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Another area in which the interpretation of the data of
Sfluorescence in terms of molecular properties is lacking is
that of the red-edge effects . . . . Investigation of this spectral
region is often important in biological samples because it
offers the best possibilities of detecting compositional
heterogeneities.
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Abstract Weber’s red-edge effect is formulated as follows: “In rigid and highly
viscous environments the excited-state energy transfer producing depolarization of
fluorescence emission in concentrated dye solutions stops to be observed when
fluorescence is excited at the red (long wavelength) edge of absorption spectrum.”
After its discovery, it led to finding of a number of new wavelength-selective effects
in spectral shifts, quenching, anisotropy and lifetimes, and also in different excited-
state reactions forming a new vision of structural disorder and molecular dynamics
in condensed media. These effects were consistently explained based on a new
paradigm that accounts for statistical distribution of fluorescence emitters on their
interaction energy with the environment leading to static or dynamic inhomoge-
neous broadening of spectra and to directional excited-state energy homo-transfer.
These phenomena can be modulated by the energy of the excitation quanta. Their
description, optimal conditions for their observation, information that they carry,
and overview of their different applications are the subject of this chapter.
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1 Historical Introduction

The story of this unusual phenomenon started in 1960 with the observation made by
Gregorio Weber [1] studying concentrated solutions of tyrosine, tryptophan, and
their analogs. He demonstrated an almost complete loss of depolarization of
fluorescence emission existing both at room temperatures and on deep freezing at
special excitation conditions. These conditions were the solid fluorophore environ-
ments (glass-forming solvents at low temperatures) and the shift of excitation at the
red edge of absorption band (Fig. 1). In 1969 Weber reported that this effect can be
observed for the already popular dye 1,8-ANS (l-anilino-8-naphthalene
sulphonate) that was previously introduced by him as the fluorescent polarity-
sensitive probe. It was observed not only in supercooled solvent glasses but also
at room temperatures on binding to protein serum albumin [2]. These findings led to
understanding on the generality of the observed effect.

The results of systematic studies of fluorescence polarization as a function of
excitation wavelength appeared in 1970 [3]. The experiments were performed in
conditions that excluded fluorophore rotation as the mechanism of depolarization,
so that in highly concentrated solutions it should be due to the excited-state energy
homo-transfer (the transfer between the same molecules). Migrating between dif-
ferently located and oriented fluorophores, the emitted light loses its initial polar-
ization. What was surprising, is that in solid solvent glasses the depolarization of



Weber’s Red-Edge Effect that Changed the Paradigm in Photophysics and. . . 97

0.25
a 0.24 = b -
0.20 o
0.20 |-
0.16 -
c B
§ 012 2015
3 -
5 0.08 z =
2 & 0,10 [
0.04 B
. —
0.05 -
0.04 r
e 8
L) O™~ ooy
220 240 260 280 300 220 240 260 280 300 320
Wavelength (nm) Wavelength (nm)

Fig. 1 Excitation polarization spectra of concentrated solutions of tyrosine, tryptophan, and their
analogs [1]. (a) Cresol ( x) and tyrosine (¢), (b) indole (¢), N-methylindole (0), and tryptophan (©).
In propylene glycol at —70°C. Concentrations 0.2-0.5 mM

fluorescence emission drops at the red edge of excitation band. In these conditions
the polarization almost reached the values observed for highly diluted systems.

Special care was taken for excluding trivial reabsorption, optical artifacts,
fluorescent contaminants, and evident aggregation as a possible cause of this
phenomenon, but the effect existed. Moreover, the new effect was observed in
dye dimers, polymers, and on their incorporation into micelles. The statement was
made that “The failure of depolarization upon excitation at the long wave edge of
the absorption spectrum was found to be a completely general phenomenon without
a single exception among the aromatics investigated.”

By the time of Weber’s discovery the excited-state energy homo-transfer (homo-
EET) had become a well-studied phenomenon. Being described for the first time by
Gaviola and Pringsheim in 1924 for concentrated solutions of dyes dissolved in
glycerol [4], in the middle of last century this phenomenon has attracted attention of
different scientists, and Gregorio Weber was among them. Following Forster [5]
and Vavilov [6] that treated the excitation energy transfer between the same
molecules (homo-EET) as the resonance coupling between two oscillators, he
derived an equation relating the fluorophore concentration in solution with the
transfer efficiency [7]. Other researchers used this dependence for calculating
molecular distances involved in the energy transfer process. These results were
consistent and well understood. The dramatic situation with the discovery of
red-edge effect was such that it could not be explained based on existing concepts.

In his classical paper [3] Weber tried to fit this new effect on the basis of the
paradigm dominating at that time. A paradigm dominated in photophysics up to
1970 was based on two empirical principles that were considered fundamental
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[8, 9]. One of them is the Vavilov’s law stating an independence of emission energy
on excitation energy within the absorption band or, in other words, an independence
of fluorescence quantum yield on excitation wavelength [10, 11]. The other called
the Kasha’s rule [12] states that the emission spectrum occupies the same position
on energy scale irrespective of the wavelength of excitation so that the emission
always proceeds from the lowest electronic and vibrational state of the same
multiplicity. Being formulated in terms of Vavilov law and Kasha rule [9], it was
inherently assumed that all fluorophore molecules in their studied ensemble were
identical, so that the fast relaxational processes occurring on their electronic
excitation always drive the system to the same lowest in energy excited state,
from which the emission occurs (see, e.g., [13]). Based on this paradigm, the
position of fluorescence emission spectra, quantum yield of this emission, and
reactivity in excited-state processes including the energy homo-transfer should
not depend on the excitation wavelength. Therefore the only possibility to explain
the new phenomenon within that paradigm was to suggest that the excited state
generated by excitation at the edge of the absorption band differs from the excited
state achieved on excitation over the bulk of absorption. If it is so and since
vibrational relaxation to the lowest excited state is an ultrafast process, then there
must be at least two distinct lowest energy excited electronic states. The state
excited by the quanta of lowest energy must have the lowest energy transfer
probability.

The arguments that Weber presented for that were based on observations of
wavelength-dependent differences in some fluorescence characteristics, such as
quantum yield, lifetime, and sensitivity to collisional quenchers, which was also
unusual. An obvious weak point in this interpretation was the generality of the
red-edge effect. It was hard to assume that undetected electronic states that can be
revealed only on excitation at low energies really exist in the cases of all studied
aromatic compounds and of their associates. It became evident that here a new
feature in photophysics was discovered that required a new paradigm for its
explanation.

The new paradigm came with new discoveries. Two laboratories, of Bill Galley
[14] in Canada and of Anatoliy Rubinov [15] in Belarus being a part of USSR, have
reported on discovery of a new red-edge effect — the bathochromic shift of fluores-
cence spectra at the red-edge excitations. Both of these groups stated that the
spectra of individual fluorophores in solutions shift differently because of differ-
ences in their intermolecular interactions with their environment. They form dis-
tributions on these interactions resulting in inhomogeneous broadening of spectra.
Within such distribution, the photoselection of the fluorophores, the interactions of
which with their environment deviates from their mean values, can be provided on
the low-energy slope of excitation band (red edge). These photoselected
fluorophores exhibit the wavelength-shifted emission. Of course, the molecular
mobility in such systems should be slower than the excited-state lifetime, otherwise
the local environments will be mixed and the effect has to disappear.

I can witness that the pathways to these findings by these two groups were really
independent. At the time of cold war, such high barriers existed between Soviet and
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Fig. 2 Plot of the excitation-wavelength dependence for the indole (10~ M) fluorescence and
phosphorescence spectra versus the temperature of the 4:1 glycerol-water medium. Fluorescence
and phosphorescence shifts were measured as the average of the red edge (295 nm excitation) and
blue edge (280 nm excitation) differences between the recorded spectra [14]

Western science that the exchange of information could be retarded for years. The
Canadian group made an important observation that in the sequence of aromatic
molecules with different polarities the emission band position dependence on
exciting wavelength was the most prominent for the polar ones (indole, tryptophan,
13-naphthol, 9-aminoacridine cation, and proflavin), whereas small or even
undetectable shifts were observed for nonpolar aromatic hydrocarbons, such as
anthracene, perlyene, and naphthalene. Dependence on the solvent was also
remarkable, the effect decreased as one passes from polar to nonpolar vitrified
media. These results are quite understandable since the noncovalent dipole—dipole
interactions between polar molecules provide the strong contributions to dielectric
solvation.

The experiments of the Canadian group allowed providing direct connection
between observation of red-edge effect and the dynamics of solvent molecules.
They discovered the edge-excitation shifts not only for fluorescence but also for
phosphorescence for the same dyes (Fig. 2). Studying the temperature dependences,
they observed disappearance of red-edge effect on transition from cryogenic to
room temperatures. For phosphorescence this transition was found to occur at much
lower temperatures than for fluorescence, which correlated with much longer
lifetimes providing larger time window for dynamic processes in the solvent.

The interpretation of these data was based on the following assumptions: (1) the
electronic energies of chromophores in solution are a function of geometry-
dependent solute—solvent interactions, (2) at any time instant there is an ensemble
of interactions that gives rise to a distribution of electronic energies in the sample,
and (3) the interactions of a solute molecule with its solvent environment, which
rapidly fluctuate with time in fluid solution, become static if the system becomes
rigid on a time scale of emission. The most essential conclusion from these data was
that the dependence on the excitation wavelength of the emission spectra of polar
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aromatic molecules in rigid, polar solutions is a very general phenomenon and that
its occurrence depends on both the excited-state lifetime of the chromophore and
the degree of rigidity of the medium [16].

The conclusions made by Rubinov’s group [15] were quite similar. They
observed the excitation-wavelength-dependent shifts of fluorescence spectra for
different dyes in solvent glasses and reported on “bathochromic luminescence” as a
new phenomenon of general significance. These results were confirmed in another
laboratory of the same institution [17]. Weber’s effect of repolarization of emission
in concentrated solid dye solutions at the red edge has also found its confirmation
and a new interpretation based on inhomogeneous broadening was given [18]. It
was then quite logical to look for the site-photoselection of emission quanta, and
this effect was found at the “blue edge” of fluorescence bands [19].

New groups of researchers were attracted by these interesting phenomena, and
original results on their correlation with solute—solvent molecular relaxations were
confirmed in temperature-dependent studies [20]. The understanding that the exci-
tation energy-dependent spectral shifts and the time-dependent spectral shifts have
to be based on the same mechanism stimulated the time-resolved studies. Then it
was found that in the systems performing solvent relaxations during the excited-
state lifetime collisional or light-induced fluorescence quenching increases the
red-edge effects and the motions of time-resolved spectra depend on excitation
wavelength [21, 22]. This dependence was specific: the motions of spectra disap-
pear at the red edge, and on shifting the excitation wavelength further to the far anti-
Stokes region they can even proceed with the increase of excited-state energy
[21]. This phenomenon was called “up-relaxation.” Instead of releasing the energy
to the environment, it required absorbing the energy for achieving the relaxed state,
providing the local cooling.

