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Solvent-induced nonadiabatic transitions in iodine: An ultrafast
pump–probe computational study
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The solvent-induced electronic predissociation@B→a1g~
3P!# following an ultrafast X→B

transition in molecular iodine is studied using a classical ensemble representation of Heisenberg’s
equations of motion. AnN electronic state quantum mechanical Hamiltonian is used to derive
~coupled! equations of motion for the population~and the coherence! of the different electronic
states as well as classicallike coupled equations for the nuclear dynamics~of both the molecule and
the solvent! on each electronic state. The ultrafast excitation of the intermediateB state creates a
coherent vibrational motion in this bound state. The localized nature of the solvent-induced
B–a1g~

3P! coupling results in a steplike depletion of the excitedB state population and hence in
a bulletlike appearance of population on the dissociativea1g~

3P! state twice per vibrational period.
The depletion of theB state population and the appearance of products on thea1g~

3P! state are
discussed as a function of solvent density and polarizability. The magnitude of the nonadiabatic
B–a1g~

3P! coupling depends both on the molecule–quencher separation and on the quencher’s
polarizability. It is found that at all reduced densities the small Ar atom is the most effective
quencher~when compared to either Kr and/or Xe!. We attribute this unexpected trend to the local
density of atoms around the solute molecule. For all the rare gas solvents the local density around
the iodine molecule does not quite scale with the global one and there is an observed tendency for
the solvent to cluster around the solute in a T-shaped configuration. It is this close-packed
configuration that compensates for the smaller polarizability of the Ar atom and hence provides for
a more effective quenching. These arguments are used to explain the experimental results which
demonstrate that for a series of homologous alkanes the extent of predissociation scales with the
length of the molecular chain although the global polarizability density remains roughly constant.
© 1996 American Institute of Physics.@S0021-9606~96!50732-4#

I. INTRODUCTION

It has long been recognized that activate-probe
experiments1,2 can provide a direct way of observing the dy-
namical role of the environment during the chemical act.
What is new is that ultrafast pumps and probes3–5 are cur-
rently providing the time resolution required to monitor the
system on the time scale of nuclear vibrational motion. A
molecular level understanding of the role of the solvent is
thus required.6,7 The very nature of spectroscopic pump-
probe experiments is often such that one cannot restrict at-
tention to the nuclear dynamics alone, but one has to con-
sider the dynamics on several electronic states. Thus, while
the need to go beyond the Born–Oppenheimer approxima-
tion has long been recognized,8–10 the new experiments~in
both the time and the frequency domain11,12! force the issue
upon us.

A canonical example13,14 is the dynamics in the excited
B state of iodine~Fig. 1!. An ultrafast pump from the ground
state creates a localized, coherent, wave packet on theB
state,15,16 whose subsequent motion can be probed using a
second short pulse connecting theB, or the repulsive
a1g~

3P! ~Fig. 1!, states to the highly excited, so-called, ion-
pair states.17 In solution, the loss of the initial coherence,
created by the ultrafast pump, can be due to vibrational
dephasing, solvent-induced vibrational relaxation/
dissociation, and to solvent-induced vibrational predissocia-
tion. Subpicosecond time scales have also been observed for
iodine in rare gas clusters.18,19 Earlier, both energy transfer
~including collision induced dissociation on theB state! and
collision-induced electronic predissociation have been ob-
served in the dilute gas phase following a cw excitation of
theB state.20–27

There are two reasons why a theoretical approach to the
description of pump-probe experiments of theB state of io-
dine cannot be limited to following the dynamics on theB
state only. The first is that the very experiment depends on
the nonstationary nature of the state prepared by the ultrafast
excitation. It is the localized nature of the wave packet on the
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B state on the one hand, and the localized region of interstate
coupling28 on the other that provide the modulation in the
appearance of products due to the solvent-induced electronic
predissociation. The interstate coupling induced by the pump
pulse is short and confined to the early stage of the experi-
ment so that one could imagine starting the theoretical simu-
lation with a localized nonstationary state on theB state
potential. The solvent-induced predissociation, while local-
ized in space~and hence, by virtue of the pump pulse dura-
tion being shorter than a vibrational period, also in time!, is
present throughout the dynamics. If the experiment was
probing only theB state, one could include the predissocia-
tion by the introduction of an optical potential29 in the B
state equations of motion.30 The experiment does, however,
probe both theB state and also thea state. Hence the second
reason why we need to follow the dynamics on more than
one electronic state is in order to discuss the dissociation
dynamics on thea state.

Our purpose is to obtain a molecular level description of
the role of the solvent. The results to be discussed indeed
show that it is the immediate solvent configuration around
the iodine molecule, rather than the bulk properties of the
solvent, that govern the dynamics. Current computational ca-
pabilities dictate that the solvent needs to be described by
classical dynamics. The problem then is to provide a frame-
work for multistate dynamics of iodine which is commensu-
rate with the level of description of the solvent. Recently, we
have proposed such a scheme31 and we here apply it to the
pump-probe experiments on iodine15,16 with special refer-
ence to the solvent-induced predissociation and to the time
probing of the dissociation products. We examine the effect
of two factors that play a special role, the solvent density and
polarizability, and interpret the~seemingly, counterintuitive!
results of the simulations in terms of the local solvent struc-
ture around the iodine molecule. The detailed computational
results are for rare gas solvents but we also discuss the im-

plications for alkanes as solvents,32 including the effects of
going up along a homologous series.

In an ordinary MD~molecular dynamics5classical tra-
jectories! simulation the atoms move under the influence of
forces derived from a conservative potential. This can no
longer be the case in a multi-~electronic! state problem. One
solution is to determine an effective potential for the nuclear
motion.33–36 Our approach is different. We solve for the
nuclear dynamics of each electronic state. The resulting
equations of motion contain ‘‘nonclassical’’ terms which
serve to correlate the motion on the different states. An im-
portant point is that these interstate coupling terms are typi-
cally localized: they are significant only in those regions of
nuclear configuration space where the Born–Oppenheimer
separation breaks down. In addition, the equations of motion
contain the familiar force terms that serve to describe the
intrastate dynamics. The computational effort involved de-
pends on the detailed nature of the coupling to the solvent.
However, even if the solvent response is correlated with the
electronic state of the molecule, the computational require-
ments are of the same order of magnitude as for an ordinary
MD simulation; in other words they are determined primarily
by the number of solvent molecules that are explicitly in-
cluded.

The theory required is discussed in Sec. II. It is a clas-
sical ensemble representation of Heisenberg’s equations of
motion. We provide equations of motion for the population
~and the coherence! of the different electronic states of the
iodine molecule as well as equations of motion for the
nuclear dynamics~of both the molecule and of the solvent!
for each electronic state. The equations of motion for the
electronic dynamics are similar to those one would write for
an atom~sometimes known as the Bloch equations37! except
that the different electronic states are coupled by the nuclear
dynamics. The nature of these interstate coupling terms is a
generalization of the familiar Franck–Condon factors of
light-induced transitions. Section III presents the computa-
tional results and their interpretation and Sec. IV is an over-
all summary.

II. THEORY

This section provides an outline of the formalism which
leads to a set of~coupled! equations of motion for the elec-
tronic and nuclear observables of each electronic state. The
derivation begins with anN ~electronic! state quantum me-
chanical Hamiltonian from which Heisenberg’s equations of
motion can be derived. By taking the trace over the total
~electronic and nuclear! wave function, one obtains equa-
tions of motion for the expectation values. The final result is
two sets ~electronic and nuclear! of coupled equations of
motion. Each set is explicitly coupled within itself and im-
plicitly coupled to the other set so that the two sets need to
be solved simultaneously. To make the computational prob-
lem tractable one needs to make two approximations. The
first is that apart from the pump-inducedX→B transition and
the solvent-inducedB→a transition, the Born–Oppenheimer
adiabatic separation is valid. With this assumption, the equa-

FIG. 1. The three adiabatic electronic state potentials of molecular iodine:
ground ~X, full line!, excited~B, dashed line!, and dissociative@a1g~

3P!,
dotted line#. ~The adiabatic statesB anda are of strictly different symmetry
and hence do cross.! The arrow indicates the ultrafast electronic excitation
which forms a localized wave packet close to the inner turning point of the
excitedB state. The excitedB state is shallow with a large anharmonicity
and a large equilibrium distance. This large anharmonicity results in an
asymmetry in time of successive predissociation events~see Figs. 3 and 5
for more details!.
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tions of motion for the electronic problem can be solved
while fully retaining their quantum mechanical character.
The intrastate dynamics is, however, nonadiabatic because of
the strong coupling to the solvent, with the result that the
nuclear equations cannot be solved without an approxima-
tion. The approximation which we use is based on the local-
ized nature of the coupling between each two electronic
states~X–B andB–a!. With this approximation the nuclear
dynamics on each electronic state is almost classicallike,
with the nonclassical terms being only due to the interstate
coupling. The approximation neglects the spreading of the
quantum mechanical wave packet and it will therefore not be
reasonable for the case of a delocalized interstate coupling,
which is not the case here. Elsewhere, we will discuss the
formal properties of the model and the possible modifica-
tions which can be introduced to retain quantallike features
of the interstate nuclear dynamics. We show therein that the
evolution of the electronic amplitudes is inherently unitary
so that the branching fractions add up to unity.

