1.11 shows the transient absorption spectra of F1(c) in toluene solution,
excited with a femtosecond 500-nm laser pulse. The absorption spectrum at 0 ps
shows an absorption maximum at 630 nm and a weak positive one around 700 nm.
In the initial 0.5 ps following the excitation, the positive absorption band at 630 nm

Fig. 1.11 Transient
absorption spectra of F1(c)
in toluene solution, excited
with a femtosecond 500-nm
laser pulse. Negative signal
around 580 nm and the
positive one around 430 nm
in the spectrum at 0 ps are
due to the stimulated Raman
scattering. Reprinted with
permission from Ref. [20].
Copyright (2018) American
Chemical Society
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shifts to 610 nm and the weak positive band at 720 nm evolves into a negative signal
ascribable to the stimulated emission. Within a few ps following the excitation, the
absorption intensity at ~520 nm relative to that at ~620 nm increases and the positive
absorption bands gradually decrease together with the recovery of the negative one
in the wavelength >680 nm in a few tens of ps time range. At and after ca. 50 ps
following the excitation, only the weak negative signal due to the cycloreversion
reaction remains in the wavelength range of 400–550 nm. From the detailed analyses
of the temporal evolution of the spectra, the dynamics of F1(c) in the excited state
pumped by the 500-nm absorption were summarized as the interconversion from
the Franck–Condon 1B state to 2A state with the time constant of 140 fs which is
followed by the geometrical rearrangement of 1.5 ps. The lifetime of the relaxed 2A
state was 10 ps.

As reported previously, the stepwise two-photon excitation of fulgide derivatives
by the picosecond laser pulse induced the enhancement of the cycloreversion reac-
tion [10–12]. To precisely elucidate the mechanism, femtosecond two-pulse pump
methods were applied. Figure 1.12 shows the two-photon induced reaction as a func-
tion of the time interval between the first pulse at 500 nm and second one at 480 nm.
The ordinate is given as ��Absorbance as performed for Figs. 1.5 and 1.8. The
positive signal at the time interval <1 ps indicates that the double-pulse excitation
reduced the amount of the ring-opening reaction compared to those by the irradia-
tion of the two pulses with �t much longer than the excited state lifetime of F1(c).
This positive signal is not attributable to the formation of F1(c) by the simultaneous
two-photon absorption of F1(o) in the solution, because the excitation of the solution
only with the open-ring isomer, F1(o), at �t = 0 did not show the formation of
F1(c). Accordingly, the main part of the positive signal is due to the suppression of
the cycloreversion reaction by the irradiation of the second laser pulse immediately
after the excitation by the first pulse. At the present stage of the investigation, it is
suggested that this decrease might be due to the direct deactivation into the ground
state from the higher excited state.

Fig. 1.12 ��Absorbance due to the stepwise two-photon cycloreversion reaction versus the time
interval between the two excitation pulses, �t. Wavelengths of the pump 1 and pump 2 pulses were
set to 500 and 480 nm, respectively. Adapted with permission from Ref. [20]. Copyright (2018)
American Chemical Society
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With an increase in the time interval in sub-ps to several ps time region, the
negative signal of ��Absorbance appears with the time constants of 100 fs and
4 ps, indicating the enhancement of the cycloreversion reaction. The former time
constant of 100 fs is the same with that of the interconversion from the Franck–
Condon 1B state to the subsequent 2A sate, as was shown in the previous section.
On the other hand, the latter time constant, 4 ps, is slightly longer than that of the
geometrical rearrangement in one-photon cycloreversion reaction dynamics. This
differencemight be related to the reaction probability in the higher excited state being
more sensitive to the geometry. That is, the correlation curve between the reaction
amount and �t in Fig. 1.11 involves the reaction probability in the higher excited
state, while the time evolution of the transient absorption in Fig. 1.11 represents the
S1 state dynamics. At and after ca. 6 ps, the signal gradually decreases due to the
decay of the 2A state with the time constant of 10 ps. These results in Fig. 1.11
clearly show that the excitation of the 2A state leads to the enhancement of the
cycloreversion reaction while the excitation of the 1B state results in the suppression
of the cycloreversion reaction. In addition, the photoexcitation of the geometrically
relaxed 2A state more efficiently leads to the cycloreversion reaction.

Figure 1.13 exhibits the relation between the reaction amount and �t of the two
pump pulses using Pump 2 with various colors. The increase of the cycloreversion
reactionwas observedwithin ca. 5 ps for the second laser pulse at 530 and 560mm, as
observed in Fig. 1.12. On the other hand, only the positive signal was observed for the
second pulse at 580 nm. For the second pulses at 650 and 720 nm, the positive signal
around �t = 0 was followed by the monotonous decrease with a time constant of
10 ps, indicating that the cycloreversion reaction was suppressed by the introduction
of the second laser pulse in the entire range of �t.

Figure 1.14 shows the apparent reaction yield as a function of the wavelength of
the second laser pulse. The apparent reaction yield,�P2, was estimated to be 0.77 for
Pump 2 at 480 nm, of which value is much larger than that in the S1 state, 0.11. The
apparent reaction yield decreases with the red shift of Pump 2. In the wavelength
region >580 nm, the negative value was estimated. This negative value strongly

Fig. 1.13 Dependence of
the stepwise two-photon
cycloreversion reaction of
F1(c) in toluene solution on
the wavelength of the second
laser pulse. The wavelengths
of the first excitation pulse
and probe pulse were 490
and 500 nm, respectively.
Reprinted with permission
from Ref. [20]. Copyright
(2018) American Chemical
Society
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Fig. 1.14 Dependence of
the apparent cycloreversion
reaction yield by the
stepwise two-photon
excitation on the wavelength
of the second excitation
pulse. Reprinted with
permission from Ref. [20].
Copyright (2018) American
Chemical Society

suggests that the increase in the contribution of the stimulated emission leads to
the decrease of the apparent reaction yield with an increase in the wavelength of
Pump 2.

The reaction dynamics of F1(c) under the double-pulse excitation are summarized
in Fig. 1.15. The second photon absorption from the 2A state and, in special, geomet-
rically relaxed 2A state more effectively induces the cycloreversion reaction yield.
These results are almost the same with those observed for the diarylethene deriva-
tives. On the other hand, the rapid internal conversion from the higher excited states
to the ground state may take place in the case that the 1B state in F1(c) is pumped
up into the higher excited state. Moreover, the second pulse excitation in the wave-
length region >580 nm remarkably suppresses the cycloreversion reaction. Actually,
the transient absorbance in the wavelength region of 650–900 nm in Fig. 1.11 shows
the negative signal, indicating that the stimulated emission takes an important role
for the deactivation induced by the second laser light. These results indicate that the
introduction of Pump 2, in principle, can induce the enhancement and suppression
of the cycloreversion reaction by the control of the time interval and the color of the
laser light.

Fig. 1.15 Responses of F1(c) to the femtosecond two-color two-pulse excitation. Reprinted with
permission from Ref. [20]. Copyright (2018) American Chemical Society
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1.2.3 Off-Resonant Simultaneous Two-Photon
Cycloreversion Reactions

Off-resonant simultaneous multiphoton absorption is one of representative
phenomena under the photo-irradiation of high peak power lasers. Generally, simul-
taneous multiphoton absorption pumps the molecule into the electronic state which
is optically forbidden by the one-photon absorption. The difference in the initial
electronic state may lead to the different relaxation and reaction. Not only from the
importance in the selection of the initial electronic state but also from the viewpoint
of the laser processing, the simultaneous multiphoton absorption can provide new
application of photochromic systems. Because the high peak power of lasers can
induce higher-order (≥3) multiphoton absorption, we can induce both isomeriza-
tion reactions of photochromic molecules with one-color laser light [21]. That is,
the high intensity laser induces the three-photon absorption resulting in the forward
reaction, and the irradiation with weak intensity induces the backward reaction via
the two-photon absorption. Accordingly, we can prepare the spatial patterning of the
photochromic reactions by controlling the beam profile of the one-color laser light
[21]. In this section, we introduce the reaction dynamics of the closed-ring isomer
of a diarylethene derivative, PT(c) in Fig. 1.2, in higher excited states attained by the
simultaneous off-resonant excitation at 730 nm and discuss the detailed reactions by
comparing these results with the dynamics observed by the one-photon excitation at
365 nm [22].

Before the discussion on the dynamics, we first show the excitation power depen-
dence of transient absorbance and the relation between the time interval between
the two laser pulses at 730 nm and the signal intensity in Fig. 1.16. As shown in
Fig. 1.16a, the transient absorbance increases quadratically in proportion with the
increase in the excitation power. This result clearly shows that the two-photon absorp-
tion is responsible for the transient signals. In Fig. 1.16b, we exhibit the correlation
trace of the permanent bleaching signal as a function of time intervals between the
two 730-nm excitation pulses. In this figure, the ordinate is the transient absorbance
at 400 ps after the irradiation. As shown in Fig. 1.16, the maximum value of the
cycloreversion reaction amount is observed at �t = 0 with the correlation width
of ca. 130-fs FWHM. Because this value is identical with the autocorrelation width
of the excitation pulse monitored by SHG and the transient absorbance increases
quadratically in proportion with the laser intensity, the cycloreversion reaction is
induced by the simultaneous two-photon absorption. Efficient excitation of PT(c) is
due to the large two-photon cross section, 380 GM at 730 nm [22].

Figure 1.17a shows the transient absorption spectra of PT(c) in n-hexane solu-
tion, excited with a femtosecond 365-nm laser pulse. The excitation at 365 nm pumps
PT(c) into the excited state which is ca. 11,000 cm−1 higher than the relaxed S1 state.
Immediately after the excitation, an absorption peak appeared at 590 nm with broad
absorption in the entire spectral window of 400–1000 nm. This 590-nm maximum
is ascribable to the absorption of highly excited state (Sn state), because it was not
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Fig. 1.16 a Excitation power dependence of transient absorbance changes of PT(c) in n-hexane
solution at 2 ps after the excitation with a femtosecond laser pulse at 730 nm. The monitoring
wavelength was 600 nm. b Correlation trace of the permanent bleaching induced by off-resonant
simultaneous two-photon absorption as a function of time intervals between two 730-nm excitation
pulses. A signal from neat solvent is also shown for comparison. Adapted with permission from
Ref. [22]. Copyright (2017) American Chemical Society

Fig. 1.17 Transient absorption spectra of PT(c) in n-hexane solution excited at 365 nm, (a), and
those at 730 nm, (b). The spectra around 730 nm are not shown due to strong scattering of the
excitation pulse at 730 nm. The spectral features denoted by asterisk are due to stimulated Raman
scattering of the solvent. The excitation powers were 170 and 740 nJ for the excitation at 365
and 730 nm, respectively. Reprinted with permission from Ref. [22]. Copyright (2017) American
Chemical Society
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observed under the one-photon excitation in the visible region [18]. In the sub-
picosecond time region, this absorption disappeared and the rise of absorption bands
was observed in the whole spectral region. The spectral shape of the resultant absorp-
tion band is similar to that obtained by the visible one-photon excitation although it
is broader due to larger excess vibrational energy in the 2A state [18]. These bands
decrease in a few tens of ps. At 100 ps following the excitation, almost all signal
disappeared and little bleaching signal remained, of which the result is consistent
with the small one-photon cycloreversion reaction yield of ca. 2% under the 365-nm
excitation.

On the other hand, spectral band shapes by the 730-nm off-resonant two-photon
excitation are largely different from those by the 365-nm one-photon excitation.
Although the signals around the time origin are affected by the coherent artifact
ascribable to the response of the solvent, the spectrum at 200 fs shows absorption
bands in 650–800 nm which is different from that by the 365-nm excitation. This
result indicates that the excited state (Sn’ state) pumped by the two-photon excitation
at 730 nm is different from that by the one-photon absorption at 365 nm. The absorp-
tion band in 800–900 nm increases within 1 ps but the band shape in 650–900 nm is
still different from that observed by the 365-nm excitation. This result indicates that
the Sn’ state is relaxed, at least in part, into the low excited state different from the
2A state. These positive absorption bands decrease into the baseline within several
tens of picoseconds, and the permanent bleaching markedly remains at and after at
100 ps following the excitation. The cycloreversion reaction yield was estimated to
be ca. 20% under the off-resonant two-photon excitation at 730 nm, which is 10 times
larger than that by the one-photon excitation. By integrating the large reaction yield
with the time evolution of the transient absorption spectra, it is strongly suggested
that the enhancement of the cycloreversion occurs via some specific channels leading
to the open-ring isomer without passing through the S1/S0 conical intersection of the
low excited state produced by the one-photon absorption.

1.3 One-Color Control of Cyclization and Cycloreversion
Reactions of Fluorescent Diarylethenes Under CW
Visible Light Irradiation and Its Application to Ultra
Longtime Single-Molecule Tracking

In this section, we introduce the one-color control of cyclization and cyclorever-
sion reactions of fluorescent diarylethenes. Although this control uses only single
color laser, the synergetic interaction between the material and the light leads to the
excellent performance in the super-resolution imaging.

Super-resolution optical microscopy [23–25] is a powerful tool for the investiga-
tion of the structure of small materials and for the detection of the dynamic motion
of the single fluorescent molecule with the spatial resolution beyond the diffraction
limit. Single-molecule tracking (SMT) is one of the methods for the detection of the
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molecular motion, where the localization of fluorescence images enables to track the
translational diffusion of individual molecules at very high spatial resolution (typi-
cally, 10–30 nm). The diffusional motion of molecules can probe the microscopic
environments of host materials and thus provides the information on the position-
depending properties of host materials. By using this method, we have investigated
the microscopic properties of polymer-based materials, e.g., the evolution of the
property of polymers through cross-linking [26] and photo-curing process [27] and
peculiar diffusion of guest molecules depending on the distance from solid/polymer
interface [28].

Although SMT is a powerful tool, two practical limitations have inhibited the
tracking of large number of molecules with a long measurement time. The first one
is the limited time of tracking due to the photobleaching of fluorescence molecules.
For single-molecule fluorescence imaging with good signal-to-noise (S/N) ratio,
photoexcitation with relatively intense laser is required. This intense excitation
induces the photodegradation of fluorescence molecules typically in several tens
of seconds of the light exposure. The second one is the upper limit of the concen-
tration of guest molecules. For ensuring the single-molecule tracking based on the
localization method, spatial overlap between fluorescence spots of guest molecules
should be avoided during their Brownian motions. Thus, the concentration of guest
molecules should be kept low. Because of these two limitations, it was difficult to
cover the wide region of the specimen by longtime measurements.

The application of the fluorescence OFF–ON switching is one of the methods
to overcome these limitations. In this measurement, most of the molecules in the
specimen are in the fluorescent OFF state, and the number of the molecules in the
fluorescent ON state is kept low to avoid the spatial overlap of fluorescence spots.
The bleaching of ON state by the photodegradation or by the ON → OFF reaction is
recovered by the exposure of the switching light to induce the OFF → ON reaction.
Iteration of the tracking and theOFF→ONlight exposure allows the single-molecule
tracking of the large number of molecules for a longtime covering the wide area of
the specimen.

The bleaching of ON state by the photodegradation or by the ON→OFF reaction
is recovered by the exposure of the switching light to induce theOFF→ONreaction.
In this measurement, the OFF → ON reaction is usually induced by the UV light,
which frequently prompts the photodegradation of the dye resulting in the short
measurement time. Accordingly, the new method of the OFF → ON, ON → OFF,
and fluorescence excitation without UV exposure can contribute to the longtime
measurement covering wide region and time-dependent change of the materials. In
the following, we introduce the visible one-color control method for OFF → ON,
ON → OFF, and fluorescence excitation, which was developed in this project [29].

Figure 1.18a shows the structures of the open- and closed-ring isomers fluo-
rescent diarylethene (fDAE). The quantum yield of the cyclization (fluorescence
OFF → ON) reaction in dioxane solution is 0.23, while that of the cycloreversion
(fluorescence ON → OFF) is <10−5. As Fig. 1.18b shows, the absorption band of
the open-ring isomer locates in the region shorter than 450 nm, while the closed-ring
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Fig. 1.18 a Structures of
open and closed-ring isomers
of fDAE. b Absorption and
fluorescence spectra of the
fDAE in 1,4-dioxane. c Time
evolution of the
single-molecule fluorescence
image of fDAEs in a
poly(2-hydroxyethyl
acrylate) thin film. The
images and plots in the figure
are reproduced from
Ref. [29]

isomer has absorption bands in thewavelength range of 400–600 nm and emits strong
fluorescence of which quantum yield in dioxane solution is 0.78 [30].

Figure 1.18c exhibits the time evolution of fluorescence images of the single
fDAEs in the poly(2-hydroxyethyl acrylate) (Tg = 290 K) film under CW 532-nm
laser irradiation up to 180 min. The specimen was prepared with the OFF state of
fDAE. At the time origin (t = 0min), slightly larger number of fluorescent spots were
detected, which is ascribable to the presence of the trace of the closed-ring isomer
in the prepared samples. After several minutes of photo-irradiation, the number of
fluorescent spots decreased to ca. 10–20 in the imaging area and remained almost
constant for 3 h. Interestingly, the fluorescent spot appears in the different position in
the film, indicating that theOFF→ON reaction took place by the 532-nm irradiation.
Actually, the constant number of fluorescent spots is ascribed to the photo-stationary
state where both ON → OFF and OFF → ON switching took place under the one-
color irradiation at 532 nm. From the analysis of the band edge of the absorption
spectrum of the open-ring isomer as well as the temperature effect of the appearance
of newfluorescence spots, it was revealed that the new appearance of the fluorescence
ON molecules is due to the absorption of the 532 nm light by the open-ring isomer
through the hot band (Urbach tail [31]). Although the absorption coefficient by the
Urbach tail at 532 nm is very small (<10−2 M−1 cm−1), it is sufficient to induce
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the OFF → ON reaction of several molecules in one sec to enable the longtime
measurement.

Figure 1.19a shows the time evolution of superimposed trajectories of single
fDAEs. With an increase in accumulation time, the number of trajectories increases
and the probing area also increases. Accumulating SMT data for 63 min, whole
imaging area is covered with trajectories of ca. 7000 fDAEs. Figure 1.19b shows
the spatial distribution of diffusion coefficient of fDAEs of which trajectories are
shown in Fig. 1.19a. Information on lateral diffusion coefficient over the whole
imaging area was thus successfully obtained by the one-color photoswitching SMT.
Furthermore, a time evolution of the spatial distribution of diffusion coefficient can
provide the time evolution (aging) of the materials. The present SMT with one-color
fluorescence switching method thus provides information on the lateral diffusion of
huge number of single molecules, through which information on a host material over
whole imaging area can be evaluated in terms of diffusional behaviors of single guest
molecules.

Fig. 1.19 a Trajectories of lateral diffusion of single fDAEs in a poly(2-hydroxyethyl acrylate)
film. Accumulation times are shown in the tops of the plots. b Two-dimensional (2D) plot of the
diffusion coefficients of fDAEs of which trajectories are shown in (a). c Time evolution of 2D
distribution of diffusion coefficient obtained from the data shown in (a). The images and plots in
the figure are reproduced from Ref. [29]
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1.4 Mesoscopic Motion of Small Particles Induced
by Switching of Photon Force Through Photochromic
Reactions

In this section, we introduce the movement of the nano- and microparticles synchro-
nized with the photochemical reaction under the laser trapping, which is one of the
photosynergetic responses integrated with the momentum change of photon and the
photochemical reaction of molecules.

A small particle under photo-irradiation experiences photon force (photon pres-
sure) originating from the transfer of the momentum of photon to the particle [32].
This photon force is generally classified into three parts: absorption, scattering, and
gradient forces. The absorption and scattering forces are, respectively, due to the
momentum transfer of photons through absorption and scattering, which push a
photo-irradiated particle toward the light propagation. On the other hand, the gradient
force directs the spatial gradient of the light intensity. When the refractive index of
a particle is larger than that of the medium, the gradient force pushes the particle
to the direction along the increasing light intensity. Under the irradiation of the
tightly focused laser beam, the gradient force keeps a small particle at the focal
point. Because the contribution of the gradient force is generally dominant in the
condition with no absorption of the particle at the wavelength of the trapping laser
(off-resonant), the particle is trapped in the vicinity of the focal point. Although the
absorption force is negligible in the off-resonant condition, it largely contributes in
the case where the absorption of the particle is resonant to the trapping light. Hence,
the change of the color of the particle may induce the change of the trapping position
of the particle through the switching of the absorption force.

In the present study, we employed a photochromic diarylethene (DAE) deriva-
tive shown in Fig. 1.20a as a color switching material. In addition to the change
of the absorption wavelength, photochromic reactions of this DAE are accompa-
nied with the fluorescence switching; the open-ring isomer is non-fluorescent while
the closed-ring isomer shows bright fluorescence. This fluorescence was used for
tracking the position of a trapped particle [33]. Figure 1.20b shows extinction spectra
of an aqueous colloid of 300-nmsized poly(methylmethacrylate) particles containing
the DAE derivative (DAE-PMMA particle) for different UV irradiation time. The
initial spectrum consists of the scattering of the particle and the absorption of the
open-ring isomer of DAE. With an increase in UV dose, absorption band of the
closed-ring isomer in the visible region increases and that of the open-ring isomer in
UV region decreases, indicating that the photochromic reaction actually takes place
in the PMMA particle suspended in water.

Figure 1.20c shows the time trace of the Z-position of the trapped DAE-PMMA
particle under periodic irradiation with UV light. Reciprocating motion by several
hundreds of nm,which are synchronizedwith theUV irradiation, was observed along
the optical axis (Z-axis) of the trapping beam. Figure 1.20d schematically illustrates
the mesoscopic motion of DAE-PMMA particle observed in Fig. 1.20c. The picture
in the left-hand side shows one DAE-PMMA particle trapped in water by the CW
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Fig. 1.20 a Structures of open- and closed-ring isomers of fDAE used. b Extinction spectra of 300-
nm PMMA particles containing the fDAE in water. c Time trace of the Z-position of an optically
trapped PMMA particle with the fDAEs. The fluorescence intensity of the particle is also shown
at the bottom (right axis). d Schematic illustration of mesoscopic photomechanical motion of the
single PMMA particle induced by photochromic reaction. Reprinted with permission from Ref.
[33]. Copyright (2018) American Chemical Society

532-nm laser focused by an objective (X100, NA 1.35). At this stage, almost all DAE
molecules in the particle are in the open-ring isomer and off-resonant to the 532-nm
light. Actually, the fluorescence intensity of the particle is very weak as shown in
Fig. 1.20c. Upon irradiation with CW UV laser (355 nm), the closed-ring isomer
absorbing the 532-nm light is produced and, as a result, the absorption force pushes
the particle toward the light propagation direction until the gradient force balances
with the sum of the absorption and scattering forces. After turning the UV light OFF,
the cycloreversion reaction (decolorization) is dominantly induced by the 532-nm
laser light and the particle returns to the initial position, leading to the mesoscopic
reciprocating motion synchronized with the colorization and decolorization of the
particle.

T-type photochromic reaction was also applicable to the light-driven mesoscopic
mechanical motion [34]. Figure 1.21a shows the structures and absorption spectra
of colorless closed form (CF) and colored transoid-cis (TC) form of the T-type
photochromicmolecule (PQ) used in the present study. PQ in the colorless form turns
to the colored form under the UV exposure through the photochemical reaction. The
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Fig. 1.21 a Structures and absorption spectra of colorless closed form (CF) and colored transoid-
cis form (TC) of PQ. b Time evolution of the optical transmission image of a polymer microparticle
with PQ before, during, and after UV exposure. c Time trace of the Z-position of the polymer
microparticle whose images are shown in (b). d Z-displacement of PQ-PAE as a function of UV
intensity for 532 and 690-nm trapping lasers. e Time evolution of the optical transmission image
of a polymer microparticle with PQ before, during, and after photo-irradiation with a focused UV
laser. The focal point is on the left-hand side of the particle. f Time trace of the X- and Y-positions
of the polymer microparticle whose images are shown in (e). Reprinted with permission from Ref.
[34]. Copyright (2018) American Chemical Society

colored form returns to the colorless formby the thermal reaction at room temperature
with the time constant of 0.7 s in solution [35].

Figures 1.21b, c show the temporal evolution of the trapping behavior of the
polyacrylic ester resin (PAE)microparticle containingPQ (PQ-PAE)which is trapped
in water with CW 690-nm laser light. The UV light at 355 nm was turned ON at



24 H. Miyasaka et al.

2.0 s and OFF at 4.0 s. As was observed in the DAE-PMMA particles, the trapped
PQ-PAE particle showed reciprocating motion synchronized with the photochromic
reaction of PQ. The Z-position of the trapped PQ-PAE particle gradually increased
to ca. 100 nm within ca. 1 s and the particle returned to the initial Z-position in >2 s.
This positional shift along the Z-axis corresponds to the color change of the trapped
particle as shown in Fig. 1.21b.

Figure 1.21d shows dependences of the Z-displacement of the PQ-PAEmicropar-
ticles on UV dose and trapping wavelength. The Z-displacement monotonically
increases with increasing UV dose for both trapping wavelength of 532 and 690 nm.
The slope of the plot for trapping wavelength at 532 nm is much larger than that
for trapping with 690-nm laser. This can be ascribed to the difference in the extinc-
tion between the two wavelengths. As shown in Fig. 1.21a, the absorption of PQ at
532 nm under UV exposure is much larger than that at 690 nm, and this difference
is attributable to the wavelength dependence of the Z-displacement.

Not only the Z-direction, but also the motion on the lateral (XY ) plane could be
triggeredby the locally inducedphotochromic reaction. Figure 1.21e shows the lateral
motion of a trapped PQ-PAE microparticle induced by focusing the UV laser into
an edge area of the left-hand side of the particle, where a weak emission signal was
observed. This emission is presumably due to the photodegradation of PQ induced by
the intense UV irradiation. The lateral position of the PQ-PAE microparticle shifted
along X-axis by UV exposure, while the Y-displacement was negligible. This X-
displacement is mainly attributed to the absorption force acting only on the left-hand
side of the microparticle. After turning the UV OFF, the microparticle gradually
returned to its initial position by the gradient force.

As demonstrated in this section, a new light-driven micromechanical system was
developed by combining photochromic reaction and the force of light. Reciprocating
motions along theZ-axis was achieved by switching the absorption band ofmicropar-
ticles. Not only along the Z-axis, but also lateral motion was induced by partial UV
irradiation. The insight obtained in the present work will introduce a new strategy
into the photomechanical control of nano/micro-objects as photosynergetic response.

1.5 Summary

We have briefly introduced our research results relating to the photosynergetic
responses in the project. The femtosecond two-pulse excitation was applied also
to the elucidation of the photoionization dynamics in solutions taking place with the
energy lower than the ionization potential in the gas phase [36] and revealed that the
solvation process of the specific electronic state regulates the ionization.

On the advanced control of the photochemical reaction by the stepwise multi-
photon excitation, we extended this method to the investigation on the electron
transfer reaction in higher excited states [37, 38]. In the tetraphenylporphyrin
(ZnTPP)-substituted bridged imidazole dimer system [37], visible stepwise two-
photon excitation of ZnTPP led to the formation of the charge separated state via
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the electron transfer from ZnTPP in higher exited states to the imidazole dimer,
which was followed by the rapid bond cleavage in the anion radical of the imidazole
dimer. After the subsequent charge recombination, the neutral radical pair with the
absorption band in the visible region remains. This visible two-photon sensitization
provides the new photosynergetic response of the photochemical reaction taking
place only by the irradiation of the UV light [37]. Also for the protoporphyrin—
CdS/ZnS core/shell nanocrystals (NCs) systems, the electron transfer from higher
excited states of porphyrin pumped by the visible two-photon absorption to CdSNCs
took place and successfully overcame the activation barrier with the wide bandgap
ZnS shell leading to a high reduction potential [38].

It should be noted that, in the case where the initial state of the second photon
absorption is long-lived such as triplet state, the high power of the excitation light
source is unnecessary to induce the stepwise two-photon-gated photochemical reac-
tion. Accordingly, it is expected that the stepwise two-photon excitation can open
manykinds of photosynergetic responses in various kinds of photochemical processes
such as super-resolution microscopy, laser trapping, and so forth.
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Chapter 2
Advanced Electronic Structure Theory
for High-Accuracy Prediction of Higher
Excited States and Its Application to
Photochromic Molecules

Takeshi Yanai

Abstract In this chapter,wedescribe our recent development of theoretical approach
to analyze photochemisty relevant electronic states (wave functions and energies)
for studying photochromic molecules with a promised numerical reliability. Our
approach is based on multireference (MR) theory, which is considered to be a critical
treatment to properly compute complex electronic structures arising in excited states.
It characterizes thewave function by explicitly expressing it as a correlated superposi-
tion of multiple electronic configurations (or Slater determinants). Wemainly review
our recent development of extended multi-state complete active-space second-order
perturbation theory incorporated into densitymatrix renormalization group reference
wave functions. Its illustrative applications to molecular photochromic isomeriza-
tions, diarylethene derivatives and pentaarylbiimidazole are briefly reviewed in order
to show the applicability of our computational approach.

Keywords Multireference wave function theory · Density matrix renormalization
group · Extended multi-state complete active-space second-order perturbation
theory · Diarylethene

2.1 Introduction

In order to characterize the electronic excited states with computational methods, the
multireference (MR) treatment plays an essential role. It expresses the wave function
as a correlated superposition of multiple electronic configurations (or Slater determi-
nants). In our recent work [29], we introduced an enhanced MR framework, referred
to as DMRG-XMS-CASPT2 (density matrix renormalization group extended multi-
state complete active-space second-order perturbation theory), that can accurately
compute complex electronic structures arising in excited states. This method was
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derived by incorporating the density matrix renormalization group (DMRG) wave
functions into the multi-state reference for the XMS-CASPT2 calculations.

The CASPT2 theory is a most widely used MR method because of its low com-
putational cost and theoretical simplicity [1, 2, 7]. In the CASPT2 calculations,
the excited states of interest are first accounted for in a qualitative fashion by the
complete active-space self-consistent field (CASSCF) wave functions [21, 22]. As
a well-established manner, the state-averaged (SA) CASSCF treatment is used to
obtain the references as a multi-root solution that provides a ground state and sev-
eral low-lying excited states. Using these CASSCF states as the zeroth-order, the
CASPT2 method describes the first-order perturbed wave functions and second-
order perturbation energies to further account for quantitative correlation to obtain
chemical accuracy, as well as in practice even qualitative correctness, including state
ordering.

In order to use CASPT2 for excited states, its state-specific variant is well known
to be inadequate for studying near-degenerate states, in which the strong mixing
arises between the reference and other secondary CASSCF states via the second-
order interactions. Another issue is a technical difficulty in determining state-specific
CASSCF references of excited states because of instability of convergence causing
so-called root flopping oscillation. These issues can be properly addressed by the
multi-state treatment based on state-average CASSCF references, known as the MS-
CASPT2 theory [7], an extension of CASPT2 formulated on basis of the quasi-
degenerate perturbation theory (QDPT) [4]. It constructs an effective Hamiltonian
matrix in the reference state basis under the presence of the perturbation, and its
diagonalization yields the mixing of the perturbed states. This procedure allows us
to properly describe the state crossing. The MS extension of MR perturbation theory
was similarly developed in the MCQDPT [17, 18] and QD-NEVPT2 [3] methods.
The combination of Granovsky’s extendedMS (XMS) method and theMS-CASPT2
method [10]was developed byShiozaki et al. to improve the zeroth-order description.
This approach (XMS-CASPT2) is able to additionally account for the off-diagonal
Fock operator-based coupling [26].

2.2 Overview of DMRG-XMS-CASPT2 Theory

In this section, the multi-state (MS) extension of the CASPT2 is briefly reviewed. In
the main framework of CASPT2, the first-order wave function is expanded into the
internally contracted (IC) basis, which is generated by applying excitation operators
to the zeroth-order reference. The MS treatment allows us to have multiple zeroth-
order references resulting from the preceding state-average CASSCF calculations.
The IC basis construction shown here is based on the single-state single-reference
(SS-SR) contraction. As done in the state-specific CASPT2 theory, the IC configu-
rations for the first-order space are generated solely relative to each of CAS-CI/SCF
states {|L〉}. The SS-SR scheme is expressed with the following ansatz:
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|�(1)
L 〉 =

∑

�

Ê�|L〉T�L , (SS-SR) (2.1)

where Ê� are the spin-summed double excitation operators ({Ê�} = {Ê pq Êrs}), the
detailed definitions of which can be consulted in Refs. [15, 16, 29]. The coefficients,
{T�L} (2.1), are determined by the following amplitude equations, which are solved
separately for each target reference |L〉,

〈L|Ê†
�( f̂ − E (0)

L )|�(1)
L 〉 + 〈L|Ê†

� Ĥ |L〉 = 0, (2.2)

with ∀L ∈ {1, . . . , nstate}.
Next, we turn to the construction of the effective subspace Hamiltonian,

H eff
ML = H ref

ML + 1

2
(H (2)

ML + H (2)
LM), (2.3)

where the Hamiltonian matrix to the first-order is given by H ref
ML = 〈M |Ĥ |L〉, and

the dynamic correlation arising between the perturbed states is determined by the
second-order perturbation,

H (2)
ML = 〈M |Ĥ |�(1)

L 〉. (2.4)

The eigenvalues resulting from the diagonalization of Heff are the XMS-CASPT2
energies EMS

P , and the associated XMS-CASPT1 wave functions |�MS
P 〉 are obtained

using the eigenvectors RLP :

EMS
P =

∑

ML

H eff
ML RMP RLP , (2.5)

|�MS
P 〉 =

∑

L

(|L〉 + |�(1)
L 〉)RLP . (2.6)

These expressions indicate that the scaling of computational cost of (X)MS-CASPT2
with the SS-SR scheme is expressed to be linear as a function of nstate (i.e., O(nstate)).
The combination with Granovsky’s extended MS (XMS) method [10, 26] results in
XMS-CASPT2 theory. It uses the state rotation matrix, which can be computed to
be an eigenvector matrix from the diagonalization of the generalized Fock matrix in
the state basis.

In the previous study [15, 16], we developed the state-specific CASPT2 method
using the DMRG-CASSCF wave function as the zeroth-order reference, as depicted
in Fig. 2.1. The major task to achieve this development was the implementation to
compute the first- to fourth-order reduced density matrices (k-RDMs, k = 1, . . . , 4)
of the active-space DMRGwave function. The combination of the DMRG and state-
specific CASPT2 methods was achieved by using the RDMs of the active-space
DMRG wave function in place of those arising in the tensor contraction expressions
of the CASPT2 equation and energy. The RDMs are a state-specific (or single-state)
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Fig. 2.1 DMRG-XMS-CASP2 is defined as use of the active-space DMRG functions as zeroth-
order references of XMS-CASPT2. (DMRG-)XMS-CASPT2 constructs an effective Hamiltonian
matrix in the reference state basis under the presence of the perturbation. It is diagonalized to obtain
the mixing of the perturbed states

object as expressed in the following general form,

Dikm...
jln... (L) = 〈�DMRG

L |Ê ikm...
jln... |�DMRG

L 〉, (2.7)

with the generator Ê ikm...
jln... = ∑

στρ... â
†
iσ â

†
kτ â

†
mρ . . . ânρ âlτ â jσ , where σ , τ , ρ, . . . refer

to the spin indices.
The 4-RDM is the O(n8) object, where n means the number of active orbitals.

Thus, the computation and memory storage of its full elements become formidable
when using a large active space, namely large n. In order to mitigate this complexity,
we introduced an approximation to the CASPT2 framework, which is realized by
replacing the 4-RDMwith the approximate one built on the fly from low-order (up to
third-order) RDMs using the cumulant reconstruction formula. It is referred to as the
cu(4) approximation.

In Ref. [29], we extended the aforementioned state-specific DMRG-based
CASPT2 to the (X)MS theory. The numerical object that is additionally required
for this extension is the transition RDMs (TRDMs) of the DMRG references,

Dikm...
jln... (L , M) = 〈�DMRG

L |Ê ikm...
jln... |�DMRG

M 〉 (L �=M). (2.8)

The RDM (2.7) and TRDM (2.8) elements arise as building blocks of the tensor con-
traction form of the amplitude equation (2.2) and effective Hamiltonian matrix (2.3).
As similarly done in the state-specific DMRG-CASPT2, the RDM and TRDMs sup-
plied by the DMRG calculations are used for combining DMRG andXMS-CASPT2.
The algorithm to compute TRDMs with the DMRG algorithm was developed and
implemented in block [5] (see also Ref. [11]).

The SS-SR ansatz is the feasible IC basis scheme when based on DMRG refer-
ences. Choosing the SS-SR scheme that can avoid the cumulant approximation to
4-TRDMs is expedient particularly when the cost of computing the pure 4-TRDMs is
formidably expensive. It should be, however, noted that this feasibility comes at the
price of using inconsistent subsets of the complete IC basis space for the target states
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and discarding their invariance with respect to the XMS rotation. The state-specific
4-RDM is required as the highest-order RDM, and thus, the cu(4) approximation is
again exploited for DMRG-based (X)MS-CASPT2. In the XMS case, the approx-
imate 4-RDM of the rotated reference L̃ is calculated using the rotated low-order
RDMs (〈L̃|Ê i

j |L̃〉, 〈L̃|Ê ik
jl |L̃〉, and 〈L̃|Ê ikm

jln |L̃〉) via the cumulant reconstruction for-
mula instead of rotating the reconstructed 4-RDM.

Let us here biefly mention our computer implementation. The (X)MS-CASPT2
method with and without DMRG references was implemented into our in-house
program package. Derivations and implementations of the tensor contraction form
of the XMS-CASPT2 equations were achieved using the automated code generator
developed in Refs. [23, 24]. The quantum chemical DMRG program block [5] was
used to compute k-RDMs and k-TRDMs (k = 1, 2, 3) of multi-root (or multi-state)
DMRG wave functions [11]. In order to accelerate the evaluation of two-electron
integrals [28], the resolution-of-identity (or density-fitting) method was incorporated
into the (X)MS-CASPT2 implementation. The parallel implementation was deviced
bymaking effective use of the standard message-passing interface library and Global
Arrays (GA) toolkit [19] externally linkedwith theAggregate RemoteMemoryCopy
Interface compatible library, ARMCI-MPI [6]. The memory allocations for two-
electron integrals and amplitudes are distributed across nodes to the data-parallel
arrays operated by the GA library. The computation of the amplitude equation (2.2)
is parallelized using GA’s data distribution functionality.

2.3 DMRG-XMS-CASPT2 Study of Diarylethene
Derivatives

In Ref. [29], we presented an application of DMRG-XMS-CASPT2 to the multi-
state calculations of the isomerization of the diarylethene derivatives, which are a
well-studied type of molecular photochromic systems [13]. Two kinds of the deriva-
tives, (1) the 1,2-Bis(2-methyl-5-phenyl-3-thienyl)perfluorocyclopentene [12] and
(2) the 1,2-Bis(3-methyl-5-phenyl-2-thienyl)perfluorocyclopentene [27], denoted by
N-diarylethene and I-diarylethene, respectively, for short (Fig. 2.2) were examined.
They undergo a photo-switching cycloreversion transformation between two stable
isomers: open-ring and closed-ring.

Geometric parameters of the open- and closed-ring isomers were derived by the
geometry optimizations at the B3LYP-D3/def2-TZVPP level of theory for the singlet
ground state. The intermediate structures of the isomerization were derived by inter-
polating the two optimized open- and closed-ring geometries. The progress of the
isomerization is denoted as a function of the reaction coordinate F , ranging from 1
to 10, where the coordinates 1 and 10 correspond to the optimized open- and closed-
ring isomers, respectively, denoted as iOF and iCF (i = 1 for N-diarylethene and
i = 2 for I-diarylethene), respectively.
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(1) N-diarylethene

(2) I-diarylethene

UV

Vis.

open-ring isomer
(1OF)

closed-ring isomer
(1CF)

UV

Vis.

open-ring isomer
(2OF)

closed-ring isomer
(2CF)

Fig. 2.2 B3LYP-D3/def2-TZVPP-optimized structures of open-ring (OF) and closed-ring (CF)
isomers of (1) N-diarylethene and (2) I-diarylethene considered in this study. They undergo a ring-
opening and -closing reaction upon UV and visible irradiation. Reprinted with permission from
Ref. [29]. Copyright 2017 American Chemical Society

The DMRG-XMS-CASPT2 calculations were performed using the def2-SVP
basis set with the DMRG-SA-CASSCF(26e,24o) reference wave functions, which
accounts for the full π valence active space. Figure2.3 shows the localized active
orbitals, which were actually used as the DMRG lattice sites. The DMRG-CASSCF
wave functions were computed using 256 spin-adapted renormalized basis. The four
lowest-lying singlet states were considered in the multi-state XMS-CASPT2-based
potential energy calculations. We employed the cu(4) approximation; the resultant
approach is hereafter referred to as DMRG-cu(4)-XMS-CASPT2. It requires the
computation of the pure (T)RDMs of up to third-order of the DMRG references. The
XMS-CASPT2 step was carried out with an imaginary level shift [8] and an IPEA
shift [9] set to i0.1 and 0.10 au, respectively.

The multi-state PECs of N-diarylethene and I-diarylethene obtained by the
DMRG-cu(4)-XMS-CASPT2 calculations are shown in Fig. 2.4. According to the
calculated oscillator strengths, the S1 and S2 states for both the diarylethene deriva-
tives seemingly correspond towhat are known as the optically allowed 1B and forbid-
den 2A states, respectively [13]. The calculated transition energies of the 1B state
for the geometries close to 1OF, 1CF, 2OF, and 2CF are all in reasonably good
agreement with the experimental absorption energies. By checking the off-diagonal
elements of the effective Hamiltonian H eff

ML (2.3), we confirmed that the avoided
crossing at the reaction coordinate 7 is characterized by the mixing of the S0 (1A)
and S2 (2A) states. This indicates that the characters of the S0 and S2 states intercross
during the isomerization process.
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Fig. 2.3 LocalizedDMRG-CASSCF active orbitals of the open-ringN-diarylethene in the ordering
on the DMRG lattice sites. Reprinted with permission from Ref. [29]. Copyright 2017 American
Chemical Society

Experimentally, the ring-opening reaction of the perfluorocyclopentene
diarylethene derivatives is activated under the steady-state irradiation with visible
light but with an extremely low reaction yield. However, the recent laser photolysis
carried out by Miyasaka et al. showed that the two-photon absorption laser treat-
ment significantly increases its quantum yield by a factor of ca. 400 [20]. This can be
explained using the calculated PECs (Fig. 2.4) as follows. The one-photon absorption
upon the steady-state irradiation excites the closed isomer to the allowed S1 state.
The S1 curve is not sufficiently downhill to promote the ring-opening reaction, so
that it has a short lifetime. The two-photon absorption process somewhat leads to the
production of the high-energy S2 state. The presence of an efficient state-crossing
route that connects it to the stable ring-open isomer state (2A → 1A) seems to
be highly favorable for the promotion of the reaction, which should contribute to an
increase in the quantum yield. In this light, the present DMRG-cu(4)-XMS-CASPT2
results are consistent with the experimental observations; however, further detailed
analysis should be carefully performed by considering structural determinations of
excited-state stable states and conical intersection at the MR level of theory.
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a b

Fig. 2.4 Total energies of the S0-S3 states of a N-diarylethene and b I-diarylethene determined by
the four-state DMRG-cu(4)-XMS-CASPT2 calculations with CAS(26e,24o) accounting for the full
π active space. The plots are given as a function of the reaction coordinate F . F = 1 and F = 10
correspond to the DFT-optimized open-ring and closed-ring isomers, respectively. The def2-SVP
basis set was used. Reprinted with permission from Ref. [29]. Copyright 2017 American Chemical
Society

2.4 XMS-CASPT2 Study of Pentaarylbiimidazole (PABI)

The XMS-CASPT2 methodology was applied for illuminating the mechanism of
photochromism in pentaarylbiimidazole (PABI) molecules, which was recently
developed by Abe group as a novel photochromic molecular system [14]. It was
shown that a mixture of diradical and quinoidal (diamagnetic) characters arises in
the electronic state of the open-ring isomer and needs to be described using MR
theory. While the photogenerated transient species was considered to be a single
species of the biradical, the ultrafast spectroscopic technique revealed the existence
of two transient isomers differing in the contributions of biradical character.

In Ref. [14], we performed quantum chemical calculations on PABI in order to
understand molecular- and electronic-level details of its photochromic ring-opening
and -closing reaction. In what follows, the computational setup and resultant data are
presented and discussed. The density functional theory (DFT) was used to derive the
one-dimensional model of the reaction pathway, determining the molecular geome-
tries including stable states and reacting intermediates. The DFT calculations were
carried out using GAUSSIAN09 program package at the CAM-B3LYP level of
theory with the def2-SVP basis sets in conjunction with Grimme’s van der Waals
corrections6 (gd3bj option) and the broken-symmetry (or spin-polarized) treatment
accounting for the open-shell singlet state of the ring-opening structure. The broken-
symmetry DFT is practically suited to the geometric determination of the open form
accompaniedwith the biradical electronic nature found in the ground state. Figure2.5
shows the optimized molecular structures of the closed and open forms of PABI. The
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Fig. 2.5 a Potential energy curves of the S0 to S4 states obtained by the combinations of DFT
calculations (UCAM-B3LYP/def2-SVP level of the theory) and XMS-CASPT2 calculations, b the
magnified potential curve of the S0 state at around the open forms, and c optimized molecular
structures of the Open 1, Open 2, and transition state of PABI. Reprinted with permission from
Ref. [14]. Copyright 2017 American Chemical Society

two stable open-form structures were found, referred to as Open 1 and Open 2.
The distance of C11-N18, which is to dissociate in the ring-opening reaction, is
1.448, 2.861, and 2.986 Åfor the closed form, Open 1 and Open 2, respectively. The
reaction pathway was modeled using the potential energy surface (PES) scan scheme
implemented in GAUSSIAN09. The scan calculations are provided the relaxed inter-
mediate geometries along the reaction coordinate that connects the stable closed- and
open-form states.

In order to examine the impact of the Grimme’s van der Waals corrections on the
DFT results, we again performed geometry optimization on Open 1 and Open 2 but
without use of the gd3bj option. This resulted in that Open 1 and Open 2 converged
to the same geometry, shown in Fig. 2.5. It has a distance of 3.007Å for C11-N18,
which is much longer than those of Open 1 and Open 2, and the distance of the
stacked phenyl rings is substantially elongated by the neglect of the van der Waals
corrections. This result indicates the following points: (1) the transition state (energy
barrier) in the reaction path between Open 1 and Open 2 diminishes without use
of van der Waals corrections; (2) the stacked phenyl rings strongly interact in an
attractive way via the van der Waals interaction; (3) in a physical sense, the weak
interaction arising between the stacked phenyl rings thus plays an essential role in
producing the two minima of the open form in the van der Waals-corrected potential
energy curve; (4) it can be alternatively viewed as causing a steric hindrance, which
gives rise to the energy barrier between Open 1 and Open 2.
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Fig. 2.6 Decomposition of
the S0 state of Open 1, Open
2, and closed-ring form into
a quantum superposition of
biradical (open-shell singlet)
and quinoidal (closed-shell)
configurations, which was
obtained by the
multireference wave function
calculations at the CASSCF
level of the theory. Reprinted
with permission from
Ref. [14]. Copyright 2017
American Chemical Society

Using all of these DFT-scanned ground-state geometries as input structures, the
single-point electronic structure calculations were performed at the level of the mul-
tireference wave function theory based on XMS-CASPT2. The def2-SVP basis sets
were used for atomic basis functions. Four electrons and six orbitals, denoted (4e,
6o), were employed for the active electrons and orbitals of the CAS algorithm,
respectively. We considered five states for the reference wave functions, which were
determined by the preceding SA-CASSCF calculations. The imaginary level shift
was set to 0.1 a.u. for the CASPT2 denominator. We used the in-house program
package developed by us for themultireference calculations. The total energies of the
ground-state S0 of PABI were obtained by the DFT and the XMS-CASPT2methods;
also, those of the four lowest-lying excited states Sn (n = 1, . . . , 4) were determined
by the XMS-CASPT2 method as a function of the reaction coordinate based on
the DFT-scanned geometries. The plot of the XMS-CASPT2 potential energy curve
(PEC) is presented in Fig. 2.5. At the XMS-CASPT2 level of the theory, the minima
of the ground-state PEC can be located near the geometries corresponding to the
closed-form, Open 1, and Open 2, respectively, and the geometry corresponding to
transition state was found between Open 1 and Open 2.

Figure2.6 shows the plots of the HOMO and LUMO-like orbitals for Open 1 and
Open 2. They are the natural orbitals obtained from the state-average CASSCF cal-
culations, which are variously occupied in the multi-configurational expansion of the
wave function. The configuration analysis was performed on the reference CASSCF
wave functions (Fig. 2.6) for Open 1 and Open 2. It shows that the multireference
theory mainly characterizes the ground-state S0 as the open-shell singlet biradical
configuration with a weight of ca. 86.3% and 84.8% for Open 1 and Open 2, respec-
tively. It can be viewed as a charge-transfer state between the two imidazolemoieties,
associated with HOMO and LUMO, respectively. The rest of the description arises
primarily from the closed-shell configuration, corresponding to the quinoidal struc-
ture, with a weight of 8.6% and 9.9% for Open 1 and Open 2, respectively. Overall,
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the biradical character is slightly more weighted toward Open 1 relative to Open 2,
while the quinoidal character is less, as summarized in Fig. 2.6. The S2 state of the
open form appears to closely correspond to the electronic character of the S0 state
of the closed form, which was calculated to be a closed-shell state. The absorption
of visible light for the open form is mainly characterized by a transition from S0 to
S2 with its largest oscillator strength.

2.5 Conclusion

We have described an overview of our development of the DMRG-XMS-CASPT2
method (Ref. [29]) tailored toward highly reliable excited-state calculations of photo-
chemical reactions including photochromic systems. The applications of this method
to photochormic systems, diarylethene derivatives and pentaarylbiimidazole, have
been discussed to stress the importance of multireference and multi-state treat-
ments for achieving high accuracy in framework of quantum chemical calculations.
Recently, in Ref. [25], this approach was further extended by combining the solva-
tion theory, RISM, to account for solvation effects in excited states. This technique is
important for studying bioimaging probes with photo-activity because these molec-
ular systems are in many cases handled in solution. Earlier studies showed that they
cannot be described with conventional methods such as PCM-TD-DFT, yielding
results far from experimental data. Our DMRG-CASPT2 using the RISM solva-
tion theory was shown to be powerful for calculating the photochemical properties
of near-infrared bioimaging molecules in solution with higher-accuracy prediction.
We hope that the establishment of these efficient computational approaches should
pave the way toward deeper and further detailed understanding of the mechanism of
photochromic reactions.
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Chapter 3
Enhanced and Selective Two-Photon
Excitation of Molecular Vibronic States
Using Entangled Photons

Hisaki Oka

Abstract We introduce molecular two-photon absorption and two-step excitation
using quantum-mechanically entangled-photon pairs. The entangled photons possess
the inherent simultaneity of photons originating from quantum correlation with
energy anticorrelation, which is not shared by conventional laser light. This simul-
taneity enables entangled photons to achieve highly efficient two-photon absorption
and two-step excitation under the condition of low light intensity. We show that
ultrabroadband frequency-entangled photons can enhance the transition rates of two-
photon absorption and two-step excitationmore than 1000 times, compared to uncor-
related photons like laser light, and can also selectively excite a single vibrational
mode in the molecular two-photon processes.

Keywords Two-photon absorption · Two-step excitation · Entangled photons

3.1 Introduction

Two-photon process is an optical nonlinear process in which two photons contribute
to excitation of quantum states in materials. Generally, this process is classified
into two types, namely two-photon absorption and two-step (stepwise) excitation as
depicted in Fig. 3.1. In the two-photon absorption (Fig. 3.1a), the energy ωm of inter-
mediate state is far-off-resonant to the energy ω of an incident photon, and hence the
intermediate state is not really but virtually excited only during the photon–molecule
interaction. This short-lived intermediate state is therefore called “virtual state.” On
the other hand, in the two-step excitation (Fig. 3.1b), one photon is absorbed by
the intermediate state and then another photon is absorbed by the excited state step-
wisely. Generally, the energy configuration of 2ω ≈ ωe is required for the two-photon
absorption, whereas ω ≈ ωm and ω ≈ ωe −ωm are sufficient for the two-step excita-
tion. As a result, the two-photon absorption is unfavorable compared to the two-step
excitation because simultaneous absorption of two photons is required.
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Fig. 3.1 Schematics of a two-photon absorption and b two-step excitation

Historically, two-photon absorption has been theoretically predicted by Göppert-
Mayer about 80 years before [1] and is now applied to various leading-edge
techniques, such as two-photon microscopy [2], three-dimensional optical storage
memory [3], and coherent control of molecular processes [4]. To achieve efficient
two-photon absorption in molecules, simultaneous absorption of two photons is
required because two-photon absorption occurs via virtual states asmentioned above.
Fortunately, thanks to recent development of optical technologies, this can be easily
achieved by spatiotemporally controlling light, namely pulsing and/or focusing light,
so that the photon density interactingwithmolecules can increase. In fact, two-photon
microscopy is realized by focusing light using confocal optical system and achieves
high spatial resolution microscopy. On the other hand, in molecular coherent control,
ultrashort pulses are utilized in order to rapidly excite vibronic states and avoidmolec-
ular relaxation processes. For atoms and bulk materials, highly intense light might
also be one way to achieve efficient two-photon absorption, however, it is not suit-
able for molecules because highly intense light leads to immediate deterioration and
structural change of molecules. Therefore, from the view point of molecular applica-
tions, efficient two-photon absorption by low-intensity light is preferable, however,
this is unrealizable in conventional laser sources.

Entangled photons provide a useful solution to the above problem. The entangled
photons are a photon pair generated by nonlinear optical process, e.g., parametric
down-conversion, and possess the inherent simultaneity of photons originating from
quantum correlation. The studies of two-photon absorption using entangled photons
have begun in the 1990s, theoretically predicted independently by Gea-Banacloche
[5] and Javanainen and Gould [6]. The main target of the early studies has primarily
focused on the dependence of two-photon absorption rate on incident light intensity.
Generally, the two-photon absorption rate R is proportional to the square of light
intensity, R ∝ I 2. However, for nonclassical light (or entangled photons), the R
dependence on I becomes linear, R ∝ I . This indicates that the two-photons are
absorbed by materials like a single photon. In fact, this linear dependence of R has
been experimentally demonstrated for two-photon absorptions in Cs atoms [7] and
organic molecules [8], and for sum frequency generation process in a PPKTP crystal
[9]. Figure 3.2 shows the two-photon transition rate R on input photon rate n ∝ I . The
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Fig. 3.2 Dependence of two-photon transition rate on input photon rate: a Cs atoms from Ref. [7],
b organicmolecules, reprintedwith permission fromRef. [8], Copyright (2006)AmericanChemical
Society, and c PPTKP crystals from Ref. [9]

linear dependence on n can be found in weak excitation region, and for lager n, the R
dependence turns to quadratic. In addition, as shown in the insert of Fig. 3.2b, c, the
transition rate by entangled photons (linear line) always surpasses that by classical
laser light (quadratic curve). Thus, entangled photons can enhance the two-photon
transition rate within the weak excitation region of small I , and hence efficient two-
photon absorption can be realized under the condition of low light intensity. However,
for large I , the two-photon transition rate by entangled photons becomes the same
as that by classical laser. For molecular processes, highly intense light might lead to
the deterioration and structural change of molecules. Therefore, from the view point
of molecular applications, the two-photon absorption by entangled photons realized
in low light intensity meets the purpose.

For two-step excitation by entangled photons, however, few studies have been
reported so far. This is because the inherent coincidence of entangled photons is
perfectly suited to the two-photon absorption process via virtual states. Intuitively,
the coincidence of photons seems to be unsuitable for two-step excitation in which
each of the two photons is sequentially absorbed. Within recent years, however,
molecular two-step excitation utilizing entangled photons is studied with the aim of
applications to molecular spectroscopy [10–12] and coherent control of molecules
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[13–15]. In these applications, selective excitation of amolecular vibronic state rather
than enhancement plays an important role. Since the energy sumof entangled photons
is always constant even for ultrashort pulse owing to the quantum correlation with
energy anticorrelation, entangled photons can achieve efficiently selective excitation
of amolecular vibronic state. Thus, molecular two-step excitation utilizing entangled
photons is useful for selective excitation of a molecular vibronic state.

Tomaximize the potential of entangled photons in both the two-photon absorption
and two-step excitation processes, especially for molecular applications, ultrashort-
pulsed entangled photons, in other words, ultrabroadband entangled photons are
also indispensable to rapidly excite vibronic states and avoid molecular relax-
ation processes. In this study, we establish a theoretical framework for an efficient
molecular two-photon excitation by ultrabroadband frequency-entangled photons for
exactly two photons as a limiting case of low-intensity light.We show the two-photon
absorption and two-step excitation ofmolecular vibronic states can be selectively and
strongly enhanced by directly controlling the wavefunction of entangled photons.

3.2 Spatiotemporal Photon Pulse Theory for Entangled
Photons

In conventional studies of two-photon absorption for molecules, the time-dependent
perturbation theory is often used, in which the molecule–photon interaction is
assumed to be small and external photon fields are treated as a bath so that quantum
states of photons are not changed. In this study, however, we introduce the spatiotem-
poral photon pulse theory [16] extending input-output theory in the field of quantum
optics because we consider the molecule–photon interaction in the limiting case of
low-intensity light, in which exactly two photons interact with a single molecule and
thewavefunction of two photons is also changed by themolecule–photon interaction.

An analytical model is depicted in Fig. 3.3, where an incident entangled-photon
pulse propagates along r -axis from r < 0 and interacts with a molecular system
located at r = 0. The one-dimensional input-output model can be justified by
assuming the paraxial approximation. Using the natural unit of � = c = 1, the
dynamics of the entangled-photon pulse interactingwith amolecule can be calculated

Fig. 3.3 Analytical model: one-dimensional input-output model. An incident entangled-photon
pulse propagates parallel to the r -axis from r < 0 and locally interacts with a molecular system at
r = 0
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using the following Schrödinger equation,

|ψ(t)〉 = exp
(
−i H

∧

t
)
|ψ(0)〉,

where |ψ(0)〉 is the initial state at t = 0 and H
∧

is the total Hamiltonian of the system.
Using the photon dispersion relation of ω = ck = k, the initial state |ψ(0)〉 is given
by

|ψ(0)〉 = 1√
2

∫ dk ∫ dk ′ψ2p
(
k, k ′)â†(k)â†(k)|0〉 ⊗ |g〉,

where ψ2p
(
k, k ′) is the two-photon wavefunction and â†(k) is the creation operator

of a photonwithwavenumber k. Themolecular system is assumed to be in the ground
state |g〉 at t = 0.

To show the usefulness of entangled photons, we consider two-photon pairs as
incident two-photon pulses, namely uncorrelated photons and entangled photons, for
comparison. The uncorrelated photons are corresponding to classical light, given by

ψ2p
(
k, k ′) = ψ1p(k)ψ1p

(
k ′),

where ψ1p(k) is the one-photon wavefunction. The uncorrelated photons literally
have no correlation between photons and are separated into the direct product of the
one-photon wavefunction, which is the characteristic of classical light. For entangled
photons, we adopt two photons with energy anticorrelation, given by

ψ2p
(
k, k ′) = ψ1p(k)δ

(
k + k

′ − 2k0
)
,

where δ(·) is the Dirac delta function and k0 is the central wavenumber of incident
photon pulse. In contrast to uncorrelated photons, the entangled photons cannot
be separated into the direct product of ψ1p(k) and have energy anticorrelation so
that the energy sum of two photons can be always 2k0, which is ensured by the
δ function. In actual photons generated experimentally, entangled photons are not
described by δ function but have a certain amount of width owing to spontaneous
emission. In this study, we approximate the δ function by a Gaussian function as

∝ exp
[
−(

k + k ′ − 2k0
)2

/4σ 2
s

]
, for simplicity. In the limiting case of σs → 0, the

Gaussian becomes δ function.
Figure 3.4a, b shows the two-photon joint spectra for uncorrelated and entangled

photons, respectively. For ψ1p, a Gaussian form with pulse width of σ = k0/20π
is used and σs is set to σ/7. In contrast to Fig. 3.4a, ellipsoidal photon distribu-
tion can be found in Fig. 3.4b, which indicates the energy anticorrelation of two
photons, conserving the total energy of 2k0. Figure 3.4c shows corresponding spectra
of Fig. 3.4a, b. Intriguingly, one can find that two spectra are identical in spite of
the presence or absence of quantum correlation. Thus, the only difference between
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Fig. 3.4 Two-photon joint spectra: a uncorrelated photons, b entangled photons, c corresponding
intensity spectra of (a) and (b). Reproduced from [13], with the permission of AIP Publishing

the two-photon pairs is the quantum correlation, which is distinguishable only in
terms of quantum optical measurement (two-photon joint spectra), and hence the
differences appearing in the calculation results in molecular two-photon absorption
and two-step excitation are due to the quantum correlation.

For a molecular system, we choose a diatomic molecule with the ground state
|g〉, the intermediate state |mν〉, and the excited state |eν〉, where ν is the mode
number of molecular vibrations. For the ground state, we consider only the lowest
vibrational mode because higher modes do not affect the two-photon processes at
all. In addition, we approximate their adiabatic potentials as a Morse potential on the
assumption of Born-Oppenheimer approximation, for simplicity. Using the natural
unit of � = c = 1, the molecular Hamiltonian can then be described as

H
∧

mol =
∑

ν

ωmν
|mν〉〈mν | +

∑
ν

ωeν
|eν〉〈eν |,

where ωm and ωe are the eigenenergies of Morse potentials in the intermediate and
excited states, respectively.

The molecule–photon interaction Hamiltonian is given by
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H
∧

int = ∫ dk
∑

ν

√
γmFν/π

(
â(k)|g〉〈mν | + H.c.

)

+ ∫ dk
∑
ν,ν ′

√
γeFνν ′/π

(
â(k)|mν〉〈eν ′ | + H.c.

)
,

where Fν and Fνν ′ are the Franck–Condon factors between |g〉 and |mν〉 and between
|mν〉 and |eν ′ 〉, respectively. γm and γe are the dipole relaxation rates of intermediate
and excited states, respectively. The Hamiltonian for the quantized photon fields is
simply given by

Ĥphoton = ∫ dk�kâ†(k)â(k).

Consequently, the total Hamiltonian of the whole system is given by

H
∧

= H
∧

mol + H
∧

photon + H
∧

int.

The difference between two-photon absorption and two-step excitation is that the
energy ωm of intermediate state is either resonant or far-off-resonant to the central
energy k0 of incident photons. Therefore, we only have to modify the parameters of
Morse potentials in accordance with the aim of two-photon absorption and two-step
excitation.

3.3 Enhanced and Selective Two-Photon Absorption
Utilizing Entangled Photons

We can now calculate the molecular dynamics driven by entangled photons. In this
section, we first consider the two-phonon absorption process. Figure 3.5a shows the
analytical model of molecular two-photon absorption by entangled photons, where
slightly modified adiabatic potentials of 11Σ+

g (|g〉), 11Σ+
u (|mν〉), and 21Πg (|eν ′ 〉)

of Na2 are considered. The details of Morse parameters are found in Ref. [17]. The
central energy k0 of incident photons is far-off-resonant to ωm and the sum of the
central energy, 2k0, is resonant to the excited state with the vibrational mode of
ν = 18. The Franck–Condon factors of Fν and Fν,ν ′ are shown in Fig. 3.5b, c. We
use entangled and uncorrelated photons with pulse width of σ = k0/20π and σs

characterizing the quantum correlation is set to σs = σ/7. The dipole relaxation
rates γm = γe = 2.5 × 10−5k0 are chosen, for simplicity. In addition, we assume a
cold diatomic molecule and ignore vibrational phase relaxation.

Figure 3.6 shows population dynamics of excited states driven by incident entan-
gled and uncorrelated photons, where the parameters of photons are the same for
both cases expect for the quantum correlation. The horizontal axis of rσ indicates
the central position of incident photons normalized by σ−1. For uncorrelated photons
(Fig. 3.6a), many vibrational modes are excited as found commonly in short-pulse
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Fig. 3.5 aAnalytical model of two-photon absorption. Franck–Condon factors: b for the transition
between |g〉 and |mν〉 and c for the transition between |mν〉 and |eν′ 〉. Reproduced from [17], with
the permission of AIP Publishing

Fig. 3.6 Dynamics of
excited-state population 〈eν〉
for vibrational modes from ν

= 14 to ν = 22 driven by a
uncorrelated photons and b
entangled photons.
Reproduced from [17], with
the permission of AIP
Publishing
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excitation of molecular vibration. Though the sum of the central energy of incident
photon, 2k0, is resonant to the excited states with mode number ν = 18, popula-
tion peaks at ν = 16. This is because that incident pulse is spectrally broad and
the value of Franck–Condon factor for ν = 16 is larger than that for ν = 18. For
untangled photons (Fig. 3.6b), however, the vibration mode resonant to k0 is effi-
ciently and selectively excited, and the excitations of other vibrational modes are
strongly suppressed. The enhancement rate of the population for ν = 18 is about
15 times compared to the case of uncorrelated photons and the mode selectivity
S = eν=18/

∑
ν eν is about 0.97. Thus, entangled photons can concurrently achieve

high selectivity and enhancement of excitation population.
By using entangled photons with broader pulse width σ and stronger quantum

correlation σs → 0, we can further increase the enhancement rate and mode
selectivity. In fact, more than thousandfold enhancement and mode selectivity of
S ≈ 0.9999 have been theoretically predicted for atoms andmolecules [17, 18] when
ultrabroadband frequency-entangled photons are used. In addition, further enhance-
ment of population excitation by utilizing plasmonic nanoantenna is also theoreti-
cally predicted [19]. Since an ultrabroadband frequency-entangled photon source is
already realized [20], experimental demonstration of huge two-photon absorption of
molecules might be reported in the near future.

3.4 Enhanced and Selective Two-Step Excitation Utilizing
Entangled Photons

In this section, we calculate the two-step excitation of amolecule driven by entangled
photons. Figure 3.7a shows the analytical model, where adiabatic potentials of 11Σ+

g

(|g〉), 11Σ+
u (|mν〉), and 21Πg (|eν ′ 〉) of Na2 are considered as is the case of two-

photon absorption in 3.3. The details of the Morse parameters are found in Ref. [15].

Fig. 3.7 a Analytical model of two-step excitation. Franck–Condon factors: b for the transition
between |g〉 and |mν〉 and c for the transition between |mν〉 and |eν′ 〉. Reproduced from Ref. [15]
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The difference from Fig. 3.5a is that intermediate adiabatic potential is not modified
and the central energy k0 of incident photons is resonant to those of the intermediate
vibronic states |mν〉, and hence the intermediate vibrational modes are really excited.
The sum of the central energy, 2k0 ≈ 4.0024 eV, is resonant to the excited state with
the vibrational mode of ν ′ = 18 as is the case for the two-photon absorption. The
Franck–Condon factors of Fν and Fν,ν ′ are shown in Fig. 3.7b, c. We use entangled
and uncorrelated photons with pulse width of σ = 10 THz and σs characterizing the
quantum correlation is set to σs = 500GHz. The dipole relaxation rates γm = γe = 6
MHz are chosen, for simplicity.

Figure 3.8 shows population dynamics of excited states driven by incident entan-
gled and uncorrelated photons, where the parameters of photons are the same for both
cases expect for the quantum correlation σs . The horizontal axis of rσ indicates the
central position of incident photons normalized by σ−1. For uncorrelated photons
(Fig. 3.8a), many vibrational modes are excited as is the case for the two-photon
absorption in Fig. 3.6b. Though the sum of the central energy of incident photon,
2k0, is resonant to the excited states with the mode number ν ′ = 18, the popula-
tion peaks at ν ′ = 12 in spite of the resonant excitation of the vibrational mode of
ν ′ = 18. This is because that the Franck–Condon factors Fν,ν ′=18 are very small for
ν < 12 and Fν=10,ν ′=12 is large, as can be seen in Fig. 3.7c. For the entangled photons
(Fig. 3.8b), however, the resonant excitation of the vibrational mode of ν ′ = 18 is
selectively excited and strongly enhanced. In fact, the enhancement rate of the popu-
lation for ν ′ = 18 is about 60 times compared to the case of uncorrelated photons and
the mode selectivity S = eν ′=18/

∑
ν ′ eν ′ is about 0.9999 (S = 0.0396 for uncorre-

lated photons). In general, selective excitation of molecular vibronic states requires
detailed Franck–Condon analysis and pulse shaping techniques. Using entangled

Fig. 3.8 Dynamics of excited-state population 〈eν′ 〉 for vibrational modes up to ν′ = 23 driven by
a uncorrelated photons and b entangled photons. Reproduced from Ref. [15]
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Fig. 3.9 Dependence of
enhancement rate ξ on pulse
width σ of incident
entangled photons.
Reproduced from Ref. [18]

photons, however, high selectivity and enhancement of excitation efficiency can thus
be easily and concurrently achieved.

As mentioned in 3.3, the enhancement rate and mode selectivity can be further
increased by using entangled photons with broader pulse width σ . Figure 3.9 shows
the dependence of the enhancement rate ξ and on σ for the range from 10 to 100 THz
for simple three-level molecular systems, where ζ is defined by the ratio of the popu-
lation obtained from entangled photons to that obtained from uncorrelated photons.
For comparison, two-photon absorption (TPA) and two-step excitation (TSE) are
plotted. In both TPA and TSE, the enhancement rate ξ increases with increase in σ .
For σ = 100 THz, ξ ≥ 1000 can be achieved, especially for two-step excitation
ξ ≈ 2500. Intriguingly, the enhancement rate of TSE is always larger than TPA.

On the other hand, themode selectivity S depends onσs rather thanσ and increases
with decrease in σs . In this study, however, we introduce the entanglement of forma-
tion, E , which is awell-known quantum entanglementmeasure, instead of σs to prop-
erly evaluate the dependence of S on the quantum correlation (σs ≈ 0 ⇒ E ≈ 1).
The entanglement of formation, E , is defined as

E = −Tr
[
ρ ′ logd ρ ′]withρ ′ = Tr [ρ],

where ρ = |ψ〉〈ψ |photons is the density operator of input entangled photons. ρ ′
indicates the density operator partially traced for onephoton, andd is the dimensionof
ρ. Figure 3.10 shows the dependence of the enhancement rate ζ and mode selectivity
S on E for σ = 50 THz. Both ζ and S increase very gradually for E < 0.5, in
which ζ is at most 10 and S is below 0.1. On the other hand, for E > 0.5, both
E and S drastically increase, and in particular, ζ exceeds 1000 at E ≈ 0.83 and S
becomes nearly unity for E ≥ 0.77. Thus, strong enhancement and high selectivity

Fig. 3.10 Dependence of
enhancement rate ζ and
mode selectivity S on
entanglement of formation
E . Reproduced from Ref.
[15]
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are achieved for high E (in other words, small σs), and conversely this indicates that
we cannot achieve large ζ and high S at low E even for ultrabroadband entangled
photons.

For reference, entangled photons obtained from conventional parametric down-
conversion exhibit E ≈ 0.55 and therefore enhancement is at most 10 if we use the
generated entangled photons directly. Our results suggest that design of entangled-
photon source with high E is required in order to achieve a further strong enhance-
ment and single vibrational-mode excitation inmolecular two-photon absorption and
two-step excitation.

3.5 Conclusion

We have analyzed molecular two-photon absorption and two-step excitation using
entangled photons. By taking a cold diatomic molecule Na2 as an example, we have
shown that photon entanglement can strongly enhance the two-photon transition
rate for both two-photon absorption (TPA) and two-step excitation (TSE) processes.
The enhancement rate reaches up to more than 1000 times compared to conven-
tional laser light under the same conditions. In particular, the TSE excitation rate
for a single vibrational mode can be enhanced 2500 times by using ultrabroadband
frequency-entangled photons with spectral width of σ = 100 THz. In addition, the
model selectivity S of a vibrational mode nearly reaches unity for both TPA and
TSE when entangled photons with strong quantum correlation (small σs) are used.
However, if we achieve the strong enhancement and high selectivity concurrently,
we have to prepare entangled photons with high quantum entanglement measure E .
Entangled photons obtained from conventional parametric down-conversion exhibit
E ≈ 0.55 and our results show that the realization of strong enhancement and high
selectivity requires E ≥ 0.8. These results thus indicate that design of entangled-
photon source with higher E is required in order to achieve strong enhancement and
single vibrational-mode excitation in molecular two-photon absorption and two-step
excitation.Wehope our results facilitate the study ofmolecular two-photon excitation
by entangled photons.
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Chapter 4
Stepwise Two-Photon Photochromism

Jiro Abe, Yoichi Kobayashi, and Katsuya Mutoh

Abstract Stepwise two-photon absorption (2PA) is a well-known nonlinear optical
phenomenon where two photons are sequentially absorbed to proceed a photophys-
ical or photochemical reaction. The stepwise 2PA can produce a higher excited state
with lower energy photons than the energy level of the excited state. Therefore, it can
be an efficient tool to explore and realize nonlinear photoresponsivematerials beyond
Kasha’s rule. Moreover, if a photogenerated chemical species is used as an interme-
diate state of the stepwise 2PA, the power threshold to induce the stepwise 2PA can
be greatly reduced compared with that of a simultaneous 2PA. We focus on the step-
wise 2PA processes related to photochromic reactions because the combination of
photochromic reactions and stepwise 2PA processes is beneficial to develop unique
nonlinear photoresponsive materials. We introduce several anomalous phenomena
beyond one-photon photophysical and photochemical reactions.

Keywords Two-photon absorption · Nonlinear optical response ·
Photochromism · Imidazole dimer · Biradical · Naphthopyran

4.1 Introduction

Stark–Einstein law states that the primary act of light absorption by a molecule is a
one-photon process [1]. This law can be applied in various photophysical and photo-
chemical reactions using continuous wave (CW) light sources. However, this law
would be violated when intense light sources such as laser pulses are used [2–6].
Under these conditions, nonlinear optical phenomena such as simultaneous or step-
wise two- or multiple-photon absorptions may be observed. Nonlinear optical prop-
erties have several features beyond one-photon reactions, and therefore, they have
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been received much attention since more than a half-century ago. One of the most
important nonlinear optical phenomena is a two-photon absorption (2PA) process [7,
8]. The 2PA process can be divided into two categories: simultaneous and stepwise
processes. The simultaneous 2PA occurs when two photons are absorbed instanta-
neously via a virtual state. The simultaneous 2PA can produce the excited state with
lower energy photons than the energy level of the excited state, and the probability
for the excitation depends on the square of the light intensity. Therefore, the simul-
taneous 2PA has high spatial selectivity and can be induced deep inside of matters.
Because of these characteristics, the simultaneous 2PA has been applied to biological
imaging [9, 10] and three-dimensional (3D) micro-fabrications [11, 12]. However,
the simultaneous 2PA requires the absorption of another photon during the interac-
tion of the first photon and the matter (~1–2 fs) because the virtual state is not a
stationary electronic state. Therefore, high-power light sources such as femtosecond
and nanosecond pulse lasers are required to induce the simultaneous 2PA.

Another 2PAprocess is called the stepwise 2PA,which is the absorption of another
photon by the photogenerated transient state. This process occurs via an actual
stationary electronic state such as an excited state or a short-lived species. Therefore,
the probability of the stepwise 2PA depends on the lifetime of the intermediate tran-
sient state. If the lifetime of the intermediate transient state is long enough, the power
threshold to induce the stepwise 2PA is greatly reduced and the stepwise 2PA could
be induced even by CW LEDs and sunlight. There are mainly three types of inter-
mediate transient states for the stepwise 2PA reported so far: the singlet excited (S1)
state, the triplet excited (T 1) state, and the ground state of a photoproduct [13]. The
first and second cases are the stepwise 2PAs via the S1 and T 1 states to produce the
higher excited singlet (Sn) and triplet (T n) states, respectively. These two processes
utilize the electronically excited states as the intermediate state of the stepwise 2PA
process. The lifetimes of the S1 states are usually nanosecond time scales, while those
of T 1 states (microseconds to tens of microseconds) are usually more than a thousand
times longer than those of the S1 states in solution at room temperature due to the
spin selection rule. Since the long-lived excited states have more chances to absorb
another photon, the power threshold of the stepwise 2PA via the T 1 state is lower
than that of the S1 state. However, the lifetime of the T 1 state is still short to induce
the stepwise 2PA with conventional CW light sources. Therefore, a pulse laser is
usually necessary to promote these stepwise 2PA processes. Alternative approaches
are necessary to reduce the power threshold to induce the stepwise 2PA with CW
LEDs and sunlight. In the third case, the stepwise 2PA occurs via not an electroni-
cally excited state but a ground state of photogenerated transient species produced
by a photochemical reaction. The lifetimes of the photogenerated transient species
are usually longer than tens of nanoseconds. In some cases, photogenerated transient
species can survive more than milliseconds and exist as photoproducts permanently.
If we utilize these long-lived transient species as an intermediate of the stepwise
2PA, the power threshold of the stepwise 2PA can be significantly reduced.

There has been a growing interest in the development of advanced photofunc-
tional materials whose photoresponses involve multiple photons and molecules
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because these materials show the photoresponses that cannot be achieved by a one-
photon reaction of a single chromophore. These cooperative interactions of multiple
photons and molecules are recently termed as the “photosynergetic” effects, and
the understanding and utilization of these effects are becoming important research
subjects. Photochromism is defined as a reversible transformation of a chemical
species between two isomers having different absorption spectra induced in one
or both directions by irradiation of light. If the photogenerated chemical species
is thermally unstable and the back reaction to the initial structure occurs by heat
(and light), this photochromism is classified as “T-type.” Stepwise multiple-photon
absorptions could occur when the excitation light is continuously irradiated to T-type
photochromic compounds to reach the photostationary state (PSS). However, most of
the photogenerated colored species of T-type photochromic compounds do not induce
additional photophysical and photochemical reactions when they absorb a photon
except the photodegradation. If the photogenerated colored species of photochromic
compounds has a property to induce another photochemical reaction by the absorp-
tion of the second photon, this photochromic reaction becomes a reversible step-
wise 2PA system [14]. The longer lifetime of the photogenerated colored species
increases the probability to absorb the second photon, and therefore, reduces the
power threshold of the stepwise 2PA. We have applied the fast T-type photochromic
molecules to the stepwise 2PA process and succeeded in realizing the extremely low
power threshold of the stepwise 2PAprocess,which canbe initiated evenbyweakCW
LEDs. This type of the stepwise two-photon photochromismopens up novel potential
applications that cannot be achieved by conventional photofunctional materials.

4.2 Stepwise Two-Photon Photochromism of Porphyrin
Substituted Bridged Imidazole Dimer Via Higher
Excited States

In the electronically excited states, stepwise 2PA processes create a higher excited
state. It is usually difficult to utilize higher excited states to induce photochemical
reactions because of ultrafast nonradiative relaxations to the lowest excited state.
However, there are several exceptions to the limitation. For example, it was reported
that the photochromic reaction yields of the ring-opening reactions of diarylethene
derivatives are usually at most ~1% in the one-photon process [15]. On the other
hand, the ring-opening reactions are dramatically enhanced by a ten to a thou-
sand times by the stepwise 2PA process [16]. Similar characteristic reactions by
stepwise 2PA processes have been reported in fulgide, retinal, and cyanine dyes
[17]. However, stepwise two-photon induced photochemical reactions via the higher
excited states were reported in limited molecular frameworks within a single chro-
mophore. To investigate the reaction from higher excited states between two chro-
mophores, we synthesized a zinc tetraphenylporphyrin (ZnTPP) substituted bridged
imidazole dimer (ImD, ImD-ZnTPP, Fig. 4.1) [18]. Bridged imidazole dimer is one
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Fig. 4.1 Photochromism of
ImD-ZnTPP

of the T-type photochromic compounds which generates an imidazolyl radical pair
(biradical) upon UV light irradiation. The generated biradical quickly reverts to the
initial closed form with a half-life of 33 ms in benzene solution at 298 K [19].
This fast photochromic property is promising for ophthalmic lenses, fluorescence
switching [20–22], and dynamic holography [23–25]. The light intensity-dependent
fast photochromic property enables to develop novel photofunctional materials such
as a smart optical filter which only blocks the intense light for sensitive detectors and
human eyes and a saturable absorber with reduced power thresholds. Moreover, the
stepwise 2PA property will largely improve the diffraction efficiency of hologram.
Therefore, the investigation of the stepwise two-photon induced photochromic reac-
tion of ImD-ZnTPP is not only important for fundamental interest but also for light
intensity-gated fast photochromic applications.

The steady-state absorption spectrum of ImD-ZnTPP is almost the superposition
of those of individual ImD and ZnTPP, indicating that two chromophores do not
have the electronic interaction in the ground state. At 20 ms after irradiation with
a 425-nm nanosecond laser pulse, ImD-ZnTPP in benzene solution produces the
broad absorption band over the visible light region assigned to the biradical form of
the ImD moiety (Fig. 4.2a). The generated biradical form reverts to the initial ImD
form with a half-life of 40 ms, which is almost identical to that of individual ImD
(33 ms) [19]. The photochromic reaction of ImD-ZnTPP can be induced even with
a 550–600-nm nanosecond laser pulse although the photochromic reaction of ImD
cannot be caused by visible light irradiation. It indicates that the ZnTPP unit acts as
a sensitizer to cause the photochromic reaction of the ImD unit.

The detail of the visible sensitized photochromism of ImD-ZnTPP was revealed
by the transient absorption measurements with a 532-nm picosecond laser pulse
as excitation light. Figure 4.2b shows the normalized transient absorption spectra
of ImD-ZnTPP in benzene at 300 ps after the excitation with a picosecond 532-
nm laser pulse under weak and intense excitation conditions (0.06 mJ mm−2 and
1.2 mJ mm−2, respectively). The transient absorption spectrum of ImD-ZnTPP
under the weak excitation condition is almost identical to that of ZnTPP, which
is assigned to the superposition of the Sn ← S1 absorption and the ground state
bleaching. The spectral shape evolves in several nanoseconds time regions, and a new
absorption band appeared at 840 nm, which is assigned to the T 1 state of the ZnTPP
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Fig. 4.2 a Normalized transient absorption spectra of ImD in benzene excited at 355 nm of the
nanosecond laser pulse, and that of ImD-ZnTPP in benzene excited at 425 and 550 nm of the
nanosecond laser pulse at 20ms. bNormalized transient absorption spectra of ImD-ZnTPP excited
atweak (blue line) and intense (red line) pumppowerswith a 532-nmpicosecond laser pulse at 300ps
and the differential spectrum between the normalized spectra (bottom). c Plausible photochromic
reaction pathway of ImD-ZnTPP upon excitation with visible light [18]

moiety. The time constant of the spectral evolution is 2.0 ns, which is almost the
same as the fluorescence lifetime of free ZnTPP. Therefore, no effective quenching
of the ZnTPP moiety took place in ImD-ZnTPP in the fluorescent state, and no
photochromic reactions occured under the weak visible light excitation.

On the other hand, the transient absorption spectrum of ImD-ZnTPP in benzene
under the intense excitation condition (1.2 mJ mm−2) is quite different from that
under the weak excitation condition (Fig. 4.2b). The differential spectrum between
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the normalized spectra at 300 ps is very similar to the transient absorption spec-
trum excited at 2 ms after 550-nm nanosecond laser pulse (the bottom spectrum
of Fig. 4.2b), which is assigned to the biradical form of the ImD unit. There-
fore, this result indicates that the photochromic reaction is induced by the visible
light depending on the excitation intensity. The signal of the generated biradical
form shows the quadratic dependence on the excitation intensity, indicating that the
photochromic reaction is inducedby the 2PAprocess.Because the photonfluxdensity
is small for the simultaneous 2PAprocess, this nonlinear process ismost probably due
to the stepwise 2PA process. Further investigations by transient absorption, electro-
chemical, and emission decay measurements revealed that the whole photochromic
reaction pathway is written as Fig. 4.2c.

When the 550-nm light is irradiated to ImD-ZnTPP, the S1 state of the ZnTPP
unit (Q band) is formed, and the photochromic reaction does not occur from the S1
state of the ZnTPP unit. When the excitation intensity increases, the stepwise 2PA
occurs to produce the higher excited state of the ZnTPP unit. After the formation of
the higher excited state of the ZnTPP unit, the electron is transferred to the ImD unit
with ultrafast time scale. The formation of the charge transfer state was confirmed
by detecting the cation radical of ZnTPP. Once the electron is injected to ImD,
the ImD anion spontaneously cleaves the C–N bond between two imidazole rings,
and an imidazole radical anion and an imidazolyl radical are generated [26]. The
back electron transfer occurs with a time scale of 30 ps, and finally, the biradical
of ImD is formed. The generated biradical form reverts to the initial closed form
with a half-life of 40 ms. By estimating the energy level of the charge separated
state between the ZnTPP and ImD units, it was revealed that the energy level of
the charge separated state is lower than the higher excited state of the ZnTPP unit
attained by the stepwise 2PA process. Thus, the charge transfer from the higher
excited state is a trigger to induce the further photochromic reaction. More recently,
it was demonstrated that the electron transfer occurs from higher excited states even
between noncovalently bound two chromophores [27]. The stepwise 2PA process is
becoming more important process to selectively produce the higher excited state and
induce the advanced photochemical reactions beyond the one-photon process.

4.3 Stepwise Two-Photon Photochromism
of Imidazole-Based Biphotochromic Systems

The power threshold of the stepwise 2PA process depends on the lifetime of the inter-
mediate transient state. In organic molecular systems, because the lifetime of the T 1

state (~microseconds) is usually much longer than that of the S1 state (~nanosec-
onds), the power threshold for the stepwise 2PA process can be reduced if the T 1

state is used for the intermediate state of the stepwise 2PA process instead of the
S1 state. However, it is still difficult to induce the stepwise 2PA process by weak
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CW LEDs and sunlight. To further reduce the power threshold, one of the solu-
tions is to utilize reversible stepwise photochemical reactions: photochromism [28].
T-type photochromic reactions generate a colored form upon light irradiation, and
the generated colored form thermally reverts to the initial form. Because the life-
times of the colored forms are usually much longer than microseconds, the power
threshold of the stepwise 2PA process can be greatly reduced if the photogenerated
colored formed are used for the intermediated state of the stepwise 2PA process.
The simple molecular design to combine photochromic reactions and stepwise 2PA
processes is to incorporate two photochromic units in a molecule. In this strategy,
the key feature is the efficient mutual interaction between the two photochromic
units to achieve the distinct photoresponses depending on the excitation intensity.
Although a number of multi-switchable photochromic systems have been reported in
azobenzenes, naphthopyrans, and diarylethenes, the electronic structures of the most
of these derivatives were merely the superposition of the two photochromic units
[29]. Besides, the switching of one photochromic unit sometimes hindered the other
photochromic reaction due to the energy transfer between the two photochromic
units.

Based on this idea, we developed a biphotochromic compound (bisImD) based
on the ImD framework (Fig. 4.3) [30]. It is expected that bisImD undergoes the
C–N bond cleavages upon UV light irradiation to produce two colored species:
the biradical and the quinoidal forms. Because the quinoidal form, which is gener-
ated by the stepwise 2PA, has the framework of 1,4-bis-(4,5-diphenylimidazol-2-
ylidene)-cyclohexa-2,5-diene (BDPI-2Y) [31, 32], the efficient electronic interac-
tion is expected between the imidazolyl radicals arranged in the para-position of the
central phenylene ring. On the other hand, the biradical form, which is generated by
the one-photon absorption, has the electronic interaction originated from the face-
to-face arrangement of the imidazolyl radicals, indicating that the biradical and the
quinoidal forms give significantly different absorption spectra.

At millisecond time scales after the excitation with a 355-nm nanosecond laser
pulse, bisImD shows the very similar transient absorption spectrum to that of ImD,
which is ascribable to the biradical form of the ImD unit. After the decay of the

Fig. 4.3 Photochromic reaction scheme of bisImD
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broad absorption band due to the biradical form with a half-life of 90 ms, a small
absorption band remained at ~600 nm. The absorption band gradually increases
with prolonged irradiation of the UV light. The spectral similarity of the absorption
spectrum at around 600 nm and the Fourier-transformed infrared (FT-IR) spectrum
between the photogenerated species and BDPI-2Y suggests that the quinoidal form
was generated through the photogenerated biradical form in a stepwise manner. The
absorption band of the quinoidal form gradually decreases and fades out completely
within four days at room temperature.

To demonstrate the stepwise photochromic reaction via the photogenerated birad-
ical form of bisImD, we conducted the nanosecond two-pulse laser flash photolysis
measurements. Because the closed form of bisImD is not sensitive to visible light,
the excitation wavelength of the second laser pulse was set to 420 nm. The transient
absorption spectra after the two-pulse excitation with the delay time of 1 μs are
shown in Fig. 4.4a. While the transient absorption spectrum excited only by a 355-

Fig. 4.4 a Transient absorption spectra of bisImD in degassed benzene after the two-pulse laser
excitation (1.2 × 10−5 M, delay time; 1 μs). The excitation wavelength and intensity of two pulses
were 355 and 420 nm, and 1 and 5.5 mJ/pulse. Each of spectra was recorded at 20 ms intervals.
b ��A values estimated by changing the delay time of the second 420 nm laser excitation to
bisImD in degassed benzene, (line) the decay profile of the biradical form monitored at 400 nm,
(dots) the ��A values at 590 nm after the 420 nm laser excitation (1.2 × 10−5 M; delay time;
1 μs–90 ms). Inset shows the dependence of the ��A values at 590 nm on the intensity of the
420 nm laser pulse. c Color changes of the solution of bisImD (293 K, 9.4 × 10−5 M) after CW
light irradiation (λex. = 420–700 nm, 500 mW; λex. = 365 nm, 5 mW) [30]
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nm nanosecond laser pulse (1 mJ/pulse) gives a small amount of the absorption band
ascribable to the quinoidal form, the transient absorption spectrum excited by both
a 355 and a 420-nm nanosecond laser pulses (1 and 5.5 mJ/pulse) shows the clear
absorption band assigned to the quinoidal form. It clearly shows that the excitation
of the biradical form of bisImD with a 420-nm laser pulse amplifies the formation
of the quinoidal form. In contrast, the quinoidal form was not detected when the
wavelength of the second laser pulse was 550 nm or 650 nm, indicating that the
photocleavage reaction of the C–N bond would proceed from the higher excited
state of the biradical form. We define the ��A as the difference in the �absorbance
values at 600 nm after the first 355 nm and the second 420 nm excitation, �A355

and �A420, respectively (��A = �A420 – �A355). This value corresponds to the
population of the quinoidal form generated by the 420 nm excitation. The ��A
decreases depending on the concentration of the biradical form with the increase in
the time interval between the two excitation pulses (dot in Fig. 4.4b). The decay of
the ��A values shows good agreement with the thermal back reaction profile of the
biradical form. In addition, the��A values linearly increase with the increase in the
excitation intensity of the 420-nm laser pulse (slope = 1.04, the inset of Fig. 4.4b).
Therefore, the stepwise 2PA process is involved in the photochromic reaction of
bisImD.

This two-photon photochromic reaction can be initiated by incoherent and weak
light sources (Fig. 4.4c). While a single weak incoherent light (5 mW and 355-
nm light or a halogen lamp, 420–700 nm as white light) does not cause the two-
photon induced photochromism, the irradiation of both lights at the same time clearly
enhances the reaction in spite that they are weak and incoherent light sources. It
clearly shows that the power threshold for the stepwise photochromic reaction is
extremely low (~mW/cm2) as compared to those of conventional nonlinear optical
processes (>MW/cm2). The efficient stepwise photochromic reaction of ImD was
realized based on the two key features: (i) the short-lived transient species of T-
type photochromic compounds as an intermediate state for the stepwise two-photon
photochemical reactions and (ii) the strong electronic coupling between the short-
lived photogenerated transient chromophores.

The concept of the stepwise photochromic reactions of bisImD can be expanded
to other radical-dissociation type photochromic compounds such as pentaarylbi-
imidazole (PABI) [33] and phenoxyl-imidazolyl radical complex (PIC) [34, 35],
which are recently developed radical-dissociation type photochromic compounds.
It is important to note that the half-lives of the thermal back reactions of PIC can
be tuned from tens of nanoseconds to tens of seconds by slight modifications of
the molecular framework. Especially, the substitution of the phenyl ring at the 2-
position of the imidazole ring to the thiophene ring (TPIC) dramatically decelerates
the thermal back reaction most probably due to the donor effect of the thiophene
ring. Based on PIC and TPIC frameworks, we designed and synthesized stepwise
two-photon induced photochromic compound derivatives: p-bisPIC,m-bisPIC, and
bis(thiophene-coupled PIC) (bisTPIC) (Fig. 4.5) [36]. The photogenerated biradical
species of PIC has a through-bond spin-spin interaction between the imidazolyl and
phenoxyl radicals at the ortho-position of the phenylene ring. In the similar manner,
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Fig. 4.5 Molecular structures of bisPIC derivatives

the one-photon reaction of bisPIC derivatives generate the biradical species which
has a through-bond interaction at the ortho-position of the phenylene moiety. On
the other hand, the quinoidal form generated by the stepwise two-photon induced
reaction has both interactions between the radicals at ortho- and para-positions of the
phenylene moiety. Therefore, the biradical and quinoidal forms show significantly
different colors and the rate of the thermal back reaction.

BisPIC derivatives show the similar stepwise two-photon photochromic behav-
iors to that of bisImD, although the half-lives of their biradical and quinoidal forms
are quite different from those of bisImD. That is, under the weak excitation condi-
tion, the one-photon induced photochromic reaction proceeds and generates a birad-
ical form. On the other hand, under the intense excitation condition, the stepwise
photochromic reaction proceeds from the biradical form and generates a tetetrarad-
ical form. The generated tetraradical form quickly equilibrates toward the quinoidal
form. For example, in bisTPIC, under the weak excitation condition with a 355-
nm nanosecond laser pulse (0.05 mJ mm−2), a broad transient absorption spectrum
assigned to the biradical form was observed (black line of Fig. 4.6a). On the other
hand, the increase in the excitation intensity (2.23 mJ mm−2) gives another spectral
component at 520 nm most probably assigned to the quinoidal form. While the half-
life of the thermal back reaction of the biradical form of bisTPIC is 3.2 ms, that of
the light intensity-dependent component is 0.99 s (Fig. 4.6b). The half-lives of the
biradical and quinoidal forms are tabulated in Table 4.1.

The mechanism of the stepwise two-photon photochromic reaction of TPIC was
further revealed by time-resolved FT-IR absorption spectroscopy with a 355-nm
nanosecond laser pulse. Since the carbonyl group of the phenoxyl moiety gives
the characteristic and intense signal, this signal can be used as a marker band for
identifying the biradical and quinoidal forms. Under the weak excitation condition
(0.5 mJ/pulse), a characteristic intense peak was observed at 1560 cm−1 ascribable to
theC–O stretching vibrationalmode. The signalmonotonically decays inmillisecond
time scales. On the other hand, under the intense excitation condition (4.0 mJ/pulse),
the initial intense peak assigned to the C–O stretching vibrational mode was quickly
converted to the other peak at 1618 cm−1. This high frequency-shifted peak was
assigned to the quinoidal form generated by the stepwise photochromic reaction. The
tetraradical species was difficult to detect in these systems due to the low concen-
tration. While the lifetimes of the biradical and quinoidal forms of bisTPIC are
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Fig. 4.6 a Transient absorption spectra and b dynamics of bisTPIC in benzene at different exci-
tation intensity of the 355-nm nanosecond laser pulse. c Time evolution of the time-resolved FT-IR
spectra of bisTPIC in CD2Cl2 after irradiation of intense laser pulse (4.0 mJ/pulse) [36]

Table 4.1 Half-lives of the transient species of PIC and bisPIC derivatives in benzene at 298 K

PIC p-bisPIC (μs) m-bisPIC (μs) bisTPIC

BR 0.25 μs 0.40 0.65 3.2 ms

Q – 8.0 3.6 0.99 s

much shorter than those of bisImD, the stepwise two-photon photochromism of
bisTPIC can be induced by CW light sources. Therefore, these fast stepwise two-
photon photochromic reactions are promising for practical fast-responsive nonlinear
photoresponsive materials with the reduced power threshold.
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4.4 Stepwise Negative Photochromism
of Binaphthyl-Bridged Phenoxyl-Imidazolyl Radical
Complex

While remarkable examples of photochromic molecules in various research fields
have been reported, UV light has been frequently used as a switching light for arti-
ficial photochromic molecules. In contrast, the utilization of visible light has been
expected to regulate biochemical functions and functional materials due to the high
energy of UV light which causes degradation and mutagenesis of cells. Therefore,
the development of visible or near-infrared (NIR) light responsive molecules has
been extensively reported [37–43]. However, the increase in the photosensitivity to
visible and NIR light causes an unexpected photochemical reaction by weak illu-
minating or background light sources because typical photochemical reactions are
the linear photoresponsive process on excitation light intensity. Specific nonlinear
or orthogonal reactions depending on light intensity or wavelength are of particular
importance to activate photoswitches in complex systems involving intermolecular
networks of photofunctional molecules [44–47]. Thus, the development of visible
light-responsive photochromic molecules showing excitation intensity dependence
is an important subject for applications of photochromic molecules to advanced
photoswitches in systems chemistry.

From this circumstance, we designed and synthesized a stepwise nega-
tive photochromic molecule (bisBN-PIC, Fig. 4.7) consisting of two negative
photochromic units in a molecule. The binaphthyl-bridged phenoxyl-imidazolyl
radical complex (BN-PIC) is one of the fast-switchable negative photochromic
molecules in which the most thermally stable colored form (C) photoisomerizes to
themetastable colorless form (CL) upon visible light irradiation [48, 49]. Because the
electronic coupling between the two fast photochromic units is effective to realize
nonlinear stepwise photochemical reactions, the combination of a couple of fast-
switchable negative photochromic molecules will be a basic idea to design organic
molecules for the selective photochemical response to incident visible light condition.

Fig. 4.7 Negative photochromic reactions of a BN-PIC and b bisBN-PIC
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Fig. 4.8 a UV-vis absorption spectrum of C-C and b molecular structure of C-C obtained by the
X-ray crystallography

The molecular structure of bisBN-PIC revealed by X-ray crystallography and the
absorption spectrum in benzene are shown in Fig. 4.8. The absorption band at 450 nm
is assigned to the π–π* transition on the two cyclohexadienone units by the time-
dependent density functional theory (TDDFT) calculation (MPW1PW91/6-31G(d)
level of the theory). In contrast, the absorption band at 424 nm is attributable to the
charge transfer transition from the electron-donating pyrenyl unit to the bridging
naphthalene unit, suggesting the effective conjugation between the pyrenyl unit and
the two BN-PIC units in the most stable C-C state due to the planar structure.

The two-photon induced stepwise negative photochromic reaction was investi-
gated by UV-vis absorption spectroscopy in detail. The absorption spectrum shows
stepwise changes upon 405-nm CW laser irradiation (Fig. 4.9). The absorption band
of C-C in the visible region initially decreases accompanied by the shift of the
absorption maximum from 422 to 445 nm upon intense 405-nm light irradiation.
The intensity of the absorption band further decreased with the two isosbestic points
at 336 and 362 nm by subsequent CW light irradiation. Finally, the solution became
colorless at the PSS. The thermal recovery process of the absorption spectrum after
405-nm light irradiation was proceeded in a stepwise manner (Fig. 4.9b). The global
analysis for this stepwise spectral change revealed that this thermal recovery process
is well described by a sequential model with three components. The isolated evolu-
tion associated spectra are in good agreement with the TDDFT calculated spectra for
C-C, CL-C, and CL-CL (Fig. 4.9c). From the Eyring analysis of the rate constants
for the stepwise thermal back reactions, the activation-free energy barriers (�G‡) of
the thermal back reaction process for CL-C to C-C and that for CL-CL to CL-C
were estimated to be 75.4 kJ/mol and 71.3 kJ/mol, respectively.

The excitation light intensity dependence of the stepwise negative photochromism
was shown in Fig. 4.10. Theweak laser irradiation (less than 0.1mW) causes only the
one-photon reaction from C-C toCL-C, indicating that the concentration of CL-CL
is not accumulated because of the fast thermal back reaction of CL-CL. In contrast,
the photoisomerization to CL-CL was observed upon intense laser irradiation, and
the conversion ratio to CL-CL reached almost 100% by irradiation with 260-mW
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Fig. 4.9 Temporal changes of the UV-vis absorption spectrum of bisBN-PIC in degassed toluene
(1.0 × 10−5 M) at 245 K, a recorded under irradiation with a 405 nm CW laser (260 mW), and
b recorded after turning off the irradiation. cUV-vis absorption spectra of C-C,CL-C, andCL-CL.
The calculated spectra (MPW1PW91/6-31G(d) level of the theory) are shown by the perpendicular
lines. d Time evolutions of the concentrations of C-C,CL-C, and CL-CL obtained from the global
analysis

Fig. 4.10 a Dependence of the UV-vis absorption spectra of bisBN-PIC (in Ar-bubbled toluene
(9.2 × 10−6 M), at 245 K) at the PSS on the incident CW laser intensity (0–260 mW, 405 nm).
b Concentrations of C-C, CL-C, and CL-CL at the PSS. c Concentrations of CL-CL at the PSS
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laser. The slope of the concentration of CL-CL against the incident laser power
was estimated to be 1.8. This indicates that bisBN-PIC generates colorless CL-CL
in a stepwise manner and shows the nonlinear photoresponse to the incident light
intensity (Fig. 4.10c).

In conclusion of this section, we demonstrated the stepwise negative
photochromism of bisBN-PIC which consists of electronically coupled two fast-
switchable negative photochromic units. bisBN-PIC nonlinearly responds to inci-
dent light intensity. The two transient species C-C (initial state) and CL-C (one-
photon product) have absorption bands at around 450 nm which is attributable to
the π–π* transition on the cyclohexadienone unit of C. In contrast, CL-CL gener-
ated by the two-photon negative photochromic reaction has no absorption band in
the visible light region. Because the thermal back reaction rate from CL-CL to
CL-C is 10-times faster than that from CL-C to C-C, the concentration of CL-CL
is not accumulated upon weak light irradiation, leading to the excitation intensity-
dependent photochromism in which only the intense light irradiation makes the
solution of bisBN-PIC transparent. This visible light intensity-dependent nega-
tive photochromism will give an important strategy to design the organic molecule
applicable to nonlinear optical materials such as saturable absorber.

4.5 Stepwise Photochromism of Bisnaphthopyrans
Exhibiting Excitation Intensity-Dependent Color
Change

Our strategy to realize stepwise photochromic reactions depending on the excitation
intensity is not limited to the radical complex system. Naphthopyran derivatives are
an important class of T-type photochromic molecules for practical applications such
as photochromic lenses because of their high colorability and tunable spectrokinetic
properties [50–54]. The pyran ring of naphthopyran shows the ring-opening reaction
upon UV light irradiation to form the two colored open-ring isomers, transoid-cis
(TC) and transoid-trans (TT) forms (Fig. 4.11). Although the slow thermal back
reaction of the TT form was one of the issues to be solved for real-time switching,
we have recently succeeded to decrease the generation amount of the TT form.
The 8H-pyrano[3,2-f ]quinazoline (8H-PQ) reported by Pozzo and co-workers is an
attractive molecular framework to accelerate the thermal back reaction of the TC
form [55]. We recently demonstrated that the introduction of an alkoxy group to
the 1-position of 8H-PQ effectively reduces the generation amount of the undesired
long-lived TT form because of the C–H···O intramolecular hydrogen bond in the TC
form [56].

In this study, we developed a bisnaphthopyran system showing excitation light
intensity-dependent photochromism. We designed and synthesized bisnaphthopyran
derivatives bridged by a dihydroanthracene moiety, bis-NP, and bis-PQ, which
are composed of 3H-naphtho[2,1-b]pyran (3H-NP) and 8H-PQ units, respectively
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Fig. 4.11 Photochromic reaction schemes of 3H-NP, 8H-PQ, bis-NP, and bis-PQ

(Fig. 4.11). The two pyran units are perpendicularly connected to the central dihy-
droanthracene moiety through a spiro carbon of each pyran rings. Because the two
pyran units are electronically separated in the closed-closed form and the closed-
open form, the energy transfer from the closed form to the open form can be negli-
gible. Moreover, the substitution of a n-butoxy group to the 1-position of the 8H-PQ
units can increase the thermal decoloration rate of the transient open-ring form and
reduces the generation ratio of the long-lived TT form [56]. Therefore, bis-PQ is a
potential candidate to realize fast-switchable stepwise photochromism by controlling
excitation light conditions.

The X-ray crystallographic analysis of the crystal of bis-NP revealed that the two
pyran units are arranged perpendicularly against the central dihydroanthracene unit.
Figure 4.12 shows the UV-vis absorption spectra of bis-NP, bis-PQ, and 3H-NP in

Fig. 4.12 a UV-vis absorption spectra of bis-NP, bis-PQ, and 3H-NP in toluene and b molecular
structure of bis-NP obtained by the X-ray crystallography
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toluene at 298 K. The similar absorption spectral shape and the almost twice larger
molar extinction coefficient of Bis-NP in UVA region, compared with that of 3H-
NP, indicate the two pyran units of bis-NP which are electronically independent. In
contrast, the large red-shift of the absorption bands of bis-PQ was observed. This is
presumably because of the introduction of the electron-donating n-butoxy groups to
the 8H-PQ units. The time-resolved absorption spectroscopywas conducted to inves-
tigate the excitation light intensity and the temperature dependence of the stepwise
two-photon induced photochromic properties of bis-NP and bis-PQ. Figure 4.13a
shows the absorption spectra of bis-NP at the PSS under CW UV light irradiation
at 298 K. While an absorption band at 450 nm was observed upon weak UV light
irradiation (30 mW), the other band at 528 nm appeared at 298 K with increasing the
excitation light intensity to 120 mW. This absorption band was clearly increased by
120-mW UV light irradiation by decreasing the temperature to 263 K (Fig. 4.13b).
This new absorption band of 528 nm is attributable to the open-open form of bis-NP
produced by the stepwise 2PA process. The significant red-shift relative to the open-
closed form is due to the extended π-conjugation over the two o-quinone monome-
thide units arranged in a plane in the open-open form. Because the thermal back

Fig. 4.13 UV-vis absorption spectra of bis-NP and bis-PQ in toluene (1.8 × 10−5 M and 5.0 ×
10−5 M) at the PSS (a and c) under CW UV light irradiation (365 nm, 30–120 mW) at 298 K and
(b and d) under CW UV light irradiation (365 nm, 120 mW) at 263, 298, and 328 K, respectively
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Fig. 4.14 a Time profiles of the�absorbance at 610 nm of bis-PQ in toluene (5.0× 10−5 M) upon
355 nm laser excitation (pulse width = 5 ns, pulse energy = 0.092–2.1 mJ) at 298 K. b Double
logarithmic plots of the average of the �absorbance at 610 nm of bis-PQ

reaction rate of the open-closed form of bis-NP is sufficiently decreased to absorb an
additional photon by decreasing the temperature, the stepwise photochromic reac-
tion of bis-NP was efficiently observed upon intense UV light irradiation at low
temperature. Even in the case of bis-PQ, the similar dependences on the excitation
intensity and temperature were observed as shown in Fig. 4.13c, d.

The dependence of the generation amount of the open-open form on the excitation
intensity was investigated. The �absorbance at 610 nm, which corresponds to the
amount of the open-open form after 355-nm laser pulse irradiation, shows a quadratic
dependence on the intensity of the incident 355 nm laser pulse (Fig. 4.14), indicating
the photochromic reaction of bis-PQ in a stepwise manner. Thus, it is concluded
that the open-closed form generated by one-photon reaction of the initial closed-
closed form shows the further photochemical ring-opening reaction, resulting in the
generation of the open-open form.

We demonstrated the distinct color change of the bis-PQ in toluene solution
depending on the intensity of incident light. Figure 4.15 shows the photochromic
reaction of the toluene solution upon 365-nm light irradiation. The color of the film
changes from colorless to orange by the irradiation of weak CW light (365 nm,
15 mW). In the whole irradiated area, the orange color monotonically disappeared
after 365-nm light irradiation. This thermal decoloration process is attributable to
the thermal back reaction of the open-closed form. In contrast, high-power UV light
irradiation induces the different color changes between the central region and the
edge region in the irradiated spot. While the central region turns dark reddish-purple
upon UV light irradiation, the edge region shows the same color change to orange
with that upon weak UV light irradiation. The central reddish-purple colored spot
sequentially returned to the initial colorless via the orange state while the edge of the
spot shows uniform bleaching of the orange color. This indicates that the open-open
form was generated by the sequential 2PA process only in the spot irradiated with
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Fig. 4.15 Intensity-dependent color changeof bis-PQ in toluene uponUV light irradiation (365nm,
a 15 mW and b 85 mW) at 283 K

intense UV light. This threshold system showing the color change depending on
excitation light intensity was achieved by the nonlinear photoresponsive nature and
the effective acceleration of the thermal back reaction of bis-PQ.

In conclusion of this section, the novel bispyran derivatives, bis-NP and bis-PQ,
displaying the two-photon induced stepwise photochromic reaction are developed.
The two-photon reaction generates the electronically coupled open-ring pair (open-
open form) with planar conformation. The color of the open-open form is drastically
red-shifted comparedwith that of the one-photon product (open-closed form) because
of the extended π-conjugation. Furthermore, bis-PQ shows the large excitation light
intensity dependence of the stepwise photochromism because the thermal fading
speed of the TC form is accelerated by the introduction of alkoxy groups to the
1-position of the 8H-PQ unit. The novel molecular design for fast photoswitching
will give an attractive insight for the future development of advanced photochromic
compounds.

4.6 Conclusion

We described the unique photoresponsive systems developed by combining stepwise
2PA and photochromism. The efficient stepwise two-photon photochromic reactions
were achieved by the combination of the fast photochromismwith other optical prop-
erties such as the biradical-quinoid valence isomerization. If the lifetime of the photo-
generated transient species is longer than microseconds but shorter than seconds, the
power threshold of the stepwise 2PA process can be clearly observed. Thus, these
biphotochromic systems composed of the fast T-type photochromic chromophores
realize the photosynergetic effect: the cooperative interaction involving two photons
and two photochromic units. The biphotochromic molecules enabling the stepwise
2PA processes can be a novel platform for photofunctional systems realizing the
photosynergetic effects.
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Chapter 5
Suppression of Internal Conversions
from Pseudo-Degenerate Excited
Electronic States

Wataru Ota and Tohru Sato

Abstract We describe the relationship between the rate constant of internal conver-
sion and vibronic coupling constant (VCC) based on the crude-adiabatic approx-
imation. Vibronic coupling density (VCD) is introduced to clarify the origin of
vibronic couplings from the local picture. The control of vibronic couplings from
pseudo-degenerate excited electronic states gives the suppression of internal conver-
sions. We discuss the fluorescence via higher triplets (FvHT) mechanism observed
in the organic light-emitting diodes (OLEDs) of 1,4-bis(10-phenylanthracene-9-
yl)benzene (BD1) used as afluorescent dopant and the aggregation-induced enhanced
emission (AIEE) of 1,2-bis(pyridylphenyl)ethene (CNPPE).

Keywords Vibronic coupling density · Pseudo-degeneracy · Internal conversion ·
Fluorescence via higher triplets mechanism · Organic light-emitting diodes ·
Aggregation-induced enhanced emission

5.1 Introduction

Vibronic couplings, the interactions between vibrational and electronic motions,
induce internal conversions between electronic states. The suppression of internal
conversions is achieved by the control of vibronic couplings, which can provide a
designprinciple for novel light-emittingmolecules.Vibronic coupling density (VCD)
defined by the spatial density distribution of a vibronic coupling constant (VCC) is
developed to elucidate the origin of vibronic couplings from the local picture [1,
2]. In this chapter, using the concept of VCD, we show that pseudo-degeneracy of
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electronic states can give the suppression of internal conversions between electronic
excited states against Kasha’s rule [3]. This is applicable to designing novel emitting
molecules for organic light-emitting diodes (OLEDs) in which the fluorescence via
higher triplets (FvHT) mechanism [4–6] operates and elucidating the origin of the
aggregation-induced enhanced emission (AIEE).

5.2 Internal Conversion and Vibronic Coupling Density

Consider a transition from initial vibronic state |�mi (r,Q)〉 associated with elec-
tronic m and vibrational mi states to finial vibronic state |�mi (r,Q)〉 where
r = (r1, . . . , ri , . . . , rN ) is a set of N electronic configurations and Q =
(Q1, . . . , Qα, . . . QM) is a set of M mass-weighted normal coordinates. From the
Fermi’s golden rule, the rate constant of internal conversion is given by [7]

kICn←m(T ) = 2π
�

∑

i j
Pmi (T )

∣
∣
〈
�nj (r,Q)|H ′|�mi (r,Q)

〉∣
∣2δ

(
Emi − Enj

)
, (5.1)

where Pmi (T ) is the Boltzmann distribution function of |�mi (r,Q)〉 at temperature
T , and Emi and Enj are the eigenvalues of |�mi (r,Q)〉 and |�nj (r,Q)

〉
, respectively.

In the crude-adiabatic approximation (CA), the vibronic state is represented as the
product of vibrational and electronic states fixed at nuclear configuration R0 [8]:

|�mi (r,Q)〉 = |χmi (Q)〉|�m(r;R0〉 . (5.2)

R0 is generally chosen as an equilibrium nuclear configuration. Using the Herzberg–
Teller expansion, the matrix element of the interaction Hamiltonian is expressed
as

〈
�nj (r,Q)|H ′|�mi (r,Q)

〉 = ∑

α

Vnm,α

〈
χnj (Q)|Qα|χmi (Q)

〉
, (5.3)

where Vmn,α is the off-diagonal VCC defined by

Vmn,α =
〈

�m(r;R0)

∣
∣
∣
∣
∣

(
∂H
∧

(r,R)

∂Qα

)

R0

∣
∣
∣
∣
∣
�n(r;R0)

〉

. (5.4)

Here, H
∧

(r,R) is amolecularHamiltonian, andR is a set of nuclear configurations.
Vn,α := Vnn,α is called the diagonal VCC. As a result, the rate constant of internal
conversion in the CA representation is written as [9]

kICn←m(T ) = 2π

�

∑

i j

Pmi (T )
∑

αβ

Vnm,αVmn,β
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× 〈
χnj (Q)|Qα|χmi (Q)

〉〈
χmi (Q)|Qβ |χnj (Q)

〉
δ
(
Emi − Enj

)
. (5.5)

It should be noted that this expression is different from the rate constant in
the Born–Oppenheimer (BO) representation [10, 11] in which the electronic states
depend on nuclear configuration R rather than fixed at R0.

Suppose that |χmi (Q)〉 is represented as the product of vibrational states of a
single mode

|χmi (Q)〉 = ∏

γ

|nmi,γ
(
Qγ

)〉
, (5.6)

then ignoring the Duschinsky effect the vibrational part is expressed as [9]

〈
χmi |Qα|χnj

〉 = 〈
nmi,α|Qα|nnj,α

〉 ∏

γ �=α

〈
nmi,γ |nnj,γ

〉
, (5.7)

where

〈
nmi,α|Qα|nnj,α

〉 = �

2π

(√
nnj,α + 1

〈
nmi,α|nnj,α + 1

〉 + √
nnj,α

〈
nmi,α|nnj,α − 1

〉)

(5.8)

and the Franck–Condon (FC) overlap integral is [12]

〈
nmi,α|nnj,α

〉 =
√
nmi,α!nnj,α!
2nmi,α+nnj,α

e− 1
4 g

2
n,α

×
min[nmi,α ,nnj,α]∑

l=0

(−1)nmi,α−l2l
g
nmi,α+nnj,α−2l
n,α

l!(nmi,α − l
)!(nnj,α − l

)! . (5.9)

Here, gn,α is the dimensionless diagonal VCC defined by

gn,α = Vn,α√
�ω3

n,α

, (5.10)

where ωn,α is the angular frequency of vibrational mode α. In general, the rate
constant of internal conversion decreases with the diagonal and off-diagonal VCCs.
The control of the diagonal and off-diagonal VCCs is achieved by the analysis of the
VCD.

The VCD is developed to clarify the local picture of VCC, which is given by the
integrand of the VCC [1, 2]:

Vmn,α = ∫
dxηmn,α(x), (5.11)

where x = (x, y, z) is a three-dimensional spatial coordinate. The diagonal
ηn,α(x) := ηnn,α(x) and off-diagonal VCD are expressed as
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ηn,α(x) = ρnm(x) × vα(x), (5.12)

ηmn,α(x) = ρmn(x) × vα(x). (5.13)

Here, ρnm(x) is the electron density difference between |�n(r;R0〉 and
|�m(r;R0〉:

ρnm(x) = 〈
�n(r;R0)|ρ∧(x)|�n(r;R0)

〉 − 〈
�m(r;R0)|ρ∧(x)|�m(r;R0)

〉
, (5.14)

|�m(r;R0〉 is generally chosen as the reference electronic state at the equilibrium
nuclear configuration. ρ

∧

(x) is the electron density operator defined by

ρ
∧

(x) =
∑

i j

∑

στ

ĉ†iσ ĉ jτψ
∗
iσ (x)ψ jτ (x),

where ĉ†iσ and ĉ jτ are creation and annihilation operators, and ψ∗
iσ (x) and ψ jτ (x)

are spatial orbitals. Here, i and j are the orbital indices, and σ and τ are the spin
indices. ρmn(x) is the overlap density between |�m(r;R0〉 and |�n(r;R0〉:

ρmn(x) = 〈
�m(r;R0)|ρ̂(x)|�n(r;R0)

〉
. (5.15)

vα(x) is the potential derivative with respect to vibrational mode α given by

vα(x) =
(

∂u(x)

∂Qα

)

R0

, (5.16)

where u(x) is the electron-nucleus attractive potential acting on a single electron.
Thus, the vibronic couplings are understood from the electronic term ρnm(x) or
ρmn(x) and vibrational term vα(x). Since the manipulation of vibrational term is
rather difficult, the vibronic couplings are controlled through the electronic term. It
should benoted that the disappearanceofρnm(x) andρmn(x) leads to the decrease of
the diagonal and off-diagonal VCCs, respectively, which contributes to the suppres-
sion of internal conversions between electronic states. The transition dipole moment
also depends on ρmn(x) [9]. Therefore, the disappearance of ρmn(x) leads to the
suppression of both radiative and non-radiative transitions. The concept of VCD has
been applied not only to a theoretical design of light-emitting molecules [13–16] but
also to carrier-transporting molecules [17–20] and chemical reactivity [21–24].



