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A theory for the primary charge separation in photosynthetic bacteria is presented. We propose that this reaction may lie
in a regime that is different from the traditional nonadiabatic (golden rule) regime. In the context of the primary charge
separation, the assumption of nonadiabaticity implies that vibrational relaxation in (BChl),*(BPh)" is much faster than the
electron-transfer rate from (BChl),* to BPh (i.e., much faster than a picosecond). Instead, we propose that vibrational relaxation
in the charge-separated state might well compete with the rate of initial electron transfer. To describe such a regime, we
abandon the nonadiabatic theory and suggest that in the case of this reaction, the vibronic mixings between initial and final
vibronic states are of the same order of magnitude as the vibronic widths of the final states. When this is true, the transfer
rate competes with relaxation in the final vibronic manifold. We show that the proposed regime is plausible for the primary
charge separation since it predicts reasonable values for the relevant parameters of the reacting system (vibronic mixings,
widths, etc.), and it is consistent with several recent experiments. It also explains the robustness of the primary rate to changes
in the energy gap, temperature, and initial excitation in P*1.

Introduction

Bacterial photosynthesis has attracted the attention of theorists
and experimentalists for more than two decades.! Although great
progress has been made toward a better understanding of the
mechanisms involved,>™ there remain important questions without
conclusive answers.>® The best example is the primary charge
separation from the bacteriochlorophyll dimer to the bacterio-
pheophytin (P*I — P*I"). This reaction has been the subject of
extensive theoretical and experimental work>® because it involves
an exceptionally fast electronic transfer (3 ps), over a large distance
(17 A center-to-center).® This remarkable speed greatly con-
tributes to the high efficiency (close to unity) of the overall charge
separation (P*Qp — P*Qp") in the reaction center. Two mech-
anisms have been proposed to explain this rate. In one, the
bacteriochlorophyll monomer which lies between the dimer and
the bacteriopheophytin acts as a virtual intermediate for the
transferring electron.”® In the other it acts as a real interme-
diate.!%!! It has also been suggested that the two mechanisms
work in parallel.'>!? There are still no experimental data which
clearly distinguish between these possibilities.!*'7 All mechanisms
adopt a perturbative treatment for the primary transfer. The rate
is given by the nonadiabatic (golden rule) expression

rate = 27V, 2/ h)F n

where V,, is the mixing between initial and final (or intermediate)
electronic states, and F is a Franck—~Condon averaged density of
vibrational states.

The golden rule approximation is based on the assumption that
the mixings between initial and final vibronic states are much
smaller than the widths of the final vibronic states.’® In this case
the rate is much slower than the vibrational relaxation rate of the
final states. We argue that the golden rule regime may not be
appropriate for the primary charge separation. This reaction
involves an ultrafast electron transfer (3 ps) which could actually
compete with vibrational relaxation in the final vibronic manifold.

Instead, we propose that the primary charge separation may
lie in a different regime where the mixings between initial and
final states are of the same order of magnitude as the widths of
the final states. In this regime it is shown that the rate competes
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with relaxation in the final vibronic manifold (7, ~ 7), as may
well be the case for the primary transfer. We are then able to
explain the fast primary rate for reasonable values of the pa-
rameters of the reacting system (energy gap, vibronic mixings,
vibronic widths, and vibrational frequencies). Equally important,
the rate in this regime is shown to be robust to changes in all of
these parameters. This robustness is better than that exhibited
by golden rule theories and can explain several temperature, energy
gap, and hole-burning experiments which suggest that the de-
pendence of the primary rate on the degree of initial excitation
in P*I is slow (only 20% change in the rate when the degree of
initial excitation in P*[ varies by a few hundred wavenumbers).

Shortly after we obtained these results,'® we received the paper
by Vos et al.?® which demonstrates that the regime we have
identified is indeed of relevance to the primary charge separation.
We discuss in detail the way in which their experiment provides
evidence in favor of our predictions. We also correlate their results
with the temperature and energy gap experiments mentioned
above, and we reinterpret several other experiments in terms of
this regime.

Definition of the Rate

In our analysis of the primary charge separation, we use the
model shown in Figure 1 where a manifold {)i)ps;} of initial vibronic
states of P*1 is coupled to a manifold {|n)p+-} of final vibronic
states of P*I". A vibronic state is a combination of an electronic
and a nuclear-vibrational state. The vibronic couplings between
initial and final states are denoted by A, , and each state |n)p+-
is assigned a width #I'2! According to the Franck—Condon
approximation, the electronic transfer corresponds to a vertical
“flip” between the energy surfaces Epe(R) and Ep+-(R), at some
nuclear position R,. Energy conservation requires that R, is the
crossing point of the two energy surfaces. The vibronic couplings
A, , which induce the transfer at R, are then given by 4,, =
Va(R)(FC,)' 2 V,(Ry) is the electronic matrix element between
P*] and P*I", evaluated at R,. FC,, is the Franck—Condon factor
between the vibrational components of |i)p; and |#)p+-. The model
of Figure 1 and several of its variations are often used to study
radiationless transitions?>-* such as the primary charge separation.

