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Effects of anharmonicity and electronic coupling on photoinduced electron
transfer in mixed valence compounds

Daren M. Lockwooda) and Mark A. Ratner
Department of Chemistry, Northwestern University, Evanston, Illinois 60208-3113

Ronnie Kosloff
Department of Physical Chemistry, Fritz-Haber Research Center, The Hebrew University,
Jerusalem 91904, Israel

~Received 24 July 2002; accepted 16 September 2002!

We develop a semigroup model of electron transfer~ET! dynamics in mixed valence compounds.
This model is useful for investigating the effects of anharmonicity in inner sphere nuclear modes,
as well as the dependence of the electronic dynamics on the nature of the electronic coupling. Two
effective ‘‘subsystem’’ nuclear vibrations are treated explicitly in the model, to account for the rapid
electronic energy gap fluctuations induced by the inner sphere vibrations. The essentially Markovian
effects of the remaining ‘‘bath’’ modes are approximated by semigroups. We find that including the
anharmonicity in inner sphere vibrations leads to a very small increase in the rate of ET. This effect
is due to the change in reactant and product vibronic states when anharmonicity is included, as well
as the rapid electronic dephasing induced by the bath. An assumption of strong electronic coupling
is found to be sufficient to explain experimentally observed ET rates, but the possible role of conical
intersections in ultrafast ET reactions is also noted. ©2002 American Institute of Physics.
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I. INTRODUCTION

Electron transfer ~ET! reactions are of widesprea
interest.1–9 Such reactions are central to many biologic
processes,9 and are also of interest to the growing comm
nity interested in molecular electronics.10,11Traditional theo-
retical descriptions of ET in condensed phases have focu
on systems either in the high temperature limit, where nu
can be treated classically, or in the low temperature
small electronic coupling limit, in which case nuclear mod
are approximately harmonic and Fermi’s Golden rule
valid.1,8 Exact, fully quantum mechanical description
complex systems in more general temperature and coup
regimes is not computationally feasible, and as a res
many studies of these regimes have utilized semiclass
approximations.12–14

An alternative and complementary approach is provid
by the semigroup methodology,15,16 which does not require
semiclassical approximations. In this approach, import
‘‘subsystem’’ degrees of freedom are treated fully quant
mechanically, while Markovian effects of the remainin
nuclear modes on the reduced density matrix are inco
rated based on the Lindblad equation.17 The semigroup ap-
proach can be used to explore a wide range of temperatu
and can serve as a test of the validity of semiclassical
proximations which can otherwise only be tested against
act calculations for more simplified model ET reactions.12

The semigroup approach is also particularly well sui
to investigating effects of anharmonic modes on ET in mix
valence compounds such as (NH3)5RuNCRu~CN)5

2 .16,18–20
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This is in part because the subsystem propagation is rea
carried out numerically for nonharmonic surfaces which
not convenient to work with analytically. But equally impo
tant is the fact that traditional rate expressions, based on
assumptions of small and constant electronic coupling or
assumption of nuclear thermal equilibrium,1 cannot be relied
upon in the case of ultrafast photoinduced ET between m
centers.16,18,20,21Spatial dependence of the electronic co
pling, such as a form for the electronic coupling that giv
rise to a conical intersection,22–24 can play a role in the rate
of an ultrafast ET reaction, and it can also affect the imp
of anharmonicity on the reaction dynamics. The semigro
method is ideal for exploring a wide range of electronic co
pling strengths and spatial dependence, and is also capab
describing deviations from nuclear thermal equilibrium.16

The remainder of this paper is organized as follow
In Sec. II, we develop a semigroup model for intramolecu
ET in mixed valence compounds. In Secs. III and I
we discuss parametrization of this model to descr
(NH3!5RuNCRu~CN!5

2 . In Sec. V, we discuss calculation
which elucidate the role of anharmonicity and electron
coupling. In Sec. VI, we comment on the possible role
conical intersections in ultrafast ET reactions. In Sec. V
we present our conclusions.

