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ABSTRACT The vibronic coupling theory of electron tunneling between biomolecules
requires that a/l such tunnelings involve vibronic coupling, finds temperature depen-
dence to tunneling at finite temperatures, and predicts relatively short tunneling dis-
tances. This theory might be expected to apply to most electron transfers involved
in the membrane-bound electron transfer reactions of photosynthesis and oxidative
phosphorylation. This paper calculates the properties of a weak charge-transfer op-
tical absorption band, whose predicted characteristics are a direct and simple conse-
quence of the model that describes vibronically coupled tunneling. The new absorp-
tion band provides the basis for a critical experimental test of the constructs and
parameters of the tunneling theory. If the tunneling theory is valid, the oscillator
strength of such bands will be the most reliable measure of the tunneling matrix
element and of the distance between the sites exchanging an electron.

INTRODUCTION

Understanding the physical mechanism by which electrons are transferred between
biological molecules is essential to a fundamental understanding of photosynthesis or
oxidative phosphorylation. The relative rates of various competing electron transfer
reactions are central to understanding how photon or oxidative energy can be con-
verted into useful chemical energy. The distance over which electrons can be trans-
ferred and the selectivity of the electron transfer process are dominant elements in
the logic of the structure of the photosynthetic apparatus. Electron transfer reactions
are the simplest chemical reactions from the standpoint of physics, and thus represent
one of the few cases where an important absolute reaction rate might be understood
in a complex biological system.

Many of the electron transfer steps in photosynthesis take place between a donor
molecule and an acceptor molecule relatively well fixed with respect to each other
(at least at the time of transfer). If the distance of separation is “reasonable,”
tunneling is a possible means of electron transfer, and several important experimental
results have been interpreted as suggesting that tunneling, at least at low temperatures
(1, 2), is the mechanism for electron transfer to and from bacteriochlorophyll. The
electron tunneling problem between two fixed sites, unlike the electron tunneling prob-
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blem between two metals usually treated in quantum mechanics texts, necessitates the
use of molecular vibrations to conserve energy. As a result, the tunneling transfer
rate is in theory temperature-dependent, and will often have a thermally activated
form at higher temperatures (3, 4).

While the vibronically coupled tunneling description can quantitatively account for
the rate and temperature dependence of some simple biological electron transfers (4, 5),
the direct evidence that the description is correct is less than compelling. The theory
in its simplest form contains three unknown parameters, fit by using the zero tempera-
ture transfer rate, the high temperature activation energy, and the characteristic tem-
perature below which the behavior is temperature-independent. There are no leftover
internal checks for quantitative consistency, and no strong qualitative checks on the
concepts introduced in the vibronic calculation, nor is the simplest form necessarily
quantitatively accurate.

A new charge-transfer optical absorption band has been recently noted as a neces-
sary theoretical consequence of the vibronically assisted tunneling description. This
band is the most diagnostic of three independent methods of testing the theory (5).
Absorption in this band takes the electron from one molecule to the other. This
paper calculates the theoretical properties of the infrared absorption band in terms
of the parameters and concepts already part of the tunneling theory. The oscillator
strength of this band directly determines the tunneling matrix element. The location
and shape of the absorption band are a consequence of the vibronic coupling, and yield
the vibronic parameters important to tunneling. The study of this absorption will
provide qualitative and quantitative critical examination of vibronically assisted tun-
neling. The theoretical description of thermally activated (vibronically coupled)
tunneling and all the structural and rate implications drawn from this theory (4, 5)
must stand or fall on the basis of experiments that check these theoretical ideas.

THE BASIS OF THE VIBRONICALLY ASSISTED
TUNNELING DESCRIPTION

An isolated donor molecule d has two electronic states relevant to electron transfer
(4). One electronic state describes the ground electronic state of n; + 1 electrons on
the donor molecule before it has transferred an electron. There are many vibrational
states i of this ground electronic state, and a particular molecular state of this ground
electronic configuration will be described by the subscriptsd + 1, i. The other relevant
electronic state is the ground state of a donor molecule having one fewer electron.
Again, there will be many vibrational states, and in this case a typical vibronic state
will be denoted by the subscripts d, j.

