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Theories of electron transfgET) reactions and optical spectra in condensed phases consider
electronic transitions between instantaneous Born-Oppenheimer energies of the intramolecular
electronic states which depend on the system nuclear configuration. With the aim of constructing a
molecular description of the solvent effect on these phenomena, we consider in the present paper a
system composed of a polar polarizable solute immersed in a solvent of polar polarizable molecules.
The instantaneous free energies are defined in terms of partial partition functions obtained by
averaging over the electronic degrees of freedom of the solute and the solvent. Electronic
polarizabilities of the solvent molecules are modelled as quantum Drude oscillators. For the solute,
two models are considere() the Drude oscillator anli) the two-state solute. The former enables

us to derive the solute-solvent dispersion potential with account for the effects of nonlocal
polarizability coupling in the solvent and the many-body solute-solvent dispersion contributions.
These effects are analyzed using equilibrium theories of nonpolar liquids. The two-state description
of the solute involves redistribution of the electron density between the two localized sites. The
instantaneous adiabati{g contrast to diabatic in the Drude oscillator modike energy can be
derived in this case under the only restriction of the quantum character of the solvent electronic
excitations. It leads to the ET matrix element renormalized from its vacuum value due to the
equilibrium field of the electronic solvent polarization and the instantaneous field of the permanent
solvent dipoles. The theory predicts some useful relations which can be applied to treating the
solvent effect on transition moments of optical spectra. The equilibrium ET matrix element is found
to depend on the orientation of the solute diabatic transition dipole in the solute molecular frame and
the spectral shift due to solvation by permanent and induced dipoles. This offers an interesting
phenomenon of self-localization of the transferred electmmmo ET matrix element Finally, the
comparison of two derivations performed enables us to write down the diabatic instantaneous free
energies which can be used for a molecular formulation of the effect of the solvent and the solute
energy gap on ET rates. @998 American Institute of Physids50021-96068)03315-7

I. INTRODUCTION of the diagrammatic expansidrwhen a liquid with internal

Theoretical treatments of optical spectra and activationdegrees of freedom becomes equivalent to an effective liquid

. . without internal degrees of freedom and effective parameters
barriers of electron transféET) reactions belong to a broad | . N .
. o .. (dipole moments, polarizabilities, etcto be determined
class of problems related to the behavior of liquids with

quantum internal degrees of freeddhe main challenge in from a self-consistency relatidrThis method has been suc-

treating such systems is the necessity to combine the quaﬁ?SSfu”y applied to treating thermodynafhiand opticat

; . . . properties of nonpolar liquids. Its main virtues are based on

tum nature of intramolecular internal modes with predomi- o _— ;

. L . Lo the possibility of switching the order of averaging over the
nantly classical statistics of the disordered liquid state. The . .

" ; classical nuclear and quantum electronic degrees of freedom
system partition function . . :

when calculating the partition function.

Z= Try Tre(p) ) The calculation of the ET probability and the spectral

) ) N lineshape both involve the dynamic density matrix
includes thus traces of the density masix exp(— 8H) over

the quantum electroniel) and classical nucledcl) coordi- p(t)=exp(iHt)p(0)exp(—iHt).

nates. HereH is the system Hamiltonian an@= 1/(kgT)

with kg Boltzmann'’s constant and the temperature. Con- Dynamic problems present a serious challenge and dynamics
siderable progress in tackling such problems has beeaf radiationless transitions can be successfully treated only
achieved in recent years in the framework of the functionafor simplest model Hamiltonians like that of the spin-boson
integral description of the quantum subsystehiThis for-  model® The physical realization of the spin-boson model
malism reverses the order of traces in Ef) ( Try Try  closest to ET is that of the molecular polaron: one electron
— Trg Try) applying the machinery of the liquid state on either of two sites in a molecule coupled to harmonic
theory to every point of the quantum intramolecular path.optical phonons of the latticeThough the spin-boson model
The approach becomes especially attractive in the frameworkas been used to model ET reacti6h&?it is rather limited
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when applied to ET in liquid&® The fundamental distinction cused only on the solvent electronic polarization neglecting
between solidgspin-boson modgland liquids is the ability the solute polarizability and thus nonpolar solvation due to
of the liquid molecules to translate resulting in density fluc-dispersion solute-solvent forces. A nonzero solute polariz-
tuations and destruction of translational order. In contrast t@bility has only recently been incorporated into the dielectric
fluctuations of harmonic oscillators which are totally continuum scheme by Kirtf In many treatment&s-17a.d-"18
enthalpic!? fluctuations in liquids include an entropic com- the exact free energg® was replaced by the ground state
ponent of rearranging positions of the solvent molecules. ThenergyE’ ={ ¢|H| ¢>0)16'17fwith the expectation value taken
difference between the harmonicorresponding to long- in the ground statep, of an orthonormal basig,...¢,
range interactions of a quasi-macroscopic lepgtid density  optimized by using the variational principtg!® This is in
(usually more short-rangédnodes is reflected in different fact a zero temperature variational procedure following from
temperature dependences of the activation balfittThis  the upper Peierls bourid:
feature is not accounted for by harmonic representations of
the solvent excitations and more sophisticated models are __ 1
needed for treating electronic transitions in liquid solvents. & =5 In% exp(— B(b[H|¢)) )
This demand meets, however, with essential difficulties of
realizing the above mentioned procedure of switching then the g— oo limit
trace order when applied tfm(t). The way around the prob-
lem has actually been long used in the theory of ET reactions Eé<E’,
and optical spectra and consists in separating the dynamic
and static parts of the problem in terms of instantaneous fre€aution is, however, necessary in applying this approxima-
energy surface¥ In the present paper, we will follow this tion, since it results in a localized symmetry-breaking transi-
traditional strategy focusing on deriving the instantaneousion state that does not exist f&° defined according to Eq.
free energies in terms of molecular nuclear coordinates of the2).2 (The appearance of such false states is in fact a well-
solvent. The definition of the instantaneous free energies iknown deficiency of simple variational procedures when ap-
based on the separation of the characteristic timescales in thgied to molecular polaron and exciton problefi€9 Even
system. such a simplified treatment does not achieve the goal of ob-
Both the solute and solvent subsystems can generally biining anexactsolution for an arbitraryw,/ g ratio. It ex-
subdivided into fast electronic and much slower nucleaiists only for two limiting casesti) the Pekar approximation
modes. The Born—OppenheiméBO) approximation em- (3)?! (sudden approximation in Stratt’s classificafipand
ploys this separation of the characteristic times to define théi) the opposite limit of slow solvent electrong> w, (self-
energies of electronic levels as a function of the nuclear coeonsistent approximation of Kim and Hyrts An approxi-
ordinates. In a finite-temperature thermostat, they are calcunate ground state energy interpolating between the two
lated by integrating out the electronic degrees of freedom known limits was suggested by Kim and Hyri8$The free
o1 - energiesE® for an arbitrarywy/ o, ratio can be obtained by
exfl — BE"]= Tref(p) @ means of Chebyshev—Markov inequaliffesor by using
retaining hence the order of traces as it is in EY). The variational calculation>?°??Note also that the condensed
nuclear dynamics along the BO surfacE$ can then be phase BO schem@) differs in one important point from the
treated in a stochastic or an equilibrium transition state forclassical BO approximation developed for isolated mol-
malism leading to desired dynamic quantities. The definitiorecules. The average over the electronic subsystem is per-
of the BO surfaceE® becomes, however, a nontrivial prob- formed for a quantum ensemble at finite temperature of the
lem when applied to ET systems. This is because the trad@iermal batfi*’®??including thus a possibility of thermal
over the coupled solute and solvent quantum degrees of fre@Xcitations both of the solvent and the solute. A similar pro-
dom cannot be taken in a general case. It was Pekdio  cedure is employed in the one-impurity Anderson médel.
first suggested that the solute electron can be treated asT&e BO surfaces in condensed phases thus be¢paréal)
slow one compared to the solvent electrons in terms of th&ee energies instead of energies as in the gas phase.
adiabatic decoupling scheme. This enables one to consider Now we will be a bit more specific about the system
the motion of the solute electron as that of a small moleculaHamiltonian in Eq.(2). Under very general assumptioks
polaron adiabatically “dressed” by the field of the solvent can be split into the solutélg, solventH, and solute-
electrons. The basic assumption is that the characteristic fréolventHys parts
quencywg=AJ/#% of transitions between the two localized