II. SEMIGROUP MODEL OF ET IN MIXED VALENCE
COMPOUNDS

The Hamiltonian governing ET in compounds such
(NH3!5RuNCRu~CN!5

2 can be written as

Ĥ5J~ uA&^Du1uD&^Au!1uD&HD^Du1uA&HA^Au, ~1!
5 © 2002 American Institute of Physics
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whereuD& denotes the initial~‘‘donor’’ ! electronic state,uA&
denotes the final~‘‘acceptor’’! electronic state,J is the elec-
tronic coupling, andHD and HA are the nuclear Hamilto
nians on the electronic surfacesuD& and uA&, respectively.
The nuclear HamiltoniansHD andHA differ in three princi-
pal ways: the covalent radii of the metal ions change w
electronic state, there is an energy gap between equilibr
nuclear configurations on the two electronic surfaces, and
solvent ~‘‘outer sphere’’! nuclear modes react to the ele
tronic state.25,26As such, the difference between equilibriu
inner sphere nuclear configurations, on the two electro
surfaces, is dominated in the case of (NH3!5RuNCRu~CN!5

2

by the displacement of the Ru–N and Ru–C bonds.
To conveniently model ET in mixed valence compoun

such as (NH3!5RuNCRu~CN!5
2, we make two principal ap-

proximations. First, we suppose that the solvent and m
inner sphere nuclear modes may be approximated as a
kovian bath, which is to say that their effects can be
scribed by semigroups.16 Second, we suppose that the rea
tion is very similar to that between RuII~NH3!6

12 and
RuIII ~CN!6

23, except that the NC bridge fixes the meta
metal distance and affects the electronic coupling stren
between electronic states. Accordingly, to model the n
Markovian contributions to the electronic energy gap mo
lation, we treat only two nuclear modes explicitly and ful
quantum mechanically, and we model these two modes a
the ‘‘breathing’’ modes that are dominant in the ‘‘absence’’
the bridge.25,26 In one of these modes, the Ru–N bon
stretch, and in the other the Ru–C bonds stretch, with
quencies and anharmonicities comparable to those of
symmetric stretching modes in RuII~NH3!6

12 and RuII~CN!6
24,

respectively. The effects of the remaining modes are appr
mated by semigroups. We note that two previous theoret
studies of ET in mixed valence compounds have conside
only a single non-Markovian nuclear mode.16,27

It is useful to define a subsystem Hamiltonian, whi
differs from Eq. ~1! in that the terms describing energ
change due to motion in the bath~or approximately Markov-
ian degrees of freedom! are removed. This system Hami
tonian then takes the form

HŜ5J~ uA&^Du1uD&^Au!2uA&\vDA^Au1uD&

3S (
i 51,2

HD,i D ^Du1uA&S (
i 51,2

HA,i D ^Au, ~2!

where the first~coupling! term is the same as in Eq.~1!,
\vDA is the effective electronic energy gap between equi
rium nuclear configurations on the two surfaces, and
nuclear Hamiltonians contain only the two required nucl
modes and are equal to zero at the equilibrium configurat
We have chosen the zero of energy as that of the equilibr
nuclear configuration on theuD& electronic state.

The corresponding reduced density matrix, which d
scribes the subsystem and is sufficient to characterize the
dynamics, evolves according to16

dr/dt52~ i /\!@Ĥs ,r#1LDr, ~3!

whereLD describes relaxation and dephasing due to the b
modes. Herein, we takeLD to be of essentially the sam
Downloaded 24 Jun 2003 to 132.64.1.37. Redistribution subject to AIP
h
m
he

ic

s

st
ar-
-
-

th
-
-

er

-
he

i-
al
d

-
e
r
n.
m

-
ET

th

form as described in Ref. 16. For reasons discussed in
following, we choose to work in the energy (HŜ2J@ uA&
3^Du1uD&^Au#) representation. ThenLD contains a number
of terms, the first of which describes electronic dephasi
and is of the form

~]r/]t !ed52ge (
uAi&,uD j &

~ uAi&^D j urAi,D j1uD j &^AiurD j ,Ai!,

~4!

wherege andrAi,D j are, respectively, the electronic depha
ing rate and a density matrix element, and summation ta
place over pairs of vibrational statesi and j on different
electronic surfaces.

