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the golden rule regime

D. G. Evans
Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131

A. Nitzan
Department of Chemistry, Tel Aviv University, Tel Aviv, Israel 69978

M. A. Ratner
Department of Chemistry, Northwestern University, Evanston, lllinois 60208

(Received 14 July 1997; accepted 17 December 1997

The short-time charge transfer evolution following photoexcitation in mixed valence compounds is
studied using path integral calculations. Due to the large nonadiabatic coupling, path integral
calculations using direct path summation techniques are inadequate, and charge transfer dynamics
can only be computed using a transfer matrix technique developed by Makri and Makarov. The
resulting relaxation is considerably slower than that predicted by low-order perturbation theory. The
effects of the solvent on the decay process, and the validity of the golden rule to predict the
dynamics of the decay process are investigated. The effects of preparing an initial state that is not
a rovibrational state of the acceptor potential energy surface is also examined. These exact
calculations show that the large electronic mixing gives rise to very fast oscillations in the electronic
state population as the wave function oscillates coherently between the donor and acceptor. This is
followed by a slower relaxation induced by the coupling to the dissipative solvent modes, which
occurs on time scaless100fs. This information provides insight into the mechanism for
oscillations observed in time-resolved transient spectra of these compounds, and suggests
substantial limitations of the golden rule picture. 1®98 American Institute of Physics.
[S0021-960608)50412-9

I. INTRODUCTION When the latter process is monitored, oscillations in the
. populations of the electronic states are observed. Previous
Current experiments on electron transfer processes iforts to understand these coherences have focused on the
photoexcited mixed valence compoutidshave provided a regime of small nonadiabatic electronic coupling between
wealth of experimental data on condensed phase electrqfig glectronic states® Complicated decay of the acceptor
transfer processes. These short-time pulse experiments shQycironic state population is calculated on time scales from
a variety of intricate behaviors and a knowledge of the time;5g 5 to a couple of picoseconds in model polar
scales of all the physical processes involved is essential 1, entslo1! previous theoretical treatment of electron trans-
understanding these detalls In particular, the back elec- oy in mixed valence systems has also been limited to the
tron transfer experiments involve excitation of an initially g4 coupling regime. In this regime, a nonequilibrium
equilibrated molecule to a charge transfer state where th&olden rule(GR)’ formula can be derived to calculate the
nuclear geometry is far from its equilibrium configuration. gjactronic state populations on the donor and acceptor elec-
The relative time scales of the back electron transfer reactiofnic surfaces. This formula, a generalization of the usual
and of the solvent response must be known in order t0 Ungg relaxation rate, extends its applicability to electron trans-
derstand if the oscillations observed on the time scale fromy, orocesses where the initial nuclear state is not a rovibra-
dozens to hundreds of femtoseconds are caused by intramgs 5| ejgenstate of the modes associated with the initial elec-
lecular vibrational or electronic coherences associated Withonic surface or an equilibrium distribution of such states.
electron transfer, or rather by reorganization of the solvent gy iancive experimental studies using pulsed pump—
structur_ez. o . _ _ probe techniques, electronic absorption spectroscopy, and
As lllustrated in Fig. 1, photoexcitation experiments in regonance Raman data have yielded a wealth of data on the
mixed valence species involve two processes: initial photor,ived valence electron transfer systéfrBExperiments are
excitation from the initiakhereafter called donpelectronic typically conducted at=200—300 K. Results of these ex-
surface onto the finalhereafter called accepjoelectronic periments provide information vital to modeling the electron

surface, followed by a slower back electron transfer procesganster process: the strength of the nonadiabatic coupling,
from this acceptor surface to the donor electronic surfade: ¢ ent reorganization energies and frequencies, and dis-

placements of intramolecular vibrational modes. In fact,
o . Ker these experimental studies have revealed the nonadiabatic
DAj DA - DA. coupling constant Hpp, to be in the region of
1000—3000 cr®. In this regime, the applicability of the
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FIG. 2. The bimodal spectral densilyw)/w Vs .

the experimental electronic absorption spectrum also provide
a measure of the exothermicityG,, and the solvent reor-
ganization energy.