5 Suppression of Internal Conversions from Pseudo-Degenerate … 83

5.3 Fluorescence Via Higher Triplets in Organic
Light-Emitting Diodes

The use of triplet excitons generated by electrical excitation is required for achieving
highly efficient OLEDs. Thermally activated delayed fluorescence (TADF) has gath-
ered attention as a mechanism for the use of triplet excitons; that is, the reverse
intersystem crossing (RISC) from T 1 to S1 is thermally activated by decreasing the
energy difference between T 1 and S1 (ES1−T1) using the HOMO-LUMO separation
[25, 26]. However, the OLED dopants using triplet excitons in spite of largeES1−T1

has been reported. 1,4-bis(10-phenylanthracene-9-yl)benzene (BD1) is one of exam-
ples where ES1−T1 are calculated to be more than 1.0 eV [27], which is extremely
large for T 1 excitons to thermally overcome. Therefore, the RISC from higher triples
than T 1 is expected. We propose a fluorescence via higher triplets (FvHT) as a mech-
anism for the use of high triplet excitons [4–6]. The excitons with long lifetime are
possible if radiative and non-radiative transitions from the high to low triplets are
sufficiently suppressed. In the following, we showed using BD1 that the suppres-
sion of the transitions between triplets is achieved by the cancelation of the overlap
densities between these states because of the pseudo-degenerate electronic states [5].

BD1 with X-Y-X structure belongs toD2 symmetry. Figure 5.1 shows the frontier
orbitals and orbital levels of BD1 at the S0 optimized structure. Since the frontier
orbitals are delocalized over the anthracene moieties X in X-Y-X, the NHOMO and
HOMO as well as the LUMO and NLUMO are pseudo-degenerate. These orbitals
are approximately expressed as

ψNHO = 1
2 (φHO(L) − φHO(R)), (5.17)

ψHO = 1
2 (φHO(L) + φHO(R)), (5.18)

Fig. 5.1 a LUMO, b NLUMO, c, HOMO, and d NHOMO of BD1. Isosurface values are 2.0 ×
10−2 a.u. White region is positive while blue region is negative. e Orbital levels of BD1. Reprinted
from Ref. [4]
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Fig. 5.2 Energy levels of excited states at a T3, b T4, c S2, and d S1 optimized structures. Reprinted
from Ref. [4]

ψLU = 1
2 (φLU(L) − φLU(R)), (5.19)

ψNLU = 1
2 (φLU(L) + φLU(R)), (5.20)

where φHO/LU is the HOMO/LUMO of the left (L) and right (R) anthracene moieties.
Figure 5.2 shows the excited states of BD1 at the T 3, T 4, S2, and S1 optimized

structures. ES2−T3 at the T 3 optimized structure is 0.8 meV, which is small enough
for triplet excitons to thermally convert into singlet excitons. However, the RISC
from T 3 to S2 is symmetry-forbidden because the symmetry of both T 3 and S2 are A.
On the other hand, the RISC from T 4 with B1 symmetry to S2 is symmetry-allowed.
In addition, ES2−T4 at the T 4 optimized structure is only 21 meV. Therefore, the
RISC from T 4 to S2 is considered to be possible if the transitions from T 4 to T 1 and
T 2 are suppressed.

Figure 5.3 shows the overlap densities between excited states and between excited
and ground states. The overlap densities of T 4–T 1 and T 4–T 2 exhibit small distribu-
tions, which indicate that the transitions from T 4 to T 1 and T 2 are suppressed because
the off-diagonal VCCs between these states become small. In contrast, the overlap
densities of T 3–T 4 and S2–S1 exhibit large distributions, and the transition probabil-
ities between these states are large. Therefore, the T 3 and S2 excitons are promptly
converted into T 4 and S1 excitons, respectively. Themagnitude of the overlap density
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Fig. 5.3 Overlap densities of a T4@T4–T2@T4, b T4@T4–T1@T4, c T3@T3–T4@T3,
d S2@S2–S1@S2, e S2@S2–S0@S2, and f S1@S1–S0@S1. White region is positive while blue
region is negative. Isosurface values are 1.0 × 10−3 a.u. Reprinted from Ref. [4]

of S1–S0 is moderate so that the internal conversion from S1 to S0 is suppressed while
the radiative transition is allowed.

The TD-DFT wave functions of T 1, T 2, and T 4 are approximately represented as
[5]

|�T1

〉 ≈ c
(|�LU

HO

〉 + |�NLU
NHO

〉)
, (5.21)

|�T2

〉 ≈ c
(|�NLU

HO

〉 + |�LU
NHO

〉)
, (5.22)

|�T3

〉 ≈ c
(|�LU

HO

〉 − |�NLU
NHO

〉)
, (5.23)

where c is the CI coefficient, and 1/
√
2 when the contributions of the orbitals other

than the frontier ones are ignored. Since NHOMO/HOMO and LUMO/NLUMO are
pseudo-degenerate, T 1 and T 2 are pseudo-degenerate. The overlap density of T 4–T 1

is expressed as

ρT4−T1 ≈ c2
(|ψNHO|2 − |ψHO|2 + |ψLU|2 − |ψNLU|2). (5.24)

Thus,ρT4−T1 is canceled because |ψNHO|2 and |ψHO|2 aswell as |ψLU|2 and |ψNLU|2
exhibit almost the same distributions owing to the pseudo-degeneracy of the frontier
orbitals. The overlap density of T 4–T 2 is expressed as

ρT4−T2 ≈ (
c2 − c2

)
ψNHOψHO + (

c2 − c2
)
ψLUψNLU. (5.25)

In this case, ρT4−T2 exhibits a small distribution attributed to the cancelation of
the CI coefficients. The TD-DFT wave functions of S1 and S2 are represented as

|�S1

〉 ≈ |�LU
HO

〉
, (5.26)
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|�S2

〉 ≈ c
(|�NLU

HO

〉 − |�LU
NHO

〉)
. (5.27)

As a result, the overlap densities of S1–S0 and S2–S1 are expressed as

ρS1−S0 ≈ ψHO ψLU, (5.28)

ρS2−S1 ≈ c(ψNLU ψLU − ψNHO ψHO). (5.29)

Therefore,ρS1−S0 andρS2−S1 exhibit large distributions because the cancelations of
the overlap densities do not occur. Thus, in conclusion, the pseudo-degeneracy plays
an important role in suppressing the transitions between excited states through the
disappearance of the overlap densities, which enables the RISC from higher triplets
than T 1 to singlets.

5.4 Role of Pseudo-Degeneracy on Aggregation-Induced
Enhanced Emission

AIEE is a phenomenon in which fluorescent dyes exhibit strong luminescence
in the aggregation phase [28, 29]. Understanding the mechanism of AIEE is
required for the applications to the OLEDs in solid phase. A cyano-substituted 1,2-
bis(pyridylphenyl)ethene (CNPPE) shows the AIEE behavior in solid phase; that is,
the fluorescence quantum yield increases from 0.002 in CH2Cl2 solution to 0.72 in
solid phase following the significant decrease of the rate constant of non-radiative
transitions from >1.0 × 1010 s−1 in solution to 5.0 × 107 s−1 in solid [30]. In the
following, we discussed the role of the pseudo-degeneracy on the suppression of the
non-radiative transitions in solid phase.

Figure 5.4 shows the crystal structure of the CNPPE solid. The CNPPE in solid
phase ismodeled as a dimerwith a cofacial configurationwhere this dimer is expected
to have large intermolecular interaction energies. The vibronic couplings of the dimer
are compared with that of a single molecule as a model in solution phase. The
monomer belongs to C1 symmetry while the dimer to Ci symmetry. The ground
and excited states are computed at the CAM-B3LYP/6-31G(d,p) and TD-CAM-
B3LYP/6-31G(d,p) levels of theory, respectively, using the Gaussian 16 [31]. In this
study, the optimization of excited states is not performed for simplicity.

Table 5.1 lists the excited states of the dimer at the S0 optimized structure. Since
S1 (Ag) is symmetry-forbidden and S2 (Au) is symmetry-allowed transitions, a photon
absorption occurs in S2. Although the emission occurs from the lowest excited state
according to Kasha’s rule [3], the emissions from S2 are considered to be possible if
the transitions from S2 to S1 are suppressed. Figure 5.5 shows the frontier orbitals and
their orbital levels. The frontier orbitals are delocalized over molecules indicating the
excimer formation,which suggests that in solid phase the absorption andfluorescence
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ac

Dimer Model

Fig. 5.4 Crystal structure of CNPPE solid taken from Ref. [30]. The CNPPE solid is modeled as
a dimer with a cofacial configuration

Table 5.1 Excited states of the CNPPE dimer at the S0 optimized structure. f denotes the oscillator
strength

State Excitation energy f Major configurations

eV nm (CI coefficient)

S1(Ag) 3.717 333.5 0 HO-1 → LU + 1 (0.4519)

HO → LU (0.5174)

S2(Au) 3.806 325.74 2.7058 HO-1 → LU (0.4646)

HO → LU + 1 (0.5061)
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Fig. 5.5 a Frontier orbitals and b orbital levels of the dimer at the S0 optimized structure. White
region is positive while blue region is negative. Isosurface values of the frontier orbitals are 3.0 ×
10−2 a.u.
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occur within a dimer or larger polymer rather than a monomer. The NHOMO and
HOMO as well as the LUMO and NLUMO are pseudo-degenerate because of the
delocalized electronic states. These orbitals are approximately represented as

ψNHO ≈ 1√
2
(φHO(X1) + φHO(X2)), (5.30)

ψHO ≈ 1√
2
(φHO(X1) − φHO(X2)), (5.31)

ψLU ≈ 1√
2
(φLU(X1) − φLU(X2)), (5.32)

ψNLU ≈ 1√
2
(φLU(X1) + φLU(X2)), (5.33)

where φHO/LU(X1/X2) is the HOMO/LUMO of X1/X2 consisting of the dimer.
Figure 5.6 (a), (b), and (c) show the electron density differences of S1-S0, S2-S0,
and S2-S1, respectively. The electron density differences of S1-S0 and S2-S0 exhibit
similar distributions, and S1 and S2 are pseudo-degenerate. As a result, the electron
density difference of S2-S1 is canceled, which contributes to the suppression of the
internal conversion from S2 to S1 via the decrease of the diagonal VCCs. Figure 5.6
(d) and (e) shows the overlap densities of S2-S0, and S2-S1, respectively. The overlap
density of S2-S0 exhibits a large distribution. In contrast, the overlap density of S2-
S1 exhibits a small distribution, which contributes to the suppression of the internal
conversion from S2 to S1 via the decrease of the off-diagonal VCCs. The overlap

(a)

(d)

(b) (c)

(e)

Fig. 5.6 Electron density differences of a S1–S0, b S2–S0, and c S2–S1. Overlap densities of d S2–
S0 and e S2–S1. White region is positive while blue region is negative. Isosurface values of the
electron density differences and overlap densities are 5.0 × 10−2 and 2.0 × 10−3 a.u., respectively
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Fig. 5.7 Diagonal VCCs of a the monomer in the FC S1 state and b the dimer in the FC S2 state.
The largest VCC is observed for the vibrational mode 109 in the monomer and 224 in the dimer

densities of S2-S0 and S2-S1 are approximately expressed as

ρS2−S0 ≈ c(ψNHOψLU + ψHOψNLU), (5.34)

ρS2−S1 ≈ 2c2(ψLUψNLU − ψNHOψHO), (5.35)

where c ≈ 1/2 is the CI coefficient. The sum ofψNHOψLU andψHOψNLU in ρS2−S0 is
not canceled. On the other hand, the difference of ψLUψNLU and ψNHOψHO in ρS2−S1
is canceled because of the pseudo-degenerate frontier orbitals. Therefore, in this
pseudo-degenerate system, the fluorescence from S2 expects to be possible because
of the cancelation of the electron density difference and overlap density between S2
and S1.

Figure 5.7 compares the diagonal VCCs of the monomer in the FC S1 state and
the dimer in the FC S2 state. The reducible representation of vibrational modes for
the monomer belonging to C1 symmetry is

�vib(C1) = 129A, (5.36)

where all the vibrational modes give the non-zero diagonal VCCs. Namely, all the
vibrational modes are vibronic active. In contrast, the reducible representation of the
dimer belonging to Ci symmetry is

�vib(Ci ) = 132Ag + 132Au, (5.37)

Since the vibronic active mode for the diagonal VCC is the totally symmetric Ag

mode, the dimer has 132 vibronic active modes. Therefore, the number of vibronic
active modes is almost the same as in monomer and dimer, although the number of
the vibrational modes of the dimer is twice as large as that of the monomer. This
results indicate that the high symmetry is preferable to the reduction of the VCCs.

The diagonal VCCs of the dimer are smaller than those of the monomer. For
example, the largest VCC of the monomer is 8.849 × 10−4 a.u. While that of the
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dimer is 5.429 × 10−4 a.u. The ratio of the VCCs of dimer to monomer is 0.614,
which is approximately equal to 1/

√
2 ≈ 0.707. This is because the electron density

difference of the dimer is delocalized over molecules [32] as shown in Fig. 5.6.
Since the spatial integration of the electron density difference is zero by definition,
the value of the electron density difference of X1 (or X2) consisting the dimer is half
of that of the monomer. In addition, the value of the potential derivative of X1 is
1/

√
2 times that of the monomer because of the normalized condition of vibrational

modes. As a result, the diagonal VCD of X1 expressed as the product of the electron
density difference and potential derivative is 1/(2

√
2) times that of the monomer.

Therefore, the spatial integration of the diagonal VCDof the dimer gives the diagonal
VCCs that is 1/

√
2 times smaller than those of the monomer. The deviation from

1/
√
2 occurs because the molecules in the dimer do not have the same structures

as the monomer. The rate constant of the internal conversion strongly depends on
the diagonal VCCs, and the slight decrease of the diagonal VCCs reduces the rate
constant in several orders [9]. Thus, the internal conversion from S2 to S0 in the
dimer is more suppressed than that from S1 to S0 in the monomer originating from
the decrease of the diagonal VCCs, which contributes to the appearance of the AIEE
behavior.

Consequently, the pseudo-degenerate delocalized electronic states for the dimer
suppress the internal conversions from S2 to S1 and S2 to S0. It should be noted that
this does not occur when the electronic states are localized on a single molecule.
In the present case, the electronic states are delocalized because the dimer in the
CNPPE solid hasCi symmetry. The electronic states could be delocalized even when
a crystal structure has no site symmetry, though the site symmetry in solid phase is
preferable to realize such an excited electronic states. To confirm the delocalization
of adiabatic wave functions, the geometry optimizations of the excited states should
be performed. We have found that the adiabatic wave functions of the dimer are
delocalized so that the vibronic couplings are reduced [33]. This suggests that the
origin of the AIEE observed in the CNPPE solid is the excimer formation in which
the vibronic couplings are reduced to suppress the internal conversions because of
the pseudo-degenerate electronic states.

5.5 Conclusion

We discussed the role of pseudo-degenerate delocalized electronic states on
suppressing the internal conversions between excited states using the VCD theory.
The pseudo-degeneracy gives rise to the cancelations of the electron density differ-
ences and overlap densities resulting in the decrease of the diagonal and off-diagonal
VCCs, respectively. This enables the fluorescence using the RISC from high triplet
excited states and the AIEE in cofacial configurations. The control of vibronic
couplings utilizing the pseudo-degeneracy can provide a new design principle for
OLED dopants and AIEE dyes.
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Chapter 6
Advanced Function Control
of Photochemical Reactions Using
Mesoscopic Structures

Keisuke Imaeda and Kohei Imura

Abstract Strong light fields induced on mesoscopic structures have the potential
to pave the way to develop novel excitation schemes that cannot be realized using
conventional light fields. In this chapter, we use various scanning near-field optical
microscopy techniques to obtain near-field spatial and spectral characterizations of
metal mesoscopic structures. We also describe the enhancement of molecular optical
responses by mesoscopic structures.

Keywords Mesoscopic structure · Plasmon resonance · Scanning near-field optical
microscope

6.1 Introduction

Recent advances in chemical synthesis and theoretical calculations have enabled us
to prepare advanced functional molecules for a variety of applications. However, our
understanding of the optical responses of these molecules has beenmostly limited by
the dipolar approximation [1, 2]. The spatial structure of the optical field is neglected
in this approximation, resulting in selection rules involving a dipolar operator and
the wave functions of initial and final states. For instance, the optical transition from
an initial to a final state is forbidden when both states have the same symmetry. This
restriction can be overcome when the spatial scale of the optical field is comparable
to or smaller than the subwavelength scale because the optical field of excitation light
cannot be decoupled to obtain the selection rule. That is, the selection rule is modified
under a localized field excitation [3–7]. Thus, forbidden transitions become optically
accessible, leading to advanced functions of molecular systems. For this reason,
localized optical fields have the potential to overcome conventional photophysical
and photochemical restrictions that often originate from selection rules under plane
wave irradiation.
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In order to overcome the dipolar approximation, we induced localized optical
fields in mesostructures with dimensions ranging from several tens of nanometers to
a fewmicrometers.Mesoscopic structures can confine light fields tightly on subwave-
length scales to generate nanoscale light fields in close proximity to the structures.
This light confinement capability paves the way for the development of novel excita-
tion schemes beyond conventional light-matter interactions. For example, confined
fields possess larger electric field gradients and wavevectors than plane waves: these
characteristics surpass conventional frameworks and can potentially induce ladder-
type transitions, intraband transitions, and indirect band-gap transitions. In addition,
mesoscopic structures amplify the electromagnetic field of light, which can boost
a variety of molecular optical responses, such as nonlinear optical responses and
magnetic dipole responses [8–11]. Furthermore, mesoscopic structures can modu-
late the electronic states of molecules via near-field interactions and strong coupling
schemes, leading to the active control of molecular functionalities [12–17].

To utilize localized fields for photophysical and photochemical processes, a
detailed understanding of optical fields is absolutely indispensable. For this purpose,
visualization of the optical field distribution onmesoscopic structures is highly desir-
able. However, the spatial scale of mesoscopic structures is much smaller than the
diffraction limit of light, and thus a conventional optical microscope cannot visu-
alize these fields in real space. The scanning near-field optical microscope (SNOM)
is a powerful tool for the nanoscale optical imaging of near-field distributions of
mesoscopic structures [18, 19]. We used the SNOM in conjunction with a variety of
spectroscopic methods to develop nano-spectral imaging techniques to elucidate the
near-field spatial features of mesoscopic structures. We also explored the near-field
interactions between molecules and mesoscopic optical fields. We demonstrated that
these localized optical fields can be used to induce novel photophysical and photo-
chemical processes beyond the conventional light-matter interaction. In this chapter,
we describe the development of advanced near-field imaging methods, the character-
ization of localized fields and plasmons excited in mesostructures, and applications
of optical fields to photophysical and photochemical processes.

6.2 Development of Advanced Near-Field Imaging Methods

The optical characteristics of mesostructures are closely related to the elementary
excitations induced by electromagnetic fields of light. For example, unique optical
characteristics of noble metal mesostructures are derived from the coherent oscilla-
tion of conduction electrons, which is known as surface plasmon resonance. Plasmon
resonance confines free propagating light into a subwavelength space to generate
intense optical fields in the vicinity of mesostructures [20–23]. To exploit these plas-
monic fields as a nanoscale light source, the spatial structures of the fields have
to be elucidated. So far, we have visualized the spatial patterns of the plasmonic
fields induced on mesostructures of various shapes using an aperture-type SNOM
[18]. In most of the studies with the aperture-type SNOM, the transmitted light or
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Fig. 6.1 Schematic illustration of an ultrafast scanning near-field optical microscope. TSL: mode-
locked Ti:sapphire laser, RM: reflecting mirror, PP: prism pairs, CM: chirp mirrors, GT: grating,
SLM: spatial light modulator, HL: halogen lamp, WP: wave plates, FC: fiber coupler, OF: optical
fiber, NFP: near-field fiber probe, PZT: piezo-driven stage, OB: objective lens, OFL: optical filter,
MC:monochromator, APD: avalanche photodiode. Reprintedwith permission from [31]. Copyright
2016 American Chemical Society

photoluminescence (PL) from the sample is acquired for near-field optical imaging
[24–26]. These spectroscopic imaging methods allow the direct observation of the
steady-state spatial features of the elementary excitations from the visible to the
near-infrared spectral region.

The optical characteristics of a mesostructure are also strongly related to the
dynamic behavior of the elementary excitations, and hence the detailed characteri-
zation of the spatial and temporal features of the elementary excitations is extremely
important [27–29]. Time-resolved near-field measurement is a promising method
for the direct observation of the spatio-temporal behavior of the elementary exci-
tations in a mesostructure. However, simultaneous achievement of high spatial and
temporal resolution has remained highly challenging until recently. Figure 6.1 shows
a schematic of an ultrafast aperture SNOM [30, 31]. In the aperture-type SNOM,
a near-field optical fiber probe is used to generate a near-field light source, and the
output from a mode-locked Ti:sapphire laser (central wavelength ~800 nm, repeti-
tion rate 80 MHz, pulse width <20 fs) is coupled to the near-field fiber probe. The
dispersion from the optical fiber broadens the temporal width of the incident ultra-
short pulse, thereby significantly degrading the temporal resolution at the aperture of
the near-field probe. To overcome this problem, we pre-compensated the dispersion
of the optical fiber by using a prism pair (PP), chirp mirrors (CM), and a spatial light
modulator (SLM). We measured the second harmonic generation (SHG) autocorre-
lation on a β-barium borate (BBO) crystal and confirmed that a pulse width of ~17 fs
was recovered at the aperture of the near-field probe, demonstrating that high spatial
and temporal resolution are attained simultaneously.
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As previouslymentioned in this section, transmission or photoluminescence spec-
troscopy is conventionally utilized in the aperture-type SNOM, which has been chal-
lenging for the near-field optical imaging of opaque or non-luminescent samples.
To overcome this difficulty, we developed two novel near-field imaging methods:
dye-assisted luminescent imaging [32] and near-field reflection imaging [33]. In the
formermethod, wemeasured the two-photon fluorescence signal from dyemolecules
to visualize the near-field distribution of a non-luminescent mesostructure. The emis-
sion intensity of emitters, such as dye molecules and quantum dots, is dramati-
cally enhanced by coupling with the near-fields of mesostructures [34–36]. There-
fore, the detection of enhanced fluorescence from molecules near the mesostruc-
tures can realize near-field luminescent imaging even for non-luminescent samples.
Figure 6.2a shows a scanning electron microscope (SEM) image of a hexagonal
gold mesoplate (edge length ~400 nm, thickness ~30 nm). We performed a near-
field two-photon excitation measurement on the mesoplate by using a mode-locked
Ti:sapphire laser as a light source. Figure 6.2b shows a near-field two-photon exci-
tation image of the hexagonal mesoplate. As is evident from this figure, two-photon

Fig. 6.2 a A SEM image of a hexagonal gold mesoplate (side length ~400 nm, thickness ~30 nm).
b Near-field two-photon excitation image of the mesoplate. c Near-field two-photon fluorescence
image of theR6Gdispersedmesoplate. Excitationwavelength ~800 nm.Black dotted lines represent
the approximate shapes of the mesoplate. Scale bars: 200 nm. d Measurement time dependence of
the fluorescence intensity at the positions A and B in (a). Reprinted with permission from [32].
Copyright 2016 Elsevier
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PL was not observed for the mesoplate. This observation indicates the mesoplate is
non-luminescent because of a low PL quantum yield. To obtain a near-field lumines-
cent image of a non-luminescent sample, we dispersed rhodamine 6G (R6G) solution
on the sample substrate by spin-coating and then obtained a near-field two-photon
excitation fluorescence image, as shown in Fig. 6.2c. Unlike Fig. 6.2b, bright spots
can clearly be observed in Fig. 6.2c. This result indicates that the fluorescence of the
R6Gmolecules was induced via a two-photon excitation process. We also found that
two-photon fluorescence was locally enhanced on the mesoplate and consequently a
unique spatial patternwas observed.We repeated the two-photon excitationmeasure-
ments on the samemesoplate several times and examined the position dependency of
the photobleaching on the mesoplate. The fluorescence intensity taken at positions
A and B in Fig. 6.2a are plotted in Fig. 6.2d as a function of the number of measure-
ments. As shown in the figure, the fluorescence intensity declines as the number of
measurements increases, indicating the photobleaching proceeds on the mesoplate.
We also found that the photobleaching rate at the position A is faster than that in
position B, suggesting that the strongly enhanced near-fields at position A locally
accelerate the photobleaching rate of the dye molecules. This result supports that
near-fields on mesostructures can modify the optical response of molecular systems
with subwavelength spatial resolution.

In the latter method, we developed a near-field reflection imaging method to visu-
alize near-field spatial characteristics for opaquemesostructures [33]. In this method,
we adopted the illumination-collection (I-C) mode of the aperture-type SNOM,
wherein the sample is locally illuminated through the aperture of the near-field probe,
and the reflected light from the sample is locally collected through the same aper-
ture. This method can be used to characterize the near-field of an opaque sample,
but it is very difficult to detect the reflection signal from the sample beyond the large
background originating from the reflection at the end face of the near-field probe.
To improve the signal-to-noise ratio in the I-C mode, we used the phase-stepping
modulation technique [37–39], in which the distance between the tip of the near-
field probe and the sample surface is modulated sinusoidally to selectively retrieve
the near-field reflection signals from the sample [33]. Figure 6.3 a, b show near-field

Fig. 6.3 a Near-field reflection images of the triangular silver mesoplate (edge length ~600 nm,
thickness ~25 nm) a without and b with the phase-stepping modulation, respectively. Scale bars:
500 nm. Reprinted with permission from [33]. Copyright 2017 American Chemical Society
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reflection images of the triangular silver mesoplate (edge length ~600 nm, thick-
ness ~25 nm) obtained without and with phase-stepping modulation, respectively.
In Fig. 6.3a, the reflection signals from the sample are buried in the large back-
ground, and thus the near-field spatial pattern of the mesoplate is not observable. On
the other hand, in Fig. 6.3b, the near-field reflection signals are substantially recov-
ered on the mesoplate, and the unique spatial pattern is clearly visualized inside the
mesoplate. From theoretical calculations, the observed spatial pattern is assignable
to the plasmon mode resonantly excited in the triangular mesoplate. These results
imply that the phase-stepping modulation technique is very useful for improving
the signal-to-noise ratio under the I-C mode of the SNOM. The present results also
prove that the developed near-field reflection imaging method is a powerful tool for
the near-field characterization of elementary excitations in opaque mesostructures.

6.3 Near-Field Characterization of Mesoscopic Structures

In general, the macroscopic optical response of a bulk material can be described by
the dielectric function of the constituent material [40]. On the other hand, the optical
response of the mesostructure is also strongly dependent on its geometrical shape,
since the shape provides the boundary condition of the spatialmode of the elementary
excitations induced in the mesostructure [41]. Therefore, the spatial mode patterns of
elementary excitations vary enormously depending on the geometrical shapes of the
mesostructures. For example, in the case of a one-dimensional mesostructure, such
as a metal nanowire (Fig. 6.4a, left), a periodical oscillating pattern is resonantly
excited along the long axis of the nanowire [24, 25, 42–45]. This mode pattern
can be verified theoretically by calculating the electric field distribution using an
electromagnetic simulation, as shown in Fig. 6.4b. It is also widely known that a
geometrically complemental screen made of the same metal as the nanowire, called

Fig. 6.4 a Schematic
illustrations of a gold
nanowire (left) and gold
nanovoid (right). Black
arrows represent the
directions of the electric and
magnetic fields induced in
the nanowire and nanovoid.
b Simulated electric field
distribution of a gold
nanowire. c Simulated
magnetic field distribution of
a gold nanovoid. White
arrows indicate the
polarization directions of the
excitation light
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a rectangular nanovoid (Fig. 6.4a, right), induces electromagnetic modes similar to
those of the nanowire. Babinet’s principle in electromagnetism states that the spectral
feature of the transmittance of a metal nanowire exhibits inverse with respect to the
transmittance of the metal nanovoid [40, 46]. This principle also states that the
electric field distributions induced in the metal nanowire coincide with the magnetic
field distributions inside the metal nanovoid when the structures are illuminated
by complementary polarized light. Figure 6.4c shows the simulated magnetic field
distribution inside the metal nanovoid. The spatial pattern in Fig. 6.4c is in good
agreement with that observed in Fig. 6.4b. This agreement theoretically demonstrates
that Babinet’s principle is applicable to a plasmonic system. This result also supports
that strong magnetic fields inside the nanovoid can boost magnetic dipole responses
in a molecular system.

To utilize the strong electromagnetic fields in metal nanowires and nanovoids in
practical applications, the optical complementarity in the near-field region needs to be
elucidated. For this purpose,we examined the genuine near-field transmission spectra
of a metal nanowire and nanovoid with same dimensions [47]. An ordinary near-field
transmission spectrummeasured by the aperture-type SNOMcontains both near- and
far-field components because the near-field optical fiber probe generates near- and
far-field components of light. Therefore, the far-field component has to be removed
from the ordinary near-field transmission spectrum to evaluate the genuine near-
field extinction spectrum. Figure 6.5 shows the genuine near-field extinction spectra
of the gold nanowire (red) and nanovoid (blue). The spectral features of the gold
nanowire in the figure are reasonably consistent with the inverted spectral features
of the nanovoid for wavelengths range longer than 620 nm. This result implies that
the Babinet’s principle is applicable even in the near-field optical region. It can also

Fig. 6.5 Near-field
extinction spectra of a gold
nanowire and nanovoid
obtained by subtracting the
far-field transmission spectra
from the near-field ones [47]
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be seen that spectral complementarity is not feasible for wavelengths range shorter
than 620 nm, which can be attributed to the interband transition of gold.

As depicted in Fig. 6.4b, the spatial mode patterns excited in one-dimensional
mesostructures are systematically described by the Fabry–Pérot modes of a one-
dimensional cavity resonator [44]. By contrast, the spatial mode patterns excited in
two-dimensional mesoplates are much more complex because of the higher dimen-
sionality [48–51]. So far, several research groups have reported high-resolution
imaging of the spatial patterns of plasmon modes excited in metal mesoplates using
scanning transmission electron microscopy (STEM) combined with electron energy
loss spectroscopy (EELS) [52–59]. Although these results provide crucial informa-
tion on the spatial features of plasmon modes, visualization by optical microscopy
is highly desirable for photophysical and photochemical applications. Recently, we
have successfully visualized the spatial patterns of plasmon modes induced in meso-
plates of various shapes by adopting the near-field optical imaging method and
revealed that the spatial patterns observed in the near-field images can be comprehen-
sively interpreted based on the eigenfunctions of a particle confined inside the meso-
plates [60]. Figure 6.6a shows an SEM image of a triangular gold mesoplate (edge
length ~810 nm, thickness ~30 nm). We obtained the near-field spectral and spatial
characteristics of themesoplate by performing near-field transmissionmeasurements
using a halogen lamp as a light source. Figure 6.6b shows the near-field extinction
spectrum taken near the apex of the mesoplate. Several plasmon resonance peaks can
clearly be observed in the visible to near-infrared region of this spectrum.Weobtained
near-field transmission images by mapping the transmitted light intensity at the reso-
nances, as shown in Fig. 6.6d–f. The bright areas in these images represent the reduc-
tion of the transmitted light intensity, indicating high excitation probability of plas-
mons [25, 60]. As seen in these images, a variety of spatial patterns can be observed
inside the mesoplate, depending on the observation wavelengths. To elucidate the
physical origin of the observed spatial patterns, we calculated the eigenfunctions and
eigenenergies of the mesoplate by solving the Schrödinger equation for a particle
confined in a two-dimensional triangular potential well [61]. Figure 6.6g–i show the
square moduli of the calculated eigenfunctions (which are henceforth referred to as
eigenmodes). The bright areas of the eigenmodes correspond to regions where the
existence probability of a particle is high, that is, the bright spots of the calculated
eigenmodes correspond to those in the near-field images. As seen in Fig. 6.6d–i,
the spatial patterns of the calculated eigenmodes are evidently in good agreement
with those in the near-field transmission images. This agreement implies that the
spatial patterns in the near-field transmission images can be interpreted as plasmonic
standing waves confined inside the boundary of the mesoplate. We also found a
linear correlation between the observed plasmon resonance energies and the calcu-
lated eigenenergies, as shown in Fig. 6.6c. This means that the plasmon resonance
energy can be qualitatively evaluated by calculating the eigenenergies.

We also adopted the group theory to classify the irreducible representations of each
eigenfunction [61]. A triangular mesoplate on a glass substrate belongs to the C3v

point group shown in Table 6.1. The eigenmodes in Fig. 6.6g, i exhibit the irreducible
representationE, that is, thesemodes have the same symmetrical characteristics as the
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Fig. 6.6 aASEM image of the triangular goldmesoplate (edge length ~810 nm, thickness ~30 nm).
b Near-field extinction spectrum taken at the red point in (a). c Relation between the experimental
resonance energy and the calculated eigenenergy. E0 is the eigenenergy of the lowest eigenmode.
d–f Near-field transmission images of the mesoplate. Observation wavelength: ~740 nm for (d),
~800 nm for (e), and ~880 nm for (f). White dotted lines represent the approximate shapes of the
mesoplate. Scale bars: 200 nm. g–i Square moduli of the calculated eigenfunctions. Eigenenergy:
12.33E0 for (g), 9E0 for (h), and 6.33E0 for (i). The irreducible representations are shown for each
eigenfunction. Reprinted with permission from [60]. Copyright 2018 American Chemical Society

Table 6.1 Character table for the C3v point group

C3v E 2C3 3σ v

A1 1 1 1 z x2 + y2, z2

A2 1 1 −1 Rz

E 2 −1 0 (x, y); (Rx, Ry) (x2 − y2, xy); (xz, yz)
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x- and y-vector components, and hence can be assigned as in-plane polarized modes.
These eigenmodes are optically allowed by the in-plane electric field components,
and thus can be excited by polarized light from normal incidence. On the other
hand, the eigenmode with the irreducible representation of A1 is assigned as the out-
of-plane polarized mode. According to the conventional optical selection rule, this
eigenmode is only accessible by an out-of-plane electric field component. Therefore,
the eigenmode in Fig. 6.6h is forbidden for normal plane wave incidence. In the case
of the aperture-type SNOM, both in-plane and out-of-plane electric field components
are generated in the vicinity of the aperture [62], and thereby, both out-of-plane and
in-plane modes are experimentally observable in the near-field images.

We also performed near-field transmission measurements on the hexagonal gold
mesoplate shown in Fig. 6.7a [63]. The near-field transmission image observed at
the resonance peak exhibits a periodically oscillating pattern, as shown in Fig. 6.7b.
To clarify the origin of the observed patterns, we calculated the square moduli of
the eigenfunctions of a particle confined in a two-dimensional hexagonal potential
well. Figure 6.7c, d show the square moduli of the eigenfunctions (eigenenergies:
5.25E0 for (c) and 6.66E0 for (d)). From the group theory analysis, the eigenmodes
in Fig. 6.7c, d can be assigned to out-of-plane and in-plane modes, respectively. By
comparing the spatial patterns in Fig. 6.7b–d, we found that the spatial pattern in
the near-field image (Fig. 6.7b) is partially consistent with the eigenmode patterns
in Fig. 6.7c, d. This result suggests that the spatial pattern in Fig. 6.7b cannot be
assigned to a single eigenmode, but is a superposition of two eigenmodes. Here, we
emphasize that the polarization directions of the two eigenmodes shown in Fig. 6.7c,

Fig. 6.7 a A SEM image of the hexagonal gold mesoplate. b Near-field transmission image
observed near 900 nm. White dotted line represents the approximate shape of the mesoplate. Scale
bar: 200 nm. c, d Squaremoduli of eigenfunction calculated for a hexagonal potential well. Eigenen-
ergy: c 5.25 E0 and d 6.66 E0. These functions are assignable to the out-of plane and in-plane
modes, respectively. e Spatial superposition of the eigenmodes shown in (c) and (d). Reprinted with
permission from [63]. Copyright 2019 American Chemical Society
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d are perpendicular, and hence the two eigenmodes do not coherently interact with
each other. From this consideration, we calculated the spatial superposition of the
eigenmodes, as shown in Fig. 6.7e. The spatial pattern of this image is consistent
with that of the near-field transmission image (Fig. 6.7b), which means the two
eigenmodes are spectrally overlapped, and consequently, the spatial superposition of
these modes is experimentally observed.

We also investigated the steric near-field distributions induced on the hexag-
onal mesoplate by using three-dimensional near-field optical microscopy [63]. In
this method, two-dimensional near-field transmission measurements are conducted
at various distances d between the near-field probe tip and the sample surface.
Figure 6.8a shows the near-field transmission images measured at distances d =
20, 40, and 90 nm. The spatial features in these images depend on the near-field
probe tip-sample distance d. In the center of the mesoplate, the extinction spot blurs
as the distance d increases. On the other hand, periodical extinction patterns along the
side of themesoplate are clearly observable regardless of the distance d. These results
indicate that the steric near-field distribution varies with the observation position on
the mesoplate. To obtain further insight into the steric near-field distribution of the
mesoplate, we obtained a series of near-field transmission images of the mesoplate
by incrementally varying d from 20 to 90 nm. In Fig. 6.8b, the extinction intensities
taken at the apex and the center on the mesoplate are plotted against the distance d.
The vertical scale of this figure is logarithmic. In this figure, the extinction intensity
at the apex of themesoplate decays exponentially with a single component. However,
the extinction at the center decays with two components. We fitted these plots with

Fig. 6.8 a Near-field transmission images of the hexagonal gold mesoplate observed at the near-
field probe tip-sample distances d= 20, 40, and 90 nm. Scale bars: 200 nm.Observationwavelength:
900 nm. b Tip-sample distance dependence of the extinction intensity taken near the center (red)
and apex (blue) on the mesoplate. The vertical axis is plotted on a logarithmic scale. Reprinted with
permission from [63]. Copyright 2019 American Chemical Society



104 K. Imaeda and K. Imura

exponential functions that are shown as solid lines in Fig. 6.8b. From the figure, we
found that the decay lengths are strongly dependent on the positions on themesoplate:
the decay length at the apex on the mesoplate is estimated to be 520 nm, whereas the
decay lengths at the center of the mesoplate are 160 and 700 nm. The position depen-
dency of the decay lengths can be interpreted in terms of the spatial patterns of the
eigenmodes. As mentioned above, the spatial features of the near-field transmission
image are consistent with the spatial superposition of the two eigenmodes shown in
Fig. 6.7c, d. From the spatial distribution of these eigenmodes, we found that the
excitation probability of these eigenmodes are strongly dependent on the positions
on the mesoplate: the out-of-plane eigenmode shown in Fig. 6.7c is predominantly
excited at the center of the mesoplate, whereas the in-plane mode in Fig. 6.7d is
predominantly excited near the apices of the mesoplate. Considering this position
dependency of the excitation probability of the eigenmodes, the observed results in
Fig. 6.8b indicates that the decay length of the in-plane mode is longer than that
of the out-of-plane mode. This fact implies that the out-of-plane mode in Fig. 6.7c
confines light fields more tightly compared with the in-plane mode. Therefore, the
near-field distribution induced by the out-of-plane plasmon mode is more promising
for the realization of advanced function control of molecular systems.

6.4 Time-Resolved Near-Field Measurements on Metal
Mesostructures

The steady-state spatial patterns of plasmons in metal mesostructures have been
studied extensively using a variety of high-resolution microscopic imaging methods
[24, 25, 42–45, 48–59]. However, few studies have been conducted on the spatio-
temporal dynamics of plasmons due to the ultrashort plasmon lifetimes of several
femtoseconds [64, 65]. Since plasmon lifetime (dephasing time) is directly related
to the enhancement of the local field inside the mesostructure [66–68], a deeper
understanding of the dynamic behavior of plasmons is highly desirable for practical
application of plasmonic fields. We observed real-time plasmon dynamics using
the ultrafast near-field optical microscope shown in Fig. 6.1. This apparatus can
achieve high spatial and temporal resolutions simultaneously, enabling the space-
and time-resolved imaging of plasmons induced in metal mesostructures. First, we
explored plasmon dynamics in a one-dimensional gold nanorod [69]. Figure 6.9a
shows a near-field two-photon excitation image of a chemically synthesized gold
nanorod (length ~240 nm, width ~40 nm). In this image, two bright spots are clearly
observed along the long axis of the nanorod, indicating the resonant excitation of
a second order plasmon mode. We performed time-resolved two-photon induced
photoluminescence (TPI-PL) autocorrelation measurements by changing the delay
time between the two excitation pulses. The red dotted curve in Fig. 6.9b shows the
TPI-PL autocorrelation trace taken near the edge of the nanorod. We also measured
the SHG autocorrelation trace on a BBO crystal, as shown by the blue curve in
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Fig. 6.9 a Near-field two-photon excitation image of the gold nanorod (length ~240 nm, width
~40 nm). The dotted line represents the approximate shape of the nanorod. b (Red dotted curve)
Time-resolved TPI-PL autocorrelation trace taken at the marked position in (a). (Blue curve) Time-
resolved SHG autocorrelation trace taken on a BBO crystal. c TPI-PL correlation width map on the
gold nanorod. The black areas indicate the areas where the correlation widths are not evaluated due
to low signal intensity. Scale bars: 100 nm. Reprinted with permission from [69]. Copyright 2015
American Chemical Society

Fig. 6.9b. In Fig. 6.9b, the observed TPI-PL correlation width for the gold nanorod
(~35 fs) is broader than the SHG autocorrelation trace (~31 fs). The broadening
of the correlation width on the nanorod originates from the dephasing process of
plasmons. From a Fourier transformation analysis on the TPI-PL autocorrelation
trace, a plasmon dephasing time of the gold nanorod was evaluated to be 5 ± 1 fs.
We measured the spatial distribution of the plasmon dephasing time by performing
time-resolved TPI-PL measurements at every scanned point on the nanorod and
obtained a TPI-PL correlation width map, as shown in Fig. 6.9c. In the image, the
TPI-PL correlation width is almost constant regardless of the measurement position
on the nanorod, indicating that the plasmon dephasing time is constant over the
nanorod. This result indicates that locally excited plasmons are rapidly delocalized
throughout the nanorod.

We also investigated the spatio-temporal behavior of plasmons induced in a two-
dimensional mesoplate [70]. As we described in the previous section, in-plane and
out-of-plane polarized plasmon modes are resonantly excited in a two-dimensional
mesoplate. Since these plasmon modes have different light confinement capabili-
ties, the plasmon dephasing time should also depend on the polarization direction
of the plasmons. To substantiate this prediction, we performed time-resolved near-
field measurements on a triangular gold mesoplate by simultaneously exciting in-
plane and out-of-plane plasmon modes. Figure 6.10a is a near-field transmission
image of the triangular gold mesoplate (side length ~660 nm, thickness ~45 nm)
taken near 800 nm. In this image, three extinction spots can be clearly visualized
along each side of the mesoplate. The observed near-field distribution is qualitatively
reproduced by the spatial superposition of the in-plane (Fig. 6.10b) and out-of-plane
(Fig. 6.10c) plasmonmodes, as shown in Fig. 6.10d. This agreement indicates that the
in-plane and out-of-plane polarized plasmon modes are spectrally overlapped, and
consequently, the spatial superposition of these modes is experimentally observed
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Fig. 6.10 a Near-field transmission image of the triangular gold mesoplate (side length ~660 nm,
thickness ~45 nm). Observation wavelength ~800 nm. b, c Square moduli of the eigenfunction
calculated for a particle confined inside a two-dimensional triangular potentialwell. The eigenenergy
of (b, c) are 4.3E0 and 4E0. (Here, E0 represents the eigenenergy of the lowest eigenfunction.)
These eigenfunctions are assignable to the in-plane and out-of-plane modes, respectively. d Spatial
superposition of the eigenmodes in (b, c). eNear-field two-photon excitation image of themesoplate.
f Correlation width map of the mesoplate. Scale bars: 200 nm. Black dotted lines represent the
approximate shape of the triangular mesoplate. Reprinted with permission from [70]. Copyright
2018 American Chemical Society

in the near-field transmission image (Fig. 6.10a). Figure 6.10e shows a near-field
two-photon excitation image of the mesoplate. In this image, three bright spots are
observable along each side of the mesoplate. This spatial feature is consistent with
that on the one observed in the near-field transmission image in Fig. 6.10a, that
is, the two eigenmodes shown in Fig. 6.10b, c are excited simultaneously by ultra-
short pulses. To visualize the spatial distribution of the plasmon dephasing time, we
obtained time-resolved TPI-PL autocorrelation traces at every point on themesoplate
and mapped the TPI-PL correlation width, as shown in Fig. 6.10f. From this image,
we found that broadened correlation widths dominate near the apices of the trian-
gular mesoplate. This spatial feature signifies that the plasmon dephasing time near
the apices is longer than that measured at other regions on the mesoplate. We also
found that the spatial pattern of the correlation width map is considerably different
from that of the static near-field two-photon excitation image shown in Fig. 6.10e.
The disagreement between the spatial patterns is interpreted in terms of the spatial
distributions of the eigenmodes. As explained above, the spatial pattern in Fig. 6.10e
is composed of in-plane and out-of-plane eigenmodes shown in Fig. 6.10b, c. The
spatial distributions of these modes show that the in-plane eigenmode (Fig. 6.10b) is
dominantly excited at the center of the side of themesoplate,whereas the out-of-plane
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mode (Fig. 6.10c) is dominantly excited at the apices of the mesoplate. Considering
this position-dependent excitation probability of the eigenmodes, the spatial pattern
in Fig. 6.10f can be considered to be similar to the spatial distribution of the out-
of-plane mode (Fig. 6.10c). This result indicates that the out-of-plane mode has a
longer dephasing time than the in-plane mode. Since the plasmon dephasing time is
significantly related to the temporal confinement of light, our finding suggests that
the out-of-plane plasmon mode is more strongly enhanced in the near-field optical
region.

6.5 Enhancement of Optical Responses of Molecules
by Mesoscopic Structures

To elucidate the interaction between locally enhanced fields on metal mesostructures
and molecular systems, we explored plasmon-enhanced photochemical reactions on
assemblies of gold nanorods and poly-diarylethene (DE) [71]. Longitudinal plasmon
resonance induced on a gold nanorod amplifies the electric fields in the vicinity of
the end-edges, as shown in Fig. 6.11a. The averaged field enhancement near the
surface (within 5 nm from the surface) is evaluated to be 4.6 from an electromag-
netic simulation. To investigate the influence of the plasmon-enhanced fields on
the DE cycloreversion reaction, gold nanorod-poly(DE) assemblies were prepared
by mixing chemically synthesized gold nanorods with a poly(DE) tetrahydrofuran
(THF) solution. To excite the DE cycloreversion reaction, the sample solution
was irradiated using a mode-locked Ti:sapphire laser (wavelength: 780 nm, power:
40 mW–1.4 W). We measured the time dependence of the absorption spectra of
the sample solution to monitor the photochemical reaction yields of the poly(DE), as

Fig. 6.11 a Electric field distribution simulated for a gold nanorod (GNR). Excitation wavelength:
785 nm. White arrow indicates the polarization direction of the incident light. b Time evolution of
absorption spectra of gold nanorod capped with poly(diarylethene). Red vertical line represents the
excitation wavelength. c Time evolution of the absorption for the neat poly(diarylethene) and gold
nanorods with poly(diarylethene) at 590 nm. Solid lines are results of the exponential fit. Reprinted
with permission from [71]. Copyright 2019 Chemical Society of Japan



108 K. Imaeda and K. Imura

shown in Fig. 6.11b. The black curve in the figure represents the absorption spectrum
of the sample before laser irradiation. The absorption band centered at 740 nm is
assignable to the longitudinal plasmon mode in the gold nanorod. On the other hand,
the three peaks observed near 310, 370, and 540 nm are attributed to the resonance
bands of poly(DE). As depicted by the arrows in Fig. 6.11b, the absorption intensities
at 370 and 540 nm decrease as the laser irradiation time increases.We also found that
a new absorption band appears near 290 nm and becomes stronger with increasing
laser irradiation time. These spectral changes imply that the cycloreversion reaction
of poly(DE) proceeds by near-infrared laser irradiation. To examine the influence
of the gold nanorod on the reaction, we performed the same measurements on the
neat poly(DE) solution. The red and blue plots in Fig. 6.11c are time-traces of the
absorption intensities at 540 nm measured for the assembled and neat poly(DE),
respectively. In this figure, the absorption intensity decays exponentially in both the
assembled and neat samples, indicating that the cycloreversion reaction proceeds
even in the neat poly(DE) solution. We evaluated the reaction rates by fitting the
time-traces with single exponential functions shown as solid curves in Fig. 6.11c.
From the analysis, the reaction rate constants of the assembled and neat poly(DE)
samples are determined to be kGR-DE = 0.020 min−1 and kDE = 0.012 min−1. We
also found that a reaction ratio between the assembled and neat poly(DE) samples is
constant regardless of the incident laser power. This fact indicates that thermal reac-
tion does not occur in the present study. These results demonstrate that the plasmonic
fields induced in the gold nanorods accelerate the one-photon induced cycloreversion
reaction of poly (DE).

Strong interactions between plasmonic fields on mesostructures and molecules
in the vicinity of the structures can amplify various optical signals, including fluo-
rescence and Raman scattering [34–36, 72–74]. This striking property has potential
applications in a wide range of fields, such as high-sensitive sensors and biolog-
ical imaging. For the practical implementation of plasmon-enhanced light-molecule
interactions, rational design, and construction of wide-scale plasmonic substrates
are highly desirable. The metallic nanohole array is a representative example of
a plasmonic substrate and has attracted enormous attention for its unique optical
characteristics, such as extraordinary light transmission and amplification of local
fields [75–79]. To elucidate the interaction between molecules and plasmonic fields
on a metallic nanohole array, we investigate the fluorescence characteristics of dye
molecules dispersed on a gold nanohole array using the SNOM [80]. Figure 6.12a
shows an SEM image of the gold nanohole array. From this image, the diameter and
periodicity of the nanohole arrays were estimated to be 240 and 480 nm, respectively.
An atomic force microscope (AFM) was used to measure the topography, and the
depth of the nanohole was determined to be 40 nm. To avoid quenching by the gold,
a thin SiO2 film (20 nm) was deposited on the sample surface. A drop of methanol
solution containing R6Gmolecules (10−4 mol/dm3) was spin-coated onto the sample
for the fluorescence measurements. We used a continuous wave laser (532 nm) to
excite the fluorescence of R6G molecules. Figure 6.12b shows near-field fluores-
cence spectra taken at the red and blue points shown in Fig. 6.12a. We found that
spectral shapes in Fig. 6.12b are different from that of the original R6G molecules.
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Fig. 6.12 aA SEM image of the gold nanohole arrays. bNear-field fluorescence spectra from R6G
molecules observed at the red and blue points in (a). c, d Near-field fluorescence excitation images
of the plasmonic chip. Observation wavelength: 550–580 nm for (c) and 635–665 nm for (d). Black
arrows represent the polarization directions of the incident light. Black dotted circles indicate the
position of the nanoholes. Scale bars: 400 nm. Reprinted with permission from [80]. Copyright
2019 Chemical Society of Japan

This result indicates that the spectral profile of the fluorescence is modulated by the
optical characteristics of the gold nanohole arrays. We also found from Fig. 6.12b
that the spectral profile of the fluorescence varies with the observation position on
the nanohole array. To examine the position dependency of the fluorescence spectral
modulation, we mapped the fluorescence intensity over a given spectral range and
obtained near-field fluorescence excitation images of the sample. Figure 6.12c is a
near-field fluorescence excitation image at 550–580 nm. Dotted circles indicate the
approximate shapes of the nanoholes. The fluorescence excitation probability in this
image is locally enhanced at the nanoholes. To elucidate the origin of the obser-
vations, we simulated the electric field distribution of the sample and found that
intense fields are generated inside the nanoholes. These results indicate that strong
electric fields induced at nanoholes boost the fluorescence excitation probability of
the R6G molecules. We also obtained near-field fluorescence excitation images by
mapping the fluorescence intensity from 635 to 665 nm, as shown in Fig. 6.12d. In
this image, the fluorescence is predominantly excited outside the nanoholes, which
is entirely different from the observation in Fig. 6.12c. These results indicate that the
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spectral features and excitation rate of molecular fluorescence are locally modulated
by the sample position. This fact indicates that mesoscopic structures can be used
for the spatially selective modulation of optical functions of molecular systems at
the subwavelength scale.

Although the metallic nanohole array has been exploited in various optical appli-
cations, its operation spectral range is relatively narrow. To increase the versatility
of plasmonic fields for a wide variety of applications, the fabrication of plasmonic
substrates with a wide spectral range is highly desirable. Two-dimensional closed-
packed assembly of nanoparticles exhibits broad spectral features. However, the
local field enhancement of the assembly is relatively low because spatially confined
fields are substantially delocalized over the assembly [81]. Hence, the state-of-the-art
application of the assembly is partially limited, whereas the large preparation area
is advantageous for practical applications [82–84]. The combination of plasmonic
nanostructures and photonicmicrostructures is themost promisingmeans of simulta-
neously realizing a broad optical response and intense field enhancement. Recently,
we proposed a novel stepwise self-assembly scheme for polystyrene (PS) micro-
spheres and gold nanospheres [85]. First, the PS microspheres (diameter ~500 nm)
were self-assembled on a glass substrate. Then, a thin gold film (thickness ~20 nm)
was deposited on the PS layer by the sputtering method. Finally, an aqueous solu-
tion of dispersed gold nanospheres (diameter ~94 nm) was dropped on the sample
substrate. Figure 6.13a shows an SEM image of the fabricated sample. As seen in
this image, gold nanosphere trimers are selectively located at the hollow sites of the
PS assembly. In this sample, not only in-plane plasmonic coupling inside the trimers
but also out-of-plane coupling between the gold nanospheres and gold-coated PS
assembly are induced, and thus giant optical field enhancements are involved. In
addition, the photonic mode couples the optical fields inside the gold-coated PS
assembly. Since these coupling schemes operate in concert with each other, the fabri-
cated structure attains a very broad spectral response and high local field enhance-
ment simultaneously.Wemeasured the two-photon photoluminescence of the sample

Fig. 6.13 a A SEM image of gold nanoparticles on the gold-coated polystyrene microsphere
assembly. b Two-photon excitation image of the assembly. Black arrows indicate the incident
polarization direction of the excitation light. Scale bars: 500 nm. c Raman scattering spectrum from
R6G molecules excited at 785 nm. Incident power: 0.4 mW. Exposure time: 3 s. Reprinted with
permission from [85]. Copyright 2016 American Chemical Society
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using a confocal optical microscope and near-infrared ultrashort pulses (wavelength:
800 nm, repetition rate: 80 MHz, pulse width <100 fs). The two-photon excitation
image in Fig. 6.13b reveals that the two-photon excitation probability is locally
enhanced on the sample. This result directly indicates that locally enhanced fields
are generated on the assembly. To investigate the influence of the enhanced fields on
the optical response of the molecules, we dispersed R6Gmolecules on the fabricated
sample and excite Raman scattering from the molecules using a CW laser (785 nm)
as the excitation source. Figure 6.13c shows the Raman scattering spectrum from the
R6G molecules on the sample. We compared the observed Raman signal intensity
with that on the bare glass substrate and found that the Raman enhancement factor
reaches more than 108. We also carried out Raman scattering measurements with
633 and 532 nm CW laser sources and found that the Raman enhancement for these
excitations is comparable to that achieved at 785 nm, indicating that the fabricated
structure exhibits intense optical fields with a broad spectral response. These char-
acteristics are indispensable for the amplification of optical responses in molecular
systems.

6.6 Conclusion

In this chapter, we described the development of advanced near-field imaging
methods and their applications to the spatio- and temporal-characterization of plas-
mons excited in mesoscopic structures. The excited plasmons in these structures
exhibit periodic wavy features that depend on the size and shape of the structures
and the observed wavelength. The observed spatial features are attributed to the plas-
monic standing waves generated in the structures from theoretical simulations. We
demonstrate that out-of-plane and in-plane plasmons are excited in mesoplates and
these modes can be used to amplify and modulate the optical responses of molecules
in a space-resolved manner. To utilize both in-plane and out-of-plane modes, we
fabricated gold nanoparticle trimer assemblies on gold-capped hexagonal structures.
The assemblies provide large optical field amplification, with maintaining a broad
spectral response. Plasmons excited in gold nanorods and plasmonic nanohole arrays
were also utilized to accelerate photochemical processes and the spectral profile of
molecular fluorescence. These observations clearly demonstrate that the near-field
interactions between plasmons and molecular systems modulate the electronic struc-
ture of the molecules and provide novel excitation schemes beyond the conventional
light-matter interaction. The localized optical fields generated on the mesoscopic
structures can produce novel photophysical and photochemical processes and thus are
promising for the advanced function control of materials. The use of novel excitation
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schemes with coherent control techniques enables not only the exploration of novel
fundamental areas in physical chemistry but also the development of advanced future
applications, such as ultrafast optical communication and computational techniques.
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Chapter 7
Plasmon-Associated Control of Chemical
Reaction at Nanometer Scale

Shuichi Toyouchi, Tomoko Inose, Kenji Hirai, and Hiroshi Uji-i

Abstract In this chapter, we introduce multiphoton photochromic reversible reac-
tion in a diarylethene derivative at nanometer scale much beyond the diffraction
limit. For this, we have utilized nonlinear plasmonics along a plasmonic waveg-
uide, particularly on the chemically synthesized silver nanowire. Propagating near-
field surface plasmons excited by near-infrared femtosecond laser pulses success-
fully excite diarylethene derivatives surrounding a silver nanowire. Three-photon
cyclization and two-photon cycloreversion reaction induced through the propagating
surface plasmon polaritons were visualized by means of fluorescence imaging. We
demonstrated one-color near-infrared laser reversible control by tuning the laser
power.

Keywords Multiphoton photochromic reaction · Fluorescent diarylethene · Silver
nanowire · Plasmonic waveguiding · Nonlinear optical effects · Second-harmonic
generation

7.1 Introduction (Plasmonic Waveguiding on Silver
Nanowire)

The plasmonic waveguide effect arises from the strong coupling of light to collec-
tive electron motions and allows for the confinement and propagation of optical
fields on sub-diffraction limit sized metallic structures. It has the potential to minia-
turize photonic and optoelectronic devices to the nanoscale. Among various metal
nanostructures for plasmonic waveguiding, chemically synthesized silver nanowires
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Fig. 7.1 The concept of remote spectroscopy on sub-diffraction limit diameter metallic nanowires.
In this case, SERS hotspots at points of nanoparticle adsorption along the nanowire are excited by
SPP propagating along the wire. Separating the excitation laser focus from the detection volume
reduces the spectroscopic background and photo-degradation of the sample. Figure adapted from
Ref. [4]

(AgNWs) are especially promising with their atomically smooth surfaces, and low
absorption at visible and near-infrared spectral ranges, affording them excellent plas-
monic properties [1–3]. AgNWs are also excellent tools for nanoscopy, especially
as they can allow for the separation in space of the points of optical excitation and
probing (Fig. 7.1). Remote excitation of surface-enhanced Raman scattering (RE-
SERS) [4, 5] and single-molecule fluorescence [6], have all been developed in this
context. RE-SERS has even been applied inside single live cells, such that AgNWs
become plasmonic endoscopes [7].

In this present chapter, we first introduce our pioneering remote excitation spectro-
scopic works using AgNW one-photon (linear) plasmonic waveguiding (Sect. 7.2).
Then we discuss AgNW’s nonlinear optical response under near-IR femtosecond
laser irradiation and expend the AgNW plasmonic waveguide into nonlinear regime
(Sect. 7.3). Finally, we demonstrate one-color reversible photochromic reaction
in a diarylethene derivative using the AgNW nonlinear remote excitation scheme
(Sect. 7.4).

7.2 Remote Excitation of One-Photon Raman/Fluorescence

In this section,we introduce two pioneeringworks for remote excitation spectroscopy
using AgNW plasmonic waveguiding, namely remote excitation of SERS [4] and
single-molecule fluorescence [6]. Since our initial report in 2009 [4], the use of
metallic nanowires for remote spectroscopy has expanded dramatically, and recent
reviews have detailed the experiments showing dual remote excitation of RE-SERS
on coupled nanowires, remote sensing of Raman optical activity, remote excitation
of SPP-induced catalysis, live-cell endoscopy, and much more [8, 9].
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Fig. 7.2 A schematic representation of remote excitation of SERS hotspots at points of NPs
adsorption on a 4-ATP/AgNW. Figure adapted from Ref. [4]

Remote Excitation of Surface-Enhanced Raman Spectroscopy For the first
demonstration on remote excitation of SERS, AgNW surface was functionalized
with Raman reporter molecules, 4-aminothiophenol (4-ATP) (Fig. 7.2). The 4-
ATP/AgNWs were then dispersed onto glass substrates and all non-bound 4-ATP
rinsed away. Then, silver nanoparticles (AgNPs) were spin-cast on the sample such
that a few NPs were bound to each AgNW. In this way, 4-ATP molecules would be
likely positioned at the junction between the AgNW and the adsorbed NP (Fig. 7.2).

Two excitation configurations were employed, wide-field excitation in which
the whole field of view was excited by a 632.8 nm laser, and focused excitation
with the laser focused at the left end of the AgNW to launch propagating SPPs.
Figure 7.3a shows an optical transmission image of a NPs/4-ATP/AgNWwith diam-
eter of ~100 nm and length of ~19µm, and that displayed seven SERS hotspots when
excited both by wide-field and focused excitation at one end as shown in Fig. 7.3b
and c, respectively. Remote excitation SERS hotspots under the focused excitation
were clearly observed even more than 5 µm away from the excitation end. Under
remote excitation, the intensities of the SERS hotspots decayed in a roughly expo-
nential fashion as a function of distance along the AgNW and could be fitted with
the following Eq. (7.1).

I (x) = I0exp(−x/L) (7.1)

Here, x is the distance from theSERShotspot to the focused excitation end andL is the
decay length. For the AgNW in Fig. 7.3, a value for L of 3.4± 1.6µmwas extracted.
Although the analysis is rudimentary and ignores damping due to SPP leakage at the
multiple hotspots, the L values extracted are similar to the characteristic propagation
lengths observed for SPPpropagation inAgNWsof similar dimensions andmeasured
with excitation at 800–830 nm (~3 µm) [10–12].

The background typically observed in SERS spectroscopy is due to Raman signal
from carbon contamination, enhanced fluorescence, or image-molecule/electronic
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Fig. 7.3 aWhite light optical transmission image, bRaman image under wide-field excitation, and
Raman image under focused excitation at left end of the wire in c 2-D, and d 3-D. Multiple hotspots
are numbered 1–5 as indicated by arrows. e RE-SERS intensity at each hotspot as a function of
distance from the excited end of theAgNW. f 4-ATP spectra at the hotspots indicated the background
is reduced as the distance between the hotspot and the point of excitation increases. Figure adapted
from Ref. [4]

continuum coupling [13]. It is worth mentioning that the RE-SERS spectrum has
much less background compared to typical SERS under direct excitation (Fig. 7.3f).
This is because the excitation volume for remote excitation is reduced to the sub-
diffraction limit dimensions of the SPP mode volume and is an example of the
fundamental advantages of the RE-SERS technique.

Remote Excitation Single-Molecule Fluorescence Detection In 2012, we
published the first studies that attempted to use fluorescence localization of emit-
ters in the vicinity of metallic nanostructures in order to visualize nanostructures
[14]. However, it was immediately apparent that the super-resolution reconstructed
imaging based onmolecule localization to sub-diffraction limit certainty byfitting the
point spread function (PSF) of its emissionwith a 2-DGaussian [15] did not perfectly
reproduce the dimensions of the nanostructures as shown by electron microscopy. As
the laser excitation overlapped the detection volume, scattering and broad emission
from the metallic nanostructure itself made it difficult to resolve the single-molecule
fluorescence spot above the background. Some of the PSF appeared elongated rather
than Gaussian, but due to the high background, it was difficult to make a more
accurate assessment of the true form of the PSF.

To gain a clearer understanding of the nature of molecular fluorescence PSFs in
the vicinity of metallic nanostructures, we turned once again to remote spectroscopy
usingAgNW to avoid the problems of high background due to direct excitation [6]. In
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this study, we employed stochastic switching for fluorescence localization, so-called
dSTORM technique together with remote excitation [16, 17]. Fluorescent dyes were
attached to the AgNW surface via a bulky bio-conjugation to prevent direct contact
between fluorophore andmetal (Fig. 7.4a). The dyeAlexa647was chosen as the label
since excitation light intensity can modify its rate of stochastic switching between
fluorescent and non-fluorescent states in appropriate buffer conditions [18].

Fig. 7.4 a Schematic of the binding of Alexa647 toAgNWs. b Fluorescence image of anAlexa647-
bound AgNW under wide-field excitation. c Absorption (blue curve) and emission (red curve) of
Alexa647 in bulk solution. The fluorescence spectrum of an Alexa647-bound AgNW (black dots)
and a bare AgNW (greens dots) is also included. d–g High resolution reconstructed images of
AgNWs followingwide-field excitation assuming that each emission spot is due to a singleAlexa647
molecule localized at its centroid. d, e Localized single-molecule density maps for 110 and 250 nm
diameter nanowires, respectively as shown in SEM images inset. f, g Localized single-molecule
intensity maps. Figure reproduced with permission from Ref. [6]
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In Fig. 7.4b, a fluorescence image of an Alexa647-labeled AgNW under wide-
field excitation at 632.8 nm is shown. The fluorescence spots appear most clearly
as satellites along the AgNW, which also exhibit significant background emission
(Fig. 7.4b). The large background obscured the single-molecule emission so that
it had to be assumed that each fluorescent spot was due to a single molecule at
its centroid. A time-averaged emission spectrum from an Alexa647-bound AgNW
clearly matches that of Alexa647 in buffer solution (Fig. 7.4c). In contrast, the time-
averaged spectrum from anAlexa-freeAgNW is broad, typical ofmetallic nanostruc-
tures, and attributed to Raman scattering and/or luminescence of the metal or other
impurities (Fig. 7.4c). This broad emission cannot be filtered from and is clearly
of a similar order of magnitude to the Alexa emission during wide-field excitation,
a fundamental problem for the precise measurement of fluorescence PSFs. Super-
resolution reconstructed images are shown in Fig. 7.4d–g for AgNWs of diameters
110 and 250 nm, respectively. The reconstruction imaging suggests the diameter of
the 110 nm nanowire is 205 nm and completely fails to represent the true form of
the nanowire with 250 nm diameter.

When the same experiment is done utilizing remote excitation, much clearer
images of the fluorescence PSFs emerge (Fig. 7.5). They appear as bright spots
clearly discernable against the weak background emission, demonstrating once again
the benefit of using remote excitation for reducing spectroscopic background. Impor-
tantly, some groups of spots clearly blink on and blink off again at the same time,
indicating that they are actually multi-spot emission PSFs due to a single Alexa647
molecule. Finite-difference time-domain (FDTD) calculations confirm that these
multi-spot PSFs are particularly sensitive to the fluorophores position and orienta-
tion of adsorption on the nanowire, and dependent further on the dimensions of the
nanowire itself. While this is problematic for accurate super-resolution reconstruc-
tion imaging of metallic nanowires, it highlights the need for rigorous checks to
ensure correct PSF fitting for molecules near metallic nanoparticles generally. With
such knowledge, the complex PSFs could be used predictively in far-field imaging
assays of nanoparticle size/shape, or of molecular adsorption site/orientation, given
some prior knowledge of the NP sample.

These experiments show once again the advantage of using remote spectroscopy
onmetallicNWs forminimizing background emission/scattering. In this case, remote
excitation revealed a complex array ofmulti-spot emission PSFs for singlemolecules
that were otherwise obscured during direct excitation. The results also suggest
a fundamental paradox for the goal of taking super-resolution optical images of
metallic NPs. Normally the technique is used to assess the size of an unknown object
of interest. Unfortunately, for molecules near metallic NPs, it is not possible to know
the form of the PSF without some a priori knowledge of the NP dimensions. This
work has consequences also for counting (for instance) single-molecule catalytic
turn over events on metallic NPs using fluorescence imaging.
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Fig. 7.5 Fluorescence images of Alexa647-bound AgNWs under remote excitation at the left end
of the wire at different times. The synchronous blinking on and off of multiple emission spots are
indicated. Figure reproduced with permission from Ref. [6]
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7.3 Direct/Remote Excitation of Second-Harmonic
Generation, Multiphoton Fluorescence

Recently nonlinear optics (NLO) has merged with plasmonics, known as nonlinear
plasmonics, shed light on new technologies and applications [19]. Nonlinear plas-
monics have been regarded as one of the important fields inmodern nanophotonics. In
this section, we are aiming to expend the AgNW plasmonic waveguiding effect from
linear to nonlinear regimes. Since AgNWs serve as excellent plasmonic waveguide
due to their well-defined crystal structure and atomically smooth surface [4, 6, 7], we
investigated the possibility of remote excitation of NLO, as analogous to one-photon
SERS and fluorescence discussed in the previous section.

Direct Excitation of NLO First, we discuss second-order nonlinear optical
responses under direct excitation, second-harmonic generation (SHG) (Fig. 7.6a)
[20], on AgNWs under polarized femtosecond NIR pulsed laser irradiation (820 nm,
120 fs, 80MHz). Figure 7.6 presents position and excitation polarization dependence
of SHG on an AgNW with a diameter of ~150 nm and length of ~10 µm laying on
glass surface. Under excitation with a polarization parallel to the longitudinal axis
of an AgNW (p-polarization), high SHG signal was observed at the apex parts (the
red line), while much lower SHG has been detected at the middle part of the AgNW
(the black line). SHG signal intensity at apexes is approximately 8 times higher than
that in the middle of the AgNW. This position dependence is clearly visualized by

Fig. 7.6 a Energy diagram of second-harmonic generation (SHG). b SHG spectra obtained from
a silver nanowire excited at an apex (red) and middle (black) part of an AgNW with 820 nm p-
polarized excitation light. An optical transmission image c, SHG intensity map under p-polarized
d and s-polarized excitation light e of an AgNW with direct excitation configuration, respectively.
Scale bar is 5 µm
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constructing an SHG intensity map, in which p-polarized excitation light focus was
scanned over anAgNW(Fig. 7.6d). In contrast to this, almost no position dependence
with very low SHG efficiency was confirmed with excitation polarized perpendicular
to the longitudinal axis (s-polarization) as shown in Fig. 7.6e. This position and polar-
ization dependence can be explained by the excitation efficiency of SPPs along an
AgNW as well as symmetry selectivity of NLO. p-polarized light efficiently couple
with SPPs mainly at apexes but much less at the middle part of AgNWs due to the
momentum matching condition between far-field light and SPPs, suggesting higher
and lower SHG efficiency at apexes and the middle part of AgNWs, respectively. In
addition to this, SHG requires a break of centro-symmetry because it is second-order
nonlinear optical effect. AgNW apexes seemingly work as a symmetry breaking
point for p-polarized excitation light, resulting in a higher yield of SHG. In contrast,
the middle part is almost symmetry for p-polarized light causing significantly lower
SHG efficiency. In the case of s-polarized excitation, transverse SPPs are excited at
the entire AgNW and its surface could be centro-symmetry breakpoint. This could
be the reason for relatively weak SHG at the entire part of the AgNW.

This centro-symmetry scenario was further confirmed by comparing it with third-
harmonic generation (THG) (Fig. 7.7a). THGdoesn’t require centro-symmetry break
and is able to begenerated in bulkbecause it is third-orderNLO.Figure 7.7bdisplays a
comparison of SHG and THG intensity maps on an AgNW. Indeed THGmap shows
less position dependence while SHG intensity strongly depends on the position,
indicating that centro-symmetry plays an important role in NLO in addition to SPPs
excitation efficiency.

Remote Excitation of NLO Remote excitation of SHG [20] has been demonstrated
by focusing 820 nm fs laser light at one end of AgNW (indicated as “in” in Fig. 7.8)
while out-coupling light at the distal end was monitored (“out” in Fig. 7.8). After
propagating SPPs excited at an AgNW end reach the distal end, the SPPs should
localize at an apex of the end. In case that the localized plasmon intensity is high
enough, SHG at 410 nm should be remotely generated as schematically illustrated
in Fig. 7.8a. As shown in Fig. 7.8c, SHG was indeed observed at the right end of
AgNWwhen the left end was excited, vice versa. The spectrummeasurement proves
that second-harmonic was generated at both ends, while nothing was detected in
the middle part of the AgNW (Fig. 7.8d). This result indicates that SHG can be

Fig. 7.7 a Energy diagram of third-harmonic generation (THG). b SHG and THG intensity map
on an AgNW excited at 1164 nm with p-pol. Scale bar is 5 µm
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Fig. 7.8 a Schematic illustration of remote excitation SHG. An optical transmission image b and
SHG image under p-polarized focused excitation c of an AgNW, respectively. Scale bar is 5 µm.
d SHG spectra taken at left end (black line, direct excitation, “in”), at right end (red line, remote
excitation, “out”), and body part of the AgNW (blue line, remote excitation, body), respectively

excited by surface plasmon localized at AgNW ends but not while propagating along
an AgNW. Since 410 nm light hardly propagates over micrometers along AgNWs,
the observed SHG at the distal end is not SHG generated at and propagated from
the left end. Instead, it is most likely that propagating 820 nm SPPs was localized
and induced SHG at the distal end. This remote excitation SHG via propagating
SPPs could provide pulsed point light source at nanometer scale for super-resolution
spectroscopy and microscopy.

As apoint light source application, a similar experimentwas conductedonAgNWs
embedded in a polymer layer doped with fluorescence dye (Rhodamine 6G). A
fluorescence spot was observed at the distal end as shown in Fig. 7.9b, proving that
remote excitation of SHG (or multiphoton absorption) could serve as a point light

Fig. 7.9 An optical transmission image a and fluorescence image b of an AgNW embedded
Rhodamine 6G/PVA polymer matrix under focused excitation at left end. Scale bar is 5 µm.
c Rhodamine 6G fluorescence spectra taken at the left end (black line, direct excitation, “in”),
the right end (red line, remote excitation, “out”), and middle part (blue line, middle) of the AgNW,
respectively
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source. Fluorescence spectra taken at the excitation end, body part, and distal end are
shown in Fig. 7.9c. Unlike SHG experiments, fluorescence signals could be observed
both at the end and middle part. This result indicates that Rhodamine 6G molecules
at body parts are most likely excited via 2-photon absorption of 820 nm, instead
of one-photon absorption of SHG light, 410 nm. This site dependence on nonlinear
interactions between dipole molecules and plasmonic waveguide provides a unique
opportunity for control of photochemical reactions along AgNWs.

7.4 Multiphoton Photochromic Reaction on Silver
Nanowire

Diarylethene (DAE) derivatives have attracted great attention as thermally
irreversible but photochemically reversible (so-called as P-type) photochromic
molecules with excellent thermal stability and light durability. Many studies on
DAE photochromism have been reported not only for application as photo-functional
materials but also for a basic understanding of photochemical reactions [21]. In
this section, we aim to nonlinear optically control the photochromic reaction in a
fluorescent DAE derivative at the nanometer scale by using the AgNW plasmonic
waveguide, as shown in a conceptual illustration in Fig. 7.10.

Here, AgNWs are embedded in polyvinyl alcohol (PVA) film doped with a fluo-
rescent DAE derivative, 1, 2-bis(2-ethyl-6-phenyl-1-benzothiophene-1,1-dioxide-
3-yl)perfluorocyclopentene. fDAE is pro-fluorescent molecule; the open form has
absorption bands below 400 nm and non-fluorescent, while the closed-form absorbs

Fig. 7.10 Upper; schematic
illustration of the
multiphoton photochromic
reaction on AgNW
plasmonic waveguide.
Lower; absorption and
fluorescence spectra of fDAE
in IPA solution and PVA
polymer matrix, respectively
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Fig. 7.11 a An optical transmission image of an AgNW. (b–e) Wide-field fluorescence images of
the AgNW excited at 488 nm. Before (b), after sequential remote excitation with high power (1.2
mW, 1 s) c, e and with low power (175 µW, 3 min) (d). Scale bar is 5 µm. f Fluorescence intensity
at middle part of the AgNW before and after the sequential remote excitations

around 450 nm and emits fluorescence around 550 nm (Fig. 7.10). Since 820 nm is
quite far from the fDAE absorption bands for both closed and open form (Fig. 7.10),
multiphoton photochromic reactions are required, namely 3-photon cyclization and
2-photon cycloreversion reaction.

For remote excitation of reaction, p-polarized NIR fs laser pulse (820 nm, 120 fs,
80 MHz, 1.2 mW, 1 s) was focused at the left end. Before and after the remote
excitation,wide-fieldfluorescence imageswere taken to check cyclization (Fig. 7.11b
and c). The images show that the fluorescence signal recovered not only at the left end
but also along the AgNW, indicating that open form of the fDAE undergoes three-
photon cyclization reaction to closed-form along the AgNW through propagating
SPPs.

For further confirmation of three-photon cyclization, we conducted a similar
experiment NIR laser having s-polarization. It is known that s-polarization light
can launch much less propagating SPPs. In contrast to p-polarization, s-polarization
laser indeed didn’t induce the fluorescence recovery along AgNW. From the polar-
ization dependence on the fluorescence recovery, we concluded that the 3-photon
cyclization reaction of fDAE was induced via propagating SPPs.

We demonstrate that the photostationary state (PSS) between closed and open
forms can be controlled by merely tuning one-color NIR laser power. After the
fluorescence recovery with high power excitation (1.2 mW, 1 s, Fig. 7.11b–c), NIR
laser was again focused at the same apex with lower power (175 µW) for 3 min.
A fluorescence image captured after the low power irradiation shows fluorescence
bleaching as shown in Fig. 7.11d, indicating that closed fluorescent form of the fDAE
undergoes two-photon cycloreversion reaction to open non-fluorescence form. The
bleaching can be explained by that three-photon cyclization reaction is suppressed
while two-photon cycloreversion reaction becomes dominant under low power irra-
diation, and resulting in PSS shifting toward open form. The fluorescence recovery
and bleaching can be repeated several times as shown in Fig. 7.11f. Since the propa-
gating SPPs are near-field and localize at nanometer scale from the AgNW surface,
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this photochromic reaction of fDAE also localized at nanometer scale. To our best
knowledge, this is the first experimental demonstration of nanometer-scale control
of photochromic reaction without the influence of far-field light.

Miyasaka and co-workers have reported similar one-color reversible multiphoton
photochromic reactions in amorphous film of a DAE derivative [22]. In their report,
the ratio of the number of open and closed-form molecules, NO and NC , respectively
was discussed as follows. Time dependencies of the open and closed-form at the PSS
are represented by the following equations.

−∂NO

∂t
= NO I

nδ(n)�O→C − NC I
mδ(m)�C→O = 0 (7.2)

−∂NC

∂t
= NC I

mδ(m)�C→O − NO I
nδ(n)�O→C = 0 (7.3)

Here, I is the intensity of the laser pulse. δ(n) and δ(m) are the n- and m-photon
absorption cross-sections for the open and the closed-form, respectively. �O→C and
�C→O are the cyclization and cycloreversion quantum yields. From Eqs. (7.2) and
(7.3) and the relation NO+ NC= Ntotal, Eq. 7.4 can be obtained.

NC

NO
= NC

Ntotal − NC
= �O→C

�C→O
× δ(n)

δ(m)
× I (n−m) (7.4)

By considering that n and m would be 3 and 2, respectively, the relation between
NC/NO and I would be linear dependence on excitation intensity as the following.

NC

NO
∝ I (7.5)

They experimentally confirmed the relation using absorbance of the open and
closed-form. In our study, wemeasured fluorescence intensity instead of absorbance,
and open form is non-fluorescent. Therefore, measured fluorescence intensity, F(I) is
directly related to the number of closed-form. FromEqs. (7.3),F(I) can be represented
as the following.

F(I ) ∝ NC = (Ntotal − NC) × �O→C

�C→O
× δ(n)

δ(m)
× I (n−m) (7.6)

By assumption that Ntotal is extremely large to NC , Ntotal –NC= Ntotal, F(I) can be
also represented as linear equation to I.

F(I ) ∝ Ntotal × �O→C

�C→O
× δ(n)

δ(m)
× I (n−m) ∝ I (7.7)
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Fig. 7.12 Fluorescence
intensity recovery as a
function of NIR fs laser
power

The assumption is supported by a fact, that fluorescence intensity obtained when
fDAE is fully isomerized to closed-form by irradiation of 365 nmUV light for 30min
is typically 20 times higher than the intensity after the fluorescence recovery.

The relation between F(I) and I was experimentally examined and plotted in
Fig. 7.12. It was found that the fluorescence recovery in the middle part of AgNW
(circle)was indeed linearly proportional to the laser power. Thefluorescence intensity
is fitted with a power equation F(I) = A*IB + C. At the middle part, the B value was
calculated to be around 1.1, suggesting that the PSS between open and closed-form
was attained and could be tuned by merely changing NIR power.

Interestingly, the fluorescence recovery at distal end of AgNW, however, showed
nonlinear dependence to the laser power (Fig. 7.12, black filled circle). The fluo-
rescence intensity was also fitted with the power equation, and B was calculated to
be around 1.9. This result suggests that photochemical interactions between fDAE
and AgNW plasmonic properties are different at middle and apex, and the two-
photon cycloreversion reaction is suppressed somehow at the apexes of AgNW.
We propose a possible explanation for the site-specific photochemical behavior by
considering (1) NLO effect on AgNW under fs pulsed laser irradiation discussed in
the previous session, (2) difference on cycloreversion quantum yields via one-photon
and two-photon absorption.

Figure 7.13 describes possible energy diagrams of the NLO fDAE reactions at
the middle and apex part of AgNWs. At middle part of AgNW, open form of fDAE
absorbs three photons of 820nm light and is excited into an excited state (Sn).Cycliza-
tion reaction takes place from Sn to closed-form and turns on fluorescence. While the
closed-form fDAE absorbs two photons of 820 nm light and is excited into an excited
state (S′

1). Cycloreversion reaction takes place from S′
1 to open form and turns off

fluorescence. Herewe assumed that the cycloreversion quantumyield via two-photon
excitation was high enough that the PSS can be attained between cycloreversion and
cyclization. Although the cycloreversion quantum yield is known to be usually quite
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Fig. 7.13 Energy diagrams
of multiphoton photochromic
reaction in fDAE at middle
(a) and apex part (b)

small (~10−5), Miyasaka and co-workers recently reported that multiphoton exci-
tation enhances the quantum yield of cycloreversion reaction in a DAE derivative
(~10 ~104 times) [23]. Generally speaking, the photoexcited state (Sn) generated by
light absorption is quickly relaxed to the lowest excited state S1 regardless of the
excited state (known as Kasha’s rule) [24]. Therefore, photochemical processes are
regarded as less sensitive by the difference on excitation scheme. However, there
are increasing reports on, in some photochemical reactions, the reaction yield from
the excited states (dark states, S′

n) generated via multiphoton excitation, which is not
generated via ordinary one-photon excitation, is greatly different from the yield from
S1. They have been clarified as the anti-Kasha photochemical reactions [25–27].

On the other hand, at apex of ANW, cyclization reaction from open form could
be the same at body part. Cycloreversion reaction, however, would be different from
middle part. At apex part, as discussed in the previous section, SH can be gener-
ated efficiently. The SHG having energy of 410 nm light can excite the closed-form
fDAE molecules via one-photon absorption. Since the quantum yield of cyclorever-
sion reaction via one-photon excitation is quite low, the excited fDAE molecules are
relaxed to ground state (S′

0) rather than undergoing cycloreversion reaction. There-
fore, the SHGmediated “quasi” one-photon excitation of the closedmolecules works
as an anti-filter and blocks cycloreversion reaction.
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7.5 Conclusion

We have expended the AgNW’s plasmonic waveguide effect from linear to nonlinear
regime, namely remote excitation SHG has been demonstrated as a promising
nanometer-scale pulsed point light source. We hope this tool can open a new field of
remote excitation “nonlinear” spectroscopy. In this chapter, we further demonstrated
the one-color reversible photochromic reactions in a fDAE derivative by using “non-
linear” remote excitation. By interacting with propagating SPPs on AgNW, fDAE
molecules undergo both three-photon cycloreversion and two-photon cyclization
reactions. The PSS of fDAE between closed and open forms can be controlled by
merely tuning one-color NIR laser power. The “nonlinear” remote excitation allows
reducing excitation volume to the sub-diffraction limit dimensions and provides a
unique platform for control of photochemical reaction along AgNWs.
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Chapter 8
Modulations of Electronic States
in Plasmonic Strong Coupling Systems
and Their Application to Photochemical
Reaction Fields

Kosei Ueno

Abstract The modulation of electronic or transition states plays an important role
in improving the selectivity and reactivity of chemical reactions. In recent years,
the strong coupling between an optical mode and excitons or molecular vibrational
modes has received attractive attention as a physical phenomenon for controlling
the activation energy of chemical reactions by modulating the electronic state or
the vibrational state. In this study, we investigated the spectral properties of hybrid
states formed by the strong coupling between plasmon andmolecular/intermolecular
vibrational modes in the infrared wavelength region. The strong coupling between
plasmon andmolecular excitonic states have been also studied for demonstrating how
to confirm the formation of hybrid states.We developed a highly efficient photochem-
ical reaction field by using modal strong coupling systems between plasmons and
different optical modes.

Keywords Strong coupling ·Modulation of electronic states · Infrared localized
surface plasmon ·Modal strong coupling

8.1 Introduction

Strong coupling has received considerable attention as a physical phenomenonmodu-
lating molecular electronic states based on quantum mechanical interactions with
optical modes such as microcavity, plasmon, and so on [1, 2]. If the electronic
state is modulated by the strong coupling, it is expected to change the reactivity
of molecules. Therefore, strong coupling works as a catalyst for promoting photo-
chemical reactions. On this basis, we have explored strong coupling between local-
ized surface plasmon resonance (LSPR) and molecular excitonic states by using
J-aggregate of molecules having a relatively larger dipole moment [3, 4]. Ebbesen
and co-workers recently demonstrated the strong coupling between microcavity and
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molecular vibrational modes in the infrared wavelength range and the possibility of
modulating chemical reaction activities by the vibrational strong coupling [5, 6]. We
also study the spectrum modulation of LSPR band in the infrared wavelength region
in the presence of molecules [7]. In this chapter, we describe spectrum modulations
due to the interaction between infrared LSPR and molecular/intermolecular vibra-
tional modes and demonstrate how to confirm the formation of hybrid states using
the strong coupling regime between LSPR and molecular excitonic states. Finally,
an application to a highly efficient photochemical reaction field using modal strong
coupling systems between plasmons and different optical modes is described.

8.2 Modulation of Infrared LSPR Bands by Interaction
with Molecular/Intermolecular Vibrational Modes

Figure 8.1a shows the extinction spectra of gold (Au) nanorods with various rod
lengths. A typical example of a scanning electron microscope (SEM) image of Au
nanorods fabricated by electron beam lithography and lift-off methods on a sapphire
substrate is shown in the inset of Fig. 8.1b. Not only a dipole resonance band but also
a hexapole resonance band can be clearly seen relatively at the shorter wavelength
region of the dipole resonance band in each spectrum [8]. Importantly, the peak
wavelength of each dipole resonance band shows a red-shift and linearly increased
with the rod length as shown in Fig. 8.1b.

When the Au rod length increases by several tens of micrometers, the LSPR
band shows a similar response to the spectral properties of Au nanorods even in the
far-infrared wavelength region. Figure 8.2a shows the extinction spectra of Au rod
structures fabricated on a silicon substrate. The length of the Au rod is 25, 35, 50,
and 100 µm. The inset in Fig. 8.2b shows a SEM image of Au rods whose length is

Fig. 8.1 a Extinction spectra of Au nanorods with a different rod length; 140, 280, 420, 560,
700, 850, and 990 nm from left, respectively. Both the width and the thickness of each rod are
40 nm. b The rod length dependence of the peak wavelength. The inset shows an SEM image of Au
nanorods with a rod length of 700 nm Adapted with permission from [7], Copyright 2015 Optical
Society of America
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Fig. 8.2 a Extinction spectra of Au rods with several lengths; 25, 35, 50, and 100 µm from left.
The width and thickness of each rod are 200 and 40 nm, respectively. b The rod length dependence
of the peak wavelength. The inset shows an SEM image of Au rods with a rod length of 100 µm.
c The near-field intensity distribution of the Au rod with a length of 40 µm simulated by an FDTD
method Adapted with permission from [7], Copyright 2015 Optical Society of America

100 µm. As analogous to Fig. 8.1a, not only dipole resonance band but also higher
order bands can be seen in the shorter wavelength region and the dipole resonance
band shows a red-shift with the rod length. The rod length dependence of the dipole
resonance band is shown in Fig. 8.2b. Even in the far-infrared wavelength region,
a linear relationship between the peak wavelength and the rod length can be seen.
The near-field intensity distribution simulated by the finite-difference time-domain
(FDTD) method is shown in Fig. 8.2c. The enhancement factor as high as 28,000 is
obtained at the four corners of the Au rod with a length of 40 µm [7].

The near-field intensity of Au rod is relatively higher than that of Au nanorod in
the near-infrared wavelength region. Therefore, strong electromagnetic interaction
with molecular/intermolecular vibrational modes is expected. Figure 8.3a shows an
extinction spectrum of L-sodium glutamate pellets with a thickness of 0.9 mm. The
obvious lattice vibrational mode is clearly observed at about 23 cm−1. Interestingly,
the spectrum is split into two bandswhen the peakwavelength of the vibrationalmode
overlaps with the LSPR band. Notice that the spectral modulation was obtained only
by dropping the aqueous solution of L-sodium glutamate (20 mmol dm−3) and air-
dried on the Au rod structured substrate. The spectral modulation might be obtained
by electromagnetic interaction between LSPR and the vibrational mode of the amino
acid derivative. It is speculated that the electromagnetic interaction results in the Rabi
splitting based on the strong coupling or the Fano dip around 23 cm−1 based on the
weak coupling regime [7].

Ebbesen and his co-workers elucidated the vacuum Rabi splitting based on a
strong coupling between the molecular vibrational mode and the Fabry–Pérot micro-
cavity mode [9]. The spectral properties of polyvinyl acetate (PVAc) employed in
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Fig. 8.3 a Extinction
spectrum of L-sodium
glutamate pellet with a
thickness of 0.9 mm,
b Extinction spectra of Au
rods with a length of 100 µm
(broken line) and that with
L-sodium glutamate (solid
line) Adapted with
permission from [7],
Copyright 2015 Optical
Society of America

the study of microcavity have been explored also by using LSPR as an optical mode
in the infrared wavelength region. Au nanochain structures have been fabricated
on a silicon substrate whose plasmon resonance band exists in the mid-infrared
wavelength region. An SEM image of the typical Au nanochain structure is shown
in Fig. 8.4a. The Au nanochain is constituted from 4 or 5 nanoblocks and each
nanoblock’s size is 100× 100× 40 nm3. The length of Au nanochains was controlled
by the number of nanoblocks (4 or 5) and the overlapping length between adja-
cent nanoblocks. Figure 8.4b shows the extinction spectra of Au nanochains with a
different chain length. In the case of the Au nanochain structure, interestingly, the
higher order plasmon resonance bands are suppressed and the distinct dipole reso-
nance band can be seen [8, 10]. The dipole resonance band shows a monotonous
red-shift with a length of Au nanochains. The noise at 2370 cm−1 and the dip around
1280 cm−1 can be assigned by CO2 in air and an interference with the Si–O–Si asym-
metry stretching vibrational mode on the substrate surface, respectively. Then, PVAc
acetone solution (2 wt%) was spin-coated on the Au nanochain structured substrate
under the conditions of 1000 rpm for 5 s and 4000 rpm for 90 s. The thickness of
PVAc film was estimated to be 100 nm on the Au nanochains structured substrate
from the cross-sectional SEM image.
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Fig. 8.4 a A SEM image of the typical Au nanochain structure. b Extinction spectra of Au
nanochains with a different chain length; 601, 636, 672, 707, 742, 778, 813, 848, 884, 919, 954,
990, 1025, 1061 nm from the bottom. c Absorption spectrum of the PVAc film deposited on a
silicon substrate in the mid-infrared wavelength region. d Extinction spectra of PVAc-coated Au
nanochains with a different chain length; 601, 636, 672, 707, 742, 778, 813, 848, 884, 919, 954,
990, 1025, 1061 nm from the bottom

Figure 8.4c indicates absorption spectrum of PVAc film deposited on a silicon
substrate in the mid-infrared wavelength region. A distinct C=O stretching vibra-
tional mode can be seen at 1740 cm−1 while CH3 and C–O–C asymmetry stretching
vibrational mode near the Si–O–Si asymmetry stretching vibrational mode was
also observed at 1370 cm−1 and 1240 cm−1, respectively. Importantly, extinction
spectra of PVAc-coated Au nanochains as shown in Fig. 8.4d is modulated around
the wavenumbers of 1740 and 1240 cm−1. Here, we focus on the spectrum dip at
1740 cm−1 because the spectral dip cannot be seen in Fig. 8.4b. It is noteworthy that
there appear to be two peaks across 1740 cm−1 or there appears to be a spectral dip at
1740 cm−1. When guidelines are added to the two peaks in Fig. 8.4d, it can be seen
that the two guidelines show an anti-crossing behavior. Figure 8.5 shows a disper-
sion curve which was made by plotting the two peak energies of the spectrum in
Fig. 8.4d to the bare LSPR peak wavenumber (Fig. 8.4b). An anti-crossing behavior
which is a characteristic of strong coupling can be seen. By fitting the plot using a
harmonic oscillator model, the vacuum Rabi splitting energy (��R) can be estimated
to be 12 meV, which is slightly smaller than that obtained by using a Fabry–Pérot
microcavity mode in the former study [9]. Almost similar results measured by using
microcavities as an optical mode were obtained even by using the LSPR modes.
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Fig. 8.5 A dispersion curve
which was made by plotting
the two peak energies of the
spectrum in Fig. 8.4d to the
bare LSPR resonant
wavenumber (Fig. 8.4b)

8.3 Confirmation of Hybrid States by Excitation Spectrum
Measurements

Only from the extinction spectroscopy, it is difficult to distinguish between the strong
and weak couplings. One of the analysis methods is to evaluate the Rabi split-
ting energy from the dispersion curve and the spectrum widths before the coupling
because the Rabi splitting energy should be larger than the average of spectrum
widths of both optical and molecular modes. However, the easiest way to confirm
the formation of hybrid states is by measuring excitation spectrum because exci-
tation spectrum elucidates the existence of hybrid states (upper and lower branch
polaritons) [11–14].

To investigate the concept, aluminum (Al) nanostructures (nanodisks) were fabri-
cated on a glass substrate by electron beam lithography and lift-off methods [15].
Figure 8.6a shows an SEM image of Al nanodisks with a diameter (d) of 200 nm. The
thickness ofAl nanodiskswas set at 30 nm. The period is slightly larger than twice the
nanodisk diameter to avoid near-field interactions. Figure 8.6b exhibited the extinc-
tion spectra of Al nanodisks with various diameters from 90 to 200 nm by a 5 nm
difference (total 23 spectra). A monotonous spectrum shift to the longer wavelength
has successfully been observed with increasing the diameter of Al nanodisks.

Tetraphenylporphyrin tetrasulfonic acid hydrate (TPPS) J-aggregates methanol
solution (3 mmol dm−3) was spin-coated under the conditions of 3000 rpm for 90 s
on the Al nanodisks-loaded glass substrate. The thickness of the TPPS J-aggregate
film was estimated to be 20 nm. Figure 8.6c shows the extinction spectra of Al
nanodisks (d = 115 nm) with a TPPS J-aggregate film. As a reference, extinction
spectra of the bare LSPR band and the TPPS J-aggregate film without Al nanodisks
are also inserted in the spectrum by black broken and solid lines. Because the LSPR
band of Al disks (d = 115 nm) shows a red-shift by depositing the TPPS J-aggregate
film due to the change of surrounding dielectric constants, the LSPR band and the
Soret band of TPPS J-aggregate might accord with each other. The spectrum was
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Fig. 8.6 a A SEM image of Al nanodisks with a diameter of 200 nm. b Extinction spectra of
Al nanodisks with various diameters from 90 to 200 nm by a 5 nm difference (total 23 spectra). c
Extinction spectrumofAl nanodisks (d= 115 nm)with a TPPS J-aggregate film on theAl nanodisks
(gray solid line). The black broken line shows the bare LSPR band without the TPPS J-aggregate
film. The black solid line indicates an extinction spectrum of a TPPS J-aggregate film on the glass
substrate. d Extinction spectrum of Al nanodisks (d = 180 nm) with a TPPS J-aggregate film on
the Al nanodisks (gray solid line). The black broken line shows the bare LSPR band without the
TPPS J-aggregate film. The black solid line indicates an extinction spectrum of a TPPS J-aggregate
film on the glass substrate Adapted with permission from [6], Copyright 2016 American Chemical
Society

clearly split into two bands which are corresponding to upper and lower branch
states although the uncoupled one can be also found as a peak at the same position of
the Soret band of TPPS J-aggregate. On the other hand, Fig. 8.6d shows extinction
spectra of Al nanodisks (d = 180 nm) with a TPPS J-aggregate film. The spectrum
was clearly split into two bands because of the LSPR band and Q-band of TPPS
J-aggregate accord with each other [6].

Dispersion curves were made by plotting both peak energies of upper and lower
branch states to the plasmon resonant wavenumber as shown in Fig. 8.7a. Anti-
crossing behaviors can be observed not only around the Soret band wavelength
region but also the Q-band wavelength region, which is attributed to the formation of
two hybrid states based on the strong coupling between LSPRs and Soret/Q-bands
of TPPS J-aggregate as shown in the energy diagrams of hybrid states formed by the
strong coupling between LSPRs and Soret/Q-bands of TPPS J-aggregate (Fig. 8.7b).
Note that the Rabi splitting energies attributed to the strong coupling between Soret
band and LSPR and that between Q-band and LSPR are estimated to be 300meV and
180 meV, respectively. The difference between these two Rabi splitting energies is
caused by the difference of the dipole moment between Soret and Q-bands because
the Rabi splitting energies are dependent on the dipole moment of excitonic state
and electric-field of LSPR [6].

To confirm the formation of hybrid states, excitation spectra have been measured.
Figure 8.8 shows the extinction and excitation spectra of hybrid states around from
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Fig. 8.7 a Energy diagrams
of hybrid states formed by
the strong coupling between
LSPRs and Soret/Q-bands of
TPPS J-aggregate. b
Dispersion curves made by
plotting peak energies of
upper and lower branch
states to the plasmon
resonant wavenumber
Adapted with permission
from [6], Copyright 2016
American Chemical Society

Fig. 8.8 Extinction (upper)
and excitation (lower)
spectra of hybrid states
around from 450 to 530 nm
wavelength which is
corresponding to the Soret
band of TPPS J-aggregate
(gray solid lines). Black solid
lines show extinction (upper)
and excitation (lower)
spectra of TPPS J-aggregate
Adapted with permission
from [6], Copyright 2016
American Chemical Society
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420 to 550 nm wavelength which is corresponding to the Soret band of TPPS J-
aggregate. The monitor wavelengths for the excitation spectra were set at 718 nm. It
is emphasizing that two shoulder peaks derived from upper and lower branches of the
hybrid states, which are corresponding to the wavelengths of the hybrid states in the
extinction spectrum, can be observed. In the Q-band region, a similar response was
observed (The data are not shown here). Therefore, the excitation spectrum provides
strong evidence that a hybrid state is really formed in the strong coupling regime [6].

8.4 Modal Strong Coupling Systems that Enhances
Photochemical Reactions

Metallic nanostructures showing LSPRs have received considerable attention as
a light-harvesting optical antenna for light-energy conversion systems such as
solar cells as well as artificial photosynthesis [16–19]. To construct efficient light-
harvesting optical antennae, an optimization of the structural design is one of themost
important research topics in the plasmon-induced light-energy conversions. Coupled
plasmonic systems such as nanogap heptamer, dolmen, metal-insulator-metal nanos-
tructures, and so on are promising as a photoelectrode design because of their strong
near-field enhancement and the wide wavelength responsibility [12–14]. Here, the
modal strong coupling between the waveguidemode and LSPR is employed to inves-
tigatewhether the photocurrent response extends over awidewavelength range and is
promotedbynear-field enhancement in the plasmon-inducedphotocurrent generation
using gold nanostructured titanium dioxide (TiO2) photoelectrodes. The near-field
spectrum and the photocurrent action spectrum are compared to elucidate the effect
of near-field enhancement on the photocurrent generation.

TiO2 photoelectrodes having periodic gold nanogratings (AuNGs)with a different
pitch size have been fabricated by deposition of TiO2 on a glass substrate with a
thickness of 250 nm using an atomic layer deposition (ALD), and subsequent elec-
tron beam lithography and lift-off methods. A conventional photoelectrochemical
measurement using three-electrodeswasperformed for themeasurement of photocur-
rent generation efficiencies. The AuNGs/TiO2 photoelectrode, platinum wire, and a
saturated calomel electrode (SCE) were employed as working, counter and reference
electrodes, respectively. An aqueous Ar–gas–bubbled KClO4 (0.1 mol/dm3) solution
was used as a supporting electrolyte solution. A plasmon-induced water oxidation
as a half-reaction of the water-splitting was explored.

Figure 8.9a shows an SEM image ofAuNGs/TiO2 photoelectrodewith a pitch size
of 300 nm. Extinction spectra of the AuNGs/TiO2 photoelectrode with a different
pitch size are shown in Fig. 8.9b. There is only one peak corresponding to the LSPR
band of periodic AuNGs with 200 and 225 nm pitch sizes. Starting with a pitch size
of 250 nm, three peaks can be observed, and the peaks show a spectral shift with
increasing the pitch size. The two outer peaks can be assigned as coupled modes
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Fig. 8.9 a A typical SEM image of the AuNGs/TiO2 structure with a 300 nm pitch size. Extinction
spectra of the AuNGs/TiO2 photoelectrode with various pitch sizes from 200 to 400 nm by a 25 nm
difference (total 9 spectra). The inset number shows each pitch size. c A schematic illustration of
the periodic AuNGs/TiO2 photoelectrode and the formation of the hybrid states based on the modal
strong coupling between the waveguide mode and LSPR. P+ and P– are energy levels of upper
and lower branches of the hybrid states, and �� indicates the splitting energy of the hybrid states
Adapted with permission from [20], Copyright 2017 American Chemical Society

(P+ (upper branch) and P− (lower branch)) deriving from the symmetric waveguide
mode Ew and LSPR mode Ep as shown in the energy diagram of hybrid states based
on the modal strong coupling between the waveguide mode and LSPR (Fig. 8.9c).
The center peak can be considered as a coupling mode between the asymmetric
waveguide mode and the waveguide-LSPR modal strong coupling system [20].

Internal quantum efficiency (IQE) spectra and simulated near-field spectra of
the AuNGs/TiO2 photoelectrodes with 300 and 350 nm pitch sizes are shown in
Fig. 8.10. The near-field intensity in the spectra was calculated by monitoring at the
interface between the AuNGs and the TiO2 film by the electromagnetic simulations
using a finite-difference time-domain (FDTD) method. It was clearly elucidated that
IQE spectrum has successfully reproduced the near-field spectrum under the modal
strong coupling conditions. This indicates that the photocurrent response extended

Fig. 8.10 IQE spectra (plot & line) and simulated near-field spectra (solid line) of the AuNGs/TiO2
photoelectrodes with 300 (a) and 350 nm (b) pitch sizes, respectively Adaptedwith permission from
[20], Copyright 2017 American Chemical Society
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over a wide wavelength range utilizing the coupled plasmonic systems and near-field
enhancement effects promoted the plasmon-induced water oxidation because IQE
values increased responding to the near-field spectra [20].

8.5 Conclusion

We described the spectral properties of LSPR with molecules in the infrared wave-
length region. A distinct spectrum modulation could be observed by the electromag-
netic interactions between LSPR and molecular/intermolecular vibrational modes.
Excitation spectrum measurements are crucial to distinguish the coupling regimes
between strong and weak couplings, which was confirmed by the strong coupling
system between LSPR and molecular excitonic states. The modal strong coupling
between LSPR and the other optical mode is promising to control the photochem-
ical reaction because it was demonstrated that the modal strong coupling between
LSPR and the waveguide mode enhances the plasmon-induced water oxidation at
the wavelengths of hybrid states. Actually, we have successfully demonstrated the
modal strong coupling between LSPR and the Fabry–Pérot cavity mode promoted
the water-splitting reaction at the wavelengths of hybrid states [21]. The dephasing
time of LSPR can be also controlled by the modal strong coupling between LSPR
and the long-lived optical mode such as a propagating surface plasmon polariton
[22]. Thus, the strong coupling is promising to modulate electronic and transition
states of materials for controlling the photochemical reactions.
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Chapter 9
Photosynergetic Effects
on Triplet–Triplet Annihilation
Upconversion Processes in Solid Studied
by Theory and Experiments

Kenji Kamada, Ryuma Sato, Toshiko Mizokuro, Hirotaka Kito-Nishioka,
and Yasuteru Shigeta

Abstract Utilization of high density of triplets is important to overcome the dissi-
pation of excitation energy. Triplet–triplet annihilation (TTA) has attracted attention
to overcome the conventional limitation for the application of photon upconversion
(UC). Synergetic approaches of experimental and computational studies on TTA
have been made for efficient TTA-UC in the solid state. Binary solid fabricated by
the rapid-drying casting from mixed solution enabled efficient triplet sensitization.
Structural modification of emitter molecules has enhanced the performance of TTA-
UC in solid. Computational studies clarified the importance of the dimensionality of
the exciton diffusion process and orbital overlap in theTTAprocess.Various extended
studies such as solid TTA-UC by near-infrared (NIR) excitation and sensitizer-fixed
approach on a solid surface are also presented.
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9.1 Introduction

9.1.1 Background of the Multiple Spin Conversion Processes
in Excited States

In recent years, there is a growing need for efficient use of excited states of relatively
large molecules for obtaining unique optical functions and energy/material conver-
sions. Photoexcitation and the use of its excitation energy have been governed by a
“one-photon absorption and single-molecule response” basis. This causes the limita-
tion of the usage because of rapid annihilation processes between themolecules, even
if many numbers of excited molecules are generated in condensed systems. Thus,
the annihilation processes have been considered to be harmful to efficient photo-
luminescence and photo-induced chemical reactions for many years. However, the
annihilation processes and the intermolecular interaction in the excited state has the
potential to break the limitation beyond the conventional viewpoint and can employ
as a photosynergetic process. For example, it is known that there are the complex
excitation processes in which multiple molecules including excited states cooper-
atively change its spin state such as triplet–triplet annihilation (TTA) and singlet
fission (SF), which are the reverse processes each other as

3M∗ + 3M∗ TTA
�
SF

1M∗ + 1M

where 1M, 1M*, and 3M* are the ground, singlet and triplet excited states of the
molecule,M. TTA is involved in upconversion (UC) for converting from low energy
photons to a high-energy photon, and SF is involved in the generation of long-lived
triplet excitons by photoexcitation. These processes are now of particular interest
from the viewpoint of improving the conversion efficiency of solar cells and can be
a good example of the photosynergetic effect.

In Photosynergetic Project, the authors and coworkers aim at investigating TTA-
UC and SF to understand the basic mechanism of them and obtain the guideline for
a molecular design suitable for these processes by both theoretical and experimental
approaches. For SF process, theoretical works clarified that rational quantum design
of efficient materials based on diradical character [1], we have proposed (i) a novel
class of highly efficient SF systems called “pancake-bonded systems” [2], where
electronic couplings for both SF and charge mobility are found to be maximized
simultaneously in the face-to-face configuration, (ii) rational design guidelines for
singly-/doubly-bridgedSF/TTAchromophores [3], and (iii) optimal packing forms of
oligorylenes [4]. Furthermore,we have clarified the size and structure dependences of
SFdynamics formolecular aggregates andhavediscusseddynamics designprinciples
using the quantum master equation method, including vibronic couplings [5–7]. As
experimental work, we combined SF and two-photon absorption (TPA), multiple-
photon excitation, as a demonstration of the usage of higher excited states [8]. On
the other hand, for TTA-UC, we have experimentally and theoretically studied the
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TTA process with newmolecules in solution and condensed solid, particularly binary
solid as dense solid consisting of chromophores. Since the pages are limited in this
chapter, in the following parts, we will describe the results obtained for TTA-UC in
solid. We will start with the general background of TTA-UC.

9.1.2 Basic Mechanism of Triplet–Triplet Annihilation
Upconversion (TTA-UC)

As described before, TTA, also called as Triplet Fission (TF), is the reverse process
of SF. Once, it was known as an annoying process that quenches triplet state useful
for various photochemical reactions. TTA also caused delayed fluorescence (DF),
i.e., P-type (pyrene-type) DF, which has also been known since the early 1960s [9]
including triplet–sensitizedDF [10]. TheDF, however, had beengenerally recognized
as a fancy and rare event of the photophysical process until Castellano and coworkers
found the potential of the process for low-intensity photon upconversion (UC) [11].

TTA-based UC, i.e., TTA-UC, is triplet–sensitized DF; thus, two chromophores,
sensitizer (S) and emitter (E), are used. Its basic mechanism is illustrated with the
energy diagram in Fig. 9.1. The role of sensitizer is (1) to absorb incident photon
and be populated to its singlet excited state (1S*), (2) to generate the triplet excited
state (3S*) via intersystem crossing (ISC), and (3) to transfer the energy to emitter
by triplet–triplet energy transfer (TET). On the other hand, emitter plays a role of
TTA and DF; the triplets (3E*) generated by TET are accumulated in the system by
continuous excitation and then interact each other by TTA to populate the excited

Fig. 9.1 Energy level diagram for TTA-UC. S (1S*, 3S*): sensitizer (excited singlet, triple), E (1E*,
3E*) emitter (excited singlet, triplet), abs: absorption, ISC: intersystem crossing, TET: triplet–triplet
energy transfer; TTA: Triplet–triplet annihilation, FL: fluorescence
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singlet (1E*), which emits a photon that has higher energy than that of incident
photon as fluorescence (FL). Thus, the UC emission is obtained as DF. Of the four
sequential processes (ISC, TET, TTA, FL) consisting of the overall TTA-UC process
after excitation.

The quantum yield of UC emission (�UC), one of the important parameters of
TTA-UC, can be defined as the number of photons emitted per photon absorbed. This
definition gives 0.5 as the theoretical maximum. However, another definition, where
the value is multiplied by a factor of 2, is often used to scale to unity for full conver-
sion. Here we use the latter convention (i.e., �UC = 1 for full conversion). Under
this convention, �UC can be represented as the product of the quantum efficiencies
of the four-element processes:

�UC = �ISC�TET�TTA�FL (9.1)

In this equation,�ISC and�FL depend on the molecular property of sensitizer and
emitter, respectively. On the other hand, �TET and �TTA are based on bimolecular
processes (TET and TTA) and thus depend not only on their molecular proper-
ties but also their mutual distance, orientation, and others that relate intermolecular
interaction.

Based on the sequence of the reaction scheme shown in Fig. 9.1, the coupled rate
equations for the excited species for TTA-UC,

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

d
[
1S∗]/dt = kex − (k1s + kISC)

[
1S∗]

d
[
3S∗]/dt = kISC

[
1S∗] − (

k3s + kTET
[
1E

]

0

)[
3S∗]

d
[
3E∗]/dt = kT ET

[
3S∗][1E

]

0 − k3E
[
3E∗] − kTTA

[
3E∗]2

d
[
1E∗]/dt = f kTTA

[
3E∗]2 − k1E

[
1E∗]

(9.2)

are obtained. Here, kex is excitation rate; k1S, k3S, k3E, k1S, kISC are the first-order rate
constants for de-excitation rates (including radiative and non-radiative) of, respec-
tively, 1S*, 3S*, 3E*, 1E* and that for ISC. kTET and kTTA are the second-order rate
constants for the TET and TTA processes. f is the generation ratio of 1E* by TTA;
[1E]0 means the initial concentration of the emitter in the ground state, and the
change under photo-irradiation was ignored. Equation (9.2) can be solved under the
photostationary-state condition and gives a lot of useful relations.

One of the relations is theUCemission intensity IUC versus the excitation intensity
Iex. It is well known that IUC has quadratic dependence to Iex at the weak excitation
limit while it has linear dependence at the high excitation limit. This quadratic-to-
linear transition is the characteristic behavior of TTA-UC and can be interpreted as
the shift from the second-order reaction to the quasi-first-order reaction at the high
concentration of 3E*. From the solution of Eq. (9.2), this relation is given as [12],

IUC = K
[
1 +

(
1 − √

1 + 4Iex/Ith
)
/(2Iex/Ith)

]
Iex (9.3)
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whereK is the instrumental constant. This equation agreed perfectlywith that derived
from the formulation for the relative UC quantum yield reported by Murakami
[13] and gives the quadratic-to-linear change. The threshold intensity I th defined
as the excitation intensity at the crossing point between two extrapolated lines of the
quadratic at low intensity and linear at high intensity [14]. I th governs the quadratic-
to-linear transition, and low I th means that the TTA-UC system can operate at low
excitation intensity. Conventionally, one can obtain I th by extrapolation of the two
slopes in the double logarithmic plot of IUC against Iex. However, he/she can obtain
in a more reproducible manner by cure fitting with Eq. (9.2).

For the derivation of Eq. (9.9) from Eq. (9.2), I th is defined as,

Ith = J (εex [S]0�ISC�TET)
−1

(
k23E/kTTA

)
(9.4)

where J =NA(hc/λex)/(2× 103 ln10) andNA is Avogadro’s number, hc/λex is photon
energy of excitation. Equation (9.4) shows that I th can be reduced by increasing
εex [S]0, the product of molar extinction coefficient of sensitizer at the excitation
wavelength and themolar concentration of sensitizer, i.e.,�ISC and�TET. Thismeans
the efficient generation of 3E* is important to reduce I th, which can be achieved by
strong absorption to generate 1S*, and efficient conversion and transfer of energy
form 1S* to 3S* to 3E*via ISC and TET processes.

9.1.3 Importance of Bimolecular Processes in TTA-UC

TET and TTA are bimolecular processes and strongly depend on samples in which
state and distribution of molecules are different.

In narrowmeaning, the TTA process is the spin conversion process of a molecular
pair, 3E* + 3E* → 1S* + 1S. However, it often used in broad meaning where the
processes before two emitter triplets encounter are also included. In the solution
system, this is governed by molecular diffusion, and the rate of TTA is diffusion-
controlled. TTA immediately occurs after they encountered compared to the time
scale of molecular diffusion. This may be reasonable because TTA is a spin-allowed
process as molecular pair as SF. It was reported that SF can occur at the timescale of
picosecond to nanosecond. Thus, the reverse process can occur at the same timescale
at a favorable condition. Molecular diffusion is usually well described by the Stokes-
Einstein relation and thus depends on the viscosity of solvent and the molecular
volume of solute. The viscosity does not only affect molecular diffusion but also
does the TTA process via a cage-forming process. The solvent molecules may form
the solvation cage surrounding the encounter complex of the TTA process. The
stability of the solvent cage may be affected by viscosity and affect the equilibrium
between TTA and SF.

Different mechanism governs the process for condensed solid, which consists
only of chromophores. In such solid, each molecule cannot move in solid state, but
the energy can move by transferring to neighbor molecules by TET of the same
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molecular species, i.e, triplet exciton migration. This is a necessary process for two
emitter triplets to encounter and to cause TTA, which has been known to occur in
the molecular crystal [15]. Triplet exciton migration may be slower than that of TTA
and be an important process governing the efficiency of overall (or wide meaning)
TTA process.

TET is another bimolecular process and a critically important process in TTA-UC.
In the solution system, the process is mostly diffusion-controlled like TTA, and the
triplet level matching between sensitizer and emitter is a remaining essential factor.
In solid system, on the other hand, direct contact between sensitizer and emitter
with keeping the energy-level matching is critically important. The details will be
discussed in the following sections.

9.2 Experimental Studies on Triplet–Triplet Annihilation
Photon Upconversion in Solid and Related Systems

9.2.1 TTA-UC in Binary Solid

TTA-UC has been developed in solution systems because molecular diffusion can
mediate TET and TTA processes during the lifetime of their triplets. However, they
have the inconvenience of handling and require hermetic sealing because they are
volatile, flammable, and easily dissolving oxygen that quenches triplets. Thus, solid
systems are suitable for device applications. There are the approaches of the diluted
solid systems, such as doped-polymer and gel; however, molecular diffusion medi-
atedTETandTTA in these systems are slowbecause of the high viscosity, leading low
overall efficiency. Thus, the solid systemwith condensed chromophore of the emitter
is preferable media because triplet exciton migration can mediate the processes,
allowing the realization of fast and efficient bimolecular processes.

From this point of view, binary crystals can be an ideal medium for solid TTA-
UC because the speed of migration in a crystal can be higher than in other dense
media thanks to the crystal regularity and dense packing.AsTTA-UCmedium, binary
solids, however, has a problem of segregation of the sensitizer from the emittermatrix
[14, 16]. Segregation forms the dimer of sensitizers. The triplet level of the dimer is
lower than that of sensitizer, which interferes with TET. High excitation intensities
in the order of kW/cm2, was reported to induce TTA-UC in binary solids [17].

