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We develop a semigroup model of electron trangEeF) 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. 2@2 American Institute of Physics.
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I. INTRODUCTION This is in part because the subsystem propagation is readily
carried out numerically for nonharmonic surfaces which are

Electron transfer(ET) reactions are of widespread not convenient to work with analytically. But equally impor-
interest'~® Such reactions are central to many biologicaltant is the fact that traditional rate expressions, based on the
processe$,and are also of interest to the growing commu-assumptions of small and constant electronic coupling or the
nity interested in molecular electronit!! Traditional theo-  assumption of nuclear thermal equilibridneannot be relied
retical descriptions of ET in condensed phases have focusagon in the case of ultrafast photoinduced ET between metal
on systems either in the high temperature limit, where nuclecenters->82921 Spatial dependence of the electronic cou-
can be treated classically, or in the low temperature angling, such as a form for the electronic coupling that gives
small electronic coupling limit, in which case nuclear modesrise to a conical intersectidi?; >*can play a role in the rate
are approximately harmonic and Fermi’s Golden rule isof an ultrafast ET reaction, and it can also affect the impact
valid.}® Exact, fully quantum mechanical description of of anharmonicity on the reaction dynamics. The semigroup
complex systems in more general temperature and couplingiethod is ideal for exploring a wide range of electronic cou-
regimes is not computationally feasible, and as a resultpling strengths and spatial dependence, and is also capable of
many studies of these regimes have utilized semiclassicalescribing deviations from nuclear thermal equilibritfm.
approximationg?-14 The remainder of this paper is organized as follows:

An alternative and complementary approach is providedn Sec. I, we develop a semigroup model for intramolecular
by the semigroup methodolog¥® which does not require ET in mixed valence compounds. In Secs. lll and 1V,
semiclassical approximations. In this approach, importanye discuss parametrization of this model to describe
“subsystem” degrees of freedom are treated fully quantum(NHz)sRUNCRUCN)s . In Sec. V, we discuss calculations
mechanically, while Markovian effects of the remaining Which elucidate the role of anharmonicity and electronic
nuclear modes on the reduced density matrix are incorpd=0upling. In Sec. VI, we comment on the possible role of
rated based on the Lindblad equatidrithe semigroup ap- conical intersections |n.ultrafast ET reactions. In Sec. VII,
proach can be used to explore a wide range of temperature4€ Present our conclusions.
and can serve as a test of the validity of semiclassical ap-
proximations which can otherwise only be tested against ex-
act calculations for more simplified model ET reactidhs.  1I. SEMIGROUP MODEL OF ET IN MIXED VALENCE

The semigroup approach is also particularly well suitedCOMPOUNDS

to investigating effects of anharmonic modes on ET in mixed o ] )
valence compounds such as (JERUNCRUCN); .16:18-20 The Hamiltonian governing ET in compounds such as
° (NH3)sRUNCRUCN); can be written as

¥Electronic mail: daren@chem.nwu.edu H=J(|AXD|+|D)A])+|DYHp(D|+|AYHAA|, (1)
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where|D) denotes the initia{“donor” ) electronic statelA)  form as described in Ref. 16. For reasons discussed in the
denotes the final*acceptor”) electronic state] is the elec-  following, we choose to work in the energydg—J[|A)
tronic coupling, andHp and H, are the nuclear Hamilto- X(D|+|D)(A|]) representation. Theln, contains a number
nians on the electronic surfacé®) and |A), respectively. of terms, the first of which describes electronic dephasing,
The nuclear Hamiltoniankl, andH 4 differ in three princi-  and is of the form

pal ways: the covalent radii of the metal ions change with

electronic state, there is an energy gap between equilibriumgp/at) .= — ye 2 (|AIYDj|paipj+|Di)Ailpp;j A,
nuclear configurations on the two electronic surfaces, and the |Ai}.[D]) ' ’

solvent (“outer sphere’) nuclear modes react to the elec- (4)
tronic state?>?°As such, the difference between equilibrium where y, andp,; p; are, respectively, the electronic dephas-
inner sphere nuclear configurations, on the two electronigng rate and a density matrix element, and summation takes
surfaces, is dominated in the case of (JYRUNCRUCN);  place over pairs of vibrational statésand j on different

by the displacement of the Ru—N and Ru—C bonds. electronic surfaces.

