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Nonequilibrium charge recombination from the excited adiabatic state
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A model of nonequilibrium charge recombination from an excited adiabatic state of a
donor-acceptor complex induced by the nonadiabatic interaction operator is considered. The decay
of the excited state population prepared by a short laser pulse is shown to be highly nonexponential.
The influence of the excitation pulse carrier frequency on the ultrafast charge recombination
dynamics of excited donor-acceptor complexes is explored. The charge recombination rate constant
is found to decrease with increasing excitation frequency. The variation of the excitation pulse
carrier frequency within the charge transfer absorption band of the complex can alter the effective
charge recombination rate by up to a factor 2. The magnitude of this spectral effect decreases
strongly with increasing electronic coupling. @004 American Institute of Physics.
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I. INTRODUCTION that the time scale of nuclear relaxation is much shorter than
that of CR, the authors could very well reproduce the experi-

The charge recombinatiofCR) dynamics of excited
) ; mentally observed free energy dependence of the rate con-
donor-acceptor complexd®ACs) or contact ion pairs ex- )
stant. Moreover, both above-mentioned problems are no

hibit several specific features, such as the absence of the . : ; .
normal region predicted by Marcus theory. Indeed, the C onger present in this model. Indeed, it can be applied to

rate constant exhibits a monotonous, nearly exponential, geystems with a strong electronic coupling and it predicts an

crease with increasing reaction exergonicity over a very Widgxponentlal CR deram|cs. )
interval going from—0.5 eV up to— 3 eV.}~* An explana- - However, the time scales associated to solvent relax-
tion for such an unexpected dependence of the rate has be8HOn, Or at least some of them, are often slower than that of
proposed in Ref. 5. It is based on the fact that the lasef-R- Therefore, a theoretical model_ for the descrlpt_|on of ul-
excitation populates a nonequilibrium initial vibrational state(rafast electron transfeiET) dynamics has to consider the
of the DAC. Therefore, in the low driving force regime, time dependence of the CR rate constant. This issue has been
where the normal behavior is predicted, CR proceeds in paﬂnvestigated intensively over the last decade. An expression
allel to solvent relaxation, and consequently the excited statfr the population decay from an electronic state initially
population decays before being trapped in the equilibriunPrepared with a nonequilibrium nuclear distribution has been
configuration. The calculations performed within the frame-derived in Ref. 10. The importance for electron transfer of
work of the stochastic point-transition appro&€kould well ~ the optical preparation of a nonequilibrium nuclear distribu-
reproduce the experimentally observed free energy depefion on the donor state has also been shéwNonequilib-
dence of the rat2 There are, however, two problems in this rium effects on ultrafast ET dynamics, with a special empha-
explanatiorf First, a good fit requires too large electronic Sis on vibrational coherence, have been explored using
coupling values and therefore the diabatic state representaonperturbative methods in electronic couplfig:® The
tion and the stochastic approach, which is based on it, are n@le of vibrational coherence in ultrafast electron transfer re-
longer applicable. Second, this model predicts a strong timactions has been discussed in detail in Ref. 16. The hybrid
dependence of the rate constant, in disagreement with mostodel proposed in Ref. 17 accounting for nonequilibrium
experimental dat&:* population of the initial vibrational state has been used suc-
More recently, a model considering the CR of excitedcessfully to describe the free energy dependence of the CR
DACs as a transition between excited and ground adiabatiate of excited DACS.
states induced by the nonadiabatic interaction has been The dependence of the CR rate of DACs on the pump
proposed. Such a perturbation theory in the nonadiabaticpulse carrier frequency, the so-called spectral effect, ob-
interaction had been developed earlier in Ref. 9 within theserved recenth?!° opens promising perspectives for the in-
framework of the semiclassical theory. With the assumptionvestigation of subtle features connected to ultrafast electron
transfer reactions. Indeed, the spectral effect reflects explic-
dAuthor to whom correspondence should be addressed. Electronic maii.ﬂy the nonstationarity of the nuclear subsystem during CR
physic@vlink.ru and can thus only be understood within the framework of a
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Hy andH, are the vibrational Hamiltonian of the ground and
excited adiabatic states, respectively, &g is the Hamil-
tonian of the bath including its interaction with the reaction
coordinate. The parameteks and() are expressed in terms
of the spectral density of the bath oscillatdisy),?’