In order to overcome the segregation problem in binary solid, we developed a
simple method called rapid-drying casting [12]. The key idea is crystallizing host
matrix of emitter before guest molecule of sensitizer aggregating. We choose Pt-
octaethylporphyrin (PtOEP) as sensitizer and 9,10-diphenyl-anthracene (DPA) as
emitter (Fig. 9.2a) because the PtOEP-DPA system has been used in many works
and can be a good benchmark. Moreover, DPA has very high fluorescence (FL) QY,
�FL = 0.95, in crystals [18]. The binary crystal (PtOEP:DPA) were fabricated by
drop casting from mixed solution on a glass slide at the aerated condition. For the



9 Photosynergetic Effects on Triplet–Triplet Annihilation … 153

Fig. 9.2 a Chemical structures. Transmission and emission images of microparticles and the emis-
sion spectra of binary solid of b PtOEP:DPA and c PtOEP:C7-sDPA. Bar stand for 50 μm. The
arrows in the spectra shows the excitation wavelength (532 nm). d Centimeter-scale upconverted
emission image of the PtOEP:C7-sDPA cast sample illuminated by a diode laser (~1 mW/cm2).
Reproduced from [12]—Published by The Royal Society of Chemistry

rapid-drying casting, we paid attention to the following points: (1) the concentration
of emitterwas close to that of its saturation; (2) the concentration of sensitizer ismuch
lower than that of emitter (around 1:1000 in molar ratio of sensitizer to emitter); and
(3) solvent has low boiling point and good wettability to glass surface. By dropping
the mixed solution from a pipette, a single drop of the solution was spread widely
on the slide and formed a thin liquid film, which quickly evaporated from the round
rim. The circular thin film of the binary solid with “coffee stain” rim with a diameter
of ca. 1 cm was obtained.

In the rim, there were some round particles (10–100 μm) having spherulite-like
structures as an aggregation of needle-like microcrystals. By cw-excitation of the
particles at 532 nm (matching to the peak wavelength of the Q-band of PtOEP)
under an optical microscope, we found that the round microparticles showed the
clear blue emission whose spectrum matched to FL spectrum of DPA (Fig. 9.2b)—
UC emission. The excitation intensity was only 4 W/cm2 at the sample surface.
By applying the simple fabrication technique of rapid-drying casting, the excitation
intensity can be reduced by three orders of magnitudes than the previous reports [17].

The same strategy was applied to another derivative of DPA, which has the loop-
like alkoxy chain protecting the anthracene core (C7-sDPA, Fig. 9.2a). C7-sDPA also
has high FL-QY of�f = 0.85 in crystal and shows excellent photostability compared
to DPA because of the loop [18]. By casting the mixed solution of PtOEP and C7-
sDPA, rectangular- and petal-shaped crystals, showing strong UC emission were
obtained (Fig. 9.2c). Not all particles were luminescent, but they were formed with
good reproducibility. Centimeter-scale illumination by laser diode gave excitation
intensity of ~1 mW/cm2, at the level of sunlight (for 532 ± 5 nm). At this excitation
intensity, the binary solid of PtOEP:C7-sDPA showed clear UC emission (Fig. 9.2d),
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which shows the potential of these fabricationmethods. The ring-like emission shows
the UC-luminescent particles are located in the rim.

The Iex-dependence of IUC and �UC at the saturation intensity (i.e., at linear-
response regime) of single microparticles were investigated by using a micro-
spectroscopic setup because those UC-luminescent particles were mixed with a lot
of non-luminescent particles. Both binary solids of PtOEP:DPA and PtOEP:C7-
sDPA showed the quadratic-to-linear transition of the dependence, characteristic to
TTA-UC, and well reproduced by Eq. (9.3). Meanwhile, I th was largely different
(Fig. 9.3a); the observed range of I th for the microparticles of PtOEP:C7-sDPA was
two or three orders of magnitudes lower than those of PtOEP:DPA, as expected by
the demonstration shown in (Fig. 9.2d). Since both systems used the same sensitizer
and roughly the same concentrations, the difference originates from �TET and the
ratio of rate constants of the emitter, (k3E)2/kTTA from Eq. 9.4. On the other hand,
�UC at the saturation intensity was higher for PtOEP:C7-sDPA than PtOEP:DPA
(Fig. 9.3b) regardless of the environments. This means that oxygen cannot penetrate
and quench the triplets for the short time scale, and the scattering of microparticle
did not affect the �UC measurement significantly. It should be noted here that the
�UC value for PtOEP:C7-sDPA was above 10% and nearly 20% in center. This is
one of highest values in solids and closed to the values of solution.

The absorption spectroscopy of microparticles on Q-band of PtOEP clarified that
PtOEP was dispersed as a monomer in microparticle of PtOEP:C7-sDPA while it

Fig. 9.3 a Examples of the excitation intensity dependence of the UC emission of single grain
of binary solid of PtOEP:DPA (red filled circle) and PtOEP:C7-sDPA (blue open square) with the
curve fits with Eq. (3.3) (black curve). The arrows indicate I th obtained by the fits. b Histogram of
UC-QY of single microparticles of PtOEP:DPA (red) and PtOEP:C7-sDPA (blue) under different
environment. Reproduced from [12]—Published by The Royal Society of Chemistry
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still aggregated in some degree in those of PtOEP:DPA. These results were supported
by the high magnification spectrographic images of the upconverted emission of the
microparticles. Microparticles of PtOEP:C7-sDPA have uniformly emitted the UC
emission while that of PtOEP:DPA had some bright cores of UC emission. Thus,
aggregation of sensitizer was prevented by the rapid-drying casting technique, but
the degree was different between the emitters and affected the rate of the TET and
the efficiency. Another interesting feature was that triplet diffusion length C7-sDPA
in the crystal was estimated to be ~230 nm from the decay of the UC emission. This
value is much longer than the nanometer-sized grain structure (20–50 nm) of the
microparticle of PtOEP:C7–sDPA and can also enhance TTA process by increasing
the encounters.

9.2.2 Binary Solid with Various Alkyl-Chain-Attached DPAs

As shown in the previous section, the rapid-drying casting technique enables efficient
TTA-UC in binary solid by preventing the segregation of sensitizer and accelerating
the TETprocess. The addition of loop-like alkoxy groups inC7-sDPAmay contribute
to enhance the compatibility with PtOEP. To understand the effect of the introduction
of alkyl chain to sensitizer molecule, we fabricated binary solids and investigated
their TTA-UC properties with the four octhyl derivatives of DPA and C7-sDPA at
the different substituted position as emitter (Fig. 9.4).

The same conditions as before were applied for the rapid-drying casting with the
four different emitters. The concentration ratio of sensitizer to emitter was 1:1000,
and PtOEP was used as the sensitizer for all. Microcrystals were obtained by the
casting for all samples except one with 1a. Most of the microcrystals were found to
have a spherulite-like structure by observation with crossed polarizers. The micro-
crystals of binary solids showed UC emission under low intensity (4 W/cm2), cw-
excitation at 532 nm under aerated condition. On the other hand, the sample with 1a
gave microdroplets on a glass plate. Compound 1a has a low melting point below

Fig. 9.4 Chemical structures of the alkyl-extended derivatives of DPA (left, 1p: R1 = C8H17, R2

= H and 1a: R1 = H, R2 = C8H17) and C7-sDPA (right, 2p: R1 = C8H17, R2 = H, and 2a: R1 =
H, R2 = C8H17)
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80 °C and may easily melt by mixing with not only PtOEP but also impurities of
oligomers in THF solvent. Themicrodroplets also showedUC emission under air like
the microcrystals of the other three samples. This may be due to the high viscosity
of the liquid. The I th and �UC at the saturation intensity were also characterized for
all samples obtained by the casting. The values of I th for the samples were between
those of PtOEP:C7-sDPA and PtOEP:DPA and tended to be lower for C7-sDPA
derivatives (2p and 2a) than for DPA derivatives (1p and 1a). The binary solid with
2a found to have a comparable value of �UC with PtOEP:C7-sDPA, but the others
were in the order of a few percent. These results suggested that C7-sDPA and its
derivatives (2p and 2a) tended to show better TTA-UC performance through the low
I th and relatively high �UC at the saturation intensity.

9.2.3 TTA-UC in Binary Solid from Near-Infrared

The rapid-drying casting technique was also applied for fabricating the binary solid
that enables to convert light from near-infrared (NIR) to visible wavelengths [19].
Extending the excitationwavelength to theNIR region is important for the application
such as solar cell. However, NIR-to-Vis conversion by TTA-UC in condensed solids
is still very limited [20, 21]. We chose PdTPTAP (Fig. 9.5) as an NIR sensitizer
absorbing 785 nm and rubrene as an emitter with the emission peak at 570 nm),
allowing NIR-to-vis upconversion.

By the rapid-drying casting, the binary solid of PdTPTAP:rubrene was fabri-
cated. This gave many spherical microparticles mainly in the rim of the casted

Fig. 9.5 Chemical structures of PdTPTAP (sensitizer (S), left) and rubrene (emitter (E), right). The
energy levels are 1.53 eV for 1S*, 1.17 eV for 3S*, 1.14 eV for 3E*, and 2.23 eV for 1E*
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Fig. 9.6 Binary solid of PdTPTAP:rubrene fabricated by solution casting: a appearance of the
sample illuminated by 785 nm light from the optical fiber. Microscopic images of b transmission
and c UC emission in the rim of the sample. Bars are 50 μm. d UC (filled yellow) and fluorescence
(red dotted) emission spectra. e Iex-dependence of IUC (black dot) with theoretical fit by Eq. (3.3)
(red curve). Reprinted with permission from [19] Copyright 2019. American Chemical Society

region (Fig. 9.6b). These particles were confirmed to be amorphous by polariza-
tion microscopy. By cw-excitation at 785 nm (7 W/cm2), the microparticles showed
bright yellow emission under air (Fig. 9.6a, c) with the emission spectrum of indi-
vidual particles matched to the fluorescence spectrum of rubrene (Fig. 9.6d). Depres-
sion in the short wavelength edge is due to reabsorption. The I th was found to be
in the order of 100 mW/cm2 by measuring the Iex-dependence of IUC (Fig. 9.6e).
Again, the quadratic-to-linear transition in the dependence proofed that the yellow
emission was due to TTA-UC.

For more than 40 individual particles,�UC at the saturate intensity (7W/cm2) was
measured. The obtained value was �UC = 0.005 ± 0.001 under air and the almost
the same value under air. Based on Eq. (9.1), a determining process of the�UC value
can be clarified by investigating of efficiencies of individual processes.

Femtosecond transient absorption spectroscopy of PdTPTAP unveiled that ISC
occurs with lifetime 2.9 ps, and the ISC rate is two-orders of magnitude faster than
other deactivation processes of 1S*, giving the estimation of �ISC > 0.99. Next, the
TET process of the binary solid was investigated by measuring the rise time of the
UC emission. It should be noted that the UC emission intensity is proportional to the
square of the concentration of emitter triplet, IUC ∝ [3E*]2 (from Eq. (9.2)); thus, the
risetime of (IUC)1/2 corresponds to the decay lifetime of 3S*. The observed risetime
was found to be much faster than 10 ns. The conservative estimation of the lifetime
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was also obtained to be shorter than τ = 2 μs from a precise analysis of the UC
emission. These estimations of lifetimes are much faster than the natural lifetime
of 3S*, τ0 = 16.2 μs determined by nanosecond transient absorption spectroscopy.
Thus, �ISC = 1−τ/τ0 = 0.88 or larger.

Since there is no direct method to characterize�TTA, it is estimated from the other
values. The remaining efficiency is �FL of the emitter. �FL of rubrene is very high
and close to unity; however, it is very low in solid. The obtained value for the binary
solid of the cast sample was �FL = 0.015. This value is almost close to the cast
sample without sensitizer (�FL = 0.015), suggesting PdTPTAP sensitizer did not
quench the emission of rubrene. With these values and Eq. (9.1), it was estimated
�TTA = 0.36. Thus, themost determining process was found to be FL of rubrene. The
value of �TTA was comparable to the reported highest value for rubrene in solution
[22]; nevertheless, further studies are needed to explorer the room to improve in
condensed solid.

9.2.4 Fixing Sensitizer Molecule on the Surface of Nanopore

The rapid-drying casting technique has been applied to prevent the segregation
of sensitizer molecules on the fabrication of solid. An alternative approach to
prevent segregation was explored. The method is fixing sensitizer molecules on
the solid surface. It was reported that, for example, porphyrin derivatives could be
fixed on the surface of clay nanosheets without aggregation [23]. Thus, a similar
approach can be adopted. As the platform to fix sensitizer, here, nanoporous glass
was employed. Nanoporous glass (NPG) has 3D-network of nanopores, enabling
extremely large pore surface area per volume. Thus, thick interaction volume like
bulk-hetero-junction can be possible.

To fix the sensitizer, we choose Pt(II) coproporphyrin I (PtCP), a tetracarboxylic-
acid derivative of PtOEP, as a sensitizer. The carboxylic acids of PtCP reacted with
the amino groups at the surface of the nanopores to fix it. NPG was treated with
the silane-coupling agent with the amino group to cover the surface with the amino
groups prior to the fixation (Fig. 9.7a–b). To fix the sensitizer, a piece of the amino-
treated NPG was dipped or refluxed in PtCP solution of THF. The piece of NPG was
colored in pink, and its absorption spectrum well agreed with PtCP in THF solution
after subtraction of the scattering due to the nanoporous structure. This showed that
PtCP was fixed in its monomeric form on the surface of the nanopore.

This PtCP-fixed NPG was showed strong red emission assigned to the phos-
phorescence of PtCP under deaerated condition filled with Ar gas. Interestingly, it
was found that the phosphorescence QY (~0.25) was enhanced by compared to that
in THF solution (~0.16) for the same loading concentration (75 μM) as shown in
Fig. 9.7c. The high phosphorescence QY of PtCP fixed in NPG was unchanged
by increasing the loading concentration by a factor of ten and then decreased for
further increase. The phosphorescence decay of the samples fixed in NPGwas single
exponential with the lifetime of 95 μs, which is nearly twice that in THF solution
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Fig. 9.7 a SEM image of nanoporous glass (bar: 50 nm). b Schematic drawing of fixing the
sensitizer (PtCP) to the pore surface of nanoporous glass. c Phosphorescene QY of PtCP-fixed
nanoporous glass (red square) and in THF (green triangle) under deoxygenated by Ar-bubbling,
together with that of PtCP-fixed nanoporous glass under air (black circle) (Reproduced from [24]—
Published by The Royal Society of Chemistry)

(48 μs), both at 75 μM. The analysis showed that the non-radiative deactivation was
suppressed by fixing the sensitizer in NPG. These results clarified that excited triplet
3S* of the sensitizer was not quenched by fixing on the surface of the nanopore and
rather maintained by suppressing the non-radiative deactivation pass probably due to
limited freedom of themolecular motion. This causes the enhanced phosphorescence
in NPG with the higher QY and the longer lifetime [24].

This successful result of fixing the sensitizer on the solid surface in NPG without
losing the function encouraged us to use it for TTA-UC [25]. First, we prepared the
toluene solution of DPA, and the piece of PtCP-fixed NPG was immersed in it. The
blue UC emission was successfully observed by cw-excitation at 532 nm, suggesting
TET occurs from PtCP covalently bonded on the surface of the solid to DPA diffused
into the nanopore (~50 nm), and TTA occurred in the confined space of nanopore.
The �UC at a saturation excitation intensity (0.13) was found to close to that in
solution (0.15, toluene), suggesting that both TET and TTA processes can proceed
in nanopore and its surface as the same level in bulk solution. We further studied the
phosphorescence decay and the UC emission rise of the sample. Careful analysis of
the correspondence between the decay lifetime and rise time clarified that fast and
slow TET’s existed in the sample of PtCP-fixed NPG immersed in the DPA solution.
This may suggest that the sensitizer molecules were fixed on the nanopore surface
in two different fashions. Moreover, the all-solid TTA-UC system was demonstrated
by filling DPA in the nanopore of PtCP-fixed NPG.

9.2.5 TTA of Alkyl Strapped DPA

As shown in some of the previous sections, DPA derivatives with loop-like
alkoxy groups (Fig. 9.8), so-called strapped DPA, such as C7-sDPA (n = 7) has



160 K. Kamada et al.

Fig. 9.8 Chemical structure
of Cn-sDPA

interesting property as the emitter of TTA-UC. In relatively dilute solution ([sensi-
tizer]:[emitter] = 2 μM: 200 μM; sensitizer is PtOEP), C7-sDPA showed brighter
UC emission than DPA for whole range of excitation intensity (up to 100 mW/cm2).
The theoretical limit of�UC at the infinite excitation intensity (�UC, inf) of the sample
was estimated to be 0.24 with C7-sDPA while 0.12 for DPA. These estimations were
based on the curve fitting to the equation,

�UC(Iex) = �UC,inf

[
1 +

(
1 − √

1 + 4Iex/Ith
)/

(2Iex/Ith)
]

(9.5)

which is the source equation of Eq. (9.3).
The obtained �UC, inf can be factorized as Eq. (9.1). With the knowledge of �ISC

and�FL, and the concentration dependence of emitter on�TET with the Stern-Volmer
relation, the singlet generation ratio of TTA process was obtained. The obtained
singlet generation ratio for all samples was higher than 0.11 = 1/(1 + 3 + 5), which
is predicted by the simple spin statistic of the triplet pairs (giving singlet, triplets,
and quintetswithout their equilibriums). Interestingly, the generation ratiowas higher
for C7-sDPA than that of unsubstituted DPA and showed concentration dependence.
That for C7-sDPA was found to increase as increasing the concentration while DPA
showed the opposite behavior. Derivatives of other chain lengths were also studied (n
= 6 and 8). C6-sDPA showed the same behavior as C7-sDPA,while the concentration
dependence was not obtained for C8-sDPA due to its solubility problem. It is not
easy to interpret the trends of the singlet generation ratio of the TTA process, but
the extensive results of theoretical calculation gave interesting suggestions to these
systems [26, 27].

9.3 Theoretical Studies on Triplet–Triplet Annihilation
Photon Upconversion in Solid State

In the previous section, we explained the experimental results of TTA-UC in the solid
state and the related topics in detail. In this section,wegive the theoretical background
of the energy transfer rate constants and encounter probability of triplet excitons to
understand the underlying mechanism of TTA-UC processes [28]. For the former
issue,we adoptMarcus theory of electron transfer,where all the parameters appearing
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in this theory are evaluated using quantum chemical calculations for monomers or
dimers extracted from the crystal structure. For the latter, triplet exciton migration
and thus the encounter probability are modeled by random walk process. Using
the experimental condition and observation, we focus on the dimensionality of the
exciton migration for the encounter probability.

9.3.1 Theoretical Background of Energy Transfer Rate
Constant Represented by Marcus Theory

Dominant TTA processes are categorized into two types. One is the direct change
from the T1–T1 pair state to the S1–S0 pair state, and the other is the indirect (sequen-
tial) change fromT1–T1 state to S1–S0 via charge-separated states. On the other hand,
triplet–triplet energy transfer (TTET) between two emitters in crystal occurs under
the Dexter mechanism, where an overlap of molecular orbitals between two neigh-
boring emitters determines the energy transfer efficiency. Note here that we use the
abbreviation of TTET to distinguish this process (i.e., between the emitters) and the
triplet energy transfer (TET) from the sensitizer to the emitter in Fig. 9.1. We here
estimate the rate constant of energy transfer processes concerning TTA-UC in solid,
kETs, for each process by the Marcus theory [29],

kET = 2π

�
|TDA|2 1√

4πλkBT
exp

[

− (�G + λ)2

4λkBT

]

, (9.6)

where TDA, �G, and λ are the electronic coupling matrix elements between a donor
(D) and an acceptor (A) of the electron, the driving force, and the reorganization
energy, respectively. �, kB, and T is the Dirac’s constant, the Boltzmann constant,
and the temperature, respectively.

In the TTA process, the rate constants of several elementary processes should be
evaluated to yield a total TTA rate constant. For the direct TTA process, we estimated
the electronic coupling matrix elements using a fourfold way [30–32], which is a
general diabatization scheme based on diabatic molecular orbitals (DMOs) obtained
by a threefold way density criterion and a configurational uniformity [33] by limiting
an active space. To construct a model Hamiltonian, we use only six singlet states for
the dimer, S0S0, T1T1, S1S0, S0S1, CA, and AC. Here S0S0 and T1T1 indicate that
both monomers are either the ground state or the triplet state. S1S0 and S0S1 indicate
that one monomer is the singlet excited state, and the other is the ground state (i.e.,
local single-exciton). CA and AC are charge-separated states, where one monomer
is anion (A), and the other is cation (C). We use the reference molecular orbitals
(MO) obtained by the restricted Hartree–Fock (RHF) calculations followed by the
threefold way (CASSCF(4,4)/6–31 g(d)) and obtained the reference DMOs. Then,
we set dominant CSFs which, are divided into six groups (S0S0, T1T1, S1S0, S0S1,
CA, and AC) and performed the fourfold way diabatization scheme. These monomer
DMOs are used to generate the diabatic configurations [34].
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After determination of diabatic states, we estimated the electronic couplingmatrix
element using the following equation [35];

TDA = 〈T1T1|Ĥ |S1S0〉 −
∑

X=AC,CA

〈T1T1|Ĥ |X〉〈X |Ĥ |S1S0〉
〈X |Ĥ |X〉 − Etun

(9.7)

where |T1T1>, |CA>, |AC>, and |S1S0> are the electronic structures of the triplet–
triplet pair, the cation-anion pair, the anion–cation pair, and the singlet excited-
ground pair states, respectively. These pair state wave functions are obtained from
the fourfold way as the diabatic states. Ĥ is the total Hamiltonian of the system, and
Etun is the average of the energies of T1T1 and S1S0. The first term on the right-hand
side is the direct term (i.e., T1T1 → S1S0), and the second and third terms on the
right-hand side are the super-exchange terms (i.e., T1T1 → CA → S1S0 and/or T1T1

→ AC → S1S0). Note here that the super-exchange mechanism includes the virtual
charge-separated states (CA and/or AC).

For the TTET process, we also adopted the Marcus theory and estimated the elec-
tronic coupling matrix element using the fragment difference approaches [36–42].
In this study, we adopted the fragment excitation difference (FED) scheme, which
is one of the simplest fragment difference approaches, with the configuration inter-
action singles (CIS/6−31 + g(d)) method. We performed FED scheme calculations
using a modified version of GAMESS [ver. Dec 5, 2014] [43].

The reorganization energy, λ, was estimated by the sum of internal, λintra, and
external, λinter, contributions as [44, 45]

λ = λintra + λinter, (9.8)

To estimateλintra, we used four-pointmethod.On the other hand, λinter was approx-
imated by using a Born-Hush approach [44, 46, 47]. Note here that λinter for the TTET
process is zero since there is no charge change upon the energy transfer [48, 49].

9.3.2 TTA and TTET Reaction Time for DPA and C7-SDPA
in Crystal

These protocols in hand, we have implemented the in-house codes for calculating all
required terms and evaluated both the TTA and TTET reaction times for DPA and
C7-sDPA, which are estimated from the kinetic constants as τTTA = 1/kTTA and τTTET
= 1/kTTET, respectively. Figure 9.9 show the non-redundant structures of neighboring
molecule pairs extracted from the crystal structures and the corresponding reaction
times among the monomers. It is easily seen that the TTA reaction times of DPA are
ns time scale (or much less for a specific direction), while the TTET ones areμs time
scale (or more). This means that the TTET process is the time-limiting step among
several elementary steps in the TTA-UC process, and TTA immediately occurs when
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 (I)    (II) 

(III)    (IV) 

Fig. 9.9 TTA reaction time, τTTA = 1/kTTA, [ns] for DPA (I) and Cn-sDPAs (II). Here, red, gray,
blue, orange, and cyan colors represent monomer A, B, C, D, and E respectively. Corresponding
TTET reaction time, τTTET = 1/kTTET, [μs] for DPA (III) and Cn-sDPAs (IV). Reprinted with
permission from [28] Copyright 2019. American Chemical Society

two triplet excitons locate at any neighboring site because of τTTA << τTTET. Another
finding is that there exist preferable directions both for TTAandTTET. ForDPA,TTA
between B and C monomers are so fast (fs time scale), and others are ns time scale
and comparable with theminimum time of TTA in C7-sDPA. Among four directions,
the ratio between the minimum reaction time and the second minimum one is about
1:10. It means that the triplet energy transfer occurs quasi-two-dimensionally.

For C7-sDPA, the situation is different from DPA. One of the TTA reaction times
of C7-sDPA (A–B pair) is ns time scale, while the others are much longer than it.
This behavior is also found for the TTET process. However, comparing to DPA,
the minimum reaction time of the TTET process is shorter than those of the TTA
reaction times except for that in the A–B pair. This indicates that TTA occurs only



164 K. Kamada et al.

when two excitons locate neighboring sites along the A–B pair direction. It means
that the triplet energy transfer occurs one-dimensionally.

Judging only from the TTA reaction times, the performance of DPA in the TTA
process is superior to C7-sDPA, which contradicts with the experimental finding.
Compared to the TTA process, the difference in the minimum reaction time for
TTET between DPA and C7-sDPA is small, i.e., 0.2 μs for DPA and 0.3 μs for
C7-sDPA. However, this result does not also explain why DPA exhibits less efficient
TTA-UC than C7-sDPA. These results suggest that other mechanisms are needed
for considering TTA-UC efficiency. One possible reason is the difference in the
lifetime of triplet exciton, τtriplet. τtriplet for DPA and C7-sDPA are 54 and 140 μs,
respectively. TTET occurs at most nTTET = 335 (510) times, estimated from nTTET =
τtriplet/min(τTTET). This means that the triplet exciton possibly encounters more often
in C7-sDPA than inDPA. The encounter probability is directly related to the quantum
yield and emission intensity. Thus, in order to measure the TTA-UC performance
between DPA and C7-sDPA quantitatively, we analyze the encounter probability of
triplet excitons by referring both the differences in the dimensionality, the TTET
reaction times, and the experimentally measured triplet state lifetime.

9.3.3 Random Walk Models for the Encounter of Triplet
Excitations

Before formulating the encounter probability, we must consider the experimental
conditions. The diffusion length LD of triplet exciton is approximately estimated as
LD = √

R2nTTET/2m, whereR andm are the averaged distance between neighboring
emitters and the dimensionality. The diffusion length is estimated as 60.1Å for DPA
and 71.3Å for C7-sDPA, respectively. In this sense, C7-sDPA encounters more likely
than DPA. However, the situation is not so simple. Since the concentration of the
triplet sensitizer is 1/1000 of that of DPAs, the average distance between two sensi-
tizers is approximately 10 times longer than the lattice constant of DPAs for each
direction, 91–211 Å for DPA and 149–154 Å for C7-sDPA, which clearly exceed
both LD values. This implies that it is likely that two excitons are generated from
the same sensitizer with a lag time, τlag, which is defined as the mean recovery time
to the initial state of the sensitizer after TTET to the emitter. The normalized lag
time is defined as nlag = τlag/min(τTTET). Hereafter, we first consider the encounter
probability of two excitons as a function of nTTET and nlag. Then, we go back to the
encounter probability of the triplet excitons, which are generated independently from
two different sensitizers.

Here, we consider a rough estimation of an encounter probability of two excitons
by using uniform randomwalkmodels, where we assume that the TTET between two
emitters is treated as a stochastic problem. For the one-dimensional (1D) systems,
the probability that one finds an exciton at the position i after n steps, Pi(n), is given
by
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Pi (n) = nC(n+i)/22
−n, (9.9)

where n and i are often assumed to be the even integer number. To estimate the
encounter probability of two excitons starting both from the same triplet sensitizer,
we evaluate the following equation:

R1D
(
nTTET, nrag

) =
∑

i≤|nTTET−nrag|
Pi (nTTET)Pi±1

(
nTTET − nrag

)
, (9.10)

where nTTET and nlag are the number of TTET before the spontaneous emission from
the emitter and that of the lag time that the sensitizer absorbs the light and then the
intersystem crossing occurs in the sensitizer, respectively. Note here that ± in the
above equation means a sum of the i + 1 and i−1 terms.

Since the distribution function of the random walk is asymptotically given by the
normal distribution (Gaussian approximation) as

P(x, n) = 1√
2πn

exp

(

− x2

2n

)

, (9.11)

The encounter probability of two excitons are given by the overlap of two
distributions S1D as

R1D
(
nTTET · nlag

) = 2
∫

dx P(x, nTTET)P
(
x, nTTET − nlag

)

= 2
√

2π
(
2nTTET − nlag

) ≡ 2S1D (9.12)

Tovalidate this approximation,wenumerically evaluated the equationsEqs. (9.10)
and (9.12) as a function of nlag with nTTET = 200 in Fig. 9.10 (left). As seen in
this figure, the Gaussian approximation works quite well. Thus, we also adopt the
Gaussian approximation to the more complex quasi-two-dimensional (2D) diffusion
problem.

The distribution for the 2D anisotropic random walk is given as

P(r, n, δ) = 1

nπ
√
1 − δ2

exp

(

− x2

n(1 + δ)
− y2

n(1 − δ)

)

, (9.13)

where a degree of anisotropy, δ ≥ 0, is described by the TTET reaction times of the
x and y directions (τTTET,x and τTTET,y) as

δ = τTTET,y − τTTET,x

τTTET,y + τTTET,x
(9.14)
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Fig. 9.10 Encounter probability of two excitons using one- and two-dimensional isotropic random
walkmodels. (left) a comparison of the binomial sum formula and theGaussian approximation to the
one-dimensional randomwalk,where nTTET = 200. (right) a comparison ofmagnitude between one-
and two-dimensional random walk, where nTTET = 530 for the one-dimensional (red) and nTTET
= 310 for the two-dimensional problem (blue for the isotropic and green for the anisotropic cases),
respectively, based on the estimate from the triplet exciton lifetime. Reprinted with permission from
[28] Copyright 2019. American Chemical Society

Note here that the factor 1/2 is missing, and the degree of anisotropy is included
in the above equation owing to the fact that the numbers of the trials for x and y
directions are n*(1 + δ)/2 and n*(1−δ)/2, respectively. In analogy to Eq. (9.12), the
2D encounter probability that one particle is found at a position (x,y) = (i, j) and
other at either (i ± 1, j ± 1) simultaneously and they are summed over the entire
space, is approximated by

R2D
(
nTTET · nlag

) =
∑

i≤|�n|

∑

j≤|�n−|i ||
Pi, j (nTTET)Pi±1, j±1(�n)

∼ 4
∫

drP(r, nTTET, δ)P(r,�n, δ)

= 4√
1 − δ2

(
2nTTET − nlag

)
π

≡ 4S2D, (9.15)

where Pi,j(n) is the probability of the anisotropic 2D random walk problem (not
shown in detail) and�n = nTTET – nlag. Note here again that± in the above equation
means a sum of (i + 1, j + 1), (i + 1, j−1), (i−1, j + 1), and (i + 1, j−1) terms.

To compare the encounter probabilities for 1D and quasi-2D TTETs for C7-
sDPA and DPA, respectively, the magnitude of the R1D and R2D are depicted as a
function of nlag (and δ = 0 and 0.87 for the homogeneous 2D and the quasi-2D cases,
respectively) in Fig. 9.10 (right). Even if the degree of the anisotropy is introduced
the magnitude of R1D is always lager than that of R2D when nlag (i.e., the lag time,
τlag) is small enough compared to nTTET (i.e., the triplet lifetime τTriplet) indicating
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that the encounter probability of the quasi-2D energy migration tends to be less than
the 1D one for this specific region.

Next, we consider the case that two excitons are generated at the different sensi-
tizers independently (the distance of them is assumed to be the separation of two
sensitizers, LS), and they encounter after the migration. The encounter probability
can again be approximated by the Gaussian with a different center and a (normalized)
duration time, τduration (nduration = τduration/τTTET) between two different sensitizers
to two different emitters, P(x−LS, nTTET−nduration). Note that the duration time is
completely random compared to the lag time. In this case, the encounter probability,
RmD (m: dimension), is approximately proportional to SmD exp[−α (LS/a)2], where
the exponent (α > 0) is a function of nTTET and nduration, and a is the distance between
the neighboring emitters, a << LS. This means that the encounter probability is gener-
ally smaller than the values estimated above when LS is distant enough. Thus, the
obtained results for the single-site case here seems to be an upper bound for the
encounter probability. However, it is noticed here that the quasi-two-dimensional
diffusion case might have higher probability than one-dimensional case when the
concentration of the sensitizer is high enough since the TTA in DPA occurs all
neighboring sites, while that in C7-sDPA does not always.

9.4 Conclusion

In this chapter, wemainly described experimental and theoretical studies on TTA-UC
processes, an important application of the TTA process. Usage of the TTA process is
one of the key issues of Photosynergetics to overcome the conventional limitation of
efficient usage of photoexcitation. Especially, we focused solid-state system of TTA-
UC because it is interesting in views of fundamental studies and device applications.
Using the rapid-drying casting method, we have achieved the TTA-UC in solid as
efficient as that in the solution for green-to-blue conversion by using PtOEP:DPA
(or its derivative). The drop casting method improved TET in solid by achieving
molecular dispersion of the sensitizer molecules. By changing the emitter molecule
from DPA to C7-sDPA, a strapped derivative, I th for the microparticles was reduced
by two or three orders of magnitudes, and �UC was enhanced up to 10–20%.

To explain these experimental facts, we have established the theoretical protocol
to estimate kinetic constants (inverse of reaction times) for the elementary processes
concerning about TTA-UC in crystal. The results indicated that the TTET of exciton
migration is the time-limiting step compared to the spin conversion process of TTA.
Using random walk models of TTET, we concluded that not only the time scale of
TTET but also the difference in dimensionality of the TTET direction, the lifetime
of the triplet excitons, and the lag (recovery) time of the sensitizer after TTET to the
emitter play an important role in determining the encounter probability, i.e., quantum
yield and emission intensity of TTA-UC.

We have extended the achievement by the rapid-drying technique to NIR exci-
tation. By using the binary solid of PdTPTAP: rubrene, NIR-to-vis TTA-UC was
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successfully demonstrated. The quantum efficiency of each elementary process was
elucidated by various spectroscopies, including time-resolved UC emission and tran-
sient absorption spectroscopies. Very fast TETwas found in solid, and the bottleneck
step of the total QYwas clarified. Moreover, a novel approach was tested by bonding
sensitizer on a solid surface of nanopore to prevent the aggregation of sensitizer.
The non-radiative deactivation of the triplet was suppressed by fixing on the surface.
TET from sensitizer on the solid surface to emitter diffusing in solvent was found to
occur, leading TTA-UC.

These results are open a new page in the usage of the excitation energy of triplets,
especially in solid medium. The importance of manipulating triplets and the efficient
usage in solid will be increased in the future. These works will be a part of the
foundation in further studies.
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Chapter 10
Hot Carrier Transfer and Carrier
Manipulation of Semiconductor
Nanocrystals

Naoto Tamai and Sadahiro Masuo

Abstract Hot carrier transfer of semiconductor nanocrystals (NCs) plays an impor-
tant role for solar energy conversion. In this chapter, effects of quantum confine-
ment of colloidally synthesized semiconductor NCs on hot carrier transfer and the
carrier transfer mechanism are discussed on the basis of state-selective excitation of
femtosecond transient absorption spectroscopy and initial bleach yield of band-edge
state. The role of phonon emission from higher excited states on hot carrier transfer
in quantum-confined NCs is revealed. In addition, carrier manipulation of a single
semiconductor NC by plasmonic nanostructures is demonstrated with single particle
spectroscopy. The distance dependence between a single semiconductor quantum
dot (QD) and a plasmonic nanostructure on luminescence intensity and lifetime of a
single semiconductor QD is discussed in terms of the electromagnetic enhancement
of absorption and luminescence and energy transfer quenching by the plasmonic
nanostructure.

Keywords Hot carrier transfer · Semiconductor nanocrystal · Quantum
confinement · State-selective transient absorption spectroscopy · Phonon
emission · Carrier manipulation · Single particle spectroscopy · Energy transfer ·
Plasmonic nanostructure

10.1 Introduction

Colloidally synthesized semiconductor nanocrystals (NCs) have unique optical and
physical properties resulting from the strong confinement of electron and hole, which
can be used as promising materials such as photocatalysis and photovoltaics. One
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of the typical quantum-confined materials is semiconductor quantum dots (QDs),
in which electron and hole are confined along three-dimensional (3D) directions,
showing the size-tunable absorption and luminescence spectra originating from the
discrete electronic states [1], and highly efficient multiple exciton generation (MEG)
[2–4] by one-photon absorption. One- and two-dimensional quantum-confined semi-
conductors are known as nanoplatelets (NPLs) and nanorods (NRs), respectively, as
illustrated in Fig. 10.1. The relaxation rate of excited electron and hole with excess
energy (hot electron, hot hole) in semiconductor NCs is strongly dependent on the
dimensionality of quantum confinement.

Concerning the discrete electronic states of 3D confined CdSe QDs, it is well
known that the energy spacing between 1S(e) and 1P(e) states is ten times larger
than the LO phonon energy [1, 5]. Thus, the hot electron higher than 1P(e) state in
QDs relaxes to the band-edge 1S(e) state by different processes from the bulk semi-
conductors such asAuger cooling process that is the energy transfer from hot electron
to hole, and energy transfer to surface ligands [6–9]. Kambhanpati’s group examined
the size dependence of intraband transition rate in CdSe QDs by the state-selective
excitation experiments and found that the dominant hot carrier relaxation processes
from 1P(e) to 1S(e) were due to Auger cooling [8]. According to these previous
studies, the rate of intraband relaxation from 1P(e) to 1S(e) state can be regulated by
the wavefunction separation between electron and hole as well as surface ligands.
On the other hand, the intraband relaxation of hot carrier in CdSe NPLs with 1D
confined quantum well structure is less than 100 fs that is much faster than that of
CdSe QDs [10]. For the conventional solar cells using bulk semiconductors, the hot
carrier relaxes to the band-edge state immediately after the excitation by efficient
phonon emission through continuous electronic states, which leads to thewell-known
Shockley–Queisser limit giving the maximum conversion efficiency of ~32% [11].
By utilizing the excess energy of hot carriers, themaximum efficiency of solar energy
conversion could reach up to ~67% in a theoretical calculation [12]. Thus, the rela-
tionship between the dimensionality of quantum confinement in semiconductor NCs
(QDs, NRs, NPLs) and the efficiency of hot carrier extraction by attaching acceptors
is very important issue for constructing the next-generation solar cells. Firstly, we
show the experimental methods to evaluate the efficiency of hot carrier extraction
by using a state-selective excitation technique of femtosecond transient absorption

Fig. 10.1 Structures of quantum-confined semiconductor NCs from 3D to 1D confinements
of carriers: quantum dots (QDs), nanorods (NRs), and nanoplatelets (NPLs) and their hybrid
nanostructures (HNs) attached with acceptors for carrier extraction
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spectroscopy and the initial bleach yield of the band-edge state of semiconductor
NCs. The effect of quantum confinement of semiconductor NCs on the extraction of
hot carriers by acceptor molecules and metal nanoparticles (NPs) (Fig. 10.1) will be
discussed.

Given the situation that the size of metal NPs becomes larger, plasmonic field
appears near NPs called plasmonic nanostructures. Multiple carriers or excitons can
be generated in semiconductorNCs by the interactionwith plasmonic nanostructures.
The generated multiple excitons disappear within a few ps ~ hundred ps by Auger
recombination (AR) processes [13–18], so the extraction of multiple excitons is also
important for the application to solar energy conversion. Secondly, the manipulation
of a single and multiple excitons in a single QD is demonstrated by the distance
regulation between plasmonic nanostructures and a single QD. The competition
between electromagnetic enhancement of absorption and luminescence and energy
transfer quenching by a single plasmonic nanostructure will be discussed.

10.2 Analytical Methods of Hot Carrier Extraction
from Semiconductor NCs—Acceptor Hybrid System

In transient absorption spectrum, the bleach dynamics of the band-edge state of semi-
conductor NCs can be interpreted in terms of the state-filling [19]. A representative
energy diagram of CdSeQDs excited at i state higher than 1P(e) is shown in Fig. 10.2.
The 1S(e) state is occupied by the electron relaxed from higher excited i state, so the
rise time of 1S bleach can be observed with the intraband relaxation rate of k1. The
rate constant k1 includes the sequential relaxation processes in QDs from i → 1P
and 1P → 1S, which can be approximately expressed as one process (i → 1S) with
the rate constant of intraband relaxation. In QD-acceptor HNs, providing that the hot
electron is transferred from the higher excited state to acceptor with the rate constant
of kHET, 1S bleach dynamics (absorbance change, -�OD(1S)) can be represented
by the following equation convolved with the instrumental response function (IRF),

Fig. 10.2 Energy diagram
of CdSe QDs—acceptor
system excited at i state. Hot
electron transfer (kHET) from
higher excited state to the
acceptor competes with the
intraband relaxation (k1)
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where [i]0 is the initial concentration of the i state and ⊗ indicates the convolution.
This equation is based in the long lifetime of 1S(e) state. In the existence of band-edge
electron transfer from 1S(e) state with the rate constant of kET, the decay component
of exp(−kET t) should be introduced instead of 1 in Eq. (10.1).

−�OD(1S) ∝ [1S(e)] = k1
k1 + kHET

[i]0
[
1 − exp

(−(k1 + kHET)
t
)] ⊗ IRF (10.1)

The 1S initial bleach amplitude of QDs in transient absorption spectra, defined
as BQDs = �OD(1S)QDs/OD(λex)QDs at a maximum absorbance change just after
the excitation, is an another important parameter to evaluate the hot carrier transfer,
whereOD(λex)QDs is the absorbance ofQDs at the excitationwavelength. The ratio of
the initial bleach amplitude of QD-acceptor HNs (BHNs = �OD(1S)HNs/OD(λex)HNs)
against BQDs, BHNs/BQDs = k1/(k1 + kHET), gives the hot carrier transfer yield (�HET)
by the following Eq. (10.2).

ΦHET = kHET
k1 + kHET

= 1 − BHNs

BQDs
(10.2)

In addition, �HET can be calculated directly from the rise time analysis of 1S
bleach dynamics in Eq. (10.1), which should be compared with the value estimated
from Eq. (10.2). If the disagreement between both values exists and�HET calculated
from 1S bleach amplitude is smaller than the value by rise time analysis, another
factor should be considered. In the case of BHNs < BQDs even in the excitation of 1S
state, in which no hot carrier is generated, ultrafast electron transfer faster than the
excitation pulse width (kET � (pulse width)−1) should be considered as a possible
mechanism. This will be discussed in Sect. 10.10.5 for CdSe QDs-Au HNs.

10.3 Electron Transfer in One-Dimensional
Quantum-Confined System: CdSe NPL-Acceptor HNs

Colloidal CdSe NPLs, typical 1D quantum-confined materials as similar to quantum
wells, were synthesized by Ithurria andDubertret in 2008,with atomic layer precision
of the order of several monolayers in thickness direction [20]. NPLs exhibit bright
and tunable luminescence with narrow line widths even at room temperature and
large absorption cross sections [21]. The strong confinement of electrons and holes
exists only in the thickness direction, and the absorption and emission spectra are
almost independent of the lateral size of NPLs. The quantum confinement with large
shape anisotropy inNPLs lifts the light/heavy-hole degeneracy in balance bandwhile
the quasi-continuous electronic states in conduction band, which will make the large
difference in carrier relaxation and extraction features from those of 3D confined
semiconductor QDs.
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For carrier extraction from NPLs, we prepared CdSe NPLs-molecular acceptor,
methyl viologen (MV2+), HNs to make clear the hot and band-edge electron transfer
by analyzing the formation of radical cation (MV+), as well as the decay dynamics
of the band-edge state of NPLs [10]. CdSe NPLs attached with Au NPs (acceptor)
were also examined to analyze the hot electron transfer.

Figure 10.3a illustrates the absorption spectra and a typical TEM image of CdSe
NPLs (21.7 × 6.7 nm, 4 monolayer thickness) and NPL–MV2+ HNs. The average
number of adsorbed MV2+ to a CdSe NPL is ~80. Two narrow absorption bands
observed at 510 and 479 nm can be assigned to electronic transitions from heavy-hole
(HH) and light-hole (LH) valence bands to the conduction band edge, respectively.
The band-edge luminescence of the CdSe NPLs has a peak at 511 nm with very
narrowwidth (FWHM~8 nm) at room temperature and an average lifetime of 1~2 ns
depending on the lateral size of NPLs. In CdSe NPL–MV2+ HNs, luminescence of
CdSe NPLs is strongly quenched, suggesting the existence of band-edge and/or hot
electron transfer from CdSe NPLs to MV2+ as shown in the energy diagram in
Fig. 10.3b.

Transient absorption spectra of CdSe NPL–MV2+ HNs excited at 400 nm are
illustrated in Fig. 10.4a. Very fast relaxation of the HH and LH bleach signals was
observed for CdSe NPL–MV2+ HNs. In addition, positive transient absorption band
appears in near-IR region (~1060 nm) for CdSe NPLs, which shows faster decay for
NPL–MV2+ HNs as similar to the HH bleach. By adding hole and electron acceptor
experiments, HH band dynamics of CdSeNPLs is mainly originated from the excited
electrons. Thus, the fast relaxation at HH band of CdSe NPL–MV2+ HNs represents
the electron transfer from the band-edge state of CdSe NPLs to MV2+. The electron
transfer from CdSe NPLs to MV2+ can be confirmed by the absorption spectrum of
MV+ radical cation with a peak at 620 nm [22] as shown in Fig. 10.4b.

For CdSe NPL–MV2+ HNs, the rise time of HH band can be expressed as the
inverse of the sum of rate constants of intraband relaxation k1 and hot electron
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Fig. 10.3 a Absorption spectra of CdSe NPLs and CdSe NPL–MV2+ HNs in chloroform. The inset
of (a) is a typical TEM image of CdSe NPLs. b Energy diagram of the conduction and balance band
edges of bulk CdSe and the reduction potential of MV2+ Adapted with permission from Ref. [10].
Copyright 2016 American Chemical Society
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Fig. 10.4 aTransient absorption spectra of CdSeNPL–MV2+ HNs,b transient absorption spectrum
of CdSe NPL–MV2+ HNs observed at 500 ps, and c transient absorption dynamics of HH band
bleach in CdSe NPLs and CdSe NPL–MV2+ HNs. The samples were excited at 400 nm Adapted
with permission from Ref. [10]. Copyright 2016 American Chemical Society

transfer kHET. The rise dynamics of CdSe NPL–MV2+ HNs at HH band is almost
the same (~70 fs) as the CdSe NPLs as clearly shown in Fig. 10.4c. The rate of
hot electron relaxation (~60–70 fs) in CdSe NPLs is much faster than that in CdSe
QDs and NRs irrespective of lateral sizes of NPLs. In addition, the initial bleach
amplitudes of HH band of both systems, BNPL–MV2+ and BNPL, are also very similar
[10]. From these results, the hot electron transfer does not occur in CdSe NPL–MV2+

HNs. This is in contrast with CdSe QDs or CdSe NRs, where the hot electron transfer
occurs in these NCs as discussed in Sects. 10.4 and 10.5.

We observed two types of electron transfer from band-edge state of CdSe NPL to
MV2+. As shown in Fig. 10.5a, sub ps and ps scale rise components were detected in
the formation ofMV+, in accordance with the two decay components of HH band. To

~ fs ET

~ ps ET

(adsorbed on short 
axes, long distance)

(a)
(b)

(adsorbed on long  
axes, short distance)

Fig. 10.5 Transient absorption dynamics of a CdSe NPL–MV2+ HNs observed at 620 nm (MV2+),
b electron transfer rates kET as a function of distance from the center of CdSe NPLs. A good
correlation was obtained between kET and distance, with kET(d) = k0 exp(-βd), β ~ 0.33 nm−1

Adapted with permission from Ref. [10]. Copyright 2016 American Chemical Society
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reveal the origin of two different electron transfer rates, we examined the lateral size
dependence on the rate of electron transfer dynamics by using four kinds of CdSe
NPLs. The rates of fast and slow electron transfer processes became longer as the
lateral dimension of NPLs increased (τfast: from 370 to 580 fs, and τslow: from 2.4 to
6.2 ps). The electronic coupling strength,

∣∣H(E)
∣∣, between theCdSeNPLs andMV2+

should be different at the different NPLs faces since the shape of CdSeNPLs is highly
anisotropic, with a large lateral size (short axis of 5.1–7.5 nm and long axis of 15.0–
22.8 nm) and small thickness (4 monolayers, ~1.2 nm), resulting in the difference of
wavefunction penetration depending on the face. Therefore, the fast electron transfer
is probably originated from adsorbed MV2+ on long axes of CdSe NPLs faces, and
the slow electron transfer is due toMV2+ adsorbed on short axes of CdSeNPLs faces,
since the wavefunction penetration of electrons along with the long axes of NPLs is
expected to be much larger than that of the short axes. If MV2+ were adsorbed on the
plane of CdSe NPLs,

∣∣H(E)
∣∣ would not change with the lateral size because all the

CdSe NPLs have the same thickness, and the electron transfer rate should be similar
irrespective of the lateral size. In addition, it is known that the faces perpendicular
to the thickness direction are well passivated by carboxylic acid groups because of
the termination with cadmium atoms [23]. Furthermore, MV2+ tends to adsorb to the
Se-terminated anionic surface, and thus, the adsorption of MV2+ is not so easy on
the face perpendicular to the thickness direction. By considering the wavefunction
penetration and electronic coupling,

∣∣H(E)
∣∣, the observed fast and slow electron

transfer from the CdSe NPLs to MV2+ can be assigned to electron transfer at the
faces of the long and short axes in the lateral dimension, respectively (Fig. 10.5a).
These rate constants are plotted against the half-length of the short and long axes in
the lateral dimension of CdSe NPLs, as illustrated in Fig. 10.5b. A good correlation
was obtained between two electron transfer rates and the length of the short and long
axes, showing the well-known exponential behavior of kET(d)= k0 exp(−βd), where
d is the distance between donor and acceptor (half-length of the lateral dimension,
or the distance from the center of NPLs), k0 is the preexponential factor, and β

characterizes the exponential distance dependence of the transfer (β ~0.33 nm−1).
This correlation also supports the importance of wavefunction penetration and the
electronic coupling with MV2+. This electronic coupling of CdSe NPL-MV2+ HNs
is relatively weak as compared with that of CdSe QD-MV2+ HNs, since the ultrafast
electron transfer was observed from CdSe QDs to MV2+ within 100 fs [24]. Because
of the fast intraband relaxation due to efficient phonon emission in quasi-continuous
conduction band of NPLs and the weak electronic coupling, the hot electron transfer
does not occur from CdSe NPLs to MV2+.

Au NPs can be used to extract electrons fromCdSe NPLs. As shown in Fig. 10.6a,
small-sizedAuNPs (~1.1 nm)were attachedwith fourmonolayerCdSeNPLs (lateral
size of 5.8 × 20.8 nm2). Transient absorption dynamics at heavy-hole wavelength
(~510 nm) of both CdSe NPLs and CdSe NPL-AuHNswere illustrated in Fig. 10.6b.
The heavy-hole band dynamics of CdSe NPL-Au HNs could be fitted by a sum of
exponential functions with the lifetime of ~0.9 ps and ~4 ps components, which can
be assigned to the electron transfer from the band-edge state of CdSe NPLs to Au
NPs. The rates of electron transfer are slower than those for CdSe QD-Au HNs as
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Fig. 10.6 a A typical STEM image of CdSe NPL-Au HNs with Au NP diameter of ~1.1 nm (red
circle). The average lateral size of CdSe NPLs is 5.8 × 20.8 nm2. b Transient absorption dynamics
of CdSe NPLs and CdSe NPL–Au HNs observed at heavy-hole bleach wavelength (~510 nm). The
samples were excited at 400 nm. c Schematic illustration of electron transfer in CdSe NPL-Au HNs

shown in Sect. 10.5. The slower electron transfer rate in NPLs is likely due to the
difference of electronic coupling constant. CdSe NPLs have much larger lateral size
as compared to the diameter of CdSe QDs (~4.2 nm), leading to the weak electronic
coupling in CdSe NPL-Au HNs. In addition, the rise time of the band-edge state of
CdSe NPL-AuHNs is almost the same as the CdSe NPLs, as illustrated in Fig. 10.6b.
The initial bleach yield of CdSe NPL-Au HNs (BNPL–Au) is also similar to that of
CdSe NPLs (BNPL). These results suggest that the hot electron transfer from higher
excited states does not exist in CdSe NPL-Au HNs as illustrated in Fig. 10.6c.

10.4 Electron Transfer in Two-Dimensional
Quantum-Confined System: CdSe NR-Acceptor HNs

The electron transfer dynamics from CdSe NRs (4.0 nm × 14.0 nm, inset of
Fig. 10.7a) to Au NPs attached to the tip of NRs has been examined by femtosecond
transient absorption and single particle spectroscopy [25]. Figure 10.7a shows
absorption spectra of CdSe NRs and CdSe NR-Au HNs A, B, and C with the average
Au NPs diameter of 1.5, 1.6, and 2.2 nm for HNs A, B, and C. Absorption bands of
CdSeNRsat 590nm, 550nm, and480nmcanbe assigned to the transitions of 1σe-1σh

(1�), 2σe-2σh (2�), and 1πe-1πh (1�), respectively, by considering the electronic
structure of CdSe NRs [26]. Luminescence of CdSe NRs is efficiently quenched with
increasing Au NPs diameter, indicating the existence of electron transfer from CdSe
NRs to Au NPs. By analyzing the transient absorption dynamics of CdSe NR-Au
HNs, the lifetimes of 1� bleach are 2–4 ps and become faster with increasing Au
NPs diameter. The faster decay is due to the electron transfer from 1σe state of NRs
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Fig. 10.7 a Absorption spectra of CdSeNRs (inset: TEM image, 4.0× 14.0 nm2) and CdSeNR-Au
HNs (Au diameter: 1.5, 1.6, 2.2 nm for A, B, and C). b 1� bleach dynamics and c 1� initial bleach
yields of CdSe NRs and CdSe NR-Au HNs. The excitation wavelength is 400 nm. d Schematic
illustration of electron transfer in CdSe NR-Au HNs Adapted with permission from Ref. [25].
Copyright 2013 Royal Society of Chemistry

to Au NPs. The electron transfer rate in CdSe NR-Au HNs is slower than that in
CdSe QD-Au HNs (Sect. 10.5), which is mainly due to the weak electronic coupling
between the electronic wavefunction penetrated into the long axis (14.0 nm, larger
than the exciton Bohr radius ~5.6 nm) of CdSe NRs and Au NPs attached to the tip.

Rise dynamics and initial bleach amplitude of 1� bleach band of CdSe NR-Au
HNs excited at 400 nm are illustrated in Figs. 10.7b, c, respectively. With increasing
the diameter of Au NPs, the rise time of 1� bleach band becomes faster as clearly
shown in Fig. 10.7b (0.30 ps for NRs only, 0.27 to 0.23 ps from HNs A to C). This
tendency is consistent with the initial bleach amplitude of 1� band as shown in
Fig. 10.7c, in which the bleach amplitude of HNs A, B, and C decreased by 10,
19, and 23%, respectively, as compared to that of CdSe NRs. Both results of rise
time and initial bleach amplitude support the existence of hot electron transfer from
higher excited state of CdSe NRs to AuNPs as illustrated in Fig. 10.7d. By analyzing
the rise times of CdSe NR-Au HNs and CdSe NRs, the hot electron transfer rates
were estimated to be ~2.7, ~2.0, and ~1.0 ps for CdSe NR-Au HNs A, B, and C. In
addition, the hot electron transfer yield (�HET) of CdSe NR-Au HNs obtained by
the rise time analyses are 0.10, 0.14, and 0.23 in CdSe NR-Au HNs A, B, and C,
respectively. These yields are in good agreement with the values obtained from the
initial bleach amplitude of 1� band in CdSeNR-AuHNs. Thus, the ultrafast electron
transfer faster than the pulse width (� 100 fs) does not exist in CdSe NR-Au HNs,
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which is in contrast with CdSe QD-Au HNs as shown in Sect. 10.5. This difference
is originated from the relatively weak electronic coupling between CdSe NRs and
Au NPs even though the existence of hot electron transfer.

10.5 Electron Transfer in Three-Dimensional
Quantum-Confined System: CdSe QD-Acceptor HNs

For 3D confined system of PbS QD-Au HNs, we observed ultrafast electron transfer
and ps scale hole transfer from the band-edge state of PbS QDs to Au NPs by
state-selective femtosecond transient absorption spectroscopy [26]. For CdSe/CdS
core/shell QD-Au HNs, the electron transfer from higher excited and band-edge
states of core/shell QDs to Au NPs was reported, although the excitation wavelength
dependence and the consistency between the rise time of bleach dynamics and the
initial bleach amplitude has not been examined yet [27]. We synthesized and char-
acterized CdSe QD-Au HNs with different-sized Au NPs, and the mechanism of
electron transfer from CdSe QDs to Au NPs was revealed by state-selective transient
absorption spectroscopy [28].

Absorption spectra of CdSe QDs (diameter 4.2 ± 0.3 nm) and CdSe QD-Au HNs
are illustrated in Fig. 10.8a. Absorption spectra of CdSe QD-Au HNs slightly shift to
the shorter wavelength and become broader with increasing the diameter of Au NPs.
The broad absorption spectra of CdSe QD-Au HNs are originated from both strong
electronic coupling and absorption of small Au NPs (A ~1.3 nm, B ~2.0 nm) attached
to CdSe QDs. The band-edge luminescence of CdSe QDs is strongly quenched in

Fig. 10.8 a Absorption spectra of CdSe QDs (diameter: 4.2 ± 0.3 nm) and CdSe QD-Au HNs A,
B (Au diameter: A = 1.3 ± 0.4 nm, B = 2.0 ± 0.4 nm, inset: TEM image of B). Femtosecond pulse
spectra for 1P (496 nm), 2S (555 nm), and 1S (574 nm) excitation are also shown. b Schematic
energy diagram of CdSe QD-Au HNs Adapted with permission from Ref. [28]. Copyright 2019
American Chemical Chemistry
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CdSe QD-Au HNs, suggesting the existence of efficient electron transfer from CdSe
QDs to Au NPs. State-selective transient absorption spectroscopy was used to reveal
the electron transfer mechanism from CdSe QDs to Au NPs, in which HNs were
excited at 574, 555, and 496 nm as well as 400 nm, corresponding to the selective
excitation of 1S(e)-1S3/2(h) (1S), 1S(e)-2S3/2(h) (2S), and 1P(e)-1P3/2(h) (1P) as
illustrated in Fig. 10.8b, respectively.

The transient absorption spectra of CdSe QD-Au HNs excited at 400 nm are
shown in Fig. 10.9a. The spectral features of QD-AuHNs are similar with CdSeQDs.
However, the fast relaxation (750 fs (60%) for A, 450 fs (75%) for B) of transient
absorption signal can be observed in CdSe QD-Au HNs, which corresponds to the
band-edge electron transfer from 1S(e) of CdSe QDs to Au NPs. Another difference
of the spectral feature is the existence of long-lived positive absorption at ~610 nm
in CdSe QD-Au HNs originating from the charge separation in HNs. In previous
studies, the positive absorption longer than 1S bleach band with a short lifetime
(<1 ps) was attributed to the spectral shift of 1S transition due to the biexciton effect
between hot carrier and 1S exciton generated by the probe pulse [6]. On the other
hand, the positive absorption band was also observed by the charge separation from
semiconductor NCs to the outside because of the electric field-induced exciton peak
shift by a Stark effect [26]. The long-lived positive absorption at ~610 nm observed
in transient absorption spectra of CdSe QD-Au HNs suggests the charge separation
between CdSe QDs and Au NPs.

The important differences between CdSe QDs and HNs are faster rise time of
1S bleach dynamics and low 1S bleach yield for CdSe QD-Au HNs as illustrated in
Figs. 10.9b and c. By using the rise time at 1S bleach band of CdSe QDs (~290 fs
(1/k1)) and the both of CdSe QD-Au HNs A and B (~150 fs (1/(k1+ kHET)), the rate of
hot electron transfer (1/kHET) and the yield (�HET) in both CdSe QD-Au HNs A and
Bwere calculated to be ~310 fs and ~0.48, respectively. On the other hand, the ratios
of 1S bleach yields in CdSe QD-Au HNs A and B against CdSe QDs (BHNs/BQDs)
calculated fromFig. 10.9cwere ~0.31 and ~0.15, respectively. These values aremuch
smaller than the estimated values from 1-�HET (=0.52). The decrease of initial 1S
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from Ref. [28]. Copyright 2019 American Chemical Chemistry



182 N. Tamai and S. Masuo

bleach amplitude observed in our experiments is probably due to ultrafast electron
transfer faster than the instrument response function from the 1S(e) state of CdSe
QDs to Au NPs.

The 1S bleach yields (BHNs/BQDs) of CdSe QD-Au HNs A and B with 1P and 1S
excitation are plotted against the excitation intensity as illustrated in Fig. 10.10. In
1S excitation experiments (Fig. 10.10b), BHNs/BQD of CdSe QD-Au HNs A and B is
estimated to be ~0.71 and ~0.28, respectively. The lower value of BHNs/BQD for 1S
excitation is due to the existence of ultrafast electron transfer from 1S(e) to Au NPs,
and the yields (�UET) in CdSe QD-Au HNs A and B can be calculated to be ~0.29
and ~0.72, respectively. In addition, BHNs/BQD of both HNs A and B for 1P excitation
is lower as compared with those in 1S excitation. From rise time analyses, �HET of
both HNs A and B under 1P excitation was estimated to be ~0.50 as similar to 400 nm
excitation (~0.48). Thus, the lower BHNs/BQD under 1P excitation is originated from
both hot electron transfer and ultrafast electron transfer from 1S(e). In addition,
BHNs/BQDs for 1P excitation is similar to that for 400 nm excitation, suggesting that
the hot electron transfer mainly occurs from 1P(e) state of CdSe QDs to AuNPs even
though the hot electron is generated at higher excited state than 1P(e). BHNs/BQDs

of CdSe QD-Au HNs A and B for 1P excitation can be calculated by the products
of (1-�HET) and (1-�UET). The calculated BHNs/BQDs for HNs A and B is ~0.36
and ~0.14, respectively, which are in good agreement with the observed BHNs/BQDs

(0.36 and 0.15 for A and B) [28]. This result suggests the importance of hot electron
transfer from 1P(e) and ultrafast electron transfer from 1S(e) in CdSe QD-Au HNs
as illustrated in Fig. 10.10c. Phonon bottle neck in the relaxation from 1P(e) to 1S(e)
and strong electronic coupling originated from the wavefunction penetration in 3D
quantum-confinedCdSeQDs attachedwith acceptors play an important role for these
unique properties of electron transfer.

Fig. 10.10 a 1S bleach yields of CdSe QD-Au HNs A and B under 1P excitation, b 1S bleach
yields of CdSe QD-Au HNs A and B under 1S excitation, and c schematic illustration of hot
electron transfer from 1P(e) and ultrafast electron transfer from 1S(e) in CdSe QDs Adapted with
permission from Ref. [28]. Copyright 2019 American Chemical Chemistry
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10.6 Control of Multiexciton Dynamics Using Plasmonic
Nanostructures

Colloidal semiconductor nanocrystal QDs are one of the most attractive fluorophores
because of the size-dependent emission wavelengths, narrow emission line width,
and high photodurability. A crucial property of the QDs is the simultaneous exis-
tence ofmultiple excitons (MX) in a single QD. By utilizing theMX, the efficiency of
the optoelectronic devices can be considerably increased. Furthermore, multiphoton
emission from triexciton (TX) and biexciton (BX) states can behave as correlated
photon pairs, i.e., quantum entangled photons, to realize quantum information tech-
nologies. However, when MX are produced in a single QD, nonradiative Auger
recombination (AR) efficiently occurs, i.e., the MX decay to a single exciton (SX)
by AR, and thus, the excitons are wastefully consumed by AR. AR also caused the
emission blinking behavior which is calledAuger ionization. Therefore, AR suppres-
sion has been extensively studied for effective use of the excitons. On the other hand,
AR promotes single-photon emission from a single QD, i.e., photon antibunching in
the QD emission, because the SX as a result of AR can emit a single photon even
whenMX are generated in a single QD. The single-photon emission is also important
emission property of a single QD for quantum information technologies. Therefore,
it is crucial to control the MX dynamics and subsequent emission photon statistics
for the applications employing QDs.

We previously reported that the emission photon statistics, i.e., multiphoton emis-
sion and a single-photon emission from a single QD, can be modified by interac-
tions of the QD with plasmonic nanostructures, i.e., metallic nanostructures (MNSs)
[29–36]. After that, similar enhancements of multiphoton emission were reported
using several QD-MNS systems [37–54]. Two possibilities have been discussed as
the mechanism for the enhancement of the BX emission. One mechanism is the
enhancement of the BX emission rate by the MNS, which is same as our previous
results. Another is the quenching of SX emission by the MNS, i.e., a decrease in
the quantum yield of SX emission rather than an actual increase in the quantum
yield of BX emission. Thus, the interaction of QD with MNS, particularly the influ-
ence of the MNS on the MX dynamics, is unrevealed. To elucidate the influence, a
single QD-MNS system in which both the spectral overlap and the distance are fully
controlled would be used because the interaction between the QD andMNS strongly
depends on the spectral overlap and the distance. However, the investigation using
such systems has not been reported. Additionally, one would have to directly observe
changes in the emission behavior of a single QD that accompany the interaction with
an MNS. To achieve the direct observation, we used two atomic force microscopy
(AFM) techniques.
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10.6.1 Multiexciton Control of Single QDs Using Nanosized
AuCube

As a first AFM technique, AFM manipulation of a cubic-shaped gold nanoparticle
(AuCube) was employed [33]. A transmission electron microscopy (TEM) image of
the AuCube is shown in Fig. 10.11a. The edge length of the AuCube was estimated
to be 87.0 ± 2.4 nm. An extinction spectrum of the AuCube is shown in Fig. 10.11b
with the absorption and photoluminescence (PL) spectra of CdSe/ZnS core/shell QD
in toluene. The localized surface plasmon resonance (LSPR) band of the AuCube
overlaps with both the absorption and PL spectra of the QD. This overlap means that
both excitation and relaxation (i.e., radiative and nonradiative) processes of the QD
can be modified by the AuCube to select the excitation wavelength. In this work, a
ps-pulsed laser of 405 nm was used as an excitation light source. Under this excita-
tion condition, the LSPR could not be efficiently excited by the laser (Fig. 10.11b).
Therefore, the enhancements of the radiative and nonradiative processes weremainly
considered. By using the well-defined AuCube, we can simply discuss the mecha-
nism of the interaction between QD and MNS because the wavelength of the LSPR
band is not varied in each AuCube.

Figure 10.12 shows one example of AFM manipulation of an AuCube. In these
AFM images, single QDs and an AuCube are visualized. The AuCube approached

Fig. 10.11 a Transmission
electron microscopy (TEM)
image of mono-dispersed
cubic Au nanoparticles
(AuCubes). b Absorption
(blue) and PL (green) spectra
of a CdSe/ZnS QD in
dispersed solution, an
extinction spectrum of the
AuCube in dispersed
solution (red). The excitation
wavelength (405 nm) is
marked as a purple vertical
line Adapted with
permission from Ref. [33].
Copyright 2016 American
Chemical Society
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Fig. 10.12 AFM images of single QDs and an AuCube on a glass coverslip before (a) and after
(b) the AFM manipulation of an AuCube. The scale bar in (a) represents 500 nm

the single QD by pushing the AuCube in the direction of the arrow (Fig. 10.12a).
After approach of the AuCube near the QD, the single QD and the AuCube over-
lapped (Fig. 10.12b). The center-to-center distance between theQD andAuCubewas
estimated to be 5 nm, indicating that the QD overlapped with the AuCube or might
be attached to the side of the AuCube. After measuring the emission behavior of the
single QD, the AuCube was separated from the single QD by the manipulation. And
then, the emission behavior of the QD was measured again.

The emission behaviors of the single QD accompanying the AFM manipulation
of the AuCube are shown in Fig. 10.13. Before the manipulation of the AuCube,
the maximum PL count from the single QD was estimated to be ca. 45 counts/ms
(Fig. 10.13a). The photon correlation histogram obtained from a single QD is shown
in Fig. 10.13d. The center peak at a delay time of 0 ns was lower than other peaks.

Fig. 10.13 Time traces of the PL intensity (a–c), photon correlation histograms (d–f), and PL
decay curves (g–i) detected from a single QD before (a, d, g) and after (b, e, h) the approach of the
AuCube, and after the AuCube was pushed away (c, f, i)
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The photon correlation histogram indicates that the probability of the single-photon
emission increases when the center peak at delay time 0 ns is close to zero. To
analyze the photon correlation histogram quantitatively, the second-order correlation
function, g(2)(0), was defined as the ratio of the center peak to the average number
of the other peaks. Thus, the g(2)(0) value means that the probability of a single-
photon emission increases when g(2)(0) is close to zero. In the case of emission
from a single QD, the g(2)(0) value corresponds to �BX/�SX, where �BX and �SX

are quantum yields of the BX and SX emission, respectively. In the case of the
photon correlation histogram shown in Fig. 10.13d, the g(2)(0) value was calculated
to be 0.14, indicating that the isolated single QD exhibited single-photon emission,
i.e., photon antibunching. PL decay curve of the single QD (Fig. 10.13g) was well
fitted using a single exponential decay function with a lifetime of 29.6 ns. These are
typical PL behavior of the single QD itself, which were dramatically modified by the
approach of the AuCube. The PL behavior of the single QD after the manipulation of
theAuCube is shown in Fig. 10.13b, e, and h. ThemaximumPL count from the single
QD increased from ca. 45 counts/ms to ca. 60 counts/ms. In the photon correlation
histogram, the center peak dramatically increased, and the g(2)(0) values increased
to 0.97. This increase in the g(2)(0) values indicated that the contribution of the BX
emission from the single QD was 6.9 times higher than that of the single QD before
the approach of the AuCube. In Fig. 10.13h, the PL was decayed rapidly, indicating
the radiative and/or nonradiative processes of the QD which was modified by the
AuCube. By the approach of the AuCube to the single QD, the PL intensity and the
contribution of theBXemission increased 1.3 times and6.9 times, respectively,with a
shortening of the PL lifetime. The PL behavior of the single QD after separating the
AuCube is shown in Fig. 10.13c, f, and i. The PL intensity, photon antibunching
behavior, and decay curve were returned to original behavior, i.e., the emission
behavior of the single QD before the approach of the AuCube. The importance of
the present results is that the modification of the PL behavior was directly observed
accompanying the interaction between a single QD and an AuCube. To discuss
the mechanism of the modification, the enhancement factors of the radiative and
nonradiative rates were estimated from themodified PL intensity and the PL lifetime.
As a result, the enhancement factors for the radiative and nonradiative rates were
estimated to be 95 and 54 times, respectively [33]. These values indicated that the
proposed two mechanism, i.e., both the enhancement of the BX emission rate and
the quenching of the SX state, result in an increase in the contribution of the BX
emission upon the interaction of theQDwith theAuCube. The present results directly
demonstrated that the emission photon statistics and PL intensity from a single QD
can be tuned by controlling the exciton relaxation processes using MNS.
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10.6.2 Multiexciton Control of Single QDs Using AFM AgTip

The interaction between QDs and MNS is based on dipole-dipole interaction. Thus,
the interaction should be strongly influenced by the distance with a nanometer-
scale between the QD and MNS. In the case of above AFM manipulation, however,
control of the distance between the single QD and the AuCube with nanometer-scale
precision was quite hard. Thus, we utilized a silver-coated AFM cantilever (AgTip)
as anMNS to achieve the distance control. By setting theAgTip on anAFMsystem as
a cantilever, distance between a QD and an AgTip can be controlled with the spatial
resolution of a Piezo actuator unit, i.e., nanometer-scale precision. In addition, using
the AgTip, which exhibits a well-defined LSPR band, both the distance and the
spectral overlap can be controlled [34].

The AgTip was prepared by sputtering Ag on an Si cantilever. Figure 10.14 shows
the scanning electronmicroscopy (SEM) images of the Si cantilever (a) and theAgTip
(b). In image (b), the coating of the cantilever by Ag was confirmed. The tip radius
of the AgTip was estimated to be 20–30 nm from the SEM images. The scattering
spectrum of the AgTip is shown with the absorption and PL spectra of CdSe/ZnS QD
in Fig. 10.14c. The LSPR band of the AgTip fully overlaps the absorption spectrum
and slightly overlaps the PL spectrum of the QD. In this work, 405 and 465 nm lasers
were used as the excitation light source. The LSP of the AgTip could be generated
under the 465 nm excitation. Thus, the excitation rate of the QD could be enhanced

Fig. 10.14 Scanning
electron microscopy (SEM)
images of the Si cantilever
(a) and an AgTip prepared
by sputtering Ag (b). The
scale bars in the images
represent 100 nm. c A
scattering spectrum of the
AgTip (black line), the
absorption (green line), and
PL (red line) spectra of
CdSe/ZnS QD dispersed in
toluene. The excitation
wavelengths of 405 and
465 nm were indicated by
the vertical purple and blue
lines Adapted with
permission from Ref. [34].
Copyright 2016 American
Chemical Society
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by the electric field of the LSP under 465 nm excitation because of the overlap
between the LSPR band and the absorption spectrum of the QD. On the other hand,
the relaxation rate of the QD could also be enhanced by the AgTip independent of
the excitation wavelength because of the spectral overlap between the PL spectrum
and LSPR band. To generate the electric field of z-direction on the AgTip, a radially
polarized laser beam was introduced to the microscope.

The PL and AFM images of the single QDs dispersed on a glass coverslip are
summarized in Fig. 10.15. In the PL images, individual QDs exhibit a double-lobed
PL intensity pattern, which is characteristics of radially polarized beam excitation.
The full-width at half-maximum (fwhm) of the center lobe (Fig. 10.15a) was esti-
mated to be 220 nm (Fig. 10.15b). The PL and AFM images of the same area as
image (a) were then measured again under 405 nm excitation with approaching the
AgTip (Fig. 10.15c, d). The center lobe of each PL spot was vanished by approaching
the AgTip (Fig. 10.15c), which was also confirmed by the cross section of the PL
spot shown in Fig. 10.15g. This result indicates that the PL from the individual
QDs was quenched, namely the nonradiative decay rate of the QD was enhanced by
approaching the AgTip. On the other hand, in the PL image under 465 nm excitation
with approaching the AgTip (Fig. 10.15e), the center lobe of the PL spots was not
vanished. The fwhm of the center lobe was smaller (97 nm, Fig. 10.15h) than the
cross section (Fig. 10.15b) obtained under 405 nm excitation without approaching
theAgTip. These results indicated that the PLwas not quenched in the case of 465 nm
excitation, and the spatial resolution of the PL image was increased by the approach
of the AgTip.

The representative emission behavior of a single QD depending on the distance
between a single QD and the AgTip (z-distance) is summarized in Fig. 10.16. In
the time traces of the PL intensity (Fig. 10.16a–e), the PL intensity decreased with
decreasing the z-distance. In the PL decay curves (Fig. 10.16k–o), the curves was
shortened with decreasing z-distance. The decrease in the PL intensity with short-
ening lifetime depending on the z-distance clearly indicated that the PL of theQDwas
quenched, namely the nonradiative decay rate of the QDwas enhanced by the AgTip
due to the resonance energy transfer from the QD to the AgTip. In the photon corre-
lation histogram (Fig. 10.16f–j), the center peak gradually increased with decreasing
the z-distance. The g(2)(0) before the approach of the AgTip was estimated to be 0.09
(Fig. 10.16f). This value increased to 0.17 for z = 10 nm (Fig. 10.16g) and 0.85 for
z = 6 nm (Fig. 10.16h). In the case of z = 2 nm (Fig. 10.16i), the photon correlation
histogram could not be constructed because of the low PL intensity. After retracting
the AgTip (Fig. 10.16j), the g(2)(0) value returned to the original value of 0.08. These
results indicated that single-photon emission from the singleQD (before the approach
of the AgTip) changed to multiphoton emission with the approach of the AgTip, i.e.,
the emission photon statistics of the QD can be controlled by the resonance energy
transfer. This control of the emission photon statistics can be interpreted as follows.
In the case of 405 nm excitation, no excitation enhancement occurs because the LSP
is not generated on the AgTip. On the other hand, enhancement of the nonradiative
rate (quenching) by the energy transfer occurs through the spectral overlap between
the PL and LSPR band. Thus, we conclude that, in the case of the QD-AgTip system,
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Fig. 10.15 a A PL image of single QDs obtained under 405 nm excitation without the approach of
the AgTip. b A cross section of the single PL spot indicated by the dotted line in image (a). c, d A
PL image of single QDs obtained from the same area as image (a) under 405 nm excitation with the
approach of AgTip. d An AFM image obtained from the same area as images (a, c). e A PL image
of single QDs obtained under 465 nm excitation with an approach of the AgTip. f An AFM image
obtained from the same area as images (e). g, h Cross sections of the single PL spots indicated by
the dotted lines in images (c) and (e), respectively. The size of all images is 5 μm × 5 μm. The
scale bar in image (a) represents 1 μm Adapted with permission from Ref. [34]. Copyright 2016
American Chemical Society
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Fig. 10.15 (continued)

Fig. 10.16 Time traces of the PL intensity (a–e), photon correlation histograms (f–j), and PL
decay curves (k–o) detected from the same single QD depending on the z-distance under 405 nm
excitation: (a, f, k) before the approach of the AgTip; (b, g, l) z = 10 nm; (c, h, m) z = 6 nm; (d, i,
n) z = 2 nm; and (e, j, o) after the AgTip was retracted Adapted with permission from Ref. [34].
Copyright 2016 American Chemical Society
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the efficient quenching of the SX of the QD is the mechanism for the increase in the
probability of the multiphoton emission.

The representative emission behavior of the single QD observed under 465 nm
excitation with approaching the AgTip is shown in Fig. 10.17. In the case of 465 nm
excitation, enhancement of the excitation rate of the single QDwas expected because
the LSP of the AgTip could be generated under 465 nm excitation. In addition, the
enhancement of the nonradiative decay rate also should occur as in the case of the
405 nm excitation due to the spectral overlap between the PL and the LSPR. Actually,
in contrast to the 405 nm excitation, the PL intensity from the single QD increased
with a decrease in z-distance as shown in Fig. 10.17a–c. When the z-distance further

Fig. 10.17 Time traces of the PL intensity (a–f), photon correlation histograms (g–l), and PL
decay curves (m–r) detected from the same single QD depending on the z-distance under 465 nm
excitation: (a, g, m) before the approach of the AgTip; (b, h, n) z = 10 nm; (c, i, o) z = 8 nm; (d, j,
p) z = 6 nm; (e, k, q) z = 2 nm; and (f, l, r) after the AgTip was retracted Adapted with permission
from Ref. [34]. Copyright 2016 American Chemical Society
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decreased (Fig. 10.17d, e), the intensity decreased. After the AgTipwas retracted, the
PL intensity returned to the same value as before the approach of the AgTip. In the
photon correlation histograms (Fig. 10.17g–l), the center peak gradually increased
with decreasing the z-distance,whichwas sameas in the case of the 405nmexcitation.
Thus, the probability of multiphoton emission increased with decreasing z-distance.
The decay curves (Fig. 10.14m–r)were also shortenedwith decreasing the z-distance.
Interestingly, when the z-distance was 10 nm, the PL intensity increased with a slight
increase in the center peak. As the z-distance further decreased, the center peak
increased, i.e., the probability of multiphoton emission increased, with increasing
the PL intensity (z = 8 and 6 nm). These results demonstrated that the control of
single-photon and multiphoton emission associated with the increased PL intensity
could be achieved through nanometer-scale control of the z-distance. Above emission
behavior observed under 465 nm excitation can be interpreted as follows. The PL
intensity increased by the enhancement of the excitation rate because the LSP could
be generated on the AgTip under 465 nm excitation. Furthermore, the quenching
of SX also occurred as in the case of the 405 nm excitation, which resulted in an
increase in multiphoton emission with a shortening of PL lifetime. The mechanism
of the emission behavior is further discussed below.

The observed enhancements of the PL intensity and g(2)(0) value as a function of
the z-distance built from average values of ten single QD under 465 nm excitation are
summarized in Fig. 10.18. In Fig. 10.18a, the PL intensity increased with decreasing
z-distance, and the intensity reached the maximum value, i.e., enhancement of 2.3
times on average was obtained near z ≈ 10 nm. The intensity then decreased with
decreasing the z-distance. InFig. 10.18b, theg(2)(0) value increasedwith decreasing z-
distance below 10 nm. The enhancement of 10.5 times was obtained as the maximum
value at z ≈ 2 nm. To reveal the mechanism of the modification of the emission
behavior induced by the approach of the AgTip, theoretical analysis was applied to
the enhancement of the PL intensity (Fig. 10.18a) [54]. In this theoretical analysis,
the enhancement of the excitation rate by the LSP of the AgTip and the quenching of
the PL by resonance energy transfer from the singleQD to theAgTipwere considered
to fit the PL enhancement shown in Fig. 10.18a. The red and blue lines in Fig. 10.18a
exhibit the theoretical curves obtained by assumingΦ0

PL = 30 and 40%, respectively,
with tip radius a = 20 nm. The theoretical curves well reproduced the experimental
results using reasonable Φ0

PL and a values. This result supports that the observed PL
enhancement can be explained by the combination of the excitation rate enhancement
by LSP of the AgTip and the quenching of SX by the resonance energy transfer from
the QD to the AgTip. Therefore, the observed increase in multiphoton emission can
be explained by the quenching of the SX due to the energy transfer. The g(2)(0) value
increased with decreasing the z-distance (Fig. 10.18b), because the rate of energy
transfer increases with decreasing z-distance. This quenching occurred independent
of the excitation wavelength because the spectral overlap between PL of the QD and
LSPR of the AgTip is important for the quenching. Thus, the increase in multiphoton
emission was observed under both 405 and 465 nm excitation. In the case of 465 nm
excitation, enhancement of the excitation rate also occurred. Hence, the PL inten-
sity increased with decreasing z-distance, and then, the PL intensity decreased with
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Fig. 10.18 Observed
enhancements of QD
emission by approaching the
AgTip as a function of the
z-distance. a PL intensity,
I/I0, b g(2)(0) value,
g(2)(0)/g(2)(0)0. The
superscript 0 indicates the
values before the approach
of the AgTip. These figures
were built from the average
results of ten single QD
measurements under 465 nm
excitation. The red and blue
lines in (a) show the
theoretical curves obtained
by assuming PL quantum
yield (Φ0

PL) = 30% and 40%,
respectively, with tip radius a
= 20 nm Adapted with
permission from Ref. [34].
Copyright 2016 American
Chemical Society

further decreasing the distance because of the increase in the energy transfer rate. On
the other hand, in the case of 405 nm excitation, the PL intensity simply decreased
with decreasing z-distance due to no enhancement of the excitation rate.

As shown above, we directly demonstrated that the PL behavior of QDs can be
controlled by the interactionwithMNSs. Based on the above results, we can conclude
that the PL intensity can be controlled by the enhancements of the excitation rate
and radiative rate, and multiphoton emission can be enhanced by the radiative rate
and the quenching of SX. Furthermore, these enhancements strongly depend on the
distance between the QD and MNS. Therefore, we can modify the PL behavior of
QDs on demand by the combination of these enhancements and the distance.

10.7 Conclusion

The effects of quantum confinement of colloidally synthesized semiconductor NCs
(QDs, NRs, and NPLs) on hot carrier transfer from higher excited states and
band-edge carrier transfer were described. The state-selective femtosecond tran-
sient absorption spectroscopy and the initial bleach yield of band-edge state of
NCs-acceptor HNs are important tools to reveal the carrier transfer mechanism. 1D
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quantum-confined system, CdSe NPLs with quantum well structure, shows a rapid
intraband relaxation (60–70 fs) due to efficient phonon emission and weak electron-
hole coupling, in which the carrier extraction from higher excited states is not so
efficient. 3D quantum-confined system, CdSe QDs, shows a phonon bottle neck and
strong electron-hole coupling, which is suitable to extract the hot carrier from higher
excited states. Thewavefunction penetration leading to the strong electronic coupling
strength between CdSeQDs andAuNPs plays an important role for ultrafast electron
transfer. In addition, the manipulation of single andmultiexcitons of a single QDwas
demonstrated by using plasmonic nanostructures or metallic nanostructures (MNSs)
based on AFM and single particle spectroscopy. The electromagnetic enhancement
of absorption and luminescence of a single QD and energy transfer quenching by
MNSs are key factors to understand the strong distance dependence between a single
QD and a MNS.
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Chapter 11
The Confinement and Migration
of Charge-Carriers in Lead Halide
Perovskites

Sushant Ghimire, Lata Chouhan, and Vasudevanpillai Biju

Abstract With the growing success of halide perovskites as functional materials
in solar cells, LEDs, and lasers, studies are progressing to reveal their optical and
charge-carrier properties. This chapter describes the consequences of charge-carrier
generation, stabilization, and recombination in perovskite nanocrystals, quantum
dots, and their assemblies. The strong confinement of charge-carriers in perovskite
quantum dots causes photoluminescence blinking with distinct ON and OFF events,
which is due to photocharging and ultrafast Auger nonradiative recombination. Such
a blinking with long OFF periods suppresses superoxide generation and oxidation of
perovskites.When perovskite nanocrystals and quantum dots are closely-packed into
superlattices, the carrier confinement is broken due to the narrowing of inter-particle
energy levels and the formation of minibands that allow for carrier migration. This
results in unexpectedly delayed photoluminescence at low intensities of excitation
light, whereas at high intensities of excitation light, the ultrafast radiative recombina-
tion of charge-carriers occurs. These properties of quantum dots, nanocrystals, and
assemblies of perovskites are important to be considered during the construction of
devices such as solar cells, LEDs, and lasers.
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11.1 Introduction

Halide perovskites are excitingmaterials for light-harvesting [1–3] and light-emitting
[4–6] applications. Their success foots on the large absorption coefficient, high
charge-carrier mobility, high photoluminescence (PL) quantum yield (QY), and cost-
effective synthesis [1–6]. Further, the emission color from halide perovskites can
cover the entire UV-visible-near infrared spectrum, which emanates from different
band-gaps induced by changing the halogen compositions in the material [4–6].
Interestingly, these properties of halide perovskite are maintained irrespective of
their size. Such attributes make halide perovskites highly promising semiconductor
materials that can compete with the existing silicon technology for solar cells and
quantum dot (QD) technology for light-emitting devices and displays. In addition to
the chemical and physical stability of perovskites, the generation, stabilization, and
binding energy of charge-carriers in these materials are also fundamental aspects to
be considered for such device applications.

Charge-carrier dynamics in halide perovskites are complicated by the coexis-
tence of bound electron-hole pairs (excitons) and free charge-carriers [7–11]. The
coulombic binding between an electron and a hole in an exciton can be strong or
weak, depending upon the exciton binding energy (Eb). Weakly and strongly bound
excitons in semiconductors are shown schematically in Fig. 11.1. Weakly bound
excitons are called Mott-Wannier excitons (Fig. 11.1a), where low Eb results in the
larger delocalization of electron-hole pair, resulting in excitonBohr radius (RB)much
greater than the lattice constant (a) of the material. On the other hand, strongly bound

−

Mott-Wannier Exciton

RB >> a

Low Eb

+
+

RB

a

Weakly-Bound

−

Strongly-Bound

Frenkel Exciton

RB ≤  a

High Eb

a b

Fig. 11.1 Weakly and strongly bound excitons in semiconductors. a Mott-Wannier type and
b Frenkel type excitons, where RB is exciton Bohr radius, a is lattice constant, and Eb is exciton
binding energy
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exciton with high Eb is called Frenkel exciton whose RB is much smaller than the a
of the material (Fig. 11.1b). In halide perovskites, Eb lies in between those of Mott-
Wannier and Frenkel excitons and is either less than or comparable to the thermal
energy. Hence, free charge-carriers dominate in the films and bulk single crystals
of these materials. Studies have shown that the free charge-carriers are the conse-
quence of dissociation of excitons when the associated binding energy is overcome
by the thermal energy [8–12]. The free charge-carrier property of halide perovskites
is associated with long carrier diffusion lengths and lifetimes, as observed in the case
of bulk films and single crystals [2, 3]. Nevertheless, the carrier lifetime varies in the
range of sub-nanoseconds to microseconds in different types of halide perovskites,
depending upon their size, dimensionality, and composition [2, 3, 8–15].

Exciton binding energies in perovskite nanocrystals (PNCs) are higher than the
corresponding bulk crystal. For example, Eb of 320 meV is reported for MAPbBr3
(MA=methylammonium, CH3NH3

+) nanocrystals, which is more than three times
higher (84meV) than that for the corresponding bulk crystal [16]. Therefore, quantum
confinement effects are observed in PNCs as well, when their physical size becomes
smaller than the correspondingRB values [13, 15].Additionally, the quantumconfine-
ment effects in PNCs are depended upon not only the size but also the dimensionality.
For instance, blue-shift in absorption and PL spectra, which is associated with the
increase in optical band-gap, is observed in the case of perovskite nanoplatelets
when the layer thickness decreases below RB [15]. Despite the quantum confine-
ment effects in PNCs, when compared to the conventional chalcogenide QDs, slow
cooling and efficient extraction of hot carriers are reported in their colloidal solu-
tions [17]. The intrinsic phonon bottleneck and Auger heating effects at low and high
carrier densities, respectively, in PNCs account for such observations. Apart from
this, the excellent optoelectronic properties of PNCs, which are comparable to the
conventional QDs, are maintained even at the weak quantum confinement regime.
While RB in lead halide perovskites lies in the range of 2–7 nm [13, 15, 16, 18, 19],
most of the studies demonstrating the light-emitting [4, 6] and photovoltaic [17, 18]
applications of PNCs show the nanocrystal size either only slightly smaller or larger
than the corresponding RB value. This suggests that, compared to the chalcogenide
QDs, the application of PNCs in light-harvesting and light-emitting device is diverse
and immense.

11.2 Photoluminescence Blinking

In quantum-confined semiconductor nanocrystals or QDs, the photogenerated elec-
trons and holes are strongly correlated. Carrier dynamics in such strongly confined
QDs is governed by the discrete energy states showing sharp excitonic band in the
absorption spectrum, fast radiative recombination of charge-carriers, carriermultipli-
cation or multi-exciton generation, and increased Auger recombination [20]. More-
over, the PL properties of these semiconductor nanocrystals at their single particle
level are often intricated by the stochastic emission behaviorwith a sequence of bright
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‘ON’ and dark ‘OFF’ events known as PL intermittency or blinking. This is attributed
to the random charging by photoionization and neutralization or discharging of the
QD. The blinking behavior in QDs is often described as A-type and B-type [21].
In A-type blinking, the ‘OFF’ state is associated with the decrease in PL lifetime,
whereas the carrier-recombination rates are not affected by the ‘OFF’ or the ‘ON’
states in B-type blinking. The short PL lifetime observed during the ‘OFF’ state in
A-type blinking is attributed to the formation of a charged excitonic state called a
trion (X−) which promotes the mono-exponential nonradiative Auger-type carrier
recombination in QDs. On the other hand, B-type blinking mostly depends on the
activation and deactivation of the traps or its recombination centers which leads to
the ‘ON’ and ‘OFF’ states, respectively.

Apart from theQDs, diverse stochastic emission behavior has been observed in the
case of perovskite single nanocrystals, microcrystals, and thin films [22–27]. Some
perovskite single-emitters have shown blinking with two-state fluctuations between
‘ON’ and ‘OFF’ events [24, 25, 27], which is similar to the case of chalcogenide
QD and is ascribed to the process of photocharging and neutralization. Semicon-
ductor nanocrystals or QDs show various interesting optoelectronic properties in the
isolated forms. On the other hand, multi-state PL blinking has also been reported
from the nanocrystals, microcrystals, and films of lead halide perovskite [22, 23,
26]. An early report on PL blinking in MAPbI3 PNCs and microcrystals has shown
that the chemical and structural properties of material are responsible for the multi-
state stochastic emission behavior [22]. This is explained through two mechanisms,
namely the quenching-site and the emitting-site model, which is shown in Fig. 11.2.
In emitting-site model, as shown in Fig. 11.2a, the emitters are at the either end of
the nanocrystal which randomly get charged and discharged leading to the ‘ON’ and
‘OFF’ states, respectively. Quenching-site model (Fig. 11.2b) considers the whole
nanocrystal as an emissive site, where the emission localization position and center of
the nanocrystals lie at the same point. Quenchers in quenching-site model act as traps
which are present at the either end of the nanocrystal and deactivate the electrons
and holes during the diffusion, resulting in the ‘OFF’ state. An interesting behavior
of PL blinking in lead halide perovskites is that, unlike lead chalcogenide QDs,
the multi-state PL fluctuations in these semiconductor materials is suppressed under
high-intensity of excitation, which on the other hand becomes more intense at low-
intensity of excitation. Figure 11.3a shows the excitation laser intensity-dependent
PL blinking in MAPbI3 PNCs at the ambient environment. The suppression of PL
blinking in such perovskite samples at high-intensity excitation is attributed to the
decrease in efficiencyof active quenchers to trap large number of charges.Alternately,
more emitting sites are generated at high-intensity excitation, resulting in the aver-
aged PL intensity over many emitting sites. Nevertheless, as shown in Fig. 11.3a(i)
and b(i), photobleaching cannot be ruled out at high-intensity excitation under the
ambient atmosphere [22, 25, 27].
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Fig. 11.2 Models of PL blinking in lead halide perovskites: aQuenching-sitemodel and b emitting-
site model. Reproduced with permission from Ref. [22]. Copyright 2015, American Chemical
Society

11.3 External Factors Affecting the Photoluminescence

Importantly, different environmental factors such as moisture, nitrogen, oxygen,
polymer, and light have shown variable results on the PL properties of perovskites at
their single particle level [24, 27]. The PL blinking trajectories of MAPbI3 nanocrys-
tals at different local environment are shown in Fig. 11.3b. For example, different
roles of oxygen on the PL properties of lead halide perovskites have been reported
for different types of perovskite samples [22, 25, 27]. While PL brightening was
observed as the consequence of photoinduced trap-filling in the case of MAPbI3
PNCs in presence of oxygen [22], PL bleaching was reported in CsPbI3 perovskite
QDs under the similar environment [27]. Recently, a study carried out at the single
particle level in MAPbI3 PNCs under air, argon, and polymer matrix (Fig. 11.3b)
reveals its PL degradation mechanism [25]. The PNCs degrade or photobleach under
the air atmosphere, whereas the PL intensity remains constant under the argon and
the polymer atmosphere. The photostability of a PNC under the argon or the polymer
atmosphere is the result of low reactivity of oxygen with the nanocrystal during its
‘ON’ state. Interestingly, as shown in Fig. 11.3b(iv), a recovery of PL intensity level is
observed even at the air atmosphere after the long ‘OFF’ event, suggesting that there
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Fig. 11.3 Excitation intensity- and local environment-dependent PL blinking in lead halide
perovskites. a PL blinking in MAPbI3 PNCs under increasing intensity of the excitation laser:
(bottom) 0.01 to (top) 0.5 Wcm−2. b PL blinking in MAPbI3 PNCs (i, iv) in air (ii) under contin-
uous argon purging, and (iii) in polymer matrix Reproduced with permission: (a) from Ref. [22].
Copyright 2015, American Chemical Society. (b) From Ref. [25]. Copyright 2019, Wiley-VCH

was no degradation of PNCs during the long ‘OFF’ duration that involves nonra-
diative recombination. Alternately, the PL degradation at the air atmosphere when
the PNCs were more frequently in the ‘ON’ state or with the long-living ‘ON’ dura-
tion can be ascribed to the oxidation of nanocrystals by the generation of superoxide,
which is discussed schematically in Fig. 11.4. Here, the neutral and ionized states are
responsible for the ‘ON’ and ‘OFF’ events in the PL blinking trajectories of PNCs.
When the nanocrystal is in excited state, it can either oxidize and transfer electron
to the oxygen present in the atmosphere generating superoxide or get ionized. The
generated superoxide can take the vacancies of the anion and deprotonate the methyl
ammonium cation, thereby slowly degrading the PNCs. On the other hand, when
the nanocrystal is in the ionized state, nonradiative recombination becomes faster
than the electron transfer, and the reactivity of oxygen is suppressed during the long
‘OFF’ duration. In such ON-OFF dynamics and oxidation/antioxidation processes,
the excitation light intensity plays a crucial role on the density and fate of charge-
carriers. Apart from this, the confinement or diffusion of locally generated multiple
charge-carriers depends upon the particle-particle interaction.
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Fig. 11.4 Oxidation in perovskite. Schematic representation of the PL blinking and the degradation
of the MAPbI3 PNCs. Reproduced with permission from Ref. [25]. Copyright 2019, Wiley-VCH

11.4 Carrier Migration in Perovskite Assemblies

When semiconductor nanocrystals or QDs are assembled into a superlattice, their
individual properties transform to produce more unique optical, electronic, and
thermal properties. This arises from the interaction between the individual parti-
cles in the assembly [28–30]. In a superlattice, when the QDs are very close to each
other, the interaction between their electronic wavefunctions increases. At a point,
when the inter-particle spacing is too short, the discrete energy states of individual
nanocrystals or QDs split to form minibands. As the result, long-range energy and
charge transport in these superlattices through these bands become possible [30].
Strong electronic coupling and the formation of minibands as a function of inter-
particle distance in semiconductor nanocrystal superlattice is shown schematically in
Fig. 11.5. Such properties ofQD superlattice are highly applicable in electronic, opto-
electronic and thermoelectric devices [30, 31]. Since the pioneeringwork of Bawendi
and coworkers on chalcogenide QD superlattices [28], many researchers have carried
out a successful coupling of QDs and migration of energy or excitons among them
in their two- or three-dimensional superlattice structures [31–33]. Exciton diffusion
is observed in a highly ordered CdSe QD superlattice with center-to-center distance
less than 7 nm between the adjacent QDs [32]. In such QD superlattices, the exciton
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Fig. 11.5 Scheme showing strong electronic coupling and the formation of minibands in
semiconductor nanocrystal superlattice

diffusion length as longer as 125 nm is reported. A faster exciton diffusion among
highly interacting QDs can result in a faster exciton decay, which is attributed to
the larger number of traps or defect sites on different QDs that the excitons may
encounter within their lifetime. Besides, a highly ordered QD superlattice can result
lower PLQYwhen compared to the disordered films and colloidal QD samples. This
is ascribed to the faster energy transfer among closely-packed QDs. Similarly, direc-
tional transport of excitons is observed in long-range ordered and strongly coupled
binary nanocrystal superlattice of PbSe consisting of two different sizes [33]. The
surface-to-surface inter-particle spacing in such QD array can be reduced further by
ligand exchange which results in the ultrafast exciton decay within few picoseconds,
showing strong electronic coupling between QDs.

In a QD superlattice, the coupling energy between the individual QDs is much
smaller than the exciton binding energy. Therefore, the excitons do not dissociate
into free charge-carriers in the superlattice, rather they diffuse or hop and undergo
ultrafast recombination, or the nonradiative energy transfer takes place among the
closely-packedQDs.On the other hand, if the inter-particle distance between theQDs
is very small (for example, center-to-center distance <1 nm), it induces sintering and
straining of QDs, leading to increased disorder [29, 32]. Owing to these limitations of
QD solids, a superlattice of semiconductor nanocrystals where long-range diffusion
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Fig. 11.6 Excitation intensity-dependent PL and charge-carrier properties of PNC films. a TEM
image of MAPbBr3 PNCs. The scale bar is 20 nm. b PL decay profiles of a MAPbBr3 PNC film
under increasing intensity of excitation laser: (top) 0.0175 to (bottom) 170 MWcm−2. c Plots of
the PL lifetime and the number of photons emitted as a function of excitation laser power for a
MAPbBr3 PNC film. Inset: MAPbBr3 PNC film under UV light. d–g Temporally and spectrally
resolved photocount maps of a FAPbBr3 PNC film with an increase in excitation laser power: d
0.17, e 1.7, f 17, g 170 MWcm−2. Reproduced with permission from Ref. [34]. Copyright 2019,
American Chemical Society

of free charge-carriers, which is associated with delayed recombination, is largely
required for their efficient applications in solar cells; and the organic-inorganic hybrid
lead halide perovskites are promising candidates for this purpose.

Organic-inorganic hybrid PNCs (Fig. 11.6a) when assembled into close-packed
film (Fig. 11.1c inset) showunexpectedly delayed PL (Fig. 11.6b, c, and d) under low-
intensity excitation [34, 35], which are comparable to the free carrier recombination
in single microcrystals and bulk films of perovskites [2, 3, 7, 14]. For instance,
a PL lifetime >900 ns is observed for MAPbBr3 PNC film [34], which becomes
much longer (>4 µs) in the case of FAPbBr3 (FA = formamidinium,CHN2H3

+)
perovskite nanocrystal PNC film [35]. Under the increasing excitation intensity, the
radiative recombination becomes extremely fast, resulting in amplified emission.
The excitation intensity-dependent PL decay profiles of MAPbBr3 PNC film and the
temporally and spectrally resolved photocountmaps of FAPbBr3 PNCfilm are shown
in Fig. 11.6b, and d–g, respectively. The fast PL lifetimes at higher intensities of
excitation are associatedwith the exponential rise in the number of photons emitted by
the PNCfilm, which is discussed in Fig. 11.6c. On the other hand, a fast PL is obvious
in the case of isolated PNCs in their colloidal solution, irrespective of the intensity of
excitation. These observations point toward the long-rangemigration of excitonically
unbound charge-carriers at low-intensity excitation and spatial confinement of these
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charge-carriers at higher intensities in PNC films. The amplified emission can be
assigned to the radiative recombination of high-density electrons and holes that are
generated and spatially confined among the close-packed PNCs in the film [34, 35].

Thedynamics of charge-carriers generated in aPNCfilmat low- andhigh-intensity
excitations is shown schematically in Fig. 11.7a and b, respectively. At high-intensity
excitation, manifold charge-carriers are generated among different PNCs in the irra-
diated area (Fig. 11.7b). On the other hand, the concentration of photogenerated
charge-carriers is less at low-intensity excitation, which reduces the carrier-carrier
interactions and allows for the long-range diffusion in the film (Fig. 11.7a). Owing to
such a long-range carrier diffusion, PNC films excited with low-intensity laser show
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Fig. 11.8 PL decay profiles
of a PNC film excited with
low-intensity laser
(0.0175 µJ/pulse) (red)
before and (blue) after
doping with C60.
Reproduced with permission
from Ref. [35]. Copyright
2019, Royal Society of
Chemistry

unexpectedly delayed PL. On the other hand, the diffusion of photogenerated charge-
carriers is spatially confined by increasing the intensity of excitation laser, which is
the result of an increase in the carrier concentration. Accordingly, the rate of radia-
tive recombination within the irradiated area controls over the diffusion, providing
amplified emission.

The degree of charge-carrier migration across PNCs in their close-packed
assembly (or film) depends upon their packing density [34]. As seen in Fig. 11.7c,
the PL spectra of a loose-packed PNC film is blue-shifted, whereas that of a close-
packed film is red-shifted. Additionally, as shown in Fig. 11.7c and d, a red-shifted
PL spectrum is associated with long PL lifetime. The low-energy photons which
are associated with the delayed emission in PNC film point toward the diffusion
of charge-carriers through closely-spaced energy states during which some energy
is lost, resulting in long-lived low-energy photons. Such delayed PL, as a result of
long-rangemigration of photogenerated charge-carriers, in close-packed assembly of
PNCs is a promising property for the harvesting of charge-carriers in high-efficiency
solar cells. Indeed, an appreciable rate of electron transfer (3.3× 106 s−1) is achieved
from the photoexcited close-packed assembly of PNCs to fullerene (C60), revealed
by the fast PL decay of the PNC film doped with C60, when compared to a pristine
film without C60, as shown in Fig. 11.8 [35].

11.5 Conclusions

The optical and electronic properties of individual QDs modify when they are
arranged into superlattices. The overlapping of QDs electronic wavefunctions in
the lattice facilitates the long-range diffusion or hopping of excitons. Due to the high
exciton binding energy in strongly quantum-confined systems, the diffusing excitons
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do not dissociate into free charge-carriers. Thus, the exciton recombination becomes
ultrafast, and the isolated semiconductor nanocrystals or QDs show PL blinking. In
contrast, metal halide perovskite nanocrystals and QDs arranged into superlattices
exhibit long-range carrier migration and delayed radiative recombination. This is
analogous to the long-range diffusion of free charge-carriers in bulk perovskites,
suggesting a weak confinement of photogenerated electron-hole pairs. The forma-
tion of new inter-particle energy states in superlattices of PNCs assist in the diffusion
of coulombically uncorrelated electrons and holes. Such freely diffusing electrons
are effectively harvested using C60. Therefore, superlattices of PNCs are promising
structures for the development of high-efficiency solar cells.
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Chapter 12
Plasmon-Induced Carrier Transfer
for Infrared Light Energy Conversion

Masanori Sakamoto, Zichao Lian, and Toshiharu Teranishi

Abstract The infrared (IR) region of the solar spectrum is a source of untapped
potential energy. Conversion of IR-light to electrical energy or fuel would provide a
plentiful energy source for modern society. Plasmonic energy conversion holds the
key to conversion of solar energy through materials that efficiently absorb photons of
the desired wavelength, including the IR region. Herein, we investigated plasmon-
induced carrier transfer fromplasmonic heavily doped semiconductor nanocrystals in
a wide bandgap semiconductor to convert IR-light to energy. We discovered that effi-
cient hot-carrier transfer proceeds from a heavily doped semiconductor nanocrystal
to a wide bandgap semiconductor upon excitation of a localized surface plasmon
resonance band. In addition, this material system achieved photocatalytic H2 evolu-
tion based on excitation at long wavelengths of the solar spectrum (i.e., 2500 nm).
The apparent quantum yield of photocatalytic H2 evolution based on a catalyst with
a plasmonic heavily doped semiconductor as a light-harvesting material represents
a highly efficient conversion of IR energy to fuel. The relationship between the
plasmon-induced carrier dynamics and photocatalytic activity paves the way for use
of this undeveloped low-energy light as a solar energy resource.

Keywords Infrared light · Localized surface plasmon resonance · Photocatalyst ·
Nanocrystal · Hydrogen evolution · Solar fuel generation

12.1 Introduction

Solar light is an important energy resource supporting life on Earth and many human
activities. The parts of the solar spectrum used for solar energy conversion, including
photosynthesis and artificial photosynthesis, are limited to the ultraviolet (UV),
visible, and a limited region of the near-infrared (NIR) light (700–1000 nm) [1].
IR-light, which accounts for almost half of all solar energy, particularly IR-light at
wavelengths longer than 1000 nm, including shortwave IR (SWIR: 1400–3000 nm)
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[2], represents a vast source of untapped energy. Developing artificial IR-light-to-fuel
conversion systems would open up this resource for applications. However, despite
extensive research efforts, conversion of IR-light to chemical energy remains chal-
lenging. Although certain narrow bandgap semiconductors, such as HgCdTe and
InGaAs are known to be effective IR-light-absorbing materials, the high toxicity,
low electromotive force, and poor stability of these materials have restricted their
applications as photocatalysts [3, 4].

Localized surface plasmon resonance (LSPR) is a phenomenon related to collec-
tive oscillation of free carriers in nanomaterials, which can be applied to over-
come the limitations of harvesting solar energy in the IR region [5–16]. Recently,
copper chalcogenide nanocrystals (NCs) have drawn interest as a novel series of
compound semiconductors. These materials show tunable hole-based LSPR absorp-
tion in the near-IR (NIR) region and have attracted much attention as candidates
for IR-responsive photocatalysts (Fig. 12.1) [6–8, 12, 13, 16]. Because the carrier
density (~1021–1022 cm−3) of heavily doped semiconductors is low relative to that of
metal NCs (~1023 cm−3), their LSPR response lies in the NIR to mid-infrared (MIR)
regions. This property is understood from the equation:

ωp =
√

Ne2

ε0m

where ωp is the bulk plasma frequency, N is the free carrier density, e is the electron
charge, ε0 is the dielectric constant of vacuum, andm is the free carrier effectivemass
[12].Owing to the lowcarrier density comparedwith that ofmetalNCs, heavily doped
semiconductor NCs show LSPR in the IR region.

Although plasmonic materials have excellent light-harvesting ability, low conver-
sion efficiency is a drawback. The low efficiency of plasmonic energy conversion
is mainly attributed to ultrafast-relaxation of hot carriers and ultrafast annihila-
tive recombination at the heterointerface between plasmonic materials and carrier

Fig. 12.1 a Absorption spectra of typical heavily doped semiconductor NCs. b TEM images of
heavily doped semiconductor NCs
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acceptors [9]. These disadvantages have restricted the use of plasmonic materials
as light energy conversion materials. Thus, a better understanding of this hot-
carrier dynamics at the interface is essential to achieve highly efficient IR-responsive
photocatalyst.

A heterostructure based on CdS/Cu7S4 nanocrystals (HNCs) is an ideal system for
spectroscopic tracing of the LSPR-induced carrier transfer from the plasmonic Cu7S4
phase to the CdS phase. Furthermore, the LSPR band of Cu7S4 NCs covers almost
all the IR region of the solar spectrum. In the present work, we elucidated the LSPR-
induced behavior of hot carriers in plasmonic Cu7S4 NCs and CdS/Cu7S4 HNCs by
time-resolved transient absorption spectroscopy. Transient absorption spectroscopy
enabled us the directly observe carriers in photo-excited NCs.

Here, we investigated the LSPR-induced hot-carrier dynamics of CdS/Cu7S4
HNCs with the use of femtosecond transient absorption measurement [13]. Through
detailed investigations of the carrier dynamic of CdS/Cu7S4 HNCs we identified effi-
cient electron transfer from the Cu7S4 phase to the CdS phase. Notably, CdS/Cu7S4
has long-lived charge separation (>273μs), which has not been observed in plasmon-
induced carrier-injection systems. On the basis of the ultralong lifetime of the charge
separation, the CdS/Cu7S4 HNCs achieved an efficient photocatalytic H2 evolu-
tion reaction (HER). The CdS/Cu7S4 HNCs exhibited an exceedingly high apparent
quantum yield (AQY) of 3.8% at 1100 nm, which exceeds the current record for
photocatalytic HER under IR-light irradiation. Furthermore, we demonstrated that
our novel system can convert energy from the solar spectrum up to long wavelengths
(i.e., 2000–2500 nm).

We revealed that the high catalytic activity is related to efficient hot-electron
injection and long-lived charge separation at the plasmonic p–n heterojunction of
the CdS/Cu7S4 HNCs. This behavior is unlike a conventional Schottky junction at
the heterointerface of plasmonic metal/semiconductor NCs. Because ultrafast charge
recombination is a major drawback of all plasmonic energy conversion systems, the
observed mechanism proposed here will change the consensus on LSPR-induced
energy conversion and highlight the great advantages of high hot-carrier transfer
efficiency and long-lived charge separation.

12.2 Synthesis and Characterization of IR-Responsive
Photocatalyst

The CdS/Cu7S4 HNCs were synthesized through a seeded growth reaction of disk-
shaped Cu7S4 NCs and subsequent partial cation exchange of the Cu7S4 NCs with
Cd2+ cations (Fig. 12.2). Figure 12.2a shows transmission electron microscope
(TEM) images of monodisperse disk-shaped Cu7S4 NCs (size: 16.2 ± 0.9 nm,
thickness: 3.5 ± 0.4 nm). After the cation exchange reaction, CdS phases were
formed on the Cu7S4 NCs to give dimer structures (Fig. 12.2b). The X-ray diffrac-
tion (XRD) patterns in Fig. 12.1c clearly show that the CdS/Cu7S4 HNCs comprised
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Fig. 12.2 Representative TEM images of (a) disk-shaped Cu7S4 NCs [inset: Cu7S4 NCs (upper
right), schematic representation (lower left)], (b) CdS/Cu7S4 HNCs [inset: a typical CdS/Cu7S4
HNC (upper right), schematic representation (lower left)]. Scale bars are 20 nm. (c) XRD patterns
of Cu7S4 NCs and CdS/Cu7S4 HNCs. (d) HAADF-STEM-EDS elemental mapping images of
CdS/Cu7S4 HNCs. (e)BF-STEMimage of the heterointerface of a singleCdS/Cu7S4 HNC indicated
by a dashed white rectangle of a HAADF-STEM image in (d). (f, g) FFT patterns of the Cu7S4
phase from <100> direction at the upper region of (e) and the CdS phase from <001> direction at
the lower region of (e), respectively. Reprinted with permission from J Am. Chem. Soc. 2019, 141,
2446–2450. Copyright 2019 American Chemical Society

triclinic roxbyite Cu7S4 (r-Cu7S4, Joint Committee on Power Diffraction Standards
(JCPDS) no. 23-0958) and wurtzite CdS (w-CdS, JCPDS no. 01-0780) phases with a
Cd/Cu molar ratio of 49:51, as estimated by X-ray fluorescence (XRF) spectroscopy.
High-angle annular dark-field (HAADF) scanning TEM (STEM) and STEM-energy
dispersive X-ray spectrometry (EDS) elemental mapping (Fig. 12.2d) also indicated
the formation of heterodimers composed of Cu7S4 and CdS phases. The bright-field
(BF)-STEM image revealed that the heterointerface between the r-Cu7S4 andw-CdS
phases had a small latticemismatch of 5% (Fig. 12.2e). The lattice fringes of 0.20 and
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Fig. 12.3 Diffuse
reflectance spectra of Cu7S4
NCs and CdS/Cu7S4 HNCs
and AM1.5 solar spectrum.
Reprinted with permission
from J. Am. Chem. Soc.
2019, 141, 2446–2450.
Copyright 2019 American
Chemical Society
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0.21 nm (in Fig. 12.2e), are assigned to r-Cu7S4 (0160) and w-CdS (110), respec-
tively, which agrees with the results of the fast Fourier transform (FFT) patterns
(Fig. 12.2f, g).

The ground state diffuse reflectance spectra of Cu7S4 NCs and CdS/Cu7S4 HNCs
with LSPR peaks at 1585 and 1115 nm, respectively, are shown in Fig. 12.3. The
blue-shifted LSPR peak of the CdS/Cu7S4 HNCs compared with that of the Cu7S4
NCs might be attributed to differences in size, shape, and/or dielectric environment
[16]. The LSPR band of Cu7S4 almost covered the whole IR region of the solar
spectrum.

12.3 Transient Absorption Measurements
and IR-Light-Induced Plasmonic Hot-Electron
Injection

We investigated LSPR-induced carrier transfer in the CdS/Cu7S4 HNCs from the
r-Cu7S4 phase to the w-CdS phase. Transient absorption (TA) measurements were
conducted to reveal the mechanism of the IR-induced carrier dynamics over the
CdS/Cu7S4 HNCs. The band diagrams of Cu7S4 [14, 17] and CdS [18, 19] are
shown in Fig. 12.4. The conduction band edge of the CdS NCs was accessed based
on hot carriers generated by LSPR excitation of the Cu7S4 phases.

The time-resolved shift of TA spectra (TAS) of Cu7S4 NCs and CdS/Cu7S4 HNCs
after selective excitation of the LSPR band by a 1300-nm laser are shown in Fig. 12.5.
Upon excitation of plasmonic Cu7S4 NCs, a broad absorption peak was observed at
540 nm. A similar transient absorptionwas reported by Burda et al. They investigated
the TAS of Cu7S4 upon excitation of an interband transition of Cu7S4 NCs by visible
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Fig. 12.4 Schematic illustration of the band alignment of the CdS/Cu7S4 HNC. EF = Fermi level,
Eg1 = 1.64 eV (Cu7S4 optical energy bandgap), Eg2 = 2.23 eV (CdS optical energy bandgap)

Fig. 12.5 Time-resolved TAS of (a) Cu7S4 NCs and (b) CdS/Cu7S4 HNCs in chloroform upon
1300-nm laser excitation. Dashed rectangle in (b) indicates a bleaching feature of the CdS phases.
Reprintedwith permission from J. Am.Chem. Soc.2019,141, 2446–2450.Copyright 2019American
Chemical Society

laser light and attributed this feature to holes trapped in the Cu7S4 NCs [19]. Inter-
estingly, in the present system, we observed a similar TAS although the excitation
band of the Cu7S4 NCs was the LSPR in NIR region. This result suggests that an IR
LSPR-induced hole trapping process exists in the Cu7S4 NCs. Because the TAS was
not affected by the excitation laser power, the non-linear optical phenomenon or a
many-body effect does not contribute to the observed hole trapping process.

Notably, the TAS of CdS/Cu7S4 HNCs showed a similar broad absorption with a
dip at approximately 450–500 nm. We assigned the dip in the TAS to CdS exciton
bleaching caused by state filling [20] derived from electron transfer from the Cu7S4
to CdS phases under 1300-nm laser excitation. The dipping feature was observed
even after 900 ps of 1300-nm laser excitation.
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Fig. 12.6 Kinetic profiles of
Cu7S4 NCs and CdS/Cu7S4
HNCs in chloroform at
460 nm in the ps region upon
1300 nm laser excitation.
Reprinted with permission
from J. Am. Chem. Soc.
2019, 141, 2446–2450.
Copyright 2019 American
Chemical Society

Kinetic traces of Cu7S4 NCs and CdS/Cu7S4 HNCs at 460 nm are shown in
Fig. 12.6. Upon excitation of the LSPR band of the Cu7S4 phase, we observed the
TA derived from trapped holes of Cu7S4 NCs, which decayed with fast and slow
components (0.40 and 16 ps, respectively), indicating that multiple trapping process,
as proposed by Burda and coworkers [19], was induced by the excitation of LSPR.

Conversely, the kinetic profile of the CdS/Cu7S4 HNCs at 460 nm showed only
a rising component corresponding to the decay of state filling of CdS. This result
indicates that electron transfer caused by state filling ofCdSwas completedwithin the
laser pulse (<100 fs). This ultrafast electron transfer, within 100 fs, suggests a ballistic
hot-carrier transfer process. We estimated the recovery rate of the bleaching of CdS
phases from the results of TAS in the ns region (Fig. 12.7). Because the recovery of
bleaching (i.e., the rising component) of CdS reflects a charge recombination process,
we estimated the lifetime of interphase charge separation to be 273 μs (Fig. 12.7b),
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Fig. 12.7 (a) Time-resolved spectral changes of the CdS/Cu7S4 HNCs in the visible region upon
excitation at 800 nm. The bleaching feature of CdSwas observed even 100μs after excitation by the
800-nm laser at the NIR-LSPR band. (b) Kinetic profile of CdS/Cu7S4 HNCs probing at 520 nm
in the μs region upon the excitation of the LSPR band. Blue line is the best fit. Reprinted with
permission from J. Am. Chem. Soc. 2019, 141, 2446–2450. Copyright 2019 American Chemical
Society
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which is exceptionally long compared with that of typical plasmonic hot-carrier
transfer systems (several tens of ps) [21].

