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In this paper we explore the energetic control of sequential and superexchange electron(&dnsfer
mechanisms on the basis of quantum-mechanical simulations and calculations for long-range ET in
DBA systems, where the don@D) and the acceptqi?A) are separated by a bridgB). We studied

ET dynamics in a Franck—Condg@RC) system characterized by three multi-dimensional displaced
harmonic potential surfaces, where an initial single vibronic doorway ktat@vith energyE,) in

the DBA (=D) electronic state is coupled to the mediatifyg)} vibronic quasicontinuum of the
D*B~A (=B) electronic state, which in turn is coupled to the fifjg} vibronic quasicontinuum of

the D'BA~ (=A) electronic state. The level structure was described by the vibrational frequencies
(for a four-mode harmonic systgrand the energy gapsGpg andA Gp, between the origins of the
corresponding electronic stat@sith n,=1-50,n;=1000-2000, and, = 1000-2000 states in the

{le)}, {|B}, and{|y)} manifolds, respectivelywhile the couplings were characterized by the spectral
densities and by the pair correlatiofspecified in terms of correlation parameteys,. and 7z5/)
between states belonging to the same manifold. The correlation paramegter&r,o’=1-40 for

the doorway-quasicontinuum coupling angss (8,8'=150-190 for the interquasicontinuum
coupling are considerably lower than unityy,,/|<0.4 and| 7z4/|<0.3), obeying propensity rules

with the highest values ofy,,/| and|#z4/| which correspond to a single vibrational quantum
difference, while for multimode changes betweeand«' or betweens andg’ very low values of

| 74a'| OF | 755/| are exhibited. Radiationless transitions theory was applied for quantum-mechanical
simulations based on the dynamcis of wave packets of molecular eigenstates for resonance
(AGpg<E,) and for off-resonanceXGpg>E,) coupling. Resonancky)—{|8)}—{|y)} coupling

results in two-step sequential ET kinetics for all doorway statgsmanifesting phase erosion due

to weakly correlated intercontinuum coupling, without the need of intermediate state phonon
induced thermalization. Off-resonaniee—{|8)} coupling in conjunction witH|8)}—{|y)} resonance
interactions results in unistep superexchange ET kinetics. The simulated sequential ET rates and the
superexchange rate are in good agreement with the calculated quantum-mechanical rates obtained
using the electronic couplings and FC densities. The energy-gd&,£) dependence of the
simulated and the calculated ET rates from a single doorway state reveal a “transition” from
sequential to superexchange ET with increasiGpg. For a finite-temperature system,
characterized by a fixeNGpg (>0) small energy gap, the thermally averaged rate from a canonical
ensemble of doorway states will result in the superposition of both superexchange and sequential
mechanisms. ©1997 American Institute of Physid$S0021-960607)01633-4

I. INTRODUCTION + egonatea—D BA—DBA™.% In a variety of synthetic DBA
organic or inorganic molecules ET can be triggered by local

Electron transfefET) reactions are ubiquitous in phys- electronic-vibrational ~excitation followed by ~forward
ics, chemistry, and biology® Long-range ET in chemical qiociron transfer and back recombinafihl DBA - D*BA
ar]d blophysmg | systems, where the do'(ib}—acce.ptor(A) —D*BA™—DBA. These ET processes do not involve a
distance gon5|derably exceeds the sP atial exteq5|on of both E*B*A chemical intermediate. A qualitatively different pro-
and of A, is broadly encountered, being central in the contex . . .
of structural, energetic, electronic, and medium control o €ss '|n some synthetlc_ supermollecules' mvoIve§ the
ET.* Such long-range ET involves the mediation of the non-folmatIon . (3f thi I?LB A chem|c_al |nter_med|ate
radiative process by molecular bridg@, which control the D BA—D'B AjOD BA", where DBA is sometimes de-
process via multilevefelectronic and/or vibronjccoupling. ~ M0téd as DAA,.™" This mechanism was realized in the
The nature of bridges for ET in multicenter systems falls intoPOrPhyrin-quinone(1)—quinone(2) triad [quinone(1)=ben-
several categories: zoquinone and quinong)=trichlorobenzoquinorng?

(1) Medium bridging. The solvent or the condensed me-  (3) Protein bridging in biological systems. These in-
dium spatially intervening between D and A can modify theVvolve multicenter redox metalloenzymes, e.g., blue copper
electronic coupling for EP. oxidazes*!?2 cytochromee oxidazes>?* nitrogenasé® and

(2) Covalently bound bridgeB) in synthetic DBA su- small metalloproteins modified by attachment of electron ex-
permolecules. ET can be induced by a thermal attachment @hanging groups to particular surface sites, e.g., cyto-
a solvated electroneg,.eq 10 the donor, i.e., DBA chromes, blue-copper, and other protéitis?
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(4) DNA bridging. DNA doped by RU°—Ru™ ions D*BA™ DBA D*BA D*BA”
may act as a bridge for E¥:2

(5) Prosthetic groups bridging in membrane proteifs.
In the photosynthetic reaction centéRCs of bacteria and
green plants the primary process of conversion of solar en-
ergy into chemical energy proceeds via a sequence of well
organized, highly efficient, directional and specific ET pro-
cesses between prosthetic groups embedded in the membraneo
protein medium. In the native bacterial photosynthetic RCs

A

I

—N see

— MWW
the primary charge separation proceeds 34ia Mopgs— = —
'P*BH—P*B"H—P'BH" (here P, B, and H denote the b =
bacteriochlorophyl dimer, the accessory bacteriochlorophyl, —
and the bacteriopheophytin, respectiyelwhere B consti- AGpa —
tutes a bridge for primary ET via a genuiné Bitermediate. AGpp E

Site mutagenesi® 8 of the RC can either preserve this
mechanism for a variety of single-site mutafitsyhile in

some other mutants, i.e., tyrosine M 20fryptophané® and F—

the triple-site H bonded mutafitan alternative unistep o

bridging mechanism without the involvement of Bvill be (a) AGpg>0 (b) AGpg(O
exhibited at low temperatures, i.¢P*BH—P*BH™. Fur-

thermore, chemical modification of the RC, by the SUbStitu_Fllgtrih i?;/izg?eicolg\fl Sg?i“r:ngngE%P'L”itﬁ‘eﬁefzgfr\u;” it;*:;ese'
Tﬂon of B, can alter Fhe ET meChamSm‘ A dramatic exampleeDBA\oo (energiesE ) ’are in Eesonance with ¥he findD"BA ™| y)} c)|/uasi-
involves theB— 3-vinyl-13-OH-bacteriochlorophyl chemi-  continuum for allE,, . ForAGpg<0 [case(b)] the coupling of the doorway
cally substituted RC, where the unistep reaction mechanisrates DBAa) with the mediating quasicontinuufid*B~A| 8)} is in reso-
without involvement of B dominates at low temperaturés, nance (labeled: “Sequential} for all E,. For AGpg>0 [case(a)] the

(6) Bridging by specific amino acid residues in mem- DhBA\a>‘—{D*B A|B)} coupling is in off-resonancélabeled: “Superex-
brane proteins. A well established case involves the role o ange)
the tryptophane M251 residue, which lies close to the
quinone (Q) in the bacterial RCs ofR.sphaeroidesand
Rp.viridis in bridging the quinone unistep reduction
proces8! P"BH (YM251)Q—P"BH(YM251)Q". The Q the doorway state being sufficiently large to insure irrevers-
reduction is dramatically retarded by site mutation of tryp-ible relaxation(Fig. 1). For the unistep superexchange medi-
tophan by an aliphatic amino acid reside. ated ET no chemical intermediate is realized.