Energy

2M 0

min

| i=E,92: FJ(w)wdw. (4)

In this equation and in the following, the Planck constaig
set to unity. The reorganization energy is given by

reaction coordinate Q

FIG. 1. Adiabatic free energy curves for the groudg and excitedU,

electronic states. The optical excitation of the system is represented by the 1 (*»J(w)
arrows with the length proportional to the excitation frequency. The num- Er:; wa-
bers 1 and 2 represent the initial locations of the wave packet in the excited 0

state. The quantityQ,{Q) is the free energy gap between the
adiabatic states,

nonstationary model. The theory of the spectral effectinthe  (_(Q)=/(Q—AG)?+4V?, (5)
weak electronic coupling limit has been developed in Ref. ) o
20. The magnitude of the spectral effect was shown to deWhereAG is the CR free energy. The coefficie@thas the
pend strongly on both the CR free energy and the dynamifollowing form:
properties of the medium. Ve

The aim of this paper is to investigate theoretically the ~ C(Q)= MOZ(Q)"
influence of the vibrational nonstationarity and of the carrier a
frequency of the excitation pulse on the ultrafast CR dynam-  The temporal evolution of the system considered is de-
ics of excited DACs. For this purpose, the model presentedcribed by the quantum Liouville equation for the density
in Ref. 8 is generalized to the case of nonstationary CRpperatorg:
where the initial nonequilibrium vibrational state depends 90
explicitly on the excitation pulse characteristics. Generally, i —=[H,p].
vibrational nonequilibrium is expected to lead to strong non- Jt
exponential CR kinetics. The conditions where the CR dy-The vibrational population is assumed to be initially in ther-
namics become nearly exponential in the experimentally obmal equilibrium in the adiabatic ground stafsee Fig. 1

servable time window are also investigated. Then a short pump pulse, centered at tire, transfers the
population to the excited adiabatic state. The initial popula-

II. NONSTATIONARY ADIABATIC tion of the excited adiabatic staie.{0) depends on the

PERTURBATION THEORY pump pulse characteristics and will be determined later.

Using these initial conditions and applying the standard

The photoexcr[atlon of a DAC results in the po_pul_atlon, methods of time-dependent perturbation the@se, for ex-
a state with a strong charge transfer character, which is often . . e .
. . . .. _amples, Refs. 10, 28, and 2 the nonadiabatic interaction
considered as a contact ion pair. In polar solvents, this ion : ) . ) L
. . . S . ..~ V,, we obtain the reaction rat€t) in the first nonvanishing
pair can either dissociate into free ions or return radiatively
L order

or nonradiatively to the ground state. In many DACs, nonra-

diative CR, which is later on assumed to be the only deacti- = (" .\ (o0 i ogs
vation pathway of excited DACs, dominated 2% The K(U= foTr{e Ve MV Mo ty) +h.ctdty,
model considers CR of excited DACs as a two-state problem (6)
with the ground and excited adiabatic electronic states of the

complex. A laser pulse is assumed to produce an initial nonWhere
equilibrium population on the free energy surface of the ex- g (t)=e Help (0)e'He!,

cited state, as shown in Fig. 1. The Hamiltonian of the sys; . - . .
tem in the adiabatic representation can be writtelfs h.C. is the Hermitian conjugate. The time dependanggt)

reflects the propagation of the wave packet on the excited

He Vi state free energy surface.
H= v H. @) Considerable simplification of E@6) is achieved if the
n g . . . e .

) . ) o _ motion along the reaction coordinate within the time scale of
whereV,=—i[P,C(Q)]./2 is the nonadiabatic interaction momentum relaxation can be neglectéstrong friction
operator; limit).8

P2 MO2Q? 1 This immediately leads to the following equation:

He:m+—2 +§an(Q)+Hm, (2 e Hg(t—t) — @~ iHe(t—t) gl Qad Q) (t— 1) 7)
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Tracing over all bath coordinates except that of reaction re- o 08Q)
sults to the following reaction rate: Kst= k(tﬂm)=V§|f dQQzQ(Q) JQdQ)]
. :
1 t o 0
- 2 Q
k(t)=>5— JodtljiwdQﬁwdwR(w)C (Q) y CO&( Zali?') i1l 1

x (P )t"to (Q,ty) +c.c., (8)  which corresponds to the original result of Ref. 8.
wherep{Q,t) is the diagonal element of the reduced den-
sity matrix in the coordinate representation of the excited||. WAVE PACKET DYNAMICS
adiabatic state and c.c. is the complex conjugd{e) is the ) o o ]
Fourier transform of the momentum correlation function To find out the initial vibrational state population,