Among new site-selective effects that have been observed in time domain, one
was quite unexpected but confirming the general concept. It was the rotation of
fluorescent dye induced by excitation light and detected by time-resolved anisot-
ropy [23]. It can be observed when the dye molecule is smaller than surrounding
molecules, and the electric field formed by their dielectric environment activates
the motion to equilibrium of the dye itself. Such situations can appear for the dyes
incorporated into biomembrane [24].

Since in essence of Weber’s red-edge effect is the failure of excited-state energy
transfer, it was of particular interest to observe it in connection with directed EET in
solid environments. As a result of inhomogeneous broadening due to non-identical
dye environments in their concentrated solutions the dyes do not simply exchange
of their energies. The energy flows directly from the species displaying short-
wavelength absorption and emission to those exhibiting long-wavelength absorp-
tion and emission, as a result of which the spectra move to longer wavelengths as a
function of time [25]. This fact stimulated modeling the assembly of pigments in
the natural systems of photosynthesis [26]. Since EET stops at the red edge, such
motions of spectra discontinue also.

With these developments it became clear that all the effects observed on
variation of excitation and emission wavelengths should originate not from the
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violation of fundamental principles, but from their operation in specific conditions,
when the ensemble of excited molecules is distributed on interaction energy with
molecules in their surrounding. To explain them, a physical theory and modeling
started to play an increasingly important role. First of such models was developed
by Gregorio Weber [27]. His analysis was based on a simple model considering the
interaction of physical dipole (the dipole with distributed charge) with solvent
dipoles when these interactions conformed to the Langevin distribution. Mazurenko
[28] developed a quasi-thermodynamic method for the description of stochastic
solvation of molecules in solutions. Gorbatsevich et al. [29] calculated the distri-
bution function on the frequency of electronic transition in polar solvent using the
Monte-Carlo technique. As a result of both experimental and theoretical studies the
concept was developed on the exclusive role in all these phenomena of inhomoge-
neous broadening of spectra that arises from solute-solvent distribution in excitation
energy. This broadening allows for providing site-photoselection by excitation and
emission quanta with well-defined energies deviating from their average values. The
observed deviating properties can be compared with their mean values.

With such a wealth of new knowledge on the dependence of new effects on
structure and dynamics it was quite natural to start addressing the reverse problem —
to gain the information on structure, dynamics, and interactions in unknown or
poorly characterized systems on molecular level. The present author was the first
who initiated such applications. The first objects were the protein molecules
possessing tryptophan as an intrinsic probe [30]. The results obtained were sum-
marized in the monograph of the author [31]. The application of fluorescence
probes was also quite successful [30]. All these results allowed demonstrating
that proteins in solutions on the time scale of nanoseconds behave as nanoscopic
solids with the dynamics slower by several orders of magnitude than the surround-
ing solvent. In lipid analogs of biomembranes the probe depth dependence of the
lipid segment dynamics was characterized [32]. Quantitative measure of dipole
relaxation rate was introduced [33]. Many new applications came after demonstrat-
ing the great power of the approach and they were the subject of numerous reviews
[34-37] some of them with particular focus of studying proteins [38-42],
biomembranes [39, 43], ionic liquids [44], etc.

Thus, the major idea, which is behind different approaches used in site-
photoselection spectroscopy, is the selection and observation of a small part of
the fluorophore population together with studying the whole population that is
responsible for an inhomogeneously broadened spectrum. The great number of
recently published articles indicates that the field is blooming, and many more
advancements are to be expected.
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2 Modern Interpretation of Red-Edge Effects
and of Related Phenomena

Operating with excitation light of definite energy and polarization one can excite
exclusively those dye molecules, the energy and orientation of electronic transition
of which match these excitation parameters. Thus, if a dye is excited by polarized
light, its emission will be also highly polarized. Depolarization occurs only when
the time correlation of these selectively excited species is lost due to their rotation
or participation in some photophysical process, such as excitation energy transfer.
Similarly, photoselection can be provided by variation of excitation energy. The
dye molecule can absorb only the light quanta that correspond to its electronic
transition energy. Being selected from the whole ensemble by the energy of
electronic transition, this sub-ensemble can possess diverging features observed
in fluorescence emission and also, as we will see below (Sect. 3), in photochemical
reactivity. These basic considerations allow to explain consistently a group of
phenomena that are known under a common name “Red-Edge effects.” The optimal
conditions in which these phenomena are observed are now well understood
[35, 45]. The dye should be solvatofluorochromic, that is, its fluorescence spectra
should respond to the changes in interaction energy with its environment by
significant shifts. In the case of recording the steady-state spectra the dye environ-
ment should be relatively polar but rigid or highly viscous, so that the relaxation
times of its dipoles, g, should be comparable or longer than the fluorescence
lifetime 7. When time-resolved recording is applied, the relaxations should pro-
ceed slower or be on the same scale as the time scale of emission. Thus, these
effects are coupled with molecular dynamics in condensed media and allow
distinguishing and characterizing rigid, viscous, and highly mobile media.

2.1 [Inhomogeneous Broadening and the Principle
of Photoselection

When organic dyes are studied in any liquid or solid media their electronic
absorption and fluorescence emission spectra do not represent a sequence of
sharp lines corresponding to electronic-vibrational transitions. They usually display
broadbands with vibrational structure smoothened or even entirely lost, so that
cooling to cryogenic temperatures does not result in improvement of structural
resolution. This means that in addition to common strongly temperature-dependent
homogeneous broadening (which is mainly due to electron—lattice and electron—
vibrational interactions), in the systems with molecular disorder there exists the
so-called inhomogeneous broadening of the spectra [45]. The latter originates from
non-equivalence of dye solute environments (sub-states) that results in the distri-
bution on solute—solvent interaction energies. All types of intramolecular and
intermolecular relaxations may contribute to the energy difference between the
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maxima of the absorption and emission spectra, the so-called Stokes shift. The
contribution of dielectric relaxations is often the strongest, and the site-
photoselection effects can be observed if they are frozen or not complete. As a
result, for every species the electronic transition energies become distributed on the
scale of energy and their superposition forms an inhomogeneously broadened
contour. Each sub-state in this ensemble can possess a sharp maximum, but when
their contributions are added, the broad-band absorption and emission in its spec-
trum are observed. This is the inhomogeneous broadening of spectra.

The extent of this broadening is determined by the energies of intermolecular
interactions, which exhibit statistical variation in the ensemble. The estimated by
Weber [27] distributions of ground-state energies were 200 cm™'. The width of
inhomogeneous broadening function Av depends on the polarity of the solvent (the
number and the magnitudes of solvent dipoles) and, most importantly, on the
change of fluorophore dipole moment on excitation, Ay [45]. For its estimation
one can use an expression obtained in the Onsager sphere approximation:

Av = AApa= 3 (kT)"?, (1)
where
A= (2/h) (e~ 1)/(2e+ 1)/ (2)

Here ¢ is the dielectric constant of the medium, and «a is the Onsager sphere radius.
According to these estimates for 3-aminophthalimide in ethanol, Av at 20°C ranges
from 400 to 500 cm ™", and it decreases to 300-400 cm ™' at the freezing point of
solution. For the same dye in toluene these values are 250-300 and 200-250 cm ™"
correspondingly. In contrast, for low-polar dye coronene in toluene Av is 25-30 cm ™!
only [45]. The solvent—solute hydrogen bonding may provide additional increase
of the width of the distribution [46].

These values are in reasonable agreement with experimental data obtained in
cryogenic site-selective experiments. However, they show that in organized envi-
ronments such as protein molecules the distribution can be dramatically narrower
[47], which is the result of smaller variation in the ensemble of fluorophores of
electric field effects between structurally identical highly ordered protein mole-
cules. The proteins with different structure exhibit different Av values. Thus, for
Mg-myoglobin it is around 100 cm ™', while for peroxydase it is much narrower,
40 cm™ . Upon denaturation of Zn-cytochrome ¢, when the porphyrin changes its
environment from being inside the protein globule to become exposed to a polar
solvent, Av changes from 65 to 360 cm ! [48]. The transformation of the resonance
Raman excitation profiles for the m=—n* Soret band of native heme proteins provides
an estimate of 100-200 cm ™' [49].

In molecular spectroscopy it is a common way to present the electronic transi-
tions generating absorption and emission spectra as the two-dimensional functions
of vibrational and solvation coordinates. Meantime the main difference between
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these coordinates is the quantized origin of vibrational modes, achieved in a very
fast Franck—Condon process. According to Kasha rule, they relax rapidly to the
lowest energy level of the first excited state [50]. In contrast, solvation modes are
intrinsically over-damped. This allows treating solvation coordinate as a classical
coordinate with continuous availability of electronic states. Thus, in molecular
ensemble at any finite temperature a Boltzmann distribution in population of
different solvent configurations is responsible for the inhomogeneous broadening
in the steady-state spectra [51]. Such broadening arises from the solute—solvent
distribution in excitation energy that reflects the distribution in energy of dye
interactions with its dielectric environment. The stronger will be these interactions,
the broader the distribution. Thus, the contour of absorption band must contain
valuable information on the extent of molecular disorder.

In condensed medium such distributions should always exist at the time of
excitation. But its display in a variety of spectroscopic phenomena depends on
how fast are the transitions between the species forming this ensemble of states.
Depending on these conditions, the broadening of spectra can be either static or
dynamic [45]. The signatures of static broadening are observed in rigid environ-
ments, when the dynamics described in terms of dipolar relaxation times 7 is slower
than the rate of emission. The broadening is dynamic if the motions in the dye
environment occur simultaneously or faster than the emission, so that the correlation
time 7. or more frequently used relaxation time g, 7gr < 7. The static effect that is
integrated over the time of emission depends upon the time window. In viscous
media (when 7R = 7g) not only the freezing (increasing zr) but also the fluorescence
quenching (reduction of 7g) may cause the appearance of red-edge effects. Thus, the
inhomogeneous broadening effects contain the information about the dynamic
properties of condensed systems, and the rate of fluorescence emission provides
the necessary time scale for these observations. The scheme presented below shows
the correlation between different mechanisms of spectral broadening.

l Spectral broadening

Homogeneous Inhomogeneous
T 1T
Static Dynamic
T( e Tl T( ST|

Thus, being the major factor that produces broadening of the spectra, inhomo-
geneous broadening originates from non-equivalence of dye environments in an
ensemble of otherwise identical molecules resulting in the distribution in solute—
solvent interaction energies [45]. In fact, every molecule is under the influence of
different forces produced by configuration of surrounding molecules. Therefore the
dye species become distributed on their electronic transition energy and their
superposition forms inhomogeneously broadened contour. Excitation at the band
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edge selects a part of this distribution, the spectroscopic properties of which can
be quite different from their mean values. At the long-wavelength edge of the
absorption band only those species are excited, for which the excitation energy with
the environment is the strongest, their excited-state energy level occupies the
lowest position, and for them the emission spectrum becomes shifted to longer
wavelengths.