The generality of bridging for long-range ET implies  The basic difference between sequential and superex-
that multicenter ET can occur via two limiting mechanisms:change mediated ET involves chemical mediation in the
former case and physical mediation in the latter case. Reso-
nance coupling, needed for sequential ET, exists under the

|

O—ve ee

A. Sequential ET

kpp k
DBA—>D+B*AE>AD+BA*. (1.1  condition AGpg<E,, whereas the condition for off-
Kng resonance coupling and superexchange EMGpg>E,

Th diabati ling induci 2l ET invol (where AGpg is the energy gap between the electronic ori-
e nonadiabatic coupling inducing sequentia nvo Vesgins of D"B”A and the DBA manifolds Obviously, for the

resonance coupling between the'relev(a'masideggnera)e coupling and decay of the electronic origife)=|0) and
vibronic levels of DBA ({|a)} manifold with energie<=,) E,=0) of the DBA manifold, the sequential process occurs

with D*B~A and of the vibronic levels of DB~A with for AGea<0. while th h s f
D*BA~ (Fig. 1). Furthermore, the density of vibronic states AOE; >Dg » While In€ Superexchange process prevails for
ps= 0.

in the D'B”A and D'BA~ manifolds at energies quaside- _ _
generate witHa) has to be sufficiently large to insure ire-  1h€ énergetic control of the nature of coupling and re-

versible relaxation. For sequential ET a genuine chemicd@*ation is of considerable interest in the context of the op-
intermediate, Eq(1.1), is realized. timization of ET and some of its inherent applications, e.g.,

electron transport through wires in molecular electrdfics
and the mechanism of primary charge separation in

B. Superexchange mediated ET photosynthesi&33 On the theoretical front, extensive studies
ksuper o have been performed for the superexchange mechanism
DBA — D'BA". (1.2 (AGpg>0) with the electronic interactions being deter-

The nonadiabatic coupling inducing superexchange mediate@ined by pathway and bond countir@through-bond”)
ET"*2involves off-resonance coupling between the relevanscheme$? Of considerable current interest is the transition

vibronic levels of DBA and DBA~ (Fig. 1), with the den-  from the superexchange to the sequential mechanism, which
sity of states in the DBA™ manifold quasidegenerate with can be realized by changing the energy g&@pg from
J. Chem. Phys., Vol. 107, No. 13, 1 October 1997
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AGpe>0 to AGpe<0 (Fig. 1). Kharkats, Kuznetsov, and and between quasicontinua is reminiscent of the random cou-
Ulstrupg®™ considered three-level ET addressing dynamicallypling models advanced in the theory of interstate and intra-
populated intermediate states, nuclear dynamics, and intestate molecular dynamitsand for the loss of intramolecular
mediate state vibrational relaxation. Schemes for the treatoherence in high-order multiphoton excitation and dissocia-
ment of dissipative three-state systems were proposed jon of polyatomic molecule¥! In the nonradiative random
Mak et al,*® Joseptet al,*” and Toddet al*® Mukamel and  coupling model for the level scheme of Figibl (the reso-
his colleague® considered the interplay between sequentiainance coupling situationthe sequential kinetic scheme is
and superexchange ET using a density matrix formalismapplicable with the random coupling providing an internal
with the sequential mechanism proceeding via the populatiosource of dephasingmemory losg so that extra thermaliza-
of the diagonal matrix elements, while superexchange intion processes are not necessary.
volves the off-diagonal matrix elementslectronic coher- The implications of the coupling to théntramolecular
ence contributions Mukamelet al*® have drawn an analogy or medium vibrational quasicontinuum is central for ET and
between the superexchange and sequential ET and the trdier other condensed phase nonadiabatic dynamics processes
sition from (coherenk near-resonance Raman scattering ancand will be analyzed in this paper in the context of sequential
(incoherentresonance fluorescence. Subsequently, Sumi angT via bridges. We shall address the following issues:
Kakitan?® have adopted the formalism of Toyozaegal > (1) Exploring the decay dynamics of a single vibronic
for resonance Raman scattering to treat ET via a bridge ifevel in the DBA manifold into two coupled Franck—Condon
terms of opposite limits of a single process. They claim thaguasicontinua DB~A and D"BA ™ under resonance and off-
in the case of resonance coupling the sequential process reesonance coupling conditions.
quires rapid(phonon-inducedthermalization in the interme- (2) Establishing the prevalence of the sequential decay
diate D"B~A manifold, while the superexchange mechanismfor resonance coupling in a three-state Franck—Condon sys-
is also realized for resonance coupling in the limit of slowtem without invoking thermalization processes in the inter-
medium induced thermalizatiofl. These conclusions drasti- mediate state.
cally differ from our distinction between resonance coupling ~ (3) Quantifying the microscopic ET rates from a single
for Sequentia| ET and off-resonance Coup"ng for Superexyibronic level which correspond to sequential and superex-
change mediated ETFig. 1) advanced herein. The defini- change rates for resonance and for off-resonance coupling,
tions of the sequential and the superexchange mechanisrfespectively, by the corresponding quantum expressions.
are different. We characterize the sequential two-step mecha- (4) Determining the energetic control of single-level
nism as involving a genuine chemical intermediateBDA ET. For ET from a single vibronic level, e.g., the electronic
vibronic manifold, which is either thermally equilibrated or origin of the DBA manifold, a change from sequential ET
not, while the superexchange unistep mechanism does nbf Gpg<0) to superexchange ERGpg>0) will be exhib-
involve the population of the DB~A manifold, with the ited with increasingAGpg. For small fixed energy gaps
dynamics being solely determined by the time evolution of(i-€., AGpg being comparable to characteristic vibrational
the initial DBA and of the final DB~A manifolds. On the frequencies a transition from a single vibronic levelE(,
other hand, Sumi and Kakitaflicharacterize the sequential <AGpg) superexchange to a single vibronic levek
mechanism by vibrational equilibration in the mediating>AGpg) sequential ET will be realized &,=AGpg (see
D*B~A manifold, while their superexchange mechanism isFig- 1).
defined in terms of nonthermalization of thé B~ A mani-
fold. Thus for resonance DBA—TB~A coupling in the limit
of slow phonon thermalization in the 'B-A manifold, o £ TRON TRANSFER DYNAMICS IN A
yvhen the_ vibrationally exc_lted V|br<_)n|c states of_ A are  ERANCK—CONDON SYSTEM WITH TWO
involved in the ET dynamics, Sumi and KakitZhido main- QUASICONTINUA
tain that the physical situation of superexchange prevails,
while our definition encompasses this situation as sequential We consider the dynamics in the three vibronic mani-
ET. Our distinction between the sequential and the superexolds, which correspond to the electronic states DI8R),
change mechanisms rests on the experimentally observablz'B~A(=B), and D'BA~(=A) (Fig. 1). The DBA mani-
population of the mediating TB~A vibronic manifold fold of initial doorway states and the two ‘B~A and
which can be interrogated in real life. D*BA™ quasicontinua constitutes harmonic vibronic states,
From the point of view of general methodology, the which will be referred to as a Franck—Condon system. The
analogy between the ET dynamics and the second-order ojnteraction between an initial doorway state in the DBA
tical processé$is incomplete, as the “smooth” radiative manifold and the DB~A quasicontinuum can be either of
coupling interactions are quantitatively different from the resonance4{Gpg<<0) or of off-resonanceXGpg>0) char-
nonradiative Franck—Condon coupling between vibronicacter. In the case of resonance interaction, the nature of the
continua. The nonradiative coupling between the Franck-eoupling between the two quasicontinua, which is character-
Condon quasicontinua are weakly correlatédroviding the ized by weak correlations, will determine the two-step se-
basis for a sequential decay of a single vibronic level, Eqquential mechanism. On the other hand, for the case of off-
(1.2), in the limit of resonance coupling. This physical situ- resonance coupling, a single-step superexchange mechanism
ation of weakly correlated coupling to a quasicontindtim will result. In what follows we shall utilize the theory of
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radiationless processes in large molecules and in the co#}j)} of the Hamiltonian. The time evolution of the wave
densed phasgto explore the ET dynamics in the three elec- packet of molecular eigenstates contains the relevant infor-
tronic states system. mation about the time-dependent population probabilities of

The level structure, coupling, and dynamics of the modethe doorway state and of the two distinct quasicontinua.
system considered herein consists of distinct electronic mani- In what follows we explicitly consider the entire level
folds, which correspond to three electronic stafég. 1): (i) structure of the system. The molecular eigenstates are given
The initial doorway vibronic stateg) in the DBA electronic by
state(energyE,), which can be populated by photoselective
optical excitation, or can be thermally populated. We shall o\ () 0 M
consider the coupling of a single) state to the quasicon- |J>_§ Ba |a>+% b |ﬁ>+z’y Sy 7 24
tinua. (i) The mediating vibronic quasicontinuuffg)} of o ) . )
the D'B™A electronic state with energids, . The|a)—{|8)} The coeff|r+;|ents in Eq(2.4) prov@e the unitary Fran;forma-
coupling can correspond either to the resonance or to thé#on YHYU ™ =E, which diagonalizes the Hamiltonian, Eq.
off-resonance situation(iii) The final vibronic quasicon- (2., whereU,=al’, Ujz=bf}’, andU;,=c{’. The en-
tinuum {|7)} of the D'BA™ electronic states with energies €rgiesE; of the molecular eigenstates constitute the diagonal
E,. The interquasicontinuun|8)}—{|)} coupling is sub- matrix elements oE. The zero-order vibronic states can be
stantial, while thda)—{|y)} coupling is negligible. reconstructed from the molecular eigenstates

The Hamiltonian of the system is
my=2 (U")mili)
H=2 [a)Eq(al+ 2, |B)(Es+ACos)(Al '

(U m=al for m=a, (U")pn=bJ for m=p,

+Ey 7)(Ey+aGon (] and (U")p=c’ for m=7). (2.5

The initial state of the systenr(0)=|«) is expressed in the

+
form

Ea: EB: |a>vaﬁ<:8| t+cc

+ , (2.1 v(0)=2, allj). (2.6)

