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In the light of recent experimental work on femtosecond electron transfer kinetics in the reaction center (RC) we
explore the mechanism for the primary process. We focus on the special role of the bacteriochlorophyll monomer (B)
located between the primary donor (' P*), a bacteriochlorophyll dimer (P), and a bacteriopheophytin (H), considering a
kinetic scheme which combines two parallel pathways of electron transfer: a unistep superexchange channel mediated
via electronic interactions with P* B "H, and a two-step sequential channel involving a P * B ~H chemical intermediate.
In this kinetic scheme we used microscopic nonadiabatic electron transfer rates, which were extended to incorporate the
effects of medium-controlled dynamics. The results of the kinetic modelling are presented as a function of the
free-energy gap AG, between the equilibrium nuclear configurations of the donor 'P*BH and the (physically and /or
chemically) mediating state P *B ~H. The parallel sequential-superexchange mechanism reduces to the limit of nearly
pure sequential pathway for large negative AG, at all temperatures and to the limit of almost pure superexchange
pathway for large positive AG,; at all temperatures and for moderate AG, at low temperatures. The existing
femtosecond kinetic data at room temperature are consistent with either the superposition of sequential and superex-
change at all temperatures or to a superposition of superexchange and sequential at room temperature and superex-
change at low temperatures. The available femtosecond data at 10 K raise the possibility that the mechanism invelves
the superposition of superexchange and sequential at 300 K and the dominance of superexchange at low temperatures.
Auxiliary experimental information regarding magnetic data, i.e., the singlet-triplet splitting of the radical pair P *BH —,
the kinetics of the charge separation in mutagenetically altered RCs, with tyrosine M208 being replaced by phenyl-
alanine, and the unidirectionality of charge separation across the A branch of the RC are analysed in terms of the
proposed mechanism. The prevalence of the parallel sequential and superexchange electron transfer routes for the
primary charge separation would introduce an element of redundancy, which insures the occurrence of an efficient
process which is stable with respect to the variation energetic parameters in different photosynthetic RCs.

L Intreduction

The primary charge separation in photosynthesis
constitutes a central energy conversion process in
biology. Extensive experimental information has been
accumulated regarding the primary charge separation in
bacterial photosynthetic reaction centres (RC), which
involves direct femtosecond spectroscopic data as well

Abbreviations: RC, reaction center; P, bacteriochlorophyll dimer; B,
bacteriochlorophyll; H, bacteriopheophytin; ET, electron transfer.

Correspondence: J. Jortner, School of Chemistry, Raymond and Be-
verly Sackler Faculty of Exact Sciences, Tel-Aviv University, 69978
Tel-Aviv, Israel.

as auxiliary data, e.g., the effects of external magnetic
and electric fields and supplementary kinetic infor-
mation. The X-ray structure analysis of the RCs
of Rhodopseudomonas viridis {1] and Rhodobacter
sphaeroides [2,3] shows a quasisymmetric arrangement
of the prosthetic groups in two membrane-spanning
branches, A and B, which are composed predominantly
of two protein subunits, L and M. All the mechanisms
proposed for the primary electron transfer {(ET) process
from the singlet excited state (*P*) of the bacterio-
chlorophyll dimer (P) along the A branch attribute a
special role to the accessory monomer bacteriochloro-
phyll (B), which is iocated between P and a bacterio-
pheophytin (H). Two classes of mechanisms were ad-
vanced:
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(1) The one-step superexchange mechanism [4-16]
'P*BH > P*BH" (1)

The direct ET from 'P* to H is mediated by superex-
change electronic interactions via the virtual vibronic
states of P"B™H, which are located in energy above
that of '"P*BH (Fig. 1). This mechanism involves un-
istep ET via ‘physical mediation’ by B.

(2) The two-step sequential ET [17-23], which involves
a genuine chemical intermediate. Several alternatives
were proposed for the chemical intermediate, e.g.,
P*BH, with the sequential mechanism being

; ky _ k3 _
P*BH->P*B H-P*BH 2)

This mechanism involves ‘chemical mediation’ by
P* B H, which is accessible by an activated or activa-
tionless crossing of the nuclear potential energy surfaces.

The first femtosecond time-resolved absorption spec-
troscopy on RCs of Rb. sphaeroides [24} and R. viridis
[25] performed at room temperature seemed to indicate
that
(i) No intermediate involving B~ was observed, within
experimental uncertainty.

(i) No bleaching in the absorption band of B was
documented.

(i) The time-resolved spectra indicate that the decay of
'P* and the build-up of P*BH™ are characterized by
the same single time constant.

These conclusions seemed to be strongly supported
by the corresponding measurements at 10 K {26]. These
results are consistent with a unistep superexchange
mechanism, although a sequential mechanism with k,
> k,; cannot be ruled out. Furthermore, the analysis of
electric field effects on the fluorescence polarization [27]
indicates charge separation via a superexchange mecha-
nism at low temperatures provided that the measure-
ments are performed in the excitation dichroism mode
{28). However, picosecond time-resclution of the fluo-
rescence 1s necessary in order to safely exclude an
‘artifact” of the steady signal due to reaction centers
with slow charge separation in a heterogeneous sample.

More recent femtosecond spectroscopic studies [29]
shed doubt on the previous conclusions regarding the
validity of the kinetic evidence for superexchange-medi-
ated primary ET in the RC of Rb. sphaeroides at 300 K.
The femtosecond data of Holzapfel et al. [29] were
analysed in terms of a sequential electron transfer pro-
cess. On the other hand, the femtosecond data of
Kirmaier and Holten [30] were analysed in terms of a
unistep primary electron transfer in a heterogeneous
system, where the rate is dependent on the interrogation
wavelength. These recent experimental data and their
analysis [29,30] raise two distinct issues. First, what is
the mechanism of the primary charge separation? Sec-

ond, what are the effects of heterogeneity on the primary
process? A scrutiny of the results of the analysis of
Kirmaier and Holten (Fig. 2, Ref. 30) raises two diffi-
culties: (i) The fit of the kinetic data in terms of two
(interrogation wavelength dependent) time constants
could not be accomplished in the relevant region of
765-796 nm. (ii) The common kinetic complexity for
the time constraints for electron transfer to H and for
the quionone reduction invoked by Kirmaier and Holten
[30] does not hold in the range 805-825 nm at room
temperature and does not apply over their entire inter-
rogation wavelength region at 77 K. Thus, the effects of
heterogeneity on the primary ET require further eluci-
dation. The femtosecond spectroscopic data of Holzap-
fel et al. [29] for Rb. sphaeroides at 300 K were interpre-
ted in terms of the following picture:

(i) The primary ET kinetics involves two time constants,
(3.5+04 ps)~ ! and (0.9 + 0.3 ps)~ L.

(ii) These kinetic data are consistent with rate-determin-
ing reduction of B followed by a fast reduction of H.