One of the major goals in cryogenic site-selective spectroscopy (at liquid helium
temperatures) is the dramatic improvement of spectral resolution by suppressing the
homogeneous broadening [51-53]. This goal is not achievable at ambient temper-
atures because of unavoidable existence of a broad homogeneous component
[45, 54]. Therefore the possibility of photoselection within the ensemble remains
only from the side of low energies of absorption band (red excitation edge) and
from the side of high energy in emission (blue emission edge). The essence of such
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Fig. 3 Energy diagram of Sy and S, electronic states, which takes into account the relaxation
phenomena [30, 55]. Vibrational relaxation is shown for the S; state only. Dipolar (dielectric)
relaxation is described as the evolution of the excited-state distribution and a temporal loss of
photoselection between different energy dipole-orientational states excited at the “red edge” (see
text)
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photoselection can be explained based on the energy diagram presented in Fig. 3,
see also [35].

Absorption spectra reflect the transitions from the ground-state energy levels E,
to excited-state levels E, (upward arrows). Their contour is formed by 0-0 transition
plus transitions to different vibrational levels of the excited state of molecule, while
fluorescence emission (downward arrows) is formed by 0-0 transitions and transi-
tions from the lowest level of excited state (achieved by vibrational relaxation) to
different vibrational sub-levels of the ground state. In condensed media the energy
of any ground or excited state is modified by dipolar interaction energy with the
environment, Wy4, to a different extent for every member of molecular ensemble.
This is shown by the distributions along the scale of energy — Q(Wy4). Since the
fluorophore dipole moments p differ in the ground and excited states, we have to
observe two types of distributions — Q(W(gjd) for the ground state and Q(Wg,) for the
excited state. The absorption of a light quantum with sufficiently high energy
corresponding to mean of the distribution (hy ™" > ET — E:‘ea“) causes exci-

tation of fluorescence of all possible solute—solvent configurations that differ in
interaction energy. The common case is the excitation at the band maximum, which
corresponds to the center of excited-state distribution, and emission proceeding
from the center of this distribution.

Now we consider the case when we excite the system with the quanta of energy
that are so low that they cannot excite even the 0-0 transition for all members of the
ensemble — 7v2%° (at the “red” edge). Then only the fluorophores constituting a part
of the distribution will be selectively excited. It will be those species that interact
most strongly with the environment in the excited state (and form the lower part of
the distribution Q(Wg,)) and the least strongly in the ground state (and constitute an
upper part in the distribution Q(W5,)), see Fig. 3. If the fluorophore—environment
interactions remain unchanged during the time of emission (no dielectric relaxa-

tions in the medium), then the emission energies of these fluorophores (7v:'2%) will
be also lower than for the mean of the distribution (hvg*"). As a result, the emission
spectra will be shifted towards longer wavelengths, compared to that excited at the
band maximum. Often the vibrational structure is not resolved in absorption
spectra. Since it propagates from 0-O band to higher energies, the photoselection
within its Q(Wﬁd) distribution (or within the distribution of most active long-
wavelength vibronic band) is possible at its red edge only. So if we decrease
substantially the energy of excitation quanta (shift the excitation to red edge on
the wavelength scale), then this energy will become so small that it will not be able
to excite all the species in dye ensemble but only those which can interact with the
environment in the excited state much stronger than the average and which possess
their individual excited-state levels shifted down along the energy scale, achieving
photoselection in excitation energy. When excited, these selected species will emit
fluorescence differently than that of the mean of the distribution. Their emission
spectra will be shifted in the direction of low energies to longer wavelengths. This is
the site-selective in excitation red-edge effect that is the most popular in many
applications.
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Thus, electronic transitions occur between ground and excited states of dyes
participating in distributions on interaction energy with the environment existing
both in the ground and excited states. These interactions involve molecular dipoles
and the distributions of these dipolar interactions with the environment can be
different. The stronger interactions always result in a broader distribution on the
energy of these interactions. Typically for solvatochromic dyes the dipole moment
is small in the ground state and it increases substantially in the excited state
enhancing the broad distribution. Then the ground state can be approximated by a
single energy level and the excited state as the state exhibiting a broad distribution
on dye—environment interaction energy. In the other limiting case, when the
chromophore dipole moment is high in the ground state but decreases substantially
in the excited state, the ground state should exhibit a broad distribution and the
excited state can be represented by a single energy level. Then by variation of the
energy of the light quanta we can produce photoselection within the ground-state
distribution. So if we decrease the energy of excited light quanta, these quanta will
be absorbed mostly by species, the ground-state energy of which is higher than the
mean (they interact weaker with the environment than the average species in the
distribution), so that the separation of energy between ground and excited states for
them is smaller than the mean. The energy of emitted quanta will also be small, and
we will have the same red-edge effect — the shift of fluorescence spectra to longer
wavelengths. In a more general case when the dye dipole moments are relatively
high both in the ground and excited states and the distributions of interaction
energies are broad but due to redistribution of electronic density in the excited
state the dipole moment changes its orientation. Here the weakest ground-state
interactions may become the strongest in the excited state and the shift to the red
excitation edge will select from the whole ensemble the chromophore molecules
that interact weaker in the ground state (upper part of the distribution) but stronger
in the excited state (the lower part of its distribution). This will result in the long-
wavelength shifting red-edge effect.

It is known that the most precise information about solute—matrix interactions
can be obtained by site-selection spectroscopy at cryogenic conditions (5 K or less).
Here the zero-phonon lines were spectrally distinguished and analyzed by probing
of inhomogeneously broadened zero-phonon line performed by spectrally very
narrow laser beam [56]. These methods got the names of energy-selection spec-
troscopy, such as hole-burning in absorbance [57] and line-narrowing in fluores-
cence [55], see [56] for recent review. They were designed to circumvent the
problem of large inhomogeneous line width existing in common condensed
media by selecting a narrow package of molecules absorbing light around a certain
frequency within the inhomogeneous band via a narrow bandwidth laser excitation.
By applying this technique, a strong variation of the electron—phonon coupling
strength on excitation wavelength through the inhomogenously broadened absorp-
tion origin band was demonstrated [51]. Ultrafast dynamic hole-burning and hole-
filling have been realized [58]. Though technically complicated, these methods
have found different applications in chemistry and biology [59]. Meantime, featur-
ing a highly improved resolution of spectra they are limited to cryogenic
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Fig. 4 Dependencies of positions of fluorescence band maxima, A7)} , on excitation wavelength,

Aex, for different correlations between the dipole relaxation time, 7y, and fluorescence lifetime, 7.
When the relaxations are slow, the fluorescence band occupies extreme short-wavelength position
and the red-edge effect is the most significant, and when they are faster than the emission rate, the
spectrum is located at long wavelengths and the red-edge effect is absent. The excitation spectrum,
F(Jex), 1s also presented schematically. Aﬂgm and A, are the magnitudes of red-edge effect, and
A% is the isorelaxation point (the excitation wavelength at which the position of fluorescence band
does not depend on relaxations) [60]

temperatures or ultra-short observation times, so that all the dynamic information
on solute—solvent interactions is lost. And attractive feature of red-edge effects is
that here observations are not limited to any temperature ranges and the information
on molecular motions can be obtained.

Thus, the widely explored red-edge effect is the long-wavelength shift of
fluorescence spectra at the red excitation edge. Exciting by monochromatic light
and shifting the wavelength from of the band maximum further and further to the
red edge, a smaller and smaller number of dye molecules are excited with corre-
spondent reduction of light emission intensity. Out of total population of dyes those
sub-populations are photoselected, which happen to have their light absorption
energies fitting to the decreased energy of illuminating light and their emissive
properties differ from the mean values more and more significantly. The experiment
on shifting the excitation wavelength stops when the emission intensity becomes
very low and the spectrum becomes indistinguishable from the background. This
dependence becomes steep without reaching any limit at the far red edge (Fig. 4).
Sometimes one can even reach the anti-Stokes region, where the excitation wave-
length, A.x, becomes longer than the position of the maximum of fluorescence
spectrum, A%, excited at the band maximum, AZ*. In this far edge region the
shift of emission spectrum approaches in value the shift of excitation wavelength.
Such typical dependence of A73* on A is observed only at the red edge, and no such
dependence is detected at the excitation band maximum and shorter wavelengths.
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2.2 Connection with Molecular Relaxations

In order to understand this connection, a short excursion to fluorescence spectros-
copy of molecular relaxation is needed (Fig. 5). The energies of both ground and
excited states are always influenced by intermolecular interactions: the stronger are
the interactions the lower is the correspondent level on an energy scale. On
excitation, the electronic distribution in dye molecule changes, so change the
interactions with the surrounding. If they are stronger in the ground state, then on
their increase the difference in energy between the states increases. It can be the
opposite: increase of interactions in the excited state. Thus, the spectra can move to
either direction. The rigid medium conditions are those, in which the interactions
are strong but at the absence of solvent mobility they are not at equilibrium with
excited dye molecule. Such dependence is typical for every system with static
(zr >> 7F) or slow dynamic (7r > 7g) inhomogeneous broadening. With an increase
of relaxation rate the fluorescence spectra at the main-band excitation shift in time
to longer wavelengths (the common relaxational shift of spectra) [61]. In liquid
medium the fast mobility allows achieving the relaxed state during fluorescence
lifetime [62]. Since the extent of this shift depends on solvent polarity, the dyes with
most pronounced shift are used as polarity-sensitive probes.
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Fig. 5 Simplified Jablonski diagram of ground S, and excited S; energy levels and transitions
between them. Vertical upward arrow shows the excitation and downward arrows show emissive
(straight) and non-emissive transitions to the ground state. In condensed media, the energies of
ground and excited states are decreased due to electronic interactions with the environment by
solvation energies W, and W, correspondingly. In addition, in polar media there occurs an
establishment of equilibrium in interactions of dye and surrounding dipoles (dipolar relaxation).
As a result, the energy gap between S and S, states decreases and the spectra shift to longer
wavelengths
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Thus, the time window for observing this relaxation is determined by the rate of
fluorescence emission. Depending on molecular mobility in the medium the process
of attaining a new equilibrium (relaxation) may be faster, slower, or occur simul-
taneously with the emission decay. In the case if it occurs simultaneously with the
decay, complex emission-wavelength dependence should be observed for the decay
kinetics, and the spectra should move as a function of time in the direction of lower
energies.