It is assumedthat the solvent spectral density is
Ohmic?® and so the distribution of solvent modes is fit to a
DA spectral density of the form

(donor, 1->) J(w)=ne” e, (2.2

FIG. 1. Schematic of the diabatic potential surfaces for the photoexcitedvhere w. is taken as 220 cit and 7 is adjusted to ensure
electron transfer reaction ¢NH;)sFe'(CN)(Ru)" (CN)s. that the total reorganization energy agrees with the experi-
mental data. While the spectral density of any real liquid is
S ._expected to be much more complicated than a simple Ohmic
gplden ruIe,.and the nonequilibrium golden rule formula, 'Shath2® this fit takes into account low frequency modes of a
highly qugsnonablg . . typical polar solvent, but of course ignores higher frequency
_Our aim here is to examine the evolution of the pho_to'motions. In order to check the sensitivity of our results to
PTXC'ted state, to clarify t_he_ source of the obs_erved OSCIIIafhis fit, a bimodal spectral density was also considered. This
tions, and to test the validity of the GR. To this end, exact; o qal density attempts to capture both low frequency col-

pat? |nt.egEraI C‘?"C“"‘:“f’&aéfe petrLormed ona m'i‘etP' Vale?c?ective motions and higher frequency librational modes, as
system: EXxperimenta rom the aqueous solulions ot ,pqqped in P —water molecular dynamics simulatiod.

| 1l H §
(NH3)5Fé (CN)IRUT(CN)s is used to fit the effects of the_ This spectral density is illustrated in Fig. 2.
vibrational degrees of freedom of the solvent to an effective The effects on the final electron transfer rates on this

harmonic bath. Understanding the time evolution also € hoice of spectral density will be examined numerically in

quires a detailed knowledge of the coupling of the intramo-SeC_ ll. The choice of the Ohmic bath parameters was

lecular modes to the electron transfer process, and the da@lecked by calculating the electronic absorption spectrum
have : alrea§dy been extracte_d f“’"_] resonance Ra_m nsing this harmonic bath. The calculated electronic absorp-
experiments. The transfer matr|>_<_£)4a_th integral app_roach """ tion spectrum using an Ohmic bath and the internal modes is
troduced by Makarov and Makfi**is used to monitor the compared with the experimental absorption spectrum in Fig.

electrct)n tretmts fehr reatl)ctlontunul fnear(ljy alltp?ﬁ ulgmon frolm :he3. The observed agreement suggests that working with this
acceptor state has been fransferred onto the donor eleclronye, o spectral density for the calculation of electron transfer
state, and to observe the long time transients associated wi

th this system is reasonable.
€ Ipro;ess.” th thodol involved i i In the GR description of electron transfer from a non-
n sec. 1, the methodology Involved In Setting up a,equilibrium initial state, the specific question asked is:

Siven preparation of an initial nuclear wave packg{x) on

presente_d. In Sec_. 11, the results of our calcul_ations are COMya. . alectronic surfacgt), what is the probability that the
pared with experimental observables and with GR CalCU|a'eIectron remains on this surface at a later timer, equiva-

tions. Finally in Sec. IV, the relevance of the results forlently, what is the time dependence of the electronic popula-

interpreting the experimental findings is discussed. tion on the electronic state-), P (t)? The nonequilibrium

golden rule result igwith #=1 here, and throughout
Il. METHODOLOGY

t
The frequencies and displacements of the eight most im- PER('E)EGXF{ - f dt'k(t')) : (2.29
portant intramolecular vibrational modes were taken directly 0

from the resonance Raman experimériata obtained from  where
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1 AG,
ht=2k E(pﬁ—l—wﬁxﬁ)tékxk)iT. (2.4)

I:|ET may be expressed in the form of a sgisystem(rep-
resented by X2 Pauli spin matricegr, and o, and the 2
X2 unit matriX coupled to a set of harmonic solvent coor-

() .
dinates{x}:
2
~ Px 1 2.2
HET:UXHDA+UZEK 5kxk+2k 7+§wkxk 1
AG,
» ( to, =0 (2.5
0.0 5000.0 10000.0 15000.0 20000.0
-1
o(em ) A convenient way to calculate the time evolution of the
FIG. 3. Comparison of the calculated electronic absorption spectdian e_leCtmmC state p0pU|at|0n§ of tlt‘lelgSpm'poson Ham'!tqr_“an IS
monds and the experimental electronic absorption spect(Ref. 1). via the path integral formalisit:**1°Starting from an initial

wave packetep,) on the|+) electronic surface, the probabil-
ity to remain on this surface at tinteis given by*