states at the solute with the adiabatic energy 4dps much H=Hg+Hg+Hgs. 5)
lower than the characteristic frequency of the solvent elec-
tronic excitationswg Here and throughout below “0” and “s” indicate the solute

and solvent, respectively. ET systems are usually viewed as a

complex of donor and acceptor moieties weakly coupled in a
The desire to go beyond the adiabatic Pekar approximadonor-acceptor comple$DAC). The solute Hamiltoniaitig

tion was the motivation of recent studies of the role playeds thus given by the sum of the Hamiltoniakt)’ corre-

by the high-frequency solvent polarizati®*®’ These were sponding to the electron localized at the donor{) and

limited to the continuum description of the solvent and fo-acceptor (=2) and a hopping HamiltoniaHglz)

W< ws. (3
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2 tem of a polar polarizable solute in a polar polarizable sol-
HE=> HY+H2. vent. Two models of polarizable molecules are most
=1 frequently used in condensed phase theorigsthe Drude
The hopping Hamiltonian introduces a new timescale of thevscillator modet*?® and (i) the two-state modéP?3° The
tunneling rate(hopping frequency|V,4/% between the two former is simpler and is easily adjustable to use in liquid
localized states, wheié,, is the ET matrix element. There- state calculation$? The latter is more realistic and can be
fore, three timescales extended to a larger basis $8€%°To derive the BO instan-
taneous free energies we employ below both models for the
solute and restrict ourselves to the Drude oscillator model for
characterize the electronic subsystem. Only if the charactethe solvent polarizability.
istic frequencﬁ“.of the solvent nuclear motions,, is larger A Drude oscillator model
than the tunneling rate can we use the whole solute Hamil-
tonianHg in Eq. (2). The ET rate is controlled in this case by Since the Drude oscillator model does not allow charge
the nuclear dynamics over the BO surf&£%? In the oppo-  redistribution between the two localized states at the DAC,
site casgdV4/h<w,, the ET rate is controlled by the tun- we will consider in this subsection only diabatic instanta-
neling rate at the intersection point of the two diabatic BOneous energieg; given by Eq.(6). State dependent dipole
surfaces momentang; and polarizabilitiesx,; (i=1 for the initial and
i=2 for the final state, respectivghyare assigned to the
exyl — BEi]= Tre(exd —fHil), ) DAC, whereas the solvent molecules are assumed to bear
where the diabatic Hamiltonians; dipole momentsn; and polarizabilitiesy; . Since we assume
H—HO 4+ H .+ HO ) below the an!sotroplc form for the solute polar|zab|l|ty9i
: 0 s’ 0s and a; are given as the rank-two tensors. For polarizable
are defined by substitutinlgg) instead ofHg in Eq. (5). molecules, the solute and the solvent dipole moments are
The motivation for the present paper is to calculate thesums of permanentnfy; and m) and induced f§, and p)
instantaneous BO free energiE$ (2) and E; (6)*° not re-  components. The solute-solvent part of the diabatic Hamilto-
stricted to the continuum solvent model, as in previousnians(7) reads
studies*6-18 and suitable for nuclear averaging in the
framework of liquid state theories. A molecular theory of ET
activation based on this development will be presented in a
forthcoming papef’ Our aim is also to show how nonequi-
librium functionals of collective solvent coordinatés.g., whereT is the dipole-dipole interaction tensddg? is the
solvent polarization commonly used in ET and allied solute-solvent repulsion potential, and the sum runs over the
application$®*® appear as a result of a rigorous adiabaticN solvent molecules. To proceed further, we need a model
elimination of the electronic degrees of freedom. Our treatdescribing intramolecular charge fluctuations resulting in in-
ment of instantaneous free energiEsgoes beyond the Pe- duced dipole moments. In the quantum Drude oscillator
kar approximation and is valid for an arbitrary ratig/ws  model the solute and the solvent Hamiltonians read
under the assumption of quantum excitations of solvent elec-
trons. Since our particqlar intgrest is to understand the effect HY =1, + 2y 2Po- ag - Po+ 2Po- @+ Po 9
of the solute-solvent dispersion coupling on the ET energy
gap law, we chiefly focus here on the derivation of the dis-ynq
persion potential in Sec. Il employing two models of solute
polarizability: quantum Drude oscillator and two-state mod- . .
els. In particular, we analyze the effect of nonlocal interac-  Hs=Ug ™+ %2 (w3 %P} aj_l'pj+pj : aj_l'pj)
tions between induced solvent dipoles and the role of many- .
particle solute-solvent response on the interaction potential. . ~
The virtues and shortcomings of the two models are analyzed - 5% (m;+pj) - T (Mt Pio). (10)
in Sec. Il where the effective interaction potential is written '
dov_vn. Section IV concludes_with the compa_rison of our deri-Where Tjk:Tjk(l_ 5,). In Egs. (9) and (10) I; are the
vation to other results and discussion focusing on the solven acuum energies of the electron in tha state andJ™ is

renormahzatlon_of the ET matrix element and its conse-,[he solvent-solvent repulsion potential.
guences for optical spectroscopy.

Equations (7)—(10) form the system diabatic Hamil-
tonian H;. Here the Drude oscillator model introduces the
simplification of equidistant{w, and% wg) electronic levels

We will assume that intramolecular electronic transitionsin the solute and solvent molecules. The second order quan-
proceed between two localized electronic states within théum perturbation theory commonly used in deriving intermo-
DAC. The charge distribution within the DAC varying in the lecular potentiaf® does not contain this restriction. How-
course of ET will be represented by its initiay; and final  ever, we have chosen the Drude model based upon its two
mg, dipole moments, the higher multipoles will be disre- significant virtues{i) the finite temperature averagiif) is
garded. The BO free energies will be calculated for the sysfeasible in the quantum harmonic bath formalism used below

|V12|/fi, Wo, Ws

Hgs):U{)esp_; (Mgi+Po) - Toj- (M +pj), (8

II. INSTANTANEOUS FREE ENERGIES
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and(ii) an accurate definition of the interaction potential foring induced dipoles of the solvent. Following the argumen-
a general form of solute and solvent polarizabilities is postation of the theory of nonpolar liquids=° a” can be
sible. represented in the form

With the Hamiltonian$H; in hand we can calculate the
free energieE; . We will take the trace in Eq2) by apply- alg=la-(1- 2a°°(a°°)a)‘1]aﬁ, (13
ing the path integral approach within the imaginary time

. 2’5 . .
interval:> Accordingly, Eq.(2) can be rewritten as wherea”(a”) denotes the response function of the induced

L solvent field gauging its solvation power. It is obtained from
qu—BEi]:f exp(—% " "S[po,p; ) ZPoZp, (11 the internal energy-(3a™/B)a”(a”) of induced solvent
dipoles depending om™=(1/3) Tr(a®). Equation(13) is

where thus a self-consistent relation with respectat®.
Bh Now we embark on a detailed analysis of the dispersion
Sﬁ[po,pj]zj' Hil[po(7),pj(7)]d7. potential[the last summand in Eq12)]. The treatment of
0 dispersions is complicated by their nonpairwise character
The integral over trajectoriggy;(7) originating from(i) the nonadditive polarization coupling be-
" tween the induced solvent dipoles afid the many-body
S solute-solvent interactions. The first feature results in a non-
IPoP= n_Hx de”E[ dpjn local character of the effective pairwise solute-solvent poten-

tial. The second point arises from the series expansion of the
%garithm in Eq.(12 and involves products of the loop
solute-solvent-solute excitations. We analyze both effects be-

can be replaced by that over the the Fourier components
the quantum oscillator coordinates

