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Recent theoretical and experimental progress concerning electron transfer (ET) in solution is reviewed
by focusing on the mechanism of ET, which occurs much faster than solvation dynamics. Theories of ET in
solution are briefly reviewed with particular emphasis placed on the relation to solvent dynamics. Experimen-
tal methods to investigate solvent polarization relaxation are described. Ultrafast intramolecular ET, which
is found in back ET from the photo-induced charge-transfer state to the ground state, is described concerning
highly polar betaines and mixed-valence compounds. Ultrafast intermolecular ET has been observed for the
systems of various dyes in electron-donating solvents. A non-exponential process with a significant tempera-
ture dependence was observed in aniline. A faster ET with a single exponential decay as fast as 10'® s™! was
observed with no temperature dependence in a system of oxazine 1 in N, N-dimethylaniline. The ET rate con-
stants of excited coumarins in electron-donating solvents drastically depend on the substituent groups of the
coumarin. Relatively small Stokes shifts in steady-state fluorescence spectra of ultrafast reacting molecules in
solution are evidence of a “chemical timing” effect; namely, the reaction occurs in a non-equilibrium configu-
ration of the solvent. These experimental observations are explained in terms of the extended Sumi—Marcus
theory, in which the effect of solvation dynamics and low- and high-frequency vibrational modes are taken

into account.

Electron transfer (ET) is one of the most common
reactions in both chemistry and biology. Oxidation
and reduction reactions are one form of ET, and ap-
pear in the redox reactions of transition-metal ions
and complexes as well as organic compounds. ET
triggers polymerization reactions, photography, electro-
chemistry, photosynthesis, metabolism, and many other
processes. This ubiquitous nature and relative simplic-
ity have made it a subject of extensive research for many
years. Classical ET theories were most successfully de-
veloped on the basis of transition-state theory (TST)
during the 1950’s and 60’s (for example see Refs. 1, 2, 3,
and 4). This has been widely applied to many different
types of molecular and biomolecular systems along with
further developments of our theoretical understanding
of the effects of the vibrational modes on ET.>~" More
recently, the dynamical effects of nuclear motions on
ET have received wide attention, and extensive theo-
retical research has been carried out.> 2% Recent de-
velopments of ultrafast spectroscopies have enabled us
to observe ET processes more directly, and a few exper-
imental observations on the dynamical effects of nuclei
have been reported for certain intra- and intermolecular

ET systems.

In this article, recent developments on the dynami-
cal aspects of ET in solution are reviewed. Usually, the
electric dipole moment of a reactant species is changed
by ET, which requires a rearrangement of the dielectric
polarization of the solvents surrounding the reactant.
This reorganization occurs on a finite time scale. Let
us choose experimentally available parameters, namely,
the rate constant of ET (kgr) and the solvent relax-
ation time (75), and then discuss the mechanism of ET
in relation to these parameters. This is not simple in
practice, since kg consists of not only a pre-exponential
factor, but also an activation term. There are a few pa-
rameters used to describe solvent relaxation processes.
With these facts in mind, we would like to overview the
theoretical treatments on the dynamics of ET.

1) When the rate of ET is much slower than sol-
vent relaxation (kgr<7; 1) we can safely assume that a
quasi-equilibrium condition between the reactant state
and the transition state holds, and thus the funda-
mental assumption of TST is also safely satisfied.!—%
The electronic interaction in this case is usually weak.
compared to any other free-energy parameters (free-en-
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ergy difference and reorganization energy), and ET is
a non-adiabatic process. The solvent is usually treated
as a static dielectric medium. A quantum mechanical
theory including the effects of a high-frequency vibra-
tional mode on ET was worked out using perturbation
theory.>~" 2) When there is an electronic interaction
between two interacting potentials, namely the reactant
and the product, the adiabaticity increases. If they are
of the same order (kgr=7;!), the ET rate constant is
inversely proportional to the solvent relaxation times
and is restricted by the solvent relaxation time. ET be-
comes a “solvent-controlled reaction”.®8—1215—22 3) [f
ET is faster than the solvent relaxation time (kgr>7,1)
the above arguments become invalid and the effect of
much faster motions, such as high-frequency intermolec-
ular motions and intramolecular motions, play impor-
tant roles in the dynamical processes. When different
types of motions are competing with each other, a reac-
tion in the non-equilibrium configuration of the solvent
is expected. 4) When ET is very much faster than the
solvent relaxation process (kgp>>7."!) the solvent mo-
tions are completely frozen and solvent dynamics have
no role in ET.

In the present article we discuss recent progress con-
cerning theories and experiments of ET faster than the
solvation dynamics in light of the effects of solvent
dynamics and vibrational excitation. As for experi-
ments, we mainly focus on’ intramolecular ET studied
by Barbara and coworkers**—3% as well as intermolec-
ular ET studied by us.®* %Y Both of the experimental
results are critically compared with theoretical predic-
tions based on a new model in which solvation dynamics
and vibrational excitation play important roles in the
ET. In section I, theories of ET are briefly summarized.
A description of the solvent relaxation process is given
in section II. In section III, ultrafast intramolecular ET
is described with organic and inorganic ions. Section
IV is devoted to intermolecular ET between excited dye
molecules and electron-donating solvents.

I. Theory of Electron Transfer

I-1. Non-Adiabatic Electron Transfer. The
theory of ET in solution has been summarized and re-
viewed in many articles.'23*%) In the present section
we briefly summarize the relevant concepts and equa-
tions, which will serve as a basis for a comparison with
experiments. To derive an expression for the rate con-
stant of ET we first start from a non-adiabatic treat-
ment, and then extend the theory so as to be applicable

to more general cases. Let us begin with transition-state

theory (TST). ET is a subject of free-energy surface
crossing from a reactant energy surface to a product
one, just as in any other chemical reaction. The funda-
mental assumption of TST is that the reactant is kept
under quasi-equilibrium with the transition state dur-
ing the reaction. For a simple linear reaction (A—B)
the reaction rate constant (krgt) can be written as
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krst = puo exp (

AG*)
21 ’

ST (1)

where wq is the frequency of motion in the reactant
potential well, AG* the free energy of activation, p the
electronic-transition probability at the transition region
and kg T the thermal energy. Nuclear motions of the sol-
vent and reactant molecules are in thermal equilibrium
before the reaction. Once a large fluctuation of the sol-
vent nuclear motion brings the reactant to the transition
state, a reaction takes place according to probability p.
Then, any excess energy will be disposed of into the sol-
vent heat bath, and the whole system relaxes to a new
equilibrium for the product. In some cases ET does not
occur in the gas phase, but does occur in a polar solvent.
One of the interactions which should be considered- in
ET is a dielectric interaction between an electric dipole
moment of the reactant species and the reaction field
induced by this dipole in the surrounding solvent. To
describe the free-energy surface for ET a solvent coordi-
nate is often used, which describes the collective motion
of the solvent molecules and corresponds to the solvent
polarization. The reorganization dynamics of the sol-
vent are often treated sufficiently fast compared to the
other dynamics involved in the reaction.

