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We present a theoretical analysis of the effect of nonlinear dipole solvation on steady-state optical
spectra and intramolecular electron trangt€F) 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 Z;;,,. 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 bounéggybringing 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 variatidbm switches from the quadratic linear response form

« Am? to a linear trenc<| Am|. The bandwidth may pass through a maximum as a function of
|Am| in the saturation region. Nonlinear solvation results thus in a narrowing of spectral lines. For
a transition with solute dipole enhancement, the bandwidth in emigsiagitherefore lower that in
absorptionA,: A.<A,. As a result, the plot OEA;e, B=1/KkgT against the Stokes shiftA;
demonstrates the upward deviation ,Bﬁg and downward deviation oBAg from the linear
response equalit)@Agvfi’zAwst. 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,( than for charge recombination ). Both are smaller than the
linear response result. For the reorganization energies, the discrepancy batweed \, 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. 1®97 American Institute of Physics.

[S0021-960627)01529-9

I. INTRODUCTION chemical potentialu, scaled by the squared solute dipole
) ) . __moment u,= —ami. The proportionality coefficienta
The inhomogeneous broadening and shift of opticakemed the response function is factored for large solutes into
spectral lines induced by a condensed phase environment &g, sojute size and solvent components. For the continuum
fundamental properties characterizing the solvation power ofqent response, they are the cube of the inverse solute ra-
the m.edium. Based on this vi.ewpoint, optical spectral dyesji,s and the dielectric functionet- 1)/(2e+1), wheree is
are widely used as microscopic probes of solvent polarfty. the solvent dielectric constant. It is therefore the LRA that
Activation parameters of electron transf&T) reactions are  forms the background of using optical chromophores as sol-
available from the bandshape analysis of ET opticalent polarity indicators. Deviations from linear response

spectrd* rendering the two fields of optical spectroscopy yoyld manifest themselves as a dependence of the response
and ET reactions progressively more closely allied. Bothy,nction on the solute dipole moment.

problems are therefore treated here in the framework of the |, the LRA. the spectral shift and width are no longer
common formalism of Pad&uncation of the perturbation ihgependent. The difference of the absorption and emission
expansion for the solvation chemical potential developed iNnergiesi A wy, (Stokes shiftis related to the spectral width

the preceding papefpaper ). A by the formula
In spectroscopic measurements, the chromophore dipole
moment varies due to optical transition from the ground state hAwg=BA?, (1)

value my to the excited state dipole, . Differential solva-

tion of the excited(nonequilibrium and ground(equilib-  whereB=1/kgT. This relation is often uséds a critical test
rium) dipolar states leads to a spectral shift probing the elecef the LRA applicability. Physically, the LRA is valid pro-
trostatic potential created by the solvent at the solutesided the solute-solvent interaction is weaker than solvent-
location. In the widely used linear response approximatiorsolvent coupling, thus imposing only a small perturbation on
(LRA)® the local solute potential is assumed to be proporthe liquid. In practice, however, the desire for achieving
tional to the solute dipole moment, resulting in a solvation well-resolved solvent-induced shifts leads to the use of chro-
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mophores  with  high dipole moment variations polar fluid modeling methyl chloride. Fonseca and Ladhyi
Am=m,—mq for which the LRA ansatz may break down. observed marked departure from the linear response expec-
This raises the question of the range of applicability of thetations when studying the solvation dynamics in methanol.
LRA and the relative impact of nonlinear solvation. Further detailed studiéShave shown that the effect is to be
The problem of nonlinear effects in equilibridfi*®and  attributed to nonlinear response of the solute-solvent hydro-
nonequilibriunt’~**solvation, especially of ions, has already gen bonding to the change in the charge of the solute site. On
a long history. Numerous simulations have been performethe other hand, studies of the dynamic solvent response to an
to test the solute charge dependence of the ion solvation fréastantaneously created solute dipole have clearly
energy. Although the response function was found to be gershowrt®24?5that without specific solute-solvent interactions
erally dependent on the sign of the charge, the quadratic iothe deviations from linear response behavior are relatively
charge dependence of the solvation free energy has been reamall. In spite of these recent findings encouraging the ap-
sonably well reproduced in the majority of studies. The signplication of the LRA in steady state spectroscopy and in-
dependence of the response function was related to the asytnamolecular ET reactions, some fundamental questions re-
metry of the intramolecular charge distribution in solventmain open. First, it is still unclear what are the general
molecule$®®1or to specific force effects. The conclusion conditions of applicability of the LRA and how they are
that can be drawn is that the average potential of the solverffected by the solute and solvent properties. Second, the
is approximately linear in the solute charge in the chargeesults obtained for the instantaneously created dipole may
range explored. This effect is due to the compensation beot hold for the states with nonzero initial dipole moments.
tween the orientational saturation in the first solvation shellThe latter point concerns especially emission specrab-
and the closer approach of the solvent molecules to a chargemrption of negative chromophofésharacterized by high
solute?®1629The nonlinear aspect of charge solvation mani-values of the initial state dipole moment. Notice in this re-
fests itself, however, in the fluctuatiq@V?) of the solvent  spect the contradiction between the results obtained for the
potential V. The “freezing” of the solvent induced by a fluorescence of the charge transfer statghere nonlinear
charged solute leads to the approximately quadratidn-  effects were clearly seen and those for the instantaneously
crease of the force constaky=kgT/(8V?) with the solute created dipol&?*?where they have not been found. Let us
charge. The Gaussian distribution of the potential fluctuaconsider this point more closely.
tions thus becomes narrowed due to nonlinear saturation ef- Due to thermal fluctuations of the polar liquid the solute
fects. initial and final electronic states acquire a distribution of en-
The nonlinear effects in dipolar solvation have beenergy levels. The maximum of the spectral line is just the first
much less explored than those of the ionic solute case. Yehoment of this distribution. The scanned light frequency
they may be even more pronounced for dipolar solutes. Thprobes different parts of the distribution of levels with non-
clue to this suggestion is provided by the comparison of theequilibrium energies produced by solvent fluctuations. The
solvation energies of ions and dipoles obtained as a firstnergy of creating such a fluctuation can be treated as a
order perturbation over the solute-solvent potential. The linsolvation energy of some fictitious solute dip8fdf the ini-
ear response solvation energy of an ion contains only th&al (e.g., emissionstate already possesses a high dipole mo-
longitudinal solvent response (1—1/e) finite even in the ment, the real and fictitious dipoles add up. The wings of the
infinite polarity limit e—. On the other hand, the solvent spectral line can thus be characterized by large effective sol-
response to a dipolar solute is a linear combination of thaite dipoles for which nonlinear solvation effects may assume
longitudinal and transverse response functféfsee also pa-  significance resulting in deviation from Gaussian behavior.
per l). The latter« (e—1) diverges at—« indicating vio-  This is indeed the picture observed in the present work. Due
lation of the LRA. In continuum and integral equation theo-to nonlinear solvation effects the emission spectral lines get
ries this difficulty is overcome by incorporating the self- squeezed resulting in a line narrowing.
consistency through the reaction field concept in the former If nonlinear solvation manifests itself in steady state
case and by summing the chain solvent dipole-dipole diaspectroscopy, the important question is which of its conse-
grams in the latter. However, the very existence of this sinquences could be recognized in experiments. The violation
gularity may signal the possibility of nonlinear effects in of the linear response relatigh) is commonly considered as
dipole solvation more pronounced than those of ionic solthe main indicator of nonlinear solvation effects. However,
utes. This conjecture is actually borne out by very recentis we show below, this is not the only manifestation of non-
simulations of ion and dipole hydratithwhere the linear linear solvation. Therefore, our attention in the present work
response approximation was found to be less accurate fas chiefly focused on qualitative consequences of nonlinear
dipolar than for ionic solutes. dipolar solvation for the solvent-induced shifts and widths of
Concerning dipole solvation, molecular dynamics com-optical spectral lines. To this end, we consider here the
puter simulations have chiefly been performed on a physisimple model of a spherical solute in a dipolar solvent of
cally related system of a rigid diatomic of oppositely chargedspherical nonpolarizable molecules with centered point di-
spherical sites. Several nonlinear solvation effects have begioles. Our restriction to a nonpolarizable fluid is motivated
observed for such ion pair solutes. Carter and Hyffssd a by the existence in this case of a simple connection between
substantial narrowing of the time dependent fluorescencthe spectral shape and the chemical potential of solvation of
lines when a charge separated state has been created ira dictitious solute with a complex-valued dipole moment, as
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suggested by Loring’?8In fact, an analogous representation The emission intensity can be obtained analogously after the
exists also for polarizable nonpolar liquiths° but the situ- replacemenmg—m, andAm— —Am.
ation becomes more complicated when both polarizability = The chemical potential difference under the exponent in
and permanent dipole moments are involved. Although théeq. (3) determines the free energy of creating a nonequilib-
role of the solute and solvent polarizabilities is increasinglyrium solvent fluctuation corresponding to an equilibrium
appreciated in present-day studies of equilibdinand  configuration with some effective solute dipole moment the
nonequilibriunt>3233 solvation phenomena, these alsomagnitude of which is determined by the energy gep.
clearly indicate that the qualitative results obtained forSince the spectral intensity at some particular valua Bfis
purely dipolar fluids remain largely intact when the solventa statistically weighted sum over all such fluctuations, we get
polarizability is included. Therefore, the nonpolarizablethe integral over the imaginary part of the solute dipole. In
model seems to be sufficient to clarify the general features abrder to evaluate it correctly we need an expression for the
nonlinear effects due to the dipolar component of solvationsolvation chemical potential valid in the whole range of ef-
Such a model is obviously inadequate for treating opticaFective dipole momenth’ng+isAm|. Unfortunately, most of
spectra and ET reactions in weakly polar and nonpolar solthe molecular treatments of dipolar solvation involve the
vents where inductidi and dispersioif**~3"forces caused LRA or, when nonlinear, can be used only in a very limited
by the solute and solvent polarizabilities as well as higherange of solute dipoles and are not easily extendable to the
multipoles®° play a significant role. complex plane of solute dipoles. Additionally, the compli-