B _ low and first split the last summand in E(L2) into the
Pin= |, pj(T)expliw,7)dT, solvent-solvent 3", and solute-solvent)§5P, parts
pj(T)Z(,Bh)_l; Pin€Xp(—iw,7), (ZB)‘lTrnEj (Inzz'™);; = UdP+ U geP

where the frequencies,=2mn/B% correspond to periodic
boundary conditiong;(0)=p;(B#) of a boson field. with
The actionS[ po,p;] is Gaussian ipg, andp;j, and the
integral (11) can thus be computed exactf/The effective
energy becomes a rather cumbersome expression which we
simplify by disregarding the solute-solvent induction interac-
tions involving more than three particles and replacing the

udsP=(28)"1 TrY, (In(1-a-T));,
n,j

bare solvent polarizabilitye; by its “dressed” valuea” UgsP=(28) "1 Tr X (In(1—(1-a™-T); el Tyo
renormalized due to the field of the surrounding induced di- nik
poles. The diabatic energi&s attain the form=3 o To). (14)
Ei=Ii+Urep—; morToj-mj—%jEk mj'Tjk'mk The inverse matrix
_ Tyl n.F
—%Ek m;- Tjo- ap;- Tok- Mk (1 a’(n)'T)Jk = Splt ™ Ty
j

) ) +2 " Tl Tt .
—52 Moi- Toj- @j - Tjo- Mo m

generates under the logarithm uﬁff’ an infinite tensor se-
—(2p) 1t TrE (Inn-“‘))jj . (12 ries usually considered in the theory of nonpolar fluids. The
n diagrammatic analysis of such series has been performed by
In Eq. (12), U™P=U[$P+ U, the trace in the last summand Werthein?® and we will follow here that procedure. The
is taken over the Cartesian components of the dipole tensorstructure of expansion graphs remains the same for every

and summand oven in Eq. (14).° We can therefore calculate
- ) = . - eachn-component separately. Let us consider the first expan-
R = Sl Ti—af™ - Tjo- o Tok, sion term of the solute-solvent dispersion potential in Eq.
(n) _ 2 (14

where af) = aywd/(03+ w?2) and a](”)Z angl(wg-i- w?)

are the polarizabilities of unperturbed Drude oscillators _

evaluated at the imaginary frequeniay, . Fn(12= Tr(agi- Tor [(1-a™-T) " alM] 15 Ty,
The effective solvent polarizabilitw” is enhanced com-

pared to its vacuum valua due to the field of the surround- where
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[(1-a™.T) L. aM]= 512a(1”)+a<1“)-T12. a(zn) In Appe_ndix A we show that the inclusi_on of the nonl_ocal
correlation effects represented bi,(12) in (17) results in
the appearance of the Kirkwoagfactor of the induced sol-

QNS SN (R o ! w o
+§k: a T o Tie vent dipolesgy , multiplying &{™* so that
. (n)+ i — ] 0
@ Ubst=(28) "2, In[1- g nf™" Tio- a5 Toy .
In the diagrammatic formalisnt;,(12) can be represented ’ (21)

as a sum of graphs composed of a white circle referring tQ
the solute and some black circles representing solvent site
each bearing the vacuum polarizabili#§”” . The white circle

he simplification(21) is achieved by replacing the nonlocal
polarizability interactions by an effective pairwise potential.

and the black circles are connected Bybonds. The loop The ‘?"Spers_i"” potgntiaﬂl) includes thu_s onl_y the produc'Fs
diagrams starting and ending at the same black circle can i pairwise interactions when. the Iogarlthm IS expandgd n a
included into renormalized vertices replacing the vacuum po_serles. _If we take c:only the ?rSt S%n-\oloa_nlsot\lng term in the
larizability &{™ by the graphi3,(j) representing™ in the =~ &XPansion, we 9€tgx  is replaced bygi =gy ol

field of the solvent induced dipoles acting on tjth mol- 9z 0202

ecule. The remaining diagrams, according to Werth&iare U8§?= — 2_K ) 20 52 5 Tr(af-Tjo- agi Toj)-
the chains of irreducible graphs without bridge points and Bl (wpt wp)(ws+ wp)

with the factorB, associated with each black point. As a (22)

result,F(12) is given by The sum oven can be computed using residue calcflus

Fn(12)= Tr(as) Tor-. 4n(12)-Too), (15 w2w?
B .
where (w5t 0h) (it o))
A(12)=By(1) 815+ An(12). (16) = %[ws COth B wg/2) — wg coth Bhwy2)].
Ws— Wq

The first term in(16) accounts for the one-particle solvent 23)
excitations whereas the second term is caused by the corre-

lations between the induced dipoles of different moleculesUnder the conditions of quantum excitation frequencies
The tensorA,(12) depends on the configurations of all the
solvent molecules representing the many-body character of Biwo>2 and Bhog>2 (24
the solute-solvent COUplin@eca” that the nuclear averaging and isotropic solute and solvent po|arizabi|itia$zﬁ

is left out of Eq.(6)]. In order to reduce the problem to an =" 8,5, @gap= @, EQs.(22) and (23) reduce to the
effectively pairwise potential, we replace the response funcye||-known London formt

tion .A,(12) by its value averaged over the nuclear configu-

rations of allN—2 solvent molecules excluding the probe disp_ 3agigra” ﬁwows.E i 25
particles 1 and 2A,(12)=(.A,(12));.1,. This yields® Osi™ 2 wotwsF r§
A, (12)= a(1n>°°512+pa<1“>°°. Hn(12)-a(2”)°°, (17)  Which still differs from its gas-phase analog by the replace-

ment ofa by gxa™.
where p is the solvent number density and the correlation  In the potential(25) the dependence on temperature is

second-rank tensdi,(12) can be written as eliminated due to the conditioni®4) excluding occupation
of the solute and solvent electronic states by thermal excita-
Hn(12)=h3(r1) 1+ D (r 1) Dy, (18)  tions of the thermostat. Throughout below we will assume a
. guantum excitation energ§wg for the solvent molecules
wherer j =T /rj and implying the second inequality24) to be valid. The first
o inequality in (24) can however be violated under the ET
Djk=3rjrjk—1. (19 resonance condition. Therefore, the solute-solvent dispersion

. . i . coupling should be taken in the form
Now, in order to obtain the effective pairwise solute-solvent

dispersion potential, we will integrate over the center-of-  grhwows Bhwo
mass positions and orientations of one of the two probe par- =———— s Coth———wg
. : . 4(wg— wp) 2

ticles. This results in s o

U8§?=(ZB)’1TFHEJ In| 1—af - To;- f An(j2)

WhenBhwy<2, the solute is excited by the thermostat ther-
'Tzod2}- (200 mal motion and the dispersion potential becomes propor-
tional to T
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wheremX=(¢;|mo| ¢, is the matrix element of the solute

dipole operatom,. Note that the diagonal ternms)) aremy,

o _ ) o _ in our notation above. The sum &fg andH g is
The possibility that the dispersion potential is proportional to

T in the classical limit %%Ahigh temperatures has been men- 2
tioned already by Lindet? We, however, have not found e —yrep THm pVa‘a+V D
analogs of the more general Eq23) and (26) in the text- Fo+Hos U05+i21 LAy pita At Vid iy pyi]
books on intermolecular interactiofs®> An expression
analogous to Eq(23) for the symmetrical case;= w, ap-
peared in the study by Cao and Bethef Lennard—Jones T
(LJ) clusters. They however used only its quantum li@g). ~ Where, under the assumptiony = mg',

