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Abstract. The current situation on experiment and theory as regards the early
electron transfer steps in bacterial photosynthesis is discussed. Recent experiments
have limited the mechanistic possibilities, while an internal consistency test has
limited the values of some parameters in the superexchange mechanism. The par-
titioning method has provided a useful and unified way of treating superexchange and
other properties in these systems. The alternative reaction mechanisms have a num-
ber of consequences, and various experimental tests are considered or suggested.

1. INTRODUCTION

Bactenial photosynthetic reaction centers have been the
subject of intense experimental and theoretical inves-
tigation in recent years."* Much has been measured and
much has been leamed. Yet a number of puzzles exist,
and a variety of theoretical interpretations have been ad-
vanced to treat them, though each has some degree of un-
certainty. In the present article, we review several as-
pects of this situation and some of the approaches which
have been used to treat it. We consider some implications
and possible experiments to test some of the ideas which
have been introduced.

been determined for both Rhodopseudomonas viridis
and Rhodobacter sphaeroides, the respective k;* values
at 10 K being 0.7 ps and 1.2 ps.’ The room temperature
results for k. imply a value of about 25 cm™ for the effec-
tive matrix element H for a nonadiabatic reaction, such

as that indicated above, using the standard expressmn at

room temperature’

27: 1
h (ArAkT)'?

~ The value of 25 cm™ is based on noting that AG®, the

- standard free energy of reaction for this 'BChl; — BPh

2. DATA INVOLVING THE MATRIX
ELEMENTS H;, H,,, AND Hgy

stant k; for the formation of BChl; BPh™ from
'‘BChl3 BPh,** (2) the slower rate constant k. for the ac-
tivationless™ recombination of the triplet radical ion pair,
BChl; BPh',” and (3) the extremely small singlet~triplet
energy difference AEg; of that pair.>” We shall first con-
sider each of these in turn. Other significant relevant data
concern the extent of depletion of a nearby BChl mono-
mer,™ the effects of electric fields on fluorescence.? and
a number of other aspects considered in section 5.

2.1. Hyand k,
A k' value equal to 2.8 ps at room temperature has

electron transfer, is —0.26 eV'*! and that —AG® = A (bar-

- rierless reaction), where A is the reorganization energy of

Three pieces of data which are central to the present dis-
cussion involve the electron transfer matrix elementsand
the mechanism of the first electron transfer steps in the
reaction center. The data are: (1) the very high rate con-

the reaction. |
The corresponding quantum low-temperature expres-
sion, for the case of ~AG® > 0, is'?
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x exp[—(AG® + D/hw), (2)

with Aiw = 100 cm™ (the commonly used value for the
relevant vibrational frequency in these systems).”

*Contribution No. 7734 from the California Instlmte of Tech-

nology, Pasadena, CA, USA.
Abbreviations: BChl = bactenochlorr:)phyll BPh = bacteno-
pheophytin. -

Israel Journal of Chemistry Vol. 28 1988 pp.205-213

—— |HI? exp[-(AG® + A)*/4 AkgT]. (1) |



206

Again setting ~AG® = A, we obtain H = 25 cm™ for Rb.
sphaeroides and H = 35 cm™ for Rps. viridis from the
low-temperature data. The discrepancy for H in Rps.
viridis (more precisely the temperature profile of its k;)
has been the subject of some discussion.” We shall use
the symbol H; to distinguish the matrix element for k;
from two other matrix elements, H,, and Hgy, introduced
below. We set H,=25 cm™.

2.2. H, and k;

A second rate constant involving an electron transfer
matrix element is that associated with the recombination
in the triplet state of the radical ion pair BChL; BPh to
form BPh plus the triplet state *BChl; of the special pair
BChlz. The rate constant of this reaction, &y, 1S about 5 X
10® s at room temperature.>** The current data indicate
a minor™"'* if somewhat negative'* temperature depend-
ence of kr in a quinone-free system. These results for &y
are based on a fitting of several parameters to magnetic
field data, so as to treat the singlet — triplet radical ion
pair step which precedes the recombination to form
*BCh1? BPh. The matrix element obtained from k; and
Eq. (1) or (2) will be denoted by H,, to distinguish it from
H.. |

Given a value for k;, some insight into the resulting
extent of uncertainty in A4 and H,, for this reaction step
can be seen in Fig. 1. For a given H and a given —-AG°
=0.17 eV for this step,'®** Fig. 1 deplcts how k; depends

on A at room temperature (Eq. (1)) and at low tempera-

o -

ture (Eq. (2)). Use of room temperature data 1s seen to
make k for this reaction less dependent on 4 and, cor-
respondingly, to make the value inferred for H,,, from a
given k; less dependent on the value of the unknown A.
For -AG® = 0.17 eV, the existing value of k; would ap-
pear to be consistent with a A as large as 0.26 eV (or per-
haps even larger), as well as a A as small as 0.10 eV (or
perhaps even smaller) (cf. Fig. 1). If k; has a significant
negative temperature dependence, however, one may
infer from Fig. 1 that A will be closer to 0.17 €V than to
either of these two values.

