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Most people say that it is the intellect which makes a great scientist. They are wrong. It
character.
Albert Einstein, Zurich 1¢

Dedicated to Professor Rudolf Zahradnik on the occasion of his 70th birthday.

This paper addresses the conceptual framework of femtosecond nonadiabatic dynamics in
electron transfer processes on the time scale of nuclear motion. Coupling and relaxation of ¢
fold of doorway states into a weakly correlated Franck—Condon quasicontinuum reflects the ext
of the validity range of nonadiabatic dynamics for large values of the electronic coupling, transce
ing the vibrational period of nuclear motion. The theory is applied to ultrafast femtose
electron transfer processes in solution.
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Remarkable progress has been made in the experimental and theoretical elucids
the processes of energy acquisition, storage and disposal in large molecules, ¢
condensed phase and biophysical systems, as explored from the microscopic p
view'®. This broad and important area of nonradiative chemical dynamics, from
lated molecules to biomolecules, played a central role in the development of m
chemistry. A major goal of this diverse and important research area of dynamic:
tains to a unified description of structure—electronic level structure—energetic—spe
copic—dynamic relations and correlations.

In the realm of modern physical and theoretical chemistry, the unification of
cepts is imperative. A unified description of nonradiative electronic-vibrational
cesses in isolated large molecules and supermolecules, in the condensed phas
the protein medium (Table 1), can be provided in terms of nonadiabatic relaxatio
tween two vibronic manifolds corresponding to two different zero-order electronic
figurations. In this context, electron transfer (ET) proce8sEprovide a central case
of intramolecular and condensed phase nonradiative dynamics, encompassing |

Collect. Czech. Chem. Commun. (Vol. 63) (1998)



1286 Jortner, Bixon:

tous and fundamental phenomena in chemistry, physics and biology. A central af
tion of the intramolecular radiationless transitions theory to ET pertains to the ne\
interesting issues of ultrafast ET dynami®& which is currently actively experimen
tally explored using femtosecond laser spectrosedpyNovel aspects of the theory c
the dynamics of doorway state(s) coupled to a weakly correlated Franck—Condon
continuum provide the conceptual framework for the elucidation of different face
population relaxation in the ultrafast dynamics of the total system, without invoki
separation into “system” and “bath” (ré%s?9. These involve the establishment of tt
upper temporal limit for ET dynamics, nonexponential dé&tagbrational coherenéé
and ETvia bridge$?, laying cornerstones for the fascinating research area of femtc
ond chemistry and femtosecond biology.

In this paper we explore the features of the vibrational quasicontinuum (referr
as the Franck—Condon quasicontinuum), which serve as a dissipative channel fc
adiabatic ET (ref$2%2). Such information cannot be inferred from the decay o

TaBLE |

Intermolecular nonradiative processes in condensed phase

Process Electronic states Founders Coupling
Electronic transfer in DA — DA~ J. Franck Two-center
solids, liquids and D electron donor R. A. Marcus Coulomb and exchange
biological systems A electron acceptor
Small polaron AA - AA™ T. Holstein
Two-center one-electron
A neutral molecule
_ L Coulomb and exchange
A™ negative ion
Electron-hole DkO- D*|bO R. Kubo
recombination in |kCfree electron Y. Toyozawa Nuclear momentum
semiconductors [bCelectron bound to D
D* positive ion
Electronic energy D*A - DA* T. Forster Intermolecular
transfer in solids, D energy donor D. Dexter electrostatic interaction:
glasses, liquids and A energy acceptor dipole—dipole,
biological systems monopole—-monopole
and also electron
exchange
High-spin—low-spin M(S1) - M(R) M. Bixon Spin-orbit
interconversion in
transition metal
compounds
Group transfer in FeS=2) + CO- H. Frauenfelder Spin—orbit

hemoglobin

FeS=0)s CO
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single doorway state and the formalism has to be extended to include correlated
in the coupling and interference effects in the decay of several doorway states ir
common Franck—-Condon quasicontinddft?2 Novel aspects of the establishment
the upper temporal limit for ET dynamics will emerge from this analysis. These
cepts bear on the novel and fascinating issues of ultrafast ET dynamics on th
scale of nuclear motion.