The approximation of factoring the wave function for the electronic and nuclear
coordinates is adequate to many problems of molecular and solid state physics (6).
In this approximation we can think of the states as, ¢4, V4,1, and ¢,¢,;, where ¢4,
and ¢, are electronic wave functions and ¢,,,; and ¥,; are vibrational wave func-
tions. The quantity
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D,(E) = ZZ Pori | < Yauri | Wa; > 120(Eqyr; — Eyqj; — E) n
ij

becomes the analogue of the density of electronic states associated with the occupancy
of the donor by an extra electron. E,,,;, is the total energy of the states having n, + 1
electrons and vibrational wave function d + 1,4, and E,; similarly, mutatis mutandis.
P,.1,:1s the thermal probability of the occupation of vibrational state i when the extra
electron is present.

D,(E) has the appropriate normalization associated with a single electron level,
namely

S DJ(E)dE = 1. (2)
Further, if there is no vibronic coupling,
Dy(E) = 8(E4y — E4 — E), (3)

and is a é-function at the energy of binding of the n; + 1% electron. The difference be-
tween the electronic states between ¢,,, and ¢, can be thought of by saying that ¢,,
has an extra electron in a particular orbital. D,(E) can be thought of as the density of
states of this occupied single electronic level, which in some sense no longer has a single
sharp energy because of the vibronic interactions. The utility of the point of view is
that simple transition calculations of the present type can be made in a one-electron
approximation in the presence of vibronic coupling if D,(E) is used as the density-of-
states of the electronc level (3). '

Similarly, an acceptor also has two relevant states, one with n, electrons and the
other with n, + 1. For adding an electron to the acceptor, the initial thermal popula-
tion that must be summed over has only n, electrons present, so the relevant average is

DUE) = 2227 Puy | < Vaurs Wy > 120(Eavry - Eoy — E). (4)

This is the effective density of state for adding an electron to the acceptor. In a one-
electron description, this extra electron will be put into the first vacant orbital,

The approximations involved in the vibronic wave functions used for calculating the
spectral function, D,(E) and D;(E), are the ones conventional in calculating tunnel-
ing in other circumstances and in calculating the shape of optical absorption lines. The
factored wave function approximation is not exact, particularly in the spatial tails of
the electron wave function important to tunneling, but has often proved to contain the
essence of the vibronic coupling problem (6).

Let T4, be the matrix element of the electronic Hamiltonian H for electron transfer,
i.e.

Ty = <bai b0 | H | gy >. (5)

In a one-electron description, T, will correspond to the matrix element for taking an
electron from the highest occupied donor orbital to the lowest unoccupied acceptor
orbital. T, has exactly the same meaning for this two-site problem that the Huckel
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matrix element 8 has in molecular orbital calculations (7). For optical absorption, the
matrix elements of the electric dipole operator ex are needed. The intuitive forms of
these matrix elements are

<tas1 Polex | Pgdasr > =0, (6)

because the overlap is small, and

<@asi ba X | ar1 90> — <baday) lex | dados)> = ea, @)

where a is the separation between the centers of gravity of the orbitals between which
the electron is being transferred. This form can be shown to be correct for calculations
of the optical absorption at low energies by using a tunneling formalism (8). Note that
Egs. 6 and 7 are evaluated for electronic states which are not eigenstates of the Hamil-
tonian (because T, = 0).

From the “golden rule” for transition rates (9), the rate of transfer of an electron
from the donor to the acceptor is

Wau= Qn/h), | Ty |2 DJ(E)D,(E)dE. (8)

The integration on E represents an integration over the initial energy distribution,
D4(E), while the factor D,(FE) represents the final state density-of-states for the elec-
tron at energy E. The rate of the reverse transfer, from acceptor back to donor, is

Wo= Qu/), | Ty |2 [ D,(E)D)(E)dE. 9)

Notice however, that D;(E) = D}(E), and that the difference in rates W, and W,
comes from the important physical difference between the primed and umprimed spec-
tral functions.

We have assumed throughout that | T, | issmall. A much more complete anal-
ysis of this problem, including the case of large | 7y, |, is given in ref. 3 for the anal-
ogous problem of excitation transfer.

Relations 8 and 9, evaluated for a particular simple model of the spectral functions,
were the basis of the description of thermally activated electron tunneling recently
given (4). Jortner (10) has more recently used the same basic description with a slightly
improved model of the spectral functions.

If the sites were not fixed but allowed to vary in position, the transfer rate could be
calculated by doing an appropriate positional average of Eq. 9. The “non-adiabatic
outer sphere transfer” (11, 12) of classical electrochemistry is in some cases closely re-
lated to such a calculation, though that theory does not develop the concepts most im-
portant to the present problem.

