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Femtosecond time-resolved experiments on chemical and biophysical electron-transfer systems may reveal
complicated coherent beating which often cannot be simply attributed to nuclear motion on a singte Born
Oppenheimer potential-energy surface but rather reflects electronic transitions driven by coherent nuclear
motion. To facilitate an intuitive classical interpretation of these experiments, a recently proposed theoretical
formulation is employed that affords an exact mapping of discrete electronic states onto continuous degrees
of freedom and therefore provides a well-defined classical limit of a nonadiabatically coupled system. The
formulation is used to consider the classical periodic orbits of an electron-transfer system, i.e., trajectories
that describe periodic nuclear motion on several coupled potential-energy surfaces. Employing concepts of
semiclassical periodic-orbit theory, it is demonstrated that transient oscillations observed in electron-transfer
femtosecond experiments may be explained in terms of a few classical trajectories.

With the advent of femtosecond laser pulses it has becometions, which often cannot be simply attributed to nuclear motion
possible to observe the nuclear motion during a chemical on a single BorrOppenheimer potential-energy surface but
reaction in real timé.This is achieved by a pumiprobe type rather reflect electronic transitions driven by coherent nuclear
experiment in which the molecular system is prepared at time motion3
t =0 by afirst laser pulse (the “pump”) into a nonstationary o facilitate a classical interpretation of these nonadiabatic
state, whose time evolution is interrogated by a second laserprocesses, we have recently proposed a bosonization formulation
pulse (the “probe”) at the delay timgt. Employing ultrashort 4t affords a well-defined classical limit of a vibronically
laser pulses, the transient absorption of a polyatomic systemqq, sied systerhMoreover, the approach allows us to introduce
may exhibit multiple kinetics and complex oscillation patterns, ¢ cjassical periodic orbits of a vibronic systéReriodic orbits,
thus reflecting coherent wave packet motion on multidimen- j o go|ytions of the classical equation of motion that return to
sional potential-energy surfaces_. . . their initial conditions, are of particular interest, because they

In many cases, hc_)wever, Fhe interpretation of photoinduced can be directly linked to spectral response functions via
molecular dynam|c§ IS compllcatgd by the fact tha‘g the “T‘de”Y' semiclassical trace formuldsn favorable cases, periodic-orbit
ng Born—Oppenhelmer assumption of nonmteractmg adiabatic theory allows us to interpret complex absorption spectra in terms
potential-energy surfaces may break down. This becomesof only a few classical trajectoriésConsidering the vibronic

e_\/ldent, for e>_<amp|e, for molecules exhibiting m_ternal conver- periodic orbits of a simple electron-transfer model, it is the goal
sion or photoinduced electron transfdrere, various groups ; ) - ?
of this work to obtain a clear and physically appealing

have reported transient spectra showing complicated OSCIIIa_interpretattion of femtosecond experiments reflecting coherent

* Corresponding author. E-mail: stock@theochem.uni-frankfurt.de electron-transfer.

10.1021/jp0209188 CCC: $22.00 © 2002 American Chemical Society
Published on Web 08/24/2002



8484 J. Phys. Chem. A, Vol. 106, No. 37, 2002

IP(0)>

Vo

Figure 1. Schematic representation of the potential-energy curves of
the electron-transfer model. Following impulsive laser excitation from
the electronic ground-state potent\d, the system exhibits coherent
wave packet motion on the nonadiabatically coupled potentiaisd

V.

As a simple example, let us consider a standard model of
electron transfer (ET) with the Hamiltoni&n

H = zlwnmnmﬁpm|

h,,=E,+ %w(xz + p%) + KX (1)

It describes an electronic coupled two-state systenm(= 1,

2), comprising the vibrational Hamiltonidn, = T + V, in the
electronic state|y,Jas well as the off-diagonal coupling
elementdy, = hy; = g, which are assumed to be constant. For
simplicity, we restrict ourselves to a harmonic system with a
single vibrational mode, whepseandp denote the dimensionless
position and momentum of the vibrational mode, respectively,
w is its vibrational frequencyk, denotes the linear coordinate
shift in the electronic stat¢yn[] and we have set = 1.1
Assuming that the system is initially prepared in stagte via
impulsive laser excitation from the electronic ground s

Letters

electronic transitions between the two coupled state8land
|yl A closer analysis of Figure 2A reveals that this simple
model of ET already gives rise to a wealth of coherent features.
These features reflect nuclear (not electronic) coherence, as
P,(x, t) describes the electronic population. In addition to a
general dispersion of the wave packet due to the nonadiabatic
transitions, one can observe double-peak structures of the main
recurrences of the electronic population as well as the occurrence
of various side maxima.

