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Photochemical synthesis and photophysical
properties of coumarins bearing extended
polyaromatic rings studied by emission and
transient absorption measurementsy

Minoru Yamaji,*® Yuma Hakoda,® Hideki Okamoto® and Fumito Tani®

We prepared a variety of coumarin derivatives having expanded n-electron systems along the direction
crossing the Cz—C,4 bond of the coumarin skeleton via a photochemical cyclization process and investi-
gated their photophysical features as a function of the number (n) of the added benzene rings based on
emission and transient absorption measurements. Upon increasing n, the fluorescence quantum yields of
the m-extended coumarins increased. Expanding the n-electron system on the C3-C4 bond of the
coumarin skeleton was found to be efficient for increasing the fluorescence ability more than that on the
C;—Cg bond. Introducing the methoxy group at the 7-position was also efficient for enhancing the fluo-
rescence quantum yield and rate of the expanded coumarins. The non-radiative process from the fluo-
rescence state was not substantially influenced by the expanded =m-electron system. The competitive
process with the fluorescence was found to be intersystem crossing to the triplet state based on the
observations of the triplet—triplet absorption. The effects of the expanded r-electron systems on the
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1. Introduction

Polyaromatic hydrocarbons with extended n-electron systems
belong to two major groups from the viewpoint of their mole-
cular shape. One is acenes represented by anthracene, tetracene,
and pentacene, which consist of linearly aligned benzene rings.
In the last two decades, acenes have been given significant
attention because of their potential as organic semiconductor
materials, that is, the active layers of organic field effect transis-
tors (OFET)'” although they are generally unstable upon
exposure to oxygen and light.*® The other group is phenacenes,
such as phenanthrene, chrysene, picene, and fulminene, having
benzene rings condensed in a zigzag array. Phenacenes have
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fluorescence ability were investigated with the aid of TD-DFT calculations.

not been subjected to chemical material research because of
the difficulties in their organic synthesis processes until our
recent findings. We have reported a facile synthetic process for
preparing phenacenes via photochemical reactions of diaryl-
ethanes using aromatic carbonyls as the photosensitizer (sen-
sitization method),” in which chrysene ([4]Jphenacene), picene
([5]phenacene), and fulminene ([6]phenacene) were readily pre-
pared.® We have unveiled that these phenacenes show excellent
OFET performance”'® and that K-doped picene displays super-
conductivity at 20 K."* Because phenacenes are quite stable on
exposure to oxygen and light, they are promising organic elec-
tronic materials."” It is of interest from the viewpoint of photo-
physical aspects that picene provides fluorescence emission
from the second lowest excited singlet (S,) state in the vapor
phase.”® However, the phenanthrene skeleton, which is the
smallest phenacene, cannot be formed using this method.
Instead of the sensitization method, the photocyclization of stil-
bene derivatives in the presence of oxygen and iodine, which is
known as the Mallory photoreaction, is an excellent procedure
for the synthesis of phenacene.'® With this procedure, phen-
anthrene was readily prepared from stilbene as a precursor of
the photoreaction (Scheme 1).

In a previous study, the photophysical features of small
phenacenes in solution were investigated.® The fluorescence yields
were as small as 0.1 irrespective of the number of the benzene
rings, n, (3 < n < 6). These phenacenes are, thus, not applicable
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Scheme 1 The photocyclization process to convert stilbene to
phenanthrene.
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to electronic luminescence (EL) materials although they are
durable towards the unfavorable surrounding factors of organic
electronic devices such as heat, light, oxygen, and high voltage.
Coumarin and its derivatives have been subjected to photo-
chemical and photophysical studies because of their wide range
of applications, such as laser dyes and fluorescent labels, as
well as the molecular systems established as important photo-
sensitizers for both in vitro and in vivo systems.”>™” A number
of photophysical properties of coumarin and its derivatives have
been studied by emission and EPR measurements.'® >
Coumarin shows little fluorescence because the lowest excited
singlet (S,) state of coumarin is an n,n* type.>* By adding substi-
tuents to the coumarin moiety, the electronic character of the S,
state alters from n,t* to m,m*, resulting in the observation of
fluorescence in the blue-green region, which has been exploited
as laser dyes’® and fluorescent probes under various
conditions.”” A recent study, however, has reported that the
electronic character of the S; state is m,m* based on PBEO
calculations.”® The directions of the transition moments in the

