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We have investigated rate data for the temperature and free energy dependence of the primary electron-transfer 
processes in bacterial photosynthesis. Rather than representing the whole electronic-nuclear coupling by a 
frequently applied discrete single-mode model, we have incorporated a continuum of modes characterized by 
a certain distribution function. In this way, we can illuminate the role of both a broad distribution of 
low-frequency modes representing the medium and a narrow distribution representing local nuclear modes. 
Furthermore, it emerges from the calculations that both sets are important in the overall scheme of primary 
photosynthetic electron-transfer processes. By means of this model and quantum-mechanical rate theory, we can 
reproduce a number of important features of the primary photosynthetic processes concerning in particular the 
temperature (tunnelling or thermally activated nuclear motion) and free energy dependence ('normal', 'activation- 
less', or 'inverted' regions) of the rate constants and estimate such parameters as nuclear-reorganization energy, 
electron-exchange integrals and electron-transfer distances. We have finally considered some of the important 
factors which determine the potential drop across the membrane and estimated the extent to which variations 
in the potential drop affect the rate constants of the electron-transfer processes. 

Introduction 

The sequence of primary electron-transfer steps 
in bacterial photosynthesis is believed to be repre- 
sented by the following scheme [1-3] :  

(BChl)~[ + BPh --> (BChl)~ + BPh- 

rl/2 ~ 10 ps [4-7] 0.35-0.55 eV (I) 

BPh- + A 1 ">BPh + A~" 

rl/2 ~ 1-200 ps [4-7] 0.22-0.44 eV (2) 
÷-.). cytochrorne C II + (BChl)2 cytoc~ome C III+ (BChl)2 

~'I/2 ~ 1/~s [8-14] 0.5 eV (3) 

Abbreviations: BChl, bacteriochlorophyll; BPh, bacterio- 
pheophytin. 

A1 + A2 ->A 1 +A~ 

rl/2 ~ 0.2-0.4 ms [15-17] 0.06 eV (4) 

where the columns to the right give the room tem- 
perature half-lives and energy gaps [2,18] (negative 
free energy differences as determined by the standard 
redox potentials of the redox couples involved). 
(BChl)2 is the reaction centre bactedochlorophyU 
dimer, (BChl)~ its first excited singlet state from 
which the photoexcited electron is transferred to 
bactedopheophytin, BPh, and AI and A2 the 
'primary' and 'secondary' quinone electron accep- 
tors. If the forward electron transfer is blocked by 
reduction or extraction of the quinones, the reduced 
ground state (BChl)2 is regenerated by the following 
relatively slow electron transfer steps: 
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(BChl)~ + B P h - ~  (BChl)2 + BPh 

~'1/2 ~ 1 0 - 3 0  ns [19,20] 0 . 8 5 - 1 . 0 5  eV (5) 

1 [(BChl)~ + BPh-  l --~ 3 [(BChl)~ + BPh- ]  

~'1/2 ~ 10 ns (6a) 

3 [(BChl)~ + BPh- ]  ---~ 3 (BChl)~ + BPh 

r l / 2  ~ 10 ns 0.2 eV (6b) 

(BChl)~ + A~ ~ ( B C h l )  2 + A 1 

~'1/2 ~ 1 0 - 1 0 0  ms [ 3 , 9 - 1 4 ]  0.6 eV (7) 

Reaction 5 represents electron transfer from 
BPh- to the ground state of (BChl)2, while reac- 
tions 6a and 6b involve magnetic interactions of the 
unpaired electrons in the radical pair I[(BChl)~ + 
Bph-] with the nuclei to form the triplet pair which 
subsequently decays to the excited triplet 3(BChl)2 
[19-23].  A detailed model for this exchange inter- 
action based on studies of electron transfer at elec- 
trolyte/organic crystal interphases was recently 
reported [24] (cf. also Ref. 25). 