A. The time evolution of electronic and nuclear
operators

The three electronic state problem is modeled using anN
electronic state Hamiltonian,

Ĥ5u1&Ê1~ t !^1u1u2&Ê2~ t !^2u

1(
j53

N

u j &Êj~ t !^ j u1u1&m̂12~ t !^2u1u2&m̂21~ t !^1u

1(
j53

N

@ u j &m̂ j2~ t !^2u1u2&m̂2 j~ t !^ j u#, ~2.1!

where a carat is used to denote operators and we will shortly
discuss whyN>3. In Eq. ~2.1! Ĥ is the molecular Hamil-
tonian including the coupling to the solvent@see Eq.~2.6!#.
The indices 1 and 2 refer to the ground electronic state (X)
and to the excitedB state, respectively. The third electronic
state involved in the computation is the dissociativea state
and the summation over the electronic indexj is overN22 a
‘‘states.’’ The dynamics on thea state is cast in this form
due to the localized nature of the solvent inducedB→a cou-
pling: each time the excitedB state wave function ap-
proaches the crossing region, cf. Fig. 1, part of it predissoci-
ates into the repulsivea state. We consider each one of these
predissociation events to launch a newa state, and hence the
summation in Eq.~2.1! is over all such events. The different
a states are, however, identical in the sense that they involve
the same intramolecular potential energy function. This dis-
tinction which is in the spirit of previous pure classical fork-
ing algorithms38–41 is very useful as it will allow us to com-
pute classicallike dynamics for each one of the exits on thea
state. However, we do note that such a distinction betweena
states is feasible only when predissociation events are well
separated in time. Otherwise, one has to allow the different
components of the nuclear wave function on thea state to
quantum mechanically interfere with one another.

For an isolated iodine molecule the electronic states~X,
B, anda! are three adiabatic electronic states.@The two adia-

batic statesB and a are of strictly different symmetry and
hence do cross~see Fig. 1!.# We shall work in the approxi-
mation that for the isolated iodine molecule, i.e., in the ab-
sence of external~laser and/or solvent induced! coupling, the
adiabatic separation is exact. The two external perturbations
do, however, couple the different electronic states so that the
Hamiltonian in the adiabatic representation~of the isolated
molecule! is no longer diagonal. In a conventional terminol-
ogy, if one uses an adiabatic representation, then the nondi-
agonal coupling~between different electronic states! terms in
the Hamiltonian is described by the kinetic energy being
nondiagonal. In the same way, in the diabatic representation
the kinetic energy is diagonal and there are potential energy
coupling terms.~One can also use an intermediate represen-
tation in which there are both potential and kinetic energy
coupling terms.! For the present problem, the solvent- or the
laser-induced coupling between the different electronic states
of the isolated molecule is localized due to Franck–Condon
considerations. Hence, in what follows, any interstate cou-
pling elements~designated in general asm̂ jk! are potential
energy coupling terms. In the conventional terminology we
are therefore using a diabatic basis for the system as a whole,
i.e., molecule plus laser plus solvent. This is even though the
same basis will be termed an adiabatic one if the isolated
molecule is being considered.

In the present example the coupling between theX and
B states@m̂12 and/orm̂21 in Eq. ~2.1!# is due to an ultrashort
laser pulse modeled by a Gaussian envelope~centered att0!
times a cosinusoidal carrier frequency times the scalar prod-
uct of theX→B transition dipole of iodine with the electrical
field of the laser. The surrounding solvent atoms induce a
transition from theB state to thea state@m̂ j2 and/orm̂2 j in
Eq. ~2.1!# whose specific form is discussed in detail below.
At this point we only note that this transition is believed to
be analogous to the familiar gas-phase collision-induced
electronic predissociation.21,27

The energies,Êj , j51,...,N, on each of the electronic
states are operators on the nuclear coordinates and, as dis-
cussed above, in the present paper we neglect any intramo-
lecular coupling between two different electronic states~i.e.,
X andB and/orB and a!. This implies that the electronic
operators,u i &^ku, commute with the state energies

@Êj ,u i &^ku#50, j ,i ,k51,2,...,N. ~2.2!

The commutator is zero because the state energies are the
part of the Hamiltonian which is diagonal in the electronic
labels, Êj[^ j uĤu j &. In what follows, our notation for any
operator,Ô, on the nuclear coordinates is

Ôu j &5Ôj u j &1(
kÞ j

uk&^kuÔu j &. ~2.3!

Equation~2.3! shows how to include off-diagonal terms
of nuclear observables. It is to be used, for example, when
the adiabatic separation for the isolated molecule is not valid,
so that the nuclear kinetic energy has off-diagonal terms.
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To compute the time evolution of the nuclear and/or
electronic operators we use the Heisenberg equation of
motion42

i
dÔH

dt
5@ÔH ,ĤH#1 i

]ÔH

]t
. ~2.4!

Here the square brackets denote the commutation between
the operator and the Hamiltonian, both computed in the
Heisenberg picture~the subscriptH!, and in what follows we
use atomic units so that\51. The reason for using the
Heisenberg representation will become clear only when we
discuss the nuclear dynamics below. We begin, however,
with the electronic problem as the required steps are some-
what less elaborate.

When using the molecular Hamiltonian, Eq.~2.1!, in Eq.
~2.4!, the following equations of motion are obtained for the
operators r̂ j ,k5u j &^ku, j ,k51,2,...,N, that are used to
specify the electronic population and coherence of the sys-
tem:

idu1&^1u/dt5u1&m̂12̂ 2u2u2&m̂21̂ 1u,

idu2&^2u/dt52u1&m̂12̂ 2u1u2&m̂21̂ 1u

1(
j53

N

@ u2&m̂2 j^ j u2u j &m̂ j2^2u#,

idu j &^ j u/dt5u j &m̂ j2^2u2u2&m̂2 j^ j u, j53,...,N,

idu1&^2u/dt5u1&„Ê2~ t !2Ê1~ t !…^2u1u1&m̂21̂ 1u

2u2&m̂12̂ 2u1(
j53

N

u1&m̂2 j^ j u,

idu2&^1u/dt5u2&~Ê1~ t !2Ê2~ t !!^1u

2u2&m̂12̂ 2u1u1&m̂21̂ 1u2(
j53

N

u j &m̂ j2^1u,

idu1&^ j u/dt5u1&~Êj~ t !2Ê1~ t !!^ j u1u1&m̂ j2^2u

2u2&m̂21̂ j u, j53,...,N, ~2.5!

idu j &^1u/dt5u j &„Ê1~ t !2Êj~ t !…^1u2u2&m̂2 j^1u

1u j &m̂12̂ 2u, j53,...,N,

idu2&^ j u/dt5u2&„Êj~ t !2Ê2~ t !…^ j u1u2&m̂ j2^2u

2u1&m̂12̂ j u2 (
k53

N

uk&m̂k2^ j u,

j53,...,N,

idu j &^2u/dt5u j &„Ê2~ t !2Êj~ t !…^2u2u2&m̂2 j^2u

1u j &m̂21̂ 1u2 (
k53

N

u j &m̂2k^ku,

j53,...,N,

idu j &^ku/dt5u j &~Êk~ t !2Êj~ t !!^ku1u j &m̂k2^2u

2u2&m̂2 j^ku jÞk, j ,k53,...,N,

iduk&^ j u/dt5uk&~Êj~ t !2Êk~ t !!^ j u1uk&m̂ j2^2u

2u2&m̂2k^ j u jÞk, j ,k53,...,N.

Equations~2.5! include a summation over all theB–a cou-
plings. However, for the physical problem of interest to us
here, at a given time only a single term in this summation
will significantly differ from zero. This is due to the predis-
sociation events being well separated in time. The secular
terms in the last eight equations of~2.5!, which are typically
quite large~except for the last two equations!, can be elimi-
nated by working in the interaction picture representation
and this is explicitly implemented in subsection B below.