The fundamental quantity of interest to the study of the primary
rate is the inverse lifetime of |/)pe; which corresponds to the average
rate of decay of the vibronic state. It is given by

- J; “dt P(1)/ j; “dt tP(1) 2
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Figure 1. Model used to describe the primary electron transfer. The
reaction can be thought of as the decay of an initial manifold of vibronic
states of P*I {|i)per}, into a final manifold of vibronic states of P*I
{In)p+r}. The decay is caused by the vibronic coupling between initial and
final states A,_,, = Vd(FC;‘u)l/z.

where P,(t) = [(ile”B"/*)i)|? is the survival probability for state
[)pe1. The corresponding decay amplitude is

: 1 - -
No-iAt/hy = —— —iEt/hy; {
{ile I i j;dE e {|G(E)) 3)
where (Appendix I)

, " _ 1

WG(EN» = (E - nhw - ihT /2)

(E - nhw)? + (AT /2)?
4)

The calculation of the decay amplitude (eq 3) amounts to finding

the residues of the Green’s function (eq 4)?° at its different poles

E,, and then using the residue theorem.

E-E -V, L(FC,)

Golden Rule Approximation and Its Implications to the
Primary Charge Separation

The golden rule expression for the rate (eq 1) is obtained by
letting the vibronic mixings be much less than the vibronic widths
(Va(FC;)'/* « AT in eq 4).% In this limit only one pole survives
and the decay amplitude (eq 3) is pure exponential (Appendix
I). The golden rule rate is then given by

v = 22V /h ®
where

. AT /2 6

= n( i,n),u_ (E; - nhw)? + (AT /2)? ©

F, the density of states seen by |i)ps;, gives the energy gap de-
pendence of the primary rate. It is a Franck—Condon-weighted
sum of Lorentzians of width AT, separated by Aw.?’

To get the relative magnitudes of the parameters involved in
this approximation, we rewrite the rate (eqs 5 and 6) in dimen-
sionless form:

" e dn(Va/ RTVEFC,). /2
— = 4%V in) "
r : m"Max ((E; - nhw) /AT) + (1/2)
)]
For the above expression to be valid the vibronic mixings must
be much less than the vibronic widths (V(FC,,)/? /AT « 1).
If Aw and AT are reasonable, so that the Lorentzian sum remains
finite, then the following relation holds: 7,!/T < FC;,(V,/hT)?
&« (FC,,)'*V,/AT. We conclude that in the golden rule regime

certain energy scales associated with the reaction are widely
separated:?®

h(r) « (FC,;))/*V4 « hT £ ho 8)

Golden Rule Approximation in Terms of Time Scales. We now
define two important time scales relevant to this discussion,*-3!
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Figure 2. Simple model for the decay of an initial vibronic level of P*I
into a final resonant vibronic level of P*I".

the vibronic mixing time 7., (or equivalently the electronic mixing
time 7%,), and the vibronic relaxation time r,,. The vibronic
mixing time is a measure of the time it takes for an initial vibronic
level |i)pe; to mix into a final level |n)p+- (Figure 2). It is given
by Tmix = h/A;, (the electronic mixing time is given by 7%, =
h/V,). The vibronic relaxation time is just the lifetime of the
final levels {|jn)p+] given by 7., = 1/T. In terms of these time
scales, eq 8 becomes

2771‘ D Thix = T:xlxix/(FCin)]/z > 2"r‘rrel 2 Tper (9)

where 7, = 27/w is the characteristic period of oscillation of the
nuclear reaction coodinate. In the golden rule regime, the lifetime
of the initial vibronic state is much greater than the mixing time
between initial and final states, which in turn is much greater than
the relaxation time of the final states. In other words, for a golden
rule theory to be valid, there must be a large separation of certain
time scales. This result (eq 9) should be kept in mind to better
understand the arguments we will be presenting in the next section.
If we substitute for the low temperature primary rate (r; ~
ps) in eq 9, we get 7, << 1 ps. Therefore, if the primary charge
separation were to lie in the golden rule regime, the vibrational
relaxation time in P*I"~ would be much less than a picosecond.
There are currently no experiments which measure 7, in P*I".
However, vibrational lifetimes of optical phonons in solids are of
the order of a picosecond.’>*3 Lifetimes of picoseconds have also
been observed in activated processes in proteins,> using molecular
dynamics simulations. It is therefore possible that golden rule
overestimates the rate of vibrational relaxation in P*I". It might
also underestimate the magnitude of the electronic mixing time
(or equivalently overestimate the electronic matrix element).

