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ABSTRACT: Manifestation of the dynamic solvent effect
(DSE) on the charge recombination (CR) kinetics of
photoexcited donor—acceptor complexes in polar solvents
has been investigated within the framework of the multi-
channel stochastic model. The model takes into account the
reorganization of both the solvent and a number of
intramolecular high-frequency vibration modes as well as
their relaxation. The non-Markovian solvent dynamics is
described in terms of two relaxation modes. The similarities
and differences inherent to ultrafast charge transfer reactions
occurring in the nonequilibrium and thermal regimes have
been identified. The most important differences are as follows:

strong exergonic ET weak exergonic ET

Free energy
Free energy

_ reaction coordinate
diffusion is necessary only

for thermal ET

__reaction coordinate
diffusion is necessary only

for nonequlibrium ET

(1) the DSE is strong in the area of weak exergonicity and is weak in the area of strong exergonicity for thermal reactions,
whereas for the nonequilibrium reactions, the regions of strong and weak DSEs are reversed; (2) an increase in the electronic
coupling value results in a decrease in the magnitude of DSE for nonequilibrium electron transfer and in its increase for the
thermal reactions; and (3) the two-staged regime most clearly manifests if the reorganization energy of the relaxation modes
noticeably exceeds the CR free-energy gap. With an increase in electronic coupling, the kinetics approaches the exponential
regime because in the limit of strong electronic coupling, the reaction includes only single, nonequilibrium, stage.

B INTRODUCTION

The theoretical investigations of electron transfer (ET) reactions
in polar solutions started with Marcus theoryl that was
generalized in the early 1980s to account for the dynamic
solvent effect (DSE) on ET kinetics.”* This triggered extensive
experimental and theoretical studies of charge transfer in
solutions.”™"?

Theory of DSE™™""* allowed bridging between non-
adiabatic and solvent-controlled regimes and answering the
question of when the solvent relaxation, rather than microscopic
electronic processes, constitutes the rate-determining step of
ET.? In the framework of the stochastic point-transition model,
the ET rate constant is described by the equation3

2
Va | T

(AG + E,)°
= [ exp| —
h(l + g)\w‘ ErkaT

4E,_ kT

kET

(1)

where V, is the electronic coupling, 7 is the Planck constant, kg is
the Boltzmann constant, T'is the temperature, E,;, is the solvent
reorganization energy
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(2)

is the Zusman parameter determining crossover from the Golden
rule to the solvent control, AG is the reaction free-energy change,
and 7y is the longitudinal dielectric relaxation time.

From eq 1, several important conclusions follow: (1) in the
nonadiabatic limit, g << 1, the ET rate constant is proportional to

W ACS Publications © 2016 American Chemical Society
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V% and is independent of the longjtudinal relaxation time of the
solvent, 7;; (2) in the opposite, solvent-controlled, limit, g >> 1,
the ET rate constant is inversely proportional to the longitudinal
relaxation time of the solvent and is independent of the electronic
coupling, that is, the dependence kgp(V,) is saturated; and (3)
the upper limit for the ET rate is achieved in the activationless
region, where it is close to 1/7 for polar solvents with E, ~ 1 eV.
These predictions were partly confirmed in a series of
experimental studies.”' ™7 Later, it was shown that the behavior
of real systems can considerably deviate from these predictions.
In particular, the observed rate constant may exceed the upper
limit, 1/7, by several orders Dfmagnitude.2 30737 Besides, it is
appeared that the DSE is observed for relatively slow reactions
occurring in the Marcus normal region and it is absent for fast ET
occurring in the activationless or inverted regions.19

All of the regularities were shown to emer§e from the
multichannel stochastic point-transition model.***” It should be
stressed that these conclusions were obtained for charge transfer
occurring in the equilibrium regime when the initial state of the
solvent and intramolecular degrees of freedom are close to the
thermal equilibrium. At the same time, there is a wide class of
important processes in which nonequilibrium charge transfer
plays a central role. Such a nonequilibrium of the nuclear
subsystem can be created by both the photoexcitation and
chemical transformations.
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ABSTRACT: Control of charge transfer requires knowledge
of its detailed mechanism. Due to the large number of known
mechanisms, the identification of the mechanism in specific
systems is a challenge so far. In this article we propose the idea
of how to distinguish between thermal and nonequilibrium
modes of charge recombination in excited donor—acceptor
complexes. Simulations of the effect of solvent relaxation time
scale on ultrafast charge recombination kinetics in photo-
excited donor—acceptor complexes within the framework of
the multichannel stochastic model have shown that a series of
regularities inherent to the thermal and nonequilibrium charge
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transfer can strongly differ. Among them there are opposite regularities, for example, the dependence of the dynamic solvent
effect on the free energy gap. In particular, theory predicts that in ultrafast charge recombination of excited donor—acceptor
complexes the dynamic solvent effect is weak in the area of weak exergonicity and becomes stronger in the area of stronger
exergonicity whereas for the thermal reactions an opposite trend is expected. Comparison of such trends with experimental data
implemented in this article allowed establishing the regime in which the reaction proceeds. It is shown that observation of
dynamic solvent effect in the region of strong exergonicity for ultrafast charge recombination is decisive evidence in favor of