Chart 1 The directions of the transition moments on the coumarin
skeleton.
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coumarin skeleton are specifically defined.>® The transition
notated as 'L, classified by Platt*® is oblique to the allowed tran-
sition 'L,, which goes along the axis crossing the C;-C, and
C,-Cg bonds on the skeleton (see Chart 1).

Therefore, introducing electron donating and withdrawing
substituents at the 3- and 7-positions of the coumarin skeleton
is a typical strategy for increasing the fluorescence yields, as
seen in Coumarins 6, 7, 153, 334 etc., that are used for laser
dyes. This methodology is based on the idea of increasing the
'L, transition moment by expanding the m-electron system
along the direction of the 'L, transition. However, these substi-
tuted coumarins are labile to surrounding factors. A superior
methodology, such as phenacenes, for enhancing the emission
properties and increasing the durability to the surrounding
stimuli is required for designing coumarins as efficient and
robust fluorophores applicable to EL devices.

In this context, we synthesized a variety of coumarins having
extended m-electron systems in a zig-zag style, like the phen-
acenes, on the C;-C, and C,-Cg bonds of the skeleton via the
photocyclization of aryl-coumarinylethenes. Some of these cou-
marins were substituted with a methoxy group at the 7-position.
The molecular structures of the prepared coumarins are illus-
trated in Chart 2. The photophysical features of the prepared
coumarins were studied by measuring the fluorescence yield,
lifetimes, and transient absorption in the solution. The origins
of the increasing fluorescence ability of these coumarins are dis-
cussed with the aid of theoretical calculations.

2. Experimental
Materials

The coumarin derivatives used in this study were prepared,
with the exception of commercially available CM[0] and
MeOCM][0], according to the procedures described in the ESI.f

Q)
s n-2
R

R=H (CM[n))
n=2-4

R = OMe (MeOCM[n])
n=2-5

Chart 2 The molecular structures and abbreviations of the coumarin derivatives used in this study.
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Spectroscopic grade chloroform and ethanol from Kishida
were used as supplied. We used only chloroform as the solvent
for obtaining the electronic spectra and transient absorption
spectra at room temperature because some of the newly pre-
pared compounds showed little solubility in the common
organic solvents other than chloroform. EtOH was used as a
matrix for the phosphorescence measurements at 77 K. The
sample solutions in a quartz cuvette with 1 cm path length
were freshly prepared and purged by bubbling pure Ar.

Instrumentation

The absorption and emission spectra were obtained using a
JASCO V-550 spectrophotometer and a Hitachi F-4010 fluo-
rescence spectrophotometer, respectively. Nanosecond fluo-
rescence lifetimes (z¢) were determined using a time-correlated
single-photon counting fluorimeter (C12132 from Hamamatsu
Photonics). Fluorescence quantum yields (@) were determined
using an absolute luminescence quantum yield measurement
system (C9920-02) from Hamamatsu Photonics.®® A XeCl
excimer laser (308 nm, 17 mJ per pulse, FWHM 20 ns, Lextra
50 from Lambda Physik) was used as the light source for flash
photolysis. The number of laser pulses in each sample was
less than four to avoid excess exposure. Details of the detection
system used for the time profiles of the transient absorption
have been reported elsewhere.*” The transient absorption
spectra were obtained using TSP-1000M from Unisoku, which
provides a transient absorption spectrum with one laser pulse.
The transient data obtained upon laser flash photolysis were
analyzed using the least-squares best-fitting method.
Measurements of the fluorescence and transient absorption
were carried out at 295 K. The 'H- (600 MHz) and “*C-
(150 MHz) NMR spectra were obtained using a VARIAN NMR
SYSTEM 600 spectrometer. The residual solvent protons were
used as an internal standard and the chemical shifts (6) are
given relative to tetramethylsilane (TMS). Coupling constants
(J) are given in hertz. High-resolution fast atom bombardment

Table 1 The photophysical parameters obtained in CHClz ?