P () =(+[(poleME|+)(+|e Fet| g +). (2.6

t i ~ -~ AN i ’
k(t)=2 Rej dt’'(poleM+ Hpae M= Hpae "+ o). , ,
0 This can be recast in the form:

(2.2b
This expression holds under a number of physical conditions? +(t) = +E T > _2 T >
one of which is “one-way flow,” i.e., the probability ampli- S=El syogmEl s =Rl sy T

tude that leaks onto thie-) electronic state does not find its
way back to thgl+) state. This is intuitively expected for

*1

X (ol (+|EMEre sy (s al-+[s] (s e

smallHp, and we make the ansatz that Eg.2) holds also S+ ) + e~ Herelss Mso s \(so|e—iHETe
for general nonstationariyp,), provided that the conditions )+ [Sn-2)(Sn-al-- Isp (51 |
for one-way flow are satisfied. X |+ bo)s (2.7

For the high values of the nonadiabatic coupling matrix

element,Hp,, that are observed in the experiments, it is=t|tl). Equation(2.7) is exact for anyN, but practical

unlikely that the golden rule will be able to describe the ! S : .
: . . : . expressions for the individual matrix elements can be given
correct dynamics. This motivates using path integral calcu-

lations to provide an accurate time scale for the electrorﬁ)nly for largeN, i.., e~0. In this limit, each of the propa-

. . /)}; 2 .
transfer dynamics and an interpretation of the processes ir%;_ators may be disentanglgdith errors at”(e”)] to give

wheree=t/N and|s;") is an eigenstate af,, i.e., o, = 1)

volved. To this end, the electron transfer prpblem is_ approxi- (sy|e Mers V=74 o exp —i €ﬁ+’7), (2.9
mately mapped onto the well-studied spin-boson 27
problem?®18-2%yhere the electronic states are represented imvhere
a two-state basis. Each electronic surface has associated with -
: CogeHpa), S;=S;
it a set of nuclear degrees of freedom. As noted, these de- 7 _={"""" e (2.9
grees of freedom are displaced harmonic modes and include 21 | —1sin(eHpa), S 78S,
both intramolecular vibrations and the softer solvent modesgng
It is assumed that these modes are not coupled directly to . B
each other, but coupled only indirectly via the electronic _Jhy, sp=+1
states. hy,-= h, s;=-1 (219
The solution of this system is nevertheless nontrivial
since the large number of nuclear modes are in fact coupled P.(t)= 2 E 2 Ve
indirectly to each other via the nonadiabatic coupling matrix s;==1 s ,=*ls;=x1 sy_,==1
element. The electron transfer process is modeled with the N1 N1
following spin-boson Hamiltoniaht*® _ . | AG
xexgiel X s -2 s —

~ ~ ~ =0 k=1
Her=hy[+)(+[+h_|=)(—[+Hpa(| +){—+]=)}{+]). o

23 X( ol (UR)'Ug o). (2.19

For our photoinduced electron transfer processand  Here 77 is the factorHlNzl.?sr ,S,il'?sj‘ s and (ch is

. . . . j
|-) are, respectively, the diabatic electronic states COIethe time development operator for a set of linearly driven
sponding to the acceptor and donor electronic configurationgarmonic oscillators evolving according to

shown in Fig. 1. The nuclear coordinate Hamiltonidnsare ~0 ]
specified as hic () + Fi (U)X .
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Hereh(k)(xk) is the standard harmonic oscillator Hamiltonian 1.0
for modek andu is the time variable. Furthermorqi(u) is

a pulse function that on the intervpe<u<(j+1)e takes
values of =6y if s; == for O<j<N-—1. The propagator
U is defined analogously, and¢o|(Uc)TUC|¢0> may
therefore be calculated using typical boson operator
technique$?