To conveniently model ET in mixed valence compounds  Additionally, L, contains one term for each pair of vi-
such as (NHB)sRUNCRUCN)s, we make two principal ap- brational statesi) and|j) on the same electronic surface,
proximations. First, we suppose that the solvent and mosdescribing nuclear relaxation and associated dephasing be-
inner sphere nuclear modes may be approximated as a Maiween the pair of vibrational staté$Here, for convenience,
kovian bath, which is to say that their effects can be dewe take a simple approximate form for the nuclear relaxation
scribed by semigroup$. Second, we suppose that the reac-which simplifies interpretation of our results. This limiting
tion is very similar to that between R(NH3)¢? and  form is valid when differences in relaxation rates for differ-
RU"(CN)g 3, except that the NC bridge fixes the metal— ent pairs of vibrational states are neglected, and the distribu-
metal distance and affects the electronic coupling strengttion of nuclear states is not too far from equilibrium.
between electronic states. Accordingly, to model the non-

Markovian contributions to the electronic energy gap modu-  (gp/at),, = 2 (XKD v (PxpSd = pxixj)s (5)
lation, we treat only two nuclear modes explicitly and fully IXi).[X})

qua:ltum mect\anically, and we model these tV‘{f’ mOdesf‘ft%herey, denotes the nuclear relaxation rag, denotes the
the “breathing” modes that are dominant in the “absence” of gjectronic population on electronic state), and p$ly; is

the b”dgez-s’z_e In one of these modes, the Ru—-N bondsne equilibrium(therma) value of the density matrix element
stretch, and in the other the Ru—C bonds stretch, with fref p, — 1

quencies and anharmonicities comparable to those of the The yalidity of a semigroup description of the bath is
symmetric stretching modes in p{‘NH_a)gz and RY(CN),*, corroborated by a recent study employing the surrogate
respectively. The effects of the remaining modes are approxirjamiltonian method to examine ultrafast charge transfer in
mated by semigroups. We note that two previous theoreticalongensed phase environmefitFhe surrogate Hamiltonian
studies of ET in mixed valence compounds have considereghethod does not assume that the bath is Markovian. Rather,
only a single non-Markovian nuclear mObPé?_ _ _ the bath is approximated by a finite number of representative
It is useful to define a subsystem Hamiltonian, whichpath modes, which are treated fully guantum mechanically as
differs from Eq. (1) in that the terms describing energy yyo-level systems. In cases where the bath induces signifi-
change due to motion in the batbr approximately Markov-  cant nuclear relaxation in the subsystem, deviation from the

ian degrees of freedonmare removed. This system Hamil- eyponential decay characteristic of Markovian dynamics is
tonian then takes the form small.

Hs=J(|A)(D|+|D)(A) — |A)iwpa(A| +|D)

> Hp, > Haj
i=1,2 i=1,2
_ _ _ _ In this section, we discuss parametrization of the nuclear
where the flrst(cquplln@ term is the same as in Eq1), _ Hamiltonians Hp ; and Ha; in Eq. (2) for the case of
hwpa is the effective electronic energy gap between equilib-(NH,).RUNCRUCN); . Electronic structure calculations per-
rium nuclear configurations on the two surfaces, and thgsymed using the commercial packagesuar?® were used
nuclear Hamiltonians contain only the two required nucléakor the parametrization. As discussed in Sec. Il, we approxi-
modes and are equal to zero at the equilibrium configurationnate the frequencies and anharmonicities of the subsystem
We have chosen the zero of energy as that of the equilibriungyon-Markovian inner sphere modes by those of the sym-
nuclear configuration on th®) electronic state. metric breathing modes of B(NH,):2 and R (CN)g*.
_The corresponding reduced density matrix, which de- 1o determine the curvature of the electronic surfaces,
scribes the subsystem and is sufficient to characterize the Edeometry optimization of the metal complexes'RiH,); 2
; .
dynamics, evolves according'fo and RU(CN), * was performed, and then configurational en-
g " ergies were calculated at the DFT level using the B3LYP
=— + . . ,
dp/dt=—(i/#)[Hs.p]+Lop, ® functional and LACVP basis, as a function of Ru—N and
whereL , describes relaxation and dephasing due to the batRu—C bond length, respectively, for a fully symmetrieg),
modes. Herein, we takkp to be of essentially the same normal(breathing mode. Calculations were performed over