If No molecules are excited at an instant z =0, the number dN of emitted quanta
within a time interval dt and a frequency range dv can be determined from the
formula:

dN = NoQgl(v,t) dvdt, (3)
where Qr is the quantum yield of emission and
1(v,1) = (1/7e) I(v — E)exp(—t/7). (4)

The latter function determines the number of quanta emitted per unit time within a
unit frequency interval. At a fixed time it can be regarded as an “instantaneous”
emission spectrum, while at a fixed frequency v it represents a law of emission
decay. ¢ is the maximum or, more precisely, the center of gravity of the spectrum
(in cmfl). It was shown [63] that within the Debye model of relaxation (single
relaxation time 7g) the position of the spectrum ¢ has to change exponentially with
time:

(1) = oo+ (Em0 = &imoc) exp (—1/7R). (5)

Since the relaxation is the time-dependent loss of correlation between initial site
distribution and the distribution at time ¢, a time-dependent correlation function C(7)
for £ = &(¢) can be used for describing the process of relaxation:

C(t) = [E(1) = &ncl/ (Gim0 = &imo0)- (6)

It normalizes the spectral shifts to unity and allows comparison of the effects
produced by different dyes. Such motions of spectra to longer wavelengths as a
function of time are observed in experiment [64]. By assuming 7y to be unchanged
in relaxation process the following expression can be obtained for the behavior of
the steady-state spectra:

(st = &mno)/(G1=0 — &moc) = TR/ (TR + 7). (7)

Here &g, is the position of steady-state spectrum. The limiting values of &,_, ., and
&—p and the variations of temperature are usually applied. The limit of slow
relaxations &, should be achieved at low temperatures (when zg >> 7g) and the
limit of fast relaxations &, .., — at high temperatures (when 7g << 7F).
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It is hard to reach these conditions in real systems, especially in biophysical
applications. Whereas reducing the temperature with maintenance of observed
structure is frequently possible, subjecting to high temperatures often cannot be
tolerated. Therefore in our earlier works [33, 35] we suggested an extension of this
approach by incorporating the information obtained in the study of red-edge effect.
When the relaxation is complete, it produces a new dynamic distribution of sites
that becomes uncorrelated with initial distribution. Due to molecular motions, the
excitation energies fluctuate in time causing redistribution within this ensemble,
“mixing” different environments. Being selected at any wavelength, the
sub-population of dyes is rapidly mixed within the whole population, so that the
spectra become A.,-independent and the red-edge effect has to vanish. If we assume
that 7 and 7 at the red-edge excitation do not differ from their mean values, we
obtain a very simple relation that allows us to obtain dynamic information from the

steady-state spectra. By re-writing Eq. (7) for the mean and for the edge excitations

mean __ gedge
t—oo ~ S1—00°

and taking into account that when the relaxation is complete, &
obtain

we

£— fedge _ (ét:O _ gtzoedge)TR/(TR + 7F). (8)

Equation (8) uses only the data on steady-state spectra and allows us to analyze the
red-edge-excitation shifts of fluorescence maxima. £ values on wavenumber scale
can be easily transformed into wavelength 1 values, Ecem ™) =107/4(nm) and
the positions of wavelength maxima, A72*, can be used. Thus, dynamic information
about molecular relaxations can be obtained in simple steady-state measurements
using 7p as a time marker and analyzing the red-edge effects.

As aresult of relaxation, two processes occur simultaneously: the shift of spectra
to longer wavelengths and the decrease of excitation-wavelength dependence (see
Fig. 4). In the dependence of the positions of fluorescence band maxima on A there
is one characteristic point, A,, in which the energy of electronic transition corre-
sponds to that of the relaxed state. At Ao > A, the relaxation occurs with the
decrease of energy, and the spectra have to move in time to longer wavelengths,
while at Zex > A, the relaxation results in increase in energy and in order to achieve
the equilibrium the spectra move to shorter wavelengths (up-relaxation [21, 54]). We
call A%, an isorelaxation point. Its presence allows us to introduce the quantitative
characteristics of red-edge effect as the shift of fluorescence spectrum A_1*(mean)
— 0% (edge) on variation of A, from that at excitation band maximum AT to A7, .
The relaxational shift of emission spectra can be observed at any A, beside A7,.
Thus, the inhomogeneous broadening effects contain information about the
dynamic properties of condensed systems, and the rate of fluorescence emission
provides the necessary time scale for the observations of red-edge effect [35].

One of the most intriguing properties of structurally disordered materials (liquid
or solid) is the huge dispersion of structural relaxation rates [65, 66], therefore a
simple model operating with single 7g and zg values may not be applicable in all
cases. However, being conceptually correct, it helps us to understand the basis of
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studied phenomena and the interpretation of many experimental data on quantita-
tive level is quite satisfactory. One such result was was obtained for tryptophan, the
major fluorescence emitter in proteins (Fig. 6). For tryptophan in glycerol in the
lowest range of temperatures the fluorescence spectrum at the main-band excitation
is the most significantly shifted to shorter wavelengths, and the red-edge effect is
dramatic. On increase of temperature the spectrum at the main-band excitation
shifts to longer wavelengths, and the red-edge effect decreases. At high tempera-
tures, when the solvent becomes low-viscous, it becomes undetected. We observe,
however, that all the curves A7* as a function of A cross at the same point at about
307 nm.

2.3 Observations with Time Resolution

The new view on inhomogeneous distributions of light emitters in molecular
ensembles required re-interpretation of many time-resolved spectroscopic data.
Unlike radioactive isotope decay, which is strictly single-exponential, the fluores-
cence decays often display non-exponential, distributed character. The difference is
that the nuclear processes responsible for radioactive decay do not depend on
intermolecular interactions, but such dependence exists for light emitting dye
molecules. Being in variable environments, the dyes may emit light with different
rates, leading to non-exponentiality and site-selectivity on the population level. The
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Fig. 7 Instantaneous fluorescence spectra of /-phenylnaphthylamine in glycerol at 22°C for
various excitation wavelengths: (a). Band maximum, A =337 nm, registration time f,.g =2 ns
(1), 3 ns (2), 14 ns (3); (b) Red edge, Aex =416 nm, t,., =2 ns (1), 8 ns (2) [69]

spectral kinetics originated by dielectric relaxations and photochemical reactivity
develops on this background.

Commonly, the spectroscopic observations of dielectric (dipolar) relaxation are
provided by excitation at the band maximum and recording the shifts of emission
spectra to longer wavelengths as a function of time [67]. As a result, when observed
at the blue edge, the emission decay contains short-decaying positive component(s)
due to fast temporal decrease of a number of emitters possessing higher energies.
When observed at the red emission edge the decay contains a negative component
due to increase with time of the number of excited-state species emitting at low
energies. The major features of this process can be adequately described based on the
Bakhshiev—Mazurenko model of dipolar relaxations [62, 63] that uses Egs. (3-5).
Such picture is often obscured by non-exponential decay functions recorded at
different emission wavelengths that are used for constructing the time-resolved
spectra. Moreover, apparent motions of spectra in time that derive from
wavelength-dependent decay rates have been described that originate not from
molecular relaxation but from heterogeneity of fluorescence emission [68].

The red-edge effects introduce a new dimension into this picture and allows
probing the redistribution on emission energy as a function of time between the
sites in an ensemble [21]. They allow decreasing or even eliminating this type of
heterogeneity. Moreover, these studies bring in new concept of relaxation, which is
the reorganization in ensemble of distributed states on the achievement of excited-
state equilibrium [45]. In the conditions at which the major part of the excited dye
population on achieving the equilibrium demonstrates the motion of spectra to
longer wavelengths, the spectra of the sub-population selected at the red edge do not
move [69], Fig. 7. This is because those species are photoselected, the interactions
of which with the environment are close to the relaxed state. When the dye is



114 A.P. Demchenko

excited by energy lower than that of the relaxed state, the spectra move to opposite
direction, to higher energies (up-relaxation) [21].

The changes at the red edge of time-dependent evolution of spectra can be
observed in different ways. In the conditions of observing the time-dependent
spectral shifts the time-resolved emission decays change dramatically at the
red-edge excitation: its short components at the blue and red slopes of emission
spectrum that reflect the relaxation, disappear [70]. The emission kinetics excited at
the red edge becomes uni-modal and almost single-exponential. The evolution of
fluorescence bandwidth in time-resolved spectra is much more pronounced at the
red-edge than at the main-band excitation. The spectra are initially more narrow
(since a part of the distribution is selected) and are broadened in the course of
relaxation due to redistribution to a broader number of different sites. If fluores-
cence is selectively excited by a narrow-band pulse, then a time-dependent broad-
ening (spectral diffusion) is observed [71], and due to temporal depopulation of
‘selected’ fluorophores, a selective decrease of 7 is observed at the frequency of
excitation [72]. Site-photoselection at the red edge results in disappearance of these
effects.

Thus, the time-resolved fluorescence methods can be easily extended to exper-
iments with site-selective excitation. These results allowed achieving better under-
standing the molecular relaxation phenomena. Relaxation can be viewed as not
only the decrease in time of the energy of the average (or most probable) species of
molecular ensemble but also reorganization in this ensemble, the loss of time
correlation and site-selected species as a function of time.

2.4 Diversity of Wavelength-Selective Effects

Since in absorption spectra the band corresponding to the 0-0 electronic transition is
observed at the lowest energies (longest wavelengths), and the vibrational structure
(often not observable) propagates in the direction of higher energies, the best site-
selectivity can be achieved at the low-energy slope of absorption spectra, the “red
edge.” In some organic dyes the 0-0 absorbance is weak and other Franck—Condon
active vibronic bands can participate in this site-selectivity. In the cases when
vibrational structure is relatively well resolved, the site-photoselection to some
extent can be achieved at the red edge of every electron-vibrational band [73]. This
depends on fluorophore structure and, together with fluorophore—environment
interaction, determines the dynamic range of observed effects.

