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We present a theoretical analysis of the effect of nonlinear dipole solvation on steady-state optical
spectra and intramolecular electron transfer~ET! reactions. The solvation nonlinearity is attributed
to saturation of a dipolar liquid produced by the solute dipole. The treatment explores the
perturbation expansion over the solute-solvent dipolar interaction truncated in the form of a Pade´
approximant. The optical line shape and the free energies along the ET reaction coordinate are
related to the chemical potential of solvation of a fictitious solute with a complex-valued dipole
moment. Due to solvent dipolar saturation the spectrum of dipolar fluctuations is confined by a band
of the width 2Elim . Solvation nonlinearity was found to manifest itself for optical transitions with
high dipole moments in the initial state, most often encountered for emission lines. In this case, the
spectral line approaches the saturation boundaryElim bringing about ‘‘line squeezing’’ and decrease
of the line shift compared to the linear response prediction. In the nonlinear region, the line shift
dependence on the solute dipole variationDm switches from the quadratic linear response form
} Dm2 to a linear trend}u Dmu. The bandwidth may pass through a maximum as a function of
uDmu in the saturation region. Nonlinear solvation results thus in a narrowing of spectral lines. For
a transition with solute dipole enhancement, the bandwidth in emissionDe is therefore lower that in
absorptionDa : De,Da . As a result, the plot ofbDa,e

2 , b51/kBT against the Stokes shift\Dst

demonstrates the upward deviation ofbDa
2 and downward deviation ofbDe

2 from the linear
response equalitybDa,e

2 5\Dvst. We also explored the nonlinearity effect on charge separation/
charge recombination activation thermodynamics. The solvent reorganization energy was found to
be higher for charge separation (l1) than for charge recombination (l2). Both are smaller than the
linear response result. For the reorganization energies, the discrepancy betweenl1 and l2 is
relatively small, whereas their temperature derivatives deviate significantly from each other. The
theory predictions are tested on spectroscopic computer simulations and experiment. Generally good
quantitative agreement is achieved. ©1997 American Institute of Physics.
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I. INTRODUCTION

The inhomogeneous broadening and shift of opti
spectral lines induced by a condensed phase environmen
fundamental properties characterizing the solvation powe
the medium. Based on this viewpoint, optical spectral d
are widely used as microscopic probes of solvent polarity1,2

Activation parameters of electron transfer~ET! reactions are
available from the bandshape analysis of ET opti
spectra3,4 rendering the two fields of optical spectrosco
and ET reactions progressively more closely allied. B
problems are therefore treated here in the framework of
common formalism of Pade´ truncation of the perturbation
expansion for the solvation chemical potential developed
the preceding paper5 ~paper I!.

In spectroscopic measurements, the chromophore di
moment varies due to optical transition from the ground s
valuemg to the excited state dipoleme . Differential solva-
tion of the excited~nonequilibrium! and ground~equilib-
rium! dipolar states leads to a spectral shift probing the e
trostatic potential created by the solvent at the sol
location. In the widely used linear response approximat
~LRA!6,7 the local solute potential is assumed to be prop
tional to the solute dipole momentm0 resulting in a solvation
J. Chem. Phys. 107 (5), 1 August 1997 0021-9606/97/107(5)/13
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chemical potentialmp scaled by the squared solute dipo
moment mp52am0

2. The proportionality coefficienta
termed the response function is factored for large solutes
the solute size and solvent components. For the continu
solvent response, they are the cube of the inverse solute
dius and the dielectric function (e21)/(2e11), wheree is
the solvent dielectric constant. It is therefore the LRA th
forms the background of using optical chromophores as
vent polarity indicators. Deviations from linear respon
would manifest themselves as a dependence of the resp
function on the solute dipole moment.

In the LRA, the spectral shift and width are no long
independent.8 The difference of the absorption and emissi
energies\Dvst ~Stokes shift! is related to the spectral width
D by the formula

\Dvst5bD2, ~1!

whereb51/kBT. This relation is often used
9 as a critical test

of the LRA applicability. Physically, the LRA is valid pro
vided the solute-solvent interaction is weaker than solve
solvent coupling, thus imposing only a small perturbation
the liquid. In practice, however, the desire for achievi
well-resolved solvent-induced shifts leads to the use of ch
137575/13/$10.00 © 1997 American Institute of Physics

ct¬to¬AIP¬copyright,¬see¬http://ojps.aip.org/jcpo/jcpcr.jsp



s
.
th

y
e
fr
e
io
r
n
sy
n
n
ve
rg
b
e
rg
ni

ua

en
Y
Th
th
fir
lin
th

t
th

o
lf-
e
ia
in
in
o
en

f

m
ys
e
e

nc
i

i
pec-
ol.
e
ro-
. On
o an
rly
s
ely
ap-
in-
re-
ral
e
the
ay

ts.

e-
the

usly
s

te
n-
rst
cy
n-
he
s a

o-
the
sol-
me
ior.
ue
get

te
se-
tion
s
er,
n-
ork
ear
of
the
of
di-
ed
een
n of
as

1376 D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
mophores with high dipole moment variation
Dm5me2mg for which the LRA ansatz may break down
This raises the question of the range of applicability of
LRA and the relative impact of nonlinear solvation.

The problem of nonlinear effects in equilibrium10–16and
nonequilibrium17–19solvation, especially of ions, has alread
a long history. Numerous simulations have been perform
to test the solute charge dependence of the ion solvation
energy. Although the response function was found to be g
erally dependent on the sign of the charge, the quadratic
charge dependence of the solvation free energy has been
sonably well reproduced in the majority of studies. The sig
dependence of the response function was related to the a
metry of the intramolecular charge distribution in solve
molecules10,15,16or to specific force effects. The conclusio
that can be drawn is that the average potential of the sol
is approximately linear in the solute charge in the cha
range explored. This effect is due to the compensation
tween the orientational saturation in the first solvation sh
and the closer approach of the solvent molecules to a cha
solute.15,16,20The nonlinear aspect of charge solvation ma
fests itself, however, in the fluctuation^dV2& of the solvent
potential V. The ‘‘freezing’’ of the solvent induced by a
charged solute leads to the approximately quadratic15,21 in-
crease of the force constantkV[kBT/^dV

2& with the solute
charge. The Gaussian distribution of the potential fluct
tions thus becomes narrowed due to nonlinear saturation
fects.