0.4Q.,0), we consider the dipole interaction between the

o ot DAC and the laser pulse
R(w)e '"“'dw 9) o
” Vaip(t) = —(e|dE(1)|g),

and can be expressed in terms of the spectral densitynere d is the transition dipole moment aﬁg(t) is the

) . 1
iHetp a—iHgtp\ — _—
(e'Me'Pe P) wa

30,31 . . . .
J(w), electric pump field. The optical coupling operator can be
© expressed as
—nN2,,2 .
R(w)=M*w")(w) cotk( aT +11, (10 V(1) = Vo exp(—i wet— 2/ 72).

wherekg is the Boltzmann constant afidis the temperature. The pump pulse is thus only determined by two parameters,

Substitution of Eq(10) into Eq. (8) results in the final Namely, the carrier frequenay, and the duratiorre. The
expression for the time-dependent rate pump pulses are assumed to be transform limited and their

intensity spectruni(w) is given by

* t 't 2
k0-vi[  do| dtl%g(qt—tl), ap  Me)—exd—(w- w22
- ° & If the duration of the pulse is shorter than the nuclear
where dynamics time scales, excited state dynamics during excita-
tion can be neglected. In this case, the initial shape of the
1 (= wave packet on the excited surfaae,{Q,t=0), is deter-
_ _ 2 _ _ L] 1
9(Qt-ty)=— f,wdww J(w)cog[Qad Q) ~w](t—t1)} mined by the product of the initial nuclear distribution in the
ground state and the excitation pulse spectrum, that is,
w
X | cot +1]. 12 U
l_<2kBT (12 Qee(Q,tzo)zzfleX _LQ)
kgT
Equation(11) describes the CR dynamics occurring in U _u 2o
parallel to vibrational relaxation. As the vibrational sub- Xex;){—[ e(Q) = Ug(Q) ~ we] Te] (15)
system is approaching thermal equilibrium, the rate) is 2 '

approaching the stationary valdg;. Indeed, the function \yherez is a normalization factor and
g(Q,t) decays within the time scale of momentum relax-

ation. Therefore, for time larger than the time scale related to Ug=Ue—0adQ) (16)

the relaxation of the reaction coordinate, one can set in thes the free energy of the adiabatic ground state.

integral (11) .4 Q,t1)=0edQ), where From Eq.(15), it follows that if the spectral width of the
—Ug/kgT excitation pulse is much smaller than the absorption band-
width, the coordinate of the wave packet maximum is deter-
mined by the equation

. e
QeiQ)=W

is the equilibrium coordinate distribution on the adiabatic  Q,{Q)=we. 17

excited state potentid., To simplify the calculations, the wave packet propagation is

Q2 1 approximated by
VeTgg, T2 Q) 9 o UQ[Q()~ Q)
Qee(Qvt)_Z ex - k Tﬁ(t) ’ (18)
Integrating Eq(11) over time and using the representation of B
the & function where Q. is the location of the excited surface minimum
_ and 8(0)=1—A=Br.? is the initial width of the wave
Sinwt packet. The parametefsandB are complex functions of the

lim

t—oo

=md(w) magnitude ofg, , V¢, AG, andkgT. The expressions fok

and B are not written explicitly because, in the range of
yields the stationary rate constant parameters considered here, the electron transfer kinetics de-
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pends only weakly on the initial wave packet width. The
function Q(t) describes the time-dependent position of the 10"
wave packet maximum, and its initial val@¥0) is the so-

lution of Eq. (17). It should be noted that Eq18) gives a 10"
correct maximum position and width of the initial wave
packet, but a slightly distorted shape.

10
The propagation of the wave packet is approximated byk 5.110
Eqg. (18) that requires the knowledge of the functio@$t) ’ .
and &(t). It is well known that these functions are directly 10
connected to various phenomena such as, for example, th
time dependence of fluorescence spetdra’ Indeed, the 10°
function Q(t) determines the time-dependent Stokes shift
because ,{ Q(t)] is equal to the frequency of the fluores- E T —
cence maximum. Therefore a relationship betw&ét) and 0.01 0.1 1 10
the experimentally measurable time-dependent Stokes shifi tps
can be establishéd FIG. 2. Time dependence of the CR reaction fatagle mode modgl The

parameters used ar&@=300 K, 7,=50fs, Vo=0.1eV, E,=1.0eV, y
QaJQ(t)] - Qmin =0.2 eV, andr,=1 ps. The numbers near the curves are-th®G values
= (we— Qmin) ’ (19 in electron volts. The solid and dashed curves correspond to the excitation
frequency aw; andw; , respectively.