Accordingly, these femtosecond results for Rb.
sphaeroides seems to support the sequential mechanism
(2) at room temperature. On the other hand, the low-
temperature data for both Rb. sphaeroides and Rps.
viridis seemed to be consistent with a single time con-
stant, pointing towards the possibility of the unistep
superexchange mechanism (1) at 10 K. Thus, in spite of
the extensive experimental information, the mechanism
of the primary charge separation in bacterial RCs is not
yet understood.

The theoretical exploration of the primary charge
separation in the RC rests on the conventional non-
adiabatic ET theory and its possible extensions to en-
compass adiabatic and medium-controlled ET. The im-
plementation of the theory requires information regard-
ing energetic parameters, such as the energy gap be-
tween the equilibrium nuclear configuration between
'P* and P*B H which, in spite of recent progress,
cannot be reliably calculated. This is a serious technical
limitation, which precludes any a priori theoretical
mechanistic predictions regarding the primary ET. At
present one has to utilize the ET theory for providing a
conceptual framework and for the extraction of the
microscopic electronic and nuclear parameters, which
specify the ET dynamics.

The analysis of the primary charge separation in
terms of one distinct mechanism, involving either the
superexchange (1) or the sequential (2) ET, may be
questionable, as both mechanisms can prevail in paral-
lel. Marcus [17,22] and Bixon, Jortner and Michel-Be-
yerle {14,15] considered the competition between the
superexchange and the sequential mechanisms to derive
conditions for the dominance of superexchange channel.
In a previous analysis of the superexchange mechanism
we have emphasized [15] that an inevitable consequence
of the unistep superexchange process is the occurrence



Fig. 1. Nuclear potential energy curves for the parallel sequential-su-
perexchange mechanism. The superexchange occurs by the unistep
activationless crossing from the P*BH curve (solid line) to the
P*BH"™ curve (dashed line), while the first step (k,) in the two-step
sequential process occurs (in the classical limit) by thermal activation
on the P*BH curve to its crossing with the P* B~ H curve (dash-dotted
line) followed by curve crossing. AG and AG, are the free-energy gaps
between P*BH and P*BH™ and between P*BH and P*B H,
respectively, while 8E is the vertical energy difference.

of the parallel sequential ET process, which takes place
at the intersection of the potential surfaces of 'P*BH
and P*B™H. In Fig. 1 we portray model potential
surfaces for the primary ET, which correspond to an
activationless superexchange (with a rate k) and an
activated sequential process (with a rate k,). Modifica-
tion of the free-energy gap, AG,, between 'P* and
P*B~ and the medium reorganization energies A and
A, (Fig. 1) may result in other characteristics of the
rates k and k,. One should also note in this context that
a nearly activationless ET can be realized over a rather
broad range of the energetic parameters, so that both &
and k,; can be nearly activationless.

In this paper we analyze the parallel sequential-su-
perexchange kinetic scheme for the primary ET in the
RC. As will be shown, this kinetic scheme is consistent
with the available experimental information over a broad
range of acceptable combinations of energetic parame-
ters ranging from the purely sequential limit to a super-
position of a thermally activated sequential and a super-
exchange mechanism. A central assumption inherent in
the present analysis is that the RC is a microscopically
homogeneous donor/ acceptor system. Inhomogeneous
broadening of energetic and nuclear parameters, which
results from a continuous or multimodal distribution of
the ET rates, was not considered.
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I1. Primary ET Kkinetics
H-A. Kinetic analysis

The basic kinetic scheme for the primary process
(Fig. 2) includes two ET pathways: (i) a superexchange
channel with a rate constant &; (ii) a sequential channel
with rate constants k, and k4_, for the direct and
reverse first step, respectively, and k, for the second
step. The reverse and direct steps are related by k_, =k,
exp(AG,/kgT), where kg is the Boltzmann constant.
The back-reaction k_, can be significant at room tem-
perature, and has to be incorporated, while the back-re-

k
actions P*BH™ —»P*BH and P'BH™ “-%P*B™H,
which are characterized by large values of AG/k T (see
subsection 11-C) can be neglected.

The kinetic analysis of the time-dependent relative
concentrations [P*BH], [P*B~H] and [P*BH 7] is pre-
sented in Appendix A. The system is characterized by
two time conmstants, 7, =(—s_)"! and ©=(-s,)"},
where 5, and s_ are the solutions of Eqn. A5,

so=—lk+k+k_+k,+8]/2

s_=—[k+k +k_,+k,~8]/2 1.1y
with

3 12
S=[(k+k +k  +ky) —4(kk_,+ kk,+ kiky)] (11.1)

From Eqns. I1.1 and A6, explicit expressions can be
derived for the concentration of the P*B~ intermediate.
The maximum concentration of the intermediate
P*B™H is obtained from the equation d/d¢[P*B~H](¢
=tax) = 0. The time ¢ when the maximum con-
centration is achieved is

max

o =1/(s, ~5_) ln(;—:) (IL3)

and the maximum concentration of P*B™H, ie., B,
=[P*B " Hi¢t=1¢_,), is

max

k Sy s
B, =— [(i:)“"- ~(i—)‘+"»] (11.4)
s.—s_ s, s,

The fraction of reaction that proceeds through the
sequential channel is given by:

_(= +p- _ kik,
Fseq—j; ko[PBTHJ(0) dr= 2 (IL5)

which provides the branching ratio between sequential
and superexchange channels.

The kinetic scheme (Fig. 2) results in the following
features: (i) two time constants, 7, and T,, exists, which
are determined by the rates k,, k_,, k, and k. (i1) The
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Fig. 1. A kinetic scheme for the competition between unistep superex-

change at the sequenced ET routes. The formation and recombination
of the *(P* BH ™ ) radical pair is also shown.

*

decay of [P*BH] is, in principle, biexponential with the
amplitudes being determined by the rates. (iii) The time
evolution of the intermediate [P* B~ H] is biexponential
with equal amplitudes. (iv) In view of the temperature
dependence of the rates and, in particular, of k_, and
also possibly of ky, the branching ratio, F,,, is expected
to be temperature-dependent.

II-B. Electron transfer theory

The conventional nonadiabatic ET rate constant,
kNA s given by [31,32]:

KNA = %’5 ViF (1L6)
where V is the electronic coupling and F the thermally
averaged nuclear Franck-Condon factor.

The electronic coupling, V, for the direct ET rates is
given by Ve = ('P*BH|H|P*B H) for k,, and by
Venu=(P*B H|H |P*BH") for k,, where H is the
Hamiltonian for the system. The superexchange interac-
tion for the unistep rate, k, is given by

Vsuper = VPBVBH /BE (117)

where 8F is the vertical energy gap (Fig. 1).
The thermally averaged Franck-Condon factor at
high temperatures is given by

F={(4nAkyT) V? exp[— E, /kyT] (11.8)

where A is the medium reorganization energy and E, is
the activation energy

E, = (AG + A)? /4 (1L9)

Here AG is the free energy gap between the equilibrium
nuclear configuration of reactants and products. Eqn.
I1.8 corresponds to the classical limit where kg7 > Ay,
where w, is the characteristic frequency of the protein
medium (w, = 80-100 cm ™).

