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BPh + BCh12 -+ BPh + BCh12 T = 10 ns (12)

BPh™ + BChlh + BPh + BChl, T = 10ns (13)

Following reactions (10) and (11), the chlorophyll dimer cation,

+ . ¢
BChlz, is neutralized by an electron from cytochrome ¢ (31,32):
eyt eIl + BChlz + eyt ¢TI + BChl, T = 1 psec (14)

where the value of T = 1 pusec is cited for the reaction in Chroma-
tium with a low potential cytochreme ¢ (31,32). (The other values
are cited for Rps. sphaeroides.)

We shall consider the questions of nuclear and electron tun-
neling and nuclear rearrangement for these reactions.

Reaction (9) is seen to be extremely fast. Were it a factor
of 2100 faster it would have a k, = 1013 sec™, the theoretical
maximum., From the studies of electron transfer rates between an
aromatic molecule and its anion and between Fe(phen)%+ and
Fe(phen)g+ referred to earlier (30-32), one would expect very
little rearrangement of bond lengths and very little barrier to
reaction in these highly aromatic systems, and thus very little
activation energy. The barrier in References 30-32, such as it
is, is probably due to reorientation of the polar solvent mole-
cules, but it is small because of the large size of the aromatic
systems. In the membrane there are presumably less polar groups
in the vicinity of the reactants in (9), and so there would be
even less reorientation of polar groups than in the above aromatic
systems. So, in the absence of other effects, reaction (9) should
be very rapid.

If the R and P curves for reaction (9) are, for the above
reasons (smallness of nuclear rearrangement), situated almost over
each other, one would need nuclear tunneling in order to reach
curve P from curve R, giving rise toa K < 1 in Equation (6).
Such a behavior would have little temperature dependence, as com-
pared with that for the case where the R and P curves "intersect"

some distance above the minimum of the R curve.
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If the reactants in (9) were situated quite some distance
apart the electron tunneling rate would be small, again giving
rise to a K <<1 and a largely temperature-independent rate. At
this time the experiments haven't distinguished between these
three possibilities: (a) a smallness in K (£0.01) due to a
slowness in nuclear tunneling, (b) a smallness in K (£0.01) due
to a slowness in electron tunneling, and (c) a little rearrange-
ment leading to a slight activation energy. A measurement of the
temperature dependence would tend to distinguish (c) from (a) and
(b).

Reaction (10) is about fifty times slower, but remarké analo-
gous to the above apply. Reactions (9) and (13) provide an interes-
ting comparison with each other. If the geometry, e.g., separation
distance and mutual orientation of reactants, is the same for both,
then the fact that (13) is some 1000-fold slower than (9) is at
first glance perhaps puzzling, until one looks at the exothermici-
ties. The mid-point potential of the BChlg—BChlE couple is about
0.45 volts [(39,40) and references cited in (40)]. The absorption
and fluorescence spectra have maxima at 863 nm and 902 nm, respec-
tively (41), corresponding to 1.44 and 1.38 volts. Thus, the
minima ?f the BChl2 and BChlZ curves are separated vertically by
about 1.41 volts, which yields a mid-point potential of the
BChlE—BChlE couple of -(1.41-0.45), i.e., -0.96 volts. The mid-
point potential of the BPh-BPh~ couple (42)9 is about -0.4 volts.
Accordingly, Reaction (9} is 0.56 volts downhill, and Reaction (13)
is 0.85 volts downhill. Thus, the slowness of (13) relative to (9)
may reflect the energy gap law - and the added resulting nuclear
tunneling needed to go from the R to the P curve - discussed in

Section II.

9phe value in Reference 42 is given for in vitro BPh/BPh™ .
Phe in vivo value for Rps. sphaeroides is not yet known. In vivo
estimates for Rps. viridis have been made by Prince et al. (43) and
by Kliminov et al. (44), giving values of -0.40 and -0.62 V,
respectively.
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Reaction (10) is also quite downhill, about 0.35 volts, since

the mid-point potential of X-X is about -0.05 volts.l0 Its

slowness relative to Reaction (9) presumably reflects other factors.

Reaction (12) is probably slow for reasons different from the
exothermicity-induced slowness of (13), since (12) would not be
very exothermic. This reaction and the influence of applied mag-
netic fields have been discussed by several researchers [ (46-48)
and references cited in (48)]. The radicals BPh™ and BChlg are
formed in a singlet state, and the triplet state can be formed in
(12) as a result of hyperfine interaction with the nuclear spins.
A characteristic frequency for this interaction is of the order of
the rate corresponding to 10 ns (R. Haberkorn and M.E. Michel-
Beyerle, pers. comm.).

Reaction (14) is still slower. The activation enerqgy of this
reaction in the room temperature range has been measured (33,35)
(E5 = 5 Kcal-mole_l), and its presence reflects an appreciable
reorganization which accompanies the reaction. The non-zero
activation energy also indicates that the minima of the R and P
curves for this reaction are appreciably displaced from each other
along the abscissa, so that the curves can intersect even though
the reaction is quite exothermic. The slowness of Reaction (12)
also probably reflects the slowness of the cytochrome ¢ self=-
exchange reaction in solution (49).11 The value of A in Equation
(5) for Reaction (14) at room temperature is of the order of
5 x 107 sec_l, well below the 1013 sec™l value (33-35). Presuming
nuclear tunneling at room temperature to be minor, the small A
value could arise (a) because the electronic tunneling rate may

be slow, particularly since there appears to be a very large

10 6 4 ; N
In Rps. viridis the separation distance of BPh and X is

small enough for spin-spin dipolar effects to be observed; see
Prince et al. (43,45).

11
The effect of transmembrane potentials on the cytochrome cj

reaction center equilibrium in Rps. sphaerocides has been determined
by Takamiya and Dutton (50), and analogous effects should be con-
sidered in the other reactions.

Electron and Nuclear Tunneling 123

separation distance between the reactants in Reaction (14) (see
Ref. 38), and (b) because of possible entropic effects, as indicated
py the As* term. A knowledge of AS® for this reaction, if not al-

ready available would be desirable.
vI. PROTON TRANSFER REACTIONS

We conclude with some brief remarks on proton transfer reactions,
reactions which occur later in the photosynthetic chain. The ques-
tion has frequently been asked whether the formalism derived for
electron transfer reactions can be applied to proton tranéfers:
both electrons and protons are light-weight particles, and the
Franck-Condon arguments used for electron transfers might be con-
jectured to apply to proton transfers. Recently, an answer to this
question was given in terms of the relevant potential energy sur-
face (51). Only a brief summary of the results will be given here.

A proton transfer,
a-gt + B > A + B-Ht (15)

is conveniently described in terms of a potential energy surface as
a function of the various distances, such as the length of the a-ut
bond and the distance between B and the center of mass of A-H*, as
in Figure 5.12 The surface in Figure 5 is given for a fairly ther-
moneutral reaction. The surface has a saddle-point, which occurs
near a symmetrical configuration for this case, if a-" and B-ut
are of rather similar bond length and vibration frequency. (Line

X in Fig. 5 crosses the saddle-point). At such a saddle-point the
two valleys in the surface (corresponding to stable a-H" + B and

A + B-ut systems, respectively) have merged. If the proton trans-
fer occurs when the system passes near this saddle-point, namely
near line X in Figure 5, there is no applicability of the weak-

overlap (perturbation theory) Franck-Condon concepts of electron

lzsee Glasstone et al. (52) for skewed-axes diagrams.
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