The probability (p) is a function of the electronic ma-
trix element (V) in the case of ET. V. is approxi-
mately proportional to an overlap integral between the
wave functions of the reactant and the product. When
Ve is small, the free-energy surface becomes non-adia-
batic; when it is large, the surface becomes adiabatic.
In the non-adiabatic case, the rate of ET can be written
as®

k -2_7[————‘/;21 ex (—AG*) (2)
NAS R VaowkeT P\ kT )’

where ) is the solvent reorganization energy, defined
in Fig. 1 (X in Fig. 1).

Under the assumption of a linear response of the di-
electric interaction between the reactant species and the
surrounding solvent the free-energy functions of the re-
actant and the product can be expressed in terms of a
quadratic function of the solvent coordinate with the
same curvature, and the activation energy can be sim-
ply described by!—®

. ()\s + AG0)2

AG e )

®3)
with a free-energy gap (A Gp) between the product and
the reactant states. The energy-gap dependence of
the ET rate constant can be separated into the fol-
lowing three regions: (a) —AGp< As, the region where
the reaction becomes faster as —A Gy increases. (b)
—AGy= ), the reaction occurs fastest because the ac-
tivation barrier vanishes. The free-energy surface of
the product crosses the bottom of the reactant surface.
(¢) —AGp> s, the reaction becomes slower again as
—A Gy increases. Therefore, the rate constant shows a
bell-shaped dependence on the free-energy gap. Case
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(a) normal case

(c) inverted case (b) no barrier

reactant

AGo

Log (ket)

AGy
Fig. 1. Energy-gap dependence of electron transfer
rate constant kgt and its relation to the relative posi-
tion of the free energy surfaces of reactant and prod-
uct.

(a) is called the “normal region”, and (c) is called the
“inverted region”. Many experimentalists have tried in
vain to confirm the prediction of Marcus with donor-
acceptor combinations in solution until recent observa-
tions. These have involved donor and acceptor moieties
separated by a rigid spacer with a steroid structure,**4%
ET between the adsorbate and the substrate,?®%® a
charge shift between organic ions and neutrals at cryo-
genic temperature,*” and charge recombination reac-
tions of ion radical pairs.**—51

I-2. Effects of a High-Frequency Vibrational
Mode. So far, we have mainly treated ET as be-
ing an event between two electronic states, and consid-
ered the effects of solvent reorganization on the reac-
tion. A contribution of intramolecular degrees of free-
dom has been ignored. Intramolecular motions include
high-frequency quantized vibrational modes, which pro-
vide multiple reaction channels. The high-frequency
quantum mode is particularly important in the inverted
region, as shown in Fig. 2. The ground state of the
reactant has a good vibrational overlap with a few vi-
brational states of the product. The ET rate constant
becomes larger in the inverted region, compared to the
normal region, and makes the bell-shape become asym-
metric. This effect has actually been observed in the
long-distant ET of a separated donor and acceptor by
an inert rigid spacer.4344

The effect of high-frequency vibrational modes can be
incorporated by generalizing the non-adiabatic expres-
sion, Eq. 2. The overall rate constant is the sum over

ACCOUNTS

Free Energy

Reactant

n=0
Product

Solvent Coordinate X

Fig. 2. A free energy surface crossing in the “inverted
region” showing efficient contribution of the high fre-
quency vibrational modes of the product surface,
which makes the “bell shape” of the free energy de-
pendence of electron transfer asymmetric.

all of the individual rate constants for different vibronic
channels,

kna = Zk%X"- 4)

Here, k{2™ is the non-adiabatic rate constant between
the ground vibrational state of the reactant and the n-
th excited vibrational state of the product. We assume
that the reaction takes place from the ground vibra-
tional state of the reactant. kY ;™ has a similar func-
tional form as that of the non-adiabatic expression Eq. 2
except for the effective energy gap, which takes into ac-

‘count of the quantization of energy,

AGY™™ = AGo + nhy, (5)

and the effective electronic matrix element, which con-
siders the Franck—Condon overlap between two vibronic
states,

(V3™ = VA0 | ). ©)

The Franck-Condon factor is expressed as
[0 | n)|*> = (8™ /n!)exp (—S), (7N

where the electron vibrational coupling strength (S) is
given by
8 = Ant,vib/ hnt vib. (8)

Here, Apfvib and vhrvib are the reorganization en-
ergy and the frequency of the quantized high-frequency
mode. Consequently, the individual rate constant is ex-
pressed as

0—n 27 1 (Vo_,n)Qexp (_ (AGg—’n + )\s)2> '

Ty e wy AL AxksT
9)
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1-3. Effect of Solvation Dynamics. In the
previous subsections we have assumed that the solvation
process is fast compared to the other dynamics involved
in ET, and have ignored the effect of the finite response
of solvent polarization relaxation. Since the time scale
of solvation dynamics is in the picosecond region for
normal liquids, this assumption no longer holds for, at
least, ET which occurs within the same time range as,
or faster than, solvation dynamics.

A theoretical treatment which considers the finite
response of the solvent polarization was initiated by
Zusman.® !9 He solved a Landau—Zener-type problem
of ET in terms of the stochastic Liouville equation, in
which the quantum mechanical electronic transition be-
tween the reactant and the product and the classical
diffusional motion in the potential well were explicitly
included. Rips and Jortner treated the same problem
within the framework of quantum mechanical propaga-
tors via path-integral calculations for a two-level system
coupled to a dielectric, and gave the following simple
equation:1®—18

ker = kna/(1+5), (10)

where « is the adiabaticity parameter, expressed as

_ 4nVar,

V. (11)

Equation 10 shows a continuous change of ET from the
non-adiabatic limit (k<1) to the adiabatic limit (k>>1)
in one expression. As can be seen in Eq. 11, the adi-
abaticity of ET depends on three ET parameters: the
coupling between the two electronic states ( V), the
solvent reorganization energy ()\s), which determines
the curvature of the potential well, and the relaxation
time in the reaction coordinate (75). In the case of ET,
As does not depend on the system very much, whereas
Ver and 75 can be significantly altered by changing the
solvent, temperature and donor—acceptor combinations.
We can therefore expect a wide range of variations of ET
from the non-adiabatic to adiabatic limits, depending
on the reaction conditions with different ET parame-
ters.

In the adiabatic limit (x>>1) the rate constant can be
recast into the following expression:

1 [ A AG*
ka=— \ T6rmkaT P ( kBT) : (12)

This problem is reduced to the Kramers-type
treatment,>® where the reaction is considered to be a
potential barrier crossing by stochastic motion on the
potential energy surface. Calef and Wolynes applied
Kramers theory to ET and obtained a similar expres-
sion to Eq. 12.'V In this case the reaction rate con-
stant is inversely proportional to 75, and the reaction is
called a solvent-controlled adiabatic reaction. At room
temperature 167tkg T=1.2 eV, and the value of A is
usually smaller than this. Therefore, the maximum of
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ka is about 1/7; for barrierless ET; 75 is on the order
of picoseconds for non-viscous solvents. Thus, for ul-
trafast ET occurring in the picosecond time regime, it
is expected that the solvent fluctuation can be a rate-
limiting step.

