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The superexchange model for the facilitation of electron transfer between donors and acceptors by means of
intermediate bridges is recast in a time-dependent framework. We develop a model in which three electronic
states (donor, bridge, and acceptor) are considered and vibronic levels are included on the donor and acceptor.
An explicitly time-dependent formulation, in which the golden rule is rewritten in the form of an integral over
a time-dependent correlation function, is used to calculate the rate. Simple example calculations for model
three-site systems are given; inverted region behavior and reasonable values are obtained. The model is a
general one and should be useful for interpretation of superexchange-assisted transfer based on experimental
observations of frequencies and displacements (such as the information that can be obtained with Raman
spectroscopy). The model can be generalized to include effects such as dephasing, relaxation, solvent dynamics,
and anharmonicities, as well as breakdown of the Condon approximation.

I. Introduction

Electron transfer is one of the most important fundamental
steps in chemistry, and interest in elucidation of electron-transfer
rates in chemical reactions has recently made it the focus of
numerous excellent treatments.! Specifically, the very attractive
superexchange model, first introduced by McConnell,? has been
carefully examined in the context of bridged, intramolecular
charge transfer.’* McConnell suggested that orbital sites
intervening between donor and acceptor could facilitate the
electron-transfer process. In the electron superexchange model,
anelectron is transferred between degenerate donor and acceptor
orbitals, aided by the presence of high-lying (not necessarily
degenerate) empty bridge orbitals (model 1). (A similar case
exists for hole superexchange through low-lying fully occupied
bridge orbitals.) The superexchange model differs from a
“hopping” model (model 2) in that the electron does not actually
occupy any of the bridge orbitals during the transfer event.
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Following McConnell’s original formulation, the coupling element

t Present address: School of Chemistry, The Sackler Faculty of Science,
Tel Aviv University, Tel Aviv 69978, Israel.

between donor and acceptor is given by

bos,Be A )( L B )
Toa= ( ’ 3)
o Epa-Ep, HED,A -Ey,,

where 8;; is the tunneling integral between orbitals i and j, Ep a
is the (degenerate) energy of the donor and acceptor orbitals, E;
is the energy of the ith bridge orbital, and n is the number of
bridge orbitals.

The McConnell superexchange model is simple to use for most
cases of superexchange; however, it should be noted that this
model is useful primarily for evaluating the electronic coupling.
Itis independent of both time and nuclear vibrations and requires
that D and A be degenerate and energetically well removed from
the bridge orbitals.

Perturbative methods for the calculation of electronic coupling
in electron-transfer reactions have been offered by a number of
groups.2”” It should be noted that these methods only yield the
nonadiabatic coupling element between donor and acceptor, Hpa.
This, in turn, may be used within a vibronic theory such as that
of Jortner®® or Fischer and Van Duyne.!°

We present here a new approach toelectron-transfer rate theory.
It is based on an explicitly time-dependent rate expression for
superexchange-assisted nonadiabatic electron transfer. This
method is suggested by the very useful reformulation of such
problems as optical line shapes,!! resonance Raman spectra,!?
and solvated electron dynamics'? in an explicitly time-dependent
form. Itdescribes thermal electron transfer and can be extended
to include full vibrational behavior, frequency changes, anhar-
monicities, dephasing, and non-Condon terms; it can also be
adopted to approximate discussions of slow gating modes and
solvent relaxation. Further, since it does not require that the
donor and acceptor states be degenerate, it generalizes the
superexchange formalism in an important way. Insection II, we
describe a first-order version of our model, in which we use
harmonic energy surfaces and the Condon approximation. In
section III, we give the results of calculations on a model three-
site system, consisting of a donor, a bridge, and an acceptor.
Section IV offers some conclusions.
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Figure 1. Initial (I), bridge (B), and final (F) electronic states and
associated vibrational levels (i}, b}, and {f}, respectively) for the transition
described in the text, for 7 = 0.