The issue of nonlinear solvation effects in ET reactionscated nature of calculations in molecular theories involving
has continuously been attracting attention during severatonlinearity like the hypernetted-chain approximatfon
decades3349-43Fgllowing the treatment of Kakitani and makes them difficult to use in spectral line and ET calcula-
Mataga(for a recent review see Ref. $the studies of non- tions. That is why we developed in the preceding paper
linear effects focused chiefly on the energy gap dependenddternative approach based on the Padacation of the per-
of ET rates. Unfortunately, the dependence of the ET rate oturbation expansion of the solvation chemical potential over
the energy gap is strongly affected by the solute intramolecuthe dipole-dipole solute-solvent interaction. Apart from its
lar vibrational excitations for intramolecular E¥**and, in  simplicity, the Paddorm of the solvation chemical potential
addition, by the distribution of reaction distances for outeris analytically extendable into the complex plane of solute
sphere ET** Furthermore, the experimental accuracy doesdipole moments making it applicable to spectral line shape
not make it possible to distinguish clearly between differentcalculations.
factors determining the ET energy gap I&Spectroscopic The Paderuncation of the perturbation expansion for a
data seem to be more reliable for treating nonlinear effectspherical solute of radiuR, results in the expression for the
and we suggest below a test of nonlinear solvation effects omolvation potential in the form
ET involving the comparison of charge separation vs charge
recombination reorganization energies and entropies. a(y,p*,ros)Ma

The remainder of the paper is organized as follows. In ~ — #p(Mo) = 14b(y p* .rgom2’ (4)
Sec. Il we derive the analytical expression for the line shape Y:p~:Tos)Mo
using the Padéorm of the chemical potential of dipole sol-
vation. The dependencies of the linewidth and shift on the
solute dipole moment are analyzed. The role of nonlinea
solvation in intramolecular ET reactions is considered in Sec
[ll. The comparison to simulations and experiment is the
subject of Sec. IV. Finally, we conclude in Sec. V by sum
marizing our main results.

which reproduces the quadratic linear response dependence
%n the solute dipole moment, at smallmg magnltudes and
Includes dipolar saturatiop,— —a/b at m0> 1/b. The ex-
pansion coefficients in Ec(4) are functions of the polarity
parametery=(4m/9)Bpm?, the reduced solvent density
“p*=po*, and the distance of the closest approach of the
solvent molecules to the soluiy,=Ry+ d/2, ros=Rys/ o,
where o is the solvent hard sphe(&lS) diameter. The ex-

