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1. Introduction

The early reaction steps in bacterial photosynthetic
reaction centers have been a matter of considerable
current interest, e.g., reviews in refs. [1-6], not only
in their own right but also for possible implications
for the design of efficient solar energy conversion
schemes. The recent crystal structural determination -
of a particular reaction center [7] shows that the bac-
teriochlorophyll dimer (BChl), is a neighbor of the
monomer BChl, which has the pheophtytin BPh as
another neighbor, and the latter is near a quinone Q.

In the scheme for transfer of an electron from a
photoexcited molecule (BChl); to Q [1-6],

(BChl); > BChl > BPh 5 Q, )]
1 11 m v

the loss of the electron from I occurs in about 2.8 ps
[8], and the loss of the electron from III to IV in
about 200 ps at room temperature [1]. A principal
remaining question concerns the role of Il in the
former. Two alternative possibilities are that (a) BChl™
is formed as an actual intermediate [9,10], or that
(b) BChl serves to assist the transfer from (BChl); to
BPh (a superexchange mechanism) [8,11,12]. In the
latter case no BChl™ intermediate would be detected,
whereas in the former the detectability would depend
on the ratio of the rate constants for formation and
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destruction of BChl™. (A critique of the evidence of
ref. [9] is given in ref. [13].) In a recent experiment,
BChl™ was not detected spectroscopically, the limits
of detectability being perhaps 15-20% of the neigh-
boring population, and this evidence was interpreted
as offering support for the superexchange mechanism
[8].

To distinguish between the two mechanisms we
make use of some magnetic data. The latter indicate
a very weak exchange interaction between the (BChl);_
and BPh™ (3,14}, a result which is in marked contrast
with the extremely rapid electron transfer from I. A
virtue of the chemical intermediate mechanism is
that it decouples these two pieces of data. The pres-
ent paper extends in a variety of ways some results in
ref. [10], including, among others, use of more gen-
eral matrix elements and expressions, treatment of
new data, and an alternative interpretation of the
magnetic data.

2. Theory
2.1. Matrix elements and energies

We consider the following zeroth-order electronic
configurations:

1. (BChl); BChl  BPh,

2. (BChl); BChl™ BPh,

3. (BChl); BChl BPh~, . )
471
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designated by the symbols 1 to 3. The energies of
these zeroth-order configurations will be denoted by
H; and the electron exchange integrals coupling / and
]byH (i, j = 1 to 3,i #j). For any given nuclear
conflguratlon the electronic energy E for this three-
state system is then the solution of the secular equa-
tion

Hll —-E H12 0
H,, Hyy-E Hy, =0 ®)
0 H,, Hy— E

The direct electron transfer matrix element H,4 be-
tween configurations 1 and 3 is neglected in eq. (3),
since the electron in 3 is now twice removed from
that in 1. In eq. (3) the off-diagonal elements are
written as real, for notational simplicity. The H;, but
not in the “Condon approximation” the H;, and H3,
vary with the configuration of the nuclei. Thereby,
the H;; form potential energy surfaces for motion of
all the nuclei.

We consider first the use of eq. (3) to treat the su-
perexchange behavior of electronic configurations 1
and 3. Using a partitioning technique [15,16] the
problem in eq. (3) is reduced to a 2 X 2 secular de-
terminant. We have [16]

Flll - E H13

_ _ =0, )
H13 H33 -E

where
1713 =H12H23/(H22—E)- (62)