With these facts in mind let us summarize all the possibilities in observing the
site-selective effects manipulating with excitation and emission wavelengths. Exci-
tation proceeds from thermally relaxed ground state to different unrelaxed vibra-
tional modes of excited state. Vibrational relaxation and thermalization on
intramolecular and intermolecular level occur much faster than the emission [74]
and the red-edge effects should be observed only if dielectric relaxations in
intermolecular interactions proceed slower or in comparable rate with the emission.
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If these rates are comparable, then the red-edge effects will depend on the following
factors:

— Variation of temperature. Both 7g and 7g depend on temperature, so the corre-
lation between them, 7g/(zr + 7g), expressed by Eq. (6), should be temperature-
dependent. Usually the relaxation rate increases with temperature faster than the
emission rate. In some cases structural changes in the system with the change of
TR can be detected, but there may be the cases when the relaxation rates change
without conformational change [75].

— The effects of fluorescence quenchers. The result of collisional quenching is the
change of fluorescence lifetime 7 that shortens the time window for relaxations
and increases the red-edge effects [45].

— The time-resolved observations. The spectra move to longer wavelengths as a
result of dielectric relaxation with the decrease of energy (the common case).
They stop to move if by shifting the wavelength the isorelaxation point is
achieved, and they start to move to shorter wavelengths at the far red edge,
when the relaxed state is of higher energy (the case of ‘“up-relaxation”)
[21]. Instead of heat release as a result of relaxation, a local cooling in the dye
environment can be detected [76].

Photoselection can be observed also in emission spectra. The emissive electronic
transitions extend from vibrationally relaxed excited state to different vibrational
sub-levels of the ground state, so the vibrational progression extends from the 0-0
band located at higher energies in the direction of lower energies, to longer
wavelengths. Emission proceeds to different vibronic high energy ground-state
levels, which makes impossible the photoselection by collecting the low-energy
emission quanta. Therefore excitation spectra measured by setting the emission
wavelength longer than the band maximum will be always emission-wavelength-
independent. The site-photoselection by probing the emission wavelengths is pos-
sible only from the side of high energies of emitted quanta, when the selected
species possess the ground-state solvation (stabilization) energies higher than the
mean, while their excited state should be less stabilized than for the average of the
ensemble. This situation can be realized only at the blue (short-wavelength) edge of
emission band. As a result, the excitation spectrum will gradually shift to the blue at
the “blue edge” of emission band, i.e., at the high energy side of 0-0 transition
[19]. Thus, in emission spectrum the site-selectivity leads to another site-selective
effect — the dependence of excitation spectra on emission wavelength. Similarly to
the other red-edge effects, this effect disappears as a result of relaxation.

Figure 8 illustrates the correlation of motions of excitation and emission spectra:
red-edge effect by photoselecting the excitation and blue edge effect by
photoselecting the emission wavelengths. The shift of excitation spectra to the
blue is observed when fluorescence emission is collected at wavelengths shorter
than fluorescence band maximum. The dependence of excitation spectra on emis-
sion wavelength appears if we collect the emitted quanta that possess higher
energies than the mean, since they correspond to lower part of the distribution in
the ground state and higher part of the distribution in the excited state. As a result,
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the excitation spectrum will shift to the blue. This dependence increases with the
further shift to the blue edge, and no saturation point is observed.

Light has a selective power to excite exclusively those dyes, the properties of
which match the energy and polarization of their electronic transitions. Thus, if the
dye excitation is produced by polarized light, its emission will be also highly
polarized. Depolarization occurs only when the time correlation in the excited
state is lost due to the dye rotation or its participation in some photophysical
process, such as excitation energy transfer [77]. Often the decay of time-resolved
anisotropy, 7(t), is non-exponential due to asymmetry of dye molecule and anisot-
ropy of its interactions. Also, since in the course of relaxation g becomes shorter at
the blue and longer at the red slopes of emission spectrum, a higher value of
anisotropy is observed in the blue and lower in the red parts of the spectrum
[78]. Such effects are produced due to variation of time window, in which
fluorophore rotations are observed. Excitation at the red edge suppresses the
relaxational shift of spectra and makes the emission decay more homogeneous
[79, 80].

The spectral and temporal inhomogeneity of emission probed by the dependence
on excitation and emission wavelengths may produce additional influence on r(¢),
even without EET in dilute solutions. Because of release of excessive vibrational
and intermolecular energy, the local heating can occur [79, 80]. This effect is called
a “light-induced rotation,” it is suppressed when A, is shifted far to the red edge
where Aoy > A7, (A, is the isorelaxation point, explained in Fig. 4), since in this case
we excite the solutes with the strongest intermolecular energy in the excited state
[80]. The local heating depends on the excess of configurational energy of selec-
tively excited solvates and leads to specific dependencies of the kinetics of radiation
anisotropy on the exciting light frequency and the frequency at which the emission
is recorded [23]. It is clearly observed for fluorescence probes in
biomembranes [24].

There is one more possibility of introducing time domain into spectrally selec-
tive molecular relaxation technique. It is the transient hole-burning spectroscopy
[51, 81, 82]. Unlike persistent hole-burning [55-57] this method does not require
cryogenic temperatures. By exciting the probe molecule with pulses shorter than the
solvation time but longer than the dephasing time, a subset of the ground-state
population is excited only and it can be recorded in a picosecond transient
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absorption spectrum. This subset corresponds to probe molecules experiencing
similar interactions with the solvent. The rate of this broadening (hole-filling) is
attributed to solvent dielectric relaxation kinetics resulting in a time-dependent
disappearance of “selected” species. Thus, even at room temperature a transient
spectrum initially shows a slightly sharp hole around the exciting energy, resulting
in the time-dependent broadening of its shape.

Though in the background of this technique is a different methodology (the
selection is produced within the ground-state distribution and the relaxation occurs
within the ensemble of ground-state species), it has important common features
with the time-dependent red-edge effects:

— photoselection is produced within inhomogeneously broadened absorption band,
— relaxation is observed as a time-dependent disappearance of “selected” species,
— the time window for the observation of relaxation process is determined by the
excited-state lifetimes. Usually it is the picosecond—nanosecond time range, but
by populating the triplet state the time window can be extended to milliseconds.

3 Red-Edge Effects in Photochemical Transformations

Based on the interpretation presented above, of spectral broadening and molecular
relaxations in solutions, it can be expected that any excited-state reaction, the rate
of which depends on the energy and dynamics of weak noncovalent interactions
with the environment will be modulated by site-selection effects. It is known that
solvent-reorganizational coordinate is important for many excited-state reactions
[83, 84], but not for all of them. There are reactions that are uncoupled with dipolar
relaxations and that can occur on ultra-short time scale even at extremely low
temperatures (for instance, intramolecular proton tunneling [85] and non-adiabatic
electron transfer [86]). At the other extreme are slow reactions that occur in solution
after attaining dielectric equilibrium, for instance, the reactions of diffusional
bimolecular quenching. But there are many examples of those reactions that are
coupled with these relaxations, and the study of this coupling may be used as an
important clue for elucidating their mechanisms [87]. In unrelaxed states the
distribution of excited-state species on their interaction energies with the environ-
ment may result in distributed reaction kinetics [88]. It was shown that the part of
this distribution that interacts stronger with the environment may exhibit an
extreme increase in reactivity in intramolecular electron transfer reaction and a
decreased reactivity in proton transfer and energy transfer reactions [89, 90]. Site-
photoselective spectroscopy allows not only to characterize the selective photo-
chemical reactivity but also to provide the means to model the reactions occurring
in the ground states, especially those of them which possess low intrinsic
activational barriers and depend on dynamics in the environment. Those are
many biocatalytic reactions.
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3.1 Photoinduced Electron Transfer

The solvent effects influence the excited-state photoinduced electron transfer (PET)
if the transition from the initial “locally excited” (LE) state to charge-transfer
(CT) state is adiabatic, i.e. occurs in the conditions of strong electronic coupling
between two states and proceeds continually along the reaction coordinate on a
common adiabatic potential energy surface [84]. Quite often the PET reactions
result in quenching, which complicates the observation of red-edge effects
[91]. Bianthryl is a bright exception, in which PET reaction is intramolecular
leading to brightly fluorescent product. It is an anthracene dimer demonstrating
the excited-state electron switching between monomers in liquid polar media, and
this reaction does not proceed if the solution is frozen.

This reaction in bianthryl was studied by variation of excitation wavelength
(Fig. 9). It was found that PET, which requires dielectric relaxation and commonly
does not occur in vitrified polar solutions, is dramatically facilitated when
photoselection was provided at the red edge of excitation band [90].

The temperature range of disappearance of such red-edge effect correlates
strongly with the solvent mobility. It occurs in the range of nanosecond dielectric
relaxations in the solvent [89]. This connection with the solvent mobility is clearly
demonstrated when the temperature dependences of spectral shift of LE band, the
change of the band width, and the extent of PET reaction expressed as the relative
ratio of LE and CT band intensities are displayed in the same plot (Fig. 10).

The results obtained demonstrate the possibility of photoselection in the rigid
environment of species, for which the solute—solvent configurations are close to the
“relaxed” state. Because of that the solvent-reorganization barrier does not exist
and the PET reaction proceeds easily. An attractive idea can be suggested to make
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Fig. 9 Influence of the excitation wavelength on fluorescence spectra of bianthryl in propylene
glycol [90]. 1¢,(480)/In(415) is the ratio of intensities at emission wavelengths 480 and 415 nm
that reflects the relative contribution of CT and LE forms. The temperatures were —100°C (1),
—53°C (2), and 18°C (3). Curve 4 and the /eft scale represent the excitation spectra at —53°C at
emission velengths 395, 415, 445, and 480 nm, which are superimposed
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organic solid-state optoelectronic devices switchable just by the energy of excita-
tion light.

3.2 Intramolecular Charge Transfer and Excited-State
Isomerizations

Electronic excitations may lead to intramolecular charge transfer (ICT) reactions
that involve redistribution of electronic charge within the same molecule. These
effects are typical for fluorophores that contain electron donor and electron acceptor
groups incorporated into aromatic heterocycles. The intramolecular electronic
charge redistribution is coupled with electronic and nuclear polarization of the
medium resulting in dielectric relaxations. If the relaxations do not occur in rigid
environments, the static distribution of sub-states may result in different ICT
reactivity and the site-selective excitation may allow observing the switching of
emission between initially locally excited (LE) and ICT forms. Dynamic solvent
effects are observed when this reaction is adiabatic, i.e., occurs in the conditions of
strong electronic coupling between two states and proceeds continually along the
reaction coordinate on a common adiabatic potential energy surface [84]. Of special
interest are the cases, in which the reactant and product forms are represented by
separate emission bands. For the fluorescent dye Laurdan, popular in many applications,
two fluorescence bands with maxima at 425 and 500 nm are observed in cooled
glycerol [92]. Remarkably, together with redistribution of intensities between two
bands, only the long-wavelength CT band shifts dramatically on transition of
excitation energy to the red edge.