12.4 Photocatalytic H2 Evolution

The photocatalytic H2 evolution reaction (HER) activity under IR-light irradiation
(λ > 800 nm, i.e., only exciting the LSPR) of Cu7S4 or CdS/Cu7S4 HNCs was
evaluated in an aqueous solution containing H2PtCl6 as a H2 evolution cocatalyst
precursor and Na2S–Na2SO3 as a hole scavenger.

For photocatalytic H2 generation measurements, we used a home-made online-
flow sampling system with a quartz reactor connected to a gas chromatograph (GC-
2004, Shimadzu, with argon as a carrier gas) and a thermal conductivity detector
(TCD). To measure of photocatalytic activity, a 10.0-mg portion of the photocatalyst
was dispersed in 100 mL of an aqueous solution containing 0.25MNa2S and 0.35M
Na2SO3 as sacrificial reagents, and 27μL 1 wt%H2PtCl6 aqueous solution was then
added to the solution. Before IR-light irradiation, the system was stirred under an
argon flow to remove oxygen. The reaction temperature was maintained at 20 °C.
A 300-W Xe lamp (Aegle lamp house R300-3 J, Cermax, Excelitas Technology)
equipped with a UV–visible cut-off filter (λ > 800 nm, power density: 50 mW cm−2)
was used as the irradiation light source.

TheCu7S4 NCs exhibited noH2 evolution activity.On the contrary, theCdS/Cu7S4
HNCs showed high HER activity under IR-light irradiation (Fig. 12.8a). The average
photocatalytic H2 evolution rate of the CdS/Cu7S4 HNCs was 14.7 μmol h−1 g−1.
Notably, the mixture of Cu7S4 NCs and CdS NCs exhibited no H2 evolution activity
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Fig. 12.8 a Temporal photocatalytic H2 evolution over Cu7S4 NCs, CdS/Cu7S4 HNCs and a
mixture of Cu7S4 NCs and CdS NCs under IR illumination (λ > 800 nm) in a Na2S–Na2SO3
aqueous solution (0.25 M Na2S and 0.35 M Na2SO3, pH = 12). b Absorption spectrum and AQY
for HER of the CdS/Cu7S4 HNCs under the monochromic light (6 mW cm−2). Reprinted with
permission from J. Am. Chem. Soc. 2019, 141, 2446–2450 Copyright 2019 American Chemical
Society
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under IR irradiation. Consequently, we conclude that the photo-induced carrier
transfer from the r-Cu7S4 phase to the w-CdS phase in a CdS/Cu7S4 HNC is the
key step contributing to the HER activity.

Remarkably, the CdS/Cu7S4 HNCs showed no notable changes in their catalytic
activity after 36 h, indicating high stability of theCdS/Cu7S4 HNCs.We found that the
amount of evolved H2 increased with illumination time after a substantial induction
period (Fig. 12.8) [22]. We attribute the induction period of the HER under IR-light
irradiation to in situ deposition of Pt-cocatalyst, which increased the photocatalytic
activity over time. When the Pt-cocatalyst was photodeposited on the CdS/Cu7S4
HNCs beforehand, the time-dependent photocatalytic HER showed no induction
period.

The apparent quantum yield (AQY) was measured under the above photocatalytic
reaction conditionswith the use of variousmonochromicwavelength bandpass filters.
The light intensity was measured with a power meter. The AQY was calculated
according to the following equation:

AQY = number of reacted electrons

number of incident photons
× 100%

= number of evolved H2 molecules× 2

number of incident photons
× 100%

For wavelength-dependent AQY measurements of the photocatalytic HER, we
analyzed thephotoreactedgas in a quartz cell (10mm)with agas chromatograph (GC-
2004, Shimadzu, with argon as a carrier gas). A 300-W xenon lamp was irradiated
onto the sample through different wavelength filters for 4 h.

The AQYs obtained at several monochromic light wavelengths were consistent
with the LSPR spectrum of the CdS/Cu7S4 HNCs, indicating that the present photo-
catalytic reaction was caused by LSPR excitation (Fig. 12.8). The estimated AQY at
1100 nmwas 3.8%,which is considerably greater than the previously reported record.
The damping of theAQYs from1300 to 1500 nm is likely caused by strong absorption
of light bywater. Notably, we observedH2 evolution at 0.023 and 0.022μmol g−1 h−1

from the 1615–2280 and 2093–2547 nm regions (center power density: 6mWcm−2),
respectively. The Cu7S4 NCs showed no catalytic activity even under visible light
irradiation.

12.5 Mechanism of IR-Induced Photocatalytic H2
Evolution

Finally, on the basis of the TA measurements, we summarize the mechanism of
IR-induced photocatalytic HER in Fig. 12.9. First, excitation of the Cu7S4 LSPR
band in CdS/Cu7S4 HNCs generated hot carriers in the Cu7S4 phase. Hot electrons
generated in the Cu7S4 phases were then injected into the CdS phases through the
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Fig. 12.9 Hot-electron
injection at the plasmonic
p–n heterojunction upon
IR-light-plasmon excitation.
Reprinted with permission
from J. Am. Chem. Soc.
2019, 141, 2446–2450.
Copyright 2019 American
Chemical Society

p–n heterojunction within the fs-laser pulse. Hot electrons directly injected into the
conduction band of CdS phases reacted with H2O to generate H2. Conversely, holes
were consumed by sacrificial agents. Ultrafast charge recombination is a critical
drawback for conventional plasmonic energy conversion. We believe that the key
to achieving high AQY in the present system is the extraordinary long-lived charge
separation. As mentioned above, hot-electron injection occurs at the p–n hetero-
junction and is unlike the behavior at a conventional Schottky-interface. At the p–n
heterojunction, the p–n boundary creates an electric field, which promotes charge
separation. Plasmonic hot-carrier transfer at the p–n heterojunction formed by p-type
plasmonic Cu7S4 and n-type CdS breaks the limit of plasmonic energy conversion
to realize highly efficient photocatalytic solar fuel generation.

12.6 Conclusion

In summary, we successfully synthesized CdS/Cu7S4 HNCs as a photocatalyst for H2

evolution, with record-breaking performance under IR-light irradiation. The AQY of
the photocatalytic H2 evolution reached 3.8% at 1100 nm, which exceeds the highest
performance of previously reported IR-responsive photocatalysts. TAmeasurements
revealed that both efficient hot-electron injection and ultralong-lived charge sepa-
ration (>273 μs) at the p–n heterojunction of the HNCs are key issues to enable
extraordinarily high catalytic activity.

As ultrafast charge recombination is a major drawback of all plasmonic energy
conversion systems, we anticipate that LSPR-induced carrier transfer at p–n hetero-
junctionwill remove the limitations of conventional plasmon-induced energy conver-
sion. Our results pave the way for developing novel and efficient solar fuel genera-
tion systems based on untapped solar energy in IR region and might also enable the
development of plasmonic sensors and detectors responsive to the IR-light.
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Chapter 13
Controlling Optical Properties
of Multinary Quantum Dots
for Developing Novel
Photoelectrochemical Reactions

Tsukasa Torimoto and Tatsuya Kameyama

Abstract We introduce solution-phase preparation of multinary QDs composed
of less-toxic Ag-III-VI-based semiconductors and control of their physicochemical
properties. The energy gaps (Egs) ofmultinaryQDs could be adjusted by the chemical
composition as well as by the particle size. The photochemical properties, including
photoluminescence (PL), photocatalysis, and photocurrent generation, of prepared
QDs, are discussed in terms of the Eg, the non-stoichiometric chemical composition,
and the particle morphology. The PL peak was controlled from visible to near-
IR wavelength regions by varying the chemical composition of QDs, in which the
peak width of Ag-In-Ga-S QDs was remarkably narrowed by the removal of deep
defect levels via tuning of non-stoichiometry and the surface condition. A nonlinear
photoresponse induced by hot hole transfer was observed by visible light irradiation
to near-IR-light-responsiveZn-Ag-In-TeQDs. Thefindingswill provide new insights
into design and fabrication of novel QD-based devices.

Keywords Quantum dot ·Multinary semiconductor · Photoluminescence ·
Photocatalyst · Photocurrent generation · Hot hole transfer

13.1 Introduction

Quantum dots (QDs) are semiconductor nanocrystals with sizes of less than ca.
10 nm that show the quantum size effect. Their physicochemical properties are inter-
mediate between those of molecules and bulk materials and strongly depend on their
particle size and shape. Many efforts have been devoted to the development of high-
efficient light energy conversion systems consisting of QDs as components, such
as photocatalysts and solar cells, because QDs have high absorption coefficients in
the visible and near-IR wavelength regions and their Egs are tunable depending on
the nanocrystal size [1, 2]. Recently, unique photoresponses originating from the
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quantum confinement in QDs have been reported. For example, the relaxation times
of hot carriers in highly excited states to band-edge states were remarkably increased
by the discrete energy levels of QDs, because of the phonon bottleneck effect [3].
This increased the probability of hot carrier transfer [4, 5]. Furthermore, multiple
exciton generation (MEG) in a single QD is a nonlinear phenomenon caused by the
absorption of one photon having an energy of more than twice the Eg [6–8]. The
MEG efficiency was reported to become much larger in QDs than in bulk materials
[6]. Thus, although strategies to efficiently extract photogenerated carriers fromQDs
without energy loss have not been developed yet, these nonlinear phenomena have
attracted much attention as a means for increasing the efficiency of solar light energy
conversion.

So far, binary QDs, such as PbS, PbSe, CdS, and CdSe, have been utilized for
developing novel photocatalysts and photovoltaics because synthetic methods for
obtaining high-quality QDs have been established. Although the use of these conven-
tional binary QDs has enabled fabrication of systems having relatively high efficien-
cies, their use in practical applications has been severely restricted due to the large
content of highly toxic elements, such as Cd and Pb. On the other hand, group
I-III-VI-based multinary semiconductors consisting of elements with less toxicity,
such as AgInS2, CuInS2, and their solid solutions with ZnS, have been more and
more intensively investigated to develop thin-film solar cells or visible light-driven
photocatalysts. Since the colloidal syntheses were reported to produce highly photo-
luminescent QDs of these materials, these multinary QDs have also been receiving
much attention as alternatives to highly toxic binary ones [9–12]. In this chapter, we
introduce solution-phase synthetic methods to obtain high-quality QDs consisting
of Ag-III-VI semiconductors and their solid solutions with Zn-VI semiconductors.
The prepared QDs had optical properties that were tunable by changing the chemical
composition and morphology of particles. Furthermore, their photoelectrochemical
responses were investigated with irradiation of visible light.

13.2 Tunable Optical Properties of Solid Solution QDs

13.2.1 Photoluminescence Properties of AgInS2-Based QDs

High-quality multinary QDs could be colloidally synthesized by methods similar to
these used for the preparation of binary QDs, though the difference in reactivities
of two or more metal salts used as precursors often resulted in non-stoichiometry
of QDs. We prepared highly photoluminescent multinary QDs composed of a ZnS-
AgInS2 solid solution, (AgIn)xZn2(1-x)S2 (ZAIS), by a heating up method [13]. The
reaction of corresponding metal acetates with thiourea was carried out at 250 °C in
oleylamine (OLA) containing 1-decanethiol (DDT), in which the ratio of Ag+: In3+:
Zn2+ was fixed to x: x: 2(1−x). A decrease of the x value in the preparation resulted in
an increase of the Zn fraction in the obtained spherical ZAIS QDs. Furthermore, the
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increase in the DDT content decreased the particle size: The average size (dave) of
ZAIS QDs prepared with x = 0.5 was increased from 3.9 to 8.5 nm with a reduction
in the DDT content from 8.7 to 0 vol.%, and the particle composition was almost
constant at Ag:In:Zn= 0.25:0.30:0.45, being slightly In-rich and Zn-deficient. Thus,
the presentmethod enabled independent control of the size and chemical composition
of spherical ZAIS QDs.

Figure 13.1 shows the absorption and PL spectra of ZAIS QDs with different
chemical compositions and sizes. ZAIS QDs exhibited absorption spectra in a wide
visible light region, the onset wavelength being blue-shifted with a decrease in dave
(Fig. 13.1a) or with a decrease in the x value (Fig. 13.1c). These results indicated
that the Eg of ZAIS QDs could be two-dimensionally controlled by changes in the
particle size and chemical composition. A broad PL peak, the full width at half-
maximum intensity (FWHM) of which was ca. 100 ~ 200 nm, was observed in the
PL spectra shown Fig. 13.1b and d for each kind of ZAIS QDs. The broadness of the
peakwidth arose fromdonor–acceptor pair (DAP) radiative recombination of trapped
carriers, not from band-to-band recombination of charge carriers, that is, band-edge
recombination. The PL peak wavelength was also shifted to a shorter wavelength
with an increase in the Eg, indicating that the PL color was widely tunable from deep
red to green. The highest PL quantum yield (QY) of 79% for 630-nm emission was
obtained with ZAIS QDs of 5.7 nm in dave prepared with x = 0.5.
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Fig. 13.1 Absorption spectra (a, c) and PL spectra (b, d) of spherical ZAIS QDs in chloroform.
Samples are (a, b) ZAIS QDs of x = 0.5 with various sizes and (c, d) ZAIS QDs of ca. 5.5 nm in
dave with different x values. Reprinted with permission from ref. [13]
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As aforementioned, ZAIS QDs exhibited a very broad PL peak owing to energy
levels of defect sites in the bandgap. Although the PL QY of ZAIS QDs was consid-
erably high, the lack of monochromaticity of PL was recognized as a major problem
in applications to biological imaging systems and LCD devices. Therefore, in order
to narrow the PL peak width, we investigated the influence of defect sites formed in
AgInS2 (AIS) QDs on their PL properties. AIS QDs with different Ag fractions, that
is, with a non-stoichiometric composition, were prepared by changing the Ag/(Ag+
In) ratio in precursors [14]. The obtained AIS QDs had similar dave values of 3.6 ~
4.3 nm.With a decrease in the Ag/(Ag+ In) ratio from 0.60 to 0.30, the composition
of AIS QDs changed from stoichiometric to Ag-deficient, indicating the formation
of a large amount of defect sites in QDs, such as Ag+ vacancies and antisites of
In3+ on Ag+ sites. Although the absorption spectra shown in Fig. 13.2a were similar
regardless of the Ag/(Ag+ In) ratio, the PL spectra significantly varied depending on
the Ag/(Ag+ In) ratio in the preparation (Fig. 13.2b): The broad defect-site PL peak
was blue-shifted with a decrease in the Ag/(Ag + In) ratio, and then a band-edge

Fig. 13.2 Absorption
spectra (a) and
photoluminescence spectra
(b) of AIS QDs having
different Ag fractions. Each
number in the figure
represents the Ag/(Ag + In)
ratio in the preparation. The
inset in panel a shows the
average size (dave) (solid
circles) with the standard
deviation (error bars) as a
function of Ag/(Ag + In) in
the preparation. Reprinted
with permission from ref.
[14]
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Fig. 13.3 High-resolution
HAADF-STEM images of
AIS (a) and AIS@GaSx QDs
(b). Reprinted with
permission from Ref. [14]

(b)

2 nm

(a)

2 nm

1 nm

PL peak appeared on the shorter wavelength side of the broad peak for Ag-deficient
AIS QDs prepared with Ag/(Ag + In) of less than 0.40. The band-edge peak had
a much smaller width than that of the defect-site broad peak, in which the former
peak intensity was 1.8-times larger than that of the latter peak for AIS QDs with
Ag/(Ag + In) = 0.40. It has been theoretically reported for CuInSe2 by Zhang et al.
[15] that pairing two Cu-vacancies (VCu) with In substituting for Cu (InCu) raised
the deep levels of InCu to the conduction-band minimum, resulting in the defect sites
not being able to act as harmful carrier traps. This seemed to be true of the present
case of AIS QDs.

QDs have a large surface-to-volume ratio, and a considerable amount of defect
sites are possibly formed on their surface. Among the various strategies reported
for eliminating surface defect sites and enhancing PL intensity, surface coating with
wide gap semiconductors, such as ZnS, is one of the most effective methods, with
resulting QDs being a core-shell structure with type-I heterojunctions. However,
since ZnS easily formed a solid solution with AgInS2 with heat treatment, as shown,
for example, in Fig. 13.1, we chose gallium sulfide as a shell material [16]. Heat
treatment of AIS QDs with Ga(acac)3 and thiourea in OLA at 300 °C produced
core-shell-structured particles [14]. Figure 13.3 shows HAADF-STEM images of
AIS QDs used as a core and GaSx-coated AIS QDs (AIS@GaSx). AIS QDs were
polygonal nanocrystals having clear lattice fringes with spacing of 0.35 nm, being in
good agreement with the (012) plane of an orthorhombic AgInS2 crystal structure.
In contrast, surface coating with a GaSx layer slightly changed the core shape to a
rounded one and then produced an amorphous thin shell with a thickness of ca. 1 nm
on each core. A clear lattice fringe assignable to the (002) plane of an orthorhombic
AgInS2 structure was also observed in the core (Fig. 13.3b), suggesting that the
diffusion of Ga3+ into the AIS core was negligibly small in the present conditions.
The obtainedAIS@GaSx QDs predominantly exhibited a narrowband-edge PLpeak.
Thus, it was found that the remaining broad PL peak observed for Ag-deficient AIS
QDs as shown in Fig. 13.2b originated from the defect sites on the surface of QDs
used as a core, most of which could be removed by GaSx coating.

The position of the band-edge emission peak can be controlled by changing the
Eg of QDs. It is well known that solid solutions are formed between different kinds
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of I-III-VI semiconductors, giving an Eg that depends on their chemical composi-
tion. We tried to modify the Eg of AIS QDs by Ga doping, because the bulk Eg of
AgGaS2, 2.5 eV, was larger than that of AgInS2, 1.8 eV. QDs of Ag-In-Ga-S (AIGS)
were synthesized at 300 °C by reacting metal precursors of Ag(OAc), In(acac)3,
and Ga(acac)3 with elemental sulfur as an S2− precursor. Thus-obtained AIGS QDs
were spherical or polygonal, the dave of which was in the range of 2.9 ~ 4.5 nm.
The GaSx coating on AIGS QDs enlarged the particle size by 0.4 ~ 1 nm, indicating
the formation of core-shell-structured AIGS@GaSx QDs. The absorption spectra of
AIGS@GaSx QDs (Fig. 13.4a) were blue-shifted with a decrease in the In/(In+Ga)
ratio, that is, with an increase in the Ga fraction in the AIGS cores. This indicated
that the Eg of AIGS cores was tunable between 2.1 and 2.6 eV by changing the Ga/In
ratio. The as-prepared AIGS QDs exhibited peaks of both broad defect-site PL and
narrow band-edge PL. However, the surface coating of AIGS cores with GaSx shell
layers predominantly decreased the intensity of defect-site PL peaks and then sharp

Fig. 13.4 Absorption
spectra (a) and PL spectra
(b) of AIGS QDs
surface-coated with a GaSx
shell. The number in each
panel represents the In/(In +
Ga) ratio in the preparation.
Reprinted with permission
from Ref. [14]
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band-edge peaks clearly appeared as shown in Fig. 13.4b. The FWHMs of band-
edge emission peaks were ca. 40 nm (180 meV), being much narrower than those
of defect-site emission peaks, 100 ~ 200 nm (Figs. 13.1 and 13.2). The position of
the PL peak was also blue-shifted from 590 to 500 nm with an increase in the Eg

of QDs. The PL QYs of AIGS@GaSx QDs were relatively high, the optimal value
being 28% for 530-nm band-edge emission with AIGS@GaSx QDs prepared with
In/(In + Ga) = 0.40.

PL peaks of AgInS2-based QDs were narrowed by removing defect sites causing
broad PL peaks both via precise tuning of the reaction conditions and via surface
coating with a GaSx shell. However, the thus-obtained band-edge emission peak still
had a relatively large width for the application to optical devices. Single-particle
spectroscopy enables clarification of the origins of PL peak broadening. We found
that the band-edge emission peaks from single AIS QDs were much narrower than
those observed in the ensemble measurement, in which the peak widths (FWHM)
were ca. 20 nm (73 meV), while the peak position fluctuated greatly from particle to
particle between ca. 600 nm (2.0 eV) and ca. 550 nm(2.3 eV). These results indicated
that the ensemble PL peaks were inhomogeneously broadened, probably due to the
size and composition variations of individual QDs. Thus, we can conclude that the
band-edge PL peak in the ensemble measurement of AgInS2-based QDs will be
potentially further narrowed by reducing their inhomogeneity.

13.2.2 Controllable PL Peak of Zn-Ag-in-Te QDs
in the Near-IR Region

Tunable optical properties in the near-IR wavelength region are useful for devel-
oping novel QD-based photovoltaic systems. We successfully prepared near-IR-
light-responsive QDs of high quality by making a solid solution between ZnTe
and AgInTe2, (AgIn)xZn2(1-x)Te2 (ZAITe) [17], in place of multinary metal sulfides.
ZAITe has a widely tunable Eg because bulk Egs of AgInTe2 and ZnTe are 1.0 and
2.3 eV, respectively. The metal precursors of corresponding metal acetates were
reacted with trioctylphosphine telluride in DDT at 180 °C for 180 min with the
ZAITe composition being modified by changing the metal precursor ratio, Ag:In:Zn
= x:x:2(1−x) (0.25 < x<1). The thus-obtained ZAITe QDs had a rod-like structure
as shown in Fig. 13.5a and 13.5b, the dimensions of which were ca. 16 ~ 18 nm in
length and ca. 4 ~ 5 nm in width, regardless of the x values. Each QD was a single
crystal grown along the c-axis of a wurtzite structure without a grain boundary.

As shown in Fig. 13.5c, the ZAITe QDs had clear exciton peaks in the absorption
spectra, the peak position of which was in the near-IR wavelength region and was
shifted from 965 to 710 nmwith an increase in the Zn fraction, that is, with a decrease
in the x value. The Eg of ZAITe QDs, determined from the absorption onset, was
enlarged from 1.2 to 1.6 eV by increasing the Zn content. Furthermore, band-edge
emission peaks appeared at around the corresponding absorption onsets. The PL
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Fig. 13.5 (a, b) TEM images of ZAITe QDs prepared with x = 0.5. Panel b is a high-resolution
image of panel a. (c) Absorption and PL spectra of ZAITe QDs prepared with different x values.
Reprinted with permission from ref. [17]

peak width (FWHM) was almost constant at 140 ~ 170 meV, being comparable with
those of CdTe and PbS QDs, ca. 50 ~ 100 meV, except for the case of QDs with x =
0.25 showing a broad defect-site PL in addition to the narrow band-edge PL.

Consequently, we clearly demonstrated fascinating optical properties of less-toxic
Ag-III-VI-based multinary QDs, that is, Zn-Ag-In-S, Ag-In-Ga-S, and Zn-Ag-In-Te
QDs, that were controllable by their chemical composition, being different from
conventional binary QDs.

13.3 Visible Light-Driven Photocatalytic H2 Evolution
with ZAIS QDs

The electronic energy structure of these multinary QDs can be designed by tuning
the chemical composition as well as by changing their size. Figure 13.6 shows the
potentials of the conduction band edge (ECB) and the valence band edge (EVB) of
multinary QDs of ZnX-AgInX2 (ZAIX, X = S, Se, and Te) solid solution QDs,
determined by photoemission yield spectroscopy in air. The ECB levels of individual
kinds of solid solution were shifted more negatively with an increase in the Eg due
to the increase of the Zn fraction. On the other hand, the EVB levels of ZAIS and
ZAITe were shifted more positively with an increase in the Eg, but the EVB of ZAISe
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Fig. 13.6 Potentials of ECB
(open symbols) and EVB
(solid symbols) of QDs
composed of ZnX-AgInX2
(X = S (squares), Se
(circles), or Te (triangles))
solid solution. The numbers
in the figure indicate the
x values in the formula of
(AgIn)xZn2(1-x)X2. The data
were obtained from refs. [13,
18, 19]
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was constant or slightly negatively shifted. Furthermore, the EVB level of ZAIX was
positively shifted in the order of X = Te, Se, and S when a comparison was made at
a constant x value.

Recently, QDs have been attractive materials for photocatalysts because of their
tunable optical properties in awidewavelength range of the solar spectrum.However,
there have been only a few reports on photocatalytic activities of multinary I-III-
VI-based QDs [20, 21]. As shown in Fig. 13.6, the ECB levels of ZAIS QDs were
sufficiently negative to reduce H+ in an aqueous solution to H2. Thus, we investigated
photocatalytic H2 evolution with the use of ZAIS QDs in the presence of S2− as a
sacrificial agent [13]. Figure 13.7a shows the time course of H2 evolution of spherical
ZAIS QDs with different sizes, which were prepared with x = 0.5. With elapse of
light irradiation time, the amount of H2 evolved monotonously increased, regardless
of the particle size. From the initial slope of the increase in the amount of H2 evolved,
theH2 evolution rate (R(H2)) was determined, as shown in Fig. 13.7b. A volcano-type
dependence was observed between R(H2) and dave of ZAIS QDs with each x value:
The photocatalytic activity tended to increase with a decrease in the dave, and then
the optimal value of R(H2) for each x value was obtained at a similar dave, ca. 4.2 ~
5.5 nm. Furthermore, the change in chemical composition of ZAIS greatly affected
theR(H2) valuewhen a comparisonwasmade at a constant dave.We could reasonably
explain these tendencies from the points of negative shift of ECB and enlargement
of Eg. The ZAIS QDs had a larger Eg with a decrease in the dave or with a decrease
in the x value, resulting in a negative shift of ECB, which caused an increase in the
driving force for H+ reduction. However, excessive enlargement of the Eg remarkably
decreased the number of photons absorbed by ZAIS QDs, deteriorating the R(H2).

The shape of ZAIS QDs also influenced their photocatalytic activity. We success-
fully prepared ZAIS QDs having anisotropic shapes, rod-like shapes, and rice seed-
like shapes via solution-phase synthesis with two-step heat treatment [22]. TheR(H2)
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Fig. 13.7 Time courses of
H2 evolution by irradiation
of spherical ZAIS QDs with
different dave values. The
QDs were prepared with the
condition of x = 0.5.
(b) Relationship between
R(H2) and dave of ZAIS
QDs. The x values used in
the preparation are shown in
the panel. Reprinted with
permission from Ref. [13]

(a)

(b)

0 2 4 6 8 10
0

100

200

300

400

Am
ou

nt
 o

f H
2 / 

µm
ol

Irradiation time / h

d
ave

 = 4.7 nm

5.0 nm

6.9 nm

5.7 nm

4 5 6 7 8
0

10

20

30

40

50

R
(H

2) /
 µ

m
ol

 h
-1

dave / nm

0.40.3

0.7 ( 2)
1.0 ( 10)

0.2
0.6

x = 0.5

value obtained with ZAIS QDs of similar x values of 0.35 ~ 0.45 was enlarged in the
order of rice (size: ca. 9 × ca. 16 nm), sphere (diameter: ca. 5.5 nm), and rod (size:
4.6× 27 nm) QDs. The apparent quantum yield for H2 evolution was determined to
be 5.9% with rod-shaped ZAIS QDs. Furthermore, the formation of a type-II hetero-
junction in a particle was advantageous for enhancing the photocatalytic activity
of ZAIS QDs, in which photogenerated electrons could be effectively separated
from holes. Heat treatment of rod-shaped ZAIS QDs in the presence of precursors
enabled epitaxial growth of ellipsoidal ZAIS domains on both of their termini [23].
The resulting QDs were dumbbell-shaped ones of two ellipsoidal nanocrystals (ca.
4 ~ 6 nm in width × 7 ~ 11 nm in length) connected by a nanorod (ca. 4 nm in
width × 16 ~ 23 nm in length). Since the Zn fraction in the ellipsoidal parts was
smaller than that in the rod part, a type-II heterojunction was formed between the
rod and tip parts, as expected from the energy levels shown in Fig. 13.6. Photo-
generated electrons could be trapped in the ellipsoidal tip parts, while holes were
delocalized over the whole particle. Dumbbell-shaped ZAIS QDs exhibited much
higher photocatalytic activity for H2 evolution than the photocatalytic activities of
original rod-like QDs or free ellipsoidal ZAIS QDs with similar composition and
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size. Thus, it was clarified that precise control of the chemical composition, particle
size, shape, and heterojunction was necessary to design efficient QD photocatalysts
composed of multinary semiconductors.

13.4 Nonlinear Photoelectrochemical Responses of ZAITe
QD Film Electrodes

As mentioned in the introductory part, semiconductor QDs have been reported to
exhibit higher probabilities to induce nonlinear photoresponses, such as hot carrier
transfer and MEG by the absorption of a high-energy single photon, due to the
increased relaxation times of hot carriers in highly excited states. These can poten-
tially enlarge the efficiencies of light energy conversion systems. Here, we clarified
the nonlinear behavior of photocurrent generation for photoelectrodes composed
of ZAITe QDs, in which hot carriers were generated with visible light irradiation
because of their small Eg in the near-IR wavelength region [19].

Rod-shaped ZAITe QDs (Fig. 13.5) were immobilized on ITO substrates by
an alternative layer-by-layer deposition technique using 1,2-ethanedithiol as the
crosslinking agent. Figure 13.8 shows AFM images of ZAITe QD films prepared
with x = 0.75. The substrate was not completely covered with a QD film prepared
with one deposition cycle, the thickness of which was ca. 10 nm. In contrast, the
five deposition cycles enabled the formation of ZAITe QD multilayer films that
completely covered the electrode surface.

Photoelectrochemical measurements of ZAITe QD monoparticle films were
carried out in an aqueous solution containing Eu(NO3)3 as an electron scavenger. A
cathodic photocurrent was observed with irradiation as shown in Fig. 13.9a, being
similar to bulk p-type semiconductor photoelectrodes. However, the photocurrent
onset potential of the ZAITe QD film with x = 0.75 was remarkably varied by the
excitation photon energy of monochromatic light and wasmore positive than the EVB

of QDs used, -0.05 V vs. Ag/AgCl (Fig. 13.6), the degree being enlarged with an

Fig. 13.8 AFM images of
ZAITe QD films prepared on
substrates with 1 deposition
cycle (a) and 5 deposition
cycles (b). The ZAITe QDs
used were prepared with x =
0.75. Reprinted with
permission from ref. [19]
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increase in the photon energy. Such behavior was not observed with bulk semicon-
ductors. An action spectrum of the photocurrent with a ZAITe QDmonoparticle film
revealed that the onset photon energy of photocurrent generation agreed with that
of the absorption spectrum of QDs used, but the spectrum outline was considerably
deviated from that of the absorption spectrum, especially at photon energies larger
than ca. 2.5 eV, where the incident photon-to-current efficiencies (IPCE) were much
larger than those obtained with irradiation of lower-energy photons.

One of the possible mechanisms for the observed nonlinear photoresponses
seemed to be the MEG in a ZAITe QD. To explore this possibility, we measured
ultrafast carrier dynamics in ZAITe QDs. It was found that the absorption of a single
3.1-eV photon did not produce a biexciton in a ZAITe QD, though the ratio of irra-
diated photon energy to the Eg of QDs, hν/Eg, was more than 2.4. Thus, we could
conclude that the MEG did not occur in a ZAITe QD and thus was not the origin of
nonlinear photoresponses.

Figure 13.9c shows the relationship between the onset potential of the cathodic
photocurrent and the energy of photons irradiated to ZAITe QD monoparticle film
electrodes. The onset potentials were comparable to the EVB values of ZAITe QDs
in the case of photon energy lower than ca. 2.1 eV, regardless of the composition
of ZAITe QDs used. However, the onset potential was more positively shifted with
irradiation of photonswith energy higher than ca. 2.4 eV, indicating that the oxidation
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Fig. 13.9 (a) Photocurrent–potential curves of a ZAITe QD monoparticle film prepared with x =
0.75 depending on the excitation photon energy. The number of deposition cycles of ZAITe QDs
on ITO electrodes was 1. (c) Schematic illustration of hot hole injection from ZAITe QDs into ITO
electrodes with irradiation of photons with different energies (hν1 > hν2). (c) Photocurrent onset
potential of ZAITe QD monoparticle film electrodes as a function of excitation photon energy. The
x value used is indicated in each panel. Reprinted with permission from Ref. [19]
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power of ZAITe QDs was variable depending on the irradiated photon energy. This
behavior could be reasonably explained by the hot hole transfer fromZAITeQDs into
ITO electrodes as schematically illustrated in Fig. 13.9b, the probability of which
was increased for hot holes at more highly excited states.

The difference between the onset potential and the EVB was at most ca. 0.37 V as
shown in Fig. 13.9c, beingmuch smaller than that between the Eg of ZAITeQDs used
and the excitation photon energy. This indicated that a large part of the excess energy
of hot holes was dissipated as heat before the hole transfer to collecting electrodes.
Furthermore, the onset potential shift with irradiation of 3.40-eV photons became
larger with a decrease in the Eg of ZAITe QDs, suggesting that ZAITe QDs having
a lower ECB (Fig. 13.6) could produce hot holes at more highly excited states. It
should be noted that a shift of the photocurrent onset potential was not observed
for ZAITe QD multilayer films prepared with 5 deposition cycles, regardless of the
particle composition: The onset potential agreed well with the EVB of ZAITe QDs,
indicating that hot holes were relaxed to the valence band bottom during the transfer
between QDs in multilayer films.

13.5 Conclusion

We described solution-phase preparation of multinary QDs composed of less-toxic
Ag-III-VI-based semiconductors, enabling precise control of their chemical compo-
sition, size, shape, and heterostructure. Multinary QDs had Egs that are tunable by
both the chemical composition and particle size. Controlling photoluminescence
properties of multinary QDs by the chemical composition is a significant advantage
in comparisonwith conventional binary QDs. A band-edge PL peakwas successfully
observed by tuning the non-stoichiometric composition of Ag-In-Ga-SQD cores and
by surface coating with a GaSx shell layer, the peakwidth of whichwasmuch smaller
than that of a defect-site emission peak. Irradiation to Zn-Ag-In-S QDs enabled
photocatalytic H2 evolution, the activity being modulated by the particle composi-
tion and morphology. A nonlinear photoelectrochemical response was observed by
visible light irradiation to near-IR-light-responsive QDs composed of a Zn-Ag-In-Te
solid solution, in which a cathodic photocurrent was generated at a potential more
positive than the EVB of QDs. Further precise control of the photochemical properties
will be achieved by reducing the inhomogeneity in both the chemical composition
and the particle size of individual multinary QDs. Our findings and the underlying
mechanism will be essential for the development of novel QD-based devices such as
bio-imaging devices, luminescent devices, photocatalysts, and solar cells.
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Chapter 14
Photosynergetic Enhancement
of Photosensitivity of Photochromic
Terarylenes

Tsuyoshi Kawai

Abstract Photochromic molecules are one of the major targets of research among
various scopes of photosynergetic approaches on molecular photochemistry. In this
chapter, the authors describe progress of photosynergetic enhancement of photore-
activity of photochromic substances beyond classic photochemical stoichiometry
based on one molecule/one photon hypothesis. Catalytic activity of photoproduct is
one of the key concepts to achieve this and the classic concept of photoacid gener-
ators, PAGs, was far expanded for photo-Lewis Acid Generators, PLAGs. Cascade
reactions involving photochromic molecules are further maximized with terarylene
derivatives and amplified radio-chromic nature was rationally demonstrated, opening
critical scope for the future of molecular photochemistry.

Keywords Photochromism · Photosynergetics · Photoisomerization · Terarylene ·
Diarylethene

14.1 Introduction

Photo-induced reactions of various molecules are widely observed in various natural
and artificial systems. Vision systems inmonomania are, for example generally based
on the photoisomerization of retinal in the host protein such as opsin [1–3]. One of
their typical properties is their capability for fine tunings on sensitive wavelength and
photochemical sensitivity based on the protein-retinal interaction. Photosensitivity
is a more general figure of merits for most of artificial photoreactive substances and
materials. As the photo-induced reaction of molecules is practically promoted with a
remoteway and can be spatially confined in the photo-irradiated area, they are widely
used in industrial photoresist polymer systems and photo-curable resin systems [4].
While biological and medical aspects have become pronounced targets, such as
phototherapy and photopharmacology [5], industrial photoreactive substances are
still considered to be of the most practical and social importance. In these systems,
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Scheme 14.1 General
structure of photochromic
terarylenes

most photo-triggered reactions are initiated by the photochemically generated reac-
tive substances such as radicals, acids, and bases.Whilemost industrial photoreactive
substances undergo irreversible reactions, some substances undergo fatigue resistive
reversible photoisomerization cycles for many times. Diarylethene has been recog-
nized as one of the most fatigue resistive photochromic organic molecules, which
shows reversible 6π-photocyclization and cyclo-reversion reactions [6, 7]. It also
displays specific thermal stability at the ring-closed form, which is supported by the
partially forbidden thermal cycloreversion process along the electronic ground-state
potential surface and relatively large thermal activation energy. Triangle terarylene
(Scheme 14.1) which involves an additional aromatic bridging unit also displays
well-defined 6π-photocyclization like diarylethene [8, 9]. Although it is not large
modification on the diarylethene structure, the introduction of central aromatic unit
offers a marked variety of combinations of aromatic units and flexibility of molec-
ular design for unique photofunctional properties. In this article, the author reviews
recent progress on photochromic terarylenes and their photosynergetic enhanced
photosensitivity.

14.2 Terarylene as Typical Expansion of Diarylethene

After the dramatic success of diarylethene mostly delivered by Prof. Irie with
his coworkers, a considerable number of publications have been published on
photoresponsive molecular systems based on diarylthenes, such as liquid crys-
tals, molecular amorphous films, organic semiconductors, gels, membranes, metal-
coordination compounds and polymers [10, 11]. These studies clearly presented
significant adaptability to various molecular systems and promising future appli-
cations of diarylethenes. Chemical modification on diarylethene core structures
has also been extensively studied. For example, Tien et al. have introduced eight-
aromatic leg units into a porphyrin core to form a new photochromic molecule [12].
Professor Krayushkin and coworker systematically synthesized 1,2-diaryl-thiophene
and related substances [13]. Independently, the author and coworkers synthesized
terarylene derivatives as photo-switching unit for π-conjugation connection. Wave-
length ofUV-vis optical absorption band of these compounds in the open- and closed-
ring forms are rationally modulated with the π-conjugation expansion, which is
roughly evaluated with the bond alternation as shown in Scheme 14.2 [8]. The terary-
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Scheme 14.2 Examples of terarylenes with different p-conjugation length

lene structure has thus been suggested to have additional flexibility in controlling
various photofunctionality because of expanded π-conjugation.

The additional aromatic unit in the terarylene structure was expected to stabilize
its ring-open form isomer and enhance the enthalpy increase upon ring cyclization.
Therefore, spontaneous thermal cycloreversion reaction from the ring-closed form
was supposed to be firster than the diarylethene. Since the decay lifetime of the
colored state of diarylethene is enough long (can be 106 years) [10, 11], diarylethenes
are recognized as “P-type” one. We have then expected tunability in the fading
lifetime of terarylenes. It was practically modulated in the range of several years
to several seconds, in which the decay kinetics was especially enhanced with four-
phenylacetyl units (Scheme14.3) [14]. Their specifically short lifetimeof closed form
was attributedmostly not to the activation energy but to the apparent frequency factor
in the Arrhenius-type kinetics. The spontaneous reverse kinetics seems beneficial for
molecular-based switching systems.

The photochromic ring-cyclization of terarylenes is considered to proceed in the
conrotatory motion among the hexatriene structure as like as diarylethene. In this
sense, their ground-state structure of quasi-C2 symmetry is expected to be photoac-
tive, which is typically called as “anti-parallel” structure for diarylethene. Indeed,
some crystalline diarylethenes which are fixed in the “anti-parallel” conformation
exhibit almost 100% of photochemical quantum yield of ring-cyclization [10, 11].
Conformational equilibrium of terarylene should be more complex than diarylethene
as its non-symmetric central hetero-aromatic units. However, those with higher
stability and larger population ratio in the quasi-C2 symmetric structure should
promote relatively high photochemical quantum yield. In the typical examples shown
in Scheme 14.4, specific intramolecular tethering interaction between specific atoms,

Scheme 14.3 Photochromic terarylenes with fast-fading dynamics
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Scheme 14.4 Photochromic terarylene showing “Photon-quantitative Reaction”

such as S/N and CH/N should selectively stabilize their quasi-C2 symmetric confor-
mation. This terarylene of photochemical quantum yield as high as 98%, which was
distinguished as “photon-quantitative reaction” [15]. This implies almost 100% of
molecules are in the reactive conformation in solution phase. Such conformational
control has been typically achieved in the crystal state of diarylethenes as mentioned
above. Since excited-state reaction of diarylethene proceeds in several picoseconds
or less, their conformation should be maintained during the photoexcitation. The
compounds of non-reactive conformation should have less or almost no chance to
proceed to the ring-cyclization reaction after conformational isomerization.We could
thus control conformational equilibrium and enhanced photochemical sensitivity by
means of chemical modification at the central unit of terarylenes.

The authors further verified this conformation control approach by means of
guest-binding terarylene with enhanced photosensitivity in methanol (Scheme 14.5).
Because of the hydrogen-binding pocket, the reactive conformation was stabilized
in methanol showing enhanced photochemical sensitivity [16]. This conformational-
control approach was also expanded for photochromic foldamers based on oligo-
thiazole structure, where the intramolecular S/N interaction promotes stable helicate
structure [17]. The foldamer helicity was rationally controlled by the chiral units at
the ends of oligo-thiazole wire, which was justified by systematic DFT calculations.
The photocyclization reaction with almost 100% diastereo-selectivity was achieved
in this approach. Specific photochemical modulation of circularly polarized lumi-
nescence was demonstrated in a chiral tetra-thiazole derivative with two pyrene units
at both ends [18]. Di-nuclear Eu(III) complex based on the tetra-thiazole foldamar

Scheme 14.5 Terarylene with a guest-binding pocket
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was also studied [19]. Both of them displayed specific circularly polarized lumines-
cence in the O-form and its diminish in C-form because of suppressed stereospecific
interaction between two emitting units at both ends of tetra-thiazole. This reversible
photo-switching nature associates with configurational conversion between sp2 and
sp3 at the reaction center carbon atoms.

14.3 Photoacid Generators Based on Terarylenes

Among various studies on photo-switching applications of diarylethenes, some
successful attempts have been reported on photo-reversible modulation of catalytic
activity [20–24]. They may offer remote control of chemical reactions in a limited
space and on-demand reaction triggering at the ambient temperature. The authors
have studied terarylene backbone for new photoacid generator, PAG. PAG is one of
the most frequently used industrial chemicals in photolithography technology and
photocuring processes, which forms Brfnsted acid after photo-decomposition reac-
tion [25, 26]. Especially, non-ionic PAGs are widely used for the industrial process in
VLSI fabrication, in which they are demanded to be compatible with non-ionic poly-
mers andmonomers [27]. The non-ionic PAGs are usually composed of sulfonyl ester
and sulfonyl imide, which decompose under UV light irradiation forming sulfonic
acids. In order to trigger polymerization of epoxy monomers, sufficiently strong
acids such as triflic acids and other superacids are also desired. Since most industrial
PAGs have photochemical quantum yield of about 30% or less, it is still worth for
challenging to explore non-ionic PAGs with higher photosensitivity.

The authors have studied a tearylene with H− and CH3O− units at the reac-
tion center carbon atoms instead of CH3− units, which exhibited photo-induced
release of CH3OH affording condensed aromatic substance [28, 29]. This dissocia-
tion reaction has been assigned to the E1-like elimination reaction, in whichmethoxy
anion dissociates from the ring-closed form isomer, and H+ successively dissociates
from the carbocation intermediate. For developing new efficient PAGs based on
terarylenes, we have introduced H− and acid-ester group, CH3SO3− (Scheme 14.6)
[30]. After the photocyclization reaction, an anion, CH3SO3

− dissociates from the
sp3 carbon atom forming a sp2 carbocation. This should be followed by the release
of H+ providing the Bronsted acid, CH3SO3H. Interestingly, this new PAG releases
the whole CH3SO3H without external source of H+, which is generally desired for

Scheme 14.6 Reaction scheme of S-PAG based on terarylenes
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precious PAGs to form Brφnsted acids. Because of this specific nature, we called this
new PAG as the self-contained PAG, S-PAG. The new S-PAG was indeed capable to
use as the photo-initiator for cationic epoxy polymerization reaction. Various kinds
of Brφnsted acids can be released such as carboxylic acid and sulfonic acid [31,
32]. In the S-PAG for triflic acid which is a typical “super acid”, we stably intro-
duced CF3SO3- unit in the open form on a naphthalene unit [33]. The ring-cyclized
form quantitatively releases acid affording the condensed aromatic form. The overall
quantum yield generating the acid is thus determined with the initial photocycliza-
tion reaction and can be as high as 71%, which is highest among the neutral PAGs
so far reported. Another advantage of the S-PAG is absence of radical intermediate,
which is commonly involved in the usual PAGs. The extended π-conjugation system
in terarylene seems supportive of the quantitative release of acid via the carbocation
intermediate stabilized over their π-conjugation.

More recently, the author and coworkers expanded this S-PAG concept into photo-
induced Lewis Acid Generator, PLAG, in which Lewis acid is reliably formed
under UV light irradiation instead of Brφnsted acid [34]. Scheme 14.7 depicts the
concept of PLAG, which affords stable carbocation, C+-form, as a Lewis acid cata-
lyst under UV light irradiation. The carefully characterized C+ form showed life-
time of about 100 days and demonstrated to trigger the cationic polymerization of
epoxy monomers, in which end-terminal unit was interestingly protected with the
C+ unit. This clearly demonstrates the concept of PLAG affording the C+-form as a
Lewis acid catalyst. Moreover, we successfully demonstrated to trigger Mukaiyama-
Aldol reaction with this PLAG, which cannot be initiated by any Brφnsted acids
[35, 36]. The product of the Mukaiyama-Aldol reaction was importantly obtained
as silyl-ester, which is fragile toward Brφnsted acid. This again clearly indicated
that PLAG promotes Lewis acid but not Brφnsted acid. This was the first example
of photo-triggered one despite more than 5000 reports have been published on
Mukaiyama-Aldol reaction and related topics. The conventional Lewis acid cata-
lysts such as metal chlorides and their coordination compounds mostly desire careful
handling because of ambient instability. The new PLAG is fairly stable under
ambient condition but promotes highly reactive carbocation Lewis acid with 50% of
photochemical quantum yield. PLAGs are expected to be compatible with cationic
photo-polymerization of epoxy and vinyl ether monomers having protected func-
tional groups such as silyl esters, which are cleavable with Brφnsted acid after the
photo-polymerization.

Scheme 14.7 Reaction scheme of PLAG forming carbocation
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14.4 New Domino Reaction for Photosynergetic Approach

The mammalian vision systems are based on ionic transport through the photo-
switchable ion-channels at membrane and capable of amplifying light signal over
1:1 ratio between numbers of ions and photons. Artificial systems such as avalanche
photodiode (APD) and Photo-Multiplying Tube (PMT) detectors also have signifi-
cant amplification nature. Tokumaru et al. and Irie et al. have independently reported
photoisomerization reaction with photochemical quantum yield higher than 100%
[37, 38]. Both systems of these advanced research are based on triplet state energy
transfer between substances. Recently Garcia-Garibay et al. have reported specific
quantum-chain reactions in single crystalline state. They have reported specific
photodecarbonylation reaction of diarylcyclopropenones in the crystalline state with
photochemical quantum yield higher than 300%, which is based on singlet energy
migration [39]. Since all these photo-amplifying systems are based on irreversible
photoreactions and it was still challenging to explore those of reversible photochem-
ical systems. The author has reported a specific chain-like reaction in diarylethene,
where one-electron electrochemical oxidation of C-form resulted in isomerization
of several C-forms to O-forms with chain-like reaction [40]. After Branda et al.
have reported the same phenomenon by means of chemical oxidation, Matsuda
proposed a clear concept of spontaneous isomerization reaction in the oxidized and
even reduced states which are supported with suppressed activation energy between
two isomers [41, 42]. These studies are summarized as the reaction scheme shown
in Scheme 14.8. The first oxidation of C-form generates cation radical of C-form
and the C+-cation radical proceeds to isomerization reaction to O+-cation radical.
Since O+-cation radical has sufficiently high oxidizing capability against another
C-form for recovering C+-cation radical for propagating chain-like reactions. The
chain-propagation of this system was supposed to be much pronounced in some
molecules with longer lifetime of cation radicals. Since most radical cations can
have longer lifetime than the triplet and the singlet excited states, chain propagation
can be much pronounced in the present systems in comparison with previous studies.

Scheme 14.8 Schematic illustration of chain-like cascade reaction of terarylenes
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The author and coworkers have expected marked enhancement of chain propagation
in terarylenes, because of their expanded π-conjugation systems supporting stable
cation radicals. The authors have indeed studied on some terarylene derivatives and
found efficient chain-like isomerization reaction in terthiazole [43]. Their kinetics
were systematically studied with the stopped-flow analysis. The author and coworker
expanded the terarylene derivatives to the compound shown in Scheme 14.9 [44].
The phenyl units at the reaction center carbon atoms are considered to be involved
in extended π-conjugation system in the O− and the O+-forms but not in the C− and
the C+-forms. Therefore, the introduction of these phenyl groups seems to enhance
the relative stability of the O+-form against the C+-form and to make the unimolec-
ular isomerization reaction favorable, which is apparently the rate-determining step
of in chain-propagation process. Indeed, this new compound proceeds the propa-
gation of chain-like reaction for more than 1000 times. Once the oxidant of about
0.001 equivalent to the C-form isomer was added, the whole molecules isomerized
into the O-form. Specific quasi-zero-order decay kinetics of C-form was observed
in this chemical oxidation, suggesting the rate-determining step is unimolecular
reaction but not bi-molecular reaction. The apparent zero-order rate constant was
roughly proportional to the amount of initial oxidant. These photochromic substances
display reversible photochromic color changes and additional electrochromic nature
with extremely large charge sensitivity with an amplification factor over 1000. For
instance, we may expect future light shading material based on these molecules, in
which coloration is induced by the ambient UV light, and electro-bleaching can be
induced with a very small amount of external current charge.

More recently, the author and coworkers have demonstrated photo-induced trigger
of oxidative chain reaction. The photochemical reactivity and oxidative cascade
amplification capability of were studied for compounds shown in Scheme 14.10
[45]. The closed forms demonstrated fading reaction under UV light illumination
in chloroform. This reaction was considered to be triggered by the electron detach
from the singlet state excited of the substances or charge separation from the CT
excited state, in which chloroform molecules operate as photo-oxidizing electron-
scavenging substance. The photo-triggered fading reaction proceeds efficiently in the
presence of oxygen.Because of the chain-like reaction amplification, the authors have
observed surprisingly large photochemical fading quantum yield, apparently about
3300%. This seems a typical example of photosynergetic enhancement of photo-
chemical sensitivity of organic substances, which is one of highest photosensitivity

Scheme 14.9 Terarylenes of highly efficient cascade reactions
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Scheme 14.10 Molecular
structures of terarylenes for
cascade reaction study

among organic photochemical color-changing reactions. The author has thus moti-
vated to apply this photo-triggered chain-like reaction to the radio-detection process.
That is, the C-form/chloroform solution was irradiated with an X-ray. Systematic
bleaching reaction was clearly observed after irradiation of X-ray for 6 s. The degree
of bleachingwas roughlyproportional to the irradiationdose amount ofX-ray.Lowest
detection limit for the X-ray dose was evaluated to about 0.3 mGy, which is more
than 100 times higher in comparison with previous organic radio-chromic molecules
[46–48]. Although there can be several different chemical processes upon irradiation
of X-ray competitively, significant cascade amplification should be pronounced for
the oxidation reaction forming cation.

14.5 Conclusion

Photochromic molecules have been widely studied for the color and light control-
ling materials. They have been also expected as dynamic photo-switching molecules
and optical recording materials. Recent intensive and systematic studies on various
photochromic substances, especially on diarylethenes and related substances,
promoted considerable progress in their photosensitivity and provided highly-
photosensitive molecules. Indeed, their photosensitivity is considerably higher than
most of the irreversible photoreactive substances, which arewidely used in industrial,
medical, and analytical purposes. The author and colleagues have retracted in some
cases the discriminating scope for diarylethene derivatives as reversible systems and
exploited for efficient new PAGs and even PLAGs. Especially, the PLAG system
is expected to alter many occasions of chemical reactions. Most of the previous
catalytic Lewis acids are composed of metal halides of moisture sensitivity, such
as SnCl4, TiCl4, AnCl3, ZnCl2, etc. The new PLAGs are expected to be compatible
with some of Lewis acid catalytic reactions but inert under ambient conditions before
illumination of UV light. In addition to this advantage in usability, the photochemical
quantum yield of PLAG (QY= 50%) is considerably higher than the most of PAGs.
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On the other hand, the chain-like ring-cycloreversion reactions seem to be a spec-
tacle example of amplification molecular system. The chain-propagation number is
not obviously limited by the reaction thermodynamics but by competitive kinetics
of chain-propagation dynamics with the spontaneous decay of radicals. Control on
radical lifetime and appropriate design of reaction space may offer the ultimate
challenging fields.
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Chapter 15
Creation of Molecularly Integrated
Multi-responsive Photochromic Systems

Yasushi Yokoyama

Abstract In this chapter, we describe: (1) the use of photochromic acid-generating
spiropyran in (i) controlling the absorption wavelength of bisphenanthrolinodi-
arylethene and (ii) the on/off switching of photochromism in a diarylethene; (2)
highly enantioselective light-induced chirality transfer from human serum albumin
to diarylethenes and (3) the short-step assembly of (i) thermally irreversible stealth
photochromic arylbutadienes and (ii) thermally reversible photochromic teraryls by
way of “click” Huisgen reactions catalyzed by Ru(I) complexes.

Keywords Diarylethene · Spiropyran · Arylbutadiene · Teraryl · Human serum
albumin ·McMurry coupling · Huisgen click reaction

15.1 Introduction

Photochromism is an interesting field of research since irradiation of photochromic
materials not only induces changes of color but also various useful properties [1–
5]. Of such photochromic materials, diarylethenes are among the most investigated
[6–8] due to their high thermal as well as photochemical durability, facile synthetic
accessibility and wide range of switching abilities of their color and properties.

Here, we have described our results mainly related to diarylethenes and their
derivatives obtained from the JSPS Kakenhi project on “Photosynergetics” led by
Professor Miyasaka of Osaka University. When the project started in 2014, our
main objective was to construct multifunctional photochromic systems which are
composed of more than one chemical species. The components of such a system
must work in a synergetic manner by photoirradiation to act as a photoswitch for
such novel functions and properties strongly related to photochromic phenomena
(Sect. 15.2) as well as for the transfer of chiral information from its environment
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(Sect. 15.3). As a secondary objective, we aimed to establish short-step synthetic
pathways for the photochromic molecules in order to allow a more facile process for
the construction of complex systems (Sect. 15.4).

15.2 Photon-Working Conjugate of Photochromic
Acid-Generating Spiropyran and Diarylethenes

15.2.1 Fine-Tuning of the Absorption Wavelength
of Bisphenanthrolinodiarylethene [9]

A thermally reversible and water-soluble photochromic spiropyran 1mc was shown
in a 2012 paper by Liao et al. [10]. It takes the merocyanine form with the phenol
moiety instead of the phenolate at its thermal equilibrium due to the existence of
a sulfonic acid group. Upon visible light irradiation (ca. 450 nm), it changes to
spiropyran form 1sp in which the phenolic proton moves to the indoline nitrogen.
We found this compound to be of great interest so that its use in organic solvents
was investigated. We then designed a spiropyran 2mc by introducing a t-butyl group.
A fluorine atom was also introduced on the indoline moiety to enhance the acidity
of 2sp (Chart 15.1). Its absorption spectral change by visible light irradiation and
thermal back reaction are shown in Fig. 15.1.

According to the reported data of similar compounds, the pKa values of 2mc and
2sp are estimated to be ca. 10 [11] and ca. 4 [12] in aqueous solutions, respectively.
Therefore, during the photochromic reactions, the acidity will change by ca. 106

times.
In our previous research, we found that a diarylethene 3o (Chart 15.1) changed

its photochromic properties dramatically when it forms a complex with Cu(I) (Lewis
acid) [13] or a salt with oxalic acid (Brønsted acid) [14] in solution. When four
equivalents of CF3SO3H was added to the chloroform solution of 3c as a strong
acid, the absorption maximum wavelength shifted to longer wavelengths as large as
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Chart 15.1 Thermally reversible photochromic strong acid-generating spiropyrans 1 and 2 and
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(a) (b)

Fig. 15.1 The thermally reversible photochromism of 2mc in chloroform at room temperature (ca.
20 °C). a Irradiated with 450-nm light. Concentration: 6.4 × 10−5 mol dm−3, optical path length:
1 cm, light source: 450 nm (0.42 mW/cm2), irradiation time/min: 0, 0.5, 1, 2, 4, 12. b Thermal
back reaction. Time interval/min: 0, 3, 6, 9, 12, 15, 21, 30, 50, 180. From [9] Copyright © 2016 by
Wiley, Inc. Reprinted by permission of Wiley, Inc.

46 nm (from 638 to 684 nm) with a change in the color of the solution from blue to
green (Fig. 15.2).

Since the pKa value of protonated phenanthroline is around 4.86 [15] which is
between the pKa values of 2mc and 2sp, we envisaged that the phenolic proton in
2mc should move to the phenanthroline moieties of 3c instead of to the indoline
nitrogen of 2sp when 2mc coexists with 3c in the solution and 2sp is generated
from 2mc by visible light irradiation. One concern was whether visible light for the
generation of 2sp would also change 3c to 3o. Fortunately, as shown in Fig. 15.2,
the molar absorption coefficients of both 3c and 3c-(H+)2 between 450 and 500 nm
are small. We therefore carried out the all-optical fine-tuning of the absorption band
position by visible light irradiation to the 2mc and 3c mixture solution. The results
are shown in Fig. 15.3.

Since 2mc and 3o are photochromic, the former thermally reversible and the latter
thermally irreversible, we generated distinctive color states using these molecules.

Fig. 15.2 Absorption spectra of 3c and 3c-(H+)2 at the photostationary state of 366-nm irradiation
(3c:3o = >98:<2) in chloroform. Blue line (left photograph): 3c (3.5 × 10−5 mol dm−3). Green
line (right photograph): 3c (3.5 × 10−5 mol dm−3) in the presence of 4 eq CF3SO3H (1.4 × 10−4

mol dm−3). From [9] Copyright © 2016 by Wiley, Inc. Reprinted by permission of Wiley, Inc.
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Fig. 15.3 Shift of absorption band of 3c in the 550–800 nm range by the photochromic reaction
between 2mc and 2sp in chloroform. a Irradiation of 450-nm light to induce the change from 2mc
to 2sp. b Thermal reaction to induce the change from 2sp to 2mc at r.t. (ca. 20 °C). Concentration:
3c 2.40 × 10−5 mol dm−3, 2mc 3.84 × 10−4 mol dm−3 (16 eq). From [9] Copyright © 2016 by
Wiley, Inc. Reprinted by permission of Wiley, Inc.

Fig. 15.4 Four states of the 3-and-2 system generated by light irradiation and thermal treatment
in chloroform. a 3c and 2mc, dark green; b 3c and 2sp, dark cyan, 450-nm light irradiation of (a);
c 3o and 2mc, orange, generated by 640-nm light irradiation of (a); d 3o and 2sp, faint yellow,
generated by 450-nm light irradiation of (c). Other conversion methods are described in the figure.
Concentration: 3 1.2 × 10−4 mol dm−3, 2 4.8 × 10−4 mol dm−3. Optical path length: Spectra
2 mm, photographs 20 mm. From [9] Copyright © 2016 by Wiley, Inc. Reprinted by permission of
Wiley, Inc.
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Figure 15.4 shows the four different colors generated only by alternating the
irradiation light wavelength and application of heat.

Thus, we have synthesized a photochromic and strong acid generator spiropyran
2mc which works in organic solvents. By making use of the large difference in
the pKa values for 2mc and 2sp, we have succeeded in controlling the continuous
shift of the absorption bands of 3c by light irradiation and thermal treatment. It is
well known that when photochromism induces a change in color of the solution
or material by photoirradiation, it occurs between two “remote” wavelengths. The
system we showed in this section exhibits “continuous” change of the absorption
band by photoirradiation. It is the “fine-tuning” of the absorption band position of a
compound controlled by the photochromism of another compound. Since this system
uses two different photochromic compounds, four distinctive states with regard to
the absorption spectra can be generated independently just by light irradiation and
thermal treatment [9].

15.2.2 All-Optical On/Off Switching of the Photochromic
Reaction of Diarylethene [16]

The construction of all-optical control for the position of the absorption band of a
photochromic diarylethene was successfully carried out by photochromism of the
spiropyranwhich produces a highly acidic proton uponvisible light irradiation. Simu-
laneously, we synthesized a unique diarylethene 4o (Chart 15.2) which did not show
photochromism upon UV irradiation when dissolved in acetonitrile (MeCN) due to
the twisted intramolecular charge transfer (TICT) [17].When an excess amount (10–
1000 eq) of CF3CO2H was added, it recovered its photochromic nature (Fig. 15.5)
since the strong electron-donating ability of the dimethylamino group was lost by
protonation to its nitrogen atom.

Since the pKa value of 4o-H+ was estimated to be about 4.0 [18], it was uncertain
that if 2sp (pKa about 4.0 [12]) was present in the same solution, the proton would

S
S NMe2

NO2

F F

F FF F

4o

Chart 15.2 Diarylethene 4o and its ORTEP drawing obtained by X-ray crystallographic analysis
(shown with 50% probability of thermal ellipsoids). Fluorine atoms of the secondary conformer are
shown as green balls. Hydrogen atoms were omitted for clarity. Reprinted with permission from
[16]. Copyright 2016 American Chemical Society
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(a) (b) (c)

Fig. 15.5 Absorption spectral change of 4o by photoirradiations in MeCN. Concentration: 2.05×
10−5 mol dm−3. Light intensity: 366 nm 0.400 mW cm−2, 578 nm 2.20 mW cm−2. a Irradiation
with 366 nm light to 4o; b irradiation with 366 nm light to the mixture of 3o and ca. 1000 eq. of
trifluoroacetic acid; c successive irradiation with 578 nm light to the photostationary state solution
of (b). Reprinted with permission from [16]. Copyright 2016 American Chemical Society

be transferred from 2sp to 4o. However, we still attempted the use of 2mc as the
photochromic acid generator by irradiation of 450 nm light to produce 4o-H+. It first
had to be proved that before 450 nm light irradiation, no photochromism of 4o to
4c occurs by UV irradiation. If 366 nm light was used for UV irradiation, it could
change 2mc to 2sp; then, the latter would give a proton to 4o, and 4c-H+ would
be formed during 366 nm light irradiation. However, we found that irradiation of
313 nm light produces little 2sp from 2mc. Consequently, the small amount of 2sp
formed can be trapped if small amounts of alkylamine are initially added.

We envisaged the following scenario: Even though irradiation of 313 nm light
is carried out on the mixture of 4o, 2mc and the small amount of triethylamine in
MeCN, it would not yield any 4c. Irradiation of 450 nm light to change 2mc to 2sp
followed by 313 nm light irradiation would generate 4c-H+ which would revert to
4o-H+ by visible light irradiation. While the last transformation from 4c-H+ to 4o-
H+ has already been proved by experiments with CF3CO2H, our interest was to see
whether 4c would revert to 4o by visible light irradiation. Thus, further experiments
were carried out, and the spectral changes are shown in Fig. 15.6.

As shown in Fig. 15.6a, the mixture of an equimolar amount of 4o and 2mc and
10 mol% of triethylamine in MeCN was irradiated with 313 nm for 5 min. The small
decrease in the absorbance at around 440 nm indicates the change from 2mc to 2sp,
implying the generation of a small amount of strong acid. As expected, 10 mol%
of triethylamine worked very well to trap the acid so that no 4c-H+ was formed.
Successive irradiation of 450 nm light changed 2mc to 2sp, as evidenced by the entire
disappearance of the absorption band around 450 nm. Irradiation of 313 nm light to
this solution induced the photochromic coloration of 4o-H+ to 4c-H+ (Fig. 15.6b).
When the solution was placed in the dark, 2sp changed to 2mc gradually, as shown
by the increase in the absorbance at around 450 nm in Fig. 15.6c, while no change
was observed for the absorption band in the visible region. Successive irradiation of
the solution by 578 nm light caused the change from 4c to 4o.

We thus succeeded in assembling an all-optical lock/unlock system of a thermally
irreversible photochromic system composed of 4o, 2mc and triethylamine in MeCN
(Chart 15.3) [16].
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(a) (b)

(c) (d)

Fig. 15.6 Absorption spectral changes of 4o and 2mc in MeCN in the presence of triethylamine
at room temperature. a Irradiation of 313 nm light (5 min), then 450 nm light (4 min); b successive
irradiation to the solution of (a) with 313 nm light; c thermal change of 2sp to 2mc; d irradiation
of 578 nm light to the solution of (c). Concentration: 4o 2.50 × 10−5 mol dm−3, 2mc 2.50 ×
10−5 mol dm−3, Et3N 2.50 × 10−6 mol dm−3. Light intensity: (a) 313 nm 0.400 mW cm−2; (b)
450 nm 0.420 mW cm−2; (c) 313 nm 0.400 mW cm−2; (d) 578 nm 2.20 mW cm−2. Reprinted with
permission from [16]. Copyright 2016 American Chemical Society

Chart 15.3 Schematic diagram of all-optical lock/unlock system of thermally irreversible
photochromic 4owith thermally reversible photochromic 2mc as the key. Adapted with permission
from [16]. Copyright 2016 American Chemical Society
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15.2.3 Section Conclusion

Spiropyran 2 takes themerocyanine form 2mc in organic solvents due to the existence
of the sulfonic acid moiety in the molecule. Despite the zwitterioninc structure, 2mc
is yet soluble in MeCN because of the t-butyl group. Upon visible light irradiation at
450 nm, 2mc changes to the strong acid 2sp which transfers a proton to the stronger
base such as the phenanthroline in 3c and the dimethylamino group in 4o, giving rise
to dramatic changes in the principal properties of these photochromic compounds.
Namely, the absorption maximumwavelength of 3c shifted continuously [9], and the
firmly locked photochromic ability of 4o was unlocked by visible light irradiation
[16].

15.3 Light-Induced Chirality Transfer from a Peptide
Molecule Placed in a Quasi-artificial Medium
to Diarylethenes

15.3.1 Photochromic Molecules in Peptides

Photochromicmolecules are gainingmuchmore attention than ever because they can
be used in biological media as switching units for functions and imaging probes [19].
When such molecules are used in water, they should be water soluble, otherwise they
will form aggregates.When thosemolecules are attached or incorporated in a peptide
such as human serum albumin (HSA), they are water soluble, though the size of the
probe itself becomes large [20, 21]. In addition to water solubility, because peptides
are made of optically active amino acids, they offer chiral environments. When the
photochromic compound generates a racemic mixture upon photochromic reaction,
the ratio of enantiomers when photochromic reactions occur in the peptide would not
be 50/50 due to the chiral environment. The photochromic molecules incorporated in
the peptide will then possess chirality-related information such as CD signals, optical
rotation and circularly polarized luminescence in addition to their usual properties
[22].

We have been interested in the stereoselective photochromism of fulgides and
diarylethenes, and in the early stages, we have reported on diastereoselective
photochromism inmany different ways of chirality induction [23–27]. Subsequently,
enantioselective photochromism was carried out in HSA [28, 29]. Here, we present
our results showing that the fine-tuning of the reactionmedia surrounding HSA plays
an important role in attaining highly enantioselective photochromic ring closure of
diarylethenes [29].
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Chart 15.4 Enantioselective photochromic ring closure of diarylethene 5o

15.3.2 First Enantioselective Photochromism
of Diarylethenes in HSA [28]

Diarylthene 5o (Chart 15.4) was first employed to be incorporated in 10 eq HSA
in phosphate buffer solution (PBS) by adding its MeCN solution (the final ratio
of MeCN/PBS was 1/99 v/v). The mixture solution was then kept in the dark at
room temperature for 24 h (i.e., incubation) to secure complete incorporation in the
hydrophobic pockets within HSA [30]. The enantiomer excess (ee) value after 313-
nm light irradiation was 63%. When the solution was kept at −4 °C for 24 h before
UV irradiation, the ee increased to 71%.

The absolute stereochemistry of the major 5c generated in HSA was determined
by X-ray crystallographic analysis of the bis(4-chlorobenzoyloxy) derivative of the
optically resolved 5c to be (S,S)-5c [31]. HPLC (column: Daicel OD-H) analysis
showed that it moves slower than the other enantiomer and exhibited a negative
Cotton effect in the CD spectrum in the visible region [28].

15.3.3 Highly Enantioselective Photochromic Ring Closure
of Diarylethenes in HSA Attained in Quasi-artificial
Media [29]

The enantioselectivity of the diarylethenes with different substituents shown in
Chart 15.5 was then examined. Although experiments on 6o, a dicarboxylic acid with
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Chart. 15.5 Diarylethenes used in the experiments in HSA with different media compositions
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(a) (b)

Major

Minor

Major

(Minor)

Fig. 15.7 HPLC chart of 9c: a incubated at 25 °C, b incubated at −4 °C. HPLC column: Daicel
OD-3, 2.1 mm × 150 mm. Eluent: hexane—2-propanol (99.5/0.5 v/v). Flow rate: 0.5 mL/min.
Detection wavelength: 585 nm. Reproduced from Ref. [29] with permission from the Royal Society
of Chemistry

cyclopentene in place of hexafluorocyclopentene, was not successful since 6c was
not released from HSA after photoirradiation, its methyl ester 7o led to interesting
results.

Using our usual experimental procedures 7o gave 28% ee. However, when the
composition of the reaction medium was changed from MeCN/PBS = 1/99 to 5/95,
the ee value increased to 50%. The ee values were then examined by changing
the composition of MeCN in PBS. Surprisingly, the ee value of 7c formed by
photochromism increased to 80% when the composition of MeCN was 15%. At
20%, however, it decreased.

The effect of MeCN to the ee values of photochromic ring closure could also
be applied to other diarylethenes. Although it did not work effectively for 5o, it
worked well for diarylethenes 8o and 9o possessing the perfluorocyclopentene unit.
In particular, the ee value of 9c increased dramatically from 27% when MeCN was
1% to as high as 94% when MeCN was 15%.

When the incubation temperature for 24 h was lowered, the ee values increased
further. For 9c, the minor enantiomer could hardly be detected by HPLC (Fig. 15.7).
These results are summarized in Table 15.1 [29].

15.3.4 Determination of the Absolute Stereochemistry
of the Major Enantiomers Formed in HSA [29]

Our next interest was to determine the absolute stereochemistry of the major closed
forms generated in HSA. We have already determined the major enantiomer of 5c
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Table 15.1 Enantioselectivity
of diarylethenes in HSA in
different media composition
incubated at 25 °C

MeCN in PBS (vol) (%) Ee values/%

7c 8c 9c

1 28 33 27

5 50 40 72

10 76 44 92

15 80 (94)a 48 (56)a 94 (>99)a

20 74 40 91

Reproduced fromRef. [29]with permission from theRoyal Society
of Chemistry
aEe values in parentheses are those when incubated at −4 °C

formed in HSA to be (S,S)-5c by X-ray crystallographic analysis of a derivative.
Since the basic molecular skeleton of 8c and 9c is common to 5c, we undertook the
transformation experiments between 5c, 8c and 9c.

Although it seemed easy, the correlation between 5c and 8c was very diffi-
cult to establish. Oxidation of optically resolved 5c with various oxidizing agents
failed. The reduction of 9c was also unsuccessful. Only one successful transfor-
mation was the borane reduction of 8c to 5c. Esterification of 8c or the hydrol-
ysis of 9c by acid- or base-catalyzed reactions also failed. Esterification of 8c by
trimethylsilyldiazomethane was the only way to connect 8c with 9c.

As a result, it was concluded that the main enantiomer of 8c is (R,R)-8c and
the main enantiomer of 9c is (S,S)-9c. The transformation pathways, the absolute
stereochemistry of the major and minor enantiomers obtained in HSA and the their
properties related to their behavior in the HPLC and CD spectra are all shown in
Chart 15.6 [29].

15.3.5 Section Conclusion

The enantioselective ring closure of diarylethenes incorporated inHSA and the deter-
mination of the absolute stereochemistry of the major enantiomers were carried out
[29]. Since HSA is a peptide made of chiral amino acids, the transfer of chirality
from HSA to the diarylethene molecules during photochemical electrocyclization
was efficiently achieved. Since diarylethenes are photochromic, repeated generation
and extinction of the chiral molecules on demand are now possible.

It is noteworthy that since serum albumin is a water-soluble peptide which has no
particular activities as an enzyme and just transportswater-insolublematerials, serum
albumin can convey water-insoluble photochromic molecules to any area within an
animal through the blood vessels as molecularly isolated forms.
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Chart 15.6 Absolute stereochemistry of the major andminor closed forms generated in HSA, their
properties and the chemical correlation pathways between the closed forms. Reproduced from Ref.
[29] with permission from the Royal Society of Chemistry

15.4 Short-Step Construction of Photochromic Hexatriene
Skeletons

In order to realize “integrated multi-responsive photochromic systems,” a strong
requirement is for the synthesis of photochromic molecules be easy. Here, we show
the results of our efforts to develop facile and simple ways for the synthesis of
the hexatriene skeleton which may exhibit either thermally irreversible or thermally
reversible photochromism depending on their electronic/steric nature.

15.4.1 One-Step Assembly of Arylbutadienes [32]

We have previously reported the synthesis of a thermally irreversible photochromic
arylbutadiene 10o [33]. It exhibited thermally irreversible photochromism, and
its absorption maximum wavelength was 445 nm in toluene. If the substituents
which may induce electronic perturbation to the π-conjugation system such as the
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phenyl group or the hexafluoropropano-bridge are carefully removed, the absorption
maximum in the visible region may shift toward shorter wavelengths. If the absorp-
tion band in the longest wavelength is hidden in the UV region, photochromism
will occur by the alternate irradiation of two different UV lights. In such a case,
the molecular structure must be exceptionally simple, and the simple structure can
considerably facilitate its synthesis. We have thus designed the arylbutadiene 11o
with its possible synthetic pathway depicted in Chart 15.7.

The coupling reaction of two different carbonyl substrates may lead to two homo-
coupling products and one cross-coupling product. If the reaction proceeds statisti-
cally, the chemical yield of 11o, the cross-coupling product, does not exceed 50%.
However, the McMurry coupling reaction proceeded smoothly to provide 11o in
65% yield. These results are in good accordance with the fact that the McMurry
coupling of an aromatic ketone and an aliphatic ketone predominantly yields the
cross-coupling product rather than the homo-coupling products [34].

As expected, the absorption band of 11c was entirely in the UV region. The
photochromic reaction was therefore conducted with two different UV-light irra-
diations, namely 313 and 366 nm. The spectral changes during photoirradiations
are shown in Fig. 15.8. It could thus be confirmed that 11o shows “invisible
photochromism” [35] or “stealth photochromism” [32].
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Chart 15.7 Photochromism of arylbutadienes and the one-step synthesis method of 11o

(a) (b)

Fig. 15.8 Absorption spectral change of 11 during photoirradiation: a irradiation of 313 nm light
(0.366 mW cm−2) to hexane solution of 11o (1.12 × 10−4 mol dm−3), b irradiation of 366 nm
light (5.23 mW cm−2) to the hexane solution of 11c (2.38 × 10−4 mol dm−3). Reprinted with
permission from [32]. Copyright 2018 American Chemical Society
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15.4.2 “Click” Reactions for the Construction of Teraryls [36]

In a previous work, we reported the synthesis and photochromic reactions of
12o and its acetal 13o [37], followed by a report on 14o [27]. These molecules
were synthesized by way of the symmetric acetylene 15 as the common interme-
diate obtained through three steps from 4-iodo-5-methyl-2-phenyl-1,3-thiazole and
trimethylsilylacetylene.

The concept of “click chemistry”was proposed by Sharpless and co-workers early
in the twenty-first century to express secure, quick, selective, widely applicable and
facile reactions [38]. The Cu(I)-catalyzedHuisgen reaction, a representative example
of click chemistry, connects two functional groups with the [2 + 3] cycloaddition
reaction between an organic azide group and a terminal acetylene group. On the other
hand,whenRu(I) is used as the catalyst, the reaction proceeds between an azide group
and the internal acetylene. Therefore,when an internal acetylene 15 and an alkyl azide
are employed for the Ru(I)-catalyzed Huisgen reaction, the teraryl (4,5-bisthiazolyl-
1-substituted-1,2,3-triazole) is formed.We therefore undertook the synthesis of novel
bisthiazolyltriazoles from 15 and benzyl azide by the Ru(I)-catalyzed Huisgen reac-
tion. In addition to 15, 16 and 17 were employed to observe the electronic effects
of the substituents attached to the phenyl groups on the photochromic properties of
bisthiazolyltriazoles. We thus synthesized bisthiazolyltriazoles 18-20 (Chart 15.8).

Since most of the reported photochromic teraryls are known to show thermally
reversible photochromism [39], we expected such properties for these compounds
as well. Irradiation of 313-nm light to the MeCN solution of bisthiazolyltriazoles
18o-20o led to coloration which were all thermally reversible. The changes in the
absorption spectra of 18o-20o in MeCN at 28 °C during 313-nm light irradiation are
shown in Fig. 15.9.

The absorption maximum wavelengths of their closed forms are as follows: 18c:
695 nm, 19c: 696 nm and 20c: 739 nm. Although introduction of the electron-
donating methoxy groups did not affect the absorption maximum wavelength of the
closed form, electron-withdrawing cyano groups induced a large bathochromic shift.

The thermal back reactions (Fig. 15.10) of each compoundwere examined at three
different temperatures, and the first-order reaction rate constants k were determined.
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(a) (b) (c)

Fig. 15.9 Absorption spectral change of 18o–20o during 313-nm light irradiation in MeCN at 28
°C: a 18o (4.44× 10−5 mol dm−3), b 19o (4.38× 10−5 mol dm−3), c 20o (4.73× 10−5 mol dm−3).
Light intensity: 1.8 mW cm−2. Reprinted from Ref. [36] by the Authors licensed under CC BY 4.0

(a) (b) (c)

Fig. 15.10 Absorption spectral change of 18c–20c kept at 28 °C in MeCN. Concentration of
compounds is the same as Fig. 15.9. a 18c. b 19c. c 20c. Reprinted from Ref. [36] by The Authors
licensed under CC BY 4.0

Table 15.2 Kinetic data of thermal back reactions of 18c-22c and aromatic stabilization energy of
their corresponding aromatic rings

A/s−1 Ea/kJ mol−1 k (293 K)/s−1 t1/2 (293 K)a ASEb/kJ mol−1

21cc 7.1 × 1011 112 6.7 × 10−9e 3.3 years 72.9

22cc 1.3 × 109 85 8.7 × 10−7e 9.2 days 78.6

18cd 1.54 × 1013 87.4 4.18 × 10−3 166 s 102.0

19cd 2.27 × 1012 86.4 9.54 × 10−4 727 s 102.0

20cd 3.88 × 1013 82.2 8.99 × 10−2 7.7 s 102.0

Reprinted from Ref. [36] by The Authors licensed under CC BY 4.0
at1/2 (293 K): Half-life at 293 K
bASE: Aromatic stabilization energy of the central aromatic rings when unsubstituted. Data taken
from Ref. [42]
cIn toluene. Data taken from Ref. [40] for 21 and Ref. [41] for 22
dIn MeCN
eCalculated from t1/2 at 293 K

The Arrhenius plots of ln k against 1/T gave preexponential factors A and Arrhenius
activation energies Ea. The kinetic data of the thermal back reactions of 18c-20c are
shown in Table 15.2, together with literature data on related compounds 21c [40]
and 22c [41], as shown in Chart 15.9.
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The thermal back reaction rate is fasterwhen the aromatic stabilization energy [42]
of the central aromatic ring is large. It is natural that the closed forms lose aromaticity
for three aromatic rings simultaneously when they cyclize, and the thiazole rings on
both sides are common to all compounds.

However, when the thermal back reaction rates of 18c–20c are compared, that
of 20c is extremely fast though it gradually slows down when the electron-donating
character of the substituent on the para positions of the peripheral phenyl groups
is larger. This fact is best explained by the push–pull conjugation and resonance
structures induced by the substituents. As shown in Chart 15.10, the resonance struc-
tures in the brackets are regarded as the intermediates of the thermal back reaction,
in which those of 20c are the most stable because the delocalized electrons on the
phenyl groups are stabilized by the cyano groups on their para positions. The thermal
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Chart 15.11 Image of
conglomerates with highly
integrated functions
constructed by
Ru(I)-catalyzed Huisgen
reactions

back reaction rate of teraryls can thus be controlled by the kind of central aromatic
rings having different aromatic stabilization energies as well as by the substituents
on the peripheral phenyl rings.

Since the Huisgen reactions have so far been used only to connect two functional
molecules by an azide group on one molecule and a terminal acetylene unit on
the other molecule, the triazole ring thus formed has no particular function, just
working as the linker of the two molecules. However, when the Ru(I)-catalyzed
Huisgen reaction is employed, three functional groups can gather on the triazole
ring. In addition, the 4,5-bisaryltriazole group itself exhibits thermally reversible
photochromism. This protocol can, therefore, afford functionally highly integrated
molecules (Chart 15.11).

15.4.3 Section Conclusion

In order to create photochromic materials in which functional groups are integrated
inter- or intra-molecularly, simple and facileways to construct the photochromic parts
are required. In this section, we have shown two different methods of constructing
photochromic hexatriene moieties.

The first method is to use 5-acetyl-2,4-dimethyl-1,3-thiazole and 2-
cyclopentylidenecyclopentanone as the commercially available units for the
McMurry cross-coupling reaction. The reaction proceeds to give the desired cross-
coupling product in 65% yield, which exceeded the statistically expected chemical
yield of 50%. The product showed thermally irreversible photochromism in the UV
region so that it is referred to as “stealth photochromism” [32].

The second method is to use the Ru(I)-catalyzed Huisgen “click” chem-
istry between benzyl azide and 1,2-bis(4-methy-2-phenyl-1,3-thiazol-5-yl)ethyne.
Different from the Cu(I)-catalyzed Huisgen reaction which works only on the
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terminal acetylene, the Ru(I)-catalyzedHuisgen reactionworks on the internal acety-
lene. The reaction product is 1-benzyl-4,5-bis(4-methyl-2-phenyl-1,3-thiazol-5-yl)-
1,2,3-triazole, which showed thermally reversible photochromism due to the loss of
large aromatic stabilization energy upon photocyclization of the hexatriene moiety.
It is noteworthy that the thermal ring opening reaction rate can be controlled by the
substituents attached to the phenyl rings on the thiazole units [36].

While the triazole unit formed by the Cu(I)-catalyzed Huisgen reaction worked
only as a linker between two independent functional groups, the 1,4,5-trisubstituted
triazole unit formed by the Ru(I)-catalyzed Huisgen reaction works to build highly
integrated functional conglomerates in which the bisaryltriazole array itself works
as the thermally reversible photochromic gear.

15.5 Conclusion

The creation of functional photochromic systems in which multiple molecules work
cooperatively to produce and transmit information other than color change has been
the focus of our most recent research.

At first, we investigated a photochromic spiropyran which generates strong protic
acid by visible light irradiation. The proton thus formed was able to continuously
change the color of a photochromic dye [9]. The proton generated by visible light also
unlocked the photochromic nature of the diarylethene, which otherwise did not show
any photochromism with UV light irradiation. This combination of visible and UV
light irradiation can thus be regarded as a fail-safe mechanism for this photochromic
system [16].

Secondly, we have succeeded in the transfer of chirality with very high selec-
tivity from naturally occurring human serum albumin (HSA) to diarylethenes. It was
achieved by the careful selection of the functional groups attached to the diarylethene
and by meticulous adjustment of the environmental solution composition [29].

Finally, since the synthesis of photochromic molecules with specific and useful
functions requiresmuch effort and preparation, the development of simplemethods to
construct the hexatriene system is essential. One of the two ways we have described
here is to conduct the McMurry cross-coupling reaction of an acetyl-substituted
aromatic compound and an enone compound. We used commercially available
compounds and succeeded in preparing a stealth photochromic compound in just
one step [32]. The other way is to use the Ru(I)-catalyzed Huisgen reaction. It is a
type of “click” reaction and is secure, quick, stereochemically selective, facile and
can be widely applied. We prepared three 1,2-bis(thiazolyl)-substituted acetylenes
which were reacted with benzyl azide. The products showed thermally reversible
photochromism, and the thermal back reaction rates were dependent on the nature
of the substituents attached to the phenyl groups on the peripheral of the molecules
[36].
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Thus, “molecularly integrated multi-responsive photochromic systems” could
be synthesized through several pathways. We hope these findings can be consid-
ered milestones to advance research and lead to useful applications in the field of
photochromism.
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Chapter 16
Efficient Singlet Fission in Acene-Based
Molecular Assemblies

Taku Hasobe

Abstract In this chapter, we introduce singlet fission and related photophys-
ical processes of acene derivatives such as pentacene and tetracene dimers and
supramolecular assemblies with gold nanoclusters. Time-resolved spectroscopic
measurements revealed the long-lived and high-yield triplet excited state through
singlet fission. Moreover, light energy conversion processes such as electron transfer
and singlet oxygen generation through singlet fission are discussed.

Keywords Singlet fission · Acene derivatives · Gold nanoclusters

16.1 Introduction

Singlet fission (SF) is a spin-allowed photophysical pathway, in which one singlet
exciton (S1) is converted into two triplet excitons (2 × T1) in two neighboring
molecules [1–3]. It is a promising process to improve light energy conversion prop-
erties (i.e., photovoltaics and photocatalysis) [4–6]. To proceed the SF process, the
energy-matching condition between the energy of the lowest-lying singlet excited
state E(S1) and energy of two triplet excited states 2E(T1) [i.e., E(S1) ≥ 2 E(T1)]
is definitely required. SF initially enables to generate correlated triplet pairs [(TT)]
from a singlet excited state. Then, it subsequently dissociates to the two individual
triplet states [(2 × T1)]. As the reverse process from the correlated triplet state (TT),
triplet–triplet annihilation (TTA) also prevents generating (2 × T) because of the
competitive reaction with the dissociation process of (TT) to (2 × T1).

RegardingSFmolecules, polyacenederivatives satisfy the above condition.There-
fore, pentacene derivatives are one of the representative SF compounds considering
E(S1) = 2.1 eV and E(T1) = 0.8 eV [7–12]. However, the serious problem of
pentacene is relatively low-excitation energy of excited triplet states. This means
that the oxidation and reduction properties through triplet excited states become
relatively weak. In contrast, tetracene (Tc) is a good candidate for SF considering
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E(S1) = 2.6 eV and E(T1) = 1.3 eV. No attempt has been made to observe the quan-
titative SF of Tc dimers and molecular assemblies in homogeneous solution because
of the competitive reaction between SF and TTA.

Based on the above points, in this chapter, recent developments of singlet fission
using tetracene and pentacene derivatives are discussed. In addition to the simple
molecular dimers, macroscopic assemblies of pentacene and tetracene using gold
nanoparticles were employed. The detailed structural and photophysical properties
are discussed here.

16.2 Covalently Linked Pentacene Dimers Bridged
by a Phenylene Spacer at Ortho andMeta Positions

First, simple dimeric forms of pentacene derivatives with different orientations are
discussed. We synthesized a series of pentacene dimers linked by a phenylene spacer
at ortho and meta positions to investigate intramolecular orientation-related multi-
exciton dynamics [denoted as o-(Pc)2 and m-(Pc)2] (Fig. 16.1). Especially, in this
system, we focused on the singlet fission (SF) and recombination process from corre-
lated triplet pairs (TT) to individual triplet states (2 × T1). Absorption and electro-
chemical measurements of o-(Pc)2 suggested stronger intramolecular couplings as
compared to m-(Pc)2. Figure 16.2a demonstrated femtosecond (fs) transient absorp-
tion spectra of o-(Pc)2 in toluene. The S-S absorption of pentacene unit was initially
observed after lase-pulse excitation. After a few picoseconds, the characteristic T–T
absorption band of pentacene units increases at 520 nm, whereas the S-S absorption
bands at 470 and 555 nm decreased within ca. 15 ps. Therefore, ultrafast intramolec-
ular SF occurs in o-(Pc)2. The photophysical trend of m-(Pc)2 is largely different
from that of o-(Pc)2. The corresponding time profile at 520 nm (Fig. 16.2a) revealed
the much slower SF process as compared to o-(Pc)2. The SF rate constant (kSF) ofm-
(Pc)2 was determined to be 2.1× 109 s−1, which is much smaller than that of o-(Pc)2
(1.2 × 1011 s−1). Namely, the kSF value of o-(Pc)2 is two orders of magnitude larger
as compared to m-(Pc)2. The difference is largely attributable to the chromophore

Fig. 16.1 Structures of pentacene dimers and a reference compound in this study. Reprinted with
permission from Ref. [13]. Copyright 2018 American Chemical Society
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Fig. 16.2 Time-resolved femtosecond transient absorption spectra (left) and corresponding time
profiles (right) of a o-(Pc)2 and b m-(Pc)2 in toluene (λex = 600 nm). Reprinted with permission
from Ref. [13]. Copyright 2018 American Chemical Society

coupling between o-(Pc)2 and m-(Pc)2. The triplet quantum yields of (TT) in these
dimers (ΦSF) were accordingly estimated. Noted that theoretical maximum value of
ΦSF is 100%. In both systems, we observed efficient ΦSF values such as 99% for
o-(Pc)2 and 94% for m-(Pc)2.

In nanosecond transient absorption measurements, the dissociation process from
the (TT) to the individual triplets [(2 × T)] in m-(Pc)2 is in sharp contrast to a
major recombination process of o-(Pc)2. The yields of ΦT in o-(Pc)2 and m-(Pc)2
were calculated to be 20% and 105%, respectively. Moreover, time-resolved electron
spin resonance measurements strongly suggested that the recombination and the
dissociation proceed from quintet state of 5(TT) in m-(Pc)2 [14, 15].

Based on the above discussions, we can propose the kinetic models for SF in
this system as shown in Scheme 16.1. The summarized parameters were shown in
Table 16.1. The emphasis is on the increased kDISS value of m-(Pc)2 relative to that
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Scheme 16.1 Kinetic
process in o-(Pc)2 and
m-(Pc)2. Reprinted with
permission from Ref. [13].
Copyright 2018 American
Chemical Society

Table 16.1 Summarized Kinetic Parameters and Triplet Quantum Yields in o-(Pc)2 and m-(Pc)2

kR, s−1a kSF, s−1b kDISS, s−1c kREC, s−1d kIC, s−1e ΦSF, %f ΦT, %g

o-(Pc)2 6.5 × 107 1.2 × 1011 8.9 × 105 7.9 × 106 4.3 × 104 99 20

m-(Pc)2 6.5 × 107 2.1 × 109 3.3 × 106 2.6 × 106 5.0 × 104 94 105

Reprinted with permission from Ref. [13]. Copyright 2018 American Chemical Society
aEstimated value by fluorescence lifetime of reference monomer (~15 ns)
bDetermined by fsTA measurement
cCalculated by kDISS =(τREC)−1·[ΦT/2]
dCalculated by kREC = (τREC)−1 · [ΦSF − ΦT/2]
eDetermined by nanosecond transient absorption measurement
fDetermined by femtosecond transient absorption utilizing molar absorption coefficients (ε) such
as 156,000 M−1 cm−1 (at 517 nm) for o-(Pc)2 and 188,000 M−1 cm−1 (at 526 nm) for m-(Pc)2
gDetermined by nanosecond transient absorption measurement

o-(Pc)2, whereas the rate constant of kSF in o-(Pc)2 is two orders of magnitude greater
than that in m-(Pc)2. These are largely dependent for the orientations between two
pentacenes in o-(Pc)2 and m-(Pc)2.

16.3 Observation of Quantitative Light Energy Conversion
from Singlet Fission (SF) to Intermolecular
Two-Electron Transfers by Covalently Linked
Tetracene Dimer

Singlet fission (SF) is theoretically able to yield the radical ion pair quantum yield of
200% by sequential photoinduced process from SF to the resulting electron transfer.
Especially, the long lifetimeof the triplet state is definitely required for intermolecular
ET process in bimolecular diffusion-limited reaction. However, no attempt has been
made to observe the quantitative two-electron transfer process via SF, so far. There-
fore, we newly employed 2,2′-biphenyl-bridged tetracene dimer (denoted as Tet-
BP-Tet: SF and electron donor) and chloranil (denoted as Ch: electron acceptor) to
observe the quantitative sequential photoinduced process from SF to intermolecular
two-electron transfers (Scheme 16.2).
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Scheme 16.2 a Structures of tetracene dimers, reference monomer and chloranil. b A plausible
scheme of sequential light energy conversion process from SF to intermolecular two-electron
transfers. Reprinted with permission from Ref. [16]. Copyright 2019 American Chemical Society

First, femtosecond transient absorption measurements of Tet-BP-Tet were
performed in benzonitrile (PhCN). Although the competitive reactions between SF
and TTA were observed, the apparent rate constant of ISF (kISF) was determined to
be 7.1× 1010 s−1 using the decay-associated component analysis. This is 5 orders of
magnitude greater than that of the intersystem crossing process (kISC: 8.5× 105 s−1).
To discuss the transient spectra of Tet-BP-Tet in the longer range, measurements of
picosecond transient absorption (psTA) spectra were performed and the individual
triplet quantum yield (ΦT) of Tet-BP-Tet was quantitatively estimated to be 175 ±
5%. Then, the long lifetime species of 3Tet*-BP-3Tet* was evaluated by nanosecond
transient absorption spectra. The lifetime of 3Tet*-BP-3Tet* was also calculated to
be τT = 0.29 ms (i.e., kT = 3.4 × 103 s−1) by monoexponential fitting.

Then, intermolecular electron transfer from 3Tet*-BP-3Tet* (D) to 2Ch (A) was
examined (PhCN) by nanosecond transient absorptionmeasurements (Fig. 16.3). The
T–T absorption in Tet-BP-Tet was immediately observed (520 nm) after photoexci-
tation. The decay of T–T absorption of Tet-BP-Tet agrees with the rises of Ch radical
anion (Ch•–) at 450 nm and Tet radical cation (Tet•+) at 1000 nm (Fig. 16.3a). This
strongly indicates the occurrence of intermolecular electron transfer from 3Tet*-BP-
3Tet* to 2Ch. We obtained the second-order plot for the decay of Ch•– from the
absorbance at 450 nm. By the slope of the linear plot, the second-order rate constant
of the back electron transfer (from Ch•– to Tet•+) was calculated to be 5.0 × 109 M−1

s−1 [17]. This is very close to the diffusion-limit in PhCN [18–20].
The decay rate constant of the T–T absorption (at 520 nm) significantly increased

with an increase of the Ch concentrations (0–0.72 mM) (Fig. 16.3c). Figure 16.3c
also shows a linear plot of the observed decay rate constant (kobs) at 520 nm based
on the Ch concentrations. The second-order rate constant of intermolecular electron
transfer from 3Tet*-BP-3Tet* to Ch was estimated to be 4.8 × 108 M−1 s−1 from the
slope of the linear plot [17], which is slightly smaller than that of diffusion-limited
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Fig. 16.3 a Nanosecond transient absorption spectra of Tet-BP-Tet (50 µM) in the presence of
250µMCh inAr-saturated PhCN (λex = 532 nm). bTime profiles at 450 and 520 nm. Inset: second-
order plots. c Time profiles of absorption at 520 nm in the presence of different concentrations of
Ch such as (a) 0 mM, (b) 0.25 mM, (c) 0.53 mM, (d) 0.63 mM, (e) 0.72 mM. Insert: plots of
the pseudo-first-order rate constant (kobs) versus the Ch concentrations. Reprinted with permission
from Ref. [16]. Copyright 2019 American Chemical Society

value according to the reported value of PhCN (5.6 × 109 M−1 s−1) [18–20]. Based
on the above results, the intermolecular electron transfer from Tet-BP-Tet to 2Ch
was successfully summarized in Fig. 16.4 and Table 16.2.
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Fig. 16.4 Light energy conversion process in this study. Reprinted with permission from Ref. [16].
Copyright 2019 American Chemical Society

Table 16.2 Summarized parameters of rate constants in this study

kISF, s−1 k0, s−1 kT, s−1 kET, M−1 s−1 kBET, M−1 s−1

5.4 × 109 8.5 × 107 3.4 × 103 4.8 × 108 5.0 × 109

16.4 Efficient Generation of Excited Triplet States
in Self-assembled Monolayers on Gold Nanoclusters
Utilizing Singlet Fission of Pentacene and Tetracene
Units

Oneof themajor issues of dye-modified self-assembledmonolayers (SAMs) onmetal
surface and nanoclusters for efficient utilization of solar energy includes the signifi-
cant deactivation pathway of excited singlet states of dyemolecules by surface energy
transfer to the metal surface, because the surface-dipole energy transfer process is
highly relatedwith Förster theory [22, 23].Actually, the fluorescence emission signif-
icantly decreases (more than 90%) and generation of triplet excited states through
intersystem crossing (ISC) is basically negligible. Our concept to obtain long-lived
excited states on metal surfaces is accordingly to utilize singlet fission. Therefore,
in this study, 6,13-bis(triisopropylsilylethynyl) pentacene-alkanethiolate monolayer-
protected gold nanoclusters having different alkyl chain lengths and cluster sizeswere
successfully synthesized to efficiently generate excited triplet states of pentacenes
by singlet fission as shown in Fig. 16.5.

We measured the TEM images and corresponding size-distributions of TP-C11-
X-MPC. The diameters in TP-C11-S-MPC and TP-C11-L-MPC are 1.65 ± 0.30 nm
and 2.13 ± 0.33 nm, respectively. Additionally, based on the values of elemental
analysis, the adsorbed pentacene molecules on one gold nanocluster determined to
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Fig. 16.5 Structures of TP-Cn-X-MPC (X = S and L), Mix-Cn-MPC, Cn-MPC, (TP-Cn-S)2, and
TP-Ref used in this study. Reprinted with permission from Ref. [21]. Copyright 2016 Wiley-VCH

be 51 (TP-C11-S-MPC) and 75 (TP-C11-L-MPC), respectively. These values are
very similar to those of the TP-C7-X-MPC systems.

Measurement of time-resolved transient absorption spectra of these materials
in toluene was performed by femtosecond laser flash photolysis to investigate the
ultrafast photodynamics. Transient spectra were measured utilizing 600 or 653 nm fs
laser pulse, which mainly excited the TP units. The excitation density was reduced
to the level at which excitation of more than two TP molecules attached to one gold
nanocluster can be neglected. After laser pulse excitation, the T–T absorption of
pentacene units at ca. 520 nm increases, whereas the S-S absorption at ca. 630 nm
decreases. The detail photophysical parameters such as rate constants and quantum
yields were summarized in Table 16.3. The maximum ΦT values were estimated to
be 172 ± 26% and 157 ± 17% in TP-C11-S-MPC and TP-C7-S-MPC, respectively.
TheΦT values decrease with an increase of nanocluster sizes. The reason is probably
attributable to the smaller surface coverage of pentacene units on gold nanoclusters.
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Table 16.3 Summarized
parameters such as singlet
lifetimes (τ S), SF rate
constants (kSF) and triplet
quantum yields (ΦT)

Compound τ S , ps (kS1, s−1) kSF, s−1c ΦT, %d

TP-Ref 1.5 × 104a (6.7 ×
107)

– 1.5e

TP-C7-S-MPC 24b (4.1 × 1010) 2.7 × 1010 157 ± 17f

TP-C7-L-MPC 54b (1.9 × 1010) 5.0 × 109 77 ± 15f

TP-C11-S-MPC 21b (4.8 × 1010) 4.1 × 1010 172 ± 26f

TP-C11-L-MPC 110b (9.1 × 109) 2.4 × 109 34 ± 4f

Mix-C7-MPC 71a (1.4 × 1010) – –

Mix-C11-MPC 150b (6.7 × 109) – –

Reprinted with permission from Ref. [21]. Copyright 2016Wiley-
VCH
aEstimated by picosecond fluorescence lifetimes
bEstimated by decay component lifetimes
ckSF = 1/τ (TP-Cn-X-MPC) – 1/τ (Mix-Cn-MPC)
dThedetail calculation processes are described in the original paper
eEstimated by nanosecond transient absorption spectra
fEstimated by femtosecond transient absorption spectra

Finally, photophysical behaviors of tetracene-alkanethiol-modified MPCs are
discussed (Fig. 16.6). As discussed above, the examples of high-yield and long-
lived triplet excited states of tetracene derivatives via singlet fission are extremely
limited because of the relative acceleration of the reverse TTA considering the above-
mentioned energy matching. Then, we also demonstrated a novel technique utilizing
the mixed self-assembled monolayers with two different chain lengths. Especially,

Fig. 16.6 A schematic
illustration of
tetracene-modified gold
nanoclusters. Reprinted with
permission from Ref. [24].
Copyright 2019 American
Chemical Society



284 T. Hasobe

mixed tetracene SAMs on gold nanoclusters, which are synthesized by a tetracene-
modified hetero-disulfide with two different chain lengths, demonstrated high-yield
SF (ΦSF: ~90%). Individual triplet yields (ΦT: ~160%)were also estimated by singlet
oxygen generation (1O2).

16.5 Conclusion

In this chapter, we discussed pentacene and tetraene molecular assemblies using
covalently linked dimers andmonolayered-protected nanoclusters for efficient occur-
rence of singlet fission. The proper structural control of two acene neighboring
molecules enables to demonstrate the generation of high-yield and long-lived triplet
excited states, which resulted in the observation of quantitative two-electron transfer
process and high-yield singlet oxygen generation. This photophysical information
will provide a new perspective for future applications in various areas such as
photovoltaics, photocatalysis, electronics and organic synthesis, and phototherapy.
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Chapter 17
Synergetic Photon Upconversion
Realized by a Controlled Toroidal
Interaction in Hexaarylbenzene
Derivatives

Tadashi Mori

Abstract Triplet-triplet annihilation (TTA) is the most promising photon upcon-
version (UC) sequence, where a weak light source such as sun light can be used
to frequency upconvert the visible to near-infrared light into a photon with a more
useful wavelength, applicable in such as the solar cell devices. Although this anti-
Stokes shift emission has long been known, and their application has been extensively
investigated, less has been explored the effect on the structural modification of the
relevant sensitizer and acceptor chromophores. Motivated by a beautiful and func-
tional cylindrical structure of light-harvesting proteins, as well as recent investigation
on the cyclic array of nano-wires, we prepared the derivatives of hexaarylbenzene
(HAB) containing 9,10-diphenylanthracene and 2,5-diphenyloxazole units as model
acceptor systems to investigate the efficiency of TTA-UC and the relevant photo-
physical processes. The dynamics of propeller-shaped HAB structures as well as
toroidal interaction between the peripheral aromatic rings has been well investigated
by combined experimental and theoretical studies on their chiroptical properties.
Yet preliminary, we found that through the synergetic interaction of the peripheral
chromophores, effective energy migration and hopping become possible, to facil-
itate the efficient TTA-UC, that can be switched on and off by modulation of the
strength of toroidal interaction of the relevant HAB emitter. Further possibilities of
photosynergetic effects in the TTA-UC process are also discussed.
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17.1 Introduction

Triplet-triplet annihilation (TTA) is one of the most promising upconversion (UC)
processes that can frequency convert the lower energy light (with a longer wave-
length) into the higher energy photon (with a shorter wavelength) under the rela-
tively weak incident light intensity. Such process is one of the anti-Stokes-shifted
emission processes, contrast to the conventional downconverted or Stokes-shifted
emission (Fig. 17.1). A comparatively effective UC can be achieved by the TTA
process at low photon density (typically <0.1 W cm−2) of non-coherent light that
allows to utilize the terrestrial solar irradiation that includes abundant photon in the
visible to the near-IR region, potentially applicable for the dye-sensitized solar cell,
photovoltaics, artificial photosynthesis, photocatalysis, and so forth. Thus, the TTA-
UC has great advantages over the other upconversion processes such as two-photon
absorption process that often require intense laser irradiation [1–4]. In addition, the
wavelength of light before and after the UC process can be sensibly modulated
through the rational modification of triplet donor (sensitizer) and/or triplet acceptor
(annihilator/emitter) [5].

The delayedfluorescence from the annihilation of a pair of anthracene and phenan-
threne triplet states, that is, eventually established as the TTA process, was first
appeared in 1962 [6]. The anti-Stokes fluorescence through the triplet sensitized
TTA, that is, the TTA-UC, was also reported in the same year [7]. These phenomena
have been readily confirmed by assessing the emission intensity being proportional
to the square of the rate of absorption of exciting light. Although the highly efficient
TTA-UC in solution have been reported for various systems over the half century,
investigations of TTA-UC materials in polymer matrices, film states, solid-states, as
well as in molecular self-assemblies are realized only recently, that are unquestion-
ably more stimulating particularly for the application purposes [8–13]. As a latest
approach, the TTA-UC nanoparticles made by, for instance, liposome coating, silica-
coating, polymer encapsulation, nanodroplet, as well as metal-organic frameworks
have been also explored, applicable in bioimaging and photoinduced therapeutic

Fig. 17.1 Schematic illustration of the Stokes and anti-Stokes emissions (solid lines), shifted from
the corresponding absorption spectra (dotted lines)
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Fig. 17.2 Upconverted circularly polarized luminescence (CPL) shows improved luminescence
dissymmetry factor (glum) than conventional promoted CPL. Reproduced with permission from
[23]. Copyright 2017 by the American Chemical Society

agents owing to their biocompatibility [14]. The status quo and limitations of the
current TTA-based photon upconverter toward applications in solar cell device have
been thoroughly discussed [15, 16], and an outline for improving the UC efficiency
for relevant future device has been proposed. As an alternate perspective, circularly
polarized luminescent (CPL)materials are of increased attention due to their potential
applications in advanced optical technologies such as optical sensing, security paint-
ings, and 3D displays and endoscope devices [17–19]. Recently, the integration of
CPLmaterials with the photon UC via the TTAmechanism has been attracted signif-
icant attention for their improved dissymmetry factor (glum) in the upconverted emis-
sion than the conventional promoted emission (Fig. 17.2) [20]. Along with the emis-
sion properties of upconverted photon, the excited singlet species formed through the
TTA-UC mechanism have been also employed for photochemical transformations
such as anthracene dimerization reactions [21, 22].

In order to operate the TTA-UC processes, the triplet sensitizer and the triplet
acceptor are usually mixed. The excitation of the sensitizer with a lower energy light
generates the excited singlet state of the sensitizer, which is transferred to the triplet
state through the intersystem crossing (ISC). The energy of the triplet sensitizer
is then transferred to the acceptor, typically by a Dexter-type triplet-triplet energy
transfer (TTET). When two excited acceptors in their triplet states meet each other,
typically through a diffusion process, they annihilate to form a singlet excited state of
acceptor togetherwith a relaxed acceptor in the ground state (TTA), and eventually the
former emits fluorescent light with a higher energy. The intensity of this fluorescence
emission shows a quadratic dependence against the incident light power, as the TTA
occurs by the encounter of two sensitized triplet acceptors. A generalized Jablonski
energy diagram summarizing those processes involved in the TTA-UC is shown in
Fig. 17.3.

As seen in Fig. 17.3, the process of the TTA-UC relies on a pair of chromophores,
i.e., sensitizer and acceptor. The former is sometimes called as donor and the latter
is also referred as emitter or annihilator. Crucial parameters of the sensitizer and
acceptor properties for efficient TTA-UC processes have been extensively discussed
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Fig. 17.3 Schematic Jablonski energy level diagram of the TTA-UC process between the sensitizer
and the acceptor. Colored solid lines represent radiative processes. 1S*, 3S*, 1A*, and 3A* are singlet
and triplet excited states of sensitizer and acceptor. TTET, ISC, and GS denote triplet-triplet energy
transfer, intersystem crossing, and ground state, respectively

and some are briefly described in the following. Firstly, energy levels of the sensitizer
and the acceptor need to be appropriate, where the triplet energy level of acceptor lies
below that of the sensitizer, and the energy level of singlet excited state of acceptor or
emitter is nearly the same or slightly below the combined energy of two triplet excited
acceptors [24]. In addition, because the TTET and TTA are bimolecular processes,
the higher concentration of triplet sensitizer in its triplet excited state is favored. Thus,
the sensitizer requires a large molar absorptivity at the excitation wavelength, a high
ISC quantum yield, as well as a long lifetime. Also, a high fluorescence quantum
yield of the emissive acceptor is advantageous for the total UC efficiency.

The overall quantum yield of UC process (�UC) is a function of all these factors
and can be described as follows [25]:

�UC = 1

2
× f × �ISC × �TTET × �TTA × �F

where �ISC, �TTET, and �TTA are the quantum yields of ISC, TTET, and TTA
processes, respectively, and �F is the quantum yield of fluorescence emission of
acceptor. The first 1/2 factor means that two incident photons are combined into
one in the overall TTA process and second variable f represents a probability factor
that the triplet-triplet annihilation results in a singlet among other possible spin
states (triplet and quintet). Inherently, only 1/9 of all annihilated triplets result in
the formation of an emissive singlet excited state, leading the spin-statistical �UC

limit of 11%. However, the triplets formed upon annihilation can be annihilated
more than once until they decay via the singlet state, increasing theoretical effi-
ciency up to 40%. Moreover, the quintet state of polyaromatic organic compounds is
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often inaccessible. Experimentally, the �UC value as high as 20% was achieved [3].
Although some factors such as �ISC and �F are intrinsic to the chromophore, other
factors (�TTET and �TTA) can be modulated also by external factors such as distance
between the chromophores (concentration of a solution) and mobility (viscosity of
a solution). To improve the former (i.e., maximizing �ISC) by bypassing or mini-
mizing the energy loss through the ISC process, direct singlet-to-triplet absorption
materials, the sensitization from chalcogenide and perovskite nanocrystals, and the
thermally activated delayed fluorescence behavior have been proposed as alternative
triplet sensitization routes [26].

The TTET process between the sensitizer and the acceptor can be treated as a
combination of Förster-type resonant energy transfer and Dexter-type mechanisms.
However, the former contribution is usually very small since the TTET in the TTA-
UC system usually involves forbidden transitions. The Dexter-type electron transfer
can be described by the active-sphere or Perrin approximation, which is based on the
exponential decay profile of the overlap of the involved orbitals. It has been demon-
strated that this assumption is indeed acceptable for dilute solutions of platinum(II)
octaethylporphyrin and 9,10-diphenylanthracene at low temperature [27]. Although
a relatively large Dexter radius of 2.65 nm was found, the shorter distance of around
1 nm is generally required and definitely preferred for more efficient TTET and TTA
processes. Thus, providing translational mobility and/or maximizing the concentra-
tions of the sensitizer and the acceptor, or to make use of (supramolecular) structure
or morphology [28], to the point where the average distance between these species
within the Perrin limit, are effective general strategies for maximizing the efficiency
of the TTET process, despite the possible undesired back electron transfer process.

The triplet pair is also the key functional unit in the TTA-UC. A recent study
demonstrated that the solvent polarity and viscosity play a crucial role in promoting
emission pathways, consequently the efficient UC, over the excimer formation on
the singlet surface which works as energy-loss channels [29].

Experimentally, �UC can be determined by using a relative actinometry under
precise experimental conditions:

�UC = 2�0

(
η

η0

)2( A

A0

)−1( I

I0

)

where η, A, and I are refractive index of the solvents, absorbance, and fluorescence
intensity of the samples, respectively. The corresponding terms for the subscript 0
are for the reference compounds. �0 refers the fluorescence quantum yield of the
reference. A factor of 2 is required as the TTA is two-photon process.
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17.2 Dimeric and Multiphoton Annihilators for Efficient
TTA

The triplet acceptors typically used for the TTA-UC are anthracene, 9,10-
dimethylanthracene, 9,10-diphenylanthracene, perylene, ruburene, pyrene, boron-
dipyrromethene, polyfluorenes, and derivatives. Recently, the critical factors for the
efficient TTA, such as effect of the conjugation and geometry of acceptor, have been
investigated with a series of substituted 9,10-diphenylanthracene derivatives [30].
Accordingly, the intensity of the TTA-UC emission was directly dependent on the
ISC rate, which can be modulated by the alignment of the S1 and T 2 energy levels
of acceptor. A relatively less attention has been paid for developing better triplet
sensitizers andmetal complexes of porphyrin and phthalocyanines are typically used.

Among the various parameters to be adjusted in the TTA-UC processes, the
bimolecular (i.e., TTET and TTA) processes become continuously bottleneck, but, in
principle, can be circumvented through the syntheticmodification of sensitizer and/or
acceptor. One of the simplest approaches is to directly connect either sensitizer and
acceptor or two or more acceptor molecules. A direct covalent link between the
sensitizer and the acceptor allows to improve TTET process that generally requires
encounter through the diffusion of the excited triplet state of sensitizer and acceptor
[31, 32].

For improving TTA process, dimer and oligomer of anthracene chromophores
have been investigated (Fig. 17.4). Recently, anthracene dimers with two different
geometries were employed as model emitters in the TTA-UC for fine-tuning of
twisted intramolecular charge-transfer intermediate states and thus the emission color
by solvent polarity. In addition, the UC quantum yields were found to be 13% with
platinum(II) octaethylporphyrin as a sensitizer [33], showing a considerable enhance-
ment of the TTA-UC efficiency. Linear oligomers and two generation dendrimers of
covalently linked 9,10-diphenylanthracenes have also been employed as the TTA
acceptor, showing substantial positive effect for the UC process, both in solution
and in poly(methyl methacrylate) matrix [34, 35]. Further conjugation of 9,10-
diphenylanthracene oligomerswith ruthenium tris-bipyridine sensitizer has been also
realized to examine the TTA-UC processes in solution [36]. In this system, however,
while an efficient intramolecular TTET occurs, the TTA process only proceeds in an
intermolecular manner, leading to a comparatively low quantum yield for the overall
UC process.

Theoretical aspects on the diffusion and encounter processes in TTAwere recently
investigated [37]. Ab initio quantum chemical calculations have been also employed
to rationally design the electronic coupling matrix elements between the chro-
mophores as well as the excitation energies in the doubly bridged tetracenes for
efficient exciton up- and down-conversion processes [38]. However, to fully under-
stand detailed mechanisms and to develop design principle for the efficient TTA-UC
sensitizer and acceptor, more issues remain to be elucidated.



17 Synergetic Photon Upconversion Realized by a Controlled … 293

Fig. 17.4 Dimer, oligomer, and dendrimer of anthracene derivatives for better acceptor/emitter in
the TTA-UC study employed in the literature

17.3 Structure and Dynamics of HABs

Hexaarylbenzene (HAB) possesses six peripheral aromatic groups against central
core benzene molecule in nearly perpendicular orientation. HABs have been much
attracted due to their unique electrochemical and photophysical properties for
applications in organic light-emitting diodes, photochemical and electrochemical
switches, redox materials, molecular receptors, as well as liquid crystalline mate-
rials [39, 40]. More specifically, HABs are known to exhibit global electron and/or
exciton delocalization over the entire peripheral aryl groups in the three-dimensional
donut-shaped scaffold, which is frequently referred to as toroidal interaction [41,
42]. Such interaction cannot be classified as a conventional conjugative π-electronic
interaction. In some HABs, the exciton interaction between the aromatic rings in
their excited states has been also claimed [43, 44].

The orthogonal array of peripheral aryl groups in HABs, however, is an aver-
aged structure under the certain conditions. For instance, the crystal structures of
variousHABderivatives generally bear tilted aromatic rings around the benzene core,
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providing overall propeller-shaped geometries. More importantly, the dynamics of
toroidal interaction in HABs have been less explored and mostly ignored in many
situations. We have been independently attracted in the chirality of HABs. By small
modification at the periphery of aromatic rings (i.e., attaching chiral auxiliaries),
clockwise or counter-clockwise propeller shape is induced in HABs, exhibiting
unique chiroptical responses [45–48]. Remarkably, the propeller chirality is not a
simple summation of multiple axial chirality, but the peripheral aromatic rings show
cooperative or synergetic dynamism in a domino-likemovement. Theoretical calcula-
tion as well as condensed phase structural study revealed that the rotation of propeller
blades is quite feasible, but the overall propeller conformation is easily developed
in non-polar solvent at low temperature. Because the propeller chirality is dynamic
chirality, the responseswere found quite sensible to the environmental variant such as
solvent polarity, temperature, as well as hydrostatic pressure. Very recently, propeller
chiral HAB composed of sterically congested 3,6-dimethoxycarbazole units has been
also documented and the enantiomers were separated by chiral HPLC [49].

A detailed study of environmental variants such as solvent, temperature, as well as
pressure, on the propeller chirality of HABs revealed the dynamic nature of confor-
mational equilibria of HABs. Briefly, the clockwise and counter-clockwise propeller
conformations are dominant under the low temperature in less polar solvent, but
the contribution of whizzing toroids becomes substantial at increased temperature.
The solvation to the peripheral aromatic rings becomes more significant in polar
solvents. In addition, solvent molecules may intervene the void space between the
peripheral aromatic rings that increase the effective tilt angle of the blades against the
central benzene ring. All of these factors influence the conformational equilibrium
between clockwise and counter-clockwise propeller as well as toroidal structure.
Such a unique feature may be explored in advanced functional chiroptical mate-
rials and the process of energy and/or exciton transfer and migration. Indeed, we
successfully demonstrated that the CPL response from the propeller chiral HABs
can be switched on and off, by controlling the dynamism of propeller and toroidal
structures (Fig. 17.5).