The nonlinear effects in dipolar solvation have be
much less explored than those of the ionic solute case.
they may be even more pronounced for dipolar solutes.
clue to this suggestion is provided by the comparison of
solvation energies of ions and dipoles obtained as a
order perturbation over the solute-solvent potential. The
ear response solvation energy of an ion contains only
longitudinal solvent response} (121/e) finite even in the
infinite polarity limit e→`. On the other hand, the solven
response to a dipolar solute is a linear combination of
longitudinal and transverse response functions22 ~see also pa-
per I!. The latter} (e21) diverges ate→` indicating vio-
lation of the LRA. In continuum and integral equation the
ries this difficulty is overcome by incorporating the se
consistency through the reaction field concept in the form
case and by summing the chain solvent dipole-dipole d
grams in the latter. However, the very existence of this s
gularity may signal the possibility of nonlinear effects
dipole solvation more pronounced than those of ionic s
utes. This conjecture is actually borne out by very rec
simulations of ion and dipole hydration23 where the linear
response approximation was found to be less accurate
dipolar than for ionic solutes.

Concerning dipole solvation, molecular dynamics co
puter simulations have chiefly been performed on a ph
cally related system of a rigid diatomic of oppositely charg
spherical sites. Several nonlinear solvation effects have b
observed for such ion pair solutes. Carter and Hynes17 find a
substantial narrowing of the time dependent fluoresce
lines when a charge separated state has been created
J. Chem. Phys., Vol. 107
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polar fluid modeling methyl chloride. Fonseca and Ladany18

observed marked departure from the linear response ex
tations when studying the solvation dynamics in methan
Further detailed studies19 have shown that the effect is to b
attributed to nonlinear response of the solute-solvent hyd
gen bonding to the change in the charge of the solute site
the other hand, studies of the dynamic solvent response t
instantaneously created solute dipole have clea
shown15,24,25that without specific solute-solvent interaction
the deviations from linear response behavior are relativ
small. In spite of these recent findings encouraging the
plication of the LRA in steady state spectroscopy and
tramolecular ET reactions, some fundamental questions
main open. First, it is still unclear what are the gene
conditions of applicability of the LRA and how they ar
affected by the solute and solvent properties. Second,
results obtained for the instantaneously created dipole m
not hold for the states with nonzero initial dipole momen
The latter point concerns especially emission spectra~or ab-
sorption of negative chromophores2! characterized by high
values of the initial state dipole moment. Notice in this r
spect the contradiction between the results obtained for
fluorescence of the charge transfer state17 where nonlinear
effects were clearly seen and those for the instantaneo
created dipole15,24,25where they have not been found. Let u
consider this point more closely.

Due to thermal fluctuations of the polar liquid the solu
initial and final electronic states acquire a distribution of e
ergy levels. The maximum of the spectral line is just the fi
moment of this distribution. The scanned light frequen
probes different parts of the distribution of levels with no
equilibrium energies produced by solvent fluctuations. T
energy of creating such a fluctuation can be treated a
solvation energy of some fictitious solute dipole.26 If the ini-
tial ~e.g., emission! state already possesses a high dipole m
ment, the real and fictitious dipoles add up. The wings of
spectral line can thus be characterized by large effective
ute dipoles for which nonlinear solvation effects may assu
significance resulting in deviation from Gaussian behav
This is indeed the picture observed in the present work. D
to nonlinear solvation effects the emission spectral lines
squeezed resulting in a line narrowing.

If nonlinear solvation manifests itself in steady sta
spectroscopy, the important question is which of its con
quences could be recognized in experiments. The viola
of the linear response relation~1! is commonly considered a
the main indicator of nonlinear solvation effects. Howev
as we show below, this is not the only manifestation of no
linear solvation. Therefore, our attention in the present w
is chiefly focused on qualitative consequences of nonlin
dipolar solvation for the solvent-induced shifts and widths
optical spectral lines. To this end, we consider here
simple model of a spherical solute in a dipolar solvent
spherical nonpolarizable molecules with centered point
poles. Our restriction to a nonpolarizable fluid is motivat
by the existence in this case of a simple connection betw
the spectral shape and the chemical potential of solvatio
a fictitious solute with a complex-valued dipole moment,
, No. 5, 1 August 1997
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1377D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
suggested by Loring.27,28In fact, an analogous representatio
exists also for polarizable nonpolar liquids,29,30 but the situ-
ation becomes more complicated when both polarizab
and permanent dipole moments are involved. Although
role of the solute and solvent polarizabilities is increasin
appreciated in present-day studies of equilibrium31 and
nonequilibrium25,32,33 solvation phenomena, these al
clearly indicate that the qualitative results obtained
purely dipolar fluids remain largely intact when the solve
polarizability is included. Therefore, the nonpolarizab
model seems to be sufficient to clarify the general feature
nonlinear effects due to the dipolar component of solvati
Such a model is obviously inadequate for treating opti
spectra and ET reactions in weakly polar and nonpolar
vents where induction29 and dispersion30,34–37forces caused
by the solute and solvent polarizabilities as well as hig
multipoles38,39 play a significant role.

The issue of nonlinear solvation effects in ET reactio
has continuously been attracting attention during sev
decades.33,38,40–43Following the treatment of Kakitani an
Mataga~for a recent review see Ref. 41! the studies of non-
linear effects focused chiefly on the energy gap depende
of ET rates. Unfortunately, the dependence of the ET rate
the energy gap is strongly affected by the solute intramole
lar vibrational excitations for intramolecular ET3,4,44 and, in
addition, by the distribution of reaction distances for ou
sphere ET.41,45Furthermore, the experimental accuracy do
not make it possible to distinguish clearly between differ
factors determining the ET energy gap law.41 Spectroscopic
data seem to be more reliable for treating nonlinear effe
and we suggest below a test of nonlinear solvation effects
ET involving the comparison of charge separation vs cha
recombination reorganization energies and entropies.

The remainder of the paper is organized as follows.
Sec. II we derive the analytical expression for the line sh
using the Pade´ form of the chemical potential of dipole so
vation. The dependencies of the linewidth and shift on
solute dipole moment are analyzed. The role of nonlin
solvation in intramolecular ET reactions is considered in S
III. The comparison to simulations and experiment is t
subject of Sec. IV. Finally, we conclude in Sec. V by su
marizing our main results.

II. LINE SHAPE CALCULATION

The intensity I a(v) of the absorption spectral lin
caused by the solute dipole optical transitionmg→me ,
Dm5me2mg in a chromophore in a dipolar liquid can b
expressed in terms of the chemical potentialmp of solvation
of a fictitious complex-valued dipole according to th
relation27

I a~v!5E
2`

` ds

2p
exp~2 isbDE!C~s!, ~2!

whereDE5\(V2v) is the deviation of the transition en
ergy from the vacuum value\V and

C~s!5exp@2bmp~mg1 isDm!1bmp~mg!#. ~3!
J. Chem. Phys., Vol. 107
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The emission intensity can be obtained analogously after
replacementmg→me andDm→2Dm.

