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The structure of the photosynthetic reaction center recently resolved by Deisenhofer er al. is dis-
cussed in relation to design principles for energy-storing systems. The rates of the primary electron
transfer reactions are deduced by taking the electronic structure of the chromophores and their
geometrical arrangement explicitly into account, while the protein portion is considered as a dielec-
tric continuum which is rigid to an extent that the free-energy loss by solvent reorganization can be
neglected. The values of the different rate constants thus obtained are in good agreement with ex-
perimental data. Each chromophore component in the reaction center appears to be positioned op-
timally for the purpose of energy storage in electron transfer. This can be shown by repeating the
calculations for various arrangements that differ somewhat from the arrangement obtained by
Deisenhofer et al. The device can only operate as an energy-storing system if each functional com-
ponent molecule is exactly adjusted to each other sterically and energetically. It is shown by propos-
ing a reasonable evolutionary pathway that the emergence of the specific arrangement of chromo-
phores and proteins in the reaction center can be made plausible.
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I. GENERAL CONSIDERATIONS

The primary process in photosynthesis, as known for
many years,! is a photoinduced transmembrane electron
transfer carrying the electron from a low to a high energy
level. Attempts to find a mechanism for that process and
to construct corresponding arrangements with the goal of
developing future energy-storing systems have stimulated
work on electron transfer in monolayer assemblies.?~

Assemblies were constructed based on the idea that for
energy storage by photoinduced vectorial charge separa-
tion the electron should be removed from the excited dye
D fast enough to avoid deactivation and it should be kept
at a high energy level. It should be transferred from D to
an acceptor A where it could remain for, e.g., a mil-
lisecond to allow subsequent dark reactions then taking
place without appreciable loss of free energy. D™ should
recover to D in a time short compared to a millisecond by
transferring an electron from a donor D’ to D*. Here D,
D', and A are considered to be extended w-electron sys-
tems.

To discover constructional details of such a molecular
device the rates of electron transfer between 7-electron
systems in solid matrices should be known. Such rates
have been measured in monolayer assemblies where the
distance between donor and acceptor can be systematically
varied. There is a discrepancy between the result of these
measurements and of theoretical results on electron
transfer in the reaction center (see Appendix), which is
critical in discussing design principles for energy-storing
devices since the chromophores are arranged very specifi-
cally. It will be shown that the discrepancy can be re-
moved by taking the electronic structure of the chromo-
phores and their geometrical arrangement explicitly into
account and by assuming that the solvent reorganization
energy is very small. This assumption seems quite obvi-
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ous since the chromophores in an efficient system for en-
ergy storage must be in a rigid environment to keep the
loss of free energy by solvent reorganization as low as pos-
sible. It is reasonable to assume that such a rigid system
has developed in the course of evolution.

Before going into the details of the calculations we dis-
cuss the results as far as their importance in seeing some
essential features of energy-storing devices.

It is found that acceptor A4, in order to avoid back
transfer in less than milliseconds, must be at a distance of
about 30 A from D™ if the medium is a o-electron por-
tion (such as the hydrocarbon portion in the model exper-
iments with monolayers or the protein portion in the case
of the reaction center [Fig. 1(a)]), acting as an energy bar-
rier for the electron. The electron tunnels through such a
barrier with a certain probability decreasing exponentially
with the barrier thickness.

The electron transfer from excited D (symbolized by
D*) to A must be fast compared to the deactivation of
D* from the excited singlet state into the ground state or
the triplet state. This is not possible in the case of a o-
electron portion because this portion is acting as an energy
barrier. It is necessary to have an appropriate molecule
W (molecular wire) in the near neighborhood of D. This
molecule W is a m-electron system that can accept the
electron from D* and transmit it to 4 where it is trapped
at a lower energy level. The idea of a molecular wire was
realized in monolayer assemblies.>>~7 The electron in 4
is at a lower level than the conduction band of W. In this
particular case W acts as an energy barrier (not as a con-
ductor) allowing tunneling from 4~ to D*. This energy
barrier is not as high as the barrier of the o-electron por-
tion. If W would be on the line connecting D and A the
back transfer by tunneling through the 7-electron portion
would be much faster than through a o-electron portion.
To avoid back transfer faster than in the millisecond
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FIG. 1. Design principle for electron transport system. (a)
donor D', photocatalyst D, acceptor A; (b) molecular wire W
between D and A4; (c) W, and W, between D and A.

range the molecular wire must be “banana shaped” [Fig.
1(b)], or 4 would have to be in an even larger distance,
and an optimized system should be as compact as possi-
ble. In the case of a “banana shaped” W the direct back
transfer by tunneling through the o-electron portion is
practically unchanged by W and tunneling through the
“banana-shaped” w-electron portion has a smaller proba-
bility than tunneling through the o-electron portion since
the tunneling path is longer. The increased length of the
tunneling path is more effective in lowering the rate than
the decreased barrier height.

Assuming the electron in A4 is at a sufficiently low ener-
gy level its back transfer by thermal activation to the con-
ducting level of W can also be neglected. If the level of
A~ is by 0.7 €V below the level of D* the probability of
this thermally activated back transfer within a millisecond
is still small at room temperature.

An appropriate “banana-shaped” -electron system ex-
tending over 30 A seems difficult to achieve. In a more
reasonable device two molecules with 7-electron systems
(W, and W,) are required to bridge that distance [Fig.
1(c)]. D, W,, and W, must be at close contact to remove
the electron from D* within some picoseconds, i.e.,
within a time small compared to the lifetime of D*. The
contact of W, with A can be looser since the time to
transfer the electron from W, to A must be short only in
comparison with the time for returning the electron from
W3 to D7 (by tunneling or by thermal activation and
tunneling via W;). The need for the transient trapping of
the electron in W, requires that its energy level in W, is
by 0.1 to 0.2 eV below its level in W,. On the other hand,
in an optimized device, W7 should be at the energy
level of D*. If W would be at a higher level the re-
quired fast electron transfer would not be possible; being
at a lower level would result in a unnecessary loss of free
energy.
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While the optimum level of W7 coincides with the lev-
el of D*, the optimum energy difference between W7 and
W3 is given by the condition of minimum energy loss 4t
room temperature. If the energy difference is made small-
er than in the optimum the energy loss is increased due to
the increasing probability of back transfer instead of
transfer to 4. If it is made larger the energy loss is in-
creased due to the lowering of the energy level. This op-
timization procedure leads to an energy difference be-
tween W71 and W3 of 0.15 eV. An additional require-
ment leads to the value of 0.17 eV [fast electron transfer
from W7 to W, is only possible in the case of energetic
match of the initial vibrationless state and the vibronic
state reached by electron transfer (vibrational energy 0.17
eV, see Appendix)].

The optimal energy level of A4 ~ is given by determining
the minimum free-energy loss as indicated above in the
case of the level of W;. The optimization procedure
leads to an energy difference of 0.4 eV between W, and
A~

An optimal arrangement of chromophores D, W, W,
A [Fig. 1(c)] then is worked out as follows. In all ar-
rangements taken into consideration the line connecting D
and W, and the line connectirig D and A are restricted to
o-electron portionis. Such systems suppress efficiently
tunneling in the backward direction. The arrangement
D W, W, then is determined by the following two condi-
tions.

(1) The electron transfer from D* to W, via W is fast
compared with the deactivation of D*.

(2) The back transfer from W3 to D™ by tunneling is
as slow as possible under restriction (1).

The position of A follows in an analogous manner.