17.4 Synergetic TTA Through the Toroidal Interaction
in HABs

A significant feature shared by photosynthetic organisms is that they capture photons
in the form of excitons delocalized over tens of pigment molecules embedded in
protein environments of light-harvesting complexes, typically in cylindricalmanners.
Delocalized excitons created remain well protected and are successfully delivered
to the reaction center. It is also known that the conversion of photon into chemical
energy is driven by electronic couplings between the pigments that ensure the effi-
cient transport of energy from light-capturing antenna pigments to the destinations
(Fig. 17.6). The role of delocalized excitons and tubular arrangement in achieving
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Fig. 17.5 Toroidal interaction and propeller chirality of HABs. a Equilibrium between clockwise
and counter-clockwise chiral propeller conformations as well as toroidal structure. b Switching of
CPL of HABs by controlling the preferred conformation, temperature in this case. Reproduced
with permission from [46]. Copyright 2017 by the American Chemical Society

Fig. 17.6 Structures of selected examples of light-harvesting complexes. a Cylindrical arrange-
ment of bacteriochlorophyll pigments in the light-harvesting two complex of purple bacteria. Note
that upper circular aggregate in B850 ring is formed by α (red) and β (yellow) molecules, whereas
γ (green) molecules of B800 constitute the lower circular aggregate. The carotenoids are in purple.
Reproduced with permission from [53]. Copyright 2018 by American Physical Society. bArrange-
ment of the seven bacteriochlorophyll a molecules in Fenna-Matthews-Olson protein of green
sulfur bacteria. Note that two main photoexcitation transfer pathways are indicated by red and
green arrows. Reproduced with permission from [54]. Copyright 2005 by Springer Nature

excellent light-harvesting functionality and efficient energy transport mechanisms
has been discussed in depth [50–52], but many additional facets are still remained to
be elucidated for better understanding. Also, such effect should be more exploited in
artificial light-harvesting phenomena, such as the TTA-UC process discussed herein.

As an initial attempt, we focused on the generally used and commercially avail-
able photosensitizer, i.e., platinum(II) octaethylporphyrin. This sensitizer has intense
absorption in visible green region, long triplet state lifetime of 90 μs and the triplet
excited state energy level of 1.92 eV, which is typically used with a combination
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of 9,10-diphenylanthracene as an efficient emitter owing to the proper energy level
alignment. Inspired by beautiful and functional cyclic structures of light-harvesting
proteins mentioned above, as well as recent investigation on cyclic array of nano-
wires [55, 56], we tried to realize the effective energy migration and hopping based
on the HAB scaffold with this pair that should eventually be applied for an effective
TTA-based photon upconverter. Derivatives of HAB in which two pyrene units are
fused in adjacent location were already reported [57], and the fluorescence behavior
was found considerably different depending on the anti/syn orientation of pyrene
units, while the absorption spectra kept comparable.

Consequently, we prepared the HAB derivatives fully substituted by 9,10-
diphenylanthracene units to investigate the efficiency of TTA and the relevant photo-
physical processes (Fig. 17.7). A preliminary investigation revealed that in the ground
state the interchromophore interaction was not significant, but the enhanced purple
emission of at least 10 times stronger was observed at around 426 nm for this HAB
upon photosensitization with green light at 515 nm, as compared with that of parent
9,10-diphenylanthrancene under the comparable conditions. However, more detailed
studies were hampered due to the very limited solubility of this HAB. Unfortunately,
the situation was not much improved by simply attaching six hexyl groups at the
periphery. Nevertheless, this observation clearly demonstrated that the HAB scaf-
fold serves as efficient UC system, which may be switched on and off through a
control of propeller dynamics in HAB structure. Currently, we also prepare the HAB
derivatives containing 2,5-diphenyloxazole units as an alternate toroidal annihilator.

Fig. 17.7 Synergetic annihilator candidates based on toroidal interaction of HAB with a 9,10-
diphenylanthracene or b 2,5-diphenyloxazole units connected in a different position
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17.5 Conclusion and Future Perspective

Further studies are certainly needed but a unique cylindrical structure and syner-
getic dynamism of HAB derivatives were successfully utilized for better TTA-UC
processes, where the toroidal interaction between the peripheral aromatic rings plays
crucial roles. Thus, aligning multiple chromophores as a cyclic array, like in HAB
derivatives exemplified herein, provides a positive synergetic effect for the effi-
cient TTA and such approach was clearly established as a novel design principle
for effective annihilator for TTA process.

Additional synergistic effects have been also demonstrated in the literature for the
betterTTA-UC.For instance, by simply employingmultiple (anddifferent) acceptors,
the UC quantum yield being significantly improved from the single acceptor system
[58]. It has been also reported that the TTA efficiency was improved by using a
multi-component acceptor, in which the chromophore of a lower triplet state energy
and the chromophore better suited in terms of the corresponding singlet state energy
are directly connected [59]. Such an apparently simple modification may provide
additional opportunity to further advance the TTA-UC efficiency that should be
more exploited in the future design of sensitizer and/or acceptor chromophores.
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Chapter 18
π-Electronic Ion-Pairing Assemblies
for Photoswitching Materials

Yohei Haketa, Ryohei Yamakado, Kazuki Urakawa, and Hiromitsu Maeda

Abstract Ion-pairing assemblies consisting of appropriately designed oppositely
charged π-electronic systems give rise to various functional supramolecular assem-
blies including crystals and soft materials based on the anisotropic orientation of
charged species through electrostatic and other weak noncovalent interactions. The
introduction of photo-responsive moiety to the charged species facilitated the forma-
tion of photo-responsive ion-pairing assemblies, whose assembling modes were
controlled by photoirradiation. Furthermore, pyrrole-basedπ-system–PtII complexes
were designed and exhibited unique photo-induced excited-state dynamics.

Keywords Ion-pairing assemblies · Dimension-controlled assemblies ·
Anion-responsive π-electronic molecules · Photo-responsive assemblies ·
Excited-state dynamics

18.1 Ion-Pairing Assemblies Comprising Charged
π-Electronic Systems

18.1.1 Introduction

In recent years, materials comprising ionic species based on the concept of ionic self-
assembly (ISA) have attracted much attention in materials science, especially in the
fields of functional nanostructured soft materials, surface morphologies, organic-
inorganic hybrid materials, etc. [1, 2]. An appropriate combination of designed
organic ionic species (anions and cations) affords various ion pairs that form func-
tional ion-pairing assemblies. Among a variety of charged species, π-electronic ions
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assemble through electrostatic interaction with other noncovalent interactions, fabri-
cating electronically and optically functional dimension-controlled assemblies (e.g.,
soft crystalline materials, gels, liquid crystals, etc.) [3–7]. Appropriately designed
π-electronic ion pairs with suitable geometries and electronic states result in their
ordered arrangement and diverse packing modes. As the key concept of ion-pairing
assemblies based on π-electronic ion pairs, a charge-by-charge assembly is defined
as an assembling mode comprising alternately stacking positively and negatively
charged species (Fig. 18.1 left), whereas a charge-segregated assembly results from
the stacking of identically charged species by overcoming electrostatic repulsion
(Fig. 18.1 right) [6, 7]. The components of ion-pairing assemblies can be catego-
rized into three different types: (i) π-electronic molecules appending ionic units, (ii)
planar ion complexes using ion-responsive π-electronic molecules (receptors), and
(iii) genuine π-electronic ions. As an example of (i), a simple deprotonation of the
acid unit (e.g., carboxy and hydroxy units) of π-electronic molecules by bases with
an appropriate countercation would provide ion pairs. Various modifications of elec-
tronically neutral receptors facilitated the facile functionalization of the receptor–ion
complex ion pairs in the case of (ii). Genuine π-electronic ions, in the case of (iii),
are rather rare species due to difficulties in their synthesis. On the basis of the strate-
gies for the preparation of π-electronic ion pairs, modifications of constituent ions
result in various functional ion-pairing assemblies. Importantly, the introduction of a
stimuli-responsive unit forπ-electronic ions is crucial for the formation of ion-pairing
assemblies that demonstrate the modulable arrangement of charged components and
further, the properties induced by external stimuli. Among various possible stimuli,
photoirradiation can be used for the switching of the structures and electronic states
of π-electronic systems as well as the resulting assembling modes. A significant
point to note is that each assembling mode would show the ordered alignment of the
constituent π-electronic ions through the interionic interactions. Furthermore, the
photo-excited state of π-electronic species would show high-energy transient states
with geometries and properties that differ from those of ground states.

In this chapter, to begin with, the recent progress in the design, synthesis, and
assembling behavior of π-electronic ion pairs is briefly summarized. Subsequently,

Fig. 18.1 Conceptual diagram of π-electronic ion-pairing assemblies
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the assembling behaviors of photo-responsive π-electronic ion pairs are discussed.
Finally, the excited-state dynamics of chiral pyrrole-based π-system–PtII complexes
are explained.

18.1.2 Ion-Pairing Assemblies Based on π-Electronic Ions

π-Electronic ions that have planar geometries (genuineπ-electronic ions) and exhibit
various characteristic electronic properties are suitable for ordered stacking struc-
tures owing to the effective electrostatic interaction of charged aromatic cores. Thus,
π-electronic ion pairs and their ion-pairing assemblies have been well investigated.
In this section, a brief summary of several recent advances is provided followed
by the description of the functional π-electronic anions. Pentacyanocyclopentadi-
enide (PCCp−) 1− [8–11] as a stable and genuine π-electronic anion can be used
as the component of ion-pairing assemblies (Fig. 18.2a). In fact, ion pairs 1−-2+
and 1−-C4H9(CH3)3N+ with cycloheptatrienyl (Ch+) and butyltrimethylammonium
cation, respectively, formed charge-by-charge and charge-segregated assemblies,
respectively, in the crystal state (Fig. 18.2b(i, ii)). On the other hand, X-ray diffrac-
tion (XRD) analysis and polarized optical microscopy (POM) observation revealed
the formation of the dimension-controlled assembly as a hexagonal columnar (Colh)
mesophase for the PCCp− ion pair 1−-(C12H25)3CH3N+ with an aliphatic tridode-
cylmethylammonium cation (Fig. 18.2b(iii)). The stacking columnar assembly of

Fig. 18.2 a PCCp− anion 1− and Ch+ cation 2+, b single-crystal X-ray structures (cyan: cations,
magenta: 1−) of (i) 1−-2+ and (ii) 1−-C4H9(CH3)3N+, and (iii) POM of 1−-(C12H25)3CH3N+ at
70 °C upon cooling and packing model
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1−-(C12H25)3CH3N+ showed a hole-transporting property (0.4 cm2/Vs) in the film
prepared by the drop-casting of a CHCl3 solution [11].

π-Electronic anions are less stable than π-electronic cations because the excess
electrons in the anions induce oxidation and result in decomposition. On the other
hand, the deprotonation of the acid unit introduced in the appropriate π-electronic
molecules affords anion-appended π-electronic species. For example, the deprotona-
tion of carboxy and hydroxy units provides corresponding anionswith accompanying
countercations. The partial negative charges can be delocalized in the π-electronic
systems. Dipyrrolylnitrophenols 3a–c were designed as the stable precursor of
the π-electronic anions (Fig. 18.3a). Their deprotonation by tetrabutylammonium
hydroxide (TBAOH) formed π-electronic anions 3a−–c− as TBA+ ion pairs via
the inversion of pyrrole rings and the stabilization of the negative charges by the
intramolecular hydrogen bonding of pyrrole NH and anionic oxygen. Density func-
tional theory (DFT) calculation also revealed the delocalization of negative charges
in the aryl units with the electron-withdrawing nitro group. Various countercations
can be introduced to formπ-electronic ion pairs, which gave rise to charge-by-charge
assemblies in the crystal state [12]. The deprotonated species of π-extended 3b−-
TBA+ wasmore suitable for charge-by-charge assemblies with counter tetraalkylam-
monium cations (Fig. 18.3b(i)). Meanwhile, deprotonated species bearing aliphatic

Fig. 18.3 a Dipyrrolylnitrophenols 3a–c and their deprotonated species 3a−–c− and b(i) single-
crystal X-ray structure of 3b−-TBA+ (cyan: TBA+, magenta: 3b−) and (ii) POM image of the
mesophase of 3c−-TBA+ and the packing model
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chains 3c−-TBA+ formed a liquid crystal mesophase of the Colh structure, as
observed by POM (Fig. 18.3b(ii)) [13]. The deprotonation of pyrrole NH unit of
appropriately designed pyrrole-based π-electronic systems can also provide corre-
sponding anionic species accompanied by countercations. For example, deproto-
nation of single NH of dipyrrolylquinoxalines (DPQ) by TBAOH resulted in the
formation of ion pairs of anionic DPQ− and TBA+. DPQ−-TBA+ showed a charge-
by-charge columnar assembly, as revealed by single-crystal X-ray analysis, whereas
the ion pair of aliphatic DPQ− and TBA+ formed n-octane gel (10 mg/mL) based on
the organized fibril morphologies [14].

Largerπ-electronicmolecules with an acid unit can provide stable anionic species
owing to the more effective delocalization of the negative charge in the π-electronic
core unit. The deprotonation of meso-hydroxy-substituted porphyrin 4 by treatment
with TBAOH provided the anionic species 4− as indicated by the UV/vis absorp-
tion and 1H NMR spectral changes (Fig. 18.4a(i)). Single-crystal X-ray analysis of
4−-TBA+ revealed the exact structure of 4− with the delocalization of the partial nega-
tive charge in the porphyrin core unit. 4−-TBA+ formed the alternate stacking column
of 4− and TBA+ (Fig. 18.4a(ii)) [15]. Interestingly, the PdII complex 4′ coordinated at
themeso-oxygen and theβ-positionwas obtained from 4 by treatmentwith Pd(OAc)2,

Fig. 18.4 a (i)Meso-hydroxy-substituted porphyrin 4 and formation of anionic species 4− and (ii)
single-crystal X-ray structure of 4−-TBA+ (cyan: TBA+, magenta: 4−), b synthesis of β-phenyl-
substituted porphyrins 5a,b, and c solid-state packing structures (cyan: TBA+, magenta: anions) of
(i) 5a−-TBA+ and (ii) 5b−-TBA+
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rac-BINAP, andCs2CO3 (Fig. 18.4b) [16]. The coupling reaction of 5b′ withPhMgBr
afforded the β-phenyl-substituted porphyrin 5a. Subsequently, by similar proce-
dures, 5a was converted to β-diphenyl-substituted 5b via the PdII complex 5b′.
Deprotonation of the OH unit of 5a,b by TBAOH provided the π-electronic anions
5a−,b−. The ion pairs 5a−,b−-TBA+ formed charge-by-charge assemblies in the
solid-state as elucidated by single-crystal X-ray analysis (Fig. 18.4c) [16]. The intro-
duction of more effectively hydrogen-bonding aryl moieties would stabilize anionic
O-appended π-electronic species.

Metal complexes usingπ-electronic ligands that partially compensate for the posi-
tive charges of metal ions can also be used as planar π-electronic charged species.
As AuIII is a d8 state, which forms square-planar complexes with suitable ligand
species, AuIII complexes of porphyrins are π-electronic cationic species that require
no axial ligand coordination. In fact, a variety of porphyrin–AuIII complexes (e.g.,
6a+,b+) were prepared as ion pairs in combination with counteranions such as BF4−,
PF6−, 1−, and 4− (Fig. 18.5a) [17]. Meso-tetraarylporphyrin–AuIII complexes were
found to act as cationic building units of ion-pairing dimension-controlled assem-
blies as supramolecular gels and thermotropic liquid crystals while also stacking π-
electronic ion pairs in the solution state. For example, the ion pair 6a+-1− displayed
a charge-by-charge stacking columnar structure in the crystal state (Fig. 18.5b).
Aliphatic ion pair 6b+-1− showed the exceptionally wide-temperature-range Colh

Fig. 18.5 a Meso-tetraarylporphyrin–AuIII complexes 6a+,b+ as ion pairs, b single-crystal X-ray
structure of 6a+-1− (cyan: 6a+, magenta: 1−), and c POM of 6b+-1− observed at 280 °C upon
cooling and the packing model
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mesophases from r.t. to nearly 300 °C as observed in POM, which were stabilized by
the charge-by-charge stacking of genuine π-electronic ions through synergetic π–
π and electrostatic interactions (Fig. 18.5c) [17]. Furthermore, the ion pairs based
on porphyrin–AuIII complexes bearing pentafluorophenyl (C6F5) units also formed
charge-by-charge and charge-segregated assemblies in the single crystals, depending
on the C6F5 substitution pattern and the geometries of the anionic species [18].

18.1.3 Ion-Pairing Assemblies Based on Anion-Responsive
π-Electronic Molecules

In the course of preparation of various π-electronic anions, the anion complexes of
anion-responsivemolecules (receptors)were found to be used as pseudo-π-electronic
anions [6, 7]. The combination of electronically neutral receptors, guest anions,
and countercations can provide diverse ion pairs. Among the various anion recep-
tors, a series of dipyrrolyldiketone BF2 complexes, which show effective anion-
binding properties through the inversion of two pyrrole rings, have been investigated
(Fig. 18.6a) [19]. Efficient [1 + 1]-type anion-binding behaviors were elucidated by
1H NMR spectral changes, wherein anion-free and anion-complexing signals were
independently observed owing to the slow anion-binding processes that were corre-
lated with the pyrrole inversion. So far, various modifications of dipyrrolyldiketone
BF2 complexes were investigated. For example, anion complexes of dipyrrolyldike-
tone BF2 complexes 7a–c (Fig. 18.6a) were used as the components of various
ion-pairing assemblies in the form of crystals, supramolecular gels, liquid crystals,
etc. [6, 7]. Furthermore, covalently linked oligomers exhibited high anion-binding
affinities due to the efficient multiple hydrogen-bonding interactions, forming anion-
driven helical structures via pyrrole inversions [20]. The chirality of the helical anion
complexes of the dimers was induced by the ion pairing with chiral countercations,
exhibiting circularly polarized luminescence [21]. On the basis of their anion-binding
behaviors, anion-appended dipyrrolyldiketone BF2 complexes can provide diverse
π-electronic anions as seen in dipyrrolylphenols. In fact, the derivatives substituted
with a hydroxy unit at the bridging carbon gave rise to anionic species, whose
anionic site underwent interaction with pyrrole NH units through intramolecular
hydrogen bonding; however, the deprotonated species in solution were not very
stable as they decomposed in 1–2 h [22]. This section demonstrates the tunability
of assembling modes based on the modifications of constituent ions in ion-pairing
assemblies comprising receptor–anion complexes.

π-Electronic systems with carboxylate units can be used as scaffolds to attach
various functional units because the effective carboxylate-binding abilities of
dipyrrolyldiketone BF2 complexes were elucidated in the solution and solid states
(Fig. 18.6b) [23]. Single-crystal X-ray analysis of the ion pairs comprising 7a
and tetraalkylammonium salts of benzoate [24] and 3,4,5-trimethoxy-substituted
benzoate [25] revealed the formation of [1 + 1]-type carboxylate complexes and
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Fig. 18.6 a Anion-binding behavior of dipyrrolyldiketone BF2 complexes 7a–c, b(i) benzoate-
binding mode of 7a and (ii) single-crystal X-ray structure of 7a·benzoate (left: [1 + 1] complex,
right: charge-by-charge assembly) (atom color code: brown, pink, yellow, green, blue, and red
indicate carbon, hydrogen, boron, fluorine, nitrogen, and oxygen, respectively), and c (i) modified
anions 8a−–c− and (ii) packing model structure of 7a·8a−-TBA+ as the mesophase

charge-by-charge assemblies (Fig. 18.6b(ii)). Such solid-state packing modes are
crucial for the further design of dimension-controlled assemblies. For example, the
combination of 7a,b with 3,4,5-trialkoxy-substituted benzoates 8a−–c− as TBA+
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Fig. 18.7 Dimerization behavior of π-electronic zwitterions 9a–c

salts (Fig. 18.6c(i)) formed lamellar mesophases based on charge-by-charge assem-
blies (Fig. 18.6c(ii)). These ion-pairing materials showed moderately high charge-
carrier transporting properties, as demonstrated in the values of 0.02 and 0.05 cm2/Vs
for 7a·8a−-TBA+ and 7b·8a−-TBA+, respectively [25].

Focusing on the components of ion-pairing assemblies, the introduction of a nega-
tively charged site in anion receptors can construct self-assembled dimers with coun-
tercations. This can be seen in carboxylate-appended derivatives of dipyrrolyldike-
tone BF2 complexes, which exhibit narcissistic self-sorting dimerization behaviors
[24]. Such effective self-associating dimeric structures can also be formed by the
introduction of a cationic site to anion-appended anion receptors. In fact, zwitterionic
π-electronic systems 9a–c comprising pyridinium and benzoate units on both sides
of the pyrrole α-positions were synthesized (Fig. 18.7). Zwitterionic π-electronic
systems 9a–c formed self-associating dimeric structures in DMSO, and the associ-
ation constant of 9a that can be considered typically representative was 3300 M−1

at 70 °C. Not only hydrogen bonding between the anionic moieties and interaction
sites but also charge delocalization stabilized such self-assembled dimerized forms
[26]. The further design and synthesis of charged species comprising π-electronic
units and their combination with receptor molecules facilitate the formation of
dimension-controlled assemblies with fascinating functionalities.

Control of the geometries and electronic states of counter species of π-electronic
anions (receptor–anion complexes) is also important to achieve functional ion-pairing
assemblies. On the basis of themodifications of diverseπ-electronic cationic species,
the combination of Cl− complexes of dipyrrolyldiketone BF2 complexes and π-
ligand–metal complex cations can afford fascinating ion-pairing assemblies. For
example, the ion-pairing assembly of 7c and 4′-hexadecyloxy-substituted PtIICl
complex of 2,2′:6′,2′′-terpyridine (trpy) 10+ as a Cl− salt afforded a mesophase
based on the Colh structure of a charge-segregated assembly (Fig. 18.8a) [27].
Furthermore, bis(imidazolium)pyrimidine dication with two Cl− as counteranions
11a2+·2Cl− were prepared for the components of ion-pairing assemblies (Fig. 18.8b)
[28]. The ion pairs comprising 7c·Cl− and bis(imidazolium)pyrimidine dication·Cl−
11a2+·Cl− formed a Colh-based mesophase. Similarly, benzyltrialkylammonium
cations 12a+,b+ as Cl− salts were combined with 7b, resulting in the formation
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Fig. 18.8 a trpy–PtII complex 10+, b dication 11a2+ and positively charged receptor–Cl− complex
11a2+·Cl−, and c modified cations 12a+,b+

of ion-pairing assemblies as the Colh mesophases (Fig. 18.8c) [29]. These exam-
ples demonstrated the possibility of diverse combinations of anion-responsive π-
electronic molecules, modified anions, and coexisting cations, affording highly orga-
nized dimension-controlled ion-pairing assemblies. The introduction of functional
units to the component(s) would induce the tunable functionalities.

18.2 Photo-Responsive Ion-Pairing Assemblies

18.2.1 How to Prepare Stimuli-Responsive Assemblies

Anadvantageof ion-pairingmaterials is the introductionof different functionalities to
oppositely charged species by exchanging the constituent charged species. The intro-
duction of various substituents is crucial for the control of the states and assembling
modes of ion pairs and their resulting properties. Another strategy to control the states
of ion pairs is the introduction of stimuli-responsive moieties whose geometries can
be modulated by applying an external stimulus. Stimuli-responsive supramolecular
assemblies have attracted much attention because they can yield various nanostruc-
tures as potential materials for self-healing, drug delivery, and sensing. Among the
various external stimuli, light is a remarkably useful and easy-to-use stimulus [30–
32]. Azobenzene, as a photo-responsive unit, shows trans–cis isomerization upon
photoirradiation; the different geometries of the trans and cis forms can affect the
assembling modes according to their ratios [33]. Photo-induced phase transitions
of azobenzene derivatives in bulk materials were often observed in liquid crystals
[34–36] including those of ion-pairing systems. However, conditions that allow the
photo-isomerization of azobenzenes in the bulk states are restricted because free
volumes are required for significant structural changes [37]. In this section, synthesis
of photo-responsive ion pairs based on azobenzene and the photo-responsive prop-
erties of the resulting dimension-controlled ion-pairing assemblies are introduced
(Fig. 18.9).
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Fig. 18.9 Conceptual
diagram of ion-pairing
assemblies based on
photo-responsive ions and
their photo-responsive
properties. The combination
of various photo-responsive
anions and countercations
can control the assembled
structures and resulting
properties

18.2.2 Design and Synthesis of Photo-Responsive Ion Pairs

As shown in Fig. 18.10, ion pairs of azobenzene-appended carboxylates bearing
aliphatic chains on a phenyl moiety accompanied with alkylammonium cations were
designed to permit the formation of photo-responsive dimension-controlled assem-
blies [38]. In these ion pairs, flexible alkyl chains and bulky countercation enhance
the mobility and generate the free volume around the azobenzene. Assemblies of the
ionic species were formed through noncovalent interactions, where the arrangement
of the components can be readily modulated by external conditions. In addition, long
alkyl chains can provide dimension-controlled assemblies, such as supramolecular
gels and liquid crystals, through van der Waals interactions.

Alkyl-substituted azobenzene carboxylate esters 13Cn and 14Cn (n = 8, 12, 16)
were obtained by the reaction of ethyl 4-nitrosobenzoate and the corresponding
aniline derivatives. Subsequent hydrolysis of 13Cn and 14Cn provided azobenzene
carboxylic acids 15Cn and 16Cn (n = 8, 12, 16). Carboxylate ion pairs 15Cn−·TBA+

and 16Cn−·TBA+ (n= 12, 16) were obtained by treating 16Cn and 17Cn (n= 12, 16) in
CH2Cl2 with excess TBAOH [25], followed by the removal of the remaining TBAOH
by extraction with water (Fig. 18.10). In contrast, the preparation of 15C8−·TBA+

Fig. 18.10 Structures of alkyl-substituted azobenzene carboxylates and their precursors
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and 16C8−·TBA+ from 15C8 and 16C8, respectively, failed because the high solubility
and low melting points of the resulting materials hindered their purification.

The thermal properties and assembled structures demonstrated the dependence
on the degrees of interactions at the carbonyl groups and the number and the length
of alkyl chains. Carboxylic acids 15Cn (n = 8, 12, 16), possessing two aliphatic
chains, formed lamellar structures in the solid state, and the repeating distances were
slightly smaller than the summed length of two molecules, suggesting the formation
of a tilted or interdigitated bilayer structure through hydrogen bonding. On the other
hand, 16Cn (n = 8, 12, 16), possessing fan-shaped three aliphatic chains, formed
discotic columnar structures. Ion pairs 15Cn−·TBA+ and 16Cn−·TBA+ (n = 12, 16)
provided lamellar structures through ionic and van der Waals interactions, with the
repeating distances corresponding to the summed lengths of azobenzene carboxylates
and TBA+. Interestingly, the ion pair 16C16−·TBA+ provided a stable lamellar phase
with repeating distances of 3.8 nm at 22–55 °C only in the heating process, as the
metastable crystalline lamellar phase with repeating distances of 4.5 nm was formed
by rapid cooling from the isotropic state (>55 °C).

18.2.3 Photo-Responsive Properties of Ion-Pairing
Assemblies

The photo-induced phase transitions were examined by POM and XRD analyses
under photoirradiation.Although film samples are suitable for these analyses because
of the difficulty experienced by light in penetrating thick samples, it is challenging
to prepare films of low-molecular-weight species due to the dewetting behavior. This
problem was resolved by sandwiching the samples into glass plate cells with 8 μm
spacers. The diffraction profiles were obtained by using an X-ray diffractometer
equipped with a two-dimensional detector. The X-ray beam (Cu-Kα) was made
parallel to the in-plane direction of the cells using pulse controllers.UV light (365nm)
and visible light (436 nm)were irradiated into the cells from an out-of-plane direction
(Fig. 18.11a).

In contrast to the ion pairs 15C12−·TBA+, 15C16−·TBA+, and 16C12−·TBA+,
which showed the photo-induced phase transitions from ionic crystals to liquids
(Fig. 18.11b), the birefringenceof 16C16−·TBA+ at 40 °Cwas completely transformed
under the photoirradiation at 365 nm (100 mW/cm2), suggesting a phase transition.
UV (365 nm, 100mW/cm2) irradiation onto the sample induced a gradual disappear-
ance of the lamellar phase (PhaseA)with repeating distances of 3.8 nm, as well as the
appearance of a new crystalline lamellar phase with a repeating distance of 3.4 nm
(Phase B) (Fig. 18.12a(i–iii)). The calculated lengths of 16C16− including the coun-
tercation are approximately 3.9 and 3.3 nm for the trans and cis forms, respectively,
(Fig. 18.12b). Thus, the difference between Phase A and Phase B can be rationalized
by the trans-to-cis photo-isomerization. In addition, XRD peaks assignable to Phase
A and PhaseBwere independently observed, indicating that the phase transition from
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Fig. 18.11 a Schematic illustration of a setup for in situ XRDmeasurement under photoirradiation.
UV (365 nm, 100 mW/cm2) and visible light (436 nm, 60 mW/cm2) penetration was confirmed
in this system. b The photo-induced phase transition of (i) 15C12−·TBA+, (ii) 15C16−·TBA+, and
(iii) 16C12−·TBA+ in a sandwiched cell (8 μm spacer) observed by POM under UV (365 nm,
100 mW/cm2) irradiation at 75, 80, and 60 °C, respectively: initial state (top) and after 5 min
(bottom)

Fig. 18.12 a Changes in XRD patterns (small-angle region) and corresponding POM images of
16C16−·TBA+ in a sandwiched cell (8 μm spacer) at variable temperatures at (i) 40 °C, (ii, iii)
40 °C under UV (365 nm, 100 mW/cm2) irradiation with an approximately 0.5 h interval, and
(iv) 40 °C under visible light (436 nm, 60 mW/cm2) irradiation. The diffractions derived from
Phase A and Phase B are marked in yellow and orange, respectively. Birefringence became faint
or disappeared once during the transition between (iii) and (iv). b Schematic illustrations of the
assembled arrangements of 16C16−·TBA+ and their photo-induced phase transitions

Phase A to Phase B proceeded discontinuously in the respective domains, and Phase
A completely disappeared because the remaining trans forms at the photo-stationary
state (PSS365) may be disordered. Thus, two possibilities may arise (i) isomerization
of the trans isomers induced by exceeding the threshold number of the neighboring
cis isomers and (ii) transition from Phase A to Phase B through an isotropic phase.
Visible light (436 nm, 60 mW/cm2) irradiation onto the sample that had reached
PSS365 induced the reverse cis-to-trans isomerization. As shown in Fig. 18.12a(iv),
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the XRD pattern assignable to Phase B disappeared, and that assignable to Phase A
re-appeared in the small-angle region. In the POM observations, the birefringence
disappeared immediately after visible light irradiation and then new birefringence
appeared. This transient optically isotropic state is probably different from the opti-
cally isotropic ionic liquid state induced by heating, by considering the fact that
Phase A was not observed during the cooling process from the ionic liquid state.

As the clearing temperature of 16C16−·TBA+ under UV irradiation (52 °C) was
slightly lower than that without UV irradiation (55 °C), the photo-induced crystal–
crystal phase transition was observed below 52 °C. Thus, the crystalline lamellar
phase mainly comprising the bulky cis form (Phase B) was fairly stable due to the
interactions between the long alkyl chains. In addition, the crystal–crystal phase
transition can be repeated by switching between the two irradiation wavelengths
(365/436 nm) (Fig. 18.12b), although the liquid–crystal phase transition was not
observed at 52–55 °C by visible light (436 nm, 60 mW/cm2) irradiation. Thus,
ion pairs of azobenzene anions possess several advantages for photo-induced phase
transitions: (i) the bulky countercations provide free volumes around the azobenzene
moieties, (ii) isomerization of the azobenzene unit is not significantly restricted by
the packing of alkyl chains on the countercations, because the ion pairs are weakly
connected by noncovalent interactions, and (iii) the assembled structures and their
properties can be controlled by the modifications of the countercations along with
the anionic species [38].

18.2.4 Photo-Responsive Properties of Ion-Pairing
Assemblies Based on Receptor–Anion Complexes

On the basis of the high binding constant (Ka) of 7a for 16C16− (3,100,000 M−1,
CH2Cl2), which is comparable to that for CH3CO2

− (930,000M−1) [39], the ion pair
7a·16C16−-TBA+ was formed from a 1:1 mixture of 7a and 16C16−-TBA+ and was
purified by recrystallization from diisopropylether [40]. In the 1H NMR spectrum of
7a, the NH and bridging CH signals were observed at 9.59 and 6.55 ppm, respec-
tively, whereas, in 7a·16C16−-TBA+, the corresponding signals disappeared with the
appearance of new signals at 14.19 and 8.05 ppm. The formation of the receptor–
anion complex also caused a shift in the signals of the azobenzene carboxylate (e.g.,
Ha in Fig. 18.13a shifted from 8.08 to 8.26 ppm). After UV (365 nm) irradiation, new
signals from the cis form appeared both in 16C16− and 7a·16C16−-TBA+ (e.g., 7.83
and 8.02 ppm for Ha in 16C16− and 7a·16C16−-TBA+, respectively). The difference
in the 1H NMR chemical shifts between 16C16− and 7a·16C16−-TBA+ for the trans
forms, 0.18 ppm (Ha), was slightly smaller than that for the cis forms, 0.19 ppm (Ha),
suggesting that photo-isomerization from the trans to cis forms slightly affects the
anionic properties of the carboxylate and the interactions in the receptor–carboxylate
complexes. In addition, the trans/cis ratios in the PSS365 were estimated as 0:100 for
16C16− and 30:70 for 16C16− in equilibrium with 7a·16C16−. This difference can be
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Fig. 18.13 a Photo-isomerization of receptor–anion complex 7a·16C16−, b electrostatic potential
map (δ = 0.01) of 7a·16C2−, and c proposed assembled structure of 7a·16C16−-TBA+

explained by the emission of 7a in the carboxylate complex at around 430–550 nm,
which induces the isomerization from cis to trans forms.

Similar to free anion 16C2−, the trans form of 7a·16C2−, with ethyl groups
replacing the hexadecyl groups for facile calculations, showed a more stable confor-
mation than the cis form with relative energy of 12.4 kcal/mol. This value was only
slightly smaller than the corresponding value for 16C2− (14.8 kcal/mol). In addi-
tion, the N(–H)···O distances between the neighboring pyrrole NH and the carboxy-
late oxygen in the cis form (2.715 and 2.716 Å) were slightly shorter than that of
the trans form (2.718 Å). The relative energy difference and binding modes of the
carboxylate complexes can be explained by the electronic states of the trans and cis
forms of 16C2−. Compared to the trans form of 16C2−, wherein the electronegative
charge is partially delocalized on the coplanar azobenzene unit that in the cis form
is delocalized in a single phenyl ring. Therefore, the hydrogen-bonding interaction
between the neighboring pyrrole NH and the carboxylate oxygen in the cis form of
7a·16C2− is slightly stronger than that in the trans form. This result agrees with the
observed shifts in the 1H NMR spectra, indicating that the anionic property of the
complex was changed by photo-isomerization. Furthermore, electrostatic potential
(ESP) diagrams of 7a·16C2− showed the delocalization of the negative charge of
16C2− in the π-electronic moiety of 7a by complexation (Fig. 18.13b). The differ-
ence between the free anion and the receptor–anion complex affected the interaction
between the charged species and the structures of dimension-controlled assemblies.

POM and XRD profiles of 7a·16C16−-TBA+ revealed the formation of a crys-
talline lamellar structure. Similar to 16C16−-TBA+, the repeating distance of 5.4 nm
for 7a·16C16−-TBA+ corresponded to the summed lengths of 7a·16C16− and TBA+

(Fig. 18.13c). However, in contrast to 16C16−-TBA+, the photo-induced phase tran-
sition of 7a·16C16−-TBA+ was not observed in POM and XRD using a sandwiched
cell. The difference in the behaviors could be due to the strong packing around
the receptor–carboxylate complex in 7a·16C16−-TBA+ that inhibits the trans-to-cis
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isomerization of the azobenzene moiety and provides a photostable assembly even
in the presence of photo-responsive azobenzene carboxylates. In other words, the
modification of receptors and azobenzene,which affects the packing structures, could
control the photo-responsive properties of the dimension-controlled assemblies [40].

In order to improve the photo-responsive behaviors, azobenzene bearing alkyl
chains that can enhance the dynamic nature of the molecules [41] on both sides were
designed [42]. Introduction of spacers between the azobenzene and carboxylate units
can also interfere with the energy transfer to the receptor–anion complex parts.

Azobenzene 18, bearing an alkanoic acid and an aliphatic chain, was obtained
by the hydrolysis of the corresponding alkanoate ester 17 (Fig. 18.14a). Subsequent
treatment of 18with excess TBAOH in THF provided the alkanoate as a TBA ion pair
(18−-TBA+) [25]. On the basis of the highKa value of 18− for 7a (220,000M−1), ion
pairs of the receptor–anion complexes and TBA+ (7a·18−-TBA+ and 7c·18−-TBA+)
were prepared from the 1:1 mixture of the anion receptors 7a,c and the alkanoate
salt 18−-TBA+ (Fig. 18.14b). The photo-isomerization properties of 18−-TBA+ in
solution were investigated by 1H NMR spectra, in which the signals originating
from trans form of 18− at 7.86, 7.84, 6.98, and 6.97 ppm almost disappeared with
an appearance of new signals derived from the cis form at 6.98, 6.87, 6.77, and
6.75 ppm upon undergoing UV irradiation. In addition, in contrast to 7a·16C16−-
TBA+, the changes in 1H NMR spectra when 7a·18−-TBA+ isomerized from the
trans-to-cis forms were similar to those of 18− without significant changes in the
signals from the receptor unit. These results indicated that the alkyl spacer between
the carboxylate and azobenzene units decreased the effect of electronic and steric
changes in the azobenzenemoiety of the carboxylate and complex. Similar to 16C16−-
TBA+, the cis/trans ratio at PSS365 for 7a·18−-TBA+ (70/30) was smaller than that
of 18−-TBA+ (99/1). This result can also be explained by the effect of the emission
of the receptor at 430–550 nm that induced cis-to-trans isomerization [39].

7c·18−-TBA+, with long alkoxy chains on the receptor, afforded a supramolecular
gel in n-octane (10 mg/mL, 3.9 mM) below ca. 10 °C, and a broad UV/vis absorption

Fig. 18.14 a Structures of alkyl-substituted azobenzene alkanoates and their precursors and
b formation of receptor–anion complexes 7a,c·18−
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Fig. 18.15 Photo-responsive properties of a 7c·18−-TBA+ gel and b gel of the 1:1 mixture of 7c
and 17 from n-octane (10 mg/mL): (i) UV/vis absorption spectral changes at r.t. (black and red
lines indicate before and after UV irradiation (365 nm), respectively) and photographs at <10 °C
before, under, and after UV irradiation (top, middle, and bottom, respectively) and (ii) schematic
illustration of the assembled arrangements and photo-induced phase transitions (right). TBA+ as
a countercation in (a) (ii) was omitted for clarity. Adapted with permission from [42]. Copyright
2019 RSC

band at 479 nmderived from the aggregation of theπ-electronic systemwas observed
at r.t. (Figure 18.15a(i)). Under photoirradiation (365 nm), the gel transformed into
a solution, beginning from the part which was irradiated by the light. In addition,
after the reverse isomerization by heating, the supramolecular gel was formed upon
cooling. The spectral changes due to the photoirradiation, in which the absorption
band at 376 nm decreased and that at 479 nm was red-shifted to 520 nm, indicated
that the disaggregation of the π-electronic system occurred upon the conformation
change of azobenzene from trans to cis forms, because the absorption spectrum
in the long-wavelength region after photoirradiation was similar to that in diluted
conditions without aggregation. Although the exact structure of the assembly in the
gel was unclear, the conformation change in the azobenzene moiety bound to the
π-electronic system via the carboxylate with an alkyl linker efficiently induced the
gel collapse (Fig. 18.15a(ii)). It should be noted that this photo-responsive property
was not observed from the 1:1 mixture of 7c and 17 that bore an ester unit instead of
the carboxylate, although the photo-isomerization of 17was observed (Fig. 18.15b).
Thus, the introduction of an azobenzene unit as a part of the anion is an effec-
tive method for the preparation of photo-responsive gels based on receptor–anion
complexes.

From the XRD profile of 18−-TBA+ at 50 °C upon heating, a lamellar structure
with a repeating distance of 4.18 nm, corresponding to the sum of lengths of 18−
and TBA+, was observed. Similarly, as observed in the XRD pattern, 7a·18−-TBA+

provided an ordered assembly, derived from the lamellar structure with a repeating
distance of 3.63 nm.Despite the formation of a receptor–anion complex, the repeating
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Fig. 18.16 aChemical structures and representation of assemblies of (i) 7a·18−-TBA+ at 80 °C and
(ii) 7c·18−-TBA+ at 50 °C and b photo-responsive properties of (i) 18−-TBA+, (ii) 7a·18–-TBA+,
and (iii) 7c·18−-TBA+ investigated by POM at 50, 90, and 70 °C, respectively, in a sandwiched cell
under UV irradiation (central spot). Adapted with permission from [42]. Copyright 2019 RSC

distance was smaller than that of the corresponding receptor-free assembly of 18−-
TBA+ probably due to the interdigitation of the alkyl chains (Fig. 18.16a(i)). On the
other hand, the XRD profile of 7c·18−-TBA+ at 50 °C upon heating, suggested the
formation of a tetragonal columnar (Colt) structure with a= 6.6 nm (Fig. 18.16a(ii)).
The fan-like geometry of the pyrrole-inverted receptor–anion complex bearing long
alkyl chains in 7c·18− provided a discotic columnar structure, whose circular unit
contained two to four anion complexes. Thus, assembled structures were controlled
by the modifications of the receptors.

In the UV/vis absorption spectra of 18−-TBA+ upon UV irradiation, the inten-
sity of the absorption band at 343 nm decreased while that at 453 nm increased
concurrently. These changes are similar to those seen for photo-isomerization in the
solution state. In addition, 7a·18−-TBA+ and 7c·18−-TBA+ exhibited only slight
photo-isomerization behaviors in contrast to 7a·16C16−-TBA+ [25]. Therefore, the
efficiency of energy transfer, which inhibits the photo-isomerization, decreased upon
the introductions of an alkyl spacer between the azobenzene unit and carboxylate
(receptor–anion complex).

The photo-induced phase transitions of 18−-TBA+ observed in POM using a
sandwiched cell with 8 μm spacers exhibited the disappearance of birefringence
underUV irradiation (365 nm) at 25 °C (Fig. 18.16b(i)). On the other hand, the photo-
induced phase transition was not observed in 7a·18−-TBA+, nor was it observed in
7a·16C16−-TBA+ (Fig. 18.16b(ii)), although photo-isomerizationwas observed in the
UV/vis absorption spectra. In addition, unlike the case of the supramolecular gel,
birefringence of 7c·18−-TBA+ showed only a small change under UV irradiation at
70 °C (Fig. 18.16b(iii)). These results indicated that photo-isomerization may occur
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only on the surface [37], where free volume is available, and may be suppressed by
packing of the π-electronic systems and alkyl chains in the solid-state [42].

18.3 Excited-State Dynamics of π-System–PtII Complexes

18.3.1 Excited-State Dynamics

In general, the structures and reactivity of triplet states are different from those
of the corresponding ground states. Thus, it is crucial to investigate the excited-
state dynamics, which include radiative and non-radiative processes, as well as the
reactivity of excited states because highly efficient photofunctional materials can be
fabricated. Applications that depend on the strong absorption of visible light often
require transition-metal complexes of π-electronic molecules and their assemblies,
which exhibit diverse properties and functions based on their coordination bonds.
Amongmetal complexes, cyclometalated PtII complexes have gained much attention
due to their photophysical properties and showhigh triplet quantumyields, long-lived
triplet excitons, and photocatalytic activities [43]. The photo-induced excitation of
the ground (S0) state to the S1 state is the trigger for the excited-state dynamics
of PtII complexes (Fig. 18.17). The ground (S0) state was recovered via the triplet
(T1) state, which was generated by the intersystem crossing from the S1 state. The
efficient photo-absorption in the excitation from ground states and the long lifetime
of triplet states are key factors for the development of photo-induced catalysts and
building units for use in photo-responsive materials.

Fig. 18.17 Diagram of the
excited-state dynamics of
cyclometalated PtII

complexes: (i) excitation
from S0 state to S1 state by
the photoirradiation, (ii)
intersystem crossing from S1
state to T1 state, and (iii)
ground-state recovery
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Fig. 18.18 Heteroleptic
dipyrrin–PtII complexes
20a,b

18.3.2 Pyrrole-Based π-System–PtII Complexes Exhibiting
Excited-State Dynamics with Microsecond Triplet
Lifetimes

Heteroleptic PtII complexes 20a,b, comprising π-extended dipyrrins and 2-
phenylquinoline (pqu), were synthesized (Fig. 18.18) [44]. π-Extended dipyrrins
are focused on because they are ligands that efficiently harvest visible light, whereas
a C6F5 moiety was introduced at themeso position as an electron-withdrawing group
to enhance the stability of the metal complexes. Furthermore, pqu as a π-extended
ligand can induce chirality in PtII complexes upon cyclometalation.

The sub-picosecond to nanosecond timescale transient absorption measurements
with excitation with a femtosecond laser pulse (instrumental response function: ~
30 fs) revealed the photophysical properties of both the singlet and triplet excited
states of 20a,b (Fig. 18.19a). The ground-state bleach signal at 610 nm and posi-
tive absorption signals at 450 and 530 nm for 20a were observed in the transient
absorption at 0.2 ps after the excitation, while for 20b the bleach signal at 650 nm
and a positive absorption signal at 550 nm was observed. The positive absorption
bands at 530 nm for 20a and 550 nm for 20b decay on a timescale of hundreds of
femtoseconds and other positive absorption bands appear at 650 and 870 nm for 20a
and at 700 and 850 nm for 20b. The evolution-associated spectra obtained through
global analyses with singular value decomposition (SVD) of transient absorption
spectra showed the excited-state relaxation pathways (Fig. 18.19b). The resulting
time constants τ of 20a were 2 fs, 260 fs, 85 ps, and >10ns, while τ of 20b were
6 fs, 820 fs, 80 ps, and >10ns. The fastest decay-time components (2 and 6 fs)
were excluded from evolution-associated spectra owing to the component derived
from coherent artifacts. The τ of 260 and 820 fs were assigned to S1 state lifetimes
because the evolution-associated spectra contain stimulated emission signals most
likely from the S1 states at approximately 700 and 730 nm for 20a,b, respectively.

In general, third-row transition-metal complexes exhibit very fast intersystem
crossing through the strong spin-orbit coupling [45]. Consequently, the S1 states
have very short lifetimes from several tens of femtoseconds to several picoseconds.
Therefore, these characteristics suggested that the intersystem crossing from the S1 to
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Fig. 18.19 a Sub-picosecond to nanosecond timescale transient absorption spectra, b evolution-
associated spectra obtained through SVD global analysis of (a) (T1 lifetimes were derived from
the single exponential decay function of (c)), and c nanosecond to microsecond timescale transient
absorption spectra: (i) 20a (0.15 mM excited at 600 nm for (a, b) and 0.14 mM excited at 610 nm
for (c) in degassed CH2Cl2) and (ii) 20b (0.13 mM excited at 650 nm for (a, b) and 0.12 mM excited
at 650 nm for (c) in degassed CH2Cl2). Adapted with permission from [44]. Copyright 2019Wiley
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T1 states occurs with time constants of 260 and 820 fs, respectively, and vibrational
cooling from the high vibrational level of the T1 states with lifetimes of 85 and
80 ps, respectively, was observed. With >10 ns time constants, the longest lifetime
components can be assigned to the T1 states, although the exact lifetimes could not
be determined using transient absorption measurements on the sub-picosecond to
nanosecond timescale.

The nanosecond to microsecond timescale transient absorption measurements
with the randomly interleaved pulse train (RIPT) method elucidated the long-lived
components, which were 1.2 and 0.82 ms for 20a,b, respectively (Fig. 18.19c) [46].
On the basis of these results of the transient absorption experiments, the photophys-
ical processes of 20a,b can be explained by the excited-state diagrams (Fig. 18.20),
which consist of three steps in the excited-state intersystem crossing and relaxation
processes: (i) fast intersystem crossing from the S1 states to the high vibrational
levels of the T1 states within 260 and 820 fs for 20a,b, respectively, (ii) vibrational
cooling in the T1 states (85 and 80 ps, respectively), and (iii) ground-state recoveries
(1.2 and 0.82 ms, respectively). The microsecond-order time constants can provide
enough time for the diffusion and collision of PtII complexes in the solution state,
which can be used for future applications. Importantly, the original chirality of the
ground states of 20a,bwas retained in the excited states. As the properties of excited
states, such as relaxation processes, charge transfer, and emission characteristics,
can be tuned by appropriate metal centers and ligand molecules, the development
of π-extended system–metal complexes and charged metal complexes for functional
electronic materials will be investigated.

The excited states can be considered as photo-isomerized structures with geome-
tries and properties that are different from those of the ground states. Thus, the details
of the excited-state structures were essential for the discussions on the photo-induced
controls of π-electronic molecules. The time-dependent (TD)-DFT calculations at
theCAM-B3LYP level of theorywith the 6-31+G(d,p) (LanL2DZ for Pt) of ground-
and excited-state structures of 20a,b revealed the optimized structures and stabilities
(Fig. 18.21). The S1 states of 20a,b were less stable by 2.43 eV (55.8 kcal/mol) and
2.23 eV (51.3 kcal/mol), respectively, than the corresponding ground (S0) states. The
S0 states were more stable than the corresponding most stable T1 state structures by
1.29 eV (29.9 kcal/mol) and 1.14 eV (26.4 kcal/mol), respectively. The optimized S0

Fig. 18.20 Excited-state diagrams describing the photophysical processes of a 20a and b 20b.
Adapted with permission from [44]. Copyright 2019 Wiley
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Fig. 18.21 Superposed optimized structures (top and side views) of the S0 (cyan) and T1 (magenta)
states of a 20a and b 20b. Adapted with permission from [44]. Copyright 2019 Wiley

and T1 structures clearly exhibited photo-induced conformation changes. The bite
angles with the PtII center of the dipyrrin ligand (corresponding to α in Fig. 18.21) of
the optimized S0 and T1 structures in 20a are 82.9° and 81.5°, whereas the dihedral
angles for the dipyrrin moiety (angles between the two pyrrole rings) are almost the
same (141.3°). On the other hand, in 20b, the corresponding bite angles are 81.0°
and 79.8° and the dihedral angles are 140.4° and 139.0° for the S0 and T1 struc-
tures, respectively. The dipyrrin moieties were more distorted in the T1 states, which
retained their chirality [44].

18.4 Conclusion

The key points in the ion-pairing chemistry are the design and synthesis of a variety
of ion pairs by the combination of newly synthesized π-electronic ions. The intro-
duction of a photo-responsive unit to π-electronic ions provided ion-pairing assem-
blies that show a modulable arrangement of ion pairs. The azobenzene carboxy-
late ion pairs possessing aliphatic chains gave rise to crystalline assemblies that
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showed a photo-induced crystal–crystal phase transition in the bulk state. Further-
more, negatively charged π-electronic systems prepared by the complexation of
anion-responsivemoleculeswith an azobenzene bearing an alkanoate and an aliphatic
chain provided unique dimension-controlled assemblies, such as a photo-responsive
supramolecular gel. On the other hand, the pyrrole-based π-system–PtII complexes,
which showed excited-state dynamics characterized by fast intersystem crossing and
microsecond-order triplet-state lifetimes, are applicable as new chiral photocata-
lysts through the active use of photo-induced reactive transient states. Appropri-
ately designed π-electronic species, some of which can be charged π-systems, can
facilitate the control of the structures, assembling modes, and electronic states by
photoirradiation. π-Electronic systems that are further designed and modified will
induce tunable functionalities and form fascinating materials possessing electronic
and optical functions [47, 48].
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Chapter 19
Photoinduced Morphological
Transformation and Photodriven
Movement of Objects Using
Self-assembly of Amphiphilic
Diarylethene in Water

Kenji Higashiguchi and Kenji Matsuda

Abstract Self-assembly of amphiphilic photochromic diarylethene having
tri(ethylene glycol) monomethyl ether chains was examined in water from the
viewpoint of photoinduced morphological transformation and photodriven move-
ment of objects. Self-assembled supramolecular architectures of the amphiphilic
diarylethenes undergo photoinduced macroscopic morphological transformation
upon alternate irradiation with UV and visible light. The photoreversible morpho-
logical change can be rationalized as a photoinduced phase transition between the
high- and low-temperature phases of the lower critical solution temperature (LCST)
transition. By using a depletion force in a methylcellulose aqueous solution, an
amphiphilic diarylethene hierarchically assembled into bundledfibers,which showed
shrinking of more than 100 µm under visible light irradiation. Linearly polarized
light induced anisotropic growth of the assembled architecture and the diffusive
motion of added polystyrene beads was suppressed in the perpendicular direc-
tion to the polarized light. The movement of many objects tracing the movement
of a UV-irradiation spot was achieved with the assistance of the photogenerated
supramolecular architecture.

Keywords Diarylethene · Supramolecular architecture · Tri(ethylene glycol)
monomethyl ether · LCST · Depletion force · Brownian motion

19.1 Introduction

Amphiphilic compounds form self-assembled architectures in water through inter-
molecular hydrophobic interactions. When the amphiphilic molecules are capable
of hydrogen bonding and π–π stacking, the self-assembled structures are affected
accordingly. The nanostructures of the supramolecular architecture have been studied
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in the case of axially symmetric amphiphiles consisting of an ionic head and alkyl tails
[1], and more complex amphiphiles [2]. It is interesting to note that the energy differ-
ence between the different kinds of molecular packing is small, so that the packing of
the supramolecular architecture in water may change with various external stimuli.

Photoreaction is a well-known technique for changing the packing and
morphology of supramolecular architectures in water. Azobenzene, a representa-
tive photochromic compound, undergoes reversible photoisomerization between the
rod-shaped trans-isomer and the bent cis-isomer. Such a large change in molec-
ular geometry may result in sizable transformations of the microstructure [3],
but the microstructure is often irreversibly destructed [4]. Even if the molec-
ular packing changes reversibly before and after isomerization, the fragmented
microstructures do not return to the original position due to diffusion. However,
some examples of reversible morphological changes have been reported. Hamada
and co-workers showed that a sheet-shaped supramolecular architecture composed
of an azobenzene derivative and 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)
exhibited photoreversible morphological change between sheet and capsule shapes
[5]. Kageyama et al. reported that a plate-like assembly composed of another azoben-
zene derivative and oleic acid show self-oscillations upon irradiationwith continuous
blue light [6].

Diarylethene, a typical photochromic compound, is also used to form photore-
sponsive supramolecular architectures [7]. It undergoes reversible photoisomeriza-
tion between a colorless open-ring isomer and a colored closed-ring isomer. The
characteristic photochromic features, e.g., color, quantum yield, and fatigue resis-
tance, can be controlled within a wide range by means of molecular design [8]. We
recently studied amphiphilic diarylethenes showing photo- and thermo-responsive
morphological changes.Oligo(ethylene glycol)monomethyl ether chain (hereinafter,
referred to as “oligo(ethylene glycol) ether”), used here as a hydrophilic part of
the amphiphilic diarylethenes, is known to exhibit lower critical solution temper-
ature (LCST) behavior, by which miscibility switches depending on temperature.
Below the LCST, the oligo(ethylene glycol) ether is in a hydrated phase by means
of hydrogen bonding with the surrounding water molecules and forms an extended
chain, and above this temperature, hydrogen bonding ceases to exist because the
contribution from the entropy becomes more significant than from enthalpy, esti-
mated from the Gibbs energy of hydrogen bonding. The oligo(ethylene glycol) ether
becomes randomly coiled and the chains are tangled with each other. Since misci-
bility changes drastically near the LCST, this characteristic is often used to bring
about reversible morphological changes in the micrometer-sized supramolecular
architectures [9].
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19.2 Photoinduced LCST Transition and Morphological
Changes in Supramolecular Architectures

We recently studied the photoinduced morphological changes in supramolecular
architecture and the movement of objects assisted by this architecture. The used
amphiphilic diarylethenes had an alkyl chain and two tri(ethylene glycol) ether chains
at each end of the diarylethene. As the open- and closed-ring isomers have different
LCSTs, LCST behavior was induced by photoirradiation accompanied by the change
in the ratio of both isomers [10–15].

The molecule is designed to modify both the photoreactivity and the morphology
of the supramolecular architectures. These modifications require undergoing a
photoreaction for the cyclization and cycloreversion process under an optical micro-
scope, which means that the chosen diarylethene should have a high conversion ratio
to the closed-ring isomer upon irradiation with 365 nm-UV light, generated from the
light source of an epi-illumination system. Therefore, 1,2-bis(2-methyl-5-phenyl-3-
thienyl)hexafluorocyclopentene [16] was selected because it has an absorption edge
near 365 nm as well as a large quantum yield (57%) in a cyclization reaction. In
order to give it amphiphilic properties, two tri(ethylene glycol) ether chains were
introduced to one of the phenyl groups and an alkyl chain was added to the other as
hydrophilic and hydrophobic moieties, respectively. Ether (1), ester (2), and amide
(3) are used as linkers between the alkyl chain and the phenyl group (Scheme 19.1).
We investigated the photochemical properties and morphological changes for the
respective supramolecular architectures.

The synthesis was carried out by the C-H arylation at 5-position of the thio-
phene rings of the diarylethene, following the procedure shown in Scheme 19.2
[17]. The asymmetric amphiphilic diarylethenes were synthesized using a one
pot method with a non-substituted diarylethene, namely 1,2-bis(2-methyl-3-
thienyl)hexafluorocyclopentene [18] and an iodobenzene derivative acting as the
hydrophobic and hydrophilic moieties, respectively. The synthetic yields were 16,

Scheme 19.1 Photoisomerization of the amphiphilic diarylethenes
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Scheme 19.2 Syntheses of the asymmetric amphiphilic diarylethenes by C–H arylation

25, and 27% for compounds 1, 2, and 3, respectively. Symmetric compounds were
also produced as by-products, but the target compounds were easily purified due to
significant difference in polarity.

19.2.1 Photoinduced LCST Transition

The change in the absorption spectrum with photoisomerization indicated different
behavior for a solution and a suspension. Compound 1 showed ordinary
photochromism in an acetonitrile solution, i.e., a colorless solution of 1a turned
blue upon irradiation with UV light (1b) and turned back to being colorless upon
subsequent irradiation with visible light (Fig. 19.1a). On the other hand, the aqueous
suspension displayed a two-step change in the absorption spectrum. Initial white-
turbid suspension turned to a blue suspension upon short irradiation with UV light.
The absorption band shifted to shorter wavelengths and the color changed to reddish
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Fig. 19.1 Spectral changes along with photoisomerization from 1a to 1b upon irradiation with UV
light in a acetonitrile solution and b aqueous suspension. Adapted with permission from Ref. [10].
Copyright 2015 American Chemical Society
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purple upon continuous irradiation with UV light (Fig. 19.1b). The reddish purple
suspension returned to the original white-turbid suspension upon irradiation with
visible light. Therefore, it can be said that the spectral shift did not originate from the
decomposition but the packing change of the closed-ring isomer in the supramolec-
ular architecture, i.e., a change from the random orientation to an H-aggregate
(Scheme 19.3).

An LCST phase diagram was obtained from the spectral changes. The transition
temperature was estimated from the discontinuous changes in absorption and scat-
tering for the aqueous suspensions with various conversion ratios of the closed-ring
isomer (Fig. 19.2a) under controlled temperature conditions. The open-ring isomer
formed a dehydrated phase corresponding to the high temperature state even at 0 °C.
The transition temperature increased with the increase in the conversion ratio, and
finally reached a maximum of 30 °C at 98% of the conversion ratio (Fig. 19.2b).
The two-step photochromism, which is shown in Fig. 19.1b, can be explained with
reference to the change in the conversion ratio at 20 °C in the phase diagram. At the
initial state, the open-ring isomer was in a dehydrated phase of the supramolecular
architecture, as described above. It continued to be in that phase until the conversion
ratio was up to approximately 40%, which corresponded to the short irradiation.
Finally, the LCST transition occurred when the conversion ratio exceeded 40% with
the prolonged irradiation.

 

Scheme 19.3 Packing change of the amphiphilic diarylethene in the supramolecular architecture
along with photoisomerization
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The supramolecular architecture showed a reversible morphological change upon
photoirradiation under an optical microscope. The initial white-turbid suspension
contained colorless microspheres, which were the supramolecular architectures
composed of the open-ring isomer, and the maximum diameter was approximately
10–20µm. The colorless sphere turned blue upon short irradiation with UV light and
disintegrated on being subjected to prolonged irradiation. During the disintegration
process, the interface between the sphere and the surrounding water appeared to be
hazy, and the color changed to reddish-purple (Fig. 19.3a). Upon subsequent irradi-
ation with visible light, the widely diffused small spheres converged to their original
positions, and large microspheres were restored (Fig. 19.3b). The colored spheres
showed similar behavior when subjected to temperature control. Interestingly, the

Fig. 19.3 Reversiblemorphological change of 1 upon irradiationwith aUV (1a to 1b) and b visible
(1b to 1a) lights at 15 °C. Adapted with permission from Ref. [10]. Copyright 2015 American
Chemical Society
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red-purple hazy assembly was not observed under dry conditions and therefore, it
can be concluded that the morphological change was caused by an LCST transition
as is the same case with a two-step spectral change.

Such micrometer-sized reversible morphological changes were associated with
the change in nanostructures of the supramolecular architectures. It was shown
by transmission electron microscopy (TEM) measurements that the microsphere,
composed of the open-ring isomer (1a), was a co-continuous coacervate having
water channels rather than a homogeneous droplet (Fig. 19.4a). By contrast, the
reddish-purple haze, composed of the closed-ring isomer (1b), was a nanofiber
without branching, with a diameter of approximately 10 nm and a length of more
than 1 µm (Fig. 19.4b). Furthermore, snapshots were obtained halfway during the
irradiation process to investigate the morphological change in greater detail. They
show that as a result of the irradiation with UV light, nanofibers grew radially from
the surface of coacervate (Fig. 19.4c). Upon irradiation with visible light on the red-
purple suspension, nanospheres of a granular texture, approximately 10 nm in size,
were observed inside the nanofibers (Fig. 19.4d).

The mechanism of reversible morphological change was inferred based on the
observations associated with the nanostructure. Disintegration of spheres was caused
by the elongation of the nanofibers. Nevertheless the resultant small spheres were

Fig. 19.4 TEM images of the nanostructures of 1. a Open-(1a) and b closed-ring isomer (1b).
c, d show change in nanostructures upon irradiation with UV (1a to 1b) and visible (1b to 1a)
lights, respectively. Reprinted with permission from Ref. [10]. Copyright 2015 American Chemical
Society
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connected by a number of nanofibers, which were invisible under an optical micro-
scope due to the diffraction limit. The transformation back to the nanospheres was
initiated at various places on the nanofibers following the reverse mechanism upon
irradiation with visible light. Furthermore, the generated nanospheres correspond
to the dehydrated phase and aggregated with each other. Therefore, the diffused
spheres reverted to their original positions by shrinking of the fibers, and finally the
coacervate with water channels was restored (Fig. 19.5).

Thus, LCST transition was caused by a change not only in temperature but also
in the conversion ratio accompanied by the photoisomerization. This is due to the
fact that the supramolecular architecture composed of amphiphilic diarylethene 1 has
different LCST transition temperatures for the two isomers [10]. The micrometer-
long nanofibers were considered to be involved with the reversibility of the morpho-
logical change. In the next subsection,we examine the differences in characteristics of
some of the derivatives and discuss their applications based on these characteristics.
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Fig. 19.5 Schematic illustration of the reversible morphological changes. Adapted with permission
from Ref. [10]. Copyright 2015 American Chemical Society
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19.2.2 Intermolecular Interactions and Supramolecular
Architecture

In this subsection, we demonstrate the influence of intermolecular interactions on the
morphological changes. The linkermoietywas changed from ether (1) to ester (2) and
amide (3) in the amphiphilic diarylethene [11]. The molecular shapes of amphiphilic
diarylethenes are very similar between all three linkages. However, the existence
and nonexistence of hydrogen bonding are expected to affect the photoinduced
morphological change because of different intermolecular packing.

The ester and amide took the same π–π stacking structure, but different
nanometer-sized structure due to hydrogen bonding. The photochromism of each
compound was studied in the aqueous suspension. Hypsochromic shift was observed
for 1b–3b upon prolonged irradiation with UV light (Figs. 19.1b, 19.6a, b). A similar
behavior of the spectral shifts suggests that the π–π stacking structure composed of
the closed-ring isomers, i.e., an H-aggregate, was not affected by hydrogen bonding.
However, it was confirmed by TEM measurements that the nanometer-sized struc-
ture was different for each supramolecular architecture, composed of the closed-ring
isomers 1b–3b. The ester-linked 2b also formed similar nanofibers, but the length
(180± 120 nm)wasmuch shorter than that of ether-linked 1b (>1µm). Interestingly,
the amide-linked 3b formed flower-like structures made of thin layers (Fig. 19.7).
Both the diameter of the nanofiber and the width of the thin layer were approximately
10 nm, which was twice the molecular length. Hence, the nanofibers and thin layers
are likely to correspond to a cylindrical micelle and a bimolecular layer, respec-
tively. Since the amphiphilic diarylethene has a fan shape, a cylindrical micelle is
the preferred structure when there is no specific interaction other than π–π stacking.
In contrast, the amide-linked 3b formed a bilayer structure, most likely caused by a
hydrogen bonding network between the amide linkages.

In addition, the micrometer-sized morphological changes also reflected the
difference in the nanometer-sized structures. The initial structures prepared from
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Fig. 19.7 TEM images of the nanostructures of the closed-ring isomer a 2b and b 3b. Adapted
with permission from Ref. [11]. Copyright 2017 Wiley-VCH

the open-ring isomer 1a–3a were microspheres in all cases. The ether-linked 1b
showed reversible disintegration and convergence, which indicated the formation
of micrometer-sized long fibers. The ester-linked 2b, on the other hand, dissolved
and reverted to a few small spheres upon successive photoirradiation with UV and
visible lights. The reason for this could be that the short fibers did not connect the
spheres, which were dispersed in water (Fig. 19.8a). In the case of the amide-linked
3b, the supramolecular architecture showed expansion and shrinkage to the original
size upon successive irradiation with UV and visible lights, instead of disintegra-
tion, as seen in the previous cases. The expanded spheres are considered to have
been transformed into spherically aggregated nanosheets (Fig. 19.8b). The suppres-
sion of morphological change could have been caused by the hydrogen bonding
network. Therefore, to prepare micrometer-sized sheet structures, a different method
was employed, i.e., excess amount of water was added into the colored solution of 3b.
This resulted in the formation of large sheet-like structures. A sheet structure quickly
shrank to colorless microspheres upon irradiation with visible light (Fig. 19.8c).

19.2.3 Estimation of Molecular Packing by Quantum Yield

The conformation of the open-ring isomer was affected by the tri(ethylene glycol)
ether chain, even in the dehydrated state, as suggested by the changes in the quantum
yield [12]. In general, the photocyclization quantum yield of the open-ring isomer
is influenced by the ratio of the two conformers, namely the photoactive antipar-
allel and the inactive parallel ones. The conformers mutually convert in solution
by free rotation around the single bonds between the aryl groups and the ethene
moiety (Scheme 19.4). Therefore, the cyclization quantum yield is close to 50% in
solution, but when the antiparallel conformation is made dominant [19], the cycliza-
tion quantum yield increases. Additionally, in the crystalline phase, the cyclization
quantum yield is often found to be 100% due to the absence of conformational
changes [20].
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Fig. 19.8 Morphological changes of compound a 2 and b 3 upon irradiation with UV and visible
lights. c The sheet-like structure composed of the closed-ring isomer 3b and the corresponding
morphological change. Adapted with permission from Ref. [11]. Copyright 2017 Wiley-VCH

Scheme 19.4 Conformational changes of the open-ring isomer and photocyclization reaction
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The cyclization quantum yield showed a larger value in the supramolecular archi-
tecture than in solution. The cyclization quantum yield of 3 (�3a-3b) was found
to be 59% upon irradiation with 365 nm-UV light in acetonitrile, in which the
amphiphilic diarylethene with an amide linker did not aggregate. The quantum
yield of diarylethene in the core structure of 3, namely 1,2-bis(2-methyl-5-phenyl-
3-thienyl)hexafluorocyclopentene was determined as 57% at the same wavelength
of irradiation in hexane and is approximately the same as the preceding value.
The aqueous suspension contained small spheres was used for the measurement
of quantum yield in order to ensure weak scattering. The analysis was completed
before the spectral shift triggered by the formation of the H-aggregate because the
molar absorption coefficient of each aggregation state was different at the moni-
tored wavelength. The cyclization quantum yield, �3a-3b was determined as 76% for
365 nm UV light in the supramolecular architecture of dehydrated coacervate state
(Fig. 19.9). If the orientation and conformation are random in the dehydrated phase,
the cyclization quantum yield should have been the same as that in the solution,
and conversely, if the amphiphilic diarylethenes are packed in the bilayer structure,
i.e., the hydrophilic and hydrophobic moieties are directed opposite to one another,
the cyclization quantum yield should have been close to 100% as the conformation
is restricted to the photoactive antiparallel one. The obtained value of the quantum
yield suggests that both of the side chains were not completely random, even in the
dehydrated phase.

19.3 Motion of Supramolecular Architectures

The supramolecular architecture composed of amphiphilic diarylethene showed
reversible changes of nano- and micrometer-sized structures upon irradiation with
UV and visible lights, as described above. In order to realize the movement of
objects using the supramolecular architecture, the possible approaches are studying
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the change in morphology itself and that in the physical properties of the suspen-
sion. Here, we demonstrate the transduction of the morphological changes of the
supramolecular architecture into the movement of objects based on the photoinduced
LCST transition using the ether-linked diarylethene 1, which forms long nanofibers.

19.3.1 Photoinduced Shrinking of Bundled Fibers
by Depletion Force

The shrinking of the nanofiber 1b can be used for unidirectional movement of an
external object. However, as described above, since the fibers are generated radially
from the microsphere surface (Fig. 19.4c), it is necessary for the nanofibers to align
and bundle to control the direction of motion. Therefore, we considered using a
depletion force.

Depletion force is the attractive interaction between colloidal particles dispersed
in a polymer solution [21]. Since polymer chains form a random coil structure in
solution, i.e., a spatially extended structure, an excluded volume, equal to the thick-
ness of the radius of the solute polymers, is generated on the surface of each colloidal
particle. This region is known as the depletion layer. The attractive force acts between
the colloidal particles in the direction of reduction of the depletion layer exposing
to the solvent. The depletion force acts in the order of hundreds of nanometers,
whereas hydrophobic interaction acts between molecules. As a result, the depletion
force leads to form a coagulated structure of sub-millimeter size. In particular, fibers
coagulate and form a bundled structure because the overlap of the depletion layer in
parallel alignment is much larger than that in the orthogonal case [22]. Therefore,
photoresponsive bundle is expected to be obtained by the use of the supramolecular
architecture of amphiphilic diarylethene. Here, we examined the coagulation and
photoinduced morphological change of ether-linked 1, when it was dispersed into an
aqueous solution of methylcellulose (MC). The molecular weight of MC is 40,000
and 1–5 wt% aqueous solution was prepared.

The photoinduced morphological change of 1a showed different behavior
depending on the size of assembly and the concentration of the depletant [13]. In the
case of pure water, the red-purple hazy assembly is observed, consisting of radially
generated nanofibers 1b as shown in Fig. 19.10a. In contrast, few micrometer-long
rod-like structures were observed around the large microsphere in the MC solution
(Fig. 19.10b). When the size of the supramolecular architecture is small, the suspen-
sion without the depletant shows reddish-purple color upon the photoirradiation due
to the homogeneously dispersed nanofibers (Fig. 19.11(a)) whereas in the suspension
with MC (4.1 wt%), bundles are generated in the entire field of view (Fig. 19.11b)
and the coagulation of the bundles is also observed (Fig. 19.11c). The length of the
bundle reached several tens of micrometers, and by stirring the suspension with a
pipette, the length of bundle exceeded 1 mm (Fig. 19.12).
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Fig. 19.10 The formation of bundled fibers in a 0 and b 4.1 wt% MC aqueous solution. Adapted
with permission from Ref. [13]. Copyright 2018 the Royal Society of Chemistry

Fig. 19.11 The optical images containing a no MC and bMC (4.1 wt%). c The coagulation of the
bundles. Reprinted with permission from Ref. [13]. Copyright 2018 the Royal Society of Chemistry

Fig. 19.12 a The submillimeter- and b millimeter-sized bundles prepared by stirring. Reprinted
with permission from Ref. [13]. Copyright 2018 the Royal Society of Chemistry
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Fig. 19.13 TEM image of
the bundle. The arrows
indicate the diameter of
nanofibers (ca. 10 nm).
Adapted with permission
from Ref. [13]. Copyright
2018 the Royal Society of
Chemistry

The original properties of the nanofiber, such as π–π stacking structure and
diameter, were retained even in the bundle coagulated by the depletion force. Inter-
molecular packing was evaluated from the change in the absorption spectrum upon
irradiation with UV light. The spectral shift originating from the H-aggregate was
observed in both pure water and 3.4 wt% aqueous solution of MC. The same spectral
shift means that the π–π stacking structure between the closed-ring isomers was not
affected by coagulation. Furthermore, TEM measurements indicated that the diam-
eter of each nanofiber in the bundle was the same as the original nanofiber, showing
that the rod-like micelle structure was retained (Fig. 19.13). Therefore, molecular
packing was not affected by the presence of MC and each nanofiber in the bundle is
considered to retain the capability of photoinduced morphological change.

The bundled fibers showed photoinduced shrinking by irradiation with visible
light (Fig. 19.14). At the initial step of photoirradiation, the further coagulation was
observed. The initial length of the bundle was more than 350µm and it got shrunk to
170µmunder the irradiation conditions of 546 nmand29mWcm−2. The speed of the
terminal point was 8.8 µm s−1. We achieved submillimeter-sized one-dimensional
motion by the bundling of the supramolecular fibers using the depletion force.

19.3.2 Diffusion of Particle in the Oriented Fibers

Orientation control of the nanofibers was achieved using linearly polarized UV light
[14]. When linearly polarized 365 nm UV light (10–20 mW cm−2) was irradiated on
the suspension containing the open-ring isomer 1a, the photogenerated nanofibers
were oriented in the direction of the linearly polarized light, which was confirmed
by TEM measurements (Fig. 19.15a). No such orientation was observed in the case
of 325 nm UV light (Fig. 19.15b).

The orientation is thought to have been caused by the anisotropic absorption
associatedwith the anisotropic packing of the closed-ring isomer in the nanofiber. The
related transition moment was calculated to be 361 nm in the longitudinal direction
of the closed-ring isomer (Fig. 19.16). In addition, the packing of the closed-ring
isomer in the nanofibers is radial in direction due to its rod-like micelle structure, i.e.,
the estimated direction of the selective absorption at 365 nmwas perpendicular to the
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Fig. 19.14 Coagulation and shrinking of a long bundle upon irradiation with visible light. The
arrow indicates the terminal point of the bundled fiber. Reprinted with permission from Ref. [13].
Copyright 2018 the Royal Society of Chemistry

Fig. 19.15 TEM images of fibers generated by irradiation with linearly polarized a 365 nm and
b 325 nm light. Adapted with permission from Ref. [14]. Copyright 2017 Wiley-VCH
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longitudinal direction of the nanofiber. Therefore, when the directions of the linearly
polarized light and thefiberswere orthogonal, the transitionmoment of eachmolecule
became parallel to the linearly polarized light, which is the preferred orientation for
light absorption accompanying repetitive isomerization and vibrational relaxation.
As a result, the unstable fibers, which were oriented perpendicular to the direction of
the polarized light disappeared and only the fibers oriented parallel were allowed to
remain in the suspension. On the other hand, when 325-nm light was used instead of
365-nm light, such orientation was not observed. There are many transition moments
at around 325 nm, thus the stability of the fiber is considered to be almost the same
for all directions of linearly polarized light.

The orientedfiber had an effect on the direction of diffusion of objects. Polystyrene
(PS) microbeads were dispersed as tracers in the suspension containing the oriented
fibers and the diffusion rate of beadswasmonitored by studying theBrownianmotion.
As a result, the mean square displacement (MSD) in the direction perpendicular to
the fibers was approximately 30% less than that in the parallel direction (Fig. 19.17).
Thus, the oriented nanofibers affected the direction of movement of other objects
even when the nanofibers were not bundled.
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(a) (b)

Fig. 19.17 Diffusivity of PS beads in the suspension of fibers upon irradiation with a unpolarized
and b x-polarized light. Adapted with permission from Ref. [14]. Copyright 2017 Wiley-VCH

19.3.3 Clustering in the Focus Point

In this subsection, we describe clustering of objects using viscosity change of the
suspension around the UV-focused point [15]. When a viscous liquid moves a static
object, the object starts to accelerate quickly due to a transfer of momentum. Based
on this theory, we tried to collect the PS microbeads, which were dispersed in the
suspension of supramolecular architecture as described in the previous subsection,
upon irradiation with UV light under an optical microscope (365 nm, 3.6 W cm−2,
spot size 110 µm).

Many PS beads were clustered into the focused point upon irradiation with the
UV light (Fig. 19.18). The mechanism of the movement can be explained by the
morphology of supramolecular architecture around the PS beads. In the initial state,
the viscosity of the suspension was similar to that in pure water despite the presence
of the many spherical assemblies around the PS beads (Fig. 19.19a). Subsequently,
the viscosity increased on being irradiated with UV light, because the surrounding
supramolecular architectures changed the morphology into nanofibers (Fig. 19.19b).
Therefore, the movements of PS beads were affected by the change in viscosity
accompanying the morphological change. Simultaneously, thermal convection was
also generated around the spot because of the heating caused by vibrational relax-
ation. Since the liquid flowed towards the spot at the bottom of the glass cell, the
precipitated PS beads gathered there. However, the force created by the convection

Fig. 19.18 Photodriven clustering of PS beads using a suspension of 1. Adapted with permission
from Ref. [15]. Copyright 2017 American Chemical Society



19 Photoinduced Morphological Transformation and Photodriven … 345

Fig. 19.19 TEM images of the suspension containing PS beads and a the open- 1a and b closed-
ring isomer 1b. Reprinted with permission from Ref. [15]. Copyright 2017 American Chemical
Society

was not enough to lift up the PS beads. As a result, the PS beads remained and
clustered in the spot.

The clustering showed unique characteristics of the surrounding fibers. When the
spot was moved, the clustered PS beads followed the spot (Fig. 19.20). However,
the beads scarcely diffused from the clustered spot even after the UV irradiation was
stopped (Fig. 19.21a, b). This happened because of the existing nanofibers around the
clustered beads. Subsequently, the diffusivity was reinstated by the morphological
changes to the spherical assembly upon irradiation with visible light (Fig. 19.21c,
d). In addition, the analogous compound 4, in which the closed-ring isomer did
not form nanofibers (Scheme 19.5), was used for the same operation as a control
experiment. As a result, both the clustering and the suppression of diffusion of PS
beads were hardly observed in spite of generation of the thermal convection. The
result means that both the factors, namely thermal convection due to UV absorption
and the local increase in viscosity due to the formation of nanofibers,were responsible
for the clustering process. Thus, themovement ofmany objects tracing themovement
of a UV-irradiation spot was achieved with the assistance of the supramolecular
architecture.

Fig. 19.20 Behavior similar to optical tweezers. a Initial state: PS beads in a clustered state,
b immediately after sliding of the irradiated spot, c reclustering. Adapted with permission from
Ref. [15]. Copyright 2017 American Chemical Society
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Fig. 19.21 Control of diffusivity by irradiation with UV and visible lights. The PS beads being
a clustered, b trapped, c released, and d diffused. Reprinted with permission from Ref. [15].
Copyright 2017 American Chemical Society

Scheme 19.5 Photoisomerization of the amphiphilic diarylethene 4

19.4 Conclusion

In this chapter, we discussed photoinduced morphological changes and photodriven
movement of objects based on the photoresponsive supramolecular architectures
composed of amphiphilic diarylethene. The supramolecular architectures induced
LCST transition upon photoirradiation and exhibited micrometer-sized morpholog-
ical changes under an optical microscope which originated from the differences
in nanometer-sized structures. The morphological changes can be controlled by
modifying the intermolecular interactions, e.g., by changing the linker moiety. The
nanofiberswere bundledby the application of a depletion force and the bundle showed
submillimeter-sized shrinking. The nanofibers were orientated by linearly polarized
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UV light and they were able to affect the diffusion direction of other objects. More-
over, the nanofibers proved to be capable of assisting the clustering of PS beads
into a UV-focused point. We expect that the further investigation on various types
of morphological changes and external stimuli will lead to the development of more
sophisticated functionalities.
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Chapter 20
Functional Photoactive Materials Based
on Flexible π Molecules

Shohei Saito

Abstract Flappingmolecules (FLAP) have been developed as a new series of photo-
functional systems. Themolecular design is based on the concept of the rigid/flexible
hybridization of π conjugated units. FLAP bearing bulky substituents works as a
ratiometric viscosity probe that shows no polarity dependence, while FLAP with
long alkyl chains provides a “light-melt adhesive,” a highly cohesive columnar liquid
crystals that can be melt by ultraviolet light irradiation.

Keywords Flapping molecule · Viscosity probe · Liquid crystal · Adhesive

20.1 Introduction

Applications of π-conjugated molecules cover dyes/pigments and aromatic poly-
mers, and in recent years, they have been used in a wide range of fields as organic
electronics materials, fluorescent probes, and building blocks for self-organized and
supramolecular structures. However,most of these uses relies on themerit of “rigidity
of the skeleton” inherent to the π-conjugated molecular system mainly composed
of aromatic rings. For example, porphyrins and fullerenes tend to undergo electron
transfer because their molecular shape does not change and they have low reorienta-
tion energy [1]. In addition, perylene and fluorescein having a condensed polycyclic
structure show slow nonradiative decay when photoexcited because molecular vibra-
tion is suppressed, and thereby exhibit highfluorescence quantumyield [2]. Similarly,
polycyclic triphenylene has a flat structure and is easy to stack, and it has been put
to practical use as a discotic liquid crystal material [3]. However, in a meaning, the
fact that the basic molecular skeleton is rigid could be considered that it is difficult to
convert the physical properties derived from the flexibility of the structure, and that
static physical properties are still expressed. Based on this molecular scientific point
of view, we tried to create newmolecular technologies by actively giving flexibility to
rigidπ-conjugated molecules and utilizing the movement of theπ-electron skeleton.
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Fig. 20.1 Hybridization of rigidity and flexibility as a new design guideline of functional π

conjugated molecules

In other words, by constructing a hybrid π-electron system that combines rigidity
and flexibility, in addition to “luminescence properties” and “π stacking ability”
derived from a rigid skeleton, “dynamic electronic structure” has been induced with
a flexible skeleton (Fig. 20.1) [4, 5].

20.2 Flapping Fluorophore as a Viscosity Probe

Fluorescent probes are widely used as a means of visualizing local environmental
changes that occur from time to time in materials that are invisible to the human eye
with high spatiotemporal resolution. We developed a flapping luminophore (FLAP)
that changes the emission color dramatically in response to the environment, and
visualized the material by doping it (Fig. 20.2). To design organic molecules that
can be used for such material imaging and emit various types of light, we designed
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Fig. 20.2 Chemical structures of FLAP1 and FLAP2
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FLAP1 which is composed of a rigid anthracene skeleton and a flexible conjugated
8-membered ring (cyclooctatetraene, COT) [6, 7].

FLAP1 shows RGB luminescence with a single component depending on the
environment without changing the excitation wavelength. FLAP1 emits green light
in solution, blue light in a polymer thin film, and red light in a crystal when excited
with ultraviolet light. FLAP1 has a V-shaped structure in the S0 ground state. When
photoexcited, FLAP1 undergoes a quick internal conversion from a higher excited
state to the lowest singlet excited state (S1). In S1, the molecules trapped by the
polymer in the thin film cannot be relaxed freely, and emit blue fluorescence while
maintaining almost V-shaped form. On the other hand, after photoexcitation in solu-
tion, the molecule undergoes a conformational change flexibly from a V-shaped to
a planar forms, and it emits lower-energy green fluorescence. Furthermore, the red
fluorescence in the crystal is derived from excimer emission due to intermolecular
interaction of rigid anthracene sites.

From the results of transient absorption and time-resolved fluorescence measure-
ments, it was revealed that the time constant of the conformational change in FLAP1
at S1 was 550 ps in a DMSO solution. When the energy diagram of S1 was drawn by
TD-DFT calculation, it was suggested that there was an energy barrier in the process
of structural change from the V-shaped to planar forms (Fig. 20.3).

FLAPhas been found to act as a local viscosity probe. That is, the change in confor-
mation from the V-shape to the planar shape due to photoexcitation is suppressed
by the increase in the viscosity of the medium, so that the curing of the medium
can be visualized by a change in fluorescent color. In recent years, such fluorescent
viscosity probe molecules have been actively used for bioimaging, and two methods,
the fluorescence ratiometric method and the fluorescence lifetime imaging method,

Fig. 20.3 Excited-state dynamics of a flappingmolecule. a Possible energy profile, b time-resolved
fluorescence spectroscopy of FLAP1, and c calculated energy diagram in S1. Terminal substituents
of FLAP were replaced by H atoms in the calculations
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are well known as means for quantitatively analyzing the viscosity distribution. In
both methods, however, the so-called “molecular rotor” including BODIPY and
cyanine dyes has become widespread as a viscosity probe, and “molecular rotational
motion” in the excited state (S1) is suppressed by a high-viscosity medium [8–14].
On the other hand, FLAP is a local viscosity probe that utilizes the “flapping motion
of molecules,” and it has dual fluorescence, so that it can be used as a fluorophore
to determine viscosity by a ratiometric method. In addition, FLAP2 can selectively
sense viscosity rather than polarity, because the fluorescence spectrum of FLAP
shows very small polarity dependence (Fig. 20.4). When the fluorescence intensity
ratio (I461/I525) of the blue and green emission bands is plotted on the vertical axis and
the viscosity is plotted on the horizontal axis, the logarithmic plot provides a linear
relationship in the viscosity range of 2.2–100 cP, according to the Förster-Hoffmann

Fig. 20.4 Viscosity probe function of FLAP. a Polarity-independent fluorescence of FLAP2.
b Ratiometric fluorescence of FLAP2 in a DMSO/glycerol mixture with various viscosities
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Fig. 20.5 Curing process of an epoxy resin monitored by a FLAP viscosity probe

law [15, 16]. When FLAP is used as a local viscosity probe, the resin curing process
can be visualized (Fig. 20.5). Indeed, the process until the adhesive cures at room
temperature can be visualized on the spot by adding a small amount of FLAP2 to
commercially available transparent adhesives and industrial epoxy resins, in which
FLAP2 has bulky substituents to suppress self-aggregation. In addition, it was shown
that an area where the curing is not sufficient can be specified without contact.

20.3 Flapping Liquid Crystal as a Light-Melt Adhesive

Controlling the properties of matter with light is an important technology already
used in society. For example, photo-curing resins that harden when exposed to light
have been used industrially for a wide range of applications such as bonding, sealing,
and coating since the 1960s. In contrast, substances that melt when exposed to light
have been used in recording materials, and in recent years, they are expected to
be used as adhesive materials for temporary fixing that can be separated by light
[17, 18].

However, the development of highly functionalmaterials that satisfy the following
difficult requirements was necessary to use photoresponsive substances as “adhesive
materials that can be melt by light.”

(1) Sufficiently high adhesive strength even at high temperature
(2) Adhesive strength greatly reduced by light irradiation
(3) Rapid melting with small energy of light
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Fig. 20.6 Chemical structure of the light-melt adhesive. The orange moieties bring out the liquid
crystal phase of the compound, the blue part causes photoreactions, and the central bent unit allows
the molecules to move when exposed to light. The V-shaped molecular structure leads to a strong
self-interaction (see Fig. 20.3) and realizes high cohesive force of the material

The development of new adhesive materials that are compatible with both “light-
melting function” and “heat-resistant bonding function” is expected, which enables
various manufacturing processes where conventional hot-melt adhesive materials
cannot be used.

We designed and synthesized a unique molecule that responds to ultraviolet light,
and based on this molecule, we developed a columnar liquid crystal material with
high cohesive force. As a result, we developed a new functional material that meets
all the above-mentioned difficult requirements and named it “Light-Melt Adhesive”
(Fig. 20.6) [19].

The light-melt adhesive material was sandwiched between two glass plates to
evaluate the adhesive performance. (1) It showed high adhesive strength of 1.6 MPa
at room temperature and 1.2 MPa even at a high temperature of 100 °C. When UV
light is applied, (2) the adhesive strength decreases by 85%with liquefaction and (3) it
can be separated in just a few seconds (small light energy of 320 mJ/cm2) (Fig. 20.7).
In addition, (4) it has a reworkable property that regains its adhesive strength by heat
treatment at 160 °C, and (5) it has a fluorescence function that can distinguish between
adhesive and non-adhesive states by the difference in fluorescence color. All of these
material functions are derived from themolecular design. The following descriptions
explain the features of the molecular structure that led to the material functions.

In general, to achieve high adhesive strength, it is necessary to strengthen both
the adhesion force to a surface of substrates as well as the cohesive force of the
adhesive itself (Fig. 20.8a). If the adhesion force is weak, a specimen of substrates
will be separated at the interface, and if the cohesive strength of the adhesive is weak,
the specimen will break inside the adhesive material. In the sample specimen using
glass substrates and an adhesive material, shear strength did not change regardless
of the glass surface condition (hydrophilic or hydrophobic) (Fig. 20.8b). This result
showed that the cohesive force of the adhesive itself determines the adhesive strength
of the specimen, not the interaction at the glass/adhesive interface. In other words, the
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Fig. 20.7 Performance of the light-melt adhesive. The light-melt adhesive can work at 100°C,
while hot-melt adhesives cannot be used at high temperature. On the other hand, it can be removed
quickly bywarming to the temperature range of the liquid crystalline phase and ap-plying ultraviolet
light
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Fig. 20.8 Columnar liquid crystal structure is the key to high shear strength. a The adhesive
strength is determined by adhesion force (the interaction between the adhesive/substrate interface)
and cohesive force (the self-interacting force of the adhesive material). b Since the shear strength
did not change regardless of the hydrophilicity of the glass substrate surface, it was not the adhesion
force but the cohesive force that determined the shear strength of the sample specimen. c The
V-shaped molecular skeleton strongly interacts with each other to form a columnar liquid crystal
structure, thereby generating a high cohesive force
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development of materials with high self-interacting property led to the realization of
sufficient adhesive strength for temporary fixation, because the adhesion force on the
glass substrates was stronger than the cohesive force of the molecular aggregation.
The reason of the high adhesion force between the light-melt adhesive and the glass
substrate is not yet elucidated.

The high cohesive force is derived from the V-shaped molecular structure that is
easy to stack. This V-shaped molecular skeleton interacts strongly with each other to
form an ordered structurewith columnarπ stacking (Fig. 20.8c). By taking advantage
of the stacking nature of this molecular framework, we have developed a columnar
liquid crystal material with high cohesive force. Generally speaking, liquid crystal is
thought of as a material with high fluidity that is used in displays, but the developed
columnar liquid crystal material has low fluidity due to strong intermolecular inter-
actions, and the two glass plates are firmly fixed. In addition, heat-resistant adhesion
has been achieved by adjusting the temperature indicating the columnar liquid crystal
phase to a high temperature range by molecular design.

Some polymer materials have been reported to lose adhesion by various mecha-
nisms when exposed to light. This includes dicing tape that, when exposed to ultra-
violet light, molecules are polymerized like a network and the material is cured
to induce peeling [20]. On the other hand, liquid crystal materials composed of
small molecules are known to show a phenomenon in which the ordered structure
of molecules is spontaneously collapsed and liquefied by mixing a few impurities
with different molecular shapes. In particular, by using liquid crystal materials based
on molecules that change shape when exposed to light such as azobenzene deriva-
tives, molecules that have different shapes (impurities) can be made inside the liquid
crystal by light irradiation, and materials that become liquid by light can be created
[21, 22]. The functional properties of these functional liquid crystals that change the
phase of substances with light have attracted attention for use in memory materials
that record information with light. On the other hand, due to the soft nature of liquid
crystals, development as an adhesive material has not received much attention until
recently [23, 24].

The light-melt adhesive has a columnar liquid crystal structure in which V-shaped
molecules are stacked,maintaining high cohesive force (Fig. 20.9a).When ultraviolet
light is applied in the temperature range (70–135 °C) with the liquid crystal phase,
the V-shaped molecule changes its conformation to a planar form in the lowest
singlet excited state, and then those that become close to the next molecule dimerize
(Fig. 20.9b). Molecular shape of the dimers generated in this way are unsuitable
for ordered stacking, so they act as impurities and destroy the V-shaped molecular
packing structure (Fig. 20.9c). As a result, the columnar liquid crystal with strong
adhesive strength collapses, and the adhesive strength of the fluid mixture is greatly
reduced.

To use a light-melting material as a temporary fixing adhesive in manufacturing
processes, it must be removed immediately using a general light irradiation device.
For that purpose, it is desirable that photomelting occurs with small energy of light.
When light-melt adhesive is sandwiched between two glass plates and irradiatedwith
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Fig. 20.9 Photomelting mechanism of the light-melt adhesive. Formation of a dimer by photoreac-
tion triggers liquefaction. a Before irradiation with light, V-shapedmolecules are stacked to form an
ordered columnar liquid crystal structure, which maintains a high self-aggregation force. b When
irradiated with ultraviolet light, some molecules react to form a dimer and work as impurities. c The
stacked structure of the V-shaped molecules is broken by the formation of impurity dimers, and the
adhesive strength is greatly reduced by liquefaction as a mixture

ultraviolet light while warmed by a dryer, it can be melted in just a few seconds with
320 mJ/cm2 light energy [19].

The following facts are used to achieve this rapid separation. (a) The reaction that
themolecule becomes a dimerwith light is fast, (b) Even if not all themolecules react,
the dimer acts as an impurity and the liquid crystal structure is spontaneously broken
and liquefaction proceeds, (c) When a slight interface of the material in contact with
the glass melts, separation of the two glass substrates occur. In fact, it was confirmed
that the depth at which ultraviolet light reaches the inside of the film of light-melt
adhesive is only a few micrometers from the interface of the irradiated glass, and
it was separated with the same light energy regardless of the thickness of the film
(Fig. 20.10). Through these experiments, it was shown that light-melt adhesive can
achieve photo-detachment even with a very small amount of use, and only a small
amount of the adhesive remains on the substrate after exposure to light.
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Fig. 20.10 Light absorption and liquefaction near the interface enabling rapid separation. Since
the thin film of the light-melt adhesive absorbs ultraviolet light (a), the UV light cannot reach deep
inside the thin film (b), and the thin film melts only in the vicinity of the glass/adhesive interface to
which the light is irradiated

20.4 Conclusion

Flapping molecules have emerged as a promising photofunctional systems that can
be used as a viscosity probe and a light-melt adhesive. Molecular design guideline
based on the rigid/flexible hybridization is universal, and functions of FLAP are still
expanding to singlet fission chromophores [25] and flexible mechanophores [26].
FLAP has a potential to change conventional science and technology in materials
science.
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Chapter 21
Giant Amplification of Fluorescence
Quenching in Photochromic
Nanoparticles and Crystals

Tuyoshi Fukaminato, Sanae Ishida, Jia Su, Keitaro Nakatani,
and Rémi Métivier

Abstract Fluorescence photoswitching properties of novel fluorescent
photochromic diarylethene (DAE)-benzothiadiazole (BTD) dyads were studied
in a solution, in the nanoparticle state, and in the single-crystalline state. The
nanoparticles represent a state-of-the-art system, showing bright red emission,
reversible fluorescence photoswitching upon UV-visible irradiation, complete ON-
OFF contrast, excellent photostability and fatigue resistance. Most interestingly,
upon UV irradiation, the nanoparticles exhibit a complete fluorescence quenching
even at very low conversion (<5%) of the photochromic unit. This “giant ampli-
fication of fluorescence quenching” originates from a long-range intermolecular
Förster resonance energy transfer (FRET) within each nanoparticle, leading to the
quenching of ~400 fluorescent molecules for only one converted photochromic
molecule. Furthermore, similar efficient fluorescence photoswitching was observed
even in the single crystal of a DAE-BTD dyad.

Keywords Fluorescence · Diarylethene · Nanoparticles · Single crystals · Energy
transfer · Giant amplification

21.1 Introduction

Molecules which can reversibly change in response to external stimuli are of central
importance to the development of molecular devices and memory materials, but also
pharmacology and imaging technologies [1–5]. Organic photochromic compounds
[6, 7], which reversibly change color under excitationwith an appropriatewavelength
of light, are good examples of such molecular systems. They present two stable,
distinct and addressable states. The difference in geometry and electronic structure
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Fig. 21.1 Molecular structures and photochromism of DAE-BTD dyad 1, 2 and 3

between the two isomers can be exploited to reversibly control a wide variety of
properties. In particular, photoswitching of fluorescence signals has attracted much
attention because of its potential in various optoelectronic applications including
optical memories, bio-imaging, and photoswitches with high-sensitivity [8–10].

A typical molecular design for fluorescence photoswitchable molecules is based
on the combination of fluorescent and photochromic moieties, the latter operating
as a switch to control the emission of the former via an energy or electron transfer
[11, 12]. In this research field, triggering property changes of a large number of
molecules by only a few photons is among the wildest dreams of photochemists and
photophysicists, which would represent a significant energy and time saving added
value in the field of molecular fluorescent photoswitches [1, 11]. An approach to
achieve the above-mentioned dream is to take advantage of intermolecular Förster
ResonantEnergyTransfer (FRET) [13],which enables a single acceptor to quench the
fluorescence of multiple donor fluorophores [14–17]. A wide range of architectures
is introduced for this purpose, ranging from natural proteins to artificial molecular
systems [18–20]. Especially, organic nanoparticle systems have attracted increased
attention due to excellent optical properties, high brightness, easiness of preparation,
and biocompatibility [21–24].

In this chapter, the fluorescence photoswitching properties of a diarylethene-
benzothiadiazole (DAE-BTD) dyads 1–3 (Fig. 21.1) were explored in a solution,
in a suspension of nanoparticles, and in a single-crystalline state [25–27].

21.2 Molecular Design

In order to achieve the efficient fluorescence photoswitching in a nanoparticle state,
we designed and synthesized DAE-BTD dyad 1. BTD derivatives show high bright-
ness, long fluorescence lifetime, and large Stokes shift, providing an interesting red-
shifted emission [28, 29]. In particular, they show desirable fluorescence efficiency
in aggregated states with restricting solvation-induced quenching by self-assembling
[30]. The choice ofDAEas the switching componentwasmotivated by its exceptional
thermal stability and outstanding fatigue resistance, as well as its photoreactivity in
manymedia, from solution to solid state [31, 32]. In DAE-BTD dyads, photochromic
DAE moiety plays the role of trigger to control the emission of fluorophores via
energy transfer. Figure 21.2 exhibits the spectral overlaps between absorption and
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Fig. 21.2 Spectral overlap between each unit of DAE-BTD dyad 1

fluorescence spectra of each component in DAE-BTD dyad 1. The absorption band
of DAE overlaps with the fluorescence spectrum of BTD in the closed-ring form,
while the absorption band of DAE has no overlap with the fluorescence spectrum of
BTD in the open-ring form. From these spectra, in DAE-BTD dyad 1, it is expected
that only closed-ring form of DAE works as fluorescence quencher for BTD and
therefore the fluorescence intensity can be modulated along with the photochromic
reactions of DAE moiety. Based on the spectral properties of DAE and BTD units,
Förster distance (R0) can be calculated to be 6.8 nm.

The introduction of a spacer unit was aimed to break the conjugation and to
keep electronic independence of DAE and BTD moieties. In the followings, we will
focus on the description of nanoparticles preparations and some examples of organic
systems exhibiting fluorescence in the nanoparticle state.

21.3 Fluorescence Photoswitching in Solution

The initial solution of dyad 1a displayed a pale yellow color originated from the
absorption band of BTD moiety. The absorption spectrum of 1a exhibits two bands
at 306 and 437 nm (Fig. 21.3a). Upon irradiation with UV (313 nm) light the solution
color changes to blue and a characteristic absorption band located in the visible
region appeared, which is results of generation of 1b. The absorption band at 594 nm
grows along with UV irradiation until photostationary state (PSS) and the conversion
yield from 1a to 1b under irradiation with 313 nm light was estimated to be 93%
(determined by UV–Vis absorption and HPLC measurements). Upon subsequence
irradiation with visible light at >520 nm, the solution color completely returned to
the initial state.

The photochromic reaction induces not only the color change of the solution
but also dramatical modulation of the fluorescence intensity (Fig. 21.3b). Dyad 1a



364 T. Fukaminato et al.

300 400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2
Ab

so
rb

an
ce

Wavelength / nm

 Closed
 Open
 PSS at 313 nm

400 500 600 700 800
0

5

10

15

20

25

30

35

40

45

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 / 
a.

u.

Wavelength / nm

 Closed
 Open
 PSS at 313 nm

(a) (b)

 

Fig. 21.3 a Absorption and b fluorescence spectra of DAE-BTD dyad 1a (red), 1b (black), and
the photostationary state (green) under irradiation with 313 nm light in THF solution

exhibits bright fluorescence in the region between 550 nm and 800 nm (λmax =
620 nm, �F = 0.67) with a large Stokes shift 6754.3 cm−1. The fluorescence decay
profile of 1a at 620 nm shows a single-exponential decay, giving a τf value of 7.8 ns,
which is slight shorter than BTD in THF solution (8.3 ns). Upon irradiation with
313 nm light, the fluorescence signal dropped down to 8% of initial intensity at PSS.
The contrast in the signal is consistent with the population of 1b at PSS. Indeed, the
pure 1b separated by HPLC exhibits no fluorescence.

The apparent photochromic quantum yield of the cyclization reaction (from 1a
to 1b) in THF solution was determined to be �app,1a→1b = 0.18. Since only parts
of the photons are absorbed by the photochromic DAE subunit in the UV region,
this value leads to a corrected photochromic quantum yield (�1a→1b) of 0.46. This
value is comparable to the DAE subunit alone (�a→b = 0.55 in CH3CN [33]). The
measured cycloreversion quantum yield �1b→1a is 5 × 10−3.

DAE-BTD dyad 1a exhibits the desirable fluorescence photoswitching proper-
ties, such as thermal and photochemical stability, good fatigue resistance and highly
emissive property. The mutual effect between DAE and BTD results in an efficient
fluorescencemodulation of the dyad, which can be reversibly achieved by alternating
UV and visible light irradiation. Florescence contrast between ON and OFF states
can be maintained after many cycles. However, there are still some limitations of
the performance of DAE-BTD dyad in solution. Since the conversion yield at PSS
is not 100%, with a residue of fluorescence signal at the PSS which limits fluores-
cence ON/OFF contrast. Relatively long photoswitching time is also undesirable for
further application. In order to overcome those problems, a new strategy of designing
nano-switches based on DAE-BTD molecular photoswitching taking advantage of
intermolecular FRET is discussed in the following part.
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21.4 Fluorescence Photoswitching in Nanoparticle

The nanoparticles of DAE-BTD dyad 1a was prepared by conventional reprecipita-
tion method [34] and providing a suspension of nanoparticles with size tunability. In
such nanoparticles, a high chromophore density is reachable, compared to other types
ofmolecular assemblies ormaterials, providing away tomaximize the intermolecular
FRET efficiency.

Dyad 1a was well dissolved into THF to obtain a 5.0 × 10−5 M mother solu-
tion. Then 0.6 mL of this solution was quickly added into 2.4 mL of distilled water
under vigorous stirring. After stirring for 5 min., final transparent suspension of
nanoparticles was obtained with a concentration of 1 × 10−5 M. Characteriza-
tions of nanoparticles were performed by field-effect scanning electron microscopy
(FESEM) and atomic forcemicroscopy (AFM) (Fig. 21.4). Round spherical nanopar-
ticles were observed in SEM and AFM images with diameters ranging from 10 to
60 nm. Averaged diameter of nanoparticles are 25 nm, and 80% of the nanoparticles
have a diameter between 15 and 35 nm. Furthermore, based on a molecular weight
(1004.14 g/mol) and density (1.4 g/cm3), one can estimate that a 25 nm nanoparticle
contains about 7000 DAE-BTD molecules.

Spectral properties of dyad 1 nanoparticles in a suspension of THF/H2Omixtures
(Fig. 21.5) were almost similar to those in THF solution (Fig. 21.3). Compared to
the absorption spectra in THF solution, a red-shift of 4–10 nm was observed for a
suspension of nanoparticles. Upon UV light (313 nm) irradiation to a suspension of
1a nanoparticles, typical absorption spectral change attribute to the photocyclization
reaction of DAE moiety and 73% of 1a molecules converted to 1b at PSS, which
proportion is lower than inTHF solution (97%). The photogenerated 1b nanoparticles
can be fully converted back to the initial state upon irradiationwith visible (> 520 nm)
light.

1a nanoparticles show strong orange fluorescence when they are excited with
450 nm light (λf,max = 620 nm, �F = 0.65). The brightness of 1a NPs is estimated

Fig. 21.4 a SEM image of a sample of 1a nanoparticles in a suspension of THF/H2O (1:4) mixture;
Inset: size histogram of 1a nanoparticles by SEM measurements; b AFM image of a sample of 1a
nanoparticles in a suspension of THF/H2O (1:4) mixture; Inset: size histogram of 1a nanoparticles
by AFM measurements
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Fig. 21.5 a Absorption and b fluorescence spectra of DAE-BTD dyad 1a (black solid-line), 1b
(blue solid-line), and the photostationary state (blue broken-line) under irradiation with 313 nm
light in a suspension of nanoparticles

to be 7 × 107 L/(mol•cm) at 450 nm that is more than 100 times brighter than
most common quantum dots [35]. After 313 nm light irradiation, fluorescence is
dramatically quenched. Dyad 1 nanoparticles at the PSS are non-fluorescent with a
100% fluorescence quenching ratio. A contrast in the fluorescence signal of about
4000-fold was found between pure 1a nanoparticles and PSS, which was much
larger than that in THF solution, although conversion yields of nanoparticles (73%)
under irradiation with 313 nm light was lower than in THF solution (97%). The
corresponding Förster radius R0 was calculated to be 4.9 nm in nanoparticles, taking
κ2 = 0.476 for fixed molecules with random orientations [13]. The fluorescence
decay curve of 1a nanoparticles in a suspension shows a clear deviation from mono-
exponential behavior. Proper fitting of the data provided two decay times: a long
time-constant (τ1) 10.1 ns associated with a predominant pre-exponential factor (a1)
0.79, which represents the major part of the fraction of intensity (f 1) 0.94, and a
minor proportion of a shorter time-constant (τ2) 2.5 ns (a2 = 0.21, f 2 = 0.06). This
bi-exponential decay canbe tentatively interpreted as the existence of twopopulations
of fluorescentmolecules. 1amolecules included in the core of nanoparticles represent
the major part of the fluorescence, and as they are isolated from the solvent medium,
contribute to the long fluorescence decay. The population of 1a molecules located
at the surface of nanoparticles can interact with the water molecules, leading to rare
fraction of shorter decay.

Fatigue resistance of fluorescence photoswitching in the nanoparticle state was
measured to evaluate the reversibility of their color and fluorescence modulation. A
suspension containing 1a nanoparticles was irradiated with 313 nm UV light (2.8 ×
10−4 W/cm2, 10 s) turning to blue color. Fluorescencewas quenched in a few seconds
of irradiation, although it did not reach a high photochromic conversion. Then the
sample was completely bleached by irradiation with 575 nm visible light (3.2× 10−3

W/cm2, 1000 s). The steps were alternated many times with good reversibility. No
decrease in the maximum fluorescence intensity of 1a was observed during these
cycles.
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Comparing to THF solution, the nanoparticle exhibits many advantages. Most
interestingly, the fluorescence quenching ratio was 100%with excellent reversibility.
When fluorescence intensity at the maximum wavelength of the dyad is plotted as
a function of the conversion yield between 1a to PSS, a linear dependence with a
one-to-one ratio is observed for dyad 1 in THF solution (Fig. 21.6a). In solution,
this phenomenon is well-expressed by a simple intramolecular FRET process: at any
irradiation time, the fluorescence signal is proportional to the residual amount of
fluorescent 1a molecules (vide supra). The minimum level of fluorescence depends
on the PSS composition and cannot reach zero.

The same experimentwas performed in the nanoparticle state. The correlation plot
of the normalized fluorescence intensity versus (vs.) the conversion yield exhibits a
strong deviation from linearity (Fig. 21.6c). The initial fluorescence of 1a nanoparti-
cles decreases dramatically at very low conversion yield.More than 90%of thewhole
fluorescence is quenched for only 1% of 1b, and the fluorescence can be considered
to reach almost zero for only 5% of 1b. This behavior is reversible under 575 nm
visible light irradiation.

The fluorescence quenching of 1amolecules in THF solution and in a suspension
of nanoparticles induced by UV light irradiation can be visualized on a series of
cuvettes pictures (Fig. 21.6b and d). The first series of cuvettes (Fig. 21.6b) contain
dyad 1 molecules in THF solution whereas the second series contain nanoparticles

(a)

(c)

(b)

(d)

1a 1b

Fig. 21.6 Fluorescence intensity versus conversion yield (C.Y.) correlation plots under increasing
UV (blue dots) and visible (red dots) exposure times (a and c) and photographs of sample cuvettes
(b and d) for DAE-BTD dyad 1, (a and b) in solution (2 × 10−6 M in THF) and (c and d) in a
suspension of nanoparticles (1 × 10−5 M in THF/H2O (1:4)). (From [25] Copyright © 2016 by
John Wiley Sons, Inc. Reprinted by permission of John Wiley & Sons, Inc.)
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in a suspension of THF/H2Omixture (Fig. 21.6d) with the same molar concentration
of 1a (1.0 × 10−5 mol/L), respectively. Fluorescence was imaged in the dark under
continuous excitation with 436 nm light. Owing to similar fluorescence quantum
yield and emission color of 1a in THF solution and in the nanoparticle state, the
initial picture of both series of cuvettes shows almost same bright orange color.
Fluorescence in THF solution was quenched gradually and reached a dim state at
PSS. In the contrary, the nanoparticles suspension rapidly switched off to a dark state
by UV light within less than 2.5 s. This observation suggests significantly different
mechanisms of energy transfer processes of dyad 1 molecules in THF solution and
in the nanoparticle state.

Such a fascinating “giant amplification effect” can be ascribed by a very effi-
cient intermolecular FRET process within the nanoparticles. The packing of dyad 1
molecules being quite dense in the solidmatrix of nanoparticles, a single 1bmolecule
can actually play the role of energy acceptor for many neighboring 1a molecules
located within the Förster radius. The intermolecular distance of dyad 1 in diluted
THF solution is too large to allow energy transfer between two dyad 1molecules. For
example, in a dyad 1 solution (10−6 M), the average distance between two molecules
is around 100 nm, which is much larger than its R0 (6.8 nm). However, in nanopar-
ticles, the molecular distance of dyad 1molecules in the same nanoparticles is short
enough to allow efficient intermolecular energy transfer.

To quantify this giant quenching effect in nanoparticles, simplified estima-
tions have been made in two different approaches. The fluorescence intensity
versus conversion yield profile in nanoparticles was calculated using straightfor-
ward assumptions, considering spherical nanoparticles composed of punctual and
evenly space-distributed dyad 1 molecules. This simplified model assumes that a
given 1a molecule is not quenched when the neighboring dyad 1 molecules located
at a distance shorter thanR0 are all in the 1a state, and fully quenched in all other cases.
The principle of “FRET-induced giant amplification effect,” based on intermolecular
dipole-dipole interactions at long distances, is considered to be the main photophys-
ical process for the strong nonlinear behavior of the fluorescence quenching in dyad
1 nanoparticles. The number of quenched 1amolecules per the population of 1b unit
can be deduced from the initial slope of the curve plotted in Fig. 21.6d, providing
a huge amplification factor: around 420 1a molecules are estimated experimentally
(resp. 310 from the numerical simulation) to be quenched by intermolecular energy
transfer to a single 1b acceptor molecule.

Another way to figure out this amplification effects is to express it in terms of
photons needed to quench the whole fluorescence of the nanoparticles. Based on the
previous discussion, the condition is as following: (i) the typical size of nanoparticles
is around 25 nm containing about 7000 dyad 1 molecules each; (ii) based on the
experimental result, only 1% 1b is enough to quench more than 90% of the whole
fluorescence; (iii) each photon absorbed by DAE leads to the conversion to 1b with
an intrinsic quantum yield �1a→1b = 0.46. Consequently, we can deduce that only
150 photons absorbed by the photochromic DAE species induce the quenching of
6300 fluorophores BTD. Then, we can deduce that 42 dyad 1molecules are quenched
per absorbed photon.
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21.5 Efficient Fluorescence Photoswitching in Single
Crystal

The amplification of fluorescence quenching is not limited to only in the nanopar-
ticle system. Especially, the organic crystals in well-defined relative orientations and
distances may provide an ideal scaffold for efficient intermolecular energy transfer
compared to the randomly oriented amorphous nanoparticle systems. [36–38] In
order to realize further efficient fluorescence photoswitching systems, we tried to
make a crystal of dyad 1 under several recrystallization conditions. However, only
amorphous solids was obtained for dyad 1. It is well known that the triphenylamine
group is bulky-substituent and it can prevent strong π-π interaction between chro-
mophores. Therefore, the derivatives having this substituent show highly fluores-
cence property even in the condensed solid state. However, such bulkiness of this
substituent is not suitable to prepare the regular packed molecular rearrangement in
the crystalline state.

To overcome this issue, we tried to reduce the bulkiness by replacing the triph-
enylamine group to the dimethylamine group (DAE-BTD dyad 2) and the methyl
group (DAE-BTD dyad 3) (Fig. 21.7). Consequently, a yellow plate-like crystal was
obtained by recrystallization fromdichloromethane/acetonemixture solution of dyad
3.

Single crystal X-ray crystallographic analysis was successfully performed dyad
3a. Crystal 3a belongs to the triclinic P space group. The crystal structure of crystal
3a in an asymmetric unit and the molecular packing diagram are shown in Fig. 21.8.
Crystal 3a has two molecules in a unit cell and one molecule in the asymmetric unit.

Fig. 21.7 Molecular design strategy to obtain the single crystal of DAE-BTD dyads

Fig. 21.8 a Molecular structure of dyad 3a and bmolecular packing. (Reproduced from Ref. [27]
with permission from The Royal Society of Chemistry.)
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Fig. 21.9 Photographs of the single crystal of 3a: a photo-induced color changes under irradiation
with UV (λ = 365 nm) and visible (λ > 450 nm) light and b photo-induced fluorescence changes
under dark-field observation. The excitation wavelength for the fluorescence detection was 438 nm
light. c Fluorescence spectral changes of dyad 3 in single crystal state; 3a (solid-black line) and
PSS under irradiation with 365 nm light (solid-blue line). Inset: Peak fluorescence intensity of dyad
3 in the single crystal state over multiple cycles of UV (λ = 365 nm) and visible (λ > 450 nm) lights
irradiation. (Reproduced from Ref.[27] with permission from The Royal Society of Chemistry.)

In the crystals, 3a molecules are fixed with the photoreactive antiparallel confor-
mation and the distance between the reactive carbon atoms is 3.54 Å. The confor-
mation and the distance between the reactive carbon atoms fulfill the requirement
for diarylethene molecules to undergo the photocyclization reaction in the single-
crystalline phase [39]. The molecular packing arrangement in the crystal shows
3a molecules alternately packed each other and the linear distances of the adja-
cent fluorescence units indicate negligible π–π interactions. This arrangement is
especially suitable for the fluorescence property in the crystalline phase and effi-
cient fluorescence quenching based on the intermolecular energy transfer from the
fluorescent open-ring isomer to the photogenerated closed-ring isomer because the
photogenerated quencher (closed-ring isomer) exists close by the fluorescence unit.

Figure 21.9a shows photographs of photo-induced color changes of the single
crystal upon alternate irradiation with UV and visible light. Upon irradiation with
UV (365 nm) light, the pale-yellow-colored crystal of 3a turns green, indicating the
formation of the blue-colored closed-ring isomer 3b. This color was thermally stable
in the dark and bleached upon irradiationwith visible (λ>450 nm) light. Figure 21.9b
shows photographs of fluorescence changes of the single crystal under dark-field
observation. Initially, the single crystal of 3a emits strong greenish fluorescence
with maxima at around 488 nm under irradiation with 438 nm light. The fluores-
cence quantum yield of single crystal 3a was measured to be 0.21. Upon irradiation
with UV (365 nm) light, the fluorescence of the crystal suddenly disappeared. Upon
irradiation with visible (>450 nm) light, the greenish fluorescence appeared again.
Figure 21.9c shows the fluorescence spectral changes of the single crystal 3 along
with photocyclization and photocycloreversion reactions. Typically, the photocon-
version yield from the open- to the closed-ring isomer in the single-crystalline state
is not high (less than 10%) due to the inner-filter effect and therefore the fluorescence
on/off contrast is not good as reported previously [40]. However, the fluorescence
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Fig. 21.10 a Fluorescence images under excitation with 438 nm light of single crystal 3a; (i) before
UV (390 nm) irradiation, (ii)–(v) fluorescence recovery under 438 nm excitation light after stopping
UV irradiation. b Fluorescence intensity trajectory corresponding to points 1–5 marked in (a, ii);
Point 1; black, Point 2; blue, Point 3; purple, Point 4; green and Point 5; red. (Reproduced from
Ref. [27] with permission from The Royal Society of Chemistry.)

signal from single crystal 3a significantly decreased to almost back ground level, as
shown in Fig. 21.9c. Therefore, these results suggested that the efficient intermolec-
ular energy transfer took place in the crystal. The crystals also exhibited fatigue
resistance against repeated switching operations (inset of Fig. 21.9c).