Nonperturbative Theory

In the discussion which follows we will often identify the initial
vibronic state |i)ps in Figure 1 with the ground vibronic state |0)psy.
We are allowed to do this since the primary rate is of the same
order of magnitude for both low and room temperatures (see
discussion of experiments). Also, as it will become apparent later,
the arguments presented here do not depend on the particular
choice for initial vibronic state of P*I. This choice just makes
the discussion more tractable.

Motivation. Consider the average decay rate of |i)ps resonantly
coupled to only one final state |n)p+-, shown in Figure 2. Ex-
pressed in units of I the decay rate is (Appendix II)

T 445 4+ 34%% - 4x? (10)

T' 2445 -243% + 432 - |
where x = A/AT. A plot of 7!/ as a function of x is shown
in Figure 3. This plot allows us to identify the different regimes
of the rate as a function of A in units of I'. We see that for 0.5
< x < 1, the rate is close to its optimal value I’ (0.6 < 7, !/T' <
0.7). The variation of the rate with respect to A is slow in this
region (linear with slope 1 for 0.4 < x < 0.6 and with slope -0.2
for 0.6 < x <1). We call this region optimal. For x 0.1 (A
=< 0.1AT) the rate shows a quadratic dependence with respect to
A, and this region describes the regime where golden rule is exact,
given by eq 8. For x 2 1 (A = AT) the rate approaches the value
of 0.5T and its variation with respect to A is extremely slow. This
is the overcoupled regime. The existence of the optimal regime
implies that

if A, ~ AT  then A7 ~ A, ~ AT (11)

In this regime the vibronic coupling is similar to the vibronic width,
and the decay rate (in units of energy) is approximately equal
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Figure 3. Plot of the decay rate of |i)p.; as a function of the vibronic
coupling 4, in units of the vibronic width of the final state I'. The
configuration is that given by Figure 2.

A/ RT

to these two parameters. In the language of the time scales defined
earlier, the mixing time is similar to the relaxation time, and the
lifetime of the initial state is of the same order of magnitude as
these two times:

if T = fgl‘ix/(FCin)llz ~ 2Ty

then 2xr; ~ Ty ~ 27%7y

We emphasize that the regime defined by eqs 11 and 12 is optimal;
the electron-transfer rate approaches the rate of vibrational re-
laxation of the final vibronic state. Also, the rate in this regime
requires a much smaller matrix element than the corresponding
golden rule rate to achieve the same speed (i.e., A(r/}) ~ V-
(FC)'/? as opposed to the golden rule case where A(7,7!) «
V. (FC)'/235 The question to be answered is whether or not the
primary charge separation lies in the optimal regime.

To address this question, we let 7;in eq 12 equal the low-tem-
perature primary rate (~1 ps). We then find that the vibronic
mixing time and the vibronic relaxation time must be of the order
of 6 and 1 ps, respectively (2zr; ~ 6 ps ~ 1%, /(FC,)'/? ~
2x7,). As already argued in our discussion of the golden rule
approximation, although there are no experiments that directly
measure vibronic relaxation in P*I-, relaxation times of the order
of a picosecond are reasonable. Furthermore, if we choose
(FC,)!/2 = 0.2 (a value consistent with experiments*), we predict
a magnitude for %, corresponding to ¥, ~ 30 cm™ which is also
plausible.’” Another piece of supporting evidence comes from
several energy gap, temperature, and hole-burning experi-
ments,’*** which suggest that the primary rate is not considerably
affected by changes in the vibronic excitation of P*I. This ro-
bustness is a consequence of the fact that in the optimal regime
(egs 11 and 12), the rate shows a slow variation (at most linear)
with respect to the vibronic mixing. So the rate changes slowly
with respect to changes in the electronic matrix element or the
Franck—Condon factor. On the other hand in the goiden rule
regime the dependence on vibronic coupling is stronger since it
is quadratic. We give a detailed discussion of all the relevant
experiments later.

A problem with the simple model of Figure 2 is the assumption
of resonance between initial and final states. Surely, one cannot
expect that a vibronic state of P*I always finds a resonant vibronic
state of P*I" to couple to. However, it can find nearly resonant
states if the {|n)p+|-} spectrum is dense enough. The condition of
near resonance is obtained if the energy spacing of the final states
is of the same order of magnitude as their energy widths.

(12)
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Figure 4. More realistic model for the decay of vibronic states of P*1

into vibronic states of P*I". The possibility of off resonance has been
taken into account.
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Figure 5. Plot of the different regimes of the decay rate of [{)pe; as 2
function of Aw and 4, in units of AT. The configuration of Figure 4 is
adopted.