The natural question arising in connection with the trun-
cation (22) of Eq. (21) is the contribution of higher-order ~
terms. The whole expansion of the logarithm in E2{) is Ly ’pj}]zli_; Moi - Toj - (M +Pj),
calculated in Appendix A. The ratio of the second and the
first order expansion terms in E1) is shown there to be
zSaoa/(4rSj)3. This can be evaluated by using an approxi- — V,f{m;,p;}]=Vi,— > m& T -(m;+p)).
mation ag= 0y/16, a=0°/16 [oy and o are the solute and !
solvent hard spheréHS) diameter$ and ro;=(0+ 0)/2.
The ratio thus becomewgg3/[16(g+go)6]_ Even for the Now the instantaneous free energie$can be obtained by
solute and solvent of equal size, the second term in the exdtegrating over the electronic degrees of freedom. We per-
pansion(21) is just 3/1024 of the first one. The ratio de- form this as above in the form of a Euclidean path integral.
creases quickly with increasing size asymmetry and we cafne correction of Eq(2) is, however, first necessary. Since
safely use the truncatiof22) disregarding the higher order We adopted the description of the two-level system in terms
terms |n(21) Our present ana|y5i5 thus shows that both theOf creation and annihilation operators, we need also to deter-
nonpairwise effectgdue to the solvent-solvent polarization mine the chemical potentigk® of the two-level system in
coupling, Appendix A and the many-body solute-solvent order to ensure correct statistics of the finite-temperature
forces (Appendix B have only a very minor effect on the gquantum system. The value pf is derived from the condi-
dispersion interaction potential. This result is in agreemention that only one electron can occupy the two levels of the
with the analogous conclusion drawn by Cao and Berne frongolute
simulations of LJ cluster®

Ugi;?:(g:szT/Z); Tr(a" Tjo- ai- Toj). (27)

X(a;a,+ay ay), (29

(N)= Tro(Nexg — B(HE— u°N)]) =1, (30)

B. Two-state solute model whereN=a; a,+a; a,. E® can be obtained from the func-
tional integral over the solvent and solute quantum degrees
of freedom in the holomorphic representatidriThe func-
tional integral over the solute electronic subsystem results in

volves the charge redistribution between the two localizedn® 9rand-partition functioff. The canonical partition func-
states in the DAC(ii) explicit form for the solute polariz- tion can then be obtained by differentiating over the fugacity
ability, and (iii) the time separation requirements discussecF:eXp(B'“e)' We thus get

in the Introduction are revealed in a transparent way from the
derivation. The vacuum solute Hamiltonian can be repre-
sented in terms of the fermionic creatighi (r) and annihi-
lation (r) operators of the transferred electron at the point

We now calculate the adiabatic instantaneous enEfgy
given by Eq.(2) for the two-state model of the solute. This
approach has several important virtués: it explicitly in-

J ~
exi] — BE®]= =~ Tro(exd ~ B(H— u*R) D)o

== exph 1Sy al ,a; pj]

Y(r)dr.
—hSLPjn ) ZPIM | o (31

2
i 12
; HY+HE?

H8=f g (r)

In the vacuum two-state solute basi$(r), ¢é,(r),
HP$ (D=1 (D), (dild)=5 we have y7(r) InEa.(3Dthe measure

=a; ¢* (r)+ay ¢5(r) andH§ reads 2

dag (r)da ()
H§=1,a) a,+1,a; a,+ Vi (a; a,+a; ay), (28 om=[1 ak—k
k=1 Br=7=0 2mi
wherea;” and a; refer to theith state. The solute-solvent
interaction Hamiltonian by the same token takes the form defines functional integration over the Grassmann field

5 amplituded® a* () anda;(r) with aperiodic boundary con-
Hoom U= S afa S, mik-To- (my+p)). ditions a;(0)= —a;(Bh).3" The actionSyJa* ,a;,p;] is de-
ik=1 ] fined as
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Bh
Sod af .ai,pj]=f0 Ei [haf (r)d,a (1) +(us
~Til{m; ,p;(D}Daf (nai(n)]dr
Bh__
- |7Vt @t (st

+ag(nay(n)dr.

D. V. Matyushov and B. M. Ladanyi

2

sflay ,ai]=_21 [haf (7)d,a ()
i= 0
+(ut—Epaf(na(7)]dr

i [P1
—Vizfo [al (7)ay(7)+az(r)ay(r)]dr.

(39

In deriving Eq.(35) we used the relation valid for the fermi-

The quantum Drude oscillator model is retained for the solonic operators & (7)a;(7))?=a(n)a(7), af(r)a’(7)

vent induced dipoles and the acti§{ p;,] is
ﬁﬁss[pjn]zéjik:n pjn'(aj(n)il5jk_:fjk)'p:n'

The integration over the Gaussian fiefnjg yields the action
in terms of only the fermionic amplitudes® and a; that
contains convolution terms of the form

where for the isotropic solvent polarizabilitya{"),
=aM§,, we have

G(r—7)=2 a"(1-a"T) texdio,(r—7)]. (33

The zeroth order i™T term in (33) leads to the usual
Green’s function of a quantum harmonic bath

Go(r—7)=1> aMexdiw,(7—7")]

B laﬁﬁws coshwy(|7—7'|— B#12)
T2 sinh Bh w¢/2)

G(7—7') determines the retardation of the solvation of the

=0, and the commutation rulé&.In Eq. (35), the diabatic
energiesE; are given by the expression

Ei=li—§ mm-ToJ--mj—(a/a% Moi- To;

(1= aT)jt To Mo

—(al2) 2 mg?To-(1—aT) b Tomg?  (36)
Tk
and the effective ET matrix element is
$9=V1—mg* RImg]. (37)

The charge-transfer matrix elemei®7) is renormalized by
the reaction field of the solvent

R[rFo]=§j) Toj (Mj+a(1—aT) ;b Ty mo)

including the reaction field of the induced dipoleR ] on

the mean solute dipolmg=(mg,+mgy,)/2 and the instanta-
neous field of the solvent permanent dipoleR,)( The
former can be written in the linear response approximation as

Rel rﬁo] = 2MerFO (39

with u. referring to the response function of the induced
solvent dipolesthe solvation free energy of the dipal®); is
thus,uem(z,i). In the continuum approximation it reads

e—1 1

Fe=5o 11 R—S, (39

solute electronic states by the solvent electrons in the case of

comparable time scales of the electronic subsystegrsy

~1. This retardation is eliminated in terms of the Pekar ap
proximation (3) when the two time scales differ substan-

tially. The Grassmann amplitude$ (7) anda;(7) evolve on
the characteristic timescal#/|Al|. When the transferre

whereRy= 0/2 is the solute HS radius and, is the high-

frequency solvent dielectric constant. The instantaneous field

of the solvent permanent dipoles can be attributed to an equi-
librium field created by a fictitious solute dipatec,**3such

d that

electron is much more sluggish than the solvent electrons

|Al|/A<wg, the problem can be simplified by replacing

G(7—7'") by a delta function

G(r—1')=Bha(1l-aT) 16(r—1'). (34)

This removes the correlation terms resulting in a two-level
description of the solute electronic subsystem in an adiabatic
field of the solvent electrons. The effective action takes the

form

Rp[mgc] = 2 TO] . mJ = Z/megc,

where u,, is the response function of the liquid permanent
dipoles. It reads in the continuum descriptian (s the static
solvent dielectric constant

1

R_g .

es—1 €.—1
2e,+1  2e,.+1

Mp= (40)

We thus can recadtSh in the form
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Equations(36) and (37) obtained above for a two-state

VeI =V = 2 (mE2 mi%) — 2 (mE2 my). (42)
12~ Vaz~ 2pp(Mo™ HelTo "o solute model are easily extendable to a more general solute
Somewhat similar relations for the renormalized equilibriumpasise, , k=1,... M. The diabatic energies are then

charge-transfer coupling have been obtained in previous
studies employing dielectric continuum models for the

colventéa-cird 2 Mo+ Toj - M;— (a/2) 2 Mo Toj- (1= aT)
The derivation performed above indicates also the origin
of the problem with the self-consistent variational principle -Tk0~m0' (44

in the limit of fast solvent electrorfs'® If we had replaced
the HamiltonianH in Eq. (2) by its ground state matrix ele- and the matrix eleme;,, between the solute stateandm
ment, we would get instead of E¢32) correlations of the is renormalized to
form
Bl [ Bh vim= Vim_z mmeoJmJ_(a’/Z)E mgTOJ
fo jo ni(7)G(7— 7" )n (7" )drd7’, j Kl

wheren;(7)=(¢ola’ (7)a;(7)| o). Then the use of the ker- (1=aT);t Tio-mg"
nel (34) would result in terms<n;(7)n,(7) that do not ap-
pear in a rigorous treatment.