I

EB: Zy |B)V {7l +cc

whereV,;=(a|H|B) andV,,=(B[H|y) are the coupling Equation (2.6) provides a wave packet of molecular
matrix elements between the vibronic states. Note that in Egjgenstate& whose time evolution is

(2.1) we consider, in principle, the entire system, without
decomposition into the “relevant” system and a “bath.” _ (i1 _
The zero-order vibronic states are characterized by the \I’(t)_; &y |iyexp(—IE;t/h). 2.7
doorway states|a)=¢px,, and the two quasicontinua
states{|8)} ={dpx s} and{|y)}={dax,}, where¢p, ¢g,  We can now use E(2.7) to obtain explicit expressions for
and ¢, denote electronic wave functions of the three statesthe population probabilities. The population probabilities
respectively, whilex, , xz, andyx, denote the nuclear wave Pp(t), Pg(t), andPa(t) of the reactant DBA states, of the
functions. The coupling terms in E@Q.1) are mediating D'B~A quasicontinuum and of the final A~
Vos=Vosf(aif), quasicontinuum, respectively, are given by

(2.2
Vey=Veaf (B:7), Po()=2 [(aP()P=2 |2 af(ha
where Vpg and Vg, (with D=DBA; B=D*B A “ «
A=D*BA~) denote the electronic couplingavithin the £t/ 2
framework of the Condon approximatipnvhile f(«; 8) and X exp(—IEt/h)|

f(B;7y) are the vibrational overlap integrals
f(a;B)=(XalXp):

f(B;%)=(xglx,)-

We shall now utilize the theory of radiationless transi- X exp(—iE;t/h)
tions in large molecules and in the condensed phase to ex-
plore ET dynamics in this three-electronic states system. As

(2.3 PB(t)=§ |(,8|‘I’(t))|2:% 2 al)(t)b!))

2
: 2.9

is common in quantum mechanical treatments of kinetic ~ P,(t)=2> [(y|¥(1))|2=2> | X a¥(t)c!)

scheme¥"°°the initial condition is taken to be a singleon- Y v |

stationary doorway state, i.e.¥(0)=|a), which will be 2
expressed in terms of a wave packet of molecular eigenstates X exp(—iE;t/h)| .

J. Chem. Phys., Vol. 107, No. 13, 1 October 1997

Downloaded 12 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



5158 M. Bixon and J. Jortner: Electron transfer via bridges

We now proceed to characterize the initial manifo{ti®)} Ill. COUPLINGS, CORRELATIONS, AND SPECTRAL
and the two quasicontinufg)} and {|y)}, as well as the DENSITIES
couplingsV,;z andVy,,, Eq.(2.2), within the framework of

the harmonic model. We have performed numerical model calculations for the
The Franck—Condon system is characterized by théevel structure, coupling, and dynamics in a four-mode har-
doorway stateg|a)} of a harmonic potential surfaddp(q), ~ Monic model withw/cm™*={117 75 35 27 of the three

coupled to the mediatin{]g)} states of the potential surface displaced potential surfaces. For the vibronic coupling be-
Ug(q), which are in turn coupled to the final statgg)} of  tween the mediating and the final state we toSka
the potential surfacel ,(q). The level structure and the cou- ={1.1 2 3 3 andAg,={1.05 1.41 1.73 1.73 the cor-
plings will be described by the three multidimensional dis-responding value of the reorganization energy, &), is
placed nuclear potential surfacedp(q), Ug(q), and Apa=Sgaw’=464.7 cm™. The relation between the reor-
UA(q), which are characterized by the same frequenciesganization energyg, and the other two reorganization en-
The relevantn vibrational modes are characterized by theergies was chosen asga=Apg and App=2Apg. This
coordinatesq={q;,95,...,4,}, massesm = {m;,m,,...,  choice of parameters allows for a nonunique choice of the
m,}, and frequenciesw=(wq,w,,...,0,}. The displace- reduced displacement vectaks,g andAg,. Constructing a
ments of the equilibrium positions between the minima ofvector D;; with the componentsxﬁ,'f(wk)1’2 we havel,;

the potential surfaces=D or B andJ=B or A are Aq,; =D;;D; (I=D or B; J=A or B) and A\pp=(Dpg—Dgp)
={Aq},Aq},....Aq)}. It will be useful to define the re- - (Dpg — Dga) . Equation(2.9) then results in the two
duced displacementaP={A} A}, ... A"}, where Ay’  equationsDpgDg,=0 andAga=Apg=Dpg-Dpg. AS Aga
=AqLJ/(2ﬁ/wkmk)1’2. The reorganization energy between and Dg, Were fixed, the vectoDpg was found by taking

thel andJ states is (arbitrarily) two of its elements and then obtaining
the other two elements from the solution of the two equa-
Ay=S"o, (2.9  tions given above. Such a solution M, ={—0.88 1.49

—2.03 1.54. The reorganization energies =\
where S?={S,s}’,....S} and S’=|A[|2. The energy _ 464 7 Cmf}l andADA=329.4 ol gies akbe=Maa
gaps between the minima of the potential surfddg(s]) and The initial doorway state is in most cases the ground

U,(q) are denoted bAG,;. The three classes of vibronic iy ational state @)=|0)) of DBA located atEy=0. The

states will be specified in terms of the occupation numbers 0{‘|a>|} doorway manifold is taken to contain,=1-50
the vibrational modes, i.ela)={a;,a,,a3,....a,}, |B) N

o b i statés). The electronic origin of the fina]|y)} manifold is
={B1,B2,--- o}, and |7)={y1,v2,....,7a}. The single-  paacterized byAGpa=—450 cnit and it containsn,
mode vibrational overlap between thg state(i=a or ) _1900-2000 state@p to excess vibrational energy in the
and the finalf, state(f = or y) of the modek is D*BA~ manifold of 545—671cmt, ie. 95—221 cril
above the electronic origin ¢)=|0)) of the doorway staje
The mediating vibronic manifol§|8)} is characterized by the
M0 qyittorpitt-ar energy gapAGpg (which Wi|! pe varied in the range
x 2 — — (210  AGpg=—450-450 cm?) and it includesn ;= 1000—2000
<o ri(i—r)i(f-r)! . DB Lo :
vibronic states(up to excess vibrational energy in the

+B- - 1 1
where on the rhs of Eq(2.10 we abbreviateA=4,, | D B A manifold of 671cm”, ie., 221cm" above the
—i,, and f=f,. The Franck—Condon vibrational overlap €l€ctronic origin of the [@)=[0)) doorway state The vi-
integrals, Eq(2.3), are bronic couplings were calculated from Eg&.2), (2.3),

(2.10, and (2.11). Making contact with the conventional
n classification of couplings in ETalthough we note that in
f(a;B8)= H f(ak: By, the present case we consider single-state dynamics involving
k=1 (2.1)  Nuclear tunneling from the doorway statke following situ-
ations are of interestl) Resonance DBA—-DB~A coupling
(AGpg=—450 cm ! to 0). In this case— AGpg=<M\pg, SO
that the DBA<4D*B~A} dynamics corresponds to a transi-
tion from the activationless situation-(AGpg=A\pg) to the
Finally, we have to specify the magnitudes of the electronimormal ET region.(2) Off-resonance DBA-DB~A cou-
coupling termsVpg andVg,. Equation(2.8), together with  pling (AGpg=0-450 cmY). This is the case of the medi-
Egs.(2.1), (2.2, (2.10, and(2.11), provides the entire infor- ated DBA{D*BA~} dynamics, and as-AGpa<Apa it
mation on the coupling and dynamics. corresponds to the “normal” ET situation. Finally, the elec-
Of some interest are the scaling properties and the enetronic couplings were taken a¥pg=35cm ! and Vgu
getic and dynamic attributes. We introduce a scaling param= 25 cm * for the DBA-D'B~A resonance coupling and
eter 0. Keeping the reduced displacememt§’ fixed, the Vgp=100-200cm?! and Vg, = 200-300 cm?! for the
scaled parametersw, o\,;, cAE,;;, and oV, will yield off-resonance case. These electronic couplings were chosen
invariant results for the spectral density. With these scaledo give ET dynamics on the ultrafast time scale 300—4000 fs.
parameters the time scalestés. The choice of the energy parameters was guided by the fol-

f(iy;f)=exp(—A2/2)(i!f!)

f(ﬁ;w:klj1 f(Bi; 7i0)-

J. Chem. Phys., Vol. 107, No. 13, 1 October 1997
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lowing considerationg1) The attainment of vibrational qua- 0.6

sicontinua, i.e.AG,;> w, for all vibrational frequencieq2)

