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We investigate the energy gap law of electron transfer in nonpolar solvents for charge separation and charge
recombination reactions. In polar solvents, the reaction coordinate is given in terms of the electrostatic potentials
from solvent permanent dipoles at solutes. In nonpolar solvents, the energy fluctuation due to solvent
polarization is absent, but the energy of the ion pair state changes significantly with the distance between the
ions as a result of the unscreened strong Coulomb potential. The electron transfer occurs when the final state
energy coincides with the initial state energy. For charge separation reactions, the initial state is a neutral pair
state, and its energy changes little with the distance between the reactants, whereas the final state is an ion
pair state and its energy changes significantly with the mutual distance; for charge recombination reactions,
vice versa. We show that the energy gap law of electron-transfer rates in nonpolar solvents significantly
depends on the type of electron transfer.

I. Introduction looks much simpler than electron transfer in weakly polar

Electron transfer in p0|ar solvents has been extensively solvents. In polar SOIVentS, the reaction coordinate is giVen in
studied on the basis of the Marcus equafiérin nonpolar terms of the electrostatic potentials from solvent permanent
so|VentS' when fluorescence is quenched by electron transfer'dipoles at solutes. In ideal nonpolar SO'VentS, fluctuation of an
often an exciplex is formed, and a new emission from the electrostatic potential from solvents is absent. However, the
exciplex is detected.Although the bell shape of the energy —energy of ion pair states changes significantly with the distance
gap law for the back electron transfer from triplet exciplexes in between the ions due to the unscreened strong Coulombic
weakly polar solvents is observé8Marcus theory is originally potential. The electron transfer occurs when the final state energy
developed for the electron transfer in polar solvents, and it coincides with the initial state energy. For charge separation,
becomes less appropriate as the static dielectric constants ofhe initial state is a neutral pair, and its energy changes little
solvents decrease. In the exciplex, the donor and the acceptof'Nith the distance between the reactants, but the final state is an
seem to be more or less in contact. However, this does notion pair and its energy changes significantly with the mutual
indicate that the electron transfer in nonpolar solvents occurs distance; for charge recombination, vice versa. We investigate
at contact distance because the ions may have been attracted tde energy gap law of electron transfer in nonpolar solvents for
each other by the unscreened strong Coulomb force aftercharge separation and charge recombination reactions. The
electron transfer has occurred at remote distances. To avoid thisstrong distance dependence of an ion pair state in a nonpolar
Comp|exity, donof—acceptor pairs that are connected by semi- solvent is important for the energy coincidence of the initial
flexible groups to reduce the translational motion of reactants and the final states.

were also studie®.® Il. Charge Separation

Recently, the transient effect in fluorescence quenchingina  The rate of electron transfer in polar solvents is controlled
viscous nonpolar liquid paraffin was measufetihe results  py fluctuations in electrostatic potentials produced at solutes
indicate the occurrence of long-range electron transfer ratherby the surrounding polar solvent molecuté§However, in ideal
than exciplex formation. In general, the mechanism of electron nonpolar solvents in which the contribution from the orienta-
transfer depends on the free energy change. When the fregjonal polarization is ignored, such fluctuations are absent.
energy change is large, the long-range electron transfer occurs;therefore, the theory of electron transfer in such ideal nonpolar
whereas exciplex formation prevails when the free energy solvents cannot be formulated in terms of fluctuations in the
change is small. electrostatic potentials from solvent molecules. For charge