% (A, 2 lll. NUCLEAR HAMILTONIAN PARAMETERS

(D] +]A)
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a 0.4 A range of bond lengths centered on the value of thelectronic coupling. For the cases we investigated, the ET
length for which the energy was lowest, and ligand geom+ate was not very sensitive to the valueaptherein we use
etries were kept constant. A least-squares fit of the data toa=1/(0.Ir.). While we find that the assumed functional
Morse potential was then performed for each metal complexform for the coupling is general enough to fit experimental
where the Morse potential is of the fotth results, an important direction for future study is to deter-

H=D[e a0 _1]?, ©) mineT the g\ctual elegtronic couplling s’grength as a f'unction' of

configuration for this system, including the possible exis-

wherer is the equilibrium bond length, arid and« deter-  tence and relevance of a conical intersecfor?
mine the surface curvature.

For the case of RNH,)¢ 2, the values oD anda were V. CALCULATIONS
determined to be 0.3625, and 0.8987&151 (ro was found
to be 4.1753,, as compared to the experimental v&fuef
4.0517a,). The nuclear energy eigenvalues were determined  Nuclear energy eigenstates and eigenvalues on each
by Chebyshev propagation with the relaxation operatdt electronic surface were determined using Chebyshev propa-
(see Refs. 31 and 32and the energy difference between gation of the relaxation operata .32 Propagation of
lowest nuclear states found to be 387 ¢mcompared to a the density matrix under the influence of semigroups can be
value of 350 cm? obtained spectroscopicafly. carried out using either a Newton metfibdor split

The effective mass for the Fé(NHS)gZ breathing mode propagatiort* We found that for the current problem, propa-
was taken to be six times the mass of \llih which case the gation of the density matrix in the energy eigenstate repre-
appropriate normal coordinate is the Ru—N bond length. Fosentation is very efficient, since sufficient accuracy is re-
this effective mass, the coordinate describing thé(BM),*  tained if one considers only the lowest 200 energy
breathing mode should be the Ru—C bond length times theigenstates on each electronic surface. Because the two-
factor (mCN/mNHz)”Z, Other than the energy gdiavp,, the ~ mode problem would require a two-dimensional grid in
two electronic surfacefmodeled, as noted previously, after nuclear configuration space, more than 200 grid points would
RU'(NH,)¢ 2+ Ru'" (CN)g 4] were taken to differ only by dis- probably bg required for accurate propagation in the position
placement of the equilibrium bond lengths. The experimenfépresentation. S o
tally indicated displacement of the RiNH,); surface rela-  AS in Ref. 16, for simplicity we model the photoinitia-
tive to the RU'(NH,)¢ ® surface is 0.075@,.%° We assume a  tiOn of the reaction by taking the initial nuclear state on the
comparable change in covalent radius for the' @N)g* electronlg surfacgD) to be equal to the lowest V|brat|_onal
breathing mode, such that the displacement in the nearly nof"€rgy eigenstate on the electronic surfee Propagation
mal scaled coordinate is about (0-035}3(mcm/mNH3)1/2 then proceeds as described in Ref. 16.
~0.093%,. For the RU(CN);* mode, D in Eq. (4)
was determined to be 0.2545E,, while «

A. General considerations

B. The Ru—C bond stretching mode

=1.083%, l(mNH3/mCN) 1’220.876@151. First, the displacement in the mode describing stretching
of the Ru—N bonds was neglected. This mode then played
IV. ELECTRONIC COUPLING essentially no role, and the dynamics reflected only the effect

of the mode describing stretching of the Ru—C bonds. For
We do not employ the usual approximatidrthat the  compounds such as (NWRUNCRUCN);, reaction is
electronic coupling is entirely constant as a function of theknown to occur in the inverted regimt&2° and including
nuclear coordinates. In fact, for the parameters we employe@nly one mode affects the energy gap required for the reac-
this assumption leads to an unphysical “antiZeno” efféct, tion to occur in this regime. Here, for convenience, we con-
where non-negligible ET occurs from the bottom of thesider the energy gapwpa=0.004E, in which case the
lower electronic surface to the upper electronic surface. Awo electronic surfaces take the form shown in Fig. 1. This
preferable approach is to represent the electronic coupling asnergy gap is large enough for anharmonic effects to be ap-

a product preciable, but small enough to be computationally conve-
I =J 0, 7 nlent. (a large number of nuclear energy eigenstates is not