In Eqs.~2.5! the energies on each electronic surface~X,
B and all theas! are still operators with respect to the
nuclear degrees of freedom and they are given by a sum of
two potentials and a single kinetic energy operator:

Êj~ t !5V̂j~R!1Û j~R,X!1~2m!21P̂2. ~2.6!

Here V̂j (R) is the intramolecular potential energy curve of
the j th electronic state (j51,2...,N) and Û j ~R,X! is the in-
termolecular solvent–j th solute interaction potential that de-
pends on the intramolecular distance,R, and on the position
vector of all the solvent atomsX, andm is the reduced mo-
lecular mass. The dependence of the coupling to the solvent
on the orientation of the solvent atom with respect to the
iodine bond will turn out to be central to the interpretation of
the role of different solvents.

The derivation of the nuclear equations of motion is in
the same spirit as that of the electronic ones. Unlike the
electronic problem where one solves for both the occupation
(^r̂ j j &) and phase (̂r̂ jk&), here, as a practical matter, one
needs to derive equations only for the diagonal operators
u j &Ôj^ j u, j51,2,...,N, where Ôj is an operator on the
nuclear coordinates andj is an electronic state label. By our
notationÔj[^ j uÔu j & so that the operatorÔj is diagonal in
the electronic state index. For any value ofj ( j51,2...,N),
the expectation value ofÔj over the nuclear state is the value
of the observableO in the j th electronic state. For the
present applicationÔ will be either the position or momen-
tum operator.@Note that a complete set of nuclear operators
does include those off-diagonal in the electronic labels, i.e.,
operators of the formu i &m̂ i j ^ j u, iÞ j , wherem is any observ-
able which has off-diagonal electronic matrix elements.
Their equations of motion are a generalization of~2.5!.#

Using the explicit form of the energy operators for each
electronic surface, Eq.~2.6!, and assuming that the only in-
terstate coupling is that explicitly included in the Hamil-
tonian so that the kinetic energy term in Eq.~2.6! is that part
of the kinetic energy which is diagonal in the electronic state
indices, Eq.~2.2! or equivalently

@ P̂j ,u i &^ i 8u#[0,
~2.7!

@ P̂j ,V̂~Rj !#52 idV̂~Rj !/dRj
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can be used. One then obtains the following equations of
motion for the position and momentum operators:

idu1&R̂1^1u/dt5@ u1&R̂1^1u, Ĥ#

5 i u1&~ P̂1 /m!^1u

1u1&R̂1m̂12̂ 2u2u2&m̂21R̂1^1u,

idu2&R̂2^2u/dt5 i u2&~ P̂2 /m!^2u1u2&R̂2m̂21̂ 1u

2u1&m̂12R̂2^2u1(
j53

N

[ u2&R̂2m̂2 j^ j u

2u j &m̂ j2R̂2^2u#,

idu j &R̂j^ j u/dt5@ u j &R̂j^ j u, Ĥ#

5 i u j &~ P̂j /m!^ j u1u j &R̂j m̂ j2^2u

2u2&m̂2 jR^ j u, j53,...,N, ~2.8!

idu1&P̂1^1u/dt5@ u1&~2 id/dR1!^1u, H#

52 i u1&~d/dR1!@V̂1~R!1Û1~R,X!#^1u

1u1&P̂1m̂12̂ 2u2u2&m̂21P̂1^1u,

idu2&P̂2^2u/dt52 i u2&~d/dR2!@V̂2~R!1Û2~R,X!#^2u

1u2&P̂2m̂21̂ 1u2u1&m̂12P̂2^2u

1(
j53

N

@ u2&P̂2m̂2 j^ j u2u j &m̂ j2P̂2^2u#.

At this point the motivation for preferring the Heisen-
berg point of view is clear: by using operators it is possible
to label the observables for the motion of the nuclei by the
electronic state. By doing so one can derive~essentially ex-
act! equations for the nuclear dynamics on a given electronic
state and demonstrate that they consist of two terms. Terms
of the first type@first term on the right-hand side of each of
equations~2.8!# involve only the given electronic state and
are the very same terms that one would write down if there
were no other electronic states. The second type of terms
couples the nuclear motion on two different electronic states
~whenever the interstate coupling is operative!. The Heisen-
berg picture has another more practical advantage in that the
approximation which we shall use, in the next subsection,
namely that the wave function is localized and hence the
nuclear motion is classicallike, is easily implemented.~The
results can be rederived using the Schro¨dinger picture, i.e., a
wave function approach.!

B. Expectation values: The electronic density matrix

The operator equations of motion,~2.5!, are converted
into equations of motion for expectation values by taking
their trace over the wave function at time zero. We note,
however, that this expectation value is the same as that of the
Schrödinger picture operator taken with respect to the wave
function at time t and that the same is true for the time
derivatives

^c~0!udÔH /dtuc~0!&5d^c~ t !uÔSuc~ t !&/dt. ~2.9!

Below we use this equivalence in taking the expectation val-
ues of the operator equations of motion, and we note that
implicit in Eq. ~2.9! is the requirement that the wave function
is propagated in time under the full Hamiltonian.

The wave function is written as a linear combination of
N product wave functions, each term being in itself a product
of an electronic part times a nuclear part

c~ t !5C1~ t !f1~r ;R!x1~R!1C2~ t !f2~r ;R!x2~R!

1(
i53

N

Ci~ t !f i~r ;R!x i~R!. ~2.10!

In Eq. ~2.10! f j (r ;R) is the j th orthonormal electronic wave
function ~with the usual parametric dependence on the in-
tramolecular separationR!, x j (R) is the time-dependent
nuclear wave function on thej th state, and both wave func-
tions are normalized to unity so that^r̂ jk& 5 Cj*Ck , j ,k
51,2,...,N. ~Mathematically this implies that we are work-
ing in a direct product space where each electronic state has
its own nuclear motion.! The summation overi is over the
sequence ofa states, each term representing a different
B→a transition at a different region in time. The use of a
time-dependent wave function is dictated by the localized
nature of the coupling~bothX–B andB–a! that results in a
nonstationary state.

When the wave function@Eq. ~2.10!# is applied to Eqs.
~2.5! one recovers equations of motion for the elements
of the density matrix, ^r̂ jk&5Cj*Ck5^c(t)u j ,x j (t)&
3^k,xk(t)uc(t)&. These equations have been shown31 to be
analogous to the Feynman–Vernon–Hellworth equations.43

The analogy to these equations is not full because of the
nonstationary character of the excited states~both theB and
all the as! due to the presence of the nuclear degrees of
freedom in the present problem. The nuclear coordinates ap-
pear both in the expectation values of the interstate coupling

m jk~ t ![^x j~R,t !um̂ jkuxk~R,t !& ~2.11!

that involves an additional integration over the nuclear coor-
dinates, and in the computation of the secular terms~i.e.,
terms that involve the same state indices!

V j~ t ![Ej~ t !2 i ^x j~R,t !u]x j~R,t !/]t&,
~2.12!

Ej~ t ![^x j~R,t !uÊj ux j~R,t !&.

Here the nonstationary character of the nuclear wave func-
tions is explicitly indicated. For a stationary state the phase
difference,DVi j ,

DV i j[V j~ t !2V i~ t !, ~2.13!

would only be the energy difference.
Equations ~2.11! and ~2.12! are the first instance in

which the explicit need to know the nuclear wave functions
is evident. Details on the evaluation of these matrix elements
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are provided below and in the Appendix. Here we only note
that in the Condon approximation, in which the dependence
of the operator on the nuclear coordinates is replaced by a
constant coupling coefficient, the integral~2.11! reduces to a
Franck–Condon overlap integral~in the present problem it is
an overlap between nonstationary states, cf. the Appendix!.
Otherwise, one needs to evaluate the matrix element~2.11!
for each different operator anew.

For the nuclear observables, for which we want to re-
duce the problem to a classicallike simplicity, the procedure
we have just outlined, which provides equations of motion
for expectation values, is unavoidable. For the electronic
problem one can equally well work with equations of motion
for the quantal amplitudes. In the following subsection we
sketch the relevant equations. The results are strictly equiva-
lent to the Heisenberg picture approach we have used above.
It only looks simpler.

C. The time evolution of the quantal amplitudes in
the interaction picture representation

In this section we derive equations of motion for the
quantal amplitudes using an interaction picture representa-
tion. The use of an interaction picture simplifies the compu-
tation by eliminating that time dependence of the electronic
amplitude which is due to the secular part@cf. Eq. ~2.12!#.