The realization of the strong coupling situation, i.e., \naa"
5

2 \1/2 2 \1/2 . * *
(Vap) ps>1, (Vz,)"p,>1 for the resonance coupling 0. ) . .
and .. . .
VagVgy |2\ 12 -1 04 3. . . .
AE p'y Lt "* * * * X ¥ . ! * *
for the off-resonance interactions. Hesg and p,, are the 0.3 s o .o .

densities of states of th§B)} and{|y)} manifolds, whileAE

is @ mean energy denominator for superexchange intera
tions. Under these circumstances the statistical limit for in- 0.2
tramolecular or condensed phase dynamics is realized wit
time scale3~ﬁ[2w(viﬁ>p3]‘1 for resonance coupling3)
Negligible edge effects for the coupling of the doorway state
to a quasicontinuum or for the coupling between the quasi
continua. This extensive input information will now be uti- 0.0
lized to explore the characteristics of the couplings within

the three-electronic states system. (@

An important feature of the coupling between the initial 0.4
manifold {|a)} with the {|8)} quasicontinuum and of the
{IB}—{|»} interquasicontinua coupling involves the correla-
tions 7, (for different|e) and|a’)) or 74, (for distinct|B)
and|g’) state$, which are quantified by

Naa' = (Vaﬁvﬁa’>/[<vi,8><vza’>]1/21

s =V, Vs IV E V25 )12,

where () denotes the average over the energy radge
where the density of statessi.e.,
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The energy rangeE has to span the relevafji8)} states
which contribute to interference betwelen and|a’).%%°" An
expression analogous to E(.2) is given for(V,,V,z/).
Numerical calculations were performed fgy,,» with « and

!

o' in the vicinity of the electronic origin of .DBA.’ .i'e" for FIG. 2. Absolute values of the correlation parameteys, | and | 74|
a,a'=1—40(wh6|_'ea=1 denOFed the electronic originCon- between the doorway statesa’ and between the quasrcontinuunfﬁstates
currently, numerical calculations ofgz: for the {87t B.B'. Data for a four-mode Franck—Condon systé®ec. II)) with the cou-
interquasicontinua coupling were performed in the vicinity pling parametera =460 cm * and\g,=465 cni ™. The energy gaps are
of the doorway state, i.e3,8'=150—190. The correlation g(%osn?; 320 jggoﬁfnzqzc‘oﬁ?gnci?*; @ 4| gﬂyslltgt.e;l(—i?]etr?:erragny range is
param?t9r$ﬂ““'| for the paII.‘Sa and o' of doorway state; In 40) and 1560ﬁvalues dfna'ﬂ,|. The elgctronic origin of th@ a)} mgnifold is
the vicinity of the electronic origin of the DBA manifold genoted as|ay=|0). (b) | 7pe|. The energy range is 500 Gih<E,
[Fig. 2(a)] are considerably lower than unity, with the high- <700 cnt?, containingN = 40 stategin the range8=150—190 and 1560
est values of the correlation parameters falling in the rangaalues of| 744|.

| 7aa’|=0.5—0.2. The small number of relatively high values

of | 7,./| corresponds to members of a vibrational progres-

sion with o and «' differing only by a single vibrational sparse, i.e., the nonradiative widths of the resonances are
guantum number, while for multimode changes betwaen small relative to their spacing. Accordingly, interference ef-
anda’ very low values of 7,,,/| are exhibited®® The pro-  fects in the nonradiative decay of a singd¢ doorway state
pensity rule®® for coupling to a Franck—Condon quasicon- will be negligible andPp(t), Eq. (2.8), is expected to be
tinuum imply the existence of weak, but finite, correlationswell described in terms of the golden rule. The situation is
| 740] for the{|a)}—{|B)} coupling in the vicinity of the elec- qualitatively similar for the interquasicontinugg)}—{|y)}
tronic origin of the doorway states manifolgky)}. In this  coupling. The correlation parameters;z [Fig. 2(b)] are
low-energy domain the level structure in tfie)} manifoldis  lower, i.e.,|nﬂﬁr|s0.2—0.3, in accord with the propensity
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5160 M. Bixon and J. Jortner: Electron transfer via bridges

rules. These smallz,/| correlations imply that the inter- 0.005 et
quasicontinua{|8)}—{|y)} couplings approach the random
coupling situation(i.e., g4 =0 for all B, §').>* The dy-
namic implications of this nearly random coupling are of
considerable importance implying the occurrance of sequer
tial time evolution. .
To characterize the coupling in the Franck—Condon qua = : . o,
sicontinuum we consider first tHe)—{|8)} coupling for dif- £ 0.003 e,
ferent doorway states. The Franck—Condon density for ai~
individual |@) state is

0.004

B 0.002
T
FD(@)=2) |f(a;B)|*8(E,—Ep), 3.3

B
where|f(a;8)|? are the Franck—Condon factors, expressec 0.001
in terms of the vibrational overlap integrals, EQ.11). For

coupling to the{|8)} quasicontinuum FQ) is expressed in
the form 0.000

RPN R TN N TN I TN T T M AN TR TR T N |

o

100 200 300 400 500 600 700 800 900
@ Eq-AGps

FD(a)=(8E) 1Y, |f(a:B)|?, (3.4)
{8} 0.003 —

where the discrete sum is taken over the st§Bsithin an
energy rangeSE around the energy of the doorway stig
In what follows we shall present some numerical data for the ] S
Franck—Condon densities k), Eq. (3.4), for the lower N .

doorway statex=0, coarse grained oveiE. For the lowest 0.002 ~ S

doorway stater=0 (Fig. 3), the density FI0) is Poissonian
of the form expCA)N"/n! wheren=E, /#{w), with E, be-
ing the excess vibrational frequency. The (BPdistribution
peaks aE,=\pg=430 cn '}, while for higher|a) states the
spread of FDw) occurs over a largeE, range. The Franck— 0.001 4 . .
Condon densities F(®) for individual |g) states for the . ’
{|B)}—{|y} coupling exhibit a spread over a bro&g do- . -
main, reflecting the features of the intercontinua coupling. Ir e
view of the small correlation parametetg s for the {|8)}— : e
{|¥} coupling[Fig. 2(b)] these(diagonal spectral densities

. . . . 0.000 —H P I R T R T T R T T T T T T
are expected to dominate the intercontinuum dynamics. 0 100 200 300 400 500 600 700 800 900

(b) Eq—-AGps

FD(a)(1/cm-1)

IV. MODEL SIMULATIONS EOR ET DYNAMICS FIG. 3. Spectral densities Fb), Eq.(3.4), for the lowest doorway sta1a>
) (i.e., the electronic origin of DBA (a) Energy averaging over 1 cr (b)

We shall now proceed to explore the dynamics in theEnergy averaging over 9 crit
three electronic states DBA, B ~A, and D'BA~ system,

describing the potential surfaces in terms of a four-modenechanical simulations will now be presented for the limits

harmonic model advanced in Sec. lll. The molecular eigenyf resonance £Gpg<0) and off-resonance AGpg>0)
stateg|j)}, Eq.(2.4), their energie$E;} and the coefficients coupling.

{al’}, {bP}, and{c!}} of the transformation matriy), Eq.
(2.5), were obtained by the diagonalization of the, ¢ Ng
+n,)X(n,+ng+n,) dimensional Hamiltonian, Eq2.1). We consider the decay of a single doorway state, which
To make contact with realistic experimental conditions thecorresponds to the electronic origja)=|0) of the DBA
“propagation” of the initial doorway statéa), Eq. (1.6), manifold, into the two coupled TB~A and D'BA™ quasi-

has to be modified. The unrestricted summation over the mazontinua. As the density of states in the DBA manifold in the
lecular eigenstates in ER.6) was replaced by a sum over a vicinity of the doorway state is low, we disregard the reverse
restricted energy rangéE=50 cm ! of the order of the process DB~ A—DBA in the kinetic schemél.1). Figure 4
spectral width of a short excitation pulse. Subsequently, theresents the time dependence of the population probabilities
time dependence of the population probabilities, Ef8), Pp(t), Pg(t), andP4(t), Eq.(2.8), simulated for the energy
was calculated. The input parameters for the simulationsangeAGpg= —450—— 150 cni't. The population probabil-
were presented in Sec. Ill. The results of the quantumity Pp(t) of the doorway state decreases exponentially,

A. Resonance DBA-D *B~A coupling (AGpg < 0)

J. Chem. Phys., Vol. 107, No. 13, 1 October 1997

Downloaded 12 Feb 2009 to 132.66.152.26. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