(1) The electron transfer from W3 to 4 must be fast
compared with the back transfer from W3 to D™ (direct
or via W).

(2) The back transfer from 4~ to D™ must be as slow
as possible under restriction (1).

An energy barrier separating donor D’ from photo-
catalyst D (a o-electron portion) is required to prevent the
electron in the excited dye D from moving to another ac-
ceptor than W,. On the other hand, this same barrier
should be transparent to an electron to move from donor
D’ to D7 in a slower process. The way out of this dilem-
ma (to prevent processes that would compete with the fast
transfer from D to W, and to allow a slow transfer from
D’ to D%) is a thin barrier (20 A center to center, 14 A
edge-to-edge distance), i.e., a barrier sufficiently thin to al-
low quantum-mechanical tunneling of electrons within a
time short compared to the time for dark reactions regen-
erating D’ (short compared to milliseconds under reason-
able conditions), but to be not too thin in order to avoid
tunneling of the photoexcited electron through the barrier
instead of moving to W,. Electron tunneling is generally
assumed to take place in the reaction center'> but the pro-
cesses were not considered in the light of the above design
principles. The importance of a m-electron system serving
as a molecular wire to remove the electron from the excit-
ed photocatalyst should be emphasized since a o-electron
portion is often used as distance keeper between photoca-
talyst and acceptor in simulating photosynthesis.
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II. COMPARISON WITH THE SITUATION
IN THE REACTION CENTER

The photosynthetic reaction center is a device to store
energy by vectorial electron transfer. A certain dye D (the
special pair) is excited by trapping an exciton from an an-
tenna system. The excited electron in D moves to an ac-
ceptor A4 (a quinone) which is located at a certain distance
from D, thus being shielded from deactivation and back
reaction. Oxidized dye D is later recovered by accepting
an electron from donor D’ (cytochrome).!3—13

According to the recent x-ray analysis by Deisenhofer
et al.'® in the case of Rhodopseudomonas viridis, the heme
groups belonging to cytochrome are arranged in a row in
close contact allowing fast electron hopping from one
group to the other. A larger distance between the last
heme group and the special pair is observed. Thus indeed
the predicted barrier between donor D’ and photocatalyst
D appears to be realized in the reaction center. In close
contact with the special pair is a bacteriochlorophyll mol-
ecule (W) and then in a close contact with W, a bac-
teriopheophytin molecule ( W,) and at the end a quinone,
the electron acceptor A. The chromophores and the phy-
tyl chains are interlocking in the way that phytyl chains
contribute significantly to the contact between bac-
teriochlorophyll and bacteriopheophytin. The proposed
molecular wire connecting donor D and acceptor A is
indeed realized by nature.

From spectroscopic evidence it is known that the time
of electron transfer from the special pair to the bac-
teriopheophytin is 5 ps.!” A transient first building up in
about 100 fs was tentatively interpreted as reduced bac-
teriochlorophyll ( W71 ). The time to transfer the electron
from D* via W, to W, is indeed short in comparison
with the time for deactivating the excited special pair
which seems to be about 20 ps.!® The time of electron
transfer from bacteriophephytin to quinone is 230 ps (Ref.
19) (this is indeed short compared with the time to
transfer the electron from reduced bacteriopheophytin to
oxidized special pair [15 ns (Ref. 19)]). The time of elec-
tron transfer from cytochrome to oxidized special pair is
270 ns in the present case (Rhodopseudomonas viridis).'®
This is short compared to the time of electron transfer
from reduced quinone to oxidized special pair [9 ms (Ref.
20)]. The midpoint potential (oxidized special
pair/photoexcited special pair) is about E = —0.83 V, the
midpoint potential of quinone E = —0.165 V, the level
difference then about 0.7 eV.2° The level of W is about
0.2 eV below the level of photoexcited special pair
D*.2'=%" The level difference of W3 to quinone then is
about 0.5 eV. All values are consistent with the design
principles considered above, and a more detailed analysis
is of interest.

The reaction center has another equivalent molecular
wire contacting the special pair, but the quinone is miss-
ing at the end. It cannot be excluded that one quinone
was lost during preparation of the crystals.!® An iron is
found to be present between the quinone and the proposed
position of the second quinone. Based on spectroscopic
work it was suggested’®?® that a primary and a secondary
quinone are bound to an iron ion. The primary quinone is

reduced by the light-generated reduced bacteriopheophy-
tin to form the semiquinone, and the electron is
transferred from the primary to the secondary quinone in
6 us. The secondary quinone is bound less tightly to the
reaction center, but nevertheless also seems to be associat-
ed with the Fe.?’ The situation is similar in plant pho-
tosynthesis where Witt et al. identified the first stable ac-
ceptor as a quinone and where it was shown that the elec-
tron is transferred from Q, to Qp and that Qp is released
not before being reduced to hydroquinone by accepting
two electrons.?

III. SPECIAL PAIR D.
IS ARRANGEMENT OF CHROMOPHORES
OPTIMIZED TO ACT AS AN EXCITON TRAP?

Dye D can act as an exciton trap only if it absorbs at
sufficiently long wavelengths, i.e., if its absorption band
overlaps with the emission band of the antenna system.
As shown below this can be reached by arranging the dye
chromophores such that the chromophore planes are
parallel and shifted along each other. Such an arrange-
ment in the special pair is indeed observed by Deisenhofer
et al. Based on the geometrical parameters given by
Deisenhofer ef al.'® (3 A distance between the molecular
planes, 7 A distance between the two magnesium atoms) a
strong band shifted by 60 nm to long waves and a weak
band shifted by 60 nm to short waves are expected (oscil-
lator strengths 0.85 and 0.11, respectively; see following
details). The transition moment of the strong band has
the direction of the long axis of the special pair, the tran-
sition moment of the weak band is directed perpendicular
to this axis and parallel to the molecular planes. Bands
related to the special pair of the predicted intensities and
polarizations separated by 110 nm are actually ob-
served3®3! (960 and 850 nm, respectively; intensities in ra-
tio 8:1 (see Ref. 30, Fig. 2) as compared to 0.85:0.11
=7.6:1. The monomer band seems to be shifted to 910
nm by environmental influences and to be split into the
850 nm and 960 nm band by dimer formation. The ar-
rangement of the two molecules in the dimer appears to
be optimized for maximum split (maximum bathochromic
shift AE of the strong band).

This shift was obtained by assuming the smallest possi-
ble distance between molecular planes, and by looking for
the arrangement with the largest negative value calculated

FIG. 2. Main portion of photosynthetic reaction center ac-
cording to Deisenhofer et al. (Ref. 16).
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FIG. 3. Somé¢ arrangements of two nmolecules of bacteriochlorophyll and the corresponding shift AE of the strong absorption band.
Distance between molecular planes 3 A. Transition moments g,4,. In (a) the shift is hypsochromic, in (b) to (d) bathochromic, in (d)

(arrangement in the special pair) the bathochromic shift is largest.

for AE. In Fig. 3 AE is given for some arrangements a to
d. Arrangement d is observed in the reaction center.

For calculating these band shifts and oscillator
strengths a simple procedure known to be reliable and use-
ful in predicting shifts of absorption bands in dye aggre-
gate formation was applied.’> The electronic wave func-
tions of the two molecules (1 and 2) were described by the
free electron wave functions given explicitly in Ref. 33.
The energetic shift is

AE =+2(ith |V [¢1¢2) ()

where 1,4,,¢1,1¥> are the wave functions of the two in-
teracting electrons in molecules 1 and 2 in ground state
and excited state, V is the Coulomb energy between the
two electrons. Following the procedure in Refs. 32 and 33
it was assumed in evaluating the Coulomb energy between
electrons 1 and 2 that the medium between the two chro-
mophores (o-electron portion) is a dielectric of the rela-
tive permittivity of a hydrocarbon.