In the case of a superexchange mechanism for ¢lec-
tron transfer the latter can occur when the system
crosses the _interse_gtion of the A 11 and ﬁ33 surfaces,
i.e. where H,; = H33 in nuclear configuration space,
as in fig. 1, and the relevant electron transfer matrix
element is A 13- We can thereby ‘approximate the F
in egs. (5a) and (6a) by H33 (= H,,), thus yielding

~~~H +H2/(H22~H33) i=1,3) (5b)
and
Hyy~H yHyl(Hyy — Hs3). (6b)

(Numerically, using the values of the quantities in eq.
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POTENTIAL ENERGY

NUCLEAR CONFIGURATION COORDINATE

Fig. 1. Superexchange mechanism: profile of H 11 and f_I33
potential energy surfaces in many-dimensional nuclear con-
figuration space for an activationless transfer (no energy bar-
rier). The H,, may have its minimum, when plotted along
this coordinate, to the left or to the right of the intersection of
17“ and }733, and only a possible value of H,, at the inter-
section is indicated. The nuclear configuration space involves
the vibrational coordinates of the reactants and the coordi-
nates of the atoms of the surrounding protein. There is ac-
tually a vertical splitting of 2H 13 at the intersection of the
two surfaces (too small to be indicated).

-(5b) estimated later,ﬁll and H,, differ only by less

than 1 cm~1, and Hy5 and H; differ only by about
1 cm~1. Accordingly, one need not really distinguish
between them.)

In the case of the calculation of the energies £ of
the singlet and triplet states of the BChl;BPh‘ radical
pair when their interaction is due to a superexchange,
the £ in egs. (5a) and (6a) is again approximated by
H33, but now the relevant nuclear configurations are
those appropriate to this modified electronic configu-
ration 3 rather than those where H11 —H33, namely
at the minimum of the H33 surface in fig. 1. Thus,
eqs. (5b) and (6b) again apply, but with different nu-
clear configurations involved. To obtain a perturba-
tion expression for the energy F of the singlet or trip-
let state of the separated radical pair using eq. (4), the
first E in the latter is approximated by 1‘_133, thereby
yielding

7 LB uF b
E~Hyy +Hi3/(Hyy — Hy,)

(config. 3 perturbed by superexchange). N
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In contrast, the energy E T of the transition state for
a superexchange electron transfer mechanism for

I 11 is obtained by setting i, = H33 in eq. (4),
whence £ =H,i - |H3l.

2.2. Rate expressions

The non-adiabatic rate constant ky_,j for the for-
mation of an intermediate II from I is (references
cited in ref. [6])

ky_y = (@nn) H2,(FC), (8)

where (FC), with dimensions of energy—1, is the
Franck—Condon factor. The rate constant kyj_, iy for
the formation of BPh™ from BChl™ is given by an
analogous expression, with /', replaced by H,3 and
with the relevant (FC). A schematic plot of the poten-
tial energy profiles is given in fig. 2.

The superexchange electron transfer rate constant
ky_qq in the non-adiabatic approximation can simi-
larly be written as

Kiom = (2”/7")17%3(“)

where (FC) is now the Franck—Condon factor for the
transition from the H; to the H45 surface.

(superexchange), )

POTENTIAL ENERGY

NUCLEAR CONFIGURATION COORDINATE

Fig. 2. Direct I - II mechanism: profile of H,, and H,, sur-
faces in many-dimensional space, depicted for an activation-
less transfer I - II. The abscissa now includes mainly changes
in coordinates in and around I and II, rather than in and
around I and Ifl, and so differs from that in fig. 1. There is
actually a vertical splitting of 2H, at the intersection of the
two surfaces.
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2.3. Singlet—triplet energy difference

We next use eq. (7) to obtain an expression for the
singlet—triplet splitting of the radicals (BChl) and
BPh™. The values of H33 in the singlet and trlplet
states are essentially equal, because of the large sepa-
ration distance of the two radicals. We shall suppose
that the H,, for the two spin states are also approxi-
mately equal. (Thereby, in eq. (10) below H5, rep-
resents a mean.) Only in the case of electronic con-
figuration 1 is there a large S—-T energy difference,
due to the singlet—triplet energy difference within
(BChl); We distinguish the corresponding two H 1
by S and T superscripts. The neglected difference in
H ITZ and H 15 contributes only a small correction term
to eq. (10) below ¥, and the H{, in eq.(10)(appearing
via the terms for Hy; and H,3 in eq. (10) represents
a mean.

Using eq. (7), with S and T superscripts, one ob-
tains, upon subtracting ET from E'S,

S FT
ES _pT (H13)*(, - )_ ' (10)
(Y, - Hy) (]} - Hyy)

From the values of the various energy differences,
one may thereby infer from eq. (10) a value for 1713.