II. A Time-Dependent Superexchange Model

Even though we are ultimately interested in a time-dependent
formulation of the electron-transfer rate, it is convenient to begin
with a time-independent formulation. For simplicity, we consider
a system of three electronic states: an initial state I, a bridge
state B, and a final state F. We further ignore direct electronic
coupling between the initial and final states, so Vijf = Vg = 0.
In what follows, Ls refers to a summation over vibrational levels
belonging to the electronic state S (= I, B, and F). We take A
= 1.

We first consider the transition out of a particular state i,
referring tothe model in Figure 1. Thetransition rate is associated
with the imaginary part of the self-energy S:(E) (at E = E)),
defined by

1
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where G;(E) is Green’s function element (i|(E — H + ie)"!|i) (e
— 0). For the present model, G;(E) is calculated by using the
Dyson equation G = Gy + GoV'G to obtain a set of closed coupled
equations:

Gu= G+ Gi)_VaOn )
Gy = ng VG + ng; VifGp (6)
Gp= Gy _VpGy )

b

Here, GfJ = (E-E;+ie)". Inserting (7) and (6) leads to a set
of equations (one for each b) of the form

Gy = GyV G,y + ngz Vs ffZ Vi Gyi ®)

Multiplying this equation by Vp, followed by a summation over
b yields the following result (for x = L,VpGy):

U
=1l
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where
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Inserting (9a) into (8) yields

Vbi 1 Vb ] GH
Gy=——OG, + il (10)
E-E, E-E, {£_£f+ig)l—a

Inserting this result in (5) finally yields (4) with
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Since S/(E) is to be evaluated at E = E;, we keep the small
imaginary term iein the denominator which may otherwise vanish
(since E;= E;). Similarly, we take a << 1, since it is the quotient
of the energy width of the final state divided by the electronic
excitation gap.

The transition rate out of state i is associated with the imaginary
part of Si(E)):

T, = 2«;|U,-,{26(E,- ~E) (12)

which is the usual golden rule with the renormalized i—f coupling
(eq9b). In what follows, we assume for simplicity that V= Vg
and V;; = Vp are independent of the individual vibronic level
(this assumption may be relaxed in a somewhat more involved
treatment), whereupon

Uy = (iU (13)
with the operator U defined by

1
£im VIBVBFm (14)

Here Hs (A =1, B, F) is the nuclear Hamiltonian associated with
the electronic state S. Finally, using the fact that the kinetic
energy parts of H; and Hpg are the same, (14) is rewritten in the
form

U = V[BVBF
Vi) - Va(X)

where Fs(X) is the potential surface for the nuclear motion in
electronic state S.

The rate (eq 12) can be expressed as the Fourier transform of
the time correlation function

(14a)

r,= ["dr e E e ™ Ue ULy (15)

where AE = E| - Ej is the difference between the origins of the
electronic states F and I and where H, and Hf are the nuclear
Hamiltonians associated with these states. Finally, the thermally
averaged rate is

I = ["dr e Ec() (16)
where
-0E;
C(r) = (ile™"Ue ™ Uiy = Z%{ﬂe"”"Ue‘”‘”mn
’ (17
and
Q=) (18)

Following Neria et al,'’ we now make a semiclassical
approximation by replacing |i) in (17) by Gaussian wavepackets
centered about the classical position and momenta of the atomic
nuclei moving on the I potential surface. The thermal average
is implemented by sampling these positions and momenta from
a Boltzmann distribution.
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The time evolution exp(iH;#)|i} is implemented with the frozen
Gaussian!' approximation which is valid if C(z) decays to zero
before the wavepacket distorts appreciably. Inthisapproximation,
the time evolutions exp(iHy¢)|t) and exp(iHF?)|i) are obtained by
moving the mean position and momentum of the Gaussian
according to the classical equations of motion on the corresponding
potential surfaces.