Paper
1_
0
0
3_
L0
5 st :
T 5
e f eOCM[4}{1 £
=) =
o q 2
<t u 7
S ) abs \ phos™ 0 £
= sh eOCM[5H1 o
0 abs flu hos™ 0
4t MeOCMPhe||
phos
0 ' ' 0
10F MeOCMPy {1
(5)_ . no phos
300 400 500 600
Wavelength / nm

Fig. 1 The absorption and fluorescence spectra obtained in CHCl3 at
295 K and the phosphorescence spectra were obtained in ethanol at
77 K for MeOCMI[n] (0 < n < 5), MeOCMPhe and MeOCMPy.

Compound e/dm® mol™* em™ (Aaps/mm)  Agy/nm by /ns  kg10°s™t @y, kn/10% 5™ Eg/kcal mol™*  Ey/kcal mol™  zy/ps
MeOCM[0] 14 500(323) 380 0.014 N/A N/A 0.99 N/A 81.7 60.9 N/A
MeOCM[l] 12 100(279) 391 0.091 1.3 0.70 0.91 7.0 82.8 65.8 4.0
MeOCM[Z] 33 700(280) 414 0.11 1.1 1.0 0.89 8.1 76.0 57.2 12.0
MeOCM[3]  53500(315) 424 027 21 1.3 0.73 3.5 73.9 58.7 11.0
MeOCM[4]  44300(315) 404 027 23 12 073 3.2 73.5 55.4 8.6
MeOCM[S] 55 300(282) 412 0.40 3.0 1.3 0.60 2.0 72.0 54.0 12.0
MeOCMPhe 39 700(276) 446 0.05 0.67 0.75 0.95 14.2 68.7 57.9 5.4
MeOCMPy 86 100(355) 473 0.18 1.9 0.94 0.82 4.3 63.3 N/A 8.7
cMmjo] 11 600(274) N/A N/A NA NA N/A  N/A 85.5 N/A N/A
CM[l] 14 500(272) 380 0.002 <0.3 >0.07 ~1.0 >33.3 83.9 66.5 N/A
CM[Z] 49 500(274) 387 0.012 <0.3 >0.4 0.99 >33.0 78.0 57.3 18.8
CM(3] 37 500(295) 392 016 2.6  0.62 0.84 3.2 74.6 56.7 6.1
CM[4] 39 900(295) 415 0.14 3.9 0.36 0.86 2.2 73.8 55.1 7.7
BCM[Z] 72 000(277) 430 0.04 0.45 0.84 0.96 21.4 71.6 55.5 6.2
BCM[S] 50 100(271) 430 0.06 0.58 1.1 0.94 16.1 70.7 56.7 6.3
BCM[4] 56 600(276) 433 010 077 1.3 0.90 11.7 70.3 55.1 5.0

% Experimental errors, within +5%.
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mass spectra (HR-FAB-MS) were obtained using 3-nitrobenzyl
alcohol (NBA) as a matrix via a JEOL JMS-700 spectrometer.
Melting points were measured via a Yanaco MP-S3 melting
point apparatus.

Theoretical calculations

Calculations were carried out at the DFT level using the
Gaussian 09 software package.’® The geometries of the cou-
marin derivatives were fully optimized using the 6-31+G(d)
basis set at the B3LYP level in vacuum. The atom coordinates
for the optimized geometries are deposited in the ESLf
TD-DFT calculations were performed at the TD B3LYP/6-31+G(d)
level of theory using the optimized geometries.

3. Results and discussion
Absorption and emission spectra

Fig. 1 shows the absorption and emission spectra of the
MeOCMs used in the present study.