Il. LINE SHAPE CALCULATION plicit relations for the coefficienta(y,rqs) andb(y,rqs) in
Eq. (4) are given in paper |.
The intensity | ,(w) of the absorption spectral line Equation (4) can now be used in Eg$2) and (3) to
caused by the solute dipole optical transitiom— m, calculate the spectral line shape. If we restrict ourselves only

Am=m,—mjy in a chromophore in a dipolar liquid can be to the linear response term, we get the familiar Gaussian

expressed in terms of the chemical potentiglof solvation  form

of a fictitious complex-valued dipole according to the

relatiorf’ o . (AE—6)2

- ds (@)= (2lam] V) texd — 5o aaimr 0 ©
la(w)=f 5 EXp(—isBAE)C(s), 2

- where the shift of the absorption line relative to the gas phase
where AE=7({)— w) is the deviation of the transition en- transition is
ergy from the vacuum valug() and

C(s)=exf — Bupy(Mg+isAm)+Buy(mg)]. 3) s =2amy-Am. ®)
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The integration in Eq(3) with the nonlinear solvation poten- 0.06 v :
tial (4) can be performed in the steepest descent approxima- 3§§2 §1
tion. In this way, the value of the integral is determined by 0.05 -
the value of the function under the exponent §§ : /
F(s)=—isBAE+ Ba(my+isAm)%/[1+b(m, 0.04 — 1/ \\
> o :
+isAm)?], " B /N R
: . , , C 0.03 — 2/ ; \
at the stationary poirg™ such that7’ (s*)=0. This condi- i) A ! \
tion gives the effective solute transiton dipole - // A 3 ;2 / L |1
m”=mg+is”Am at which the transition occurs. It is deter- 0.02 5 F: A \
mined by the relation /i L / \\
i} 0014 , i [\\iV \
m _AEAm 8 / ; \\: \
(1+bm?2)2 " 2aAm?’ ® 0.00 5 N N
: I I I I |
The most important observation from E®) is that the re- } ) } § §
gion of the existence of the stationary po#it is limited by 40 35 -30 25 20 15 -10
the range of the energy gap magnitudes AE / eV
|AE|<Ejm=9alAm|/(8+3b). 9)

FIG. 1. Linear(dashed lingsand nonlineagsolid lines response emission

This relation confines the range of the permissible eﬁectivéines_ip methanol(_l,Z) and acetonitrile(3) corresponding Fo t_he emission
9 P fransitionm,— 0 with m,=15 D (1) and 20 D(2,3). Solute size iR,=4 A.

) b ; e
q'POIes m <1/V_3b for Wh'Ch the second derivative of 1 yotted lines show the dipolar fluctuation boundaigs. The solvent
Z(s) at the stationary point parameters are=3.77 A, p*=0.793,m=2.34 D (1,2 and 0=4.14 A,
p*=0.810,m=4.3 D (3).
(1-3b m*z)

(8 e = — 28| AN T

P . 48 _ 49
remains negative. For the frequencies that violate the inl@r liquids modeling methan® (=377 A,
*=0.793, andm=2.34 D) and acetonitril®® (c=4.14 A,

equality (9) the line intensity should be set equal to zero.P* k
This is the mathematical reflection of the involvement of?” =0-810, andm=4.3 D). The solvent permanent dipole
solvent saturation. Physically it implies that a dipolar liquid Moments have been slightly increased compared to the gas
cannot create a dipolar fluctuation of infinite energy and thg?hase valuen=1.70 D for methanol anan=3.50 D for
range of accessible energy fluctuations is confined by th_@cet_o_nltnle to a_ccommodate the effect of_ the solvent polar-
band— E;,<AE<E; . The boundaries of this band restrict izability enhancing _the average solvent dipole moment._For
in turn the range of frequencies with nonzero absorption inthe solute, the radiuR,=4 A common for spectroscopic
tensities. It is clear that nonlinear solvation effects can manj@Pplications has been used. .

fest themselves when the enery approaches the limits For the adopted parameters we found that relatiGhs
+E;,. By contrast, in the center of this interval the linear @1d(10) coincide aimost exactly with the integred) invok-

response approximation should hold. This point explaind"d #p from Eq. (4) for the absorption transition-6 Am
why no significant deviations from the linear response beWith Amin the range 8<Am=20 D. However, the situation

havior have been observed for an instantaneously creatédi@nges dramatically for emission transitions for which the
dipole in nonprotic polar solvent&24 In this case, the ab- Cchromophore has already an appreciable dipole moment in
sorption maximum is positioned &E=0 and the line in- the e_qwhbm_;m e_xcned sta_te{The same is true for absprp-
tensity decays almost to zero at the boundaties;,. Ac-  Uon lines with high magnitudes am,, e.g., for negative
tually, we have not found any noticeable discrepancies ighromophore$) Let us consider the emission transition
absorption (n;—m,, my=0) line shape between the linear Am—0, m=Am. The maximum of the emission line shifts
response limit )(w) and the nonlinear result progrgsswely with |nc.reasm_gm. Fgr re_Iat|ver smaIIAm

a magnitudes, the nonlinear line shkﬁé”) is proportional to

11 (w)=(2|Am|D J7pa)~* Am? according to the linear response predicti@. With
201 _ pm*2 increasing Am the maximum approaches the fluctuation
Xex;n( —ﬁM band boundang,, (Fig. 1). This results in two major ef-
(1+bm™?) fects: (i) the line narrows(Fig. 2) and (i) the quadratic

am® . am? 8 o« Am? emission shift variation switches to the linear de-
+28 2. -B My |, 100  pendencesy” o Am (Fig. 3. We consider both effects sepa-
(1+bm™) 1+bmg rately below.