The coupling in the interaction picture is defined as
usual as42,44

V̂15Û0
†V̂Û0 , ~2.14!

where V̂ is the nondiagonal part of the Hamiltonian in Eq.
~2.1! ~i.e., the last three terms! and Û0 is the time evolution
operator of the diagonal part. In matrix notationÛ0 is an
N3N diagonal matrix defined using~2.12!:

U&05F exp@2 iV1~ t !t#

exp@2 iV2~ t !t#

�

exp@2 iVN~ t !t#

G . ~2.15!

Using Eq.~2.10! for the wave function~and noting that
the nuclear wave functions are themselves time dependent!,
the time evolution of the complex quantal amplitudes
@Cj5^ j ,x(R,t)uc(t)&, j51,2,...,N# in an interaction picture
representation is given by

idC̃1 /dt5exp~2 iDV12t !C̃2E x1* ~R!m& 12x2~R!dR,

idC̃2 /dt5exp~ iDV12t !C̃1E x2* ~R!m& 21x1~R!dR

1(
j53

N

exp~ iDV j2t !C̃jE x2* ~R!m& 2 jx j~R!dR,

~2.16!

idC̃j /dt5exp~2 iDV j2t !C̃2E x j* ~R!m& j2x2~R!dR,

j53,...,N.

In Eqs.~2.16! the curly overhead denotes an amplitude in the
interaction picture representation

C̃k5exp@ iVk~ t !t#Ck , k51,2,...,N, ~2.17!

and the phase difference,DVjk , was defined in~2.13!. Since
theC’s are complex numbers, each equation is equivalent to
two equations.45 ~One can use the normalization condition to
reduce the number of equations from 2N to 2N21.! Due to
the interaction with the surrounding solvent atoms, the en-
ergy in each state may vary with time so that our interaction
picture representation is time dependent. In practice it takes

time for the molecule to interact with the liquid and it is
therefore of importance only for such time periods that the
laser-induced coupling between theX andB states has de-
creased to practically zero, so that it affects only theB anda
electronic states dynamics.

In writing Eqs.~2.16! we have correctly allowed for the
coupling between each two electronic states to depend on the
nuclear coordinates. Regardless of the specific form of the
nuclear wave function and/or of the coupling operator the
complex integrals that appear in Eqs.~2.16! can always be
recast in the form of a modulus (mk2Ak2) times a nuclear
phase factor~wk2!:

idC̃1 /dt5exp~2 iDV12t !C̃2m12A12 exp~2 iw12!,

idC̃2 /dt5exp~ iDV12t !C̃1m12A12 exp~ iw12!

1(
j53

N

exp~DV j2t !C̃jm j2Aj2 exp~ iw j2!,

~2.168!

idC̃j /dt5exp~2 iDV j2t !C̃2m j2Aj2 exp~2 iw j2!,

j53,...,N.

Both the modulus and the phase are explicitly computed in
the Appendix.

Finally, before proceeding to derive the nuclear equa-
tions we note that in Eq.~2.16! @and ~2.168!#, middle equa-
tion, only a single term will effectively contribute to the sum
at each point in time. This is due to the successive predisso-
ciation events being disjoint in time.
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D. The time evolution of the nuclear observables

In Eqs.~2.8! the solvent-j th solute coupling has already
been included so that once the expectation value of the
nuclear operators over the total wave function@Eq. ~2.10!# is
taken, one obtains explicit equations of motion for the posi-
tion and momentum on each electronic state, in the presence
of the solvent

dn1~ t !^R~ t !&1 /dt5n1~ t !^P~ t !&1 /m2 i „C1* ~ t !C2~ t !

3^m& 12R& &122c.c.…,

dn2~ t !^R~ t !&2 /dt5n2~ t !^P~ t !&2 /m

2 i „C2* ~ t !C1~ t !^m& 21R& &212c.c.…

2(
j53

N

i „C2* ~ t !Cj~ t !^m& 2 jR& &2 j2c.c.…,

dnj~ t !^R~ t !& j /dt5nj~ t !^P~ t !& j /m2 i „Cj* ~ t !C2~ t !

3^m& j2R& & j22c.c.…, j53,...,N, ~2.18!

dn1~ t !^P~ t !&1 /dt52n1~ t !^dV1 /dR&12n1~ t !^dU1 /dR&1

2 i „C1* ~ t !C2~ t !^m& 12P& &122c.c.…,

dn2~ t !^P~ t !&2 /dt52n2~ t !^dV2 /dR&22n2~ t !^dU2 /dR&2

2 i „C2* ~ t !C1~ t !^m& 21P& &212c.c.…

2(
j53

N

i „C2* ~ t !Cj~ t !^m& 2 j P& &2 j2c.c.…,

dnj~ t !^P~ t !& j /dt52nj~ t !^dVj /dR& j2nj~ t !^dUj /R& j

2 i „Cj* ~ t !C2~ t !^m& j2P& & j22c.c.…,

j53,...,N.

In Eqs. ~2.18!, c.c. denotes the complex conjugate of the
preceding term and the following abbreviations have been
used:

nj~ t !5uCj~ t !u2,

^O~ t !& j5E x j* ~R!Ôjx j~R!dR, ~2.19!

^m̂ jkÔ& jk5E x j* ~R!m̂ jkÔxk~R!dR.

Specifically,nj (t) is the population of thej th electronic state
at time t.

Equations~2.18!, which are still fully quantal, are the
central exact result of the formalism. It is important to note
that one should note apply the chain rule to them in order to
~wrongly! conclude that the coupling term is proportional to
dnj /dt. The reason why this is not so is that, unless one
imposes as a side condition that

idux j~ t !&/dt5Êj ux j~ t !&, ~2.20!

the first term on the right-hand side of~2.18! is neither
njd^R& j /dt nor njd^P& j /dt. It is only when the interstate

coupling vanishes that one can make this identification.
However, under such circumstancesdnj /dt50.

E. Approximations

The exact equations~2.18! cannot be solved as they
stand before two integrals are evaluated. First, the interstate
coupling integral is required, and then one needs to compute
the expectation value of the force,2^dV/dR&, in the differ-
ent electronic states. Apart from the form of the interstate
coupling operators, both integrals require the knowledge of
the nuclear wave functions. It is here that we make a simpli-
fying approximation. While some approximation is useful,
the particular one that we shall use is the simplest and leaves
considerable scope for refinement. We emphasize that the
approximation is made after the commutators with the elec-
tronic labels have been performed so that the separation into
intra- and interstate dynamics is already established before
any approximations are made. The approximation can affect
the quantitative accuracy of the two types of dynamics but
not the multistate nature of the description.

When evaluating the force for the nuclear motion on the
j th electronic state~with j being 1,2,...,N! we make the
simple approximation of a delta function like localized mo-
tion so that the average value of the derivative of thej th
potential is replaced by the derivative at the average value of
the position on thej th electronic state

K dVj

dRL
j

⇒S dVj

dR D
R5^R& j

. ~2.21!

Clearly one can do better by retaining a finite width,46

and even then the equations will remain closed. Equation
~2.21! is a classicallike limit

2 i @ P̂,V̂~R!#→$P,V~R!%, ~2.22!

where the curly brackets are the Poisson brackets of classical
mechanics. It is reiterated that this limit is taken after the
commutation with the electronic labels has been carried out.

For the intrastate dynamics~which are diagonal in the
electronic state label! the simple classical limit, Eq.~2.22!, is
sufficient. Terms off-diagonal in the electronic label—the in-
terstate coupling—require more care because they connect
the nuclear motion on different electronic states and we do
not want the interstate coupling to be confined to when the
nuclei are at the very same position and momentum in both
states. In spectroscopic terms, one wants a Franck–Condon
region rather than a strictly vertical transition. The simplest
wave function for which the Franck–Condon region has a
finite width is the Gaussian~coherent! wave function of the
Harmonic oscillator.42

The last ingredient needed to compute the interstate cou-
pling terms is the specific form of the coupling. TheX andB
surfaces are coupled by the ultrashort pulse times the dipole
transition and we consider the latter to be independent of the
nuclear separation.@This implies thatm12 and m21 can be
taken out of the overlap integrals in Eqs.~2.18!.# The nature
of theB–a coupling is discussed in Sec. II F below. In the
Appendix we use the Gaussian wave function and Eq.~2.27!
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for the coupling to compute the required Franck–Condon
overlap~including the2i factor! for the position~JR

j ,2! and
momentum~JP

j ,2! on each electronic surface

JR
j ,25

m j2Aj2

~v j1v2!
@2~njn2!

