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This paper considers electron transfer between biological molecules in terms of a nonadiabatic multiphonon
nonradiative decay process in a dense medium. This theoretical approach is analogous to an extended
quantum mechanical theory of outer sphere electron transfer processes, incorporating the effects of both
low-frequency medium phonon modes and the high-frequency molecular modes. An explicit, compact and
useful expression for the electron transfer probability is derived, which is valid throughout the entire
temperature range, exhibiting a continuous transition from temperature independent tunneling between
nuclear potential surfaces at low temperatures to an activated rate expression at high temperatures. This
result drastically differs at low temperatures from the common, semiclassical, Gaussian approximation for
the transition probability. The experimental data of De Vault and Chance [Biophys. J. 6, 825 (1966)] on
the temperature dependence of the rate of electron transfer from cytochrome to the chlorophyll reaction
center in the photosynthetic bacterium Chromatium are properly accounted for in terms of the present

theory.

1. PROLOGUE

An interesting example for electron transfer (ET) in
a biological system!'? involves the light-induced oxida-
tion of cytochrome in the photosynthetic bacterium
Chromatium, 3 Optical excitation of the bacteria
chlorophyll is followed by ET from the cytochrome to
the chlorophyll reaction center,® The detailed study
of this system by De Vault, Parkes, and Chance® re-
sulted in the following information: (1) The half-life-
time, 7, at 4.5 °K is 7=2.3 msec. (2) 7 is practically
constant in the temperature range 4.5-100 °K; the ap-
parent activation energy in this temperature region is
lower than 3.5%1073 eV, (3) In the temperature range
100-300 °K, 7 decreases from 2,3 msec to 2 usec. (4)
The temperature dependence of 7 in the range of 100~
300 °K is consistent with an apparent activation energy
of 0.14+0.03 eV. This observation of a temperature
dependent activation energy is an ET reaction of con-
siderable interest for the elucidation of the nature of
ET processes in biological systems and is also per-
tinent for a better understanding of ET between ionor-
ganic and organic ions in solution and in condensed
phases, ™%

Several mechanisms® %-3° have been advanced for ET
processes in photosynthetic systems. The central role
of the Franck~Condon principle in thermal ET pro-
cesses™%3! hag been only recently realized®-3° for
biological systems, Grigorov and Chernavskii® and
Blumenfeld and Chernavskii® have pointed out that the
ET probability is determined by the coupling with nor-
mal vibrations, being expressed in terms of the nuclear
vibrational overlap factors. Hopfield®® has developed
a theory of electron transfer in biological systems
which is analogous to the Forster—Dexter theory of
electronic energy transfer’®3 in condensed phases, and
advanced a semiclassical rate equation to account for
ET in Chromatium. Both of these multiphonon for-
malisms®-3 of ET are incomplete, as Chernavskii et
al. #® were able to provide only qualitative results,
while Hopfield’s semiclassical treatment® is inade~
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quate (see Sec, III) to account for the ET rate as low
temperatures.

In this paper we advance a theoretical description of
ET in biological systems in terms of a nonadiabatic
multiphonon process. This formalism rests on the
physical arguments originally presented by Grigorov
and Chernavskii, # Blumenfeld and Chernavskii, ? and
by Hopfield®® in biological systems and is isomorphous
with the theory of “outer sphere” ET reactions com-
monly encountered in solution chemistry and in electro-
chemistry, ™% There are three new qualitative fea-~
tures involved in the deseription of ET in a biological
system such as Chromatium. Firstly, from the tech-
nical point of view one has to consider just the transi-
tion probability (i.e., a unimolecular rate constant)
and complications due to diffusion of the electron donor
D and the electron acceptor A are absent, Secondly,
from the point of view of general methodology, the
electron exchange matrix element involved in such
ET process is expected (see Sec, V) to be suffi-
ciently low so that interference effects'’ are negli-
gible and the ET process is definitely nonadiabatic,
while it is still an open question”® whether the non-
adiabatic or the adiabatic formalism applies for ET in
ionic solutions. Thirdly, and most interesting, in a
biological system the role of configurational changes
within (high-frequency) “quantum modes”!5~2%2 may be
crucial in determining the transition probability, while
for ET reactions in solutions a common state of af-
fairs?® involves the dominating role of low-frequency
exterior polar solvent modes. This paper is sub-
divided as follows: In Sec. II we advance a theoretical
expression for ET probability incorporating the effects
of both low-frequency phonon modes and of high-fre-
quency molecular vibrational modes. Following the
arguments of Soules and Duke, 3 it is shown that for the
general situation the ET probability®® cannot be recast
in terms of the Forster—Dexter*®? mechanism. Con-
sidering next the special case of ET in Chromatium?®
we argue on the basis of experimental evidence® that in
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this particular system the nuclear contribution to the
ET probability is dominated by coupling with high-fre-
quency molecular modes and a theoretical relation
adequate for this situation is derived, which is valid
throughout the entire temperature range. Under these
circumstances the Forster-Dexter formalism®»3 for
ET% is valid; however, as we shall demonstrate in
Sec. 1II, the semiclassical approximation adopted by
Hopfield® fails in the low temperature range. Model
calculations for the temperature dependence of the ET
probability when nuclear coupling with quantum modes
plays a dominating role are presented in Sec, IV, while
Sec., V provides an analysis of the experimental data in
Chromatium.® The central new result of the present
work involves the derivation of an ET rate constant
which is adequate throughout the entire temperature
range, providing a proper semiquantitative description
of the temperature dependence of the activation energy
of an ET process, #1%2 A gpecial case of this result
which discards the effects of coupling with the low-
frequency medium modes will be applied to the ET
process in Chromatium,