The numerical effort scales ag"2for N time slices of
the total time required, and so for longer time decays, the
performance of this method rapidly deteriorates. This direct
calculation is therefore numerically feasible only for short-
time studies of the population dec&yAs a general rule of
thumb, explicit summations will be successful only for times
such that Hp,<<10. In the case of the mixed valence com- Wfs)
pounds, this technique will enable converged results of the
electronic surface populations up to 5-10 fs. In fact, despit€IG. 4. The acceptor surface population P, (t)  for
the large coupling, relaxation of tHe-) electronic state oc- (NHysFe'(CN)(RU"(CN)s. The results using Eq(2.13 with Akpa
curs (somewhat surprisinglyon a considerably slower time ~>6:7 are indicated.
scale, and preliminary calculations with exact spin summas. - -
tions could only track thé+) electronic population down to P28 Sick Ak )
about 60%—70%. o +

In order to follow the electronic state population decay =K Sicr)o(Sic)
until transfer is nearly complete, we used a numerical tech- X1(sy ,sfﬂ)---IAk (slf \Skt Ak D
nique that was introduced by Makri and Makargv*Elec-
tronic surface populations are calculated using path integra¥hereK(sy ,si.. 1) is the propagator matrix for the bare two-
methods, with electronic evolution described by local spinlevel system with a coupling dfip, between the two states,
interactions incorporated into a transfer matrix formalism to@nd | sk (Sc Sc-ax ) is the influence functional for the
allow for accurate long-time calculations of electron transferbath coordinates W|th correlations between the spjnsind
in dissipative baths. This method has been successfully ap;kﬂk
plied to model spin boson Hamiltoniaf&q. (2.3)] with har- In the case of nonequilibrium initial conditions,
monic baths having smooth spectral densities. In attemptinghe term(s;) contains an extra term ej(s, —s, ) [dw
to understand the dynamics of electron transfer in thg2/2) J(w) 84(w)]. Propagation of the reduced density ma-

strongly coupled mixed valence compounds, we will need tari is achieved by successive tensor multiplications from the
incorporate the effects of both the intramolecular modes anghitial condition:

the fitted harmonic bath that describes the solvent modes. R .

The |+)-state electronic population may be obtained A~ ™X(Sg St .- Sak, ~1.0=1.
from a projection of the reduced density tensA@r as
follows?~1* (Aka denotes the maximum range for spin—
spin interaction along the spin path

P o5

Convergence of the results should be checked by changing
the time slice lengtiAt, and increasing the value afk,,y,
which successively considers longer range interactions in the

P. (NAt) :AAkmm(Sﬁ =15y,,="" 'Sﬁﬂkmax: ONAt). influence functional expression.
(212 . RESULTS
In the case of equilibrium initial conditions the evolution of In this section, the results for the electron transfer dy-
the reduced density tensércan be written as namics of (NH;)sF€'(CN)(Ru" (CN)5 are presented for an
AK + + . experiment conducted in water solvent at 300 K. The nona-
AT Sk Ak Sict 28k~ 11 [K+ AKma) At] diabatic couplingHp,=2500 cmi* and AG,=3900 cm !
are taken from the experimental results. The solvent modes
= > > T28Kmax( S ... S onk 1) have been fitted to an Ohmic bdthq. (2.1)] with a reorga-
sc==1 slfﬂkmaxfl:tl e nization energy of 3800 cit, and the frequencies and dis-
. . placements of eight intramolecular modes have been taken
XASKma(sE LS ak, 1 KA (213 from the fitted resonance Raman profités!®
. In Fig. 4, convergence of the Makri—Makardv'*algo-
with rithm is confirmed by comparing the results obtained using
TZAkmm(ski v Ski2ak —1) three values ofAk,,,, in Eq. (2.13. Figure 5 compares the
max exact path integral calculatidiEq. (2.11), dashed lingwith
K Akmax—1 . . the converged Makri—Makarov resufull line) as well as
= nl:[l [&mac (s 87 ak, i KAY) with the golden rule resulidashed-dot ling All agree fort
<3fs and the path integral results agree upt4e20 fs.
and However, at later times, the exact spin sum does not con-
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FIG. 5. The exact resulfglashed line—Eq(2.11)] and the converged ap- 1.0
proximate resulfMakri—Makarov method; solid line—Ed2.13] are com-
pared with the golden rule predictiofiot-dashed linge for the aqueous
solution of (NH,)sF€'(CN)(Ru)" (CN)s.
verge for the number of time slicedd<14. The Makri— PO o5 |