") 'ma’F( ) _ N @) required for accurate propagation
whereJna is the coupling strength at the “transition state,”  |n addition to the two anharmonic electronic surfaces

which is to say the lowest-energy point where the diabatiGhown in Fig. 1, approximate harmonic electronic surfaces
electronic surfaces intersect, aRdr) is a cutoff function of  (hased on Taylor expansion about the equilibrium nuclear
the distance from the transition state. The functie(r) is  configuration are also shown, as a function of the Ru—-C
taken to be equal to 1 within a specified distamgeof the  bond stretching coordinate. Including anharmonicity shifts
transition state, and falls off continuously as®’—79° pe-  the location of the curve crossing point outward, to a point
yond that cutoff distance. Herein, is generally taken to be where the bond is more strongly stretched, and increases the
the distance from the transition state to the minimum of theenergy of the curve crossing point. Also, the difference in the
higher electronic surface, so that the same funcligr) can  slopes of the electronic surfaces near the intersection is re-
reasonably be used with and without the harmonic approxiduced when anharmonicity is included.

mation to the surfaces, and the difference reflects the role of The time-dependent population of the excited-state sur-
anharmonicity, as independent as possible from the form dface is shown in Fig. 2, with and without including electronic
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FIG. 1. The excited and ground diabatic electronic surfaces are shown, asFdG- 3. The excited state population, as a function of time, is shown for the
function of the Ru—C bond stretching coordinate. The solid lines indicate2PProximate harmonic surfaces, and compared to the case where anharmo-
the surfaces when anharmonicity is included. The dashed lines indicate tHaiCity is included. The electronic dephasing time is 20 fs, and the nuclear
harmonic approximation to the surfaces, based on Taylor expansion abo{@laxatlon time is 200 fs. Neglecting anharmonicity leads to a small increase
the equilibrium geometries on each surface. For the approximate harmonf§ €lectron transfer rate.
surfaces, the curves cross where the bond displacement and the configura-
tional energy are lower. Additionally, the difference in the slopes of the
electronic surfaces near the intersection is increased when the harmonic
approximation is made.

pend on the Ru—N bond stretching coordinate, test simula-

tions indicate that neglecting this dependence does not sig-
dephasing, for both the exact surface and the approximateificantly affect the behaviors discussed in this section. As
(harmonig surface. The electronic coupling strength was ar-such, the dynamics reflects only the nature of the Ru—-C bond
bitrarily chosen to be 0.2 w, wherew is the angular oscil- stretching mode.
lator frequency 318 cmt of the Ru—C stretching mode, When electronic dephasing is neglected, the dynamics is
while the electronic dephasing time was taken to be 20 fisibly affected by the presence of anharmonicity, as shown
(consistent with experimejrﬂ, While the two-dimensional in Fig. 2. But including the electronic dephasing gives rise to
electronic coupling function described in Sec. IV does dedrreversible dynamical behavior, where an asymptotic popu-
lation value is approached, and also results in a less dramatic
effect of anharmonicity. This is in part because at the signifi-
1.00 l T l T | T l cant electronic dephasing rate of20 fs), electronic dephas-
', ing reduces the initial ET rat€for both the harmonic and
SN anharmonic casg¢snd diminishes the short-time population
0.80 - . . oscillations.
pEEENS Inclusion of nuclear relaxation is required in order to
obtain the correct asymptotic value of the population at long
e times!® In Fig. 3, we show the results when nuclear relax-
REEE ation, at a rate 1200 fs, is included. In addition to altering
the asymptotic population limit, including nuclear relaxation
also leads to decay of the short-time oscillations in popula-
tion, as a transition occurs from nonequilibrium dynamical
nuclear motion to a thermally relaxed distribution of nuclear
0.20 |- ) ) ) = configurations. A short-time rate increase with anharmonicity
..... iﬁﬁgﬁgﬁ}g’ 31‘;;155;{3‘3§p%31;?;§1“g is evident in Fig. 3, despite the higher reaction barrier
:Iggggg;g; glgcetllfgggrggpc}lgg?ggling | | present when anharmonicity is includédustrated in Fig.
1). Furthermore, oscillations in the change in excited state
0 100200 300 . 4f00 500 600 700 population with anharmonicity are negligible at long times,
/s making a comparison of rates meaningful. The small but
FIG. 2. The excited state population, as a function of time, is shown for the2vident rate increase with anharmonicity can be attributed to
case where electronic dephasing is neglectsalid lines or included  three aspects of our model, discussed in the following: the