Electron transfer in weakly polar solvents has been studied separation reactions, reactants are neutral in the initial state,
theoretically by several group8:*® In weakly polar solvents,  and the electrostatic interaction energy between them is
one cannot describe electron transfer in terms of orientational neglected. The initial energy of the system may be assumed
fluctuations of permanent dipoles, as in polar solvents. Density constantEag, independent of the mutual distance except at short
fluctuations, detailed interaction between solvent and solute gistances, where the molecular interaction between the reactants
molecules and their motions becomes increasingly important js important. In the final state, one of the solutes has a positive

for less polar solvent§:™*3 Electron transfer in ideal nonpolar  chargeg, and the other has a negative charge, The energy
solvents where the electrostatic interaction between solvents anchf the final state is given by

solutes is absent is not fully understood, although the situation
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where IP and EA stand for the ionization potential of the donor whereg is the attenuation coefficient. There are two possibilities
and the electron affinity of the accepter molecules, respectively. for electronic interaction between donor and acceptor. They may
The fourth term on the right-hand side stands for the solvation interact directly or through intervening solvents. In this paper,
energy of the ion pair due to the electronic polarization, where we do not analyze this problem. We just assume the valye of

eis the electronic charge,y, is the optical dielectric constant, = 1 (A~1). By substituting eq 8 into eq 7, we obtain
r is the interionic distance, aradandb are the radii of the ions.
—&Ir is the Coulomb attractive energy between the ion pair. 21 Fexp[-fR—ry)] R

€op
The final state energy fluctuates with time as the distance K(R) = A P(R— forR=r,

between the reactants changes.AE{r) denote the energy gap 0 € forR<r
between the two states; nameME(r) = Ea+g~(r) — Eas. The ’ 0
elgctron 'trg.nsfer occurs when the .f|nal state energy coincides A. Kinetic Control Case. If the translational diffusion of
with the initial state energy. The distand®,at which energy
coincidence occurs is given by

©)

donors and acceptors is sufficiently fast compared with electron
transfer atR, the distributiong(r) of acceptors around a donor

remains an equilibrium distribution and given by
&
=—F ) ,
€AEs Pedr) = 4 (10)

whgreAEm LS the energy gap between the two states at infinity This case is referred to as the kinetic control case. Substituting
and given by eq 10 in eq 9, the second-order electron-transfer rate is given

2 by

E.=IP— EA—e—(l—i)(lJrl) 3)
2 €p/\@ b K(AE,) =

2 642 - n2
In polar solvents, the solvent coordinate is usually taken as a 81°€'Jy expl-fel(coAR) T frdl

for 0 < AE,, < €¥(eo o)

reaction coordinate. However, it has already been pointed out heﬁpAEi

that the donoracceptor distance is also an important reaction | g for AE, < 0 and
coordinate’’18In nonpolar solvents, the doneacceptor sepa- l(e. 1) < AE

ration is the most important reaction coordinate because in this op'0 (11)
case, the solvent coordinate is absent. The transition probability

at the intersectiorR is given according to the LandaZener In the above treatment, the intramolecular vibration is not
theory by included. In the presence of intramolecular vibration, the electron

JAE(R) tr_ansf_er is accompanied by the emission or apsorption of
PR =1- exr{_zﬂJ(R)Z/(hv‘ )] (4) vibrational quanta. We generalize eq 9 by taking into account

dR vibrational mode. For simplicity, we include only one vibrational
mode with frequency.

The theory for taking into account the intramolecular vibration
is well developed®21The energy coincidence is now accounted
for by including emission or absorption of quanta (see Figure

S.L). The result is given by

whereJ(R) is the interaction energy at the intersectRnThis
energy is often called the transfer integrals the velocity of
relative motion aR. Let ¢(r) denote the distribution of acceptors
around a donor. Then, the frequency that the system crosse
the intersection point is given by(R)». Since the electron-
transfer rate is equal to the frequency at which the system crosses