_ Lo\ 12 %2 As is illustrated in Fig. 1, the emission line is cut off
D =(1=3bm™5)™(1+bm™) from the side of the boundary E;;,, for large Am magni-
obtained in the steepest descent approximation mithfrom  tudes and strong solvent polarities. For our example, notice-
Eq. (8). The calculations have been performed for two dipo-able cut-off of the line is observed only for a highm value
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FIG. 2. Bandwidth of the emission transition.—0 vs the solute dipole  FIG. 3. Emission shift vs the solute dipole moment change obtained for the
moment changé& m=m, for the linear(1) and nonlineac2,3) responses in  linear (1) and nonlinear(2) responses in methanol. The dash-dotted line

methanol(solid lineg and acetonitrilgdashed lings The curves labeled by  shows the dipolar fluctuations band lintif;,,, . The solute and solvent pa-
2 refer to the width definition according to E.1); 3 represents the width  rameters are as in Fig. 2.

obtained by replacing\(1/2) in Eqg.(11) by the twice distance from the
maximum position to the right line wing on the half intensity level. The

solute size iRo=4 A, the solvent parameters are as in Fig. 1. moments of the solute-solvent potential in the framework of

the extended reference interaction site method. The solutes
studied were monatomic ions %Aand neutral diatomics
in acetonitrile as the solvent. Since this nonlinear effect proA%B~9 with the varying chargey. For both solutes in a
duces a deviation of the line shape from the Gaussian forngipolar liquid the second cumulant of the solute-solvent po-
the line width can be determined according to the experimentential was found to pass through a maximum in a fashion
tally widely accepted definition very similar to that depicted in Fig. 2. Furthermore, for the
dipolar solute, the magnitude of the solute dipole at the

— 1/2
A=A(1/2)/(8In2) 1D maximum Am=25 D falls in the range obtained in the
through the half-intensity widthA(1/2). Even before the present studysee Fig. 2
half-intensity level reaches the boundaryE;,, the line Of course, the cut-off of the emission line at theE;,
narrows(Fig. 2) compared to the linear response prediction boundary as that shown in Fig. 1 will be smoothed for real
A= WIAmI. systems by the influence of other solvent and solute modes.

From the latter, the intramolecular solute vibrations assume
Ultimately, when the half-width level reaches the boundaryparticular importance for large negativeE values. How-
—E;im,» the width begins to decrease sharfiturve 2 in Fig.  ever, the existence of the energetic boundair,, for the
2). The total dependence of the linewidth &m passes dipolar liquid fluctuations may affect the results of the line
through a maximum. The decaying branch of the curve couldhape analysis permitting one to extract spectroscopic char-
be referred to the specific definition of the width according toacteristics and activation parameters crucial for intramolecu-
Eq. (11). However, if we consider only the right spectral lar ET reactions:*
wing and define the width as twice the distance from the  Nonlinear narrowing of emission lines analogous to that
maximum position to the right emission wing at the half reported here has been observed by Carter and Hyires
intensity level, we also obtain a maximufurve 3, Fig. 2. ion-pair simulations. The effect was attributed to the de-
This indicates that restrictions imposed by the solute on therease of the force constant of solvent fluctuations induced
solvent molecules diminish thermal orientational fluctuationsby the solute. That picture is consistent with the proposal of
of the permanent dipoles and the emission line becomes noikakitani and MatagaKM)?! who claimed that restrictions
linearly narrowed. The bandwidth maximum appears, how-on the solvent molecules imposed by a charged solute should
ever, only at very hightaking into account the relatively increase the curvature of the Gaussian distribution of the
small chromophore sizevalues of the excited state dipole solvent potential magnitudes. This point deserves special
moment. For common chromophores it can hardly be obeomment. As can be easily seen from comparing Egs.
served and only the line narrowing compared to the lineaand(10), the curvatures of linear and nonlinear spectral lines
response width should be expected. On the other handt the maximum are the same. The spectral narrowing is in
clearly analogous nonlinear narrowing has recently been olfact produced by the deviation of the line shape from the
tained by Chong and Hirafd. They calculated first three Gaussian form when approachingE,,,, boundaries and not
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by the variation of parabolic force constants. Only when fit- AE,—X
ted to a parabola, does the nonlinear spectral line correspond d= 2aAm '
to an effectively Gaussian medium with a diminished force
constant of solvent fluctuations. This picture is analogous tda is the linear response coefficiga,(Am) = —aAm?], we
that proposed by Tachijawho pointed to the contradictory 9et in the linear response approximation
nature of the KM theory operating in terms of the parabolic F,(d)=Eg+ad?,
energy surfaces with state dependent curvatures.
Fo(d)=Eg,+a(d—Am)?>—aAm?.

lll. ELECTRON TRANSFER ACTIVATION ENERGY The energies;(d) are analogues of Marctiparabolas with
) ) ) o the minima having the clear physical meaning of the solute
ET reactions in polar fluids are capable of providing agipole moments in the initial and final states. The ET prob-
crucial test of nonlinear solvation effects for at least tWo|em can thus be formulated in terms of the nonequilibrium
reasons. First, ET reactions are generally accompanied byp|yte dipoled. Note that at this stage we do not assume the
creation of large ET dipole moments. Second, experimenpoint character of the solute dipole. In this sense the formu-
tally widely used sampling of the ET free energy gap giveSjation in terms of the solute dipole reaction coordinate is
information about the solute dipole dependence of the dipoassentially analogous to that of Marcus through a charging
lar solvation energy inaccessible frqm _usual optlcal_ experiparametef® Furthermore, the theory, for the sake of consis-
ments. Let us consider the latter point in more detail. tency with our dipole solvation treatment, formulated for
The key difference between the dipole solvation thermonarge separation, is not actually restricted to this particular
dynamics and ET kinetics is that the latter involves solvationyeaction. The description in terms of tlkcoordinate re-
of a nonquililbrium dipolen” in the activated ET state. The majns intact for a more general case of charged reactants.
value of m™ is chiefly determined by two factorsi) the  However, for such systems, the solvation potential has to be
linear solvent response function or, in other words, the forcggiculated for the reference liquid perturbed by a charged
constant along the ET reaction coordinate &@indthe mag-  go|ute.
nitude of the ET vacuum energy 9&(E,. The variation of For nonlinear solvation, the free energy surfaces can be
AE, changes in turm™. Therefore, by samplindEo, we  eyajuated by integrating oves in Eq. (12). Actually, we

get in fact the variation of the effective dipole™ and the  need to determine only one surface, since they are connected
solvation free energyu,(m”) determining the activation by the exact formula

barrier. Especially in the inverted region of BEW” may
deviate significantly from the equilibrium solute dipole mo-  F2(d)=F1(d)+AE;—(2aAm)d, (13

ments. In this case nonlinear solvation effects may assumgerived in Appendix A. Analogous relations in terms of the

significance. This point becomes clearer when ET is treategbaction coordinat& have been suggested previously in the

in terms of a nonequilibrium solute dipole as the reactionjjteratyre3®43

coordinate. The free energ¥(d) can be evaluated in a way similar
We consider here the charge separation reaction A—Ry that in the preceding section, in the steepest-descent ap-