_(dashed I|ne§ Bo_ld I|n_es or dashes denote the case where anharmonicity i$eactant and pI’OdUCt vibronic states are affected by anharmo-
included, while light lines or dashes denote the case where the harmonic

approximation to the surfaces is used. The electronic dephasing rat@ds 1/ I‘FiCity, spect_ral broadenin_g preserves the eﬁeCF of the_Shqrt
fs). time dynamics at longer times, and the electronic coupling is

population
e
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1.00 T T T T T T T where the electronic surfaces cross. As a result, the effect of
anharmonic surfaces

harmonic surfaces - ---- anharmonicity on the initial ET rate is preserved at longer

anharmonic surfaces and no ed ------ :
harmonic surfaces and no ed -~ times as well.

It is interesting to note the dual role of increasing elec-
tronic dephasing. On the one hand, for high electronic
dephasing rates, the overall ET rate decreases with increas-
ing dephasindconsistent with the so-called “Zeno” effect
while on the other hand, the relative importance of off-
resonant electronic transitiomscreaseswith increased elec-
tronic dephasing, consistent with the so-called “anti-Zeno”
effect® and effective spectral broadening. The latter effect
leads to lower-amplitude oscillations in the excited state
population with time, and preserves the short-time effect of
anharmonicity at longer times.

The effect of anharmonicity cannot be considered with-

0.00 L L l L L l L out considering the spatial dependence of the electronic cou-

0 200 400 600 800 1000 1200 1400 pling. In fact, for sufficiently large cutoff distances, we
t/ % find that anharmonicity reduces rather than increases the ET
FIG. 4. A comparison is made between cases where electronic dephasif@t€. This is a consequence of the significant role of off-
(*ed”) is included or neglected, and anharmonicity is also either included oresonant electronic transitions in the presence of strong elec-
neglectehd- th;r;rif:gllggzgér:ht?mzlfifSCT;%fngsdeTmaicvge stt”?z?r irsatioisfi-blgi:gtronic dephasing. It should be noted that there are other pa-
\fviseens,tr:eehr;llfrfﬁonic approximation is made.and electronic dephasing is infia‘meters tha.t also !mpaCt the eﬁeCt of anharmonicity Pn the
cluded. Including anharmonicity increases the rate slightly. Neglecting elect@tes. In particular, if an electronic energy gapgiafp,=0 is
tronic dephasing significantly increases the rate, but in this case the effect aised, no significant difference in the dynamics between the
anharmonicity at short times is not necessarily preserved at long times. harmonic and anharmonic cases is observed, even if the ef-
fect of the bath is ignored, underscoring the fact that the
importance of anharmonicity increases with the electronic
E%energy gap in the inverted regime. It is also worth noting the