Fluorescence photoswitching behavior in the single-crystalline state was further
studied under the fluorescencemicroscope. Figure 21.10a shows fluorescence images
of the single crystal of 3a with area-selective UV light irradiation. The excitation
wavelength for the fluorescence imaging was 438 nm. Upon irradiation with very
weak UV (390 nm) light through an objective lens to a surface of the single crystal 3a
for 100 ms, the fluorescence signal of the irradiated area instantly decreased to the
background level. Such high-contrast fluorescence photoswitching was suggested
to the efficient fluorescence quenching of 3a attributed to the intermolecular FRET
process in the regularly oriented single crystals. In such oriented materials, it is
anticipated that the long-range intermolecular FRET process takes place efficiently,
and therefore a small number of photogenerated closed-ring isomers can quench
the fluorescence of a large number of neighboring open-ring isomers. Furthermore,
the fluorescence recovery behavior of fluorescence quenching area under irradia-
tion with 438 nm excitation light also suggested that the contribution of nonlinear
fluorescence quenching in the crystalline state. Under continuous irradiation with
438 nm excitation light, the size of dark area gradually decreased toward center with
recovering the fluorescence signal (Fig. 21.10a, (ii)–(v)). Figure 21.10b shows the
intensity trajectories of points 1–5 marked in the figure. The fluorescence intensity
of outside region (points 1 and 5) in the irradiation area quickly recovered to orig-
inal level after stopping UV light irradiation. On the other hand, the fluorescence
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intensity of the center (point 3) and the middle regions (points 2 and 4) maintained
the dark level for a while even after stopping UV light irradiation and then abruptly
started to recover the fluorescence intensity. In the typical linear-response fluores-
cence photoswitching systems, the fluorescence signal of dark area originated from
the generation of non-fluorescent closed-ring isomers recovers uniformly under irra-
diation with visible light. Therefore, this result indicated that the other fluorescence
quenching processes should be contributed in the single-crystalline state.

Such unexpected fluorescence recovery behavior in single crystal 3a might be
explained by the following mechanism. The light intensity through an objective
lens has Gaussian distribution and such distribution generates small distribution of
conversion yield in the irradiation area, where the conversion yield becomes high
as the position closes to the center. Such small difference of conversion yield is
almost negligible in typical linear fluorescence photoswitching system such as a
dye-doped polymer film.However, in the nonlinear system, the fluorescence intensity
suddenly and largely changes based on a certain conversion yield. The conversion
yield sequentially reaches to the critical point from outside to center in the irradiation
area because the conversion yield becomes high with closing to the center part. As
a result, the fluorescence recovery behavior with decreasing the size of dark area
was observed. Although further quantitative analysis will be necessary to discuss the
mechanism more detail, from these fluorescence photoswitching behavior, there is
no doubt that the efficient nonlinear fluorescence quenching takes place in the single
crystal 3a.

21.6 Conclusion

We described the giant amplification of fluorescence quenching in photochromic
nanoparticles and a single crystal based on the efficient intermolecular energy
transfer process in densely packed molecular system. These molecular systems show
outstanding state-of-the-art properties in the field of photochromic-fluorescent mate-
rials: bright emission, high photostability, and excellent performances in terms of
photoswitching, with very high contrast (10,000:1) and fatigue resistance. Such effi-
cient fluorescent photoswitchable nanoparticles and crystals find potential applica-
tions, such as inmemory devices, sensors, multicolor displays, and bio-imagingwork
with the minimum number of photons [41, 42].
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Chapter 22
Cooperative Molecular Alignment
Process Enabled by Scanning Wave
Photopolymerization

Atsushi Shishido, Yoshiaki Kobayashi, Norihisa Akamatsu, Kyohei Hisano,
and Miho Aizawa

Abstract Arbitrary and precise control of two-dimensional (2D) molecular align-
ment patterns over large areas play an important role for developing highly func-
tionalized soft materials and devices. Here we demonstrate a dye-free system for 2D
alignment patterning, termed “scanning wave photopolymerization (SWaP)”. SWaP
utilizes a spatial light-triggered mass flow induced by scanning light to propagate the
wavefront to direct molecular order. Macroscopic, arbitrary 2D alignment patterns
are generated in a wide variety of optically transparent polymer films from various
polymerizable mesogens with sufficiently high birefringence (>0.1) by single-step
photopolymerization, without alignment layers or polarized light sources. SWaP
successfully inscribed a set of 500 × 300 arrays of a radial alignment pattern with a
size of 27.4 μm × 27.4 μm, in which each individual pattern is smaller by a factor
of 104 than that achievable by conventional photoalignment methods.

Keywords Molecular alignment · Scanning wave photopolymerization · Liquid
crystal · Unpolarized light · Photoalignment

22.1 Introduction

Macroscopic alignment control of liquid crystal (LC) films is key to developing next-
generation highly functionalized photonic, electronic, mechanical and biomedical
organic devices [1–5]. Current methods achieve the large-area alignment of LCs
which compose self-assembled hierarchical parallel or perpendicular ordering over
various length scales fromnanometer tomicrometer [6–9]. Suchmethods use uniform
external fields such as elongation, surface rubbing treatment, and electromagnetic
or light fields [10–12]. Among these methods, elongation is the most simple and
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powerful method for only one-dimensional (1D) molecular alignment. However,
the other methods enable to control hierarchical alignment over two dimensions. Of
thesemore advanced 2D techniques, light-driven alignment control (photoalignment)
offers the greatest potential to finely control molecular orientation because of its
remote and precise influence, and suitability for micro- to nano-fabrication. These
advantages lead to many applications that require more complex alignment patterns
[13–33].

Here we demonstrate a new method termed scanning wave photopolymeriza-
tion (SWaP) based on a concept of light-triggered mass flow caused by photopoly-
merization reaction [34–39]. In SWaP, spatiotemporal scanning of focused guided
light is employed to direct LC alignment coincident with the incident light patterns
(Fig. 22.1). A desired target pattern of molecular alignment is achieved in a single-
step by light scanning since spatiotemporal patterns of the light stimulus propagate
as a controlled flow wavefront. This technique thus generates complex alignment
patterns with fine control over large areas, in a wide variety of photopolymerizable
LCmaterials, with no need for any added dyes or pre- or subsequent processing steps.
As a further advantage over any other techniques, involving mechanical rubbing,
electric fields, or heat, the size of the final alignment patterns would be restricted
only by light diffraction limits in principle, and thus complexity of any patterns in
2D is then effectively unlimited. Moreover, in an industrial production setting, SWaP

Fig. 22.1 Schematic illustration of photoirradiation for controlling molecular alignment. (a)
Conventional molecular alignment method. (b) New concept proposed for generating molecular
alignment by photopolymerizationwith spatiotemporal light scanningwith pattern, termed “SWaP”.
Pink and black regions represent irradiated and unirradiated regions, respectively. Reprinted from
[67] by The Authors licensed under CC BY 4.0
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has advantages such as electronics-free, single-step, noncontact, inexpensive, and,
in general, applicable to incorporation directly into existing fabrication production
lines.

22.2 One-Dimensional Molecular Alignment in LC
Polymer Films by Scanning Wave
Photopolymerization

First, we induced one-dimensional molecular alignment by SWaP with unidirec-
tional light scanning with 250-μm-slit ultraviolet (UV) light at the wavelength of
365 nm to photopolymerize the mixture composed by sample 1 including M1, C1,
and P1 with 97:3 molar ratio of M1:C1 in a handmade glass cell (Fig. 22.2a). The
cell thickness was 3 μm, which shows the maximum degree of molecular align-
ment induced by SWaP. The photopolymerization temperature was 100 °C at which
the resultant polymer exhibits a nematic phase, and then the sample was cooled to
room temperature. The obtained LC film was transparent and had no color. Polar-
ized optical microscope (POM) observation of the film under crossed polarizers
showed brightness at 45° with the light scanning direction. On the other hand, it
became completely dark when the angle between polarizers and the light scanning
direction was 0° or 90° (Fig. 22.2b). Detailed POM observations using a tint plate
with a retardation of 137 nm elucidate that the film is aligned parallel to the light
scanning direction. Furthermore, the resultant film possessed high birefringence of
0.12. This value is comparable with typical birefringence levels required for current
LC devices [40]. This result means that the mesogenic units of the monomer M1
were unidirectionally aligned along the light scanning direction. For further investi-
gation of the molecular alignment behavior, we measured the polarized UV-visible
(UV-vis) absorption spectra of the resultant film (Fig. 22.2c). Polar plots of the
absorption band of cyanobiphenyl moieties exhibited the maximum value along the
scanning direction (Fig. 22.2d). We calculated the planar alignment order parameter
(S) from the equation S = (A|| − A⊥)/(A|| + 2A⊥), where A|| and A⊥ denote
the parallel or perpendicular absorbance which is the direction of polarized inci-
dent light. The order parameter value was found to be 0.52. This value demonstrates
that the degree of molecular alignment is achieved in similar chemical systems with
current photoalignment methods [13, 28–30]. Furthermore, polarized infrared (IR)
absorption spectroscopy allowed one to identify functional groups in the films. As
a result, the IR spectra revealed that carbonyl moieties were aligned anisotropically
besides cyanobiphenyl moieties throughout the film (Fig. 22.2e). On the other hand,
the alignment direction of carbonyl moieties was orthogonally oriented to that of the
cyanobiphenyl moieties. This result is rationalized by the behavior of mesogens in
side-chain LC polymers. The side chains moieties are aligned alongside the polymer
main chain under a shear-flow field [41–43], and thus the carbonyl groups generally
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Fig. 22.2 Characterization of molecularly aligned polymer film induced by SWaP. (a) Chemical
structures used in this study. The structures colored by orange rectangles are compounds for sample
1. (b) POM images of resultant film. Scale bars, 100 μm. Yellow arrows indicate the light scanning
direction; black and white arrows depict the direction of the polarizers. (c) Polarized UV-vis absorp-
tion spectra, (d) a polar plot of UV-vis absorbance, and (e) polarized IR absorption spectra of a
resultant film photopolymerized with 250-μm-slitted UV light scanned in 1D at 20μm/s. Reprinted
from [67] by The Authors licensed under CC BY 4.0
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lie perpendicular to the polymer main chain [30, 44]. This suggests that SWaP aligns
the polymer main chains along the light scanning direction.

SWaP can also generate unidirectional molecular alignment even above the
isotropic temperature of monomer and resultant polymers, which has not been previ-
ously achieved inLCsusingother photoalignment systems. Furthermore, the polymer
films recover their alignment after disappearing under heating above the isotropic
temperature of polymer, displaying a thermal memory effect of molecular align-
ment. The results achieved by SWaP clearly confirm the hypothesis that the polymer
main chain aligns along the light scanning direction and might affect neighboring
mesogens to align in the same direction. On the other hand, a film photopolymerized
by irradiation with uniform light showed a polydomain structure, which is typical
texture of nematic LC polymers. These observations elucidate that the scanning light
is powerful and important method to control the molecular alignment and to emerge
uniform optical anisotropy.

To demonstrate the generality of SWaP, we also tried to induce molecular align-
ment in various other chemicalmaterials such asmonomers, crosslinkers, photoinitia-
tors, and/or nonreactive dyemolecules [67, 68]. The photopolymerization conditions
were optimized regarding light intensity, temperature, and scanning rate to obtain
the highest birefringence and order parameter. POM images and polarized UV-vis
absorption spectra of the obtained films revealed that SWaP provided 1Dmolecularly
aligned polymer films which is composed of abovementioned materials. This results
clearly indicate that SWaP has simple processing and general materials designing
generation capabilities. Although the radical photopolymerization shown above can
be commonly used because of its generality of materials design, oxygen needs to
be removed to prevent photopolymerization from its disturbance. To avoid this crit-
ical issue, we explored a sample of a cationic system, and performed two SWaPs
onto a glass substrate and a flexible substrate running under ambient conditions. We
successfully generated 1D molecularly aligned polymer films by SWaP without a
glass cell or a nitrogen atmosphere. In addition to generality, the processing time
for induction of 1D molecular alignment was much decreased by using higher light
intensity and increased scanning rate.

22.3 Arbitrary 2D Molecular Alignment Patterns
by Scanning Wave Photopolymerization

In SWaP, complex and spatiotemporal scanning of incident light offer arbitrary
2D alignment patterns which is directed by light-triggered diffusion. We defined
SWaP as photopolymerization that spatial or temporal scanning light generate the
molecular alignment utilizing mass flow caused by molecular diffusion in the non-
equilibrium state. Such characteristics indicates that even patterned photoirradiation
(e.g., a grating, a lattice, a honeycomb) could provide various complex molecular
alignment patterning induced by diffusion at the edge of the pattern.
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For precise control of macroscopic or further complex 2D molecular alignment
patterns, we conducted SWaP of sample 1 by a digital micromirror device which
enables to irradiate spatiotemporal arbitrary UV light patterns. As representatives,
we designed three trial alignment patterns over large areas as shown in Fig. 22.3a:
(I) a macroscopic radial alignment, (II) an planar cycloidal alignment where the
LC director was helically twisted perpendicular to the light scanning direction, and
(III) asymmetry alignment such as the word “Tokyo Tech.” Fig. 22.3b exhibits the
schematic illustrations as how to guide the molecular diffusion with spatiotemporal
light scanning: (I) 2D expanding doughnut-shape, (II) 1D scanning of periodic dots,
and (III) a 2D scanning along the words. As was abovementioned, to generate a
uniform molecular alignment, light intensity and the scanning rate were required
for SWaP during the process. We thus optimized the parameters from the resultant
retardation in films. POM observation of the resultant films elucidated that they
possessed hierarchical alignment patterns over large areas as expected to be induced
(Fig. 22.3c). All films showed 2Dmolecular alignment after light scanning. Detailed
POM observation of films indicated that unidirectional molecular alignment was
induced along the light scanning direction within the irradiated regions, but at the
edge of the irradiated regions, the alignment direction became perpendicular to the
scanning direction. Designing the spatially guided photoirradiation, we successfully
obtained the molecular alignment with a symmetric uniform radial pattern, low-
symmetric cycloidal patterns and asymmetry pattern as shown in Fig. 22.3c.

In addition to large-area alignment patterns, we demonstrated flexible designing
for microscopic alignment patterns by SWaP. We irradiated UV light pattern, which

Fig. 22.3 Complex 2D alignment patterns induced by spatiotemporal light scanning (a) Schematic
representation of desired patterns of mesogenic side-chain unit aligned (yellow rod). (b) Irradiated
light patterns: (I) two-dimensional expanding doughnut-shape; (II) periodic dots scanned in 1D;
(III) scanned along the words “Tokyo Tech”. (c) Polarized optical micrographs.White arrows depict
the direction of the polarizers. Reprinted from [67] by The Authors licensed under CC BY 4.0
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has a square lattice with a lattice point distance of 27.4 μm and an irradiated region
width of 13.7 μm. POM observation of the resultant film showed an array pattern of
radial alignment. The size of a radial alignment was ~27.4 μm, reflecting the same
periodicity as a square lattice of irradiated pattern. It must be noted that the size
of each radial alignment in the film is much smaller (by a factor of 104) and high-
resolution than that obtained by means of conventional photoalignment methods [2,
33, 45]. Furthermore, the number of radial alignment patterns reached 500 × 300
throughout the film.

22.4 Single-Step Creation of Polarization Gratings
and Diffractive Q-Plates by Scanning Wave
Photopolymerization with Unpolarized Light

Diffractivewaveplates (DWs) show the properties of a polarization diffraction grating
and have a molecular orientation pattern based on LCs that shows extremely high
diffraction efficiencies. Rational design ofDWs is key for the development of some of
the greatest emerging technologies in thefieldof next-generationoptics andphotonics
[17, 45–61]. One of the greatest benefits is that massive optical systems for manipu-
lation of light, which are typically composed of large and complex arrays of optical
elements such as lenses, prisms, and polarization converters, can be replaced with
several stacked DWfilms of a fewmicrometers in thickness. The orientation patterns
of LCs govern such optical properties of DWs because LCs with patterned birefrin-
gence (�n) can spatially modulate the phase of light. As the simplest example of
such modulation, 1D aligned LCs act as a half-wave plate, which has the ability
to convert the phase of incident polarized light into 90° rotated. To exhibit such
property, the retardation (R = �n d; d is a thickness of medium) must be matched
with λ/2 (λ: wavelength of incident light). In the same manner, more complexed
2D orientation patterns of LCs enables one to realize versatile geometrical phase
modulations, providing various optical functionalities (e.g., lenses, optical vortex
generators, beam steering, etc.) [17, 55, 58]. In particular, LC films with a cycloidal
molecular orientation pattern (Fig. 22.3., Pattern II) are known as “cycloidal diffrac-
tive waveplates (CDWs)”, having attracted a great deal of attention. Such films with
orientation patterns meeting the half-wave plate condition diffract the incident light
only into the +1st and −1st orders with the polarization state of left- and right-
circular polarization, respectively (Fig. 22.4) [46–56]. As a result, CDWs have the
potential to open windows for the application of next-generation projection displays.

The recent development of methods to control molecular orientation has readily
achieved abovementioned complex 2D alignment patterns of LCs. The most
advanced procedure is a “surface photoalignment control” technology [11–15, 29].
With this technology, LC orientation can be controlled through photoreactions of a
thin film coated over a substrate surface. Because the films contain photoresponsive
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Fig. 22.4 Characterization of CDW fabricated by SWaP. (a) POM images of cycloidal molecular
alignment under crossed polarizers. White arrows show the direction of polarizers. Yellow arrows
depict the light scanning direction. (b) Schematic representation of the light diffraction behavior of a
film with a cycloidal molecular orientation pattern. A linearly polarized light beam passing through
the medium is diffracted into the +1st and −1st orders with left- and right-circularly polarized
light, respectively. A left-circularly polarized light is diffracted into the −1st order light with right
handedness, and vice versa. � denotes the physical periodicity of the cycloidal orientation. Blue
ellipses represent LCs. Reprinted with permission from [69] c The Optical Society

dye molecules, the irradiation into a film with uniform polarized light leads to reori-
entation of dyes perpendicular to the polarization direction of incident light. The
LCs over the film surface spontaneously align along the same direction with dyes by
cooperative effect. Consequently, 2D molecular orientation patterns were provided
by the spatial modulation of the polarization state of incident light. To control
the spatial polarization states, state-of-the-art technologies have been proposed by
using specially designed optical setups with numerous optical elements: computer-
generated holograms, plasmonic photomasks, and polarization holograms [46, 62–
65]. The polarization holograms are widely used for fabricating CWDs where one
merely exposes a photoresponsive film to two orthogonal circularly polarized beams
at the selected position. This method has a great advantage of high spatial resolution
(less than tens of micrometers) with highly precise cycloidal orientation patterns.
CDWs were recently reported, which has a high diffraction efficiency over 95%
and/or with achromatic features (�λ> 200 nm) [58, 66]. However, challenges remain
to be improved such as higher processability, generating CDW over large areas, and
avoiding the complex optical setup (e.g., interference of two circularly polarized
beams). Although photoalignment technologies can create large-area CDWs using
photoalignment of a dye-containing layer and subsequent photopolymerization of
aligned reactivemesogens on a photoalignment layer [56, 60], they require spatial and
precise modulation of the polarization direction in each pixel. Thus, such complexity
leads to increased process time to obtain large-area CDWs.
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Here, we propose the single-step fabrication of CDWs and q-plates over large
areas by means of SWaP [34, 67–70]. As described above, SWaP has a principal
advantage unlike conventional photoalignment methods. Thus, SWaP allows one to
generate arbitrary 2D orientation patterns (various DWs) over large areas in a single-
step only by scanning spatiotemporal patterned light during photopolymerization. As
a first step, cycloidalmolecular alignmentwas fabricated by SWaPusing 1D scanning
with periodically arranged rod-shaped pattern for less than 3 min (Fig. 22.4a). The
resultant polymer film showed a cycloid pattern of ∼30 μm pitch over an area.
Detailed investigation with a probe laser beam at 633 nm elucidated that the resultant
film successfully acts as a CDW with a diffractive efficiency of 50% (Fig. 22.4b).
SWaP could precisely and briefly control the complex molecular orientation pattern
by scanning the rod-shaped pattern light in one direction. This process can be easily
applied to large-area production, and the fabrication of films with precise molecular
orientation can be greatly expected.

Next, molecular pattern I acts a waveplate with a specific optical function to
convert a phase polarization state of a laser beam into optical axis symmetry, which
is nowone of themost desired and useful devices [71, 72].Q-Plates function as optical
devices with a passive optical element that is capable to manipulate the spatial distri-
bution of the polarization of a homogenous polarized beam (e.g. a simple Gaussian
laser beam). A q-plate can be fabricated simply as a birefringent waveplate with a
2D patterned distribution of the optical axis in the cross section. “Q” indicates a
semi-integer topological charge defined as the degree of optical axis distribution.
For example, it is known that a film having a π rotated optical axis of the retardation
rotated on a laser optical axis works as a q = 1 q-plate. As a result, a radial vector
beam or an optical vortex were obtained when linearly polarized light or circularly
polarized light is introduced to the film, respectively.We confirmed that radial molec-
ular alignment pattern achieved by SWaP successfully acts as a q-plate that converts
a linearly polarized beams into a vector beam [70].

22.5 Conclusion

We have demonstrated that arbitrary 2D alignment patterns over large areas is
readily achieved by SWaP without any surface treatment, electrodes, or polarized
light sources. SWaP offers great potentials for the fabrication of a variety of high-
performance LC devices because 2D patterns with complex and high resolution are
inscribed, which is challenging or even impossible to achieve with conventional
photoalignment techniques. Moreover, SWaP has great economic advantages for
enabling to introduce it in existing photoproduction facilities. We believe that SWaP
provides a new and powerful pathway for the direct design of highly functional
organic materials with arbitrary, fine molecular alignment patterns over large areas.
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Chapter 23
Ultrafast Energy Transfer of Biohybrid
Photosynthetic Antenna Complexes
in Molecular Assembly Systems

Takehisa Dewa, Yusuke Yoneda, Masaharu Kondo, Hiroshi Miyasaka,
and Yutaka Nagasawa

Abstract Photosynthesis in natural systems is one of the typical examples where the
interaction between multiple photons and multiple chromophores leads to the syner-
getic responses in three-dimensionally arranged molecular aggregates. Accordingly,
the investigation of primary events in the excited state could provide important infor-
mation on the progress in the artificial photosynergetic systems. Along with this line,
we have prepared biohybrid light-harvesting complexes to study ultrafast dynamics
of excitation energy transfer in the present project. Light-harvesting 2 complex (LH2)
fromphotosynthetic purple bacteria is amolecular assembly, inwhichmultiple photo-
synthetic chromophores are well organized. To expand high-harvesting activity of
LH2, we attached a fluorophore, Alexa647, to lysine residues on the LH2 polypep-
tide so as to cover broad solar spectrum. Ultrafast energy transfer from Alexa 647 to
the intrinsic chromophores B800 and B850 in LH2 was observed using femtosecond
transient absorption spectroscopy. Detailed analysis revealed two possible energy
transfer pathways. In addition, we made a LH2 mutant bearing reactive Cys residue
on the N-terminal region of LH2β polypeptide. The engineered LH2 allows us to
provide the defined position of Alexa647. Together with the system in which LH2
was dissolved in micellar solution, a lipid bilayer system in which the bioengineered
LH2was incorporated was applied to control the location of the external fluorophore.
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23.1 Introduction

Enhancing the light-harvesting potential of antenna components in a system of solar
energy conversion is an important topic in the field of artificial photosynthesis [1].
For the purpose of energy conversion, the essence of light-harvesting strategy is (1)
use of multiple chromophores to absorb photons in the broad solar spectrum and (2)
to transfer excitation energy between the chromophores within subpico–few picosec-
onds to a photocatalytic component [2]. Photosynthetic organisms have diverse
light-harvesting antenna systems that have been developed to adapt to their habitats
with different or variable intensities and colors of light [3–5]. Such photosynthetic
antennae are based on the strategy (1) and (2).

Figure 23.1a showsX-ray crystallographic structure of light-harvesting 2 complex
(LH2) from Rhotopseudomonas (Rps.) acidophila strain 10050 [6]. LH2 consists
of nine-membered pair of α, β-polypeptides and photosynthetic pigments bacte-
riochlorophyll a (BChl) and rhodopin glucoside (Car). BChl molecules form two
types of characteristic molecular array, B800 and B850, named according to their
absorption maxima. Light energy absorbed by B800 is immediately transferred to
B850 with a time constant of ~700 fs [7, 8]. Carotenoids also function as light-
harvesting pigments; light energy absorbed by the carotenoid is transferred to B800
and B850 with the time constant of 200 fs [3]. In this way, light energy absorbed by
the photosynthetic pigments is funneled into B850.

LH2 possesses absorption bands in the visible and near infrared regions because
of the intrinsic chromophores (BChl and Car) and exhibits low absorbance in the
wavelength range of 620–750 nm (Fig. 23.1b). In this study, we constructed LH2
with a covalently attached artificial fluorescent dye (Alexa Fluor 647: A647) as
an external light-harvesting pigment to expand the light-harvesting ability without
affecting inherent functions.We call the LH2 conjugate LH2-A647 or biohybrid LH2
[9, 10]. Through this approach, we constructed the semi-artificial light-harvesting
system that drives ultrafast energy transfer.

Fig. 23.1 a X-ray crystallographic structure of LH2 from Rhodopseudomonas acidophila 10050
(PDB: 1NKZ).bAbsorption spectrumof LH2 (solid black line), absorption and fluorescence spectra
of Alexa647 (blue and dotted red lines), and solar spectrum of the geosphere (dotted black line)
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23.2 Strategy of Conjugation of Fluorescent Dye to LH2

We chose two types of LH2; one is LH2 from Rps. acidophila strain 10050 and the
other is the engineered LH2 bearing Cys as reactive site on the N-terminal region of
LH2-β polypeptide. Amino acid sequences are shown in Fig. 23.2.

To conjugate the dye to LH2 (from Rps. acidophila 10050), A647 bearing
maleimide group (Maleimide-C2-Alexa647)was covalently attached to Lys residues,
either K5 or K51, on the LH2α-polypeptides via the bifunctional crosslinker reagent
sulfo-AC5-SPDP (Fig. 23.3). Tandem MS spectroscopy confirmed the attachment.

To obtain biohybrid LH2 with A647 attached to defined position, Cys-bearing
LH2was prepared fromRhodobacter (Rba.) sphaeroides IL106-DL2 (pJRD-SpucB-
CGG-L2). The Cys was introduced to the N-terminal region of LH2β-polypeptide

Fig. 23.2 Amino acid sequences of LH2α- and LH2β-polypeptides from Rps. acidophila 10050
and engineered Rba. sphaeroides IL106-DL2 (pJRD-SpucB-CGG-L2). Reactive amino acid side
chains were colored in red. The figure modified with permission from Springer Nature Ref. [10]
Copyright 2019

Fig. 23.3 Maleimide-C2-Alexa647 (A647, left) and the bifunctional crosslinker (Sulfo-AC5-
SPDP). The reactive siteswithmaleimide group (inA647) and Lys residues in the LH2α polypeptide
are indicated by the arrows a and b, respectively
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(Fig. 23.2). Maleimide-C2-Alexa647 was directly attached to the Cys residue. The
numbers of Alexa647 attached to LH2 were ~9 and ~5 for the former and the latter
biohybrid LH2s, respectively. Hereafter, we call the two type of LH2 biohybrids as
LH2-A647 and LH2-NC-A647.

23.3 Energy Transfer Dynamics of LH2-A647
in the Micellar Solution System [9]

Figure 23.4a shows absorption spectrum of LH2-A647. The spectral profile can be
reproduced as a sum of A647 and the intrinsic chromophores (BChl and Car). The
absorption bands and circular dichroism (CD) signals of the intrinsic chromophores
in LH2 were well preserved, indicating that modification with A647 does not perturb
the environment of the chromophores. In addition, CD and linear dichroism spectra
suggested no excitonic coupling and particular orientation of A647 attached to LH2.

Upon excitation at 650 nm, significant quenching ofA647 and prominent emission
fromB850were observed for LH2-A647. This result clearly indicates energy transfer
fromA647 to B800/B850. Figure 23.4b shows comparison of fluorescence excitation
and absorptance (1 – T) spectra of LH2-A647 indicating that the efficient energy
transfer of 83% takes place from A647 to B800/B850. When free A647 was simply
mixed with LH2 in solution, no energy transfer was observed. This result indicates
that the efficient energy transfer is established by conjugation of LH2 and A647
external chromophore.

Energy transfer dynamics was observed with femtosecond transient absorption
(TA) spectroscopy. Figure 23.5 shows TA spectra upon excitation at 650 nm. Imme-
diately, after the photoexcitation, the TA spectrum exhibits a negative band with a
minimum at 657 nm and positive bands with maxima at 517 and 454 nm within the
response time of the apparatus. The negative band is ascribed to the superposition of
ground state bleach (GSB) and stimulated emission (SE) of A647, and the positive

Fig. 23.4 a Absorption spectra of LH2-A647, LH2, and A647 in the micellar solution. b Fluores-
cence excitation and absorptance (1 – T) spectra of LH2-A647. Figures modified with permission
from American Chemical Society Ref. [9] Copyright 2015
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Fig. 23.5 Transient
absorption spectra of
LH2-A647 excited at 650 nm
with a pulse duration of
~17 fs. The time delays are
indicated in the figure. The
figure modified with
permission from American
Chemical Society Ref. [9]
Copyright 2015

band to the excited state absorption (ESA) of A647. The lifetime of the excited state
of free A647 was 1.2 ns. With the increase in the delay time after the excitation, the
signal of A647 decays in the picosecond time domain with simultaneous appearance
of new positive and negative bands at 842 and 863 nm. These are ascribed to the
exciton absorption and the superposition of GSB and SE of B850. This result clearly
indicates energy transfer from A647 to B850. In the time domain of 100 fs–1 ps,
a small negative band at 803 nm (marked by *) was observed, showing that B800
is also an energy acceptor from A647. The ultrafast energy transfer channel B800
→ B850 with the time constant of ~1 ps was confirmed to be maintained in the
LH2-A647 through the experiment upon 800 nm excitation. These results suggest
that energy transfer pathways consist of A647→B850 and A647→B800→B850.

Applying global analysis, time constants were evaluated to be 260 fs, 4.3 ps,
23 ps, and 1.2 ns. The femtosecond TAmeasurement indicates that the rate of energy
transfer via B800 is faster than that of direct transfer from A647 to B850. Thus, the
component with the fastest time constant, 260 fs, likely involves not only structural
relaxation and/or ultrafast solvation of A647 in the excited state but also energy
transfer by way of B800 to B850. The component with the time constant of 4.3 ps is
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also assignable to this pathway. The time constant of 23 ps is ascribed to the direct
energy transfer of A647 → B850. Considering the position of A647s attached to
LH2α-polypeptide, those attached to N- and C-terminal regions, where B800 and
B850 are, respectively, in the vicinity, should be responsible for the faster and slower
transfer pathways. The longest time constant of 1.2 ns corresponds to the lifetime of
A647 and B850.

The model energy transfer diagram is illustrated in Fig. 23.6, and the kinetic
equations are derived based on this model. The excited state of A647, A647* was
divided into four species (1, 1′, 2, and 3) with the time constants of 0.44 ps (6% for
1), 4.1 ps (34% for 1′), 23 ps (50% for 2), and 1.2 ns (10% for 3). The faster time
constants, 0.44 ps and 4.1 ps, correspond to the energy transfer to B800. The 23 ps
time constant represents direct energy transfer to B850.

To rationalize the time constants, donor–acceptor distances (Rcalcd) were evaluated
from the Förster mechanism. The faster rate constants, 440 fs and 4.1 ps, predicted
11 and 16 Å of donor–acceptor distances as depicted in Fig. 23.7a. Considering
possible areas for A647 moiety with the linkage from K5 and K51 residues, the
A647 linked to K5 can be regarded as the donor for B800 but not that of K51. The
time constants could arise from transfer to the closest and the second closest B800
BChls (Fig. 23.7a). For B850 as the primary acceptor, on the other hand, the evaluated

Fig. 23.6 Energy transfer kinetics diagram for LH2-A647 and illustration for the pathway. The
figure modified with permission from American Chemical Society Ref. [9] Copyright 2015
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Fig. 23.7 Graphical description of LH2-A647 conjugate consisting of B800, B850, LH2α-, and
β-polypeptides. Evaluated donor–acceptor distances Rcalcd from B800 (a) and B850 (b) to A647
are depicted by green (a) and red circles (b). Possible range of A647 attached to K5 and K51 with
linkage was estimated to be 31 Å as fully extended conformation, which is depicted by blue circles.
The figure modified with permission from American Chemical Society Ref. [9] Copyright 2015

Rcalcd was 27 Å. The A647 attached to either K5 or K51 is possible to be the direct
donor to B850 as shown in Fig. 23.7b.

This work using the photosynthetic component LH2 indicates that by conjugation
with appropriate donor chromophores close to B800, the ultrafast energy transfer
cascade can be accomplished, where the natural ultrafast channel B800 → B850 is
involved.

23.4 Energy Transfer Dynamics of Cys-Bearing LH2
Conjugate (LH2-NC-A647) in Micellar and Lipid
Bilayer Systems [10]

As described above, fluorescent dyes attached to a protein scaffold exhibit multi-
exponential energy transfer dynamics in many cases [11]. This is probably due to
inhomogeneity of the attached chromophores, in terms of their surrounding envi-
ronments, diverse orientation and donor–acceptor distance, multiple binding sites,
and so on. Here, we designed a cysteine-bearing LH2 for the site-selective modifica-
tion of A647. In this section, we described use of engineered LH2 bearing cysteine
(LH2-NC) from Rba. sphaeroides IL106 strain. The amino acid sequences were
shown in Fig. 23.2. The reactive cysteine was introduced into the N-terminal region
on the LH2β-polypeptide, which enables the attachment of A647 maleimide in a
site-selective manner proximate to the B800-BChl. Using A647-attached LH2-NC
conjugate (LH2-NC-A647), we revealed the dynamics of sequential energy transfer
A647 → B800 → B850 in micellar and reconstituted lipid bilayer systems. We
have briefly discussed the potential of LH2 complex as a remarkable platform for
construction of biohybrid antennae.

Absorption spectrum of LH2-NC-A647 was similar to that of LH2-A647. The
intrinsic ultrafast energy transfer was confirmed to be maintained by femtosecond
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TA spectroscopy. Therefore, introducing Cys and chemical modification with A647
did not perturb the environment of the intrinsic chromophores. The absence of CD
signal from A647 implied no excitonic coupling between A647 moieties.

Energy transfer dynamics was observed using femtosecond TA spectroscopy in
detail. Figure 23.8a shows TA spectra of LH2-NC-A647 upon excitation at 650 nm
in micellar solution system. After the photoexcitation, positive and negative signals
immediately appeared in the range of 400–550 nm and 550–800 nm, respectively.
These signals, which result fromA647,were assignable to ESA and the superposition
of GSB and SE, respectively, as described previously. As time progressed, the signals
from the excited state of A647 disappeared within tens of picosecond, correlating
with the appearance of positive and negative bands at 840 and 855 nm indicative
of B850 excited state formation (ESA and a mixture of GSB and SE, respectively).
Such excitation dynamics clearly indicates the energy transfer from A647 to B850 in

Fig. 23.8 Femtosecond TA spectra of LH2-NC-A647 in amicellar (TD) solution a and lipid bilayer
(DOPG) systems b. Time traces at 650 nm c and 855 nm d in micellar and lipid bilayer systems.
The figure modified with permission from Springer Nature Ref. [10] Copyright 2019
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the LH2-NC-A647. For comparison the lifetime of the excited state of free A647 was
1.2 ns [9]. With careful inspection at < 2 ps, a small negative band at 805 nm ascribed
to GSB of B800 was observed with the appearance (<1 ps) and disappearance (>1 ps)
of GSB of B800. This is a clear evidence demonstrating the mediation of B800 in
the energy transfer from A647 to B850. Figure 23.8c and d shows the time traces
of �A at 650 (c) and 855 nm (d). The former exhibited bi-exponential dynamics
(τav = 7.3 ps), on the other hand, the dynamics of the latter could be appropri-
ately described by monoexponential energy transfer, providing the time constant of
9.1 ± 0.1 ps.

Detailed dynamics were inspected by decay-associated spectra (DAS) obtained
through global analysis. The DAS consists of three components: The time constants
(amplitude ratio of GSB and SE of A647) were 770 fs (0.24), 10 ps (0.70), and
1.0 ns (0.06). The first component (770 fs) can be assigned to the A647 relaxation in
the excited state, such as solvation or structural relaxation [9]. In addition, a small
positive signal at 805 nm was observed, indicating energy transfer to B800 in LH2.
The time constant of 770 fs was in the same time scale to that for the energy transfer
from B800 to B850. The second DAS indicates the energy transfer component with
the time constant of 10 ps, which was in good agreement with that evaluated from
the time trace at 855 nm, 9.1 ps. The third DAS with 1.0 ns represents the decay in
the excited state of B850 [9]. The energy transfer dynamics was also analyzed based
on a sequential kinetic model, suggesting that energy transfer from A647 to B800
takes place through single-phase dynamics.

We attempted to modulate environments surrounding A647 moieties through
reconstitution of LH2-NC-A647 into a lipid bilayer composed of an anionic phos-
pholipid DOPG, because A647, which is a highly hydrophilic fluorophore, has been
reported to be preferentially partitioned in aqueous phase and less soluble in lipid
bilayer phase [12]. Therefore, we hypothesized that the A647 moieties should be
positioned proximate to or in the exterior region of the interface of the anionic lipid
bilayer, away from B800 through the reconstitution. As a result, energy transfer effi-
ciency significantly decreased to 42% (evaluated from an excitation spectrum). This
result suggested that part of A647 moieties in the LH2-NC-A647 disengaged from
the energy transfer system. The energy transfer dynamics in the lipid bilayer system
was observed by femtosecond absorption spectroscopy (Fig. 23.8b). Basic spectral
features were same as those for the micellar solution system. Although the appear-
ance of GSB of B800 was not clearly observed in lipid bilayer system, the signal
at 805 nm was negative until ~4.5 ps. For comparison, a B800-removed conjugate
exhibited very small �A intensity, which became positive at ~3.5 ps. These results
supported the fact that B800 is also involved in the energy transfer pathway in the
lipid bilayer system. The time traces of transient absorbance at 650 and 855 nm for
the membrane systems are shown in Fig. 23.8c and d. The rates of energy transfer
evaluated from the formation of excited state of B850 were slightly faster than those
in the micellar system. Interestingly, the B850 dynamics were again described by
monoexponential kinetics, giving a time constant of 6.4 ± 0.1 ps, which is unex-
pectedly shorter than 9.1 ± 0.1 ps for the micellar system. Note that the rise of the
negative signal of B850 (Fig. 23.8d) is faster for the lipid bilayer system, while the
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decay of the negative A647 signal at 650 nm (Fig. 23.8c) is slower for the lipid bilayer
system. The DAS analysis exhibited four components: time constants (amplitude)
were 670 fs (0.15), 9.2 ps (0.47), 27 ps (0.35), and 490 ps (0.03). The second compo-
nent with 9.2 ps lifetime corresponds to the energy transfer, which is longer than 6.4
± 0.1 ps, due to averaging of slower decay and faster rise of the negative signals at 650
and 855 nm, respectively, for the lipid bilayer system. The time constant in the lipid
bilayer system was equivalent to that in the micellar system (10 ps), suggesting that
energy transfer pathway are similar, A647 → B800 → B850. Note that the relative
amplitude of the 9.2 ps component (0.47) is smaller than the 10 ps component (0.70)
for themicellar system,which is responsible for the smaller energy transfer efficiency
of 42%. The third DAS at 27 ps likely represents non-radiative deactivation of A647.
A647moieties located near the interface region of the lipid bilayermight be enhanced
to be deactivated in a non-radiative way. A LH2 complex tends to cluster in DOPG
lipid bilayer [13] due to which intercomplex energy transfer between neighboring
B850 rings is facilitated [14]. This results in faster deactivation kinetics of B850 in
the lipid bilayer (490 ps) than in the micellar system (1.0 ns). Similar deactivation
mechanism can be also taking place for A647 and such enhancement of deactivation
will lead to reduction of energy transfer efficiency. Nevertheless, energy transfer
dynamics of LH2-NC-A647 chiefly displayed monoexponential kinetics also in the
lipid bilayer system.

In order to rationalize the location of A647, the donor–acceptor distances, Rcalcds,
were calculated based on the Förster mechanism. The Rcalcds are depicted in the
structure of the LH2 complex as the colored circles (green and red) centered at B800
and B850 (Fig. 23.9; Here, the strucutre of Rps. acidophila 10050 (PDB 1NKZ)
was adopted because of the lack of crystallographic structure of LH2 from Rba.
sphaeroides. Rcalcds were 19 and 22 Å from B800 to B850 (Fig. 23.9a), respectively,
in the micellar system. The latter distance was obviously insufficient for the A647
attached to the N-terminal domain, making direct energy transfer impossible. The
Rcalcd 19 Å fromB800 suggested that the energy donor A647 (with the linkage length
~16 Å) was placed near the end of LH2β-polypeptide α-helix (N-terminal side). In
the micellar solution, the hydrophobic region of LH2 was covered with detergent
molecules as depicted in a and c (the top view from the N-terminal side) [15]. Even
if the N-terminal domain were flexible enough to approach B800, detergents bound
to LH2 would prevent A647 moieties from being localized at 19 Å external to the
hydrophobic region. Concerning the N-terminal domain, the β-polypeptide of LH2-
NC was longer than that of LH2 from Rps. acidophila 10050; the A647-attached
C6 was away from the N-terminal of LH2β-polypeptide of Rps. acidophila 10050
by seven amino acids toward the N-terminal (Fig. 23.2). The C6 position could
be presumed to be near the cytoplasmic surface of LH2-NC due to the P12 that
would induce a bend in the conformation of the β-polypeptide chain. Considering
the crystallographic structure of LH2 from Rps. acidophila 10050 (PDB: 1NKZ), the
N-terminal domain shows a bend at A5 heading toward the LH2α-polypeptide (the
direction of the center of circular structure, Fig. 23.9). Taken together, the energy
transfer distance of 19 Å from B800 can be explained by the location of A647 (with
~16 Å of the linkage length) positioned near the end of the α-helix of the N-terminal
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Fig. 23.9 Graphical representation of the donor–acceptor distances,Rcalcd, estimated by the Förster
mechanism for LH2-NC-A647 in the micellar (a, c) and reconstituted lipid bilayer systems (b, d).
The figure modified with permission from Springer Nature Ref. [10] Copyright 2019

region. Such limits imposed by location and orientation of A647 moieties likely
produce the single-phase dynamics of energy transfer to B800.

In the case of the reconstituted lipid bilayer system, Rcalcd values evaluated were
the same, 19 Å from B800 to 22 Å from B850. A possibility of the direct transfer to
B850 is clearly ruled out due to the reason mentioned above and an impossibility of
partitioning hydrophilic A647 into a lipid bilayer interior. The Rcalcd value of 19 Å
from B800 is realistic, as described above. The A647 moiety is possibly located near
the membrane interface. Such an A647 moiety could function as a donor to B800
exhibiting single-phase dynamics. Some portions of A647 moieties in the conjugate
were positioned such that they were unfavorable to energy transfer, resulting in
deactivation in that region of the membrane interface to give a lower energy transfer
efficiency (42%).

Inmany cases, dynamics of energy transfer from a covalently attached fluorophore
to an intrinsic photosynthetic chromophore exhibits complicated multiexponential



400 T. Dewa et al.

kinetics. This comes from heterogeneous conditions of fluorophore in or around
protein environments. The LH2-NC-A647 demonstrated the single-phase dynamics
of sequential energy transfer in the micellar and lipid bilayer systems. Such simple
kinetics is quite rare as per our knowledge.

23.5 Conclusion

We described ultrafast excitation energy transfer in the biohybrid LH2s to which arti-
ficial chromophoresA647were covalently attached.We found thatA647 successfully
functions as the external light-harvesting chromophore. The rates of energy transfer
were comparable to that takes place in natural systems. For the attachment of A647
to B800- and B850-sides, energy transfer exhibited multiexponential dynamics due
to heterogeneity of the environment around A647. In sharp contrast, engineered LH2
bearing the Cys residue on the B800 side exhibited simple monoexponential kinetics
of the sequential energy transfer A647 → B800 → B850.

LH2 conjugatedwith artificial pigments, therefore,will produce a promisingmotif
in the methodology to construct multichromophore devices. This will provide deeper
understanding of highly efficient energy transfer processes in natural photosyn-
thetic systems, and clues for construction of highly efficient artificial photosynthetic
systems.

Acknowledgements T. D. deeply appreciates to Dr. Tomoyasu Noji and graduate students (Mr.
Daisuke Komori, Naoto Mizutani, Daiki Mori, and Ms. Akari Goto) for their contribution to
this project. The present work was supported by JSPS KAKENHI Grant Numbers JP26107002,
JP16J00627, and 17H05255, Grant-in-Aid for Scientific Research on Innovative Areas “Pho-
tosynergetics” and also by JP18H05160 and JP18H05180 in “Innovations for Light-Energy
Conversion.”

References

1. Inoue H, Shimada T, Kou Y, Nabetani Y, Masui D, Takagi S, Tachibana H (2011) The water
oxidation bottleneck in artificial photosynthesis: how can we get through it? An alternative
route involving a two-electron process. ChemSusChem 4:173–179

2. Scholes GD, Fleming GR, Olaya-Castro A, Van Grondelle R (2011) Lessons from nature about
solar light harvesting. Nat Chem 3:763–774

3. Green BR, Parson WW eds (2003) In: Light-harvesting antennas in photosynthesis. Kluwer
Academic publishers

4. Cogdell RJ, Lindsay JG (2000) The structure of photosynthetic complexes in bacteria and
plants: an illustration of the importance of protein structure to the future development of plant
science. New Phytol 145:167–196

5. Blankenship RE (2014) In: Molecular mechanisms of photosynthesis. Wiley Blackwell, UK
6. McDermott G, Prince SM, Freer AA, Hawthornthwaite-Lawless AM, Papiz MZ, Cogdell RJ,

Isaacs NW (1995) Crystal structure of an integral membrane light-harvesting complex from
photosynthetic bacteria. Nature 374:517–521



23 Ultrafast Energy Transfer of Biohybrid Photosynthetic Antenna … 401

7. Hess S, Feldchtein F, Babin A, Nurgaleev I, Pullerits T, Sergeev A, Sundström V (1993)
Femtosecond energy transfer within the LH2 peripheral antenna of the photosynthetic purple
bacteria Rhodobacter sphaeroides and Rhodopseudomonas palustris LL. Chem Phys Lett
216:247–257

8. Joo T, Jia Y, Yu JY, Jonas DM, Fleming GR (1996) Dynamics in isolated bacterial light
harvesting antenna (LH2) of Rhodobacter sphaeroides at room temperature. J Phys Chem
100:2399–2409

9. Yoneda Y, Noji T, Katayama T, Mizutani N, Komori D, Nango M, Miyasaka H, Itoh S,
Nagasawa Y, Dewa T (2015) Extension of light-harvesting ability of photosynthetic light-
harvesting complex 2 (LH2) through ultrafast energy transfer from covalently attached artificial
chromophores. J Am Chem Soc 137:13121–13129

10. Yoneda Y, Kato D, Kondo M, Nagashima KVP, Miyasaka H, Nagasawa Y, Dewa T (2020)
Sequential energy transfer driven bymonoexponential dynamics in a biohybrid light-harvesting
complex 2 (LH2). Photosynth Res 143:115-128

11. Dutta PK, Lin S, Loskutov A, Levenberg S, Jun D, Saer R, Beatty JT, Liu Y, Yan H, Wood-
bury NW (2014) Reengineering the optical absorption cross-section of photosynthetic reaction
centers. J Am Chem Soc 136:4599–4604

12. Hughes LD, Rawle RJ, Boxer SG (2014) Choose your label wisely: water-soluble fluorophores
often interact with lipid bilayers. PLoS ONE 9:e87649

13. Sumino A, Dewa T, Noji T, Nakano Y, Watanabe N, Hildner R, Bösch N, Köhler J, Nango M
(2013) Influence of phospholipid composition on self-assembly and energy-transfer efficiency
in networks of light-harvesting 2 complexes. J Phys Chem B 117:10395–10404

14. Pflock TJ, Oellerich S, Krapf L, Southall J, Cogdell RJ, Ullmann GM, Köhler J (2011) The
electronically excited states of LH2 complexes from Rhodopseudomonas acidophila strain
10050 studied by time-resolved spectroscopy and dynamic monte carlo simulations. II. homo-
arrays of LH2 complexes reconstituted into phospholipid model membranes. J Phys Chem B
115:8821–8831

15. Prince SM, Howard TD, Myles DAA, Wilkinson C, Papiz MZ, Freer AA, Cogdell RJ, Isaacs
NW (2003) Detergent structure in crystals of the integral membrane light-harvesting complex
LH2 from Rhodopseudomonas acidophila strain 10050. J Mol Biol 326:307–315



Part III
Advanced Construction of Meso-

and Macroscopic Cooperative
Photoresponsive Molecular Assemblies
and Elucidation of Their Mechanisms



Chapter 24
Biomimetic Functions by Microscopic
Molecular Reactions in Macroscopic
Photoresponsive Crystalline System

Kingo Uchida, Ryo Nishimura, Hiroyuki Mayama, Tsuyoshi Tsujioka,
Satoshi Yokojima, and Shinichiro Nakamura

Abstract Photoresponsive crystalline systemsbymicroscopicmolecular photoreac-
tions to induce biomimetic functions are prepared using photochromic diarylethenes.
Upon UV irradiation to crystals of open-ring isomer of diarylethene, needle-shaped
crystals are formed on the surface by self-aggregation of the photogenerated closed-
ring isomers. By using the photoinduced crystal growth technique, we prepared both
superhydrophilic and superhydrophobic surfaces. Our technique is then successfully
applied to prepare the double roughness surfaces by mimicking the structure of
natural lotus leaf to show the bouncing ability of water droplet suggesting the impor-
tance of this double roughness structure. By a fine control of surface structures,
we also prepared an object transportation system exploiting the bending behavior of
surface-assembled diarylethene crystals. This systemcan transport polystyrene beads
on a photo-actuated smart surface to a desired area by changing the light incidence
irradiation directions. As further biomimetics, we prepared a hollow crystal showing
photosalient phenomena. After packing small beads in the hollow, the crystal broke
with scattering the included beads resembling the Impatiens.
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24.1 Introduction

Diarylethenes are well-known photochromic compounds which undergo cyclization
reaction to form colored closed-ring isomer upon UV irradiation, while they revert
to the original colorless open-ring isomer upon visible-light irradiation. The most
striking features of the photochromic reactions are thermal stability of both isomers,
high quantum yields of the reaction, high fatigue resistance, and photoreactivity
in the crystalline state [1, 2]. We have found the photoinduced crystal growth of
needle-shaped crystals of a closed-ring isomer upon UV irradiation to single crystal
and microcrystalline surface of a diarylethene followed by storage at 30 °C for
24 h in the dark [3]. Such photoinduced topographical changes on the surface are
due to self-aggregation of photogenerated molecules of the closed-ring isomer. The
photoinduced crystal growth technique is considered to be one of the molecular
assembling techniques.

On the other hand, photoinduced bending of a diarylethene crystals reported by
Irie et al. is also the system in which microscopic molecular photoreaction induces
the macroscopic changes of the system [4]. We aimed to build up the system where
bending crystals are aligned just like crystalline brush and they bend by photoirra-
diation to transport an object on the system. In the present chapter, we describe the
molecular assembled crystalline system in which photoinduced molecular change
introduced the macroscopic functional changes of the system including surface
topographical changes above mentioned.

24.2 Photoinduced Topographical Changes
of Diarylethene Derivatives Providing Control
of the Superhydrophobicity

In 2006, we have reported photoinduced topographical changes of a photochromic
diarylethene crystalline thin film of 1,2-bis(2-methoxy-5-trimethylsilylthien-3-
yl)perfluorocyclopentene (1o) via eutectic mixture state as shown in Fig. 24.1. Upon
UV irradiation (254 nm) to the surface of a single crystal of 1o (Fig. 24.1b), the color
became deep blue within 5 min. After 10 min irradiation with the light followed by
storage in the dark, the surface of the crystal was covered with needle-shaped crys-
tals of 1c (Fig. 24.1c) [3, 5]. Upon irradiation of the surface with visible light (λ
> 500 nm), the color disappeared, and the needle-shaped crystals melted. Changes
in surface topography of microcrystalline film prepared by coating the chloroform
solution of 1o on a glass substrate were also found [3, 5, 6]. The explanation of the
mechanism of crystal growth and melting of the needle-shaped crystals by alternate
irradiation with UV and visible light is given by a phase diagram (Fig. 24.1d). The
shape of the crystals of 1o and 1c is cubic and needles, respectively, in the case
of recrystallization from the solutions of these isomers. The needle-shaped crystals
of 1c tend to grow in one direction along the A-axis of the crystal [3, 5, 6]. Upon
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Fig. 24.1 Photoinduced topographical changes on the surface of a single crystal of 1o. aMolecular
structures of 1o and 1c. Scanning electron microscope (SEM) image of a crystal surface of 1o b
before UV irradiation, and c after UV (254 nm, 12W) irradiation for 10 min followed by storing for
24 h at 30 °C in the dark. (SEM images: ×1000). After visible-light (λ > 500 nm, 500 W, 20 min)
irradiation to the surface of (b), the surface reverts to the flat one like (a).dPhase diagramofmixtures
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UV irradiation, 1o is converted to 1c. When the molar ratio of 1c exceeds 22%,
crystal of 1cwith fibril structure grows on the film surface. The surface covered with
needle-shaped crystals of 1c showed superhydrophobicity on which contact angle
(CA) and sliding angle (SA) of a water droplet are 163° and 2°, respectively. They
are almost the same as those on natural lotus leaf. Therefore, photocontrol of the
superhydrophobicity (CA is larger than 150°) of the surface was achieved [3, 5, 6].

Such photoinduced topographical changes are observed for the other
photochromic diarylethene derivatives 2o–4o. Figure 24.2 shows themolecular struc-
tures. For the single crystal of 2o, Irie et al. reported the photoinduced topographical
changes by step-valley formation mechanism (SVM) [7]. We examined the differ-
ence between SVM and the melt- and crystal-growth mechanism (CGM) observed
for 1o. The key parameter is the glass transition temperature (T g). At 25 °C, the small
step was formed upon irradiation with UV light to the crystal surface of 2o. At 30 °C
which is around the T g of 2o, the steps on the surface were blurred [8]. These results
indicate that SVM changed to CGM for the photoinduced topographical changes
of diarylethenes around T g. The step and valley formations were not observed
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above T g. Then, wemonitored the crystal growth 1c, 2c, 3c, and 4c on the microcrys-
talline surfaces of the open-ring isomers above T g, where the T g of 1o, 2o, 3o, and
4o are −13.0, 27.9, 31.3, and 24.7 °C, respectively. The shapes of photogenerated
crystals of their derivatives are needles for 1c and 3c, cubic for 2c, and plates for 4c
as shown in Fig. 24.3 [8]. They are attributed the crystal structure of the closed-ring

Fig. 24.3 SEM images of the diarylethene microcrystalline surfaces after UV irradiation followed
by storage in the dark. a–c: surface of 1o, d–f: surface of 2o, g–i surface of 3o, and j–l surface
of 4o. a, d, g, and j Stored at the eutectic temperature of the mixture of the open- and closed-ring
isomers. b, e, h, and k Stored at the Tg or at the temperature above the Tg and below the eutectic
temperatures, which are indicated below for each case. c, f, i, and l Stored at the temperature below
the Tg. a Stored at 30 °C for 15 h, b stored at 8 °C which is above the Tg and below the eutectic
temperature for 48 h, c stored at–30 °C for 1 week, d Stored at 120 °C for 24 h, e stored at 30 °C of
the Tg for 72 h, f stored at 8 °C for 1 week, g stored at 141 °C for 20 min, h stored at 30 °C of the
Tg for 12 h, i stored at 8 °C for 7 days, j stored at 100 °C for 3 h, k stored at 80 °C which is above
the Tg for 48 h, l stored at 8 °C for 7 days. Magnitude: a, b, c, i: ×3000, d, e, f: ×1000; g ×2000;
h ×7000; j, k ×1000, l: ×3000
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isomers. The size of the crystals is inversely proportional to the molecular size. For
example, 1c and 3c form needle-shaped crystals. Since the molecular size of 1c is
smaller than 3c, the size of needle-shaped crystals of 1c is much larger than that of
3c (Fig. 24.3).

24.3 Photoinduced Topographical Changes
of a Diarylethene Derivative Providing Control
of the Superhydrophilicity

Photoresponsive superhydrophobic surfaces with the lotus effect were prepared in
the previous section. In contrast, it was difficult to prepare photoresponsive super-
hydrophilic surfaces; in order to construct a superhydrophilic surface, it is required
to prepare a derivative of diarylethene that is hydrophilic enough to reduce a contact
angle of less than 65° on its flat surface, but not dissolve in water. Here, the critical
contact angle of 65° is based on the report that a contact angle less (more) than 65°
on flat polymer surfaces decreased (increased) when the surface roughened [9].

We prepared the photoresponsive superhydrophilic surface of microcrystalline
films of diarylethene derivatives with ionic liquid structures [10]. A series of
diarylethene derivatives that we have synthesized has pyridinium salt moieties. We
found that a derivative 5o (upper panel in Fig. 24.4) shows photoinduced reversible
topographical changes upon alternate irradiation with UV and visible light and that
a superhydrophilic surface was generated (Fig. 24.4) [10].

The molecular structures, the estimated crystal shapes from the crystal units, and
the phase diagram of 5o and 5c are shown in Fig. 24.4. The melting points of 5o
and 5c were 203.2 and 190.2 °C, respectively. The eutectic temperature was 161.1
°C, where the ratio of 5o and 5c was 66: 34. The T g of 5o was measured to be 64.4
°C by DSC when heating the glassy state of 5o, which was formed by cooling down
the melted 5o after reaching the melting temperature. As we have discussed for the
photoswitching of hydrophobic surfaces, photoinduced crystal growth took place at
temperatures above T g, and in fact, the current photoinduced topographical changes
were observed at 70 °C, which is slightly higher temperature than the T g.

The microcrystalline film of 5owas prepared by coating with an acetonitrile solu-
tion on a glass substrate and by evaporating the solvent. The surface was irradiated
with UV light for 5 min, and the surface was melted and became flat (Fig. 24.5 right
panel) where the ratio of 5o and 5c was nearly 4: 6. It is the hydrophilic surface,
whose contact angle was less than 65°. Thus, a superhydrophilic surface can be real-
ized by roughening the surface [9]. After visible-light (λ > 430 nm) irradiation for
5 min onto the surface followed by maintaining the temperature of the film at 70 °C
for 24 h, bumpy crystals of 5o grew on the surface, and the contact angle became 0°
(Fig. 24.5 left panel) [10].

The reversible formations of the flat and the superhydrophilic surfaces were
observed by alternate irradiation with UV and visible light at least three times.
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Fig. 24.4 Molecular structures of open- (5o) and closed-ring (5c) isomers of a diarylethene having
ionic liquid structures, the estimated crystal shapes, and the phase diagram of 5o and 5c

Fig. 24.5 Photoswitching of the superhydrophilicity. (Upper panel) Photoinduced topographical
changes on microcrystalline surface of open-(5o) and closed-ring (5c) isomers of a diarylethene.
(Lower panel) CA changes of a water droplet on the surface
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24.4 Photoinduced Fabrication of Double Roughness
Surface Mimicking Lotus Leaf
and the Superhydrophobicity

In nature, many plants and insects have superhydrophobic surfaces with double
roughness structure. For example, the lotus leaf and legs of a water strider have
the double roughness structure. Historically, the “lotus effect” found by Barthlott
and Neinhuis is the milestone [11]. They investigated the super water-repellent and
self-cleaning effect of the lotus leaf and attributed it to the double roughness struc-
ture with structures and nanostructures on its surface, together with the hydrophobic
properties of epicuticular wax [12]. As for the self-cleaning, the bouncing of a water
droplet plays an important role, and artificial double roughness structures have been
prepared [13, 14]. Here, we report a guiding principle to prepare a superhydrophobic
surface with the double roughness structure of a diarylethene microcrystal by using
crystal growth technique (CGT). The prepared surface bounced a water droplet on it
[15, 16].

The procedure to prepare the double roughness structuredmicrocrystalline surface
of 1o is shown in Fig. 24.6. Initially, the microcrystalline surface of 1o (Fig. 24.6-1)
was irradiated with UV light. Then, the colorless 1o near the surface is photoisomer-
ized to be 1c with blue color (Fig. 24.6-2). By storage at 50 °C, the needle-shaped
crystals of 1c grew on the surface (Fig. 24.6-3). Due to Ostwald ripening, the crystals
covering the surface changed from the needle-shaped to the rod-shaped crystals of
1c after storage for 24 h at 50 °C in the dark (Fig. 24.6-4) [5]. To make the double
roughness structure, we need to grow needle-shaped crystals on rod-shaped crystals
as in Fig. 24.6-9a, i.e., first make 1o on rod-shaped crystals by irradiation with visible
light, then grow needle-shaped crystals of 1c by irradiation with UV light. However,
the rod-shaped crystals of Fig. 24.6-4 were not thick enough; the crystals melt upon
visible-light irradiation.

To make thick rod-shaped crystals of 1c, we further applied the Ostwald ripening.
The surface of Fig. 24.6-4 was irradiated with UV light again and stored it at 70
°C for 3 h in the dark (Fig. 24.6-5). Then, the small rod-shaped crystals of 1c grew
on the surface (Fig. 24.6-6), and were incorporated in the larger rod-shaped crystals
(Fig. 24.6-7a). The average width and length of these rod-shaped crystals at the state
shown in Fig. 24.6-7a were 10 and 21 µm, respectively.

Upon visible-light irradiation to the surface of Fig. 24.6-7a, cycloreversion reac-
tion from 1c to 1o proceeded, and the surface was covered with cubic-shaped crystals
of 1o (Fig. 24.6-8a) on the 10-µm rough structures. The size of each bumpy rod-
shaped crystal was almost the same as that of a projection on a lotus leaf covered
with plant wax tubes. The enlarged crystals were not melted [5, 6].

Upon UV irradiation to the surface, each rod-shaped crystal was covered with
needle-shaped crystals of 1c of 0.2–0.5 µm width and 3–5 µm length. Thus, double
roughness structures were obtained (Fig. 24.6-9a). The needle-shaped crystals were
much smaller than those grown on the flat microcrystalline surface of 1o due to the
small supply of 1c crystals to form needle-shaped crystals on each projection. The
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Fig. 24.6 Process of the preparation of double roughness structures. (1–6,7a,8a,9a): the surface
illustrated by pale blue and dark blue colors correspond to crystals of 1o and 1c, respectively.
SEM images of each surface: (7b) a surface with rod-shaped crystals of 1c, (8b) the surface after
irradiation with visible light to that of 7b, (9b) the surface after second UV irradiation to that of 8b
followed by storing it at 50 °C for 1 h in dark; (7c, 8c, 9c) the side view of the surfaces of 7b, 8b,
and 9b, respectively; (7d, 8d, 9d) water droplet (1.5 µL) on surfaces of 7b, 8b, and 9b, respectively.
Scale bars and magnifications, 10 µm and 1000 times for 7b–9b; 5 µm and 2000 times for 7c–9c
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SEM images of the surfaces in Fig. 24.6-7a,8a,9a are shown in Fig. 24.6-7b,8b,9b,
respectively. Corresponding SEM images of cross sections of samples in Fig. 24.6-
7b,8b,9b are shown in Fig. 24.6-7c,8c,9c, respectively. The size distribution of the
microstructures on natural lotus leaf was reported by box-counting fractal analysis
[17]. The size distribution of the double roughness structure was very similar to that
of natural lotus leaf.

The CAs of water droplets on the surfaces of rod-shaped crystals of 1c (Fig. 24.6-
7a,7b,7c) and cubic crystals of 1o (Fig. 24.6-8a,8b,8c) were around 130°. The water
droplets were pinned on the surface, even when the surfaces were upside down
(Fig. 24.6-7d,8d). The CA and SA on the surface with double roughness structures
were 161.9 ± 2.0° and 2°, respectively. The advanced (CAad) and receding (CArec)
CAs of a water droplet were 162.0 ± 1.6° and 158.3 ± 1.4°, respectively. Thus, a
remarkable lotus effect was observed (Fig. 24.6-9d). The reversibility of the melting
and reformation of double roughness structure by alternate irradiation with UV and
visible light were successfully achieved.

The static CAs and SAs of water droplets on the microcrystalline surface with
double roughness structure resembled those obtained for single roughness surfaces of
the same diarylethene 1. To further examine the hydrophobic property of the surface,
a water-droplet bouncing experiment on the diarylethene microcrystalline surface
with double roughness structures was carried out by dropping the water droplet
from h = 1.8 mm high. The result was compared with those of diarylethene with
single roughness structure and natural lotus leaf (Fig. 24.7). On the lotus leaf, water
droplets bounced (Fig. 24.7a), while bouncing was not observed on a diarylethene
microcrystalline surface with single roughness structure (Fig. 24.7b). The bouncing
was reproduced only on themicrocrystalline surface with double roughness structure
(Fig. 24.7c). The importance of double roughness structure over single roughness
structure is thus confirmed.

24.5 Dual Wettability on Diarylethene Microcrystalline
Surface Composited with Two Types of Needle-Shaped
Crystals of Two Diarylethene Derivatives

In nature, many plants and insects have specific interesting properties with specific
rough structures. The termite wing has a specific property of wetting in contact with
a water droplet: it adsorbs water mist, whereas larger water droplets are bounced
on the surface [18]. It is called “dual wettability.” The surface of termite wing is
covered with two types of projections of different sizes. One is a hair-like projection
with about 50 µm long and 1 µmwide, whereas the other is a star-shaped projection
of 5–6 µm in height and width. These hairs protect the wing from the contact with
large water droplets, whereas the small projections work to keep the small droplets
on the surface of the wing, followed by gathering to build up large ones to remove
them via the hair arrays. Here, we reproduce the dual wettability of termite wing by
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Fig. 24.7 Comparison of bouncing phenomena of a water droplet (7.6 µL) on different surfaces.
Water-droplet-bouncing phenomena on a lotus leaf, and on diarylethene microcrystalline surfaces
with b single and c double roughness structure (h = 1.8 mm). Illustration of the parameters deter-
mining Laplace pressure (PL) on d lotus leaf, and e single and f double roughness structures.
PL is determined by height H of surface structures and effective pitches peff between almost
perpendicularly standing needles indicated by red color

a photoinduced crystal growth technique [19] by mixing two derivatives 1o and 3o
with expecting that two types of crystals grow on the surface with different sizes just
like the structure on termite wing. A solution containing equimolar amount of 1o and
3o was coated onto a glass plate. After the evaporation of the solvent in vacuo, the
surface of the microcrystalline was irradiated for 5 min with 313-nm light followed
by storage at 30 °C. This temperature is higher than both of the T g of 1o and 3o
crystals. Therefore, crystals of 1c and 3c grew on a softened surface above T g [8].
After storage of 9 days at this temperature in the dark, the surface was covered with
two types of needle-shaped crystals of 1c and 3c (Surf1c + 3c). SEM images at
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different angles with different mixture of 1c and 3c are shown in Fig. 24.8(a–f).
The larger needle-shaped crystals grown on the mixed microcrystalline surface are
crystals of 1c, and their lengths and widths are about 16 and 1.5 µm, respectively,
whereas the smaller ones are crystals of 3c with lengths and widths around 1.9 and
0.2 µm, respectively. These sizes are quite consistent with those observed for homo
microcrystalline surfaces.

The photoinduced CGT of 3o was already studied in detail [20]; however, the
mixture of two diarylethenes may produce the surface with the sum of two different
characteristics or completely different characteristics.

The obtained photogenerated rough surface with the two different-sized needle-
shaped crystals of 1c and 3c shows specific bouncing ability mimicking a termite
wing as we have intended. Then, we analyzed the surface structures to clarify the
relation between the wettability by monitoring the different sizes of water droplet on
the surface [21]. Water droplets with the volume of 7.6 ± 0.6 µL were poured from

Fig. 24.8 Comparison of the photoinduced surface topologies. (Upper panels)A: Surface of 1c, B:
Surface of 1c + 3c, and C: Surface of 3c. Illustrations of pale blue substrate and dark blue crystals
correspond to crystals of open- and closed-ring isomers, respectively. (Middle panels) SEM images
of each surface; a and d: surface with needle-shaped crystals of 1c, b, and e: surface with needle-
shaped crystals of 1c and 3c, c and f: surface with needle-shaped crystals of 3c. Scale bars: 5 µm
for images of a–c and e, which are magnified 2000 times; 10 µm for images of d and f, which
are magnified 1000 times. (Lower panels) g Optical images of a non-bouncing droplet on surface
A. h Optical images of a bouncing droplet on surface B. A small droplet remained on the surface
(indicated by a blue arrow). i Optical images of a bouncing droplet on surface C. Scale bar of the
last image in h is 1 mm
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a height of 10 cm onto these surfaces for monitoring the bouncing phenomena. The
microcrystalline surface consists of only 1o forming a rough surface of larger needle-
shaped crystals shows water-adhesive properties as shown in Fig. 24.8g, whereas the
microcrystalline surface consists of only 3o forming a rough surface of smaller
needle-shaped crystals shows water-bouncing properties (Fig. 24.8i). We released
a water droplet to the surface B with two types of needle-shaped-crystals of 1c
and 3c in the same way and found a small portion of water remained on the surface
(Fig. 24.8h). On this surface inwhich needle-shaped crystalsworked to provide either
water adhesion or repellency is a question. These results indicated that on surface B,
the longer needle-shaped crystal of 1c achieved water-capturing capability, whereas
the smaller needle-shaped crystals of 3c achieved water-repelling capability.

Then, wemeasured the sizes of all droplets contacting the surfaces. By comparing
the size distributions of the droplets, the bouncing and non-bouncing ranges are
separated by mixing the two diarylethenes.

On the surfaces of A and C, the difference between the average of the size
of a droplet showing bouncing and that showing non-bouncing behavior is rela-
tively small, at 76.2 and 66.8 µm, respectively. On the other hand, this difference
for B was rather larger (155.1 µm). These results indicate that by mixing the two
diarylethene derivatives, the difference between bouncing and non-bouncing water
droplets became dramatically separated, i.e., the dependence on the size of water
droplets was clearly distinguished for both types of wettability (Fig. 24.9).

24.6 Object Transportation System Consists of Bending
Crystals

The design of an object transportation system exploiting the bending behavior of
surface-assembled diarylethene crystals is reported. Since Irie and his co-workers
reported the photoinduced bending behavior [4], photoinduced bending, rolling and
twisting [22], and elegant demonstration of an iron ball lifting and gear rotating
on a bending crystals [23, 24]. Herein, we design the array of bending crystals with
cooperative photoinduced bending to carry the object far from the UV incidence, just
like photo-actuated cilia of inspired paramecium aurelia (Fig. 24.10) [25].Molecular
packing of 6o in the crystal is shown in Fig. 24.11. There are two conformers of
M- and P-helix molecules, and they are alternatively combined with intermolecular
hydrogen bonding along long axis (b-axis) of the crystal.

The crystal array of the bending crystals of 6o was prepared by sublimation;
however, direct sublimation of 6o to obtain an amorphous film of 6owith a nearly flat
surfacewith dottedmicrostructureswhose average diameter and heightwere 0.30µm
and 0.43 µm, respectively (Fig. 24.12a). Then the dotted surface was coated with
Au–Pd alloy bymagnetron sputtering, and then the surface with the Au–Pd alloy was
used as a target substrate resulted in the accelerated growth of thin platelet crystals
of 6o on each of the dots on the glass substrate (Fig. 24.12b). The average length and



418 K. Uchida et al.

Fig. 24.9 Optical images of a microdroplet and size distributions. a–d Optical afterimages during
bouncing of a water droplet on Surf1c+ 2c in 3 ms. Red arrows indicate direction of motion of the
droplet. Blue circles in a are droplets adsorbing on the surface. Scale bars for the optical images in
a–d are 0.5 mm. e–g Distributions of diameters of water droplets contacted with Surf1c, Surf3c,
and Surf1c + 3c. e Surf1c, f Surf3c, and g Surf1c + 3c. In e–g, red dots: diameter distribution of
non-bouncing droplets, black dots: diameter distribution of bouncing droplets generated by sprayer
1 (Spr. 1: Generating the microdroplet of 40–400 µm in diameter), and blue dots: diameter distri-
bution of bouncing droplets generated by sprayer 2 (Spr. 2: generating the microdroplets of 400–
1000 µm in diameter). Number of droplets used for preparation of distribution is shown inside the
graphs (e)–(g)
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Fig. 24.10 aMolecular structure of the open- (left) and closed-ring (right) isomers of diarylethene
derivative 6 and b the concept of the photoreactive object transportation system

Fig. 24.11 Packing of molecules of 6o in the single crystal

width of the platelet crystals of the 6o on the glass substrate was 384.5 and 10.5 µm,
respectively (Fig. 24.12c,d).

The long axis of the platelet crystals in Fig. 24.12 is assigned to the b-axis in
Fig. 24.11. UponUV irradiation fromboth (100) and (001) surfaces, the crystal bends
far from incidence because short axis of 6o molecules expands at photo-irradiated
surface.

To the surface with array of bending crystals of 6o, UV light was irradiated
from left side. Then, all crystals bent to right side cooperatively. On the surface,
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Fig. 24.12 a Packing of
molecules of 6o in the single
crystal. (scale bar for c:
3.33 µm)

a polystyrene bead (PB) with 1 mm diameter was placed. Then, the UV light was
irradiated. Initially, (a) UV-light was irradiated from the bottom of the screen, the
PB moved to top side and then (b) visible light was irradiated orthogonal to the
surface followed by UV-light irradiation from the top of the screen. The PB moved
to the bottom direction as shown in Fig. 24.13. These results indicate the cooperative
bending of the DAE crystals works well to transport a PB. This smart surface will be
applicable for remote-controlled object transportation in various environments and
holds potential for the development of soft robots.

Fig. 24.13 Photographs showing the transportation of the PB uponUV and visible-light irradiation.
aAfterUV-light irradiation from the bottomof the screen,b after visible-light irradiation orthogonal
to the surface followed by UV-light irradiation from the top of the screen. Scale bars: 1 mm



24 Biomimetic Functions by Microscopic Molecular Reactions … 421

24.7 Photosalient Phenomena of Hollow Crystals
of a Diarylethene

In diarylethene crystals, themost commonly observed phenomena have been bending
and twisting [4, 22]. On the other hand, light induced scattering of organic crystals
are well known as photosalient effect [26]. A photosalient effect was also observed
in non-hollow crystals of some diarylethenes [27, 28]. Recently, we synthesized
a diarylethene 7o having a perfluorocyclohexene ring with two thiazole rings and
reported photochromism in solution and a crystalline state as well as the photosalient
effect [29]. The thin crystals of 7o fabricated by sublimation at normal pressure
showed bending, jumping, and scattering upon UV irradiation.

A diarylethene 7o with a perfluorocyclohexene ring formed hollow crystals by
sublimationunder ambient pressure.UponUVirradiationof the crystals, they showed
remarkable photosalient phenomena and scattered into small pieces. The speed of
the flying debris released from the crystal by UV irradiation exceeded several meters
per second. It is due to the larger molecular size changes from 7o to 7c (Table 24.1,
Fig. 24.14), which is much larger than those of corresponding five-membered ring
derivative [29].

By sublimation of 7o under ambient pressure, hollow crystals were appearing
during sublimation in 5% yield. They have photoresponsive properties, which have
never been reported previously.Molecular packing of the hollowcrystalwas analyzed
at SPring-8 (synchrotron radiation facility), and it was found to be the same crystal
structure as that observed in the bulk crystal. The hollow structure of 7o can effec-
tively achieve photoinduced scattering. The formation of such a hollow structure is
attributed to the crystal growth from surrounding microcrystals by Ostwald ripening.
During this growth, it is difficult to supply 7o for the central part of the standing crys-
tals (Iwanaga model) [30]. Optical and SEM images of the hollow crystal are shown
in Fig. 24.15a, b. UponUV irradiation in the direction of thewhite arrow, small cracks
were generated on the UV-irradiated surface (Fig. 24.15d). This occurred because
the standing crystal fixed on the substrate did not scatter into small pieces.

Next, small plastic beads (1.0-µm diameter) containing fluorescent dye were
packed into the hollow crystal, and the crystal was irradiated with UV light

Table 24.1 Crystal data for 7o and 7o-UV

7o 7o-UV (after 400 nm light irradiation for 5 min)

a/Å 13.3855(4) 13.4391(6) + 0.40%

b/Å 25.1206(9) 25.2408(14) + 0.48%

c/Å 14.7089(5) 14.6414(8) − 0.46%

α/° 90 90

β/° 97.3991(10) 97.8337(16) + 0.45%

γ /° 90 90

V/Å3 4904.7(3) 4920.2(4) + 0.32%
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Fig. 24.14 aMolecular structures of the open- (left) and closed-ring (right) isomers of diarylethene
derivative 7, b Changes of molecular sizes from 7o to 7c in the crystal, c Molecular packing of 7o
in the unit cell, d photoinduced bending of thin crystal of 7o and the relation to the unit cell

(Fig. 24.15e). The beads immediately scattered with the deformation and breaking
of the walls, in the manner of seeds bursting from impatiens (Fig. 24.15f). This
phenomenon implies that the photoresponsive hollow crystal works as a kind of soft
robot which scatters inclusions by action of light [31].

24.8 Conclusion

We described the fabrication of biomimetic crystalline surfaces. They show specific
wetting properties owing to self-aggregation of photogenerated molecules. These
systems realize that the molecular-level aggregation, which is microscopic, induces
the macroscopic surface functions. At first, we prepared the switching system
in which the aggregation of photochromic molecules is reversible. Secondly, we



24 Biomimetic Functions by Microscopic Molecular Reactions … 423

Fig. 24.15 a A hollow crystal of 7o prepared by sublimation under normal pressure, b A SEM
image of a hollow crystal from top view, c A hollow crystal in SEM chamber before UV irradiation,
d A hollow crystal in SEM chamber after UV irradiation, e A hollow crystal filled with fluorescent
beads, f Scattering of beads upon UV irradiation. Scale bars: 100 µm for a 3.3 µm for b, 20 µm
for (c–f)

prepared a crystalline brush consisting of photochromic bending crystals; the systems
could transfer the object on the surface, following the direction of incident light.
In this system, molecular movement upon photoirradiation cooperatively works to
realize the function of object transport. Finally, we presented the photoresponsive
broken system (i.e., photosalient effect) in which hollow-shaped crystal included
small fluorescent beads scattered the beads upon UV irradiation with breaking the
crystals. Photosalient phenomena were already well known, however, in this study,
we gave a real function to the phenomena.
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Chapter 25
Photoresponsive Molecular Crystals
for Light-Driven Photoactuators

Seiya Kobatake and Daichi Kitagawa

Abstract Various types of photomechanical motion have drawn much attention
because there is a potential to create photomechanical actuators from molecular-
scale to macro-scale. To construct photoactuators, it is necessary to utilize a
molecular assembly with a small free volume. Photochromic compounds undergo
photoreversible isomerization between the original colorless isomer and the
photogenerated colored isomer upon alternating irradiation with UV and visible
light. Among many known photochromic compounds, diarylethenes undergo
photochromic reactions even in the crystalline phase. The present review intro-
duces recent development in the study of photomechanical crystals including crystal
shape changes, bending velocity, dependence of the bending behavior on irradiation
wavelength, the behavior in mixed crystal, new types of photomechanical motion,
and applications. These photomechanical behaviors are based on geometrical struc-
ture changes in the crystalline phase and can be applied to macro-sized light-driven
photoactuators.

Keywords Photochromism · Diarylethene · Actuator · Photomechanical ·
Switching

25.1 Introduction

Molecules that change their molecular shape in response to heat and light have been
developed as mechanical materials in a very small region at the molecular level, as
known in the Nobel Prize in Chemistry 2016 “for the design and synthesis of molec-
ular machines”. Such molecules are expected to be applied not only as individual
molecules but also as supramolecular structures that function by combining them.
However, the construction of mechanical materials and micromachines in the meso-
scopic region (nanometer to micrometer) that is slightly larger than the molecular
size is not so easy because the movement of each molecule cannot be directly linked
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to the deformation of the material due to a large free volume around the molecule. It
is necessary to use a molecular assembly with a small free volume.

The phenomenon in which a chemical species reversibly isomerizes between
two isomers having different colors upon photoirradiation is called photochromism.
Various physicochemical properties such as conductivity, dielectric constant, refrac-
tive index, redox potential, and fluorescence are also reversibly changed by the
photochromic reaction. Azobenzene, spiropyran, furylfulgide, and diarylethene are
representative photochromic compounds. Among them, diarylethene has excellent
properties such as thermal stability of both isomers, high durability, high sensitivity,
and rapid response [1, 2].When a diarylethene is irradiatedwith ultraviolet (UV) light
in a colorless state called an open-ring isomer, the molecular structure is changed to
a colored state called a closed-ring isomer. Moreover, when the colored closed-ring
isomer is irradiated with visible light, it returns to the original colorless open-ring
isomer. Many diarylethenes exhibit photochromism not only in solution but also in
the crystalline state. Crystals are considered as a molecular assembly with a small
free volume in whichmolecules are regularly arranged and packed, and the photome-
chanical behavior of diarylethene crystals associated with the photochromic reaction
is investigated. This chapter focuses on photomechanical organic crystals, especially
diarylethene crystals, and describes future developments of this research field.

25.2 Discovery of Photomechanical Crystals

The first example of a molecular crystal that bends reversibly in response to light
(photomechanical crystal) is the rhodium semiquinone complex crystal reported by
Abakumov and Nevodchikov [3]. When thin acicular crystals were irradiated with
light in the charge-transfer absorption band having an absorption maximum near
1600 nm, it was confirmed that the crystals bend 45°. It has been concluded that this
bending behavior is due to the formation of Rh–Rh bonds between the complexes
within the crystal. However, since oxygen is required for the cleavage of the Rh–Rh
bond in the reverse reaction, it does not return exactly to the original shape. Also, if
left in the presence of air all day long, the bending ability is lost.

Since then, little attention has been paid to research on photomechanical crystals,
and during that time, research was focused on photochemical reactions in solid and
crystalline states. In 2001, a photoreversible crystal surface morphology change in a
diarylethene single crystal was reported [4]. In the diarylethene crystal with a size of
several millimetres, a step of 1 nm or valley is formed with UV light irradiation, and
the original smooth surface is formed by visible light irradiation. This result reflects
the reversible molecular structure change of the diarylethene molecule due to UV
and visible light irradiation. In 2006, Bardeen et al. found that crystal nanorods of an
anthracene derivative were elongated by 15% due to [4 + 4] photodimerization [5].
This is different from an intramolecular reaction such as the cyclization and cyclore-
version reaction of diarylethene, and utilizes the volume change in the crystal due to
the intermolecular reaction. In 2007, a reversible crystal shape change of diarylethene
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(a) (b)

Fig. 25.1 Photoreversible crystal shape changes of diarylethene microcrystals 1 and 2

single crystals by photoirradiationwas reported (Fig. 25.1) [6].WhenUV light is irra-
diated to a small single crystal of diarylethene 1with a thickness of several hundreds
of nanometers, the entire crystal reacts almost uniformly, changing the color of the
crystal from colorless to blue, and from a nearly square shape to a rhombus shape.
Such crystal shape change could be repeatedmore than 100 times. Furthermore,when
UV light was irradiated to a rod-like crystal of diarylethene 2, the crystal bent toward
the direction of the incident UV light. Moreover, it returned to the original straight
shape crystal when irradiated with visible light. Furthermore, using this bending
behavior, the crystal can hit silica particle that is 50 times heavier than its ownweight.
This result suggests the possibility that photoresponsive molecular crystals can be
used as light-driven actuators at the micro-scale. Starting from this study, research
was conducted on the photomechanical behavior of small single crystals of various
photochromic compounds. Examples of compounds exhibiting crystalline photome-
chanical behavior are shown in Fig. 25.2. It has become clear that photochromic
compounds such as diarylethenes [6–24], azobenzenes [25–30], furylfulgides [31],
salicylideneanilines [32–34], anthracene derivatives [5, 35–40], 4-chlorocinnamic
acid [41], 1,2-bis(4-pyridyl)ethylene salt [42], benzylidenedimethylimidazolinone
[43], and others [44, 45] exhibit photomechanical behavior using micro-sized single
crystals. The typical photomechanical motions are contraction, elongation, bending,
separation, twisting, curling, and so on. In particular, the bending behavior is the
most common photomechanical motion reported so far.

25.3 Bending Behavior of Diarylethene Crystal

The bending phenomenon induced by photoirradiation will be described here using
diarylethene crystals as an example. When a diarylethene molecule is isomerized
from the open-ring form to the closed-ring form, the long axis of the molecule
contracts, the short axis of the molecule elongates, and the thickness of the molecule
decreases as shown in Fig. 25.3. The slight change in molecular structure accom-
panying the photochromic reaction causes a photomechanical phenomenon of the
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(a)

(b)

Fig. 25.2 aDiarylethene derivatives and b others that exhibit crystalline photomechanical response

Fig. 25.3 Geometrical structures of diarylethene open- and closed-ring isomers

diarylethene crystal. As described above, when UV light is irradiated onto a thin
crystal, the entire crystal reacts almost uniformly, resulting in the crystal shape
change. This crystal shape change is observed when the molecular packing is the
same even if themolecular structure is different.When light is applied non-uniformly
to a slightly thicker crystal, the photochromic reaction proceeds only on the crystal
surface, and the crystal bends like a bimetal. The contraction/elongation and bending
deformation of the crystal are basically the same phenomena. When the rod-like
crystal of diarylethene 2 is irradiated with UV light, the crystal bends in the direc-
tion of the incident light and returns to the original rod-like crystal when irradiated
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with visible light (Fig. 25.1b). On the other hand, crystals that bend away from
the incident UV light have been reported. This means that the molecular packing of
diarylethenemolecules in the crystal plays an important role in the bending direction.
Furthermore, such a bending behavior is observed when the thickness of the crystal
is about severalµm, but the crystal does not bend when the thickness of the crystal is
increased. The dependence of the bending velocity on the crystal thickness has been
clarified by analysis using a bimetal model. Furthermore, by using Timoshenko’s
bimetal model analysis, it became possible to compare the bending speed between
crystals of different compounds.

Further detailed studies on the bending behavior using diarylethene crystals have
been conducted. When the rod crystal of diarylethene 2 is irradiated with 365 nm
light, it bends toward the light source, but when irradiated with 380 nm light, it once
bends to the opposite side of the light source and then bends toward the light source
[17]. Furthermore, it was found that the behavior by visible light irradiation was
also different from each other depending on the irradiation direction (Fig. 25.4). It
was concluded that this is because the depth of the photochromic reaction from the
crystal surface differs by changing the irradiation wavelength of UV light. This is
an interesting result that the photomechanical behavior changes depending on the
irradiation wavelength even if the same crystal is used.

Polarized light irradiation can be another method to control the depth of the
photochromic reaction from the crystal surface based on the electronic transition
dipole moment of the aligned molecule. Upon irradiation with polarized UV light,
the rod-like crystal 3 and 4 exhibited photoinduced bending behaviors. The initial

(a)

(b)

(c)

Fig. 25.4 Photoinducedbendingbehavior of diarylethene crystal 2 upon irradiationwith 365 (a) and
380 nm light (b, c) from the left side. The visible light was irradiated from the right side (a, b) and
the left side (c). Reproduced from Ref. [17] with permission of the PCCP Owner Societies
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Fig. 25.5 Illustration for difference in the photoinduced bending speed of diarylethene crystals
depending on the polarization angle upon irradiation with polarized UV light

velocity of curvature change was well correlated to the absorption anisotropy of the
open-ring form in the crystal, which indicates that the reaction depth from the crystal
surface plays an important role in the photomechanical crystal bending.Moreover, the
unique bending behavior such as “swing-forward” and “swing-backward” motions
was observed using polarized UV and visible light irradiation [24]. The mechanism
of the unique motions could be well explained by considering the reaction depth
from the crystal surface as shown in Fig. 25.5.

It is very interesting from the viewpoint of a solid-state photochemical reaction to
know how small structural changes of individual diarylethene molecules in a crystal
work against a macroscopic change such as the bending behavior of the crystal.
Morimoto and Irie et al. investigated mixed crystals composed of two different types
of diarylethenes. When a mixed crystal in which diarylethenes 4 and 5 are randomly
arranged in the crystal was irradiated with UV light, the crystal bent toward the UV
light source accompanying the photochromic reaction of the diarylethene molecules
from the open-ring forms to the closed-ring forms. When this state was irradiated
with 750 nm light, only 4 returned to the original open-ring form, while 5 remained
in the closed-ring form. At this time, the bending angle of the crystal decreased with
the cycloreversion reaction of 4, but the crystal kept slightly bent due to the presence
of the remaining closed-ring form of 5. After that, when the light of >500 nm was
irradiated, the remaining closed-ring form of 5 returned to the open-ring form, and
the crystal returned to the original straight shape (Fig. 25.6) [16]. This result suggests
that the structural change of individual diarylethene molecules in the crystal works
additively to the crystal bending. A study on the effect of the UV light irradiation
intensity on the bending velocity of crystals also supports this result. That is, since the
bending speed is proportional to the number of reacted molecules of diarylethenes
in the crystal, it is proportional to the UV light irradiation intensity (Fig. 25.7) [21].
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Fig. 25.6 Schematic illustration of the reactions in the mixed crystal of 4 and 5 upon irradiation
with 365 nm and 750 nm light and the bending response of the crystal. Adapted from Ref. [16] with
permission of The Royal Society of Chemistry

(a) (b)

(c) (d)

Fig. 25.7 a Molecular structure of 3, b photographs of photoinduced bending behavior of crystal
3, c curvature change as a function of UV irradiation time, and d the initial velocity of curvature
change (V init) as a function of the power of the incident UV light for crystal 3 (thickness: 6.7 µm).
The power of the incident UV light was 174 (●), 132 (�), 91.0 (◆), 70.2 (▲), 52.7 (▼), 44.8 (◯),
35.1 (�), 26.3 (◇), 17.6 (�), and 8.17 mW cm−2 (▽) for (c). Adapted with permission from Ref.
[21]. Copyright 2017 American Chemical Society
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(a)

(b) (c)

Fig. 25.8 Photoinduced stepwise bending behavior of diarylethene crystal 6 and curvature change
relative to irradiation time of UV light. The photograph is a superimposition of 20 frames taken at
intervals of 1 s. Adapted from Ref. [19] with permission of The Royal Society of Chemistry

In the course of study, peculiar bending behavior was confirmed by continuing
UV light irradiation. When the rod-like crystal of diarylethene 6 was irradiated with
UV light, the crystal bent to the opposite side of the UV light source, and the bending
speed once decreased, but when UV light was continuously irradiated, the bending
speed increased again. In other words, a stepwise bending behavior in which the
bending speed changes along the way was observed (Fig. 25.8) [19]. This behavior
cannot be explained only by the fact that the structural change of the diarylethene
molecule acts additively on the bending of the crystal. Bending only in the first stage
could be reversibly repeated more than 100 times by alternative irradiation with UV
light and visible light. On the other hand, when UV light was irradiated until the
second stage bending occurs, followed by visible light irradiation, the crystal grad-
ually exhibited no stepwise bending behavior. In other words, the bending velocity
of the crystal became no to change during the bending motion. Moreover, it was
found that when the UV light irradiation was stopped during the second stage of
bending, the crystal continued to bend even though no photoirradiation was applied.
From melting point and powder X-ray diffraction patterns, it was concluded that the
stepwise bending behavior is due to an irreversible phase transition or a decrease
in crystallinity caused by photoisomerization of diarylethene molecules from the
open-ring to the closed-ring form.

In contrast, crystals of diarylethene 7 were found to undergo a reversible ther-
modynamic single-crystal-to-single-crystal phase transition accompanying a change
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in crystal length, which was clarified by differential scanning calorimetry measure-
ment, X-ray crystallographic analysis, and direct microscopic observation of the
crystal length [22]. Upon irradiation with UV light, the rod-like crystal exhibited
unusual photomechanical behavior. The crystal slowly bent away from the inci-
dent light at first and quickly bent away from the light source on the way. After
continuous irradiation with UV light, the crystal suddenly returned to the initial
straight shape as shown in Fig. 25.9. From the investigation in detail, it was revealed
that the unusual bending is based on the combination of the photochromic reaction
and the phase transition. Moreover, the photoirradiated crystal exhibited thermal
bending behavior by changing temperature as shown in Fig. 25.10. This is a new
type of reversible mechanical material. These results suggest the possibility that
unique photomechanical behavior appears by combining complex elements other
than photochromic reactions.

Fig. 25.9 Photomechanical behavior of diarylethene 7 upon irradiation with UV (365 m) light
from the left side. Reprinted with permission from Ref. [22]. Copyright 2017 American Chemical
Society
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Fig. 25.10 The thermal bending behavior of the photoirradiated crystal 7 by changing temperature.
The initial crystal was prepared by irradiation with UV light from the left side. Reprinted with
permission from Ref. [22]. Copyright 2017 American Chemical Society

25.4 Novel Photomechanical Phenomena

In recent years, new photomechanical phenomena other than contraction, elonga-
tion, and bending have been reported. Irradiation of UV light to crystals of nitropen-
taamine cobalt complex confirmed the “photosalient effect” in which the crystals
jump after the induction period (Fig. 25.11) [45]. It is concluded that this is because
the small structural change of the nitro group due to light irradiation generates strain
in the crystals tightly packed with intermolecular hydrogen bonds, and the stored
strain is released at once. Similar phenomena have been reported in gold isocyanide
complexes [46] and diarylethene crystals [20, 47, 48]. Diarylethene 8 and 9 having
urethane bonding unit in the molecular structure exhibited the photosalient effect
by UV irradiation as shown in Fig. 25.12 [20]. From X-ray crystallographic anal-
ysis, both crystals have intermolecular hydrogen bonding network at their urethane
bonding units in the crystal, resulting in strong intermolecular interaction. The influ-
ence of crystal size (area), thickness, and volume on the initial speed of a fragment
was not observed. The average speed and the kinetic energy for a crystal fragment
were estimated to be 4.7 m s−1 and 3.2 × 10−12 J for 8 and 1.9 m s−1 and 0.50 ×
10−12 J for 9, respectively. The difference in the speed and energy might be ascribed
to the difference in the power of intermolecular interaction.

On the other hand, as an example of a very flexible change in crystal shape, a
photoinduced twisting phenomenon was found, in which a spiral is formed when UV
light is irradiated on a 9-methylanthracene crystal [37]. This twist was not observed
when the bulk crystal or rod-like crystal was irradiated with light, but only when
a very thin ribbon-like crystal was irradiated. It has been concluded that this twist
is induced by the intermolecular photodimerization reaction of anthracenes, but the
details of the mechanism are not clear. Besides, in the intermolecular photodimer-
ization of anthracene, the reverse reaction proceeds thermally, so that the crystal
shape also thermally returns to the original state. Such a photoinduced twisting
phenomenon has also been confirmed in diarylethene crystals of 10 (Fig. 25.13)
[12]. In this system, since intramolecular photocyclization and photocycloreversion
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Fig. 25.11 Series of snapshots and sketches of the five kinematic effects of UV-excited crystals of
[Co(NH3)5(NO2)]Cl(NO3). Adapted with permission from Ref. [45]. Copyright 2013 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim

of diarylethene molecules are used, the crystal shape is not restored thermally and
reversibly changes by irradiation with UV light and visible light. Further, the right-
handed or left-handed spiral formation can be controlled according to the crystal
plane to which UV light is irradiated. It has been clarified that the spiral formation is
because the induction period exists before the crystal deformation occurs in addition
to the diagonal contraction of the crystal. It was also confirmed that when dimethyl-2-
(3-anthracen-9-yl)arylidene) malonate nanowire crystals were irradiated with light,
the crystals were irreversibly deformed into a coil shape [39]. In this crystal, not an
intermolecular [4+ 4] dimerization reaction of anthracene, but an E↔ Z isomeriza-
tion reaction in the molecule proceeds, whereby the crystal/amorphous mixed-phase
generated in the crystal causes internal strain, causing a dramatic shape change.
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(a)

(b)

Fig. 25.12 Optical photographs of diarylethene crystals 8 and 9 before and after UV (365 nm light)
irradiation. Reprinted with permission from Ref. [20]. Copyright 2016 American Chemical Society

Fig. 25.13 Photoinduced twisting of diarylethene crystal 10

Although many new and unique photomechanical phenomena have been reported
in this way, it is difficult to predict and design photomechanical behavior from the
molecular structure, and it is no exaggeration to say that the discovery depends on
serendipity. Therefore, it is needed to find something that can be controlled other than
themolecular structure. Bardeen et al. found a new photomechanical phenomenon by
devising a crystal fabrication method [49]. When 4-fluoroanthracenecarboxylic acid
was recrystallized by changing pH, defects were generated during the crystal growth
process and branched X-shape crystals were obtained.When the X-shape crystal was
irradiated with UV light, it rotated in one direction like a ratchet (Fig. 25.14). It is
concluded that the rotation direction depends on the chirality of the branched crystal
itself. Furthermore, it was found that crystals with a large number of branches can
be obtained by crystallization while carrying out hydrolysis of ester in a solution,
and photomechanical phenomena that the silica nanoparticles scattered around are
collected in one place have also been reported [50].
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Fig. 25.14 Optical microscopy images of an X-shaped crystal that rotates clockwise after each
irradiation period. The cycle was repeated 25 times. 5 cycles of the X-shaped crystal before and after
irradiation are illustrated. Scale bar: 20 µm. Adapted with permission from Ref. [49]. Copyright
2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

As described above, the irradiation condition is also one of the factors to
control photomechanical behavior. Here, the effect of the irradiation direction on
the photomechanical behavior was investigated [23]. Diarylethene 11 can be crystal-
lized into the ribbon-like crystals by a sublimation method, while the recrystalliza-
tion from organic solvents yields the block crystals. Regarding the ribbon crystal, the
photomechanical behavior depending on the irradiation direction was investigated in
detail. The definition of the illumination direction is depicted in the upper right side
of the image in Fig. 25.15. Upon irradiation with UV light from the tip of the crystal
(incident light angle = 0°), the crystal twisted into a helicoid shape. On the other
hand, when UV irradiation was incident on the ribbon at larger angles, it gradually
transformed into a cylindrical helix shape. Eventually, the crystal exhibit bending
motionwhen the ribbon crystal was irradiatedwith an angle of 90°. Thus, themode of
photomechanical motion depends on the incident light angle. This result means that
the photoinduced strain tensor in the crystal (and thus the mode of photomechanical
deformation) can be controlled by the direction of UV light irradiation.
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(a)

(b)

(b)

(c)

(d)

(e)

(f)
(g)

Fig. 25.15 Different twisting motions, ranging from a helicoid to a cylindrical helix, of the ribbon
crystal 11 depending on the angle of the incident light. Adapted with permission from Ref. [23].
Copyright 2018 American Chemical Society

25.5 Application of Photomechanical Behavior

The behavior andmechanismof photomechanical crystals have been described so far,
but there have also been reports of examples of using these photomechanical crystals
as actual photoactuators. The cocrystal of diarylethene 12 and perfluoronaphthalene
bends to the direction opposite to the incident light when irradiated with UV light,
and returns to the original state when irradiated with visible light. This bending
behavior could be repeated 250 times or more without crystal deterioration. Since
the photochromic reaction of diarylethene takes place within 10 picoseconds, its
bending speed is expected to be high. In fact, it was confirmed that the crystal had
already been deformed 5 microseconds after the pulse laser irradiation. The bending
behavior was also observed at an extremely low temperature of 4.7 K. In addition, it
has succeeded in lifting a lead ball of about 50mg, which is 200 times its ownweight,
by 1 mm or more (Fig. 25.16) [9]. This mechanical stress is as much as 44 MPa,
which is more than 100 times that of muscle.
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Fig. 25.16 Photomechanical work of molecular crystal cantilevers made of diarylethene
12/perfluoronaphthalene cocrystal. Adapted with permission from Ref. [9]. Copyright 2010
American Chemical Society

Themixed crystal of diarylethenes 13 and 14 bends toward the light source side by
irradiation with UV light and returns to the original state by irradiation with visible
light. This bending behavior could be repeated 1000 times or more without crystal
deterioration. This crystal was confirmed to be bendable in a very wide temperature
range of 4.7 to 370 K and in water. The crystal can be moved freely by adjusting
the irradiation intensity of UV light and visible light, and a gearwheel has been
successfully turned by utilizing the photomechanical motion (Fig. 25.17) [11].

The bending behavior when gold is vapor-deposited on one side of a rod-like
crystal of diarylethene 2 has been investigated [15]. It was confirmed that the crystal
bends in a reversible manner even after gold deposition, and is less likely to bend than
before gold deposition. This is because Young’s modulus of the diarylethene crystal
is about 3 GPa, whereas that of gold is as large as 83 GPa. As shown in Fig. 25.18,
an electric circuit was prepared by contacting a gold-deposited diarylethene crystal
with metal wire, and a current flowed when a voltage was applied. By alternately
irradiating UV light and visible light here and bending the crystal, it was possible to
switch the current on and off in a reversible manner, and it could be repeated more
than 10 times. Current switching using such gold-deposited crystals has also been
reported in rotaxane molecular crystals [51].

Diarylethene 15 can be crystallized into the rod-like crystals with a hollow struc-
ture by a sublimationmethod under normal pressure.UponUV irradiation, the hollow
crystal exhibited the photosalient effect, which the crystal broke into pieces explo-
sively [52]. The speed of crystals flying away was measured as 2.67 m s−1. To mimic
the behavior of “Impatiens”, small fluorescent beads were inserted into the hollow
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Fig. 25.17 Gearwheel rotation operated by amixed crystal of diarylethene 13 and 14. Adapted with
permission from Ref. [11]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

crystal and UV light was exposed, resulting in the scattering of the beads by defor-
mation and bursting of the hollow structure as shown in Fig. 25.19. This is the first
example of the utilization of photosalient phenomena.

25.6 Summary

This chapter mainly described the photomechanical behavior of photochromic
diarylethenemolecular crystals. The photomechanical motions are contraction, elon-
gation, bending, separation, twisting, curling, and so on. Among them, the bending is
themost common photomechanical motion. The bending velocity largely depends on
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(a)

(b)

Fig. 25.18 Photoreversible current switching operated by a gold-coated diarylethene crystal of
2. The crystal thickness is 6.2 µm. The gold thickness is 21 nm. The applied voltage is 1.0 V.
The external resistance is 2 k�. Adapted from Ref. [15] with permission of The Royal Society of
Chemistry

the irradiation wavelength, polarization direction, irradiation surface, and so on. The
difference in the velocity is due to the difference in reaction depth caused byUV light
irradiation. In some cases, not only simple bending behavior but also cylindrical helix
and twistingwere observedby changing the irradiation direction.These achievements
play an important role in the development of photoactuators of molecular crystals.
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(a)

(b) (c)

Fig. 25.19 UV light-induced photosalient effect of a hollow crystal of 15, mimicking Impatiens: a
deformation of the hollow crystal upon UV irradiation, b a hollow crystal packed with fluorescent
polystyrene beads with 1-mm diameter, c UV-induced scattering of fluorescent beads. Scale bars
= 20 µm. Adapted with permission from Ref. [52]. Copyright 2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim
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Chapter 26
Interplay of Photoisomerization
and Phase Transition Events Provide
a Working Supramolecular Motor

Yoshiyuki Kageyama

Abstract Autonomous molecular-based microrobots have not been created despite
progress in our understanding of the chemistry of molecular motors and machines.
In the field of chemistry, the design and synthesis of molecular structures remain an
ongoing and diverse challenge. The creation of a system in which molecular struc-
tures interact represents an additional challenge. In order to functionalize a molecule
for a motor, it must be exposed to a specific reaction field. Synchronization of the
molecules involved is also required. In this chapter, we discuss our research results
on self-oscillatory flipping motions of azobenzene-containing assemblies. Briefly,
reversible photoisomerization of an azobenzene derivative occurs under steady light
irradiation. In coordination with phase transition events, a cycle modulated by the
components involved leads to repetitive structural changes. When this azobenzene-
based assembly is placed in water, the assembly exhibits autonomous swimming.
This macroscopic light-powered motion is the result of the self-organization of a
large number of nanometer-scale molecules and it provides an example of the poten-
tial for mechanical work to be performed by molecular assemblies. We subsequently
describe the driving concept of far-from-equilibrium dynamics, namely a dissipa-
tive structure by which a spatial pattern maintains dynamic behavior to drive the
mechanical motion observed.
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26.1 Introduction

26.1.1 Achieving Mechanical Work with Molecular Motors

The creation of active matter and active transporters is currently an exciting area of
research. For chemists, the synthesis of molecules which continuously and mechani-
cally perform work is a fundamental task in the preparation of such active molecular
devices. From this viewpoint, synthetic molecular motors have been proposed to date
[1–3]. Similar to the enzymatic molecular motors in biological systems, molecular
motors generally involve a molecular-based catalyst which spontaneously repeats
a cyclic structural change while converting a source of energy (e.g., a chemical
substrate, electric power, or light) into mechanical energy. The mechanical energy
generated by these molecular motors is the sum of kinetic energy and potential
energy. In this chapter, the definition of “molecular motor” extends beyond the tradi-
tional focus on salient and repetitive structural changes in molecules (Fig. 26.1). For
example, if a molecule achieves even a small structural change that converts energy
to mechanical potential energy, it is considered a molecular motor in this chapter.
Conversely, a molecule that does not attain an energy conversion to mechanical
energy will not be considered a molecular motor in the near future, even if chemists
traditionally recognize it as a molecular motor. The latter is based on the observation
that molecular motors have traditionally been defined based on structural equations
of molecules, and not necessarily on actual and realized functions.

In addition to light-powered molecular motors (or rotators) described by Feringa
[4–9], several light-powered [10, 11], redox-activated [12–14], and chemical-fueled
[15–17] molecular motors have also been proposed. Chemical-fueled molecular
motors provide work with a small supply of energy, and thus, the development of
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Fig. 26.1 Basic concept of themolecularmotormodel discussed in this chapter. Left:An illustration
of an object which accomplishes a mechanical task by consuming a substrate. A, B, and C indicate
the states (structures) of themolecule or super-molecule which constitutes themotor. In this chapter,
we also describemolecules which do not producemechanical work or exhaust as a type ofmolecular
motor
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suchmotors is of great interest. To achieve spatially unidirectionalmotion of amolec-
ular motor, molecular-level chirality is key. However, it is not sufficient due to the
principle of microscopic reversibility. To realize an effective and powerful molec-
ular motor that performs work, a nonlinear process is required in the motor system
to control the reverse process [18–20]. Recently, time-delayed chemical processes,
such as that employed in a “molecular information ratchet” [16, 21–24], have been
considered a good choice for generating molecular motors [25–28]. To date, light-
powered motors have been developed more rapidly than chemical-fueled motors.
This is partly because microscopic reversibility is not a concern for light-powered
molecular motors [25, 29–31].

However, even if excellent molecular motors are identified, the task remains to
have these motors act on another object to produce work. It is a straightforward
concept that the mechanical energy of a molecular motor in a monodispersed solu-
tion is converted immediately to thermal energy, without mentioning the physical
principle of Onsager’s reciprocal relation [25, 32]. Given the importance of friction
for actual work, it is important that the spatial and temporal scales of a working
system be considered. A relative size difference between a motor and an object is
required in a mesoscale system. The concept represents a challenge in the field of
molecular motor research. One promising approach is to place a molecular motor
on a large substrate and construct an anisotropic reaction field [33]. A pioneering
example is light-powered electron transportation through a vesicular membrane to
generate a proton-motive force [34, 35] or electromotive force [36]. In this model,
the molecular motor (generally referred to as the “sensitizer”) cyclically changes
its shape as a result of changes in structure to achieve an excited state, followed
by the generation of a radical/ion state. These cyclic changes are represented with
triangle, square, and circle symbols, respectively, in Fig. 26.2a. Another well-known
example involves the long-term rotation of small rods on cholesteric liquid crys-
tals with light-powered molecular motor dopants [37–40]. To achieve a continuous
motion with relative size difference, synchronization of molecular motion is required
(Fig. 26.2b). If molecular-level motions are not synchronized, the system falls into a
static steady-state and no further mechanical motion is expected (Fig. 26.2c). Thus,
it is necessary to keep a system far-from-equilibrium state via a nonlinear process
[41].

26.1.2 Motion of Macroscopic Objects

In this chapter, we focus on the synchronization of molecular motors in regard to a
“photosynergetic” aspect. As mentioned above, one of the advantages of chemical-
fueledmolecularmotors is their energy efficiency. In cooperationwith thermal fluctu-
ations, the energy efficiency of structural transitions can potentially reach up to 100%
[42]. However, it is rather difficult to accommodate the injection and elimination of
chemical substrates when constructing an artificial motorization system in a solid
phase. To date, most studies of self-organized motion using chemical processes have
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Fig. 26.2 Strategies for achieving mechanical work by a molecular motor. a Molecular motors
can work individually by being placed in an anisotropic reaction field. This concept is realized in
transport systems that exist across biological membranes. bMesoscale materials can assemble into
molecular motors. By synchronizing a molecular motor to create a cyclic process, a mesoscopic
supramolecular motor is expected to be realized. c If a system does not achieve synchronization,
the material will not produce a work function

used systems constructed in a liquid phase, or systems which employ diffusion and
a surface-based reaction [43]. In contrast, a light-powered molecular motor has its
fuel supplied in a bulk phase without contact or discharge being an issue. To achieve
work by a molecular motor, synchronizing of motor function is a fundamental issue.
Therefore, the use of light-powered molecular motors is preferred given the current
chemistry available, despite the low energy efficiency of these motors.

To date, macroscopic, continuous dynamics of synchronized light-powered
molecular motors have mainly been realized by using polymer films [44–51]. In
these studies, a self-shading mechanismwhere light triggers a morphological change
in a polymer causes auto-switching of light-absorption efficiency. An overview of
the periodic cycle for this model is summarized in Fig. 26.3. The relative location
of the light source, the polarization state of the light, and/or the anisotropic struc-
ture of the polymers involved provoking the structural change which occurs. It is
important to note that it is a shape change that affects the light-receiving property
to modulate the region for photoreaction and its reaction velocity. As a result, repet-
itive dynamics are observed. In a system exhibiting periodic motion, a time delay,
existing in relation to the change in polymer shape which occurs after isomerization
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Fig. 26.3 Schematic illustration of a cycle which provides self-continuous flipping motion of light-
responsive polymers fixed on a solid stage. The motion is powered by directional light. Structural
changes occur after photoisomerization, and this automatically induces a change in the irradiated
face (position)

of the molecule, prevents the system from reaching equilibrium [52]. However, if the
polymer’s structural change occurs within the same time span as the photochemical
process involved, the system will not achieve self-continuous dynamics. Indeed, the
experimental results described by White and coworkers indicate that a decrease in
incident light intensity slows down the photochemical process and the amplitude
from the so-called equilibrium position becomes closer [45]. Very recently, when
a polymer film was affixed to a solid frame, locomotive objects working on a solid
surface [51] or awater surfacewere realized. In these systems, the direction ofmotion
was determined according to the direction of the incident light.

As shown above, “reversible molecular transformation”, “spatial anisotropy”,
and “time-delayed switching of reaction efficiency” are a set of conditions that
are required to achieve a system with self-continuous macroscopic dynamics. By
applying this set of requirements to an object, autonomous work independent from
direction by external anisotropy is expected. Unfortunately, there have been very
few examples of successful systems. However, our group previously reported a
self-oscillatory flipping motion by azobenzene assemblies under steady light irra-
diation [53]. Thus, a discussion of our ongoing research and results for the latter
light-powered motion system is subsequently provided.
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26.2 Realization of Self-Oscillatory Flipping Motion
of Azobenzene Assemblies

The theory of self-organization in continuous dynamics was established based on a
series of studies of dissipative structures [54]. This type of structure is dynamic, yet
it maintains an ordered configuration, in the presence of an energy source. In regard
to photochemical self-oscillation, Nitzan and Ross first proposed that a reversible
photochemical process which involves immediate thermal relaxation and a time-
delayed reversible thermal process may form a dissipative structure (Fig. 26.4a)
[55]. According to their theory, temporal patterns form as follows. A photo-process-
induced fluctuation in temperature causes a shift in the equilibrium of a thermal
process. The behavior of this system thenmodulates the velocity of the photo-process.
However, under regular experimental conditions, keeping the system from achieving
“equilibrium” (namely, achieving an attractive state in the presence of energy supply)
is difficult without involving additional processes due to the required steep change in
temperature. Experimentally, oscillations in fluorescence have been observed in solu-
tions containing10−3 mol/L solutes [56]. Further studies concluded that convectionof
light-irradiated solutions in optical cuvettes mediates the fluctuation in fluorescence
observed (Fig. 26.4b) [57, 58].

Alternatively, we focused on shifts in reaction rates as a result of phase transi-
tions. Since the reaction rate of a photochemical process depends on the conditions of
the molecule involved, a phase shift represents an opportunity to alternate the reac-
tion kinetics of a photochemical process. Correspondingly, a photoisomerization-
triggered molecular realignment of an assembly was recognized as a good target for
generating a system characterized by self-continuous dynamics.

Azobenzene is a well-known photochromic compound that undergoes a trans-to-
cis and cis-to-trans photoisomerization event via n-π* excitation. This event gener-
ally occurs at a wavelength of 450 nm. We first designed a system composed of
an azobenzene derivative and a fatty acid, since the shape of a molecular assembly
of fatty acids has been shown to depend on the activity of protons surrounding the
assembly [59]. By changing the molecular association externally, a shift in proton
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Fig. 26.4 A solution-phase dissipative structure formed by a photochemical process. a This model
was proposed by Nitzan and Ross in 1973. b The model was confirmed experimentally with
observations of fluorescence fluctuation
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activity and reassembling of molecules are predicted. Correspondingly, our system
was designed so that photoisomerization of the azobenzene derivative would trigger
realignment of the fatty acid molecules to modulate the kinetics of the photoisomer-
ization events. A helical assembly of oleic acid (1) and an amphiphilic azobenzene
(2) never showed repetitive motion under steady light irradiation [60]. Rather, a
multi-step recoiling motion was observed involving acid-dissociation behavior of a
carboxyl group [61]. Vesicular, tubular, and block-like assemblies also did not exhibit
repetitive dynamics [60]. However, we eventually observed that plate-like assemblies
of 1 and 2 exhibited repetitive flips under steady blue-light irradiation (Fig. 26.5)
[53].

Fig. 26.5 Self-continuous flipping motion observed for a co-assembly of oleic acid (1) and an
azobenzene derivative (2) by Ikegami in 2016 [53]. a The chemical structures of 1 and 2 are shown
along with the photochromism step of 2. b A generalized illustration of the flipping motion of
azobenzene with states A-C and A and B indicated. c–j Video imaging of the flipping motion of
a 1 crystal detected with a differential interference contrast microscope equipped with a mercury
lamp unit (λirr = 435 nm). The left side of the crystal exhibited alternating flips (cyclically around
A, B, and C), while the right side of the crystal exhibited singular flips between the A and B states.
A video is available from the website listed in Ref. [53]
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26.3 Mechanism for Self-Continuous Flipping Motion

A co-assembly of molecules 1 and 2 leads to two types of self-oscillatory flipping
motion under blue-light irradiation [53]. One type involves a single flipping event,
while the second type involves a multi-step flipping event. The mechanistic study
described in this section targets the singular flipping motion, while the multi-step
motion is described below in Sect. 26.4, and in further detail in [62]. When a disper-
sion of the co-assembly was analyzed in situ with X-ray diffraction (XRD), the
small-angle profile showed one-peak and two-peaks in the dark versus under blue-
light irradiation, respectively (Fig. 26.6a). These results indicate that a new phase
co-exists with the original phase under light irradiation. Figure 26.6b shows the
time-course behavior of the self-oscillatory motion detected under various intensi-
ties of steady 435-nm light. Figure 26.6c shows the time-course behavior of another
assembly under 435 and 470-nm light, while Fig. 26.6d shows the time-course of
thermal behavior of the co-assembly after light irradiation. Taken together, these
results indicate that one-cycle of the flipping motion of the co-assembly consists of
four steps. Step 1 is a trans-to-cis photoisomerization event, while step 3 is a cis-
to-trans photoisomerization event. Meanwhile, reversal of the isomerization events
occurs due to phase transitions that occur in steps 2 and 4. These transitions are
caused by shifts in the kinetic properties of 2. Slope values for the logarithmic rela-
tionship between incident light power and the duration times of steps 1 and 3 are
1 (Fig. 26.6b), indicating that these steps are photon number-determined processes.
In other words, to shift from the photo-process events (e.g., steps 1 and 3) to the
phase transition-processes (e.g., steps 2 and 4), the isomer ratio of the assembly
must achieve a particular threshold. This means that the self-oscillation property of
this system is not chaotic, but rather represents a type of limit-cycle (Fig. 26.7).
Therefore, the assembly charges internal energy (the sum of the mechanical stress
and the enthalpy of molecular formation) up to its threshold by accepting light in
step 1. The assembly then discharges part of the energy with morphological changes
in steps 2 and 4. Overall, these events demonstrate that this assembly has the ability
to apply mechanical work to other objects periodically. For example, when the co-
assembly is placed in water, it applies impulses to the water which manifests as a
swimming motion [53]. Details regarding this system are reported elsewhere [63,
64].

