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We develop a three-parameter model of electron trar(&®) in condensed phases based on the
Hamiltonian of a two-state solute linearly coupled to a harmonic, classical solvent mode with
different force constants in the initial and final statesclassical limit of the quantum Kubo-—
Toyozawa model The exact analytical solution for the ET free energy surfaces demonstrates the
following features:(i) the range of ET reaction coordinates is limited by a one-sided fluctuation
band,(ii) the ET free energies are infinite outside the band, @ndthe free energy surfaces are
parabolic close to their minima and linear far from the minima positions. The model provides an
analytical framework to map physical phenomena conflicting with the Marcus—Hush two-parameter
model of ET. Nonlinear solvation, ET in polarizable charge-transfer complexes, and configurational
flexibility of donor-acceptor complexes are successfully mapped onto the model. The present theory
leads to a significant modification of the energy gap law for ET reactions20@0 American
Institute of Physicg.S0021-9606800)50937-4

I. INTRODUCTION with its quantum limit! for intramolecular skeletal vibra-
tions is commonly used to treat the reaction kinetics, the
dependence of the ET rate on the the equilibrium energy gap
%eFozFoz— Fo1 (energy gap law or to generate optical

The activation barrier of electron transf@&T) reactions
is formed by the free energy invested to create the resonan

of the instantaneous energigsof the initial (i=1) and final bandshape&9:12 Two regions of the energy gap law are

(i=2) states. The gnerg!ds, dependmg on the .|nstanta- usually distinguished. For relatively small activation barriers,
neous nuclear configuration, are derived by tracing out the . . e
electronic degrees of freedom in the system densit p_arabollc energy gap law results fr_om th? Ga“SS'f"‘” _d|str|-
matrix2~3 Correspondingly, the energy gaE = E,— E is ution .of the. solvent nuclear f|UCtU<’l:1‘tIOi’%Th.IS behav_lor is
commonly defined as the collective mode a manlfe_stann of the well-known “law pf mtersegtlng pa-
rabolas” in the standard ET theory. Multiphonon vibrational
X=AE (1) excitations provide a more effective activation channel for
larger  barriers  generating a linear-logarithmic,
«|AFg|In(JAF, ), dependence of the activation barrier on the
equilibrium energy gapAF,.*® This vibrational mecha-
nism is currently applied to explain the linear energy gap law

driving ET4~8 The probability of realization of a particular
instantaneous energy gapis found by tracing out the sol-
vent coordinates at a fixed magnitude Xf This reduced

description results in the diabafiee energie®f ET alongX

given by the constrained trace observed for large values of the free energy Y&p2*3
Since the earliest days of the theory of radiationless tran-
e PROTBRoi= g7 1(S(AE-X)); (2)  sitions a possibility of a bilinear solute—solvent coupling has
Here = 1/kgT, been consideretf."1" This problem is isomorphic to that of a
solute linearly coupled to a solvent mode with the force con-
(..)i=Tr(...e PEITr(e” P5),) (3)  stants different in the initial and final electronic states

and the nuclear degrees of freedom of the solvent are trace(B)lj'SChinSky, rotation of .normal modes Throughout th_is
out in Eq.(2): Fq; is the equilibrium free energy of the ET article, we will refer to this model as the Q-modgladratic
system in itsith electronic state. coupling contrasting it to the L-modelinear coupling em-

The classical model of a two-state solute linearlyPodied in the Marcus—Hu_WH)lO theory of ET (The latter
coupled to a harmonic solvent which effective force constan@SSumes the linear coupling to the nuclear driving mode with
does not change with electronic transitibfipresents per- €dual force constants in the two electronic statétthough
haps the only exact, closed-form solution Fy(X) available @ general solution of the Q-model was given by Kubo and
to date in the field of ET. The combination of its classical Toyozawa," its quantum limit does not allow a closed-form

limit for the solvent nuclear mode#larcus—Hush theop)®  analytical representation fd¥;(X).*® The model hence has
not received wide application to ET reactions. Instead, non-

linear solute—solvent coupling has been modeled by two dis-
dpresent address: Department of Chemistry and Biochemistry, Arizona piing y

State University, P.O. Box 871604, Tempe, AZ 85287-1604. EIectronicplacedfreegezgergyparabm'c surfaces;(X) with d_|ffer_ent
mail: dmitrym@asu.edu curvatures®?® This model, advanced by Kakitani and
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TABLE I. Mapping of the Q-model on simulation data for charge separation readtoesgies are in kcal/

mol).

Solvent hAwgd N1 N a, y Reference
Lattice of point dipoles 157 1211 48.3 2.82 1.01 25
Polar liquid 50 27.0 17.4 7.04 1.04 20
Polar liquid 267 231.5 67.1 2.03 1.04 23a
Water 421 164.4 181.2 —35.8 0.99 23b

Awg=(X)1—(X),.