The transition moments of individual molecules 1 and 2
(£, and p,) have the directions of the axes indicated in
Fig. 3. In the aggregate of molecules 1 and 2 the bands at
long and short waves have the transition moments

1
V5 | it | =5 2ucosy
and
1 1 .
V5 |mi—p2| = 2usiny
respectively, where ¥ is the angle between the direction of

11 (or ;) and the direction of the long axis of the special
pair (y=20° see Fig. 3). The oscillator strength is pro-

portional to the square of the transition moment. Since
the oscillator strength of the band in the isolated molecule
is 0.48 the oscillator strengths of the aggregate bands are
0.48 X2 cos’y =0.85 and 0.48 X 2sin’y =0.11, respective-
ly.

In conclusion we can say that the arrangement observed
seems to constitute the arrangement with the maximum
possible bathochromic shift of the strong absorption band.
This shift is necessary for the special pair to act as an ex-
citon trap.

IV. ELECTRON TRANSFER FROM D' TO D*

Electron transfer in solid matrices is a controversial
subject. Current theories predict a rate of electron
transfer from D’ to D* which is smaller by 4 orders of
magnitude than the measured rate (for details, see Appen-
dix). In the following, in contrast to these theories, the
electronic structure of donor and acceptor is explicitly
taken into account, and the protein matrix surrounding
the chromophore is assumed to be rigid to an extent that
the solvent reorganization energy can be neglected which
is reasonable, as mentioned in Sec. I. The medium is con-
sidered as a dielectric continuum (since the relevant states
in the o-electron portion are at much higher levels than
those in the m-electron systems), neglecting specific in-
teractions (the question of in-bond or in-space tunneling is
not addressed). An excellent agreement between calculat-
ed and measured rates in all electron transfer steps in the
reaction center is thus obtained (see Appendix). In our
opinion the explicit use of w-electron wave functions is
crucial, but it is sufficient for an essential understanding
to use the very crude wave functions given by the free
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electron model.

It is safe to assume that the protein portion between D’
and D acts as the required barrier for electrons on the ex-
cited dye level in the picosecond range (since it contains
no large mr-electron system).

However, an electron can tunnel through the barrier.
This effect is only important for an electron localized near
the barrier for a sufficiently long time. For estimating the
time required for an electron in D’ to tunnel to D¥ it
must be taken into account that the barrier is lower than
it would be in the case of vacuum between D’ and D+,
since the protein is a polarizable material. Ionization of
D’ by transferring the electron into vacuum requires the
energy ¢o=4.5 eV + Ee (E=0.33 V midpoint potential of
the donor against normal hydrogen electrode) according
to a widely used approximation. To transfer the electron
into a medium of relative permittivity D the energy is ap-
proximately

¢=¢o—3.8 eV(1—1/D)
=4.5eV+Ee—3.8eV(1—-1/D). (2)

This equation is obtained by assuming that a Fermi hole
of 1.8 A radius is produced in the medium. In the case
of D=2.5 (permittivity of the hydrocarbon portion of a
fatty acid) the last term is —2.3 eV. This value is ob-
tained from tunneling through a fatty acid layer
sandwiched between metal electrodes.® In the present case
(E=0.33 V) @y=4.83 eV and with D=4, ¢=2.0 eV.
Values D =4—6 are widely used for proteins in molecular
mechanics computations** and D=4 corr&s?onds to the
value measured for nylon at high frequency.’®> We use the
value D=4 throughout the paper. With D =3—6 the re-
sults are only slightly changed (see Sec. V).

The rate of electron transfer (k) from donor D to ac-
ceptor A depends on the electronic perturbation energy (&)
and on the vibronic excitation of donor and acceptor dur-
ing electron transfer (S) (for details see Appendix):

k= —%LEZS 3)

where #i=h /27 and h is Planck’s constant. € depends on
the overlap of the wave functions of the electron before
and after the transfer. This overlap depends on the
geometrical arrangement of donor and acceptor, decreas-
ing exponentially with distance. It is larger for smaller
ionization energy, i.e., it increases with increasing polari-
zability of the medium. S depends on the change in bond
lengths in the m-electron systems of donor and acceptor.
This change is related to the change in the electron distri-
bution caused by the removal of an electron from the
donor and its transfer to the acceptor. Both factors can
be evaluated (see Appendix). In the present case of the
transfer from D’ to D+ the values S=2.4 eV~!, e=10"°
eV [for d; =18 Ad 1 =distance between Fe of heme and
Mg of spec1al pair)], 5—10‘ eV (for d;=21 A), and
e=10""7 eV (for d;=24 A). This gives k='=5x%x1 107 s

(for d,=18 A); k='=5x107° s (for d,=21 A), and
k=1=5x10"3 s (for d,=24 A); see Table I. Rate k is
seen to be strongly dependent on d,. The measured half-

time (270 ns, i.e., k ~'=4Xx 107" s) gives the value d; =18
A. The actual distance according to Deisenhofer et al. is
d;=21A.

Is the level of D’ not higher than expected for an op-

timal design? The reaction D'5SD* is downhill
(AG°= —0.13 eV) and thus the reverse reaction is slower
(by a factor of 150). In a functioning device the rate of
the back transfer should not be more than a few percent
of the rate of the forward reaction, and thus —AG?° can-
not be much smaller than 0.13 eV.

In the present case the solvent reorganization is neglect-
ed. The electron transfer is considered as being accom-
panied by the vibronic excitation of the donor or acceptor
(vibrational energy #iwp or #iw 4 of 0.17 eV). The electron
transfer then requires an activation energy of 0.17—0.13
eV =0.04 eV, corresponding to a moderate decrease of the
rate with lowering temperature.

The possibility must also be considered that the vibra-
tionless states before and after electron transfer energeti-
cally coincide, and that the 0.13 eV loss of free energy is
due to a subsequent environmental reorganization. In this
case of activationless electron transfer, the Franck-
Condon factor S (and thus the rate) is about ten times
larger than in the first case. The measured halftime gives
the value d=19.5 A almost in agreement with the actual
distance. In this case the rate should slightly increase
with decreasing temperature (see Appendix). In both
cases a moderate temperature dependence of the rate of
electron transfer from the Cytachrom to the special pair is
expected for Rhodopseudomonas viridis, in contrast to the
strong temperature dependence observed in Chromati-
um."> For further analysis and as a crucial test of the
present theory it would be important to measure the tem-
perature dependence of this rate in the case of Rhodopseu-
domonas viridis under conditions where the structure is
retained.

V. ELECTRON TRANSFER FROM D* TO W, W7
TO W,,W; TO AANDTO D*,A-TO D+

These electron transfer rates were calculated as in Sec.
IV for various distances d, to dg (see Appendix) and
compared with the experimental rates given by the mea-
sured halftimes (Fig. 2). The distances d, to d¢ for which
the calculated rate agrees with the experimental rate are
given in the following table and compared with the x-ray
data of Deisenhofer et al.'® (the distance is given in
angstroms):

d, d;, d; d, ds ds

Calculated 18 <10 10 17 14 25
Observed 21 10 10 17 14 28

There is excellent agreement between these values. The
small value calculated for d¢ may indicate some flexibility
of the quinone (the shorter distances, occasionally reached
by fluctuation during the available time of milliseconds,
may be determining for the tunneling).
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In the case of the electron transfer from W3 to A4 it
can be concluded from the temperature dependence that
such a coincidence is given in the reaction center (see Ap-
pendix). It seems to be the result of an optimization pro-
cess: in the case of coincidence A can be at a larger dis-
tance ds to fulfill the requirements for an energy storing
device than in any other case.