0.80 b

population
(=]
=)
o

T

<

B

o
T

0.20 -

taken to be negligible at sufficient distance from the crossin

point of the diabatic electronic surfaces. diff in th q f f th bsvst
The importance of the first factor, the change in vibronic merence in the mass and frequency ot the subsystem
nuclear mode compared to Ref. (@mode with an effective

states with anharmonicity, is evident in the short-times dy- -
namics shown in Fig. 2, for the case where bath effects arf'ass 0f 200 00@n, anq frequency 110 crit should be used :
ith the parameters in Ref. 16 to reproduce the harmonic

neglected. The initial population transfer rate is seen to b&/ " .
g Pop - Qscnlator results there)nThe high frequency and low effec-

when an initial thermal distribution of reactant vibronic tive mass for the mode described here apparently decrease

states is used, rather than the initial photoinduced wavg{e'_.'e effect Of the_ anharmonicity-induced barri_er height change
packet. However, the wave packet dynamics enhances t glustr_at_ed n F'_g' ). on the observed dyn_amlcs. .
effect of anharmonicity since the wave packet momentum is . mte_res_tmg to |_10te that a ‘””."9‘}@'” the ET r_ate 1S
lower in the region where the electronic surface curves cros%fbse.rVGd with Increasing anharmomcny.. As shown in Fig. 5
leading to an increase in the time spent in this region. Includ:°" h|gh_ anharmomuty,_the ET Tate bggms (0 decrease with
ing anharmonicity increases the reactant nuclear density jfpcreasing anharmonicity. In this regime, the rate decrease

the curve crossing region, as well as the product vibronié"’it.h anharm_onicity can be gttributed 0 Fhe curve.crossin'g
density of states near the energy of this curve crossing rdaoint becoming less energetically accessible, consistent with
onventional electron transfer modélas such, the anhar-

gion. These effects are consistent with the increase in gfonventio ) .
rate. monicity in mixed valence compounds can be characterized

However, in the absence of the significant effective spec%is IOW’. in the s;e_nse tha_t th? energetic accessibility of the
tral broadening introduced by the electronic dephasing semi-t_r‘r’?nSItlorl state” is not significantly affected by anharmo-
group, the effect of anharmonicity on the ET rate can peC1LY-
restricted to short times. This is evident in our model when
the pure electronic dephasing semigroup is not included ) ,
such that the dephasing rate is significantly reducal C. Two nuclear modes and electronic coupling
though some dephasing remains since the nuclear reIaxatic?rt]rength
semigroup is includedAs illustrated in Fig. 4, the ET rate at We now turn to the case where displacement of the sec-
short times is still affected in this case by anharmonicity, bubnd (NH;) mode with an electronic state change is also in-
the effect is temporary. Only at higher electronic dephasingluded. For convenience, we took the electronic energy gap
rates do off-resonant electronic transitions make a significartb be# wp,=0.007%,,. This increased value keeps the re-
contribution, resulting in less marked population oscillationsaction in the inverted regime, now that a second mode is
at short times. With increasing electronic dephasing, it beincluded in the subsystem. This energy gap is on the order of,
comes more important that the nuclear density in the coubut smaller than, the value suggested by the experimental
pling region increases with anharmonicity, and less importanexcitation energy® and is chosen because it is more conve-
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FIG. 5. The excited state population as a function of time is shown, for
different values of the Morse potential dissociation enddgip,, whereD,

is the correct(fit) value for the system. The correct level of anharmonicity

. 21 . ) FIG. 7. The excited and ground electronic surfaces are shown, as a function
[corresponding ta=(D/Dgy) ~=1] leads to a small increase in electron

] ) of the Ru—C and Ru—N bond stretching coordinates, with anharmonicity in
transfer rate over the harmonic case<0). A turnover occurs at higher o ¢ pond stretch included. There is a small but visible effect of an-

degrees of anharmonicity, after which increasing anharmonicity decreas%rmonicity on the location of the points where the surfaces cross.
the electron transfer rate, consistent with decreasing energetic accessibility

of the point where the electronic surfaces cross. In all cases, the vatue of

in Eq. (6) is selected so that the leadifigarmonig¢ term in the potential L. .
energy is unaffected, and the magnitude of the higheharmonigterms ~ SNOWS the case where the anharmonicity in the CN mode is

increase with decreasing. The electronic dephasing time is 20 fs and the included. Anharmonicity has a small but apparent effect on

nuclear relaxation time is 200 fs. the location of the seam where the curves cross. The dynam-
ics when anharmonicity is included are illustrated in Fig. 8,
for the case where electronic dephasing and nuclear relax-

nient to work with computationallffewer nuclear energy ation are neglected, the case where only electronic dephasing

eigenstates need to be inclugled o is included, and the case where both electronic dephasing
The resulting surfaces are shown in Fig. 6, for the case

where the harmonic approximation is invoked, while Fig. 7

1.00 \ T ! nleg]eCtiIé;g ed and nr
m— excited state C\L‘ ;’-\\\ inéﬂ%?ngme%egngnrl% '__-_-_-
ground state “VVA 0.80 - \
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001 F ’,‘ “0"'[,111/’/"’I II 3 0.40 -
E/Ey O )
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t/ 18