Mataga, was used to represent nonlinear solvation effects ame-sided band of the reaction coordinates; the free energies
the ET energy gap law’ Tachiya criticized that approach, F;(X) are infinite beyond this one-sided band. The model
arguing that nonlinear effects should result in asymmetrigredicts quadratic or linear free energy surfaces depending
surfaced;(X) with equal curvatures at each given value of on the model parameters. Furthermore, quadratic and linear
X.2! The latter argument is based on the fact that the twaenergy gap laws hold for transitions driven by a purely clas-
diabatic free energy surfaces are coupled by the lineasical nuclear mode without invoking quantum vibratidhs.
relatiorp~822-24 The analytical model developed here can be used for
treating real systems or mapped onto computer simulations.
F200=Fa(X)+X, @ The m?)del pa)r/ameters are zgfined througr?the two first cu-
as first established by Warsh&). The relation is based on mulants of the energy gap reaction coordindtéhat corre-
the transformation of the constrained trace as spond to spectral moment measured by optical spectroscopy
(8(X—AE)),=eFAFo=X)( §(X— AE));. 5) (Sec. IV). Several model systems used to study nonlinear
solvation in molecular solvents can be successfully mapped
In this article we reexamine the problem of nonlinearonto the Q-modelSec. V A. In order to study nonlinear
solute—solvent coupling in application to modeling the ETsolvation effects, reaction coordinate cumulants are simu-
free energy surfaces in condensed phases. Two major shorited here for a dipolar solute in a hard sphere dipolar, po-
comings of the earlier studies of this problem can be identifarizable and nonpolarizable, media which form liquid and
fied. First, there is no analytic, closed-form solution for thesolid phases. These cumulants are used to construct global,
free energies thati) derives from the system Hamiltonian nonequilibrium free energy surfaces provided by the analyti-
according to Eq(2), (i) includes nonlinear effects, artdi)  cal solution. The analytical free energy surfaces agree well
complies with the linear constraint in E@). The absence of with those directly extracted from simulations.
such a solution hampers construction of global free energy  The nonlinear equilibriunsolvationeffectg® are usually
surfaces from limited data provided by computer simulationselatively moderate for dense liquid solveffs?22%)27.28
or spectroscopic experiments. In addition, the parabolic MHmplying that the Gaussian approximation holds well for the
representation often does not provide enough flexibility toclassical collective solvent mode driving E¥ 1t does not,
use it in the bandshape analysis of asymmetric optical bandfowever, mean that parabolic free energy surfaces should be
Second, most simulation studies of nonlinear solvation efthe rule for condensed phase ET. We show here that intramo-
fects have been performed on a variety of systems with diftecular solute modes, both electrorié! and nuclear, when
ferent solute geometries and various solvation environmentsoupled to a Gaussian solvent mode generate a nonlinear
including fluids, glasses, and lattices. As a result, nonlineagolute—solvent coupling. A bilinear coupling characterizes
solvation effects ranging from vanishingly smiatb very  ET in polarizable CT complexes as well as the modulation of
substantig®*® have been reporte@see also Table)l As no  the solute—solvent potential by configurational changes of
systematic studies for different phase states of the solvent fanhe donor—acceptor complex. Both effects can be mapped
the same charge-transfé€T) system have been performed, onto the Q-model, as is shown in Se¥sB and V C. Finally,
it remains unclear for which solute geometries and solvengonclusions are drawn in Sec. VI.
environments the nonparabolic free energy surfaces should
manifest themselves and whether these nonlinear effects al-
low for a description in terms of an analytigal model. Il. EREE ENERGY SURFACES OF ET
As a development toward solving the first problem, the
well-known model of a two-state solute linearly coupledto a  Consider two electronic states of an ET complex linearly
classical, collective solvent mode whose force constants difeoupled to a harmonic, collective solvent mogavith the
fer in the two electronic states is considered. Instead of asorce constani; changing with electronic excitatidh
suming the parabolic form fdf;(X),*°in Sec. I, we derive B L
the nonparabolic free energy surfaces of ET by applying Eq. Ei=li=Ciatzxa” )
(2). An exact solution foF;(X) is obtained. The free energy Here |; is the electronic energy composed of the vacuum
surfaces are asymmetric and E¢) is found to hold pro- electronic energy and the solvation free energy from the sol-
vided the solvent mode driving ET is thermodynamically vent electronic degrees of freedom. The param@tetefines
stable(Sec. lll). The region where the free energy surfacesthe strength of the solute—solvent coupling. The collective
have finite values and E¢4) holds is, however, limited to a coordinateq driving the electronic transition can be pro-
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jected out from the microscopic liquid Hamiltonian or repre- F(X)

sented as a linear combination of harmonic degrees of free- s T

dom characterized by a spectral denstty. A0 ’ l AK<O
The &function in Eq.(2) should be understood as the

Fourier integral % X X

= dé ) FIG. 1. One-sided fluctuation bands along the reaction coordixate
e_BFi(X)+BFOi = f 2_e| gﬁxTr(e_lfﬂAE_BEi)

— o0

—,BE
ITr(e”F=). @) theories. As two reorganization energies, fferl andi=2,

The traces in the above equation reduce to integration@ver are connected to each oth@see latey, the definition in Eq.

yielding (12) does not introduce additional theory parameters.
- de The parameteiX, in Eg. (11) is defined through the
e BFi(X)+BFo — f > VG (&) exd Fi(€,X)]. (8) equilibrium free energy gapF,=Fg,— F(; and the reorga-
T nization energy as follows,
Here, a? AC?
Xo=AFg—AN—=Al— ——, 15
Foi=l;—C2/2x; . 9) oY Mo, 2A« (15
is the equilibrium free energy in thigh state, whereAl=1,—1,. The coordinateX, sets up the boundary
. 1 of the one-sided band of reaction coordinatesy. 1):
gi(§)=(1+iAxl/K) "7, (10
and Fi(X)=0 at Ak>0, X<Xg, (16)
i 2061 \-1 and
Fi(&X)=1EB(X=Xo) = BéNiaj(§—ia)) . (13)
Fi(X)=o at Ak<0, X>X,. (17)