Additionally, LD contains one term for each pair of v
brational statesu i & and u j & on the same electronic surfac
describing nuclear relaxation and associated dephasing
tween the pair of vibrational states.16 Here, for convenience
we take a simple approximate form for the nuclear relaxat
which simplifies interpretation of our results. This limitin
form is valid when differences in relaxation rates for diffe
ent pairs of vibrational states are neglected, and the distr
tion of nuclear states is not too far from equilibrium.

~]r/]t !nr5 (
uXi&,uX j&

~ uXi&^X j u!g r~PXrXi,X j
eq 2rXi,X j!, ~5!

whereg r denotes the nuclear relaxation rate,PX denotes the
electronic population on electronic stateuX&, and rXi,X j

eq is
the equilibrium~thermal! value of the density matrix elemen
if PX51.

The validity of a semigroup description of the bath
corroborated by a recent study employing the surrog
Hamiltonian method to examine ultrafast charge transfe
condensed phase environments.28 The surrogate Hamiltonian
method does not assume that the bath is Markovian. Ra
the bath is approximated by a finite number of representa
bath modes, which are treated fully quantum mechanically
two-level systems. In cases where the bath induces sig
cant nuclear relaxation in the subsystem, deviation from
exponential decay characteristic of Markovian dynamics
small.

III. NUCLEAR HAMILTONIAN PARAMETERS

In this section, we discuss parametrization of the nucl
Hamiltonians HD,i and HA,i in Eq. ~2! for the case of
(NH3!5RuNCRu~CN!5

2. Electronic structure calculations pe
formed using the commercial packageJAGUAR29 were used
for the parametrization. As discussed in Sec. II, we appro
mate the frequencies and anharmonicities of the subsys
~non-Markovian! inner sphere modes by those of the sy
metric breathing modes of RuII~NH3!6

12 and RuII~CN!6
24.

To determine the curvature of the electronic surfac
geometry optimization of the metal complexes RuII~NH3!6

12

and RuII~CN!6
24 was performed, and then configurational e

ergies were calculated at the DFT level using the B3L
functional and LACVP basis, as a function of Ru–N a
Ru–C bond length, respectively, for a fully symmetricala1g

normal ~breathing! mode. Calculations were performed ov
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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a 0.4 Å range of bond lengths centered on the value of
length for which the energy was lowest, and ligand geo
etries were kept constant. A least-squares fit of the data
Morse potential was then performed for each metal comp
where the Morse potential is of the form30

H5D@e2a~r 2r 0!21#2, ~6!

wherer 0 is the equilibrium bond length, andD anda deter-
mine the surface curvature.

For the case of RuII~NH3!6
12, the values ofD anda were

determined to be 0.3625EH and 0.8987a0
21 (r 0 was found

to be 4.1753a0 , as compared to the experimental value25 of
4.0517a0). The nuclear energy eigenvalues were determi
by Chebyshev propagation with the relaxation operatore2Ht

~see Refs. 31 and 32!, and the energy difference betwee
lowest nuclear states found to be 387 cm21, compared to a
value of 350 cm21 obtained spectroscopically.25

The effective mass for the RuII~NH3!6
12 breathing mode

was taken to be six times the mass of NH3, in which case the
appropriate normal coordinate is the Ru–N bond length.
this effective mass, the coordinate describing the RuII~CN!6

24

breathing mode should be the Ru–C bond length times
factor (mCN/mNH2

)1/2. Other than the energy gap\vDA , the
two electronic surfaces@modeled, as noted previously, aft
RuII~NH3!6

121RuIII ~CN!6
24] were taken to differ only by dis-

placement of the equilibrium bond lengths. The experim
tally indicated displacement of the RuII~NH3!6

1 surface rela-
tive to the RuIII ~NH3!6

13 surface is 0.0756a0 .25 We assume a
comparable change in covalent radius for the RuII~CN!6

24

breathing mode, such that the displacement in the nearly
mal scaled coordinate is about (0.0756a0)(mCN/mNH3

)1/2

'0.0935a0 . For the RuII~CN!6
24 mode, D in Eq. ~4!

was determined to be 0.2545EH , while a
51.0833a0

21(mNH3
/mCN)1/250.8760a0

21.