IfA=0.26¢V, akTvalueofS X 10° 5~ ! yields from Eq.
(l)anH_=12cm™, whileif A=0.10eV or 0.17 eV, one
ﬁnds from the same equation that H_ = 1.3 cm™ or 1.0

! respectively. We shall simply set H,, = 1 cm™,
which agrees with the value obtained by others and by us
using similar experimental data.>*'*"’

In the following section, we shall need an estimate of
AG® + A for this step, a quantity which also represents’®
the vertical energy difference H3}, — Hj, for the triplet
radical ion pair state at its equilibrium nuclear configura-
tion. Using the above AG), and range of 4’s, its value is
seen to be perhaps between 700 cm™ (~0.09 eV) and
-600 cm™ (~ -0.07 eV) (cf. also Ref. 16b). We shall in-
troduce these values into Eq. (7) below.

2.3. Hg and AE g
Matrix elements also play a role in the singlet—triplet
splitting AEg, of the radical ion pair. It is frequently as-

low T
kr
0.5
room T
| | J | J
0.10 0.15 0.20 0.25
A

Fig. 1. Plot of kr (in ns™) vs. A (in eV) for AGJ = 0.17 eV. The upper curve is the low-temperature result (Eq. (2)) and the lower

curve is the result for 293 K (Eq. (1)).
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sumed that the singlet and triplet states of the pair are

each perturbed by the singlet and triplet states of BChl;
via their interaction with the BChl monomer (“superex-
change™). (Hypotheses, given later, using other or addi-
tional states have also been proposed.) To introduce the
relevant electron transfer matrix elements, we consider a
mechanism for the singlet—triplet splitting of the radical
ion pair based on its perturbauon by the 'BChl} and
*BChl; states.

We first consider a 3 X 3 Hamiltonian matrix as-
sociated with the three electronic configurations
BChl; BChl BPh (configuration 1), BChl; BChl” BPh
(configuration 2) and BChL; BChl BPh (configuration
3). In Refs. 17, 19, 20 we used a partitioning method
(Lowdin, Larsson, cited in Ref. 20) to reduce this matrix
to a 2 X 2 one, containing an effective matrix element H,,
for the interaction between configurations 1 and 3. We
shall have occasion to use two such elements,!’?%®
denoted here by H,T and H;;:

H\T = H,Hyo/(Hy — Hys) + Hiys, (3)

Hi3 = Hy,Hy/(Hy, — Hy) + His, (4)

where H,T is used in Eq. (5) below to describe the per-
turbation of the energy of electronic configuration 3 due
to interaction with configuration 1 via an interaction
with configuration 2 (also known as superexchange). /',
describes, instead, the perturbation of the energy of con-
figuration 1 by interaction with configuration 3 via con-
figuration 2 (superexchange). In Egs. (3) and (4), H; (i #
J) 1s the electron transfer matrix element for conﬁgura—

tion interaction between the electronic configurations i

and j, and H; is the energy of configuration i before it is
modified by interaction with the other configurations.
(The modified value of H; for i = 3 is given by E in Eq.
(5) below.)!"*® The diagonal matrix elements, particu-
larly, vary with the nuclear configuration. In our applica-
tions of these expressions, we shall usually need to eval-
uate /; at the equilibrium nuclear configuration of
'BChl; BPh and A7 at that of the radical ion pair
BChl; BPh.

We consider now AEg;, the singlet—triplet splitting of
the radical ion pair, BChl; BChl BPh . This splitting is
extremely small (10~ cm™)® (cf. Refs. 5, 7) and tempera-
ture-independent in a quinone-depleted reaction cen-
ter.>’** The energy E of a singlet or triplet state of the
radical ion pair can be written, using the above three-
state partitioning formalism and the effective matrix ele-
ment /T, as'"**

E=H;;— Iﬁl?lzf(Hu = Hss)- (5)
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More precisely, what is obtained from Eq. (5), applied
separately to the states S and T of the radical ion pair, 1s
the energy difference between the singlet state and the
center of gravity of the three triplet states. (The three
triplet states may be further split by spin dipolar interac-
tion terms, D and E.) For E;, one should add in Eq. (5) a
symbol T to H,T and H,,, while for E5 an S symbol is
used. H., in the denominator in Eq. (5) can be taken to
be the same for both S and T states.