The instantaneous enerd® can now be obtained by
integrating over the Grassman amplitud®s(7), a;(7) in
Eqg. (31) with the action(35). The same procedure for the
chemical potentials® in Eq. (30) yields u®=(E;+E,)/2. As a“ge
a result, the energg® is given by ug? 5i(0j)+ugsh(0j) = — TK[@O-TOJ-T jo- So) I mgi

E®=3(E,+E,)— B ' In[2 coski BAE/2)], (42)

where AE=AE?+4|VET? and AE=E,—E,. Equation +(p'TOi'TJO'p);i |m3|2},

(42) coincides with the free energy of the spin-boson

Hamiltoniarf"®?%¢ calculated to zeroth order imy/ws. An (45

improvement of this result for an arbitray, / g is possible

for a quantum solvenBfiws>2. In this case, the i)nfinite

perturbation series over the hopping Hamiltontdff? can

be summed in the basis of the coherent solvent E}féfélse pendix A. In Eq,(45) S=mo;/mo; andp=mo/mj are unit
vectors which in a general case do not coincide and

result of this procedure is the ener with the ET matrix
eIementV rgplaced by 62 g‘is,(oj) refers to the induction interaction between the

solute permanent dipole and the induced dipole positioned at
V= Ve sexp(—3Se), S =MeAm3/ﬁws- (43)  thejth solvent molecule. The dispersion potential in &)

is determined by the sum over the diabatic solute transition
The exponential factor renormalizing the hopping frequencydlpolesmn 40 For the vacuum solute polarizability built on
is the classical Holstein restitrederived in the literature i

several times later off:%*6%17'Unfortunately, this procedure ~ °
cannot be extended to take into account the coupling of the

oxd — e Mo — Mom)?
2hwg

With account for the nonlocal dispersion effects considered
in Sec. Il A, the last term in Eg44) can be recast as fol-
lows:

wherea” is given by Eq.(13) and the high-frequency Kirk-
wood factorgy is defined in Eqs(20) and (21) and in Ap-

li
mOamOy

off-diagonal ET matrix element to the solvent electronic ex- g ,,= =2 - (46)
citations responsible for dispersion forces. We therefore re- i Tl
tain the dispersion term in E@20) in the form correspond-
ing to the Pekar adiabatic time-separati@®). In the next we get for a two-state soldte
section we construct a hybrid potential incorporating the re-
a hyonc p rporaing Q010y= 280, p8p,, | MEAZIAL,
sult of the Drude oscillator model for the dispersion solva-
tion into the free energ¥® derived in this section.
oF Aoy = =284 50, MEAIAL (47)
IIl. EFFECTIVE POTENTIAL and

The Drude oscillator model does not specify the polar-
izabilities used as input parameters determining the ampli- ugij’i’(Oj):—
tudes of harmonic induced dipole fluctuations in the Drude
Hamiltonians(8) and (9). The important virtue of the two-
state model is that it provides the dispersion potential itWhererq;=rg;/ro;. This coincides with the Drude model
terms of the solute transition dipoles. The comparison of théesult (26) in the limit of wy/ws—0 and the anisotropic
two models hence tells us what kind of polarizabilities solute polarizability(47) with the only nonzero component
should be substituted into the instantaneous diabatic energiesongp. The fact that the diabatic energié6) and(44) are
E; following from the Drude model. of zeroth order inwg/wg is responsible for the distinction

|agi Al gy 3(?01' p)2+1

6 ’
4 ro;
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between the two models when the difference of the solutewhere “—" and * +” correspond to the ground and excited
solvent dispersion couplings in the two states is consideredgnergy surfaces. When we substit&@ from Eq. (37) into
From Eq. (45 we see that AuSs%0j)=u3s%0j)  the above relation and take the diabatic limit—0, the last
—ug';‘l’(Oj) is governed by the virtual electronic transitions summand yields the analog of the induction potenti).

to the levels other than the two ET states. In the two-statdhe switch of the sign of the last summand in E8jl) cor-
truncation of the solute basis the dispersion potential is henagsponds to the change in the sign of the solute polarizability
state-independent. This contradicts however the quantumf a two-state solute in Eq47). It implies that the two-state
mechanical perturbation theoty The origin of the discrep- polarizability can indeed be substituted into the induction
ancy becomes clear if we apply the two-state truncation tgotential (50).

both the solute and the solvent in the quantum mechanical The derivation just performed enables us to draw two
perturbation framework. For the isotropic solvent and anisoimportant conclusionsi) the Drude oscillator and two-state
tropic solute polarizabilities the difference of the dispersionmodels are isomorphic in predicting diabatic free enerBies
potentials becomes when the solute polarizabilit{46) built from diabatic solute
transition dipoles is used in the Drude model dmgthe zero

® o

AUSSR(0]) = — ([ 'ws(fyT i order Pekar approximatiof8), mathematically expressed by
0s 2 0" 1o Eq. (34), should be used with caution and at least the first
order in wy/wg correction to the kerne(34) is needed to
12 1 1 ly th iati f the di i ial
x |mi?2 _ _ (48) repdr.oduce correctly the variation of the dispersion potentia
ws—wp  Wst o Augs®. The Drude oscillator model has however its own

. dispy . limitations which we consider next.
T e, Th dahlc crerge ar he part e energes of
: . . tained from calculating the partition functions over only the
S-function kernel(34). However, the differencé48) is of fast electronic dearees of freedom of the solvent and the
first order inwq/wg and for ws> wq reads ast elec 9 S
s s solute. In contrast to the Hamiltoniahs;, the thermody-
. wo A namic character of the energi&s is reflected by their de-
Aug'SSp(Oj)z—g°K°a°°—(p-Toj~Tj0-p)|m(1)2|2. (49  pendence on temperature shown in E26). This appears
@s due to the summation over the thermal excitations of the
The same result follows from the London dispersion potenselute .harmonic OSCiIIatpr representing the solute ir?duced
tial with the two-state solute polarizabilit#7). We thus see dipole in the Drude oscillator model. The Drude oscillator
that the dispersion interaction and the induction coupling of€@sonably represents a two-state solute only for high exci-
the solute permanent dipole to the solvent polarizability ardation energiegs wo>1 when only the ground and first ex-
essentially the same in the Drude oscillator and the two-stat@lted states are effectively involved. F@fiwo=1, the
models when the Pekar limi8) is in order. We can therefore Drude model introduces a manifold of closely spaced vi-
improve the result of the two-state derivation by substitutingbronic levels absent in a two-state solute. Therefore, the ap-
the Drude oscillator result for the dispersion potential intoP€arance of the solute-solvent dispersion potefi#al pro-
the diabatic energiel; entering the free energg®. portional tp temperature is an artifa_ct of the Drude mo.del
What seems still to be missing from the diabatic energiedvhen applied to a two-state DAC. This result however points
(44) is the induction potential coupling the solute induced!© the fact that the dispersion potential acquires temperature
dipole with the solvent permanent dipoles dependence if one of the two interacting particles contains
closely spaceddegenerate or nearly degenerate onkh€
energy scaleelectronic levels. This situation may occur in

ind _ ind ;
USAOJ_% Us—0, (01K), complex molecular moieties composing the DAC.
We can now write down the effective diabatic potential
ulsngo,i(ojk): - %mj'TJO' ap; - Tor- My (500  of a two-state ET solute with a polar polarizable solvent
—1. rep. disp dip. disp ind ind
Except for the terms with equal indicgs Kk, this potential is Bi=lit UM U™ Ugg i+ Uosi+ Uossit Usto; i52)

a three-particle one. It causes a coupling of the solvent di-

poles which depends on the solute state. We recently ag-he dipolar potential here is
sessed the corresponding interaction energy based on experi-

mental data on optical thermochromiéfnit should still be UgR =2 udPi(0j), ug®(0j)=—mg-To;-m;. (53
recalled that the outcome of integrating out the electronic ]

degrees of freedom of the solute is the instantaneous energshe induction potentials for the isotropic solvent and aniso-
E® composed of the diabatic energi€s (36) and the tropic solute(47) polarizabilities read

solvent-dependent ET matrix elemewi, (43). The expan-

sion of E® over the smallin the far from resonance regipn U'o”is,i=2 ut?is,i(i),

parametetVq,|/|AE| gives ]