The chemical potential difference under the exponen
Eq. ~3! determines the free energy of creating a nonequi
rium solvent fluctuation corresponding to an equilibriu
configuration with some effective solute dipole moment t
magnitude of which is determined by the energy gapDE.
Since the spectral intensity at some particular value ofDE is
a statistically weighted sum over all such fluctuations, we
the integral over the imaginary part of the solute dipole.
order to evaluate it correctly we need an expression for
solvation chemical potential valid in the whole range of e
fective dipole momentsumg1 isDmu. Unfortunately, most of
the molecular treatments of dipolar solvation involve t
LRA or, when nonlinear, can be used only in a very limit
range of solute dipoles and are not easily extendable to
complex plane of solute dipoles. Additionally, the comp
cated nature of calculations in molecular theories involv
nonlinearity like the hypernetted-chain approximation46

makes them difficult to use in spectral line and ET calcu
tions. That is why we developed in the preceding paper5 an
alternative approach based on the Pade´ truncation of the per-
turbation expansion of the solvation chemical potential o
the dipole-dipole solute-solvent interaction. Apart from
simplicity, the Pade´ form of the solvation chemical potentia
is analytically extendable into the complex plane of solu
dipole moments making it applicable to spectral line sha
calculations.

The Pade´ truncation of the perturbation expansion for
spherical solute of radiusR0 results in the expression for th
solvation potential in the form

2mp~m0!5
a~y,r* ,r 0s!m0

2

11b~y,r* ,r 0s!m0
2 , ~4!

which reproduces the quadratic linear response depend
on the solute dipole momentm0 at smallm0 magnitudes and
includes dipolar saturationmp→2a/b atm0

2@1/b. The ex-
pansion coefficients in Eq.~4! are functions of the polarity
parametery5(4p/9)brm2, the reduced solvent densit
r*5rs3, and the distance of the closest approach of
solvent molecules to the soluteR0s5R01s/2, r 0s5R0s /s,
wheres is the solvent hard sphere~HS! diameter. The ex-
plicit relations for the coefficientsa(y,r 0s) andb(y,r 0s) in
Eq. ~4! are given in paper I.

Equation ~4! can now be used in Eqs.~2! and ~3! to
calculate the spectral line shape. If we restrict ourselves o
to the linear response term, we get the familiar Gauss
form

I a
~ l !~v!5~2uDmuApba!21expS 2b

~DE2da
~ l !!2

4aDm2 D , ~5!

where the shift of the absorption line relative to the gas ph
transition is

da
~ l !52amg•Dm. ~6!
, No. 5, 1 August 1997
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1378 D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
The integration in Eq.~3! with the nonlinear solvation poten
tial ~4! can be performed in the steepest descent approx
tion. In this way, the value of the integral is determined
the value of the function under the exponent

F ~s!52 isbDE1ba~mg1 isDm!2/@11b~mg

1 isDm!2#, ~7!

at the stationary pointsÞ such thatF 8(sÞ)50. This condi-
tion gives the effective solute transition dipo
mÞ5mg1 isÞDm at which the transition occurs. It is dete
mined by the relation

mÞ

~11bmÞ2!2
5

DEDm

2aDm2 . ~8!

The most important observation from Eq.~8! is that the re-
gion of the existence of the stationary pointsÞ is limited by
the range of the energy gap magnitudes

uDEu,Elim59auDmu/~8A3b!. ~9!

This relation confines the range of the permissible effec
dipoles mÞ,1/A3b for which the second derivative o
F (s) at the stationary point

F 9~s!umÞ522abuDmu
~123bmÞ2!

~11bmÞ2!2

remains negative. For the frequencies that violate the
equality ~9! the line intensity should be set equal to ze
This is the mathematical reflection of the involvement
solvent saturation. Physically it implies that a dipolar liqu
cannot create a dipolar fluctuation of infinite energy and
range of accessible energy fluctuations is confined by
band2Elim,DE,Elim . The boundaries of this band restri
in turn the range of frequencies with nonzero absorption
tensities. It is clear that nonlinear solvation effects can ma
fest themselves when the energyDE approaches the limits
6Elim . By contrast, in the center of this interval the line
response approximation should hold. This point expla
why no significant deviations from the linear response
havior have been observed for an instantaneously cre
dipole in nonprotic polar solvents.15,24 In this case, the ab
sorption maximum is positioned atDE50 and the line in-
tensity decays almost to zero at the boundaries6Elim . Ac-
tually, we have not found any noticeable discrepancies
absorption (mg→me , mg50) line shape between the linea
response limitI a

( l )(v) and the nonlinear result

I a
~n!~v!5~2uDmuDApba!21

3expS 2b
amÞ2~12bmÞ2!

~11bmÞ2!2

12b
amÞ

•mg

~11bmÞ2!2
2b

amg
2

11bmg
2D , ~10!

D5~123bmÞ2!1/2/~11bmÞ2!

obtained in the steepest descent approximation withmÞ from
Eq. ~8!. The calculations have been performed for two dip
J. Chem. Phys., Vol. 107
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r*50.793, andm52.34 D! and acetonitrile50 (s54.14 Å,
r*50.810, andm54.3 D!. The solvent permanent dipol
moments have been slightly increased compared to the
phase valuem51.70 D for methanol andm53.50 D for
acetonitrile to accommodate the effect of the solvent po
izability enhancing the average solvent dipole moment.
the solute, the radiusR054 Å common for spectroscopic
applications has been used.

For the adopted parameters we found that relations~5!
and~10! coincide almost exactly with the integral~2! invok-
ing mp from Eq. ~4! for the absorption transition 0→Dm
with Dm in the range 0<Dm<20 D. However, the situation
changes dramatically for emission transitions for which
chromophore has already an appreciable dipole momen
the equilibrium excited state.~The same is true for absorp
tion lines with high magnitudes ofmg , e.g., for negative
chromophores.2! Let us consider the emission transitio
Dm→0,me5Dm. The maximum of the emission line shift
progressively with increasingDm. For relatively smallDm
magnitudes, the nonlinear line shiftde

(n) is proportional to
Dm2 according to the linear response prediction~6!. With
increasingDm the maximum approaches the fluctuatio
band boundaryElim ~Fig. 1!. This results in two major ef-
fects: ~i! the line narrows~Fig. 2! and ~ii ! the quadratic
de
(n) } Dm2 emission shift variation switches to the linear d
pendencede

(n) } Dm ~Fig. 3!. We consider both effects sepa
rately below.