The physical nature of reactions 1-7  has attracted 
considerable interest recently in the light of quan- 
tum-mechanical rate theory. Attention has thus 
been given to: 

(a) The different temperature dependence of the 
reactions. Reactions 1 and 2 are temperature 
independent right down to cryogenic temperatures, 
and the rate of reaction 7 even decreases slightly 
with increasing temperature, T, when T 2  150 K, 
while it is practically constant at lower temperatures 
(rl/2 decreases from about 60 ms at 300 K to about 
20 ms at 80 K for the species Rhodopseudomonas 
Sphaeroides. In contrast, reaction 3 is temperature 
independent for T ~< 100 K (~'1/2 = 2 - 3  ms), while 
it follows an Arrhenius dependence of activation 
energy 0.1-0.2 eV at higher temperatures [8-14] .  
Reaction4 apparently displays similar behaviour 
where, however, the transition temperature is about 
200 K [16,17]. Finally, reaction 5 shows a weak 
rate increase with increasing T, rl/2 falling from 
about 20 ns at 20 K to about 6 ns at room temper- 
ature [19]. 

(b) The magnetic interactions in reactions 6a and 
6b resulting in the formation of triplet 3(BChl)~ 
in magnetic field-dependent yields. The yield also 
increases from 10-20% at room temperature, indi- 
cating a dominating contribution of reaction 5 to the 
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decay of l[(BChl)~ +BPh-],  to 100% at 2 0 K  
19,20]. 

Several temperature effects of the individual 
processes are basically understandable from recent 
formulations of quantum-mechanical 
electron-transfer theory using models in which the 
whole electronic-vibrational coupling is represented 
by a single pair of displaced harmonic oscillators 
for the nuclear potential energy surfaces [26-28].  
However, a closer inspection of the rates of reactions 
1-7  shows that this coupling should be represented 
by a more detailed description [29,30]. In the fol- 
lowing we shall therefore consider the temperature 
and free energy dependence of the rate constants 
for electron-transfer systems in which the electron 
is coupled not only to local nuclear modes (such as 
metal-ligand vibrations in transition metal com- 
plexes or C-C skeletal modes in organic radical ions), 
but also to a broad continuum of low-frequency 
modes, corresponding to relaxational motion, 
hydrogen-bond deformation, etc., in the membrane 
or external medium. Moreover, while the temperature 
is an external variable which can be varied over wide 
ranges, free energy variation for the membrane- 
bound molecules is restricted to comparison between 
different electron-transfer reactions or the small 
variations in the redox potentials which might be 
induced by external transmembrane potential dif- 
ferences. On the basis of our numerical free energy 
relationships, we shall therefore also estimate the 
possible effect of transmembrane potential variation 
on the electron-transfer rate constants. 

Temperature effect on the electron-transfer rate con- 
stants 

We shall consider electronic-vibrational coupling 
between the electron donor and acceptor sites and a 
continuous distribution of nuclear modes 
characterized by a 'reorganization energy density', 
er(~), at the frequency, ~ ,  related to the total 
nuclear reorganization energy, Er, by [31 ] : 

dto er(tO ) = E r (8) 

0 

The coupling is assumed to be linear. For discrete 
nuclear modes this corresponds to displaced harmonic 
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nuclear potential surfaces. For electrostatic coupling 
to a continuous medium it means that the polariza- 
tion is proportional to the vacuum electric field of 
the molecular charge distribution. The rate expres- 
sion is then: 

3L 2 i°° 

W =-~-  f dO exp[-3A~E - O(0)]; 3= (kBT) -1 (9) 

where L is a two-centre electron-transfer integral, 
kB Boltzmann's constant, h Planck's constant divided 
by 21r, &E the free energy of reaction (energy gap), 
and the function ~(0): 

~(0) = 2 ? d¢o er(W ) 
sh #ht°osh #ht° (1 - O) 

2 2 

13"h LO 
sla m 

2 

(10) 