The validity of the nonadiabatic ET rate rests on two
assumptions:
(1) Negligible adiabatic corrections [11,22]. The process
is nonadiabatic in the Landau-Zenner sense, satisfying
the condition

Yiz =27V hug (2AkaTHV 1 <1 (11.10)

Setting v, , = 0.5 as the upper limit for the nonadiabatic
limit and taking w, = 80-100 cm ™' [11,15] and A = 1000
cm™!, then the nonadiabaticity condition y,, < 0.5 at
room temperature (300 K) is satisfied for V<70 cm™!
and the maximum value for the nonadiabatic activation-
less rate which corresponds to E, =0 is given from
Eqns. I1.7 and 11.8 by &™* < (250 fs)~! at 300 K. As all
experimentally recorded elementary ET rates at room
temperature [24,25.29,30] are slower than this upper
limit for kN*, the Landau-Zenner adiabatic effects do
not have to be further considered.

(2) Negligible effects of medium relaxation-excitation.
The excitation and relaxation of the nuclear medium
modes, which couple to the relevant electronic states,
are fast on the time-scale of the electronic ET rate, thus
allowing the separation of the time-scales for fast
medium excitation-relaxation and slow rate-determining
ET. This situation is realized when the adiabaticity
parameter [33]

4'rrV2‘r,3

K—T (11.11)

is small, i.e., k < 1, where 7, is the longitudinal medium
relaxation time induced by a constant charge. The value
of 7, =200 fs for the RC was inferred from molecular
dynamics {34] simulations for the RC at room tempera-
ture.

Medium relaxation effects on ET dynamics are real-
ized when k > 1 with the ET rate, kg, is being given by

kgr =k™/(1+x) 1.12)

In the nonadiabatic limit (x < 1), Eqn. 11.12 reduces to
the conventional result k.= kN* Eqn. 11.6. In the
medium-controlled limit (x > 1), the maximal value for
an ET rate corresponds to an activationless process
(E, =0), being '

kME =17 YA /167ky T Y2 (11.13)

For A =1000 cm™! and 7 = 300 K one obtains kMS =
0.31/7,, which with 7, =200 fs results in the medium-
controlled activationless rate of AMS = (700 fs)~'.
Medium-controlled dynamic effects may be significant
for the fastest process in the RC. The experimental
observation of the ultrafast subpicosecond rate k,=
(900 fs)~! [29], which is close to kM, requires the
incorporation of the effects of medium dynamics on
charge separation in the RC.



IH-C. Electronic, nuclear and dynamic parameters

The parameters which determine the nuclear
Franck-Condon factors, Eqn. 11.9 are free-energy gaps
and the reorganization energies. These are:

(1) AG, the free-energy gap for the direct process k,
which corresponds to the difference between the free
energies of P*BH and of P"BH™ at the equilibrium
nuclear configurations. From the combination of ex-
perimental magnetic and phosphorescence data —AG =
2050 + 50 cm ™! [35,36). We take —AG = 2000 cm ™.
(2) A, the recorganization energy for k. It was assumed
that k is activationless with A =AG (within +25%)
[15]. Recent computer simulations of interactions and
molecular dynamics of the RC resulted in A = 1600
cm ™! (within an uncertainty of +800 cm™') [37]. We
shall take A = 2000 cm ™',

(3) E,=(AG +X)*/4X is the activation energy for k.
In view of our choice of AG and A, then E, = 0.

(4) AG,, the free-energy difference between 'P*BH and
P*B™H. Early attempts to estimate a lower limit for
AG, from the temperature dependence of the exchange
integral [39] for the P"BH™ radical pair resulted in
AG, > —250 cm™ ! [38]. However, more recent measure-
ments have shown that the intrinsic accuracy of the
previous data was overestimated [40]. From the combi-
nation of femtosecond time-resolved data [29] and the
magnetic field dependence of the recombination dy-
namics of P*BH ™, the limit AG, > —600 cm™' was
inferred [40]. The value of AG, constitutes a central
energetic parameter which dominates the mechanism of
primary ET. In our model calculation we shall vary 4G,
over a broad range, taking AG, = —800 cm™' to +600
cm™ L

(5) A,, the reorganization energy for k;. No direct
information is available, while computer simulations
implied A, <A. We shall take A, = 1000 cm™".

(6) AG,, the energy gap for k, was taken as AG, = AG
- AG,.

(7) A,, the reorganization energy for k,, which in the
absence of any information was taken is A, = A,.

(8) The activation energies E,; and E_, for k, and k,,
respectively. As —AG, <A, the rate k; falls in the
‘normal’ Marcus regime and we take E, =(AG,+
A)?/A,. For k, we have —AG, > A, and the reaction
corresponds to the inverted regime, where one expects
reduction of the activation energy due to excitation of
high-frequency intramolecular vibrational modes of the
prosthetic group accompanying the ET. We shall take
E, =0

The electronic terms are:

(9) The electronic couplings, Vpy and Vgy. These are
taken to be related by a = Vyy/Vpp = 4 from the recent
intermolecular overlap calculations using the refined
structure of R. viridis (Plato, M., personal communica-
tion). The superexchange interaction is given by Eqn.
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11.7. The vertical energy difference, 8E, between the
states P*B™H and P*BH, is given by

8E = AG, + A, (I1.13)

Finally, the relevant dynamic parameter is:

(10) The medium relaxation time, 7,. In accord with the
molecular dynamics simulations [34] we have varied 7,
over the range 7, =100-300 fs. For large electronic
coupling the adiabaticity parameter, Eqn. 11.11, may
become large, and solvent controlled effects, expressed
by Eqn. 11.12, become important. This may be the case
for k,, k_, and k,. We take k to be nonadiabatic and
the other rates to be given by Eqn. I1.12, which ex-
trapolates smoothly between the nonadiabatic and the
solvent-controlled limits.

II-D. Microscopic rate constants
The four ET rate constants are given by

27 VeuVau \°
k=7[1/4w>\kBT]1/2(~5’§—I;J) exp{ — E, /kgT} (11.14)

2
_ 27 172 (Ves) _
ky =5 [1/47\kpT] _—_(1+4wV§Bvs/hA])cxP{ E,/kgT}
(11.15)
k_ =k, exp{ 4G, /kgT } (11.16)
_z‘z 1/2 (‘/BH)2 _
ky = 5-[1/47A kg T (1+4wV§HTS/hA2)EXp{ Ep/kpT)

(11.17)

These rate constants, 11.14-I1.17, correspond to the
classical limit which is realized when kg7 > hw,. Tak-
ing hw, = 80-100 cm ™' [41] the classical limit prevails
for kzT>100 K. The effects of coupling to high-
frequency intramolecular vibrational modes of the pro-
thetic groups, which cannot be handled within the
classical limit, are not important in the normal region.
Rates in the inverted region, i.e., k, are affected by
weak coupling to high-frequency intramolecular vibra-
tional modes [42], which cause the lowering of the
activation energy. Therefore we take E, =0 in our
calculations (see point (8) above). The numerical calcu-
lations were performed in the range T = 300-100 K.