X(1)

where Qin=Qa Qmin)- This X(t) function is usually ap-
proximated by a sum of several exponentials and should co-

incide with the relaxation functioft energy ofith mode, respectively, anel,=>,E,; is the total
= J(w) reorganization energy. In this case E@O0) gives X(t)
X(t)= E fo Tcos(wt)dw. (20 =>x;e” Vi with x,=E,; /E, .
r

For (Q—AG)?>V2,, an approximate solution of E¢L9) is
given by
-0 . _0 The results of the numerical calculations of the nonequi-

QU=Quin (@e= L) X(1). @) librium CR ratek(t) are presented in Fig. 2 for a model
The use ofQ(t) described by Eq(21) and of §(t)=[1 including a single relaxation time and in Fig. 3 for a model
—AX?(t)] for the calculations of the wave packet propaga-with two relaxation times. For CR reactions in strongly polar
tion implies that the anharmonicity of the excited free energysolvents (acetonitrile, alcohols, and otherghe relaxation
surface is neglected. The nonequilibrium rate conskgtlt  times 7., and 7,, lie typically in the 0.1-1 ps and 5-10 ps
has been numerically shown to depend only weakly on theanges, respectivefy—3’ Such time scales have been used in
initial width 6(0), therefore this form o#(t) is also used for the calculations. The “triangle,” “star,” and “circle” sym-
calculating the CR kinetics with the anharmonic excitedbols in Figs. 2 and 3 indicate the time at which the excited
term. Moreoverk(t) depends only weakly on wheth@(t)  adiabatic state population decreases by a factor 100. It can be
is determined by Eqg19) or (21).

It is well known that an exponential decay X{t) leads
to a Debye-like spectral densiff ), but an instant velocity
does not exist in this model, and as a result, the integral in 107
Eq.(12) is divergent. For this reason, the Brownian oscillator

IV. RESULTS AND DISCUSSION

12

model for which the spectral density is given by E#) %’ 10
Yo 2E, yQ%w - 10"
(w)= (@0?—0D7% 0?2 (22) ks
10"

is used. When the friction coefficient of the reaction coordi-
nateyis zero, the oscillator experiences a coherent motion at 10°
the frequency). In the strong overdamped limig>(, the

behavior of the Brownian oscillator becomes close to Debye- 10°

type with a relaxation timer,= y/Q?, except in the short

time region wherg<1/y.?8 1074 iy o 1' ™
Real solvents are usually characterized by several relax- ’ " tps

ation time scales. In this case, the spectral derXity) can _ _
be well reproduced by a sum of Brownian oscillator spectraf'G- 3. Time dependence of the CR reaction rateo mode modsl The

" Lo . . . . arameters used aré=300 K, 7,=50 fs, Vo=0.1 eV, E;;=0.7 eV, E,,
densities. Each individual density describes a wbrauonaiio_3 eV, and y=02 eV. 7..=0.1 ps, 7.,=10 ps (solid curves 7,

mode \QVith the parametery;, _Qi ) _and E;i, where Tri  =0.1ps,7,,=5 ps(dashed curvgsr,;=0.5 ps,7,,=5 ps(dotted curves
=1v;/1Q{ andE,; are the relaxation time and reorganization The —AG values in electron volts are indicated near the curves.
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easily seen that vibrational nonequilibrium leads to aTABLE I. Parameters obtained from the fit of E(4) to the calculated
strongly nonexponential CR dynamics on the whole experigegay dynamics o_f _the exc?ted DAC populat‘ion at the time interval after
v ob ble time windo which 90% of the initial excited state population has decayed. The param-

menta yp serva ! B wi W . eters used arek,;=0.7 eV, E;»,=0.3 eV, 7,,=0.1 ps, 7,,=10 ps, n=

The time dependencies of the rate reflect the propagation  and,=— correspond to the excitation frequency at half the absorption
of the wave packet from its initial position towards the ex- maximum on the high- and low-frequency sides, respectivety is the
cited state free energy minimufsee Fig. 1L Because the effective rate constant.R is the coefficient of correlation.
transition rate between the adiabatic states is inversely pro-
portional to the energy gap, the wave packet motion result
in an increase of the rate. + -05 0.1 174 333 0.225 0.998

AG(eV)  Vq(eV) s (ps ke ps™1) R?