In the limit of strong coupling, and if we can take 
the upper limit for the integration with respect to w 
as the threshold for electronic absorption, Eq. 9 can 
be calculated by the saddle-point method (cf. Ref. 
32) 

f 1 -~-1/2 
~L2/~-I*"(O*) I / exPt-OO*aE- ~,(0")1 (11) 1 4 / = -  

w h e r e  • " ( 0 ' ) i s  the second derivative of cI,(O)with 
respect to 0 at the saddle point 0". The latter 
is determined by the equation: 

t~w 
sh (20* - 1) 

~ = dcoer(W) ~*o (12) 
O s h - -  

2 

The condition for the prevalence of the strong- 
coupling limit and the applicability of the saddle- 
point method is, for a broad distribution [31 ]: 

Er/l~w m >> 1(3/~co m >> 1); 

2E,/3(l~Wm) 2 >> l(/Yhto m << 1) (13) 

where co m is the maximum of the distribution. For 
a narrow distribution of width 1 ~ (I" < tom, cf. Eqn. 
19), the left-hand side of the inequalities of Eqn. 
13 must be modified by the factor F/COm. 

Eqs. 9 - 1 2  provide a prescription for the numerical 
calculation of the rate constant for given values of 

&E, T and the frequency dispersion function. In 
particular, for temperatures higher than a critical 
value Tcr ~ ficom/2kB, the hyperbolic sine functions 
can be replaced by their arguments to give the 
usual high-temperature rate expression [32-40]:  

w = L2(31r/tt2Er) 1/2 exp[-3(E r + AE)2/4Er] (14) 

Except for a single-mode approximation, analogous 
simple expressions are only available in certain cases 
below the critical temperature. A single mode of 
frequency 600 corresponds to er = 1/21~WoA26(CO-- 
COo), where A is the reduced coordinate displace- 
ment [33-39] .  Eqn. 9 can then be converted to the 
result obtained previously in different contexts 
[27,33-36,38-40]:  

W = A exp[-1A2(2V+ l)]Ip{ [&2~(V+ 1)] 1/2 ], 

× [(~- + 1)~v-]P/2 (15a) 

= [exp(/hoO/kBT) - I] -l ; A = 2zrL2/~2wO (15b) 

where Ip(x)  is the modified Bessel function of order 
p (p = I&El/hcoo). In the low-temperature limit, this 
becomes (cf. Ref. 40): 

W = A exp(-½A2)(~zx2)p/p[ (16) 

W/A coincides with the nuclear Franck Condon 
overlap factor of the harmonic oscillator wave func- 
tions of the ground initial and p-th excited final state 
vibrational levels [41]. In this limit, the nuclear 
reorganization thus proceeds in an activationless 
fashion by nuclear tunnelling between these two 
levels. For a broad continuum, a corresponding 
expression (for p = 0) is found by noting that for 
& E = 0  (a 'symmetric' reaction) Eqn. 12 has the 
exact solution 0* = 0.5. In this case: 

/ 2" o ~ o ~  j 
2 

[- 2 ~ d¢o th(~o:/4-I x exp L-~ oj - j , , .o)  )j (17) 

In the low-temperature limit th(3hco/4) ~ 1, and the 
exponential factor reflects the nuclear tunnelling 
between the ground vibrational levels in the initial 
and final electronic states. 

We shall finally need a representation of er(co). 



If  the nuclear motion corresponds to a relaxation via 
an energy barrier, the distribution of  oscillators is 
commonly represented by a Debye function [31 ] : 

er(t°) = (2Er~2D/n)(I2~) + to2) -1 (18) 

where ~2 D is the Debye frequency. This is a good 
representation for the major contribution to Er 
for electron transfer at room temperature [ 4 2 - 4 4 ] .  
However, in view of  the different nature o f  the mem- 
brane structure we shall represent er(W) as a single 
resonance function or an overlap of  resonances: 

e,(w) _- ~ nir i (a~ '  + r~) 

Er i [ ( a R / -  ~)2 + r~l [(nRi + w)2 + r~l 

i 0 [(aR / _ ~)2 + r ] ]  [(aRi + ~o) 2 + r ] l  (19) 

where f2Ri (i = 1, 2) is the frequency of  the i-th 
resonance, r i the width, and n i a measure of  the 
relative contribution of  the i-th resonance. This 
corresponds to elastic deformation of  the particular 
oscillators from their equilibrium positions [42],  
and we shall invoke a relatively narrow ( r  ~ 50 
cm -1) resonance o f  high frequency ([2Ri 2 400 cm -1, 
or r'/[2 R = 0 .1 -0 .2 )  to represent a discrete mode 
and a broad resonance (F ~ ~2R) of  lower (approx. 
100 cm -1) frequency to represent the medium. 