ll. METHODOLOGY

The pioneering work of Marcus™® and the quantum
mechanical theory of Levich®!® disregarded “molecular
type” configurational changes in the electron donor D
and the electron acceptor A, focusing attention on the
long-range coupling of the charge distribution with the
low-frequency polar modes of the medium, i.e., the
solvent, in determining the ET probability. The effect
of configurational changes was treated by Marcus® by a
classical formalism, which is adequate for extremely .
high temperatures, while a complete quantum mechan-
ical treatment of ET incorporating the effects of both
low~-frequency medium modes and high-frequency
molecular modes was provided, 1~1""% These recent
studies!®# of nonadiabatic ET within the framework of
multiphonon processes bear a close analogy to the
formalism of electronic relaxation in large molecules?®
and in solids, **° vibrational relaxation in condensed
phases, ® electronic energy transfer, 3** and small
polaron motion in solids.*® This formalism will now be
recast in a form suitable for the study of the tempera-
ture dependence of the ET rate constant,

Nonadiabatic ET can be conceptualized!™ % in terms
of a (nonradiative) decay process between the vibronic
levels lav)=9,X,,Q) and |bw)=1,X,,(Q), which are
characterized by the electronic wavefunctions ¢, and
¥, and by the nuclear wavefunctions X,,(@Q), and X,,@Q),
respectively, laVv)and {bw} correspond to vibronic
levels of DA and D*A", respectively. The thermally
averaged decay probability for the {|av)}~{Isw)} pro-
cess can be adequately expressed in terms of the Fermi
golden rule (i.e., first order perturbation theory). 15
For the case of displaced harmonic nuclear potential
surfaces, characterized by the normal modes Q=9,,
Qzy**+, Q-+, where the frequencies {w,} and reduced
masses {u,} are identical in the initial and in the final
states, the transition probability takes the well-known
form33.34

W=V, (R)|?exp(~ G)

X f ) dt exp(— iAEt) exp[G,(1) + G.(1)], (a)

G.(t) =2 (83/2)(@, + 1) exp(ifiw, t) , (1b)
i

G.(1) =2 (82 /2)5, exp(- ifiw,t) , (lc)
i

G=G,(0)+G.(0)=p_(a}/2)(27,+ 1), (1d)

]
7, = exp(fiw, /RT) ~ 171, (le)
Ay=(ugw, /1?0Q7 , (11)