As is illustrated in Fig. 1, the emission line is cut o
from the side of the boundary2Elim for largeDm magni-
tudes and strong solvent polarities. For our example, not
able cut-off of the line is observed only for a highDm value

FIG. 1. Linear~dashed lines! and nonlinear~solid lines! response emission
lines in methanol~1,2! and acetonitrile~3! corresponding to the emission
transitionme→0 withme515 D ~1! and 20 D~2,3!. Solute size isR054 Å.
The dotted lines show the dipolar fluctuation boundariesElim . The solvent
parameters ares53.77 Å, r*50.793,m52.34 D ~1,2! and s54.14 Å,
r*50.810,m54.3 D ~3!.
, No. 5, 1 August 1997
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1379D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
in acetonitrile as the solvent. Since this nonlinear effect p
duces a deviation of the line shape from the Gaussian fo
the line width can be determined according to the experim
tally widely accepted definition

D5D~1/2!/~8ln2!1/2 ~11!

through the half-intensity widthD(1/2). Even before the
half-intensity level reaches the boundary2Elim , the line
narrows~Fig. 2! compared to the linear response predictio

D~ l !5A2a/buDmu.

Ultimately, when the half-width level reaches the bounda
2Elim , the width begins to decrease sharply~curve 2 in Fig.
2!. The total dependence of the linewidth onDm passes
through a maximum. The decaying branch of the curve co
be referred to the specific definition of the width according
Eq. ~11!. However, if we consider only the right spectr
wing and define the width as twice the distance from
maximum position to the right emission wing at the h
intensity level, we also obtain a maximum~curve 3, Fig. 2!.
This indicates that restrictions imposed by the solute on
solvent molecules diminish thermal orientational fluctuatio
of the permanent dipoles and the emission line becomes
linearly narrowed. The bandwidth maximum appears, ho
ever, only at very high~taking into account the relatively
small chromophore size! values of the excited state dipo
moment. For common chromophores it can hardly be
served and only the line narrowing compared to the lin
response width should be expected. On the other h
clearly analogous nonlinear narrowing has recently been
tained by Chong and Hirata.51 They calculated first three

FIG. 2. Bandwidth of the emission transitionme→0 vs the solute dipole
moment changeDm5me for the linear~1! and nonlinear~2,3! responses in
methanol~solid lines! and acetonitrile~dashed lines!. The curves labeled by
2 refer to the width definition according to Eq.~11!; 3 represents the width
obtained by replacingD(1/2) in Eq. ~11! by the twice distance from the
maximum position to the right line wing on the half intensity level. T
solute size isR054 Å, the solvent parameters are as in Fig. 1.
J. Chem. Phys., Vol. 107
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moments of the solute-solvent potential in the framework
the extended reference interaction site method. The sol
studied were monatomic ions Aq and neutral diatomics
Aq-B2q with the varying chargeq. For both solutes in a
dipolar liquid the second cumulant of the solute-solvent p
tential was found to pass through a maximum in a fash
very similar to that depicted in Fig. 2. Furthermore, for t
dipolar solute, the magnitude of the solute dipole at
maximum Dm.25 D falls in the range obtained in th
present study~see Fig. 2!.

Of course, the cut-off of the emission line at the2Elim

boundary as that shown in Fig. 1 will be smoothed for re
systems by the influence of other solvent and solute mo
From the latter, the intramolecular solute vibrations assu
particular importance for large negativeDE values. How-
ever, the existence of the energetic boundary2Elim for the
dipolar liquid fluctuations may affect the results of the lin
shape analysis permitting one to extract spectroscopic c
acteristics and activation parameters crucial for intramole
lar ET reactions.3,4

Nonlinear narrowing of emission lines analogous to th
reported here has been observed by Carter and Hynes17 in
ion-pair simulations. The effect was attributed to the d
crease of the force constant of solvent fluctuations indu
by the solute. That picture is consistent with the proposa
Kakitani and Mataga~KM !21 who claimed that restrictions
on the solvent molecules imposed by a charged solute sh
increase the curvature of the Gaussian distribution of
solvent potential magnitudes. This point deserves spe
comment. As can be easily seen from comparing Eqs.~5!
and~10!, the curvatures of linear and nonlinear spectral lin
at the maximum are the same. The spectral narrowing i
fact produced by the deviation of the line shape from
Gaussian form when approaching6Elim boundaries and no

FIG. 3. Emission shift vs the solute dipole moment change obtained for
linear ~1! and nonlinear~2! responses in methanol. The dash-dotted li
shows the dipolar fluctuations band limitElim . The solute and solvent pa
rameters are as in Fig. 2.
, No. 5, 1 August 1997
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1380 D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
by the variation of parabolic force constants. Only when
ted to a parabola, does the nonlinear spectral line corresp
to an effectively Gaussian medium with a diminished for
constant of solvent fluctuations. This picture is analogou
that proposed by Tachiya52 who pointed to the contradictor
nature of the KM theory operating in terms of the parabo
energy surfaces with state dependent curvatures.

III. ELECTRON TRANSFER ACTIVATION ENERGY

ET reactions in polar fluids are capable of providing
crucial test of nonlinear solvation effects for at least tw
reasons. First, ET reactions are generally accompanied
creation of large ET dipole moments. Second, experim
tally widely used sampling of the ET free energy gap giv
information about the solute dipole dependence of the d
lar solvation energy inaccessible from usual optical exp
ments. Let us consider the latter point in more detail.

The key difference between the dipole solvation therm
dynamics and ET kinetics is that the latter involves solvat
of a nonequilibrium dipolemÞ in the activated ET state. Th
value ofmÞ is chiefly determined by two factors:~i! the
linear solvent response function or, in other words, the fo
constant along the ET reaction coordinate and~ii ! the mag-
nitude of the ET vacuum energy gapDE0. The variation of
DE0 changes in turnmÞ. Therefore, by samplingDE0, we
get in fact the variation of the effective dipolemÞ and the
solvation free energymp(m

Þ) determining the activation
barrier. Especially in the inverted region of ETmÞ may
deviate significantly from the equilibrium solute dipole m
ments. In this case nonlinear solvation effects may ass
significance. This point becomes clearer when ET is trea
in terms of a nonequilibrium solute dipole as the react
coordinate.