Related expressions are given in refs. [10,18], the
former containing a wayward factor of 2. An equa-
tion appropriate to a different situation is given in
ref. [19].

2.4. Numerical calculations

We next estimate the various energy differences
in these equations. The value of & lsl -H }-1 is about
0.4 eV [20] . The magnetic data have been fitted in

* We need to estimate the change of H 12 ¥ when the H 11 18
changed from Hls1 to the mean, 2(Hlsl + AT i1),ie. by 0.2
eV. We use the data of Krongauz, Huddleston and Mlller
[17] on another system: We have Hy; (I #j) = exp (- 25(1)
as noted later. The g8 changed from 1]12 to 1.15 A~! when
the binding energy of the electron in a solute relative to
the intervening environment was changed from 2.0 to 2.2
eV, and changed from 1.33 to 1.34 A~ when this energy
change was from 4.0 to 4.2 eV, For a d of 4 A (discussed
later) the resulting change in Hij is only 6% and 2%, respec-
tively.

473



Volume 133, number 6

ref. [14] with a magnitude of £S — ET of about

16 G,ie. 1.9 X 10=7 eV. A number of other results
in the literature, reviewed in ref. [21], also yielded

an ES — ET of roughly this amount. (The precise val-
ue is less important than its smallness.) Both in the
presence [4] and in the absence [22] of a blocking
quinone Q™ the free energy difference corresponding
to the energy difference H H has been esti-
mated from the temperature behavior of delayed fluo-
rescence to be about 0.16 eV. Data on the energy
difference H 1 H33 are more complicated: various
values, depending on the temperature [4] and on the
conditions [22,23], have been estimated. In the cal-
culations below we shall use 0.05 eV. Using a value of
~0.40 eV for Hlsl - Hﬂ the value of Hy; — H;rl is
then estimated to be about 0.35 eV. From eq. (10)
one now obtains A 1307 cm~1, which is very small
and reflects mainly the very small S—T splitting. If

a value of 0.16 eV were used for HS1 H33 instead
of 0.05 eV, with a corresponding change of H33 - H
to 0.24 eV, H13 would be higher only by about 50%
while if a value of 0.015 eV [4] were used, it would
be lower by 45%.

This 13 is next used to calculate a superexchange
ki_ - While the A3 in eq. (10) is not quite the same
as that in eq. (9) (only the latter is calculated at nu-
clear configurations where A 1L~ H33) this difference
should not drastically change H 13- In order to calcu-
late kp_,  using eq. (9), an expression for the Franck—
Condon factor (FC) is needed. Expressions and refer-
ences for the latter are cited in ref. {6]. Assuming for
the moment a system of N vibrations of frequency v,
the vibrational overlap integral appearing in (FC) can
be converted to a vibrational overlap along one coor-
dinate. The value of (FC) is then (hv)~1 times the
overlap integral, weighted over all initial vibrational
states, with a maximum value, therefore, of (hv)~1.
We introduce the quantities A, a reorganization pa-
rameter, and AGY, the standard free energy of the
reaction step, appearing in the classical free energy
barrier to the reaction AG™ = 1A(1 + AG9/\)? [6].
The value of (FC) for reaction from the lowest vibra-
tional state is now (references cited in ref. [6])

(FC) = e~ S8Y/[D(v + 1)hv]

~ (Sh) /@) P hv) e =5, (1)
where § = \/hv,v=—AG%hv, and T is the gamma
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function. Stirling’s approximation for I was used in
the second half of eq. (11) (error 2% or less for the

v given below). Using the first equality in eq. (11) the
maximum value for (FC) is seen to be (hv)~!, as al-
ready noted, and occurs when v =S =0, i.e. when
both A and AG? are zero. The Franck—Condon over-
lap integral leading to eq. (11) is then unity.

The present reactions are barrierless {1,4,6,11]

(as is the reaction from III to IV in eq. (1) {12}), i.e.
have a negligible activation free energy AG*, so that
we have A~ —AGO [6] in each case and the (FC) in
eq. (11) becomes [Av(2mv)1/2] —1. More elaborate ex-
pressions than eq. (11), each well known in radiation-
less transitions theory and cited in ref. [6], are avail-
able but the results will not differ appreciably for the
particular case examined here: A &~ —AGY, hv ~ 200
em~!. One can, for example, use the form of eq. (11)
that applies when reactions occur not only from the
lowest vibrational state but also from thermally pop-
ulated vibrationally excited states, yielding only a
negligible difference in the present instance [6] . One
can also use another formula which includes effects
due to changes in vibration frequency. The latter has
been applied to treat increases in kpyy_,pyv of a factor
of 2 when the temperature is lowered from room tem-
perature to temperatures below 100 K [11,12}. How-