To study to what extent these structures can be monitored in
a femtosecond experiment, we now assume that the wave packet
dynamics is probed at timte= At by a second laser pul&e(t)
that causes stimulated emission from the optically bright state
lyo0back to the electronic ground stago[%11 Employing
the time-dependent perturbation theory with respect to the field-
matter interactiorHi,y = — aEp(t), the transient stimulated-
emission spectrum can be writter?ds

(wp, At) = [We(t)|Wp(t)D

WeOO=i [ dUEt') e " awano  (3)
where wp denotes the carrier frequency of the probe field
Ep(t). Evaluating eq 3 for Gaussian laser pulses with a duration
of 10 fs (panel A) and 20 fs (panel B), Figure 3 shows the
femtosecond pumpprobe spectra obtained for the ET model.
Apart from the pulse-induced averaging in frequency and time,
the time evolution of the spectrum is seen to match the
nonadiabatic wave packet dynamics shown in Figure 2A in
almost every detail, thus highlighting the promise of “fem-
tochemistry” to monitor elementary molecular processes in real
timel

While the quantum-mechanical computation of ET dynamics
and spectra is straightforward, it is not that clear how to achieve
a classical description of nonadiabatic transitions, because
discrete electronic states do not possess an obvious classical
analogue. As a remedy, various mixed quantum-classical
formulations such as the “surface-hopping” model and the
“Ehrenfest mean-field” ansatz have been suggestBecause
electronic and nuclear degrees of freedom are treated on a
different dynamical footing, however, these theories do not
necessarily provide a satisfying classical picture of nonadiabatic
dynamics.

the model describes the situation of photoinduced ET promoted ~ag an alternative approach to incorporate quantum degrees

by a high-frequency vibrational mode (see Figure 1).

To illustrate the motion of the laser-induced wave packet on
the coupled potential-energy curvésandV,, we consider the
time-dependent ET probability distribution

P5(x, 1) = [W(1)| P,() ¥ (1) 2)
whereP;(X) = | X[I¥| [y2[p2| projects the time-dependent state
vector|W¥(t)on the nuclear coordinateand the electronic state
|yo[lFigure 2A shows a contour plot of the quantum-mechanical
time evolution ofP,(x, t), calculated by standard methcdas
a consequence of the impulsipgy[— |y excitation, the wave
function at timet = 0 is a Gaussian centeredxat= 3.1° With

increasing time, the wave packet is seen to undergo an oscillationIOl 1,

alongx with a period of~80 fs, which roughly corresponds to
the vibrational frequency of the model. Since/Pa(x, t) dx
represents the population probability of the initially excited
electronic state|y,l) the color-coded intensity pattern also
monitors the ET dynamics of the system. In particular, it is seen
that the nuclear motion is directly linked to an oscillation of
the electronic population, i.e., the vibrational dynamics triggers

of freedom in a classical formulation, it has recently been

proposed to utilize quantum-mechanical bosonization techniques,
i.e., to represent discrete electronic states by continuous
harmonic oscillators, which possess a well-defined classical
limit.> This is achieved by the mapping relations

PoTed = 5 %X+ PPy 01 4)

lyp,0— 104, ..., 1, ..., QO (5)
whereX,, P, are position and momentum operators of titfe
oscillator with commutation relationsx|, Py = idnm and