nonequilibrium mechanism.

B INTRODUCTION

Photoinduced electron transfer being important for fundamen-
tal science and technological app].icationsl*? attracts much
attention of the scientific community over the past decades.* !
Despite the fact that there is a huge amount of information on
charge transfer kinetic regularities and many details of charge
transfer mechanism are known, the control of ultrafast charge
transfer kinetics and the product yields remains a challenge. For
example, low efficiency of modern photovoltaic devices (dye-
sensitized solar cells) caused by ultrafast recombination of the
charges immediately following primary photoinduced charge
separation is one of such chal]enges.7

Studies of geminate charge recombination (CR) kinetics in
donor—acceptor complexes (DAC) excited into a charge
transfer band have shown for the first time that the role of
the nonequilibrium of the nuclear subsystem in such reactions
is iml:ucirt:n'lt.u_14 The rate constant of CR in excited DACs,
being monotonically decreasing function of the reaction
exergonicity, does not show the Marcus normal regicm.ls_17
The non-Marcus rate constant behavior can be accounted for if
one accepts that excitation of a DAC by a short laser pulse
initially creates a nonequilibrium population on the excited free
energy surface far away from its minimum.”>™ " It appeared
that the CR rate constant dependence on free energy gap
(FEG) calculated within the multichannel stochastic point-
transition (MCSPT) model including the reorganization of the
solvent and several intramolecular high-frequency vibrational
modes can be well fitted"® to the experimental data.”>™"

< ACS Publications  © 2017 American Chemical Society
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At the same time, the very linear dependence of the CR rate
constant on FEG does not prove a nonequilibrium mechanism,
because such a dependence can be reproduced within the
framework of both thermal and nonequilibrium theo-
ries."”'¥'¥7*1 Therefore, the question of the ultrafast CR
mechanism in the excited DACs is still open. To differentiate
between the thermal and nonequilibrium modes, additional
regularities should be exploited. The regularities showing
opposite dependencies for different modes are the best suited.
Indeed, MCSPT model simulations of the ultrafast CR kinetics
in excited DACs have shown that the kinetic regularities of the
charge transfer reactions occurring in nonequilibrium and
equilibrium regimes can be strongly different.’* In the present
article such a regularity has been found and used for the first
time as a strong evidence of the nonequilibrium mechanism of
ultrafast CR. This regularity is associated with the dependence
of the CR rate constant on dynamic properties of solvent,
namely, on the solvent relaxation time. This dependence is
known as the dynamic solvent effect (DSE).22 In this article
DSE is quantified as the relative change in the reaction rate
constant with a wvariation in the solvent relaxation time,
provided that the solvent polarity variation is minor. DSE is
well pronounced in the solvent controlled regime when the
solvent dynamics limits the electron transfer rate. In this regime
the electronic coupling is sufficiently large and the electron
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ABSTRACT: A model of photoinduced intramolecular pro-
ton-coupled electron transter is derived. The model includes
three states as follows: the ground, excited, and product states.
The charge transfer is associated with both stages, photo-
excitation and product formation. A larger part of the model
parameters can be extracted from the stationary absorption and
fluorescence spectra of a particular fluorophore. Two different
reaction coordinates are associated with the two stages, which
are not independent. The angle between the reaction
coordinates strongly influences on the kinetics of ultrafast
product formation. The stochastic multichannel approach is
exploited for simulations of the kinetics. The simulations well
reproduce the kinetics of ultrafast intramolecular proton-
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coupled electron transfer in 2-((2-(2-hydroxyphenyl Jbenzo[d]oxazol-6-yl Jmethylene) malononitrile in a few solvents. The
transfer is shown to occur totally or partly, depending on the solvent, in the nonequilibrium regime. Analysis of the kinetics of
the excited-state decay has uncovered a significant decrease in the magnitude of the reorganization energies of slow nuclear
modes with increasing the solvent polarity. Such an unusual behavior of the total reorganization energy can be rationalized
under the assumptions: (i) a slow intramolecular reorganization of a significant magnitude associates with the transition
between excited and product states and (i) intramolecular slow reorganization is accompanied by a change in the dipole

moment of the fluorophore.