IV. ELECTRONIC COUPLING

We do not employ the usual approximation2,3 that the
electronic coupling is entirely constant as a function of
nuclear coordinates. In fact, for the parameters we emplo
this assumption leads to an unphysical ‘‘antiZeno’’ effect33

where non-negligible ET occurs from the bottom of t
lower electronic surface to the upper electronic surface
preferable approach is to represent the electronic couplin
a product

J~r !5JmaxF~r !, ~7!

whereJmax is the coupling strength at the ‘‘transition state
which is to say the lowest-energy point where the diaba
electronic surfaces intersect, andF(r ) is a cutoff function of
the distance from the transition state. The functionF(r ) is
taken to be equal to 1 within a specified distancer c of the
transition state, and falls off continuously ase2a2(r 2r c)2

be-
yond that cutoff distance. Herein,r c is generally taken to be
the distance from the transition state to the minimum of
higher electronic surface, so that the same functionJ(r ) can
reasonably be used with and without the harmonic appr
mation to the surfaces, and the difference reflects the rol
anharmonicity, as independent as possible from the form
Downloaded 24 Jun 2003 to 132.64.1.37. Redistribution subject to AIP
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electronic coupling. For the cases we investigated, the
rate was not very sensitive to the value ofa; herein we use
a51/(0.1r c). While we find that the assumed function
form for the coupling is general enough to fit experimen
results, an important direction for future study is to det
mine the actual electronic coupling strength as a function
configuration for this system, including the possible ex
tence and relevance of a conical intersection.22–24

V. CALCULATIONS

A. General considerations

Nuclear energy eigenstates and eigenvalues on e
electronic surface were determined using Chebyshev pro
gation of the relaxation operatore2Ht.31,32 Propagation of
the density matrix under the influence of semigroups can
carried out using either a Newton method31 or split
propagation.34 We found that for the current problem, prop
gation of the density matrix in the energy eigenstate rep
sentation is very efficient, since sufficient accuracy is
tained if one considers only the lowest 200 ener
eigenstates on each electronic surface. Because the
mode problem would require a two-dimensional grid
nuclear configuration space, more than 200 grid points wo
probably be required for accurate propagation in the posi
representation.

As in Ref. 16, for simplicity we model the photoinitia
tion of the reaction by taking the initial nuclear state on t
electronic surfaceuD& to be equal to the lowest vibrationa
energy eigenstate on the electronic surfaceuA&. Propagation
then proceeds as described in Ref. 16.

B. The Ru–C bond stretching mode

First, the displacement in the mode describing stretch
of the Ru–N bonds was neglected. This mode then pla
essentially no role, and the dynamics reflected only the ef
of the mode describing stretching of the Ru–C bonds.
compounds such as (NH3!5RuNCRu~CN!5

2, reaction is
known to occur in the inverted regime,18,20 and including
only one mode affects the energy gap required for the re
tion to occur in this regime. Here, for convenience, we co
sider the energy gap\vDA50.0045EH , in which case the
two electronic surfaces take the form shown in Fig. 1. T
energy gap is large enough for anharmonic effects to be
preciable, but small enough to be computationally con
nient ~a large number of nuclear energy eigenstates is
required for accurate propagation!.

In addition to the two anharmonic electronic surfac
shown in Fig. 1, approximate harmonic electronic surfa
~based on Taylor expansion about the equilibrium nucl
configuration! are also shown, as a function of the Ru–
bond stretching coordinate. Including anharmonicity sh
the location of the curve crossing point outward, to a po
where the bond is more strongly stretched, and increases
energy of the curve crossing point. Also, the difference in
slopes of the electronic surfaces near the intersection is
duced when anharmonicity is included.