ever, we shall be concerned here with discrepancies of
the order of 1000 rather than 2, and so the simple eq.
(11) will suffice. We take s =~ v for an activation-free
superexchange reaction, I - III, thereby yielding a
maximum value for (FC). Using hv ~ 200 cm~! and
AGO =~ _0.16 eV, we have s =v = 6.5 and (FC) =
0.16/hv. Eq. (8) and the above value for /3 then
yield ky_,yy = 5 X 108 s~1. This result for k ~ 5

X 108 s—1 may be contrasted with the experimental
value of k for the loss of the electron from I, which
was about 3.5 X 1011 s—1 [8] or about 1000-fold
larger than the value just calculated.

We turn, therefore, to the k for the alternative
mechanism ky_, j, given by eq. (8), and first note, as
considered later, that there is some justification for
taking H3 ~ 2 Hy,, in the absence of more direct in-
formation. The value of H,, — H33 is presently un-
certain. If a value of the order of 0.1 eV is postulated,
then using the value for A 13 found earlier (~0.7
cm~1) one obtains H, ~ 17 cm~! from eq. (6b).
For an activationless step I - IT we take A ~ — AGO
and so s ~v. When AGY ~ —0.1 eV, we have v ~ 4
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and the (FC) given by eq. (11) becomes 0.20(hv)~1.
Eq.(8) then yields ky_,; =~ 3.5 X 1011 s=1, compared
with the experimental value of 3.5 X 1011 s—1. These
values are, of course, much closer than one might ex-
pect, considering the various approximations.

In this latter mechanism it is still necessary, how-
ever, to explain the non-detection of BChl™ in ref.
[8] . We first introduce a first-order kinetic scheme for
the populations of I, IT and III:

—d[1}/de =k, (11,

a[Tn] /de = ky_ g (1] — Ky g (111 (12)

Using the integrated results, the maximum value of
the transient II is found to be given by

max[I1]/[1,] = x/0=9), (13)

where x = ky_,i/kg g and [Ip] is the initial value
of [I]. Thereby, if the lhs of eq. (13) is about 0.2,

the value of x given by that equation is 4. Such a fac-
tor of 4 in the ratio of rate constants ky_, /K1
can arise from differences in H, and H,3 alone: If
the excited electron in I and the hole in II were de-
localized among the two BChl members of (BChl),,
H{, would, other things being equal, be a factor of

2 less than Hoj, as seen from the following argument,
and we note that k;_,; 0<H1-2-. In particular, H, equals
J ¥ H¥ydr and the molecular orbital coefficients

in (BCh1)} in Wy are lowered by a factor of 2172 que
to the delocalization of the hole in (BChl); over the
two halves of the dimer, as seen from ENDOR ex-
periments [24]. A similar remark applies to a some-
what lesser extent to the coefficients in (BChl)3 in
;. (The electronic distribution in the latter may not
be equally shared: photon echo [25] and hole burn-
ing [26] experiments suggest some event, perhaps a
partial intramolecular charge transfer some 25 fs after
photoexcitation of the (BChl),.) In H, only the half
of the (BChl), nearest the BChl monomer contributes
significantly to this matrix element. However, it should
be stressed that other factors beside edge-to-edge dis-
tance can affect the relative values of &;_,y and

ki 11> such as orientation and such as the (FO),
which even for a barrierless reaction will depend some-
what on AGC, A and p for the individual step s
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2.5. Adiabatic and non-adiabatic crossing

Finally, we turn to the question of adiabaticity
and non-adiabaticity, and the significance of the mag-
nitude found in section 2.4 for Hy, =~ 17 cm~1. To
this end we make use of the Landau—Zener formula
for the probability P of crossing from one *“diabatic”
potential energy surface to another per passage across
the “intersection” of the two surfaces [27], as in
fig. 1 or 2:

P~ 1 —exp(=2me>[hvlAs)), (14)

where e is the electron transfer matrix element (H 13
H{, or Hyy, depending on the process), As is the dif-
ference in slopes of the two surfaces at their intersec-
tion (e.g. in fig. 1 or 2) and v is the velocity at the
crossing (not to be confused with the vin eq. (11)).
In the derivation of the Landau—Zener formula it is
assumed that the energy exceeds the potential energy
at the crossing-point, i.e. that v is real. While eq. (14)
was derived for a one-coordinate system, it can be
used approximately for an N-coordinate one, by using
average quantities for the various symbols appearing
in the equation.

In the case of two approximately harmonic poten-
tial energy curves, § kx2 and § k(x — @) + AGO for
reactants and products, respectively, the difference
of slopes |As] at the intersection is found to be ka,
independently of AGO. We recall that the vertical dif-
ference of the curves at x = 0is A + AG9 [6] and, for