THE CHARGE-TRANSFER ADSORPTION BAND DUE TO T,

When the donor and acceptor weakly overlap, the major optical absorption bands of
the system will be those of the isolated donor and acceptor, with minor perturbations
of shape and position. In addition, there will be a new absorption band due to the
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process in which a photon directly transfers an electron from one molecule to the other.
We calculate the strength, shape, and location of this charge-transfer absorption band,
which can lie in energy regions outside the electronic optical absorption region of both
the isolated donor or the isolated acceptor.

For optical absorption, as well as for tunneling, the effect of vibronic coupling on the
donor has the effect of replacing the donor level by a statistical distribution of levels,
the spectral weight function D4(E). Similarly, the final state energy level of the elec-
tron on the acceptor must be averaged over the distribution D;(E). Let g(E;, E;, Ey)
be the molar extinction coefficient for photons of quantum energy E, if the donor elec-
tron state had the precise energy £ and the acceptor state had the precise energy E,.
The appropriately averaged molar extinction coefficient €(E,) is then

&) = [ [ DuENDUEDS(EL B EXEQE;, (10)

The calculation of the absorption coefficient is thus resolved into two problems, the
calculation of the spectral functions already evaluated for tunneling, and the known
optical absorption in a problem of two sharp levels.

For the two-level absorption problem, the matrix element of the electric dipole op-
erator between the initial and final electronic egienstates must be calculated. Within
the tunneling description, the existence of the matrix elements T, mean that the actual
ground eigenstate (correct to first order in overlaps) is

V6 = a1 b0 + Tw/(Es — E})badbary E = Eg, (1)
and the actual excited state is E = E,
wex = ¢d¢a+l - Tda/(Eé - E;)¢d+l¢a; (12)

In the true ground state of the system, the electron is chiefly on the donor, but also has
asmall amplitude on the acceptor. These small amplitude components (proportional
to T,,) on the ““wrong” site are responsible for the optical matrix element in the present
representation.

The matrix element of the electric dipole operator between these eigenstates, from
Eqgs.6and 7, is

' <¢G 'exl ¢ex> | = ea Tda/(Eg - E;)’ (13)

where a is the separation between the center of the donor and acceptor wave function
charge distributions, and e the electronic charge. Eq. 13 has been derived only in the
tunneling Hamiltonian approximation, valid when the separation between the centers
is large compared to the natural scale of exponential decay of the wave functions. In
addition, the relevant energies of transfer must be smaller than the typical electronic
excitation frequencies of the molecules if overlap contributions to Egs. 6 and 7 are to
be neglected. In our present application, overlap contributions to Egs. 6 and 7 are ex-
pected to result in 25% corrections to Eq. 13. The suppositions behind Eq. 13 are
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equivalent to the basis of “microwave-assisted tunneling” descriptions between metals
(13).

The optical molar extinction coefficient for a two-level problem with state energies
E;and E; and transition matrix element ea is
g(E4, E;, Ep) = 2n/(n* + 1) (No/2,300) 27x2/3) (E,ea?/ic) -

(6(Es + Eo — E,) — 8(E, + Eo - Ej)].  (14)

n is the index of refraction of the material in which the transition is embedded. The
factor (Avogadro’s number /2,300) is the ubiquitous conversion to the usual base 10
units of molar extinction. The second J-function represents photon emission, is

irrelevant to present discussions, and will be dropped. Substituting Eq. 13 and Eq. 14
into Eq. 10, one finds

€(Eo) = 2n/(n* + 1)(277/3)(No/2,300)( | T | *a’e?/ Eqfic) -

f " DAE)DAE + E)dE.  (15)

This equation forms the basis of our calculation of the optical absorption to be ex-
pected from the electron transfer band due to T,.

ABSORPTION IN THE GAUSSIAN APPROXIMATION

The simplest version of the tunneling theory used a Gaussian approximation to the
spectral functions. The spectral functions are then

D,(E) = (1/27me ) *exp — (E — E; + Ay)*/204),
6/ = AsxTcoth T, /2T,
Dy(E) = (1/27063)'Pexp — ((E - E, — A,)%/20.7),
6,2 = A,xTcoth T,/2T. (16)

Here E; and E, are the redox energies (the negative of the standard redox potentials)
of the donor and acceptor redox couples, A, and A, are the vibronic coupling param-
eters of donor and acceptor (the Stokes shifts of each) and 7, and T, are the char-
acteristic vibrational temperatures of the frequencies of the relevant molecular vibra-
tions. Since both spectral functions are Gaussians, the convolution of Eq. 15 is
immediately calculable, yielding