_ e
2 ~ . a My 3(sp-roj) +1
pe_E1tE2_AE_(Vi) 51) ug%5i(0) =~ — S (54)
0j

2 2 AE
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can further be employed to obtain a nonequilibrium func-

ind  _ ind : : : : .
U'srLo,i—% U 0;(0jK), tional of a collective solvent coordinate that can be used in
applications related to reaction dynamics, ET, and optical
agm? D(0j)D(kO) spectroscopy in condensed phases. For instance, starting

ug;(0jk) = — , (55  from the Marcus theory” the inertial solvent polarization
P(r) is considered as the main collective solvent coordinate

where D(oj):3(ﬁ.f0j)(FOj.gj)_ﬁ.gj and gq.:mj /m. The determining the solvent effect on ET and optical spectra in

solute polarizabilities in(55) are given by the two-state ex- liquids. The nonequilibrium free energy functiori@l P(r) ]

pression(47). The dispersion potential in E¢52) reads in ~ 9iving the free energy cost of creating a nonegilibrium po-
the Drude oscillator model larization P(r) in the solvent can be obtained froEf as a

restricted trace over the solvent nuclear coordinates

exp(—BF[P(r)])

3.3
2 Iojko

U&%;uﬁwx

aggra” fiwgws 3(P-Tro))*+1
4 wot wg rgj

exd — ﬂEe]) . (57

(56) = Trcl(5 P(r)—; m;8(r—r;)

Ugeh(0j) =~
With the two-state polarizability in Eq56), Eq. (49) pre-  The analogous functional used by Kim and Hyftdsllows
dicts the dispersion potential to vary very weakly with opti- from Eq.(57) whenE® is replaced wittE' = (¢o|H| ) [see
cal excitation amounting to only2l/(%ws)<1 fraction of ~ discussion of Eq(4) in the Introduction.
its ground state value. This contradicts some spectroscopic The free energy® in Eq. (42) has been derived under
experiments yielding noticeable changes in the dispersiothe only assumptiorBiws>1 and is valid for any ratio
solute-solvent couplin® The discrepancy is due to the use wo/ws (with the dispersion potential taken from the Drude
of the two-state model. Especially for the excited state, othefode). It does not therefore rely on the adiabatic Pekar con-
solute electronic levels should be included for a correcdition (3). Equation(42) reduces to the free energy of the
evaluation of dispersion forces. A system composed of a$pin-boson Hamiltonian in the Pekar adiabatic limag/ws
least three electronic levels may be considered for qualitative>0.> The only effect of removing the adiabatic time sepa-
treatment of excited state polarizabilities. We will use theration condition is thus the renormalization of the ET matrix
three-state model for treating the effect of dispersion forceglement[Eq. (43)]. A similar conclusion has in fact been
on the energy gap dependence of ET rates in a futur@rawn by Song and Stuchebrukfidn connection with the

publication?’ calculation of the ET rate constant. Previous calculations of
the solvation free energy of a two-state systeffaP822b
IV. DISCUSSION have been chiefly performed in terms of the spin-boson

. Hamiltonian. In order to provide a comparison to the results
The goal of the present paper was to derive instantagenorted in the literature we thus need to transform our de-

neous free energies of electronic states localized at the DAGrintion in terms of the creation and annihilation operators
Equation (52) provides us with the diabatic free energies g yhat in the spin variables. We first introduce some simpli-
depending on the nuclear configuration of the solvent. MOsications decreasing the number of system parameters. In the

ments of the diabatic energy gap,—E, calculated in @  gpin_hoson model the fluctuations of the off-diagonal matrix
molecular framework give us ET activation parameters.

CS - _act _ element are commonly neglect®®??°In our model, it im-
Work on this is under way’ The derivation using the two- plies that we need to assume the diabatic transition moment
state model results also in the BO free enefjy(42) com-

; ) X ] m(l)2 equal to zero. Further, we replace the dipole-dipole mo-
posed of the diabatic energi&s and the ET matrix element |ocjar interactions between the solute dipole and solvent

V1, (41), (43), renormalized from its vacuum valué;; by induced dipoles by the reaction fiel@8) directed along the
the instantaneous field of the nuclear solvent degrees of fre%mute d|p0|e momerho_ In order to have on|y one solute-
dom and by equilibrium solvation of the solvent bound elec-gg|yent coupling constant, we sety;=0 and mg,=Amj.
trons. The effective ET matrix elemekft, is related to the Finally, since we are interested in this section only in elec-
intensity of absorption transitioffsand to radiative rate con- tronic solvation, we put the solvent permanent dipoles equal
stants for emissiofff We discuss below the relation of our to zero. As a result, the solute Hamiltonian can be rewritten
free energie€® to other approximations known in the litera- in terms of spin and boson operators as follows:

ture and then finish with the spectroscopic consequences of

the solvent dependence of the ET matrix element. h=(Hg+Hgs)/ (i ws)

A. Instantaneous free energies 1 S o, o,

_ _ =C+5——+b"btvo,—Af 5 +Se5 (b" +b),
The instantaneous free energ§ in Sec. Il B has been 2 4 2 2

obtained by eliminating the solute and solvent electronic de- (59)

grees of freedom in the system density matrix according to

Eqg. (2). Therefore, no nuclear averaging has yet been pemwhereb™ andb are the creation and annihilation operators

formed and the instantaneous free ende§ydepends on the of the medium phonong, and o, are the Pauli matrices

solute and solvent nuclear configuration. The free ené&fgy (eigenvaluest 1). Equation(58) is constructed to include
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FIG. 1. Dependence of the free energy of an unbiased two-state systeﬁllG' 2. Ground state energy of an unbiaséd £0) two-state system vs

(Af=0) on the bath frequency. The points are results of calculations bye reduced solvation energs.=\./fiws. The full lines are the exact
Jongeward and Wolyne@ef. 60. The solid line corresponds to E(59) results calculated from the numerical diagonalization according to Allen and

and the dashes represent the adiabatic Pekar approximation. The systeﬁﬂgeé(Ref'lZQ_'r;hz da;zed Iigers refer to the Kcijm ar;d Hynes thfe(ﬂgf.l _
parameters are8\ =20 and|V,=5. 6d[Eq. (61)]. The dash-dotted lines correspond to the present formulation

given by Eq.(60). The calculations were performed for two values of the
reduced vacuum ET matrix elemeantVy,/fws. Forv=—0.1 Eq.(60) is
undistinguishable from the exact result.