Kosower and Huppert examined the excited-state
intramolecular electron transfer of arylaminonaphtha-
lene sulphonates in alcohol solutions.’**% Intramolecu-
lar ET occurs from the arylamino to the naphthalene
moieties. They found that the ET rate constant was in-
versely proportional to the longitudinal relaxation time
(1) of the solvent. 7p is the longitudinal relaxation
time calculated from the Debye relaxation time (7p),

TL = ELOTD, (13)
€0
where £, and g are the dielectric constants at the high-
frequency limit and static limit, respectively.®® 7p is ob-
tained by dielectric measurements. For a simple Debye-
type solvent with a single dielectric relaxation time it is
shown that 75 is equal to 71,.5%) The correlation between
the solvent-relaxation times and the intramolecular ET
rates has been discussed by various authors.’”%® Kang
et al. studied the charge separation of bianthryl from
the locally excited state to the charge-transfer state.®®
They found this activationless ET to be a solvent-con-
trolled adiabatic reaction. A similar adiabatic process
was also found for 4-(9-anthryl)- N,N,-dimethylaniline
(ADMA).5%:5%) The internal conversion from the S, to
S; states of ADMA was faster than the system response,
and the following process for the S; state was solvent-
controlled. The adiabaticity parameter was actually
estimated to be about 80 in common polar solvents
(As=7000 cm™!, V=350 cm™!, and 7,=1 ps).
Jortner and Bixon incorporated the effect of high-
frequency quantized vibrational modes in an ET theory
which included the effect of solvation dynamics.'® The
framework of this theory is similar to that of the non-
adiabatic case. The overall reaction rate constant is the
sum of all the rate constants of the vibrational reaction
channels,

ket = Zk?ﬁma (14)

where
kEr" = kA" /(1+£7") (15)

and k%" is an effective adiabaticity parameter between
the ground vibrational state of the reactant and the n-
th vibrational state of the product, which is expressed

as 0—n\2
KlO—»n — 47[(‘/el ) Ts

A

Equation 14 can be applied to rather limited cases.
The rate-constant expression of Eq. 15 takes into ac-
count the finite response of the solvation dynamics by
considering the effective adiabaticity parameter. On the
other hand, the assumption of Eq. 14, the sum of all
the rate constants, already considers that the solvent

(16)
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response is fast compared to the ET dynamics. There-
fore, the Jortner—Bixon model can be reasonably well
applied to the case in which the solvation is so fast that
the overall reaction rate constant can be approximated
by the sum of all the rate constants. If the solvation
is slow, the reaction may make a “hole” in the distri-
bution of the reactant at the vibrational channels with
fast reaction rates, and, thus, the Jortner—Bixon model
no longer holds.

Recently, Jortner and Bixon have developed a new
model which considers the solvent-coordinate depen-
dent reaction rate constant and the excitation of in-
tramolecular high-frequency modes.?® They showed
that the effect of solvent relaxation is minor for acti-
vationless and inverted-region ET. In this model the
problem mentioned above could be safely solved.

I-4. Separation of the Time Scale of the
Relaxation in the Reaction Coordinate. 1)
Sumi—Marcus Theory: Classical Model for Vi-
brational Degrees of Freedom. According to
Eq. 12, the ET rate constant should not be larger than
the inverse of the solvation time. Recent ultrafast ex-
periments have revealed an ET which exceeds the sol-
vation process. Furthermore, some of these ET show
non-exponential dynamics. Sumi, Nadler, and Marcus
developed an ET theory based on a two-dimensional co-
ordinate model, which predicted fast non-exponential
reaction dynamics.!®%) They partitioned the reaction
coordinate into two parts: a vibrational nuclear coordi-
nate (¢) and a solvent coordinate (X) as shown in Fig. 3
(Sumi-Marcus theory):*®

Gr(X,q) = A X? 4+ Mv’, (17)
Go(X,q) =Ae(X =12+ A (g— 1)+ AGo. (18)

Here, A, is the reorganization energy for the classical
coordinate (g). In this scheme the relaxation in the
nuclear coordinate is assumed to be much faster than
that in the solvent coordinate. The quasi particle on
the free-energy surface in Fig. 3 moves along X due to
thermal fluctuations and a transition from the reactant
to the product occurs with some probability at a certain
point of X. The population can be expressed by the
diffusion-reaction equation,'®

PX,Y)_ 8 [0, 1 dV(X)
kT dX

p(X,t)—k(X)p(X,t),
(19)
where D is the solvent polarization diffusion coefficient,
V(X) is the free-energy potential of the reactant, and
p(X,t) is the classical probability distribution function
at X and ¢. The first term on the right-hand side repre-
sents the diffusive motion along the solvent coordinate
(X), and the last term represents the reaction along the
nuclear coordinate (g).
It is interesting to note that the problem is reduced
to a one-dimensional case, as shown in Eq. 19, though
the theoretical framework itself is based on the two-di-

at T oax lox

ACCOUNTS

q Product
A ((E
=77/))))Te¢
Reactant
q
(b)
c
C
X
~
Fig. 3. (a) A two-dimensional expression of the re-

actant and product free energy surfaces spanned by
solvent coordinate X and nuclear coordinate ¢. A
curve C indicates the transition state. (b) A simpli-
fied scheme for the location of the transition state
with almost no energy barrier (curve C), which gives
exponential dynamics or close to exponential dynam-
ics, and with an activation barrier (curve C’) which
gives non-exponential dynamics.

mensional coordinate. This is due to the assumption
that relaxation on the vibrational coordinate is much
faster than any other dynamics considered here. A sim-
ilar reaction-diffusion equation was proposed by Bagchi,
Fleming, and Oxtoby to include the dynamics of acti-
vationless reactions in solution.®7®

In the Sumi—-Marcus model, although the vibrational
nuclear motion is assumed to be fast compared to other
dynamics involved in the reaction, the solvation dynam-
ics are treated as being an overdamped diffusive motion.
Thus, although the distribution along X may evolve in
time, the distribution along ¢ is always at equilibrium.
One can therefore define a rate constant (k(X)) at each
X with a suitable averaging over the population in the
g coordinate,

B = vpexp S

PRy (20)

where AG*(X) is the free energy of activation at X,
and v, is a pre-exponential factor.

If the motion of the solvent is effectively “frozen”,
the time-dependent survival probability of the reactant
state (P(t)) can be approximately given by

P(t) = / p(X,0) exp [=k(X)t]dX. (21)

One of the important points of this theory is that
the different reaction rate constant (k(X)) at each X
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changes the distribution of the reactant during the re-
action, and gives rise to a non-exponentiality in the
reaction kinetics. If the solvent is not frozen, the pop-
ulation dynamics can be described using the diffusion-
reaction equation (Eq. 19).

(2) Extended Sumi—Marcus Theory: Classi-
cal and Quantum Mechanical Model for Vibra-
tional Degrees of Freedom. The Sumi-Marcus
model treats both the solvent and intramolecular modes
purely classically; they used the non-adiabatic expres-
sion for k(X ), which is a single vibronic channel model.
However, the actual system should have not only the
classical low-frequency modes, but also quantized high-
frequency modes, as mentioned in I-2.