We consider here the charge separation reaction A
→ A2–D1 proceeding with changing the solute dipolar sta
m1→m2,m150,m25Dm. Widely accepted in the literatur
is a definition of the reaction coordinateX as the difference
of the total energies of the donor and accep
states33,38,40,53,54

X5DE02Dmm(
j
u0s~0 j !,

whereu0s(0 j ) is the interaction energy between the unita
solute and solvent dipoles,j denotes the orientation and th
position of thej th solvent molecule, ‘‘0’’ refers to the solute
DE05\V5E022E01, andE0i are the vacuum energies o
the donor-acceptor complex. For the reaction coordinateX,
analogously to Eqs.~2! and~3!, the diabatic free energy sur
faces in the initial (i51! and final (i52! states are deter
mined by the relation

exp@2bFi~X!1bE0i #5E
2`

` ds

2p
exp@ isb~X2DE0!

2bmp~mi1 isDm!#. ~12!

If we define the ET reaction coordinate through the effect
solute dipole moment
J. Chem. Phys., Vol. 107
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@a is the linear response coefficientmp(Dm)52aDm2], we
get in the linear response approximation

F1~d!5E011ad2,

F2~d!5E021a~d2Dm!22aDm2.

The energiesFi(d) are analogues of Marcus
8 parabolas with

the minima having the clear physical meaning of the sol
dipole moments in the initial and final states. The ET pro
lem can thus be formulated in terms of the nonequilibriu
solute dipoled. Note that at this stage we do not assume
point character of the solute dipole. In this sense the form
lation in terms of the solute dipole reaction coordinate
essentially analogous to that of Marcus through a charg
parameter.26 Furthermore, the theory, for the sake of cons
tency with our dipole solvation treatment, formulated f
charge separation, is not actually restricted to this particu
reaction. The description in terms of thed-coordinate re-
mains intact for a more general case of charged reacta
However, for such systems, the solvation potential has to
calculated for the reference liquid perturbed by a charg
solute.

For nonlinear solvation, the free energy surfaces can
evaluated by integrating overs in Eq. ~12!. Actually, we
need to determine only one surface, since they are conne
by the exact formula

F2~d!5F1~d!1DE02~2aDm!d, ~13!

derived in Appendix A. Analogous relations in terms of th
reaction coordinateX have been suggested previously in t
literature.38,43

The free energyF1(d) can be evaluated in a way simila
to that in the preceding section, in the steepest-descent
proximation, which proves to be very accurate compared
exact numerical integration. In this way, the diabatic ET fr
energy functions are given by the relations

F1~d!5E011amÞd~12bmÞ2!, ~14!

F2~d!5E021amÞd~12bmÞ2!2~2aDm!d, ~15!

wheremÞ is related tod by

mÞ

~11bmÞ2!2
5d.

The minima ofFi(d) are located at the points

dmin
~1! 50, dmin

~2! 52mp8~Dm!/~2a!. ~16!

The latter relations are exact and independent of the part
lar form of mp(Dm) used.

Analogously to the spectroscopic formulation@Eq. ~9!#,
the range of possible vacuum gaps at which the surfa
Fi(d) have an intersection point is limited by the inequal
uDE0u<Elim restricting by this means the accessible react
coordinate valuesudu<9/(16A3b). WhenDE0 falls outside
this range, the energy of dipolar fluctuations is not enough
surmount the barrier and the activation energy in the dipo
, No. 5, 1 August 1997
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1381D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
fluctuations channel becomes infinite. Other mechanism
ET activation should be involved in this case for the react
to proceed. The constraint imposed on the energy gap va
seems to be the main qualitative consequence of nonli
dipolar solvation. The deviation of the energy surfac
Fi(d) from the linear response parabolic behavior is re
tively small and doesn’t exceed 20% at the boundaries of
permissible range ofd’s ~Fig. 4!. Additionally, for exother-
mic ET reactions, the nonlinear solvation effect will be co
cealed by intramolecular vibrational excitations.

The ET reorganization energy cannot be defined in
unique way when nonlinear solvation is involved. We w
determine therefore the solvent reorganization energies
each state through the corresponding vertical transition e
gies\vabsand\vfl

42

l15\vabs2DG, l256\vfl1DG, ~17!

where ‘‘1’’ corresponds to the normal region of E
(DG,2mp(Dm)) and ‘‘-’’ to the spectroscopically more
common case ofDG.2mp(Dm) (DE0.0). The vertical
transition energies are given in this case by

\vabs5F2~0!2F1~0!, \vfl5uF1~dmin
~2! !2F2~dmin

~2! !u
~18!

and DG5DE01mp(Dm). From Eqs.~13!, ~16!, ~17!, and
~18! we get immediately

l152mp~Dm!, l252Dmm8p~Dm!1mp~Dm!.
~19!

For mp(Dm) given by Eq.~4!,

l25l1

12bDm2

11bDm2

FIG. 4. Diabatic ET free energy surfaces along the reaction coordinated for
the charge separation~1! and charge recombination~2! reactions. The solid
lines indicate nonlinear solvation, the dashed lines show the linear resp
results. The vertical dotted lines confine the range of accessibled-values at
which intersection ofF1(d) andF2(d) is possible. The solvent and solut
parameters are:s55 Å, r*50.955, m52 D, R054 Å, Dm520 D,
DE0521 eV.
J. Chem. Phys., Vol. 107
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and the combination

l~ l !5l1
2/ l̃ , l̃5~l11l2!/2 ~20!

gives the linear response reorganization energyl ( l ). This re-
sult offers a natural way of experimentally testing the no
linear effects on reorganization energy by comparingl i to
their combination ~20!. Further, due to the inequality
ump(Dm)u,aDm2, the relationl2,l1 should be universa
as well. The difference betweenl2 and l1 is, however,
rather modest (. 15%, Fig. 5a! and is much smaller that th
deviation of about 40% reported for dipolar lattice simu
tions by Zhou and Szabo.42 The difference in the nonlinearity
effect seems to originate from the local solvent electrost
tion occurring in fluids but excluded in lattice media. In liq

se

FIG. 5. Dependence of the reorganization energies~a! and their temperature
derivatives~b! on the solvent dipolar densityy. Numbers denote charge
separationl1 ~1!, charge recombinationl2 ~2!, and the linear response

l ( l )5l1
2/ l̄ , l̄ 5(l11l2)/2 ~3! reorganization energies. The solvent an

solute parameters ares55 Å, r*50.955, R054 Å, Dm520 D, ap

5 1023 K21.
, No. 5, 1 August 1997
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1382 D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
uid media, the solvation power is decreased due to the l
compression of the liquid compensating the effect of
alignment of the permanent dipoles.