Optimal Rate Regime. To quantitatively check this possibility
and to introduce another relevant parameter to the problem (the
period of nuclear oscillations), we consider the simplest possible
situation that captures all the relevant physics (Figure 4). We
let |i)pe; couple to only two final states |n)p+;- and compute the
exact value of its decay rate 7! without any further approxi-
mations. As before, we want to study the decay rate of |i}ps; in
units of I' and as a function of A/AT and hw/AT. We are only
interested in the rate when |i)p+ lies between |n, )p+- and |1, ) pir-.
This is because within our approximation |n;)p+- and |n,)p+-
represent the two final states which are closest in energy to |i)ps;.
For a fixed T, 7;! is expected to reach a maximum when |i)ps;
is close to [, )p+1- or |n1;)p+r, and a minimum when [#)pe; is halfway
between |7 )p+- and |ny)p+-. We study the ratio

r= (Ti_l)min/(fi_l)max (13)

as a function of these parameters. (7,'),, is just the maximum
rate achieved when |i)ps; is close to |1, yps- OF [M3)p+r-. (77 Dmin
is the minimum rate reached when |i)ps; is halfway between the
two final states. The rate is considered optimal if

05<r<1 and (7 Dpx/T ~ 1 (14)

We then look for a whole range of values of A/AT and hw/AT
which satisfy these two criteria. The constraint on » in eq 14
ensures that the decay rate is high enough even when the initial
state is halfway between the two final states.

The results of these calculations are shown in Figure 5 together
with the different regimes of the rate (Figures 6 and 7). As
expected, the rate is optimal when the vibronic mixings and vi-
bronic widths are of the same order of magnitude (AT < A <
3AT). The vibronic energy spacings can be quite different (AT
< hw < 8AT). This regime is similar to the analogous regime
of Figure 3 and is characterized by the relation*

Al,n ~ hF < hO) (15)
from which it follows that
kil ~ (A, AT) < Ao (16)

In terms of time scales, we have shown that
if T ~ 287 Z Ty

an

then 277 ~ 7o ~ 2WT 2 Tpe
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Figure 6. Behavior of the decay rate of |i)pe as it moves from resonance
to off resonance with respect to |n)p+r. The values of A/AT and Aw/AT
are chosen in different rate regimes (see Figure 5). Here, A/AT = 0.5,
Rw/AT = 5,
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Figure 7. As for Figure 6, with A/AT = 1.5, hw/AT = 5.

When we substitute for the low-temperature primary rate in eqs
16 and 17 we get 7, ~ 2%, ~ 6 ps, as before, and 7, < 6
ps. The last prediction means that a low-frequency (7p, < 6 ps)
possibly underdamped mode (r,; ~ ps), must couple to the
primary transfer if the reaction is to lie in the optimal regime.
This is consistent with the Vos experiment?® which observes os-
cillations of 2 ps for a couple of periods in the dimer absorption
and stimulated emission spectra. Furthermore, the simulations
of Middendorf et al.** show that a low-frequency mode between
20 and 50 cm™! might couple to the primary charge separation.

The calculations described here assume that a vibronic state
of P*I couples to only two vibronic states of P*I". This is not true
in the regime we are studying since the vibronic mixings between
initial and final vibronic levels are assumed to be similar to the
widths and energy spacings of the final levels. However, coupling
to additional final states does not aiter the behavior of the rate
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Figure 8. Illustration of the robustness of the decay rate of |i)ps; to
changes in V, AT, and Aw. #y,, is the fractional change when there is
resonance between initial and final states. y;, is the fractional change
when |i)ps is halfway inbetween |n)p+-. The optimal and golden rule
regimes are compared.

in this regime. When one adds more states above and below
|n)p+r- and |n, )p+r- in Figure 4, one finds that the region of optimal
rate is very similar to that calculated for two final states.

Robustness of the Optimal Rate. We have already argued that
in the optimal and overcoupled regimes the rate varies very slowly
with respect to vibronic mixing (at most a linear variation). This
behavior, shown in Figure 3, also holds in a situation where the
initial state is completely off resonance with respect to the final
states (i.e., halfway between the final states as in Figure 4). If
in this situation we fix 2w and AT somewhere in the region of
optimality (see Figure 5) and plot the rate as a function of A in
units of T', we get a plot very similar to that of Figure 3. That
is for A of the order of or greater than AT the rate varies very
slowly with respect to A (at most linearly), and for A much less
than AT the variation is quadratic (golden rule regime). In
addition, the rate in the optimal regime is robust to changes in
hw and AT. To illustrate this behavior, we give some indicative
examples.

For both golden rule and nonperturbative theories we compute
the changes in (7, and (77 (see eq 13) caused by a
variation of either V,,, &T, or hw, with the others held fixed. For
the case of the nonperturbative theory the initial values of these
parameters are chosen to lie in the region of optimal rate (A/AT
= 1.5, hw/hT = 5). For the golden rule theory, A/AT <« 1 and
we only need to set Aw/AT' = 5 in order to make a meaningful
comparison with the nonperturbative theory. Since we have an
analytic expression for the golden rule rate (egs 5 and 6), it is
not necessary to fix the initial value of A/AT.