Walker et al. extended the Sumi—Marcus model so
as to include the effect of high-frequency modes in a
similar manner as that developed in the Jortner—Bixon
model.?®) In order to take into account of multiple vi-
bronic channels, the solvent-coordinate dependent rate
constant (k(X)) is expressed as the sum of a contribu-
tion from all vibrational states of the product,

k(X) =D kA" (X), (22)

where
(Vg —")?
h/Amdc,vivksT

_ (AGB_"L(X) + Acl,vib)2
P ( 4/\cl,vikaT' ' (23)

kRR" (X)=

Here, Aqvib is the classical reorganization energy of
the low-frequency vibration. In this model Walker et
al. divided the classical reorganization into two parts:

" terms corresponding to the classical vibrations and to
solvent reorganization. They experimentally obtained
the values of these parameters by spectroscopic means
(described later). AGY™"(X), the effective energy gap
between the ground vibrational state of the reactant
and the n-th vibrational state of the product, is solvent
coordinate dependent, as follows:

AGS™™(X) = As + AGo — 2X: X + nhw. (24)

Here, it is assumed that the vibrational relaxation of
the internal degrees of freedom in the reactant and the
product is fast on the ET time scale. In later sections we
show several examples of ET which can be rationalized
by this extended model.

The original Sumi-Marcus theory was applied to
several ET systems to explain a non-exponential fea-
ture of the dynamics and/or a reaction rate faster
than solvation.336962:63) Simon and coworkers studied
intramolecular ET in the excited states of N, N-dimeth-
ylaminobenzonitrile (DMABN)%2) and bis[(N, N-dialkyl-
amino)phenyl]sulfone®® in various alcohols over a wide
range of temperatures. They found that ET occurred
faster than the solvation process, and showed non-ex-
ponential behavior. They explained these observations
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in a qualitative manner using the Sumi-Marcus model.
Poellinger et al. observed intramolecular ET of por-
phyrin-quinone cyclophanes, and found the rate con-
stant to be limited to be on the order of 10'? s, re-
gardless of the solvent polarity.6®

Recently, ET reactions much faster than the solva-
tion dynamics were observed. Walker et al. studied ul-
trafast intramolecular ET in betaines, and analyzed the
results in terms of the extended Sumi-Marcus model.2%
Tominaga et al. found a metal-metal charge transfer of
mixed-valence compounds which is faster than the diffu-
sive solvation process.>® Kobayashi et al. studied ultra-
fast intermolecular ET.3%3% They found a fluorescence
quenching as fast as 100 fs for Nile blue A perchlorate
(NB) in N,N-dimethylaniline (DMA), and somewhat
slower non-exponential fluorescence quenching in ani-
line (AN).3® Later, many similar examples were found
with oxazines and coumarins.®* Y They discussed the
ET dynamics by considering the contribution of the vi-
brational degrees of freedom as well as that of the sol-
vent. Most recently, other examples of intermolecular
ET have been reported in systems of a benzene-bromine
atom charge-transfer complex”? and of a tetracyanoeth-
ylene-hexamethylbenzene system.”® In a later section
we discuss the intramolecular ET studied by Barbara
and coworkers as well as intermolecular ET studied by
us in detail.

I1. Solvation Dynamics

As described in the previous chapter, ET in a solu-
tion is often a direct function of the solvent properties.
However, it was only recently that the contribution of
the dynamical properties of the solvent to the micro-
scopic mechanism of ET has attracted researchers’ at-
tention. Reliable information concerning short-time be-
havior of solvent relaxation is particularly important.
There are mainly two different ways to estimate the
solvation times. One way uses dielectric dispersion and
loss data. The dielectric spectra can be fitted using
model functions of the frequency of an applied alternat-
ing electric field.® From this analysis the characteristic
times of dielectric relaxation can be estimated. In order
to obtain information concerning the solvation dynam-
ics we must invoke several theoretical models®®7>7) in
order to connect the dielectric data with the dynami-
cal behavior of the solvent polarization. The simplest
example is already given in Eq. 13.

The second method is more direct: The energy re-
laxation of the excited electronic state of a proper
probe molecule in a polar solvent is measured by mon-
itoring the dynamic fluorescence Stokes shift of the
probe molecule. This method has been extensively used
in studies of the solvation process of many different
liquids.®*" The idea of this experiment is illustrated
in Fig. 4. Briefly, when a probe dye molecule immersed
in a liquid is photo-excited, the dipole moment of the
molecule varies instantaneously. The polarization of the
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Fig. 4. A schematic drawing showing dynamic fluores- ©
cence Stokes shift caused by solvation process on the
excited-state free energy surface. Aniline N,N-DimethKIaniline
(AN) (DMA)
Fig. 5. Molecular structures of dyes, oxazines, and

surrounding solvent molecules responds to this change
and reorganizes. The energy relaxation of the excited
probe is monitored by observing any shift of the fluo-
rescence spectrum. Traditionally, a dynamical feature
of the solvent relaxation is discussed in terms of the
normalized response function, defined as

v(t) — v(oo)
ROET) )
where v(t), v(c0), and v(0) are the fluorescence peak
frequencies at times ¢, 0o, and 0, respectively. For this
method, a probe molecule should change its dipole mo-
ment upon photo-excitation. Particularly, coumarin
C102 (Fig. 5) is one of the probe molecules which is
often used for the experiment, since a molecular struc-
ture is not expected to change very much due to photo-
excitation because of the rigid structure.”®—"8 A com-
prehensive review of solvation dynamics, including de-
velopments of theoretical treatments and computer sim-
ulations, was recently presented by Maroncelli.”®

As an example, Fig. 6 shows fluorescence decays of
C102 in DMA and AN observed at different wavelengths
by a fluorescence-up conversion method using a fem-
tosecond Ti:sapphire laser.®® Similarly to other sol-
vation experiments,”*—"® there is a fast decay in the
shorter wavelength side and a concurrent rise in the
longer wavelength side. This implies that the fluores-
cence spectrum of C102 shifts towards red with time.
By reconstructing time-resolved fluorescence spectra us-
ing transients at different wavelengths and the static

coumarins described in this article. Two solvent
molecules aniline (AN) and N,N-dimethylaniline
(DMA) are also shown.

510nm
497nm
484nm
T .
5 A e e 4710m
€
2 P oy
= 458nm
[%]
[
2
c
- 446nm
434nm
422nm
T T T T
0 20 40 60
Time / ps
Fig. 6. Fluorescence decays of coumarin 102 (C102)

in aniline measured at various wavelengths.

fluorescence spectrum, C(t) can be determined experi-
mentally. C(t) of AN and DMA shows a non-exponen-
tial feature and can be fitted well by a bi-exponential
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function. The obtained solvent relaxation times are 7.9
ps (19%) and 18.7 ps (81%) for DMA and 1.2 ps (28%)
and 17.8 ps (72%) for AN.8%

Recently, the initial response of the solvation dynam-
ics has attracted much attention. The relaxation of
the solvent polarization occurs on a distribution of time
scales. These time scales can be roughly separated into
faster inertial components on the order of tens of fem-
toseconds and slower overdamped components on the
order of picoseconds or longer, depending on the solvent
and temperature. This inertial component, which is due
to molecular motion without collisions, was first pre-
dicted by computer simulations®’—** and experimen-
tally observed in acetonitrile.®® The inertial dynamics
are characterized by a Gaussian form of C(¢) as well as
their fast nature. To distinguish the inertial dynamics
from slower, underdamped processes, which are charac-
terized by an exponential form of C(f), we sometimes
call the latter “diffusive” processes.