FIG. 8. The excited state population as a function of time is shown for the
case where both subsystem modes are included. When the effects of both
non-Markovian intramolecular modes are included, the effect of the bath on
the dynamics is less dramatic. A comparison is made between the case
where both electronic dephasirited” ) and nuclear relaxatiotfnr” ) are

FIG. 6. The excited and ground electronic surfaces are shown, as a functiameglected, the case where only electronic dephasing is included, and the case
of the Ru—C and Ru—N bond stretching coordinates, with a harmonic apwhere both electronic dephasing and nuclear relaxation are included. The
proximation based on Taylor expansion about the equilibrium nuclear conelectronic dephasing time is 20 fs. The nuclear relaxation time is 200 fs for
figurations. The surfaces cross along a line of points, forming a seam.  the two modes.

rn/ao
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100 e T T T T T T more rapid electron transfer, without requiring an increase in
i 2% I the electronic coupling strength at the conventional “transi-
o gﬂ R tion state.” To create a conical intersection, the above-

0.80 — \ . described functiord(r) should be multiplied by a function

which is antisymmetric about the line passing through the
minimum energy configuration on each surface. Effects of
. using linear functions of various slope are currently being
investigated.

population

. VIl. CONCLUSIONS

We have developed a semigroup model of electron trans-
fer dynamics in mixed valence compounds, which elucidates

020 - 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. We find that including the
0.00 icity in i ibrati
0 100200 300 400 500 600 700 anharmonicity in inner sphere vibrations leads to a very

t /s small increase in the ET rate, due in part to the change in
reactant and product vibronic states when anharmonicity is
FIG. 9. Excited electronic state population relaxation is shown, for variousincluded. However, this effect of anharmonicity is dependent

electronic coupling strengthk, .. In the legendnJ denotes an electronic . . .
coupling strength which ia times the default value, (i, wherew is the on the nature of the electronic COUpImg’ and also is Only

angular oscillator frequency 318 chdiscussed in Sec. V B. The electronic Preserved at long times if the significant spectral broadening
dephasing and nuclear relaxation times are, respectively, 20 and 200 fs. induced by the bath is included.
As a result of the significant spectral broadening, off-
. . . . resonant electronic transitions make a significant contribu-
and nuclear refaxation are included. Evidently, for this Casf:‘[ion, resulting in reduction of the short-time oscillations in

of wo ?O?eihth? closeqblsystem pehavt;or at Zh.ortmtlmes 'Bxcited state population. Correspondingly, the importance of
more axin 1o e Ireversibie dynamics observed in the presg, point where the electronic surfaces cross is decreased,
er.1ce.of the bath, although the long F|me asymptot.|c. behawogmd consequently the short-time effect of anharmonicity on
){N'" differ. l,IAIdso, we not'e tgit neiglecnng ?Eharmon:cC|ty lea.dsthe excited state population is preserved at long times. We
nougesaT?mdgcrease n rate, as Is the case 1or a SiNgig, that electronic dephasing plays a dual role in the ET
' . . . dynamics: it induces the spectral broadening which increases

We followed the analysis described in Ref. 18 of the y P g

i - . . . - “the relative importance of off-resonant electronic transitions,
short-time oscillations in excited state population. In particu-

lar. the | i lati laxati it t consistent with the so-called “anti-Zeno” effett,but also
ar, the long-ime population refaxation was Mt 10 an expo-yq aa5es the overall ET rate when electronic dephasing is
nential function, and then the time-dependent difference be-

i th lati d tial funct Fouri rapid, consistent with the so-called “Zeno” effect.
ween the population and exponential function was Fourier = p,q significant “anti-Zeno” effects observed at high