M. Bixon and J. Jortner: Electron transfer via bridges 5161

1.0 AGgalem-t)
AG =-150cm-! ] 'IQO 200 -300
P(t) \\ —DB_—_ O l ! l l
0.8 R SEQUENTIAL ET
: A1) Vpg = 35 cm-!
PA(f) ',—" 3 Vga =25 cm-!
0.6 \‘\\ // ApB = Aga =465 cm-! -
i ~ Apa= 930 cm-! 12 5
L Ioob 4 MODES kga dio =
2 @© <
04r 2 < — cALC =
P (1) 7 TIN R O SIMULATION 08 ¢
B ,I s\\ — -
2 b —-os
02} \ remrn Seeal e <
/YT L kas 1% é;
’ o \\\/’ Ho2 »
! 1 i I | ~< =
0 I ] I I L q ! | | i | ]
0 1000 2000 3000 4000 5000 00 565 5 T RTS 5002
(a) t(fs) AGpglem-1) 8Gga=AGpg(cm-1)
1.0y
AGpp=- 250¢cm-! FIG. 5. The energy-gapAGpg) dependence of the sequential ET rates

kpe, kea, andkag from the electronic origin of DBA obtained from the
kinetic fit of the simulatedP(t), Pg(t), andP4(t) curves(Fig. 4). Four-
mode systeniSec. ll) electronic and nuclear couplings are marked on the
figure. The simulated ratd®) are compared with the calculatéd-) quan-
tum mechanical rates, Eg&.1), (5.2), and(5.8).

while the population probability for the buildup of the final
D*BA~ quasicontinuum exhibits at short times Ry (t)

« t? dependence, as appropriate for sequential kinetics. Most
important, the population probabilifyg(t) of the mediating
D*B~A quasicontinuum exhibits a rise and fall towards a
long-time saturation, as appropriate for a genuine chemical

0.0 ! I 301 4o'oo 5OIOO intermediate. The fluctuations in the simulated probabilities
0 1000 20(3((:; ) 00 reflect the features of the finite system used herein. These
(b) o s population probabilities can be well described by a consecu-
107 tive kinetic scheme, Eq1.1), with the conventional kinetic
(1) / Pp(t) equations
0.8 Pp(t) =exp —kpgt),
SN / —- Pg(t)=a;+a;, exp(—kpgt) +a; exd — (kgatKap)t]
0.6+ N 2t .
D with
< \ "=~ Kag Kpg—Kag
o4f\ S\ Tl a=——— A=
/4 kgatKag’ kgat Kag—k
/, BA AB BA AB DB (4.1b)
02 AGpp=-350cm-! az= osksn
e =- cm- = ,
A =208 " (kpg—Ksa—Kap) (Kea+Kag)
7 N\
p/ NN and
T 2 T 1 Y
o 0 1000 obci“:;)oo 4000 5000 PA()=1—Pp(t)— Pa(t). (4.10

The analysis of the dynamic data over a broad range of

FIG. 4. Quantum-mechanical simulations of sequential ET. Time depen-AGDB provided the rate constarksg , ksa andkag for the

dence of the population probabiliti€,(t), Pg(t), andPa(t), Eq.(2.8), for Sequemial _ kinetic SChemél-l_), Whi_Ch_ are presente(_j vs
AGpg<0. Decay from the initial@)=|0) doorway state. The solid curves AGpg in Fig. 5. No systematic deviations from the kinetic
represent the results of the simulation. The dashed curves represent tigheme, Eqs(1.1) and (4.1) were observed. From these re-
kinetic fit, Eq.(4.1), of the simulated curves with the sequential rdtgg, sults we conclude that:

kga, andkag summarized in Fig. 5. Simulations for a four-mode system h d . .
(Sec. 1. Electronic couplingd/pg=35 crmi'%, Vga=25 cmi 't and nuclear (1) The resonance doorway stdte)—quasmontlnuum

couplingsh ps =465 cnt ! and\ s 4= 930 cn1 ! with displacement vectors {8} coupling, in conjunction with resonance coupling be-
specified in Sec. Ill.(8) AGpg=-150cm ™. (b) AGpg=-250cm™.  tween the twd]|B)} and{|y)} Franck—Condon quasicontinua,

(c) AGpg=—350cm™™. results in a sequential chemical kinetics.
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5162 M. Bixon and J. Jortner: Electron transfer via bridges

(2) The sequential kinetics for tHe)—{|8)}—{v)} system 1.0
reflects the implications of the nearly random resonance cou- Pt
pling between the Franck—Condon quasicontinua. It is
known that in a random coupleéad)—{|8)}—{|y)} system(with 0.8
Naar =0 and g5 =0) sequential kinetics prevaifé. Our
analysis establishes that the coupling between Franck—
Condon quasicontinua is close to random and gives sequen-
tial kinetics.

(3) Making contact with experimental reality we dem- 04
onstrate that sequential kinetics prevails in the three elec-
tronic states DBA—DB~A—-D*BA ™~ system, which satisfies
two conditionsi(i) DBA—-D*B~A (|a)—{|8)}) resonance cou- 02
pling and(ii) sufficiently high densities of states in tfig)}
and {|y)} quasicontinua to insure nonradiative dynamics in

0.6

AGpp=50cm™!

]

| | |
the statistical limit. In particular, the time-dependent popula- o 1000 2000 3000 4000 5000
tion probability of the intermediate TB~A quasicontinuum @ t(fs)

reflects the chemical mediation via a bridtf@:33-3°
(4) Our simulations demonstrate that in the
DBA-D'B"A-D"BA~ system with DBA—-D'B”A reso-
nance coupling sequential kinetics occurs even in the ab-
sence of vibrational relaxation in the mediating ® A
manifold. This conclusion is in contrast with the analysis of
Sumi and Kakitanr® which rests on a different definition of
the sequential mechanism, and which implies that for reso-
nance coupling sequential ET is necessarily induced by rapid
phonon-induced thermalization in the intermediatéBDA
manifold. Our simulations reveal that for resonance
DBA|a)—D"B~A{|B8)} coupling the weakly correlated cou-
pling between the Franck—Condon “bumpy” quasicontinua
provides a phase erosion mechanism for the dynamics, re- : [ 1 T l
sulting in the population of the tB~A manifold, i.e., se- Y 1000 2000 3000 4000 5000
quential kinetics without the need of intermediate dephasing ~ ® tifs)
processes. 1.0k
Our simulations for the resonande)—{|3)} coupling \
situation, which result in sequential kineti¢Big. 4), were Pp(t)
conducted for the regioAGpg=<— 150 cm 1. For lower ab- :
solute values of thénegative AGpg energy gap, the density N e
of states in the DB~A {|8)} manifold is too low in our 06 ~
four-mode system, so that the conditions for irreversible de- Syt A
cay in the statistical limi{Sec. Ill) are violated. This diffi- .
culty stems from the intrinsic limitations of the four-mode 0.41 Sl
system used herein. The number of vibrational modes is lim- ”
ited by the siz€3000x 3000 Hamiltonian matrix used in our o4 el
simulations. For realistic condensed phase or molecular sys- : 4 B(1)
tems, where the number of vibrational degrees of freedom B
will be considerably higher and where low-frequency vibra-
tional modes contribute, the irreversiliigequential dynam-
ics will prevail for higher values oA Gpg (<0). ()

AGpg =350 cm-!

-
.
e
.
-

0 1000 2000 3000 4000 5000
t(fs)

B. Off-resonance DBA-D *B~A coupling (AGpg>0) FIG. 6. Quantum-mechanical simulations of superexchange ET. Time de-

. . . pendence of the population probabiliti€s(t), Pg(t), and Pp(t), Eq.
We now consider the coupling of the single doorway 2.8 for AGps>0, with decay from the initiala)=|0) doorway state.
state |@)=|0) in the DBA manifold with the final Simulations for a four-mode systefSec. Ill). Electronic couplingsVpg

D*BA~{|y)} quasicontinuum, which is mediated by off- =100 Cm’laans_A:2_50 cm * and nuclear couplingspg =465 cm * and
resonance superexchanbﬁ—ﬂy}} coupling with the DBA Ngp=930 cm -, with displacement vgctom §peC|f|ed in Sec. Ill. The solid

. . . . . curves represent the results of the simulations. The dashed curves represent
manifold. The direc{a)—{|y)} coupling is considered to be e inetic fit, Eq.(4.2), of the simulatedP(t) andPA(t) curves, with the
negligible. Figure 6 presents the time dependence of theuperexchange rateyper summarized in Fig. 7(8) AGpg="50 cni'L. (b)
population probabilities simulated for the energy rangeAGps=250cm™. (c) AGpg=350cm ™.
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SUPEREXCHANGE ET 1.0 B (1)
g A
VDB=IOOcm-I P(f) '-‘.‘ P (T)
Vga =250cm™! o8k oA ‘_“:'.-_;..-.
Apg =465cm-! X S et
o ® Apa =9230cm-! _ v [,’:,s'
06} Y S
P : g AGpg=-150cm!
~ 0.8 . - - o 2208 m
% N --- 15>
K - Pg (1
E‘ 0.6~ ¢ . 0.4 %% s (") e |6
8 1/'. .‘,\.- .. —_— |7>
x 04k 4 MODES N o) e S
’ ® (AR \3 &,
_CALC Y 02 - l,-". ,I N "*.. ":‘--~~\ -
0.2 * SIMULATION | o .. o,
4 S el
1 ! L | I I l | N ) L
0 100 200 300 400 500 0 1000 2000 3000 4000 5000
AGDB(Cm'l) T(fs)