In Figure 8 we show the effect of a typical change in V,,, AT,
or hw on (7)pmin a0d (* maxe tmin = (Train Dsinal/ (Tnin Vinitia1 204
max = (Tmex Diinat/ (Tmax Dinitials Where “initial” and “final” refer
to the initial and final values of the parameters we have chosen
to vary. We see that the optimal rate is much more robust to
changes in%,, (or FC) and AT than the golden rule rate. It is
also more robust to changes in Aw but not as much. Another
characteristic of the optimal regime, which follows from egs 13
and 14, is that the rate does not drop with loss of resonance as
much as it does in the golden rule regime.

Discussion of the Relevant Experiments

In a recent experiment Vos et al.” have observed oscillations
in the dimer absorption and stimulated emission spectra of mutant
R. capsulatus and wildtype R. sphaeroides reaction centers. The
mutants lack Bph and are therefore unable to undergo primary
charge separation. Oscillations of 0.5 and 2ps periods were re-
corded in both absorption and stimulated emission spectra of the
mutants. For the wildtype ones a 0.7-ps oscillation was seen in
the absorption and a 2-ps oscillation in the stimulated emission.
The oscillations were damped after a couple of periods for both
mutant and wildtype reaction centers. As pointed out by Vos et
al., 2 these oscillations may be due to the coherent excitation of
more than one electronic state and/or vibrational dynamics in the
PI and P*I surfaces. If the vibrational dynamics interpretation
is adopted, several conclusions may be drawn from these results:
(a) The experiment shows that a low-frequency (period of 2 ps),
underdamped mode is coupled to the stimulated emission from
P*1. This suggests that such a mode may be coupled to the
primary charge separation. (b) If it is assumed that vibrational
relaxation in P*1" is not much faster than in P*1, then the observed
damping of 2—4 ps in the oscillations suggests that for P*I", 7,
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< 2-4 ps. (c) The observation of oscillations itself indicates that
there can be no thermalization in P*1 prior to electronic transfer.
We emphasize that these inferences are based on the assumption
that the oscillatory kinetics arise from vibrational dynamics. How
are these inferences relevant to our work?

Suppose that the primary charge separation lies in the regime
where all the relevant time scales of the reaction are of the same
order of magnitude (eq 17). Substituting the value of the low-
temperature primary rate (7., ~ 1 ps) in eq 17 gives

6 ps ~ 7o/ (FC)' 2 ~ 2779 2 700 (18)

For such a regime the predictions for 7. and 7, (7.4 ~ 1 ps and
Tper < 6 ps) are in agreement with the results of Vos et al. The
predictions of golden rule (eq 9) on the other hand, are not as
consistent with these results. When we substitute for 7, ~ 1 ps
in eq 9, we get

6 ps » 1L /(FC)V2 > 2w7,g 2 Tper (19)

That is, for golden rule 7,y << 1 ps and 7., < 6 ps.

From eqs 18 and 19 we can also make qualitative predictions
for the electronic matrix element. If we set (FC,)'/2 = 0.2, a value
consistent with 7., = 2 ps,** we get 75, ~ 1 ps (Vo ~ 30 cm™)
for the optimal regime, and 7%, << 1 ps (¥, > 30 cm™) for the
golden rule regime. The electronic matrix element needed to
achieve a rate of a picosecond is much smaller in the optimal
regime than in the golden rule regime. Also, the predicted value
of 30 cm™ for the matrix element is a reasonable value, at least
in the context of the superexchange mechanism where the bac-
teriochlorophyll monomer (B) acts a a virtual intermediate for
the transfer.”%37

The question of the validity of the optimal regime in the context
of the two-step sequential mechanism!®!! is more complex. In
this case, the bacteriochlorophyll monomer (B) acts as a real
intermediate for the electronic transfer. The overall charge
separation (P*I — P*I") consists of two distinct, incoherent steps;
an electron transfer from the excited dimer to the bacterio-
chlorophyll monomer (P*BI — P*B-]), and a subsequent transfer
from the monomer to the bacteriopheophytin (P*B1 — P*BI).
If the rates of the two reactions are similar (it has been suggested
that 7., ~ 1 ps for each one'®), then both reactions may lie in
the optimal regime. For the first reaction, the rate of relaxation
in the P*B-1 vibronic manifold which arises from electron transfer
to I (t. ~ 1 ps) can compete with the rate of electron transfer
from P*BI to P*B1. Therefore this reaction may be optimal even
though the cause of relaxation in P*B1 is electronic rather than
vibrational. The second reaction may also be optimal if the rate
of vibrational relaxation in P*BI" is of the order of a picosecond
and is thus able to compete with the rate of electron transfer from
P*B1 to P*BI".