The functionF;(&,X) generates an infinite series when ex-
panded in powers of. In this respect our approach in fun- This property follows from thg¢&|—c asymptoteF;(&,X)
damentally different from the adoption of a truncated poly-—i&B(X—X;,) and the fact that the generating function

nomial representation faf;(&,X) to generate nonparabolic
free energy surfacés:® (&0 P Gi(£,X)=exp Fi(£,X)] (18)

~ InEq.(11), \; is the solvent reorganization energy of ET is analytic in the complex-plane except the points of essen-
in the ith state that is defined in the present article throughtial singularities aia;. At Ax>0 the essential singularities

the second cumulant of the reaction coordinate are in the upper half-plane. The integration contour closed in
1 RF(£0) the lower half-plane aX<X, thus generates zero for the
Ai:/}(((sx)2>i/2: - > ) (12) integral and, therefore, positive infinity for the ET free en-

2
A £=0 ergy. Analogously, the integral is zero atk<0 and X
In terms of the model parametexs is given by the expres- >Xo (Fig. D).

sion This important result indicates a fundamental distinction
between the present Q-model and the MH thé8ihe MH
1 formulation, employing the L-model, leads to an unrestricted
= (C/lw — 2 , ,
Ai 2k, (Cilai=AC)%, (13 band of the energy gap fluctuations. This implies that any

magnitude of the energy gap can be achieved with a nonzero,

where although even small, probability. On the contrary, the
Ki Q-model suggests a limited band for the energy gap fluctua-
HTA (14 tions. The gap magnitudes achievable due to the nuclear

) fluctuations are limited by a low-energy boundary fbk
Ak=ky;— k1, and AC=C,—C;. The parametew; is of >0 and by a high-energy boundary fark<0. The prob-
crucial importance for the present development. It defines thepility of finding an energy gap fluctuation outside these
I’elative Variation Of the fOI’CE constant Of the CIaSSicaI CO”eC‘boundaries is identica”y Zero as there iS no real Solution Of

tive mode of the solvent driving ET. The standard MH de-the equatiorX=AE. This is the result of a bilinear depen-
SCI’iption of ET is recovered in the ||mﬁ|—>00 when the two dence of the energy gapE on the driving nuclear mode,
force constants; become equal. as is illustrated in Fig. 2.

nonlinear systems used in the literafliris through half the  two states are not independent and are connected by the fol-
Stokes shift. The two definitions coincide in the L-model, butjowing equations:

differ in the Q-model. We prefer the definition of E(.2) 5 5

becausdi) the Stokes shift is observable only in the inverted @1\ 1= a3\, (19
region of ET andii) Eq. (12) involves average over only the

equilibrium configuration of the solvent that is easier to treat

by both computer simulations and equilibrium solvation ar=1+a,. (20
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FIG. 2. The origin of the upper-energ\ <0) and lower-energy A« _30 l ; L
>0) fluctuation boundaries due to a bilinear dependenc&ifon g. -160 -60 40
60
40
These relations reduce the number of independent param- —~
eters of the model to thre&F,, \;, anda,;. Compared to i 2r
the two-parameter MH theoryh and AF.),° the present X ol
model introduces an additional flexibility in terms of the =
relative variation of the fluctuations force constant through -20
aq. The MH theory is recovered in the limit;—o. The 40
permissible values of the paramete); are constrained by -50
the condition of the thermodynamic stability of the collective
solvent mode in both stateg>0, resulting in two inequali- %0 r
ties _
U-S 50 F
a>0 or a;<-—1. (22 5‘2
For X values inside the fluctuation band the contour in- % LN
tegral includes the essential singularityiat [see Eqs(7) :
and(11)]. To evaluate the integral we will neglect the weak 30 { . . .
dependence of/g;(£€) on & in the preexponent in Eq8) -40 -20 0 20

assumingyg;(£€) = 1. (This approximation does not affect the BX

good agreement between the numerical and analytical intesG. 3. F,(X) (1) and F,(X) (2) at variousa; and B\;; Al=0. The
gration) The integral is then calculated by expanding dashed line indicates the position of the fluctuation boundary
Gi(£,X) as follows:

, T (=BNed)" [ & \" When X is not too close tX, and 28] a;[°\;[X— X
gi(g,X)=e'§E<X‘X0)Z o §—ia-) . (220 =1, avery simple equation for the ET free energies can be
n=0 ’ ' obtained by asymptotic expansion of the Bessel funétion

The residue calculus results in the relation (the preexponential factor is neglected
e BRI BFo = g | gy | P~ FlaillX—Xol Fi(X)=F i+ (Vai][X=Xol =[] V\))2. (27)

I I

. - The above equation reduces to the standard high-temperature

(= B\jai) limit for the diabatic free energy surfaces of ET

LA(Blail|X=Xol), (23)

X
ai=o  (n+1)! (X—AFyF\)?
o _ FiX)=Foi+ ———— (28)
whereL;(x) is the Laguerre polynomidP. The sum can be i
converted to a closed-form solutiti whena;>1 (the driving mode force constanks in the two
states are similar and, additionally, |X—AFoF )]
e BFiIC0+BFoi— A Nilail o= BlaillX=Xol +xjad)| <|ej|\;. Here, “=" and “ +" correspond toi=1 andi
'V X=X ! =2, respectively. In the limifX— Xo|>\;|«;| the linear de-
endence holds:
X (2B PRIX=Xq)), (2499 P i
@y
wherel ;(x) is the first-order modified Bessel function. The  Fi(X)=Fq+|a;||X—AFy+ )\1“_2 : (29)

normalization factor
The free energy surfaces are asymmetric with the steeper

A= (1_e*BAi“i2)7l (25)  branch on the side of the fluctuation boundxg: The other
branch is less steep tending to a linear dependence atXarge
is included to ensure the identity (Fig. 3. The minima of the initial and final free energy sur-
faces get closer to each other and to the band boundary with
,fo e~ BFO)+BFo gx=1. (26) fjecreasing,y1 an_d)\l. The crossing point _then moves to _the
— inverted ET region where the free energies are nearly linear
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=ig; falls inside the integration contour. This happens when
—1=<a;=0. This, according to Eq(21), implies that the