the present model, is also L ka2 + AGO,ie. A = } ka?.
The value of vin eq. (14) can be taken approximate-
ly from the average of a kinetic energy term %mvz,
which equals 1 kT (=~ 100 cm~—! at room temperature)
or, in the case where A & — AG0 and the reactants
are in their lowest vibrational state, from the zero-
point energy 3 Av (~100 cm~—1 in the present case).
Using the latter we have vlAs| ~ QAAw)L/2 270, where
v is the vibration frequency (k/m)Y/2/2x.

The reaction is approximately adiabatic when the

#* We have chosen v ~ 200 cm ™! [6]. The results are, for
the case examined here, namely for AG® ~ — A, relatively
insensitive to v. However, for a different case, namely
when |AGPO/A| is large, as in a back reaction from III to
reform the ground electronic state of I in eq. (1), high
vibrational frequencies can play a more important role,
and should be considered then.

475



Volume 133, number 6

exponent in eq. (14) is of the order of unity, since
then P =~ 1. Using the values employed earlier (A ~ 0.1
eV), the value of € required to make the exponent in
eq. (14) approximately equal to unity is about 135
cm™

The matrix element H,3 estimated earlier (~2H,
~ 35 cm—1) is seen to be significantly less than this
value of €, a result which is not unexpected: If the ma-
trix element decreases with separation distance d ex-
ponentially as exp (—3 8d), with g~ 1.1 A~1 [6],
then for each increment in d of 1 A this quantity
would be decreased by a factor of about 0.58. For an
edge-to-edge separation of ~4 A [7] the factor would
be ~0.1. If the matrix element had its minimal adia-
batic value at contact, namely ~135 cm~—1, then when
d ~ 4 A it would be ~15 cm~!, which is close to the
estimate of ~35 cm~1 for H3. (The distance at which
non-adiabaticity sets in, however, is rather uncertain
at present [6].)

3. Discussion

Using the available estimates we have seen that the
calculated superexchange rate constant, estimated
mainly from the small singlet—triplet separation, is
too small by a factor of the order of 1000, whereas
the direct exchange rate constant for I - II has a val-
ue of the correct magnitude. A superexchange mecha-
nism for the loss of I would have been expected to be
particularly effective, as compared with a two-step
electron transfer, if the value of the energy difference
Hyy — H || had been fairly large. In this case there
would have been a substantial activation energy if a
BChl™ intermediate had been formed. However, if
Hyy — Hy; had indeed been large, both the calculated
ky_.q and kj_, g would be much less than the experi-
mental & in the present case.

It may also be noted that while the evidence in sec-
tion 2 favors the BChl™ mechanism by a large numeri-
cal margin, the singlet—triplet splitting data were in-
terpreted using a superexchange mechanism. Should
the S—T splitting be due, instead, to an equilibrium
between BPh™ and BChl™, as assumed in ref. [10],
the superexchange value of H3 might be even less
than that calculated in section 2 and the discrepancy
between the measured k for loss of Iin eq. (1) and the
superexchange-calculated value would become even
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greater than the factor of 1000.

One point that bears comment concerns the life-
time of the (BChl); when, as depicted in fig. 2, the
potential energy surface H,, for the products passes
through or near the minimum of that of the reactants.
The (BChl); will exist, nevertheless, for a time longer
than a half-vibrational period for two reasons, both
evident from eq. (8): because of some non-adiabaticity
H |, is not very large and because, even for a barrier-
less reaction, we have seen (FC) can be smaller than
1/hv. Similar remarks apply to the corresponding si-
tuation for BChl™: even though the 1733 surface may
pass through or near the minimum of the H,, surface,
BChl™ can still exist for longer than a half-vibrational
period, for the same reasons.

We conclude with some remarks on H 13-Eq.(4)
for the 2 X 2 matrix shows that 2H 5 is twice the
splitting of the modified potential energy surfaces
H |, and H33, at the intersection of the latter. It does
not equal the splitting at the intersection of the unmod-
ified surfaces H; and Hy3. The latter is instead (H%2
+ H%a)/(H11 — H,,), which is different in an impor-
tant way from 2H {5 H,3/(H1 — Hy;): Only the lat-
ter vanishes if either H, or Hy3 vanishes. This point,
namely that 2H 3 is the splitting of the suitably mod-
ified surfaces and not of the original ones, is quite

- clear from an examination of the 2 X 2 Hamiltonian

matrix in ref. [16] or ref. [15], though does not ap-
pear to have been specifically stressed in the literature.
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