The time-dependent population of the excited-state s
face is shown in Fig. 2, with and without including electron
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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dephasing, for both the exact surface and the approxim
~harmonic! surface. The electronic coupling strength was
bitrarily chosen to be 0.2\v, wherev is the angular oscil-
lator frequency 318 cm21 of the Ru–C stretching mode
while the electronic dephasing time was taken to be 20
~consistent with experiment18!. While the two-dimensiona
electronic coupling function described in Sec. IV does d

FIG. 1. The excited and ground diabatic electronic surfaces are shown
function of the Ru–C bond stretching coordinate. The solid lines indic
the surfaces when anharmonicity is included. The dashed lines indicat
harmonic approximation to the surfaces, based on Taylor expansion a
the equilibrium geometries on each surface. For the approximate harm
surfaces, the curves cross where the bond displacement and the confi
tional energy are lower. Additionally, the difference in the slopes of
electronic surfaces near the intersection is increased when the harm
approximation is made.

FIG. 2. The excited state population, as a function of time, is shown for
case where electronic dephasing is neglected~solid lines! or included
~dashed lines!. Bold lines or dashes denote the case where anharmonici
included, while light lines or dashes denote the case where the harm
approximation to the surfaces is used. The electronic dephasing rate is~20
fs!.
Downloaded 24 Jun 2003 to 132.64.1.37. Redistribution subject to AIP
te
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pend on the Ru–N bond stretching coordinate, test sim
tions indicate that neglecting this dependence does not
nificantly affect the behaviors discussed in this section.
such, the dynamics reflects only the nature of the Ru–C b
stretching mode.

When electronic dephasing is neglected, the dynamic
visibly affected by the presence of anharmonicity, as sho
in Fig. 2. But including the electronic dephasing gives rise
irreversible dynamical behavior, where an asymptotic po
lation value is approached, and also results in a less dram
effect of anharmonicity. This is in part because at the sign
cant electronic dephasing rate of 1/~20 fs!, electronic dephas-
ing reduces the initial ET rate~for both the harmonic and
anharmonic cases! and diminishes the short-time populatio
oscillations.

Inclusion of nuclear relaxation is required in order
obtain the correct asymptotic value of the population at lo
times.16 In Fig. 3, we show the results when nuclear rela
ation, at a rate 1/~200 fs!, is included. In addition to altering
the asymptotic population limit, including nuclear relaxatio
also leads to decay of the short-time oscillations in popu
tion, as a transition occurs from nonequilibrium dynamic
nuclear motion to a thermally relaxed distribution of nucle
configurations. A short-time rate increase with anharmonic
is evident in Fig. 3, despite the higher reaction barr
present when anharmonicity is included~illustrated in Fig.
1!. Furthermore, oscillations in the change in excited st
population with anharmonicity are negligible at long time
making a comparison of rates meaningful. The small
evident rate increase with anharmonicity can be attributed
three aspects of our model, discussed in the following:
reactant and product vibronic states are affected by anhar
nicity, spectral broadening preserves the effect of the sh
time dynamics at longer times, and the electronic coupling

s a
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FIG. 3. The excited state population, as a function of time, is shown for
approximate harmonic surfaces, and compared to the case where anh
nicity is included. The electronic dephasing time is 20 fs, and the nuc
relaxation time is 200 fs. Neglecting anharmonicity leads to a small incre
in electron transfer rate.
 license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10129J. Chem. Phys., Vol. 117, No. 22, 8 December 2002 Electron transfer in mixed valence compounds
taken to be negligible at sufficient distance from the cross
point of the diabatic electronic surfaces.

The importance of the first factor, the change in vibron
states with anharmonicity, is evident in the short-times
namics shown in Fig. 2, for the case where bath effects
neglected. The initial population transfer rate is seen to
greater when anharmonicity is included. This effect rema
when an initial thermal distribution of reactant vibron
states is used, rather than the initial photoinduced w
packet. However, the wave packet dynamics enhances
effect of anharmonicity since the wave packet momentum
lower in the region where the electronic surface curves cr
leading to an increase in the time spent in this region. Incl
ing anharmonicity increases the reactant nuclear densit
the curve crossing region, as well as the product vibro
density of states near the energy of this curve crossing
gion. These effects are consistent with the increase in
rate.