The absorption and emission spectra obtained for CM[n]
and BCM[n] are deposited in the ESI as Fig. S1 and 2, respect-
ively. The observed absorption bands show large absorption
coefficients, &, in the magnitude of 10*° dm® mol™ cm™
(Table 1), which are due to the allowed n—x* transition (the 'L,
band). Upon increasing the number of benzene rings, 7, in
MeOCM][n], CM[n], and BCM[n], the onsets of the absorption
spectra red-shifted until ca. 420 nm as well as those of
MeOCMPhe and MeOCMPy to longer wavelengths. These
shifts may originate from the =-electron systems being
expanded on the 3- and 4-positions of the coumarin skeleton.
Based on the fact that all the compounds, except for coumarin
(cM[0]), show fluorescence, the electronic character of the S;
state was assigned to be m,n*. Phosphorescence was observed
from all the compounds, except for MeOCMPy and CM][0],
indicating that the intersystem crossing from the S; state to
the lowest triplet (T;) state was efficient in a rigid matrix at
77 K. From the origins of fluorescence and phosphorescence
spectra, the S; and T, state energies (Es and Er, respectively)
were determined and are listed in Table 1.

The quantum yields (@) and lifetimes (zz) of the fluo-
rescence were determined in CHCl;. The decay profiles of the
fluorescence are deposited in the ESI.f Based on these para-
meters, the fluorescence rate (k¢), quantum yield (&), and
rate (k,,) for the non-radiative processes were evaluated using
eqn (1)-(3), respectively.

ke = Ppre ! (1)
by =1— P¢ (2)
knr = qsnr7v'f71 (3)

These values are also listed in Table 1.
Fig. 2 shows the plots of the photophysical parameters
obtained for comparison.
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Fig. 2 The quantum yields (&), lifetimes (z;) and rates (k;) for fluo-
rescence, and rates (k) for the non-radiative processes obtained in
CHCl3z determined for MeOCMIn] (®; 0 < n < 5), MeOCMPhe (A; n = 4),
MeOCMPy (m; n = 5), CM[n] (®; 0 < n < 4) and BCM[n] (@ 2 <n < 4)
plotted as a function of the number of benzene rings, n. The plots of k,,
for CM[1] and CM[2] are out of the ordinate.

Upon increasing n for MeOCM[n], the &; value increased
from 0.01 to 0.4. The &; value (~0.15) of CM[3] was similar to
that of CM[4], whereas those of CM[0-3] were close to zero.
The &; value obtained for BCM[n] moderately increased with
the increasing n. These results indicate that the linearly
expanded m-electron system with more than three benzene
rings on the C,-Cg bonds of the coumarin skeleton is efficient
in enhancing the &; values. Conversely, the &; values of
MeOCMPhe and MeOCMPy are, respectively, smaller than
those of the isomeric MeOCM[4] and MeOCM]5]. These facts
indicate that the two-dimensional expansion of the n-electron
system is less efficient for enhancing the fluorescence

This journal is © The Royal Society of Chemistry and Owner Societies 2017
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quantum yield when compared with the phenacene-like exten-
sion. It seems that expanding the n-electron system also works
for elongating the fluorescence lifetime, 7;. The important
photophysical parameter for characterizing the fluorescence
properties is the fluorescence rate, ks evaluated from the &
and 7; values using eqn (1). As increasing the n, the k¢ value