26.4 Analogues also Exhibiting a Self-Oscillatory Flipping
Motion

The simple mechanism described above may also be observed in other assemblies
composed of photochromic compounds. However, until now, we have not investi-
gated photochromic compounds other than azobenzene derivatives. To date, we have
successfully generated several self-oscillatory motions in co-assemblies of several
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Fig. 26.6 Characteristics of the light-powered periodic flips of an azobenzene-containing co-
assembly. a The in situ small-angle XRD profiles of the co-assembly under dark conditions (left)
and under blue-light irradiation (right). b Time profile of the periodic motion of the co-assembly
under irradiation with various intensities of steady 435-nm light (left). Light power dependencies of
duration time (τ1, and τ3) and frequency (right) are shown. c Time profiles of the periodic motion of
the co-assembly under irradiation with 470-nm light (left) versus 435-nm light (right). d Behavior
of the co-assembly after removing the light source. When the co-assembly was in its bent-shape
phase and the light source was removed, thermal relaxation via a phase transition was observed.
All figures were produced from the original data [53]
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Fig. 26.7 Schematic of the
energy cycle employed for
the limit-cycle
self-oscillation of an
azobenzene-based assembly
which undergoes a
photochemical process under
steady light irradiation

fatty acids and azobenzene derivatives, examples of which are shown in Fig. 26.8
[65]. A waved, ribbon-like assembly of stearic acid, 1, and 2 exhibits a multi-step
frog-kick motion [53]. A plate-like assembly of the same compounds was observed
when they were maintained at 80-Hz for more than 5 min [66]. Many of the hexag-
onal or parallelogram plate-like assemblies of fatty acids and azobenzene derivatives
exhibit self-oscillatory flipping motions, while ribbon-shape assemblies exhibit a
wavy motion [65, 66]. Many varieties of motions have been observed, and there
appears to be some trends in the relationship between molecular structure and the
spatial pattern of the motion observed. The details of these trends are currently being
investigated [65].

We have been particularly interested in one of the polymorphs of a single-
component crystal of 2, which showed repetitive winding dynamics during exposure
to blue-light irradiation [62]. The crystal has a symmetry-broken space-group (P1)
with six independent molecules in each unit-cell [67]. Additional characteristics of
this crystal include a spare-and-dense layered structure, as well as an anisotropic
structure related to a directive flipping motion under non-directional light irradi-
ation. Based on the fact that the average isomer ratio in its steady-state was less
than 8%, we have assumed that a particular molecule undergoes isomerization to
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Fig. 26.8 Structures of the azobenzene molecules which generate light-powered self-oscillation
motions when they assemble with fatty acids
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trigger a phase transition of the crystal, and then it accepts feedback in the manner
described above. Meanwhile, the other molecules serve as building blocks to prevent
the assembly from breaking down. Our most recent results further indicate that the
latter molecules also play a role in selecting the path for the periodic cycle of this
system. As a result, periodic changes in shape are varied according to the externally
defined light-polarity.

26.5 Conclusion and Remarks Regarding Self-Organized
Molecular Motors

The inventions of the water mill and windmill have proved very important for
advances in agriculture. Meanwhile, the invention of the steam engine has allowed
humans to move objects as small as electrons to objects as large as ships. The key
to all of these inventions is that the objects involved are connected to motors. There
is no exception. Thus, when we create a self-moving microrobot, we must have a
suitable motor.

To date, organic chemists have synthesizedmolecules that undergo salient changes
in their structures. If a cyclic change occurs when steady energy supply is available,
this has been considered a molecular motor according to traditional definition. On
the other hand, if the change in structure requires alterations in the conditions of
the molecule to achieve the change in structure, this has been considered a molec-
ular machine. In parallel, material scientists have worked on generating microrobots
which move under the direction of remote control. In these microrobots, molec-
ular machine has been employed rather than molecular motors [68, 69], because an
unsynchronized molecular motor is never worked. However, to attain an autonomous
function in microrobot, a suitable molecular motor system is needed.

To date, our ability to obtain work from a molecular motor remains insufficient.
One reason may be that we need to better understand molecular self-organization.
A series of theoretical studies related to dissipative structures have clearly indicated
how autonomous energy conversion can occur in a mesoscale molecular system.
A dissipative structure involves a dynamic whereby multiple nonlinear processes
are coupled in a feedback manner. As a result, they form a spatial and temporal
system which exhibits self-continuous dynamics compared with the original process
shown in Figs. 26.2 and 26.7. The importance of dissipative structures is their far-
from-equilibrium behavior: the distance from so-called equilibrium (not thermal
equilibrium) is related to the capability of the mechanical function which a system
can accomplish. Moreover, this distance from equilibrium is required to be main-
tained despite the generation of external disturbances as the system acts on external
objects. Therefore, the limit-cycle-type self-oscillation system described in this
chapter appears to be the best system for developing a motorization system [70].
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Thus, while strategies for creating such dynamics at the molecular level have not
been successful to date, recent efforts to construct a multi-molecular motor system
appear to be a promising approach for attaining a working molecular system in the
near feature.
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Chapter 27
Crawling and Bending Motions
of Azobenzene Derivatives Based
on Photoresponsive Solid–Liquid Phase
Transition System

Yasuo Norikane, Koichiro Saito, and Youfeng Yue

Abstract In this chapter, the concept of the photoinduced solid–liquid phase tran-
sition and its wide area of possible application are introduced. Also, two macro-
scopic motions induced by the synergetic action of isomerization of azobenzene
molecules are described: firstly, the crawling motion of crystals of azobenzene
derivatives on a glass surface by light irradiation with two or one light sources.
The motion of the crystals is continuous, and it can be generated by simple experi-
mental setups. Secondly, the reversible bending motion of liquid crystalline polymer
network consisting azobenzenemonomer as a crosslinker. This polymer also changes
its glass transition temperature reversibly upon light irradiations.

Keywords Azobenzene · Crystal · Liquid · Glass · Photoisomerization ·
Crawling · Bending

27.1 Introduction

Nature has developed fascinatingmolecular systems and organisms that convert light
energy into chemical energy and kinetic energy. They also use light as information
for communication or signal that triggers for living activities. Scientists have been
inspired those natural systems as research subjects to learn the mechanism and even
to mimic to fabricate typical functions of living systems. In particular, the motion
of objects driven by light stimuli has attracted significant attention, because light
is a powerful energy source and an excellent tool for triggering and controlling the
direction of the motion. Various artificial systems have been established to move
objects in molecular size to centimeter size. For example, optical manipulation or
optical trapping and transporting are successful tools in optics, physics, biology, and
chemistry [1]. Laser beam produces optical forces, and it is used as optical tweezers
and optical torque to manipulate in microscale to nanoscale. The advantage in this
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Fig. 27.1 Photoisomerization of azobenzene (1)

method is its precision in the position of the target. However, a special set of apparatus
is required, and it is difficult to manipulate a large number of target at once. On the
other hand, light has been used to make self-propelling motion of artificial materials
[2]. In this system, light energy is used to initiate photocatalytic reactions, photolytic
decomposition, photothermal effect, and photochromic reactions to produce propul-
sion force to induce motion of materials and objects. In this kind of self-propelling
materials, light energy is first absorbed by the active species, and then, the energy
is converted into kinetic energy. Generally, the driving force of this motion is the
formation of an asymmetric field of interfacial potential, temperature, or chemical
products.

Azobenzene (1) is one of the most well-known photochromic compounds that
exhibits photoisomerization between the trans and cis isomers (Fig. 27.1) [3]. Due
to the difference of the absorption spectra of these two isomers, trans-to-cis and cis-
to-trans isomerizations are dominant with UV and visible (blue) light, respectively.
The cis isomer is metastable that thermal cis-to-trans isomerization takes place in the
dark. Azobenzene shows efficient photoisomerization in solution and liquid crystal
media, because the high fluidic property of the media provides a large degree of free
volume or sweep volume for the isomerization [4, 5]. In crystal phase, however, the
isomerization rarely occurs in simple azobenzene. For example, grounded crystals
of azobenzene do not show any change in the IR spectra when the crystals were
exposed to the UV light [6]. This is due to the lack of the free volume in the crystal
packing of azobenzene. However, the photoresponsivity is drastically improved by
the molecular design of azobenzene. The crystal of an azobenzene derivative exhib-
ited photoisomerization in the crystal phase, and it induced the melting of the crystal
by light irradiation (the photoinduced solid–liquid phase transition) (Fig. 27.2). This

Fig. 27.2 Schematic representation of the photoinduced solid–liquid phase transition
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Fig. 27.3 Compounds showing the photoinduced solid–liquid phase transition

phenomenonwas firstly reported in azobenzene derivatives having a cyclicmolecular
structure containing two (2, Fig. 27.3) or three azobenzene units in a ring with long
alkoxy chains [7–9]. The cyclic azobenzene 2 melts upon irradiation with UV light
at room temperature, although its melting point is 100 °C. Temperature increase
is unavoidable during the photoirradiation experiment, because the photoexcited
molecules release energy as a heat through the deactivation processes. However, the
increase is only up to 3 K with irradiation of 200 mW cm−2 at 365 nm, revealed by
the experiment carried out using rod-shaped azobenzene of 3-C6, that also shows the
photoinduced crystal-to-liquid phase transition [10]. In addition, the photoinduced
phase transition does not depend on the light intensity, but melting takes place based
on the total photon dose. Therefore, the heating effect is not the main reason for the
phase transition, but the photoisomerization of azobenzene is the driving force. The
photoinduced solid–liquid phase transition has been applied to numbers of smart
materials [11].

27.2 Crawling Motion of Azobenzene Crystals on a Solid
Surface

27.2.1 Crawling Motion Induced by Two Light Sources

We have investigated numbers of azobenzene derivatives to assess whether the
compounds show the photoinduced solid–liquid phase transition or not. We conduct
experiments of the phase transition in amanner that crystal powders or crystalline film
was irradiated by UV or visible light under the observation of microscope. Usually,
the photoirradiation is carried out by alternate exposure of UV and visible light.
However, the two lights were left on when we were investigating the crystal powder
of 3,3’-dimethylazobenzene (4). To our surprise, the crystals seemed to crawling on
the glass surface [12]. It should be noted that themotion is directional, and the crystals
move away from the UV light source. Despite the crystals change their shape during
the motion, the molecular orientation of the crystals is maintained. It is notable that
the motion is generated by a simple experimental setup such as light-emitting diodes
or Hg lamp in a fixed position. No expensive apparatus such as laser or positioning
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device is required. As another advantages, no special treatment on the surface, such
as chemical modification [13–15], spatial gradients [16], or application of ratchet
potential [17], is required.

Crystals of 4with the size of ca. 20-30μmwere placed on a cover glass, and then,
UV (365 nm) and visible (465 nm) light were irradiated as shown in Fig. 27.4. The
compound 4 shows trans-to-cis and cis-to-trans isomerizations with UV and visible
light irradiation, respectively. Furthermore, 4 exhibits the photoinduced crystal-to-
liquid phase transition upon UV irradiation. During the simultaneous irradiation
with UV and visible light, the crystals of 4 move away from the UV light and
toward the visible light. It should be noted that the motion occurs regardless of
whether the crystals are single crystalline, polycrystalline, or a distorted shape. In
the sharp contrast, liquid droplet of 4, generated by supercooling or already melted
by photoirradiation, did not move at all. The velocity of the crystal motion, however,
varies by crystal. The average velocity of the crystal motion was ca. 1.5 μm min−1.
From these observations, as a prerequisite, the phase of the sample should be in the
crystal phase to observe this motion.

Optimization was carried out to find the best combinations of light intensity of
UV and visible light when two light sources are fixed angles of θUV = θVIS = 45°,
ϕ = 180° as shown in Fig. 27.5. The motion of crystals was analyzed statistically,
and the average velocity was plotted against the light intensity of each light. When
the intensity of UV light was too strong than that of visible light, the crystals melted
to droplets and did not move. When the intensity of visible light was too strong than
that of UV light, no morphological change or motion of the crystals was observed.
The balance of the light intensity is required to obtain the motion. The optimized
condition for the crawling motion was found at UV and visible light intensities of
200 and 50–60 mW cm−2, respectively, and it was found that the average velocity
was 2.0 μm min−1.

The crystals climbed vertically on a wall of glass as shown in Fig. 27.5, when the
entire experimental setup was turned sideway. This result clearly indicates that the
crawling motion observed is not caused by gravity or other artefacts, but is a result
of photoirradiation.

Fig. 27.4 a Photoisomerization of 3,3’-dimethylazobenzene (4). b Schematic diagram of the
photoinduced crawling motion of the crystals, c microphotographs of the crawling motion
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Fig. 27.5 a Dependence of light intensity on the average velocity of the crawling motion.
b Schematic illustration of the vertical motion. c–f Microscope images of the vertical motion
of crystal of 4 after irradiation for t = 0 c, 2.5 d, 5 e, and 10 min f. Reprinted from [12] by The
Authors licensed under CC BY 4.0

Irradiation with various angles of light sources was carried out to investigate the
effect of the irradiation angle. The angles were scanned in the ranges of 25–45° and
20–45° for θUV and θVIS, respectively, while fixing the intensities of the UV and the
VIS light at 200 and 60 mW cm−2, respectively. It was found that the velocity of
crystals relies more on the UV light angle than on the visible light angle. At higher
angles on θUV, gave higher velocity.

It is noteworthy that the direction of molecular orientation of crystal is maintained
although the crystal shape is highly deformed during the motion. By using polarizing
optical microscope, the direction of optical anisotropy of the crystal was maintained.
In the case of a single crystal, shown in Fig. 27.6, the front edge of the crystal grows,
whereas the rear edge shrinks when the crystal moves. Two orientations of crystal
were investigated, the irradiation from the direction parallel or perpendicular to the
longer diagonal axis of the crystal. In both cases, the angles of the corners of the
crystalweremaintained at ca. 56° and124° during themotion.Byusing laser confocal
microscopy, three-dimensional measurements during the crystal motion were carried
out. It was revealed that the crystals of initial thickness of ca. 1-4μm became thinner
during the motion, especially at the front edge.
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Fig. 27.6 a–c Motion of a single crystal of 4 when the longer diagonal axis of the crystal is a–
c parallel and d–f perpendicular to the direction of irradiation. Reprinted from [12] by The Authors
licensed under CC BY 4.0

In this experimental setup, the entire sample is uniformly exposed by two light
sources. The light intensity is almost uniform within the field of view of the micro-
scope (<1 mm), because the distances to the light sources are substantially larger
than the dimension of the view. Exposure of two light sources brings about melting
and crystallization on the surface of the crystals, and an equilibrium between the
solid and liquid phases is reached locally. However, when the crystal moves, this
equilibrium is shifted to the opposite direction at the two edges. The cause of the
shift is a small difference in the light intensity and/or difference in the wettability
contact angle of melted state and crystal.

Similar crawling motion was observed in azobenzene (1). No morphological
change or motion was observed when the crystals of 1 were irradiated under room
temperature. However, they exhibited crawling motion at 50 °C. This result agrees
well with the observation that the crystals of 1 do not show a phase transition by
light irradiation, but they do at 50 °C. It is notable that these results show that the
crawling motion would occur in other molecular systems if they show reversible
crystal-to-liquid phase transitions by light.

27.2.2 Crawling Motion Induced by One Light Source
(Negative Phototaxis)

In the case of 4, the lifetime of the cis isomer is long (several days), and thus, it takes
long time to recrystallize the photo-melted state in the dark at r.t. On the other hand, in
azobenzenes having electron-donating or -withdrawing substituent, the lifetimeof the
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corresponding cis isomer is known to be shorter. Especially, substituting an electron-
donating aminogroupon the4-position causes a decrease in the thermal isomerization
barrier by increasing the electron density in the π* orbital [3]. While trans-to-cis
isomerization occurs during irradiation, fast cis-to-trans thermal isomerization takes
place even during the irradiation. As light irradiation is not required to achieve
the cis-to-trans isomerization, only a single light source is needed to control the
photostationary state of this system. Thus, we attempted to use amino-substituted
azobenzenes to induce the crawling motion by using only one light source. We
successfully found that the crystals of 4-(methylamino)azobenzene (5) exhibited
the crawling motion as shown in Fig. 27.7. The crystals of 5 exhibited the crawling
motion away from the light source (negative phototactic behavior) [18].Here, positive
phototaxis and negative phototaxis mean the motion toward and away from the light
source, respectively. In addition, UV light, which is frequently used in the experiment
of azobenzene research, is not required for the motion.

In methanol solution, the lifetime of cis isomer was approximately 0.6 s, deter-
mined by the change of the absorption spectra from the photostationary state.
The crystal of 5 has its melting temperature of 87 °C and exhibited the photoin-
duced crystal-to-liquid phase transition when exposed to visible light at 465 nm.
Recrystallization started soon after the irradiation was discontinued.

Crystals on a glass plate were exposed to visible light (465 nm) using the exper-
imental setup where the LED light source was positioned at a 30°. The irradiation
resulted in the translational motions of the crystal in the direction away from the
light source (Fig. 27.7). Notably, this negative phototactic behavior was observed
without any surface modification of glass substrate or scanning of light source. In
this experiment, an untreated cover glass and an LED with a fixed position were
used. As can be seen in Fig. 27.7, the crystal does not need to be a single crystal.

The dependence of the light intensity was studied by using the 465 nm light.
The rate of the motion increased with light intensity up to 200 mW cm−2, although
the motion was not observed at low intensity (50 mW cm−2), probably due to the

Fig. 27.7 a Photoisomerization of 4-(methylamino)azobenzene (5). b Schematic diagram of the
photoinduced crawlingmotion of the crystals, cmicrophotographs of the crawlingmotion. Thewhite
dashed line represents the initial position of the crystals. Reproduced from [18] by permission of
The Royal Society of Chemistry
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insufficientmelting (Fig. 27.8). Instead of using 465 nm light, a light source of 405 nm
was used and the similar crawling motion was observed. In a contrast to the case
of 465 nm irradiation, the light intensity dependence seems to be smaller. Although
the motion was observed even at an intensity of 50 mW cm−2, the velocity did not
increase with the increase of the light intensity to 200 mW cm−2. The plausible
reason is that the melting behavior is changed in accordance with different ratios of
isomers at different light sources.

White light irradiation was carried out to demonstrate the motion of the crystals.
Although the rate was slow, the negative phototactic motion was observed when a
white LED was illuminated to the crystals. Furthermore, a solar simulator (xenon
lamp) was used and the motion was achieved as shown in Fig. 27.9. These experi-
mental results clearly show that the crystal motion can be induced by sunlight. Small
actuators or soft robots driven by sunlight will be possible.

In this molecular crystal system, oblique light incidence causes a slight difference
in the light intensity between the front and rear edges of the crystals. It may produce
a gradient in light intensity on the surface of a crystal. The rear edge of crystal,
which is closer to the light source, is sufficiently melted. At the front edge, on the
other hand, the recrystallization occurs faster than at the rear edge. Due to the rapid
thermal isomerization of 5, the motion is induced by the photochemical trans-to-cis
photoisomerization and it inducesmelting at the rear side and the thermal cis-to-trans
isomerization to recrystallize the crystal at the front side.

It should be mentioned about the position of the light source. In this experiment,
the photoirradiation had to be done from the back face of the glass substrate. We
attempted tomove the crystals with the position from the front face of the sample, but
no evident motion was observed. This is in a sharp contrast to the case of compound
4 and 1, where two light sources were positioned from the front face of the sample.
This may relate to the amount of the melted state in a crystal. Further study has to
be done to distinguish the different mechanism of these crawling motions.

Fig. 27.8 Dependence of
light intensity on the average
velocities of crawling motion
at 465 nm (red line) and
405 nm (blue line)
irradiations. Reproduced
from [18] by permission of
The Royal Society of
Chemistry
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Fig. 27.9 Negative
phototactic behavior of
crystals under white light
irradiation. Optical
micrographs of crystals of 5
on a glass during irradiation
with solar-simulated light.
Images were captured after a
lapse of 0, 50, and 100 min.
The black dashed line
represents the initial position
of the crystals. Reproduced
from [18] by permission of
The Royal Society of
Chemistry

27.3 Photomechanical Bending in Polymer Film
with Photoswitchable Glass Transition Temperatures

As described earlier, the molecular design of introducing a methyl group at the 3-
position of azobenzene drastically enhanced the photo-induced phase transition prop-
erties in the compound 3. According to thismolecular design strategy, amonomer (6),
having twomethacrylate groups at the both termini, has been developed (Fig. 27.10),
and the copolymer consisting of this monomer exhibits photomechanical bending

Fig. 27.10 Molecular
structures of monomers.
Compounds 6 and 8 were
used for the synthesis of
polymer films having
photomechanical property
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[19]. The azobenzene 6 exhibits a crystalline phase with its melting temperature of
65 °C. This crystal shows a rapid phase transition from the crystal to the liquid phase
upon irradiation with UV light (Fig. 27.11). In contrast, the azobenzene monomer
without the methyl group at the 3- position (7) did not show the photoinduced phase
transition, although its melting point (73 °C) is similar to that of 6. This fact strongly
supports substitution at the 3-position in azobenzene as a robust strategy formolecular
design, as it significantly changes the molecular packing in the crystal phase.

By using the azobenzene 6 as a cross-linking monomer, a free-standing polymer
film, produced by free-radical copolymerization with 8, has a liquid crystalline (LC)
property. The compound 8 had been originally used in functional hydrogels [20]. The
compound 8 exhibits smectic LC as confirmed by polarizing optical microscope. It
should be noted that in the literature, there are limited types of nematic LCmonomers
which had been mainly used to synthesize the photoresponsive LC polymers that
possess photomechanical properties [21–23]. The monomer 8 can self-assemble into
lamellar structure due to its LC property, and the long alkyl chain in both 6 and 8
may provide sufficient free volume for efficient photoresponsive property.

A pre-heated mixture containing 6, 8 and an initiator was pulled into a molecular
alignment cell (2 × 2 cm, spacing = 5 or 10 μm) by capillary force and heating the
cell at 60 °C (1 h) and then at 125 °C (24 h) gave a photoresponsive free-standing
film. The characterization of the film using X-ray diffraction (XRD) revealed that
the layer spacing of the lamellar structure was about 3.8 nm, which was smaller than
the simulated conformation. This result indicates that the molecules of 8 formed the
smectic C LC phase. The POM observation revealed that the mesogenic groups are
aligned to a unidirectional molecular orientation.

It was found that the Tg (glass transition temperature) value of the 6/8 copolymer
decreased upon UV irradiation from 29 to 16 °C, recovering in the dark or through
visible light irradiation (Fig. 27.12). The polymer film with trans isomer gave higher
Tg than room temperature, while the same film in the cis isomer shows a lower Tg
after UV irradiation. The mechanical property of the polymer film was measured
by tensile tests before and after UV irradiation. Initially, the polymer film showed a
relatively higher Young’s modulus (140 MPa). On the other hand, the polymer film

Fig. 27.11 Photographs of 6 before a and after b UV irradiation (365 nm, 125 mW cm–2, 6 s) at
room temperature. Reprinted from [19] by The Authors licensed under CC BY 4.0
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Fig. 27.12 Differential
scanning calorimetry (DSC)
profiles of the film before
(black line) and after (red
line) the irradiation of UV
light, showing the glass
transition temperature is
shifted by the irradiation.
The photographs show the
color change of the DSC
sample by the irradiation.
Reprinted from [19] by The
Authors licensed under CC
BY 4.0

after UV irradiation showed a much lower Young’s modulus (65.6 MPa) but a higher
percentage elongation (strain). These results also indicate that the exposure to UV
light decreased the Tg and thus decreased the Young’s modulus of the polymer films.
The photoresponse of the film was confirmed by UV/vis spectroscopy and revealed
that the photoresponse was fast. The fast decreasing in the absorbance at 365 nm
under UV light (4 s) and even faster for the back isomerization under visible light
(2 s).

This polymer film with the photoswitchable Tg property is beneficial for gener-
ating efficient photomechanical actuations. The bending and recovery of the polymer
filmwere repeated by switchingUVand visible light alternatively (Fig. 27.13).When
exposed to the UV light, the film bent toward the light source. When the blue light

Fig. 27.13 Photomechanical response of the copolymer consisting 6 and 8. UV light cause bending
and visible light straighten the film. Reprinted from [19] by The Authors licensed under CC BY 4.0
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Fig. 27.14 Dependence of
the UV light intensity on the
photoresponse speed of the
polymer consisting 6 and 8.
Reprinted from [19] by The
Authors licensed under CC
BY 4.0

(465 nm) was irradiated, the film restored to its original flat state. The color of the
film changed from yellow to orange when it shows bending and returned to yellow
when it becomes flat again.

The bending speed of the polymer strongly depends on the light source. The
photobending speed increased with increasing intensity of the UV light. The bending
speed (displacement/time) improved from 0.3 to 1.5 mm s−1, when the light intensity
increased from 3.28 to 45W cm−2 (Fig. 27.14) at room temperature of ca. 20 °C. The
film started to oscillate when the film bent to the direction parallel to the light [24,
25]. Compared to other photomechanical bending films, this polymer has a greater
efficiency in causing mechanical motion.

27.4 Conclusion

The photoinduced crystal-to-liquid phase transition found in azobenzene deriva-
tives has attracted much attention from widespread areas of research, because of its
potential application in smart soft materials through its reusable characteristics. In
addition, the phase transition provides novel mechanical motions, such as crawling,
swimming [26], and bending motions that are useful for designing active materials
and soft robotics.

The crawling motion of the crystal is an interesting phenomenon because an
object (crystal) travels or walks on a solid surface under an ambient atmosphere (at
solid/air interface). This is in contrast with numerous examples of stimuli-responsive
and self-propelling motion of small objects in solution or at the solid/liquid interface.
This motion would be one of candidates for use in a “carriage vehicle” to transport
objects/chemicals on a solid surface without a flow channel.
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The photomechanical bending motion of polymer films attracts much attention
because of its potential application to actuators and sensors. There have been many
publications about this field; however, most of research clings on to similarmolecular
design. In this context, our finding of novel molecular design provides a deeper
insight into the photomechanical LC polymers utilizing the photoisomerization of
azobenzene.

Throughout our research, the motion of photoresponsive molecules is amplified
to the visible phenomena such as phase change, translational motion, and bending
motion. Rational molecular design made it possible to induce the molecules to move
synergetically and the whole system working.
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Chapter 28
Photomechanical Effects in Crosslinked
Liquid-Crystalline Polymers
with Photosynergetic Processes

Toru Ube and Tomiki Ikeda

Abstract Crosslinked liquid-crystalline polymers (CLCPs) containing
photochromic moieties show macroscopic deformation upon irradiation with light.
This conversion of light energy into mechanical work is attributed to photosynergetic
amplification of changes at multiscale: from nano to macro. This chapter focuses
on recent progress of photomobile polymer materials to achieve versatile design as
soft actuators. Three approaches are detailed: incorporation of amorphous polymers
into CLCPs to control mechanical and photoresponsive properties, reshaping of
CLCPs into various three-dimensional architectures through the rearrangement of
network structures, and application of two-photon absorption processes to enhance
the spatial selectivity of photoactuation.

Keywords Photochromism · Photomechanical effects · Interpenetrating polymer
networks · Dynamic covalent bonds · Two-photon absorption

28.1 Introduction

Crosslinked liquid-crystalline polymers (CLCPs) containing photochromic moieties
have been extensively studied as photomechanical materials, which show macro-
scopic deformation upon irradiation with light [1–6]. Feasibility of CLCPs as soft
actuators has been demonstrated through achievement of various photoinduced
motions, such as bending, twisting, and rotation. The direct conversion of light
energy intomechanicalwork is basedon thephotosynergetic amplificationof changes
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at multiscale: from nano to macro. Photoisomerization of photochromic moieties
leads to order–disorder transition of mesogens and then changes in conformation of
polymer chains, resulting in macroscopic deformation.

The development of CLCPs with photomechanical effects is based on the histor-
ical establishment of photoswitching methods in liquid-crystal (LC) systems [7].
Azobenzene is a widely used photochromic dye, which shows photoisomerization
between a thermally stable trans-isomer and a metastable cis-isomer (Fig. 28.1a)
[8]. Rod-like trans-azobenzene stabilizes LC phases, whereas bent cis-azobenzene
disturbs them.Photoinducedphase transitionwas reported forLC systemsdopedwith
azobenzene in 1987 [9]. Irradiation with UV light in a nematic phase induces LC–
isotropic phase transition through trans–cis isomerization of azobenzene moieties.
The LC phase is restored with cis–trans isomerization, which is induced by visible
light or heating. Furthermore, polymeric systems functionalized with mesogens and
azobenzene moieties show much stable photoinduced isotropic phases due to the
high viscosity, especially below a glass transition temperature. Polymers containing
azobenzene moieties in all monomer units show rapid photoinduced phase transition

Fig. 28.1 (a) Photoisomerization behavior of azobenzene. (b) Schematic illustration of photoin-
duced deformation. (c) Photoinduced bending of a monodomain film of crosslinked azobenzene
liquid-crystalline polymer



28 Photomechanical Effects in Crosslinked Liquid-Crystalline … 481

[10]. This reversible photoswitching of molecular order is the basis of the various
photosynergetic effects.

In addition, strong coupling between the alignment of mesogens and conforma-
tion of polymer chains plays a significant role in CLCPs [11, 12]. The deformation
of polymer chains is transformed to macroscopic deformation through crosslinks.
Therefore, macroscopic shapes can be altered along with the alignment change of
mesogens. Finkelmann et al. prepared CLCPs with uniaxial alignment of meso-
gens through two-step crosslinking method [13]. Poly(hydorogenmethyl siloxane) is
functionalized with mesogens and lightly crosslinked through hydrosilylation reac-
tion. Then, the film is stretched to induce uniaxial alignment of mesogens, which
is fixed by further crosslinking. Through this procedure, homogeneous alignment
of mesogens is memorized as initial alignment of the CLCP film. These films show
contraction and expansion upon heating and cooling along with nematic–isotropic
transition. The strain induced in these systems was 20% in the pioneering work,
and has been enhanced to as high as 400% [12, 14]. In situ polymerization method
has also been developed to prepare CLCPs with polyacrylate and polymethcary-
late backbones [15–20]. In this method, LC mono- and di-functional monomers are
polymerized in a cell coated with alignment layers (e.g., rubbed polyimide) to form
crosslinked network. As the alignment of mesogens is memorized during the forma-
tion of crosslinked network, CLCPs with complicated alignment of mesogens can
also be prepared with the aid of patterning technique [21–23].

By combining the photoinduced order–disorder transition in LC systems
and the strong coupling between nanostructures and macrostructures in CLCPs,
photoisormerization of dyes can be amplified to macroscopic deformation. Finkel-
mann et al. developed monodomain films of CLCPs with polysiloxane backbone
functionalized with azobenzene moieties [24]. Contraction of a film was success-
fully induced upon irradiation with UV light, which induces trans–cis isomerization
of azobenzene moieties and disturbs the alignment of mesogens. The initial length
is recovered along with cis–trans isomerization of azobenzene moieties. Further-
more, CLCP films with high concentration of azobenzene moieties, which were
prepared through copolymerization of azobenzene LC monomers and crosslinkers,
were found to show reversible bending–unbending behavior upon irradiation with
UV and visible light (Fig. 28.1b, c) [25, 26]. This bending behavior is attributed
to predominant absorption of UV light by chromophores near the surface of the
film, which leads to trans–cis isomerization, the alignment change of mesogens,
and deformation of polymer chains at the surface region. Furthermore, polydomain
films have been found to show axis-selective bending upon irradiation with linearly
polarized UV light (Fig. 28.2) [25].

As the photosynergetic transformation from nano to macro includes multiple
processes, the output can be affected by various factors. Tomake the full use of photo-
synergetic effects to achieve macroscopic response, adequate designs of molecules,
materials, and devices are essential. However, the molecular design of CLCPs has
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Fig. 28.2 Precise control of the bending direction of a polydomain CLCP film by linearly polarised
light.White arrows indicate directions of linearly polarized light. Size of the film: 4.5mm× 3mm×
7 µm. (Reproduced from [25])

been limited as they need to show LC properties. Furthermore, macroscopic archi-
tectures of CLCPs have also been limited, since two-step crosslinking and in situ
polymerization methods yield flat films, which are hardly reshaped due to the shape
memory effects of crosslinked networks. Another limitation arises from the penetra-
tion depth of light in systems containing chromophores with high concentration: only
the region near the surface can contribute to deformation and generation of force.
Overcoming these limitations leads to enhancement of photomechanical properties
flexible design of architectures, and motions.

This chapter focuses on recent progress of photomobile polymer materials under
the concept of photosynergetics. The essence is how to significantly amplify the
change at the molecular level to that at macroscopic scale. Three approaches are
detailed in the following sections: incorporation of amorphous polymers into CLCPs
to control mechanical and photoresponsive properties, reshaping of CLCPs into
various three-dimensional architectures through the rearrangement of network struc-
tures, and application of two-photon absorption processes to enhance the spatial
selectivity of photoactuation.
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28.2 Incorporation of Amorphous Polymers into CLCPs

Controlling of mechanical properties is essential for application of CLCPs as soft
actuators in various fields. Conventional CLCPs with polyacrylate backbone, which
have been prepared by in situ polymerization method, typically suffer from brittle-
ness due to the high crosslinking density. With the purpose of enhancing mechanical
toughness of photomobile polymer materials, polymer bilayers (e.g., CLCP and
polyethylene [27, 28]) and composites (e.g., CLCP and carbon nanotube [29]) have
been developed. In addition, elastic modulus is a key parameter to be adequately
controlled for a variety of actual systems. Blending of multiple polymer compo-
nents is a common strategy to improve mechanical properties of polymer materials.
In crosslinked systems, the formation of interpenetrating polymer network (IPN)
leads to blending of multiple components at nanometric scales [30]. Structures and
functions of constituents can be combined by the formation of IPN, as can be seen
in various systems including hydrogels [31, 32] and dielectric elastomers [33]. In
combination of LC polymers with various amorphous and semi-crystalline poly-
mers, self-assembled structure of mesogens should be preserved to exert the func-
tion of LC polymers. Formation of IPN can be a powerful approach to construct
multi-component systems preserving stimuli-responsive properties of CLCPs, since
the structure of LC network is memorized by crosslinks. We developed IPN films
composed of crosslinked azobenzene LC polymer (PAzo) and various amorphous
polymers to improve mechanical and photoresponsive properties of photomobile
polymer materials (Fig. 28.3) [34, 35].

We prepared IPNfilms by sequential formation of CLCP and amorphous networks
[34]. First, a PAzo network was formed by copolymerization of azobenzene LC
monomers and crosslinkers in the presence of inert LCs. By polymerizing at LC
phase in a glass cell coated with rubbed polyimide, we obtained PAzo network with
homogeneous alignment. Then, the inert LCs were removed to yield a PAzo network
with numerous pores (PAzoTP), which could be used as a template for the formation
of IPN structures. After introducing methacrylate monomers—methyl methacry-
late (MMA), n-butyl methacrylate (BMA) or n-dodecyl methacrylate (DDMA)—
and crosslinkers into PAzoTP, thermally initiated polymerization was conducted
to form the second network. The resultant films (PAzo/PMMA, PAzo/PBMA, and
PAzo/PDDMA) showed homogeneous alignment ofmesogens, whichwas confirmed
by polarizing optical microscopy and polarized absorption spectroscopy. This result
implies that the uniaxial alignment is memorized by crosslinks in the PAzo network,
which was preserved even after the incorporation of amorphous components.

Photoinduced bending behaviors of IPN films were observed in comparison with
PAzoTP and pristine PAzo films (Fig. 28.4). Deformation of IPN films could be
induced in the same way as conventional PAzo films upon irradiation with UV and
visible light. The rate of bending increased with the length of alkyl chains of amor-
phous components. Especially, PAzo/PDDMA films showed much faster bending
than the other films.
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Fig. 28.3 Schematic illustration of IPN. (Reproduced from [34])

Mechanical properties of IPNfilmswere investigated through tensile test. Young’s
modulus was evaluated from the initial slopes of the stress–strain curves. PAzoTP
showed smaller elastic modulus than a pristine PAzo film due to the presence of
numerous pores in films. Young’smoduluswas increased by incorporation of PMMA
and PBMA into pores in PAzoTP. On the other hand, PAzo/PDDMA showed smaller
Young’s modulus than PAzoTP in spite that PAzo/PDDMA contains additional
polymer components when compared with PAzoTP. This result implies that incor-
poration of soft components enhances the motions of PAzo chains. Moreover, the
fracture stress and strain could be improved by incorporation of amorphous poly-
mers. Especially, PAzo/PMMA showed significantly higher fracture stress than a
pristine PAzo film. The brittleness of CLCP can be compensated by incorporation
of amorphous polymers.

The photoresponsive properties of IPN films were directly related with mechan-
ical properties: the films show faster bending with decreasing Young’s modulus. The
strategy of incorporating soft components into CLCPs was also applied for fabrica-
tion of IPN films with PAzo and poly(dimethylsiloxane) (PDMS) [35]. In this case,
hydrosilylation reactionwas conducted in a PAzoTPfilm to formcrosslinked network
of PDMS.Althoughphase separationwas observed in the IPNfilm, the uniaxial align-
ment of azobenzene moieties was preserved. The resultant PAzo/PDMS film exhib-
ited about 10 times faster bending behavior upon irradiation with UV light when
compared with a pristine PAzo film, thanks to the soft nature of PDMS. Formation of
IPN structures was found to be a powerful approach to combine CLCP with various
amorphous components, preserving and even enhancing photosynergetic effects.
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Fig. 28.4 (a) Photoinduced bending behaviour of a PAzo/PDDMA film upon irradition with UV
(10 mW cm-2) and visible (40 mW cm-2) light. (b) Bending angles as a function of irradition time
of UV light. Size of the films: 3 mm × 1 mm × 16 µm. (Reproduced from [34])

28.3 Reshaping of CLCPs Through the Rearrangement
of Network Structures

In application of photomobile polymer materials to actual devices such as soft actu-
ators, CLCPs should be processable into adequate 3D shapes depending on their
uses. However, reshaping is a common challenge in crosslinked systems such as
elastomers, resins, and gels as they are insoluble and infusible. Especially, in the
preparation of CLCPs, conventional processes lead to the formation of flat films.
Therefore, construction of CLCPs with 3D structures has been particularly diffi-
cult. Leibler et al. developed a new class of polymer materials called vitrimers,
which are distinguished from conventional thermoplastics and thermosets [36–38].
Vitrimers are composed of crosslinked networks remoldable under heating through
exchange reactions such as transesterification. This strategy has also been applied
for thermoresponsive CLCPs based on epoxy networks [39].
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We developed LC elastomers containing exchangeable links and photochromic
moieties (LCE-1, Fig. 28.5a) capable of network rearrangement through transester-
ication (Fig. 28.5b) [40]. Ester and hydroxy groups were introduced to polysilox-
anes through hydrosilylation reaction between poly(hydrogenmethylsiloxane) and
vinyl compounds. LCE-1 was fusible and reshapable under heating at LC phase
(Fig. 28.5c), in contrast with CLCPs without dynamic covalent bonds.

Fig. 28.5 (a) Chemical structure of LCE-1. (b) Schematic illustration of the rearrangement
of network structure through transesterification. (c) Fusion test of LCE1. Scale bars: 5 mm.
(Reproduced from [40])
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Fig. 28.6 Reshaping of a monodomain film into a spiral ribbon. Scale bars: 10 mm. Size of the
film before reshaping: 25 mm × 2 mm × 70 µm. (b) Photoinduced deformation of a monodomain
in film upon irradition with UV (365 nm, 35 mW cm-2) and visible light (> 540 nm, 67 mW cm-2).
(c) Photoinduced deformation of a spiral ribbon upon irradiation with UV (365 nm, 97 mW cm-2)
and visible light (>540 nm, 60 mW cm-2). (Reproduced from [40])

The alignment of mesogens was altered under external force in the same way
as conventional CLCPs. With the aid of the rearrangeable network, the alignment
induced by external force can be memorized by heating under external stress even
after the formation of network structures.

A flat monodomain film of LCE-1 was reshaped into a spiral ribbon (Fig. 28.6a).
Upon irradiation with UV light, the initial flat film showed bending toward the light
source (Fig. 28.6b). On the other hand, the spiral ribbon exhibited winding and
unwinding motions when irradiated with UV and visible light (Fig. 28.6c). Irradi-
ation with UV light from outside of the sample leads to contraction of the outer
surface, resulting in unwinding motions. These examples clearly show that photoin-
duced deformation of CLCPs strongly depends on the initial shapes of the samples.
Therefore, the macroscopic output of photosynergetic effects triggered by isomer-
ization of photochromic moieties can be programmed through initial alignment of
mesogens and also through initial macroscopic shapes.

28.4 Photomechanical Effects of CLCPs Induced
by Two-Photon Processes

As discussed in the former sections, deformation of CLCPs can be preprogramed
through the initial alignment of mesogens and shapes of samples. Another strategy
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to control 3D deformation is inducing localized strain by inhomogeneous irradiation
with the aid of spatial selectivity of light. For example, light-driven plastic motors
have been realized by irradiating adequate spots of a CLCP ring to generate torque
[27]. Controlling the intensity gradient of incident light has enabled manipulation of
fluid slugs in LCPmicrotubes [41] andwave-likemotions ofCLCPs [42]. Continuous
motions such as oscillation [43, 44] and wave propagation [45] have been demon-
strated by self-shadowing effect under controlled incident direction. Therefore, the
precise control of irradiation spots is essential to induce sophisticated motions. In
conventional CLCP actuators based on one-photon absorption, the surface facing to
the light source absorbs actinic light in accordance with Beer-Lambert law, limiting
the 3D selection of irradiation spots.

We focused on two-photon absorption (TPA) to induce deformation of CLCPs
with high spatial selectivity. As the efficiency of TPA is proportional to the square of
the intensity of incident light, chromophores near the focal spot, even those located
deeply within a sample, can be selectively excited [46–48]. Application of TPA for
photoactuation of CLCPs allows 3D control of actuation spots, which enhances the
degree of freedom and preciseness of the photoinduced deformation.

For the design of two-photon actuation systems, CLCPs should contain two-
photon chromophores, photochromicmoieties, andmesogens.Wedeveloped a binary
system composed of a stilbene derivative (D4ST) [49] as a two-photon chromophore
and azotolane derivatives (A9ABT and DA9ABT) [50, 51] as photochromic meso-
gens (Fig. 28.7) [52]. The energy transfer between D4ST and A9ABT after two-
photon excitation was investigated in solution. Upon irradiation with laser pulses
(150 fs FWHM, 600 nm, 1 kHz), D4ST showed fluorescence, which was quenched
by A9ABT. Furthermore, A9ABT solution doped with D4ST showed the change

Fig. 28.7 Chemical structure of compounds used for preparation of two-photon driven actuators.
(a) Stilbene derivative. (b) Azotolane monomer. (c) Azotolane crosslinker



28 Photomechanical Effects in Crosslinked Liquid-Crystalline … 489

Fig. 28.8 Photoresponsive behavior of the IPN film upon irradiation with femtosecond laser pulses
at 600 nm. Size of films: 5 mm × 0.5 mm × 20 µm. (Reproduced from [52])

in absorption spectra by irradiation with laser pulses, showing the similar behavior
to A9ABT upon one-photon excitation. These results imply that the energy transfer
fromD4ST to A9ABT and subsequent trans–cis isomerization of A9ABT is brought
about by two-photon excitation of D4ST.

We applied IPN for the construction of composite structure of D4ST and
azotolane moieties with homogeneous alignment of mesogens [52]. First, A9ABT
and DA9ABT were copolymerized in a glass cell coated with polyimide in the pres-
ence of inert LCs. After the removal of inert LCs, a mixture of D4ST andDDMAwas
introduced into the crosslinked azotolane polymer network, and then polymerized to
form the IPN structure.

Photoinduced deformation of IPN films was examined under irradiation with fs-
laser pulses at 600 nm (Fig. 28.8).Upon focusing the laser pulses, the filmdeformed at
the spot and bent toward the light source. The film showed macroscopic deformation
in spite of the fact that the size of the irradiation spot was smaller than 100 µm.
This result implies the generation of large strain at the irradiation spot. Furthermore,
the direction of the bending could be controlled by tightly focusing laser pulses
to control the depth of the irradiation spots. Application of TPA was found to be a
powerful approach to precisely control the deformation ofCLCPs,which is especially
advantageous for microactuators.

28.5 Conclusion

Photoresponsive properties of CLCPs have been enhanced by the formation of IPN
structure, controlling the initial shapes of samples, and applying TPA. Light energy is
converted to mechanical work through photoisomerization, the alignment change of
mesogens, anddeformationof polymer chains. This enhancement fromnano tomacro
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is a good example of photosynergetic effects. Further improvement of these systems
will be made possible by applying novel photochromic molecules, photochemical
processes, and assembled systems. In addition, cooperation with various fields, such
as robotics, information technology, andmedical science, will lead to real application
as soft actuators.
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Chapter 29
Femtosecond Pump-Probe
Microspectroscopy and Its Application
to Single Organic Nanoparticles
and Microcrystals

Yukihide Ishibashi and Tsuyoshi Asahi

Abstract A novel femtosecond pump-probe microspectroscope using a
femtosecond Ti:Sapphire oscillator as a light source was developed. The funda-
mental specifications are the temporal resolution of 350 fs, the spatial resolution
of 770 nm, and the tunable probe wavelength in the region from 500 to 900 nm.
The setup has two modes of the probe light detection; one is back-scattered light
detection and another conventional transmitted light detection. The back-scattering
mode measurement demonstrated about 20-times higher gain of the transient signal
of single nanoparticles compared to the conventional transmittance-mode one. This
high-sensitivity enables the single nanoparticle ultrafast spectroscopy of organic
nanomaterials which in general are low photo-durability. The femtosecond pump-
probe microspectroscopy is fruitful in the researches of solid-state photochemical
processes characterized by restricted molecular motions and intermolecular elec-
tronic interactions in the confined space. The potential applications of the developed
microspectroscopic system are demonstrated for the picosecond excited state
dynamics of nm- to μm-sized organic crystals.

Keywords Femtosecond pump-probe spectroscopy · Nanospectroscopy · Single
organic nanoparticle · Excited-state dynamics

29.1 Introduction

Over the past two decades, organic nanoparticles have been attracted in a scien-
tific and technological area of materials because they combine molecular properties
with nanoparticle characteristics such as optical, electronic, and solubility properties
depending on their size and shape. The nanoparticles having the dimension of several

Y. Ishibashi · T. Asahi (B)
Department of Materials Science and Biotechnology, Graduate School of Science and
Engineering, Ehime University, Matsuyama, Ehime 790-8577, Japan
e-mail: asahi.tsuyoshi.mh@ehime-u.ac.jp

Y. Ishibashi
e-mail: ishibashi.yukihide.mk@ehime-u.ac.jp

© Springer Nature Singapore Pte Ltd. 2020
H. Miyasaka et al. (eds.), Photosynergetic Responses in Molecules
and Molecular Aggregates, https://doi.org/10.1007/978-981-15-5451-3_29

493

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-5451-3_29&domain=pdf
mailto:asahi.tsuyoshi.mh@ehime-u.ac.jp
mailto:ishibashi.yukihide.mk@ehime-u.ac.jp
https://doi.org/10.1007/978-981-15-5451-3_29


494 Y. Ishibashi and T. Asahi

tens-nm to a few hundred-nm were prepared for various organic compounds, and the
nano-aggregation effects on the optical properties such as size-dependent absorption
and fluorescence spectra and aggregation-induced emission were examined [1, 2].
The mechanism has been discussed in terms of restricted intramolecular motions
and intermolecular electronic interactions in the confined space. Moreover, syner-
getic interactions between photo-excited molecules and/or the ground-state ones
have been attracting increasing interests since novel photochemical reactions hardly
realized in solution were induced in solid systems [3–5].

To elucidate the details of photochemical processes in nanoparticles, femtosecond
transient absorption spectroscopy is a fruitful technique, which makes it possible
to directly observe the ultrafast dynamics of excited states and transient interme-
diates. It is now recognized that pump-probe experiments for individual nanopar-
ticles are important and indispensable for elucidating the ultrafast photochemical
dynamics. Thus, in the recent decade several pump-probe setups combining a far-
field microscope and a femtosecond Ti:Sapphire oscillator have been reported and
applied to various kinds of nanomaterials such as metal nanoparticles and semicon-
ductor nanowires, and organic nanocrystals [6–13]. In this chapter, we introduce our
femtosecond pump-probe microspectroscope using a femtosecond supercontinuum
as a probe pulse and compare transient signal sensitivity between the conventional
transmittance-mode detection and the back-scattering mode one of the probe light. It
was demonstrated that the detection of the back-scattered light from a single nanopar-
ticle permitted 20 times higher gain of the transient signals in comparison with
the conventional absorption-based measurement. The high-sensitivity of the pump-
probe, back-scattering microspectroscopy allowed us to examine ultrafast excited-
state dynamics of single organic nanoparticles which in general are lower photo-
durability than inorganic ones. The size-dependent excimer formation dynamics of
perylene nanocrystals and the crystalline-phase dependence of the exciton decay
for copper phthalocyanine (CuPc) nanorods are demonstrated. Also, some applica-
tions of the femtosecond pump-probe microspectroscope to studies on the excited
state dynamics of μm-sized single crystals are demonstrated. We will discuss the
photoinduced charge separation dynamics in a ps-time scale for a weak charge-
transfer complex and the effect of ultrafast transient laser heating on the singlet
fission dynamics of rubrene.

29.2 Setup of Femtosecond Pump-Probe
Microspectroscopic System

Figure 29.1a shows the schematic illustration of our femtosecond transient absorp-
tion microspectroscopic system [13]. A femtosecond Ti:Sapphire laser (Tsunami,
Spectra-Physics) pumped by a cw DPSS green laser (Millennia eV, Spectra-Physics)
was used as a light source. The output pulse (795 nm, 1W, 90 fs fwhm, 82MHz) was
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Fig. 29.1 a Schematic diagram of the femtosecond pump-probe microspectroscopic system. APD
= avalanche photodiode; OBJ = objective lens; BPF = optical bandpass filter; HM = half mirror;
PCF = photonic crystal fiber; VND = variable neutral density filter; ND = neutral density filter;
BBO = BBO crystal; OC = optical chopper; BS = beam splitter (10%R: 90%T); DM = 400-
nm dichroic mirror; AD converter = analog-to-digital converter. b Signal intensity distribution of
the PCF-generated supercontinuum as a function of wavelength. The spectrum was detected with
a modular USB spectrometer (USB2000+, ocean optics). c Optical image of probe light at the
focusing spot. d Measure of the frequency chirp of the PCF-generated supercontinuum. The solid
curve is just a guide for the eyes. e Cross-correlation function between 397-nm pump and 680-nm
probe lights. Both lights were focused on a piece of BBO crystal (0.1 mm thickness) with the
same 60× objective lens, and signals of difference frequency generation were detected at different
delay times between two lights. Solid line is the calculated curve with a simple gauss function. The
FWHM of the correlation is 350 ± 50 fs. f Polar plots of the intensity of pump and probe lights
versus the polarization angle with respect to a thin film polarizer. Black and red circles are pump
and probe light, respectively. The shapes of the plots indicate that the light coming out from the
probe is non-linearly polarized, and the pump is linear polarized. Reprinted in part with permission
from [13]. Copyright 2016 American Chemical Society
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divided into two pulses with the same energy. One of the two pulses was frequency-
doubled (397 nm) with a 2-mm thickness BBO crystal, and it was used as a pump
pulse, whichwas chopped at a 20-kHz repetition rate by a high-speed optical chopper
to generate transient modulations of target nanocrystal. After passing through an
optical delay stage (STM-150, SIGMA Koki) which can control delay time between
−50 and 700 ps, the pump pulse was guided into an inverted optical microscope
(IX71, Olympus) and focused into the sample with an objective lens (60×, N.A.
0.7) (LUCPLFLN60X, Olympus). The other fundamental pulse was focused into an
80-cm photonic crystal fiber (PCF) (NL-PM-750, Crystal Fibre) to generate a super-
continuum in the wavelength range of 500–900 nm as shown in Fig. 29.1b, which
was used as a probe pulse. The tuned probe pulse was focused on the sample with the
same objective lens co-linearly with the pump pulse. This system has two detection
manners; transmitted (absorption-based) light and back-scattering light detections.

The back-scattering light of the probe pulse was collected with a ×60 objective
lens and passed through a confocal pinhole, and then the intensity was detected
with a fiber-coupled avalanche photodiode module (APD1). In the absorption-based
mode experiment, the transmitted light through the sample was collected with a ×
20 objective lens, and its intensity was measured with APD1. To extract modulation
of weak transient signal by pump light in Fig. 29.1a, the APD1 output was directed
into the signal input of a lock-in amplifier (SR830, Stanford Research) referenced to
the optical chopper. A part (10%) of the probe light was split before the microscope,
and the light intensity detected with the avalanche photodiode (APD2) was used as
the reference in a differential amplification of the signals. The output signals of the
lock-in amplifierwere sent to the analog-to-digital converter (NIUSB-6356,National
Instruments) and a personal computer to calculate the transient signals induced by the
pump pulses. The transient signals were recorded as a function of the position of the
translational stage (i.e., delay time between pump and probe pulses). The obtained
kinetic data were analyzed by using commercial software and homemade programs.

The fundamental specifications of the developed system are summarized as
follows. The diameter of the focusing spot (Fig. 29. 1c) was estimated from images of
a reflection at the glass coverslip with a Gaussian function. The diameter of the probe
pulse was 590 nm in FWHM, and that of the pump pulse was 730 nm in FWHM. The
fluence of the excitation pulse on the microscope stage was varied with a variable
neutral density filter (VND) in the range of 0.01–30 mJ cm−2 pulse−1. To select the
appropriate probe wavelength, we inserted an optical bandpass filter (BPF) having
10-nm bandwidth in FWHM (Asahi Spectra) after generating the supercontinuum,
Fig. 29.1d shows the frequency chirp of the PCF-generated supercontinuum, which
was measured from the time profiles of transient absorbance of an organic laser
dye (DCM) solution in the probe wavelength range of 500–800 nm. By taking into
accounts the frequency chirp curve, we reconstructed transient absorption spectra
from the time profile of the transient signals at each probe wavelength. The FWHM
of the cross-correlation between the pump (397 nm) and probe (680 nm) pulses was
350 fs at the sample position (Fig. 29.1c). The polarization of the pump and probe
lights were linear and circular, respectively (Fig. 29.1e).
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In the case that a sample is larger than the spot size of probe beams (in Fig. 29.2a),
the transient signal in transmittance-mode detection will be simply given by�IT /IT .
Here, IT is the intensity of the transmitted light of the sample without excitation and
�IT is themodulation induced by a pump pulse.�IT /IT is proportional to the fluence
of the pump pulse, and transmittance-mode detection will gain �IT /IT enough to
be large by setting appropriate values of the pump intensity. On the other hand, in
the case of a smaller particle than the spot size of the probe light (Fig. 29.2b), the
photodetector (APD1) also detects stray light, i.e., the light did not interact with the
particle, at the same time, so that the transient signal will be given by �IT /(IT +
Istray), where Istray is the intensity of stray light. It is obvious that as Istray becomes
larger than IT , the gain of transient signals decrease drastically. That is, the transient
signal will hardly obtain in the transmittance-mode detection of the probe light. An
alternative way to detect the transient signal is to measure the scattering light from
the sample nanoparticle. In this case, we will be able to reduce the contribution
of stray light in the transient signal, and expect to obtain the transient signal of
single nanoparticle. In the following, we compare transient signal intensities of the
transmittancemode and the back-scattering one in the case of detecting a nanoparticle
on a glass slip.

A single nanoparticle on a glass coverslip is placed at the center of a focused
Gaussian beam with intensity distribution of (2Pi/πω2

0) exp[−2x2/ω2
0], where x is

the radial distance from the beam center, Pi the total power, and ω0 the beam waist
in Fig. 29.3a. The nanoparticle will give the modulation of−σ ext × 2Pi/(πω2

0) in the
transmitted light intensity, where σ ext is the particle’s extinction cross-section. By
taking into account the loss of the incident light by the reflection at the glass surface,
the transmission intensity (IT ) is given by IT = Pi(1− r)−Pi × 2σ ext/(πω2

0). Here, r
is the reflectance at the glass surface. On the other hand, in the back-scattering mode,
the detected light intensity (IS) is the sumof the scattering light of the nanoparticle and

Fig. 29.2 Illustration of comparison between transmittance mode and back-scattering mode detec-
tions. a Larger microcrystal and b smaller nanocrystal than the diffraction limit of pump and probe
lights
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Fig. 29.3 a Comparison of transient signal intensities of single gold nanoparticle with a size of
100 nm in air by back-scattering light and transmitted light detections. b Comparison of transient
signal intensities of single gold nanoparticle with a size of 100 nm in air and in water detected with
back-scattering light. Both upper illustrations depict a single gold nanoparticle on glass slip in air
(a) and covered by water (b)

the reflection at the glass surface, and expressed by IS = Pi × r + Pi × 2σ scat/(πω2
0),

where σ scat is the particle’s scattering cross-section. In case of small nanoparticles,
whose σ ext and σ scat are much smaller than πω2

0, the normalized modulation changes
in the transmittance-mode (�IT /IT ) and back-scattering (�IS/IS) one are given by
Eqs. (29.1) and (29.2), respectively, by using the change of the extinction cross-
section (�σ ext) and the scattering cross-section (�σ scat) induced by the pump light.
Derivations of these equations are in detail described in Ref. [13].

�IT /IT = −2 × �σext/{πω2
0 × (1 − r)} (29.1)

�IS/IS = 2 × �σscat/{πω2
0 × r} (29.2)

Also, the reflectance at the glass surface, r is estimated simply from the following
equation, where n0 is the refractive index of the medium, and n1 is the refractive
index of the glass.

r = {(n0 − n1)/(n0 + n1)}2 (29.3)

As an example, the transient signal of a single gold nanoparticle with a diameter
of 100 nm at the wavelength of its plasmonic resonance peak is discussed. The value
of πω2

0 is calculated to be (2× 106 nm2) from the beamwaist of 770 nm (ω0 ≈ λ/NA)
under the experimental condition. Using the value of σ ext and σ scat at 540 nm (2 ×
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104 nm2), (2σ ext/πω2
0) and (2σ scat/πω2

0) were calculated to be 0.02. The value of r is
0.035 for a normal incidence of light at the interface between the glass (n1 = 1.46)
and air (n0 = 1.00). According to Eqs. (29.1) and (29.2), the ratio of�IS/IS to�IT /IT
is approximate 27 by assuming that the value of �σ ext is equal to that of �σ scat.
Consequently, the back-scattering mode will improve signal gain for nanoparticles
having a smaller size than the beam west.

To demonstrate a high sensitivity of the back-scattering light detection experimen-
tally, we measured the transient signals of single Au nanoparticle on a cover glass
slip. Figure 29.3a shows the comparison of the time profiles of a 100-nm diameter
particle between in transmitted light and back-scattering light detections at the probe
wavelength of 540 nm. The values of σ ext and σ scat are by chance the same to each
other value [14]. In the experiment, the scattering light intensity (IS) detected with
the APD1 was set to be the same to the transmission one (IT ) by tuning the probe
pulse intensities before the microscope using the variable neutral density filters. The
setups of the lock-in amplifier and the accumulation time (3 min/1 trace) were set to
be the same in both experiments. The signal at negative delay times in both exper-
iments showed almost the same noise levels to each other. However, it is obvious
that the back-scattering light detection experiment gave a much larger magnitude
in the transient signals than that of the transmittance mode. The signal gain in the
back-scattering mode was higher by about 20 times than that in the transmittance
mode. This experimental value was close to the calculated one ((�IS/IS)/(�IT /IT )
= 27) described above. It was demonstrated that the back-scattering light detection
could improve the sensitivity of the pump-probe signal. This high-sensitivity is a
great advantage in the ultrafast spectroscopic studies of single nanoparticles. We can
suppress the intensity of the pump pulse in order to avoid the photodecomposition
of the sample in the pump-probe experiments.

According to Eq. (29.2), decreasing the value of r will improve the sensitivity
of the back-scattering mode measurement. For example, when the glass coverslip
is covered with water, the value of r is calculated to be 0.0022 which is smaller by
15 times than that of the coverslip in air. That is, the transient signal intensity of a
nanoparticle is expected to increase 15 times. We have confirmed the idea experi-
mentally as shown in Fig. 29.3b, where the transient signal intensities of the identical
single gold nanoparticle (100 nm in diameter) on a glass cover slip covered with and
without water. The signal intensity of the Au nanoparticle in water was 10 times
larger than that in air.

29.3 Application to Single Organic Nanocrystals

In this section, we describe the applications of the above setup to the investigations of
the excited-state dynamics of single organic nanocrystals of perylene andCuPc. First,
we explain the results of perylene nanocrystals. Figure 29.4a is the dark-field image
of perylene crystals on a glass coverslip prepared by recrystallization from an acetone
solution. Target nanocrystal is in the circle and showed a broad fluorescence peak at
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Fig. 29.4 aOptical image of target perylene nanocrystal under dark-field illumination. bMolecular
structure of perylene, and illustration of molecular packing in α-perylene crystal on the basis of
Refs. [15–17]. c Time profiles of transient signals of single perylene nanocrystal having a size of
600 nm at two probe wavelengths: 630 nm (red) and 690 nm (blue). Pump wavelength was 395 nm.
Solid curves are the calculated curves by taking a single-exponential function, constant value, and
response function into account. d Schematic energy diagram of the excimer formation in α-perylene
crystal. Reprinted in part with permission from [13]. Copyright 2016 American Chemical Society

605 nm characteristic to α-form perylene crystal. The crystal size was estimated to be
about 600 nm from the spot size (800 nm) in the dark-field image and the diffraction
limit of light (500 nm) under the present experimental condition: the objective having
NA of 0.70 and the probe light wavelength of 630 nm. It is well-known that in α-
form perylene bulk crystal the molecular arrangement is the sandwich-like pair in
Fig. 29.4b [15–17] and photoexcitation energy is trapped in this pair as an excimer,
and the excimer formation occurredwith a time constant of 3 ps [18–20]. Figure 29.4c
presents the results of the time profiles at two probe wavelengths of 690 and at
630 nm. A decay component with a time constant of 1.7 ± 0.2 ps at 690 nm a rise
one with a time constant of 1.8± 0.2 ps at 630 nmwere observed. Because the probe
wavelengths of 690 and 630 nm correspond to the absorption peak of the monomeric
singlet excited state and the excimer state in the crystalline phase, respectively, [19–
21] we can safely attribute the time constant of about 1.8 ps to the excimer formation
in α-form perylene in Fig. 29.4d, which is comparable to that of the bulk crystal.

We measured excimer formation dynamics smaller nanocrystals having the size
distribution of 100 nm to 500 nm in Fig. 29.5a The nanocrystals were deposited on
a glass coverslip by spin-coating a drop of the 100-fold diluted aqueous nanocol-
loid which was prepared with a reprecipitation method [13], and then a target single
nanocrystal in the circlewas selected under the opticalmicrocsope setup inFig. 29.5b.
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Fig. 29.5 a Size distribution of aqueous α-form perylene nanocrystals obtained with the dynamic
light scattering measurement. b Optical image of the target perylene nanocrystal under dark-field
illumination. c Time profile of the transient signal of single perylene nanocrystal, monitored at
630 nm. Pump wavelength was 395 nm. Solid curve is the calculated curves by taking a single-
exponential function, constant value, and response function into account. Reprinted in part with
permission from [13]. Copyright 2016 American Chemical Society

Figure 29.5c shows the time profile of the transient signal at probe wavelength of
630 nm. The time profile clearly showed a rise component and its time constant was
calculated to be 1.6 ± 0.2 ps. Consequently, we succeeded in direct observation of
the excimer formation dynamics in an individual perylene nanocrystal.

In order to investigate the size effect of the excimer formation, we measured 18
nanocrystals. Probe wavelength was also set to 630 nm. The time constants of 18
single nanocrystals are summarized in Fig. 29.6a. The time constants are scattered
from particle to particle in the range of 0 to 3 ps. Interestingly, the relative signal
intensity seems to decrease with a decrease in the time constant of the excimer
formation, suggesting size dependence. In our previous work on single nanoparticle
fluorescence spectroscopy using a far-field fluorescence microspectroscope coupled
with anAFM, [22]wedemonstrated that the peakwavelength of the excimer emission
of nanocrystals shifted from 600 to 585 nm by decreasing of the crystal size from
300 to 100 nm. The mechanism of the size dependence was discussed in terms of a
change of intermolecular interactions that arise from the lowering in lattice energy of
nanocrystals owing to the large surface-to-volume ratio. That is, a change in the elastic
properties of nanocrystal could affect stabilization energy of the excimer formation.
From this previous result, it also would be expected that the excimer formation
dynamics might depend on the crystal’s size. Here, we measured both their pump-
probe transient signals and the emission spectra of the identical single nanocrystals.
As representative examples, three perylene nanocrystals were chosen, and the results
are shown in Fig. 29.6b, c. Each nanocrystal showed the similar time profiles to the
sub-micron size crystal as shown in Fig. 29.4b. We estimated the time constant of the
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Fig. 29.6 a Distribution of the time constant of the excimer formation. b Representative emission
spectra and c time profiles of the transient signals of three single perylene nanocrystals. Solid lines
of each panel for (c) is the calculated curves by taking a single-exponential function, constant
value, and response function into account. d Correlation between the obtained time constants of
the excimer formation and the excimer emission peak wavelength. Emission peak wavelength was
obtained with the peak fitting by a Gaussian function. Reprinted in part with permission from [13].
Copyright 2016 American Chemical Society

excimer formation by analyzing the timeprofiles at 630nmusing a single-exponential
function and taking into account the temporal response function of the pump-probe
setup. Figure 29.6d shows the time constant of the excimer formation as a function
of the peak wavelength of the excimer emission spectrum. By referring to the size-
dependent fluorescence peak in the previous paper, the shift of the excimer emission
peak wavelength from 600 to 585 nm corresponds to a decreasing of the crystal
size from 300 to 100 nm. Therefore, it can be considered that the plot of the time
constant versus the peak wavelength in the figure will represent the size dependence.
Some single nanocrystals having the emission peak at the wavelength of shorter
than 595 nm showed the time constants of less than 1 ps, which means the faster
excimer formation in smaller nanocrystals. These results are the first demonstration
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of the size-dependent excimer formation dynamics; i.e. energy trapping dynamics,
in organic nanocrystals, although the mechanism of the size effect is not cleared yet
at the present stage of the investigation.

Next, the exciton dynamics of copper phthnocyanine (CuPc) nanocrystals
is discussed. The femtosecond transient absorption spectroscopic studies were
reported by several research groups for polycrystalline thin solid films prepared
by vapor deposition, and the exciton-exciton annihilation under a dense excitation
condition was observed and discussed [23, 24]. Here, we present the results of CuPc
nanorods prepared by the laser ablation method [25]. CuPc nanorod colloids having
the dimensions of 40 nm in width and 100–1000 nm in length were prepared by ns
pulsed laser-induced fragmentation of its microcrystals dispersed in ethyl acetate.
We measured femtosecond transient absorption spectra for the nanorod colloid by
means of the conventional transient absorption spectroscopy and observed the tran-
sient absorption spectra having a strong positive, broad peak in the wavelength range
of 400–580 nm. The spectral shape was in good agreement with that in the thin film
of β-phase CuPc [24]. Also, the exciton decay dynamics depending on the excitation
intensity was similar to that of the thin film.

The CuPc nanorod colloids prepared by the laser fragmentation in liquid include
the nanorods of different crystalline phases. The β-phase nanorods are major product
and β-phase ones minor [25]. The α- and β-phase nanorods have absorption peaks
around 630 nm and 780 nm. The absorption peak ratio of 630 nm to 780 nm
was about 0.5 for α-phase nanorod, while the ratio was larger than 1 for β-phase
one. So, to examine the exciton dynamics of the nanorods depending on the crys-
talline phase, wemeasured exciton lifetimes and the steady-state scattering spectra of
individual 20 nanorods. The nanorods dispersed on a glass coverslip were used
for single-particle measurements. As representative examples, Fig. 29.7a shows
the time profiles of the transient signals and the steady-state scattering spectra of

Fig. 29.7 a Representative results of CuPc nanonord. Dark-filed images, light scattering spectra,
and time profiles of transient signals are depicted from upper to bottom panels. Pump and
probe wavelengths are 397 nm and 540 nm, respectively. b Correlation between the obtained time
constants of S1 decay and the intensity ratio of the peak wavelength at 800 nm to at 660 nm
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two nanorods. The two nanorods showed different exciton lifetimes and spectral
shapes. Fig. 29.7b shows the relation between the lifetime and the peak ratio of
800 nm to 660 nm in the scattering spectra.When the peak ratio was larger than 1, the
lifetime was 200 ps. The nanorods of the peak ratio larger than 1 were assigned to be
β-phase and their lifetime was 200 ps. On the other hand, the lifetimes were scattered
from 200 ps to 600 ps for the nanorod having the ratio less than 1. These nanorods
could be considered to be α-phase or the mixture of α- and β-phases. We succeeded
in demonstrating the exciton relaxation dynamics of CuPc nanorods depending on
the crystalline phase.

29.4 Excited-State Relaxation Processes of µm-Sized Single
Organic Crystal

In the previous section, we described the results of the pump-probe microspec-
troscopy in the back-scattering mode and the excited-state dynamics of single organic
nanocrystals. Our microspectroscopic system, of course, is fruitfull to examine ultra-
fast excited state dynamics of μm-sized organic crystals. In the case of μm-sized
samples, the transmittance mode (absorption-based) observation permits to get
enough transient signals (>10−3 OD) because the effect of stray light can be ignored
(see Sect. 29.2). Here, a boxcar average (SR205, StanfordResearch)was used instead
of the lock-in amplifier, and a pocket cell (OG8/10, Avest) to reduce a repetition rate
of the oscillator to 10 kHzwas inserted after the output of the femtosecond laser oscil-
lator. The repetition rate of the optical chopper for pump pulses was set to 500 Hz.
Because the above setup also enables us to obtain time profile of transient absorbance
at single probe light wavelength, transient absorption spectra can be reconstructed
in the following manner. First, a kinetic trace of transient absorption at single wave-
length by changing the delay time between the pump and probe pulses using the
optical delay is obtained. Second, time traces at various wavelengths are recorded
by considering the frequency chirp of the PCF-generated supercontinuum. Finally,
transient absorption spectra are constructed by obtained kinetic traces in arbitrary
wavelength range after correcting the frequency chirp at each probe wavelength. The
obtained data are analyzed by using commercial software (Igor 6) and homemade
programs. All the measurements can be performed under O2 free condition.In the
following, we present the results of two organic solid systems; charge-transfer (CT)
complexes and rubrene investigated by using the transmittance mode femtosecond
pump-probe microspectroscopic system.

CT interaction in excited states plays fundamental and important roles in a lot of
photochemical and photophysical processes in condensed phases such as electron
and proton transfer, photoinduced charge transport of organic molecular crystals and
polymer films, and so on. Until now, there are enormous reports on synthesis of
various kinds of donor (D)-acceptor (A) systems and their excited-state dynamics by
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time-resolved spectroscopies [26]. Among them, we focus here on the weak ground-
state CT complexes, such as methoxy-substituted benzene derivatives as a donor and
pyromellitic dianhydride (PMDA) as a acceptor. Picosecond and femtosecond diffuse
reflectance spectroscopies (fs-DRSs) has been reported for microcrystalline powders
of these complexes [26]. For example, on CT crystals of 1,2,4-trimethoxybenzene
(124TMB)-PMDA, a broad PMDA anion-like band around 700 nm appeared in the
temporal response of the spectroscopic system (a fewpicoseconds)with the excitation
of the ground-state CT absorption and decayed with a time constant of 6 ps. Because
the spectral shape and the lifetime of PMDA anion-like band are obviously proven,
measurements of the solid crystal CT interaction dynamics are appropriate to evaluate
the developed spectroscopic system.

As a representative example, we present here the results of 1,2,3-
trimethoxybenzene (123TMB)-PMDA crystals. The sample CT crystals on a glass
plate were grown from the acetonitrile solution containing equimolar amounts of
123TMB and PMDA by slowly evaporating the solvent. A smooth and flat crystal
having the size with a few tens of μm was selected under the optical microscope.
Figure 29.8b shows time profiles of transient absorbance of 123TMB-PMDA single
microcrystal at several probe wavelengths, excited with a femtosecond 395-nm laser
pulse. These time profiles are corrected by taking the frequency chirp into account.
At all probe wavelengths, an appearance of positive absorbance with the temporal
response (350 fs) was followed by the decay to zero in 50 ps. On the basis of
these profiles, we constructed transient absorption spectra of 123TMB-PMDA single
microcrystal and displayed the results in Fig. 29.8c. Immediately after the excita-
tion, a broadband around 680 nmwas observed, and the spectral shape became sharp
together with the peak shift to 690 nmwith delay time. At 2 ps, the shape was similar
to that of the reported PMDA anion radicals [26]. After 2 ps, the transient absorption
spectra monotonously decayed without any appreciable spectral change. Precisely
to discuss the CT interaction, the time profile at 690 nm was analyzed with a double-
exponential function of rise and decay components. The obtained time constants are
1.0 ps for the rise and 8.5 ps for the decay in Fig. 29.8d. The decay component was
in good agreement with the reported value by fs-DRS, which was assigned to the
lifetime of the relaxed CT excited state. That is, the electronic excitation is localized
in one D-A pair at 2 ps after the excitation. However, because the temporal resolu-
tion of our spectroscopic system is superior to that of the reported fs-DRS, the rise
component of 1.0 ps was clearly observed in our developed system. Considering
slight changes in the spectral shape in 2 ps, the rise component was assigned to the
relaxation from Franck–Condon state to the relaxed CT excited state.

Figure 29.9 shows the transient absorption spectra and the time profiles of
CT complex crystals of 1,2,4-trimethoxybenzene (124TMB)-PMDA, and 1,3,5-
trimethoxybenzene (135TMB)-PMDA. In both cases, the PMDA anion radical was
observed at 2 ps after the excitation and decayed to the baseline. The time profiles
at the peak of the PMDA anion radical were analyzed with a double-exponential
function, and obtained results are as follows: 0.8 ps (rise) and 6.0 ps (decay) for
124TMB-PMDA, and 1.2 ps (rise) and >600 ps (decay) for 135TMB-PMDA. We
firstly found that the decay of the relaxed CT excited state in each CT crystal was
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Fig. 29.8 aOptical image of the target 123TMB-PMDACTmicrocrystal. bCorrected time profiles
of transient absorbance at five prove wavelengths by taking the frequency chirp into account.
c Constructed transient absorption spectra on the basis of the time profiles. d Time profile of the
transient absorbance at 690 nm in the delay time range of−2 to 5 ps. Red solid line is the calculated
curve with a double-exponential function with two time constant of 1.0 ps (rise) and 8.5 ps (decay)
and pulse duration of 350 fs FWHM. Blackline is the temporal response function

consistent with the reported value, while the rise component was approximate 1 ps
independent of donors.

Next, we present the results of rubrene single crystals. Rubrene is well-known
to show efficient singlet fission in the crystalline phase. A singlet excited molecule
shares its excitation energy with a neighboring molecule in its ground state, resulting
in the formation of two triplet excited molecules [27, 28]. The singlet fission requires
the energy level of the singlet excited (S1) state, E(S1), to be at least the same as twice
that of the lowest triplet excited state, E(T1), i.e., E(S1) ≈ 2 × E(T1). In the case
of rubrene, E(S1) is 2.23 eV and E(T1) is 1.14 eV, and small activation barrier,
E(S1)–2xE(T1) ≈ –0.05 eV exists. This indicates singlet fission from the S1 state is
only possible by thermal activation on the tens of picoseconds time scale, so-called
thermally activated fission (TAF). Also, direct fission (DF) from the upper excited
singlet states, SN is another fission channel, which competes with the nonradiative
relaxation to S1 on a sub-ps time scale. Ma et al. revealed these two pathways of the
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Fig. 29.9 Transient absorption spectra of a 124TMB-PMDA and b 135TMB-PMDA CT micro-
crystals, monitored at 2 ps after excitation. Red part of the spectrum in 135TMB-PMDA shows the
absorption band of 135TMB cation radical. Time profiles of the transient absorbance of c 124TMB-
PMDA and d 135TMB-PMDA CT microcrystals probed at the peak of transient absorption. Red
solid lines are the calculated curve with a double-exponential function and pulse duration (350 fs),
and black ones are the temporal response function

singlet fission by ultrafast transient absorption spectroscopy [28]. In relation to TAF,
the reported values of the time constant are widespread in the range of 5–50 ps even
at room temperature [27–29]. The large scatter could be concerned with the effect
of a bimolecular annihilation process of the S1 state competing with the T1 state
formation because a large number of excited-state molecules are easily formed under
femtosecond pulse excitation with high laser fluence. Here, we report the excitation
laser fluence dependence of the triplet state formation in a rubrene microcrystal and
discuss the influence of dense photoexcitation on TAF.

Figure 29.10a shows the transient absorption spectra of the rubrene microcrystal
having a thickness of 2.1 μm, excited with a femtosecond 397-nm laser pulse. The
preparation of the sample rubrene crystals was described in ref. 29. The 397-nm
excitation (3.12 eV) corresponds to the excitation to higher vibrational energy level
of the S1 state having the excess energy of 0.89 eV against the 0–0 transition of the
S1 state (2.23 eV). A broad absorption which is assigned to the hot S1 state and/or
higher singlet excited (SN) state was observed immediately after the excitation. A
sharp absorption band with a peak of 510 nm due to the absorption of the T1 state
grows up with two time constants of 2.8 ps (62%) and 28 ps (38%) in Fig. 29.10b.
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Fig. 29.10 a Transient absorption spectra of rubrene single microcrystal at four delay times of
0, 5 10, and 100 ps. Inset depicts the optical image of the target microcrystal with a thickness of
2.1 μm. The polarization of the pump light was set along the b-axis of the crystal. b Time profile
of the transient absorbance due to the triplet absorption at 510 nm. Laser fluence was 7.1 mJ cm−2

pulse−1. cExcitation laser fluence dependence of time profiles at 510 nm. The results are normalized
by the value of the absorbance at 100 ps. d Relationship between the two time constants (blue:
DF and red: TAF) and excitation intensity, together with excitation intensity-dependent transient
absorbance at 100 ps (the amount of the triplet state molecules). Dotted line is the guide for the
eyes. Reproduced from Ref. [29] with permission from the European Society for Photobiology, the
European Photochemistry Association, and the Royal Society of Chemistry

The shorter time constant corresponds to the triplet state formation via the DF, and
the slower one of a few tens of ps time is assigned to the TAF [28].

Next, we measured the time profiles at 510 nm at different laser fluences of
0.65–18 mJ cm−2 pulse−1 in Fig. 29.10c. From the curve fit analysis with a double-
exponential function for each time trace, the fast component of 2.5 ± 0.3 ps due
to DF was independent of the laser fluences, while the second component ranged
from 35 to 17 ps with increasing in the fluence, and the contribution (36 ± 5%) was
independent of the fluence in Fig. 29.10d. These results indicate that the time constant
of the triplet formation through the TAF is exclusively influenced by the excitation
laser fluence. We considered the reason why S1 state lifetime was shortened with
the laser fluence to be singlet–singlet annihilation process, and then evaluated the
concentration of the excited molecules (cm−3),Mex with the following equation.

Mex = ε × ρ × Np (29.4)
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Here, ε, ρ, and Np represent the molar absorption coefficient, 1.0 × 103 (M−1

cm−1) at the excitation wavelength, the molecular density, 2.21 (M) and the number
of photons at the excitation area (cm−2), respectively. At the fluence of 18 mJ cm−2

pulse−1, the Mex was calculated to be 8.0 × 1019. Considering the concentration
of the ground-state molecules (molecules cm−3) (Mgr = ρ × NA × 10−3), NA is
Avogadro constant), 6% of the ground-state molecules are excited simultaneously
by single shot of the femtosecond excitation laser pulse. This value, which showed
three times higher as compared to the reported one byMa et al. [29], could be enough
to consider singlet–singlet annihilation process. When the annihilation process takes
place together with the singlet fission, the yield of T1 state formation should tend
to decrease, resulting in the saturation tendency of the transient absorbance of the
T1 state at 510 nm against the laser fluence. The singlet–singlet annihilation process
leads to the formation of a higher excited-state molecule and a ground-state one; S1
+ S1 → SN + S0, and the SN state molecule could generate two T1 state molecules
through the singlet fission. Consequently, two S1 state molecules are converted to
two T1 state molecules. Through the annihilation process , the amount of the T1 state
molecules decreases when S1-S1 annihilation takes places with the normal singlet
fission. However, the experimental result in Fig. 29.10d presents a linear relationship
between the excitation intensity and the amount of the T1 state. Here, because both
singlet fissions finished in 100 ps, transient absorbance at 100 ps was used as the
amount of the T1 state. From this result, we concluded that the effect of the singlet–
singlet annihilation on the singlet fission processes could be negligible in the present
experiments, and it is no important to consider the mechanism of the excitation
intensity-dependent time constant of the T1 state formation.

As another possible mechanism to explain the excitation laser fluence dependence
of the TAF, the influence of transient local heating in a ps time scale is considered in
Fig. 29.11a, b.As stated above, rubrenemolecules are excited to the higher vibrational
levels of the S1 state by the 397-nm femtosecond excitation and relax quickly to lower
levels of the S1 state through the vibrational relaxation process. This indicates that the
photothermal conversion will induce temperature elevation at the excitation volume
of the rubrene microcrystal in a few ps after excitation, leading to the acceleration
of the triplet state formation through the TAF. So, we assume that the excess energy
of the photoexcitation (397 nm) from E(S1) converts into heat in a few ps and that
the heat dissipation is ignored, and estimated the local temperature elevation (�T )
at focal spot of the excitation laser by using Eq. (29.2).

�T = κ/(ρ × C) × F × (hν397 nm − E(S1))/(hνex ) (29.5)

Here,F, ρ, andC are the laser fluence (J cm−2), themolecular density (M), and the
heat capacity, 609 (J K−1 mol−1), respectively. κ is the absorption coefficient, which
is the inverse of skin depth of the excitation light. The skin depth is determined
to be approximately 1.9 μm from the ε and the thickness. hν397 nm is the photon
energy of the excitation laser and set to be 3.12 eV and E(S1) is the 0–0 transition
energy of rubrene crystal (2.23 eV). The value of�T was estimated to be 19 K at the
laser fluence of 18 mJ cm−2 pulse−1. The temperature elevation will be enough to
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Fig. 29.11 a Illustration of local temperature elevation via rapid photothermal conversion in single
rubrene microcrystal and b its schematic diagram upon a femtosecond 397-nm excitation pulse. c
Temperature dependence of the timeprofiles of the transient absorbance at 510nm.Laser fluencewas
0.64 mJ cm−2 pulse−1. Solid lines are the convolution curves calculated with a double-exponential
function and a temporal response function. d Relationship between the rate constant of the triplet
state formation via TAF and the temperature, together with the relation between 293 K + �T
calculated by Eq. (29.5) in the text and the rate constant at each excitation fluence on the basis
of the excitation fluenece dependence. Solid line is the guide for the eyes. Reproduced from Ref.
[29] with permission from the European Society for Photobiology, the European Photochemistry
Association, and the Royal Society of Chemistry

accelerate the triplet state formation through the TAF, because the energy difference
between E(S1) and 2 × E(T1) is very small (–0.05 eV) in rubrene crystal.

In order to clarify the effect of the local temperature elevation, we also examined
the temperature dependenceof the triplet state formation at aweak excitation intensity
of 0.65 mJ cm−2 pulse−1 to avoid the influence of laser heating. In this experiment,
we used a temperature-controlled stage which changes the sample temperature in
the range of 293–343 K. Figure 29.10c clearly show that the formation time of the
T1 state became shorter (from 30 to 5 ps) with the increase of the temperature from
293–343 K. Figure 29.10d presents the temperature dependence of the rate constant
and the relationship between the transient temperature, 293 K + �T, calculated by
Eq. 29.5 and the rate constants at each excitation intensity. The excitation intensity
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dependence was in good agreement with temperature dependence. Therefore, we can
safely conclude that transient local heating in a ps time scale owing to the nonradiative
vibrational relaxation from higher vibrational level to lower ones in the S1 state will
accelerate the triplet state formation through the TAF.

29.5 Conclusion

We described the novel femtosecond pump-probe confocal microspectroscopic
system and its application to single organic crystals having the size of nm to μm. By
using normal transmitted light as a probe light, we demonstrated the excited-state
dynamics of individual μm-sized crystals such as CT complex and rubrene [29]. On
the other hand, back-scattering light detection made it possible to observe transient
signals of single organic nanocrystalswhich sizewas smaller than the diffraction limit
of the visible light. We succeeded in the measurement of the excimer formation of
α-phase perylene single nanocrystal and foundout the size-dependent excimer forma-
tion dynamics in a ps time scale [13]. We expect our microspectroscopic system can
open new photophysical processes with nanometer size and picosecond time scale
for organic solids.
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Chapter 30
Single-Molecule Level Study and Control
of Collective Photoresponse in Molecular
Complexes and Related Systems

Martin Vacha and Shuzo Hirata

Abstract We studied nanoscale photosynergetic response of molecular complexes
and related inorganic and hybrid materials using single-molecule detection and spec-
troscopy. As examples, we report simultaneous electroluminescence and photolumi-
nescence study of single CsPbBr3 perovskite nanocrystals which revealed the origin
of blinking and of reduced quantum efficiency of electroluminescence devices. In
addition, we observed linear and quadratic Stark shift on individual nanocrystals in
different matrices. For novel I-III-IV semiconductor quantum dots, defect emission
was found to originate from multiple sites in one particle, and the phenomenon of
blinking was suppressed by multi-color excitation. In hybrid metal nanoparticle-
organic dye systems, selective excitation of a localized plasmon in single gold
nanorods by the polarization of light was found to enhance Förster energy transfer
efficiency by two orders of magnitude. Localized plasmon was also found to cause
previously unknownphenomenon of enhancement of tripletDexter transfer in photon
upconversion materials. Nanoscale study of triplet exciton diffusion in molecular
solids by visualization of upconversion emission helped to uncover heterogeneity
and the role of molecular orientation in the diffusion process.

Keywords Single-molecule spectroscopy · Electroluminescence · Perovskite
nanocrystals · Quantum dots · Plasmon enhancement · Energy transfer

30.1 Introduction

Collective photoresponse of conjugated molecular complexes is an important topic
both from the point of basic knowledge ofmolecular photophysics and from the point
of potential applications as photo-driven nanoscale devices. Over the past several
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years, we have used single-molecule spectroscopy [1, 2] to study the response of
molecular complexes, such as molecular films or π-conjugated polymers, and their
inorganic counterparts, semiconducting quantum dots or halide perovskite nanocrys-
tals, as well as hybrid systems composed of noble metal nanoparticles and organic
dyes [3–18]. Using different modes of electronic excitation, i.e., linear absorption,
localized plasmon enhancement, energy transfer, or charge recombination, we inves-
tigate the effect that each excitation mode has on the resulting excited state and its
dynamics. We also attempt to actively manipulate the excited states by external
stimuli such as electric field or external nanoscale pressure induced by a tip of a
scanning probe microscope. In this chapter, we introduce several examples of this
photosynergetic research. In Sect. 30.2, we present our recent work on blinking and
electroluminescence of single perovskite nanocrystals and I-III-IV semiconductor
quantum dots. Section 30.3 introduces the enhancement of energy transfer by local-
ized plasmons of metal nanostructures in hybrid materials. Section 30.4 is devoted
to novel microscopic studies of triplet exciton diffusion in molecular solids.

30.2 Blinking and Electroluminescence of Single Perovskite
Nanocrystals and I-III-IV Semiconductor Quantum
Dots

30.2.1 Electroluminescence and Photoluminescence
of Aggregates of Halide Perovskite Nanocrystals

In recent years, halide perovskites have emerged as a promising alternative material
for light absorption and charge separation in solar cells [19, 20]. Their photophysical
properties, such as large absorption cross section and narrow tunable photolumines-
cence (PL), have also lead to extensive research aimed at optoelectronic applications,
including light-emitting diodes for displays and lighting, or lasers [21, 22]. Espe-
cially, confinement of charges in nanoscale-size structures of different dimensionality
results in drastic improvement of PL quantum yield (QY) and overall brightness, and
perovskite nanocrystals (NCs) have found use as emitters in light-emitting diodes
(LEDs). The advantage of their use is that many aspects of the existing technolo-
gies developed for organic LEDs can be applied for dispersions of perovskite NCs.
However, electroluminescence devices prepared from such NCs have long suffered
from low efficiency and there has been no systematic study on the nanoscale origin
of the poor efficiencies.

The light-emitting layer in perovskite LEDs typically consists of several tens of
nanometers of densely packed perovskite NCs. Such emitting layer is sandwiched
between two electrodes and is under external DC bias of several volts. Under such
conditions, the photophysical and electrical processes occurring in the emitting layer
can be very complex. The excitonic and electronic interactions depend on NC sizes
and their distributions, NC distances and orientations, surface and environment of the
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NCs, etc. To examine these phenomena onmodel systems of controllable size, we use
themethodof single-molecule/particle spectroscopy to studywell-defined aggregates
of NCs of the perovskite CsPbBr3. We compare PL and electroluminescence (EL)
from the same aggregates in a microscopic EL device to get insight into the processes
of charge and energy transport between individual NCs within the aggregate [3].

To compare PL and EL on the same single aggregates of CsPbBr3,
we prepared EL devices directly on microscope coverslips for use on top
of a high N.A. fluorescence microscope. The device has the structure of
ITO/PEDOT:PSS/PVK:CsPbBr3:PBD/TPBi/LiF/Al and uses as the emissive layer a
spin-coated film of PVK and PBD into which CsPbBr3 NCs are doped. The CsPbBr3
NCs have cube-like shape and average edge size of 16 nm, and their surface is
passivated with oleic acid and oleylamine ligands. The self-assembled aggregates
have sizes on the order of 100 nm, and each aggregate contains tens to hundreds of
individual perovskite NCs.

Results of the simultaneous PL and EL microscopic imaging are shown in
Fig. 30.1. The same aggregates appear in both the PL (Fig. 30.1a) and EL (Fig. 30.1b)
images but most of them with different intensity. We have shown recently that the
excitation rates in both PL and EL emission processes are comparable. The differ-
ences in the emission intensities in Fig. 30.1 thus originate from differences in PL and
EL QY, due to different fractions of charged NCs in each aggregate. An important
finding is that the individual aggregates show the dependence on their emission inten-
sities on time (time traces) in PL and EL. In PL, the emission intensity is constant,
as shown in Fig. 30.1c. In contrast, the EL intensity time trace shows strong fluctu-
ations (blinking) in the form of intensity spikes starting from the background level
(Fig. 30.1d). Generally, individual NCs do exhibit blinking in PL under ambient
conditions. Therefore, the fact that we do not observe any blinking for the aggre-
gates in PL implies that all NCs within the aggregate behave as isolated units and
absorb and emit independently, as shown schematically in Fig. 30.1e. The blinking of
the individual NCs is averaged out over the aggregate, and only constant PL intensity
is observed.

The strong blinking in EL, on the other hand, indicates that only a small number of
NCs are actively emitting EL. This has been confirmed by super-resolution analysis
of the blinking images. An example of such analysis is shown in Fig. 30.1f, where
three distinct emitting spots are evident. On average 3–7 emission spots are EL
active in each aggregate, and these spots emit consequentially, i.e., at each time the
emission is coming only from one single NC. This fact helps to explain the strong
blinking observed in the EL. Further, there is a size distribution between individual
NCs within each aggregate, as illustrated in the TEM image in Fig. 30.1g. Due to the
quantum confinement effect, the largest NCs within the aggregate have the smallest
bandgap and work as traps for charges captured originally at the surrounding NCs.
The conductive environment present between the NCs enables efficient migration
of the charges to the traps (the largest NCs) from where the EL takes place, as
shown schematically in Fig. 30.1h. This phenomenon of charge funneling is thus
an important aspect of EL devices composed of densely packed perovskite NCs,
especially in the presence of size distribution.
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Fig. 30.1 a Microscopic PL image of aggregates of CsPbBr3 NCs in EL device; b microscopic
EL image of aggregates of CsPbBr3 NCs in EL device; c intensity time trace of PL of a single
aggregate of CsPbBr3 NCs in EL device, excited at 485 nm; d intensity time trace of EL of the
same single aggregate of CsPbBr3 NCs in EL device, at the bias of 14 V; e schematic illustration of
PL from an aggregate showing independent emission from individual NCs; f super-resolution EL
image obtained by analysis of a series of microscopic EL images of aggregates of CsPbBr3 NCs at
14 V over the time of 60 s; scale bar 100 nm; g typical TEM image of an aggregate of CsPbBr3
NCs; h schematic illustration of EL from an aggregate showing charge migration (red arrows) and
emission from the largest NC which works as a trap

It is interesting to note that the distribution of energy bandgaps does not result in
the phenomenon of energy (exciton) funneling in PL, and each NC emits individ-
ually. Such exciton funneling has been observed extensively in multichromophoric
systems, such as, e.g., conjugated polymers [1]. The exciton funneling is driven by
dipole–dipole interactions, and prerequisites for efficient exciton transport are spec-
tral overlap between the absorption and emission spectra, and appropriate distance
and orientation of the transition dipoles. In the perovskite NC aggregate, some of
these prerequisites are not met. While there is a good spectral overlap due to small
Stokes shift in CsPbBr3 NCs, the overall large size and the exiting gaps between
individual NCs mean that center-to-center distance between two NCs is on average
>16 nm. Assuming that the exciton in an NC can be approximated by a single point
dipole, the dipole-to-dipole distance of more than 16 nm is far beyond the distance
required for efficient energy transfer.

Further information can be obtained from the analysis of the integrated emission
intensities in PL and EL over the measurement interval of the time traces, such as the
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ones in Fig. 30.1c, d. These integrated intensities reflect the total number of photons
emitted during the time interval. Since the excitation rates are comparable in PL and
EL, the differences in the integrated intensities (number of emitted photons) directly
reflect differences between the intrinsic QY in PL and EL. A ratio of integrated EL to
integrated PL intensity shows a large distribution which spans a range between 0.12
and 0.66, with the average EL/PL ratio of 0.36. We have previously measured the
PLQYof CsPbBr3 NCs dispersed in PVK on ensemble level and found a value of 0.3,
which leads to the ELQY value of 10.8%. Assuming further a typical outcoupling
efficiency of a LED of 20% gives the external ELQY of about 2%. We can thus
conclude that the blinking phenomenon is a crucial factor that contributes to the
lower efficiency in electroluminescence of perovskite LED devices.

30.2.2 Stark Effect and Environment Induced Modulation
of Emission in Single Halide Perovskite Nanocrystals

In order to get further insight into the blinking phenomenon that is prominently
present in the electroluminescence measurements, we systematically examined
different external factors that can influence the emission characteristics of CsPbBr3
nanocrystals in working LED devices. In particular, we investigated the impact of
an environment and of externally applied electric field on PL characteristics of
single CsPbBr3 NCs by performing steady-state and time-resolved single-particle
PL imaging and spectroscopy in inert and conductive environments [4]. We used a
hole-conducting polymer polyvinyl carbazole (PVK) as the conductive matrix and
polymethyl methacrylate (PMMA) as the insulatingmatrix, respectively, and applied
electric field in a capacitance-like device. Also, we studied field-dependent changes
in PL peak position and discovered a combination of linear and quadratic Stark effect,
which was attributed to polymer matrix-induced polarization.

Single-particle PL imaging and spectroscopy of CsPbBr3 NCs were performed
in the polymer matrices of PMMA and PVK. In the time-averaged single-particle
images, individual CsPbBr3 appears brighter in PMMA as compared to PVK
(Fig. 30.2a, b). Intensity time trajectories of individual particles were monitored
to understand this apparent decrease of PL efficiency in the conductive PVK as
compared to the inert PMMA. The intensity fluctuations in PMMA mostly show
discrete two-state blinking (Fig. 30.2c), i.e., transitions between ON states (high-
intensity) and OFF states (at the background level). The intensity traces in PVK,
on contrary, show frequent intermediate intensity levels, so-called GRAY states, in
addition to the ON and OFF states (Fig. 30.2d). The difference in average inten-
sity (brightness) of individual CsPbBr3 in the two matrices can be attributed to the
frequent population of the GRAY states in PVK as compared to PMMA.

The above observations were further complemented by excited-state lifetime
measurements on single-particle level. Excited-state lifetime decay curves of
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Fig. 30.2 Microscopic photoluminescence (PL) image of singleCsPbBr3 nanocrystals in thematrix
of a PMMA and b PVK; PL intensity traces of a single CsPbBr3 nanocrystal in c PMMA and d
PVK; e proposed scheme of CsPbBr3 nanocrystal ionization and negative trion formation in the
PVK matrix. Reprinted with permission from ACS Nano 13:624–632 (2019). Copyright 2019
American Chemical Society

CsPbBr3 in PMMA obtained as average of several NCs were fitted using two-
exponential functions, with the fitting parameters of 4.9 and 25.8 ns. The average
lifetime shortened from 13.1 ns in PMMA to 4.8 ns in PVK. In the PMMA matrix,
correlation plots between the PL intensity and lifetime for an individual particle were
constructed from time-resolved time-tagged imaging (TTTR). The data showed that
the shorter lifetime component is correlated with the intermediate GRAY states, and
the longer component corresponds to the unperturbed ON emission.

To summarize the observations, we propose a model shown in Fig. 30.2e. Due to
the proximity of the energy level of HOMO of PVK (~5.6 eV) and that of the V.B.
of CsPbBr3 (~6.2 eV), hole transfer can occur from the excited CsPbBr3 to the PVK.
This leads to enhanced photoionization of the CsPbBr3 in the conductive matrix. The
hole in the PVK matrix can migrate away from the NC which stabilizes the negative
charge on the CsPbBr3 NC. In the PMMA matrix, the larger energy barrier between
the CsPbBr3 V.B. and the HOMO of PMMA (>7.2 eV) makes the charge transfer
energetically more restricted. We conclude that the observed GRAY states in the
PVK matrix originate from the emission of negatively charged excitons (negative
trions).

Apart from the effect of the conductive matrix, we examined the effect of applied
electric field on the PL intensity and spectra of single CsPbBr3 NCs in the PMMA
matrix. The NCs are dispersed in the PMMA filmwhich is sandwiched between ITO
and Al electrodes. Under applied electric field, the CsPbBr3 NC blinking pattern as
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well as the average PL intensity changed significantly. Under a DC field (of +8 V
or +0.4 MV/cm) in the PMMA matrix, the intensity of nearly half of the particles
examined partially quenched to intermediate (GRAY) levels, with the remaining
particles irreversibly quenching to a background OFF level after a few seconds. An
example of a PL intensity time trace in Fig. 30.3 shows that the ON intensity level
of this NC at zero applied field (Fig. 30.3a) was either suppressed to about 50% to
form the GRAY levels or appeared at same ON level but with frequent OFF times
under the constant applied DC field of +8 V (Fig. 30.3b).
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Fig. 30.3 Single-particle PL intensity traces before applying electric field (a) with an applied
electric field of +8 V (+0.4 MV/cm) (b) and after removing the field (c) for a single CsPbBr3 NC
in PMMA; d PL peak maxima (PLmax) of a single CsPbBr3 NC in PMMA upon external electric
field continuously increasing from – 0.9 to +0.9 MV/cm, and recovery of PLmax after the field
removal. The data points were analyzed by Gaussian fits of single NC spectra from respective
spectral images shown on the top. The red line represents a fit to a combination of linear and
quadratic equations. Reprinted with permission from ACS Nano 13:624–632 (2019). Copyright
2019 American Chemical Society
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This behavior was reversible and the initial state recovered after removal of the
electric field, as shown in Fig. 30.3c. Overall, about 45% of the CsPbBr3 NCs in
the PMMA matrix under the influence of the applied electric field show blinking
dynamics which is similar to that of CsPbBr3 in PVK under no electric field. This
result might reflect electric field-enhanced charging–discharging of CsPbBr3 NCs in
PMMA. To summarize, externally applied electric field modifies the PL intensity of
single CsPbBr3 NCs in a similar way as the presence of a conductive matrix.

The electric field can potentially modulate also the PL energy, causing the so-
called Stark shift. The dependence of a PL spectrum on continuously applied DC
electric field within the range of −1.0 and +1 MV/cm is plotted on the top of
Fig. 30.3d in the form of a spectral image. PL spectra for individual applied voltage
values were analyzed by Gaussian fitting, and the peaks are plotted in the bottom of
Fig. 30.3d. The observed PL peak energy changes from 2.405 to 2.430 eV within
the applied voltage range, and the effect fully reversible. As also seen in Fig. 30.3d,
removal of the electric field causes the PL peak to reverse to energy observed at
0 MV/cm during the sweep. The recovery of the PL peak position shows that the
observed phenomenon is a reversible effect due to the electric field and is not affected
by the degradation of CsPbBr3 NCs during the acquisition of the data. This field-
dependent PLemission energy confirms thepresenceof aDCfield-induced, nonlinear
Stark effect. Fitting of the experimental data to a combination of a linear and quadratic
equations (Fig. 30.3d) indicates both polar and polarizable characters of the electric
field-induced phenomenon. Appearance of a linear component of the Stark effect in
inorganic halides nanocrystals such as CsPbX3 is generally not expected because of
symmetry considerations and the presumed lack of a permanent dipole. However,
interactions between CsPbBr3 NCs and the PMMA matrix may cause anisotropic
distributions of charges in CsPbBr3 NCs, resulting in a polar character.

30.2.3 Single-Particle Spectroscopy of I-III-VI
Semiconductor Nanocrystals: Spectral Diffusion
and Suppression of Blinking

Nanocrystals of ternary I-III-VI semiconductors with a direct bandgap are promising
materials for various applications due to their excellent optoelectronic properties
[23]. Tunable band gap, large extinction coefficient, and low toxicity make them
potential alternatives to II–VI semiconductor quantum dots (QD). However, large
photoluminescence spectral width and moderate brightness have long restricted their
practical use. While it has been recently shown that the large bandwidth can be
overcome by capping with an appropriate shell, detailed knowledge of the physical
origin of the spectral broadening of the defect-related emission is indispensable
for further material development. Here we use single-particle PL spectroscopy on
nanocrystals of the composition (AgIn)xZn2(1−x)S2 to study the origin of the spectral
broadening and PL blinking [16].



30 Single-Molecule Level Study and Control … 523

For the single-particle characterization,weused (AgIn)xZn2(1−x)S2 NCswith three
different compositions that vary in the amount of Zn, i.e., x = 0.3, 0.7 and 1.0,
respectively. With increasing Zn content, the solution absorption and PL spectra
exhibit a blue shift from 1.50 to 2.06 eV, with linewidths between 415 and 440 meV.
Single-particle PL spectroscopy reveals that both the transition energies and spectral
shapes vary from particle to particle, confirming the inhomogeneous nature of the
ensemble PL band. In particular, the single NC spectral linewidths (FWHM) of 230–
300 meV are narrower than the ensemble PL for all three compositions but still reach
55–75% of the ensemble PL spectral widths. These large homogeneous linewidths
are more than three times broader than those of II-VI semiconductor (CdSe) NCs. To
get insight into the homogeneous broadening, we measured time evolution of single
NC PL spectra. The spectra of most NCs are dynamic in nature and show spectral
diffusion, i.e., random changes of PL positions and linewidths in either spectral
direction, such as the example in Fig. 30.4a. The extent of the spectral diffusion can
reach up to 46 meV, making the spectral diffusion a significant contribution to the
overall PL spectrum lineshape.
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Fig. 30.4 a Time evolution of PL spectra (2D spectral plot of PL emission energy vs. time) for
one NC of the x = 0.7 composition showing spectral diffusion; b distributions of single-particle PL
positions and their Gaussian fits for spectra appearing upon both 375 and 532 nm excitations (green,
black) and for spectra appearing upon 375 nm excitation only (blue). Green represents the 532 nm
excitation, black the 375 nm excitation; c Samples of PL intensity blinking traces for two single
NCs excited sequentially with 532 nm only (green), both 375 and 532 nm (orange) and 375 nm only
(blue) lasers, corrected for background differences. Reproduced from Ref. [16] with permission
from The Royal Society of Chemistry
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Spectral diffusion can originate from multiple defect levels of different ener-
gies within one particle. Activation and deactivation of such defect states would
lead to spectral changes and blinking. To selectively excite the possible different
defects, we used alternately two lasers, one (375 nm) with energy above the bandgap
Eg, the other (532 nm) slightly belowEg tomeasure PL spectra on the same singleNC
(x= 0.3). The spectra that appear upon both excitations have maxima below 2.06 eV,
whereas the spectra that appear only upon the 375 nm excitation havemaxima around
2.10 eV. Such excitation-dependent differences in PL energy are shown for statis-
tical ensemble of single NCs in distributions NC spectral positions in Fig. 30.4b.
The difference in the PL distributions points to the coexistence of two distinct defect
states in individual NCs whose recombination energy differs on average by 85 meV.
Such multiple defect states within single NCs can be a significant factor contributing
to the large homogeneous width in the NCs.

Apart from the differences in PL spectra, excitation at different energies also
leads to differences in blinking behavior. To study the blinking phenomenon, we
used sequential excitation with 532 nm laser only (10 s), 532 nm and 375 nm lasers
simultaneously (10 s), and 375 nm laser only (10 s) andmeasured PL intensity traces.
An example of such traces shown in Fig. 30.4c confirms that the ON times are most
frequent during the simultaneous irradiation with both lasers. Statistical analysis of
PL intensity obtained with the different excitations on the same NCs shows that
the simultaneous irradiation leads on average to 1.85 times more emitted photons
compared to each of the individual irradiations.

The difference between the ON and OFF time response to the different irradiation
modes points to the involvement of multiple defect states in the emission process.
Considering the two coexisting defect states mentioned above, one such state (lower
in energy) can be temporarily in the form of a long-lived non-radiative trap that
quenches the excitons. Filling of such trap state with the lower-energy laser causes
the conduction band exciton to relax into the higher energy defect state from where
the emission occurs. This process enables optical modulation of PL blinking and
leads to an almost twofold increase in brightness in these semiconductor QDs.
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30.3 Enhancement of Energy Transfer by Localized
Plasmons of Metal Nanostructures in Hybrid
Materials

30.3.1 Selective Turn-on and Modulation of Resonant
Energy Transfer in Single Plasmonic Nanostructures
by the Polarization of Light

Förster resonant energy transfer (FRET) is a non-radiative process based on dipole–
dipole interactions, where excitation energy absorbed by a donor molecule is trans-
ferred to an acceptor molecule. The efficiency of FRET strongly depends on spec-
tral overlap between the donor emission and the acceptor absorption, the donor-
to-acceptor distance, the relative orientation of the two transition dipoles, and the
quantum yield and extinction coefficient of the dyes. The donor–acceptor interac-
tion distance RDA is typically on the order of nm and the energy transfer rate scales
as ~R−6

DA. This strong distance dependence is utilized in applications of FRET as a
nanoruler in biological systems atmolecular level. FRET is also at the center of photo-
synthesis where it ensures transport of the absorbed sunlight toward a reaction center,
and novel nature-inspired artificial light-harvesting systems are being explored for
potential use as light collectors and energy funnels in solar energy conversion
systems. FRET is also used in nanosensors or white light-emitting structures.

In many of these applications, the limited range of RDA may pose restrictions
on the design and efficiency of the systems. To increase sensitivity of FRET-based
nanosensors or improve the performance of FRET-based light-harvesting systems,
it is necessary to enhance FRET efficiencies over larger distances. Introducing plas-
monic structures in the vicinity of an energy donor and/or energy acceptor can poten-
tially lead to strong increase of FRET rate, efficiency, and range, especially when
the spectral range of energy transfer is overlapping with the plasmon resonance of
the plasmonic structure [24].

Here, we fabricated hybrid nanostructures composed of FRET dye pairs (donors
and acceptors) covalently attached to gold nanorods (GNR), Fig. 30.5a. Plasmon
resonances in GNR are highly sensitive to the polarization of the excitation light
due to the GNR anisotropic structure. In addition, the advantages of GNR are their
ease of manufacture and spectral tunability. We demonstrate on the level of a single
nanorod that the energy transfer process can be switched on and off by changing
the polarization of the excitation light relative to the long axis of the GNR [14].
Our study therefore provides an approach for controlling and modulating the FRET
process between different fluorescent species.

The hybrid nanoparticles are composed of BODIPY TR NHS dyes as donors
and BODIPY 650 NHS dye as acceptors. Both are attached at random positions
to a GNR via an alkane chain (Fig. 30.5a). Good overlap of the FRET parameters
of the dyes with the GNR plasmon resonance is achieved by using GNRs with a
longitudinal plasmon at 636 nm which coincides with the emission of the donor at
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Fig. 30.5 a Chemical structures of the donor (blue) and acceptor (red) molecules and attachment
to a GNR; b solid lines: extinction spectra of donor molecules (BODIPY TR NHS, blue), acceptor
molecules (BODIPY 650 NHS, red), and gold nanorods (green). Dashed lines: fluorescence spectra
of donor (blue) and acceptor (red) molecules. Overlap between the emission of the donor and
absorption of the acceptor is highlighted in blue; c dark-field image of single particles of hybrid
GNRs; d corresponding fluorescence image of the same particles. The scale bars in (c, d) are 4μm; e
symbols—fluorescence spectra of hybrid GNRs excited with 568 nm, for the excitation polarization
parallel to the long axis of the nanorod (blue) and perpendicular to it (red). Solid lines—fitting of the
experimental data using modified FRET theory; f two-dimensional plot of emission spectra from
a hybrid GNR as a function of an angle between the polarization of excitation light and the long
axis of the nanorod. The spectra are normalized at the donor emission maxima; g ratio between the
fluorescence intensity of the acceptor and the donor as a function of the angle between the excitation
polarization and the GNR long axis. Reproduced from Ref. [14] with permission from The Royal
Society of Chemistry

628 nm (Fig. 30.5b). Absorption of the acceptor overlaps both with the longitudinal
plasmon and the emission from the donor. There is also at least partial overlap of
the plasmon band with the absorption of the donor and fluorescence of the acceptor.
The presence of the plasmonic nanoparticle can thus influence not only the FRET
process but also the photophysical properties of the individual components of the
FRET system.
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We studied the effect of localized plasmon on the FRET process by imaging
simultaneously dark-field scattering from the GNR and fluorescence from the donor
and acceptor molecules attached to the GNR in an optical microscope. From each
hybrid GNR, we measured scattering and fluorescence intensity as well as spectra
as a function of the polarization of incident light. Dark-field image of hybrid GNRs
is shown in Fig. 30.5c, with several bright spots corresponding to scattering from
individual particles. The same particles are identifiable in the corresponding fluo-
rescence image in Fig. 30.5d. Orientation of the particles was determined from the
polarization dependence of scattering intensity for each GNR. Fluorescence imaging
of the GNRs was performed with 568 nm laser which efficiently excites the donor
molecules, but also overlaps with the longitudinal plasmon mode. When the excita-
tion light is polarized along the long axis of the GNR, fluorescence spectra from both
the donor and acceptor are visible, as shown in Fig. 30.5e (blue dots). The fluores-
cence intensity of the acceptor is higher than that of the donor in this case. When the
excitation polarization is switched to perpendicular to theGNR long axis, the fluores-
cence intensities of both donor and acceptor drop, but the decrease is more prominent
for the acceptor, as seen in the spectra in Fig. 30.5e (red dots). Thus, switching of
the polarization of the excitation light by 90° changes the intensity ratio of the donor
and acceptor fluorescence, which is a signature feature of changing FRET efficiency.
To visualize the selective turn-on of FRET, we plotted the fluorescence spectra as
a function of the angle between the polarization of the excitation light and the long
axis of the GNR in Fig. 30.5f. Fluorescence intensity from the acceptor molecules
increases to a maximum when the polarization is parallel to the long axis of GNR
and varies periodically with the polarization angle. Ratio between the fluorescence
intensity of the acceptor and the donor (shown in Fig. 30.5g) changes periodically
between 2 and 0.5 for the two orthogonal polarizations.

To quantitatively evaluate the results of the fluorescence spectral changes in terms
of FRET efficiency due to the GNR localized plasmon, we used a theoretical model
which accounts for the enhancement of FRET as well as for quenching of the molec-
ular excitations by the GNR. We approximated the hybrid GNR with a single donor
dipole moment and a single acceptor dipole moment. The calculations were carried
as fitting of the experimental fluorescence spectra. Results of the fitting are shown
by solid lines in Fig. 30.5e. The calculated efficiency of the energy transfer in the
presence of the GNR was E = 0.46 with a Förster radius of R0 = 15.04 nm. To eval-
uate the effect of the plasmon enhancement, we kept the geometry of the donor and
acceptor dyes and carried out the calculations without the GNR, with resulting FRET
efficiency of E = 0.01 and Förster radius of R0 = 7.17 nm. From this comparison, we
obtained FRET enhancement factor due to the presence of GNR of 46. An average
FRET efficiency enhancement obtained from 10 nanoparticles was by a factor of 65.
At the same time, the Förster radius on average increased twofold in the presence of
the GNR.
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In summary, we designed novel hybrid nanoparticles composed of FRET pair
dyes covalently attached to GNR. Using single-particle optical microscopy, we have
shown that energy transfer from a donor to an acceptor in the presence of a GNR
and, consequently, the emission color from the hybrid nanostructure can be reversibly
modulated by the state of the polarization of the incident light.

30.3.2 Plasmon Enhancement of Triplet Exciton Diffusion
in Photochemical Photon Upconversion

Photon upconversion (UC) based on triplet–triplet annihilation (TTA) between chro-
mophores is a photochemical mechanism that can convert low energy photons to
higher energy ones [25]. The TTA-UC process is a sequence of excitation of a singlet
state of a donor, intersystem crossing into a triplet state of the donor, triplet–triplet
energy transfer from the donor to an acceptor, and TTA between two acceptors
leading to upconverted fluorescence from the acceptor singlet state. The TTA-UC
mechanism can be optimized by material design to achieve high UC quantum yield,
relatively low threshold of the UC emission, and broad and well-tunable excitation
and emission characteristics. There is also a considerable potential for utilizing the
effect of localized plasmon resonances ofmetal nanoparticles on theTTA-UCprocess
to further optimize the UC mechanism toward practical applications. Our goal here
was to gain insight into the effect of localized plasmons of metal nanostructures on
the individual photophysical steps involved in the TTA-UC process. We used optical
microscopy to study the properties of plasmonic hybrid nanostructures consisting of
silver nanowires combined with a TTA-UC film [11]. We find fundamental differ-
ences in the way the localized plasmon influences phosphorescence on one hand and
TTA-UC on the other, both in terms of emission intensity and spatial extent of the
enhancement phenomena.

The samples, as schematically shown in Fig. 30.6a, are composed of a mesh of
silver nanowires (AgNW) randomly dispersed on a microscope cover glass substrate
(as seen in the dark-field image in Fig. 30.6b) and coatedwith a TTA-UC activemate-
rial. The active material consists of donor molecules of platinum octaethylporphyrin
(PtOEP), and acceptor molecules of 9,10-diphenylanthracene (DPA) dispersed in a
matrix of poly(methyl methacrylate) (PMMA). Extinction and emission spectra of
the donor and acceptor molecules in solution are shown in Fig. 30.6c. The AgNW
extinction spectrum also shown in Fig. 30.6c has a maximum around 400 nm and
extends beyond 700 nm. This broadband absorption ensures that plasmon resonances
of AgNW couple with the absorption and emission of the chromophores dispersed
in the film and could potentially mediate and enhance the energy transfer processes.

Microscopic study of the photophysical processes of TTA-UC was carried out by
simultaneous imaging of phosphorescence from the donor molecules and UC fluo-
rescence from the acceptor molecules using an image splitter. Microscopic phospho-
rescence image of the sample excited in the absorption Q-band of the donor PtOEP
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Fig. 30.6 a Scheme of the sample structure prepared on a microscope cover glass; b dark-field
scattering image of the silver nanowires deposited on the cover glass. Scale bar 5 μm; c extinction
(full lines) and emission (dashed lines) spectra of solutions of donor molecules (PtOEP, red),
acceptor molecules (DPA, black) and of suspension of silver nanowires (blue); dmicroscopic image
of phosphorescence from donor molecules in the hybrid sample obtained with 532 nm excitation
laser; scale bar 2 μm; e image of upconversion emission from acceptor molecules in the hybrid
sample obtained with 532 nm excitation laser; scale bar 2μm; f 1D intensity profiles along the long
axis of the nanowire of upconversion emission (black symbols) and phosphorescence (red symbols);
the profiles were taken along a cross section indicated by yellow line in (d) and (e). Reprinted with
permission from J. Phys. Chem. C 121:25479–25486 (2017). Copyright 2017 American Chemical
Society
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molecules (at 532 nm) is shown in Fig. 30.6d. The phosphorescence is emitted
uniformly throughout the film. On top of this uniform background, phosphorescence
with higher intensity is emitted close to the AgNW. The emission enhancement along
the nanowires is on the order of 1.1. In addition to the long AgNW structures, we
observe that the phosphorescence is enhanced much further (by a factor of 4–5) in
locations where two or more AgNW overlap. Such nanowire crossings (junctions)
form plasmonic hotspots with highly confined and enhanced local electric fields
which cause the strong enhancement of phosphorescence. Microscopic image of the
same sample area taken with the same excitation at 532 nm and detected in the region
of UC emission (below 492 nm) is shown in Fig. 30.6e. The UC and phosphores-
cence images are very similar. The enhancement of UC intensity on the AgNWs is
on the order of 1.3. In the junctions of the AgNWs, the enhancement increased up
to a factor of 15. In addition, there is an interesting difference between the UC and
phosphorescence patterns near the AgNW junctions. In the UC image, the enhanced
emission is clearly elongated along one of the nanowires extending from the junction.
This difference is evaluated by plotting 1D cross sections of the emission intensity.
In the cross sections along the direction of the AgNW (Fig. 30.6f), the UC (black
symbols) is significantly broader than the phosphorescence (red symbols). On the
other hand, there is no difference between the UC and phosphorescence in the cross
sections taken perpendicular to the AgNWs.

To evaluate and compare the extent of the spatial elongation (dispersion) of phos-
phorescence and UC emission, we fitted the experimental intensity cross sections
with a convolution of a Gaussian function with an exponential function. The Gaus-
sian function represents a point spread function of the microscope, whereas the
exponential function describes diffusion of the triplet excitons as a possible cause
of the spatial dispersion. An example of such fitting is shown in Fig. 30.5f as solid
lines for both phosphorescence (red) and UC emission (black). The fits provide a
characteristic parameter of dispersion length. The dispersion lengths were evaluated
statistically by fitting the intensity profiles on several tens of AgNW junctions. The
average dispersion was 0.5 μm for phosphorescence and 1.2 μm for UC emission.
Thus, the UC emission is enhanced by the localized plasmon in AgNW junctions
in qualitatively different way than phosphorescence in the same locations, both in
terms of intensity enhancement and spatial dispersion.