H1. Calculations

The kinetic scheme (Fig. 2) involves a proliferation
of microscopic parameters. The analysis of the kinetic
scheme was performed with the parameters discussed in
subsection II-C. The nuclear, electronic and dynamic
parameters are assumed to be temperature-independent.
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Fig. 3. The free-energy gap (AG,) dependence of the elementary rate
constants at 300 K.

The input parameters used in the calculation of the
elementary rates were

AG = —2000 cm ™!
A = 2000 cm !

Ay =A,=1000cm !
E,=E,=0

7, =100 - 300 fs

Vau/Ves =4 (111.1)

The central energetic parameter, AG,, which essen-
tially determines the mechanism of the primary ET
(sequential, superexchange or superposition of both)
was varied over the broad range.

AG,=—800cm~! to +600 cm™! (111.2)

The only missing parameter is now the electronic
coupling, V5. This was determined by incorporating
experimental kinetic information by demanding that the
long effective relaxation time, 7, =(—s_)"', at room
temperature should be equal to the experimental (rate
determining) primary rate, i.e.,

(—5.) '=33-10"25sa300K (111.3)

Eqns. 11.14-11.17 were used to calculate the elemen-
tary rates k, k;, k_,; and k,, which were then incorpo-
rated into Eqns. I1.1-1L.5 for the kinetic scheme, utiliz-
ing the parameters III.1 and II1.2 together with the
restriction I11.2.

Once Vpp was fixed (for a given value of AG,) at 300
K the same electronic couplings were used for the
calculation of kinetic information at other temperatures.
The output data involve:
(i) The elementary rate constants (Fig. 3);
(ii) The effective relaxation times 7, and 7,;
(iii) The maximum concentration, B_,,, of [P"B™H],
which appears at time 7_,,;
(iv) The branching ratio F, for the sequential channel;
(v) The ratio of the slow to fast amplitudes in the decay
of [P*BH].
Al these attributes were calculated in the temperature
range T = 300-100 K. The lowest temperature, T = 100
K, provides a reasonable description of the low-temper-
ature kinetic data in the RC, as is evident from more
detailed model calculations, using the full quantum
mechanical expression for the ET rate [43].

IV. Results

We shall focus on the relevant observables, which
can be confronted with experimental data. All the re-
sults of the kinetic modelling will be displayed versus
the free-energy gap, AG,, for several temperatures.

1V-A. Relaxation times

The room temperature (300 K) ET lifetimes 7, = 3.3 -
107'? s and 7, are portrayed in Fig. 4 in terms of the
ratio 7, /7, for several values of v,. The variation of the
lifetime ratio with 7, is nearly parallel over the relevant
range of AG,. For each value of AG, the spread of the

0.35
T = 300K
0.30 M=1000 ecm™
A=2000 cm™
0.25
S 0.20
™~
o~
[
0.15
0.10
0.05
0-00|!(l'lllll'[llllllTl[llllllll([ll|1—l
- ~400 0 » 400
AG, cm

Fig. 4. The free-energy gap (AG,) dependence of the ratio 7, /7, of the
relaxation times for several values of 7 at 300 K. For all these data
7, =3.3 ps.
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Fig. 5. The AG, dependence of the ratios 7 (100 X)/7,(300 K) and
7,(100 K)/7,(300 K), reflecting on the temperature dependence of the
two relaxation times.

values of 7,/7, is about +40% when 1, is varied from
100 fs to 300 fs. Utilizing the value of 7, = 200 fs from
simulation data [34], we find =,/7, to vary over the
range 0.25-0.12 for AG, = —800 cm™! to +600 cm ™.
The temperature dependence of the relaxation times is
presented in Fig. 5 in terms of the ratios 7,(100 K)/
(300 K) and 7,(100 K)/7,(300 K). The lifetime 7,
exhibits a very weak temperature dependence
throughout the entire range of AG,. The temperature

dependence of 7, is rather weak. Reduction of the.

temperature from 300 K to 100 K results in a shorten-
ing of 7 by about 40% in the range AG, = —800 cm ™!
to —500 cm™!, an increase of 7; up to a factor of 2 in
the range AG, = —500 cm™! to —100 cm ™, followed
by the decrease of 7, in the range AG, = —100 cm ™! to
+600 cm ™. The entire range of AG, corresponds to
pseudoactivationless ET [43].

1V-B. The maximum concentration of ([P * B~ H] and the
branching ratio

The values of B_,, (Fig. 6) at 300 K reveal a mod-
erate dependence on 7, for low values of AG,, while for
AG, > 100 cm™! the dependence of B,,, (at a fixed
AG,) on 7, is weak. The model calculations reveal a
nearly constant value of B, over the range AG, =
—800 cm™' to —100 cm ! followed by a drop of B,
with increasing AG, at higher values (Fig. 6). The
behavior of the branching ratio F,, (Fig. 7) closely
follows that of B, (Fig. 8), revealing at 300 K at high
value of F, for low values of AG, = —800 cm™' to

—100 cm ! and a gradual decrease of Fy,, with increas-
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Fig. 6. The AG, dependence of the maximum concentration of the
intermediate [P B~ H] at 300 K for several values of 7.

ing AG; > —100 cm ™', The temperature dependence of
B« (Fig. 8) and of F_ (Fig. 7) reveal three regions:
Range (I): —800 cm™' < AG, < —400 cm™'. A weak
temperature dependence of B,,, and F, is exhibited.
Range (II): 400 cm™' € AG, < 0. A transition region
where the onset of a decrease of B,,, and F,, with
decreasing temperature is exhibited.

Range (I1I): AG, > 0. A strong temperature dependence
of B, and F,,. The low temperature values of these
observables being very low (B_, <0.02 and F,_, <0.1
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Fig. 7. The AG, dependence of the branching ratio F, between the
sequential and superexcharge channels.
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IV-C. Amplitude ratio for the biexponential decay of
'P*BH

The decay of 'P* is, in principle, nonexponential,
being given according to Eqn. (A.6) by

A, exp(—t/m)+ A_exp(—t/7) (IvV.1)

This behavior is due to the effect of the back-reaction,
k_;. In Fig. 9 we present the amplitude ratio 4, /4 _
which is very large over the entire domain of AG,. At
300 K the smallest value of the 4, /A4 _= 15 is exhibited
in the range AG, = 0 to 200 cm ™', where the back-reac-
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Fig. 9. The amplitude ratio 4, /4 _ for the biexponential decay of
'P*BH at several temperatures.
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Fig. 10. The dependence of the electronic coupling {Vpg | on AG,,
which is subject to the experimental constraint 7, = 3.3 ps at 300 K.

tion k_, is most efficient. This small deviation from
nonexponentiality will require extremely high experi-
mental accuracy at 300 K. At low temperatures (Fig. 9)
this amplitade ratio is even larger, definitely precluding
experimental observation.