where V,_(R) is the electron exchange matrix element
between D and A separated by the distance R; AE cor-
responds to the energy gap between the minima of the
initial and final nuclear potential surfaces (we shall
specialize in isoenergetic and exoenergetic processes
where AE =0); A, represent the (dimensionless) nu-
clear displacement, AQY, of the equilibrium configura-
tion for the ith mode; while 7; denotes the mean thermal
population of the ith mode, A brief comment con-
cerning the physical features of Eq. (1a) is in order,
The transition probability was recast as a product of
an electronic term (which is practically independent of
the nuclear coordinates) and a nuclear term, whereupon
the electronic and the nuclear contributions to W are
separable, The former involves a square of an inter-
molecular exchange integral while the latter is con-
veniently expressed in terms of a product of a Debye-
Waller factor®e=#%-3 exp(- G), multiplied by a Fou-
rier transform of a characteristic generating function.
The nuclear contribution to W is nothing but a compact
expression for the thermally averaged nuclear Franck-
Condon vibrational overlap integrals for the present
problem. Note that the vibrational modes in Eq. (1)
incorporate both high-frequency molecular vibrational
modes of the donor and of the acceptor centers and low-
frequency medium phonon modes of the entire system,
The discrete high-frequency modes {Q,,} will be char-
acterized by the mean frequency (w) by reduced con-
figurational displacements (4 ) and by an effective
electron-phonon coupling strength® $=73 (a%,/2). The
low-frequency phonon modes of the exterior medium,
{Q.x}, are specified in terms of a mean frequency (w,),
reduced displacements {4} and an effective coupling
S,=34(A%,/2). In a polar liquid®® /i{w,)~1~10 cm™, in
a “molecular” solid*® fi{w.)=~10-100 cm™!, while #{w)
can take values in the range'®*% 300-3000 cm-! depend-~
ing on the nature of the molecular modes involved,

This “Einstein-type” approximation for the medium and
for the molecular modes seems to be adequate in view
of our current ignorance of the relevant spectroscopic
parameters in biological systems. It is important to
note that the segregation of the vibrational modes of the
entire system into two distinct categories does not rest
solely on the different energy regions spanned by the
high-frequency molecular modes and by the low-fre-
quency medium modes. More interesting, the high-
frequency modes correspond to intramolecular vibra-
tions (vibrouns) of the donor and of the acceptor centers,
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so that each of the two centers is coupled to different
molecular modes, while a given exterior polar phonon
mode” will couple simultaneously to both centers,
Soules and Duke®® have demonstrated that in the former
case each electron coupling term A, corresponds to a
distinct contribution from a single (D or A) center
whereupon S contains an incoherent superposition of
contributions from the donor and from the acceptor
centers. On the other hand, in the latter case the
electron~phonon coupling terms A, involve contri-
butions from both centers so that S, corresponds to a
coherent sum of terms, contributions for D and A,

We now turn to some mathematical manipulations.
Expansion of the exponential function in the integrand of
Eq. (la) results in an expression for W which can be
recast in terms of a convolution of two line shape func-
tions!® % denoted by F, and F,, which correspond to the
contributions of the solvent modes and of the molecular
modes, respectively,

W= 215 | V,(R) |2 I de F,(AE = )F,(€) , (22)
F(AE ~ €) = (f{w,))™* exp[~ 5,(27, + 1)]

w© S (’U +1)]m+(AE-e)/h(ws)(S U)
X ; (s (AE~ O Rwoliml

{2b)
F,(e)=exp[- S(2v+1)]

<3 5: 1@+ DIAS ey r-mu), (@)
N=0 My=0 P

7, = [exp((w,)/kT) =111, T=[exp(Hw)/kT) 1],  (2d)

where “coarse graining” over the low-frequency modes
has been performed*® in Eq. (2¢). We now invoke an
old mathematical technique originally introduced for the
study of optical line shape functions*! and of polaron
motion®? in solids, Performing the energy integration
in Eq. (3b) and utilizing the definition of the modified
Bessel function, ¥

I(z)=(z/2)" i (2%/4)L/(L! (L+a)]
L=0

r
=7 j exp(z cosd) cos(nd) do =1I,,(2) .
Q

We derive the compact result

W= (21| V(R) | 2/H%w,)) exp|~ S,(25,+ 1) ~ S(27+ 1))

X i: (@, + 1)/TP ™ 2y i 128, (3, T+ DI F

Mz=co

x [@+1)/52  {28[@ + V]2, (3a)

where p(m)= (AE — miw,))/fi{w,) is taken as an integer*!
closest to the value of p(m).