. . . L ", - . i<imax €
itgz;\r;;irsbifglon point multiplied by the transition probability, it KAE,) = ? iZImeJS expl-BR — rIF¢(R) . P (12)
kR = [ p(RWP(RU(v) dv ®) F, = exp(-9) exp [ihv/(2)]1 () (13)

whereu(v) is the distribution function ob. For nonadiabatic ~ whereiy, is the minimum integer greater thamE../(tw), imax
reactions, the transfer integral is small, and eq 4 can beis the maximum integer less than or equal teAE. +

approximated by €l(eopr0))/(hw), and
dAE(R) 2
P(R) = 27J Rzl(hu’—) 6 - € 14
® ® dR © R €op(AE,, + ihv) (14)
Under this approximation, the rate is expressed as 1i(2) is the modified Bessel function of the first kiféls is the
273(R)? R Debye-Waller factor with a coupling constart of the Huang-
#(“O(R)_Op forR=r, Rhys factor, and the average number of phonans,
kR={ * & )
0 forR<r, s=A@n+1) n=Uexphwl/(ksT)} — 1] (15)
where ry is the contact distance of solutes. The distance z=2A+/n(n + 1) A = () (16)

dependence of the transfer integral is approximated as an
exponentially decreasing function if the electron transfer occurs where the vibration reorganization energy is denoted.by
by tunneling, When the vibrational quantum is much larger than thermal
energy, the electron transfer occurs from the lowest vibrational
J(r) = Jp exp[=p(r — rp)/2] (8) level, and eq 12 reduces to



Electron Transfer in Nonpolar Solvents J. Phys. Chem. A, Vol. 111, No. 38, 2009555

1=<imax l I I T |

K(AE,) = — Z N 08 _
i=max(0imin)

Al R,
exp[=B(R —rq) — A]iT¢(Ri) 2

17)

where maxX, y) denotes the maximum of two valuesandy.
The summation gives nonzero values only whgr = 0, which
comes from the condition on the free energy differentg,
= ez/(Eopro).

In the kinetic control case, the second-order electron-transfer,§
rate constant is given by

ergy[eV]

Bt imax
— 2
KAE,) = > Joexpl-AR —rplFR' (18)
Eh ifma
with F; andR; given by eqgs 13 and 14, respectively. When the
tunneling occurs from the lowest vibrational state, the result is | | | 1 | | |
given by 6 8 10 12 14 16 18 20
82 i< Distance[Angstrom]
6 —=Imax
K(AE,) = op 2 Figure 1. The energy of the final state and the initial state for the
o , Z 0 charge separation reaction against the distance between the reactants,
2 max(Oimin) where AE., = 0.5 (eV). The other values of the parameters are the

Al same as those of Figure 2. The dashed line represents the initial state.
exp[-B(R — ry) — Al —R' (19) The solid lines represent the final states. The solid lines from bottom
i! to top represent the ground state and first, second, and third excited
states of the vibrational mode, respectively.
with the sameR; given by eq 14. :
In Figure 2, we show the energy gap law of the rates in the 10
kinetic control case. Hereg, = 2,8 =1 (A1), Jo =100 (cnT?) "
andro = 6 (A). In the presence of vibrational mode, we et 10"
= 0.3 (eV),hw = 1500 (cn?), ke T = 0.025 (eV). In the case .o
of no vibrational mode, the rate is given by eq 11, which is 10" K
shown in Figure 2. Equation 11 indicates that the rate increases . K
with increasingE. up to AE., = f3€?/(4eop) and then decreases
according to 1AE,*. Electron transfer does not occur fAE., <
> @l(eopo). If the maximum position AE., = Se(4eqp) is = g
smaller than €/(eqpfo); namely, if ro < 4/8, the rate %
has a maximum aAE. = €?/(4¢.p). However, for the realistic &= B
values of ~ 1[1/A] andro = 6 A, this condition is not satisfied, 10° - g
and the rate does not have a maximum, as shown in Figure 2. ’
In the presence of vibrational mode, electron-transfer takes N
place at various position&,, defined by eq 14. Ifw is much il s
larger as compared with thermal energy, electron transfer occurs
from the lowest vibrational state. In this case, eq 18 is simplified 10° kee! 1 1 1 ,
to eq 19. The result of eq 19 practically coincides with that of -2 - 0 2
eq 18 forAE. < €(eopo) (not shown). Ex(eV)
In the presence of vibrational mode, if electron transfer occurs Figure 2. Secon.d-order rates of charg.e separation reactions as functjons
to vbratonally exied states, he energy cancidence betweenh 18 T AeTrce 1 1 K Sonkol e, T dasned e
the 'n't'a,l and final states occurs aF shorter distances as COM-yiprational mode, eq 18. The solid line indicates the rate in the case of
pared with the case of the vibrationally ground state. This g yiprational mode, eq 11.
increases the transfer integral and, therefore, the rate constant.
Although the values of the FraneiCondon factor have also to So far, intramolecular vibration is assumed to be high. When
be considered in the presence of the vibrational mode, inclu- intramolecular vibration is smallAE.| > hv andA > |AE.|
sion of the vibrational mode in general increases the rate sinhhw/(2ksT)], the result is approximated by
constant.
Although the result of eq 19 is zero f&, > €/(eqgo), the o
result of eq 18 is not zero fdE. > €?/(eogro). This is because  k(AE,) = Py ﬁ:

ammmmsmssmmssms. .

.
.

£
-~
|

Jexp[-A(r — ro)l

in the model on which eq 18 is based, vibrationally excited states 4k T
are also populated in the initial state, and electron transfer (AE, — ez/(6 ) _,_/1)2
from these states is energetically possible, everEfor €/ exg — d 4lkB?I'p 47 dr (20)

(Eopro).
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107 F T T T T T T T E k(r, AE,) =
" :.__ ; o i<imax ez
10 E —J exp[-A(r —ry)] > Fiolihv+AE, ——| (25)
—..: h iZTmin 6Opr
_ The steady-state, diffusion-mediated rate is express&d?as
) K(AE,) = I"E+ T(AE.) 9(AE,)  (26)
:z E
T 4 Here, ¢(AE.) andT'(AE.,) are the vector and the matrix with
S the components
21 Rfe
$(AE) =TI expl-AR — olFieeR)—2"  (27)
E 87'[260p 5
okl b ] T (AE,) = —"3 exp[-AR — r)lFR'YR, R)  (28)

eh

-0.5 0.5 1.0 1.5

n
)

0.0
E(eV) : S 0 1T
Figure 3. Second-order rates of diffusion-mediated charge separation for. min = 1] = Tmax andqoeq(.r) N 4'7.” -1"is the transpose Of.the
as functions of the energy difference. The dashed line indicates the Uit vector of the same dimension as thaAE.), andE is
rate in the presence of a high frequency intramolecular vibration, eq the unit matrix with the same dimension as thal éAE.,). On
26. The thick, solid line indicates the rate in the absence of intramo- the other hand, the result of Pagigproximation is given k328

lecular vibration, eq 23. The thin solid line indicates the Pade
approximation for the diffusion-mediated case, eq 29.

B. Diffusion-Mediated Case.If the translational diffusion

of donors and acceptors is not sufficiently fast as compared with

electron transfer, the distributiop(r) of acceptors around a
donor is not an equilibrium distribution. In this case, if we denote
@(r) = 4ar?(r), f(r) satisfieg®
DVA(r) — k(r, AE_)f(r) =0 (21)

whereD is the sum of the diffusion coefficients of the donor and
the acceptor. The boundary conditions are givenfy)/(ar)|r,
= 0 andf(e0) = 1. This case is referred to as the diffusion-medi-
ated case. The ral€AE.,) is expressed in terms of the Green’s
function of the diffusion operator in eq 21; namegyr, r') =
1/(47Dr-), wherer> =r forr > r" andr- =r'forr < r'.