. driving nuclear mode loses its thermodynamic stability in the
initial or final ET state. The validity of the linear relation
between the diabatic free energy surfafég. (4)] is thus
equivalent to thermodynamic stability of the nuclear mode
- driving ET.

It is easy to see that linear relatiof) does hold for the
Q-model. Since the produdiz®\;| is an invariant of the
electronic statdEq. (19)], the Bessel function term in Eq.
(24) is an invariant, too. Therefore, one obtains from Eq.
(24)

Fo(X) = F1(X)=AF o+ (|ag| = |a]) [ X—Xo| + N pa3

_ BFiact

1 — Nl (32

Since (a,| —|aq])|[X—Xq|=(X—Xg), Eq. (4) follows from
Eqg. (32) and the definition of the fluctuation boundaXy in
Eq. (15).

IV. MODEL PARAMETERS

The success of the MH thedfin application to thermal

and optical CT transitions can, to a large degree, be attrib-
uted to the fact that the two parameters entering the theory,
the reorganization energy and the equilibrium energy gap,
can be connected to spectroscopic observables. The first
spectral moments

functions of the reaction coordinate. The linear energy gap . .
law is then generated in the inverted ET region. Conse- hwi:<x>i:f XeBFi<X>dx/ f e BFitX) gx
quently, the whole energy gap dependence can be very o o

FIG. 4. Energy gap law for charge separati@ashed linesand charge
recombination(solid lineg at @;=2.0.

asymmetric as is illustrated in Fig. 4. (33
The activation energy of ET follows from Eq&7)—  fully define A and AF, through the mean energ§wn,
(29 as =#h(w,+ w,)/2 and the Stokes shifiA wy=7(w;— w,)/2

FE=F(0)~Fy as
hon=AF (34)

=| il (VIAF o=yl a| = V]ail\)?. @ "
an
Equation(30) produces the MH quadratic energy gap law at

small |AFy|<|a;\ 4| and yields a linear dependence of the — iAwg=2\. (35

activation energy on the equilibrium free energy gap at

The Q-model involves an additional parameter that
|AFo—N1a?lay|>|ai|\; . Q P i

can be determined by invoking the second spectral moments

in addition to the first moments. The solvent reorganization

IIl. LINEAR RELATION: Fp(X)=F1(X)+X energy has been defined above through the second cumulant
The transformation of the constrained trace in Ey.is  ©Of the reaction coordinati that corresponds to the second

performed by representing th&function with the Fourier ~SPectral cumulant

ntegral Ni=B((8X)2i/2= % 80?); /2 (36)
» d¢ ing the optical bandwidth
~15(X—AE :f et X representing the optical bandwidth.
A )z —w277g2(§ ) The first spectral moment is given in the present model

_ by the relation
—i+edé

- eﬁ(AFomf 5= Gi(£X). (3D)

LOF(£0)

J
One then obtains E@5) provided the integrals over the seg- ¢ =0
ments (—i—o,—i+o) and (—», +») are equal. This is From Eqgs.(20) and(37) one obtains the parametey :
indeed true whergj,(&,X) is analytic in¢ inside the closed A1 L
contour with the two segments as its boundaries. The func-  “1~ ANT(RAwstAg),  AN=Ro— Ay (38)
tion G1(&,X) is not analytic if the essential singulariy ~ Similarly, the equilibrium energy gap is

<X>i:_(iﬂ)7 :X0+ai)\i- (37)



6 J. Chem. Phys., Vol. 113, No. 13, 1 October 2000 D. V. Matyushov and G. A. Voth

N ag onto a real or simulated condensed-phase ET system. A cru-
AFo=thon= > —3, (39  cial test is provided from Eq(19), which indicates that the
2 parameter
which is equivalent t& 5\
aihg
NSEPURIR VL FURLD w0 =, (41)

2 (hAwgti)?

. calculated from the simulated reorganization energies and
The Stokes shift and two second spectral moments fully de- g g

) . inima positions[Egs. (36) and (38)] should be equal to
fine the parameters of the model. In addition, they shoulc]n. . : . : .
satisfy Eqs(19) and(20). The latter feature is important for unity. In fact, many simulations showing nonlinear solvation

manbing the model ont ndensed-nh imulations of E fects can be mapped on the Q-model. Table | lists the
apping the modet onto condensed-phase simulations o arametersy; and vy calculated from the simulation results
that we consider next.

reported in the literature. The condition=1 holds very ac-

curately.
Our own simulationgin the Appendix also show that
V. PHYSICAL REALIZATIONS OF THE MODEL the condition of the model consistengy= 1 is fulfilled very