only unitless values =V ,/hiwg, Af=Allhws—S,, and

C=(l1+15)/fhws. Further, we define the zero of energy that

corresponds to setting=0. The parametes, is the ratio of

the solvation energy of the differential solute dipole by theFor large energy gapg\f/2|>|v| the adiabatic energg,
solvent electronic poIarizatioNeZ,ueAmg to the energy of transforms into the diabatic energy that is the same in all
bath excitationsS,=\./fiws, [EQ. (43)]. Now, after deter- theories for the same physical models. A crucial test of the
mining the condition of isomorphism between our descrip-validity of a particular approximation foe, can thus be
tion and the spin-boson model, we can compare(Eg).to  achieved in the regiomA f/2|<|v|. We therefore will calcu-
exact numerical results obtained in the framework of thalate the ground state energy at different solvation enebgies
model. Jongeward and Wolyrfésreported renormalized at the point of zero diabatic energy gadf =Al/fAws— S,
group calculations of the free energy of an unbiased spin=0. In this way we are also capable to test the theory in the
boson model withAf=0 for different phonon frequencies broad range of electronic adiabaticity parametaig7 w

ws. ForAf=0 andC=0 Eq.(42) becomes =wglwg, since atAf=0 we getwy/ws=S.=A./hws. We
N will compare Eq.(60) to the results of numerical diagonal-
Ee=— 79 — B~ Un[2 cosliBV1y)]. (59) ization of the spin-boson Hamiltonigb8) in the basis of 50

wavefunctions used by Allen and Silb&y.The reduced

In Fig. 1 we compare the results of Jongeward and Wolyneground state energies are plotted in Fig. 2Ssfor two

to Eq. (59). As expected, the predictiofb9) deviates from values of the reduceq ET matrlx' elementKim and Hynes
the exact free energy with decreasid o, but is very proposed an approximate solution for the ground state en-

close to it for high quantum frequencies. For sl o, ergy devised to apply to all v_alues of the_electroni(_: ad_iaba-
the variational procedure in terms of the effective ET matrix!'°1Y param_eter and_we also included their results in Fig. 2.
element andS, considered as independent variational In our no}aﬂon thf Kim "f,md_ Hyne_s grour_1d ssgate energy reads
variable$?® provides more flexibility and outperforms Eq. (Por=0, Zex=0, Za=—¢4 In their not.at|oﬁ for the sim-
(59). The adiabatic Pekar |imft712*>V12 is also shown in plified system considered in this section
Fig. 1 and we see that the renormalization of the ET matrix
element may give a noticeable contribution to the free en- o —_ %—Xﬁ-i- S vy?
ergy. In fact, for usual ET conditions, we hayg%wg E 2 2 yv 2 y=2v’
=200-400 and Eq(59) is expected to be very accurate.
Despite being less exact than other appfoaéﬁ@ﬂ hasan \yherex andy are variational parameters determined by the
essential advantage of simplicity and its accuracy is SUff"equation
cient to describe solvation by the bound solvent electrons.

As noted above, the free ener@g?2) is valid for an
arbitrary ratio of the solute and solvent electronic frequencies o 2Xyv(y/2—2v)
wo/wg. In order to compare our result to the theory of Kim © (y—2v)?
and Hynes® we consider the ground state energy. It corre-
sponds to the limiB—« in Eq. (42)

(61)

+2ux+Afy=0 (62

with the normalization condition®+y?=1.

eg= lim (E%fwg)=— SJ2— \/Af2/4+|v|2exp(—Se). As is seen in Flg.. 2, both EqSQO) and (61) work well
B0 for smallv=—0.1, with Eq.(60) being more accurate. For

(60) larger |v| both predictions deviate upward from the exact

Downloaded 05 Jan 2001 to 129.219.83.150. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



J. Chem. Phys., Vol. 108, No. 15, 15 April 1998 D. V. Matyushov and B. M. Ladanyi 6373

result atS,;>1 and this difference remains constant &s WherejozAI/(hc) and hCAjidiSP is the shift due to differ-
increases. For usual ET conditioh is in the range 5-10 ential solvation by dispersion forces.
eV andS,<1. Also even for strongly coupled systeis is The exponential renormalization factor in H5) does
hardly likely to exceed 0.5. Therefore, we can expect thahot deviate noticeably from unity for the usual energy scale
both Egs.(60) and (61) provide a comparable accuracy for 4 ~5-10 eV and can be neglected. The solvent depen-
the ground state energy. Equati¢d0) has, however, the dence of the equilibrium ET matrix element is hence deter-
obvious advantage of analytical simplicity compared to Eqsmined by the magnitude and orientationraf? and the di-
(61) and (62).*° Also the ground state energy is a specific polar (permanentinduced dipolesshift of the spectral line.
limit of the more general relation for the free energg) that  |n polar liquids, the latter is dominated by the componept
is absent from the Kim and Hynes formulatitii. of solvation by the solvent permanent dipoles. This implies,
for instance, that for absorption transitions witiy,<mg,
the ET matrix element will be nearly independent of solvent

B. Effective ET matrix element polarity. The dependence ¢¥/$h); on the solvent should be
) ) ) ol N more pronounced for fluorescence transitions.
Since the seminal work of Mullikeft intensities of op- The orientation of the diabatic transition dipaie}? is

tical transitions and radiative rate constants are treated ifgt specified in the two-state model and should be taken
. . e . 12
terms of the adiabatic transition dipole momeM;y™  from quantum mechanics or experiméhThe magnitude of
=(¥|mo|¥>) built on the adiabatic two-state basis, ¥,  the transition dipoléM'?); depends hence on the projections
diagonalizing the two-state Hamiltoniag in Eq. (28). ;ﬁﬁ% of m¢? on the solute dipole directios, and that perpendicu-
vacuumtransition dipoleM“ is given by the vector su lar to it (X) in the plane formed by, and méz. From Egs.
Al Vv (64), (66), and(68) we get
12_ 1220 vz

Ma=m;g AJ AmOAJ, (63
whereAJ= Al 2+4V212 and the diabatic transition moment
mg?is defined in Sec. Il B. The adiabatic transition dipole in
condensed phases can be derived in the same way that we . _ 12 2 dispy, 2
used in calculating the renormalized ET matrix element in Ci=[(mp™ o) (vo+ Av™) = Amg(Vy,/ho) I (70

Eq. (43). The transformation of the solvent basis to that ofExperimental verification of Eq69) is difficult because of
coherent states result in tikendensed phasadiabatic tran-  the unknown coefficient€; and thex-projection of the di-

[(M'3);]2=(mg® x)2v?+C; (69)

where

sition dipole abatic transition dipolen}®. The problem can, however, be
AE veft circumvented by the observation that the component of the
M= mlz—ﬁ.—Amo—i2 exp(— 3S,). (64)  Solvent reorganization energy due to dispersions is much
AE AE smaller than that due to dipolar forces for the majority of

Equation(64) gives the instantaneous value of the transitionOpt'Cal dyes' This means that

dipole depending on the nuclear configuration. Its average A pdisp— A disp_ A disp
. ; . vy r=Avy P=Av
over the solvent nuclear configurations can be writté¥ as
and the summandC; disappears in the difference of

Veff . — . ",
méZ—Am0< lz_'lexp(—% o), (65) [(M'3;1,]2 for absorption and fluorescence transitions.
Cyi When the solvent-induced shift is small compared to the

vacuum transition energy, we get a connection of the transi-
tion dipoles to the Stokes shilt v,

(M1 =

where we assumefNE=AE andhc?i refers to the vertical
optical transition ¢ is the wavenumber in cnt) corre-

sponding to absorption €1) and fluorescencd €2). The M. 2 12— T(M),2:12= 2(m22- 02 p v, 71
equilibrium value of the ET matrix elemexiv$h); is found [(M5)22]" = (M5 ora = 2(mg™ ) v b
by replacing the fictitious dipolmgc in Eq. (42) by my, When experimental data for both absorption and emission
12 - transition dipoles are available, E(f.1) enables one to ex-
off (mO SO) — h 12 C
(V$D) =Vt A—hCAVipv (66)  tract the componentnfiy 3().
Mo The dependence dfV,,); on the dipolar spectral shift
where hcAvP in Eq. (66) offers a possibility of the interesting phe-
— _ 5 5 nomenon of self-localization of the transferred electron. In-
hcAvP=—2u,(Amg- M) + pe(My— Mgy (67)

deed,(V;,); becomes equal to zero when
is the spectral shift due to differential solvation by dipolar o~
forces and equilibrium solvation by induction forces, with (M~ Sp)