1V-D. The electronic coupling

The dependence of | Vpg | on AG,, which satisfies the
constraint (II1.3) is presented in Fig. 10. The electronic
coupling Vy,, is related to these data by | V| =4 |Vpg |-
Both Vp and Vg, increase with increasing AG,. These
electronic coupling terms are important for the elucida-
tion of the magnetic interactions in the radical pair
P*BH ", which will be considered in Section V1.

V. Direct kinetic information

V-A. Competition between sequential and superexchange
mechanisms

From the foregoing results of the kinetic analysis
extensive information emerged regarding the competi-
tion of the two-step sequential ET and the unistep
superexchange mechanisms over a broad range of AG,.
Furthermore, the kinetic scheme implies that the rela-
tive contributions of the two parallel mechanisms are
temperature-dependent. Accordingly, we can utilize the
temperature dependence of the branching ratio, F,
(subsection IV-B) for the classification of the mecha-
nisms which are dominant in various energy domains.
The dominance of a mechanism will be defined in an
operational way when the branching ratio for that
mechanism exceeds 80%. The following energy domains
can be distinguished:



Range (I). Sequential mechanism at all temperatures.
AG; < —400 cm™'. In this range F, is large (> 0.80)
and B, = 0.15-0.10 over the entire temperature do-
main. In this range the electronic coupling is relatively
low Vpp =20-30 cm ™,

Range (1I). Superposition of sequential and superex-
change mechanism at all temperatures. —400 cm™! <
AG, < 0. At room temperature, F,, =0.85-0.75 with
Biax = 0.15-0.12 at 300 K and F,, =0.80-0.20 with
B, =0.08-0.02 at 100 K.

Range (111). Superposition of sequential and superex-
change mechanisms at room temperature and superex-
change mechanism at low temperature. 0 < AG, < 400
cm™'. At room temperature, F,, = 0.80-0.20 with B,
= 0.12-0.04, while at low temperature (100 K) F,
0.20-0.02 with B, ,, = 0.02-0.05.

Range (IV). Superexchange mechanism at all temper-
atures. AG, >400 cm~'. Here F,, <020 and B, <
0.025 at all temperatures. In this range the electronic
coupling is relatively high, Vpp > 90 cm™ 1.

eq=

V-B. Experimental implications of kinetic analysis

The results of the kinetic analysis lead to the follow-
ing conclusions:

(1) Two kinetic time constants. The experimental ob-
servation of biexponential time evolution with two time
constants for the time-dependent absorption of P*B™H
and of P*BH ™ is exhibited over a broad range of AG,,
which corresponds to ranges (I) and (II) over the entire
temperature domain and for range (I1I) at room temper-
ature. The necessary condition for the observation of
this biexponential time evolution is a substantial, but

not exclusive contribution of the sequential channel, so-

that the concentration of B (expressed in terms of B,_,,)
is marked. The observation of biexponential decay at
room temperature does not provide unambiguous evi-
dence for the pure sequential mechanism.

(2) A single lifetime. The kinetics of the build-up of
P*BH™ can be characterized by a single time constant
when the contribution of the superexchange channel is
substantial. This state of affairs is realized for range
(III) at low temperatures and in range (IV) over the
entire temperature domain.

(3) Identification of the kinetic range. This can be
accomplished on the basis of primary kinetic data by:
(i) the identification of one or two decay lifetimes on
the basis of detailed kinetic analysis; (ii) the magnitudes
of B, and F; (iil) the temperature dependence of
the general characteristics of the kinetics and of the
observables.

V-C. Analysis of experimental data

The available direct kinetic data of Martin et al. on
RCs of Rb. sphaeroides at room temperature {24], of
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Breton et al. at 10 K [26] and of Holzapfel et al. [29] at
room temperature allow for a preliminary determina-
tion of the permissible free-energy AG, domain, where
the results of our kinetic modelling are consistent.

(1) Two decay lifetimes. The experimental results [29]
/7 =0.26 + 0.10 at 300 K are consistent with our
model calculations for 7, = 200 fs (subsection IV-A and
Fig. 4) over the range AG, = —800 cm™ to 200 cm ™'

(2} The temperature dependence of +,. The experimen-
tal observation of the reduction of the primary ET rate
constant with decreasing temperature is in qualitative
agreement with the calculated results for 7,(100 K)/
7,(300 K) (Fig. 5) in the ranges AG, = —800 to —500
cm™!or 100 cm™! to 400 cm™'. A quantitative account
of the experimental temperature dependence of the ET
rate [44] requires the incorporation of thermal contrac-
tion of the RC upon cooling, which may result in the
increase of the electronic coupling terms at low temper-
ature. In view of the lack of information regarding
thermal contraction effects of the protein medium of
the RC, the experimental temperature dependence of 7,
cannot be used for the determination of the permissible
range of AG,.

(3) The magnitude of B,,,,. Holzapfel et al. [29], have
reported B, =0.15 at 300 K. There seems to be a
substantial uncertainty in the determination of B,
which rests on limited experimental information regard-
ing absorption coefficients of the prosthetic groups and
their negative ions as well as of 'P*. This rather uncer-
tain room temperature result, B, = 0.15, is consistent
with our model calculations (Fig. 6) over the range
AG; = —800 cm™! to 100 cm™".

{4) The temperature dependence and general character-
istics of the kinetics. The room temperature femtosecond
spectroscopic data of Martin et al. [24] are consistent
(within the large experimental uncertainty) with the
existence of two lifetimes 7, /7, > 5, while the femtosec-
ond spectroscopic data of Holzapfel et al. [29] seem to
reveal two lifetimes with m/7,=4.0+15 for Rb.
sphaeroides. 1f these observations and analyses are borne
out by subsequent work, one can conclude (see point
(1)) that the primary process in Rb. sphaeroides corre-
sponds to ranges (I) or (I) or (III), i.e., —800 cm™' <
AG, <200 cm™'. A similar conclusion emerges from the
analysis of the experimental absolute values of B,
within the present kinetic model (see point (3)). The
lower limit of AG, can be somewhat reduced in view of
the analysis of the energetics [40] which gives AG, >
—600 cm ™. Thus, the permissible free energy domain
which is consistent with the room-temperature kinetic
datais —600 cm~! < AG, < 200 cm ™. The low-temper-
ature (10 K) femtosecond data for both Rb. sphaeroides
and R. viridis were analyzed in terms of a single ex-
ponential decay of 'P* and buildup of P*BH ™, which
implies that the kinetics is either biexponential with
T, =7, within experimental uncertainty, or that the
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kinetics are characterized by a single lifetime. Provided
that the occurrence of single-lifetime kinetics will be
confirmed by further experiments, then the available
low-temperature data seem to indicate that the primary
kinetics correspond to ranges (III) or (IV). From the
combination of the room-temperature results and the
low-temperature data there is a distinct possibility that
the primary mechanism falls within range (III), with
AG, = —100 to 200 cm ™" for Rb. sphaeroides. Thus, the
primary mechanism may involve parallel sequential and
superexchange at high temperature and essentially su-
perexchange at low temperature. This conclusion is, of
course, preliminary, requiring extensive further critical
experimental scrutiny.