1/2cos~u j2u21w j2!

3~^P&22^P& j !/m22~njn2!
1/2 sin~u j2u21w j2!

3~v j^R& j1v2^R&2!#,
~2.23!

JP
j ,25

m j2Aj2

~v j1v2!
@2~njn2!

1/2 cos~u j2u21w j2!mv jv2

3~^R& j2^R&2!22~njn2!
1/2 sin~u j2u21w j2!

3~v j^P&21v2^P& j !#.

In Eq. ~2.23! the indexj refers to all thea states~j>3! and
to the ground electronic state~j51!, and the electronic am-
plitudes have been written in terms of the occupation and
phase

Ck[uCkuexp~ iuk![Ank exp~ iuk!, k51,2,...,N.
~2.24!

In writing equations~2.23! we have used the above-
mentioned argument@see Eqs.~2.16! and ~2.168!# that one
can rewrite the transition dipole matrix element as a real part
(m j 2

Aj2) times an imaginary one~the nuclear phasewj2!.
The specific form of this matrix element for theB–a transi-
tion is discussed in the next subsection.

An important practical point is that, for any nuclear
wave function that is solely parametrized by the mean posi-
tion and momentum, the interstate coupling terms~2.23! de-
pend only on the mean position and momentum on the dif-
ferent states, so that the equations of motion~2.18! are
closed and can be solved.

Explicitly, the equations of motion for the average posi-
tion and momentum in a given electronic state are given by

dn1~ t !^R~ t !&1 /dt5n1~ t !„^P~ t !&1 /m…1JR
1,2,

dn2~ t !^R~ t !&2 /dt5n2~ t !„^P~ t !&2 /m…2JR
1,22(

j53

N

JR
j ,2 ,

dnj~ t !^R~ t !& j /dt5nj~ t !„^P~ t !& j /m…1JR
j ,2 , j53,...,N,

~2.25!

dn1~ t !^P~ t !&1 /dt52n1~ t !dV1 /d^R&1

2n1~ t !dU1 /d^R&11JP
1,2,

dn2~ t !^P~ t !&2 /dt52n2~ t !dV2 /d^R&2

2n2~ t !dU2 /d^R&22JP
1,22(

j53

N

JP
j,2 ,

dnj~ t !^P~ t !& j /dt52nj~ t !dVj /d^R& j

2nj~ t !dUj /d^R& j1JP
j ,2 , j53,...,N.

Equations~2.25! are the working equations of motion for
the nuclear degrees of freedom. These equations are classi-
callike in the sense that the nuclear dynamics on each elec-
tronic surface are determined by the adiabatic potential of
that surface. This is, however, the case only when the differ-
ent electronic states are decoupled. Whenever two states are
interacting, there are additional nonclassical terms that differ
from zero and couple the nuclear dynamics on the different
states so that the motion on one adiabatic potential is af-
fected by that on the others. In each of equations~2.25! the
value of the additional~nonclassical! term is computed from
the known values of the positions and momenta. If a better
approximation is used for the nuclear wave function, then the
interstate coupling terms will not have the simple analytical
form of ~2.25! but the generic form of Eqs.~2.18! will pre-
vail.

Even when the interstate coupling is operative, Eqs.
~2.25! remain~coupled! first-order differential equations and,
as such, the numerical effort required for their solution re-
mains comparable to that of propagating an ordinary classi-
cal trajectory. If the electronic states are uncoupled, the so-
lution of the nuclear equations is a classical trajectory. To
represent the dynamics we generate an ensemble of solutions
of the coupled electronic,~2.168!, and nuclear,~2.25!, equa-
tions that differ from one another in the initial value of both
the electronic and nuclear phase.

In the next two subsections we discuss the nature of the
solvent-induced electronic predissociation and the solvent
dynamics. Before doing so we note that for describing the
condensed phase dynamics it is far more convenient to use a
space fixed~three-dimensional! Cartesian coordinate system.
Hence, one has to rederive the nuclear equations for thex, y,
and z components of both the momentum and the position
for each atom on each electronic surface. Appendix A of Ref.
31 demonstrated this derivation for the two electronic state
Hamiltonian; the extension for the present problem is imme-
diate.

F. Solvent-induced coupling

In this subsection we discuss the nature of the coupling
between the two states~B and a!, which, in the isolated
molecule, can cross. We present two~somewhat different!
points of view and show that for a solvent with no permanent
dipole moment~such as the inert gasses used in the simula-
tions! the coupling between the two states@m̂ i2 and/or m̂2i
integrated over the initial (B) and final (a) wave functions,
^mi2& and/or^m2i&# will, to a leading order, be proportional to
the polarizability of the quencher and will vary as the inverse
sixth power of the molecule quencher distance. Our qualita-
tive considerations cannot determine the magnitude of the
coupling coefficient and this task is left open for a fully
quantum chemical computation. We should also note that we
assume that it is thea state to which theB state is coupled by
the solvent. There are several other dissociative states of io-
dine in the energy range of interest. As it will turn out, our
qualitative conclusions regarding the dynamics of the disso-
ciation are not very sensitive to which unbound state the exit
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is on, as long as it is only mildly repulsive. What the results
are quite sensitive to is where, along the iodine–iodine dis-
tance, the curve crossing takes place~cf. Fig. 1!. We will
discuss this point in detail in Sec. III. Here we just note that
the question of the interstate coupling of iodine in the energy
range of 15 000 cm21 and above must be regarded as still not
fully settled.

According to one possible interpretation27 the solvent-
induced electronic predissociation is due to the static electric
field of the solvent that couples to an electric dipole transi-
tion from theB state to thea state at the intermolecular
distance where the two surfaces intersect~see Fig. 1!. The
fluctuating field due to the iodine transition dipole is propor-
tional to mB2a/RI2Rg

3 ~wheremB2a is the B→a transition
dipole andRI2Rg is the distance from the iodine’s center of
mass to a solvent atom!. The interaction with a solvent atom
with no permanent dipole moment will then be of the form

mB2a

RI2Rg
3 •aQ•

mB2a

RI2Rg
3 , ~2.26!

whereaQ is the polarizability of the solvent atom. This is a
coupling term which varies as the inverse sixth power of the
solvent–solute distance,RI2Rg

26 , and is proportional to the
solvent polarizability and to theB→a transition dipole. The
latter is proportional to the~time dependent! B–a Franck–
Condon factor.

The second approach considers the analogy to gas-
phase-collision-induced electronic predissociation.21 Using
second-order perturbation theory for the case when both the
molecule and the quencher have no permanent dipole mo-
ment one can show23,47,48 that, to a leading order, the cou-
pling between the two molecular states depends on the fol-
lowing elements: the long-range part of the molecule–
quencher potential that has the usual inverse sixth power
dependence on the distance,RI2Rg

26 , the quencher’s isotropic
polarizability ~aQ!, the nondiagonal isotropic polarizability
matrix element for the excited molecule between the initial
(B) and final (a) electronic states (aB2a), the Franck–
Condon factor between the initial and final states (FB2a),
and the ionization potentials of both the quencher and the
molecule~I Q and I P , respectively!:

^mB2a&52
3

2

I PI Q
~ I P1I Q!

RI2Rg
26 aQaB2aFB2a . ~2.27!

A similar equation holds for̂ma2B&. Equation~2.27! differs
from the standard time-independent result in that the~com-
plex! Franck–Condon overlap integral is time dependent:
FB2a[ F(t)B2a5 *xB* (R)xa(R)dR5 ABa exp(2 iwBa)and
we compute it explicitly in the Appendix.

Equation~2.27! is essentially identical to the form of the
C6 coefficient which is used to describe long-range disper-
sion forces. The essential difference is that one replaces the
diagonal molecular polarizability by the nondiagonal ele-
ment and that, because the coupling is between two different
molecular electronic states, there is an additional Franck–
Condon overlap factor. One can therefore view the coupling
as a nondiagonalC6 coefficient.

Up to a numerical factor, Eqs.~2.26! and~2.27! are iden-
tical. They both scale with the quencher’s polarizability and
have the same long-range dependence on the molecule-
quencher distance. As will be argued in detail below this
long-range dependence results in a strong dependence of the
extent of electronic predissociation on the local solvation
environment.

In the MD simulations we have used Eq.~2.27! with a
single modification. Equation~2.27! uses the isotropic polar-
izability matrix element for the excited molecule between the
initial and final electronic states,aB2a . To account for the
large anisotropy of the iodine molecule we have decomposed
the nondiagonal polarizability matrix element into its parallel
~ai! and perpendicular~a'! components

aB2a5~a i cos2 u1a' sin2 u!. ~2.28!