«(Eo) = [2n/(n? + 1))(27Y/3)(N/2,300) (Tu2a2e?/ Eghc) (1/27 %)\,
exp — [(Eo + E; — E, — A?*/20%, A=A, + Ay, 62 =02+ 0t (17)

Fig. 1 shows calculated molar extinction coefficients for reasonable values of an-
ticipated transfer parameters, as judged from biological examples involving chlorophyll
and c-type cytochromes. T, has been fixed at 0.001 eV, and the separation “a” of the
center of gravity of the donor and acceptor wave functions is 12A. Both of these
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FIGURE 1  The calculated charge transfer band spectrum for T, = 0.001, £, — E; = 0.1 eV, and
the values of A indicated. Notice the low peak values of the molar extinction coefficient.

parameters enter only as multiplicative factors. Both characteristic temperatures have
been taken as 350°K, and the calculation is made for 300°K. E, — E, was taken as
0.1 eV. The parameter A is the most critical to the spectral shape, and three values of A
are shown, covering the expected range (5) for A in biological electron transfer. The
T, corresponds to a tunneling distance of about 6 A. In problems with delocalized
molecular orbitals, the tunneling distance will represent the separation between the
closest aromatic atoms on the donor and acceptor, while “a” (the separation between
the centers of the orbitals) will be rather larger. The Stokes shift is the dominant con-
tributor to the position of the expected absorption line in this example. The figure de-
fines the experimental problem of searching for such an absorption band, for the
typical peak molar absorption coefficient of the charge transfer band is expected to be
only a few tenths, compared to strong absorption electronic bands, which have peak
molar absorptions 10° times larger.

But intrinsic infrared absorption need not be strong—a ferric c-type cytochrome has
infrared absorption bands only 10-100 times stronger than the bands sought, and
ferrous cytochrome absorbs much more weakly in this region—and the expected bands
may be studied by measuring difference spectra.

CONCLUSION

The predictions of new charge transfer optical absorption bands, a necessary conse-
quence of the vibronically assisted tunneling description of electron transfer, will allow
a detailed experimental examination of that theory. The following are the important
theoretical properties of the absorption band. (a) The oscillator strength of such a
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band should correspond to the tunneling matrix element deduced from electron trans-
fer rate experiments (b) The band should have a width and shape compatible with that
expected from the estimate which the tunneling parameters give for the spectral func-
tions. The optical absorption spectrum is thus a check for the existence and shape of
the hypothesized spectral functions of the tunneling description. (c) The absorption
band should lie at the energy expected from the redox potential difference of the donor
and acceptor plus the Stokes shift energy calculable from tunneling experiments and
tunneling theory. (d) The new absorption band should yield prompt transfer electrons
between donor and acceptor with a quantum efficiency of unity. The above are stated
with a Gaussian model, and must be modified in obvious ways if the spectral functions
are more complicated.

An experimental check of these properties will yield a detailed test of the constructs
and parameters of the tunneling description in relevant cases. The experimental study
will not be easy, for the typical system is expected to introduce a weak, broad absorp-
tion band in the near infrared, having an oscillator strength on the scale of 10~¢ and a
peak molar extinction coefficient less than 1. However, the absorption can be dis-
tinguished from other uninteresting absorptions by the fact that it directly produces
charge transfer. Experiments that examine transient photo-induced charge transfer
using excitation light not normally absorbed by the donor or acceptor have a high re-
jection of uninteresting absorption events, and should have sufficient sensitivity to
search for a charge transfer absorption band as weak as those anticipated.

The charge-transfer absorption band is the most accurate means of measuring the
tunneling matrix element. The oscillator strength can be determined at a single tem-
perature, and is therefore not sensitive to a temperature-dependence of the separation
between sites, which can confuse the experimental activation energies. In addition, the
connection between oscillator strength and the tunneling matrix element is direct, and
does not necessitate assumptions about the form of spectral functions.

Thus, the optical study of T, as a function of conditions (ionic strength, tempera-
ture, etc.) can potentially yield information about geometry changes, information
much less directly inferable from measures of the condition-dependence of the transfer
rate alone.