B INTRODUCTION

Proton and electron transfer are the simplest elementary and at
the same time ubiquitous reactions in chemistry having diverse
applications in emerging ter:]'mcn]cl-g'ie.s.'_"1 Such kind of
reactions also plays a key role in biochemical transformations,
including photosynthesis, respiration, energy transfer in cells,
and enzyme reaction. A9 Excited-state charge and proton
transfer reactions may find their applications in a vadety of
modern technologies, for example, for designing suitable
chemical and/or biological sensors and fluorescence sensing
and imaging.?'g

The number of compounds in which ultrafast photoinduced
proton and electron transfers are observed is enormous. For
the most part, the electron and proton transfer reactions are
interrelated. In the literature, sequential and concerted
mechanisms of proton-coupled electron transfer (PCET) are
singled out 0T A sequential mechanism of PCET includes
a stable intermediate product, when either the electron transfer
(ET) proceeds before proton transfer (PT) or conversely the
PT takes place pror the electron transition.” The simulta-
neous transfer of the electron and proton in a single step
without a stable intermediate product is interpreted as the
concerted mechanism.”*"""'* However, in ultrafast processes,
the discrimination of these mechanisms is impossible because
the determination of a stable intermediate compound is

difficult. Thus, a fast PCET is a more complex process which

W ACS Publications 2018 American Chemical Society

attracts much attention of the scientific commun-
ityh'i.{-.ri.ll.ll.l-l—lﬁ

Typical and well-studied examples of molecular structures in
which such processes can Rroceed are salicylates, benzoazoles,
and h}rdruxyﬂa\rones.d'”' = Among the last group of
compounds, one of the most studied molecules where PCET
takes place is 3-hydroxyflavone (3HF).'*" In this molecular
structure, an exited-state intramolecular PT (ESIPT) occurs
between the oxygens of hydroxyl and carbonyl groups, which
leads to the formation of a zwitter-ionic (bipolar) tautomer.
Extensive studies of the 3HF molecule and some of its
derivatives provided the guantitative data on the dynamics of
the populations of excited states. "' ¥ The investigation of the
detailed mechanism of the intramolecular PCET reactions
proceeding after photoexcitation of a molecule is still one of
the fundamental issues, ™" 52022

Chou and co-workers have synthesized and
presented several examples of PCET molecular com-
pounds."™" The first type of a PCET system is 4'-N,N-
diethylamino-3-hydroxyflavone (further in text system I). The
processes induced by optical excitation in 1 were interpreted
within the three-level model assuming the excited state with

considerable intramolecular E'T to be directly populated by the

14,18,20—23
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Annoranus. B pamkax croXacTHUYecKOro MoAXoAa NMpOBEAeHO HCCNE0BaHHE CBepX-
GhicTporo pasaeneHus 3apsiaoB B GoTOBOIGYHIAEHHBIX JIOHOPHO-AKLENTOPHBIX TPHAAX, Ha-
XOMSILMXCA B ONSPHOM pacTeoputese. [TonyyeHo aHaIuTHYECKOE BhIpAKEHHE 15 BEPOAT-
HOCTH NEPEHOCA 3apsi/1a HA BTOPUHHBIH aKLENTop, MPOTEKAOUIEro NapasielibHO C peNiakca-
LHel nonspHoro pacteoputens. Clenanel KONHIECTBEHHbIE OLEHKH BIHAHHSA pacraza npo-
JIYKTOB Ha BEPOATHOCTDL JAHHOTO Mpouecca.

Karouenrie ciiona: hoTonHayUMPOBaKHLIE PEaKLHH NIePeHOca 3apsa, BHYTPHMOC-
KynisipHan konefarenbHas penakcalHs, MONeKyIspHas JOHOPHO-aKLENTOPHAs TPHAa, IeK-
TPOH, MOJIEKY/ISIPHBIE CHCTEMBL.

Beegenue

B nocnennue Heckonbko AccATHNETHI Bee GONbIIES BHUMAHUS YACAAETCA UCCIECOBAHHIO Ae-
TafbHBIX MEXAHHIMOB (DOTOMHYIIHPORAHHBIX Peakuui MepeHoca MEKTpoHa B CylNpaMoieKyisp-
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