Charge redistribution is often coupled with rotations of molecular fragments. A
number of fluorophore molecules that exhibit intramolecular flexibility and are
planar in the ground state can rotate in the excited state to a perpendicular
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conformation (which can be energetically more favorable in polar environments).
The reaction is easily observable when both forms are present in the emission
and are represented by separate maxima. In these cases the fluorescence
spectrum is usually shifted to longer wavelengths. Classical in this respect is
N,N’-dimethylaminobenzonitrile (DMABN), for which the twisted intramolecular
charge-transfer (TICT) state can be achieved even in rigid polymeric matrices. It
was shown [93] that in polar polyvinyl alcohol (PVA) glass the contribution of the
TICT form being small at the main-band excitation increases dramatically when
fluorescence is excited at the red edge. Meantime, a strong deformation of an
excitation spectrum as a function of emission wavelength indicated the significant
site distribution within the ground-state species.

The barrierless stochastic staircase model of Bagchi was used for interpretation.
Within this model, the long-wavelength excitation selects in the initial population
the species that are closer on reaction coordinate to the region where the reaction
occurs [94]. In related experiments on 1,4-diphenyl-1,3-butadiene the red-edge
selective excited-state production of s-cis rotamers has been demonstrated
[95]. Switching between LE and ICT emissions can be achieved with the shift of
excitation wavelength in argon matrix for pyrrolyl benzonitrile [96]. These and
other related experiments suggest that site-photoselection in excited state isomer-
izations coupled with ICT occur in the excited state, although their pre-existence in
the ground state as minor forms is not excluded.

For organic dyes exhibiting intrinsic flexibility the possibility to form the
distribution of sub-states due to formation of population of rotamers and the
existence of variable free volumes in solid matrix was pointed out by different
authors [97]. The cases are known, in which two rotamers are present in the ground
state but only one of them is present in emission spectra at long-wave excitation,
demonstrating the red-edge effect [98]. Recent experiments with DMABN point to
this possibility. The red-edge effects reveal itself in the dependence of ratio LE to
CT fluorescence bands on the wavelengths of excitation [99]. These features can be
observed even in a liquid solvent acetonitrile within quite broad temperature
interval from 0°C to 80°C [100], which may be connected both with slow inter-
conversion between these sub-states and very short lifetimes narrowing the time
window for observation.

Thus, the red-edge effects are important tools to study the excited-state dynam-
ics and its coupling with the motions in reactant environment for ICT reactions and
when these reactions are coupled with conformational changes. However, one has
to keep in mind the possibility of selecting within the species already existing in the
ground state. Photoselection in the latter case is quite different from that on
existence of classical red-edge effect. This issue will be discussed in Sect. 5.
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3.3 Excited-State Intramolecular Proton Transfer

Excited-state intramolecular proton transfer (ESIPT) reactions demonstrate very
strong wavelength shifts and a great variety of rates, starting from ultrafast proton
tunneling [101] to that coupled with solvation dynamics [92] and proceed under
either thermodynamic or kinetic control [102]. In 3-hydroxyflavone (3HF) deriva-
tives all these different conditions and mechanisms of photo-transformations can be
realized. The initially excited LE and reaction product proton transfer (PT) excited-
state forms are dramatically separated in emission energy. In 3HF derivatives
possessing strong excited-state dipole moments, both spectral position of LE
form and interplay of two forms in fluorescence spectrum depend strongly on
solvent polarity [103, 104].

The site-selectivity of this reaction was first demonstrated in the complex of
4'-(diethylamino)-3-hydroxyflavone with the protein (serum albumin) [88]. It was
found that while both LE and PT forms are present at the main-band excitation, the
excitation at the red-edge results in elimination of the PT band from the spectrum
(Fig. 11).
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The scheme presented in Fig. 11 (above) illustrates the mechanism of site-
photoselection modulating the PT reaction yield. The excitation results in the
appearance of highly polar dipolar LE state that, interacting with the environment,
generates an ensemble of sub-states of different energies. The reaction proceeds
with the activation barrier to a low-polar PT state, in which the distribution in
interaction energy with the environment is minimal. Since the reaction rate is much
faster than any orientational relaxation of the environment dipoles, the distribution
in LE state persists on the scale of reaction. The species on the lowest edge of this
distribution need to overcome much higher activation energy, than in the middle of
distribution, and for them the ESIPT reaction is suppressed.

Serum albumin was selected in our initial studies because this protein has a
function to bind and transport in the blood of different substances with low
solubility in water and its binding sites are well characterized. The high-affinity
binding of 3HF derivatives to particular protein site was demonstrated [105]. The
local environment formed by the binding site is rigid, so the distribution is
maintained during the lifetime of LE state. The studies in polymer films, phospho-
lipid membranes, and in complexes with proteins allow characterizing the static and
dynamic disorder in these systems. This effect is easily observed as an excitation
wavelength-dependent dramatic change of the emission band profile resulting in
dramatic change of color [106].

The same effect of retardation of ESIPT reaction at the red-edge excitation is
observed in viscous solvent triacetin [107], in ionic liquids [107, 108] and erythro-
cyte membranes [109]. Recently Tomin [110] demonstrated that it can be
manifested even in liquid solvents due to strong shortening of excited-state lifetime.
Thus, in the case of ESIPT reaction in excited-state dipolar 3-hydroxyflavones the
site-photoselection at the red excitation edge results in stabilization of initially
excited LE state and to disappearance of reaction product proton transfer band. This
example of the red-edge effect in ESIPT reaction is a demonstration, how the
coupling of site-photoselection with excited-state reaction can provide a significant
amplification of spectroscopic signatures of molecular disorder.

Concluding this section, we derive that the red-edge effects have become the
important tools for studying the mechanisms of different excited-state reactions, for
which the solvent-reorganizational coordinate is important. They allow studying
the coupling of these reactions with dielectric relaxations in the reaction site
environments and the involvement of inhomogeneous reaction kinetics. These
observations demonstrate how the coupling of site-photoselection with excited-
state reaction can provide a significant amplification of spectroscopic signatures of
molecular disorder. Strong site-selectivity is observed for different low-barrier
excited-state reactions in the conditions of slow mobility in the environment of
the excited reactant species. Some of them are very useful practically for charac-
terization of the dynamic properties in particular systems and predicting their
behavior in chemical and biochemical reactivity [83]. Because elementary rates
in these reactions are also site-selective, their inhomogeneous kinetics should also
be observed. Wavelength-selective reactivity was found in photochemistry for
charge-recombination reactions [111]. In analogy, this type of reaction kinetics
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was suggested for biocatalytic reactions [83, 88]. Recently such reaction behavior
was found in single-molecular studies [112].

4 Directional Excited-State Energy Transfer
and Red-Edge Effects

The discovered by Weber [1-3] red-edge effect of failure of energy homo-transfer
between the dyes in highly concentrated solutions in rigid and highly viscous media
(see Fig. 1) can be naturally explained by site-photoselection within the
inhomogeneously contour of absorption band. Here the same molecules serve the
role of both donors and acceptors. However, they are distributed being located in
different environments and because of that their absorption and emission spectra
are not identical. The species from upper part of the distribution (Fig. 3) can transfer
their energy to another species on the same or lower energy level. In contrast, the
species from the lower part of the distribution (their effective concentration is low)
can transfer their energy only to other species of the lower part of this distribution.
Because of low concentration of these selected species, such transfer is a low
probable event. Thus, due to the presence of inhomogeneous broadening, the
excited-state energy transfer between chemically identical molecules is not ran-
dom, it is directed from those members of the ensemble which emit at shorter
wavelengths to those which absorb at longer wavelengths [18].

As a result of this directed transfer the fluorescence spectra in concentrated dye
solutions in rigid and highly viscous environments are shifted to longer wave-
lengths. This shift can be observed as a function of time [25], even if the environ-
ment is completely immobile. Such transfer stops at the red edge just because of
low probability of site-photoselected species.

There is also an emission analog of this effect: in concentrated solid dye
solutions the energy homo-transfer fails to occur at the short-wavelength edge of
emission band [113, 114]. In this case the emission of the dyes serving as EET
acceptors and emitting at lower energies is not recorded, and the emission of donors
remains at high energies and is highly polarized. In this case also the failure of
energy transfer occurs in rigid and highly viscous solutions or very short observa-
tion times in liquid solvents and can be recorded as highly polarized emission.

Figure 12 serves as illustration of the mechanism of failure of excited-state
energy transfer leading to observed Weber red-edge effect.

4.1 Spectral Dependence of Emission Polarization

Fluorescence polarization technique is one of the most popular and informative
tools in the studies of molecular structure and dynamics [77, 116] and the Weber’s
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Fig. 12 The scheme explaining the red-edge effect as the site-photoselection within the popula-
tion of fluorescence emitters and the disappearance of EET leading to increase of polarization at
the red edge of excitation spectrum [115]. The system composed of similar molecules located
within the distances of efficient homo-EET is shown. At shorter wavelengths (case a) and band
maximum (case b) the emitters exhibiting different interactions with the environment (marked
with different colors) have equal probability to absorb light and transfer the excitation energy to its
neighbors, which dramatically depolarizes the emission. At long-wavelength edge (case c) the
species absorbing and emitting the low-energy quanta are excited only. They do not exhibit EET
and emit independently, so their emission is highly polarized

red-edge effect opens new dimension in these studies. One of the most important
practical applications is to discriminate two generally occurring effects leading to
fluorescence depolarization: excitation energy transfer and fluorophore rotations.
Rotational depolarization of fluorescence commonly occurs as a diffusional motion
in structurally relaxed environments, and the depolarized emission should not
depend on the excitation or emission energy. On contrary, the energy transfer
efficiency depends on the correspondence of excited-state energies of donor and
acceptor and is influenced by photoselection. Therefore the red-edge effect allows
introducing the reference point at which this process fails to occur providing the
means to detect and characterize EET. In view that in homo-transfer systems the
spectral changes may not be significant, emission anisotropy is probably the most
convenient method for such analysis.

This tool is the most frequently used in protein and biomembrane studies. Thus,
for the measurements of polarization of the protein Trp fluorescence the excitations
at 295 and 310 nm (near the red edge) were chosen [117]. Rotational diffusion leads
to depolarization of the emission excited at either 295 or 310 nm, but homo-transfer
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Fig. 13 Chemical structure
and excitation polarization
spectra (observation
wavelength: 380 nm) of the
multichromophoric
cyclodextrin CD7(3) in
comparison with the model
chromophore NA-Et (ethyl
naphthoate) in a mixture of
ethanol and methanol (9:1
v/v)at 110 K [119]
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only contributes to depolarization upon excitation at 295 nm. Hence, the 310/295
polarization ratio gives an indication of Trp—Trp energy transfer.