Any neglect of the direct exchange interaction
between the two radicals would be equivalent to assum-
ing that the other H4; in Eq. (5) 1s the same for the singlet
and triplet radical pair states. The singlet—triplet splitting
E; — E., denoted by AE¢,, will then arise from any dif-
ference in IH 3l values and from the difference in the
denominators H,, — H;; in Eq. (5) for these two radical
ion pair states. Each H,, - H4; 18 evaluated at the equi-
librium nuclear configuration of the radical patr.

In the triplet case, H}, — H,, is perhaps in the region
~-600 to +700 cm™, as noted in the previous section. The
H3, - H4, value for the singlet state is substantially larger,
about 4200 cm™, seen as follows: The denominator H3,
— H, in Eq. (5) for the singlet state equals AG3, + A3,
where AG3, = -AGY; and AGY, is the free energy of for-
mation of the radical ion pair state from 'BChl; BPh,
about -0.26 eV;'® A, is roughly about the same mag-
nitude as this —~AG?},, since the rate constant k; of the reac-
tion of 'BChl; BPh has a negative temperature cocffi-
cient.> (Compare Egs. (1) and (2) and a plot for k; vs. A
similar to Fig. 1.) Since —-AG}; = 2100 cm™,'° we thus
have H3, — Hy, = 4200 cm™ .

Eq. (5) yields

AT T
HYy —~Hyy 8~y
H%, in Eq. (5) is

AEgy = (6)

BB

if any difference between H3; and

neglected.

One approximation, which we shall explore to see
where it leads, is to assume in Eq (3) that H3, = H1, and
H,, = 0. Thereby, HP® = HF". The common value of
these H,T,s will be denoted by Hy, and Eq. (6) becomes

1 1
- - - . ‘7
H?l “Hss] ( )

For a magnitude of about 10 gauss (10~ cm™) of the
splitting AE..° and using the above value of H3, —H.,

AE o = |H |2

[H ] is seen from Eq. (7) to equal® about 0.9 cm™ or 0.7

cm™, if the value of H}, — H, at the equilibrium nuclear
configuration of the radical pair is (as discussed above)
+700 cm™ or -600 cm™, respectively.
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“The matrix element M, introduced earlier for ky is the

same as H,3",

H_ =HY". (8)
H_, was found from kin section 2.2 to be about 1 cm™.
Considering the various approximations introduced, this
value is close to that found above for Hr (0.9100.7
cm™). Should the energy denominator /7, — H,, have a
value closer to O than the two values explored in section
2.2, there would be a larger difference between H,, and
Hg¢r, and then some of the approximations introduced
might have to be reexamined. They include: H3; = H3,,

H7T°=H7J", avalue of +700 or -600 cm™ for H]; — Hy;,

and the use of a three-state model.

3. COMPARISON OF H;, H

rp?
3.1. Relationship of H; to H,,

The relationship between H;, H,,, and Hgy, if any,
depends on the mechanism of the 'BChl; BPh —
BChl; BPh reaction. For example, if this reaction oc-
curred via a superexchange mechanism, Eq. (4) would be
the appropriate one for calculating H; (H; then equals
H,). We consider next its consequences for the relation-
ship between H;and ...

For the superexchange mechanism, the H; obtained
from k;using Eq. (1) or (2) is given by AL, in Eq. (4). That
18,

AND Hgp

H, = H}, (superexchange mechanism for initial step). (9)

We next compare H_, and Husing Eq. (8) and also Eq.
(9) (assuming a superexchange mechanism for k). H,,
and H; should, of course, first be put on the same basis as
far as the energy denominators H,, — H,; in Egs. (3) and
(4) are concerned. The exact position of H,, is not really
known at present’ (and the lack of its detailed knowledge
1s one source of the many theoretical conjectures in this
ficld!). Here, we make use of a consistency test.'