It should be noted that Eq. (2a), which provides the
starting point of the present analysis, is distinct from
the Forster-—Dexter®? result that provides the basis of
Hopfield’s original work [Egs. (1) and (2), Ref. 30).
We have recast the ET probability in terms of a con-
volution of two generalized line shape functions which
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correspond to the contributions of the low-frequency
phonon modes and of the high-frequency intramolecular
modes of the entire system. On the other hand, Hop-
field’s formalism®® expresses the ET probability in
terms of a convolution of an electron removal spec-
tral distribution on D and an electron insertion spec-~
tral distribution on A. As demonstrated by Soules and
Duke, * the Forster-Dexter result rests on the ex-
plicit assumption that the donor and the acceptor cen-
ters are coupled to different modes. When effective
coupling with the external polar modes provides a sub-
stantial contribution to W (i.e., when 5,2 1), the
Forster~Dexter formalism is inapplicable for the study
of ET, as S, involves a coherent superposition®® of con-
tributions from the D and the A centers, The Forster-
Dexter formalism as outlined by Hopfield®® is appli-
cable to ET only when W is dominated by the contribution
of high-frequency molecular modes (i.e,, $>S,), as

S constitutes of an incoherent superposition of contri-
butions from local molecular vibrational modes,

Equation (3) provides us with a new general result
for the ET probability, which is valid throughout the
entire temperature range. Several limiting situations
are of interest:

(a) The extremely low temperature limit, &7 <7{w,)
«<H{w). As T-~0 and 7,~0 we can utilize the limiting
form*+*2 of I (z) ~ (2/2)" for small values of z, which
results in

W= (21| V,,(R) |2/ ¥w,))

o

Sa(m)sm

x exp(- S; = S) é\:o oot - (3b)
This low temperature result constitutes a sum where
each term consists of a product of two Poissonian dis-
tributions. This physical situation corresponds to tem-
perature independent {nuclear) tunneling between the
zero point of the nuclear configuration of the initial
state to the vibronic states of the final nuclear surface
which are nearly degenerate with it.

(b) Thermal excitation of the medium phonon modes,
while the molecular modes are still frozen, #{w,) <kT
«7{w). When 7,> |, anasymptotic expansion*"**® of the
Bessel function for the solvent modes Lpemyt—~ 2mz) 12
x exp|z — p(m)?/2z) for large values of z in Eq. (3) re-
sults in a Gaussian line shape function for the “clas-
sical” medium phonon modes, while the low tempera-
ture approximation still applies for the quantum modes,
so that

V,,(R)| /1) expl~ S} [ 278w e T} /2

(AE - S7{w,) — mh’(w))z> sm
(’ 4S 7w kT m!

w=(2nV,

w©

Xzexp

m=0

{3¢c)

The transition probability consists of a sum of products
each involving a Gaussian and a Poissonian distribution.

(¢) The intermediate temperature range #i{w)2 kT

> fi{wg). Now we have
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W= (27| V,,(R)|2/%) exp|~ S][2nSiw e T] /2

- (AE = STiwy) = miw))?
x 2 exp( 38 7w JkT )

x [@+1)/8)"21,, (ST + 1))t /2

M=o

(3d)

(d) The extreme high temperature limit 27 > fi{w)
> w,). We can apply the Gaussian approximation
[see (b)] both to I,y and to I, in Eq. (3a), resulting
finally in a conventional activated rate equation

W= (2r| V(R |3/ 2m(S Filw) + SE(w )T} /?

(AE = S Hi{w ) = SH{w))?
e (‘ 48, 7w )+ ST (w)) kT )

It is instructive to note that the classical rate equation
{3e) was derived without invoking the concept of an
“activated complex”.

(3e)

Concerning the temperature dependence of the activa-
tion energy E,=dIlnW/d (1/kT), we expect on the basis
of the foregoing analysis that £, =0 in region A, rising
to the value of E, = (AE - S 7i(w,))?/4S/i{w,) in region B,
exhibiting a further increase in region C until itreaches
the classical value

E, = (AE ~ S {w,) = SH(WwNYA(S 7w ) + SH(w))

in region D. Equations (3b)-(3e) constitute a gen-
eralization of the well-known results on the “transi-
tion” from a Poissonian distribution at low 7 to the
Gaussian distribution at high 7 in the theory of optical
line shapes3*'! and relaxation phenomena3¥ 35¢re38cid
to incorporate the role of high-frequency molecular
vibrational modes,