The nonlinear solvation effect, moderate for reorgani
tion energies, becomes more pronounced for their temp
ture derivatives~Fig. 5b! implying the ET entropy can be
noticeably higher for charge separation than for charge
combination. The temperature derivatives ofl1 andl2 have
been calculated by accounting for the explicit temperat
dependence iny and the density variation as follows:

r5r~T0!@12ap~T2T0!#, T05298 K,

whereap is the solvent isobaric expansibility.@The tempera-
ture variation of the solvent HS diameter may also be ta
into account, but it produces no significant effect.# The
physical reason for the higher sensitivity of the entropy
solvation nonlinearity is rooted in the fact that the entro
reflects the solvent configurational sensitivity to thermal
citations. The ability of the liquid to respond to the tempe
ture increase becomes diminished by the nonlinear satura
of dipolar orientations making the liquid around the solu
configurationally more rigid. Our reorganization energy c
culations show, as a whole, a minor effect of nonlinearity
the free energy surfacesFi(d), in accord with some previou
studies10,12,15,16,33and in disagreement with others.21,42,43The
effect of nonlinearity on ET activation entropies has not be
previously explored. The significant difference between
entropies of charge separation and charge recombina
found in the present paper may offer an experimental wa
testing nonlinear solvation theories.

Equation ~19! gives an exact definition of the charg
separation/recombination reorganization energies. It ena
one to carry out a general thermodynamic analysis of solv
reorganization in terms of its enthalpy and entropy com
nents. The reorganization energy of charge separation is
the negative of the chemical potentialmp(Dm) of the ET
dipole. It splits into the internal energyup(Dm) and entropy
sp(Dm) parts

l152mp~Dm!52up~Dm!1Tsp~Dm!. ~21!

mp(Dm) can alternatively be defined as the free energy
vested in charging the solute dipolem0 from zero toDm @see
Eq. ~2! of paper I#

l152mE
0

Dm

dm0E u0s~01!g0s~01;m0!dG1 , ~22!

where g0s(01;m0) is the solute-solvent pair distributio
function for a solute with the dipolem0. We get from Eq.
~22!

2Dmm8p~Dm!52up~Dm!.

This implies thatl2 in Eq. ~19! is just the entropy of dipolar
solvation

l252Tsp~Dm!. ~23!

The reorganization energyl̃ which is the arithmetic mean o
l1 andl2 is also equal to the half of the Stokes shift. T
latter is the difference of the energies of two vertical tran
J. Chem. Phys., Vol. 107
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tions which cannot include any variation of the entropy.
accordance with this physical picture we get from Eqs.~22!
and ~23! only the internal energy component

l̃52up~Dm!. ~24!

This shows that the three reorganization energiesl1, l2 and
l̃ , though close in magnitude~Fig. 5a!, are not equivalent
thermodynamically. This is in fact the reason for their diffe
ent temperature variation~Fig. 5b!. Note also that the com
bination of any two of Eqs.~21!, ~23!, and ~24! gives the
entropy and enthalpy of equilibrium solvation from optic
spectra. Both solvation enthalpies and entropies are mo
unavailable for dipolar solutes.55 A spectroscopic analysis in
terms of Eqs.~21!-~24! provides therefore a new way o
extracting thermodynamic potentials of equilibrium dipol
solvation. A realistic analysis should however include t
solute and solvent polarizabilities.

IV. COMPARISON TO SIMULATIONS AND
EXPERIMENT

The two major manifestations of the nonlinear solvati
effect on optical spectral lines obtained in the present tre
ment are the line narrowing and the switch of the line sh
dependence onDm from quadratic to linear. Although thes
features have been obtained here by applying the Pade´ form
~4!, they are quite general and are based solely on the s
ration concept. As a matter of fact, both effects are just c
sequences of the restriction2Elim<DE<Elim imposed on
the energy band of dipolar fluctuations. The line narrowi
should therefore appear in any model including this featu
Similarly, the linearDm dependence of the line shift i
achieved at largeDm magnitudes for any functional form o
the solvation chemical potentialmp(m)5am2f (m) with the
asymptoticsf (m)→1 atm→0 and f (m) } 1/m2 atm→`.
This can be seen from the following reasoning. The energ
boundary of the solvent dipolar fluctuationsElim is obtained
from the simultaneous conditions of equality to zero of t
first two derivatives of the functionF (s)52 isbDE
2bmp(mg1 isDm)

F 8~sÞ!50, F 9~sÞ!50.

The first condition gives

Elim5aDmmÞ@2 f ~mÞ!1mÞ f 8~mÞ!#. ~25!

The second derivativeF 9 is equal to22aDm2 at low mag-
nitudes ofm and becomes positive at largem if for the
expansion in the inversem powers

mp~m!5am2f ~m!5(
i50

`
ai
m2i

the condition a1,0 is obeyed. As a result,F 9 passes
through zero at some intermediate value ofmÞ independent
of Dm and DE. Consequently, as is seen from Eq.~25!,
Elim } Dm ~Fig. 3!. From this consideration we can draw th
conclusion that the general qualitative features of the non
ear solvation effect are independent of the particular form
the solvation chemical potential involving the saturati
, No. 5, 1 August 1997
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1383D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
limit. The prominence of the nonlinear effect depends, ho
ever, crucially on the magnitudes of the expansion coe
cients a and b in Eq. ~4!. Our present calculations with
R054 Å indicate that deviations from linear behavior a
substantial for emission lines with high values of the dip
moment variationuDmu.15220 D. Although rather high,
such magnitudes ofDm can be realized in spectroscopic a
plications, especially in molecular chromophores capable
intramolecular charge transfer.3,4,56,57We will touch on com-
parison with experiment below and assess first the accu
of the present calculations by comparing them with simu
tions.

Shemetulskis and Loring28 performed Monte Carlo
simulations of optical emission lines in dipolar liquids aim
at testing linear solvation theories. The nonlinear effect
been extracted from the deviation of the simulation data fr
the linear response relation between the width and the s
of the emission line

bD2/de5Dm2/~mg•Dm!. ~26!