The test 1s based on noting that if the reaction
'BChly BChl BPh —» BChl}; BChl BPh™ is assumed to
proceed via a superexchange mechanism and is to be
faster than a competitive sequential two-step mechanism
involving BChl; BChl BPh as an intermediate, the value
of H,, — H,, at the equilibrium nuclear configuration for
the 'BChl; BChl BPh state is no longer arbitrary. It has
to be larger than some amount which depends on the
value assumed for A,,. Fora A,, of 850 cm™, one had H,,
— H,;; 2 1700 cm™."”** In contrast, the vertical H,,— Hs,
-for the radical ion pair is at least 2100 cm™ (if AG}, > 0,
as assumed in the superexchange mechanism for k;),
since AGY, is —2100 cm™.'° This H,, — H., is then about
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3000 cm™* to 4000 cm™. If we use the latter figure as a
maximum, the smallest value of IH 3| that would be es-
timated from H, on this basis using Eqgs. (3) and (4) 1s
about (25 cm™) (1700/4000), or about 10 cm™.

Thus, for the superexchange mechanism there is an
apparent discrepancy between this H,T value (10 cm™)
inferred from H,, based on k;, and that inferred from & (1
cm™). We note, too, that a tenfold difference in H, cor-
responds to a 100-fold discrepancy 1n the rate constant
kr. The discrepancy is discussed below.

3.2. Relationship between H;and AE g

As discussed in the next section, the mechanisms also
differ in the relationship expected between H; and AEg;.
No such relationship would be expected in the case of the
superexchange mechanism. However, in the case of a
nonadiabatic/adiabatic mechanism described 1n the next
section, a relation between H; and H,;,, and indeed also
Hg and hence AE;;, can occur, as 1s seen with certain as-
sumptions in sections 5.1 and 5.2.

4. MECHANISMS

We consider some of the mechanisms used to treat the
above results on Hy, H,,, and AEgy: mechanism I (super-
exchange), mechanism II (intermediate BChl ), mech-
anism III (BChl nonadiabatic/adiabatic), mechanism IV
(intermediate BChl"), mechanism V (BChl™ nonadiaba-
tic/adiabatic), and mechanism VI (charge-transfer-modi-
fied I). All of these mechanisms use superexchange to
treat kr; they differ in their treatment of k.

Mechanism I

In this case, k. is interpreted considering a superex-
change mechanism involving the orbitals of an existing
BChl monomer as an intermediate, €.g., Refs. 16, 20, 22,
using, for example, the partitioning formalism in Ref. 20.
One can try to make mechanism I consistent with the
data in the following way: _

In the previous section, it was seen that in mechanism
I there is a discrepancy factor of 10 in the energy de-
nominator corrected H and H,, namely, H,7°= 10 H .
Either mechanism I is incorrect, or to remove this dis-
crepancy in mechanism I, it is necessary to postulate
either that there is a marked protein relaxation when the
radical pair is formed, so as to reduce H,, (and thereby
H, ") considerably, or that H', << H3,, or both.?

We next consider AE¢r using Eq. (6). The above
values for 3" (=H,;) and H,T* are next introduced into
Eq. (6) for AEgy, with'® or without'®'”*® a factor multi-
plying HT" to allow for any protein relaxation accom-
panying formation of the radical ion pair. One finds in
this way that the perturbation of the Eg and E; of



BChl; BPh™ by a configuration interaction is so large®
that the smallness of the observed AE ¢+ would have to be
due to a large cancellation,'® if this three-state superex-
change mechanism for k; were correct.

Mechanisms II and II1

An alternative possibility is that k; entails a different
mechanism, so that H, can be considerably larger than
H_, or Hgy, without a large cancellation being required to
obtain a small AE¢;. Two of the mechanisms which have
been considered for the 'BChl; BPh — BChl; BPh re-
action are: mechanism II, a sequential mechanism?®
having the rate constants £, and k,, 'BChl; BChl BPh
-k;— BChl; BChl BPh -k,— BChl; BChl BPh™ (k, >>
ki, k; = k); and mechanism II1,'"* a reaction in which
there 1s a very strong electronic coupling of the elec-
tronic configurations 2 and 3, such that after leaving the
electronic configuration 'BChl; BChl BPh the system
goes rapidly downhill on the adiabatic potential surface
constructed from these two surfaces (configurations 2
and 3).” In the latter case, there is no intermediate BChl”
as such. Mechanism III has been termed a nonadiaba-
tic/adiabatic mechanism."’"? It is presently consistent
with the above data and, apparently, with the absence of
measurable BChl depletion, as discussed later in section
5.2. It could encounter a problem noted later in section
5.5. Mechanisms I and I1I differ mainly in the position of
the energy of BChl; BChl” BPh vs. 'BChl; BChl BPh.