Paper

increased. For MeOCM][n], the k; value leveled off at 1.3 x 10°
s~ for n = 3-5. The k; values of MeOCMPhe and MeOCMPy
are, respectively, smaller than those of the isomeric MeOCM[4]
and MeOCM][5]. These facts also indicate that expanding the
n-electron system in a non-zigzag style is less efficient for
enhancing the fluorescence ability when compared with the
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Fig. 3 The transient absorption spectra obtained at 200 ns upon 308
derivatives.
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phenacene-like extension. The k¢ values for CM[n] are smaller
than those of the corresponding MeOCM[n] and BCM]n].
These facts demonstrate that adding electron-donating substi-
tuents at the 7-position and expanding the m-electron system
on the C,-Cg bonds of the coumarin skeleton are efficient for
increasing the 'L, transition moment (see Chart 1 for the
direction), which is closely related to the k; value obtained
with the Strickler-Berg relationship.* As with the k,, values of
MeOCM][n], those for n = 3-5 were suppressed to 2-3 x 10° s
when compared to those obtained for n = 0-2. This feature in
the k., value is contrary to that in the k¢ value, which shows a
leveling off at larger n values. The k,, values of BCM[2-4] are
substantially larger than those of the MeOCM[n] and CM[x] at
their corresponding n values. The difference in the k. values
may be due to the benzene moiety on the C,-Cs bond of BCM
[n]. Consequently, it was found that expanding the n-electron
system on the C,-Cg bond of the coumarin skeleton does not
enhance the fluorescence ability, whereas increases the
ky value.

Observation of triplet formation in the transient absorption
measurements

In the present study, the effects of the extended =-electron
systems on the non-radiative processes, which may comprised
internal conversion (IC) to the ground state and intersystem

Table 2 The results of the TD-DFT calculations performed in vacuum
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crossing (ISC) to the triplet states, were examined by observing
the triplet-triplet (T-T) absorption using flash photolysis tech-
niques. Fig. 3 shows the transient absorption spectra obtained
at 200 ns upon laser photolysis of the CHCIl; solutions of the
coumarin derivatives prepared in this study.

The transient absorption spectra of the studied com-
pounds, with the exception of MeOCM[0], CM[0], and CM[1],
were obtained in the wavelength region of 380-800 nm. The
intensities of all the transient absorptions decreased with life-
times (z7) in the microsecond time domain (Table 1) and the
decay was accelerated in the presence of dissolved oxygen.
From these observations, the obtained transient signals could
be ascribed to the T-T absorption of the studied compounds.
Observation of the triplet state in solution indicates that ISC
from the S; to the T, state competes with the fluorescence
process. Therefore, it was apparent that the non-radiative rates
(knr) from the S; states are due to ISC to the T, states. The
absence of the T-T absorption spectra for MeOCM][0], CM[0],
and CM[1] demonstrates that IC from the S; state to the
ground state was dominant.

DFT calculations for the excited singlet states

To obtain an insight into the photophysical properties of the
studied coumarin derivatives, density functional theory (DFT)
was used to calculate the electronic structures and time-depen-

Compound HOMO/eV LUMO/eV Energy gap/eV S; « S, transition Au/nm (f) Configuration®
MeOCM]0] —2.70 -1.00 1.70 T,T* 305(0.3281) H — L (0.67895)

H-1— L (0.13581)
MeOCM[1] —2.57 —-0.92 1.64 ,m* 371(0.1300) H — L (0.69283)
MeOCM|[2] —2.53 -1.03 1.50 T, 348(0.1706) H - L (0.67676)

H — L+1 (—0.12048)

H-1 — L+1 (—0.10629)
MeOCM(3] —2.53 -1.00 1.53 T, * 400(0.2526) H - L (0.65950)

H-1 - L (-0.13479)

H-1 - L+1 (0.18085)
MeOCM[4] —2.48 -1.05 1.43 T, 431(0.0911) H - L (0.68217)

H-1 - L (-0.13637)
MeOCM][5] —2.45 -1.04 1.41 T, 439(0.2122) H — L (0.69072)

H-1 - L (-0.10979)
MeOCMPhe —2.46 -1.05 1.41 n,n* 382(0.2406) H - L (0.68242)
MeOCMPy —2.31 -1.11 1.20 T, 498(0.1969) H - L (0.67723)

H — L+1 (-0.17557)
CcMJ[0] —2.91 -0.96 1.95 T, 300(0.1205) H — L (0.64119)

H-1 - L (0.25551)