In Eq. ~2.28! u is the angle between the molecule and the
quencher. Based on the ground state values of molecular
iodine a ratio of 1.8 between the parallel and the perpendicu-
lar components was used. When Eq.~2.28! is used, theB–a
transition matrix element has the form

^mB2a&52
I PI Q
I P1I Q

RI2Rg
26 aQ~a i cos2 u

1a' sin2 u!FB2a , ~2.29!

where the factor of32 that results from an integration over the
orientation has been discarded. In the computational example
the quenching is due to the surrounding rare gas atoms and
we sum over all the quencher–molecule distances using Eq.
~2.29!. @Note that we use Eq.~2.29! for all the differenta
‘‘states,’’ using the specific values of the position and mo-
mentum on eacha state, and on theB state.# Since at this
point the actual value of the nondiagonal polarizability ma-
trix element can only be estimated, we report here results for
ab2a51.8 Å3. Other values were also tested, and the value
chosen is consistent with the estimates of the fraction of
molecules that do dissociate. Note that since Eqs.~2.26! and
~2.27! differ only in the numerical value of the coupling
coefficient and since we regard this value as a parameter, our
results cannot be said to distinguish between the different
interpretations of the nature of the coupling. Nor can we
judge whether the solvent induces mixing of additional elec-
tronic states. As long as it decreases steeply with the
solvent–solute distance and depends on the polarizability of
the solute, the results will not be different. As will be clear
from the computational study, the results are sensitive to the
location of the crossing of the two states.

G. The diagonal solvent–solute interaction

This subsection discusses that part of the solvent–solute
coupling which does not change~i.e., that is diagonal in! the
electronic state of the solute. The molecular Hamiltonian,
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Eq. ~2.1!, included both the intra-[V̂j (R)] and the inter-
@Û j ~R,X!# molecular interaction for each electronic surface
~X, B, and all theas!. For each electronic state,j , the poten-
tial between the solvent and the solute in a given electronic
state was added to the intramolecular potential energy curve
so that each electronic surface had its own interaction with
the solvent. Here we discuss this interaction as viewed by the
solvent.

We consider the solvent to be composed of classical par-
ticles. Hence, the pure solvent Hamiltonian has the usual
form employed in classical MD simulations. To this potential
one has to add the solvent–solute interaction. The latter is of
a mean field form: the solvent interacts with all the iodine’s
electronic states and the importance of the interaction with
the j th electronic state is determined by its population

Wsolvent–solute5(
j51

N

nj~ t !Uj~R,X!, ~2.30!

where, as before, the summation is over the ground, excited,
and all the dissociative states.

In the mean field approximation for the solvent there is a
single ground state solvent that interacts with all the different
molecular electronic states. If one considers the solvent and
solute to be one large supramolecule, one could argue that
we should use different solvents: one for each electronic
state. This subtle point is actually inherently built into the
formalism. Suppose we do begin by using a different state of
the solvent for each electronic state of the molecule. This
does not require any change as one can always write the
wave function of the supramolecule as a product of the sol-
ute wave function times that of the solvent. We now write
equations of motion, for the solvent, and then take an aver-
age. The average equation of motion for the solvent is pre-
cisely our mean field equation. Of course, given only the
average equation of motion for the solvent, one has lost any
knowledge of the correlation between the solvent and elec-
tronic state of the molecule. The correlations can, however,
be exhibited explicitly by applying the present formalism to
both molecule and solvent. In such an approach, the equa-
tions of motion for the solvent acquire an electronic state
index. This means that a computation which keeps track of
the solvent–solute electronic state correlation is computa-
tionallyN times~N being the number of the solute electronic
states! more intensive than an ordinary MD method. This is,
however, not prohibitive.

III. RESULTS

The proposed approach was used to model the experi-
mental scheme of Scherer, Jonas, and Fleming.16 Figure 1
shows the three electronic states involved in the computation
@note that one cannot exclude the possibility of the presence
of a fortha8Og

1~3S2! dissociative state#. A weak ~3.731024

a.u.! femtosecond laser pulse centered at 550 nm and di-
rected along thez axis is used to excite the ground (X) state
iodine molecule into the bound region of the excited (B)
state. The time evolution of the electronic and nuclear de-
grees of freedom is followed using Eqs.~2.168! and ~2.25!

with special reference to the excitedB state and all the dis-
sociativea states. In discussing the results we center our
attention on the depletion of the excitedB state population as
a function of solvent density and polarizability, on the tem-
poral and spatial profiles of both the parent bound state and
the spawned dissociative products, and on the role of local
density versus the bulk solvent density. When appropriate we
refer and discuss the experimental results.32 We first discuss
some technical aspects of the computations.

A. Technical details

Prior to the application of the pump laser pulse, equili-
brated configurations of a single ground state iodine mol-
ecule embedded in different rare gas atoms at different den-
sities and temperatures were generated using the usual
procedures.49 ~The iodine molecule is given its zero point
energy and its phase is chosen at random, during the equili-
bration procedure both the phase and the energy are kept
fixed but the orientation is allowed to vary.! A Morse poten-
tial function was used for the iodine ground and excited state
potentials50 and a modified Morse potential was used to fit
the dissociativea state.51 Table I summarizes the different
potential energy parameters. The interaction of the iodine
molecule with the surrounding atoms, and that within the
solvent atoms themselves, is modeled using a pairwise
Lennard-Jones~LJ! 12–6 potential. For the former the usual
combination rules were applied. As no attempt is being made
at this point to numerically fit any experimental results, the
same LJ potential parameters were used for all three elec-
tronic surfaces. The LJ parameters are also given in Table I.
As discussed in detail in Sec. II F, the value of 1.8 Å3 is
chosen for the nondiagonal polarizability matrix element,
aB2a . The ionization potentials and polarizabilities of the
different quenchers~Ar, Kr, and Xe! are given in Table II.

Once the external pump field is switched on, the follow-
ing equations of motion were integrated: for the solvent at-
oms we propagate the usual Hamilton equations including
the mean field coupling to the solute, Eq.~2.30!. For the
iodine molecule we solve for the electronic and nuclear~po-
sition and momentum! degrees of freedom for theX, B, and
anya state that is already populated.~Whenever theB state
molecule approaches the crossing region, the number ofa
states increases by one.! Hence, each of our trajectories or
time histories is composed ofN quasiclassical solute trajec-
tories for the solute molecule: one on the ground state, one
on the excited state, andN22 on the differenta states.~Note
that this hardly affects the numerical effort which is deter-
mined by the number of solvent molecules, 250 in this com-
putation.! The reported results are for an ensemble of such
runs. A fifth-order Gear predictor–corrector integrator with a
variable time step was used to propagate the equations of
motion. In the propagation of the electronic part an interac-
tion picture representation was used. This resulted in higher
numerical stability, which allows the specification of a larger
minimal step and to increase it further whenever there is no
~and/or very small! nonadiabatic coupling between any two
electronic states. The inherent conservation of probability
was used as a criterion in determining the time step in the
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propagation. In the computation we do not allow the trajec-
tories that describe the recombination to change their elec-
tronic state. This is not consistent with what is known from
ps studies13 and hence the long-time behavior will not be
well described by our simulation.

Unlike the nuclear degrees of freedom for which one
needs to solve only for the diagonal observable~i.e., the
position and momentum on each electronic state!, for the
electronic part we solve both for the diagonal and the off-
diagonal part of the electronic density matrix~a total of 2N
equations!. Due to the large energy spacing of theX andB
states an interaction picture representation for the propaga-
tion of the electronic part@see Eq.~2.168!# was used. The
solution of the electronic~and also that of the nuclear! equa-
tions involves the computation of Franck–Condon overlap
integrals which~for our specific choice of the nuclear wave
function! are expressed in terms of the average position and
momentum on each electronic state. As discussed in detail in
the Appendix, care should be taken when computing this
overlap if one wishes to correctly model the time scale of the
interstate coupling. If in each of our runs we simply use the
instantaneous value of the position and momentum on each
surface to compute theX–B overlap, the decline of the over-
lap integral is too rapid when compared to an exact gas-
phase one-dimensional quantum calculation. Therefore one
cannot use uncorrelated values of the position and momen-
tum on the ground and excited surfaces to compute the over-
lap integral. The way to correct for this is to use correlated

wave functions on the ground and excited states. Hence, for
the ground surface wave function we use the instantaneous
value of the position and momentum~on the ground state! as
the average position and momentum (^R&1 ,^P&1), whereas
the average position and momentum of on the excitedB state
(^R&2 ,^P&2) are computed as the mean of the ground and
excited state values with the weights given by the popula-
tions. This ‘‘mean field’’ procedure compares very favorably
with the exact quantal results.52 For all the B–a overlap
integrals no such problem of time scales is encountered53 and
we therefore use the instantaneous values of the position and
momentum on each surface to compute the overlap integral.