On the other hand, if the rate of the second reaction is much
faster than the rate of the first one, as has also been suggested,”’
neither of the two reactions is likely to lie in the optimal regime.
In such a situation the first electron transfer from P*BI to P*B'1
takes place within a few picoseconds while the second from P*B1
to P*BI- is faster by at least a factor of 50.3” Therefore the first
transfer cannot lie in the optimal regime since the rate of electronic
relaxation in the P*B™I manifold is much faster than the transfer
rate. The second transfer is too fast to lie in the optimal regime
(Trae < 0.02 ps) unless vibrational relaxation in P*BI" is also
exceptionaily high.

The robustness of the rate to changes in vibronic mixing explains
certain experiments which indicate that the P*I — P*I- rate is
largely independent of energy gap, temperature, and degree of
initial vibrational excitation in P*1.% One set of such experiments
involves measurements of the dependence of the rate on the energy
gap (AE) between P*I and P*I". In particular Lockhart et al.’®°
have monitored the fluorescence intensity of the excited dimer
of R. sphaeroides as a function of electric field. Since the
fluorescence from P*I competes with the primary charge sepa-
ration, any change in the primary rate caused by the variation
of the energy gap (which is altered by the electric field) affects
the fluorescence. They have also used transient absorption
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spectroscopy® to directly measure the P*I — P*I" rate. Their
experiments suggest that for SAE ~ 300 cm™ the rate changes
by about 20%.4

Consistent with this work are the experiments by Fleming et
al.*1%? which measure the temperature dependence of the primary
charge separation for both R. sphaeroides and Viridis using
time-resolved absorption spectroscopy. The rate is seen to increase
as the temperature is decreased from 200 to 8 K. In R.
sphaeroides it increases by a factor of only 2 and in viridis by
a factor of 3.4

A nice demonstration of the independence of the rate on the
degree of initial excitation in P*I was provided by Middendorf
et al.*> They measured the zero-phonon line width (ZPLW) of
P*1 for two different RCs. One is the wildtype R. sphaeroides
and the other a mutant in which the tyrosine adjacent to the BChl
monomer of the L branch has been changed to phenylalanine. This
substitution greatly reduces the primary rate. The ZPLW is the
line width of the ground vibronic state of P*I, |0)ps;. It arises
solely from the electronic decay of P*I and from pure dephasing,
since the ground vibronic state cannot undergo any vibrational
relaxation. Measurement of the ZPLW can therefore give the
rate of primary transfer from |0)p; if there is not a pure dephasing
contribution. Middendorf et al.** compare the rates of the mutant
and wildtype RCs deduced from the hole widths with those ob-
tained from time-resolved absorption experiments.*>® The in-
teresting thing is that for both wildtype and mutant RCs the
ZPLW rates at low temperature are very close to those obtained
from transient absorption experiments at higher temperature. In
particular, the transient absorption rate for the wildtype RCs is
(1.9 ps)™! at 80 K, whereas the ZPLW rate is (1.2 ps)~! at 1.5
K. For the mutant RCs the transient absorption rate is (10 ps)™!
at 80 K and the ZPLW rate is (8.5 ps)™! at 1.5 K. Since the
time-resolved measurements give an average rate arising from
several vibrational levels of P*I, this equality indicates that the
primary rate from any excited vibrational level of P*I is roughly
the same as the rate from the ground vibrational level.’! The
vibrational energy imparted to P*I in these experiments is ap-
proximated to be 200-300 cm™. This robustness of the rate over
such an energy range is also observed in the energy gap experi-
ments***° and is consistent with the temperature dependence
experiments mentioned above.*!*? The conclusion is that energy
chan%? of the order of a few hundred cm™ alter the rate by about
20%.

Two explanations have been offered for the independence of
rate on initial vibrational excitation.> Hayes and Small®*5¢
proposed that very fast vibrational relaxation takes place (much
faster than a picosecond) from any [m)p« to |0)ps; before the
electron transfers. The reaction is therefore independent of initial
excitation energy. Middendorf et al.*’ suggested that the primary
electron transfer takes place from several vibronic levels of P*1,
in parallel, at approximately the same rate (order of a picosecond).
If the oscillations observed by Vas et al.? are interpreted in terms
of vibrational dynamics, then the mechanism of fast vibrational
relaxation prior to electronic transfer cannot be valid. On the
contrary the oscillations would indicate that the primary electron
transfer takes place in parallel at a rate of a picosecond from all
the excited levels in P*1. The question which then naturally arises
is why the rate changes slowly from vibronic level to vibronic level.