VL Auxiliary information

Further information regarding the nature of the
primary mechanism can be alluded from effects of
external magnetic fields and from supplementary kinetic
data for both wild-type and mutant RCs of Rb.
sphaeroides. This auxiliary information bears on the
energetics and the electronic coupling,.

VI-A. Magnetic data

Magnetic interactions provide information on the
properties of the P*BH ™ radical pair, i.e., its singlet-tri-
plet splitting, J, and the triplet recombination rate. The
small values of the singlet-triplet splitting in Rb.
sphaeroides (|J]|=(0.9+02)-1073cm™!) [45], in Rb.
capsulatus (|J|=(0.8+0.2)-107% cm™') [45] and in
Chloroflexus aurontiacus (| J | = (1.90 + 0.5) - 1073
cm™ ') [45] point towards relatively small values of the
electronic coupling terms provided that the configura-
tional relaxation of the P*BH ™ radical pair is minor. It
is of interest to combine the results of the present
kinetic analysis with the theory of the magnetic effects
[13,14], to provide some estimates for the AG, domain
where the electronic coupling terms (Fig. 10) are con-
sistent with the experimental value of J. The singlet-tri-
plet splitting is

J=8Eg—8E, (VLD

where 8Eg and 8E; are the energy shifts of the singlet
and triplet states of P*BH ™, respectively. As before, we
shall limit the electronic contributions to the states 'P*
and *P* which contribute to Eg [denoted 8E4('P*)]
and to 8E; denoted SE(’P*), respectively.

A lower limit on the absolute value of the triplet shift
was previously estimated [13] from the correlation be-
tween SE(P*) and the triplet-radical recombination
rate k; in terms of a model-independent result, which is
invariant to the energetics of the P*B~H state and to
the mechanism of the primary charge separation. We
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Fig. 11. The AG, dependence of the singlet shift of the P BH™

radical pair emerging from Eqn. V.2 together with the data of Fig. 10
and Vgy = 4Vpp.

have obtained [13,14] from the experimental k; rate
|8Er(*P*)|>2.5-10"% cm™!, which will be used in
subsequent analyses.

In the evaluation of 6E5 we neglect for the moment
possible effects of configuration relaxation of P*BH™
and assume that the electronic coupling terms Vpp and
Vau are independent of nuclear coordinates. Accord-
ingly, the values of Vpp and Vi, = 4V (Fig. 10 and
subsection IV-C) will be utilized for the evaluation of
O Eg, which is given by [13,14]:

1% 2
Tpsy — _ BH
SEs(P*) = [EV(P"B‘ 0= E.(P" BH‘)}

X Véa (VL2)
E,('P*)— E (P*BH")

The vertical energies at the equilibrium configuration of
the radical pair are E,(*P*)— E(P*BH )= —AG+ A
where A =2000 cm™!, together with E (P*B™H) -
E(P"BH )= —AG + AG, + A, where AG = —2000
cm™' and A, = 1000 cm~'. The dependence of
8E;(*P*) on AG, (Fig. 11) originates from the changes
of the electronic coupling and from the weak energy
dependence of the energy denominators. As is apparent
from Fig. 11, ISES(IP*){ is. small in range (I) where
|8Eg|>4-10"*cm™!, increasing over range (II), where
|8Es|=4-10"%-4-10"2 cm™', while for AG, =100
cm™! [8Eg|=7-10"% cm™'. We can conclude that,
over the range AG, = —600 cm™' to 0, which is con-
sistent with the room-temperature kinetic data (subsec-
tion V-B), |8Eg | is smaller than or comparable to the
experimental value of |J |. Over this region with §Eg >



—4-107° cm™! and |8E;|>25-107% cm™!, the re-
sulting estimate of J is in accord with experiment.
Possible effects of configurational relaxation of P*BH ™,
which may further modify the singlet shift {13], cannot
be excluded.

VI-B. Mutagenic replacement of tyrosine M208

Experimental femtosecond kinetic data on muta-
genetically altered RCs of Rb. sphaeroides are expected
to infer on functional and structural importance of
specific amino-acid residues. The exchange of the polar
tyrosine M208 (Tyr) residue by the nonpolar phenyl-
alanine (Phe) group in Rb. sphaeroides results in the
slowing of the primary ET rate to 1/7M =25 ps)™!
[46], as compared with 1/7, = (3.5 + 0.4 ps)”! for the
native RC [29]. This observation can be rationalized in
terms of the modification of the energetics of the P*B~
ion pair state. According to recent energetic calculations
[37] the replacement of Tyr M208, which is in van der
Waals contact with both P and with B across the A
branch, by Phe results in the increase of the energy of
the P* B~ state by approx. 1000 cm ™. Such a change in
the value of AG, has the following consequences: (i)
The reduction of the nuclear Franck-Condon factor in
k,, resulting in the decrease of the rate-determining step
in the sequential process. (i1) The increase of the vertical
energy gap, 8E, which will decrease V..., Eqn. IL.7,
resulting in the decrease of the superexchange rate, k.
Thus, both parallel channels will be retarded. To in-
vestigate the consequences of the energetic changes due
to the Tyr M208 —» Phe mutagenesis on ET kinetics, we
have utilized the kinetic scheme of Section II and the
nuclear parameters of Eqn. I11.1 with the modification
of the free-energy gap for k,, which is taken as

AGM = AG, + 8G, (V1.3)

where 8G, =1000 cm™! is the shift of the energy of
P*B~. Assuming, for simplicity, that the mutant does
not cause structural changes of the RC, the electronic
couplings Vpp and V,y were not varied and were taken
as those for the native RC, being given by the data of
Fig. 10. In Fig. 12 we present the lifetimes M for the
rate-determining ET step in this mutagenetically mod-
ified RC vs. the free-energy gap, AG,, of the native
system. These results reveal a marked lengthening of ™
relative to 7, for the native RC, the room-temperature
data ranging from 7™ /7, =5 for AG, = —600 cm~! to
™ /7, = 8 at AG, = 0. These results for the permissible
range of AG, are in accord with the experimental result
™M /7, =8 at 300 K. Regarding the temperature depen-
dence of 7™, we expect that the sequential channel is
thermally activated over a broad AG, range, while the
superexchange channel is activationless. In ranges (I)
and (II) =M exhibits quite a marked activated tempera-
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Fig. 12. The dependence of the lifetime 7™ of the rate-determining ET

step in tyrosine M208 — phenylalanine mutagenetically modified RC,

on the (free) energy gap AG, for the corresponding wild RC. Data are
given for the temperature range T = 300 K-100 K.

ture dependence (Fig. 12), increasing with decreasing
temperature, as appropriate for a marked contribution
of the sequential channel. Finally, in range (III) the
temperature dependence of M is very weak, revealing a
slight decrease of 7M™ with decreasing temperature, as
appropriate for a superexchange-dominated channel.
The sorting out of the contribution of the superex-
change channel at all temperatures sets in at lower
values of AG, than for the native RC and that the
contribution of the superexchange channel in the mod-
ified RC at low temperatures is dominant over the
entire relevant range of AG,. The present kinetic analy-
sis of the ET kinetics in the mutagenetically modified
RC has focused solely on the nuclear contribution to
the ET rates and the energetic modification of the
superexchange coupling, assuming that the individual
electronic couplings Vpp and Vg, are invariant to the
substitution of M208. Of course, even small configura-
tional changes of the relative location of P and B across
the A branch may modify Vpg.