Consider now the operation Uli) encountered in (17), where
i) is now a Gaussian wavepacket associated with the classical
position X*(0) and momentum P/(0) and a corresponding classical
energy E| = H“»(X(0),P/(0)) (where H() is the classical nuclear
Hamiltonian on electronic state I). In this case, Uli) may be
approximated by

Uiy = —— ViVor _ li) (19a)
Vi(X(0)) - Va(X'(0))
U VisVer iy (19b)

" =YX - V).

where V(SC”(X) is the (classical) nuclear potential (electronic
energy as a function of nuclear position) in state S (=I, B).
From the Heisenberg representation,
Ue iy = Uli(r)) (20)

where i(#) is a Gaussian wavepacket centered at {X*(¢),Pi(#)} (the
classical positions and momenta obtained by propagating the
initial classical state X%(0),P/(0) with the classical Hamiltonian
H,®) associated with electronic state I). Therefore,

VIBVBF
VX (1) - V(X (1)

Equation 17 then becomes

Ue iy = e iy (21)

= ? :
() |V13VBF| <[V§c1)(Xi(0)) - Vg:l)(X'(O))] *

]J(t)> (22)
T

1
[VF"(X"(t)) - V(X ()
with

J(1) = (X(0)P(0)|e™"e™ X (0) P(0)) (23)
where (-)7 in (22) denotes the classical thermal average over
the initial positions and momenta. Here, exp(—iHst)LX(0)P(0))
(S =1, B) denotes the time-dependent frozen Gaussian wavepacket

e MX(0)P(0)) = |XS()P3(1)) = explia(X - X°(1))* +
P ()X - X3(1) + iv(D] (24)

where
o= %‘-"- (25)
and
=_Lio(me)_1
() = - 7i log ( o ) St + ¢(1) (26)
The phase term is
_ (50 _
oft) = S0 P(X) dX - Et (27

where P(X) is the classical momentum at X for total energy E.

Equations 16-22 represent a semiclassical, time-dependent
wavepacket approach to the calculation of electron-transfer rate
constants. The actual calculation proceeds by propagating the
packets on the initial and final states, computing the overlap
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Figure 2. Integrand ofeq 16, asdescribedinthetext. Relevant parameters
for the one-mode case shown are as follows: Aw = 500 cm™'; AEy = AEy,
=20 000 cm™! (i and f are degenerate); V1p = Var = Va1 = Vip = 4000
cm™!; location of minima (unitless): Xp; = -1.15, Xop = 0.00, XoF =
+1.15. 1 atu (atomic time unit) = 2.4189 X 10717 5, Note the effects
of the phase factor, defined in eq 27, seen here as secondary peaks in the
integrand. Note also that in the absence of irreversible processes such
asdamping, slow gating, dephasing, or dissociation, we observe recurrence,
and no rate can be defined.

integral, and thermally averaging over the initial state distribution
to obtain C(?).
We now apply this treatment to a model system.

III. A Model System

As a first test of the time-dependent calculation, we choose to
sample some parameters of a real intramolecular electron-transfer
system, [(H3;N)sRul'—4,4’-bipy-Rul!(NH;)s]* (here 4,4’-bipy
is 4,4’-bipyridine}, a symmetric, mixed valent dimer, which has
been the focus of a number of experimental studies.!*!* With the
understanding that the electron-transfer process involves many
vibrational degrees of freedom, we choose the most significant
vibration, ~500 cm™!, corresponding to the asymmetric ruthe-
nium-ammonia breathing mode (in which Ru-N distances are
increased about one ruthenium center and simultaneously
decreased about the other), and use it in a one-dimensional
application of our method. We obtain unitless equilibrium
displacements!® of the initial (-1.15), bridge (0.00), and final
(+1.15) states from crystal structures of the bis(ruthenium
pentaammine)-pyrazine 4+ (Rul’-Ru'') and 6+ (Ru!''-Ru!!")
dimers.!” These displacements are based on the difference of the
average Ru-NH; distances between the Rul! and Ru!!! centers.
(The bridge-localized state corresponds to [(H3N);-
Rull-4 4’-bipy —Ru"'(NH3);5]°*, in which both rutheniums are
identical and the odd electron is localized on the bridge.) Visand
Vr for this system are assumed to be equal and are taken to be
4000 cm™'.!8 As vibrational levels are very closely spaced on the
bridge state relative to the separation between the initial and the
bridge states (20 000 cm™!), vibronic states are ignored on the
bridge.