..., WOdenotes a harmonic-oscillator eigenstate
with a single quantum excitation in the modé* Inserting

eq 4 into eq 1, we obtain the boson representation of the ET
system

1
H= 5 Zﬂ XXy + PPy — 1) (6)
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Figure 2. Time evolution of the electron-transfer probability distributi®sfx, t). The rainbow-color-coded intensity oscillations reflect electronic
transitions driven by coherent nuclear motion along the coordina@®mpared are exact quantum (A) and approximate classical (B) results. The
latter are composed of the contributions of the two shortest periodic orbits of the system, which are shown with (C, D) and without (E, F) energy

averaging of the orbits.
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Figure 3. Time- and frequency-resolved stimulated-emission spectra of the coherent electron-transfer process, assuming probe pulse durations of
10 fs (upper panels) and 20 fs (lower panels). Compared are exact quantum data (A,B) and classical periodic-orbit results, which are obtained with
(C,D) and without (E,F) energy averaging of the orbits. To avoid confusion arising from overlapping pump and probe laser fields, the signal is
shown only for delay times 40 fs.

As the mapping Hamiltonian (eq 6) contains only continuous logue model of Meyer and Mille¥ Since the mapping formu-
operators, the quantum-mechanical system has a well-definedation is quantum-mechanically exact, it allows us, without any
classical analogue. The transition to classical mechanics is perfurther approximations, to extend well-established classical

formed by changing from the Heisenbergerators y(t) (yx = concepts and techniques to problems of nonadiabatic quantum
Xn, Pn, X, p) Obeying Heisenberg’s equations of motiay = dynamics.
[k H]) to the corresponding classidainctionsobeying Hamil- In addition to numerical studi€si®the mapping formulation

ton’s equations (e.gXx = daH/3Py). In this classical limit, the also enables us to introduce and study the periodic orbits of the
formalism can be shown to recover the classical electron ana-ET system (eq 1). To this end, it is advantageous to eliminate
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1 F T T L— 1 F 7 T — Adopting a quasiclassical approximation, moreover, the
N [ A ] N [ B: transient stimulated-emission spectrum (eq 3) can be written
I ] I ] as average over the ET probability distributidhC(x, t),
oL L L ) - Ok L 1 L ] yleld|n918
-3 0 3 -3 0 3
X X 1Cwp, Ay = [ ax [ dt P,°(x, YF (D)

Figure 4. Shortest vibronic periodic orbits of the electron-transfer

system, drawn as a function of the nuclear posik@md the electronic 2 2, .
populationN. F(t) = |ugzeol“exp{ —(t — AT} x

_ _ 2 2
one electronic degree of freedom by noting that the total exp{ —[wp = AV()]c} (10)
electronic population is conservétiThis yields the classical

ET Hamiltonian Due to the resonance conditianp = AV(t) = Vo[x()] —

Vo[x(t)], the spectral evolution of the spectrum follows the wave

o > > > \/ﬁ packet motion along the coordinate
H= E(XZ TP) XX+ P = 2)+gXva-X"—P We are now in a position to analyze nonadiabatic quantum
(7) dynamics in terms of classical POs. Let us begin with the

simplest version of the theory, that is, the approximation of
P2(x, t) by asingleorbit. Figures 2F and 2E show the classical
ET probability distribution associated with the orbits A and B,
respectively. The population probabilities of both orbits are seen

which consists of a nuclear oscillatog, ©) that is nonlinearly
coupled to an electronic oscillataX,(P) representing the two-
state system. Analyzing the classical phaspace dynamics of

the Hamiltonian (eq 7) under various conditions, the system is to oscillate along the nuclear coordinat@ a similar way but

Iﬁgngrfgrz)gt]ilszlatlIr;]l);\a/(;ilcfil%?: Icp?rll:gg asng;sé l\ggfgr?gsfhteoa::izg{icwith different amplitludes. and periods. Furthermore, it is noticepl
motion, but there are also some integrable islands which contain.that the ET dynamlcs differs for the two POs. For example., I
fixed p'oints associated with the periodic orbits of the ET 1S seen_that orbit B affects_a recurrence of the_ popul_at|on
systen® probability at thg Ieft-har_ld-5|de_ turning points while orbit A

i does not. Both single-orbit contributions resemble the quantum-

To represent Fhe pgnocﬁ_c orbits (POs) for a vibronically mechanical time evolution shown in panel A, but do not account
coupled system in an intuitively clear way, we introduce the for the details