This question can be readily answered by the nonperturbative
theory but not by golden rule. We use the results of Middendorf’s
simulations*’ as an illustration. They use a linear electron-phonon
coupling model for PI + kv — P*I to self-consistently fit the
absorption and holeburning spectra from the two RCs. From this
fit they are able to determine with certainty the total Huang-Rhys
factor of PI + hv — P*I and the inhomogeneous width of the RC
sample. They also conclude that at least three modes of low, high,
and medium frequencies are necessary to achieve self-consistent
fits and predict a range of values for AT, Aw and for the
Huang-Rhys factor S associated with each mode.’® Let us
concentrate on the low-frequency mode which is essential to the
validity of the optimal regime in the case of the primary charge
separation. For this mode the predictions of the self-consistent
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Figure 9. Plot of the square root of the Franck—Condon factor between
any initial |m)pe; vibronic state and any final [m + S)p+- state. The
primary transfer is assumed to be activationless with § = 30.

fits are as follows: 20cm™ < Aw < 50cm™ and 1.7 < S < 2.6.
We choose the values Aw = 40 cm™ and S = 2. Our choice means
that upon excitation (PI — P*I), roughly 2S = 4 vibronic levels
of a 40-cm™! mode are occupied. We assume that the primary
charge separation is activationless with A &~ AE ~ 1200 cm™!
and plot in Figure 9 the square root of the Franck—-Condon factor
between the vibronic states |m)pe; and [m + S)p+- of the low-
frequency mode (hw = 40 cm™, S = A/hw = 30). We see that
in going from |0)ps; to |4 )ps; (roughly the number of vibronic states
excited), (FC,, +s)'/* decreases by '/,. This means that the
sharpest possible decrease of the nonperturbative rate (<(FC)!/?)
is 1/5, whereas the golden rule rate (<FC) decreases by an order
of magnitude.>
Another set of experiments which is relevant to this discussion
involves measurements of the primary rate of different mutants.
Kirmaier et al.’*® have measured the primary rate of mutant R.
sphaeroides and R. capsulatus reaction centers. In sphaeroides
BPh; has been changed to BChl. The rate decreases by a factor
of 2 and the mutation decreases the energy gap by 85 meV (thus
decreasing the Franck—~Condon factors). This experiment is
consistent with the overall picture of 20% variation in the primary
rate over changes in energy gap of a few hundred wavenumbers.
It is therefore consistent with the optimal regime. In the R.
capsulatus mutant, the BChl dimer has been changed to a
BPhyBChl heterodimer. The rate decreases by an order of
magnitude, but it is not known by how much the vibronic mixing
is reduced. The same is true for the mutant used in the Mid-
dendorf experiment,*’ where the tyrosine adjacent to BChl; has
been changed to a phenylalanine. All of these mutations decrease
the vibronic mixings between initial and final states and thus
decrease the rate. However, since we do not know exactly the
magnitude of the reduction in the vibronic mixings, we cannot
use these experiments to distinguish between optimal and golden
rule regimes. If the vibronic mixing could be increased, we would
expect the optimal rate to change very little and the golden rule
rate to increase considerably by comparison (see Figure 3).
Finally, it should be pointed out that much could be learned
from studies of ultrafast electron transfers in model compounds,
such as chlorophyll and porphyrin donor-acceptor complexes.’*-$!
Such transfers which take place on a time scale of picoseconds
or less are likely to lie outside the golden rule regime because they
can compete with vibrational relaxation. The behavior of their
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rates as a function of vibronic mixing and/or vibronic relaxation
is a very interesting question.

We have offered a reinterpretation of some experiments without
relying on the assumption that the primary rate lies in the no-
nadiabatic regime. Although recent experiments?®#? have shed
new light on the mechanism of the primary charge separation,
they only probe P*I. It is important to simultaneously probe P*I
and P*T" on a subpicosecond time scale to get the much needed
information about the dynamics in P*I- on the time scale of the
primary charge separation.

Conclusion

We have proposed that the primary charge separation may lie
in a regime which is different from that of traditional nonadiabatic
(golden rule) theories. The rate in this regime is optimal; that
is, it is the maximum possible rate given the values of the other
relevant physical parameters of the reacting system.

The motivation behind our proposal has been the high speed
of the primary charge separation, which suggests that this reaction
may actually compete with vibrational relaxation in the final
vibronic manifold of P*I". This is a characteristic of an optimal
rate. In contrast, a nonadiabatic rate is much slower than the
rate of vibrational relaxation in the final vibronic manifold.