Mechanisms IV and V

Mechanism IV 1s one in which there are two
sequential steps,”*® ie., 'BChl; BChl BPh —k,—>
BChl, BChl" BPh -k,—> BChl; BChl BPh', with k,>> k;
and k; = k. In mechanism V, which we include as a pos-
sibility here by analogy with mechanism III, BChl, and
BChl" are so strongly coupled electronically that after

leaving the 'BChl; BChl BPh state the system goes

rapidly downhill on an adiabatic surface. While this par-
ticular nonadiabatic/adiabatic mechanism has not yet
been postulated in the literature, and in the only theoreti-
cal calculation thus far the second matrix element is only
2.5 times the first,” it represents a possibility, but it will
require a larger second matrix element than that es-
timated in Ref. 25.

The AE¢; for mechanism IV has been estimated® to
be too high (5 x 10~ cm™). Protein relaxation of the radi-
cal pair was postulated as a possible reason for the dis-
crepancy.”

Mechanism VI

To explain the smallness of AE¢r, mechanism I has
been modified by introducing a fourth state: an internal
BChl, charge transfer state, both as singlet and triplet
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BChl* and BChI states.” In this case, a form of cancel-
laton In AEg; different from that postulated for mech-
anism I arises, as in a recent four-state treatment of the
singlet—triplet splitting.” With the energy of the charge
transfer triplet state of BChl, assumed to be above that of
the radical pair BChl; BPh™ and the usual *BChl; state
known to be below it, for example, there are opposing
tendencies which reduce the triplet perturbation and its
contribution to AE¢r. |
We consider next some consequences and further
tests of some of these mechanisms. Two miscellaneous
implications are discussed in the Appendix.

5. IMPLICATIONS AND EXPERIMENTAL TESTS

5.1. Relationship of Hgr and H,,

If the superexchange mechanism I is correct, a mean-
ingful Hg; cannot be calculated from AEq; using Eq. (7).
In this case, the moderately close agreement found in
section 2.3 between the Hgp Inferred from AE¢; and the
H_, inferred from k; is treated as accidental. Only one
reaction center has been studied thus far. This possibility
of an accidental agreement can be tested when other
quinone-depleted reaction centers having different AEg;
and k. values are studied, the use of quinone-depleted
centers serving to simplify the interpretation of the data.
Conversely, any continued closeness in the values of
\Hsl and |H,| for these other reaction centers would
argue against the cancellation required in the current
form of mechanism I to explain the smallness of AE;.

If there were many virtual states, rather than merely
one, participating in the superexchange mechanism, and
if they had randomly distributed positive and negative
contributions to AE,, the chance would be larger for the
existence of some cancellation, and hence for a small
averaged AEg; in such a modification of mechanism L.

5.2. Relationship of H,and H

We had H,, = H'3Ho/(Hy, — Hs) (cf. Egs. (3) and (5)).
In mechanism III, the values of H;and H,; are related, H;
= H3,, and we assume for the present that 13}, = H1,. H,,
is about 6 H, in the calculations of Plato,”” and H,, — H,
is AG2; + A,3."° Using a set of parameters employed in the
quantum dynamical calculations®* for this mechanism,
with AGY, = -350 cm™, we have H,, — Hyy (ZAGY + Ays)
~4000 cm™. One then finds that the H,, calculated from
the above H, is 6(25)%4000 = 0.9 cm™, which is for-
tuitously close to the value found from &y (~1 cm™) in
section 2.2 and to the H,T (calculated as H¢,) in section
2.3.

5.3. BChl Depletion
Experimentally, the transient depletion of BChl dur-
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ing the reaction is estimated to be no more than 2% (Ref.
3) or, more conservatively, 4% (Ref. 4). (The interpreta-
tion of the spectral data to assess the depletion is the sub-
ject of some difference of opinion; the details depend on
the nature of the radical ion-pair induced Stark effect on
the BChl absorption spectrum, the role of charge trans-
fer states in the absorption spectrum of BChl,, etc.)™

Taken at face value, the apparently negligible deple-
tion requires, using Eq. (13) of Ref. 20, that the second
step of the two-step sequential mechanism II or IV be
faster than the adiabatic value @27z (= 3 x 10"* 57 if A®
= 100 cm™) by a factor of 5 to 10 depending on the as-
sumed detection limit for the depletion. In this case,
mechanisms II or IV would be inappropriate, unless
some way can be found for assuming a higher frequency
vibration for ay2x. We shall return to this point later.