THE FRANCK-CONDON QUASICONTINUUM

A basic concept pertaining to the unification of ET with the theory of radiation
transition involves the quantification of the quasicontinuum both for intramolecular
for medium dynamics. The dissipative vibronic quasicontinuum for ET and for c
intramolecular and medium coupled nonadiabatic relaxation processes was refe!
by us as the Franck—Condon quasicontintifth??and its properties were explored L
us. The dissipative channels for intramolecular and/or condensed phase dynam
be characterized in terms of the state specificity of the matrix elements of the Ha
nian H), i.e., Vg = BJH|IT for the coupling of the doorway state§l [S[} |S'0] ..., with
the {||J states of the dissipative continuum or quasicontinuum (Fig. 1). The stat
pendence of the couplings was quantified by the correlation paraféters

r]ss = wsl V|Sﬂ[m/§|my§,|[]]l/2 ’ (1)

where [I1denotes an average over the relevant finite energy range. In the thec
intramolecular and condensed phase dynamics dissipative channels, constituti
continua and quasicontinua, can be segregated into: (i) “smooth” decay channe
volving slow energy dependendg)(of S, withn, 01 fors# s, i.e,, dissociative and
ionizative continu&® and the electronic quasicontinuum for ultrahigh Rydberg $tat

Fe. 1
Energy levels scheme for nonadiabatic ET
dynamics. The vibronic manifold of the
doorway states §[J is coupled to the dissi-
pative quasicontinuum I{f
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and (ii) “nonsmooth” decay channels, whéfg exhibits a large and irregular energ
(Eg) variation, withns << 1 ands # s'; i.e. the vibrational Franck—Condon quasicon
nuum. This is the case for nonadiabatic intramolecular and/or condensed pha
namics,e.g, ET, which is of interest to us.

The distinction between “smooth” and “nonsmooth” channels does not affec
level structure and dynamics of molecular eigenstates which have their parentac
single doorway state coupled to a single quasicontinuum. This distinction is of c
importance for interference effects between several doorway states, which ext
profound influence on femtosecond intramolecular dynamics in electronically-vi
tionally excited wavepackets of states of large isolated molecules in the cond
phase.

Model calculations for correlation parameters were condétfed a Franck—Con-
don quasicontinuum in a multimode harmonic system of two displaced potentia
faces. The input parameters are the harmonic madesw;, w,, ..., w,), the reduced
displacementd = (A, A, ...4,), the couplings = 1/2 @, ...,A?) (the reorganization
energy being\ = wlE), the electronic energy gafk and the electronic coupling.
Scaling laws for the energy gap and for the vibrational frequencies (for constant
ling strengths) can be advanced in terms of an additional energetic scaling paéan
Keeping the reduced displacemeatg¢or S) fixed, the scaled parametgf®, EA, EAE
and &V will yield invariant results for the level structure and for the spectral den
With these scaled parameters the time is scalet.aShe correlation parameters wel
expressed by the vibrational overlap integfédd) = X |x,Obetween the nuclear wavi
functions s and x; in the {0 and {|I0 vibronic manifolds, respectively, beinc
presented in the form

__ i)
o™ ()2 )22 @

The input parameters taken for these model calculations were the frequeiciesT?)=
(117, 75, 35, 27) and the (reduced) coupliggs (1.0, 1.1, 2.0, 3.0), which give=
350 cnt! and the energy gabE = 500 cntt. The highest vibrational mode is close
the intermolecular vibrational motion in the D-A charge transfer complex, while
lower vibrational frequencies mimic solvent modes. The energetic parameters
chosen to insure the attainment of a vibrational quasicontinuem)E >> w, for all
vibrational frequencies. The averaginglover the density of states in Ed9 énd @)
is taken over the relevant energy ra§e where the density of statesgsi.e,,

010
Wy V D:%EZ VgVe , E,E;OBE . )
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The energy rang8E includes the energies of the doorway st&gandE, and has
to span theg, domain of the relevanti{j states which contribute to interference b
tween $0and § 1 It should be noted that 8E - o and the sum over thelf} states
includes the entire manifold, thé¥, V0= 0 §# S). The energy rangdE has to be
taken as finite, to include the subset of the relevditdtates,i.e., 6E > |E; — E4|. We
shall takedE = d|E; — E¢|, whered O 5. Numerical calculations show that the avers
productlV, V,y[taken over the energy randE is not sensitive to the magnitude of tt
parameted specified above.