The calculated rates are strongly changed by small
changes in the assumed distances d; to dg, showing that
slightly changed arrangements of the chromophores can-
not act anymore as energy storing systems. For instance,
if d; is increased by 3 A, the rate of electron transfer
from W7 to W, decreases by a factor of 100 and is then
much smaller than the rate of deactivation of D* (see Ap-
pendix). Thus electron transfer cannot successfully com-
pete anymore with deactivation. The result demonstrates
that the arrangement in the reaction center is highly op-
timized and that energy-storing systems constructed ac-
cording to these principles must be extremely well organ-
ized, each functional component molecule being exactly
adjusted to the other.

No adjustable parameters are introduced in the calcula-
tion, but there is some ambiguity in the value of the
dielectric constant D. All calculations are based on the
value D=4, but the result is rather insensitive to D. [For

example, in the case of 4 ~ 5D+ (dg=25 ;\), € (in 1078
eV) varies from 1 (D=3) to 3 (D=4) to 9 (D=6).] Thus
the values d; to dg obtained from rate constants change
slightly with D. Some remarkable features of the calcula-
tion of the rate constants shall be mentioned (for details,
see Appendix).

A. Arrangement D,W |, W,

As mentioned in Sec. I the geometry of this arrange-
ment should be determined by the condition that electron
transfer from D* to W, and to W, is fast compared with
the deactivation of D* (20 ps) and that the electron
transfer from W3 to D™ is as slow as possible under this
condition.

For the arrangement given by Deisenhofer et al. the
value e~1072 eV is obtained for both the electron transfer
from D* to W, and from W7 to W,. In the case of en-
ergetic match the time to transfer the electron from D* to
W, should be roughly equal to 4 /2¢=0.2 ps; and similar
time should be required for the transfer from W, to W,
and the back transfers from W, to W, and from W, to
D* forming D*. The electron thus moving between
D W, W, can be trapped at W, by vibrational relaxation.
The electron may also be trapped at D by deactivation of
D*, however, this is less probable than the trapping at
W, since the lifetime of D* is about 20 ps as compared to
the vibrational relaxation time of W5 of 1 ps. The re-
laxed state of W3 is lower than W7 and D* and untrap-
ping therefore requires thermal activation. Thus the elec-
tron transfer from D* to W, via W, within a few pi-
coseconds and the formation of a transient state W7
within a fraction of a picosecond!”* can be rationalized
by assuming an intermediate where the excited electron is
spread over D W, W,.

Evidence for the accessory bacteriochlorophyll being in-
volved as a transient was obtained from 150 fs flash spec-
troscopy on Rhodopseudomonas viridis,'” but no corre-
sponding evidence was obtained in the case of Rhodopseu-
domonas sphaeroides.3’ It was suggested that the pro-
posed intermediate can be excluded.’”3® This does not
seem reasonable in the present view, since the value
e=10"* eV obtained for the direct electron transfer from
D* to W, corresponds to a time of A/2e=20 ps, not
smaller than the 20 ps lifetime of D*.

The electron trapped at W, can be transferred back to
D™ by tunneling through the space between W5 and D+
or by thermal activation and back transfer via W.

The direct electron transfer can lead to the excited sing-
let, the triplet, or the ground state of D. The first case
can be neglected since the reaction is uphill. In the third
case the reaction is downhill by 1.1 eV and is slow due to
the high vibronic excitation. Only the second case [form-
ing triplet, reaction downhill by 0.2 eV (Ref. 40)] must be
considered. It takes a time of the order of nanoseconds
(see Appendix) in agreement with a recent experimental
value,*! and in addition the time required for relaxing the
spin in W3, which should be of the order of a few
nanoseconds.*?—#

The rate of back transfer by thermal activation depends
on the energetic position of W,. In the optimum case,
determined according to Sec. I, the level should be by
about 0.17 eV below the level of W7 (and D*) and in
reality by about 0.2 eV (Sec. II). Then the back transfer to
W, requires thermal activation of about 0.2 eV; being in
W, the electron falls back to W, again, or (with small
probability) it moves to D™ and is trapped by deactiva-
tion (as mentioned above this probability is 5 ). The back

transfer by this mechanism then requires 20¢%% V48T
=4 10* collisions or about 4 X 10* ps=40 ns, in reason-
able agreement with a recent experimental result.*!"%
Considering these different channels the halftime should
be in the 10 ns range. The measured halftime is 15 ns.
This is indeed long compared to the halftime for the elec-
tron transfer from W3 to A (230 ps).

The optimum gap between levels Wi and W is ob-
tained by maximizing the free-energy gain per absorbed
quantum of light, the quantity AG°P where AG° is the
free energy required to transfer the electron from D to A4,
and P is the probability that the excited electron is
transferred from D* to 4. We write AG°=U,—U,—U,
where U, is the excitation energy (1.29 eV), U, the energy
difference of W3 and D*, and U, the energy difference
of A~ and W35 [U,=0.46 €V, as obtained from the mid-
point potentials of W, /W, (—0.62 eV) and A~ /A4
(—0.165 eV) and therefore AG°=0.83 eV— U,]. Fur-
thermore

1
230 ps
1 1 1
230 ps + 15 ns * 20 ps

P=

’
—U,/kgT
e 17%*B

230 ps is the halftime for electron transfer from W3 to
A, 15 ns the halftime for tunneling from W3 to D ¥, and
20 ps is the time for thermally deactivating D*. The
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maximum of the function AG°P is obtained for
U,/kgT=5.7 or U;=0.148 eV. In this case the thermal-
ly activated back transfer is fast in comparison with the
back transfer by tunneling from W3 to D7¥; in the case
U,=0.2 eV (which is probably given in the reaction
center of Rhodopseudomonas viridis) the thermally ac-
tivated back transfer is slow in comparison.

As mentioned above the fast transfer from W7 to W,
requires an activationless process. The electron transfer is
accompanied by vibronic excitation of donor or acceptor
(vibrational energy fiwp or #w, of 0.17 eV) which is later
dissipated. The residual energy loss of 0.2—0.17
eV=0.03 eV is considered to be due to environmental
reorganization.

B. Acceptor A

The electron trapped in A4 can be transferred back to
D™ by tunneling through space or by thermal activation
and back transfer via W, or via W, and W,. The direct
electron transfer leading to the triplet of D is uphill in
this case and only the transfer to the ground state must be
considered. In the thermally activated back transfer the
electron in A ~ is lifted to the level of W3, tunnels to W,
and is then transferred to D (directly or via W,). The
halftime of this back transfer from 4~ to W, differs
from the halftime of the forward reaction (230 ps) by the
Boltzmann factor (it is uphill by AG°=0.465 eV), and
this gives a halftime of (230 ps)Xexp(0.465 eV/kpT)
=10"2s. The probability of the electron to be transferred
from W3 to D7 and to be trapped is 1.5% (230 ps/15 ns)
and thus electron transfer from 4 ~ to D™ via W, occurs
in about 1s. If the level of 4~ would be higher by 0.1 eV
the corresponding time would be 5 ms. Thus the observed
level of A~ seems to be almost but not fully optimized.