— A”-D" proceeding with changing the solute dipolar stateproximation, which proves to be very accurate compared to

m;—m;, my=0, m;=Am. Widely accepted in the literature exact numerical integration. In this way, the diabatic ET free
is a definition of the reaction coordinakeas the difference  energy functions are given by the relations

of the total energies of the donor and acceptor )
stated338:4053.54 F1(d)=Egtam”d(1—bm™?), (14

Fo(d)=Eg,+am”d(1—bm*?)—(2aAm)d, (15)

X=AEyg—Amm2, uy(0j),
° 21: 0(0)) wherem” is related tod by

whereugs(0j) is the interaction energy between the unitary m*

solute and solvent dipoleg,denotes the orientation and the W:d-

position of thejth solvent molecule, “0” refers to the solute, o .
AEy=%hQ=Eg—Ey, andEy are the vacuum energies of The minima ofF;(d) are located at the points

the donor-acceptor complex. For the re_action coordixate d%)nz 0, dﬁn: —,uF’,(Am)/(Za). (16)
analogously to Eq92) and(3), the diabatic free energy sur-

faces in the initial {=1) and final {=2) states are deter- The latter relations are exact and independent of the particu-

mined by the relation lar form of u,(Am) used.
q Analogously to the spectroscopic formulatiffag. (9)],
» ds . , )
eXF[—BFi(XHﬂEOi]:J — exgisB(X—AE,) the range of possmle vacuum gaps at which the surfgces
— 2T Fi(d) have an intersection point is limited by the inequality

. |AEo| <Ej, restricting by this means the accessible reaction
~Bup(miFisAm)]. 12 coordinate valuesd|<9/(16,3b). WhenAE, falls outside

If we define the ET reaction coordinate through the effectivethis range, the energy of dipolar fluctuations is not enough to

solute dipole moment surmount the barrier and the activation energy in the dipolar
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FIG. 4. Diabatic ET free energy surfaces along the reaction coordinfate

the charge separatiqd) and charge recombinatig®) reactions. The solid
lines indicate nonlinear solvation, the dashed lines show the linear response
results. The vertical dotted lines confine the range of accessibdues at 1.5 —
which intersection of,(d) andF,(d) is possible. The solvent and solute
parameters ares=5 A, p*=0.955 m=2 D, Ry=4 A, Am=20 D,
AEy=—1 eV.

1.0

fluctuations channel becomes infinite. Other mechanisms of
ET activation should be involved in this case for the reaction
to proceed. The constraint imposed on the energy gap values
seems to be the main qualitative consequence of nonlinear 0.5
dipolar solvation. The deviation of the energy surfaces
Fi(d) from the linear response parabolic behavior is rela-
tively small and doesn’t exceed 20% at the boundaries of the
permissible range afi’s (Fig. 4). Additionally, for exother- 0.0 I I [ I I
mic ET reactions, the nonlinear solvation effect will be con- 0.0 0.5 1.0 15 2.0 25
cealed by intramolecular vibrational excitations.

The ET reorganization energy cannot be defined in an y
unique way when nonlinear solvation is involved. We will g 5. pependence of the reorganization energipand their temperature
determine therefore the solvent reorganization energies faferivatives(b) on the solvent dipolar density. Numbers denote charge
each state through the corresponding vertical transition enegeparationy, (1), charge recombination, (2), and the linear response

>

o
b
-
O
<
e/
-

]

giest wy,sandf wy*? AO=\2/\, A=(A\;+\,)/2 (3) reorganization energies. The solvent and
solute parameters are=5 A, p*=0.955, Ry=4 A, Am=20 D, «,
Alzhwabs_AG, )\2: iﬁwﬂ-l—AG, (17) =10"3K™L

where “+” corresponds to the normal region of ET

(AG<—pup(Am)) and “-” to the spectroscopically more and the combination

common case oAG>—u,(Am) (AE,>0). The vertical ym o~

transition energies are given in this case by NU=NN, N=(\+np)/2 (20

frwape=F2(0)—F1(0), fiwg=|F1(d3)—F,(d2)| gives the linear response reorganization enertjy This re-
(18) Is.ult offefrfs a natural way _of gxperlmentagy testing ”me non-
inear effects on reorganization energy by comparingo
andAG_AI.EOJF'“p(Am)' From Eqs.(13), (16), (17), and their combination (20). Further, due to the inequality
(18) we get immediately |,up(Am)|<aAm2, the relation\ ,<\; should be universal
Ni=—pp(Am),  No=—Amu' (Am)+ u(Am). as well. The difference betweex, and \; is, however,
rather modest£ 15%, Fig. 5a and is much smaller that the
deviation of about 40% reported for dipolar lattice simula-
5 tions by Zhou and Szalf5.The difference in the nonlinearity
A=\ 1-bAm effect seems to originate from the local solvent electrostric-
27 M+ bAM? tion occurring in fluids but excluded in lattice media. In lig-

For uy(Am) given by Eq.(4),
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uid media, the solvation power is decreased due to the locaions which cannot include any variation of the entropy. In
compression of the liquid compensating the effect of theaccordance with this physical picture we get from E@®)
alignment of the permanent dipoles. and(23) only the internal energy component

The nonlinear solvation effect, moderate for reorganiza- —
tion energies, becomes more pronounced for their tempera- A=—up(Am). (24)
ture derivatives(Fig. 5b implying the ET entropy can be This shows that the three reorganization energigs\, and
noticeably higher for charge separation than for charge rex’ though close in magnitudéFig. 5a, are not equivalent
combination. The temperature derivatives\gfand\, have  thermodynamically. This is in fact the reason for their differ-
been calculated by accounting for the explicit temperaturgn; temperature variatiofFig. 5b. Note also that the com-
dependence iy and the density variation as follows: bination of any two of Egs(21), (23), and (24) gives the

p=p(To)[1—ap(T-Tp)], Tp=298 K, entropy and enthalpy of equilibrium solvation from optical

] ) ) o spectra. Both solvation enthalpies and entropies are mostly
wherea, is the solvent isobaric expansibilityThe tempera- navailable for dipolar soluté8.A spectroscopic analysis in

ture variation of the solvent HS diameter may also be takeRoyms of Eqgs.(21)-(24) provides therefore a new way of

into account, but it produces no significant effgcthe oy 4racting thermodynamic potentials of equilibrium dipolar
physical reason for the higher sensitivity of the entropy togqyation. A realistic analysis should however include the
solvation nonlinearity is rooted in the fact that the entropygq te and solvent polarizabilities.