III. Ultrafast Intramolecular Electron Transfer

Recently, a couple of groups have made significant
steps towards understanding of the roles of the solva-
tion dynamics and vibrational modes in intramolecular
ET in solution.*?°7:5861.64) Among them, Barbara and
coworkers investigated reverse ET after photo-excita-
tion to the charge-transfer band of betaines?*—2?% and
mixed-valence compounds®®—3? by monitoring the re-
covery of the ground-state absorption. They analyzed
the data using the extended Sumi-Marcus model with
solvent and intramolecular parameters obtained by in-
dependent spectroscopic experiments, and showed good
agreements between the ET rate constants obtained ex-
perimentally and the calculated results.

III-1. Temperature and Solvent Dependence
of ET; Betaines. Betaines have a charge-separated
ground state and a weakly polar first excited state, and
are extensively used as an empirical probe for solvent
polarity owing to their large change in the dipole mo-
ment upon photo-excitation (Scheme 1).5”) Barbara and
coworkers measured the reverse ET rate constant (kgT)
in various kinds of solvents, from non-polar solvents like
benzene to polar solvents like acetonitrile, over a wide
range of temperatures. Some of the results are shown in
Figs. 7 and 8. Figure 7 illustrates the ET time (1/kgT)
as a function of the solvation times measured by the flu-

);i )fi,k
kET
R™Y R R
0

0
Scheme 1.
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orescence dynamic Stokes shift method. The ET time
shows a bi-phase dependence on the solvation time. In
fast relaxing solvents with solvation times (75) less than
3 ps the ET time is approximately proportional to T,
but remains almost constant at 2 to 5 ps in slowly re-
laxing solvents with solvation times greater than 10 ps,
even by several orders of magnitude. Figure 8 shows
the temperature dependence of kgt from 347 to 228 K
in glycerol triacetine (GTA). At 347 and 228 K kgt

/
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Fig. 7. Symbols; experimentally obtained electron
transfer (ET) times, 1/kgr, for betaine measured
by transient absorption technique. Solid curve. ET
times predicted by the extended Sumi—Marcus the-

ory.
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Fig. 8. Arrhenius plot of experimental data and the-
oretical predictions of electron transfer (ET) times,
1/kgT, for betaine-30 in glycerol triacetine.
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is 0.47x107'2 and 0.18x107'2 s~ 1, respectively, and
shows a small temperature dependence (Fig. 8).

They explained the variation of kg within the frame-
work of the extended Sumi-Marcus model. A quantita-
tive picture of the dependence of kgt on the solvation
time is as follows. Optical excitation initially prepares
a non-equilibrium state on the solvent coordinate with
k(X), of which the activation barrier depends on X. In
fast relaxing solvents the solvent polarization at first dif-
fuses to a solvent configuration with a relatively low ac-
tivation barrier, then, the reaction occurs at a very fast
rate along the classical vibrational coordinate. Since
the rate-determining step is the solvation process, the
ET time is almost equal to 75. On the other hand, in
slowly relaxing solvents the system reacts over the bar-
rier at the initial solvent configuration before solvation
occurs. Consequently, the rate is almost independent of
Ts. The temperature dependence of kgT is interpreted
in a similar way. Since GTA is a slowly relaxing solvent,
even at room temperature the solvation is in a “frozen
limit”, and the reaction rate is determined by k(X) at
the initial solvent configuration. Therefore, the temper-
ature dependence results from the barrier height in the
initial distribution after photo-excitation. In the case of
betaine-30 in GTA, the activation barrier in the initial
distribution is rather low, giving a small dependence of
the overall rate constant on the temperature.

In order to obtain the ET parameters used in Eq. 23,
they fitted the static absorption spectra to a line-shape
model which includes one classical degree of freedom
with the reorganization energy (Aq) and one high-fre-
quency quantal degree of freedom with the reorganiza-
tion energy (Ans,vib) and frequency (Vufvib). The form
of the line shape is the sum of Gaussian functions with
Franck—Condon factors, as follows:

)k—l

10)=3" ()\hf,vib/::f,vib
- !
(v = (Aet = AGo + khvns viv))?
4 aksT

exp (26)

They partitioned Ag into Ay vib and As by assuming
A =Alf,vib iD a non-polar solvent. As an example, the
parameters obtained for betaine-30 in acetonitrile are:
AGy=-11645 cm™1, Apsvib=1276 cm ™1, v, vib=1554
em™1 A\g=3644 cm ™!, A vib=1223 cm ™1, and A;=2221
cm™!. The electronic coupling (Ve) was fixed at 2500
cm™! for all the calculations to reproduce the results in
GTA at 298 K.

In Figs. 7 and 8 the calculated results obtained by the
extended Sumi-Marcus model are shown. The agree-
ments between the experiments and predictions are ex-
cellent, confirming the qualitative picture mentioned
above. In Fig. 8 the calculated results obtained by the
original Sumi-Marcus and Jortner-Bixon models using
the same parameters are also shown.. Obviously, the
extended model predicts the experimentally observed
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values much better than the other models. The failure
of the original Sumi-Marcus model may be traced to the
large barrier along the classical vibrational coordinate
for the ET at low temperatures, and the failure of the
Jortner-Bixon model may be traced to its dependence
on solvent diffusion.

III-2. Extremely Fast ET; Mixed- Valence
Compounds. They have also studied reverse
ET from the charge-transfer state to the ground
state of some mixed-valence compounds in several
solvents.?®—32) Mixed- valence compounds have two
metal centers in different oxidation states separated by
a bridging ligand; the first excited state is the metal-
metal charge-transfer (MMCT) state. An example is
*ki‘:”T (NHs)s Ru'"NCRu"" (CN)s ™.

27)
Because of the solubility of the compound, solvents were
limited to be extremely polar ones, such as water, form-
amide or glycerol. Figure 9 illustrates a couple of tran-
sient behaviors of the recovery of the ground-state ab-
sorption. For fast-relaxing solvents, such as water or
formamide, the ET time (1/kgt) is faster than the sys-
tem response (about 100 fs) and is almost independent
of the temperature. In glycerol the ET time is 0.33
ps and 0.74 ps at room temperature and 173 K, re-
spectively. An interesting observation is a solvent iso-
tope effect on the reaction rate; in glycerol, the value of
ke (glycerol)/ kg (glycerol-ds) is 1.2 at 293 K and 1.5
at 173 K.

The overall ET dynamics of mixed-valence com-
pounds are qualitatively similar to those of betaines.
The lack of a strong temperature dependence precludes
a simple, thermally activated mechanism for the ET,
and suggests that high-frequency vibrational modes of
the reactant play a role in promoting the reaction. An-
other important issue is the role of the solvation dy-
namics on the ET rates. Since ET is quite fast, and
is almost comparable to the inertial-type underdamped
solvation dynamics, the effect of the inertial component
is not negligible. This is supported by the solvent iso-
tope effect. Since the isotope effect is observed even
at cryogenic temperatures, where overdamped diffusive
solvent motions should be too slow to be significant, this
isotope effect should most likely be ascribed to solvent
librational modes.

In order to analyze the ET data using the extended
Sumi-Marcus model, they obtained the ET parame-
ters by simulating the MMCT absorption bands us-
ing the resonance Raman spectra. They incorporated
eight Raman-active modes instead of one high-frequency
mode in Eq. 26, and obtained the classical reorganiza-
tion energy, energy gap, and reorganization energy of
each high-frequency mode. A similar band-shape anal-
ysis using Raman data was performed by Myers and
co-workers on the intermolecular ET systems of hexa-
methylbenzene and tetracyanoethylene to obtain the

(NH;3)sRu'"NCRu" (CN)s
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-40.D.