“—" and “+" corresponding toi=1 andi=2, respec- AmovlzhCAVip:_l' (72)

tively. hcA»P is a component of the total transition . ] . ) ]

energy?2°42 Physically it means that the electron is essentially localized
L _ at the donor or acceptor site. The conditiéfi2) may be
vi=vot+ AvP+ Ar{™, (68 realized by either changing the dipolar shiftP or by vary-
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ing the orientatioff® of the diabatic transition dipoleny>  Where the tensdD;; is given by Eq/(19). Below for simplic-
relative toAm,. Note that the vacuum off-diagonal matrix ity we use the isotropic form of the solute and solvent polar-
elementsmi? andV,, come into the relatiori72) as a ratio. ~ izabilities

This form reflects the requirement of invariance with respect aM s a* = (7 5 (A6B)

to a phase shift of the wavefunctiop,— exp(x)¢ which Ohap™ 01 “apr Tap ap

cancels out in the ratio. Depending on the electronic strucThen the integral including® can be rewritten using the
ture of the DAC, the factormi}®. ,)/V;, may become posi- representation

tive or negative(e.g., the ET matrix element can switch its

sign with the changing the bridge moiély This sign will TOj’TjOZ‘?’J Toj.gg.Tjo(deMW), (A7)
essentially determine the possibility of realizing the self-
localization condition(72). where here and in Appendix B carets signify unit vectors.

Equation (72) gives the condition of passing through \ye find
zero of the equilibrium ET matrix element. Due to specifics
of the averaging of both the preexponential and Boltzmann b 27ag;>(a<“>°°)2 o
components in the Franck-Condon factor, the rate constant of Un :Wf

h?(rjz)rfzdrjzf d(vlz
nonadiabatic ET becomes zero at another point given by

0

mi&) | 5-T(12)- 55 T(20)- &3
(Mg SO)hC(VOMVidISp):l X | doidwydwss;- T(j2)- 5 T(20)- 5355

and (m32-x)=0, as we show in a separate papf&Fhe pass- T0)-51- (A8)
ing of the equilibrium ET matrix element through zero value The angular integral over the orientations of the unit vectors

physically differs from self-localization found in spin-boson g, s, ands; generate¥ the Axilrod—Teller potential
systems with ohmic dissipatidf:?2 In that case the disap-

pearance of tunneling happens due to the exponential renor- 1

malization factor in Eq(43). The assumption of the ohmic W(P“?’ €0S 6y COSY; COS 3),

dissipation leads to an infrared divergence and the equilib- i2"2doj

rium matrix element disappears with lowering temperature. whered,, 6,, andd; are the angles of the triangle formed by
the particles labeled 0, 2, andlt is easy to show that

3

dw;
ACKNOWLEDGMENT f 12(1+3 cosf, cos b, cosfz)=0
)
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A similar procedure applied to th&-projection gives a
nonzero term

APPENDIX A: NONPAIRWISE EFFECTS IN THE A 3pagi‘)(a(“)°°)2 ® )
DISPERSION POTENTIAL ug :r—3]0 hn(rjz)rjzdrjz
0j
We consider here the integral g
Wio ~ ~
- . X f —5 [3(Fg Tod) >~ 1]. (A9)
Up=Trlagy’ - Toj- | An(j2)- Tod2 (A1) )

he integral overw;, in Eq. (A9) diverges whem,—ry; .

his is due to the fact that we have not included the repul-
Ision between the solute and the probe particle, which is cor-
rect only for large separatiorg;>r;,. Taking into account
thath’(r) is a short range functiotf,we can expandA9) in

appearing as the first expansion term of the logarithm in Eq$
(20). From Eq.(18) the dispersion term involving the nonlo-
cal correlation effects is given by the sum of the rotational
invariant components

Un:UIn+ uﬁ+ u,'?, (A2) ri2/ro; truncating the expansion at zeroth order. This gives
where N 6p(a(”)°°)2a§,?)FA(0)
o] u = 1
uh=a"(Tjo- o Top), (A3) " re "

0j

— _

D_ D/, ). ) N ) whereh>(0) is thek=0 value of the Fourier transform of
Un pf d2hn(rj2)(Tjo- a0~ Tod): (@5 Dja- a2 7)), h2(r). Ultimately, then-amplitudeu,, of the solute-solvent
(A4)  dispersion potential takes the form

Ga(n)mag?) —
Un=——5—(1+aM"ph(0)). (A10)
(A5) Foj

Uﬁzpf d2 hﬁ(rjz)(TjO’ aé?)'Toz)i(a}n)m‘ ay”),
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For the classicah=0 value ofu,, the connection of the 3k
diagram expansion with classical electrostatics sRowmt Tr[TjO-Toj]k=—m(D(1,2)*D(2,3)*---*D(2k,1),
the term in brackets in EqA10) is the Kirkwood factor of (Toj)
the nonpolar solvent polarization (B2)
- where D(1,2)=3(S;-Toj) (Toi-S) — S-S Toj=Foj/Toj, and
©__ g A | ] ] J J
gk=1+a"ph%(0), D(12)*D(23) denotes the angular integral
where g7 is connected with the high-frequency dielectric J/(dw2/4m)D(12)D(23). The loop convolution in EqB2)
constante.. by the relation is easy to calculaté
k| — 2k
L (e-1)(2et1) 3K D(1,2*D(2,3* ...*xD(2k,1)]=2%+2.
(4m/3)pa”gy= 9., : We thus get
The generalization ta+0 is straightforward in terms of the Udisp_ 1 o [aggg a1k 22141 83
0s,i—

inverse compressibility factorg, andg,, of the longitudinal
and transverse dipolar responses usually encountered in the ) .
theory of dipolar fluidS? We can define the the Kirkwood The sum overn in (B3) can be computed by assuming

Bk=Tin k rof

factor gi ,>° corresponding to the polarizabiliey™* 9k,n= 0k and noting that
~ 2 (n) (n)eek
05 p=1+ a7 pRA(0)= ——+ —, (A11) E Lagia™"]
30, 30,
. . - 1 A
with g, andq, related to the solvent polarizability by =(wows) > o=
w w
4mpaMi=q —q- . (A12) ° °
The problem can easily be closed in the mean spherical ap- X 5 aZOia N (B4)
proximation suggesting that the molecular coordinate aver- N (wpt wp)(ws+ oy)

aging of the graphsA,, can be performed over a step func- From Egs.(B3) and (B4), we get ultimately
tion (low density limi) replacing the real coordinate

distribution function of the liquid® This neglects the effect gsp_ T s 2%k-147
of solvent spatial correlations on the angular distribution UOs,i__Ej]k:1 Kk
function, but results in the simple relatirfor q. andq,

- P o<1 th Bh wo/2) —
O =(1+46)2(1-26)%,  y =(1—26)%(1+ &))" X wsCOt S 0ol2) — wo
(A13) ) d(wd)
Equations(A11)—(A13) complete the definition of the Kirk- (B5)
wood factorgy , in Eq. (A11). In the quantum limi{24) the ratio of the second and the first
summands in the serig85) is equal to 310ig°,§a°“/(4r8j).
Since it is much less than unity for usual polarizabilities and

APPENDIX B: HIGHER ORDER TERMS IN THE contact molecular separatio(eee the discussion in the main
SOLUTE-SOLVENT DISPERSION POTENTIAL text), the expansioriB5) is rapidly converging.

0

2 2 w o]k
WoWs gk &

6

2 2
wows(wg— wg)

We want to compute the whole series of many-body

solute-solvent dispersion interactions in E2l). Expanding  ,~ M. Stratt, Adv. Chem. Physil, 1 (1990.

2D. Chandler and P. G. Wolynes, J. Chem. PH4.4078(1981).

the logarithm in Eq(21) we get 3(a) D. Chandler and L. R. Pratt, J. Chem. Ph§s, 2925(1976; (b) L. R.
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