This effect of wavelength shifting opens the ways of manipulating with emission
anisotropy by creating or avoiding the EET conditions. It has got interesting
application in fluorescence polarization microscopy for detecting the interactions
between the molecules within the living cells [118]. In biomolecular studies, homo-
EET allows single labeling in contrast to more difficult double labeling that is
normally used for observing proximity effects in hetero-EET systems.

The study of the effect of excitation wavelength on energy switching among the
dyes located in well-defined positions in supramolecular structures is of both
theoretical and practical value since it allows evaluating the extent of molecular
order in the studied systems. As an example, f-cyclodextrin with appended seven
2-naphthoyloxy dyes, CD7(6), was synthesized [119, 120], see Fig. 13. Because the
rotational motions of the dyes are frozen in the rigid glass, the depolarization effect
observed with CD7(6) as compared with free dye NAEt (which displays strongly
polarized emission over the whole long-wavelength part of the spectrum) is attrib-
uted solely to energy transfer between the appended dyes. It was found that despite
the attachment to rigid structures they have their emission transition moments
oriented variably from that of the directly excited one. When increasing the
excitation wavelength beyond 335 nm, the emission anisotropy drastically
increases, thus indicating a gradual decrease in energy transfer efficiency, so that
at the extreme red edge (~350 nm) there is a complete lack of energy transfer (the
Weber red-edge effect).

4.2 Shifts in Emission Spectra

Whereas the increase of the degree of polarization of light emission known as the
Weber red-edge effect is the most convenient for observation, the spectroscopic
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Fig. 14 Tllustration of typical transformations of fluorescence spectra on transition to the red
excitation edge in rigid environments for dilute solutions (no EET) and concentrated solutions
(efficient EET at the main-band excitation). In dilute solutions the spectral shift is maximal. In
contrast, in concentrated solutions because of EET the steady-state spectra are already shifted (and
this shift can be observed as a function of time from initial position shown as a dashed line).
Because of that the shift on transition to the red edge is much smaller leading to the same spectral
position as in dilute solutions

changes are no less spectaculous and important. Since both donors and acceptors in
homo-EET are chemically identical molecules located in the same medium, their
excited-state distributions (see Fig. 3) are identical, so that each donor can serve as
acceptor and the reverse. However, as a result of this transfer directed from those
members of the ensemble that emit at shorter wavelengths to those that absorb at
longer wavelengths, in rigid and highly viscous environments the fluorescence
spectra are shifted to longer wavelengths [18].

Directed transfer can be easily observed in rigid media by comparing the spectra
at the main-band excitation for concentrated and dilute dye solutions (Fig. 14). Due
to transfer from “blue” to “red” emitters occurring in time, the fluorescence spectra
are already shifted at the main-band excitation. The transfer from the main-band
excitation to the red excitation edge results in two effects operating in opposite
directions. One is the failure of transfer that increases the population of short-
wavelength emitting donors and the other is the red-edge photoselection of
low-energy emitters within the population. As a result, the observed shift will be
much smaller. Finally, in the case of absence of aggregation in concentrated
solutions the spectra recorded in the red-edge wavelength range should occupy
the same positions as in the absence of energy homo-transfer.
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Fig. 15 Temperature dependence in the positions of fluorescence band maxima of tryptophan
monomer (Trp) and the dimer (Trp—Trp) in glycerol on excitation wavelength at the band maxima
(280 nm) and red edge (305 nm) [89]

Such wavelength-dependent behavior of steady-state spectra is characteristic for
all systems exhibiting homo-EET. As an example, the results of studies of trypto-
phan dimer Trp—Trp [89] are presented (Fig. 15). At the main-band excitation
280 nm the spectrum of Trp occupies the short-wavelength position and is dramat-
ically shifted on the shift of excitation wavelength to the red edge (305 nm). For
Trp—Trp dimer, due to homo-EET the spectrum is shifted already and therefore the
shift on the change of excitation wavelength is much smaller. Essentially, the
spectral positions of Trp and Trp—Trp at 305 nm excitation superpose.

Interesting result is observed when the temperature is increased over the solvent
relaxation range (see Fig. 15). Excitation wavelength stops to be a tool for site-
photoselection and EET becomes no longer directed. We observe that the failure of
directed transfer correlates with temperature-dependent activation of relaxational
dynamics in the solvent. Therefore in liquid environment the spectra of Trp and
Trp—Trp are nearly identical and excitation-wavelength independent.

4.3 The Effects Observed in Time Domain

Excitation energy homo-transfer proceeds in time on the scale of picoseconds—
nanoseconds that is available to time-resolved fluorescence technique. In solid
environments, when both dielectric relaxations and dye rotational motions are
retarded, it can be detected both by the temporal loss of anisotropy and by the
shifts of fluorescence emission bands. As a result of this directed transfer the
fluorescence spectra in concentrated dye solutions in rigid and highly viscous
environments are shifted as a function of time to longer wavelengths [22, 25, 45].
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The time-resolved technique makes possible to visualize the dynamics of the
process and measure the required kinetic parameters. The higher the dye molecule
concentration, the faster is the energy transfer.

Transition to the red edge of excitation suppresses the transfer and modifies
dramatically the emission decay by decreasing its emission-wavelength depen-
dence (see Fig. 15), which allows introducing an important “no-transfer” reference
limit. At these wavelengths the fluorophores emit individually, their emission
spectra are similar to that observed at low concentrations and the decay kinetics
simplified.

4.4 Light Harvesting and Its Modulation at the Red Edge

Directed excitation energy hopping between chromophores is a fundamental process
occurring in the antennae pigments of photosynthetic units. The studies of photo-
synthetic antenna pigments in solutions [26] suggested the directed energy transfer
to be an important mechanism of light-harvesting of solar energy in photosynthesis.
Here the idea is to accommodate the pigments in high density to provide optimal
collection of sunlight. The energy migrating between them with gradual decrease
become assembled at the site with the lowest energy where it will be transferred to
the electron-generating site. It was shown that in isolated core complexes, the
polarization of the emission increases smoothly as a function of the excitation
wavelength, starting from the center of absorption band, whereas in membranes
the increase is abrupt and occurs in the extreme red edge [121]. These facts
demonstrating the Weber red-edge effect suggest the possibility of modulation
in the system of natural pigments its efficiency by the energy of absorbed light.

In analogy with natural systems of photosynthesis the idea on energy collection
and migration was implemented into artificial antenna-based photomolecular
devices, such as artificial solar concentrators [122]. Different molecular ensembles
and nanostructures were designed for that [123, 124]. An example of directed
transfer in polymer films and of its absence for single molecules can be the result
on poly(3-hexylthiophene) [125]. Essentially, in these systems just due to inhomo-
geneous broadening and site-photoselection effects the on—off switching of light
harvesting can be achieved just by shifting the excitation energy.

5 Red-Edge Effects and Ground-State Heterogeneity

Excitation-wavelength guided site-selectivity can be achieved not only within
inhomogeneous broadening profile of absorption band, which is in the background
of red-edge effects. It can be observed in different structurally heterogeneous
systems, since also different types of impurities as well as ground-state heteroge-
neity in dye state (ionization, charge-transfer complexes, and H-bonding) may be in
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the origin of photoselection by shifting the wavelength. Operating on the atomic
scale of distances, the positional heterogeneity can arise from imprecise location and
orientation of the dye, e.g. its distribution between the sites of different polarities or
at the surface of molecule or nanoparticle. Apparent spectral broadening can be the
result of all these factors, and this could result in preferable excitation of one of the
species with respect to others, resulting in shifted fluorescence spectrum.

Thus there can exist the effects of ground-state heterogeneity that are usually
discrete in nature and bring new site-photoselection effects that overlap those
resulting from common inhomogeneous broadening. Many such cases were
reported. For instance, two polypyridyl ruthenium complexes possessing an
extended conjugation and strongly coupled electronic states had strong excitation
dependent emission behaviors caused by mixing of different electronic states [126].
Two or more conformers having different geometry existing in ground-state equi-
librium and absorbing light at different wavelengths may display variations in
positions of their emission bands [127]. In our work [128] we tried to introduce
the criteria that distinguish the effects of inhomogeneous broadening and those that
originate from positional (ground-state) heterogeneity.
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Superposition Band maximum

Red Edge
Far Red Edge

/

i

Intensity
Intensity

em em em em o em
"ll ’lmus ‘l] ‘lm;m ‘lt j’:
Emission wavelength Emission wavelength

Inhomogeneously
broadened band

Superposition

=P S E
At'}l] A }:} :
g 2 = =) 2
k- s s @
5 ¢ 5 238
= = ‘w B
e = S B
s a 2
P g
4 5
ex ex ex E

"ll ’lm;ux j’_“

Excitation wavelength Excitation wavelength

Fig. 16 Schematic representation of spectroscopic effects of (a) ground-state heterogeneity and
(b) slow dielectric relaxations leading to red-edge effects [128]. In the case (a) variation of
excitation wavelength leads to photoselection between the species possessing difference in
excitation spectra, so that the dye excited at shorter wavelengths (A{*) exhibits blue emission at
A{"™ and, correspondingly, excited at A5 exhibits red-shifted emission at AS™. The shifting of
excitation wavelength leads to change of relative contributions of two emissions. In the case
(b) there is a single ground-state form but the shift of excitation wavelength from band maximum,
A% to the red edge of excitation leads to progressive shift of emission spectra (two of them, A{"
and A§™ are shown) to longer wavelengths
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The distinction between the cases of inhomogeneous broadening and ground-
state heterogeneity can be observed when the excitation-wavelength dependencies
of fluorescence spectra are analyzed on a broad scale (Fig. 16). The red-edge effects
demonstrate a very characteristic shape with the absence of the shifts of fluores-
cence spectra as a function of excitation wavelength at the maxima and short-
wavelength wing of excitation bands but an unlimited increase of effect at the red
excitation edge [30, 31, 35]. In contrast, the ground-state heterogeneity comes from
superposition of absorption (excitation) spectra of the dyes present in different
forms or residing in different locations. Because the quantum yield, anisotropy, and
lifetime of a dye in these forms or locations can differ, the shapes of measured
excitation-wavelength dependences as a general case is variable, even
sigmoid [129].