We have shown that the optimal regime is a plausible regime
for the primary charge separation. It predicts reasonable values
for all the relevant physical parameters of the reaction, and it is
consistent with a wealth of experimental information about the
primary transfer. In addition, the optimal rate is more robust
than the nonadiabatic rate to changes in important reaction pa-
rameters such as energy gap and vibronic matrix elements. This
property readily explains the apparent independence of the rate
to changes in energy gap, temperature, and initial excitation in
P*1. The recent experiments by Vos et al.2’ and Middendorf et
al.** which probe the dynamics of P*I have also been discussed.
It was shown how their results provide evidence that supports our
proposal.

We want to emphasize that it is necessary to devise experiments
which probe the dynamics of P*I” on a subpicosecond time scale,
as it is formed from P*I. Such experiments will greatly enhance
our understanding of the primary charge separation. Right now
we can only make inferences about these dynamics from what is
observed in P*I.

The suggestion that the primary charge separation may lie in
an optimal regime is compelling from a biological point of view.
It implies that photosynthetic bacteria make optimal use of the
structure of the reaction center for this important ultrafast re-
action. Furthermore, the primary rate is resistant to perturbations
of the environment.
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Appendix I

According to the Green’s function formulation of quantum
mechanics,®? the time development operator is the Fourier
transform of the Green's function:

" 1 - -
~At/h = ~iEt/h 2
e 21rifch e G(E) (20)
where the Green’s function is given by

G(E)=1/(E-H) (1)

The Hamiltonian which describes the interaction between one of
the initial states |/} in Figure 1 with the {|n)} manifold may be
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written as & = A° + A,** where

E, 0 0
ﬁ°= 0 Ez 0 @2)
0 0 - £
and
0 4 Ay,
Al Bu 0 0 @)
.A 0 0

In eqs 22 and 23 |i) has been denoted by |1). Also £, = nhw
—ihT/2. In terms of eq 20 the survival amplitude of |i) is given
by

ey = = (aF SEMAGEND  (29)
To obtain an expression for G(E), note that
G(E) = (E - B%'[1 - A(E - A7) (25)

In terms of the zeroth-order Green’s function G°(E) = [E - A°]™
the total Green’s function becomes

G(E) = G°(E)[1 - AG(E))™! (26)
Expansion of [1 - AG%£)]™! in eq 26 gives
G(E) = G° + G°AG® + G°AG°AG® + ... (27
so that
UIGEN) = (iIG%) + (IIG°AGYi) + (i|G°AG°AGYi) + ...
(28)
2 -1

Substitution of £, = nhw — ihT/2 and of A, = V(FC;,)'/? gives
eq 4:
It > — l
(HIGE)i) = £ B - VATCY (E - nhw - ihT/2)
P E - nhw)? + (AT /2)?
(30)

To evaluate eq 24, we make use of the residue theorem
(ile®/¥i) = ~ZRes [GIGEW) ] gmeE/*  (31)

where E,, are the poles of (/|G(E)|i). The poles are the roots of

the secular equation

E-E = (Vg/hT)YL(FC E-nha-1aT/2 (32)
- i"'( el/ ) n( i,n)((E_nhw)/hr)2+l/22

To obtain the golden rule expressions (5) and (6), let V(FC;,)!/?

be much less than AT in eq 32. Then £ ~ E, Substituting back

into eq 32, we find that

B~ E + (V, hTVREFC, — he ~ RT/2 33)
= i ( el/ ) " i’"((E,—nhw)/hI‘)2+ 1/22 (

so only one pole contributes to the decay amplitude (eq 31) in
this limit, and the decay is pure exponential:

(il #M) = s(-2xi Res)eEin (34)

Substitution of eq 34 into expression 2 and performance of the

Skourtis et al.

time integrals gives the golden rule rate (eqs 5 and 6).

Appendix II

The Hamiltonian for the two state system in Figure 2 is given

by
A 0 A
H= <A -iﬁl"/2> 3%

If at ¢ = O the system is in state |1) (ji)ps;) Of zero energy, then
it can be easily shown that at any time ¢

<1|e—iﬁr/h|1) = 3 1 3 [_E_e—il’+r/h + E+e-iE_t/h] (36)
+ T Lo
E, and E_ are the eigenenergies of A and are given by
B, =-TL + a1+ urryapys @7

The average decay rate of |1) is equal to its inverse lifetime
j:adt |<l|e-iﬁt/h|1)|2

1’1_1 = - (38)
f e e

Substitution of eq 36 into 38 and performance of the integrals
gives

= % %%Efl) (39)
where
|EL 2 |E)? Ex_E*,
= NmE| qmEy T im [E* E] (40)
= IE+F + £ + 2 Re [——E‘ £ ] 1)
@m EJ)?  (2)Im E,|)? (E*, - E)?

Substitution of the eigenergies in eq 37 into egs 38—41 and some
tedious algebra results in the following expression for the rate

77! 4955 + 3.42x% — 4x2
n_ x° + 3.4x X @2)
T 2.4%x5 - 2.4%x% + 422 - |

where x = A/AT.
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