Fig. 1 shows plots o f  ln(lC/L 2) vs. lnT calculated 
numerically for various values of  the parameters 
Er and AE. In relation to the primary photosynthetic 
electron transfer steps, this figure provides the fol- 
lowing suggestions and conclusions: 

(A) For processes in the normal energy gap region 
where i AEI < Er, the reactions are temperature inde- 
pendent for T<~ T ~ h I 2 R / 2 k B  and follow an 
Arrhenius dependence at higher temperatures. This 
transition is smoother the broader the resonance, 
and when 1-'~. ~2 a the sharp transition observed 
experimentally for reactions 3 and 4 can only be 
reproduced if additional coupling to a narrow 
resonance is assumed. This was the basis of  our 
previous analysis of  reaction 3 for which good agree- 
ment with experimental data is found when er((~) 
consists of  both a broad resonance or Debye band of  
~2 R ~ 150 cm -a and a discrete mode or a narrow 
resonance of  I2R ~ 400 cm -1 with Er = 1.4 eV and 
n i = 0 . 9  and 0.5, respectively [29,30]. This gave 
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Fig. 1. Plots of  in(W/L 2) vs. lnT for a single resonance 
distribution.  (1) E r = 0 . 5  eV, S2R= 100 cm -1,  F =  100 
cm -1 , AE = 0 (normal range). (2) Same as 1, but s2 R = 400 
cm -1,  F = 5 0  cm -1. (3) E r =0 .5  eV, I2 R = 1 0 0  cm -1,  r = 
100 cm -1,  AE = - 1 . 0  eV (strongly exothermic range). (4) 
Same as 3, but s2 R= 400 cm -1, r =50 cm -1. (5) E r = 0.5 
eV, S2R= 100 cm -1 , r = 100 cm -l , AE =-0.5 eV (activa- 
tionless range). (6) Same as 5, but ~2 R= 400 cm -1, r = 
50 cm -1 . Energy units in eV. 

further an electronic coupling factor L ~  10 - 6 -  

10 -s eV which is not far from the value obtained 
using a high-frequency single-mode approximation 
[27]. If  we use the following expression for the 
electron transfer distance dependence of  L suggested 
by Jortner [27]: 

L = L o e x p ( - ~ . R ) ;  L 0-~ 1 .25eV;  ~ 1 . 3 A  -1 (20) 

we find an electron transfer distance of  R = 9 - 1 1  
/~ for reaction 3. 

(B) When the energy gap coincides with Er, a slight 
decrease of  I¢ with increasing T is observed, being 
more pronounced and beginning at lower tempera- 
tures the lower the value of  ~2R. It was noted pre- 
viously [28,45] that this effect is caused by the 
presence of  T u2 in the pre-exponential factor of  I4/ 
(Eqs. 11 and 16). It is physically associated with the 
inverse square-root dependence of  the thermal 
velocity for motion on the nuclear potential surfaces. 
On the basis of  the temperature effects it was also 
suggested that reactions I ,  2 and 7 belong to the 
activationless energy gap region [7,28,37]. The 
present calculation then substantiate single-mode 
calculations that the electronic-vibrational coupling 
of  the donor and acceptor sites is dominated by 
nuclear modes of  frequencies higher than 400 cm -1 
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for the temperature-independent reactions 1 and 2, 
while a broader distribution of modes around 100 
cm -1 contributes significantly for reaction7 for 
which a smoother decrease of the rate constant with 
increasing temperature is observed experimentally. 
This difference may be due to the location of the 
primary acceptor A1 close to the aqueous solution 
interphase. Using the calculated values of W for a 
single resonance and E r coinciding with the energy 
gaps gives L ~ 10 -a and 3 • 10 -4 eV for reactions 1 
and 2, respectively. In terms of Eqn. 19 this gives 
electron transfer distances of 6 and 8/~, respectively. 
For reaction 7, the very small value of L ~ ( 1 - 2 ) '  
10 -s eV gives an electron transfer distance of 15-17 
,~ which is, however, a plausible value in view of the 
location of A1 closer to the outside of the mem- 
brane. 