Simplified one-dimensional quantum-mechanical dy-
namical (“fast Fourier transform™) calculations of the
BChl depletion for the nonadiabatic/adiabatic mech-
anism III yield a value of about 2% for a -AG3, value of
350 cm™ and also for a value of 150 cm™.%*° The treat-
ment of mechanism III 1s being extended to higher
dimensions, in part analytically.®) Simply by changing
labels, the same remarks may apply to the nonadiaba-
tic/adiabatic mechanism V, if similar energetics are as-
sumed. |

5.4. Field-free Absorption Spectrum of BChl, and the
Stark Effect

The perturbation of the energy of the excited state
'‘BChl; by a directly coupled charge transfer or another
zeroth state i (wave function ;) 1s given by |

E=H, - IHnF (H; - H,,)

(e.g., fori=2,ct.Refs. 17, 19, 20).

Here, H;— H,, 1s the vertical energy difference, evalu-
“ated at the equilibrium configuration of 'BChl;. The per-
turbed wavefunction of 'BChl} is w, — w; H,; /(H; - H,,),
from which a dipole moment of the excited state could
be estimated. In mechanism I, if H,, ~ 80 cm™ and H,, —
H,, ~ 800 cm™ (cf. Ref. 22), this perturbation, E — H,, in
Eq. (10), would be small (about -8 cm™). For mechan-

- (10)

1ISm HI, if ng ~ 25 Cl'l'lﬁ1 and AG?Z ~ —350 Cm_l, then 112 |

=600 cm™ and H,, — H}, ~ 250 cm™.% The perturbation
in this case is again small, about -2.5 cm™. From the es-
timated electric field effect on H,, - H,,, the contribution
to the Stark effect on 'BChl; could be calculated. The os-
cillator strength is presumed here to be carried only by
v
In order to prepare by optical excitation a “pure”
'‘BChl; state, free from a contribution by y;, it would be
necessary to use an optical pulse with an energy width of
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about |H; — H,,|, which in many cases would be much
larger than that usually used in optical excitation.

5.5. Electric Field Effect on Fluorescence

The prompt fluorescence of 'BChl; is in competition
with the forward electron transfer rate, k;. The effect of
the electric field**~* on k;, and thereby on the fluores-
cence yield, differs for some of the different mechan-
isms. A calculation for the sequential mechanism (mech-
anism II) appears to lead to a too large electric field ef-
fect on the fluorescence yield." For the nonadiaba-
tic/adiabatic mechanism III, the appropriate range of
permitted —AG?, values for the hypothetical process 1 —
2 has not yet been determined (cf. section 5.8 below),
and appropriate electric field calculations remain to be
made. |

The study of the electric-field-induced fluorescence

+anisotr0py ,*¢ in which one finds, largely, the angle be-

tween the transition dipole and the donor—-acceptor vec-
tor, is more consistent with mechanism I than with mech-
anism I1.'* Calculations are being made for mechanism
I11.2 A donor-acceptor vector might result for mech-
anism III between those of mechanisms I and IV. An al-
ternative nonadiabatic/adiabatic model, mechanism V,
might be acceptable, since its donor-acceptor vector
could be along the BChl* BPh™ direction and so close to
that inferred from the fluorescence anisotropy study.'*

5.6. Electric Field Effect on AEgr and kr

For most of the mechanisms, a substantial effect of
the electric field on small energy denominators, such as
that in Eq. (3) for H,3"', is predicted to occur. Existing ar-
guments can be used to estimate an electric effect on

AFEg;. The effect on kq itself is estimated to be small (cf.

Fig. 1).

5.7. Effect of Electric Field on BChl Depletion

In the presence of a suitable electric field in an ori-
ented reaction center, the level of BPh might be raised
sufficiently that an actual BChl depletion might be ob-
served.””? (The extent of raising depends upon whether
BPh is first formed in a reported transient configuration
with a —~AG?, of about 0.17 eV, or whether no such tran-
sient configuration exists.'")

5.8. Electric Field Effects on k;

These effects, measured directly and preferably in
oriented reaction centers, may help 1dentify better the ac-
tual value of ~AG?,, and thereby, the energy of electronic
configuration 2 relative to that of configuration 1. When
appropriate calculations are made, they might distin-
guish between mechanism I on one hand and mechan-
isms III and V on the other. The experiments on field ef-



fects in randomly oriented systems mentioned 1n section
5.5 have yielded valuable information. |

5.9. Effect of Temperature on AE g

In the case of mechanism II, the lack of a temperature
effect®™” on AEg, for quinone-depleted reaction centers
has been used to place some lower limit on AG3,,°** the
standard free energy of reaction for forming electronic
configuration 2 from configuration 3. The limit is based
on the following assumptions: (1) there exists a species
BChl; BChl BPh; (2) its singlet—triplet splitting 1s as-
sumed to be 1 cm™; and (3) this transient species is in
thermal equilibrium with the radical ion pair.