In the single relaxation time model, the exponential = —05 01 152 519 0412 0998

tage of the excited population decay occurs only after a time 03 04 129 1044 0.104 0.999
stag pop ecay y e -05 0.4 117 881 0120  0.999
delay of the order of the relaxation time scdle,r,, when ~10 0.1 237 7.62 0.109 0.997
k(t) is just approaching t&, (Fig. 2. In this case, the ul- - -1.0 0.1 1.84 5.19 0.148 0.997
trafast stage of the CR dynamics, i.e., whenr,, is thus + -1.0 0.4 146  18.61 0.057 0.999
strongly nonexponential. An increase of the electronic cou- -10 04 13l 1641 0064 0.999
. + -15 0.1 275 2247 0.050 0.998
pling V¢ leads to a decrease of the rate and to a weaker 15 01 041 1993 0.056 0998
contribution of nonequilibrium CR dynamics. As a conse- ~15 04 141  36.78 0.023 0.999
guence, the nonexponentiality of the CR kinetics is less pro- -15 0.4 132 3437 0.025 0.999

nounced. In the Marcus inverted region, the population de
cay slows down with increasing driving force and thus the
dynamics goes toward the exponential regime.

In the two mode model, the behavior kft) is essen-
tially the same as in the single mode model as long as th
inequality 7,,/7,,<<10 holds(see the dotted curves in Fig.
3). However, if the difference between the relaxation time
scales is largef(t) exhibits a plateau between, and 7,
(see the nearly horizontal part of solid and dashed curves i
Fig. 3). Obviously, the left edge of the plateau corresponds t . .
thg tir)ne at whic);1 the relaxa%ion of th% fast mode ig practifhahc maximum of theoabso[)pnon band to the other alters the
cally over, while the right edge coincides with onset of themagnltude ofs by 10%-30%.
slower mode motion. It should be emphasized that the pla-
teau can in principle coincide with the experimentally ob-B. Spectral effect

servable time window. In this case, the CR reaction is over | order to quantify the decay of the excited state popu-
before the relaxation of the slower mode has actually starteqgatjon, a time-independent effective rate constagis used

A. Excited state population dynamics @ t,
Ker'(we) = f exW’— f k(tz)dtz]dtl. (25)
0 0

(3) The dependence afon the reaction free energyG
iS not monotonous. In the free energy range presented in
‘Ia‘able I, namely— AG<1.5 eV, s increases with—-AG. In
the larger driving force regime, the reaction is considerably
slower and thus nonthermal CR plays a minor role. In this
case, the magnitude sfshould decrease and approach unity.
(4) A variation of the carrier pulse frequency from one

The excited state populatioRq(t) is determined with

the time dependent rate EQ1) as The free energy dependenciesiQf( w.) for the single and

t two mode models at a given, are shown in Fig. 4. Neither
Pe(t)=exp[—f k(t’)dt’}. (23
0

The nonexponential decay of the excited state population can
be quantitatively reproduced by a function of the form

Pe(t)=exd — (t/7)®]. (24

The parametes can be interpreted as a measure of the non-
exponentiality of the decay. Values f1 correspond to an
increase of the rate with time ars< 1 to a decrease.

The s and 7 values obtained from the fit of E¢24) to
the simulated data are listed in Table |. Several features can e
be observed: 0.0 0.4 0.8 1.2 1.6

(1) Within the framework of the adiabatic perturbation -AG, eV
theory, the value o§ is predicted to be larger than unity in FiG. 4. Dependence of the effective rate on the CR free ena@y The

the whole range of parameters; this is a direct demonstratioparameters used aré=300 K, 7,=50 fs, E;;=0.7 eV, E;,=0.3 eV, and
of the increase of the rate with time. y=0.2 eV. The solid curves correspond to the model including a single

S . . relaxation timer, =1 ps; the dashed and dotted curves correspond to the
(2) The parametes decreases with increasing electronic two mode model.r,,= 0.1 ps, 7.,~10 ps (dashed cUrvas 7,,=0.5 ps,

coupling Ve and increases with the carrier frequency of the . _s5 ps(dotted curves TheV,, values in electron volts are indicated near
pump pulse. the curves.

T
™ 0.1

NT=o3

=04
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] The calculations have only been performed within the
0.0 interval 0.5 e\x>V,>0.1 eV, where the effect is shown to
1 be large enough to be experimentally observable by ultrafast
-0.1 4 spectroscopy. It is worth mentioning that the extrapolation of
these results to small&f, values is limited by the conditions
-0.2 1 of applicability of the method used.
-0.3
. ] V. CONCLUSION
-0.4 4
| The calculations presented in this paper have shown that,
-0.5 - / in the limit of strong electronic coupling, the vibrational non-
{01~ equilibrium created by a short pump pulse leads, in general,
-0.6 1 — — — — , to strongly nonexponential CR dynamics. Nevertheless, the
0.0 0.4 0.8 1.2 1.6 2.0 system can exhibit nearly exponential CR kinetics in a suf-
-AG,eV ficiently wide time window, if the relaxation time scales dif-
fer largely.