Turning now to the experimental ET data in Chroma-
tium, ® we recall that in the range 4.5-100 °K, the
temperature dependence of W=1/7 is small, within ex-
perimental uncertainty. In the latter temperature re-
gion thermal excitation of low-frequency “lattice”
modes (#i{w,)=10~100 cm™) is expected to prevail.
Obviously, behavior characteristic of range B will be
exhibited only provided that S;#{w,) is appreciable, On
the basis of the experimental evidence, ® we assert that
in this biological system the coupling of low-frequency
phonon modes is negligible and the major contribution
of vibrational overlap to W originates from high-fre-
quency molecular-type quantum modes corresponding
to the electron donor and the electron acceptor centers,
We note in passing that in view of the dominating role
of the molecular modes in the present case the Forster—
Dexter formalism3"*%® which was used by Hopfield?® as
a starting point of his analysis is adequate to handie
ET in Chromatium, However, as we shall demonstrate
in Sec. III, the semiclassical approximation for W
utilized by Hopfield?® is inadequate in the low tempera-
ture range. To derive a general result for the ET
rate in a system where effective coupling between elec-
tric states and molecular-type vibrations dominates the
nuclear contribution to the ET probability, we set S,~0
in Eq. (3a), which then results in the simple relation

W= Aexp[- S(27+1)]
X L,2S[7(@+ 1)/ 3@+ 1)/7) /2, )

4863

where A=271V,,(R)I%/h%w,) and p= AE/A{w). Equa-
tion (4) exhibits a continuous transition from the Pois-
sonian-type function?!*3%3% W exp(~ $)S§?/p! in the low
T range (RT/H{w)< 1) to an activated rate equa-
tion3%35e e 360d o expla(AE - SH(w)?/4SH(w)kT] in the
high T(> #{w)/k) region,

1. THE SEMICLASSICAL APPROXIMATION

A common approximation for a transition probability
of a nonradiative process in the strong coupling (S>>1)
situation involves a semiclassical Gaussian function
for the corresponding line shape function, 3033 34 35¢=36c.41
In the present context of ET when quantum modes
dominate in W, Eq. (4) is replaced by

_ 2
Weo=A[215(27+ 1))} 2 exp (‘ é?é@f)ﬁgv» 1)) - ©

where 4=271V,,(R)!1?/n%w). We note in passing that for
7> |, Eq. (5) reduces to the high temperature limit,
Eq. (3e), for S,=0. Equation (5) was utilized by Hop-
field®® for the analysis of ET data in Chromatium
throughout the entire temperature range, A sym-
metric derivation of Eq. (5) rests on a saddle point
(asymptotic) approximation?ierd 33t 4o mg  (1a)
(which at 7=0 is expected to hold for AE/7i{w)> ),
followed by a power series expansion of the saddle
point solution, ¥¢ The latter procedure is justified
provided that!5:3%¢

AE

Sy L

«< (20 + 1)2 , (6)

which constitutes a general validity condition for the
applicability of the Gaussian approximation. Thus,
except for “pathological cases” (i.e., AE=S#i(w)), Eq.
{6) will hold only for 721, while in the low tempera-
ture limit the Gaussian approximation is inadequate,
The fajlure of Eq. (5) at low T is immediately apparent
when we examine the T=0 limit for p =0, where

W(T =0) «c exp(~ S) (which involves the proper Debye~
Waller factor), while W, (T =0) = exp(-5/2)/(275)!/2,
For the sake of the skeptical reader we present in Fig.
1 a comparison between the exact solution, Eq. (4), and
the Gaussian approximation, Eq. (5), for an isoener-
getic ET process in the strong coupling situation. In
the temperature range 27/f{w)20.8, Eq. (5) provides
a faithful representation of W; the accuracy of the
Gaussian approximation is better than 10%, This is
just what we expect on the basis of Eq. (6). However,
in the low temperature range the semiclassical ap-
proximation fails seriously. For k7/H{w)=0 (which
cannot be shown in the conventional-type logWvs 1/T
type plot of Fig, 1), W,,/W=21 for S=10 while W, /W
=2000 for S=20. Even in the temperature range kT/
#{w)=0.2-0,5, the deviations of W,, from W are con-
siderable for large values of S, as evident from Fig.
1. An attempt to utilize the semiclassical approxima-
tion for the fit of the temperature dependence of W
throughout the entire temperature range® rests es-
sentially on a fit of W(T)/W(0) to Eq. (5). We have
noted that W is properly given by Eq. (5) at higher T
while it seriously overestimates the transition prob-
ability at low T. Thus, W, cannot be used for a mean-
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FIG. 1. A confrontation between the temperature dependence

of the transition probability for ET as calculated from Eq. (4)
(solid lines) and from the semiclassical Gaussian approxima-
tion, Eq. (5) (open circles and dashed lines). Data given for
isoenergetic process in the strong coupling situation, §=5-20.

ingful fit of W/ W(T =0). We conclude that the semi-
classical approximation is inadequate for the analysis
of the ET data for strong coupling in the low and in-
termediate temperature range, a problem of primary
interest for the understanding of ET in Chromatium.