(C) While the decrease of the rate constant of reac- 
tion 7 with increasing T is compatible with the 
behaviour expected for activationless processes, 
temperature independence such as that for reactions 
1 and 2 would also be expected for strongly 
exothermic processes for which ( AEI > Er, provided 
that ~2R > 400 cm -1. Lower frequency values would 
thus give a strong thermal activation also for strongly 
exothermic processes (Fig. 1). For 0.25 < Er 5 
0.5 eV, the calculations thus predict practically inde- 
pendence of temperature for the energy gaps of 
reactions 1 and 2, whereas the rate constant increases 
with increasing T outside this interval. For charge 
transfer processes in organic molecular crystals 
close to a crystal/solution interphase, there is in 
fact some evidence that Er is about 0.3 eV [46], 
but for the membrane-bound redox components 
this quantity may be closer to the 0.4-0.5 eV sug- 
gested by the energy gaps for reactions 1 and 2 if 
these processes are activationless, due to the presence 
of polar groups and partial resolvation of the aqueous 
solvent. 

(D) The reorganization energy of reaction5 
is presumably close to the values of reactions 1 and 
2. This process then belongs to the strongly exo- 
thermic region (IAEI >Er ) ,  and for energy gaps of 
about 1 eV the weak increase of the rate constant 
with increasing T is compatible with frequencies 
about 400 cm -1 giving the dominating contribution 
and Er in the range 0.3-0.5 eV. For smaller values a 
larger temperature effect is expected, and for larger 

values a smaller effect, unless E r assumes unrealis- 
tically large values (greater than 1 eV). 

In summary, the temperature dependence of reac- 
tions 1, 2, 5 and 7 strongly suggests that reactions 1, 
2 and 7 are activationless (AE ~ - E r )  while reaction 
5 is strongly exothermic ( IAEI>Er ) .  Coupling to 
narrow distributions or discrete modes of frequencies 
higher than about 400 cm -1 is of major importance 
for reactions 1, 2 and 5; coupling to a broad con- 
tinuum of low-frequency modes as well may also 
be important, but they would cause more signif- 
icant temperature effects than those observed 
experimentally if they constitute more than 10-20% 
of the total reorganization energy. On the other 
hand, such modes do seem to provide the major 
part of the reorganization energy for reaction 
7. Further illumination of these points, as well as 
the strong exothermicity effects as a possible cause 
for the low values of the rate constants of reactions 
5 and 7 in spite of their much larger energy gaps 
compared with reactions 1 and 2 requires that we 
now proceed to a consideration of the energy gap 
relationships. 

Free energy relationship and the effect of trans- 
membrane potential shifts 

The analysis of the temperature dependence 
leaves open the following questions in particular: 

(1) The low rate constants of reactions 5 and 7 
as compared with reactions 1 and 2 may be caused 
either by the much higher energy gap if these reac- 
tions are strongly exothermic, or by a larger electron- 
transfer distance. 

(2) In the latter case, relaxation of a slow nuclear 
mode leading to an increased distance between 
(BCM)~ and BPh- must occur immediately subse- 
quent to reaction 1 in order to prevent a rapid 
reverse electron transfer from BPh- to (BChl)~. A 
continuous distribution of nuclear modes would 
ensure that such slow nuclear modes are 
thermally activated also at cryogenic temperatures 
without necessarily contributing to the activation 
energy. Moreover, an observed relaxation time of 
30 ps for a spectral shift in the [(BChi)~ + BPh] 
reaction complex has been interpreted in this way 
[6]. 