The measurements of the shifts in excitation spectra and their polarization as a
function of excitation wavelength may also serve as a good criterion [98]. Such
effect was demonstrated in 6-methoxyquinoline in different polymer matrices
[130]. Excitation-wavelength dependence of the dual emission and the fluorescence
decays show a non-exponential behavior throughout the emission profile. The
results are interpreted in terms of two groups (normal and charge transfer species)
of ground-state conformers that are inhomogeneously distributed and assume
different geometries in the polymer matrices.

Sometimes it is hard to distinguish the ground-state heterogeneity, especially in
the case of excited-state reactions. The fluorescence of dimethylaminobenzonitrile
(DMABN) and similar molecules in polymer glass consists of two bands due to
formation of twisted intramolecular charge-transfer (TICT) state, as in polar fluid
solvents. The TICT band in emission being small at the mainband excitation
increases dramatically when fluorescence is excited at the red edge. Meantime, a
strong deformation of an excitation spectrum as a function of emission wavelength
indicated the significant site distribution of the ground-state species [93]. Describing
site-selectivity in the redistribution of intensities of these fluorescence bands,
Tomin [100] explained it by the presence of rotational isomers. They may possess
different orientations of the dimethylamino group with respect to the plane of the
benzonitrile residue and display the TICT reaction with different rates.

Important criterion for distinguishing the red-edge effects can be based on time-
resolved data. Commonly the inhomogeneous broadening leads to non-exponential
fluorescence decays that can extend over several orders of magnitude. Approxi-
mating of such inhomogeneous (in other terms, polychromatic or dispersive)
kinetics by two or more exponential functions usually do not fit the experimental
data. It can be provided using Kohlrausch “stretched exponential” function
[131]. The decay N(¢) of initial number N, of reactant molecules can be described
as follows:

N(f) = Noexp [*(I/T)ﬂ}, 0<p< L 9)
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Here f describes the deviation from the first-order kinetics and 7 characterizes the
time scale of the reaction [131-133]. Generally, a smaller value of  corresponds to
a wider distribution of lifetimes, suggesting a more disordered system. At the site-
photoselective excitations due to decrease of the distribution width the fluorescence
decays should become closer to exponential.

The red-edge effects depend strongly on the properties of a fluorophore. The
dyes with low dependence for absorption spectra on solvent polarity and a very
strong such dependence for emission spectra could be ideal for this application.
They demonstrate a strong increase of the dipole moment in the excited state and
exhibit a broad excited-state distribution on interaction energies. These features
will determine their properties in spectral, anisotropy, and time domains. Good in
this respect is tryptophan, which is the constituent of many proteins, and therefore
we observe many applications of this method in protein research [31, 35]. Regarding
different fluorescence dyes used for probing, the situation is variable. For instance,
Nile Red, with its strong dependence on the environment polarity variation of both
excitation and emission spectra, can display both the red-edge effects and the
ground-state heterogeneity [134], and the analysis of these effects is complicated
by the strong variation of its lifetime.

Fluorescent nanoparticles and composites are the structures that may be hetero-
geneous in size and composition by their origin. If the positions of their excitation
and emission bands are size-dependent, the site-photoselection effects can be
observed in their mixtures [135]. By combining semiconductor quantum dots of
different sizes the effect of directed energy transfer can be achieved [136]. Carbon
dots may demonstrate strong excitation-wavelength dependence of emission spec-
tra [137] and single-molecular studies demonstrated that this is the result of
structural heterogeneity [138]. Therefore the reported “giant red-edge effect”
observed in graphene oxide nanoparticles [139] is probably the sole result of their
structural heterogeneity.

6 Connection with the Studies of Single Molecules

It is common for us to assume that molecules of the same chemical composition
must have identical properties. In reality though, every molecule in a condensed
medium is different. Unlike an ideal crystal, where only vibrational motions are
allowed, real condensed matter systems display much greater possibilities for
intermolecular configurations resulting in structural, energetic, and dynamic molec-
ular disorders. This results in a variety of new properties: broadening or even
disappearance of first-order phase transitions in macromolecules [140],
non-exponential kinetics of photophysical and photochemical reactions [141],
non-Arrhenius-type activated processes [142], and others. Therefore it is extremely
important to characterize molecular disorder in both conceptual and quantitative
terms. Heterogeneity arising on the level of weak, in physical terms, intermolecular
interactions with the local dye environment and their fluctuations on a time scale
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may result in broad variation of photophysical properties and of photochemical
reactivity, which can be studied by fluorescence techniques. As we discussed
above, the power of red-edge effects in these studies is their ability to compare
the static and dynamic spectroscopic information of the whole ensemble of innu-
merable number of molecules with its sub-ensemble of energy-selected species.

Further decrease of this ensemble leads us to a single molecular level. These
studies required introduction of new methods enabling to achieve the absolute limit
of sensitivity in fluorescence spectroscopy [143, 144]. Observing a single molecule
removes the usual ensemble-averaged picture and allows obtaining the most valu-
able information on the intensity, excitation and emission spectra, polarization,
fluorescence decay rate of chosen individual molecules and of their chemical and
photochemical reactivity in comparison to average molecules in ensemble of
presumably identical species [145]. Selection of individual molecules from the
ensemble can be achieved by ultimate dilution of dye solutions, illumination of
ultra-small sample volumes, and application of confocal or two-photon microscopy
[146]. On a single molecular level the spectral shifts and intensity fluctuations can
be revealed even if they are present as rare events allowing the exploration of
hidden heterogeneity in complex condensed phases [147].

The single-molecule detection allows providing a conceptually important move
from ensemble analysis to individual event analysis. Individual molecules can be
fitted to statistical ensemble. The more informative histograms based on single-
molecular studies can be recorded, in which the responses from the members of
molecular ensemble are seen as distinct events [148].

In studies of single molecules the concept on broad distribution of solvation
energies in ensembles of fluorophore molecules in condensed media has got final
confirmation. It has become evident that the red-edge effects do not break the Kasha
rule. The Kasha rule must be applied not to whole ensemble but to individual
emitters forming their inhomogeneously broadened ensemble.

Thus, the role of red-edge effects in photophysical studies of dyes in condensed
phase in comparison with common spectroscopic experiments and investigations of
single molecules can be summarized as follows (see Fig. 17):

— The standard spectroscopic measurements yield the information on ensemble of
emitters. Those are the average values of studied parameters for a large number
of molecules. These studies remain to be of great value, since in real systems the
physical behavior and chemical reactivity is the property of whole molecular
ensembles.

— The red-edge effects allow the observations of inhomogeneous broadening and
molecular dynamics based on comparison in behavior of molecular ensemble
and its sub-ensemble. They have become ‘“classical,” playing their important
role as a part of standard spectroscopic techniques.

— The level of single molecules allows studying the fluctuations and statistical
distributions, and an inhomogeneous contour of the ensemble of molecules can
be built from these individual contributions. By removing completely the
ensemble averaging, the distribution of every measured parameter can be
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Fig. 17 Illustration of comparative information that can be obtained in populational research in
condensed phase, explorations of red-edge effects in site-selective studies and the reconstructing
of molecular ensemble properties from single molecular data. In populational studies the proper-
ties of individual molecules or their sub-ensembles are not resolved. At the red edge the site-
selective studies of specific sequence of states are possible. In single molecular research the
members of the ensemble are studied one by one. They can be identical chemical species, which
differ in interactions with the environment, and an inhomogeneous contour of the ensemble of
molecules can be built up from their individual contributions

obtained and a frequency histogram of the actual distribution of values can be
constructed. Such distributions contains more information than the average
value alone [149].

7 Perspective

The observation and analysis of red-edge effects introduced by Gregorio Weber has
developed into a powerful methodology for studying molecular disorder and its
coupling with molecular dynamics. With years of exploration, variation of excita-
tion wavelength has become an important spectroscopic tool generating informa-
tive response in all optical parameters: spectral shifts, quenching, anisotropy, and
lifetimes. This methodology is simple in application; it can easily complement
other fluorescence spectroscopic methods in studying microscopically heteroge-
neous systems of different kind, including biological macromolecules in solutions
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and complex nanoscale systems. New areas of research were opened for rapid
development.

The red-edge effects gave rise to a new understanding of spectroscopy of organic
molecules in condensed phase. They showed that variation in solute—solvent local
interactions is a significant source of the broadening in the absorption and emission
spectra. Even in a structurally homogeneous phase, solute molecules can occupy a
broad population of solvation sites differing in interaction with the environment and
generating an array of electronic transition energies. It is their summation that
comprises the absorption or emission spectra. Selective excitation of some mem-
bers of this population enables them to be studied and treated selectively, so that
comparison with the results obtained for the whole population gives new knowl-
edge. This field of research can be called the site-selective spectroscopy of organic
molecules.

In molecular dynamics of condensed matter a new very productive concept was
introduced: the light absorption and emission spectra being formed by inhomoge-
neous ensemble of molecules reflect the stochastic dynamics of their formation and
re-arrangement in time. Therefore the possibility appears to extract dynamic infor-
mation by comparing the data of spectroscopic, time-resolved and anisotropy
studies obtained for the whole ensemble on comparison with its selected part.
From the above discussion it is clearly seen that the relaxation in molecular
ensembles not only changes the average energy of excited fluorophores (commonly,
it decreases). It is also the loss of “molecular memory”, so the process in time
develops from correlated to uncorrelated behavior.

In photochemical reaction dynamics, a direct connection was established of the
reaction yield and rate with the interaction of reaction site with its environment and
dynamics of this environment. Site-selective photochemistry is demonstrated for all
types of these reactions: isomerizations, intramolecular charge transfer, electron
and proton transfer. Studies of solvation dynamics are very important for a detailed
understanding of chemical reaction dynamics, catalysis and biocatalysis in solu-
tions. Many chemical reactions proceed with significant intramolecular charge
redistribution, and when they occur in condensed media they may exhibit site-
selective inhomogeneous behavior.

In designing new nanoscale and molecular devices, scientists are often interested
in assembling fluorophores to their high density. Here these species can exchange
the interaction energies due to mechanism of non-radiative energy transfer. Differ-
ent compositions can be designed to modulate such transfer, including light
harvesting and wavelength conversion, and the possibility to suppress such transfer
at the red excitation edge can be used for such modulation.

Finally, we observe how the unusual phenomenon became classical with
extremely broad range of applications. We came to recognition that molecular
disorder is not a complication in spectroscopic studies if we know how to extract
extremely important information regarding the behavior of condensed matter on
molecular scale and on the scale of intermolecular interactions. This information is
especially valuable if the observed systems are microscopically heterogeneous and
exhibit hierarchical dynamic features.
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