IV. SOME RELATIONS AND CORRELATIONS

In Fig. 2 we present some numerical results of model
calculations for W, Eq. (4), for an ET process char-
acterized by strong coupling (S=5-20) with one type of
mode (in the present case we shall subsequently con-
sider the molecular modes) and which are specified by
moderately low values of p = AE/#{w), as appropriate
for nearly isoenergetic ET occurring in biological sys-
tems.® In order to demonstrate the characteristic be-
havior of W throughout the entire temperature range,
we prefer to plot logW vs log7, a procedure adopted
by De Vault and Chance,® rather than to utilize the con-
ventional logW vs 7'-! plots. These data exhibit an
“activationless” low temperature region at low 7 fol-
lowed by a sharp (exponential-type) increase in W
around kT{/#(w)=0.1-0.2. It is worthwhile to notice
the following features of these results for the strong
coupling situation: (1) The onset of the 7 dependent
occurs far below the characteristic vibrational tem-
perature #{w)/k. (2) The transition range from an
activationless to an apparently activated process is
rather narrow, occurring in the temperature range
ET/H(w)~0.1~0.2. (3) The temperature effect on W
increases with increasing the coupling strength S at
constant p. (4) At low p values and for a constant
value of S (> 1) Wat low 7T («< #{w)/k) increases as
S*/p) with increasing p until it is expected to reach a
maximum of the Poissonian distribution around S=p.
This is th® zero temperature analogue of free-energy

relationships for ET.™*% (5) At high T the activation
energy exhibits a parabolic dependence, E,=7#{w)(p

- S)2/4S, on p at constant S, which corresponds to the
conventional Marcus~Levich”?free-energy relationship.

V. PARAMETERS

A recent analysis of the temperature dependence of
the ET rate in Chromatium® was provided by Hopfield3°
in terms of Eq. (5) which, on the basis of the analysis
presented in Sec. III, is inadequate, We are now in a
position to analyze the ET data in Chromatium® in
terms of the present theoretical results derived in Sec.
II, Fitting Eq. (4) to the experimental data for the tem-
perature dependence of Win Chromatium® requires four
parameters: A, AE, #{w), and S. We start with the
analysis of the relative rates [normalized to W(T =0)]
making the following rough estimates of the latter three
parameters: (1) The data at the highest temperatures
(250-~280 °K) studied by De Vault and Chance® yield an
upper experimental limit for the apparent activation
energy E,=0,17 eV, whereupon we take this value to
constitute the lower limit for the “classical” activation
energy in the high 7 limit, so that (AE - §ii{w))¥/481{w))
>0,17 eV. (2) The onset of the exponential increase of
W with increasing T occurs somewhere in the range
60-100 °K, where #7/#{w)=0.1, thus resulting in
7i{w)~ 0.05-0.1 eV. (3) Utilizing the experimental
ratio y = 10° between the rate constants at 280 °K and
at 4.5 °K, together with the high T and the low T limits
of Eq. (4) and the “reasonable” values #{w) =0, 05~
0.10 eV, /w, =10"°-10"2 eV, and p=0-2, we get
§$~15-22, Guided by these crude but physically rea-

}O—(— T 7"[‘[ IITI T rl1] YY|:
N 2 ]
10-2L [ E
- 4 i
8 7
1073k 7 j_
o 6 1
- 5 B
|0'45 -
wa [ :
10k E
L ]
B
L
6L R
10k , ]
[ 2 1.5= 5,p=0 |
107k 2.5= 5;p=l 4
L 6 3.5=10;p=0 ]
i 4.S=I8;p=8 )
8 5.5=20, p=0 |
10 6.5:20,p= | 7
- 5 7.S=20;p=2:
B N1 NS Nl BN SR
¢ ot 10
kT/ A<