. . : a0\ A .
classical electronic population varial (X2 + P?)/4, which In a next step, we take into account the energy distribution

by construction varies peyween O (system isfyn) and 1. of the initial state and consider the energy-averaged probability
(system is mWZ[.)]'. DESCF'b'”g' moreover, the nuclear motion distribution of both orbitd? Figures 2D and 2C show the
tmh:gﬁ;;g?t;r?tss;gz’ngg; (r)es 40fs ?r?gvfz‘f'hiygnghggthto?t;?s resulting E_T probability distribution obtained for o_rbits A and_
shown are self-retracing and reflect the symhetry of the B, © spectively. As may be gxpected, the_ averaging results in

. . T . .~ an increase of the energetically accessible phase space and
potentials with respect to the= 0 axis. The shortest PO, orbit therefore also of the width of the probability distribution. As a

A, is seen to vibrate between two turning pointxat +2.75. : .
! : . . consequence of the energy-dependent periods of the orbits,
At the same time, the PO oscillates between the electronic Statesfnoreover, the peaks at the right-hand-side turning points become

WlD. and WZ.DW'th a perlqd Of /2.8 fs. While c_>rb|t A IS more pronounced and are shifted toward earlier times in the
particularly simple as the vibrational and electronic oscillation case of orbit A

accur with the same perioq, the s!tu_ation s a_lreaqu somewhat Adding the ehergy-averaged contributions of orbits A and B
more complicated for orbit B. Within one vibrational cycle (Figure 28B), we may now analyze the quantum-mechanical ET
taking~78.4 fs, this orbit oscillates about three times between dynamics (,Figure 2A). Taking into account that only two

thetglelctr9n|c s;[ates. g turns Otur;[ that orbits of typig ‘The ?f classical orbits enter the calculation, the overall agreement and
particufarimportance, because there aré numerous sthatarg . amount of details of the classical result are remarkable.

co_rl‘_npoierd of tShUCh ornbtlt?nwﬁh srl\llgkg)tlly S:i'ﬂed tu(rjmr;)g \E’O?tf"rmConsidering the right-hand-side turning points of the quantum-
0 express the quantum observables dISCUSSed above IN IeIMR, ¢ -4l probability distribution, for example, it turns out

of the POs of the ET system, we consider the function that the single peak at the first and the double peak at the second
N(%, t) = N (D)X — X (B)] 8) turning point can directly be explained by th_e superpo_sition o_f
the two POs. Furthermore, the weaker maxima associated with
where Ni(t) and x(t) denote the electronic population and the Ief‘_[ _ turning_ points and the in_termediate area of low
nuclear position of théth orbit at timet, respectivelyNy(x, t) probability density around ~ 2.5 arise as consequences of
can be regarded as a classical representation of the quamumthls_syperposmon. While the cla55|cal_probqblllty distribution
mechanical projectoP,(x), which was used in eq 2 to define e.xhl'b|ts a cIe;ar cut-off arounq the 'Furnlng pomts., the quantum
the ET probability distributioms(x, t) of the ET system. Hence distribution is more delocallzed_ in these regions, be(_:ause
the corresponding classical distributiBg(x, t) is obtained by ~ guantum mechanics can also invade classically forbidden
averagingNi(x, t) over an initial phasespace density function ~ '€gions. The limits of the two-orbit approximation can .be seen
ok = polX P X P that mimics the initial staté(0)of the at times~160 fs, Where .the guantum wave packet splits up in
quantum system. Summing up all POs that contribute to the three components. This interference effect cannot be reproduced

ET dynamics, we gét by a simple quasiclassical approximation.
Let us finally investigate to what extent these results transfer
Ti to the analysis of ET femtosecond spectra. Evaluating eq 10 b
P =S w drp (DN t+ 7 9 y pect g¢€q y
2 (%9 Z kfo PON ) ©) a sum over the two shortest POs, Figure 3 compares the

guantum-mechanical spectra obtained for 10 and 20 fs probe
wherewy and Ty denote the weight and the period of tkii pulses (panels A,B) to the corresponding classical results.
orbit, respectively. Although the accurate reproduction of the recurrences around
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the turning points deteriorates due to the field-matter interaction, ical Dynamics Ruhman, S., Scherer, N., Ed€hem. Phys1998 233

i ; i i i (4) Vos, M. H.; Rappaport, F.; Lambry, J.-C.; Breton, J.; Martin, J.-L.
t';e PO approglmaulor_\ is still in good overalrll agrﬁergent W'IT Nature (London)L993 363 320. Spdlein, S.. Zinth, W.; Wachtveit], J.
the quantum data. It is interesting to note that the PO results ppys “chem. 1998 102, 7492.