However, in the absence of the significant effective sp
tral broadening introduced by the electronic dephasing se
group, the effect of anharmonicity on the ET rate can
restricted to short times. This is evident in our model wh
the pure electronic dephasing semigroup is not includ
such that the dephasing rate is significantly reduced~al-
though some dephasing remains since the nuclear relax
semigroup is included!. As illustrated in Fig. 4, the ET rate a
short times is still affected in this case by anharmonicity,
the effect is temporary. Only at higher electronic dephas
rates do off-resonant electronic transitions make a signific
contribution, resulting in less marked population oscillatio
at short times. With increasing electronic dephasing, it
comes more important that the nuclear density in the c
pling region increases with anharmonicity, and less import

FIG. 4. A comparison is made between cases where electronic deph
~‘‘ed’’ ! is included or neglected, and anharmonicity is also either include
neglected. When included, the electronic dephasing time is 20 fs. In
cases, the nuclear relaxation time is 200 fs. The lowest ET rate is obta
when the harmonic approximation is made and electronic dephasing i
cluded. Including anharmonicity increases the rate slightly. Neglecting e
tronic dephasing significantly increases the rate, but in this case the effe
anharmonicity at short times is not necessarily preserved at long times
Downloaded 24 Jun 2003 to 132.64.1.37. Redistribution subject to AIP
g

-
re
e
s

e
he
is
s,
-
in
ic
e-
T

-
i-

e
n
d,

ion

t
g
nt
s
-
-

nt

where the electronic surfaces cross. As a result, the effec
anharmonicity on the initial ET rate is preserved at long
times as well.

It is interesting to note the dual role of increasing ele
tronic dephasing. On the one hand, for high electro
dephasing rates, the overall ET rate decreases with incr
ing dephasing~consistent with the so-called ‘‘Zeno’’ effect!,
while on the other hand, the relative importance of o
resonant electronic transitionsincreaseswith increased elec-
tronic dephasing, consistent with the so-called ‘‘anti-Zen
effect33 and effective spectral broadening. The latter effe
leads to lower-amplitude oscillations in the excited st
population with time, and preserves the short-time effect
anharmonicity at longer times.

The effect of anharmonicity cannot be considered wi
out considering the spatial dependence of the electronic c
pling. In fact, for sufficiently large cutoff distancesr c , we
find that anharmonicity reduces rather than increases the
rate. This is a consequence of the significant role of o
resonant electronic transitions in the presence of strong e
tronic dephasing. It should be noted that there are other
rameters that also impact the effect of anharmonicity on
rates. In particular, if an electronic energy gap of\vDA50 is
used, no significant difference in the dynamics between
harmonic and anharmonic cases is observed, even if the
fect of the bath is ignored, underscoring the fact that
importance of anharmonicity increases with the electro
energy gap in the inverted regime. It is also worth noting
difference in the mass and frequency of the subsys
nuclear mode compared to Ref. 16~a mode with an effective
mass of 200 000me and frequency 110 cm21 should be used
with the parameters in Ref. 16 to reproduce the harmo
oscillator results therein!. The high frequency and low effec
tive mass for the mode described here apparently decr
the effect of the anharmonicity-induced barrier height chan
~illustrated in Fig. 1! on the observed dynamics.

It is interesting to note that a turnover16 in the ET rate is
observed with increasing anharmonicity. As shown in Fig.
for high anharmonicity, the ET rate begins to decrease w
increasing anharmonicity. In this regime, the rate decre
with anharmonicity can be attributed to the curve cross
point becoming less energetically accessible, consistent
conventional electron transfer models.1 As such, the anhar-
monicity in mixed valence compounds can be characteri
as low, in the sense that the energetic accessibility of
‘‘transition state’’ is not significantly affected by anharmo
nicity.