FIG. 2. Numerical results for the ET probability for isoener-
getic and weakly exoenergetic processes in the strong coupling
situation, S=5—20.
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FIG. 3. The temperature dependence of the light-induced ET
from cytochrome to chlorophyll in Chromatium, The circles
represent the experimental data of De Vault, Parkes, and
Chance [Ref. 6(a) and 6(b)|. The solid curve represents the
prediction of Eq. (4) with the following parameters: AE
=0.1 eV, #{w)=0.05 eV, S=20, and A=10" gec”l,

sonable estimates, a quantitative fit of the experimental
data® was attempted. A good fit of the experimental T
dependence of W (Fig. 3) over three orders of magnitude
of variation in W was obtained for 7{w)=0.05 eV (400
cm?), §=20, and AE/f{w)=~2 (i.e., AE~0.1¢eV), It
is, in particular, gratifying that the sharp onset for
the transition from the activationless to an apparently
activated regime is faithfully reproduced by the theory.
The value S= 20 corresponds to the strong coupling
situation, as expected. The value of #{w)=0.05 eV is
close to the frequency of the totally symmetric vibra-
tion of the coordination layer for transition metal com-
plexes, * which should mimic the gross features of the
metal-ligand vibrational frequency in cytochrome and in
chlorophyll. The values AE=0.1 eV together with
§=20 result in a high temperature activation energy
E,(T~=)=0.2 eV, which is consistent with the experi-
mental lower limit £,=0.17 eV, It is also of some
interest to evaluate the low temperature Franck-Con-
don factor F=exp(~ S) (§%/2)=4%10"7, which deter-
mines the activationless nuclear tunneling rate at low
T. The present estimates of the nuclear configura-
tional changes accompanying ET in Chromatium, AE/
7{w)=0.05 eV and S=20, should be confronted with
Hopfield’s results®® (AE), /Hw)y =0, #(w),=0.03 eV,
and S, =33, Clearly, the values of %#{w) and of S are
quite similar. However, the low temperature Franck-
Condon factor when calculated properly using Hop-
field’s parameters® is F, =exp(~S,)=5x%10"'%, as com-
pared with our value of F=4x10"", reflecting the fail-
ure of the semiclassical approximation at low T.

Finally, we can provide an estimate of the electron
exchange integral from the low T data where W= 21/
7 ¥w,)) | Vop(R)1?F. Utilizing the experimental value®
W=400 sec™! at 4.5 °K, F=4x10"", and 7{w,)=10-100
em-!, we estimate V,,(R)=(1-3)x10" eV (0.1-0.4
em™), This two-center, one-electron exchange integral
obtained herein is somewhat lower than the value
[V(R)]z=4%10"* eV estimated by Hopfield.*® The low
value of V,,(R) provides a proper justification for the
applicability of the nonadiabatic theoretical scheme for
ET in this system,® V_(R) is lower (by about 1 order
of magnitude) than the corresponding value of ~1 cm!
estimated!’ for outer sphere ET in the Fe*3(H,0)g—
Fe**(H,0), system in solution. Theoretical evaluations
of (two-center) intermolecular exchange integrals are
fraught with considerable difficulties as these are de-
termined by the behavior of the “tails” of the molecular
wavefunction, * As a reference we quote the work of
Katz et al.*® on electron mobility in organic crystals;
they found that an intermolecular transfer integral of
V~1 cm™! corresponds to ET between large organic
molecules separated by R ~"1-8 A. When many-elec-
tron exchange effects are incorporated, * this elec-
tron transfer integral increases to the value of V~10
em™! at R~10 A and exhibits an exponential distance
dependence®® dInV/dR~-1.3 A-l. Provided that di-
rect exchange contributions to V,,(R) dominate, and
assuming that dInV/dR ~dInV,, /dR, we estimate R
~12-13 A for the distance scale of ET in Chromatium.
This rough estimate of R somewhat exceeds the original
estimate R ~8-10 A presented by Hopfield®® and is
comparable with the radius (~14-17 A) of the protein
globule of the molecule of cytochrome C.% We would
like to emphasize that the present estimate of the
distance scale for ET, which rests on the assessment
of direct exchange contributions, provides a lower limit
for R. The small value of V,(R) raises the distinct
possibility that a superexchange type electronic cou-
pling mechanism?7 (via virtual states, as distinct from
thermal excitation to low-lying electronic states, men-
tioned in Sec. I) will contribute to the electronic ma-
trix element in this system. Such a high-order con-
tribution will result in V,,~ V3 + 8%/6, where V is the
direct exchange contribution while 8 is an (off-diagonal)
resonance integral between D (and A) and high-lying
electronic states which are separated by the energy
gap 6 from the D and the A levels, For 6~1eVa
value of 8~3x 102 eV is sufficient to provide a dominat-
ing superexchange contribution to the exchange integral.
Thus, a small electronic mixing can go a far way, and
long range electron transfer (over several molecular
diameter) is possible in this system.