The zero-order basis set consistechpf 100 doorway statessf} and n, = 3 000
quasicontinuum staté&'s From this analysis we conclude that the absolute values c
the correlation parameters are considerably lower than unity (Fig. 2). Their hi
values fall in the range))s] 00.4-0.2. The relatively high values otJ| correspond
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Absolute values of the correlation parametgcg|| Eq. @), between doorway states'. Data for the
four-mode Franck—Condon system are given with the frequenceg7 cm L v,=35cm L vz=75cm L
v,= 117 cm*, with the coupling parameters specified in the text. STrds states are labeled by the inde
s=1, 2, 3, ...Nin the order of increasing energy. Eacétate is correlated with the stags 1, ...,N
andvice versaso that for eachs two identical correlation parameteyrs andngare presented (which allows
for the easy identification o ands). The larger correlation parameters are labeled by numb
which represent the corresponding values ahds, each labeled by the combination of the quantt

numberszj Kj &y (j = 1-4 and; are integers) and being given Bg = [zj K ‘**'Z,» Kj' wy'], while 0

corresponds to the electronic origihE = 500 cm. The energy rangAE — 200 cm'< E < AE +
250 cm® containsN = 40 states and 1 560 valuesmf. The pairs of states with the largest valu
of (Ns > 0.2), which are labelled ds-7, are:1 [0, v,]; 2 [0, Vg]; 3 [Vq, V1 + Vgl; 4 [Vo, Vo + V], 5
[Vi, 20415 6 [V, 205]5 7 [3vy, vy + V]
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to members of a vibrational progression wittand s differing by a single quantumnr
number. For multimode changes betweeands very low values ofr| < 0.1 are
exhibited (Fig. 2). From this analysis we infer that weak but nonvanishing correlat
which are subjected to propensity rules, exist for the coupling of a manifold of doo
states to a Franck—Condon quasicontinuum. The existence of weak correlatio
coupling to the Franck—Condon quasicontinuum results in (partial) emission of r
ance interference effects, in analogy with random coupling nidd&ter intramolecu-
lar coupling and dynamics, where interference effects are completely eroded. Th
values of the correlation parameters exhibit the following important implications:

1. For resonance DA-1A~ (or DBA-D'B-A) coupling the weak correlation par
ameters for the Franck—Condon quasicontinuum provide a phase erosion mect
for the dynamics. In particular, resonance coupling between a doorway state ar
coupled Franck—Condon quasicontinua results in sequential DEXB"A - D*BA~
kinetics, with the chemical mediatiata the bridge originating from phase erosion d
to weakly correlated coupliné’s

2. Preservation of partial interference effects, being manifested in vibrationa
herence in the ET dynamfds

3. The weak correlations will determine the time scale for ultrafast relaxation int
Franck—Condon quasicontinuum. We shall now address this central issue of the t
ral limits for relaxation in the Franck—Condon quasicontinuum.

ULTRAFAST ET DYNAMICS ON THE TIME SCALE OF NUCLEAR MOTION

For relaxation processes involving a “smooth” correlatgd [J 1) dissipative channel
the temporal constraints on the dynamics can be inferred from the theory of ov
ping resonancé%3}, which sets an upper limit on the relaxation fat€or the popula-
tion decay of a set of equally spaced (nearest neighbor separatijrmredonances (of
widths ' = 2rV?p for an isolated resonance), interference effects set in WHe.

The intramolecular relaxation rateks= (I'/h)/[1 + (10 /w)]. The rate exhibits a transi
tion from k = (I'/h) for an isolated resonanc€ K< w) to k = w/h for overlapping

resonancesl( >> w). The overlapping resonance domain provides an upper limit
the nonradiative ratesg., k < w/h, which is determined by the level spacing,, the

intramolecular vibrational frequency, with the time sdateh/w, e.g, t = 33 fs forw =

1 000 crm*andt > 330 fs forw = 100 cn. This situation prevails for intramolecula
dynamics in a “smooth” nuclear continuung., electronic and vibrational predissoc
atior’°. The experimental ultrafast fs electronic predissociation times of diatoni
are indeed limited by the overlapping resonance constraints. The situation is dif
for the decay of weakly correlated ( << 1) overlapping resonances into a “no
smooth’ Franck—Condon vibrational quasicontinuum, when interference effects al
pected to be much less pronounced than in the case of a “smooth” correlated cl
Weakly correlated coupling with a Franck—Condon quasicontinuum is expected t
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vail for nonadiabatic ET. In this case of weakly correlated overlapping resonance
caying into a common Franck—Condon quasicontinuum (Fig. 3), inteference effec
eroded to a large extent. Accordingly, with increasing the coupling stréhgththat