FIG. 7. The energy-gapXGpg) dependence of the superexchange ET rate FIG. 8. Mode—ﬂ)ecific sequential ET dynqmi@SGDB= —150 cm'? e{r}d
ksuperfrom the electronic origin of DBA obtained from the kinetic fit of the 0<E.=<108cnm~). A four-mode system with frequencies =27 cm,

simulatedPy(t) and P,(t) curves(Fig. 6. Four-mode systeniSec. Il) ~ v2=35CM™, va=75cm *, andv,=117 cm*, with the reduced displace-
with electronic and nuclear couplings are marked on the figure. The simuMentsA and the nuclear coupling parameters specified in Sec. lll. The
lated superexchange rat®) (at eachAGp>0) is compared with the ~ €lectronic couplings arépg=25 cm *andVg,= 35_cm’1. Quantum simu-
calculated—) quantum mechanicls perrate, Eqs(5.7) and(5.2). lations of Pp(t), Pg(t) and PA(t), Eq.(2.8), are given for three doorway

states:|a) =| 5)[v; + v;] (E, = 62cm ) (), |a) =| 6)[2v,] (E,
= 70cm?Y) (..) and|a) =| 7)[vs] (E, = 75cmY) (—).

AGpg=50-450 cm?. The fluctuations in the population
probabilities just reflect the characteristics of the finite system, which satisfies the following conditions:(i)

tem ofn, + ng + n, < 3000 states, and do not have any DBA-D*B~A off-resonance coupling andi) sufficiently
physical significance. For the off-resonance couplings, th@igh density of states in the final BA~ {|y)} manifold to
population probability of the mediating ™A quasicon-  insure|a)—{|y)} decay in the statistical limit. These simula-

tinuum is finite and smalle.g., Pg(t=0)<0.03, Fig. 6,  tions concur with the well-known features of superexchange
decreasing with increasindGpg (at constantVpg, Vga),  ET kinetics®19:3%41

and remaining time independe(fig. 6). This minor con-

stant contribution ofPg(t) reflects the initial preparation

conditions of the nonstationary doorway stbt® (=[0)) of  C. Mode specific ET dynamics
DBA, which includes a contribution to the off-resonance

. _ ) . : Up to this point we have been concerned with the simu-
mixing of the D'B~A{|8)} quasicontinuum states, manifest- , . . L
. . ; o lations of the time development of the initial doorway state,
ing the finite energy width of the excitation pulse. Such fea-

L o .~ .~ which corresponds to the electronic origin of the DBA mani-
tures of the initial conditions for off-resonance coupling in a ) . .
. . fold. It is of interest to explore ET dynamics from other
three electronic levels system were previously nét€d. o )
. . - initial |«) doorway states. We have performed such simula-
The population probabilitieBp(t) andP4(t) of the ini- tions for the|a)—{|}—{|7)} resonant coupling with a fixed
tial DBA doorway state and the final A~ quasicon- « Y ping

: . L . yalue of AGpg=—150 cmi'l, climbing up the vibrational
tinuum, respectively, exhibit an exponential decrease o Noorway states manifold in the ener range
Pp(t) and an exponential increase ®f(t). The population Y 9y o

. ; _ . =0-108 cm®. Figure 8 shows typical data for the time-
probabilities can be well described by the direct kinetic : :
scheme mechanism, E€L..2). dependent population probabilities, E@Q.8), for different

initial doorway statega). The dynamics for eacha) is
Ppo(t) =exp —Ksuped), (4.29 sequential, being well represented by E41.1). The depen-

dence of the lifetimespa=(kpa) ! for the decay of the
Pa(t)=1-exp(—ksuped)- (4.2b doorway states manifoldFig. 9 reveals a modest and ir-
The analysis of the simulations over a broad rangd@hg  regularE,, dependence withp, decreasing by a numerical
values(Fig. 6) results in the superexchange ET rakggper ~ factor of ~3.5 over this narrow energy range. A detailed
which are presented VvAGpg in Fig. 7. From this analysis analysis of these mode-specific ET rates will be presented in
we conclude that: Sec. V.

(1) Off-resonance doorwayla)-quasicontinuum {|8)} The simulations of the dynamics established the distinct
coupling, in conjunction with off-resonanégg)}—{|y)} inter-  ET mechanism, i.e., sequential or superexchange, for the de-
guasicontinua coupling results in superexchange unistep keay of a single vibronic level within the DBA manifold. The
netics. analysis of the simulationg=igs. 4 and § provided the ET

(2) Making contact with experiment, we note that super-rates, i.e.kpg, kga, andk,g for the sequential mechanism
exchange kinetics prevails for the three electronic states sy$Fig. 5 andkgypggfor the superexchange mechanighig.
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over N states quasidegenerate wjia) in the energy range

0 u v e vty slu.zy'}"yzzgz‘m?if'/”' SE. Finally, pa(E,) and pD(Eé)B in Eq. (5.1¢ are the den-
AGoge- 150 e e sities of states in the final IBA™ and in the mediating
2000L AGga=-300cm-! O SIMULATED DB~ A manifolds, respectively.
© :g;::@gg:‘j?“"' e CALCULATED Next, we consider the expression for the superexchange
Vg =35 em-1, Vgar 25cme! kinetic scheme, Eqg1.2) and (4.4). For the superexchange
L mechanism AGpg>0) the rate constant is calculated from
o ) a perturbative scheme for the mediated coupling. The ap-
* o o R proximate expressions for the superexchange coupling are
ook o 4 o o° obtained from the first-order mixing of the mediated® A
. ¢ 00 {|B)} states into the doorway data DBJ&). The first-order
initial vibronic state(denoted by @)) is
%79 — _Vosf(Bia)
Eqem1) |a>_|a>+% ) E,—E.+AGos’ ®3

FIG. 9. Mode-selective sequential ET ratess in the energy rang&,  Where f(B8;a) denotes the vibrational overlap integral be-
=0-108 cm? for a four-mode system specified in Fig. 7 withGpg tween the corresponding states, £23).5°

=—150 cm . The simulatedkpg rates obtained from the analysis of the Th ~ + - ; ;

e DBAa)-D"BA coupling terms are obtained
results of Fig. 7(and similar datpare compared with the calculated rates Na) {l y>} piing

from Egs.(2.10 and (5.3

(@) using Egs(5.18 and(5.29.

(a;B)E(B;y)
, S _ (@|H|y)=VpeVea, m (5.9
7). These rates will now be confronted with microscopic ET B DB

quantum'mEChanical rates calculated from the theory of We now invoke the average energy denominator ap-

nonadiabatic ET. proximation, i.e., representing the energy gap in Gad) by
an average valug;—E,=\gp—E,, which corresponds to

V. MICROSCOPIC ET RATES those 3 vibronic statés) with maximal f(«;8) vibrational

A. Formulas overlap. Using the completeness relatp f(a;8)f(8; )

) o ) . =f(«;7y) one obtains
We shall provide explicit quantum-mechanical micro- Hay)
scopic rate constants for the sequential kinetic scheme, Egs. H VARY, @y 5
(1.1) and (4.1), and for the superexchange kinetic scheme, (alH[7)=VpeVea AGpg+Apgp—E, ©.9

E.qs. (1.2 and (4.2). For the sgquentiaAGDB<0 mecha-  The superexchange ratg pegWhich appears in Eq1.2) is
nism, the rate constants are giverrby’

kpg=(27/%)V3gFDpg(Ex;Ea—AGpg), (5.13 ksuper= (277/%) 2, [(@|H|¥)?8(E,—E,). (5.6)
Y
Kea= (27/1)VgsAFDga(Ez—AGpg;Eq—AGpa), Making use of Eq(5.5) and of the definition of the averaged
(5.10  spectral densiff? one obtains
Kas/kea=pe(Ez—AGpp)/ pa(Ea—AGpa), (5.19 V3gVaa
wherepg and p, are the densities of states in theé B"A ksuper= (27/%) (AGpg+Agp—E,)?

and D'BA~ manifolds, respectively. For the coupling be- )
tween a single doorway state) and the{|3)} quasicon- X FDpa(Ea;E,—=AGpa), (5.7
tinuum, the nuclear contribution to the rd&e13g is given by  where the Franck—Condon densiD, is given by an ex-

the Franck—Condon density Eq. (3.4), i.e., pression analogous to E¢.23. To complete the analysis
we require explicit expressions for the Franck—Condon
FDDB(Ea;Eﬁ):(5E)_12 If(a,B)|? (5.29  densities;’ which determine the magnitude of the sequential

rates, Eq(5.1), and of the superexchange rate, E57).
The 8 sum is taken over the quasicontinuum states in the In the calculation and analysis of the quantum mechani-
energy rangeSE aroundEL~ For the{|)}—{|y)} interquasi-  cal microscopic ET rates, Eg&.1 and(5.7), we have taken
continua coupling the nuclear contribution to the rate, EqPoth sequenual and superexchange rates to be nonadiabatic,