Makarov scheme converged only fak,,,,=5 in Eq.(2.13.
This large value oAk, is due to the presence of a discrete
set of quantum modes. The local approximation would be
expected to give the fastest convergence for a dense bath ¢
high temperatures. The presence of discrete quantum mode
gives rise to some small discrepancies, ever\t,.=7, 00 20 20 60
due to the correlations introduced by these modes. (b) t (£s)

In Fig. 6(a), the profile of the same electron transfer FIG. 6. (a) The effects of the nuclear modes are demonstrated. The model
event is displayed in three different situations: the first Casé?C'éJdling't;]Oth Tolvent and quar&tum mO(Ci(SSrl]id line)dis ﬁompa(rjecll Wi_t?] the
is & frozen isolated molecul@o intramolecular vibrations ™ dgs("ggsh‘;g{ir?;azggu?hé“%:fgngsmzs tﬁg *g‘hmtice dznosit‘; 7 mélctg_l?o
The second is an isolated molecule the absence of the (sqjig) is compared with the density in Fig. (ashed ling
solven} where intramolecular vibrations are included and the
third case illustrates the full model including both intramo-

lecular vibrations and solvent modes. The solvent modes ar@e in good agreement for times below 20 fs. One important
clearly essential to understanding the electronic populatiofiesult is the fact that the large electronic coupling actually
decay, and this is particularly true for the long time decaygives rise to short-time coherent oscillatiofmot described
tail. The intramolecular modes are, however, dominant aby the golden rulgfollowed by a long time relaxation much
early times. Notice how the frequency of the early time os-slower than predicted by the golden rule result.
cillations is unchanged from the isolated molecule to the
solvated state. This is consistent with our picture that these
short-time oscillations are coherent oscillations between the
acceptor and donor states induced by the high nonadiabatic
electronic coupling.

In Fig. 6(b), the results using an Ohmic solvent of the *®
spectral densityEq. (2.1)] are compared with the case where
the solvent modes have been fitted to the bimodal spectral
density shown in Fig. 2, which captures the high and low ! B
frequency contributions found in the simulation results of Hpy= 2345 em
Bader and Chandlér. The effect of different spectral densi-
ties is therefore small, if the total reorganization energy is *®
fixed and a reasonable mean value for the solvent frequency
is taken.

As indicated in Sec. |, one motivation for performing the 0 ~— = = p
path integral calculations is to assess the accuracy of the time (fs)
golden rule approximation. It is interesting to note that the

golden rule predicts decay on a much shorter time scale. | IG. 7. The exact results using E@.11 (dashed lingare compared with

. . . . he results using Eq2.13 (solid) and the golden rule prediction using Eqg.
Fig. 7, the nonadiabatic coupling has been decreased SUCC8>) (1ong dashed lingfor various strengths of the nonadiabatic coupling

sively to a point where the golden rule and exact calculationsi,, .
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1.0

In this work we have focused directly on the experimen-
tal data of (NHy)sFe'(CN)(Ru)'(CN)s in aqueous solvent.
This system has been well studied experimentally: Reso-
nance Raman experiments have provided details of the in-
tramolecular modes, the solvent reorganization energy and
electron absorption spectra have provided the exothermicity
of the electron transfer reaction. The nonadiabatic coupling
parameteH, deduced from intervalence band intensity is
2500 cm! (Ref. 23 using an extended Mulliken—Hush
analysié* for the high coupling regime. Our aim has been to
‘ compute the electron transfer dynamics of this system using
20 40 path integral methods and compare the results to other meth-
t(fs) ods that use the golden rule. This has been motivated by our
FIG. 8. The effects of initial state preparation are demonstrated (@Ehe suspicion that for the largéips and fast experimentally
bath is initially in an eigenstate of the donor surfédashed ling (b) The ~ Measured nonadiabatic transition rates, the golden rule may
bath is initially in an eigenstate of the acceptor surfesmid ling). (c) The be inappropriate_
bgth is in equ?librium when it is un.coupled from the two-state system Our results have not only confirmed this inadequacy, but
displaced oscillatojs(long dashed ling . .