0.0 TIME/ps 3.0

Fig. 9. Change in absorption as a function of time
delay between the pump and probe pulses for reaction
of Eq. 27 in H2O at 293 K (a and b), N- methyl-
formamide at 293 K (c), and glycerol at 173 K (d).
Apump=Aprobe=792 nm for a, ¢, and d, and Apump=
800 nm and Aprobe=700 nm for b. A positive signal
indicates a bleach. The points are the experimental
data, and solid curves show biexponential fits to the
data.

ET parameters.®® An example in the present case is
Aa=3700 cm™!, AGy=—-7880 cm~!, and the total vi-
brational reorganization energy is 2169 cm™! for the
mixed-valence compound in Eq. 27 in D,0O.

In quantitative analyses they used a two-dimen-
sional coordinate system comprising a classical under-
damped coordinate (“fast” coordinate) to describe the
intramolecular low-frequency modes and the inertial
component of solvation and classical overdamped co-
ordinate (“slow” coordinate) to describe the diffusive
component of solvation. For the solvent-coordinate de-
pendent rate constant (k(X)) they used three different
contemporary theories: The non-adiabatic theory as
represented by Eq. 23, the Jortner—Bixon theory, and a
theory developed by Mukamel and coworkers.?:??) The
second and third ones consider the finite response of
the fast coordinate, which is ignored in the first model.
The Jortner—Bixon model treats the relaxation on the
reaction coordinate as an exponentially decaying proc-

Bull. Chem. Soc. Jpn., 68, No. 3 (1995) 705

ess, whereas the theory of Mukamel and coworkers can
incorporate any functional form for the time correla-
tion function of this coordinate. Barbara and cowork-
ers chose a Gaussian function for the time-correlation
function, which is based on an assumption that the fast
coordinate is dominated by the contribution of the in-
ertial solvation dynamics. Since a relative ratio of the
underdamped components of the solvation to the over-
damped one is unknown, they calculated the reverse
ET time (1/kgr) as a function of the fraction of the
fast component. The results are shown in Fig. 10. Sev-
eral computer simulations showed that the fraction of
the fast component is 50 to 80% for HyQ.75:8389 The
Jortner—-Bixon and Mukamel and coworkers’ models can
satisfactorily explain various observations, including the
temperature dependence, isotope effect, and difference
of different mixed-valence compounds. They concluded
that the strong vibronic coupling between the reactant
and product and the inertial component of nuclear mo-
tion play important roles in the ET dynamics of mixed-
valence compounds.

IV. Intermolecular Electron Transfer

During several recent years we studied intermolecular
ET between excited dye molecules and electron-donat-
ing solvents and found that some of these ET are much
faster than the solvation dynamics and undergo non-
exponential kinetics.®* %Y As dye molecules we chose
oxazine 1 (OX1), Nile blue (NB), and coumarins with
different structures; as solvents we chose aniline and
N,N-dimethylaniline (see Fig. 5 for the structures of
these molecules).

IV-1. Intermolecular Electron-Transfer Dy-
namics and the Temperature Dependence. (1)

(c)
2.0 L 100.0
1) ]
o T
g
(b)
(2)
1.0 1 F 10.0
20.0 80.0

fraction of the fast component (%)

Fig. 10. Theoretically predicted ET times, 1/kgT, for
reaction of Eq. 27 as a function of the fraction of
the fast component. (a), (b), and (c) denote the
predictions by non-adiabatic, Jortner—Bixon’s, and
Mukamel and co-workers’ theories, respectively, for
the reaction along the fast coordinate.
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Summary of Experimental Results. The dyes
used in the present work were strong fluorescent sub-
stances, which are often used as laser dyes. How-
ever, when they are dissolved in the electron-donating
solvents, the fluorescence is severely quenched. The
fluorescence intensity of coumarins in DMA is more
than 1000-times weaker than that in ordinary solvents
(Fig. 11). Using a sub-picosecond transient absorption
technique®3® it was concluded with cationic dyes (NB
and OX1) that fluorescence quenching was due to inter-
molecular ET from the solvent molecule to the excited
dye; the reaction products, namely, neutral radicals of
the dye and solvent cation, were identified in the tran-
sient absorption spectra.

The fluorescence decays of OX1 in the donor solvents
are shown in Fig. 12. The decay of OX1 in DMA is
almost single exponential with a time constant of 280
fs, though OX1 in AN gives a non-exponential decay.
A tentative fitting was made by a triple exponential
function for the decay in AN, the fitting parameters
being 460 fs (40%), 1.6 ps (57%), and 18 ps (3%) at 285
K.36)

In the present system several interesting features were
observed: (1) ET is much faster than the diffusive sol-
vation process. Especially in DMA, ET seems to occur
approximately 50-times faster than the solvation proc-
ess for the fastest dyes. (2) Although OX1 in DMA
shows an extremely fast single-exponential ET, in AN
it shows a somewhat slower non-exponential ET. (3)
Back ET occurs successively from the neutral radical of
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Fig. 11. Steady-state fluorescence spectra of selected

coumarins in DMA. The fluoresence is so weak that
its in tensity is comparable to the Raman bands
of solvent (structured spectra). Electron transfer is
faster in the order of C153<C522<C481<Cl52. The
faster dyes show bluer-shifted fluorescence (see the
Section IV-2 (2)).
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Fig. 12. Fluorescence decays of OX1 (a) in DMA and

(b) in AN. The former shows an exponential decay
(280 fs) with no temperature dependence between
280 and 373 K. The latter shows non-exponential
decay with a clear temperature dependence at slower
decay components.

the dye to the solvent cation, and the system returns to
the ground state again. The lifetime of the radical ion
pair of NB and DMA was 4.0 ps,®® and that of OX1
and DMA was 4.7 ps.®

The temperature dependence of the fluorescence de-
cay of OX1 in the anilines is also shown in Fig. 12.4®
The ultrafast single-exponential decay (280 fs) of OX1
in DMA does not show a temperature dependence from
280 to 373 K. In AN, however, a clear temperature de-
pendence is observed in its non-exponential decay. As
the temperature increases from 283 K to 353 K, the
decay becomes faster. Although the fastest component
(ca. 430 fs) of the triple exponential fittings does not
show any temperature dependence, the second compo-
nent (1.6 ps at 280 K) shows a dependence, which gives
an activation energy of 350 cm™!.

(2) ET Analysis Based on the Extended
Sumi—-Marcus Model. We now analyze the
ET dynamics of the present systems while keeping in
mind the various characteristics of the experimental re-
sults described above. We mainly invoke the extended
Sumi-Marcus model to rationalize all of the experimen-
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tal results. A qualitative picture of the reaction dynam-
ics is as follows. The electronic states associated with
the present intermolecular ET are the S; state and the
charge-transfer (CT) state. On the other hand, those
for the intramolecular ET of the betaines and mixed-
valence compounds are the Sy and photo-induced CT.
Since OX1 does not change its electric dipole moment
upon photo-excitation very much, it is reasonably as-
sumed that the initially prepared state in the reactant
(the S; state) is almost identical to that thermally equi-
librated in the reactant (see Fig. 3(a)). The reaction
takes place along the g coordinate; if the ET dynamics
are comparable to or slower than the solvation dynam-
ics, a reorganization of the solvent configuration occurs
simultaneously.