In the absence of vibrational mode, the sink term is given by

i) (22)

€0l

K(r, AE,) = %”Jg exp=B(r — 1yl 6(AEw -
op

kol AE,) = UL {AE,) + Ly AE,)]

wherek.AE,) is given by eq 18 and

(29)

<imax 8%
kopd AE.) = Ke{AE) 5 %
i.j=Tmin

exp[-B(R — r)lFR'9(R, R)¢,(AE,) (30)

In Figure 3, we show the steady-state rate constant of
diffusion-mediated charge separation. We assume the diffusion
coefficient of D = 10-3[cm?/s]. The other parameters are the
same as those in Figure 2. In the case of no vibrational mode,
the rate is given by eq 23. In the presence of intramolecular
vibration, the rate is given by eq 25. The exact result in the
presence of the vibrational mode is also compared with that by
the Padeapproximation. In the Padapproximation, the cor-
relation among sinks is not fully taken into account. The slight
deviation of the result of Padepproximation from the exact
result is due to the correlation among reactive sinks at various
distances of reactants. The correlation among sinks at various
distances is a signature of the long-range nature of electron

The steady-state rate constant of diffusion-mediated electrontransfer.

transfer is obtained as

k(AE,) =
U1k AE,) + LK(AE,)] for 0 < AE,, < €¥(eofo)
0 for AE, < 0 and
&leq o) < AE,

(23)

where keAEs) is given by eq 11 andp(AE.,) = 47DR is
expressed as

47e€’D
K(AE,) ={ €,AE,
0

for 0 < AE,, < €¥(eof ) (24)

for AE,, < 0 ande(e,fo) < AE,,

In the presence of the intramolecular vibrational mode, the
sink term is given by

[ll. Charge Recombination

A. Kinetic Control Case. For charge recombination reac-
tions, in the initial state, one of the solutes has a positive charge,
e, and the other has a negative charge, and the energy of
the system can be expressed by eq 1. In the final state, the energy
of the system is constant, independent of the mutual distance.
The initial state energy fluctuates with time as the distance
between the reactants changes. The electron transfer occurs when
the initial state energy coincides with the final state energy (see
Figure 4). The energy gap between the two states is defined as
AE(r) = Eag — Ea*s~(r). In the case of no vibrational mode,
the distance at which energy coincidence occurs is given by

¢
R= AR,

where the energy gafAE., at infinity is expressed as

(1)
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2 1
AE,=EA-IP+&[1—-L)(2+1 (32)
2 €p/\@ D
Note that the sign is different between eqgs 2 and 31 and between 0.6 .
egs 3 and 32. In the presence of a vibrational mode, the energy PESAY
coincidence occurs at
v" 3
¢ 0.4
R=——"—"7""""— (33) an N
Eop(AEw + ihv) = X
[©) K
_— o = ’
In the case of no vibrational mode, the rate is given by eq 9, ©
whereas in the presence of a vibrational mode, it is given by eql_?c_lJ o2k |
12, which reduces to eq 17 when the vibrational quantum is ) ™~
much larger than thermal energy, and so the electron transfer
occurs from the lowest vibrational level. Note, however, that !
the distributiong(r) of acceptors around a donor in charge
recombination is different from that in charge separation. 0.0
In the charge recombination, the equilibrium distribution of X\
acceptors around a donor is given by
2
Pedr) = 4nr exp( Jr) (34) o2l ! ! ! ! ! ! _l
) ) _ 6 8 10 12 14 16 18 20
wherer, is the Onsager distance defined?by Distance[Angstrom]
2 Figure 4. The energy of the final state and the initial state for the
r.= € (35) charge recombination reaction against the distance between the
¢ eopkBT reactants, wherAE., = —1 (eV). The other values of the parameters
are the same as those of Figure 5. The dashed line represents the initial
In the case of no vibrational mode the rate is given by state. The solid lines represent the final states. The solid lines from
bottom to top represent the ground state and first, second, and third
K(AE,) = excited states of the vibrational mode, respectively.
8\71286J02 108 F
heop AE," 10" |- .
ﬂez r(;GopAEoo 2 1029 — 1
exp————=+pro— ———| for —€/(¢,fo) < AE, <0 - -
GOPAEOQ ﬁ 0 e2 ( op 0) 1027 - :
0 for AE,, < —€%(e, ) and 10% |- .
0 =< AE, 108 -
\ (36) — 1” B ]
" — —
In the presence of a vibrational mode, the rate is given by s 10" C ]
T 107 _
8r?e, i <imax 5 15 il
. op 5 & 10° .
KAE.) = > Jexpl-AR — o) +rJRIFR' (37) ok ]
1Z1Imin 10” : :
where inin is the minimum integer greater than or equal to 10° B ]
[—AEs, — (eopr0)]/(hv), imaxis the maximum integer less than 1o’ | 7]
—AE./(hwv) andR; given by eq 33. When the tunneling occurs . .
from the lowest vibrational state, the rate is given by 107 ]
10° £ ' =
8‘7.[260[) i<imax - -3
k(AE,) = I E-(eV)
R i=maxim) Figure 5. Second-order rates of charge recombination reactions as
A functions of the energy difference in the kinetic control case. The dashed
line indicates the rate in the presence of a high frequency intramolecular
exp[=A(R —ro) +rdR — A]_IRI4 (38) vibration, eq 37. The solid line indicates the rate in the case of no
I vibrational mode, eq 36.
In Figure 5, we present results fag, = 2, Jo = 100 (cn1?), 10% at the contact distance. Roughly speaking, the concentration