reflects the solvent configurational sensitivity to thermal ex-
citations. The ability of the liquid to respond to the tempera-
ture increase becomes diminished by the nonlinear saturati
of dipolar orientations making the liquid around the solute
configurationally more rigid. Our reorganization energy cal-  The two major manifestations of the nonlinear solvation
culations show, as a whole, a minor effect of nonlinearity oneffect on optical spectral lines obtained in the present treat-
the free energy surfacés(d), in accord with some previous ment are the line narrowing and the switch of the line shift
studie$®?15183%Hnd in disagreement with otheérs*>**The  dependence oAm from quadratic to linear. Although these
effect of nonlinearity on ET activation entropies has not beerfeatures have been obtained here by applying thé Rade
previously explored. The significant difference between thg4), they are quite general and are based solely on the satu-
entropies of charge separation and charge recombinatiamtion concept. As a matter of fact, both effects are just con-
found in the present paper may offer an experimental way ofequences of the restriction E;,,<AE<E,,, imposed on
testing nonlinear solvation theories. the energy band of dipolar fluctuations. The line narrowing
Equation (19) gives an exact definition of the charge should therefore appear in any model including this feature.
separation/recombination reorganization energies. It enabl&imilarly, the linearAm dependence of the line shift is
one to carry out a general thermodynamic analysis of solverdchieved at largd m magnitudes for any functional form of
reorganization in terms of its enthalpy and entropy compothe solvation chemical potentiadp(m):amzf(m) with the
nents. The reorganization energy of charge separation is jussymptoticsf(m)—1 atm—0 andf(m) « 1/m? at m—o.
the negative of the chemical potential,(Am) of the ET  This can be seen from the following reasoning. The energetic
dipole. It splits into the internal energy,(Am) and entropy  boundary of the solvent dipolar fluctuatiokg, is obtained
Sp(Am) parts from the simultaneous conditions of equality to zero of the
Ny=— pp(AM) = —Ug(Am) +Ts,(Am). 21) fl_rlsgﬂi\évr?]gf?s’rgnranm)ves of the function7(s) isSBAE
#p(Am) can alternatively be defined as the free energy in- 7(s*)=0, 7"(s*)=0
vested in charging the solute dipatg from zero toAm [see ' T '

Y. COMPARISON TO SIMULATIONS AND
PERIMENT

Eq. (2) of paper | The first condition gives
Am Eim=aAmm’[2f(m®)+m™f'(m¥)]. (25)
A=—m f dmg f Uos(01)gos(0Limp)dly, (22 o )
0 The second derivative”” is equal to—2aAm* at low mag-

nitudes ofm and becomes positive at large if for the

where gos(01;mp) is the solute-solvent pair distribution o )
expansion in the inversa powers

function for a solute with the dipolen,. We get from Eqg.
(22

-,
—Amp’ p(Am)=—uy(Am). up(my=antf(m)=2,

This implies thai, in Eq. (19) is just the entropy of dipolar the conditiona,;<0 is obeyed. As a result7” passes
solvation through zero at some intermediate valuenof independent
o= —Tsy(Am). 23) of Am and A_E. Consequgntly, as is seen from H@5),
E;m « Am (Fig. 3). From this consideration we can draw the
The reorganization energy which is the arithmetic mean of conclusion that the general qualitative features of the nonlin-
A1 and )\, is also equal to the half of the Stokes shift. The ear solvation effect are independent of the particular form of
latter is the difference of the energies of two vertical transi-the solvation chemical potential involving the saturation
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with the simulations of Shemetulskis and LoriffgAs is
seen in the figure, the two calculation schemes almost coin-
cide for the dipolar solvent wittm=1.69 D. For the more
polar solvent withm=2.29 D both the RHNC approximation
and simulations show the decrease of the nonlinearity effect
reproduced by the Padapproximation. The extent of the
nonlinearity decrease is, however, lower in the P&aten
compared to the RHNC result. As was discussed in paper I,
the RHNC calculation scheme restricted to the basis of 16
projections hfg' (m,ns2; a,8=0, s) in the rotational-
invariant expansion of the correlation function tends to un-
derestimate the nonlinear effect at high solvent polarities
leading to unphysically negative values lfcoefficients in
Eq. (4). It could also be that the Padgproximant becomes
incorrect in this polarity range. Note also that the agreement
between simulatiorf8 and the RHNC theory is not as close
for m=2.29 D as form=1.69 D solvent.
-Am/D The nonl_inear depepdence of the banq shift and Wid_th on

the solute dipole variatiodm considered in the preceding
FIG. 6. The ratio SA%/3, vs —Am for the transition my—m, with section is difficult to te;t experimentally_since such a test
my=16.1 D andm, in the range from 16.1 to 7.85 D. The dotted line demands the accumulation of data for various chromophores.
indicates the linear response result, the solid lines correspond to the nonlinFhe chromophore change invokes in turn the solute size
ear response of the dipolar fluid with=1.69 (1) andm=2.29(2) D ac-  variation. This difficulty is surmounted by the observation
C(_)rding to the present theory. The dash_ed Iings refer to the RHNC resulttchat for commonly bulky chromophores the qualitative re-
with the solute and solvent parameters listed in the text. . . .

sults concerning nonlinear effects on the spectral shift and

width remain intact when they are plotted against

limit. The prominence of the nonlinear effect depends, howlAm|/R3Z instead of| Am|. However, the practical applica-

ever, crucially on the magnitudes of the expansion coeffibility of such tests is considerably diminished by the scarcity
cientsa and b in Eq. (4). Our present calculations with Of reliable data on the solute dipole moments and sizes.
Ro,=4 A indicate that deviations from linear behavior are Therefore, the solvent polarity dependence explored in most
substantial for emission lines with high values of the dipoleSPectroscopic studies of solvent effects remains the main
moment variation Am|=15—20 D. Although rather high, Source of testing nonlinear solvation effects.
such magnitudes akm can be realized in spectroscopic ap- ~ Equation(1) is a common probe of linear behavior. Al-
plications, especially in molecular chromophores capable ofhough this viewpoint is widely adopted, it is generally un-
intramo'ecular Charge transf%f:SGvS?We will touch oh com- Clear What type of deViationS Should the nonlineal’ity bring
parison with experiment below and assess first the accuragpPout. The present treatment predicts that for a transition
of the present calculations by comparing them with simulaWith the solute dipole enhancememi,>m, the emission
tions. bandwidth is lower than that of absorption