We attribute the difference between the ET dynamics
in AN and DMA, namely the difference in the reaction
rate and exponentiality of the kinetics, to a difference
in the energy gap (AGp). Since there is almost no acti-
vation barrier in the case of OX1 in DMA, the product
surface can be considered to intersect with the reactant
surface very close to the origin of the reactant surface
where the initial state is prepared (Fig. 3(b)). In this
case the reactant can overcome the reaction barrier very
rapidly, regardless of the slope of curve C, and a single-
exponential kinetic is expected. If the value of —~AGy
is larger, which corresponds to the AN case, curve C
is far away from the origin, and thus slower and non-
exponential ET dynamics with an activation barrier are
anticipated. In the present system ET in AN is in the
“normal region”, and in DMA on the top of the “bell
shape” (Fig. 1).

The difference in the energy gap results from the
difference in the ionization potential. The ionization
potential of liquid DMA was calculated to be 0.17 eV
smaller than that of AN by invoking gaseous ionization
potentials (I,p) and the following formula:®%

1 e?
Alona = Ity — IDNA~ (1 - —)

eaN/ 2TAN
1 e?
+ (1 — ) s 28
€DMA/ 2rDMA 28

where ¢ is the dielectric constant, e the electronic
charge, and r the radius of the charged solvent molecule.
This difference causes a difference in the free-energy gap
for the reaction, and, thereby, the free-energy barrier for
the reaction. This explains the faster reaction in DMA
as well as the observed temperature dependence if the
reaction in DMA is barrierless and the reaction in AN
has a small activation energy.

To see the validity of this assumption, we have per-
formed simulations using the extended Sumi—Marcus
model. The essential point of the simulation is whether
the experimental results can be reproduced by chang-
ing only AGp by 0.17 eV with other parameters fixed
between the AN and DMA cases. Since the parameters
necessary for the calculations should be determined in
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a somewhat arbitrary fashion in this case, the purpose
of the simulation is not to obtain the ET parameters
precisely, but to explain the ET dynamics semi-quan-
titatively with physically reasonable values for the pa-
rameters.

In the OX1 case neither the fluorescence nor the ab-
sorption of the charge-transfer state has been observed,
making the spectroscopic determination of the ET pa-
rameters very difficult. This is in contrast to the in-
tramolecular case in which the resonance Raman spec-
troscopic data are available to obtain the parameters
by fitting the photo-induced charge-transfer absorption
bands. We determined the parameters so as to repro-
duce the experimental results reasonably well. We used
0.062 eV for the solvent reorganization energy (J\s),
0.186 eV for the reorganization energy of the low-fre-
quency mode (Ay), and 0.0105 eV for the electronic
matrix element (V). The time-dependent diffusion co-
efficient (D(t)) was estimated by

ksT 1 dA(2)

PO==93 32w @

(29)

where
A(t) = a1exp(—t/m1) + azexp (—t/T2). (30)

Here, 71 is the first and 75 is the second solvation time,
and a;+as=1. For these parameters we used those ob-
tained by the dynamic Stokes shift experiment.

The results of the simulations are given in Fig. 13.
The total population of the reactant (P(t)), the inte-
gral of p(X,t) over X, is plotted as a function of time
on the logarithmic scale. The energy gap (—AGp) is
0.248 eV for Fig. 13(a) and 0.078 eV for Fig. 13(b).
Figure 13(a) corresponds to the ET of OX1 in DMA,
where there is no activation barrier. The free-energy
surfaces of the reactant and product intersect at the
bottom of the reactant surface. Such a situation occurs
when —AGy=M,+A:=0.248 ¢V. The simulated reac-
tion kinetics shown in Fig. 13(a) is almost exponential,
which coincides with the experimental result of OX1 in
DMA shown in Fig. 12(a). Figure 13(b) corresponds
to the ET of OX1 in AN, which gives non-exponential
dynamics; the reaction becomes faster as the temper-
ature increases. The major difference in the reaction
dynamics is a difference in —A Gy of 0.17 eV. In the
simulation, the first component shows almost no acti-
vation barrier, whereas the second component has an
activation barrier of 270 cm™!. This value is in good
agreement with the experimental result (350 cm™1).

In the case of Fig. 13(a), it is notable that the reaction
becomes slower at higher temperature. This is because
the population in the reactant well is distributed over
a wider region of the solvent coordinate at higher tem-
peratures, and because the reaction takes place fastest
near to the bottom of the well due to the coordinate-
dependent rate constant (k(X)). An increase in the tem-
perature spreads the distribution to a region where the
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Fig. 13. Simulation of temperature dependence of flu-
orescence decays using the extended Sumi—Marcus
model. (a) —AGp=0.248 eV, T=273 and 373 K. (b)
—AGp=0.0781 eV, T=273, 293, 313, 353, and 373 K.

reaction occurs less-effectively. However, no significant
temperature dependence was observed for OX1 in DMA
within the experimental error. Presumably, this was
due to the limited signal-to-noise ratio of the signal as
well as the arbitrariness of the ET parameters used in
the simulation.

In the above analysis it is not necessarily needed to
invoke the extended Sumi-Marcus theory to explain the
experiments; the original Sumi—-Marcus model, in which
the high-frequency mode is not considered, can ratio-
nalize the experimental results reasonably well. This
is because the free-energy surfaces are not in the in-
verted region and the initially prepared state in the re-
actant surface is close to that thermally equilibrated in
the reactant. However, the high-frequency vibrational
modes play an important role in the ET of coumarins
in the electron-donating solvents, which is discussed in
the next section.
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IV-2. Substituent Effects on Intermolecular
Electron Transfer. Similar types of the experiments
have been performed on various coumarin dyes with dif-
ferent structures in AN and DMA, and the substituent
effects on ultrafast intermolecular ET have been sys-
tematically examined.374V

(1) Time-Resolved Fluorescence of Ultrafast
Reacting Systems. We focus our attention on two
positions of coumarins, namely the 4- and 7-positions.
Some examples are shown in Fig. 5. The fluorescence
decays of 4-CF3 coumarins, which have a CF3 group in
the 4-position, are shown in Fig. 14.5” The results of
fittings are shown in Table 1. Regarding these series of
measurements, there have been several interesting ob-
servations: (1) Most of the ET of 4-CF3 coumarins are
faster than the diffusive solvation process. (2) Most of
them show non-exponential fluorescence decay. The re-
sults of the analysis shown in Table 1 were tentatively
obtained with a double-exponential function, except for
the single-exponential function with a time constant of
210 fs for the fastest system of C151 in DMA. (3) For
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Fig. 14. Fluorescence quenching of 4-CF3 coumarins
in DMA excited at 395 nm and observed at 470 nm
for C153, C522, C481, and CI152 and 446 nm for C151.
Concentrations are 2x1073 M.
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Table 1.