with (panels C, D) and without (panels E, F) averaging over (5) Stock, G.; Thoss, MPhys. Re. Lett. 1997, 78, 578. Thoss, M.;
the energy distribution of the initial state look quite similar. Stock, G.Phys. Re. A 1999 59, 64.

This finding is explained by the fact that the spectrum is already . . (6) Dilthey, S.; Stack, GPhys. Re. Lett. 2001, 87, 140404. Dilthey,
T . S.; Mehlig, B.; Stock, GJ. Chem. Phys2002 116, 69.
averaged over the energy distribution of the laser field. In (7) Gutzwiller, M. C.Chaos in Classical and Quantum Mechanics;

general, it may be noted that the averaging due to the field- Springer: New York, 1990. Heller, E. L£haos and Quantum Physics;
matter interaction tends to support the classical approximation North-Holland: Amsterdam, 1991. Gomez Llorente, J. M.; Pollakhu.

. L - - . : Rev. Phys. Chem1992 43, 91. Eckhardt, B. InPeriodic Orbit Theory
inthat it is sufficient to include only the orbits with mean energy. cacaii .. Guarneri. I, Smilansky, U., Eds.; North-Holland: Amsterdam,

Furthermore, the averaging removes the subtle interferences of1993.

the wave function at larger times, which are not amenable to a  (8) Johnson, B. R.; Kinsey, J. IPhys. Re. Lett. 1989 62, 1607.
simple classical description Jacobson, M. P.; Jung, C.; Taylor, H. S.; Field, R.JMChem. Physl999

. L . 111, 600.

To summarize, we have introduced a new theoretical concept '(g) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265.
to analyze coherent ET dynamics as monitored in femtosecondJortner, J., Bixon, M., EdsElectron Transfer: From Isolated Molecules
experiments. The theory combines (i) a mapping formulation, © BiomoleculesAdv. Chem. Phys. Vols. 166107; Wiley: New York,
whlch_ allows us to |_ntroduce classical periodic or_b|ts that (10) The parameters of the coupled two-state systeng a#ed.05 eV,
describe nuclear motion on several coupled potential-energy , = g, x, = — x; = ¥ = 0.53, andE; = E, = 0. The uncoupled electronic
surfaces and (ii) the ideas of semiclassical PO theory, which ground statejyo0is characterized byo = — X = —0.15 eV and

; ; Eo = —1.775 eV. The laser fielfEp(t) = ¢o e — AVY? griopgt-A0 (2 =
enabl_es us _to mFerpret complex spectra in terms of a few 721(8 In 2)) is assumed to couple only the statesTand |ys0 i.e. i —
classical trajectories. . o [vpolfkoa@p2l + h.c., while the electronic statie1(is dark in absorption and

Considering multidimensional molecular dynamics, it may emission.
be difficult to determine the exact POs of the System_ Neverthe- (11) Experimentally, the transient emission can be discriminated from

less, recent studies on nonadiabatic photoisomerization reactionﬁg;g; contributions by up-conversion techniques or by using polarized laser

have indicated that in many cases the general concept still holds, (12') Mukamel, SPrinciples of Nonlinear Optical Spectroscopyni-
i.e., the classical analysis allows us to obtain a classification of versity Press: Oxford, 1995.

various types of vibronic trajectories, thereby providing an _ (13) Berne, B. J, Ciccotti, G., Coker, D. F., E@uantum and Classical
. ){p . ]. yp 9 Dynamics in Condensed Phase Simulatioerld Scientific: Singapore,
intuitive picture of nonadiabatic processes. 1998,
(14) The mapping of the operators in eq 4 preserves the commutation
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