Shemetulskis and Lorif§ performed Monte Carlo
simulations of optical emission lines in dipolar liquids aimed
at testing linear solvation theories. The nonlinear effect hadhe Stokes shift should also decrease compared to the linear
been extracted from the deviation of the simulation data frontesponse value due to the low&s. As the consequence of
the linear response relation between the width and the shithese two factors, the absorption bandwidth deviates upward
of the emission line and emission bandwidth deviates downward from the Stokes

shift (Fig. 7). In accord with this result, the inhomogeneous

BA?I 5e= Amzl(mg- Am). (26) broadening was found to be substantially smaller in emission
The simulations were run for the dipolar fluid with the pa- than in absorption for the coumarin-163153 dye’ charac-
rametersn=1.69 and 2.29 Dp*=0.8, ando=4.3 A. For  terized by parametersm%=6.55 D, me=15 D, and
the chromophoreR,=3.85 A andmy=16.1 D were used. Ry=3.9 A. The plot of BAZ and BAZ vs the Stokes shift
The validity of the relation26) has been tested by varying %A wg= d.— 8, (Fig. 7) taken from experimental data for 40
the excited dipole momenn, from 16.1 to 7.85 D, with nonpolar and polar solveritdiffers, however, from the trend
m, parallel tomg. The simulation results were found to fall shown in Fig. 7. The main feature seen in Fig. 8 is that
on the straight line as predicted by Eg&6) but with a lower BAgye are considerably higher thaf,— &,. This is not un-
slope as the indication of the nonlinearity effect. The samexpected if the intramolecular solute vibrations are taken into
picture is observed in the framework of the present theory. Iraccount. Eq(1) actually holds only for classical solute and
Fig. 6, we have plotted the rat{@6) calculated from Eqg8) solvent modes. For quantum vibrations with the characteris-
and(10) and from the reference hypernetted chéRHNC)  tic frequencyw;, Bhw;>2 the spectral width is approxi-
approximation shown previousfto be in good agreement mately determined by the relatibn

2
BA” /g

A<A,.
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0.8 linear theories by Eq(1l) demands therefore a bandshape
1 analysis including quantum vibrational modes. In the ab-
0.7 — sence of such data, a more direct verification of the LRA can
be achieved in terms of the absorption and emission band-
0.6 — shifts.
3
05 — In the LRA, the absorption and fluorescence energies
% ) 5 can be represented by the relations
(\1; 0.4 — hwabs:ﬁwo,abs+AEdisp_2mg(me_ mg)\lf
@ 0.3 —(Me—mg) W™,
02 — ﬁwﬂZhwo’ﬂ—l—AEdisp— 2me(me_ mg)\I’
0.1 (M= mg) 2,

where the gas phase absorptibmg ,,s and fluorescence
0.0 | | | T I fiwg g energies are shifted due to the differential dispersion
00 01 02 03 04 05 06 solute-solvent couplingAEs,. The response functiord
and ¥” correspond to the effect of the solvent permanent
ae -5a/eV and induced dipoles, respectively. The solvatochromic be-
havior of C153 was found to be similar to that of the
FIG. 7. Calculated absorptiofi) and emission(2) widths vs the Stokes 4-nitroanisole dy%used for constructing the* solvent po-
shift 5,— 8. 3 shows the linear response predictin; .= 3d.—d,. The  larity scale’? Because the dispersion component in
lines(1)-(3) are obtained by varying the solvent dipole moment in the range,_nitroanisole does not contribute substantially to the 3Rift
0<m=4 D with 0=4 A andp*=0.859. The solute parameters are those . . L
of coumarin-153m,=6.55 D, m,=15 D, andR,=3.9 A. A_Edisp is expected_ to be relatively small and weakly varying
with solvent polarity also for C153. Therefore, the plot of
1 @ ape= T @ apst (Me—My) 2W” (27)
BA2=HAwgt \i(Bho—2), e s e
against
where\; is the reorganization energy of the solute intramo- ~ S
lecular vibrations. Consequently,BAie should become hog=hog—(Me—mg)“¥ (28)
higher tharii A wg, under the influence of the solute quantumis expected to be linear with the slope,/m.=0.437 for
vibrations as is actually observed for C153. The participatiorC153. For the induction high-frequency component, the re-
of quantum vibrations in the bandwidth depends on the linasponse function¥” can be taken in the semicontinuum
shift and thus varies with the solvent. An accurate test of thepproximatiori’

B 1 €.—1
" (Ro+0/2)° e,+2°

where €, is the high-frequency solvent dielectric constant.
e The experimentalabsorption and fluorescence energies cor-
[

. e;&’fgi

v (29

1.8

rected according to Eq827)-(29) are plotted in Fig. &) for
25 solvents for which both experimental spectral data and
o® /.‘. hard sphere diametéPsare available. The slope value of
1.4 - /X 0.51 of the regression line is higher than the LRA prediction
A ) in accordance with our expectation of the diminished fluo-
rescence energy. Moreover, the calculation of the absorption
12 B pun—__gm [ and fluorescence shifts in the framework of the present
' . \'\J' F, theory for a model solvent witr=4 A, =0.45, and the
. dipole moment in the rangesOm=4 D yields for C153 the
slope 0.53 very close to experimdiitig. 9a)]. Analogous
results can be obtained for other dyes of the coumarin
i i l l i series?’
Similarly high theory-experiment coincidence is
0.50 055 0.60 065 0.70 0.75 0.80 achieved for the classical Lippértlata on the fluorescence
5. -5 /eV and absorption energies of 4-dimethylamino-
e “a benzene-4nitroaniline dye (ng=8.6 D, me=38 D, and
FG. 8 Exverimentll ¢@ef. 9 absoroti di Ro=8 A). Both the theory and experiment result is this case
e e e oted? he Slope 0.22Fig. 3] between the absorpiion and

lines are the regressions drawn through the points. The solute parameters £B11SSION energies corresponding to the linear response pre-
as in Fig. 7. diction

1.6 —

BAZ / eV
I
[ ]
[ |
z
| ]

1.0 . =
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viation from the linear response predictions. In the present