BChl BChi

VI. WHAT IS THE ACTION
OF THE SECOND BRANCH?

As mentioned in Sec. II a quinone seems to bind oc-
casionally to the second branch, to accept the electron
from the quinone bound to the first branch, to diffuse
away, and to transfer the electron to some reactant, thus
acting as a shuttle shifting electrons into a pool. Such an
arrangement allows removal of the negative charge from
A~ within a fraction of a millisecond. The electron
transport system then has recovered by the time the next
exciton arrives in the reaction center under natural condi-
tions. The assumption that the second branch is impor-
tant as a support, but takes no active part in electron
transfer, is justified by the fact that the formation of W5
has an effect on the absorption of only one of the two ex-
tra bacteriochlorophylls besides the special pair.*® The
inactivity of the second branch could be due to the fact
that W73 in the second branch is at a slightly higher ener-
gy level due to the changed environment. Then it does
not act as a trap; the excited electron is trapped by W, in
the first branch, even if it has been transferred primarily
to the second branch.

It can be imagined that the second branch took an ac-
tive part in electron transfer at an earlier evolutionary
stage. Assuming for such a stage that both quinones are
loosely bound and only part of the time present,
photoreduction takes place if at least one of the two
quinones is bound. The electron is transferred to the
quinone in either case, if it is bound to the first or the
second branch. Therefore, the quantum yield is increased
by the action of the second branch as conducting element.

A further increase in yield is given by tightly binding
quinone Q4 and loosely binding quinone Qp. In this case
quinone Q, is always present and ready to accept the
electron (except for the short time of 6 us needed to

BChl
BCHl

BChl BChI

o1
)
)
1
1
]
I
1
|

(b) (c)

FIG. 4. Possible steps in evolution of bacterial photosynthesis. (a) Membrane bound antenna molecules (bacteriochlorophyll or pre-
cursor) and protein (prot) that binds such molecules and loosely binds quinone Q. Chromophores bound to prot act as weak exciton
trap and as pump of electrons from photoexcited chromophore to quinone. The chromophore is regenerated by accepting an electron
from membrane bound donor cytochrome (cyt). (b) Two electron transfer systems of the type shown in (a) have joined forming special
pair of bacteriochlorophyll molecules. The pair is a better exciton trap than the single molecule (bathochromic band shift). By evolu-
tion of prot an arrangement of bacteriochlorophyll, bacteriopheophytine, and quinone develops that is optimized for efficient energy
storage by electron transfer. (c) Loss of symmetry by functional division: Photoinduced electron transfer from cyt to Qp via Q4; Q4
binds more strongly. Qp as before, carries electrons into pool. Functional division by evolution of prot into prot, and protg. The
specific interaction with the proteins determines energy levels of chromophores. Increase in efficiency by keeping cytochrom in fixed
position.



3416 HANS KUHN 34

transfer the electron from Q4 to Qp). Then the develop-
ment of such an asymmetrical arrangement (with only one
branch acting as electron transport system) has a selec-
tional advantage and the present system can have
developed in this way in the course of evolution. It per-
mits the separation of the device for photoinduced elec-
tron transfer and the device for carrying the electron into
the pool where it is delivered at some acceptor. The pro-
posed separation of an originally symmetric arrangement
into two cooperating devices corresponds to a general pat-
tern of evolutionary processes.

The originally symmetric arrangement is assumed to
have evolved from a simple electron transfer system ob-
tained by binding two bacteriochlorophylls and a bac-
teriopheophytin or some ancestors to a protein. It is as-
sumed that two such systems joined forming the special
pair. The arrangement then had a strong selectional ad-
vantage, since a better exciton trap now was present. This
hypothesis predicts the involvement of two proteins in the
fixation of the chromophores forming the two branches.!?
These proteins having evolved from the same ancestor
must be genetically related (Fig. 4). Thus the puzzling
complexity of the structure of the reaction center, which
first appears unnecessary and useless, is considered to be a
logical result of an evolutionary process.

As recently found by Deisenhofer et al.* the proposed
arrangement of proteins is indeed present in the reaction
center. A third protein H, bound to the ends of the two
branches, adds to the rigidity of the assembly [dashed cir-
cle in Fig. 4(c)]. Q4 is bound to a portion of proty inter-
locking prot 4. This finding does not contradict the given
argumentation, since the strong binding of Q, is con-
sidered as a late evolutionary step.

The results indicate that the arrangement of the chro-
mophores in the reaction center is optimized by nature in
an astonishing fashion. Surprisingly the protein seems to
be acting essentially as a spacer allowing a very specific
arrangement of the chromophores.
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APPENDIX: EVALUATION OF RATE CONSTANTS
OF ELECTRON TRANSFER REACTIONS

D'5D*, D5SD'*, D* S W, Wi SD+,
WiSW,, Wi SW,, WiSD+, W55 A4,
A~ SW, A-5D+
Donor and acceptor molecules are assumed to be in a
dielectric with D=4 (protein) in the geometrical arrange-

ment given by Deisenhofer et al. and in alternative ar-
rangements. For evaluating Eq. (3) the wave functions of

the electron before and after transfer from donor (D) to
acceptor (A4) must be given and € and S can then be cal-
culated.

1. Wave functions of electrons before and after transfer

In the case of the electron transfer from D* to W, a7
electron extending over the special pair D becomes a 7
electron extending over W,. The approximate wave func-
tion of the electron before and after transfer has first 8
and then 10 antinodes in each of the two molecules of the
special pair. It is described by atomic orbitals ¥, ;:

d’elz Eci'/"el,i . (A1)

At small distances r; of the electron from nucleus
i 4, ; can be represented by a Slater function

z.
Ye,i =Ns;i |— eXP[—Zeff,r’i/(zao)]‘rL

i

(forr;<r,) (A2)

where Z g ;=3.25 for C, 3.90 for N, a, is Bohr’s radius.
For evaluating ¢ the wave function at large distance is of
interest, where the electron is effectively in the field of its
counter charge eo in a dielectric of permittivity D [poten-
tial energy —eg 2/(Dr)]. Since the energy of the electron
has a given value —¢ its wave function at large dlstance r
must fulfill the Schrodinger equation for ¥V = —e3/(Dr)
for this energy —¢. This is the case for the function

ri -t —ar; Zj
Ya,i=N; | — J e '— (forry>r,), (A3)
ao ri
a=V2me/#, (Ad)
=(aa,D)~! (A5)

(m is the mass of electron) if r>>ayD. In the present
case of the excited singlet state D* the values E = —0.83
V (Sec. II); p=0.82 eV (Sec. IV); D=4, a=0.465 A~
n=1.02 are obtained. Ng; and N; are interrelated since
1,; must smoothly go over into (A2) and (A3). For sim-
plicity we apply (A2) for r <r, and (A3) for r 2r, where
r,=17 A is the van der Waals radius of a 7 electron.
Equalizing (A2) and (A3) at r =r,, gives

N; =Ng,,~(r,,/ao)2"’exp{ [a—Z:/(2a9)]r,} . (A6)

Ng ; is given by normalizing the wave function. Since the
electron charge is mainly at r <r, it is reasonable to ap-
proximate Ng; by normalizing the Slater function

572
ag??. (A7)

In the case of the wave function of the electron after
transfer, ¥ is obtained accordingly. However, it must be
taken into account in this case that the electron in W7 is
bound to a neutral molecule W; (V=0 at r >r,) and to
fulfill the Schrodinger equation at large #; values, n must
be taken as zero:
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-1
Yer,i =N; —] e "= (forr;2r,) . (A8)

r;

In the transfer considered here, D* S W, the initial wave
function has 10 antinodes in each of the two molecules in
the special pair.®> At the end the electron is in W, and
has again a wave function with 10 antinodes.