For the construction of the energy gap relation- 
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Fig. 2. Plots of ln(W/L 2) vs. a,E. Single resonance distribu- 
tion except for curve 5. T= 298 K. (1) E r = 0.5 eV, I2 R = 
100 cm -I , £ = 100 cm -1 . (2) Same as 1, but I2 R = 4 0 0  cm -1 , 
£ = 50 cm -1 . (3) E r = 0.3 eV, I2R= 100 cm -1, r = 100 
cm -1. (4) Same as 3, but ~2R= 400 cm -1, r = 80 cm -1. 
(5) Two resonances. E r = 0.5 eV, I'~R1 = 1 0 0  c m  - 1 ,  £ 1  = 

100 cm -1 , S2R2 = 400 cm -I , r2 = 80 cm -1 . 

ship, we notice that Eqn. 12 has the following kinds 
of  solution for iso- and exothermic processes [31]: 
(i) When IAEI < E r ,  0* is located between zero and 
unity. In particular, 0* =0.5 for A E = 0 .  In other 
cases, 0* must be found by numerical solution. 
0* coincides with the Br!bnsted coefficient, 0 TM 

-kBTdlnW/dAE, and for IAEI < g r  the rate increases 
with increasing (negative) ZkE. 
(ii) When zkE = - E r ,  0* = 0. In this AE region, which 
in practice is quite broad (Fig. 2), there is no depen- 
dence between W and AE and only a weak depen- 
dence between W and the temperature. 
(iii) When IAEI > E r ,  the process is strongly exo- 
thermic and 0* < 0 ,  i.e., the rate now decreases 
with increasing (negative) AE (the inverted region). 

Fig. 2 shows examples of  the energy gap relation- 
ship between I4/ and AE at room temperature cal- 
culated numerically by means of  Eqns. 10-12 .  
From this figure we can draw the following con- 
clusions of  importance to the primary photosynthetic 
electron-transfer reactions: 

(1) If  E r ~ 0.3 eV the rate constant decreases 
only by a factor of  2 - 5  in the energy gap region 
0 .3 -0 .6  eV. The low value of  the rate constant 
of  reaction 7 is therefore almost entirely due to the 
larger distance for electron transfer across the 
membrane, and not to the more exothermic nature 
of  this process. On the other hand, for -zkE = 0 . 8 -  
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1.0 eV the rate constant is lower by between 2 and 
4 orders o f  magnitude for E r ~ 0.3 eV, if f i r  ~< 
400 cm -1. The exothermicity effect is thus sufficient 
to explain the much lower rate constant of  reaction 
5 compared to those o f  reactions 1 and 2 for these 
parameter ranges. On the other hand, if the nuclear 
coupling is dominated by modes o f  frequencies 
at about 1000 cm -1 or higher, corresponding to C-C 
skeletal modes, the decrease is only 1 or 2 orders o f  
magnitude. Unless other intermediates participate 
in the electron transfer from (BChl)~ to BPh and A1 
[25 ,47-49] ,  the low value of  the rate constant 
of  reaction 5 could therefore also be caused by 
relaxation of  the geometry of  the [(BChl)~ + BPh-] 
pair to increase the distance between (BChl)~ and 
BPh- subsequent to the electron transfer. In terms 
of  Eqn. 20 this increase would have to be about 
2 . 5 - 4 / ~  to account for the observed rate decrease. 

(2) For E r = 0.5 eV the rate constant is again 
hardly changed in the AE range from - 0 . 4  to - 0 . 6  
eV, and for - A E  = 0 .8 -1 .0  eV it is lower than those 
of  reactions 1 and 2 by no more than a factor of  50. 
Also in this case, it is therefore appropriate to invoke 
an increased electron transfer distance as a possible 
cause for the low rate constant of  reaction 5 (cf. 
discussion in Ref. 50). 