VI-C. Unidirectionality of charge separation

The unidirectionality of the primary charge sep-
aration in the RC across the A branch constitutes a
central dynamic phenomenon in photosynthesis. This
effect was attributed to symmetry breaking [10,12],
which may originate from the distinct electronic and
nuclear contributions to the elementary ET rates, which
n turn modify the experimental lifetimes.

(i} Modification of the electronic coupling terms Vpp
and Vg, along the A and B branches [12]. Utilizing the
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intermolecular overlap approximation these electronic
coupling terms were computed for the atomic coordi-
nates of R. viridis at a resolution of 2.6 A. According to
recent calculations based on the final refinement (2.2 A)
of the atomic coordinates of R. viridis RCs (Plato, M.,
private communication).

Vea(A)/Vep(B) =2.04+0.4
Veu(A)/Veu(B) =6.5+1.5

Ve (B)/ Vpp(B) =1.140.2 (V1.4)

Thus the contributions of the electronic couplings to
the sequential rate k, and the superexchange rate k are
as follows:

Electronic contribution to k,(A)/k;(B) = |Vpg(A)/Vpp(B) [ =441

Electronic contribution to k(A)/k(B)
= Vep(A)Vpu(A)/Vep(B) Vi (B) |2 =170+ 80.

(it) Modification of the nuclear Franck-Condon factor.
The microscopic environment of the B groups on the A
and B branches of the RC is different with B, located
near the polar tyrosine M208 and By located near a
nonpolar Phe. Energetic calculations for the RC have
established that the energies of the ion pairs P"B, and
P*B, are different with the latter being higher in
energy [37). The protein environment of the B branch of
the RC where By, is located near the Phe residue bears a
close analogy to the A branch of the mutagenetically
modified (Tyr M208 — Phe) RC, which was discussed
in subsection VI-B. To obtain an estimate of the effects
of unidirectionality on the parailel sequential superex-
change mechanism we have performed again a kinetic
simulation for ET across the B branch according to the
scheme of Section II and nuclear parameters (II1.1)
together with the following modifications: (i) The elec-
tronic couplings ¥V (B) and Vi, (B) were scaled accord-
ing to Eqn. (VI.4) with the data of Fig. 10 for V3(A)
and Vyu(A) = 4Vpa(A). (i) The free-energy gap be-
tween 'P* and P* B~ across the B branch was modified
to be taken according to Eqn. VL3, 1.e,,

AG,(B) = AG,(A)+1000 cm ™1 (VL5)

The lifetimes 7,(A) and 1,(B) were calculated neglecting
crossing between the A and B branches. As 7,(B)/7(A)
> 1, this assumption is a posteriori justified. In Fig. 13
we present the results for the ratio 7,(B)/7,(A) over the
relevant range of AG,(A), spanning the temperature
domain T = 300-100 K. The total contribution to the
unidirectionality can be separated to the nuclear term,
8, and electronic term, §,, so that

n(B)
Ay = (VL6)
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Fig. 13. Kinetic modelling of the unidirectionality of charge sep-

aration. The ratio 7,(A)/7,(B) of the rate-determining steps for ET

across the A and B branches of the RC in the temperature range 300
K-100 K.

Both 8, and &, contribute in the same direction, to-
wards the enhancement of the lifetime ratio (Eqn. VL.6).
The nuclear contribution is given by the lifetime ratio
for the mutant which was calculated in subsection VI-B
with the same energy gap as in Egn. VL35, so that
8y =™M/7,. The values of =/r, (Fig. 12) give 8, at
all temperatures. The electronic contribution &, is larger
in the free-energy and the temperature domain, where
the contribution of superexchange becomes dominant
and thus the ratio 7,(B)/7;(A) increases at lower tem-
peratures. The calculated value of 7,(B)/7,(A) over the
permissible domain of AG,; are 30-500 at room temper-
ature (300 K) and 500-7000 at a low temperature (100
K). The lower experimental imit 7,(B)/7,(A) > 25 at 90
K [47] is consistent with the results of these model
calculations.

VIIL. Concluding remarks

The main conclusion emerging from our kinetic mod-
elling is that the existing femtosecond kinetic data at
high and low temperature are consistent with a primary
charge separation model which involves the superposi-
tion of sequential and superexchange ET at room tem-
perature and a superexchange mechanism at 10 K. In
general, the explicit distinction between a superex-
change and a sequential mechanism may be impossible,
as both mechanisms can prevail in parallel over a broad
range of the energetic, nuclear and electronic parame-
ters. This kinetic scheme for the primary ET reduces to
the limit of a nearly pure sequential mechanism for
large negative AG, at all temperatures and to the limit



of almost pure superexchange mechanism for large posi-
tive AG, at all temperatures and for moderate AG, at
low temperatures. Confronting theory with the available
experimental data [29], we found that the recent experi-
mental room-temperature femtosecond data are con-
sistent with the results of our model calculations over a
broad (free) energy domain of —600 cm ™! < AG, < 200
cm™ !, The general features of the available low-temper-
ature (10 K) data [26] raise the possibility that this
(free) energy domain would be further narrowed to the
range —100 cm ™! < AG, <200 cm™!, whereupon the
primary mechanism will involve parallel sequential-su-
perexchange at high temperatures and the dominance of
superexchange at low temperatures. In spite of the
impressive current progress in femtosecond spec-
troscopy of RCs, these studies require very high sensi-
tivity and accuracy, which demand experiments at the
very front of the current ‘state of the art’ in this field.
Further experimental data and their critical scrutiny
will be of considerable importance.

The present analysis rests on three implicit assump-
tions. First, the temperature dependence of the nuclear,
electronic and dynamic parameters has been disre-
garded. Second, we have asserted that configurational
relaxation of the medium occurs on the subpicosecond
time scale. Third, we have assumed that the protein
medium is microscopically homogeneous.