_ ~well for dipolar solutes of various magnitudes of the dipole
The MH two-parameter model provides a mathematicaly,oment Mg in a solvent of hard spheréHS) permanent

realization of the concept of linear coupling of solute e|ec'dipoles forming a liquid or arfcc lattice (Table 1. The

tronic states to a harmonic solvent bath-mode). The  gimylations were performed in different phase states of the
three-parameter Q-model yields more flexibility by including go|vent for a given charge distribution of the solute in order

an additional parametes; quantifying the extent of the {5 address the question as to which solvation environment
force constant variation of the nuclear mode driving ET. Theegylts in stronger nonlinear solvation. In order to quantify

two models are equivalent in the limit;—«. The MH  he nonlinear effect, we plotted in Fig. 5 the parameter; 1/
model has been successfully mapped onto several real EJ,q the ratio

system&@ and, more generally, on condensed-phase reac-
tions involving redistribution of the charge densit{’ How- 2\,
ever, limitations imposed by the condition = «, inherent Xi:m (42
in the L-model do not allow its application to more complex
physical phenomena characterized by nonparabolic free e@gainst the variation of the solute dipole with ET. For linear
ergy surfaces. Below, we discuss some physical realizatiorgolvation, 1&; =0 andy;=1. Both parameters indicate that
of the mathematical Q-model developed above. the dipolar lattice produces a much stronger nonlinear solva-
tion effect compared to the fluid solvent with equal molecu-
lar properties. The variation of the force constapis up to
The CT spectra and kinetic data often do not provide20% in the dipolar lattice. The inclusion of the isotropic
direct information about the ET free energy surfaces. In thenolecular polarizability of the solverniup triangles in the
absence of reliable experimental data, computeupper panel of Fig.bconsiderably diminishes the nonlinear
simulations'® and liquid-theory calculatioRéhave been un- effect(cf. Tables Il and 11}, in contrast to the opposite trend
dertaken for a number of model systems. In this connectiorreported previously'® Note that the conditiony=1 still
the influence of nonlinear solvation on the ET energetics habolds for the polarizable solute and solvénable 1119).
become an issue of close scrutit’. The problem is usually A comparison of the results for the dipolar fluid and
addressed either through direct generation FgtX) by  dipolar lattice in Table Il indicates a considerable difference
umbrella-sampling technique®or by computing a few cu- in solvation for these two media. For instance, the reorgani-
mulants at the initial and final equilibrium stafé®) In both  zation energy of the high-dipole state withimg/m=238.0
cases, the absence of a closed-form, analytical solution iFAmgy=mg,—my,) is about 50% higher in the dipolar fluid
volving the nonlinear coupling makes it difficult to representcompared to the dipolar lattice for equal polarities of the
the numerical data by a formula conforming with the linearconstituent molecules. The shift 8(X), is about 34%
relation, Eqg.(4). This drawback also makes it impossible to higher in the fluid solvent. This is an indication of a stronger
extrapolate the numerical results outside the simulation rangsolvating power of the fluid solvent due to the ability of the
and to generate analytical continuation to the complex plansolvent molecules to adjust their packing around a solute.
of solute multipoles® These restrictions impede application The rearrangement of the coordinates of the solvent mol-
of the simulation results to generating optical spectra and thecules also reduces the saturation of the orientational re-
energy gap law. sponse, diminishing the nonlinear solvation effect. This com-
As is shown in the previous section, only two equilib- pensation does not exist in a lattice solvent resulting in a
rium moments for each ET state are sufficient to determineonsiderably stronger nonlinear effect, in agreement with
the model parameters. This presents, of course, a consideanalogous observations reported previodsly.
able advantage as only initial and final equilibrium configu-  The solvation parameters listed in Table Il do not de-
rations of the ET system can be sampled generating the glacribe the physical phenomenon of a random impurity solva-
bal, nonequilibrium free energy surfaces. This goal istion in anfcc lattice. The solvation shif{X); and the reor-
however, achievable only if the Q-model can be mappedyanization energy, measured from simulations, both depend

A. Nonlinear solvation
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TABLE II. Reorganization parameters for a dipolar transitimg,— mg, with my;/m=2.0 and Amy=my,
—my,. The solute is a dipolar hard sphere with the radygso=0.9. The solvent is composed of dipolar hard
spheregDHS) of diametero and a dipole moment in the liquid andfcc solid phasespm?/c®=1.0.

Amg/m = B(X) By —B(X), BX; BH(8X)%)26  B(8X)%)./6*  ay Y
DHS liquid®
4 4.70 4.56 14.15 4.29 0.17¢ 0.08 51 1.003
5 5.88 7.25 20.09 6.54 (0.42)¢ 0.17 38 1.005
6 7.05 10.26 27.45 9.07 (0.49¢ 0.31 29 1.001
7 8.23 13.97 35.60 12.00 (0.59¢ 0.59 20 1.005
8 9.40 1824 4459 1517  (1.03¢ 0.98 14 1.009
DHS latticé
4 4.20 3.96 10.86 2.95 0.22 0.28 9.5  0.995
5 5.25 6.19 15.77 4.39 (0.52 0.47 8.3 1.002
6 6.30 8.91 20.93 5.89 (0.42 0.76 6.8  1.002
7 7.35 12.13 26.76 7.66 (0.65 1.09 6.1 1.001
8 8.40 15.84 33.13 9.65 (0.89 1.47 5.6  0.999

#Calculated according to E¢43).

From Eq.(41).

°N=864 solvent molecules in the simulation box.

YFrom computer simulations withi=864 solvent molecules in the simulation box. The values are given in
parentheses as they change substantially when switchingNreB00 toN=864.