C. Two nuclear modes and electronic coupling
strength

We now turn to the case where displacement of the s
ond (NH3) mode with an electronic state change is also
cluded. For convenience, we took the electronic energy
to be\vDA50.0075EH . This increased value keeps the r
action in the inverted regime, now that a second mode
included in the subsystem. This energy gap is on the orde
but smaller than, the value suggested by the experime
excitation energy,18 and is chosen because it is more conv

ing
r
ll
ed
in-
c-
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nient to work with computationally~fewer nuclear energy
eigenstates need to be included!.

The resulting surfaces are shown in Fig. 6, for the c
where the harmonic approximation is invoked, while Fig

FIG. 5. The excited state population as a function of time is shown,
different values of the Morse potential dissociation energyD/D0 , whereD0

is the correct~fit! value for the system. The correct level of anharmonic
@corresponding toa5(D/D0)2151] leads to a small increase in electro
transfer rate over the harmonic case (a50). A turnover occurs at highe
degrees of anharmonicity, after which increasing anharmonicity decre
the electron transfer rate, consistent with decreasing energetic access
of the point where the electronic surfaces cross. In all cases, the valuea
in Eq. ~6! is selected so that the leading~harmonic! term in the potential
energy is unaffected, and the magnitude of the higher~anharmonic! terms
increase with decreasingD. The electronic dephasing time is 20 fs and t
nuclear relaxation time is 200 fs.

FIG. 6. The excited and ground electronic surfaces are shown, as a fun
of the Ru–C and Ru–N bond stretching coordinates, with a harmonic
proximation based on Taylor expansion about the equilibrium nuclear
figurations. The surfaces cross along a line of points, forming a seam.
Downloaded 24 Jun 2003 to 132.64.1.37. Redistribution subject to AIP
e

shows the case where the anharmonicity in the CN mod
included. Anharmonicity has a small but apparent effect
the location of the seam where the curves cross. The dyn
ics when anharmonicity is included are illustrated in Fig.
for the case where electronic dephasing and nuclear re
ation are neglected, the case where only electronic depha
is included, and the case where both electronic depha

r

es
lity

ion
p-
n-

FIG. 7. The excited and ground electronic surfaces are shown, as a fun
of the Ru–C and Ru–N bond stretching coordinates, with anharmonicit
the Ru–C bond stretch included. There is a small but visible effect of
harmonicity on the location of the points where the surfaces cross.

FIG. 8. The excited state population as a function of time is shown for
case where both subsystem modes are included. When the effects of
non-Markovian intramolecular modes are included, the effect of the bath
the dynamics is less dramatic. A comparison is made between the
where both electronic dephasing~‘‘ed’’ ! and nuclear relaxation~‘‘nr’’ ! are
neglected, the case where only electronic dephasing is included, and the
where both electronic dephasing and nuclear relaxation are included.
electronic dephasing time is 20 fs. The nuclear relaxation time is 200 fs
the two modes.
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and nuclear relaxation are included. Evidently, for this c
of two modes, the closed system behavior at short time
more akin to the irreversible dynamics observed in the p
ence of the bath, although the long time asymptotic beha
will differ. Also, we note that neglecting anharmonicity lea
to a small decrease in ET rate, as is the case for a si
nuclear mode.

We followed the analysis described in Ref. 18 of t
short-time oscillations in excited state population. In partic
lar, the long-time population relaxation was fit to an exp
nential function, and then the time-dependent difference
tween the population and exponential function was Fou
transformed. Predictably, the resulting spectrum consis
primarily of the two subsystem vibration frequencies. Co
parison with the results in Ref. 18 indicates that the prese
of the solvent and the bridge between ruthenium ions d
perturb the short-time coherent vibrational motion. Howev
frequencies described therein are on the order of the
frequencies appearing in our model.

The effect of varying the electronic coupling strength
illustrated in Fig. 9. For highJmax, there is an initial fast ET
followed by slower thermal transfer. This is consistent w
the interpretation that the extremely fast ET rates in mix
valence compounds are due in part to the fact that the e
tronic tunneling motion is faster than nuclear relaxation21

Also, for the parameters studied here, turnover behavi16

with increasingJmax is slow to set in. So an assumption
large electronic coupling is sufficient to explain experimen
ET rates, without assuming a functional form forJ that leads
to conical intersection.