tra}nsfqlrme;j ihPrte dlctatt))ly, tth € reiultl[pg ?pectrum. Cor1C‘°"‘°’teglectronic dephasing rates make the position dependence of
primanly of the two subsystem vibration requencies. LoM-y, o o|actronic coupling particularly important. We have con-

parison with the results m_Ref. 18 indicates tha_t the_ PreSENcsiqered primarily a coupling function which is constant in the
of the solvent and the bridge between ruthenium ions doe,

turb the short-ti h t vibrational motion. H §icinity of the minimum energy configuration where the di-
|foer urb the sdor i |_rg1ed0(t)h erent vibra '022 mo(;on. fotvr\]’evfrabatic electronic surfaces cross, but small near the equilib-
requencies described therein are on the order of the W, nyclear configurations. For this electronic coupling
frequencies appearing in our model.

The eff f 1a the el . i hi function, neglecting anharmonicity leads to a small decrease
ilust ? g .ec;.o \9/a'r:y|n%_t g € ecttrzonlc. coup ”’_‘tg ls;[‘rert]gEtT 'Sin the ET rate. However, the effect of anharmonicity cannot
riustrated in F1g. <. For Nigimay, here IS aninitia fas .., be resolved independently from consideration of the nature
followed by slower thermal transfer. This is consistent with f electronic coupling and dephasing. It is also noteworthy
the interpretation that the ext.remely fast ET rates in mixe hat the presence of the second nuclear mode increases the
vale_nce com_pounds_are_due in part to the fact that the Ezle"(‘é'f“fective electronic dephasing rate, so that ratelike behavior
tronic tunneling motion is faster than nuclear relaxafibn.

. . is observed at lower bath-induced contributions to the elec-
Also, for the parameters studied here, turnover beh&ior tronic dephasing rate
with mcreasm_ngax 'S SlO.W to s_e_t n. So an gssumpt_mn of The degree of anharmonicity in inner sphere modes of
large electronic coupling is sufficient to explain experimental

ET rat ithout . functional thihat lead mixed valence compounds is small, in the sense that the
rates, without assuming a functionat form atleads energetic accessibility of the point where the diabatic elec-
to conical intersection.

tronic surfaces cross is not significantly affected by anhar-
monicity. At higher anharmonicity, we find that the location
VI. CONICAL INTERSECTION of the “transition state” where electronic surfaces cross does
In some cases, introducing certain spatial dependence fqlay a central role, as it does in conventional electron trans-
the electronic coupling, such as forms for the electronic coufer theories which consider only classical nuclear
pling that give rise to conical intersectioffs?*can lead to  configurations. But for the small anharmonicity in mixed
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valence compounds, the details of vibronic states play &w. B. Davis, M. R. Wasielewski, M. A. Ratner, V. Mujica, and A. Nitzan,
more significant role in the explanation of anharmonic ef-1 J. Phys. Chem. A01, 6158(1997.

fects than does the place where the curves cross. In generall

\W. B. Davis, W. A. Svec, M. A. Ratner, and M. R. Wasielewski, Nature
(London 396, 60 (1998.

we find only very small effects on the ET process due to thezr \qria and A. Nitzan, J. Chem. Phya, 1109 (1993.

anharmonicity in the mixed valence model.

13E. Neria and A. Nitzan, Chem. Phys33 351 (1994.

For high electronic coupling strengths, an initial fast ET *“D. G. Evans, J. Chem. Phy%13 3282(2000.
rate is observed, followed by slower thermal transfer. Also,°R. Kosloff, M. A. Ratner, and W. B. Davis, J. Chem. Phy€6 7036

turnover behavior with electronic coupling is slow to set in

(1997).
G. Ashkenazi, R. Kosloff, and M. A. Ratner, J. Am. Chem. Skit1, 3386

with increasing coupling strength. As a result, an assumption ;49

of significant electronic coupling is found to be sufficient to 17g. Linamad, Commun. Math. Phyé8, 119 (1976.
explain experimental ET rates, without requiring a nuclear®p. J. Reid, C. Silva, P. F. Barbara, L. Karki, and J. T. Hupp, J. Phys. Chem.

configuration-dependent electronic coupling that leads tq 99 2609(1995.

conical intersection.
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