If the uncertainty in the value of AEg were about 1
gauss (10 cm™), the result that AEg; is temperature-in-
dependent between 160 K and 295 K shows that there 1s
a lower limit of 1850 cm™ for AG3,, in agreement with
the similarly estimated value in Ref. 32. Since the value
of —-AG?, is 0.26 eV, it follows that —~AG}, < 250 cm™.
(The same remarks might apply to mechanism IV.) If,
however, the potential energy surfaces are those as-
sumed in the nonadiabatic/adiabatic mechanism, an
equilibrated species BChl; BChl” BPh no longer exists,
and then the above calculation does not apply. A new
type of calculation would be needed for mechanism III
or V.

5.10. Possible Charge Transfer Band for BPh — BChl

The implications of mechanism I lead to a pre-
dicted'"® charge transfer absorption BChl BPhhW —
BChl” BPh if that mechanism is applicable. The Avgy
equals H,, - H,;, evaluated at the equilibrium configura-
tion of the radical pair, and this in turn equals’® AG3, +
A,.. The intensity could be appreciable, assuming the
large matrix element H,, required' ™™ if mechanism I
prevails.

e * %

We return finally to the point discussed in section 5.3
regarding BChl depletion. One new fact 1s that there are
indeed some very fast processes in this system, faster
than an @/2r = 100 cm™ would indicate. In particular,
when the Q, transitions of BChl and BPh were excited
by an optical pulse, a transfer of the excitation to BChl,
occurred within the time-resolution of the apparatus,
about 100 fs.*® While this process is an excitation trans-
fer, the principles of excitation transfers and electron
transfers have much in common.* Perhaps some high
frequency motion is available, at least for the excitation
transfer, or perhaps considerations of coherency vs. 1n-
coherency arise. A better understanding of that rapid ex-
citation transfer may await an improved time-resolution,
so as to determine the phenomenological kinetics as-
sociated with the transfer.
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6. SUMMARY

We have seen that there are strengths and drawbacks to
the various mechanisms of the early steps in bacterial
photosynthesis. In one way or another, all the mechan-
isms use superexchange for k. They differ in their treat-
ment of &, in part because of their different guesses for
the energy of BChI” (or BChI*). The advantage of mech-
anism I (superexchange) for k; is that it “seems reason-
able”, is consistent with the absence of BChl depletion
and, thus far, is more or less consistent with the electric
field effect on the fluorescence including the field-n-
duced anisotropy. Its drawbacks are that it requires a
large cancellation to yield a small singlet—triplet splitting
AE and also requires that the type of agreement noted
among the data summarized in sections 5.1 and 5.2
should be accidental.

Mechanism II (sequential, BChl) is eliminated by
two new experiments, namely the absence of BChl de-
pletion (see, however, qualification in section 5.3 and at
the end of section 5) and the electric-field-induced flu-
orescence anisotropy.

Mechanism III (nonadiabatic/adiabatic, BChl) has
led to a current agreement between the kg, ky, and AEgy
values (cf. sections 2.3, 5.1 and 5.2). Thus far, in a one-
dimensional calculation, mechanism III is also consis-
tent with the absence of BChl depletion. Its possible
drawback, when the calculations are made, may be 1n ex-
plaining the electric-field-induced fluorescence aniso-
tropy data. Other calculations (fluorescence yield effect,
temperature independence of AEg;) also remain to be
made. Mechanism III explains the fast forward rate, as
contrasted with the slow triplet recombination and the
small singlet—triplet splitting, by assigning a superex-
change mechanism to the latter two processes and, in
contrast to mechanism I, a direct mechanism for the fast
forward reaction.

Mechanism IV (sequential, BChl®) suffers from the
same drawback as mechanism II with respect to BChl
depletion. It is consistent, however, with the electric-
field-induced fluorescence anisotropy. Its consistency
with the remaining data might need to be examined more
fully. |

Mechanism V (nonadiabatic/adiabatic, BChI®) is, by
analogy with mechanism III, consistent with the absence
of BChl depletion, and also with the current electric-
field-induced fluorescence anisotropy. Its consistency
with the other measurements remains to be investigated,
perhaps using arguments similar to those we have de-
scribed for mechanisms I to III. At present, the principal
comparison of the data with mechanism IV (and thereby,
indirectly, with mechanism V) has been via calculation
of the numerous diagonal and off-diagonal matrix ele-
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ments of the six-pigment “supermolecule”.** With the
latter procedure, more experimental quantities, such as
the absorption spectrum, can be calculated; however, the
individual comparisons with the experimental data de-
pend heavily on the accuracy of the details in those cal-
culations. A search for internal relationships, such as
those described in this paper for mechanisms I-I1I, could
be a useful complement to these other detailed calcula-
tions.