(5.1D), is given by the average Franck—Condon deﬁ§|ty i.e., kpp Vi andksyper™ (VpgVea)?. A sufficient valid-
ity condition for nonadiabatic dynamics pertains to the ab-

AFDga(Ea—AGps;Ea—Apa) sence of interference effects in the decay of DBA
resonance¥® For dynamics in Franck—Condon quasicon-
=(N5E)7lzﬂ > HByI3 (5.2b  tinua these interference effects are weak in view of the small,
Y

though finite, correlations fdta)}—{|8)} coupling(i.e., small
where they sum is taken over the quasicontinuum stdtés values of the majority of the correlations,,|) in the vi-
within the rangesE around|g), while the 8 sum is taken cinity of the electronic origin of the doorway state manifold
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TABLE |. Spectral densitiesAGp, = —450 cnt and AGg, = AGp, — AGpg. Vibrational frequencies
and reduced displacements are given in the text. HBgg and AFDg, data are given foAGpg < 0. The

FDpa is given for theAGpg > 0 data.

AGpg FDpg(0, = AGpg) AFDga( — AGpg; — AGpa) palpe
cmt 1073 cm 1073 cm

—450 2.26 0.53 1
—-350 2.12 0.71 1.88
—250 1.00 1.0 4.0
—-150 0.43 1.5 12
50-450 FDpa(0AGp,) = 2.68 X 1074 cm

{le)} (Sec. Il). A sufficient condition for the lack of inter-
ference is expected to be of the fao¥m (%/2)
X (Koko )Y 9| <t o, wherek, andk,, are microscopic
decay rates for neighborinf)} states andv is a character-
istic frequency. Accordinglykpg| 7.4/ |<27cw [cm™1] for
sequential ET andsyped 740/|<27cw [cm™1] for super-

Fig. 6. The values oFDpg (0; —AGpg) decrease with de-
creasing AGpg|, as expected for the normal domain of ET.
The AFDgp (—AGpg; —AGp,) data correspond to vibra-
tional overlap between high vibrational states in both quasi-
continua and their increase with decreasindgpg| can be
rationalized in terms of the semiclassical expression, Eq.

exchange ET. These relations are reasonably well obeyed f@§5.8). These spectral densities will be used for the calculation

the simulated ET rateFigs. 5 and Y with the electronic

of the microscopic rates.

couplings used herein and with the characteristic frequencies

in the rangew=27-115cm* (i.e., 2rcw=2.4—11 ps?).

B. Franck—Condon densities

C. Rates for sequential and superexchange ET

The quantum-mechanical microscopic rates for sequen-

These densities, Eq5.29, and averaged densities, Eq. tial ET and for superexchange ET, given in S€cA), were

(5.2b), determine the ET rates, Egé.1) and (5.7). The
Franck—Condon densiti#sD g (E, ;Ep) for the sequential
ratekpa, EQ. (5.19, andFDp, (E,;E,) for the superex-

used since the 1970's for the analysis of experimental ET
data and for the quantification of ET dynamfésTo assess
the reliability and accuracy of these microscopic rates we

change rate, Eq(5.7), correspond to the coupling between compare the ET rates calculated from E@s1a, (5.10, and

the doorway statéa) and the vibronic manifoldg|g)} at

(V.2) and from Eqs(5.7) and(5.23 (referred to as “calcu-

{Egl=E,, or{|y} at{E,}=E,, respectively. The Franck— lated rates)] with the corresponding results of the simula-
Condon densities, Eq5.29, were calculated using two ap- tions based on the radiationless transitions theory of Sec. IV

proaches:

(I) Using the results of a direct calculation of Franck—

(referred to as “simulated rate$.”
For sequential ET we compare in Fig. 5 the calculated

Condon integrals averaged over a small energy intervalateskpg, kga, andk,g, obtained from Eqgs(5.18, (5.10,

(SE=1-10 cmY), according to Eq(5.2a;
(I1) Using the saddle point calculatioffs.

and (5.2), together with the data of Table I, with the simu-
lated rates. The overall agreement is good. B@Bpg=

The average Franck—Condon density between the two-450 to —250 cm ! the agreement between the calculated

vibronic manifolds DB~A{|8)}—D"BA~{|y)} at energies

Egz=—AGpg andE,= —AGp, were calculated as follows.

For the first few vibronic states in tHg8)} manifold we used
a direct summation according to E¢.2b. When the two

manifolds are dense we used the classical approxinttion

I'(n)
(4mhgp) YT (n—1/2)

(—AGpg—Ep)" %2
(—AGpg)"t

wheren(=4) is the number of the vibrational modéss, is
the reorganization energy arth=(AGga+ Ngp)2/4hga iS
the classical activation energy.

In Table | we present some data 6D pg (E,=0; Eg
:_AGDB) and AFDBA (EB:_AGDBy E’y:_AGDA)
densities for the resonance coupling situatioAGpg
=—450 to — 150 cm %) of Fig. 4 and forFDp, (E,=0;

AFDBA(EB,Ey)z

(5.9

and the simulated ET rates is better than 20%, while for the
lowest energy gap\Gpg=—150cm ! the difference be-
tween the calculated and simulatieg; is a numerical factor

of 2, originating from the fluctuations of the individual
Franck—Condon factors due to the relatively low density of
states in the DB*A {|8)} manifold in this case. For low
energy gaps £Gpg=—150 cm'}), the calculated and the
simulated microscopic ET rates from mode selected initial
doorway stategFig. 9 differ by a numerical factor of2.
This discrepancy reflects again the limitations of our four-
mode model for low-energy gaps, which will be remoyad
principle) by incorporating a large number oflow-
frequency vibrational modes. Some other features of the se-
quential kinetics are confirmed by comparison between the
calculated and the simulated ET rates. By changing the elec-
tronic coupling strengths we find that for the simulated rates
kpg = V3, andkga = V3,, in accord with Eqs(5.19 and
(5.1b, while changing the ratigp,/pg of the densities of

E,=—AGp,) for the off-resonance coupling situation of states we find the asymptotic long-time raBg()/Pg(*)
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=palpg, in accord with Eq.(4.19. We conclude that the

o - T (ps)| ET_FROM ELECTRONIC ORIGIN OF DBA
nearly quantitative agreement between the calculated micro-  ™p'Ps

scopic rates and the simulated results confirms the general Vpg=35cm-!
features of sequential Efand other nonradiatiyedynamics 0%+ \X/BAffcm"_l
in the Franck—Condon system with two quasicontinua. 5x103 o8 zgggcm_l
DA = cm
For a superexchange ET rate, calculated from (&d) 4 MODES
and Table I, the agreement between the calculated and the w/emeI= (117 75 35 27) §
simulatedkgypgg rates is good within 10%—40%ig. 7). 103 — caLc SUPEREXCHANGE
The deviation between the simulated and the calculated 5xI0? |- O SIMULATION

ksuper (Fig. 7) is larger (20%—-40% for small values of
AGpg = 50-250 cm?! (whereAGpg<\pg) reflecting the

limitation of the average energy denominator approximation. 102
For larger values ofAGpg (350—450 cm?, i.e., AGpg 50
~ A\pg) the calculated data converge to the simulated value.
The approximate average gapGpg) dependence of the ok
simulated superexchange raktg pes<(AGpg+\pg) 2 IS 5l
well obeyed by the daté-ig. 7), in accord with Eq.(5.7).
The variation of the electronic coupling terms reveals that for ©
the simulationks,per* (VpgVga)?, as expected from Eq. 1oL
(5.7). It is instructive to note that Eq5.7), which rests on 05L \
the mean energy denominator approximation, provides a rea- ' SEQUENTIAL
sonably good description of the ET dynamics.
1 1 ] | | | | | |
o -400 -200 0 200 400
VI. CONCLUDING REMARKS AG1(cm"‘)