H-1 — L+1 (—0.11875)
CM[1] —2.82 —0.83 1.98 T,m* 300(0.1646) H - L (0.65171)

H - L+1 (0.16624)

H-1 - L+1 (-0.10153)

H-2 — L (0.11244)

H-2 — L+1 (—0.11286)
CM[2] —2.64 -1.10 1.53 m,* 381(0.0965) H - L (0.69003)
CM[3] —2.61 -1.05 1.56 ,* 396(0.1704) H — L (0.67146)

H-1 — L+1 (0.19916)
CM[4] —2.50 -1.09 1.42 T, 437(0.0793) H - L (0.69165)
BCM[2] —2.44 -1.15 1.29 T, 450(0.1395) H - L (-0.70103)
BCM(|3] —2.42 -1.14 1.28 n,n* 452(0.1994) H - L (-0.70062)
BCM[4] —2.49 -1.08 1.42 T,* 435(0.0801) H - L (0.67284)

“The abbreviations H and L indicate the HOMO and LUMO, respectively.

560 | Photochem. Photobiol. Sci., 2017, 16, 555-563

H-1 — L (—0.17200)

This journal is © The Royal Society of Chemistry and Owner Societies 2017



Photochemical & Photobiological Sciences

dent DFT (TD-DFT) was adopted to investigate the electronic
transitions from the ground to the excited states. The calcu-

lated results are summarized in Table 2.

Paper
Fig. 4 shows the -calculated molecular orbital
surfaces for the studied coumarin derivatives
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Fig. 4 The HOMO and LUMO surfaces calculated for the coumarin derivatives in vacuum.
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and lowest unoccupied molecular orbitals (LUMO) in
vacuum.

The S; « S, transitions of the studied compounds obtained
from the HOMO — LUMO configurations were characterized
to be m,m*. Interestingly, in the optimized structures of
MeOCM[4], MeOCM[5], MeOCMPy, CM([3], CM[4], and BCM[4],
which have relatively large expanded z-electron systems, the
n-cloud in the HOMOs were mainly localized on the expanded
n-electron moieties and not on the coumarin moieties. This
finding demonstrates that the electronic nature in the Sy « S;
transitions of the n-expanded coumarins studied in this study
were contributed not from that of coumarin but from the
additional n-extension part. Consequently, joining the cou-
marin moiety together with the phenacene ones via the
employed photocyclization procedure results in the increasing
& values of the n-extended coumarin systems.

4. Conclusions

We prepared three types of coumarins (MeOCM[n], CM[n], and
BCM[n]) having expanded n-electron systems and investigated
their photophysical features in solution. Based on the &; and
7¢ values, the k; and k,, values were determined. We observed
that upon increasing n, the k¢ values increased, whereas the &,
decreased in the same series of the coumarin derivatives.
Introducing a methoxy group at the 7-position was more
efficient for enhancing the @¢ and ks values when compared to
expanding the mw-electron system on the C,-Cg bond.
Conversely, the k,, values of BCM[n] prepared according to the
latter tactics were greater than those of MeOCM][n] fabricated
based on the former tactics. The observed effects of expanding
the m-electron systems on the fluorescence ability were under-
stood by considering the location of the HOMO and LUMO
surfaces. Upon increasing n, the =m-electrons in the HOMOs
mainly localize on the expanded n-electron moieties, leading
to an absence of electronic character in the original coumarin
chromophore that causes internal conversion from the S; state
to the ground state to show no fluorescence and triplet for-
mation. Previously, we reported that the fluorescence quantum
yields of phenacenes are as small as 0.1 in CHCl; irrespective
of the number of the benzene rings.® The studied MeOCM][r]
and CM[n] for n > 3 showed @y values (>0.1) larger than those
of the parent phenacenes. As a result, we succeeded in increas-
ing the fluorescence ability of both coumarin and phenacenes
by this unique strategy, ie., expanding phenacene-type
n-electron systems on the coumarin skeleton.
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