There is also a sixth possible mechanism, not dis-
cussed in this paper, involving a direct protein-mediated
electron transfer from 'BChl; to BPh. Two main facts to
be explained in suggesting such a mechanism are that ky
<< k; and that AEr is so small. Thus far, no compelling
explanation appears to have been offered. Another
mechanism involves BChI* **

Various experiments to test some of the consequences
of the several mechanisms are also suggested or con-
sidered in the present paper.
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APPENDIX
MISCELLANEOUS IMPLICATIONS

Two implications of the previous discussion are con-
sidered in this Appendix.

1. Hy - H,

As noted in the text, a singlet—triplet splitting of about
1 cm™ of the hypothetical electronic configuration 2,
BChl; BChl BPh, is sometimes assumed in the litera-
ture. However, the actual value of the splitting for these
two large radicals in near contact does not appear to be
known. It is useful, therefore, to estimate whether the
splitting might be due to the fact that the S and T states
of the electronic configuration 2 are each perturbed dif-
ferently by -configuration interaction with the states
'BChl; BChl and *BChl; BChl of the electronic con-
figuration 1.

The perturbation, obtained using a perturbation equa-
tion rather similar to Eq. (5), 1s

E=Hy— |H12|2/(H11 - Hyp). | (Al)

The value of H,, depends on whether mechanism I or 111
is correct. In the case of mechanism III, H,, was found
from k, to be about 25 cm™, as noted earlier. In the case
of mechanism I (superexchange), H,, was found 10 be
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about 80 cm™.2>? The vertical value of H,, — H,,, evalu-
ated at the equilibrium nuclear configuration of elec-
tronic configuration 2, equals AG?, + A. For the singlet
state, if ~AG?, were 350 cm™ and 4, were 600 cm™, this
H,, — H,, would be 950 cm™ and the perturbation of E
obtained from Eq. (A1) would be about 0.7 cm™. For
the triplet state, —~AG?, would be the above minus 0.4 eV.
If H,, were again 25 cm™, the perturbation of E; obtained
from Eq. (A1) would be +0.2 cm™. Thus, the splitting
would be about 1 cm™, in agreement with the value
sometimes assumed.

In the case of the superexchange mechanism for 4,
the AG?, + A, (=H,, — H,, in Eq. (A1))"’ for the singlet
state has been estimated®? to be >1600 cm™, using a
value of 4, = 800 cm™ and the internal consistency
test.!® The perturbation of Eg calculated from Eq. (Al)
then becomes —4 cm™ for the singlet state and 1.3 cm™
for the triplet state, giving rise to a singlet—triplet split-
ting of about 5 cm™. (Such values tacitly assume no
structural relaxation of the radical pair, as compared with
the initial state.'®>'")

2. Direct Exchange Value of H3;— H;

The direct exchange integral involved with this split-
ting is omitted in many discussions and has been omitted
in applying Egs. (3) and (4) in the text. It is a double
electron exchange integral and it can be expected to fall
off twice as rapidly with separation distance r as a single
electron exchange integral [exp —(fr/2)], according to
related experimental results by Closs et al. on the rate of
triplet excitation transfer for a different system.> There-
by, H3, — H', may fall off with r as exp(—fr), where =
1.1 A for other systems.’ The edge-to-edge distance of
the BChl; BChI radical pair is about 5.5 A, while that of
BChl: BPh™ is about 9.5 A.* Neglecting, for the present
rough argument, the differences between radicals, and
assuming a f = 1.1 A in the absence of experimental

data on this particular system, the exchange integral H3,
 — HTY, for the BChl; BPh™ pair is then calculated, with
these assumptions, to be smaller than the BChl; BChl

pair by a factor of about 80. Thus, if the direct exchange
value of the splitting for BChl; BChl were about 1
cm, that for BChl; BPh™ would be about 0.01 cm™, a
rather large value in comparison with AEgy (10~ cm™).
Clearly, it would be useful to have direct experimental
information on H3; — H 3.
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