The solution of first-order differential equations requires
a single constant of the motion in the form of initial condi-
tions. For the nuclear equations this implies that~in addition
to the ground state initial conditions! one has to determine
the initial position and momentum on theB state and all the
a states. In the approximation that the intrastate dynamics is
classical these are sampled from the Franck–Condon region
that can be accesses by classical mechanics. We first sample
the energy on theB state from a Gaussian distribution deter-
mined by the uncertainty in energy which is induced by the
limited duration of the pulse. The position on theB state is
then chosen from a narrow region between the inner classical
turning point on theB surface~at the chosen energy! and the
outer turning point on the ground electronic state. The bound
B state spawns the dissociativea state; hence the initial en-
ergy for eacha state is determined by the instantaneous
value of the energy on theB state. The latter may change
with time due to the interaction with the surrounding solvent.
Once we determine thea state energy the position and mo-
mentum are sampled between the inner classical turning
point of thea state and theB–a surface crossing point for
the case of predissociation that occurs when theB state mol-
ecule stretches and between the crossing point and a point to
its right where the Franck–Condon factor between the two

TABLE I. Potential parameters used in the molecular dynamics simulations.

Morse parameters
V5De~12exp„b(r2r e)…!

21Te
De ~cm21! be ~Å21! r e ~Å! Te ~cm21!

X 12 440 1.875 2.656 0
B 5 169 1.696 3.025 15 771

a1g~
3P! state potential

V5De
(1) exp„22be

(1)(r2r e
(1))…22De

(2) exp„2be
(2)(r2r e

(2))…1Te

De
(1) ~cm1! De

(2) ~cm21! be
(1) ~Å21! be

(2) ~Å21! r e
(1) ~Å! r e

(2) ~Å! Te ~cm1!

a1g~
3P! 281.73 63.73 1.5498 0.6853 4.0262 5.812 12 440

Lennard-Jones parameters
e ~kJ/mol! s ~Å!

Ar–Ar 0.996 3.40
Kr–Kr 1.3635 3.83
Xe–Xe 2.0772 4.06
I–I (X B a) 6.318 3.78

TABLE II. Ionization potentials~I.P.! and polarizabilities~a!.

I.P. ~eV! a ~Å3!

Ar 15.94 1.69
Kr 14.0 4.22
Xe 12.17 6.93
I (B) 7.35
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surfaces is practically zero for the case of predissociation in
the opposite direction, i.e., theB state molecule contracts.
The a state trajectories are placed in this asymmetric form
around the crossing point~to the left of it for forward spawn-
ing and to the right of it for backward spawning! for the
following reason. Suppose we examine a forward spawning
event~the reasoning for backward spawning will follow the
same lines! and we decide to put some ‘‘virtual trajectories’’
also to theright of the crossing region.~We refer to these
trajectories as ‘‘virtual’’ because they are still not popu-
lated.! These trajectories will remain in their initial position
for a long time and start moving only when theB state tra-
jectory overlaps with them so that thea state population
increases from zero.~Since we are propagating the position
and/or momentum of an electronic state times its population,
any new state starts to propagate only when its population
begins to differ from zero. This will occur only when the
overlap with the parent state starts to differ from zero.! On
the other hand, suppose that we follow the dynamics of a
‘‘virtual trajectory’’ that was placed to theleft of the crossing
point. It starts to propagate earlier for the very simple reason
that its overlap with the parentB state started to vary from
zero at an earlier point in time~remember that we are exam-
ining a forward spawning event!. Hence, if we look on two
‘‘virtual’’ trajectories that are placed to the right and to the
left of the crossing point, the only difference between them is
the point in time in which they start to propagate. At this
point one may argue that this will make a big difference
because these two trajectories will enter the probing window
~which is placed at an intramolecular distances of;4 Å on
the dissociativea state, see below! at very different times.
This is not true and has been checked. The reason is that the
extra time which the trajectory to the left of the crossing
point has propagated is very similar to the time that it takes
to the B state trajectory to reach the region at which its
overlap with the trajectory which is placed to the right of the
crossing point varies from zero. In other words the ‘‘extra’’
time of propagation by the left-placed trajectory coincides
with the time that the right-placed trajectory stands and
waits, so that if we consider thatt50 is the time that the
right-placed trajectory started to move, then the left one
would reach the position of the right one att50. From this
point on their propagation is, of course, the same. All these
arguments apply also~in an inverse way! to the backward
spawning. To conclude, what our procedure does is to ensure
that for our ensemble of trajectories there is, on the average,
a continuous nonzero overlap between the parentB state and
the newly spawneda state, throughout the coupling region
so that the dynamics and hence the population transfer are
correctly weighted by the Franck–Condon overlap factors.

B. Pump–probe

When a Gaussian-shaped pulse with a FWHM of 50 fs
~centered att0560 fs! and a carrier frequency of 550 nm
interacts with the molecules about 5%–6% of the ground
state population is found to be excited.52,54This low fraction
is in agreement with the experimental observation of less

than 10%.16 The time profile of the excitedB state popula-
tion as a function of time for different liquid Ar, Kr, and Xe
densities~at 300 K! is shown in the three panels of Fig. 2.
~Note that the computations were performed at the same re-
duced densities,r*[rs3, wheres is the range of the rare gas
atom–atom LJ potential, and that the excited state population
is normalized, for each density and rare gas, so that it equals
unity at its maximum.! In agreement with experiment, and
unlike the ground state population whose value remains con-
stant once the ultrashort laser-inducedX→B coupling has
decreased to zero, the excitedB state population is being
depleted due to solvent induced electronic predissociation.
As is only to be expected from the form of theB–a cou-
pling, Eq. ~2.27! @and/or ~2.29!#, that involves the inverse
sixth power of the molecule–quencher separation, the spe-
cific amount of population transfer~for each of the rare
gases! depends on the density of the surrounding solvent. As
the density is increased, the molecule–quencher distance de-
creases~on the average!, the coupling increases, and hence
the more extensive is the depletion. We return to this point in
detail, when we analyze the computational results in Sec.
III C.

On a stretched time scale~Fig. 3!, it is clear that theB

FIG. 2. The~normalized! excitedB state population for various~increasing!
reduced densities and solvents as a function of time in fs~all the results are
for 300 K!. To excite the ground state molecule a Gaussian-shaped pulse
centered att0560 fs with a FWHM of 50 fs and a carrier frequency of 550
nm is used. The field amplitude is 3.731024 a.u. and the electronic transi-
tion dipole of the iodine is 1 a.u. For these field parameters about 5%–6% of
the ground state population is being excited.31,52Here and in all other figures
the results are for an ensemble of 100 trajectories. We normalize the excited
state population according to its maximum value to make the comparison
between different densities clearer. In agreement with the experiment the
initial excited state population is depleted due to solvent-induced electronic
predissociation of theB state into the dissociativea1g~