Figure 2 shows the integrand term of (16) for the one-
dimensional, harmonic system described above, with degenerate
donor and acceptor electronic states, at the T = 0 K limit.!% At
t = 0, the system is prepared by assigning the ground-state
Gaussian (with zero momentum) on the initial surface. The final
state Gaussian is assigned the same position and momentum,
such that

X'(0) = X(0)
P0)=P(0)=0 (28)

The Gaussians are then allowed to propagate classically, and the
real part of (f(#)}i(#)) is calculated analytically.
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Figure 3. Integrand ofeq 16,asdescribedinthetext. Relevant parameters
for the three-mode case shown are as follows: Aw; = 500 ecm™; hw; =
1 em™; Aws = 170 cm™!; AE,; = 20 000 cm™!; AE;s = 7000 cm™! (this
is the crossing point shown in Figure 4b; note the absence of “phase”
effects as seen in Figure 2); ¥ip = Vpr = Vp; = Vpg = 4000 cm™!. 1 atu
(atomic time unit) = 2.4189 X 10~!"s. Note that addition of two solvent
modes (with positions noted in the text) removes recurrence, and a rate
can be defined. The rate for the system described is 1.68 X 1013 571,
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Figure 4. Harmonic, one-dimensional initial and final state potential
surfaces. (a) Shows the system in the “normal” regime, (b) shows the
crossing point, at which the rate is maximum, and (c) shows the “inverted”
region.

Without damping, slow gating, dissociation, dephasing, or some
such irreversible process, recurrence is inevitable, as is shown in
Figure 2. In reality, one cannot assign a rate for a process
exhibiting such undamped recurrences. The addition of more
degrees of freedom, especially solvent modes (both high- and
low-frequency modes with substantial displacements), increases
the recurrence time until it becomes unreasonable to sample any
but the initial decay shown in Figure 2. Figure 3 shows, for a
similar time scale, a three-mode system, including the 500-cm™!
metal-ligand mode and two solvent modes. The two solvent
modes, with frequencies 1 and 170 cm™! and unitless changes in
equilibrium displacement 58 and 6.2, respectively, were defined
according to the method of Siders and Marcus,? in which they
used a two-frequency quantum description of the interaction of
water with an electron-transfer system. The addition of these
two modes, as shown, removes the recurrence, and thus a rate can
be defined. For the system shown, calculated at the crossing
point to the inverted region (see Figure 4b and text, below), the
calculated rate is 1.69 X 10!3 71,2

As the initial state surface is raised from being degenerate
with the final state, the activation energy decreases, until the
minimum on theinitial state surface crosses the final state surface,
at which point the activation energy is effectively zero (Figure
4). If the initial state surface is raised further, the activation
energy begins to increase again, and the system enters the so-
called inverted or abnormal region described by Marcus.??
Inverted region effects for the single-mode system described above
(integrated over the first decay only)!® are shown in Figure 5. A
number of discussions have appeared dealing with inverted region
effects on rates, including those by Marcus,?2 Van Duyne and
Fischer,'® Wasielewski,2* Closs and Miller,2¢ and others.2’ We
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Figure 5. Variance of rate with AE; for the three-mode system. The
maximum occurs at the point where the minimum of the surface I crosses
surface F and the system crosses into the inverted region (see text and
Figure 4b). Other relevant parameters are as described in Figure 3.

observe the expected increase and decrease in rate; further, we
see nonquadratic behavior, as expected for a multimode energy
gap.