The wave functions of the different components indi-
cated in Figs. 5 and 6 are obtained in the same manner
from free electron model calculations.*

In the case of the electron transfer from D’ to Dt the
initial wave function cannot be simply considered as a 3d
orbitals of Fe?t, since 90% of the charge is in the 7-
electron portion.*’ The wave function (Fig. 6) can be ap-
proximated by a sum of atomic contributions [Eq. (A1)].

Two possible electronic structures of D+ should be
considered, since it is not decided from ESR studies*®*’ if
the positive charge spreads over both molecules in the oxi-
dized special pair or if it hops between the two molecules
in times shorter than 7 ps. In the first case the wave func-
tion extends over both molecules, in the second case it is
restricted to one molecule and has ¢;’s larger by a factor

of V2.

2. Evaluation of Eq. (3)

Considering downhill electron transfer (from electronic
wave function 9 p to ¢ 4) the system is first in the
vibronic ground state (vibronic wave functions of donor

3417

and acceptor @po and @ 4o) and at the end in the vibronic
state with quantum numbers v and w, respectively (@p,
and ¢'y,). (For simplicity it is assumed that only one nor-
mal vibration is excited in each molecule.) The transition
(from state with wave function ¥ p@po@.o to state with
wave function v 4@p, @) takes place if the two states
energetically match. This requires some thermal activa-
tion energy A,,. The rate of electron transfer then is
given by (3)

k=2 se2 (A9)
#i
where
5=<'/’el,D ' vV I lI’e],A ) ) (A10)
- l ’ ’
§S=3e B ks T (@po| @b ) @u0l @), (AL
nw

kg T

V is the perturbation energy of the electron of the donor
by the acceptor. This is essentially identical with the usu-
al description,?”*°—52 however, the relation

) o ~dw/kaT
kgT

is used for the probability that states v and w match (ac-
tivation energy A,,) where § is the uncertainty in energy.
8 cancels in writing the expression for k. It is assumed
that solvent reorganization is unimportant for electron
transfer in the present case (the chromophores are sur-

FIG. 5. Upper lobes of wave functions relevant to transition D' 5D+ indicated. Special pair D and heme D’.
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rounded by an essentially rigid protein portion and the
electronic charge, before and after transfer is spread over
a large w-electron portion). The electron transfer is con-
sidered as being initiated by thermal activation leading to
energetic coincidence, environmental reorganization even-
tually taking place as a consecutive process. A uniform
density of energy states is assumed.

The formalism is valid for small perturbation
(e <#i/2mt,, where t, is the time to destroy phase relations
in electron transfer, i.e., the time between collisions that
can lead to energetic match or destroy match). This is the

case in the transitions D'->D*, DSD'*, Wi 54,
A=SW,, Wy 5D*, and A-5D+. If e>#/2mt, but
still small compared to kpT (this case is given for transi-
tions D* SW,, Wi S>D*, Wi -SW,, and W; SW,)
we use the equation®>*

=i2eS .

L

(A12)

It is obtained by considering that §=2¢ in the present case

and that the rate of the transition v, p@poPao
—> Y, APDyPaw> 18 1/t. times the probability to reach
match by a collision, times the probability that the donor,
after removing an electron, is in state v (probability
(@po| @py)?), times the probability that the acceptor,
after accepting an electron, is in state w (probability
(@a0| Paw)?). We use the value z,=10""* s throughout
the paper. Jortner’! gives the value 5X10~!% s in ordi-
nary solids based on picosecond spectroscopy, Kenkre and
Knox> obtained values between 10 fs and 53 ps in the
case of excitation transfer.

3. Evaluation of €
€ is obtained from (A10) by introducing the wave func-
tions given above. The integral can be easily approximat-
ed in all cases of neutral acceptors (D*SW,, WTSW,,

Wz_-e»Wl, W{—f»A, and 4 *—in where V=0 except at
r; <r,). In the region r; <r, V is given by the Slater po-
tential ¥V;

FIG. 6. Wave functions in special pair D, W;, W;, and 4 relevant to transitions D‘—'»Wl, W,‘—'» W, W7 5A.
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2 Eij x
e a R
Vi=— =" \Zati—— [+Vo. (A13) v = o, (A21)
i i

The term V3 =3.8 eV(1—1/D)=2.85 eV [see Eq. (2)] is
added since the potential energy is considered to be zero in

the medium, not in the vacuum. According to (Al) and
(A10),

e= X cicjey »
ij

5= Ye,0i | Vj | Yer,45) >

where the ¢;’s and c;’s refer to donor D and acceptor 4,
respectively. In evaluating €; the wave function ¥, p;
given by Egs. (A3), (A6), and (A7), and ) 4; given by
Egs. (A2) and (A7) for i —j, are divided into components
with the orbital axes parallel and perpendicular to the line
connecting the atoms (x axis in Fig. 7),

(A14)

(A15)

&jj =e,j,,‘cos{‘),-cosﬁj +£ij,y,sim?,sinﬁjcosa,~j . (A16)

The interaction energy resulting from the first component
is easily obtained if we set r; =x; and expand the exponen-
tial in (A3)

—ar; —e —ax; e —a(d,-j+xj)=

- e “(1—ax) . (A17)

The integrals obtained by introducing these functions and
(A13) in (A15) and integrating from r;=0 to r;=r, can
be solved analytically, and we find

Eijx =e‘ad‘f(d,~,- /ag)" ~lconst , (A18)
2
=0 NN<.ad|=2— 807
const= 2aoN,Ns']ao Zat, (aay) 3 (A19)

if the term ¥, in (A13) is neglected and the integral ex-
tended to infinity and if the overlap term, which is small
in this case, is neglected. We find const=N;N; jaaq 1,
where

d=m sr=cw _z r/2
I= eff’ 0 x2
fa=0 f’=o e Vx“dr

3 2
€0 580w

24,7973

2
Zeff

(A20)

with x =rcos?d, and dr=2#rsindddrdr (considering
the true upper limit 7, and ¥, gives the factor 64.5 in-
stead of 80). « and i relate to donor, j to acceptor. N; is
the normalization constant [Eq. (A6)] for donor, Ny ; the
normalization constant [Eq. (A7)] for acceptor. In find-
ing the second component r; and x; can be taken as con-
stant and we obtain

FIG. 7. Angles 9¥;a;9; and distance d;;.

€ can then be evaluated in the five cases D*->W,,

TSW, W;SW, W74, A—5W, by summa-
tion over i and j [Eq. (A14)]. In evaluating (A 14) we have
considered each antinode as a pseudoatom of carbon
(Zg;=3.25). This simplification has little influence on
the result. The c;’s and c;’s are given by the free electron
model, see Figs. 5 and 6. The numerical values of the c¢;’s
are indicated at some lobes; all other ¢;’s are given by
these values by symmetry.

In all cases with charged acceptor (D'SD+, DSD',

TSD, W; 5D+, A—5D*) an additional contri-
bution besides (A18) and (A21) results from the Coulomb
energy of the electron in the field of the counter charge.
It can be estimated easily and it turns out to be small in
the present cases and is neglected.

The € values thus obtained are given in Table 1. In
judging the results it should be realized that only a few
terms in the sum in (A14) are important (the contribution
of the antinodes of donor and acceptor that are nearest to
each other).