To summarize the experimental observations, triplet states of the donor PtOEP are
generated by the 532 nm excitation within the whole sample and lead to phospho-
rescence of the donor and UC emission from acceptor. The junctions of individual
AgNW work as plasmonic hotspots and further enhance the generation of triplet
states of the donor, as evidenced by the increased intensity of phosphorescence from
these location (with enhancement factor of 4–5). The locations of the junctions have
thus higher density of donor triplets compared to the rest of the sample and work as
localized triplet sources. Here, we assume that the hotspots in the AgNW not only
generate the higher density of the donor triplets but also enhance the donor–acceptor
triplet energy transfer. Further, the plasmons also enhance the acceptor–acceptor
triplet–triplet energy transfer (triplet exciton diffusion) within the hotspots and along
the AgNW. The result of the enhancement of both types of energy transfer within the
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hotspot is an increased enhancement of UC emission compared to phosphorescence,
whereas enhancement of the triplet diffusion along the AgNW causes a larger spatial
dispersion of UC emission along the nanowires. We note that plasmon enhancement
of Dexter-type triplet–triplet energy transfer has not been reported, and the concrete
mechanism of such process is not completely understood. Further, experimental and
theoretical work will be needed to resolve this problem.

30.3.3 Nanoscale Triplet Exciton Diffusion in Molecular
Crystals Using Imaging of Single Hybrid
Nanoparticles

In the photon upconversion process based on triplet–triplet annihilation, triplet
exciton diffusion between the acceptor molecules in a molecular solid is a crucial
parameter. Large values of triplet diffusion length LT result in lowering of the irradia-
tion intensity threshold required for the UC emission and are thus desirable for prac-
tical applications using conventional light sources. Consequently, accurate measure-
ment of LT in UC crystals is very important in the development of the state-of-the-art
UC materials working under weak irradiation. However, such accurate measure-
ments are generally difficult in UC crystals because the triplet donor molecules can
be dispersed inhomogeneously in the acceptor crystals [26]. Recently, advanced
microscopic techniques that use delayed fluorescence imaging or transient absorp-
tion imaging have been reported, but these still suffer from the limitation of optical
resolution.

For the study of truly localized nanoscale triplet diffusion process, microscopic
imaging using localized point-like triplet exciton source with sub-diffraction limited
size is one potential way forward. Here, we report direct observation of LT in UC
crystalline systems consisting of donor-functionalized nanoparticles and acceptor
molecules. In these systems, individual hybrid donor nanoparticles (HDPs) prepared
by chemically attaching donor molecules together with fluorescence dyes to an
alumina nanosphere were doped into acceptor molecular crystals to serve as local-
ized point-like triplet exciton generators. In microscopic single-particle fluorescence
images under green laser excitation, the individual HDPs in the film generate red
emission due to fluorescence of the fluorescence dyes as well as blue UC emis-
sion due to fluorescence of the acceptor molecules (Fig. 30.7a). The emission was
spectrally separated into blue and red regions and detected simultaneously using a
CCD camera. This enabled an analysis of the different color emission patterns from
individual HDPs at the same time. Comparative analysis of the two images enabled
direct determination of LT in the acceptor UC crystals.

Pt (II) mesoporphyrin IX (D1) and mesoporphyrin IX-dihydrochloride (FD1)
were used as the donor and fluorescent molecules, respectively. Anthracene (AC) or
9,10-diphenylanthracene (DPA) were used as the acceptors. The D1 and FD1 were
chemically attached to the hydroxyl-functionalized alumina nanoparticles (size of
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Fig. 30.7 a Schematic illustration of the visualization of triplet diffusion length LT. LHDP and
LUC is the size of fluorescence from FD and the size of UC emission from acceptor molecules,
respectively. LUC is larger than LHDP due to the triplet exciton diffusion. Analysis of upconversion
emission and fluorescence from HDPs. b, c, f, h AC acceptor film; d, e, g, j DPA acceptor film; b,
d images of fluorescence from a single HDP; c, e images of UC emission from a single HDP; f, g
one-dimensional intensity cross sections of the spots of UC emission and fluorescence. Black lines
represent fits of the UC emission cross section; h, j histograms of LT (bars) for AC (h) and DPA
(j). The red solid lines in (j) represent a histogram of crystal grain sizes of DPA as analyzed from
SEM images of the films. Reproduced from Ref. [12] with permission from The Royal Society of
Chemistry
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30 nm) to form the HDP. Triplet energy levels of AC and DPA are lower than that of
D1, enabling efficient triplet energy transfer from D1 to both types of the acceptors.
Diffusion of the acceptor triplet excitons and the consequent TTA result in generation
singlet excitons and UC fluorescence. For the sample using AC polycrystalline film
as the acceptor, microscopic images of fluorescence from FD1 attached to the HDP
and of UC emission from AC in the vicinity of HDP are shown in Fig. 30.7b, c,
respectively. Clearly, the size of the light spot in the UC emission is larger than that
in fluorescence. The larger size of the UC emission spot results from diffusion of the
triplet excitons within the ACfilms and the subsequent TTA. In the analysis, the CCD
images were fitted with two-dimensional convolution function of PSF and singlet
exciton density to obtain directly the LT parameters. Examples of one-dimensional
cross sections of the images together with the fits are shown in Fig. 30.7f. The LT

values obtained in this way by measuring UC emission of 46 individual HDPs are
summarized in the histogram in Fig. 30.7h. From the histogram, the mean triplet
exciton diffusion length LT in AC polycrystalline film was 491 nm.

For comparison, we used DPA polycrystalline film as the acceptor. Figure 30.7d,
e shows the microscopic images of fluorescence from FD1 and of UC emission
from DPA, respectively. Figure 30.7g shows horizontal cross sections of the images
together with the fits. The profile of UC emission fromDPA is just slightly larger than
that of fluorescence. By analyzing data from 37 individual HDP spot, we obtained a
histogram of LT as shown in Fig. 30.7j. The mean triplet exciton diffusion length LT

in DPA was 172 nm.
The different values of the mean triplet diffusion lengths LT obtained for AC

and DPA, i.e., 491 nm and 172 nm, respectively, can be ascribed to differences
in microscopic and mesoscopic structure of the films. Microscopically, there is a
difference in the π orbital overlap in the triplet state between AC and DPA due to
the different crystal structure. As a result, the Dexter triplet–triplet energy transfer
is more efficient in the AC films. In addition, the AC film is composed of flat crystal
flakes with a size of a few micrometers while the crystal grain size in DPA films
was on the order of tens–hundreds of nanometers. Size analysis of the DPA crystals
measured by SEM is shown as an overlaid histogram in Fig. 30.7j. There is a good
correspondence between the two histograms, and the peak of the size histogram at
213 nm is comparable to the observed LT value of 172 nm. The triplet excitons in
DPA are likely quenched after reaching the grain boundary, and the crystal grain size
is the limiting factor in the triplet exciton diffusion process.

In summary, direct microscopic imaging of triplet exciton diffusion in polycrys-
talline upconversion materials was demonstrated. A key feature of the method is that
excitation of the donor molecules and generation of high local density of triplet states
are confined into spatial location with sub-diffraction limit size. The triplet exciton
diffusion in the single-component acceptor medium can be studied individually, and
nanoscale location-dependent characteristics of the exciton diffusion process can be
obtained.
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30.4 Conclusion

In conclusion, we studied collective photoresponse of molecular complexes and
related inorganic and hybrid materials on nanometer scales using single-molecule
detection and spectroscopy. The single-molecule and single-particle approach have
demonstrated its unique abilities and advantages in uncovering mechanisms that
lead to decrease of emission quantum efficiency of photoluminescence and elec-
troluminescence due to emission blinking in perovskite nanocrystals and quantum
dots, in revealing excitonic and electrical interactions in aggregates of nanocrystals,
in demonstrating light polarization selectivity of plasmon enhancement in energy
transfer processes and in nanoscale characterization of exciton diffusion in molec-
ular solids. We hope that the current work will stimulate further research using the
high potential of this optical nanoscale characterization technique.
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Chapter 31
Cooperative and Hierarchal
Photoresponses of Molecular Assembling
Processes Probed by Organic Fluorescent
Molecules

Fuyuki Ito

Abstract Crystal formation in solution starts from nucleation in the saturated state.
The quality of the product and the number, size, and structure of crystals are deter-
mined in the initial stage of the nucleation process. Understanding nucleation is the
key to control crystal properties including polymorph formation. In this chapter, the
fluorescence visualization of the crystal formation process probed by organic fluo-
rescent molecules exhibiting cooperative and hierarchal photoresponses is summa-
rized. Fluorescence observations of evaporative crystallization revealed a two-step
nucleation model for both nuclei and polymorph formation. A Dibenzoylmethanato-
boron difluoride complex exhibiting mechanofluorochromism and a dipyrrolyldike-
tone difluoroboron complex derivative displaying polymorphism-dependent fluores-
cence were studied. The fluorescence from the droplets showed dramatic changes
depending on the molecular state, such as monomer, amorphous, and crystal poly-
morph. This method could be easily used to detect assembly processes by measuring
the real-time fluorescence changes under ambient conditions. Furthermore, the
formation of polymorphs ismost likely affected by the cluster structure prior to nucle-
ation. Therefore, insights into the nuclei precursor clusters in polymorph formation
measured byfluorescence changeswill enable us to predict the outcomeof polymorph
formation.
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31.1 Introduction

Photochemistry of organic molecular aggregates plays an important role in various
systems such as organic light-emitting diodes and organic solar cells. The fluo-
rescence properties of organic molecules in aggregates are different from those of
molecules dissolved in solution. Various emission colors have been observed from
samples depending on the assembled state, i.e., these samples are cooperative and
hierarchal photoresponsive molecular assemblies. To control these emissive prop-
erties, it is important to obtain detailed information about the origin and evolution
of the emission in the aggregated state, where specific interactions can lead to the
appearance of new emission colors.

Crystallization of organic crystals from solution is important for not only sepa-
ration and purification, but also the formation of single crystals for pharmaceutical
production and structure determination and the development of organic solid mate-
rials. Because many organic crystals are formed by relatively weak interactions such
as van der Waals interactions, the properties of organic molecular solids depend on
both their molecular structure and molecular assembly. In other words, molecular
crystals are formed under the influence of weak interactions, and thus have different
integrated structures depending on slight differences in crystallization conditions
such as temperature, solution concentration, and the speed of solvent evaporation.
The crystallization process is roughly divided into nucleation and crystal growth.
Although crystal formation from solution is a relatively familiar phenomenon, the
formation and growth of crystal nuclei in a homogeneous solution is still not well
understood. Nucleation in the saturated state is the initial step of crystal forma-
tion from the solution [1]. The size, number, structure, and quality of crystals are
determined in the initial nucleation process. Therefore, understanding nucleation is
important to control crystal properties including polymorph formation. The classical
nucleation theory (CNT) is based on the Gibbs energies of surfaces and volume in the
growth process without considering molecular identities. The CNT has been widely
utilized to simply explain crystallization processes. In this theory, it is assumed that
the density and order fluctuations in a supersaturated solution lead to the formation
of clusters within the molecular packing, which reflects all possible polymorphs of
the solute and crystal nuclei with the same structure as a mature crystal. In some
cases, predictions based on the CNT differ from experimental results, suggesting
that nucleation from solution must involve a more complex mechanism. Recently,
the two-step nucleation model, which includes the formation of metastable precursor
clusters with a size of hundreds of nanometers in a dense liquid, was proposed by
several groups based on the induction time of crystal formation [2], nuclear magnetic
resonance spectroscopy [3, 4], electron microscopy [5], dynamic light scattering [6],
and nonphotochemical laser-induced crystallization data [7]. Thismodel assumes the
separation of a dense, disordered liquid phase, and fluctuations in its density prior to
the formation of crystalline order. In other words, the initial clusters are liquid-like
and crystalline order appears in the clusters over time. This model is known to be
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widely applicable to not only the crystallization of proteins but also that of other
organic and inorganic materials and colloids.

Against this background, we conduct real-time measurements of the molecular
assembly process using the cooperative and hierarchical fluorescence changes of
organic molecules to optimize the fluorescence color modulation properties in the
organic solid and understand the relationship between fluorescence color and molec-
ular arrangement including the assembling process. Fluorescence spectroscopy can
provide information about the state of molecular aggregates ranging in size from
several molecules to the bulk scale because excited molecules show spectral changes
that strongly depend on the electronic state, aggregated state or size, and surrounding
environment.We have been investigating changes in electronic states associated with
cooperative interactions between molecules in organic molecular aggregates. In this
chapter, we introduce research based on the concept of monitoring the fluorescence
color while crystallization occurs as the solvent evaporates under ultraviolet (UV)
light irradiation (evaporative crystallization).

In this chapter, studies of the direct visualization of crystal formation and growth
probed by organic fluorescent molecules using fluorescence microscopy and spec-
troscopy are introduced. We focus on the fluorescence spectral changes of a Diben-
zoylmethanatoboron difluoride complex exhibiting mechanofluorochromism [8] and
a dipyrrolyldiketone difluoroboron complex derivative displaying polymorphism-
dependent fluorescence [9].

31.2 Fluorescence Detection of the Molecular Assembly
Process by a Mechanofluorochromic Compound

Dibenzoylmethanatoboron difluoride (BF2DBM) derivatives possess excellent
optical properties such as high fluorescence quantum yield in the solid-state [10],
multiple fluorescence colors [11–15], reversible mechanofluorochromic proper-
ties [16, 17], and two-photon absorption cross-sections. In particular, BF2DBM
based on the 4-tert-butyl-4′-methoxydibenzoylmethane (avobenzone) boron diflu-
oride complex (BF2AVB) exhibits different emission behavior depending on the
crystal phase (polymorph) [18]. BF2AVB shows not only excellent durability to light
irradiation but also high fluorescence quantum yield in the solid-state (~0.5), which is
advantageous for photonic applications. In this section, real-time visualization of the
two-step nucleation model is investigated by evaluating the fluorescence properties
of BF2DBM solution during solvent evaporation-induced crystallization.

In this work, 4,4′-di-tert-butyldibenzoylmethane boron difluoride (BF2DBMb,
Fig. 31.1a) was used as a probe to investigate evaporative crystallization. First, we
examined the fluorescence of BF2DBMb in dilute solution, crystals, and the amor-
phous state, fluorescence images of which are shown in Fig. 31.1b–d, respectively.
These images indicate that the molecular forms of BF2DBMb such as monomer
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Fig. 31.1 a Molecular structure of BF2DBMb. Fluorescence images of BF2DBMb in b 1,2-
dichloromethane, c crystalline state, and d amorphous state under 365-nm UV irradiation

(isolated state) and aggregated states can be distinguished by their different fluo-
rescence colors. Next, we measured the fluorescence changes of BF2DBMb during
evaporative crystallization from solution to detect the molecular assembly process.
The fluorescence of the droplet was purple just after droplet formation. The emission
color changed from purple to blue via orange. Orange emission from BF2DBMbwas
only observed from supersaturated solution. This strongly suggests that BF2DBMb
molecules with orange emission can exist only under non-equilibrium conditions,
such as in supersaturated solutions.

To obtain spectroscopic information about the solvent evaporation process, we
observed the fluorescence spectra of BF2DBMb in 1,2-dichloroethane during solvent
evaporation. The initial fluorescence spectrum of the droplet exhibited a peak at
433 nm, with shoulders at 415, 460, and 550 nm, corresponding to the emission
spectrum of the monomer state. The intensity of the peak around 550 nm originating
from the amorphous state increased monotonically over time until 91 s. The intensity
of the fluorescence peak at 433 nmdecreased from91 to 95 s. After 95 s, peaks around
445 and 470 nm appeared concomitant with a decrease of the intensity of the 550-
nm band. The series of fluorescence spectral changes correspond to the changes in
fluorescence images.

The temporal changes in the fluorescence properties of BF2DBMb described
above can be used to explain the molecular assembly process during evaporative
crystallization. BF2DBMb crystals were formed from the solution through the amor-
phous state. The Raman spectra of each state are slightly different, supporting a
change in the molecular interactions in the ground state. The fluorescence spectra
were analyzed by nonlinear least-squares fitting with Gaussian peak position and
width. As shown in Fig. 31.2a, the relative abundance of the monomer, crystal, and
amorphous states was plotted as a function of time. These results imply that crystals
of BF2DBMb are formed from the monomer species through the amorphous state
and exhibit hierarchical changes such a consecutive reaction. A transient amorphous
state is formed prior to crystal formation. In this case, the orange emission from amor-
phous species suggests the presence of liquid-like clusters prior to crystallization. A
scheme of the crystallization process of BF2DBMb is shown in Fig. 31.2b.
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Fig. 31.2 a Change in the
relative abundance of
monomer, amorphous, and
crystal states of BF2DBMb
based on time-resolved
fluorescence spectral
measurements. b Schematic
representation of the
molecular assembly of
BF2DBMb based on the
changes in fluorescence
spectra

This study clearly confirmed the two-step nucleation model bymeasuring fluores-
cence color changes. The present method allowed crystal formation to be observed
using a conventional optical detection system under ambient conditions, making it
attractive to study the control of organic emissive materials with multiple emissive
states or colors depending on their phase.

31.3 Dynamics of the Polymorph Formation Process
During Evaporative Crystallization from Solution

The same molecule has different crystal structures, which are called polymorphs
[19]. The stability and solubility of each polymorph depend on their crystal packing
and structure. In the field of pharmaceuticals, drug solubility affects their behavior in
living bodies (bioavailability). Therefore, screening for polymorphic structures is an
important step in drug development. The thermal or chemical stability of polymorphs
can determine product quality. Based on the above considerations, it is an important
industrial concern to selectively obtain polymorphswith desired properties.However,
polymorphic control during crystallization from solution has seldom been achieved,
which is partly because the underlying mechanism of polymorph formation is poorly
understood.

Controlling the liquid-like clusters as nuclei precursors can potentially deter-
mine the fate of the nucleation process. For example, glycine has three polymorphs:
α, β, and γ. Sugiyama and Masuhara et al. [20] found that the ratio of glycine
polymorphs could be regulated by the polarization of the laser light shone into a
glycine saturated solution. Garetz et al. [21] investigated the polymorph appearance
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process in saturated and unsaturated glycine solutions by small-angle X-ray scat-
tering measurements. In nuclei precursor clusters (liquid-like clusters) in glycine
solution, it was found that domains formed through the interaction between dimers
and solvent molecules. It was suggested that the liquid-like clusters are not perfectly
isotropic, but possess an internal packing structure similar to that of the crystal.
These experimental results strongly suggest that the liquid-like clusters proposed
in the two-step nucleation theory act as important intermediates during the crys-
tallization process including polymorph formation. There are some reports on the
polymorph formation process from a theoretical perspective using both CNT and
two-step nucleation models [22, 23].

As described in Sect. 31.2, fluorescence visualization was achieved for the evapo-
ration crystallization process of BF2DBMb in 1,2-dichloroethane [8]. Fluorescence
spectroscopy could be used to probe themolecular assembly processes on scales from
only a fewmolecules to the bulkmaterial. The concentration-dependent fluorescence
spectral changes of organic molecules during solvent evaporation can provide infor-
mation about molecular assembly and crystal nucleation and growth [24–26]. This
approach has the advantage of being able to detect changes in the surrounding envi-
ronment in real-time using fluorescence spectral changes as a probe. Moreover, it is
expected that the formation of polymorphs will be affected by the cluster structure
before nucleation. Therefore, insight about the nuclei precursor clusters involved in
polymorph formation obtained by assessing fluorescence changes will enable the
prediction of polymorph appearance.

In this section, the 1,3-dipyrrol-2-yl-1,3-propanedione boron difluoride complex
1 (Fig. 31.3a) is reviewed as amodel systemwith three polymorphs showing different
luminescence characteristics [27, 28]. It has been reported that the addition of
anions to a solution of 1 changes its conformation by inversion (flipping) of two
pyrrole rings [15, 29–31]. Aryl substitution at the α- and β-positions of pyrrole
can introduce a variety of substituents around the anionic receptor, facilitating the
anion-driven modulation of assembly structure, electronic and optical properties,
and charge carrier mobility in the bulk state. An innovative design that takes into
account the structural and electronic properties of pyrrole molecules has made it
possible to obtain attractive molecular systems. From this background, the detection
of molecular dynamics during the assembly process is considered to be important
for predicting the ordered arrangements of π-electron systems. Despite having the
simplest structure (withoutmodification of the pyrrole rings), 1 has three polymorphs
abbreviated as 1r, 1y, and 1v [29, 32] that exhibit red, green, and vermilion fluo-
rescence, respectively. The pyrrole rings of the molecules in 1r and 1y are oriented
toward the BF2 unit. While 1r contains two stacked structures with anti-orientation
of the BF2 unit, 1y forms a stacked structure with syn orientation. The crystal struc-
ture of 1v is different from those of 1r and 1y: one of the pyrrole rings in 1v is
inverted and the molecules adopt an anti-oriented stacking structure. In this section,
the relationship between the nuclei precursor and polymorph formed is examined by
fluorescence detection of the polymorphic expression process based on the spectral
changes detected during evaporative crystallization.
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Fig. 31.3 a Molecular structure of 1. b Fluorescence images of polymorphs (1y, 1v, and 1r) and
the amorphous state (Am) of 1 under 365-nm UV irradiation. c Fluorescence spectra of 1y (green),
1v (orange), 1r (red), and Am (blue). d Fluorescence decay curves of 1y, 1v, 1r, and Am

Figure 31.3b shows that the three crystal polymorphs of 1 (1r, 1y, and 1v) exhibit
different fluorescence colors. The fluorescence peaks of 1r, 1y, and 1vwere observed
at 629, 524, and 604 nm, respectively, as shown in Fig. 31.3c. As mentioned above,
the amorphous phase has an important role in the two-step nucleation theory and
should, therefore, be considered. The amorphous phase of 1 (Am) was fabricated by
rapidly freezing a molten droplet over the melting point. A fluorescence image and
spectrum of Am are shown in Fig. 31.3b, c, respectively. The spectral peak of Am
observed at 610 nm resembled that of 1v. The fluorescence decay curves of 1r, 1y, 1v,
andAmweremeasured to obtain more information about the fluorescence properties
of 1. The fluorescence decay curves are shown in Fig. 31.3d. The decay profiles of
1r and 1v could be approximated by double exponential decays, whereas those of 1y
andAm could be described by triple ones.Am and 1v displayed similar fluorescence
decay curves. The fluorescence lifetimes of 1r were 18.80 and 7.05 ns. The lifetimes
of 1r were longer than that of 1y (0.15 ns). The fluorescence lifetimes of 1v and
Am were comparable (3.31 and 3.59 ns, respectively, for the faster component, and
13.14 and 11.98 ns, respectively, for the slower component).

Next, the infrared (IR) spectra of the three polymorphs and Am were measured
to detect their different intermolecular interactions. The spectra were remarkably
different from each other around 3500–3300 cm−1. The IR spectrum of 1r showed
two peaks at 3410 and 3450 cm−1 with a shoulder at 3380 cm−1. In contrast, 1v
exhibited a peak at 3370 cm−1 with a shoulder at 3390 cm−1, and 1y displayed a
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peak at 3420 cm−1. A broad absorption band was observed for Am in the range
of 3500–3300 cm−1 along with a peak located at 3380 cm−1. The IR bands in the
region from 3530 to 3480 cm−1 can be assigned to the NH stretching mode of
pyrrolyl groups. The IR spectral changes of the peaks related to NH bonds reflect
the different intermolecular interactions in the polymorphs and amorphous phase
of 1, which depend on the molecular stacking structure. A molecule of 1 forms
four hydrogen bonds (N–H···F) in its crystal structure. Although this number of
hydrogen bonds is identical in each polymorph, the IR spectral peaks exhibit distinct
differences in the region of the NH stretching mode. These findings indicate that the
NH stretching vibration mode is affected by intermolecular hydrogen bonding. The
broadband observed for Am suggests that intermolecular interactions are present at
many sites of the molecules in the amorphous phase.

It has been reported that 1y transforms to 1r at around 160 °C [32]. Differential
scanning calorimetry (DSC)measurementswere carried out to investigate the thermal
properties of 1y. The DSC thermograms of 1y showed two strong peaks at 246 °C
(�Hm1 = − 13.8 J/g) and 253 °C (�Hm2 = − 103.3 J/g), indicating that the crystals
melt in this temperature range. In addition, the DSC thermogram showed a weak
endothermic peak at 166 °C (�H trans. = −4.6 J/g). The fluorescence color of 1y also
changed from green to red at around 160 °C, as shown in Fig. 31.4. The endothermic
DSC peak was identical to the phase transformation from 1y to 1r. The strong
endothermic peaks at 246 and 253 °C probably reflect phase changes that occur
before the melting of 1r. This phenomenon can be tentatively explained by the
following two possibilities. The 1r crystals melt slightly at 246 °C, then solidify, and
finally melt completely at 253 °C. Alternatively, untransformed 1y in the part of 1r
above 246 °C could melt.

Figure 31.5 shows the fluorescence color changes of a droplet of 3.0 × 10−3

mol dm−3 of 1 in 1,2-dichloroethane solution during solvent evaporation as a function
of time. Blue emission was observed in all regions just after droplet formation.
At 25 s, the periphery of the droplet generated radial and dendrite-like solids that
exhibited bluish-green emission. The dendrite-like solids extended from the droplet

Fig. 31.4 Fluorescence images of 1y under 365-nm UV light illustrating its fluorescence color as
a function of temperature
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Fig. 31.5 Fluorescence images of a droplet of 1 in 1,2-dichloroethane during solvent evaporation
as a function of time under 365-nm UV irradiation

periphery. The bluish-green emission from the radial and dendrite-like solids changed
to yellowish-green or yellow after 40 s. As time passed, red fluorescence began to
appear at the edge of the droplet. The blue-green emission changed to red and the
area of red emission increased as time elapsed. A small region showing bluish-green
emission remained in the droplets. When the solvent completely evaporated at 50 s,
the emission from the precipitate changed completely to red except in the peripheral
region, where red and yellow mixed fluorescence was observed.

The observed emission color changes were quantified by the fluorescence spectral
measurements of a droplet of 1 in 1,2-dichloroethane during solvent evaporation.
The indicated times of the fluorescence spectra and images are slightly different.
Figure 31.6a shows the fluorescence spectra of the droplet. Two emission peaks at
470 and 450 nm were observed from 0 to 75 s. As time elapsed, the peak intensity
at 470 nm decreased and the peak gradually shifted to around 500 nm. The peak
at around 500 nm disappeared at 100 s, whereas another peak at around 610 nm
gradually increased in intensity from 77 s. The final spectrum contained a single
peak located at around 612 nm.

To analyze the fluorescence spectral changes semi-quantitatively, it was initially
assumed that the fluorescence of the droplet arose from four components—monomer,
green, orange, and red species—during solvent evaporation. The fluorescence spectra
were approximately composed of five Gaussian peaks, i.e., two peaks for the
monomer and three peaks corresponding to green, orange, and red species. However,
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Fig. 31.6 a Changes of fluorescence spectra of a droplet of 1 (3.0 × 10−3 mol dm−3) in 1,2-
dichloroethane during solvent evaporation. b Fluorescence spectrum of molten 1 heated to 235 °C.
The inset is a fluorescence image of the molten state of 1 under UV light irradiation. c The relative
abundance changes of monomer, cluster, and green, red, and orange species as a function of time
based on the fluorescence spectra of 1 measured in 1,2-dichloroethane during solvent evaporation
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the spectra were unable to be reproduced with these five peaks even considering
that the actual fluorescence bands were broader. In particular, a transient peak was
observed at around 500 nm during solvent evaporation. In a previous study, a liquid-
like cluster that acted as both the crystal nucleus and molten state of the molecules
was observed as an intermediate [8]. Based on this finding, the fluorescence spec-
trum and image of 1 upon heating a sample to over 235 °C were measured, which
are depicted in Fig. 31.6b and its inset, respectively. Green emission with a peak at
501 nm was exhibited from the molten state. In the fluorescence spectrum of 1, the
peak at shorter wavelength shifted during solvent evaporation, as shown in Fig. 31.6a.
Re-analyzing the fluorescence spectra revealed that the observed spectra at all times
during solvent evaporation could be reproducedwell by adding a sixth Gaussian peak
at 501 nm for the clusters. These findings suggest that the molten state exists as an
intermediate during evaporative crystallization.

The relative abundance changes of each component as a function of time are shown
in Fig. 31.6c. The monomer fraction steeply decreased after 75 s. The green fraction
first increased slightly and then decreased from 76 to 78 s. The orange fraction
monotonically increased from 75 s. The red fraction increased after 75 s, became
constant between 79 and 81 s, and then increased again. The cluster (molten state)
fraction increased from 76 to 80 s when the monomer and green fractions decreased
and then decreased with increasing fractions of the orange and red components. The
green and red species were assigned to 1y and 1r, respectively [32]. Formation of the
amorphous state after complete solvent evaporation was confirmed by polarization
optical microscopy. Because the fluorescence peaks of Am and 1v appeared at 610
and 604 nm, respectively, it was difficult to distinguish them based on only the
fluorescence spectra data. Therefore, the orange fraction was considered to consist
of both Am and 1v. The cluster fraction was identified by its similarity to the liquid-
like cluster of 1 reported previously [8], which is also consistent with the two-step
nucleationmodel. It is considered that the liquid-like cluster and 1y are in equilibrium.
The generation of 1r is influenced by that of 1y because 1r and 1y have similar
crystal structures. In contrast, because the changes of these three fractions seem to
be independent of each other, the orange fraction is unlikely to be influenced by
1y and 1r, leading to the conclusion that the orange fraction is not produced by
transformation of 1y or 1r.

The number density of molecules in the solution increased over time because of
the solvent loss during solvent evaporation. A solute dense state was formed from the
monomermolecules generated by the fluctuation in the solution; namely, a liquid-like
cluster state. These liquid-like clusters formed ordered arrays and acted as crystalline
nuclei, from which crystals formed and grew. If the liquid-like clusters cannot form
crystal nuclei, they will form disordered aggregates such as an amorphous solid
through liquid–liquid separation. Figure 31.7 shows a proposed scheme based on
the superposition of fluctuations of the two order parameters density and structure
[33]. These two parameters are related to crystal growth and polymorph formation
[34]. Liquid-like cluster states can be formed by fluctuation of the monomers in the
droplet resulting from solvent evaporation. Then, crystals of the three polymorphs
are produced from the liquid-like clusters through the formation of crystal nuclei
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representation of the
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driven by the reorganization in the clusters. The most important step in determining
the formed polymorph is the intramolecular conformation change of the two pyrrole
rings in 1 in the liquid-like cluster. The N atoms of pyrrole rings in 1y and 1r are
oriented toward the BF2 unit. In contrast, one of the pyrrole rings in 1v is inverted,
and the molecules stack in an anti-orientation mode. The fluorescence changes of 1
in a droplet from green to red suggest that 1y transforms to 1r during solvent evap-
oration. This transformation can easily occur through intramolecular conformation
changes, which is supported by the DSC results. It is envisaged that the fluorescence
changes correspond to the visualization of Ostwald’s rule of stages. In contrast, the
crystallization of 1v is independent of the formation of 1y and 1r, because their
intramolecular conformation changes are different. Thus, the crystallization process
of 1v does not depend on those of 1y and 1r. The solvent evaporation from the liquid-
like cluster without nucleation results in the formation of Am through liquid–liquid
separation.

The relative stability of each phase is an important factor for the formation of
organic polymorphs as well as the density and regularity of aggregates. All four
solid states are formed from the intermediate liquid-like cluster state. Thus, it can be
proposed that the liquid-like clusters can be considered as a “crucible” that are in a
non-equilibrium state at ambient temperature. Crucibles are containers used to make
crystals from a molten state at very high temperatures. In this case, the molten state
of 1, which corresponds to a liquid-like cluster state, is regarded as a crucible. The
ability to provide detailed information about such crucibles and control themolecular
dynamics within crucible will allow the selective generation of desired polymorphs
from solution.
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31.4 Summary

Research on the crystal formation process of organic fluorescent materials is impor-
tant to elucidate the photoresponse behavior of structures involving one or more
molecules. In addition, the crystal formation process is important for the develop-
ment of organic solid-state light-emitting materials that exhibit dramatic changes in
emission behavior caused by slight differences in molecular aggregation structures
and phase changes and is essential for establishing not only molecular design but
also crystal engineering molecular assembly design guidelines. Based on the fluores-
cence visualization of the crystal formation process, the two-step nucleation model
was clearly confirmed based on fluorescence color changes. An intermediate state,
such as liquid-like clusters, is important in not only the crystal nuclei formation
process but also polymorphic expression. The origin of the polymorphic expression
is the key to understanding the crystallization conditions that can selectively generate
crystals with the desired structure, the molecular dynamics in the initial process of
crystal nucleation, and for elucidating the mechanism of crystal polymorphism. The
present method has low requirements because crystal formation can be observed
with a conventional optical detection system in the ambient atmosphere, especially
for control of polymorphism of organic emissive materials with multiple emissive
states or colors depending on the phase, such as mechanofluorochromic molecules.
This approach can be used to provide a comprehensive picture of crystallization by
combination with other observation techniques.
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Chapter 32
Fabrication of Charge-Transfer Complex
Nanocrystals Toward Electric
Field-Induced Resistive Switching

Tsunenobu Onodera and Hidetoshi Oikawa

Abstract Charge-transfer complex exhibits versatile characteristics such as optical
properties, conductivity, and magnetism. The physicochemical properties can be
controlled through molecular design combining various kinds of electron donors
and acceptors. In particular, the degree of charge-transfer γ and the composition
ratio of electron donor to acceptor are important factors to determine physico-
chemical properties. On the other hand, nanocrystallized charge-transfer complex
would lead to unique properties, being different from both isolated molecule and
bulk crystal. However, the reprecipitation method for common organic nanocrystals
cannot be employed due to low solubility of charge-transfer complex in common
organic solvents. Therefore, novel nanocrystallization method for charge-transfer
complex should be developed. In this chapter, nanocrystallization involving doping
process of charge-transfer complex, copper 7,7,8,8-tetracyanoquinodimethane (Cu-
TCNQ), will be introduced in detail towards nanoelectronics application. Cu-TCNQ
is typical Mott insulator and indicates a unique resistive switching behavior. It is
expected that Cu-TCNQ nanocrystals with an excess amount of Cu, namely doped
Cu-TCNQ nanocrystals, would show unique resistive switching behavior because of
the degree of charge-transfer γ different from bulk crystal.

Keywords Charge-transfer complexes · Nanocrystals · Doping

32.1 Introduction

Charge-transfer complex is one of the interesting research subjects because of versa-
tile characteristics such as optical properties, conductivity, and magnetism [1]. Espe-
cially, electric and magnetic properties have been studied intensively because it is
possible to control physicochemical properties through molecular design combining
various kinds of electron donor and acceptor. The degree of charge-transfer γ and
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the composition ratio of electron donor to acceptor are important factors to deter-
mine physicochemical properties of charge-transfer complex [2]. On the other hand,
the nanocrystal is occupied in an intermediate state between isolated molecules
and corresponding bulk crystals. Therefore, nanocrystallization is utilized to obtain
unique properties different from both isolated molecule and bulk crystal [3]. So far,
many organic nanocrystals have been fabricated by means of the so-called repre-
cipitation method; for example, low molecular weight aromatic carbons, ionic dyes,
π-conjugated polymers, and so on [4–9]. The crystal size was located in the range of
several tens nanometer to sub-micrometers. In the case of crystalline charge-transfer
complex on microscale, several fabrication methods, for example, vapor deposi-
tion [10, 11], spontaneous electrolysis in organic solvents [12, 13], and chemical
and electrochemical reduction methods [14, 15] have been proposed. These fabri-
cation methods, however, were not useful to control the size and shape of crystals
on nanoscale. Furthermore, low solubility of charge-transfer complex in common
organic solvents disabled us from employing the conventional reprecipitationmethod
for organic nanocrystals. Hence, novel nanocrystallizationmethod of charge-transfer
complex should be developed.

32.2 Fabrication of Charge-Transfer Complex
Nanocrystals and Their Nanostructure

Cu-TCNQ nanocrystals were fabricated by coprecipitation method with chemical
reduction. Namely, methanol solutions of electron donor (Cu) and accepter (TCNQ)
were mixed in the presence of a reducing agent as follows [16, 17]. First, TCNQ
(0.13–0.21 mmol) was dissolved in methanol (500 mL). The methanol solution was
deoxygenated by flow of nitrogen gas and kept at a given temperature. Next, an
excess amount of NaBH4 (0.52 mmol) was added into the solution. In this process,
the solution turned into bright green in color. TCNQ in the starting methanol solution
exists as a TCNQ radical anion (TCNQ−) because of the reduction with NaBH4,
which was confirmed by the visible absorption spectrum assigned to TCNQ− [18].
Next, CuSO4·5H2O (0.11 mmol) dissolved in methanol (25–150 mL) was added
dropwise (0.83 mL min−1) into the vigorously stirred methanol solution containing
TCNQ− and NaBH4. After adding CuSO4, the mixed solution was further stirred at
a given temperature for 40 min. In this process, Cu2+ in methanol solution of CuSO4

was reduced into Cu+ with NaBH4. At the same time, insoluble complexes of Cu+

and TCNQ− were formed and grew up to be nanocrystals. The resulting methanol
dispersion liquid of Cu-TCNQ nanocrystals was bright blue in color. The size of Cu-
TCNQ nanocrystals was controlled by the changing amount of TCNQ and NaBH4.
On the other hand, it is also possible to prepare Cu-TCNQ nanocrystals by using
a copper salt precursor such as CuSO4 and an alkali metal-TCNQ precursor such
as Li-TCNQ by cation exchange [16]. A methanol solution (200 µL) was injected
into a vigorously stirred solution of Li-TCNQ (0.44–2.2 mM) in methanol (10 mL).
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Fig. 32.1 SEM images of Cu-TCNQ nanocrystals fabricated under different conditions of (a–
c) temperature and (d–f) concentration of CuSO4·5H2O at 15 °C.Average crystal sizewas described
with standard deviation Ref. [17]

Then, Cu-TCNQ nanocrystals were reprecipitated as Eq. 32.1, and the filtrated with
Millipore filter.

Cu2+ + 2Li+TCNQ− → Cu+TCNQ− + TCNQ0 + 2Li+ (32.1)

The formation of Cu-TCNQ nanocrystals was confirmed by scanning electron
microscope (SEM: JEOL, JSM-6700F) observation. Figure 32.1 displays SEM
images of Cu-TCNQ nanocrystals fabricated under various conditions. As the
temperature was raised and the amount of CuSO4·5H2O decreased, crystal size
increased.As a result, wewere able to fabricatewell-definedCu-TCNQnanocrystals,
which were rod-like shape within a range from 30 nm to 1000 nm along the longitu-
dinal axis. The composition ratio of Cu to TCNQwas investigated by elemental anal-
ysis (J-Science Lab. Co, Micro Corder JM10) in C, H, and N atoms (Found in typical
Cu-TCNQnanocrystals:C, 49.88;H, 1.89;N, 19.34). Interestingly, all of the resulting
nanocrystals were found to be Cu:TCNQ=1.3:1 (Calc. for C12H4N4Cu1.3: C, 50.25;
H, 1.41; N, 19.54. Calc. for C12H4N4Cu: C, 53.83; H, 1.51; N, 20.93). In order
to further investigate the composition of size-controlled Cu-TCNQ nanocrystals in
detail, Raman spectroscopy (Tokyo Instruments, Nano finder 30) was performed. In
general, charge-transfer complexes of TCNQ exhibit strong Raman bands of TCNQ
molecule, whose peak positions are strongly affected by the chemical state of TCNQ
[19]. Figure 32.2 shows Raman spectra of Cu-TCNQ bulk crystal and nanocrys-
tals. Three bands at ca. 1200, 1380, and 1620 cm−1 in nanocrystals agreed with the
C=C–H bending, C–CN stretching, and C=C ring stretching modes of TCNQ in bulk
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Fig. 32.2 Raman spectra of
a Cu-TCNQ bulk crystal
(Cu:TCNQ=1:1) and
b nanocrystal
(Cu:TCNQ=1.3:1) with 34 ±
12 nm in size, and calculated
spectra of c TCNQ anion
and d TCNQ dianion by
DFT calculation Ref. [17]

crystal (Cu:TCNQ=1:1), respectively [19]. In addition, new bands were observed
in nanocrystals. These new bands were assigned to TCNQ dianion [20], which
roughly agreed with DFT (density functional theory, EDF2/6-31G*, Spartan’10 soft-
ware) calculation as shown in Fig. 32.2d. Furthermore, chemical state of Cu in
Cu-TCNQ nanocrystals was also investigated using scanning transmission electron
microscopy—electron energy loss spectroscopy (STEM-EELS: FEI, Titan3 Double
Corrector Super-X). Figure 32.3 indicates STEM-EELS spectra of Cu in Cu-TCNQ
nanocrystals and bulk crystals. The EELS spectrum of Cu in Cu-TCNQ nanocrys-
tals corresponds to Cu-L3 edge and agreed with that in bulk crystals, which means

Fig. 32.3 STEM-EELS
spectra of a Cu-TCNQ
nanocrystals
(Cu:TCNQ=1.3:1) and
b bulk crystal
(Cu:TCNQ=1:1)
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the chemical state of Cu in Cu-TCNQ nanocrystals was mono cation. Actually, it
is reported that the main peaks for the Cu-L3 edge are located at 935.5 eV for Cu,
936.1 eV for Cu2O, 933.6 eV for CuO, respectively [21]. These facts demonstrate
that the excess amount of Cu resulted in the generation of TCNQ dianions in Cu-
TCNQ nanocrystals to keep the charge balance between TCNQ and excessive Cu.
Moreover, it is noted that the Raman intensity ratio of dianion (C=C stretching mode
at 1320 nm) to anion (C=C ring stretching mode at 1380 nm) increased as crystal
size increased [17]. This fact suggests that the degree of charge-transfer γ from Cu
to TCNQ in nanocrystals would be dependent on crystal size.

Next, crystal structure of Cu-TCNQ nanocrystals was examined by measuring
powder X-ray diffraction (XRD) patterns (Bruker, D8 Advance). It is reported that
Cu-TCNQcrystal has two polymorphic forms [19]. Phase I has a face-to-face packing
structure, inwhich planarTCNQmolecules are stackedwith effectiveπ-π interaction
between adjacent TCNQmolecules. The other is phase II with high resistance, which
has a tetragonal structure. In a viewpoint of electronic device application, phase I is
a very important material because of unique switching behavior between complete
and partial charge-transfer states by applying electric field and/or irradiating light
[19]. Figure 32.4 shows typical powder XRD patterns of Cu-TCNQ nanocrystals,
Cu-TCNQ micro-rods beyond ca. 1 µm in size, and bulk crystals (Phases I and
II). Interestingly, all of the Cu-TCNQ nanocrystals below ca. 1 µm in size were
assigned to phase I in spite of composition different from bulk crystal. This fact

Fig. 32.4 Powder XRD patterns of a Cu-TCNQ nanocrystals (Cu:TCNQ=1.3:1) with 34 ± 12 nm
in size, b micro-rods beyond 1 µm in size, c bulk crystal (Phase I) and d bulk crystal (Phase II).
The XRD pattern d was simulated using crystal structure data [19]



556 T. Onodera and H. Oikawa

might be attributed to the relaxation of lattice strain loaded on Cu-TCNQ nanocrys-
tals with an excess amount of Cu because of the large specific surface area [22].
On the other hand, Cu-TCNQ micro-rods beyond ca. 1 µm in size was the mixture
of Phases I and II from Fig. 32.4c, d. In large crystals with more ca. 1 µm in size,
the strain could be accumulated and not be released smoothly due to a relatively
smaller specific surface area. Actually, XRD peak width of nanocrystals was broader
than that of bulk crystal (Phase I) in Fig. 32.4 and became broader with increasing
nanocrystal size. Figure 32.5 shows scanning transmission electron microscopy—
energy dispersive X-ray spectroscopy (STEM-EDS) mapping (FEI, Titan3 Double
Corrector Super-X) of Cu-TCNQ nanocrystals. The spectra were relatively noisy, but
it is confirmed that Cu atomswere homogeneously contained in Cu-TCNQnanocrys-
tals. As a result, the structure of Cu-TCNQ nanocrystals was schematically proposed
as shown in Fig. 32.6. The Cu-TCNQ nanocrystal (Cu:TCNQ=1.3:1) is expressed as
Cu1.3(TCNQ−)0.7(TCNQ2−)0.3. The resulting Cu-TCNQ nanocrystals, which have
the same crystal structure as bulk crystal (Cu:TCNQ=1:1), can be regarded as doped

Fig. 32.5 STEM-EDS mappings and line mass profile of Cu-TCNQ nanocrystals
(Cu:TCNQ=1.3:1)

Fig. 32.6 Proposed structure
of Cu-TCNQ nanocrystals
(Cu:TCNQ=1.3:1) and bulk
crystal (Cu:TCNQ=1:1). Red
and blue discs indicate
TCNQ molecule and Cu
atom, respectively. Yellow
and white circles mean
electron and hole,
respectively
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Cu-TCNQ nanocrystals. In other words, an excess amount of Cu was included in
nanocrystals, so that excess amount of electron was injected in TCNQ column.

The dopedCu-TCNQnanocrystals were characterized byUV-Vis-NIR absorption
spectroscopy (JASCO, V-570). Figure 32.7 shows UV-Vis-NIR absorption spectra of
Cu-TCNQ nanocrystals. The doped Cu-TCNQ nanocrystals were immobilized on a
glass substrate as follows.A glass substratewithUV/O3 treatmentwas immersed into
methanol solution of 3-aminopropyltriethoxysilane under ultrasonic irradiation for
20 min, and then washed with pure methanol under ultrasonic irradiation for 20 min
and dried up in air. After the treatment, this substrate was again immersed into
the dispersion liquid of doped Cu-TCNQ nanocrystals for several hours, and then
carefully washed with pure methanol and dried in a vacuum. Three characteristic
peaks were observed at 381 nm, 700 nm, and in the near-infrared (NIR) region.
In the absorption spectrum of Cu-TCNQ dissolved in acetonitrile, characteristic
peaks for the TCNQ anion radical appear at 409, 744, and 842 nm. Therefore, the
peaks at 381 and 700 nm in the nanocrystals are assigned to the TCNQ radical
anion [18]. These peaks were shifted and broader than those for Cu-TCNQ dissolved
in acetonitrile because the surrounding dielectric environment of the TCNQ anion
radical is different in each case. On the other hand, NIR absorption was expected
to relate with the existence of TCNQ dianion. Here, it is known that various kinds
of metal-TCNQ complexes with partial charge-transfer state (0 < γ < 1) exhibit
an intraband transition from TCNQ radical anion to neutral TCNQ in NIR region
beyond 2000 nm [1, 2]. Based on analogous principles, we speculated new NIR
absorption peak was attributed to the intraband transition between TCNQ radical
anion anddianion.Actually, on-siteCoulomb repulsion does not change in the present
case. The crystal size dependence of peak energy would be explained by Coulomb
repulsion during electron transfer between TCNQ radical anion and dianion in doped
nanocrystals.

Fig. 32.7 UV-Vis-NIR
absorption spectra of
Cu-TCNQ nanocrystals
(Cu:TCNQ=1.3:1) with
different sizes: a 60 ±
12 nm, b 73 ± 14 nm, c 250
± 15 nm and d 533 ± 56 nm
Ref. [17]
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32.3 Resistive Switching Properties of Doped Cu-TCNQ
Nanocrystals

The resistive switching properties of doped Cu-TCNQ nanocrystals
(Cu:TCNQ=1.3:1) and bulk crystal (Cu:TCNQ=1:1) were evaluated by measuring
the current-voltage curve at room temperature. A sandwich structure was fabricated
as a measurement set-up as shown in Fig. 32.8a: the top, middle, and bottom layers
were gallium-indium (Ga-In) as a top electrode, Cu-TCNQ nanocrystals, and gold
(Au) as a bottom electrode, respectively. As shown in Fig. 32.8b, the Au layer
(20 nm in thickness) was vapor-deposited on a membrane filter (Millipore Isopore
VMTP), which has a flat surface, and then, a monolayer of Cu-TCNQ nanocrystals
was carefully prepared by the filtration of the diluted and purified dispersion liquid
of Cu-TCNQ nanocrystals as a measurement sample. A Ga-In spot was placed on
the Cu-TCNQ nanocrystals layer. On the other hand, typical Cu-TCNQ bulk crystals
were fabricated by spontaneous electrolysis [12, 13] for comparison with doped
nanocrystals. A cleaned copper foil was first immersed into a saturated acetonitrile
solution of TCNQ. Upon contact with the solution, the black-purple film was
observed to appear on the exposed copper surfaces. The resulting Cu-TCNQ crystal
was micro-rod with ca. 60 µm in size. The measurement of current-voltage curve
was performed using a source meter (Keithley 2400 Source Meter) and a dynamic
current power supply (Kenwood PAR20-4H).

The electric field-induced resistive switching behavior has been observed success-
fully in doped Cu-TCNQ nanocrystals. Figure 32.9 shows the typical current-
voltage curve of doped Cu-TCNQ nanocrystals (Cu:TCNQ=1.3:1) and bulk crystal

Fig. 32.8 a Experimental set-up for measuring current-voltage curve of doped Cu-TCNQ
nanocrystals and b fabrication process of doped Cu-TCNQ nanocrystals thin film
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Fig. 32.9 Typical current-voltage curve of a doped Cu-TCNQ nanocrystals and b bulk crystal.
HRS means high resistance state, and LRS-I and LRS-II are low resistance states, respectively

(Cu:TCNQ=1:1). The three-step switching behavior was observed in doped Cu-
TCNQ nanocrystal due to the generation of TCNQ dianions as well as TCNQ anion
radicals. This behaviorwas not recorded inCu-TCNQbulk crystals (Cu:TCNQ=1:1).
In the usual case, as-prepared Cu-TCNQ bulk crystals are first in high resistance state
(HRS) because of Coulomb repulsion between electrons as shown in Fig. 32.10.
When the electric field is applied, the bulk crystals can switch to low resistance
state (LRS) owing to the partial change from the TCNQ anion radical to the neutral
TCNQ [19]. When the electric field is reversely swept, the resistance state of bulk
crystals returns to the HRS again. Namely, Cu-TCNQ bulk crystal shows reversible
stability. On the other hand, as-prepared doped Cu-TCNQ nanocrystals are first in
low resistance state (LRS-I) different from bulk crystal, because doped Cu-TCNQ
nanocrystals contain TCNQ dianion as well as TCNQ anion radical, and electron
in TCNQ dianion can work as a carrier. Actually, on-site Coulomb repulsion does
not change by electron transfer from TCNQ dianion to TCNQ anion radical. When
the electric field is swept, doped Cu-TCNQ nanocrystals switched to the high resis-
tance state (HRS) because the chemical state of all of TCNQ molecules in columnar
structure changes to anion radical. Furthermore, doped Cu-TCNQ nanocrystals were
switched again to the other low resistance state (LRS-II) owing to the partial change
from the TCNQ anion radical to the neutral TCNQ caused by further application of
an electric field. This mechanism is supported by observing new Raman signal at ca.
1450 cm−1 assigned to neutral TCNQ in the switched sample as shown in Fig. 32.11
[23]. Cu-TCNQ nanocrystals showed multistep switching induced by electric field
as novel properties owing to the generation of TCNQ dianions.
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Fig. 32.10 Resistive switching mechanism of Cu-TCNQ bulk crystal (a) and doped nanocrystals
(b). Red and blue discs indicate TCNQ molecule and Cu atom, respectively. Yellow and white
circles mean electron and hole, respectively

Fig. 32.11 Raman spectra
of doped Cu-TCNQ
nanocrystals before and after
resistive switching from
HRS to LRS-II

32.4 Conclusion

The doped Cu-TCNQ nanocrystals have been fabricated successfully using copre-
cipitation method with chemical reduction. The resulting nanocrystals have compo-
sition ratio of Cu:TCNQ=1.3:1 and the same crystal structure as bulk crystal
(Cu:TCNQ=1:1). The excess amount of Cu resulted in the generation of TCNQ
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dianions in Cu-TCNQ nanocrystals to keep the charge balance between TCNQ and
excessive Cu, which was supported by Raman spectroscopy and STEM-EELS. Their
doped nanocrystals also showed a strong absorption peak in NIR region, whose
positions were strongly dependent on the content of TCNQ dianion.

The resulting doped Cu-TCNQ nanocrystals exhibited the electric field-induced
resistive switching. Especially, multiple switching was observed due to multistep
redox reaction of TCNQ dianions. This behavior was characteristic in doped Cu-
TCNQ nanocrystals.
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Chapter 33
Turn-on Mode Photoswitchable
Fluorescent Diarylethenes
for Super-Resolution Fluorescence
Microscopy

Masakazu Morimoto and Masahiro Irie

Abstract Sulfone derivatives of 1,2-bis(2-alkyl-6-aryl-1-benzothiophen-3-
yl)perfluorocyclopentene have been developed as a new type of turn-on mode photo-
switchable fluorescent molecules for super-resolution fluorescence microscopy.
Upon irradiation with ultraviolet (UV) light, the open-ring isomers undergo cycliza-
tion reactions to produce the closed-ring isomers, which emit brilliant fluorescence
with high quantum yields (�f ~ 0.9). Upon irradiation with visible light, the
closed-ring isomers revert back to the initial open-ring isomers and the fluorescence
vanishes. The cycloreversion quantum yields of the fluorescent diarylethenes were
tuned by appropriate chemical modifications to fulfill the requirements for the
different types of super-resolution imaging techniques. A turn-on mode fluorescent
diarylethene that shows solvatochromism of fluorescence in the closed-ring form
is potentially applicable to multicolor super-resolution imaging of microscopic
environmental polarity. Unprecedented reversible photoswitching of fluorescent
diarylethene molecules upon irradiation with single-wavelength visible light was
found and has been successfully applied to super-resolution fluorescence imaging.

Keywords Diarylethene · Fluorescence · Photochromism · Photoswitch ·
Super-resolution fluorescence microscopy

33.1 Introduction

Fluorescent molecules with photoswitching ability have been attracting much atten-
tion because of their potential applications to optical memorymedia as well as super-
resolution fluorescence microscopy [1–5]. Photoswitchable fluorescent molecules
can be constructed by integrating both photochromic and fluorescent chromophores
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in amolecule [6–14]. So far, based on thismethodology, a number of photoswitchable
fluorescent molecules have been synthesized. These molecules are initially fluores-
cent, while the fluorescence is turned off by excitation energy transfer or electron
transfer when the photochromic unit undergoes photoisomerization.

Super-resolution fluorescence microscopy breaks the diffraction limit of light
and provides fluorescence images with nanometer-scale spatial resolution. The
imaging techniques are usually classified into two categories, coordinate-targeted and
coordinate-stochastic methods. In coordinate-targeted methods, such as reversible
saturable (switchable) optical linear fluorescence transition (RESOLFT) microscopy
[15, 16], the position of the on- and off-states is determined by a doughnut-shaped
pattern of light inducing a turn-on or a turn-off transition in the sample, except at the
center with vanishing intensity. Coordinate-stochastic methods, such as photoac-
tivated localization microscopy (PALM) [17] and stochastic optical reconstruc-
tion microscopy (STORM) [18], are based on the detection and localization of
randomly arisingfluorescent spots of on-state singlemolecules. The reversibly photo-
switchable fluorescent molecules can be applied to both RESOLFT microscopy and
PALM/STORM. However, the turn-off mode photoswitchable fluorescent molecules
are hardly applicable to PALM/STORM because the quenching of fluorescence, in
most cases, is imperfect and the imagingmethods require a dark background to detect
the single-molecule fluorescence. For the application, it is strongly desired to develop
turn-on mode photoswitchable fluorescent molecules, which can be efficiently and
instantaneously activated to be fluorescent upon photoirradiation.

Although several turn-onmode photoactivatable fluorophores have been reported,
the photoactivation quantum yields are relatively low and the reactions are irre-
versible [19–26]. Recently, a new type of turn-on mode photoswitchable fluorescent
molecules has been developed. They are sulfone derivatives of 1,2-bis(2-alkyl-6-aryl-
1-benzothiophen-3-yl)perfluorocyclopentene [27, 28]. Although the diarylethene
derivatives are initially non-luminous under excitationwith visible light, they are acti-
vated to emit strong fluorescence upon irradiationwithUV light. The photoswitching
and fluorescent properties are dependent on the substituents of the benzothiophene
rings. In this chapter, we describe photochemical and photophysical properties of the
turn-on mode fluorescent diarylethenes 1–8 (Fig. 33.1 and Table 33.1) and how to
control the photoswitching performance by chemical modifications for the applica-
tion to super-resolution fluorescence microscopy. Solvatochromism of photoswitch-
able fluorescence and unprecedented reversible switching with single-wavelength
visible light are also described.
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Fig. 33.1 Photoisomerizaiton of fluorescent diarylethenes 1–8

33.2 Turn-on Mode Photoswitchable Fluorescent
Diarylethenes Having Benzothiophene 1,1-Dioxide
Groups

A sulfone derivative of 1,2-bis(2-methyl-1-benzothiophen-3-
yl)perfluorocyclopentene, 1, undergoes photochromism and shows fluorescence in
both the open- and closed-ring isomers [29–31]. Open-ring isomer 1a is colorless
and has no optical absorption in the visible-wavelength region. Upon irradiation
with UV light, 1a undergoes a cyclization reaction to produce yellow closed-ring
isomer 1b. The absorption maximum of 1b in ethyl acetate is observed at 398 nm
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Table 33.1 Photophysical and photochemical properties of diarylethenes 1–8

Open-ring isomer, a Closed-ring isomer, b

λmax/nm (ε/104

M−1cm−1)
�oc λmax/nm (ε/104 M−1

cm−1)
�co �f

1 276 (0.37), 308
(0.41)

0.22a 398 (2.10) 0.061d 0.011

2 275 (0.52), 310
(0.52)

0.28b 414 (1.8) 0.18e 0.12i

3 298 (1.9), 336 (1.5) 0.62b,c,h 456 (4.6) 5.9 × 10−4f,h 0.87

4 330 (2.4), 374 (2.5) 0.23c,h 506 (5.8) <1.0 × 10−5f,g,h 0.78

5 293 (1.7), 328 (1.4) 0.58c 445 (4.2) 2.8 × 10−3f 0.79

6 289 (1.2), 326 (1.0) 0.63c 441 (3.7) 3.2 × 10−3f 0.84

7 385 (0.97), 320
(0.82)

0.59c 430 (3.5) 1.8 × 10−2f 0.79

8 300 (1.9), 336 (1.5) 0.53b 460 (4.2) 1.0 × 10−2f 0.80

λmax: absorption maximum wavelength, ε: molar absorption coefficient, �oc: cyclization quantum
yield, �co: cycloreversion quantum yield, and �f: fluorescence quantum yield. Ethyl acetate and
1,4-dioxane were used as solvents for 1 and 2–8, respectively
aUnder irradiation with 312 nm light
bUnder irradiation with 313 nm light
cUnder irradiation with 330 nm light
dUnder irradiation at λmax of closed-ring isomer
eUnder irradiation with 405 nm light
fUnder irradiation with 450 nm light
gUnder irradiation with 488 nm light
hRe-examined using a photoreaction quantum yield measuring system (Shimadzu, QYM-01) with
a corrected power meter [27, 28]
iMeasured in ethyl acetate

(Table 33.1), showing a large hypsochromic shift in comparison with the closed-ring
isomer of the corresponding unoxidized derivative (515 nm in n-hexane) [32]. The
fluorescence quantum yields of 1a and 1b in ethyl acetate are 0.025 and 0.011,
respectively (Table 33.1).

The fluorescent properties are improved by changing the substituents of the
benzothiophene 1,1-dioxide rings [33, 34]. When the methyl groups at 2- and 2′-
positions (reactive carbon atoms) were replaced with ethyl ones, the fluorescence
quantum yield of the closed-ring isomer increased from 0.011 (1b) to 0.12 (2b)
(Table 33.1). Introduction of aryl substituents, such as phenyl or thienyl, at 6- and
6′-positions was found to further improve the fluorescent and photochromic proper-
ties. Figure 33.2a shows the absorption and fluorescence spectra of diarylethene 3
having ethyl groups at 2- and 2′-positions and phenyl groups at 6- and 6′-positions
in 1,4-dioxane [33]. Open-ring isomer 3a is colorless and has no absorption in the
visible-wavelength region. Upon irradiation with UV light, the colorless solution
turns yellow and a new absorption band appears at 456 nm due to the formation of
closed-ring isomer 3b. The absorption coefficient of 3b is 4.6 × 104 M−1 cm−1 in
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Fig. 33.2 Absorption and fluorescence spectra of diarylethenes 3 (a 2.0 × 10−5 M) and 4 (b 1.0
× 10−5 M) in 1,4-dioxane. Black dashed lines: absorption spectra of open-ring isomers 3a and 4a,
black solid lines: absorption spectra of closed-ring isomers 3b and 4b, black dotted lines: absorption
spectra of photostationary states under irradiation with 313 nm light for 3 and 365 nm light for 4,
green and red lines: fluorescence spectra of the closed-ring isomers under excitation with 488 nm
light for 3b and 532 nm light for 4b. The photostationary spectrum of 4 overlaps with the spectrum
of the closed-ring isomer due to 100% photoconversion. Reprinted with permission from [33].
Copyright 2011 American Chemical Society

1,4-dioxane, which is twice larger than that of 1b (2.10 × 104 M−1 cm−1 in ethyl
acetate). 3b exhibits green fluorescence at around 550 nm under excitation with
488 nm light. Both the absorption and fluorescence spectra of 3b with the extended
π-conjugation show significant bathochromic shifts as compared to those of 1b. The
fluorescence quantum yield of 3b is 0.87 in 1,4-dioxane, which is ~80 times higher
than that of 1b. 3a has a high cyclization quantum yield of 0.62 in 1,4-dioxane while
the cycloreversion quantum yield of 3b is 5.9× 10−4, which is much lower than that
of 1b (0.061 in ethyl acetate). The photocycloreversion process is suppressed by the
extension of π-conjugation in the closed-ring form [35].

3b exhibits green fluorescence under excitation with 488 nm laser light. Another
laser wavelength commonly used is 532 nm. Replacement of the phenyl groups of 3
with thienyl ones shifts the absorption band of the closed-ring isomer to longer than
500 nm. The derivative 4 having 5-methyl-2-thienyl groups at 6- and 6′-positions
can be excited with 532 nm laser light. Figure 33.2b shows the absorption and fluo-
rescence spectra of 4 in 1,4-dioxane [33]. Closed-ring isomer 4b has an absorption
maximum at 506 nm (ε = 5.8 × 104 M−1 cm−1) and exhibits brilliant red-orange
fluorescence at around 620 nm under excitation with 532 nm light. The fluores-
cence quantum yield in 1,4-dioxane is 0.78. The cycloreversion quantum yield of
4b is extremely low (<1.0 × 10−5) and 4b hardly returns to the open-ring isomer by
irradiation with visible light.

Figure 33.3 shows photographs of fluorescence switching of 1,4-dioxane solu-
tions containing 3 (left-side solution) and 4 (right-side solution) upon irradiation
with 365 nm light under excitation with blue (488 nm) and green (532 nm) light,
respectively. Before irradiation with 365 nm light, both of the solutions are dark
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Fig. 33.3 Photographs of 1,4-dioxane solutions of 3 and 4 before and after irradiation with 365 nm
light under excitationwith 488 nm blue light (left-side solution containing 3) and 532 nm green light
(right-side solution containing 4). Reprinted with permission from [33]. Copyright 2011 American
Chemical Society

and non-luminous. Upon irradiation with 365 nm light, brilliant green and red-
orange luminescence instantaneously appeared. These emissions are attributed to
the formation of the highly fluorescent closed-ring isomers, 3b and 4b.

33.3 Control of the Cycloreversion Quantum Yield
by Chemical Modification

Diarylethenes 3 and 4 have high cyclization quantum yields (3: 0.62, 4: 0.23) and
readily undergo the cyclization reactions upon UV irradiation, while the cyclorever-
sion (switching-off) quantum yields are quite low (3: 5.9 × 10−4, 4: < 1.0 × 10−5).
Such low cycloreversion quantum yields are useful for PALM/STORM, because in
these coordinate-stochastic localization microscopies, sufficient numbers of photons
need to be collected for accurate localization of fluorescent spots of single probe
molecules in on-states before switching-off reactions take place [17, 18]. On the
other hand, coordinate-targeted microscopy, such as RESOLFT microscopy, claims
efficient photoswitching of probe molecules from on-states to off-states upon irra-
diation with a doughnut-shaped low-power laser beam [15, 16]. Therefore, it is
required to develop photoswitchable fluorescent molecules with high switching-off
quantum yield. According to numerical simulations [36], the spatial resolution of
images increases as the switching-off quantum yield increases. To avoid the reduc-
tion of the fluorescence intensity during the probing operation, the quantum yield
is preferable to be less than 10−2. Taking into consideration of these factors, the
optimal switching-off (cycloreversion) quantum yield is concluded to be in the order
of 10−2–10−3.

Although the cycloreversion quantum yield of 2b is 0.18, introduction of phenyl
groups at 6- and 6′-positions decreases the yield to 5.9 × 10−4 as observed in 3b.
This suggests that the cycloreversion quantum yield can be controlled by changing
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the substituents at 6- and 6′-positions, which affect the coplanarity and the π-
conjugation length of the closed-ring isomer. In other words, the cycloreversion
quantum yield can be controlled by the dihedral angle between the phenyl ring at
6-position (or 6′-position) and the benzothiophene ring. To increase the cyclorever-
sion quantum yield for the application to RESOLFT microscopy, diarylethenes 5–7
having ortho-substituted phenyl groups at 6- and 6′-positions of the benzothiophene
1,1-dioxide rings were synthesized [37]. The absorption maxima of the photogener-
ated closed-ring isomers are located at 456 nm (3b), 445 nm (5b), 441 nm (6b), and
430 nm (7b) (Table 33.1). The closed-ring isomers having ortho-substituted phenyl
groups, 5b–7b, exhibit a small but significant hypsochromic shift as compared to
3b having unsubstituted phenyl groups, indicating that 5b–7b have less extended
π-conjugation.

Table 33.1 shows cyclization and cycloreversion quantum yields of 5–7 having
ortho-substituted phenyl groups. The cyclization quantumyields of 5a–7a are similar
to that of 3a. On the other hand, the cycloreversion quantum yield varies strongly
depending on the ortho-substitution of the phenyl groups. The yield of 3b is as low
as 5.9 × 10−4, while the yield increases to 2.8 × 10−3 (5b), 3.2 × 10−3 (6b), and
1.8 × 10−2 (7b) by introducing fluoro or methyl group(s) at ortho-position(s). By
replacing ortho-hydrogen with fluorine, the yield increased by 5 times. Introduction
of the ortho-dimethylphenyl groups increased the yield by as large as 30 times. The
ortho-substitution is an effectiveway to increase the cycloreversion quantum yield up
to 10−2–10−3. The fluorescence quantum yields of 3b, 5b, 6b, and 7b in 1,4-dioxane
were measured to be 0.87, 0.79, 0.84, and 0.79, respectively, and are very similar to
each other. The ortho-substitution scarcely affects the fluorescent quantum yields.

The ortho-substitution of the phenyl groups is considered to decrease the copla-
narity of the closed-ring isomers. The dihedral angles between the phenyl and
benzothiophene rings were measured by single-crystal X-ray analysis. Replacement
of ortho-hydrogen with fluorine increases the dihedral angle from 30.2° (3b) to
35.9° (5b). The angle is further increased up to 61.0° (6b) or 65.7° (7b) by intro-
ducing the ortho-methyl group(s). The increase in the dihedral angle lowers the copla-
narity of the closed-ring isomer and reduces the π-conjugation length, leading to the
hypsochromic shift of the absorption spectrum and the increase in the cycloreversion
quantum yield.

Figure 33.4 shows the relationship between the absorption maxima of the closed-
ring isomers and the cyclization/cycloreversion quantum yields in less polar 1,4-
dioxane and polar ethanol. The fluorescence quantum yields of the closed-ring
isomers are also shown. The cyclization quantum yields are higher than 0.58 in 1,4-
dioxane and the closed-ring isomers exhibit brilliant green fluorescence, the quantum
yield of which is higher than 0.79. The ortho-substitution scarcely affects the fluores-
cence quantum yields but significantly increases the cycloreversion quantum yields
by as large as 30 times. The cycloreversion quantum yields of 5b–7b are in the
range of 2.8 × 10−3 to 1.8 × 10−2. These molecules fulfill the requirements for the
application to RESOLFT microscopy.

Another strategy to increase the cycloreversion quantum yield is to introduce
isobutyl groups at 2- and 2′-positions (reactive carbon atoms) of the benzothiophene
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Fig. 33.4 Correlation between absorption maxima of the closed-ring isomers (λmax) and quantum
yields of cycloreversion (�co, blue) and cyclization (�oc, red) of 3 (●,◯), 5 (▼, ∇), 6 (�, �), and
7 (▲, �) in 1,4-dioxane (closed marks) and ethanol (open marks). Fluorescence quantum yields
(�f, green) of the closed-ring isomers of 3 (●, ◯), 5 (▼, ∇), 6 (�, �), and 7 (▲, �) in 1,4-dioxane
(closed marks) and ethanol (open marks) were also plotted. Reprinted from [37]. Copyright 2017,
with permission from Elsevier

1,1-dioxide rings [27, 38]. As shown in Table 33.1, the cyclization quantum yield of
8b having isobutyl groups (1.0× 10−2) is 17 times larger than that of 3b having ethyl
ones (5.9× 10−4) and is also favorable for the application to RESOLFTmicroscopy.

33.4 Solvatochromism of Photoswitchable Fluorescence

Solvatochromic fluorophores, which change their fluorescent colors in response to
solvent polarity, can be used as fluorescent sensors or probes to detect and visu-
alize spatiotemporal heterogeneity of microscopic polarity in biological systems and
materials [39, 40]. When the solvatochromic fluorophores acquire additional photo-
switching ability, their application is expected to further extend. Solvatochromic
fluorophores with photoswitching ability can provide spectrally resolved multicolor
super-resolution fluorescence images, in which microscopic polarity in a sample
object is mapped with different fluorescent colors [41].

Turn-on mode fluorescent diarylethene 4 having 5-methyl-2-thienyl groups at
6- and 6′-positions of the benzothiophene 1,1-dioxide rings is a photoswitchable
solvatochromic fluorophore, which can be potentially applicable to multicolor super-
resolution fluorescence microscopy for polarity imaging. The open-ring isomer (4a)
undergoes a cyclization reaction upon irradiation with UV light and the photo-
generated fluorescent closed-ring isomer (4b) exhibits solvatochromism of fluo-
rescence [42]. Figure 33.5 shows the absorption and fluorescence spectra of 4b
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Fig. 33.5 Normalized absorption (a) and fluorescence (b) spectra of 4b in n-hexane (black lines),
CCl4 (purple lines), 1,4-dioxane (blue lines), CH2Cl2 (green lines), ethanol (yellow green lines),
acetonitrile (orange lines), and DMSO (red lines). Reprinted from [42]. Copyright 2018, with
permission from Elsevier

in n-hexane, tetrachloromethane (CCl4), 1,4-dioxane, dichloromethane (CH2Cl2),
ethanol, acetonitrile, and dimethyl sulfoxide (DMSO). The absorption spectrum
shows a moderate bathochromic shift with increasing the solvent polarity (λmax,abs:
489 nm in n-hexane, 528 nm inDMSO).On the other hand, the fluorescence spectrum
exhibits a remarkable bathochromic shift and very large Stokes shifts are observed in
polar solvents. Although 4b shows an emission maximum at 560 nm in n-hexane, the
maximum shifts to 591 nm in 1,4-dioxane, 618 nm in ethanol, 633 nm in acetonitrile,
and 664 nm in DMSO. The fluorescence spectrum shows a significant bathochromic
shift as much as 104 nm by changing the solvent from n-hexane to DMSO. The
solvatochromic property is ascribed to the intramolecular charge-transfer character
of 4b having the electron-donating thienyl groups and the electron-accepting sulfone
moieties. In polar solvents, the excited state of 4bwith a large electric dipolemoment
considerably stabilizes accompanying reorientation of the solvent cage during its life-
time and then undergoes radiative transition with lower-energy (red-shifted) emis-
sion. By the analysis of the absorption and fluorescence spectral data using the
Mataga–Lippert equation [43–45], the difference in the dipole moments between the
excited and ground states of 4bwas estimated to be 12 D. It is worthy to note that 4b
preserves the high-fluorescence quantum yield in a wide range of solvent polarity. 4b
shows high quantum yields in less polar solvents, such as 0.72 in n-hexane and 0.78
in 1,4-dioxane. In polar solvents, the yield slightly decreases but remains relatively
high, such as 0.62 in ethanol, 0.67 in acetonitrile, and 0.62 in DMSO.

Figure 33.6 shows photographs of fluorescent emissions of 4 in various solvents.
Before UV irradiation, the solutions of open-ring isomer 4a show no emission under
excitation with 500 nm light. Upon irradiation with UV light, 4a undergoes the
cyclization reaction to form fluorescent closed-ring isomer 4b and the solutions emit
brilliant fluorescence. 4b exhibits remarkably different emission colors depending on
the solvents. In n-hexane, 4b emits green fluorescence. With increasing the solvent
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Fig. 33.6 Photographs of fluorescent emissions of 4 in n-hexane, CCl4, CH2Cl2, and DMSO under
excitation with 500 nm light before (a) and after (b) irradiation with UV (365 nm) light. Reprinted
from [42]. Copyright 2018, with permission from Elsevier

polarity, 4b shows red-shifted emissions, such as yellow in CCl4, orange in CH2Cl2,
and red in DMSO. Such a solvatochromic fluorophore with photoswitching ability
can find potential applications tomulticolor super-resolution imaging ofmicroscopic
polarity in biological cells and materials.

33.5 Reversible Photoswitching by Irradiation
with Single-Wavelength Visible Light

Most of diarylethenes, except several specially designed derivatives [46–49], cannot
undergo cyclization reactions with visible light (>400 nm), because the open-ring
isomers do not have optical absorption in the visible-wavelength region. The visible-
light responsive property is advantageous for the application to biological systems
because visible light is less phototoxic and can deeply penetrate into the sample.
Unprecedented photoreactions of turn-on mode fluorescent diarylethene 3 upon irra-
diationwith single-wavelength visible light were found [50]. Reversible fluorescence
photoswitching was induced by irradiation with single-wavelength visible light, the
wavelength of which is longer than that of the 0-0 transition of open-ring isomer 3a.

Figure 33.7 showsphotoinduced absorption andfluorescence spectral changes of 3
in 1,4-dioxane. Upon irradiationwithUV (365 nm) light, open-ring isomer 3a readily
converts to closed-ring isomer 3b, which has an absorption band at 456 nm and emits
fluorescence at around 550 nm under excitation with 450 nm light. The closed-ring
isomer undergoes the cycloreversion reaction upon irradiation with 450 nm light and
reverts back to the open-ring isomer. Although both the absorption and fluorescence
spectra of 3b in the visible-wavelength region considerably diminish, noticeable
intensity of fluorescence of 3b remains even after prolonged irradiation with 450 nm
light. 3a has no apparent absorption at 450 nm. Although the closed-ring 3b isomers
are expected to completely revert back to the open-ring 3a isomers by irradiation
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Fig. 33.7 a Absorption and fluorescence spectral changes of 3 in 1,4-dioxane (3.2 × 10−6 M)
upon irradiation with UV (365 nm) light and subsequent monochromatic 450 nm light. The solid
black line showed the absorption spectrum of 3a. Dashed lines showed the absorption spectra
of 1b. b Fluorescence spectral changes of 3b in 1,4-dioxane upon prolonged irradiation with
monochromatic 450 nm light. The fluorescence intensity after irradiation with 450 nm for 150 min
was the same as the intensity after irradiation for 140 min. Reprinted with permission from [50].
Copyright 2017 American Chemical Society

with 450 nm light, a tiny amount of 3b survives. This result indicates that 450 nm
light induces the cyclization reaction of 3a in addition to the cycloreversion reaction.

The reversible photoisomerization reactions are assumed to be induced by
irradiation with single-wavelength (λ) light,

Open-ring isomer 3a
λ

�
λ

Closed-ring isomer 3b (33.1)

dCB

dt
= (�ABεACA − �BAεBCB)F (33.2)

F = 1 − 10−(εACA+εBCB)d

εACA + εBCB
× 103 I0

d

where �AB, �BA, εA, εB, CA, CB, d, and I0 are the cyclization quantum yield, the
cycloreversion quantum yield, the absorption coefficient of 3a (M−1 cm−1) at λ,
the absorption coefficient of 3b (M−1 cm−1) at λ, the concentration of 3a (M), the
concentration of 3b (M), the cell length (cm), and the intensity of light (einstein
cm−2 s−1), respectively. When εACA + εBCB � 1, the formation of the closed-ring
isomers is expressed as follows,

CB = �ABεA

�ABεA + �BAεB
Co

(
1 − e−(�ABεA+�BAεB)×103 I0t

)
(33.3)

where CO is the total concentration of 3a and 3b. In the photostationary state (t →
∞),
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Fig. 33.8 Formations of closed-ring isomer 3b from pure 3a (1.0 × 10−5 M) in n-hexane (a) and
CCl4 (b) upon irradiation with monochromatic 450 nm light. The two formation curves were
measured by changing the light intensity, 100% (blue) and 25% (red), respectively. Solid lines were
simulated by using Eq. (33.3). Reprinted with permission from [50]. Copyright 2017 American
Chemical Society

CB

Co
= �ABεA

�ABεA + �BAεB
(33.4)

Figure 33.8 shows the formation of 3b from pure 3a in n-hexane and CCl4 upon
irradiationwith 450 nm light. Fluorescence was used to detect a very small amount of
3b, less than 10−7 M. The formation profiles were analyzed according to Eq. (33.3).
As shown by Eq. (33.4), the very weak absorption coefficients of 3a (εA) at 450 nm
can be determined from the concentration ratios of 3a and 3b (CB/CO) in the photo-
stationary state under irradiation with 450 nm light. Based on numerical simulations
of the formation process of 3b from 3a, the coefficients at 450 nm in n-hexane and
CCl4 were estimated to be 0.084 and 0.19 M−1 cm−1, respectively. Although the
absorption coefficients were very low, the formation of 3b was clearly observed
upon irradiation with 450 nm light. This is attributed to quite low cycloreversion
quantum yields of 3b (1.3 × 10−3 in n-hexane and 6.6 × 10−4 in CCl4).

According to Wondrazek et al. [51] and Kinoshita et al. [52], the absorption
spectra (or the emission excitation spectra) of fluorescent dyes, such as coumarin 7
and rhodamine 6G, show an exponential frequency dependence in the off-resonance
region of the absorption tails at room temperature. The tails have been reported to
obey the Urbach rule, which is known in the absorption spectra of solid materials,
as expressed by the following formula [51–55],

ε(E) ∝ ε(E00)exp

[
−σ(E00 − E)

kBT

]
(33.5)

where ε, kB, T, and σ are the absorption coefficient, the Boltzmann constant, the
absolute temperature of the sample, and the steepness parameter, respectively.

Figure 33.9 shows the absorption coefficients at 450, 440, 435, and 429 nm, which
are estimated from Eq. (33.4), along with the absorption tails of open-ring isomer
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Fig. 33.9 Logarithmic plot
of molar absorption
coefficients of 3a (εA) in
n-hexane (red) and CCl4
(blue) obtained from
absorption spectra of 3a
(closed circles) and
fluorescence intensities of
3b in the photostationary
states under irradiation with
monochromatic visible light
(open circles). Reprinted
with permission from [50].
Copyright 2017 American
Chemical Society

3a. The coefficients obey the exponential frequency dependence at the wavelengths
longer than ~415 nm (at thewavenumbers smaller than ~24,000 cm−1). The exponen-
tial frequency dependence indicates that the photoreactions with the visible light in
the far off-resonance region of the absorption edge are caused by the optical absorp-
tion of hot bands or Urbach tails. 3a in the vibrationally excited states undergoes
optical transition into electronically excited states by absorbing the very weak hot
bands and the cyclization reaction from 3a to 3b takes place. At the same time, the
visible light also induces the cycloreversion reaction from 3b to 3a. After prolonged
irradiation, the system reaches the photostationary state. Both the cyclization and
cycloreversion reactions are induced by irradiation with single-wavelength visible
light (420 < λ < 470 nm).

The reversible fluorescence photoswitching with single-wavelength visible light
has been successfully applied to super-resolution PALM/STORM imaging with
single-wavelength laser light [56]. Figure 33.10 shows a super-resolution fluores-
cence image of a patterned poly(methyl methacrylate) (PMMA) film fabricated by
electron-beam lithography. In the experiment, diarylethene 4 was doped into the
film as a photoswitchable fluorescent probe and a continuous 532 nm laser was
used as a light source. Under illumination with 532 nm laser light, the wavelength
of which is much longer than that of the 0-0 transition of open-ring isomer 4a,



576 M. Morimoto and M. Irie

Fig. 33.10 Super-resolution fluorescence imaging with single-wavelength visible laser light. a A
scanning electron micrograph of the nanostructure of the PMMA on a Si substrate. The dark and
bright areas correspond to PMMA and the surface of the Si substrate, respectively. b A super-
resolution fluorescence image of a part of the PMMA nanostructure. Reproduced from Ref. [56]
with permission from the Royal Society of Chemistry

4a molecule undergoes the cyclization reaction by absorbing hot bands or Urbach
tails to form closed-ring isomer 4b. Thus, activation, detection, and deactivation of
single-molecule fluorescence are performed by irradiation with single-wavelength
visible laser light. Localization analysis on the fluorescent spots of the individual 4b
molecules and subsequent integration of the analyzed images constructed the super-
resolution image. The obtained image clearly visualizes the stripe pattern of the
PMMAfilmwith ca. 200 nmwidth and ca. 140 nm separation, as shown in Fig. 33.10.
Similar photoswitching of fluorescence with single-wavelength visible laser light
was also applied to super-resolution bioimaging using water-soluble fluorescent
diarylethene derivatives [57].

33.6 Summary

A new type of turn-on mode fluorescent diarylethenes having benzothiophene 1,1-
dioxide groups, which emit strong fluorescence in the closed-ring isomers, has been
developed for the application to super-resolution fluorescence microscopies, such as
PALM/STORM and RESOLFT microscopy. By chemical modifications, the photo-
switching performance of the diarylethenes was tuned to fulfill the requirements
for the microcopies. The diarylethene derivative that shows solvatochromism of
photoswitchable fluorescence has a potential for the application to multicolor super-
resolution imaging of microscopic polarity. The reversible photoswitching upon irra-
diation with single-wavelength visible light has been successfully applied to super-
resolution PALM/STORM imaging. Harnessing the “photosynergy” between fluo-
rescent diarylethenemolecules and advanced photoexcitation and imaging principles
would lead to the further development of super-resolution fluorescence microscopy,
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which reveals unexplored structures and functions in biological systems andmaterials
[58–66].

Acknowledgements The present work was supported by JSPS KAKENHI Grant Numbers
JP15H01096, JP17H05272, Grant-in-Aid for Scientific Research on Innovative Areas “Photosyn-
ergetics.”

References

1. Fukaminato T (2011) Single-molecule fluorescence photoswitching: design and synthesis of
photoswitchable fluorescent molecules. J Photochem Photobiol, C 12:177–208

2. Zhang J, Zou Q, Tian H (2013) Photochromic materials: more than meets the eye. Adv Mater
25:378–399

3. Fukaminato T, Ishida S, Métivier R (2018) Photochromic fluorophores at the molecular and
nanoparticle levels: fundamentals and applications of diarylethenes. NPG Asia Mater 10:859–
881

4. Heilemann M, Dedecker P, Hofkens J, Sauer M (2009) Photoswitches: key molecules for
subdiffraction-resolution fluorescence imaging andmolecular quantification. Laser PhotonRev
3:180–202

5. Fürstenberg A, HeilemannM (2013) Single-molecule localization microscopy–near molecular
spatial resolution in light microscopy with photoswitchable fluorophores. Phys Chem Chem
Phys 15:14919–14930

6. Yagi K, Soong CF, Irie M (2001) Synthesis of fluorescent diarylethenes having a 2,4,5-
triphenylimidazole chromophore. J Org Chem 66:5419–5423

7. Irie M, Fukaminato T, Sasaki T, Tamai N, Kawai T (2002) Organic chemistry: a digital
fluorescent molecular photoswitch. Nature 420:759–760

8. Fukaminato T, Sasaki T, Kawai T, Tamai N, Irie M (2004) Digital photoswitching of fluores-
cence based on the photochromism of diarylethene derivatives at a single-molecule level. J Am
Chem Soc 126:14843–14849

9. Fukaminato T, Umemoto T, Iwata Y, Yokojima S, Yoneyama M, Nakamura S, Irie M (2007)
Photochromism of diarylethene single molecules in polymer matrices. J Am Chem Soc
129:5932–5938

10. Fukaminato T, Doi T, Tamaoki N, Okuno K, Ishibashi Y, Miyasaka H, Irie M (2011)
Single-molecule fluorescence photoswitching of a diarylethene–perylenebisimide dyad: Non-
destructive fluorescence readout. J Am Chem Soc 133:4984–4990

11. Golovkova TA, Kozlov DV, Neckers DC (2005) Synthesis and properties of novel fluorescent
switches. J Org Chem 70:5545–5549

12. BossiM, BelovV, Polyakova S, Hell SW (2006) Reversible red fluorescent molecular switches.
Angew Chem Int Ed 45:7462–7465

13. Berberich M, Krause AM, Orlandi M, Scandola F, Würthner F (2008) Toward fluorescent
memories with nondestructive readout: photoswitching of fluorescence by intramolecular elec-
tron transfer in a diaryl ethene-perylene bisimide photochromic system. Angew Chem Int Ed
47:6616–6619

14. Berberich M, Natali M, Spenst P, Chiorboli C, Scandola F, Würthner F (2012) Nonde-
structive photoluminescence read-out by intramolecular electron transfer in a perylene
bisimide-diarylethene dyad. Chem Eur J 18:13651–13664

15. Hell SW, Jakobs S, Kastrup L (2003) Imaging and writing at the nanoscale with focused visible
light through saturable optical transitions. Appl Phys A 77:859–860

16. Grotjohann T, Testa I, Leutenegger M, Bock H, Urban NT, Lavoie-Cardinal F, Willig KI,
Eggelling C, Jakobs S, Hell SW (2011) Diffraction-unlimited all-optical imaging and writing
with a photochromic GFP. Nature 478:204–208



578 M. Morimoto and M. Irie

17. Betzig E, Patterson GH, Sougrat R, Lindwasser OW, Olenych S, Bonifacino JS, DavidsonMW,
Lippincott-Schwartz J, Hess HF (2006) Imaging intracellular fluorescent proteins at nanometer
resolution. Science 313:1642–1645

18. Rust MJ, Bates M, Zhuang X (2006) Sub-diffraction-limit imaging by stochastic optical
reconstruction microscopy (STORM). Nat Meth 3:793–796

19. Raymo FM (2013) Photoactivatable synthetic fluorophores. Phys ChemChem Phys 15:14840–
14850

20. Lord SJ, Conley NR, Lee HD, Samuel R, Liu N, Twieg RJ, Moerner WE (2008) A photoac-
tivatable push–pull fluorophore for single-molecule imaging in live cells. J Am Chem Soc
130:9204–9205

21. Fölling J, Belov V, Kunetsky R, Medda R, Schönle A, Egner A, Eggeling C, Bossi M, Hell SW
(2007) Photochromic rhodamines provide nanoscopy with optical sectioning. Angew Chem
Int Ed 46:6266–6270

22. LeeMK, Rai P,Williams J, Twieg RJ, MoernerWE (2014) Small-molecule labeling of live cell
surfaces for three-dimensional super-resolutionmicroscopy. JAmChemSoc136:14003–14006

23. Kobayashi T, Urano Y, Kamiya M, Ueno T, Kojima H, Nagano T (2007) Highly activatable
and rapidly releasable caged fluorescein derivatives. J Am Chem Soc 129:6696–6697

24. Kobayashi T, Komatsu T, Kamiya M, Campos C, González-Gaitán M, Terai T, Hanaoka K,
Nagano T, Urano Y (2012) Highly activatable and environment-insensitive optical highlighters
for selective spatiotemporal imaging of target proteins. J Am Chem Soc 134:11153–11160

25. Deniz E, Tomasulo M, Cusido J, Yildiz I, Petriella M, Bossi ML, Sortino S, Raymo FM (2012)
Photoactivatable fluorophores for super-resolution imaging based on oxazine auxochromes. J
Phys Chem C 116:6058–6068

26. Thapaliya ER, Captain B, Raymo FM (2014) Photoactivatable anthracenes. J Org Chem
79:3973–3981

27. IrieM,MorimotoM (2018) Photoswitchable turn-onmode fluorescent diarylethenes: strategies
for controlling the switching response. Bull Chem Soc Jpn 91:237–250

28. MorimotoM, IrieM (2017) Turn-onmode fluorescent diarylethenes. In: YokoyamaY,Nakatani
K (eds) Photon-working switches. Springer, Tokyo

29. Jeong Y-C, Yang SI, Ahn K-H, Kim E (2005) Highly fluorescent photochromic diarylethene
in the closed-ring form. Chem Commun 2503–2505

30. Jeong Y-C, Yang SI, Kim E, Ahn K-H (2006) Development of highly fluorescent photochromic
material with high fatigue resistance. Tetrahedron 62:5855–5861

31. Jeong Y-C, Park DG, Lee IS, Yang SI, Ahn K-H (2009) Highly fluorescent photochromic
diarylethene with an excellent fatigue property. J Mater Chem 19:97–103

32. Sumi T, TakagiY,YagiA,MorimotoM, IrieM (2014) Photoirradiationwavelength dependence
of cycloreversion quantum yields of diarylethenes. Chem Commun 50:3928–3930

33. Uno K, Niikura H, Morimoto M, Ishibashi Y, Miyasaka H, Irie M (2011) In situ preparation
of highly fluorescent dyes upon photoirradiation. J Am Chem Soc 133:13558–13564

34. Takagi Y, Kunishi T, Katayama T, Ishibashi Y,Miyasaka H,MorimotoM, Irie M (2012) Photo-
switchable fluorescent diarylethene derivatives with short alkyl chain substituents. Photochem
Photobiol Sci 11:1661–1665

35. Irie M, Eriguchi T, Takada T, Uchida K (1997) Photochromism of diarylethenes having
thiophene oligomers as the aryl groups. Tetrahedron 53:12263–12271

36. Dedecker P, Hotta J, Flors C, Sliwa M, Uji-i H, Roeffaers MBJ, Ando R, Mizuno H, Miyawaki
A, Hofkens J (2007) Subdiffraction imaging through the selective donut-mode depletion of
thermally stable photoswitchable fluorophores: Numerical analysis and application to the
fluorescent protein Dronpa. J Am Chem Soc 129:16132–16141

37. Takagi Y, Morimoto M, Kashihara R, Fujinami S, Ito S, Miayasaka H (2017) Irie M Turn-
on mode fluorescent diarylethenes: control of the cycloreversion quantum yield. Tetrahedron
73:4918–4924

38. Morimoto M, Sumi T, Irie M (2017) Photoswitchable fluorescent diarylethene derivatives with
thiophene 1,1-dioxide groups: effect of alkyl substituents at the reactive carbons. Materials
10:1021



33 Turn-on Mode Photoswitchable Fluorescent Diarylethenes … 579

39. Yang Z, Cao J, He Y, Yang JH, Kim T, Peng X, Kim JS (2014) Macro-/micro-environment-
sensitive chemosensing and biological imaging. Chem Soc Rev 43:4563–4601

40. KlymchenkoAS (2017) Solvatochromic and fluorogenic dyes as environment-sensitive probes:
design and biological applications. Acc Chem Res 50:366–375

41. Moon S, Yan R, Kenny SJ, Shyu Y, Xiang L, Li W, Xu K (2017) Spectrally resolved, func-
tional super-resolution microscopy reveals nanoscale compositional heterogeneity in live-cell
membranes. J Am Chem Soc 139:10944–10947

42. Morimoto M, Takagi Y, Hioki K, Nagasaka T, Sotome H, Ito S, Miyasaka H, Irie M (2018) A
turn-onmode fluorescent diarylethene: solvatochromism of fluorescence. Dyes Pigm 153:144–
149

43. Mataga N, Kaifu Y, Koizumi K (1955) The solvent effect on fluorescence spectrum, change of
solute-solvent interaction during the lifetime of excited solute molecule. Bull Chem Soc Jpn
28:690–691

44. Mataga N, Kaifu Y, Koizumi K (1956) Solvent effects upon fluorescence spectra and the
dipolemoments of excited molecules. Bull Chem Soc Jpn 29:465–470

45. Lippert E (1957) Spektroskopische Bestimmung des Dipolmomentes aromatischer
Verbindungen im ersten angeregten Singulettzustand. Z Electrochem 61:962–975

46. Sumi T, Kaburagi T, Morimoto M, Une K, Sotome H, Ito S, Miyasaka H, Irie M (2015)
Fluorescent photochromic diarylethene that turns on with visible light. Org Lett 17:4802–4805

47. Fukaminato T,Hirose T,Doi T,HazamaM,MatsudaK, IrieM (2014)Molecular design strategy
toward diarylethenes that photoswitch with visible light. J Am Chem Soc 136:17145–17154

48. Fredrich S, Göstl R, Herder M, Grubert L, Hecht S (2016) Switching diarylethenes reliably in
both directions with visible light. Angew Chem Int Ed 55:1208–1212

49. Zhang Z, Wang W, Jin P, Xue J, Sun L, Huang J, Zhang J, Tian H (2019) A building-block
design for enhanced visible-light switching of diarylethenes. Nat Commun 10:4232

50. Kashihara R, Morimoto M, Ito S, Miyasaka H, Irie M (2017) Fluorescence photoswitching of
a diarylethene by irradiation with single-wavelength visible light. J Am Chem Soc 139:16498–
16501

51. Wondrazek F, Seilmeier A, Kaiser W (1984) Ultrafast intramolecular redistribution and inter-
molecular relaxation of vibrational energy in large molecules. Chem Phys Lett 104:121–128

52. Kinoshita S, Nishi N, Saitoh A, Kushida T (1987) Urbach tail of organic dyes in solution. J
Phys Soc Jpn 56:4162–4175

53. Mizuno K, Matsui A, Sloan GJ (1984) Intermediate exciton-phonon coupling in tetracene. J
Phys Soc Jpn 53:2799–2806

54. Urbach F (1953) The long-wavelength edge of photographic sensitivity and of the electronic
absorption of solids. Phys Rev 92:1324

55. Birks JB (1970) Photophysics of aromatic molecules. Wiley, London
56. Arai Y, Ito S, Fujita H, Yoneda Y, Kaji T, Takei S, Kashihara R, Morimoto M, Irie M,

MiyasakaH (2017)One-colour control of activation, excitation and deactivation of a fluorescent
diarylethene derivative in super-resolution microscopy. Chem Commun 53:4066–4069

57. Roubinet B, Weber M, Shojaei H, Bates M, Bossi ML, Belov VN, Irie M, Hell SW (2017)
Fluorescent photoswitchable diarylethenes for biolabeling and single-molecule localization
microscopies with optical superresolution. J Am Chem Soc 139:6611–6620

58. Roubinet B, Bossi ML, Alt P, Leutenegger M, Shojaei H, Schnorrenberg S, Nizamov S, Irie M,
Belov VN, Hell SW (2016) Carboxylated photoswitchable diarylethenes for biolabeling and
super-resolution RESOLFT microscopy. Angew Chem Int Ed 55:15429–15433

59. Uno K, Bossi ML, Konen T, Belov VN, Irie M, Hell SW (2019) Asymmetric diarylethenes
with oxidized 2-alkylbenzothiophen-3-yl units: chemistry, fluorescence, and photoswitching.
Adv Optical Mater 7:1801746

60. Uno K, Bossi ML, Irie M, Belov VN, Hell SW (2019) Reversibly photoswitchable fluores-
cent diarylethenes resistant against photobleaching in aqueous solutions. J Am Chem Soc
141:16471–16478

61. Um SH, Kim HJ, Kim D, Kwon JE, Lee JW, Hwang D, Kim SK, Park SY (2018) Highly
fluorescent and water soluble turn-on type diarylethene for super-resolution bioimaging over
a broad pH range. Dyes Pigm 158:36–41



580 M. Morimoto and M. Irie

62. Nevskyi O, Sysoiev D, Oppermann A, Huhn T,Wöll D (2016) Nanoscopic visualization of soft
matter using fluorescent diarylethene photoswitches. Angew Chem Int Ed 55:12698–12702

63. Wöll D, Flors C (2017) Super-resolution fluorescence imaging for materials science. Small
Methods 1:1700191

64. Siemes E, Nevskyi O, Sysoiev D, Turnhoff SK, Oppermann A, Huhn T, Richtering W,
Wöll D (2018) Nanoscopic visualization of cross-linking density in polymer networks with
diarylethene photoswitches. Angew Chem Int Ed 57:12280–12284

65. Nevskyi O, Sysoiev D, Dreier J, Stein SC, Oppermann A, Lemken F, Janke T, Enderlein J,
Testa I, Huhn T, Wöll D (2018) Fluorescent diarylethene photoswitches—a universal tool for
super-resolution microscopy in nanostructured materials. Small 14:1703333

66. Qiang Z, Shebek KM, Irie M, Wang M (2018) A polymerizable photoswitchable fluorophore
for super-resolution imaging of polymer self-assembly and dynamics. ACSMacro Lett 7:1432–
1437



Chapter 34
Crystallization Control
of the Photoresponsible Diarylethene
Film with an Aluminum Plasmonic Chip

Keiko Tawa, Taiga Kadoyama, Ryo Nishimura, and Kingo Uchida

Abstract The photoisomerization between an open-ring isomer (1o) and a closed-
ring one (1c) in diarylethene 1 film and the needle-shapedmicrocrystal growth subse-
quent to photoisomerization were in situ measured with an optical microscope. The
1o film was exposed to UV light on the stage of an upright-inverted microscope
and optical and spectroscopic images were in situ observed in order to clarify the
mechanism of microcrystal growth in the film. 1o films were prepared on a glass
slide and an aluminum (Al) plasmonic chip, which is the Al-coated substrate with a
wavelength-size periodic pattern and can provide the enhanced electric field to the
chip surface. A plasmonic chip was expected to promote a photoisomerization and a
microcrystal growth. Crystal growth of needle-shaped crystal of 1c was observed at
the center of a film under theUV irradiation from upright side, but not observed under
irradiation from inverted side. On the other hand, crystal growth was found at the
film edge by the UV exposure even from the inverted side. Therefore, a high mobility
of 1c molecules near the film surface or edge is essential for crystal growth of 1c.
Further, alignment of 1c molecules also requires the platform of 1o. The conversion
rate from 1o to 1c was larger on the Al grating. By the plasmonic enhanced electric
field, when the attenuated UV light was exposed to the film edge from inverted side,
the needle-shaped crystals were observed only inside the grating at the conversion
rate above 60%. Conversion rate to 1c controlled crystal growth and therefore, crystal
growth was promoted inside the grating. In summary, the conversion rate to 1c above
60%, a mobility of 1c near the film surface or edge, and the 1o underlayer platform
are required for crystal growth after 1c alignment.
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34.1 Introduction

Diarylethene (DAE) [1–3] is oneof themost representative photochromic compounds
together with spiropyrans [4, 5], azobenzenes [6–9], and hexaarylbiimidazole
(HABI) [10].Many studies onDAEhave been conducted formore than half a century.
Physical and chemical properties of various DAE derivatives synthesized have been
investigated by spectroscopy [11, 12], electrochemistry [13, 14], and crystallography
[15–18], etc. Generally, the open-ring form of DAE converts to the closed-ring form
under the ultraviolet (UV) light. The closed-ring form reconverts to the open-ring
with visible light. The photoinduced reversible formation of microfibrils on a DAE
microcrystalline surface has been reported by Uchida et al. [19–22]. Change in the
photoinduced morphology can provide super hydrophobic properties such as in lotus
and taro leaves [23]. Micrometer-scale rods or projections indicate a super water-
repellent property and the large contact angle of awater droplet is 160° [24–26]. In the
previous studies by Uchida et al., the photoinduced tuning of the surface wettability
was reported due to themorphological changes in a crystal of photochromicDAE, and
in a thin film of 1,2-bis(2-methoxy-5-trimethylsilylthien-3-yl)perfluorocyclopentene
(1), a biomimetic surface was shown (Chart 34.1). As shown in Fig. 34.1, the absorp-
tion maxima assigned to open ring (1o) are not found in the visible range but found
at λ = 255 nm (ε = 2.8 × 104 M−1 cm−1) and 325 nm (ε = 7.7 × 103 M−1 cm−1).
The relationship between the surface morphology and the photochromic reaction of
1o and closed-ring isomer (1c) has been experimentally [27, 28] and theoretically
[29] studied. Though the morphology of 1c has been studied by scanning elec-
tron microscopy (SEM) up to now [20–22, 27], in SEM measurement, absorbance
and morphology have not been precisely measured at the same position as irradia-
tion spot. Therefore, the relationship between the conversion rate and crystallization
is not sufficiently understood. In this chapter, the surface morphology was in situ
observed with optical microscope and the photoisomerization process was observed
with spectroscopic imaging using upright-inverted microscope. In this technique,
the growth of microcrystals can be observed at the same position as irradiation spot,
and the relationship between macroscopic change (crystallization) and microscopic
change (photochromic reaction) can be discussed [30].

Chart. 34.1 The open-ring (1o) and closed-ring (1c) isomers of diarylethene 1. Reprinted with
permission from [42]. Copyright 2018 American Chemical Society
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Fig. 34.1 Absorption
spectra of diarylethene 1: 1o
form: solid line, 1c form:
broken line. Reprinted with
permission from [42].
Copyright 2018 American
Chemical Society

Furthermore, as the second topic, the photoisomerization and crystal growths
promoted by the enhanced electric field with a plasmonic chip are introduced. A plas-
monic chip is themetal-covered substrate with a wavelength-scale periodic structure,
and herein, an enhanced electric field based on the grating-coupled surface plasmon
resonance (GC-SPR) is excited at the metal surface [31–34]. The GC-SPR condition
is described as below [35, 36].

kspp = kphx + mkg (m = ±1, 2, . . .) (34.1)

kph

√
εdεm

εd + εm
= kph sin θ + m · 2π

�
(34.2)

where kspp, kphx, and kg are thewavenumber vectors of the surface plasmonpolaritons,
incident light of the x component, and grating, and kph, εd, εm, θ and � indicate
wavenumber of incident light, the complex dielectric constants for the dielectric
media and metal, the incident angle, and the pitch size of a grating, respectively. As
shown in Eq. (34.2), a resonance angle can be controlled according to the pitch size.
The incident light through objective of microscope can be directly coupled with the
surface plasmon. The enhanced electric field produced by GC-SPR can be applied to
the enhanced fluorescence imaging and promotion of photochemistry reaction. In our
laboratory, plasmonic chips coated with silver (Ag) thin films have been applied to
sensitive biosensor [37, 38] and bright fluorescence bioimaging [38–40]. Especially,
in cell imaging, ten-fold brighter fluorescence images of live breast cancer cells
were obtained compared with images observed on a glass substrate [39, 40]. In this
chapter, the enhanced electric field was applied to the promotion of photochromic
reaction and crystal growth. An aluminum (Al) plasmonic chip can enhance the
electric field in the UVwavelength range [41] and can promote a photoisomerization
reaction. Therefore, 1o film prepared on Al plasmonic chip was irradiated with UV
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light and the reaction process was simultaneously observed with the upright-inverted
microscope, i.e., epi-illumination light, transmitted light, and confined light by the
plasmonic field were used for local photoisomerization of 1o and 1c, and optical
images were taken with CCD camera. The needle-shaped crystals studied in the
points of direction dependence of UV irradiation from the bottom side or top side,
and position dependence at center or edge of a film are introduced. From these results,
the growing mechanism of needle-shaped crystals of 1c is discussed. The possibility
of controlling a photoisomerization and a crystallization by the plasmonic chip is
studied [42].

34.2 Cyclization by UV Irradiation on the Glass Slide

Photochromic cyclization from 1o to1c and crystal growth of 1cwere in situ observed
with an upright-inverted microscope (specially made XI71, Olympus) installing an
EM-CCD camera (Luca-r, Andor) and a switchable spectrometer (KNG-CLP-50,
Just Solution) on the upright side, and a halogen and a stabilized Xe lamps on the
inverted side [41, 43]. The observation and irradiation for cyclizationwere performed
under transmitted light from the inverted side. As an observation light, a yellow light
with ~0.2 mW using a halogen lamp and a long pass filter with cut-on wavelength
(λcut-on) of 500 nm were used. On the other hand, for irradiation light to cyclize 1o
with 1mW, a stabilizedXe lamp and anNUAbandpass filterwith a centerwavelength
of 365 nm (bandwidth of 5 nm) were used, and for irradiation to reverse to 1o with
~200 mW, a stabilized Xe lamp and the long pass filter with λcul-on of 500 nm were
used. The objectives of 40× and 10× were used for the upright side and inverted
side, respectively.

Figures 34.2 and 34.3 show the optical images and microscopic spectra, respec-
tively. The mean intensities of transmitted light measured at two positions inside
and outside film shown in Fig. 34.2 were divided by the initial values of Fig. 34.2a,
individually, and they were converted to absorbance by Lambert–Beer law at the two
positions. Figures 34.2a and 34.3a show the optical image and spectra at initial state
of the diarylethene 1 films, which were prepared in the dark. As shown in the optical
image, a transparent film has no absorption of 1c (Fig. 34.3a). It suggests that the
initial state of a dialyrethene 1 films was 1o state and the state immediately converted
to 1c just after UV irradiation as found in Fig. 34.2b. The absorption peak shown at
~600 nm was assigned to the 1c (Fig. 34.3b).

The film thickness of the island-shaped film was evaluated as 7 ± 3 μm by an
absorbance of 1.4 (at wavelength of 600 nm) obtained from microscopic measure-
ment. At 1 h after UV exposure, a needle-shaped crystal was found at the film edge
(Fig. 34.2c), and the absorbance at peak kept constant until 41 h. In previous studies,
randomly growth of needle-shaped crystals from the film surface was shown. Here,
the growth of most microcrystals was observed in the inplane radial direction from
the outline (edge) of island-shaped film. The high mobility of 1c is considered to be
essential for the molecular alignment and for the growth of crystals, and it can be
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Fig. 34.2 Optical images of diarylethene 1 film prepared on the glass slide: a initial state before
UV-light irradiation, b just after UV irradiation for 5 min, c at 1 h after UV irradiation, d at 24 h
after UV irradiation, e at 41 h after UV irradiation, f under visible-light irradiation for 1 min, g just
after visible irradiation for 3 min. Full scale of each image corresponds to 0.8 mm. Reprinted from
[30]. Copyright 2018, with permission from Elsevier

Fig. 34.3 Spectra of diarylethene 1 film (the same film as shown in Fig. 34.2) measured with
microscope mounting a spectrometer. The conditions of a–g are the same as them described in
the caption of Fig. 34.2, individually. Reprinted from [30]. Copyright 2018, with permission from
Elsevier
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allowed for the outline of island-like film. The crystal size was statistically evaluated
as 1.2 ± 0.4 μm in diameter and 6.0 ± 5.4 μm in length along the film surface at 1
h after UV exposure. The microcrystals gradually grew and the diameter of needle-
shaped crystals increased to 1.6 ± 0.3 μm, and the length increased to 7.6 ± 6.1
and 8.3 ± 6.2 μm after 24 and 41 h, respectively (Fig. 34.2d, e). The diameter and
the length of crystals evaluated by AFMwere 1-2 and more than 5 μm, respectively,
which were consistent with the values evaluated by the optical microscopy. The rate
of crystal growth was found to be large within 1 h after UV exposure and to decrease
at 24 h after irradiation. So, the crystal growth process was measured in detail by
optical microscope within 1 h after irradiation. At initial 10 min, the nucleus of
microcrystal was already observed at a certain area. Then, they were spread to the
wide area in 30 min, and further, the microcrystals rapidly grew from 30 to 50 min.

On the other hand, the conversion to 1c was investigated in the photostationary
state of the film. The isobestic point in which molar extinction coefficient for open-
ring, εopen, is equivalent to that for closed-ring, εclosed, was observed at λ= 365 nm in
absorption spectra [21]. The conversion of diarylethene 1 under the photostationary
state in a solution is described using quantum yield from 1o to 1c (QEOC), QE from
1c to 1o (QECO), and ε for open-ring and closed-ring, as QEOC εopen/(QEOC εopen +
QEOC εclosed). It is expected to be more than 99%, because QEOC and QECO were
reported to be 0.37 and 0.0015, respectively [21]. However, the values of quantum
yield in the film state are known to be around two times larger than their values
in a solution [44] and inhomogeneous reaction occurs in the film. Therefore, the
conversion in the film is not calculated from this equation. The 1c area exposed toUV
under the microscope was scratched from the film with a small spatula and dissolved
in chloroform. Conversion was estimated from the ratio of absorbance (at 600 nm)
for the chloroform solution dissolving a film exposed to UV under microscope (1uv)
to that for the solution exposed to further UV (2uv) in order to convert entirely up
to 99%, i.e., A1uv(600 nm)/A2uv(600 nm). As a result, the conversion in the film was
evaluated as 87± 10%, which is smaller value compared with that in DAE solution.
An inhomogeneous light intensity may contribute to the lower conversion at the film
surface compared with that at the adsorbing face to the glass plate (bottom side),
because the irradiation light was absorbed by a film during passing through the film
[45].

34.3 Growth of Needle-Shaped Crystals in 1c Film
on the Plasmonic Chip

Al plasmonic chip was prepared from a UV-nanoimprint method and Al film coating
by rf-sputtering method. The pitch of periodic pattern and the groove depth were
480 nm and 30 nm, respectively. Film thickness of Al was around 40 nm. The
relation between crystal growth of 1c and isomerization to 1c was investigated at
the center part of the film with the Al plasmonic chip. The UV irradiation direction
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dependence of needle-shaped crystals from either bottom or top of the 1o film was
studied as the first subject. When UV light was irradiated to the 1o film from the
bottom side for 5 min, the irradiation area changed to black. The monochromatic
gradation corresponds to the absorption in the visible range assigned to 1c converted
from 1o [43]. At several hours after UV irradiation, crystals of 1c did not appear
inside and outside the grating, and not even at several days after UV irradiation. On
the other hand, needle-shaped crystals of 1c were observed under the UV irradiation
from the top side. Needle-shaped crystal growth of 1c requires a mobility of 1c
molecules at the center part of a film. Under the UV irradiation from the bottom
side, 1o layer may be still unconverted in the top (film surface) and it can disturb the
molecular alignment in 1c underlayer facing to the substrate.

The irradiation position dependence of crystallization in the film was examined
as the second subject. The film edge was exposed to UV from the bottom side for
10 min (1.1 J/cm2). Exposure area was immediately blacked after UV irradiation.
Then, needle-shaped crystals appeared at several hours with UV irradiation from the
bottom side and grew after several days. Crystallization was induced at the film edge
from the bottom irradiation. This is considered to be attributed to that the mobility of
1c in the film surface and the film edge is higher than that in the center part of the film.
Furthermore, the crystal was never observed at the edge of a too thin-diarylethene 1
film.

In the center part of 1o film exposed to UV for 5 min from the bottom side with a
100× objective, the area of grating pattern corresponds to upper darker part and area
of flat metal corresponds to lower brighter part in Fig. 34.4. The irradiated area was
immediately blackened after UV exposure (Fig. 34.4c). As expected for a center part
exposed to UV light from the bottom, needle-shaped crystals did not appear even
after 20 h incubation (Fig. 34.4d). Then, UV light was irradiated to the film again
from the top side for 3 min with 40× objective, in which the irradiation spot area
exposed from the top (1.6 × 10−3 cm2) was larger than that from the bottom (9.3 ×
10−4 cm2) with the 100× objective. At 7 h after 2nd UV from the top, needle-shaped
crystals were observed at the boundary between the irradiation spots from the top and
bottom sides (Fig. 34.4g). In the region of the boundary, 1o only at the film surface
is isomerized to 1c by the irradiation from the top, whereas 1o at underlayer facing
to the chip surface may still remain without conversion, i.e., the 1o at underlayer
in the boundary may make a role of the platform for alignment of 1c. In contrast,
needle-shaped crystals were not found in the center part completely converted to 1c
due to the UV exposure from both top and bottom sides (Fig. 34.4g). According to
these results, the platform of 1o is required for alignment of 1c and crystals growth.
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Fig. 34.4 a Schematic of the UV-light irradiation with upright-inverted microscope. The optical
images of diarylethene 1 film: b before UV irradiation, c just after UV irradiation for 5 min from the
bottom side, d at 20 h after UV irradiation from the bottom, e under further 3-min UV irradiation
from the top side, f at 3 h after UV irradiation from the top side, g at 7 h after UV irradiation from
the top. Reprinted with permission from [42]. Copyright 2018 American Chemical Society

34.4 Conversion Rate from 1o to 1c and Promotion
by the Plasmon Field on the al Plasmonic Chip

After the area exposed toUV lightwith 20× objective from the bottom for 5min at 1.7
× 10−3 W/cm2 (=0.51 J/cm2) changed to black, the black part of a filmwas scratched
with a syringe both inside and outside gratings individually and they were separately
prepared as chloroform solutions in the dark. The values of conversion from 1o to
1c were calculated as described in the Sect. 34.2 and summarized in Fig. 34.5. As
the UV irradiation energy increased in both inside and outside of the grating, the
conversion became larger. The conversion rate was accelerated inside the grating
by a factor of 2 at 0.10 J/cm2 (the irradiation for 1 min) because of the plasmonic
enhanced field. At 0.51 J/cm2, the SPR-enhanced field promoted conversion rate
more than 60% only inside the grating as shown in Fig. 34.5.

On the other hand, the control of crystal growth with the plasmon-enhanced field
was shown inFig. 34.6.At thefilmedge exposed toUV light for 5min from thebottom
side (0.51 J/cm2, Fig. 34.6a), the exposed area changed to black (Fig. 34.6c). The
needle-shaped crystal was observed only within the grating at 4 h after irradiation
(Fig. 34.6d). Further growth of 1c crystals was shown not outside but inside the
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grating after 23 h later (Fig. 34.6e). This result was not consistent with the other
results.

Creation of crystal nucleus was found to depend on the conversion rate. A glass
transition temperature for 1c is known to be below a room temperature, and the
lowest melting point (Tm) is around a room temperature for 3:1-mixture of 1o and
1c [21]. 1c molecules are considered to align cooperatively at the lowest Tm close to
a room temperature. Therefore, a creation of microcrystal nucleus may occur over
25% conversion rate (i.e., 3:1-mixture of 1o and 1c) [21]. As shown in Fig. 34.5, for
the four kinds of UV exposure dose plot (0.10, 0.51, 0.64, and 1.3 J/cm2), conversion
rate wasmeasured inside and outside gratings. Then, the crystal growthwas observed
for three kinds except for 0.10 J/cm2 as shown in Fig. 34.7. Figure 34.7a shows no
crystal in both sides of grating and flat surface at conversion below 60% a (0.10 J/cm2

dose). In Fig. 34.7b, the crystals were observed only on the grating area because of
the conversion more than 60% (0.51 J/cm2 dose) though the conversion outside the
grating was less than 60%. Finally, the microcrystals were observed in both sides
with the conversion more than 60% (Fig. 34.7c: 0.64 J/cm2 dose).

In summary, the conversion rate to 1c is important for crystallization and the
conversion larger than 60% is required. Crystal growth of 1c was observed at the
film edge or the film surface on the 1o underlayer platform due to large mobility
of 1c. If the film thickness is too thin, the crystal is not formed. Crystallization can
be spatially controlled with the Al plasmonic chip because the plasmonic chip can
promote the conversion rate to 1c by the enhanced electric field.

Fig. 34.5 Conversion rate to
1c plotted against the
irradiation energy of UV
light. ◆: inside grating, �:
outside grating (flat area).
Reprinted with permission
from [42]. Copyright 2018
American Chemical Society
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Fig. 34.6 a Schematic of microscopic configuration requested for taking optical images. Optical
images: b before UV irradiation, c just after UV irradiation, d at 4 h after UV irradiation (micro-
crystals detected only inside grating), e at 23 h after UV irradiation. Reprinted with permission
from [42]. Copyright 2018 American Chemical Society

Fig. 34.7 Optical images after UV irradiation of a 0.10 J/cm2 dose, b 0.51 J/cm2 dose, c 0.64 J/cm2

dose

34.5 Conclusions

Plasmonic chip is the grating-patterned substrate with the wavelength-scale pitch
covered with a thin metal layer. To provide the enhanced electric field to the chip
surface in the wavelength of UV light, Al plasmonic chip is available. Diarylethene
1 films were prepared onto the Al plasmonic chip and glass slide. In the center of
a film, needle-shaped crystal of 1c was formed after exposure to UV light from the
top side of a chip, while not formed by UV light from the bottom side of a chip.
However, at the film edge, crystal growth was confirmed upon the irradiation from
the bottom side. A high mobility of 1c in the filmwas required for crystal growth and
therefore crystals were observed near the film surface and film edge. Furthermore,
the existence of 1o underlayer platform was found to be essential for crystal growth.
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When 1o converted to 1c completely, crystals were not formed. 1o underlayer is
necessary for 1c alignment. In this study, the Al plasmonic chip promoted conversion
rate from 1o to 1c. By the comparison of the conversion rate between on the grating
pattern and on the flat metal, high conversion rate more than 60% is found to be
important condition for crystal growth. Therefore, crystal growth can be controlled
by the conversion to 1c which was promoted by the plasmonic field. At conversion
more than 60%, 1c molecules near the film surface and film edge can align on the
1o underlayer platform and gradually grow to crystals.
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