N=494.

on the coordinate of the point at which solute is inserted intg3\,=9.7 atN=494, not because of the limited size of the
the lattice. For instance, simulations withi=851 lattice  simulation box which does not allow the thermodynamic
molecules give B(X),=19.0 and B\,=6.4 at Amy/m limit, but due to the fact that the solute inserted in the center
=8.0. This is considerably different fro{X),=33.13 and  of the simulation box generates different local environments
depending orN when the overlapping lattice molecules are
removed. Lattice simulations, therefore, cannot be used to
model disordered impurity solvation in solids, as well as they

0.2 T - - T T cannot be used to represent solvation in fluid solvents.
- The present simulationéTables Il and 1l) and those
015 | ///” 1 reported in the literaturéTable ) both indicate that nonlin-
' Lat. //'/ ear effects of solvation saturation obey the consistency con-
_-& dition y=1 of the Q-model. This suggests that nonlinear
§ 0.1} L 2 - solvation effects can be successfully mapped onto the model.
- The simulations do not, however, give a definite answer as to
Liq. /,,—' whether the Q-model is capable of reproducing the third
0.05 F g " 1 cumulanf®
- A A PEED|] 6B\,
0 L . S —— B(8X)%)i=—i f'(f ) ﬁ_ - (43
3 4 5 6 7 8 9 g | f—0 @
14— ' ' — The third cumulants listed in Table 1l do not reach the ther-
___0 modynamic limit as they substantially depend on the number
12 o_____o__-—e——"e ] of particles in the simulation bo¥. They are, however, uni-
formly small compared to the second cumulants and the ana-
—— lytical free energie$;(X) [Eq. (24)] are very close to those
< 1 D___—':l——-ﬁ"""ﬁ' . generated by computer simulatiofi§g. 6). In order to dem-
T onstrate this, Fig. 6 shows the results obtained for solvation
—_ - ——_g . . . .
O g _ | of dipolar solutes by the dl_polar lattice where nonlinear ef-
0.8 *-——o fects assume the greatest importance.
Two routes to calculate the free energy surfaces from
0.6 : ‘-‘ 5 é 7 ;3 . simulations have been accepted. In the first approach, a poly-

Am/m

FIG. 5. Upper panel: &/; vs Amy/m. Lower panel: the parametgt [Eq.
(42)] for i=1 (open points andi=2 (filled pointg vs Amy/m. 1l/a;=0
and x;=1 for linear solvation. Circles indicate the lattice DHS solvent;

squares correspond to a liquid DHS solvent. The up triangles in the upper

panel indicate nonpolarizable solutes in a polarizable DHS liggiv2/ o

=1, a/d®=0.05.

nomial fit of the simulated equilibrium solute—solvent ener-
giesu{2(mo)=(Ue); (Ugs is the solute—solvent interaction
potential energy versus the solute dipoleng was used to
determine the solvation chemical poterfiial

mg d )
Mpi(Mg) = fo 0—mugs)(m) (44)
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TABLE Ill. Reorganization parameters for a dipolar transitiog,— mg, with my;/m=2.0 andAmgy=my,
—my;. The solute is a nonpolarizablef =0) or a polarizable ¢§ = a0/08=0.05) dipolar hard sphere with
the radiusRy,/0=0.9, 2Ry= 0. The solvent is composed of dipolar polarizable hard spheres of diameter
polarizability a* = a/03=0.05, and the dipole mome@m?/¢3=1.0.

Amg/m = B(X), BNy = B(X) B\2 ay Y
Non polarizable solufe
4 54 4.0 16.0 3.9 104 1.006
5 6.7 6.3 23.4 6.1 71 1.009
6 8.0 9.1 32.2 8.4 44 1.018
7 9.4 12.4 42.0 11.5 51 1.014
8 10.7 16.2 53.3 14.6 36 1.021
Polarizable solufe
4 5.6 4.2 17.8 4.1 154 1.006
5 7.0 6.5 24.1 6.2 76 1.009
6 8.4 9.4 32.9 9.0 80 1.008
7 9.8 12.8 42.8 11.9 49 1.013
8 11.2 16.7 54.3 15.4 48 1.014

awith N= 256 solvent molecules in the simulation box.

and then the ET free energiés® energies from simulations. The left-most branch of the sur-
= ds face obtained from Eqs44) and (45) (short-dashed line

Fi(X)—Fg=—8"1tIn f —exp(isB(X—Al) falls outside the range of simulated equilibrium energies and

27T illustrates the danger of extrapolating the local simulation

results to produce global free energy surfaces. It should be
—ﬂ,upi(mOi+isAm0)+,B,upi(m0i))}. noted that since the two free energy surfaces are connected
by the linear relatiofEq. (4)], a comparison of the simulated
(45) and analytically calculated surfaces in the initial state (

. =1) is sufficient to draw a conclusion as to their agreement.
The second route employs the truncated cumulant expansion ) ° ° 9

with the first three cumulants determined from computer
simulations such that B. Polarizable ET complexes

= ds i The instantaneous energy of a dipolar polarizable solute
Fi(X)~Fo=—B""I J ~—exp isB(Al+uf)—X . inly enerdy ota dipotar b
(X)=Fo A n{ mZWeX'{ ISB( Uos —X) with the isotropic polarizabilityg; in a condensed solveht

- depends on the nuclear configuration of the solvent through
n 2 (is) K-“‘)” (46) the reaction field of the nuclear polarizati&) such that?
e RS 1 LA O