4. Evaluation of S

a. D'SD+

Vibronic excitation of acceptor D*. For calculating S
the integrals (@po|Pp,) and (@40|@Plw) must be
evaluated. This is illustrated in the case of the electron
accepted by the special pair, assuming that the positive
charge extends over both molecules. With the increasing
charge density due to the extra electron (wave function in-
dicated in Fig. 5) the bonds 1-2, 8-9, 10-11, 17-18
compress and the bonds 1-18, 9-10, 2-3, 7-8, 11-12, 16-17
(where the extra electron has a node and is therefore anti-
bonding) extend. Essentially, the C-C valence vibrations
of bonds 1-2, 8-9, 10-11, 17-18 (1400 cm~',
0,4 =2.64%10" s~) are excited, i.e., a number of normal
vibrations of roughly the same frequency. We assume for
simplicity that the situation can be described as excitation
of a single vibration. This is correct if all the excited nor-
mal vibrations have the same frequency.®

(@40| Paw )? is given by the expression

Y ‘5A§_"“I_
<¢Ao|¢Aw> =e w! ’

with (A22)

@
Ba=—z ZMpi,
where M; is the mass of the nucleus of atom i, and p; is
the distance between equilibrium position of atom i before
and after electron transfer. In the present case, as shown
in the following, B, is small (the change in bond lengths
is small): the system that has accepted the electron is
most frequently found in the vibrationless state (w=0).
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o To approximate the decrease in length of bonds 1-2, 8-
_ o ot 9, 10-11, 17-18, in which the additional 7 electron has an
~ < S8 antinode the relation

Ty Ll<g

= 1 I=%3 & 037 (A23)

g Z zei A A

= 1 XXX is used. Al is the change in bond length, o the density of

- this electron in the center of the bond (measured in num-
ber of electrons per unit length).’® ¢ is given by the free
electron model. For bond 1-2 we find from Ref. 33 taking
into account that the electron is spread over two mole-

7 7 T cules,

=) = eee 2

X X X X X 1 . 2wl 1

n ~ Nnon o= 21 0.3203 sin 24190 | = IO.OSO
(where =14 A is Jthe bond length) and there-

- - fore Al=—1.3X1072 A. (The simple perimeter model

2 g would give o=(1/2)(2/18])[sin(47/9)]*=(1/1)(0.9/18)

X o =(1/0)0.05.)

0 - < The resulting shift in equilibrium position of the nuclei
1,2,8,9, 10, 11, 17, and 18 and of the corresponding nu-
clei in the second molecule of special pair D is approxi-
mately 3 X 1.3X 1072 A. Similarly, the change in length

° ° ° of bonds 3-4, 6-7, 12-13, and 15-16 is

3.2
1 o 2w 1
o= 2l 0.3006 sin 2,419 ] =7 0.032

] Q Q o

S S s and therefore Al = —8.2X 1073 A.

Therefore, if the electron extends over both molecules,
3 Mp?=16(2x10"2 g)[(+ X 1.3x 1072 A)?

a a9 +(7Xx8.2x107% A)7].

< « «

- - - According to (A22) B,=0.24 and therefore (¥ 40| ¥4y )*
is 0.84 for w=0, 0.19 for w=1, and 0.02 for w=2. For
the present purpose this simple approximation is suffi-
cient. A low-frequency lattice vibration was considered

) w " . .

2 3 Q but does not contribute appreciably.

© S o In a more rigorous description a normal vibration

+ + ! analysis would be required and it should be taken into ac-
count that several normal vibrations k can.be excited.
(@a0| Paw 2=e P4(B% /w!) has to be replaced by a
product

3 3 % }

S =] S k

boor 4 | | C (A24)
k wk!
where
§ g § © [zMiAkiPicosaki ’
T 9 9 Bak=—= 5 : (A25)
27 S M A%
Ay; is the amplitude of atom i if normal vibration k is ex-
cited, ay; the angle between the direction of p; and A4;.
° In Ref. 56 such an analysis was made in considering the
~ 4 + B electronic excitation of some 7-electron systems and the

B Q 3 Sz simplified model considering only one normal vibration

il ",T < 15 was found to be well justified.

~ <E =5 Vibronic excitation of donor D'. In removing the elec-
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tron from D’ the four Fe-N bonds extend since the wave
function in Fig. 4 has antinodes in bonds Fe-1 and Fe-9,
the complementary wave function of the twofold degen-
erate set has antinodes in bonds Fe-5 and Fe-13. Bonds
1-2, 1-16, 9-8, and 9-10 and bonds 5-4, 5-6, 13-12, and
13-14 compress since there are nodes of the wave function
in Fig. 5 or of the complementary wave function in these
bonds. The breathinglike mode then is &ssentially excited.
From resonance Raman spectroscopy?’ this mode is at
wp=(1372 cm~")2mrc and atoms 1,5,9,13 on the one hand,
and atoms 2,4,6,8,10,12,14,16 on the other hand, are dis-
placed by about 0.01 A. Then ZMp, is approximately
12(2x 10~ g)0.01 A)? and therefore [according to Eq.
(A22)] Bp=0.3, {@po|@p, )?=0.74 for v=0, 0.22 for
v=1, 0.03 for v=2.

Energetic match of D' and D*. The level of acceptor
D™ is below the level of D' by —AG®=0.13 eV [differ-
ence between midpoint potentials of D'/D'* and D/D*
(Table I) multiplied by e] and therefore the following
states of D' and D% almost coincide [activation energy
Ay =Wop +we )fi+AG° small] (Fig. 8) (as usually as-
sumed, the energy loss is identified with the loss of free
energy, which is not strictly correct):

v=0, w=1, A;=0.044¢V,

v=1, w=0, A;p=0.040 eV .

In all other cases the activation energy is much larger and
the corresponding contribution to S can be neglected.
Therefore

__ 1 -Bp-8B,
S = kBTe (e

with 8, =0.3, B,=0.24. Thus S=2.4eV~!,

We have neglected the environmental reorganization
after the electron transfer by which the levels of D't and
D are lowered. The loss of free energy before the relaxa-
tion of the environment then is somewhat smaller than
when bringing the system into the relaxed state, i.e.,
smaller than —AG®=0.13 eV. If this loss is zero (second
case considered at the end of Sec. IV: energy levels of vi-
brationless states before and after electron transfer coin-
cide; electron transfer is followed by environmental reor-
ganization, and then the electron is trapped at acceptor
D%) we find:

- /kp T —Ao/kp T
Ag 2Tg 4o M0ksTg

— w:3 w:3
ve2 —— ve2 —
—— Wz2 w=2
v=1 1 v=1
017eV . _ .
v=0 - ' " v=0 ' o17z.evw 1
013ev{ w0 omevf [0M7eeV

(@) 4,=0,040ev (b) 4y =0.04beV

FIG. 8. Electron transfer D'->D*. Energy released in elec-
tron transfer is expended for vibronic excitation of donor (a) or
acceptor (b).

I -
S = Ky T e =22¢eV
In case the positive charge in D7 is not spread, but is
localized in one molecule of the specia] pair the change in
bond lengths 1s twice the change in the case considered
above, then p? in (A22) is four times larger, but the sum
extends over half the number of terms, and therefore
B4=2x0.24=0.48 and we find $=2.7 eV~! in the first
case considered in Sec. IV, S=18 eV~! in the second case.

b. DSD'

The reverse reaction D->D'* is uphill by AG®=0.13
eV. The system has to be activated thermally by this
amount to reach the same probability of energetic match
as in the foward reaction, and therefore S is obtained by

ultlplymg the S value of the forward reaction, e.g., 2.4

—AGY/k T
eV~! with e B

| —0.13eV/kgT

S=24eV-le =1.6X10"%2evV~!.