If tunneling theory can be shown to work, it can provide an approximate distance
scale for the separation between the donor and acceptor sites through the exponential
relation between the tunneling matrix element and site separation. While this relation
will never be very precise because of the dependence of the exponential on the material
separating the sites, it can provide a semiquantitative guide to distances in electron
transfer complexes. The extent to which Forster excitation transfer (in spite of its
ambiguities) has proved useful in establishing structured ideas indicates the importance
that even imprecise distance scales can have on establishing crucial structural relations.
At present, the distances assigned by different descriptions (1,4) to a particular bio-
logical charge transfer can be as discrepant as 7 and 80 A, with the vibronically assisted
tunneling description yielding the shorter distance. This kind of gross divergence of
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view, with its concomitant divergent structural implications for biology, will be re-
solvable by experiments on charge transfer bands. Tunneling theory has also been used
to give an orderly account of the process of charge separation in photosynthesis and of
the effect of redox potential on electron transfer rates. It is time for critical tests to
demonstrate whether the understanding arising from the vibronic tunneling theory are
real or illusory.

The work at Princeton is supported in part by National Science Foundation Grant DMR 75-14264.
Received for publication 3 December 1976.

APPENDIX

Is the Gaussian Approximation Adequate?

Short of attempting a detailed calculation of vibrational couplings in realistic situations, the
only information on the adequacy of Gaussian approximation comes from experiments that
measure Dy (E) or related functions.

The electrons emitted by a molecule bombarded by ultraviolet monochromatic light have a
kinetic energy distribution which should closely resemble D, (E). Fig. 2 shows D, (E) thus
obtained for vapor phase benzene (14). The average location of the strength is at about 0.2 eV
(with large background correction uncertainties), so A, for vapor phase benzene as a donor
would be 0.2 eV. Vibronic structure is pronounced, and the form has little resemblance to a
Gaussian centered at 0.2 eV,

Optical absorption spectra also measure close analogues of D(E), while emissions spectra
measure the analog of D’ (E), with the 0-0 optical transition energy servings as the analogue of
the redox potential (4). The strength of the vibronic coupling for x-x* excitation is expected
to be somewhat less than that for electron removal, so A, as determined from optical ab-
sorptions will typically be an underestimate. Fig. 3a shows the absorption spectrum of benzene
(15)in a typical liquid phase environment. Clearly there is still much vibronic structure re-
solvable, but the overall spectrum is much more nearly a structured Gaussian. Because the
emission of benzene comes dominantly from a forbidden transition essentially invisible in ab-
sorption, the Stokes shift should not be determined by comparing absorption and emission.

Fig. 3b shows the absorption and emission spectra of analine in ethanol (15). In this case,
there are no selection rule problems. The absorption and emission spectra are both structureless
Gaussians of very similar widths, and the spectra are mirror images of each other about a com-
mon energy, just as D, (E) and Dy (E) are in the Gaussian description. The separation of the
two maxima is 2A,.

molecular
benzene

D(E)

04 03 -02 -01 00 <01

ENERGY (eVv)
FIGURE2 D, (E)for the benzene molecule in the vapor phase. The value of A is about 0.2 eV,

with considerable uncertainties resulting from the uncertainty in what background subtraction to
make from the original experimental data (14).
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FIGURE 3 Absorption and emission spectra of benzene and analine in solvents (15). The sep-
aration of the absorption and emission peaks of analine shows that A is 0.4 eV for optical ex-
citation in this case. Selection rules make benzene less simple, but the absorption spectrum alone
can be used to conclude that A for optical excitation is about 0.15 eV. These values should be
somewhat smaller than typical A, or A 4for electron removal or insertion in such molecules.

Is the Guassian approximation adequate? Clearly under some circumstance it will be, par-
ticularly because stronger vibronic coupling leads to a more Gaussian, broader spectrum, and
the broader spectrum will dominate the convolution of Eq. 15. Electrons chiefly localized in a
few bonds will tend to strong vibronic coupling, as will the motion of polar groups in the en-
vironment of the donor or acceptor. The Gaussian approximation is in general expected to be
better near the center of the spectrum than in the tails, and better at high temperature than at
low. The approximation is therefore worst for low temperature tunneling between very similar
energy levels, where the tail of the spectra can be important, and best for optical absorption
studies at room temperature. When the spectral shape is Gaussian, its characterization by a
single vibrational frequency may still not be a good approximation. In the last analysis, the
Gaussian calculation gives a guide to the energy and scale of the expected absorption spectrum.
If such spectra can be found experimentally, their shapes will directly show whether a Gaussian
or a more complicated function results from the convolution in Eq. 15. For Eq. 15 the optical
absorption (and the general theory of tunneling as well) remains a valid description whatever
the form of the spectral functions.
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