As a means of comparison, we used the formula derived by
Jortner®2¢ from the low-temperature limit of a polaron treatment
to estimate the rate for the electron transfer at T = 0:

(29)

k(max) = ITDA|2 g1_r_ 1/2
0 w S )

where Tpa is the effective superexchange electronic-transfer
matrix element, w is the oscillator frequency, and § = A /w (A is
the reorganization energy). As this is a maximum rate for a
one-mode (single-frequency) system, it is appropriate to compare
it to our single-mode system at the crossing point to the inverted
region (see Figure 4b). Using the parameters outlined above for
the ruthenium dimer system and making use of eq 3 (8pa = 8a
= 4000 cm™', n = 1) to give Tpa = 800 cm™!, we obtained a rate
of 2.2 X 10'? s~! using Jortner’s treatment. If we integrate over
the first peak only in the single-mode system, we obtain a
(maximum) rate of 1.69 X 10!3 ¢-1,

IV. Remarks

We have demonstrated a new electron-transfer model based
onan explicitly time-dependent reformation of the superexchange-
assisted nonadiabatic electron-transfer process. Assuch, it offers
several important extensions to the degenerate, purely electronic
superexchange model of McConnell. As it is time-dependent, it
is able to explicitly include vibronics, and temperature can be
included to allow for a distribution of initial and final vibronic
states. It is not limited to degenerate donor and acceptor states.
Boththeoretical (normal mode analysis routines) and experimental
(near- and at-resonance Raman)!4¢26 methods can be used to
generate unitless equilibrium displacements and frequencies,
which can be put directly into our model to generate electron-
transfer rates for molecular systems,

The current formulation is semiclassical in two senses: first,
the quantum vibrational states are represented as frozen Gaussian
wavepackets; second, the Hamiltonian operatorsin the propagator
(14) are replaced by the potentials in (19). Both of these
semiclassical approximations can break down in specific cases
(such as an excited state that is very anharmonic and weakly
bound), but for most vibrations of stable molecules, we expect
them to hold reasonably generally.

In the absence of damping or dephasing processes, we observe,
for the T= 0, one-mode system, the expected recurrences (Figure
2). Inclusion of solvent modes increases the recurrence time to
the point that calculation of a rate becomes possible (Figure 3),
and an examination of rate vs AE sindicates the expected inverted
region effects (Figure 5).
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Future discussions of this model will include both electronic
and vibronic dephasing, temperature dependence, unfreezing of
the Gaussian wavepackets, inclusion of vibronic levels on the
bridge, removal of the Condon approximation, and anharmo-
nicities.

Acknowledgment. WearegratefultoJ. T. Hupp for very helpful
discussions and to the Office of Naval Research for partial support.
M.D.T. is the recipient of a National Science Foundation
predoctoral fellowship. A. N. thanks the Basic Research Fund
of the Israel Academy of Science for financial support.

References and Notes

(1) (a) Dogonadze, R. R.; Kuznetsov, A. M.; Maragishvili, T. A.
Electrochim. Acta 1980, 25, 1. (b) Newton, M. D. Int. J. Quant. Chem.
Symp. 1980, 14, 363. (c) Sutin, N. Prog. Inorg. Chem. 1983, 30, 441. (d)
Newton, M. D.; Sutin, N. Annu. Rev. Phys. Chem. 1984, 35,437, (e) Marcus,
R. A.; Sutin, N. Biochim. Biophys. Acta 1988, 811, 265. (f) Hush, N. S.
Coord. Chem. Rev. 1988, 64, 135. (g) Hush, N. S. J. Phys. Chem. 1986, 90,
3657-3862. (h) Mikkelsen, K. V_; Ratner, M. A, Chem. Rev. 1987, 87, 113.
(i) Mikkelsen, K. V.; Ratner, M. A. J. Phys. Chem. 1989, 93, 1759. (j)
Mikkelsen, K. V.; Ratner, M. A. J. Chem. Phys. 1989, 90, 4237. (k) Kosloff,
R.; Ratner, M. A. Isr. J. Chem. 1990, 30, 45. (1) Todd, M. D.; Mikkelsen,
K. V., Hupp, J. T.; Ratner, M. A. New J. Chem. 1991, 15,97. (m) Newton,
M. D. Chem. Rev. 1991, 91, 767. (n) Isied, S. S.; Ogawa, M. Y.; Wishart,
J. F. Chem. Rev. 1992, 92, 381, (o) Jordan, K. D.; Paddon-Row, M. N.
Chem. Rev. 1992, 92, 395.