Ei=1;—Mg-Rp— (G0i/2R5+ (4a,) RS, (48

(n)_
Ki"=B"((6AUoe)"i, Nn=2. (47 The effective solute dipolehg; = f¢img;, and the effective
Figure 6 shows that the analytical free energy surfaces dpolarizability, @o =feiao;, in the ith state are enhanced
the Q-model coincide on the scale of the plot with the freecompared to their vacuum valueg,; and ag; by the factor

fei=[1—2acaq] % (49

The enhancement of the dipole moments and the polarizabil-
ities is the result of the self-consistent effect of the field of
the electronic polarization of the solvent. The response func-
tionsa, anda, in Egs.(48) and(49) generate the solvation

= chemical potential due to the electronic polarizatiQn,
5"@ =—aefeim§i, and the solvation chemical potential by the
g- nuclear solvent modes/,Lpi=—(afi—aefei)mSi. Here, a
= =a,+a, and
fi=[1—2aa0i]_1. (50)
5 Y 10 10 A comparison of Egs(6) and (48) reveals that the
B(X-Al) Q-model is equivalent to the problem of ET in linearly po-

larizable CT complexes. The parameters of two models are

FIG. 6. F1(X) (1) andF,(X) (2) from the analyticalQ-model(solid lineg, connected by the relations

from the equilibrium chemical potenti§Eqgs. (45) and (44), short-dashed
lines], and from the truncated cumulant expandiBns.(46) and(47), long- Ki= (2ap) -1_ aOi (51
dashed linek The transitionmg;— mg, with my;/m=2 andmg,/m=10 in

the dipolar lattice with8m?/¢3=1.0 is consideredR,/o=0.9. and
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Ci = ﬁ]Oi . (52) .
Py-Dj= | Pp(r)-Dj(r)dr. (59
Further, one obtains v
Ak=—A%, A&=3g— a0, (53) In Egs.(58), P, is the nuclear solvent polarization. The

o ~_ solute field in the above equation depends on a classical
Therefore, the common situation of the solute polarizabilityintramolecular mod€) changing from the equilibrium value
increasing with excitatichcorresponds ta\ k<0. The sign o1 t0 the equilibrium valueQy, with the transition. We
of the force constant change is then opposite to the effect ofssyme thatD;(Q) can be expanded in a series i@ (

nonlinear solvation yie_ldin@K>0'43 _ — Qo) and truncate the expansion at the linear order term
From the connection between the solute properties and )

model parameterf€qs.(51) and(52)] and the reorganization A A , dD(Q

energy in the Q-moddIEq. (13)] one obtains the reorgani- Di(Q)=Di(Qoi) +Dqoil Q= Qo) Doi= aQ |

zation energy of ET in a solute with both the dipole moment o (60)

and the polarizability changing with the transition ) ) .
For harmonic classical modé¥ andQ one obtains for the

N1=(apfi/fer) (AM+2a,f1ATM,) . (54 instantaneous energies

Also, the parametew,; becomes

_ 5 / KQ A2, KP
f, Ei—li—Pp-DOi—QDQi-Pan?Q +?Pp~Pp, (61
S PR Y 59
aplina wherexq andkp are the force constants of the correspond-
and the equilibrium energy gap takes the form ing nuclear modes and
AF=Al—a,fef mi,+ayfe fims, (56) Do =D;(Qoi) — QoiDgi - (62)

(the solvation free energy by the electronic solvent polariza!n the dielectric continuum approximation for the micro-

tion is included inAl). Equation (55) indicates that the scopic polarizationP, the force constant iscp=4m/cy,

physical reason for a finite value ef, for polarizable ET  wherec, is the Pekar factor.

complexes is solvation of the induced solute dipole by the  For two nuclear, classical modes the ET free energy sur-

nuclear field of the solvent. The strength of this field is de-faces are given by the expression

fined by the parametea, increasing with solvent polarity. — BFi(X)+ BFgi — p—1 B _

Accordingly, the nonline?ar effect of the polarizability varia- e PR Po=p (o(X=ABE))iqp, (63

tion increases with solvent polarity. where the subscript QP” denotes the equilibrium average
The connection of the model parameters to spectroscopiaver theQ andP modes. Both are quadratic and the average

moments leads to the relation for the polarizability change is straightforward. Representing ti&function by the Fou-

rier integral as in Eq(7) and performing the average ov@r

2
Aa:iA—)‘ Moy mm—ﬁAwS‘H‘l . (57) one gets the terms quadratic and linear in the integration
2Ny hA st N, hlAwgt sy variable ¢, The first term is proportional toADg- P,)? and
In many practical cases the factdts are very close to unity the second is proportional ta\Qq - Py) (Dg;- Pp) where
and can be omitted. The parametérg and My are then AD,=Dj,— Db, (64)

equal to their vacuum values,; andmy; and Eq.(57) gives

the polarizability change in terms of spectroscopic momentd he variationA Dy, is nonvanishing only due to the nonlinear
and vacuum solute dipoles. Experimental measurement ari¢rms in the dependence &;(Q) on Q. The quadratic in
theoretical calculation o ay= eg,— ap; are still challeng- ADg terms can thus be neglected compared to the terms
ing. Perhaps the most accurate way to meaguig pres- linear in AD(’Q. In this approximation, by representing the
ently available is that by Stark spectroscdfy® which also  field D,Qi as DbizﬁéiADé, D’ :(D62+ Dél)/z, we drop
givesAmg. Equation(57) can therefore be used as an inde-the terms quadratic ihD,. The free energy surfaces then
pendent source oA ag, provided all other parameters are become