VI. EPILOGUE

The main merits of the theory for nonadiabatic multi-
phonon ET applied herein for a biological system lie in
the demonstration of the intimate relation between outer
sphere ET processes in physical chemistry and ET in
a biological system, as well as in exploring the validity
conditions for the applicability of the Forster-Dexter
mechanism?®®3% to describe ET processes.?” We have
also provided a new, compact, and general relation,
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Eq. (3a), for the ET probability, whichis valid through-
out the entire temperature range., A special version of
this result, Eq. (4), which discards coupling with
medium modes was applied for ET in Chromatium.
Concerning the approximations involved in the present
treatment, these rest on the “Einstein-type” approxi-
mation for the intramolecular vibrational modes and,
furthermore, we have neglected frequency changes

and anharmonicity effects in the molecular type modes,
all of which will affect the Franck~Condonnuclear over-
lap integrals. These sins of omission can be easily
relaxed® (in principle) when detailed spectroscopic-
type information concerning frequencies, configura-
tional changes and anharmonicity constants for DA

and for D*A” will become available. Such information
is still only fragmentary even for the conventional case
of ET between inorganic ions in solution.'® Regarding
the Einstein-type approximation introduced for the
low-frequency phonon lattice modes (whose contribution
to ET in Chromatium was found to be negligible), it
may be relaxed® by taking an average value for A%, in
the appropriate contribution to G+ (¢), Eqs. (la) and
(1c). More important, we have disregarded in the
present treatment any possible (reversible) structural
modifications in the biological system induced by tem-
perature changes., For example, thermal expansion
effects will result, in principle, in the temperature de-
pendence of R, whereupon a new source for the 7T de-
pendence of V,,(R) and of W creeps in. We have as-
sumed that such effects are negligible.

We would like to emphasize that the present treat-
ment focused attention on ET reactions; however, this
formalism is applicable to any nonradiative multiphonon
process. In particular, the present results may be
quite useful in the fast developing field of the theory of
vibrational relaxation® in a dense medium, Further-
more, the physical model advanced herein can be
readily extended for a theoretical study of optical line
shapes in charge transfer spectra (CTS) DAZ D*A” be-
tween organic or inorganic ions.* All that is required
is to replace in Eq, (3) the electronic coupling V,, by
the electronic transition moment (at least within the
framework of the Condon approximation) and to replace
AE by AE - fiv, where 7y is the photon energy. With
these substitutions, Eq. (3a) will constitute a general
result for the optical line shape in CTS, which in-
corporates the effects of both low-frequency medium
(solvent) modes and high-frequency molecular modes.
The effects of the quantum modes, which were not
previously considered, ** may be crucial in providing
a quantitative picture for the CTS by bridged mixed
valence complexes, which were studied by Taube and
colleagues, ®°

The idea of a temperature dependent activation en-
ergy, originating from the transition from nuclear
“tunneling” between BO potential surfaces at low tem-
peratures to an activated rate process occurring near
the intersection of the (multidimensional) potential
surfaces at high temperatures, is explicit in early
work on electronic33=% and vibrational relaxation® in
solid state and molecular physics. Regarding ET pro-
cesses, Levich® was the first to point out that thermal

excitation of low-frequency polar solvent modes will re-
sult in a temperature dependent activation energy (i.e.,
regions A and B of Sec. III). However, in view of the
low “phonon” frequency®® in polar solvents, #{w,)=1-
10 cm™!, the quantum effect predicted by Levich® will be
exhibited only at extremely low T (near liquid He tem-
peratures). The effect of quantum modes on £,, and
on free-energy relationships, 2% which is expected
to be exhibited in an easily accessible temperature
range, was only recently recognized. In many common
cases of ET between ions in solution and in frozen
glasses, the latter quantum effects are obscured by the
dominating contribution of the low-frequency polar
modes (i.e., SH{w)< S;fi{w,)). Thus, for example, in
the Fe*?(H,0),~Fe* (H,0); system' S #(w,) ~2 eV while
Si{w)=0.25 eV. The present discussion of ET in
Chromatium provides the first example for a system
where the coupling of nuclear quantum modes dominates
the ET process.
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