FIG. 5. Spectral effect) as a function of CR free energyG. The solid The spectral effect is another manifestation of vibra-
curves correspond to the model including a single relaxation time

=1ps. The dashed and dotted curves correspond to the model with tWHOnal nonequilibrium. In the case of strong electronic cou-
relaxation timesE,;=0.7 eV, E,,=0.3 eV, y=0.2 eV; 7,,=0.1 ps, 7,5 pling, the spectral effect is always negative and occurs
=10 ps (dashed curves 7,,=0.5 ps, 7,,=5 ps (dotted curves The Vg mainly in the low exergonicity regime. Its magnitude de-
values in electron volts are indicated near the curves. creases sharply with increasing electronic coupling and al-
most vanishes folW, larger than 0.5 eV. This implies that
experimental investigations of the spectral effect, especially

the effective rate nor the stationary fesxhibit the Marcus 1N the low exergonicity region, could allow an estimation of
normal behavior, namely, an increase of the rate constaftf'® magnitude of electronic coupling.

with increasing driving force. The magnitude kf{w,) is In the case of weak electronic coupling, namely when
sensitive to the time scales of the reaction coordinate relax® transition occurs between the diabatic states, the spectral

ation. Moreover, at a fixed relaxation time the effective rate€ffect in the low exergonic region has been recently pre-

rises with the friction coefficieny. dicted to be positive if the medium polarization relaxation
The magnitude of the spectral effect is defined as exhibits two or more relaxation time scaf€<® For this rea-

son, the experimental investigations of the spectral effect in

Kef(0g ) —Kef @5 ) DACs could provide an insight into the ET reaction mecha-

= Kef( @3 ) ' (26) nism, in particular, to distinguish between adiabatic and di-

abatic pathways of the CR reaction.

wherew, andw, are the frequencies at half maximum of Until now, only a very few experimental investigations
the charge transfer band{ > w_). Figure 5 shows the de- of the spectral effect on DACs have been repottedin the
pendence of the spectral effect Aits for various values of first of them, some indications of a negative spectral effect
the electronic coupliny,. For the models considered here, could be obtained® More recently, strongly nonexponential
the spectral effect is always negative, nam&ly,decreases CR dynamics that could be reproduced by Exfl) has been
with increasing excitation frequenay,. It should be em- reported'® Moreover, a clear negative spectral effect was
phasized that the spectral effect becomes larger when thebserved with one of the two DACs investigated. On the
difference of relaxation time scales increagdashed curves other hand, a slightly positive, close to zero, spectral effect
in Fig. 5. was observed with the other complex. The origin of these

The spectral effect is more pronounced in the low exertwo different behaviors has not been elucidated, but might be
gonicity regime, where the rate is maximal and the reactionelated to different electronic coupling.
is finished before the excited state population has reached In this paper, the decay dynamics of the population of
thermal equilibrium. This is an additional evidence of thethe excited adiabatic state has been investigated. This decay
vibrational nonequilibrium origin of the spectral effect. The was identified with CR. In reality in the normal region,
negative sign of the spectral effect can be explained as fol- AG<E,, the ground adiabatic curves may consist of two
lows. The larger the frequency of the pump pulse, the farthewells. One well, the left one in Fig. 1, mainly corresponds to
from the excited state minimum the wave packet is initiallythe charge transfer state, while the other one is the original
prepared and, as a consequence, the larger the free enenmggutral configuration of the system. In general, the excited
gap for the nonradiative transition. As the rate depends inadiabatic state relaxes to both ground state wells and, obvi-
versely on the gap, a higher excitation frequency implies ausly, the electronic transition is followed by vibrational
slower rate. An increase of the driving force leads to a slowthermalization leading to thermal equilibration of the popu-
ing down of the reaction and thus to a smaller contribution oflations of the two wells. Charge recombination and the re-
the nonequilibrium stage of the reaction. For transitions beverse process, charge separation, can also occur during this
tween the adiabatic states, this picture does qualitatively nattage. If the barrier between the wells is large enough, these
depend on the number of vibrational modes. processes will take place on considerably slower time scales
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