Concerning the first assumption, we have attributed
the temperature dependence of the ET kinetics solely to
temperature effects on the nuclear Franck-Condon fac-
tors of the elementary rates k, k;, k_; and k,, disre-
garding the temperature dependence of the free energy
gaps, the reorganization energies, the electronic cou-
plings and the medium relaxation time. Some justifica-
“tion for neglecting entropy contribution to the energy
gaps was referred from a detailed analysis of the gap AG
for k, where AG =AH [35]. Neglecting temperature
effects on the electronic coupling terms Vpg, Vpy and
Viuper May be serious, as thermal contraction effects of
the protein medium within the RC will increase the
electronic couplings at lower temperatures, resulting in
an additional decrease of 7, upon cooling. At present
we can only conclude that the kinetic modelling, which
predicts a weak temperature dependence of 7, is con-
sistent with the non-Arrehnius weak temperature depen-
dence at the negative apparent activation energy of the
primary rate. A more refined treatment will require the
incorporation of complex thermal contraction effects of
the RC.

Regarding the second assumption pertaining to the
relaxation dynamics of the protein medium we have
assumed that the longitudinal relaxation time in the
field of a fixed internal charge is 7, = 200 fs, as inferred
from molecular dynamics simulations [34]. We have
further assumed that =, is temperature-independent.
Accordingly, we have incorporated protein relaxation
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time, 7, into the theory of ET dynamics, treating the
elementary rates in terms of Eqn. 11.12, which is inde-
pendent of 7, for the nonadiabatic limit and reduces to
the medium-controlled limit for x> 1, according to
Eqn. 11.13. Sequential protein relaxation processes on a
time-scale longer than 7, were not considered, in view of
our ignorance of the nature and consequences of such
processes. Long-time relaxation processes provide a
source of dynamics broadening of the relevant nuclear
and electronic parameters.

The third assumption of microscopic homogeneity of
the protein medium pertains to the disregard of static
inhomogeneous broadening of the energetic, coupling
and electronic parameters. Two classes of phenomena
pertaining to such static inhomogeneous effects can be
distinguished.

(1) Continuous inhomogeneous broadening. A continu-
ous distribution of the energy gaps, of medium re-
arrangement energies and electronic coupling may
originate from static disorder. Such kinetic phenomena
are prevalent in proteins. An analogous continuous
inhomogeneous broadening is exhibited in the optical
absorption spectrum the P band in the RC, where
hole-burning measurements {48,49] indicate that the P
—P* electronic transition exhibits an inhomogeneous
broadening of A =300 cm ™! for Rb. sphaeroides and of
A =150 cm™! for Rp. viridis. Although these values of
A differ from the energetic spreads of the ion pair states,
we can infer that a crude estimate for the energetic
spread of P*B™H may be comparable to A; so that the
inhomogeneous energetic spread, 4,, of AG, may be
several hundreds of cm™!. This inhomogeneous broad-
ening of AG, is comparable to the energetic spread of
each of the individual free-energy regions (I)—(IV), dis-
tinguished in subsection V-A. Accordingly, the assign-
ment of a ‘sharp’ value of AG, is grossly oversimplified
and the kinetic observables, e.g., 7, 7, B, and F,
should be averaged over the domain of 4.

(2) Structural heterogeneity of the RC. Several distinct
microscopic structures of the RC may exist, in principle,
and are characterized by different nuclear and elec-
tronic parameters. No structural evidence for such mul-
timodal heterogeneity is available. Kinetic evidence re-
garding bimodal heterogeneity in RCs of Chloroflexus
aurantiacus emerges from femtosecond time-resolved
absorption data [49] which show that the decay of p*
is biexponential, characterized by two lifetimes of 2 ps
and 8 ps at 240 K with an amplitude ratio of approx. 1.
The lifetime of the short component and the amplitude
ratio are temperature-independent. We have shown in
subsection IV-C that the decay of 'P* is biexponential,
according to Eqn. V.5 with 4, /4 _> 15 at 300 K. The
amplitude ratio estimated in subsection IV-C for the
decay of 'P* in a microscopically homogeneous RC
provides a criterion for structural heterogeneity. Any
observation of A,/4_<10 at 300 K would imply
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structural heterogeneity. Thus, the experimental value
for the amplitude ratio 4,/4_=1 in Chloroflexus
aurantiacus [50] implies a structural heterogeneity with
a bimodal distribution of the primary ET lifetimes.

The peaceful coexistence of the sequential and super-
exchange ET routes for the primary ET in the RC of
some purple bacteria allows for the occurrence of effi-
cient charge separation over a rather broad range of the
energy gap AG, (and possibly of other nuclear and
electronic parameters). In all these systems kinetic opti-
mization is essential, with the primary process being
sufficiently fast to compete with energy waste due to
backtransfer to the antenna. What is required is an
efficient primary process which is stable with respect to
(moderate) variations of the energetic parameters. This
energetic stability criterion is satisfied by the parallel
sequential-superexchange mechanism, which constitutes
an efficient and ultrafast charge separation over a rather
broad energy range, AG,, of approx. 800 cm™' (2-3
kcal mol ™). The occurrence of the parallel mechanism
for the primary ET introduces an element of re-
dundancy, which might be essential to ensure the preva-
lence of efficient primary charge separation in different
photosynthetic RCs.
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Appendix

Analysis of primary kinetics

The basic kinetical scheme for the primary process
that includes a superexchange channel (with rate con-
stant k), and a sequential channel (with rate constants
k, and k_, for the direct and reverse first step, respec-
tively, and &, for the second step) is given by:

'(%[P*BH] =—(k+k))[P*BH]+k_,[P*B H]
%[P*B”H} = k,[P*BH]~(k_,+k,)[P* B H]
;%[P+ BH™]=k[P*BH]+ k,[P" B H] (A1)

Eqns. A.1, with the initial conditions [P*BH](r = 0)
=1 and [P*B Hjt=0)=[P"BH }(+=0)=0, are

solved by the Laplace transform method. Denoting the
Laplace transform of the three concentrations by:

N a0
A= ["dt exp(—st)[P*BH]
0
B fwd (- st)[P*B™H]
= t ex — S
A P

C‘=f°°dzexp(—st){P+BH“} (A2)
(1}

one has
sA—1=—(k+k)A+k_ B
sB=lyA—(k_,+k;)B
sC=kA+ kB (A.3)

from which one obtains:

. kok_y -t
A=|s+hkth- 3 0%,
B=ky((s+k+k)s+k_ +ky)—kik_y]7 (A4)

In order to find the effective relaxation times one has to
solve the quadratic equation

ST s(k+k vkt k) (k+hk)k k) —kk =0 (AS)

In terms of the two solutions, s, and s_, one can write
the time dependence of the various concentrations as:

s,k _ ¥k, s +k_ +k,

[P*BH](¢) = ST exp{s,t}— o= exp{s_t}
+ - kl
[P*B h]»(t)=s+—s, [exp{s,t}—exp{s_t}]
K k kqk
[P+BH*](t)zl+k(SJ':I’(—sLtSZQ); ! 2c:xp{s,,t}
_k(s_+k_1+k2)+k1kzexp{s~t} (A6)

s_{s,—35_)
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