The simulations were run for the dipolar fluid with the p
rametersm51.69 and 2.29 D,r*50.8, ands54.3 Å. For
the chromophore,R053.85 Å andmg516.1 D were used
The validity of the relation~26! has been tested by varyin
the excited dipole momentme from 16.1 to 7.85 D, with
me parallel tomg . The simulation results were found to fa
on the straight line as predicted by Eq.~26! but with a lower
slope as the indication of the nonlinearity effect. The sa
picture is observed in the framework of the present theory
Fig. 6, we have plotted the ratio~26! calculated from Eqs.~8!
and ~10! and from the reference hypernetted chain~RHNC!
approximation shown previously58 to be in good agreemen

FIG. 6. The ratiobD2/de vs 2Dm for the transitionmg→me with
mg516.1 D andme in the range from 16.1 to 7.85 D. The dotted lin
indicates the linear response result, the solid lines correspond to the no
ear response of the dipolar fluid withm51.69 ~1! andm52.29 ~2! D ac-
cording to the present theory. The dashed lines refer to the RHNC re
with the solute and solvent parameters listed in the text.
J. Chem. Phys., Vol. 107
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with the simulations of Shemetulskis and Loring.28 As is
seen in the figure, the two calculation schemes almost c
cide for the dipolar solvent withm51.69 D. For the more
polar solvent withm52.29 D both the RHNC approximation
and simulations show the decrease of the nonlinearity ef
reproduced by the Pade´ approximation. The extent of the
nonlinearity decrease is, however, lower in the Pade´ form
compared to the RHNC result. As was discussed in pape
the RHNC calculation scheme restricted to the basis of
projections hab

mnl (m,n<2; a,b50, s) in the rotational-
invariant expansion of the correlation function tends to u
derestimate the nonlinear effect at high solvent polarit
leading to unphysically negative values ofb coefficients in
Eq. ~4!. It could also be that the Pade´ approximant becomes
incorrect in this polarity range. Note also that the agreem
between simulations28 and the RHNC theory is not as clos
for m52.29 D as form51.69 D solvent.

The nonlinear dependence of the band shift and width
the solute dipole variationDm considered in the precedin
section is difficult to test experimentally since such a t
demands the accumulation of data for various chromopho
The chromophore change invokes in turn the solute s
variation. This difficulty is surmounted by the observatio
that for commonly bulky chromophores the qualitative r
sults concerning nonlinear effects on the spectral shift
width remain intact when they are plotted again
uDmu/R0s

3/2 instead ofuDmu. However, the practical applica
bility of such tests is considerably diminished by the scarc
of reliable data on the solute dipole moments and siz
Therefore, the solvent polarity dependence explored in m
spectroscopic studies of solvent effects remains the m
source of testing nonlinear solvation effects.

Equation~1! is a common probe of linear behavior. A
though this viewpoint is widely adopted, it is generally u
clear what type of deviations should the nonlinearity bri
about. The present treatment predicts that for a transi
with the solute dipole enhancementme.mg the emission
bandwidth is lower than that of absorption

De,Da .

The Stokes shift should also decrease compared to the li
response value due to the lowerde . As the consequence o
these two factors, the absorption bandwidth deviates upw
and emission bandwidth deviates downward from the Sto
shift ~Fig. 7!. In accord with this result, the inhomogeneo
broadening was found to be substantially smaller in emiss
than in absorption for the coumarin-153~C153! dye9 charac-
terized by parameters:mg56.55 D, me.15 D, and
R053.9 Å. The plot ofbDa

2 and bDe
2 vs the Stokes shift

\Dvst5de2da ~Fig. 7! taken from experimental data for 4
nonpolar and polar solvents9 differs, however, from the trend
shown in Fig. 7. The main feature seen in Fig. 8 is th
bDa,e

2 are considerably higher thande2da . This is not un-
expected if the intramolecular solute vibrations are taken i
account. Eq.~1! actually holds only for classical solute an
solvent modes. For quantum vibrations with the characte
tic frequencyv i , b\v i@2 the spectral width is approxi
mately determined by the relation4

in-

lts
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1384 D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
bD2.\Dvst1l i~b\v i22!,

wherel i is the reorganization energy of the solute intram
lecular vibrations. Consequently,bDa,e

2 should become
higher than\Dvst under the influence of the solute quantu
vibrations as is actually observed for C153. The participat
of quantum vibrations in the bandwidth depends on the
shift and thus varies with the solvent. An accurate test of

FIG. 7. Calculated absorption~1! and emission~2! widths vs the Stokes
shift de2da . 3 shows the linear response predictionbDa,e

2 5de2da . The
lines ~1!-~3! are obtained by varying the solvent dipole moment in the ra
0<m<4 D with s54 Å andr*50.859. The solute parameters are tho
of coumarin-153:mg56.55 D,me515 D, andR053.9 Å.

FIG. 8. Experimentally measured~Ref. 9! absorption (d) and fluorescence
~j! widths vs the Stokes shift for coumarin-153 in 40 solvents. The das
lines are the regressions drawn through the points. The solute paramete
as in Fig. 7.
J. Chem. Phys., Vol. 107,
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linear theories by Eq.~1! demands therefore a bandsha
analysis including quantum vibrational modes. In the a
sence of such data, a more direct verification of the LRA c
be achieved in terms of the absorption and emission ba
shifts.

In the LRA, the absorption and fluorescence energ
can be represented by the relations

\vabs5\v0,abs1DEdisp22mg~me2mg!C

2~me2mg!
2C`,

\vfl5\v0,fl1DEdisp22me~me2mg!C

1~me2mg!
2C`,

where the gas phase absorption\v0,abs and fluorescence
\v0,fl energies are shifted due to the differential dispers
solute-solvent couplingDEdisp. The response functionsC
andC` correspond to the effect of the solvent perman
and induced dipoles, respectively. The solvatochromic
havior of C153 was found to be similar to that of th
4-nitroanisole dye9 used for constructing thep* solvent po-
larity scale.2 Because the dispersion component
4-nitroanisole does not contribute substantially to the shif36

DEdisp is expected to be relatively small and weakly varyi
with solvent polarity also for C153. Therefore, the plot of

\ṽabs5\vabs1~me2mg!
2C` ~27!

against

\ṽfl5\vfl2~me2mg!
2C` ~28!

is expected to be linear with the slopemg /me50.437 for
C153. For the induction high-frequency component, the
sponse functionC` can be taken in the semicontinuu
approximation30

C`5
1

~R01s/2!3
e`21

e`12
, ~29!

where e` is the high-frequency solvent dielectric consta
The experimental9 absorption and fluorescence energies c
rected according to Eqs.~27!-~29! are plotted in Fig. 9~a! for
25 solvents for which both experimental spectral data a
hard sphere diameters49 are available. The slope value o
0.51 of the regression line is higher than the LRA predicti
in accordance with our expectation of the diminished flu
rescence energy. Moreover, the calculation of the absorp
and fluorescence shifts in the framework of the pres
theory for a model solvent withs54 Å, h50.45, and the
dipole moment in the range 0<m<4 D yields for C153 the
slope 0.53 very close to experiment@Fig. 9~a!#. Analogous
results can be obtained for other dyes of the couma
series.59

Similarly high theory-experiment coincidence
achieved for the classical Lippert7 data on the fluorescenc
and absorption energies of 4-dimethylamin
benzene-48-nitroaniline dye (mg58.6 D, me538 D, and
R058 Å!. Both the theory and experiment result is this ca
in the slope 0.226@Fig. 9~b!# between the absorption an
emission energies corresponding to the linear response
diction

e

d
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1385D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
mg /me . The latter circumstance is due to the large ch
mophore size weakening the solute-solvent dipole-dip
coupling. The size effect may be also responsible for
higher scatter of the points in Fig. 9~b! due to an enhance
impact of the solvent-dependent dispersion termDEdisp.