have also provided a detailed study of the electron transfer
process. The large electronic coupling actually gives rise to
coherent electronic population oscillations between the do-

In Fig. 8, the effects of nonequilibrium initial state q h imes10 fs). fol
preparation are shown. The nonequilibrium initial state conl°" @n acceptor states at very short timesi fs), fol-

dition corresponding to the long-dashed line in Fig. 8 islowed by a slower relaxation on a m_uch longer time. scale
probably the closest to the experimental situation in the pho£90 f9. We have found that direct spin path summation of

toexcited back electron transfer process. Pulse excitatiowe plath' mtggral soglljtlon to thde model elzctc;on tfrans;;er
from the equilibrated ground state gives rise to an excite amiltonian Is not able to provide converged data for this

electronic state where neither the intramolecular vibration (_)rp]ger ]'Ew\n/lekre_laxztl'\(;ln lfroces_s,lgu; the transfzr matlr X ?I_Iﬁo'
nor the solvent modes are in their equilibrium configuration.”t m ot Makri and Makarov yielded converged resu s. €
xperimentally deduced time for the ground-state recovery in

The electron transfer process that is monitored is in fact tha‘?i1 NH..F (CNY R (CN . hiv 90 fs. i
back electron transfer following the photoexcitation to the! e (NHg)sFE(CN)(RWT(CN)s system is roughly S, In

acceptor state, during which time at least three physicalygratifying (and partly fortuitousagreement with the simula-
relevent processes take place: change in electronic populapns’ as |s_the time scale<(20 f?) of the electronic coher-
tion, intramolecular nuclear rearrangement, and solvent reof2"¢€S predicted from the experimental qzata.
ganization. From Figs. 6 and 8, three things should be noted: F!’g]ure 7 shows that the very shqrt time decay "is cap-
first, the fast oscillations between the strongly coupled elec'Eurecl by the 90'9'6” rule for all |nve§t|gated val_uesl-d)ng.
tronic surfaces, second, the population decay to equilibriun—‘rO be more precise, the very short time decay is purely elec-

P o5 [

0.0

on a much slower time scale, and third, the fact that theronic and
electron transfer reaction is basically complete after about 90 AGS
fs. Po(t)= ——o
" AG5+H3A
H2
IV. DISCUSSION AND CONCLUSIONS i AGZE?—F cosz( mt)_
0 DA

Understanding the results of femtosecond experiments
on electron transfer processes in the condensed phase Tifis behavior is shown at very short times, and it must hold
greatly facilitated by knowing the time scales of the variousat short enough times, but it is probably not observable. Nev-
physical processes that follow the initial excitation pulse. Inertheless, the inadequacy of the golden rule lies in the pre-
back electron transfer reactions, these processes include batfction of the long-time behavior and the observed electron
electronic state population relaxation and reorganization ofransfer rate that results from the failure of the “one-way
both solvent and intramolecular modes. In a set of receniow” assumption discussed in Sec. IlI: for largy,, the
experiments on charge transfer in mixed valence compoundsdensity can oscillate back to tHe) state(having initially
the short-time transient absorption spectra show complex oslecayed onto thé—) state before energy transfer to the
cillations on the subpicosecond time schfé"® vibrations(of both the solvent and intramolecular moples

To understand electron transfer processes from nonequirtramolecular vibrational relaxatiofwhich is actually ab-
librium initial conditions of the nuclear modes, we had pre-sent in the spin-boson modetan occur. This causes oscil-
viously made use of a generalization of the golden rule fordations(Figs. 4—8 in the diabatic state populatid®, (t). As
mula to initial nuclear states which are not rovibrationalis clear from Fig. 6a), these oscillations are indeed domi-
eigenstates of the nuclear Hamiltonian associated with theated by the electronic termsG, andHp, .
excited (acceptor electronic surface. These studies had  Although many parameters of the particular experimen-
shown oscillations in the electronic state population, due tdal system are known in rich detail, the exact frequencies and
oscillations of the vibrational wave packet motion. displacements of the the solvefivatey modes are not
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