p =1 (A1, 1=0.3(eV),hy = 1500 (cnT), keT = 0.025 of acceptors at the contact distance is 7.0?° times larger as
(eV), andro = 6 (A). In the case of no vibrational mode, the compared to that at infinity. The second-order rate is usually

electron transfer occurs in the range?(eqpfo) < AEw < 0. In defined in reference to the concentration at infinity. This is the
the presence of vibrational mode, electron transfer to the reason for the high values of the rates. If we define the rate in
vibrational excited states is possible even/dt., < —e%/(eqpl0)- reference to the concentration at the distance at which electron

Because of large Onsager radiys= 288 (A) for e,p = 2, the transfer actually occurs, the values in Figure 5 should be divided
factor in the equilibrium distribution, exp{r) becomes 7x by the factor 7x 10%° According to Figure 5, the rate in the



9558 J. Phys. Chem. A, Vol. 111, No. 38, 2007

12

10°F T T T T T T T

Rate[M'1s'1 1

LIl t %)

| | | |

-4 -3 -1
E.(eV)

Figure 6. Second-order rates of diffusion-mediated charge recombina-

tion as functions of the energy difference. The dashed line indicates

the rates in the presence of a high frequency intramolecular vibration,

eq 26, wherepe((r) is given by eq 34. The solid line indicates the rate

in the case of no vibrational mode, eq 23, whis¢AE..) is given by
eq 36 andp(AE.) is given by eq 43.

E
b
R

H
=3
N
=H
[
]
-7

|
0

&

case of no vibrational mode is zero fAE., < —€%/(eqpi0). The
reason is as follows: The distance at which the energy
coincidence occurs decreases with decreadiig. For AE.,
< —€(eqph0), this distance becomes smaller than In the

presence of a vibrational mode, the rate is not zero, even for

AE., < —€/(eqpr). This is because if electron transfer occurs

to vibrationally excited states of the final state, the distance at
which the energy coincidence occurs increases as compared t
electron transfer to the vibrational ground state of the final state

and becomes larger than the contact distance. If the frequencyr

of vibrational mode is high, this distance change is large. In
charge recombination, the distributigr4r) is very high near

the contact distance. Therefore, even if electron transfer occurs

to a highly vibrationally excited-state of the final state, the rate
can be very high, as shown in Figure 5, if the energy coincidence
occurs near the contact distance.