VI. CONICAL INTERSECTION

In some cases, introducing certain spatial dependenc
the electronic coupling, such as forms for the electronic c
pling that give rise to conical intersections,22–24 can lead to

FIG. 9. Excited electronic state population relaxation is shown, for vari
electronic coupling strengthsJmax. In the legend,nJ denotes an electronic
coupling strength which isn times the default value, 0.2\v, wherev is the
angular oscillator frequency 318 cm21 discussed in Sec. V B. The electron
dephasing and nuclear relaxation times are, respectively, 20 and 200 f
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more rapid electron transfer, without requiring an increase
the electronic coupling strength at the conventional ‘‘tran
tion state.’’ To create a conical intersection, the abo
described functionJ(r ) should be multiplied by a function
which is antisymmetric about the line passing through
minimum energy configuration on each surface. Effects
using linear functions of various slope are currently be
investigated.

VII. CONCLUSIONS

We have developed a semigroup model of electron tra
fer dynamics in mixed valence compounds, which elucida
the effects of anharmonicity in inner sphere nuclear mod
as well as the dependence of the electronic dynamics on
nature of the electronic coupling. We find that including t
anharmonicity in inner sphere vibrations leads to a v
small increase in the ET rate, due in part to the change
reactant and product vibronic states when anharmonicit
included. However, this effect of anharmonicity is depend
on the nature of the electronic coupling, and also is o
preserved at long times if the significant spectral broaden
induced by the bath is included.

As a result of the significant spectral broadening, o
resonant electronic transitions make a significant contri
tion, resulting in reduction of the short-time oscillations
excited state population. Correspondingly, the importance
the point where the electronic surfaces cross is decrea
and consequently the short-time effect of anharmonicity
the excited state population is preserved at long times.
find that electronic dephasing plays a dual role in the
dynamics: it induces the spectral broadening which increa
the relative importance of off-resonant electronic transitio
consistent with the so-called ‘‘anti-Zeno’’ effect,33 but also
decreases the overall ET rate when electronic dephasin
rapid, consistent with the so-called ‘‘Zeno’’ effect.

The significant ‘‘anti-Zeno’’ effects observed at hig
electronic dephasing rates make the position dependenc
the electronic coupling particularly important. We have co
sidered primarily a coupling function which is constant in t
vicinity of the minimum energy configuration where the d
abatic electronic surfaces cross, but small near the equ
rium nuclear configurations. For this electronic coupli
function, neglecting anharmonicity leads to a small decre
in the ET rate. However, the effect of anharmonicity cann
be resolved independently from consideration of the nat
of electronic coupling and dephasing. It is also notewor
that the presence of the second nuclear mode increase
effective electronic dephasing rate, so that ratelike beha
is observed at lower bath-induced contributions to the e
tronic dephasing rate.

The degree of anharmonicity in inner sphere modes
mixed valence compounds is small, in the sense that
energetic accessibility of the point where the diabatic el
tronic surfaces cross is not significantly affected by anh
monicity. At higher anharmonicity, we find that the locatio
of the ‘‘transition state’’ where electronic surfaces cross do
play a central role, as it does in conventional electron tra
fer theories which consider only classical nucle
configurations.1 But for the small anharmonicity in mixed

s
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valence compounds, the details of vibronic states pla
more significant role in the explanation of anharmonic
fects than does the place where the curves cross. In gen
we find only very small effects on the ET process due to
anharmonicity in the mixed valence model.

For high electronic coupling strengths, an initial fast E
rate is observed, followed by slower thermal transfer. Al
turnover behavior with electronic coupling is slow to set
with increasing coupling strength. As a result, an assump
of significant electronic coupling is found to be sufficient
explain experimental ET rates, without requiring a nucle
configuration-dependent electronic coupling that leads
conical intersection.
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