available, or as a consistency test for the bandshape analysis. -
e AR+ BFoi= g1 5(X~ AE)); p, (65

with
C. Configurational flexibility of CT complexes 1
Consider a CT complex with the vacuum fidd(Q) in AE=Al-AD-P,— K_Q(AUQ' Pp)(D’Q' Pp) (66)
a polar solvent. The field creates a polarization of the sol- L
vent, and the electronic energy in tith state can be ex- andAD=Dg,—Dy;.
pressed as The equation foAE; is formally equivalent to that for a
| —P..D/(Q) (58) polarizable CT solute with an anisotropic polarizability. In
PP TS order to bring the system in accord with the Q-model, the
where the scalar product indicates integration over the solast term in Eq(66) is averaged over the orientations of the
vent volumeV polarization fieldP, . The effective instantaneous energies
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TABLE IV. Main features of the two-parameter L-mod#&liH) and the three-parameter Q-model.

L-model Q-model
Parameters AFg, \ AFqg, N, ay
Reaction coordinate —<X<® X>Xgata;>0
X<Xpata;<0
Spectral moments AF =ty AFo=fion—Nia/2(1+ a;)?
N=hAwg2 Ny=BE%((60)%)1/2

1= (A wgt o)/ (N1—=N2)
Energy gap law
AFg+A <Ny F3%c (AF+\)? F3%c(AF+),)2
[AFq|>\, Fa AF2 Fate|AF,|

- - ~ two-parametef\ and AF;) MH model by introducing the
Ei=1i—Doi-Pp— g(D(,gi' Do) (Pp- Pp) (67)  third parameter; reflecting the variation of the force con-
N stant of the classical solvent mode driving ET. The model is
equivalent to that of a solute bilinearly coupled to a har-
Ci=Dy;, (68)  monic solvent mode. The exact solution obtained here leads
to nonparabolic free energy surfaces of ET that obey the
Ki= Kp— 3i(D’Qi'5(,))! (69) funqlamental linear rel.a.tion given by E@). !ts vali_d_ity is
KqQ equivalent to the condition of thermodynamic stability of the
and driving solvent mode. Compared to the MH model, the
5 present development predicts a more diverse pattern of pos-
AK:_g_(AD'Q‘Eé)- (70 sible system regimes includin@) an existence of a one-
KQ sided band restricting the range of permissible reaction coor-
Equations(68) and (69) directly lead to the reorganiza- dinates, (ii) singular free energies outside the fluctuation
tion parameters and the ET free energy surfaces in the fram@and, and(iii) a linear energy gap law at large activation
work of the Q-model. As these parameters are also connectg@ghyrriers. The model parameters are fully defined by the first
to spectroscopic observables, one thus gains a tool for studyg,q equilibrium cumulants of the ET reaction coordinate.
ing optical and thermal ET in configurationally flexible mol- This allows construction of global, nonparabolic free energy

ecules. The_effect of the mtramolecular mode is reflected Surfaces from spectroscopic measurements and/or equilib-
the modulation of the effective force constant of the Gauss-

ian solvent fluctuations. This effect increases with a soften- pormjuter simulations, The_ main features of the present
ing of the intramolecular mode. Such soft conformationaland Mi"models arg compared in Table IV. .
modes are encountered for protein ET where large amplitude 1€ Mathematical modelQ-mode) developed here is
fluctuations of the protein matrix have the potential of con-c@pable of reproducing several physical situations which
siderable variation of the donor—acceptor distance. Furtheionflict with the assumptions of the MH model. In this re-
more, twisted ET is accompanied by a variation of the dihegard, we have shown that nonlinear solvation by solid and
dral angle¢ between the donor and acceptor grotfpim the  liquid solvents can be described by the Q-model. The condi-
latter case, the chromophore dipole momegt depends on tion for the model consistency holds both for our own simu-

the dihedral angle anBg;<my; . If all the dipoles are col- lations and those reported in the literature. The Q-model is

are then isomorphic to the Q-modélg. (6)] with

linear, one obtains shown to be isomorphic to the problems of electronic transi-
4 Amlm), tions in linearly polarizable CT complexes and CT com-
Ak= (71)  plexes with configurational flexibility.

- 3K¢Kp Amz )\S, . . . .
Perhaps more important than particular physical realiza-

whereh = (xp/2)ADo- ADo, andADo=D(¢oz)) ~D(¢0d) IS tions of the model is the fundamental physical picture arising
the MH definition for the solvent reorganization energy. Thefrom the analysis of the solution. The free energy surfaces
prg\sent mapping of the CT complexes with flexible Conf'g'“"are discontinuous at the boundary of the fluctuation band

rations onto the Q-model contains several approximation : L .
. ) . ending to positive infinity. Of course, higher order expan-
that need testing. In particular, the exact average in(&8). . . : o
gion terms in the solute—solvent coupling may eliminate the

goes beyond the Q-model, resulting in stronger nonlinear, , o c o

effects than those reflected by the Q-model. A more detailea'ngu"”lrlty replacing it by a steep ascent or a finite jump. The

study of this problem will be presented elsewh&re. existence of such a strongly nonlinear behavior may be use-
ful for applications. Such nonlinearities of ET energetics

may, for example, be responsible for a very efficient stabili-
zation of charge-separated states in natural photosynthetic

This article presents a three-parameter model for the fregenters"® or be utilized in the molecular design of new
energy surfaces of ET in condensed phases. It extends thmeaterials for energy storad@.

VI. CONCLUSIONS
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