(2) (a) McConnell, H. M. J. Chem. Phys. 1961, 35, 508. (b) Halpern,
J.; Orgel, L. Discuss. Faraday Soc. 1960, 29, 32.

(3) (a) Newton, M. D. Jerusalem Symp. Quantum Chem. Biochem.
1990, 22 (Perspect. Photosynth.), 157. (b) Hu, Y.; Mukamel, S. Jerusalem
Symp. Quantum Chem. Biochem. 1990, 22 (Perspect. Photosynth.), 171. (c)
Kuznetsov, A. M.; Ulstrup, J.; Zakaraya, M. G. Jerusalem Symp. Quantum
Chem. Biochem. 1990, 22 (Perspect. Photosynth.), 241. (d) Newton, M. D.;
Ohta, K.; Zhong, E. J. Phys. Chem. 1991, 95, 2317. (e) Kuznetsov, A. M.;
Ulstrup, J. Comments Inorg. Chem. 1990, 10,197. (f) Christensen, H.E. M.;
Conrad, L. S.; Mikkelsen, K. V.; Nielsen, M. K.; Ulstrup, J. Inorg. Chem.
1990, 29, 2808. (g) Hu, Y.; Mukamel, S. J. Chem. Phys. 1989, 91, 6973. (h)
Wong, K. Y.;Schatz, P. N. Prog. Inorg. Chem. 1981, 28, 370. (i) Magarshak,
Y.; Malinsky, J.; Joran, A. D. J. Chem. Phys. 1991, 95, 418. (j) Naleway,
C. A.; Curtiss, L. A.; Miller, J. R. J. Phys. Chem. 1991, 95,8434. (k) Ratner,
M. A.J. Phys. Chem. 1990, 94,4877. (1) Piepho, S. B.; Krausz, E. R.; Schatz,
P. N. J. Am. Chem. Soc. 1979, 101, 2793. (m) Ohta, K,; Closs, G. L,;
Morokuma, K.; Green, N. J. Am. Chem. Soc. 1986, 108, 1319.

(4) (a) Wasielewski, M. R.; Niemczyk, M. P.; Johnson, D. G.; Svec, W.
A.; Minsek, D. W. Jerusalem Symp. Quantum Chem. Biochem. 1990, 22
(Perspect. Photosynth.), 347. (b) Rodriguez, J.; Kirmaier, C.; Johnson, M.
R.; Friesner, R. A.; Holten, D.; Sessler, J. L. J. Am. Chem. Soc. 1991, 113,
1652. (c) Wasielewski, M. R.; Niemczyk, M. P.; Johnson, D. G.; Svec, W.
A.; Minsek, D. W. Tetrahedron 1989, 45, 4785, (d) Bixon, M.; Jortner, J;
Michel-Beyerle, M. E.; Ogrodnik, A. Biochim. Biophys. Acta 1989, 977, 273.
(e) Warman, J. M.; Smit, K. J.; de Haas, M. P.; Jonker, S. A.; Paddon-Row,
M. N,; Oliver, A. M.; Kroon, J.; Oevering, H.; Verhoeven, J. W. J. Phys.
Chem.1991,95,1979. (f) Antolovich, M.; Keyte, P. J.; Oliver, A. M.; Paddon-
Row, M. N.; Kroon, J.; Verhoeven, J. W.; Jonker, S. A.; Warman, J. M. J.
Phys. Chem. 1991, 95,1933. (g) Paddon-Row, M. N_; Verhoeven, J. W. New
J. Chem. 1991, 15,107, (h) Warman, J. M.; Mom, M.; Paddon-Row, M. N.;
Oliver, A. M.; Kroon, J. Chem. Phys. Lett. 1990, 172, 114.