~3g/eV paper we approached the problem from a somewhat different
-0.9 -06 -03 standpoint. The question raised by the study is: If dipolar
3.30 ' ' 0.0 saturation manifests itself in dipole solvation, what would be
305 | a . the observable consequences for steady s_tate_ spectro_scopy
> 7 o and ET? We concentrated thus on qualitative insights into
~ 320+ / the effect of nonlinear dipole solvation on optical and radia-
5 3.15 —| /0/ — 02 > tionless transitions aimed at understanding the types of de-
2 310 o * 03 2 viations from the linear response theories that should be ex-
_5 ) o o R pected. Since the bandwidth and the solvent-induced line
| 305+ ..’4 ° 04 shift are two spectral characteristics most commonly avail-
§ 300+ 47, able from experiment, we focused on these two parameters.
© o5 0o L 05 The main point of concern of our treatment is that deviations
| from linear behavior should be sought for transitions with
2.90 , — I I -0.6 high dipole moments in the initial state. This condition is
21 22 23 24 25 26 27 most often realized for emission spectra. For absorption tran-
. sitions 0—m,, no substantial nonlinear effects have been
emission energy / eV found, in accord with previous studi&s?* As a result of the
nonlinear solvation effect both the bandwidth and the spec-
tral shift deflect downward from the linear response predic-
tion. The dependence of the emission shift on the dye dipole
~8g/eV variationAm switches in the nonlinear region from the qua-
dratic linear response trenrd Am? to the linear variation
16 12 08 04 00 «| Am|. The bandwidth in emission is predicted to be nar-
3.40 ' ' ' 0.0 rowed compared to the absorption width and even may pass
b * // through a maximum as a function pfm|. Ultimately, with
3 335 // increasing solvent polarity, the absorption wicﬁhg devi-
> Y — -0.1 ates upward and the emission wigg2 downward from the
S 3.30 1 . 4 - Stokes shift. Comparison of the theory predictions with
% 35 ] //. 0 o simulations and experiment shows that it is generally in good
5 ‘ o -t 3 quantitative agreement with the observed results.
ué 320 ® o 4 I The fo.rm of the linear behaviqr criter?on 'is the issue .of
5 // . L 04 particular interest for spectroscopic applications. The crite-
S 315 ~ . rion can be easily extracted from our analysis. The emission
° line shift may be treated according to the LRA if the linear
3.10 — T 04 shift 6 doesn't reach the fluctuation band boundary:
16 18 20 22 24 26 28 |60)|=2amAm<E;,. This vyields the condition
o me<9/16\/%. For commonly bulky chromophoreRy> o
emission energy / eV the criterion can be simplified further, since in this case

6 . .
FIG. 9. Absorption energies of E(R7) vs fluorescence energies of E88) b:,82m2/15(ROS. We t.h”fs' get that for the linear bghaV|or.to
obtained from experimental data for coumarin-163f. 9 (a) and for hold for an emission transition the inequality
4-dimethylaminobenzené-itroaniline (Ref. 7 (b) dyes in a number of Bmem/R85<4 should apply.
solvents @). The dashed regression lines have the slope @6&nd 0.227 The solvent reorganization energy of intramolecular ET
(b). The solid lines show the dependence of the absorption vs quorescencdeeserves special comment. As we have shown in Sec. IV, the

shift calculated in the present theory for a model solvent with4 A, . L . . . .
p* =0.859, and the dipole moment in the range@=4 D. The slopes of width of emission(charge recombinatigriransition is lower

the solid lines are 0.50) and 0.226b). The solute parameters are as in Fig. than that of absorptioricharge separationSince the line-
7. width is commonly related to the reorganization energy
(classical modesby the expression?=2\kgT, this is con-

. . sistent with the trend ,<<A, found for ET reactions. How-
my/me. The latter circumstance is due to the large chro- 2="1

) . . . ever, under a nonlinear description, different definitions of
mophore size weakening the solute-solvent dipole-dipol

coupling. The size effect may be also responsible for thEhe reorganization energy no longer coincide and the values

higher scatter of the points in Fig(t) due to an enhanced obtained from the vertical transition energetics differ from

. ! ) : 30 those from the linewidths. The reorganization energy loses
impact of the solvent-dependent dispersion texysp. thus its universal meaning of the strength of the coupling of

the solute electron levels to the inertialess solvent fluctua-

tions of condensed media. The width and shift need actually

Almost all current studies of nonlinearity in solvation two separate characteristic parameters. This implies that
phenomena have addressed the question of the extent of dehen the nonlinear activation energy is fitted by the Marcus-

V. SUMMARY
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d
® | = exif — BFo(d) + BEqz) = Re| 5 exil.75()],

where the integration is performed over the segment L:
v —1/\Jb<s<1//b and

. . To(8)=—1(2BAMd)S— Bup(Am(L1+is)).

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

Ic=R j ds 7. =0
c=Re cﬁexq'/z(s)]— :

The contour integral is represented by the sum of the con-
stituents

IC:|L+I|_I||_IL' (Al)

over the contour parts depicted in Fig. 10. It is easy to show
_ o o thatl,—1,, is the difference of complex conjugate values giv-
FIG. 10. Integration contour C. The two points indicate essential smgularl—in no contribution to the real value of the integral. For the
ties of the integrand. The integrals over the semicirlesndI", are equal 9 gral.

to zero. integrall /, the variable changs=i+t immediately gives
I =exd B(Eg;+2aAmd—F(d))],

type quadratic form, it should contain two effective solventwhich combined with Eq(A1) results in Eq.(13).
reorganization energies.

Another important conclusion concerning ET follows |
from the comparison of the charge separation and chargeg' '\é'grg#; d?hargn?o;égiv.zgg?lgg%
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therefore independent of the particular form of the solvation Goodman, R. H. Young, and S. Farid, J. Am. Chem. Stt5 3830

: . ) ' - (1993.
chemical potential applied. It is seen that we can use 5|mply4J. Corfes, H. Heitele, and J. Jortner, J. Phys. Cheg). 2527 (1994).

the solvation chemical potential to calculate the nonlinearsp. v. Matyushov and B. M. Ladanyi, J. Chem. Phy€7, 1362 (1997,
reorganization energy for charge separation but need a morepreceding papel(This is referred to as paper | in the text.
complicated relation for charge recombination. This point is N- S- Bayliss and E. G. McRae, J. Phys. Chés8, 1002 (1954; E.

i t to th ft. d tati fth .__ Lippert, Z. Naturforsch. Teil ALO, 541(1955; N. Mataga, Y. Kaifu, and
perunent to the often used representation or the reorganiza-y, oizymi, Bull. Chem. Soc. Jpr28, 690 (1955; 29, 465(1956; W.

tion energy in terms of the solvation free energy which is Liptay, z. Naturforsch. Teil A20, 1441(1965.
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