Bull. Chem. Soc. Jpn., 68, No.3 (1995) 709

Absorption Aabs and Fluorescence Aqy Maximum, Stokes Shift Av, Reduction Potential Ered(dye® ™),

Relative Energy Gap A Grel, and Fluorescence Lifetimes gt of 4-CFs Coumarins
Fluorescence decays were measured at 470 and 510 nm for C153, C522, C481, and C152 in DMA and AN,
respectively, and at 430 and 446 nm for C151 in DMA and AN, respectively. The lifetimes for C153 in AN

were obtained by global analysis.

in DMA in AN
)\abs /\ﬂu Av Ered(dyeo/_)a) AGrelb) 7ETC) )\abs )\ﬁu Av Ered(dyeo/_)a) AGrelb) 7'ETC)
nm nm cm ! \% eV ps nm nm cm ™’ \% eV ps
C153 416 504 4200 -24 0.00 3.1 {67%} 435 526 3990 -1.76 0.17 11.7 {37%}
19.4 {33%} 83.8 {63%}
[8.5] [67.3]
C522 408 463 2910 —-2.2 —-0.26 08 {69%} 422 512 4170 -1.72 0.04 10.1 {39%}
4.0 {31%} 34.4 {61%}
[1.8] [25]
C481 400 448 2680 —2.2 -0.32 0.57 {80%} 413 505 4410 —1.69 —-0.06 4.1 {37%}
2.9 {20%} 15.2 {63%}
[1.0] [11]
C152 397 446 2770 -2.1 -0.44 046 {89%} 408 504 4670 —1.68 -0.10 3.7 {41%}
2.7 {11%} 12.4 {59%}
[0.71] [8.8]
C151 370 410 2630 -21 -0.67 0.21 {100%} 376 450 4370 —1.75 —0.29  0.59 {50%}
1.9 {50%)
[1.2]

a) Reduction (peak) potentials from irreversible waves.
eV. ¢) Valuesin |

fast reactions, the lifetimes in DMA are shorter than
those of the same coumarins in AN. (4) The reaction
rate constant drastically depends on the substituent
groups of the coumarin. For substituents in the 4-po-
sition, the ET rate increases in the order -CH3 < -H
< —CF3;. When an alkyl chain in the 7-amino group
is extended, the reaction becomes slower, and when it
forms a hexagonal alkyl ring with the benzene moiety,
the reaction becomes slowest. For the 7-amino group,
the reaction rates increase in the following order:

QO+« Ol et
N NCHs  HsCf CaHs H:«c"!I e < "& ~

These effects of substitution can be discussed from
two aspects: It can change (1) the vibrational mode
of coumarin and (2) the free-energy difference of the
reactant and product. The substituent effects on ET
have been discussed concerning many systems; one of
the representative molecules is N,N-dimethylbenzoni-
trile (DMABN),°®—92 where the role of the rotational
motion of the amino group in ET is a major subject.
In the present system, extending the alkyl chain on the
7-amino group and forming a hexagonal alkyl ring may
restrict the flexibility of the 7-amino group. Some vi-
brational modes of the 7-amino group may be involved
in the reaction.

We mainly attribute the substituent effects to the
difference in the energy gap, and perform a simulation
based on the extended Sumi—-Marcus model by changing
the energy gap while keeping the other ET parameters
fixed, similarly to the OX1 case. The way to estimate

H H

b) Relative values of energy gap. C153 in DMA is fixed to 0
] are the average lifetimes; (7)=A171+A272.

the parameters and to perform the simulation is almost
the same as that of the OX1 case. Although we do not
go into details concerning the calculated results in this

-article, the simulation can reproduce the experimental

trend of the reaction rate as a function of the energy
gap quite well.*V

A qualitative picture of the ET dynamics is shown in
Fig. 15. Usually, since coumarins change their electric
dipole moments drastically upon photo-excitation, the
initially prepared state in the reactant is away from the
thermally equilibrated one in the S; state. The fate of
the reactant state is either to perform solvation on the
solvent coordinate or to react along the low-frequency
vibrational coordinate, depending on the ET rate. We
can expect competition between the reaction dynamics
and the solvation process if both processes occur on the
same time scale. In the case of fast reacting systems,
the initially prepared state in the solvent coordinate
is close to or in the region where the effectively react-
ing vibrational channels are located; a reaction quickly
takes place through these reaction channels without sol-
vation. By increasing —A Gy, the initial population in
the reactant potential well is away from the effective vi-
brational channels, and should be reacted through less-
effective channels or perform solvation to reach more ef-
fective channels (see Fig. 15). In this case the reaction
occurs relatively slowly compared to the case of a small
—AGy.

(2) Steady-State Fluorescence of an Ultrafast
Reacting System.  The competitive dynamics are
reflected in the steady-state fluorescence spectra. If a
reaction occurs much faster than the solvation proc-



710  Bull. Chem. Soc. Jpn., 68, No. 3 (1995)

[}

S

z
%.
>

Product State c:;\°‘\
o

aoueoseson)y

/ \innd State

Classical Vibrational Solvent Coordinate

Coordinate 7
Fig. 15. A conceptual drawing of electron transfer in
competition with solvation in the excited state. The
solvation occurs on the solvent coordinate and the
reaction occurs on the classical low frequency coor-
dinate to the reactant surface with high frequency
vibrational levels.

ess, excited molecules only have a chance to fluoresce
from the non-equilibrium state before solvent relax-
ation. This effect can be called either “chemical tim-
ing” or “fluorescence gating”. The chemical timing has
been observed in the fluorescence spectrum of p-difluo-
robenzene in the gas phase using high-pressure oxygen
as a quencher, where two competitive processes are in-
tramolecular vibrational redistribution and quenching
of the S; state by oxygen.®®

The Stokes shift obtained from the peaks of the ab-
sorption and fluorescence spectra is larger than 4000
cm~! for most of these dyes. A slowly reacting dye
(C153) in DMA, which has a lifetime close to the sol-
vation time (Table 1 in the section IV), has a Stokes
shift of 4200 cm~!. However, for fast reacting dyes,
it becomes smaller than 3000 cm~!. The steady-state
fluorescence spectra of reacting molecules are shown in
Fig. 11. A faster dye (C522) gives a Stokes shift of 2910
cm™1. The fastest dye (C151) in DMA gives only 2630
cm~ L. As the rate constant of ET increases, the amount
of the fluorescence Stokes shift decreases, as shown in
Fig. 11. This is the first example of chemical timing in
the condensed phase.

This systematic alteration of the ET rate constant
resembles the situation of betaine; in both cases com-
petition between the solvation dynamics and the reac-
tion through the vibrational channels is observed. In
the case of betaine the systematic change in the rate
constant is caused by a change in the solvation time,
whereas the difference in the energy gap is a major fac-
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tor which alters the ET rate in the coumarin case.

V. Summary

We have overviewed recent theoretical and experi-
mental progress for ET in solution, while especially fo-
cusing on the ET which occurs much faster than the
solvation dynamics. The dynamical roles of nuclear mo-
tions, namely the solvation process and the intramolec-
ular vibration, in ET are of special interest in this ar-
ticle. We have demonstrated that the two-dimensional
model, in which the time scales of solvation and the
vibrational relaxation are explicitly separated, can ex-
plain the ET, which is characterized by its fast rate
and non-exponentiality in the kinetics. The extended
Sumi-Marcus model, which includes the effect of high-
frequency vibrational modes, is necessary to rationalize
ET in cases (1) where the reaction is in the inverted
region or (2) where the initially photo-prepared state in
the reactant is away from that thermally equilibrated in
the reactant. In the case of (2), competitive processes
between the solvation and reaction have been observed
in the transient absorption, time-resolved fluorescence,
and steady-state fluorescence spectra.
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