(5) Siddarth, P.; Marcus, R. A. J. Phys. Chem. 1992, 96, 3213.

(6) (a) Larsson, S. J. Am. Chem. Soc. 1981, 103, 4034. (b) Larsson, S.
Chem. Phys. Lett. 1982, 90, 136. (c) Larsson, S. J. Chem. Soc., Faraday
Trans. 2 1983, 79, 1375. (d) Larsson, S. J. Phys. Chem. 1984, 88, 1321.

(7) Beratan, D. N.; Onuchic, J. N.; Hopfield, J. J. J. Chem. Phys. 1987,
86, 4488.

The Journal of Physical Chemistry, Vol. 97, No. 1, 1993 33

(8) Ulstrup, J.; Jortner, J. J. Chem. Phys. 1975, 63, 4358.
(9) Jortner, J. J. Chem. Phys. 1976, 64, 4860.

(10) (a) Van Duyne, R. P.; Fischer, S. F. Chem. Phys. 1974, 5, 183. (b)
Fischer,S. F.; Van Duyne, R. P. Chem. Phys. 1977, 26,9. (c) Knapp; Fischer,
S. F. J. Chem. Phys. 1988, 89, 3394.

(11) (a) Heller, E. J. J. Chem. Phys. 1981, 75, 2923. (b) Heller,E. J. J.
Chem. Phys. 1978, 62, 1544.

(12) Heller, E. J.; Sundberg, R. L.; Tannor, D. J. Phys. Chem. 1982, 86,
1822.

(13) Neria, E.; Nitzan, A.; Barnett, R. N.; Landman, U. Phys. Rev. Lett.
1991, 67, 1011.

(14) (a) Oh, D. H.; Sano, M.; Boxer, S. G. J. Am. Chem. Soc. 1991, 113,
6880. (b) Joachim, C.; Launay, J. P.; Woitellier, S. Chem. Phys. 1990, 147,
131. (c¢) Oh, D. H,; Boxer, S. G. J. Am. Chem. Soc. 1990, 112, 8161. (d)
Reimers, J. R.; Hush, N. S. Inorg. Chem. 1990, 29, 3686. (e) Doorn, S.K.;
Hupp, J. T.; Porterfield, D. R.; Campion, A.; Chase, D. B. J. Am. Chem. Soc.
1990, /12,4999. (f) Launay, J. P,; Joachim. C.J. Chim. Phys. Phys.-Chim.
Biol. 1988, 85, 1135. (g) Woitellier, S.; Launay, J. P.; Joachim, C. Chem.
Phys. 1989, 131, 481. (h) Isied, S. S.; Vassilian, A.; Wishart, J. F.; Creutz,
C.; Schwarz, H. A,; Sutin, N. J. Am. Chem. Soc. 1988, 110, 635. (i) Hupp,
J. T.; Meyer, T. J. Inorg. Chem. 1987, 26, 2332. (j) Moore, K. J.; Lee, L.;
Mabbott, G. A.; Petersen, J. D. Inorg. Chem. 1983, 22, 1108, (k) Sutton, J.
E.; Taube, H. Inorg. Chem. 1981, 20, 3125. (l) Tanner, M.; Ludi, A. Inorg.
Chem. 1981, 20, 2348. (m) Sutton, J. E; Sutton, P. M.; Taube, H. Inorg.
Chem. 1979, 18,1017. (n) Creutz, C. Inorg. Chem. 1978, 17,3723, (o) Tom,
G. M,; Creutz, C.; Taube, H. J. Am. Chem. Soc. 1974, 96, 7827.