All the other electron transfer rates are evaluated accord-
ingly.

The values of €, S, and k given in Table I are based on
the assumption that the positive charge extends over both
molecules in D*. If it extends only over one molecule of
the special pair S changes slightly and € is smaller by a
factor 1/V'2 since the sum in (A1) has half the number of
terms, each term being larger by a factor of V2 (normal-
ization condition). Therefore, the k value can be smaller
by a factor of 2 in some cases and this difference is not
relevant.

Of particular interest is the electron transfer from W3
to A, where the rate is increasing when lowering tempera-
ture’’ (Fig. 9). The loss of free energy is —AG°=0.465
eV. We assume that the energy level of 4~ is by 2X0.17
eV =0.34 eV below the level of W3 and that the residual
loss of free energy 0.465—0.34 eV=0.125 eV is the loss

Ly

300 K
T(K)
FIG. 9. Electron transfer from W3 to 4. Rate kr/kixnk

against T for §=0.01 eV. Theoretical curve and points accord-
ing to Ref. 57.

100 200
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by environmental reorganization subsequent to electron
transfer. In this case (activationless electron transfer)

1 e "BD ‘BA ﬁ BDBA + ﬁ
kpT orn! 1" on!
1

_ —Bp—B4 21 -1
= kBTe (Bp+B4) o =10eV

S=

is larger than in all other cases where an activation energy
is required for energetic match. S (and thus rate k) then
is proportional to 1/T. This is actually observed at suffi-
ciently high temperature (Fig. 9), while at low tempera-
ture k tends to be temperature independent. This is ex-
plained by the fact that the vibronic levels are not sharp (a
sum of normal vibrations with very similar frequencies is
excited). Assuming a uniform distribution within width
8, the probability of energetic match is proportional
to ¢e/kgT at kyT>>8 and proportional to
(e/kgT)kpT/d) at kgT < 8. The theoretical curve (Fig.
9) for §=0.01 eV agrees well with the observation
(points), in contrast to the conventional 1/vVT depen-
dence. A corresponding approximation is made in the
case of the electron transfer from 4~ to D%, where also
the rate is increasing when lowering temperature [M. R.
Gunner, D. E. Robertson, and P. L. Dutton (private com-
munication)].

Comparison with other formalisms. It is of interest to
compare the present approach with approaches by Hop-
field, Jortner, and Marcus. In the present approach, in
the case of the electron transfer from cytochrom ¢
to the special pair, S=2.4 eV~! and e=1.0x10""°
eV for d=18 A (d=d, in Fig. 2) and thus
k=27 /#)Se?=2x10° s~! in agreement with experi-
ment. For various d values € can_be approximated by
€=(3.9 eV)exp(—ad) with a=0.72 A~ and thus

k =(4x10" s—1)e—14ANd (A26)

Hopfield’s and Jortner’s approaches are based on con-
siderably smaller S values. Hopfield®® calculated S from
the semiclassical expression S =(2mo?)~!"2exp[ —(Ep
—E —A)*/20%] assuming the valuess A=1 eV,
Ep—E=0.05 eV and 0>=0.06 eV? (for 300 K) and ob-
tained the value S =1073 eV~!. The basic reason for the
small S value of this electron transfer reaction which is
characterized by a small free-energy loss and a large sol-
vent reorganization energy (A=1 eV), is the high thermal
activation to overcome the solvent reorganization energy.
Jortner’?> used a quantum-mechanical model, similar to
the one used here, but assumed a value Bp+8,=46
which is much larger than the value BE +B,4=0.54 ob-
tained here and thus the factor e 4 in the expres-
sion for S then is much smaller. Therefore, in Hopfield’s
and Jortner’s approach the distance between donor and ac-
ceptor calculated from the known value of the rate con-
stant is much smaller than the actual distance. Jortner
considered the possibility of superexchange type coupling
to explain the discrepancy. In the present view this
discrepancy is due to the particular choice of parameters.

In Jortner’s case the assumed phonon coupling strength
Bp+B4=46 corresponds to the value .o scceptorPt

3423
=04 A). This follows from Eq. (A22) with
wp=0,=2.64X10"* s~! M;=2%x10"% g In the

present view the value expected for the above sum is
much smaller. If the electron would be confined to one
bond in the donor before electron transfer and to one bond
in the acceptor after transfer the change in bond length
would be about 0.1 A (half of the difference between sin-
gle and double bond length), and therefore

2
S pi=4 =(0.1 A).
donor,

acceptor

0.1A
2

In reality the electron cloud is spread over several bonds
(say over m bonds in the donor before transfer and over n
bonds in the acceptor after transfer). Then

0 1 0.1 1
S pi= +2
donor, ' 2n
acceptor
_(01AZ |1 1
-2 1m  n

For a rough estimate m =n =4 and therefore

(0.1 A)?

Soi="

This is much smaller than the above value (0.4 A)2. How-
ever, in the present view (8p + 4 =0.54) Eq. (A22) gives

S p}=(0.05A)?,
donor,
acceptor

=(0.05 A)? .

in agreement with this estimate.

Marcus and Sutin?’ assumed that the rate is given by
the expression

*

k =(101 s=1)g =B ~A% /KT (A27)
with =12 A~! and AG*=7.1 KJmol~'. d’ is the
separation of the closest C atoms of the two reactants (15
A according to the x-ray analysis of Deisenhofer et al.,
i.e.,, 6 A smaller than the center to center distance d)
minus an amount of 3 A to allow for the extension of the
m-electron orbital beyond the carbon nucleus. Thus
d’'=d —9 A. The value of 8 and the preexponential fac-
tor 10! s~! were obtained by adjustment to experimental
rate constants in nonbiological systems such as monolayer
assemblies. If we substitute d for d’' we obtain for
T=300K,

k =(10'3 s—1)e —BdoB19 A)g 059

=(2.9%10% s~ )e~12A7hd (A28)
In the relevant case d=21 A both Egs. (A26) and (A28)
give a similar value k=10’ s~!. In judging the result it
should be taken into account that the constants in the
Marcus-Sutin approach are extracted from experimental
rate constants while this is not the case here.

The present approach is in accord with experimental re-
sults on the electron transfer in monolayer assemblies, in
glassy matrices,”® and in arrangements where donor and
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acceptor are separated by a rigid steroid spacer.® Miller
et al. showed in a great number of cases that the rates of
electron transfer from diphenyl (—) to different acceptors
(typical cases are pyrene and naphthoquinone) can be
described as a function of the free-energy loss, using the
value A,=0.4 eV for the intramolecular reorganization
energy which is related to the phonon coupling strength
by Bp+B4=A,/fio=04 eV/0.17 eV=2.4. From the

change in 7-electron distribution accompanying the elec-
tron transfer from diphenyl (—) to pyrene or naphtho-
quinone we find the value Bp+pB,=2.5 in good agree-
ment with the above value 2.4. In Miller’s case the sol-
vent reorganization energy is quite important in contrast
to the present case, where a rigid environment of the chro-
mophores is assumed to be necessary for an efficient
energy-storing device.
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FIG. 5. Upper lobes of wave functions relevant to transition D'->D* indicated. Special pair D and heme D’.



FIG. 6. Wave functions in special pair D, W,, W5, and A relevant to transitions D* -5 W,, W7 -5W,, Wi > A.



FIG. 7. Angles %;a;%¥; and distance d;;.