We have been cc_)ncerned with ET from a S'”g'e DB» FIG. 10. The energy gapAGpg) dependence of the decay time of the
doorway  state in the three electronic statesdoorway|oz>:|o> state(i.e., 7o =Kgjpgr fOr superexchange BT The fre-
DBA-D*B"A-D"BA™ system, determining the energetic quencies, electronic coupling, and nuclear coupling are marked on the figure
control of sequential vs superexchange ET. Simulations ofind presented in Sec. lll. For sequential ET the results of both quantum-
ET dynamics established that ET dynamics from a Sing|énechanical simulatif)lné{)) and calculationg—) of kpa are presented. Eor
do_o_rway vibronic Ievel,_which corresponds to the electronic;?: :Z)C(tcrgi?fioigﬁggggicﬁﬁgI?r:zdrgsournfgs';%W;%;‘:BSES%‘?”'
origin of the DBA manifold, over a broad range AfGpg
values, corresponds either to the sequenfiabfz<<0) or to
the superexchang@Gpg>0) mechanism. For the superex- ation and dephasing. In the context of the interplay between
change mechanism, the fate of the final states in thBA" intrastate vibrational relaxation between differ¢m) states
guasicontinuundi.e., the subsequent degay irrelevant, as in the DBA manifold and their nonradiative nonadiabatic
the densityp, of final states is sufficient to insure irrevers- interstate|a)—{|8)}—{|y)} decay, the population probability
ible nonradiative relaxation. For the sequential mechanismi’p(t) has to be extended to incorporate microscopic nona-
the nature of the ET dynamics is also invariant with respectliabatic ratesk, for different communicatinda) states. In
to dephasing processes within the mediatingBDA quasi- many cases of interest for femtosecond ET dynamics the
continuum, reflecting the characteristics of {fmeeakly cor- excess energyH,) dependence ok, is weak, as is the
related coupling between the Franck—Condon quasiconsituation for activationless ET. A well-known example is
tinua. the activationless primary rate for ET frofP*BH in the

Our treatment rests on the exact diagonalization of thaative bacterial photosynthetic reaction cefifadnder these
entire Hamiltonian of the system, without considering sepacircumstances the effect of the intrastate relaxation in the
ration of the relevant system and the bath. In this context, th@nitial DBA manifold is not important® Regarding addi-
medium-induced vibrational relaxation and dephasing protional hidden assumptions in our treatment, we note that the
cesses are, in principle, in our formalism. From the point ofharmonic model employed herein retains the nature of the
view of general methodology, we do not claim that vibra-individual vibrational modes, while anharmonicity effects
tional relaxation does not prevail in the mediatingB> A will induce intrastate vibrational energy redistributidi’R).
manifold, but rather that sequential mechanism does not rdVR effects in ET were considered only in a phenomenologi-
quire this process. In practice we treated a four-mode systencal way® and deserve further exploration.
while other degrees of freedom were not incorporated. In-  To explore further the transition from the sequential to
deed, a four-mode harmonic system is of sufficient size tdhe superexchange ET from a single DBA{=|0)) door-
provide the pertinent information on the ET mechanism.way state, we focus on the energy gapQlpg) dependence
These other degrees of freedom are not explicitly include®f the decay timer, of the initial state, i.e., Pp
(in particular, low frequency medium modeand can be =exp(—t/7p), whererp=kga, Eq.(5.1), for sequential ET
considered as a bath which will contribute to intrastate relaxand 7o =kgpgr EQ. (5.7), for superexchange ET. In Fig. 10
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we present the energy gap dependencepfor the four- extended to mode-selective ET dynamics from a single vi-
mode nuclear parameters specified in Sec. IV, with the eledsronic statgla) in a system characterized by a smiitked)
tronic coupling parametersVpg=25cm® and Vg,  energy gap\Gpg (Which is comparable to a vibrational fre-
=35 cm L. The two branches of the energy-gap dependencquency. Defining a threshold doorway state) whereE-
(Fig. 10 correspond to the sequential and to the superex= AGpg we then expect that superexchange ET will occur
change ET. These nuclear parameters correspond to activior E ,<E-and sequential ET prevails from vibronic levels
tionless ET(at T=0) for the lowestAGpg=—450cm?,  with E,>E -

with decreasing thé-Dpg and increasingrg SEQ (= kDB) in This brings us to the discussion of the parallel
the negativeAGpg domain. In the positiveAGpg domain  sequential-superexchange ET mechanism for the primary
the increase ofg "=} (=kgjpgn With increasingAGpg re-  charge separation in bacterial photosynth&s®:%* For a
flects the contribution of the energy gap to the electronicsingle doorway state the ET mechanism is either sequential
coupling, while theFDDA is constant. The dramatic increase (i.e., resonance DBA—B~A coupling or superexchange

of the ratesr;* from the superexchange regiodGog =" (i.e., off-resonance couplingand no parallel sequential-
>0) to the sequential regiol\G35%<0), according to Egs. superexchange mechanism prevails. However, for a system

(5.1 and(5.7), is given by characterized by a fixed\(Gpg>0) small energy gafcom-
5 parable to the vibrational frequencjex a finite temperature,
= (1/rSEQ)/(1/7SUPER — VoeFDos the thermally averaged rate for a microcanonical ensemble of
D D VpsVea |2 ' the initial DBA|«) states will result in the superposition of
(WE&L)\DB FDpa both superexchange and sequential mechanisms for ET from

(6.1 different vibronic levels. These considerations provide justi-
fication for the parallel sequential-superexchange
where on the rhs of Eq6.1) AG5y =*0. The ratios of the mechanis#?**®*advanced by us in the context of primary
Franck—Condon densitiegTable ) are in the rangef ET in photosynthesis.
= FDpg/FDpa = 1.5-8. The ratio of the decay rates for We would like to emphasize that our definitions of the
the sequential mechanism and for the superexchange mectsequential vs the superexchange mechanism in terms of the
nism, Eq.(6.1), is r—[(AGSUPER+ App)?/V3A]f. Typical  population probabilitie®p(t), Pg(t), andPa(t), Eq.(2.8),
values ofA G35%=—250 cnm andAGS SPER-250 cml, to-  differ from that given by Mukameét al*® and by Sumi and
gether with the data of Fig. 10, result in= 3 . 10°. Kakitani®® The basic difference between our approach and
Our model simulations, with the parameters used hereirthat of Sumi and Kakitaif can be realized by considering
leave an undefined regioffignorance gap”) in the range the following three distinct physical situations:
AGpg= —150-50 cm?, where the nature of the ET mecha- (I) Off-resonance DBAv—{D"B~A|B)} coupling,
nism and the behavior ofp, were not characterized. In the which induces unistep ET, without the population of the
negativeAGpg domain — 150 cm 1<AGpg=<0 the break- {D*B~A|B)} manifold.
down of our simulation scheme reflects tlenphysical (I') Resonance DBJ)-D*B~A{|B)} coupling, which
sparse level structure in the mediating B A {|8)} mani-  induces the population of the intermediaf®*B~A|B)}
fold, which will be amended in real life by the large density manifold, with the prevalence of vibrational equilibration in
of (low-frequency vibrational modes. Holstein's small po- the D"'B~A{|B)} manifold.
laron theory® implies thatrp =k for the degeneracy case (Il) Resonance DBJx)—D"B~A{|B)} coupling, which
AGpg<0 (also at lowT), where the first step in the sequen- induces the population of the intermedia{® B~ A|B)}
tial process involves tunneling Wiﬂka:VZDB(FC)m, with manifold, without vibrational thermalization in the
FC.. being the appropriate Franck—Condon factor. For theD*B~A{|8)} manifold.
positive gap AGpg > 0) the superexchange coupling, ex- We characterize situatiofl) as superexchange ET and
pressed by the perturbative expression, &q7), will hold  situations(ll) and(lll) as sequential ET, in contrast to Sumi
when |VpFC(0:Ep)| < (Eg + AGpg), where FC is the and Kakitant® who attributed situationgl) and (I11) to su-
maximal value of the vibrational overlap between the doorperexchange ET, while situatidi) was assigned to sequen-
way state and the TB~A {|8)} manifold at vibrational en- tial ET. Our physically transparent definitions and analysis of
ergy EB For the typical parameters used here=FID 2, the sequential and the superexchange ET mechanisms are
and is VDB 250 cm'l, the resulting inequality |5AGDB compatible with a long tradition in the areas of physical
>2 cm 1. We thus conclude that in a realistic model systemchemistry and biophysics. Furthermore, our definitions of
the energetic control of ET prevails over a broad range andnistep superexchange and two-step sequential ET via
only in an extremely narrow energy domain arouhGpg bridges make contact with experimental reality. The interro-
=0 some deviations will be exhibited. For all practical pur- gation of the time evolution of the population of the
poses the characterization of the sequential rate,(E4), D*B~A{|B)} [without the distinction between situatiofis)
for AGpg<0 and of the superexchange rate, E8.7), for  and(lll)] is currently accomplished by time-resolved femto-
AGpg>0, constitutes an adequate interpolation formula insecond pump—probe spectrosc8pylo distinguish experi-
the undefined region. This analysis also applies for the decayentally by femtosecond spectroscBppetween situations
of a vibrationally excitede) doorway state when the energy (11) and(lll), i.e., the thermally equilibrated TB~A vibronic
gap AGpg is changed. These considerations can be readilynanifold and this nonequilibrated manifold at the excess vi-
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