(15) (a) Todd,M.D.; Dong, Y.; Hupp, J. T. Inorg. Chem. 1991, 30, 4685.
(b) Blackbourn, R. L.; Hupp, J. T. J. Phys. Chem. 1988, 92, 2817. (c¢) Hupp,
J. T.; Weydert, J. Inorg. Chem. 1987, 26, 2657.

(16) To simplify the propagation of the wavepackets, we use unitless
coordinates and momenta. Conversion from standard units is as follows:
= X[(mw)/k]2and P= P[1/(mwh)]!/2, where X and P are unitless versions
of the coordinate X and the momentum P, respectively, and m is the reduced
mass appropriate for the vibration of frequency w. The Hamiltonian is then
H = {(hw)/2] (X* + P?), and the equations of motion are X = wP and P =
—wX. The coordinate X for the Ru—-NH; asymmetric breathing mode is given
by the following: X = (1/ 10‘/2)(21??“_,4“3 - ZR&MHJ), where ZR’Q‘,_NH’ is
the unitless (relative to [(mw)/A]!/?) distance between the x ruthenium (x =
LandR for left and right, respectively) and each of five ammonias. Substitution
of crystallographic Ru—N distances (seeref 17) yields Xo, which s the coordinate
of the minimum corresponding to electron localization on the left (X0 > 0)
or right (Xo < 0) ruthenium. For this system, [Xo| = 1.15.

(17) Gress, M. E,; Creutz, C.; Quicksall, C. O. Inorg. Chem. 1981, 20,
1522.

(18) Richardson, D. E.; Taube, H. J. Am. Chem. Soc. 1983, 105, 40.

(19) For T = 0, the Gaussian is the ground-state eigenfunction. For T
> 0, a Boltzmann distribution of vibrational states on the initial state surface
would be sampled. In this case, « would be chosen according to the thermal
de-Broglie wavelength. See Neria et al. in ref 13.

(20) Siders, P.; Marcus, R. A. J. Am. Chem. Soc. 1981, 103, 741.

(21) If we integrate over the first decay of the single-mode (500-cm™!)
system defined in the text at the inverted region crossing point (which yields
the highest rate), we can define a “pseudorate” of 1.69 X 10!3 57!, as compared
to the (maximum) solvent-damped rate of 1.68 X 1013 57,

(22) (a) Marcus, R. A. Discuss. Faraday Soc. 1960, 29, 21. (b) Marcus,
R. A. Annu. Rev. Phys. Chem. 1964, 15, 155. (c) Marcus, R. A. J. Chem.
Phys. 1968, 43, 2654. (d) Marcus, R. A, J. Chem. Phys. 1970, 52, 2803.

(23) Wasielewski, M. R. Met. Ions Biol. Syst. 1991, 27, 361.

(24) Closs, G. L.; Miller, J. R. Science 1988, 240, 440.

(25) Schatz, G. C.; Ratner, M. A. Quantum Mechanics in Chemistry;
Prentice-Hall: Englewood Cliffs, NJ, 1992, Chapters 9 and 10.

(26) (a) Shreve, A. P.; Cherepy, N. J.; Franzen, S.; Boxer, S. G.; Mathies,
R. A. Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 11207. (b) Doig, S. J.; Reid,
P.J.; Mathies, R. A. J. Phys. Chem. 1991, 95, 6372. (c) Doorn, S. K.; Hupp,
J.T.J. Am. Chem. Soc. 1989, 111, 1142, 4704. (d) Markel, F.; Ferris, N.
S.; Gould, I. R.; Myers, A. B. J. Am. Chem. Soc. 1992, 114, 6208.