(3) A larger drop in the rate constant in the 
strongly exothermic region is predicted for lower 
temperatures. At 20 K, A E = - 1 . 0  eV and E r = 0 . 3 -  
0.5 eV, the rate is thus lower than at 298 K by a 
factor of  3 - 6  for ~2 R ~ 4 0 0  cm -1 and by l0  s -  
106 for I2R ~ 100 cm -1. This effect may be part of  
the reason for the temperature dependence of  the 
triplet yield in reactions 6a and 6b. 

The nature of  the light-induced electron-transfer 
processes as normal, activationless, or strongly exo- 
thermic could in principle be further illuminated 
by a consideration of  the electrochemical potential 
distribution across the membrane. The free energy 
difference for a given electron-transfer process is thus 
determined not only by the electronic and equi- 
librium solvation energies, but also by the potential 
difference between the two sites. The transmembrane 
potential difference is subject to variation by up to 
several hundred millivolts by variation of  ionic 
gradients across the membrane [51,52] or by an 
electric field from external macroscopic electrodes 
[52,53]. Provided that the potential drop varies 
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monotonically with the external transmembrane 
potential difference, a shift of the latter would 
furthermore be sufficient to determine the energy 
gap region to which a given electron-transfer process 
belongs without detailed knowledge of the actual 
potential distribution. A nonmonotonic potential 
distribution may, however, arise from several effects: 
(i) Charge separation at the membrane/electrolyte 
interphase resulting from double-layer effects [54] or 
from lipid surface dipolar layers [56]. 
(ii) Discrete charge effects originating from adsorp- 
tion of ions at the interphases [55] or from local 
electric fields caused by charged groups of mem- 
brane-bound enzymes and other 'impurities' [55]. 
(iii) Spatial dispersion of the membrane dielectric 
permittivity [57]. This arises physically from the fact 
that the dielectric response to an external field is 
correlated in space over distances comparable to 
the local structure. For a dielectric with a constant 
dielectric function (e.g., a dielectric slab between 
two plasma-like media such as the ionic electrolytes), 
spatial dispersion implies that the dielectric per- 
mittivity increases with increasing distance from the 
boundaries and passes a minimum at the centre, 
thus causing an inflection in the potential at this 
point [58]. 
(iv) Close to the interphase the free energy of an 
ion of charge zi e in medium 2 from the electrostatic 
interaction with its image charge in medium 1 is 
(for both dielectric and plasma-like media) [59] : 

z~e 2 e(2)-e(1) 
Gim(X) --4xe(2) e(2) + e(1) (21) 

where x is the distance from the boundary. The ion 
is thus repelled from the boundary when e (2) > 
e (t) (the ion in the aqueous phase) and attracted 
when e (2) < e (t). When spatial dispersion is impor- 
tant, e (k) (k -- 1,2) is replaced by e(k)(x), and depend- 
ing on the form of this function, a nonmonotonic 
distribution in the membrane region may arise 
[601. 

The relationship between a transmembrane poten- 
tial shift, 6Aft, and the corresponding shift in the 
energy gap, aAE, is 8AE = ae/iA~b where e is the elec- 
tronic charge and a = aZkE/aA~b. If 8A¢ is suffi- 
ciently small that 0* can be considered independent 
of AE, then 81n~C=--flO*aeSA~. For a ~ 0 . 3  ( a ~  
R/d where d is the membrane thickness if the poten- 

tial drop is linear), Fig. 2 shows that for E r = 0.5 
eV and at room temperature an external potential 
shift of 200 mV causes a change of the rate constant 
by a factor of about 2, but in opposite directions 
for the normal and strongly exothermic regions, while 
no change is expected if AE ~ - E  r. For E r = 0.3 eV 
the effect is larger, amounting to factors up to 6. 
I f  coupling to low-frequency nuclear modes is of 
major importance, the effects are substantially larger 
(factors of 20-50)  at low (20 K) temperatures. 

External potential changes of accessible magni- 
tude are thus expected to be detectably reflected in 
the variation of the rate constants, and such changes 
may be a useful supplement to the temperature 
variations in the elucidation of the nature of the 
membrane processes. 
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