the situation of overlapping resonances is realized, one expects that the (average
ationless transition rates will not be limited by the level spadiagby the vibrational
frequency. Rather, the temporal upper liknifl V2> w/h can be realized for decay int
the Franck—Condon quasicontinuum ET dynamics. These expectations are born
model calculations for the decay dynamics into a Franck—Condon quasicontinuur
four-mode harmonic system (Fig. 3). For large value¥,offhen the limit of overlap-
ping resonances is attained, the population probability of the doorway state (.
sponding to the electronic origin of the doorway state’s manifold) exhibit
pronounced nonexponential decay. The mean lifetirpeécorresponding to the popu
lation decay € of the initial value) roughly exhibit the &/ O V2 relation with a rather
small deviation (30%) even for large valuesvoffFig. 3). The mean lifetimes for larg
values ofV are considerably shorter than the characteristic vibrational periods fc
the modes (Fig. 3). These characteristics of the Franck—Condon quasicontinuum

the limits for the applicability of the nonadiabatic ET theory. We infer that the ranc
nonadiabatic ET dynamics (with microscopic rakeS V?) is expected to prevail for
stronger coupling than previously realized. For a sufficiently strong coupling the

T T
12 -
HIJL’
¢
9{ 10 - - 100
g o 2
5
8 L | 125
Fic. 3 o
Model calculations of th& dependence of 7 150
the (mean) lifetime for ET (corresponding 6 [
to the population decay of eof the initial o 1 200
value). The open points are obtained from
calculations for a four-mode system with 4 - .
the following input parameterso (in cn?) = (coo) "= 309
(117, 75, 35, 27)S = (1, 1.2, 3, 3); AE = N
465 cm; A = 500 cni™. The ligr O V2 2 L ) "—
dependence is represented by the solid line, (cw3)‘l
—{1000
and spans a broad range. Note that for (cor)
strong V the (mean) ET lifetimes are con- g ! I I
siderably shorter than the vibrational 0 25 50 -1 75
periods of all the modes v, cm
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poral upper limits for (mean) ET rates will be realized on a time scale which is «
parable to, or even shorter than, the relevant vibrational periods.

Temporal records for ET dynamics are of considerable interest. Recent experimental
of ET dynamics in solution established ultrafast time scales in the region <100 fs. F
induced ET in the asymmetric mixed-valence compound(dRI"2CNRU3(CN;) —
(NH3)sRUCNRU2(CN;) in water or formamide occu¥s3’on a time scale shorte
than 100 fs. This system is characterized by a large exoergic energy gap corresp
to the inverted ET region, so that the radiationless transitions theory for the desct
of ET is definitely applicable, as curve crossing does not occur in the relevant e
region. The characteristic metal-ligand frequencies of this compound, which e
tively contribute to the ET dynamics, are in the range 250-600 cmt (ref.38) with
the characteristic vibrational times 130-55 fs, whereupon ET occurs on the time
comparable to, or shorter than, that for the vibrational period. Another intere
example pertains to ultrafast photoinduced ET in the oxaziNgNdimethylaniline
system which occurs on the time scale of 80 fs, with an indication of a shorter
component’. The 30-80 fs ET time marks the same time scale as the vibrationa
tion of the 562 and 602 cthS, modes of oxazine 1 in its electronically excited stz
(065 fs), which are accessible by optical excitatfoifhis observation is in accord witl
our theoretical predictions for radiationless transitions in the (weakly correle
Franck—Condon quasicontinuum, which predicts that characteristic ET times ca
ceed the vibrational period. The fastest room temperature ET rates are recorded
in synthetic supermolecules withd (30 fsy*—(80 fs)* (ref39). In the photosynthetic
bacterial reaction cent®r“3 the rateﬁ for primary charge separation in the wild-ty
system ofRps. viridis!P*BH — P'B'H 2 P'BH- arek; = (3 000 fsy'andk, = (800 fs)*
at T = 300 K, while at 50 Kk; 00 (1 000 fs)!, with an increase of the rate at a low
temperature reflecting activationless ET (f&f&). These ET lifetimeg} =k;* and
1@ = k3! are still lower than the maximal ET rates in a system where the coupling
w = 100 cnt! frequency ie., the bacteriochlorophyll dimer frequeréyvith a vibra-
tional period offB30 fs) dominates the ET dynamics. Recent studies of the L168H
mutant (where a histidine in the vicinity of the dimer is replaced by a phenylalal
givestd} = 200+ 100 fs for the low temperature range from 50 to 150 K*®efThis
short ET lifetime can be attributed to the enhancemeltiofthe mutant relative to the
wild-type systemé.g, by a numerical factor 0£1.8 at 50 K). This value af} for the
mutant is shorter than the characteristic vibrational period380 fs for this system,
reflecting the extension of the validity range of nonadiabatic dynamics in the Fra
Condon quasicontinuum for large valuesvotranscendenting the vibrational period ¢
nuclear motion.
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