In the presence of low-frequency vibration, the rate is given
by

B exp[=p(r — 1ol

N ATAKST
y

(AE, + €(eof) + 1)
4Kk T
whereg(r) is given bygeqr) of eq 34.
B. Diffusion-Mediated Case. In the diffusion-mediated

electron transfer, the distributionz#?(r) of acceptors around
a donor satisfies

K(AE.) = % S

@(r) (39)

DV-[V - (Vr?c)]f(r) — Kk, AE)f)=0  (40)

whereD is the sum of the diffusion coefficients of the donor
and the acceptor. The boundary conditions are giverdigy)[

ar — (Vrdn)i(n]lr, = 0 andf(w) = 1. The steady-state rate
k(AE.) is expressed in terms of the Green’s function of the
diffusion operator in eq 40; namety,

(0]
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~_ expldr)
g(r,r) = TDrc[l exp(-rdr.)] (41)
wherer- =r forr > r" andr> =r'forr < r'.

In the absence of a vibrational mode, the sink term is given

by
e2
€ I’) (42)

op

K(r, AE.) %”Jgexp[—ﬂ(r . 5(AE°° +

The diffusion-mediated reaction rate in the absence of intramo-
lecular vibration is given by eq 23, whekg(AE.,) is given by
eq 36 andkp(AE.,) is given by?°
Kp(AE,) =

47Dr J[1 — exp € AE/E)], for —€l(e, o) < AE, <0

0 for AE,, < —€(e, o) and

0= AE,
(43)

In the presence of an intramolecular vibrational mode, the
sink term is given by

k(r, AE.) Z”JZ
rl "00. =
h 0
i<imax 2
€
exp[—A(r — ry)] z Folihv + AE, +—| (44)
1ZTmin eopr

In the presence of a vibrational mode, the rate is given by eq
26 with the same vector and matrix as eqgs 27 and 28. The result
of Padeapproximation is given by eq 29, witk(AE.) given
by eq 36. In these equations, the distribution in charge
ecombination, eq 34, has to be used ¢qg(r) instead of that
in charge separation.

In Figure 6, we show the steady-state rate constant of
diffusion-mediated charge recombination = 10-5[cm?/s].
Due to the large Onsager radius, eq 43 is well approximated as
ko = 47Dr. = 2.2 x 10*iM~1 s71], which is independent of
AE.. Therefore, whenever the rates are larger thg\E..),
they become independent &fE... The large Onsager radius
also implies that the distribution of acceptors around a donor is
very high at the contact distance. This indicates that electron
transfer proceeds effectively at or near the contact distance,
although it is possible at several distances if a vibrational mode
is included. Accordingly, the correlation among sinks far away
from the contact is negligibly small. This is the reason the result
of Padeapproximation coincides with that of the exact solution
(not shown). In the Padapproximation, correlation among sinks
is not fully taken into account. However, in the present case, it
gives a very accurate result since the correlation among sinks
is small.

IV. Summary and Conclusions

We have studied electron-transfer reactions in ideal nonpolar
solvents in which permanent dipoles and higher multipoles are
absent. In nonpolar solvents, the energy of the ion pair state
changes significantly with the distance between the ions.
Accordingly, significant energy fluctuation is induced when the
distance between the reactants fluctuates. Electron transfer
occurs when the final state energy coincides with the initial state
energy. In charge separation reactions, the final state is an ion
pair state, and its energy fluctuates significantly when the
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distance between the reactants fluctuates. In charge recombinapresent, our work is conceptually important as the basic theory
tion reactions, the initial state is an ion pair state, and its energy of electron-transfer reactions in nonpolar solvents. In our theory,
changes significantly with the distance. In both cases, the energythe donor-acceptor distance plays the role of the reaction
coincidence between the initial and final states is induced by coordinate, in contrast with Marcus theory, in which the solvent
the change in the distance between the reactants. The distancpolarization is taken as the reaction coordinate. We hope that
at which the energy coincidence occurs depends on the energyour theory will stimulate experimental work on electron-transfer
gap,AE., between the initial and final states at infinity. reactions in nonpolar solvents and help to deepen our under-
In charge separation reactions, the energy coincidence occurstanding of the problem.

only for 0 < AE. =< €/(eqpfo) in the absence of a vibrational
mode. Outside this energy gap region, electron transfer does
not occur. FOAE., < 0, the energy coincidence is energetically
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