30

V. SUMMARY

Almost all current studies of nonlinearity in solvatio
phenomena have addressed the question of the extent o

FIG. 9. Absorption energies of Eq.~27! vs fluorescence energies of Eq.~28!
obtained from experimental data for coumarin-153~Ref. 9! ~a! and for
4-dimethylaminobenzene-48-nitroaniline ~Ref. 7! ~b! dyes in a number of
solvents (d). The dashed regression lines have the slope 0.53~a! and 0.227
~b!. The solid lines show the dependence of the absorption vs fluoresc
shift calculated in the present theory for a model solvent withs54 Å,
r*50.859, and the dipole moment in the range 0<m<4 D. The slopes of
the solid lines are 0.51~a! and 0.226~b!. The solute parameters are as in Fi
7.
J. Chem. Phys., Vol. 107
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viation from the linear response predictions. In the pres
paper we approached the problem from a somewhat diffe
standpoint. The question raised by the study is: If dipo
saturation manifests itself in dipole solvation, what would
the observable consequences for steady state spectros
and ET? We concentrated thus on qualitative insights i
the effect of nonlinear dipole solvation on optical and rad
tionless transitions aimed at understanding the types of
viations from the linear response theories that should be
pected. Since the bandwidth and the solvent-induced
shift are two spectral characteristics most commonly av
able from experiment, we focused on these two parame
The main point of concern of our treatment is that deviatio
from linear behavior should be sought for transitions w
high dipole moments in the initial state. This condition
most often realized for emission spectra. For absorption tr
sitions 0→me , no substantial nonlinear effects have be
found, in accord with previous studies.15,24As a result of the
nonlinear solvation effect both the bandwidth and the sp
tral shift deflect downward from the linear response pred
tion. The dependence of the emission shift on the dye dip
variationDm switches in the nonlinear region from the qu
dratic linear response trend} Dm2 to the linear variation
}u Dmu. The bandwidth in emission is predicted to be na
rowed compared to the absorption width and even may p
through a maximum as a function ofuDmu. Ultimately, with
increasing solvent polarity, the absorption widthbDa

2 devi-
ates upward and the emission widthbDe

2 downward from the
Stokes shift. Comparison of the theory predictions w
simulations and experiment shows that it is generally in go
quantitative agreement with the observed results.

The form of the linear behavior criterion is the issue
particular interest for spectroscopic applications. The cr
rion can be easily extracted from our analysis. The emiss
line shift may be treated according to the LRA if the line
shift de

( l ) doesn’t reach the fluctuation band bounda
ude

( l )u52ameDm!Elim . This yields the condition
me!9/16A3b. For commonly bulky chromophoresR0.s
the criterion can be simplified further, since in this ca
b.b2m2/150R0s

6 . We thus get that for the linear behavior
hold for an emission transition the inequali
bmem/R0s

3 !4 should apply.
The solvent reorganization energy of intramolecular

deserves special comment. As we have shown in Sec. IV
width of emission~charge recombination! transition is lower
than that of absorption~charge separation!. Since the line-
width is commonly related to the reorganization ener
~classical modes! by the expressionD252lkBT, this is con-
sistent with the trendl2,l1 found for ET reactions. How-
ever, under a nonlinear description, different definitions
the reorganization energy no longer coincide and the va
obtained from the vertical transition energetics differ fro
those from the linewidths. The reorganization energy lo
thus its universal meaning of the strength of the coupling
the solute electron levels to the inertialess solvent fluct
tions of condensed media. The width and shift need actu
two separate characteristic parameters. This implies
when the nonlinear activation energy is fitted by the Marc

ce
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1386 D. V. Matyushov and B. M. Ladanyi: Nonlinear effects in dipole solvation. II
type quadratic form, it should contain two effective solve
reorganization energies.

Another important conclusion concerning ET follow
from the comparison of the charge separation and cha
recombination reorganization energies in Eq.~19!. These ex-
pressions follow from exact relations~13! and ~16! and are
therefore independent of the particular form of the solvat
chemical potential applied. It is seen that we can use sim
the solvation chemical potential to calculate the nonlin
reorganization energy for charge separation but need a m
complicated relation for charge recombination. This poin
pertinent to the often used representation of the reorgan
tion energy in terms of the solvation free energy which
thus restricted to linear response and charge separation
tions.

The substantial difference between the reorganiza
entropies of charge separation and charge recombinatio
an important outcome of the present study. This result of
a way of testing the nonlinear solvation theories from
thermochromism of optical spectra. Additionally, the the
modynamic distinctions between different definitions of t
reorganization energy~21!-~24! yield enthalpies and entro
pies of equilibrium solvation from optical absorption an
fluorescence energies.
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APPENDIX A: CONNECTION BETWEEN F1 AND F2

The free energy surface of the charge separated sta
determined by the relation

FIG. 10. Integration contour C. The two points indicate essential singu
ties of the integrand. The integrals over the semicirclesG1 andG2 are equal
to zero.
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I L5exp@2bF2~d!1bE02#5ReE
L

ds

2p
exp@F 2~s!#,

where the integration is performed over the segment
21/Ab<s<1/Ab and

F 2~s!52 i ~2bDmd!s2bmp~Dm~11 is!!.

Since the integrand is analytic inside the closed contou
shown in Fig. 10, we get

I C5ReE
C

ds

2p
exp@F 2~s!#50.

The contour integral is represented by the sum of the c
stituents

I C5I L1I I2I II2I L8 ~A1!

over the contour parts depicted in Fig. 10. It is easy to sh
that I I2I II is the difference of complex conjugate values g
ing no contribution to the real value of the integral. For t
integral I L8, the variable changes5 i1t immediately gives

I L85exp@b~E0112aDmd2F1~d!!#,

which combined with Eq.~A1! results in Eq.~13!.
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