3P! state.
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state population does not decrease monotonically but rather
by a series of not equally spaced steps whose sharpness de-
pends on both solvent density and temperature. We interpret
this staircase decrease in the population as the result of the
very localized region of the solvent induced interstate cou-
pling. The initially excitedB state population is localized in
the Franck–Condon region close to the inner classical turn-
ing point. As it begins to evolve it moves to the right and
approaches the crossing region,~Fig. 1!. TheB–a coupling
@that depends on the Franck–Condon overlap integral, see
Eq. ~2.27! and/or~2.29!# increases and some of the excited
state predissociates. Once theB state ‘‘molecule’’ has tra-
versed the crossing region the coupling gradually decreases
to zero. The spawned dissociativea state population contin-
ues to evolve with positive momentum toward larger inter-
atomic separations, while the remainingB state population
continues to evolve on its bound potential. The excited state
B ‘‘molecule’’ will reverse the sign of its momentum either
when it reaches the outer classical turning point or when a
neighboring solvent atom prevents it from fully stretching.
Once the molecule begins to contract the same predissocia-
tion event can occur, i.e., as the molecule approaches~but
now, from the right! the B–a crossing region, the solvent-
induced coupling gradually changes from zero and some
population is being transferred to the dissociative state. This
time the predissociation occurs when the molecule is con-
tracting. Thus, every excitedB state vibrational period in-
volves two predissociation events: one ‘‘in the forward di-
rection,’’ i.e., when the molecule is stretching and the second
‘‘in the backward direction’’ when the molecule is contract-
ing. For each classicallike trajectory in our initially localized
ensemble@it is localized to the extent that the pulse is short
~50 fs! compared to the vibrational period~350 fs! of theB
state at the energy of the excitation# the predissociation
events are limited to such short time durations where the
excited state molecule is within the Franck–Condon overlap
region between theB anda surfaces. We therefore expect to
see a steplike behavior for each trajectory. Once we average

over the ensemble the steplike form will persist only if the
ensemble is still localized, i.e., if different members in the
ensemble predissociate at very similar times.@This result is
in accord with the quantum mechanical understanding: for a
stationary excited state the loss of population will be con-
tinuouslike, whereas if the excited state is a nonstationary
coherent state the population will decay by a steplike mecha-
nism that reflects the coherent vibrational motion of the ex-
cited state wave packet.~Note that even for a stationary state
if the rate of population depletion is very large we may cre-
ate a ‘‘hole’’ in the excited state. In such an extreme situa-
tion the dynamics of the population decay will reflect the
dynamics of the filling of the hole.!#

As a direct spectroscopic measure for the excited state
vibrational localization, Fig. 4 shows the time-dependent ul-
trafast probe absorption spectrum. This absorption spectrum
corresponds to a vertical transition from near to the inner
turning point on the excitedB surface into a higher in energy
ion-pair state. The localized nature of the ensemble of trajec-
tories results in a time-dependent spectrum that can be mea-
sured experimentally.15–18,55–57In agreement with the experi-
mental results the duration and magnitude of this localization
depends very much on the environment of the iodine mol-
ecule and it reflects the role of three processes. First~and, for
the higher densities, foremost! one observes a gradual de-
crease in the contribution to the absorption spectrum due to
solvent-induced electronic predissociation. The more dense
is the solvent, the more pronounced is this effect. Over and
above is the delocalization due to the loss of vibrational lo-

FIG. 3. Same as Fig. 2 but for a single reduced Ar density at two different
temperatures~80 K full line and 300 K dashed line! and with a stretchedy
axis. Due to the slower loss of vibrational coherence at lower densities, and
specifically so at lower densities and temperatures, the steplike depletion of
theB state population is more pronounced and it persists for longer periods.
~Note the strong dependence on temperature.! In the text we discuss in detail
why the steps are not equally spaced in time.

FIG. 4. The time dependence of the ultrafast probe absorption spectrum for
two reduced densities for Ar~upper panel! and Xe~lower panel! at 300 K.
The absorption spectrum corresponds to a vertical transition from close to
the inner turning point of the excitedB surface, into a higher in energy
ion-pair state. The initially localized nature of the ensemble of trajectories
results in a probe spectrum that is time dependent. The overall decrease in
the amplitude of the absorption spectrum is due to both solvent-induced
electronic predissociation and to the loss of vibrational localization~caused
both by the intramolecular anharmonicity and by the interaction with the
solvent!. Both processes scale with the reduced solvent density and hence
the localization is more extreme~narrower peaks!, and it prevails for longer
periods, at lower densities. Note how at the same reduced density Ar is a
much better quencher. This result is discussed in Sec. III C in detail.
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calization caused both by the solvent-induced vibrational
spreading~which also scales with the density! and to the
intrinsic molecular anharmonicity which is an intramolecular
source of delocalization.

In a previous computation,31 in which there was no
population decay from theB state, the loss of vibrational
localization has been shown to be a direct result of the spe-
cific form of theB state potential energy curve that is shal-
low with a large anharmonicity and with a large equilibrium
distance~see Fig. 1!. As a result of its shape, it is more often
the case that the repulsive interaction with the surrounding
solvent atoms prevents the excited iodine molecule from
fully stretching itself. In an ensemble of excited state mol-
ecules this results in a somewhat different vibrational period
for each molecule and hence the rapid vibrational spreading
at high densities. We note, however, that even at high den-
sities the spreading is not immediate and hence one does
observe a steplike behavior at very short times for all densi-
ties. At moderate to lower densities~and specifically so at
lower temperatures, cf. Fig. 3! the repulsive interaction with
the solvent is less pronounced~as the average molecule–
solvent separation is larger! so that the vibrational localiza-
tion, and thus the steplike depletion of excitedB state popu-
lation, persists for longer periods.

The steplike depletion of the excited state population
results in a bulletlike appearance of dissociativea state
population. The two panels of Fig. 5 demonstrate this effect
@for two Ar reduced densities of 0.119, panel~a!, and 0.475,
panel~b!# by showing snapshots of the dissociative popula-
tion at four, increasing, time periods. At these points in time
the dissociative population is localized at~and about! a large
intermolecular separation of;4 Å. This distance is beyond
the curve crossing point~cf. Fig. 1!, and within the experi-
mental probing window~see Figure 12 of Ref. 16!. The first
population appears at this distance at around 200 fs@lower
panels of Figs. 5~a! and 5~b!#. This delayed appearance of
dissociative population agrees with the experimental mea-
surements and reflects both theB state dynamics~the time
evolution from the Franck–Condon region near the inner
turning point to the crossing region! and thea dynamics
~from the crossing region to the probing region!. As the dis-
sociative population continues to evolve on the repulsive po-
tential it starts to spread@second panels of Figs. 5~a! and
5~b!# due to both the repulsive form of the potential and to
the almost immediate onset of the interaction with the sur-
rounding solvent which is quite significant at this large inter-
nuclear distances. This effect is somewhat more pronounced
at the higher density@panels~b!#, than at the lower one@pan-
els ~a!#. As argued earlier, the appearance of a second spike-
like dissociative population on thea state@dotted sticks in
the third panels of Figs. 5~a! and 5~b!# is delayed to a longer
time period due to two reasons: the first is the asymmetry of
the excited state dynamics with respect to the curve crossing
region and the second is the initial negative direction of the
momentum of the backward spawned population~since the
molecule predissociates when it is contracting!. A close ex-
amination of even@i5even number in Eq.~2.1!# spawned
populations versus odd ones~at the same internuclear sepa-

ration! reveals that the former are somewhat less localized
than the latter. We consider this effect~which is more pro-
nounced for the heavier solvents Kr, and Xe! to be a physical
one and attribute it to the longer time duration which evena
states populations spend on the repulsive potential before
entering our probing window. Unlike the odda states which
have a positive initial momentum, evena states have a nega-
tive initial momentum. Hence, any evena state population

FIG. 5. Histograms of thea1g~
3P! populations versus the iodine intramo-

lecular separation at four time points for two reduced Ar densities:~a!
r*50.119 and~b! r*50.475. Different shadings are used to represent the
different exits from theB to thea1g~

3P! state.~In binning the results each
trajectory is weighted by its population.! Shown are the first three exits
~black, dotted, and blank! which correspond to the first three steps in Fig. 2
and/or 3. The time periods at which the first, third, and forth panels@of both
~a! and ~b!# are drawn are such that the first, second, and third dissociative
populations reach an average intramolecular separation of about 4 Å.~This
distance is about the upper limit of the experimental probing window.16! The
initial localized nature of the dissociative population is a direct result of the
vibrational coherence in the parentB state. For both densities, evidence for
the delocalization of thea1g~

3P! state is apparent already 60 fs after the first
appearance of population at a distance of 4 Å@second panel in~a! and~b!#.
This rapid delocalization is both due to the repulsive anharmonic shape of
the a1g~

3P! potential and to the cage of the surrounding liquid atoms. As
time evolves the spreading in the population becomes more pronounced and
in the third and forth panels@of ~a! and ~b!# one observes trajectories that
reversed the sign of their momentum. As expected this cage effect is more
pronounced at the higher reduced density@panel~b!#. The time instants~190,
480, and 540 fs! at which the dissociative populations appear in our probing
window are not equally spaced. This is due to both the asymmetry of theB
state dynamics with respect to theB–a1g~

3P! curve crossing point, and to
the negative momentum with which even-numbereda1g~

3P! states are be-
ing spawned.~See text for more details.!
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first travels toward its inner turning point after which it
traverses the sign of its momentum and propagates toward
our probing window. Due to these two delays, and to the
shorter time period of cycling from the crossing region to the
innerB state turning point and back, there is a rapid appear-
ance of a third localized dissociative population~blank sticks
in upper panels!. These time-asymmetric appearances of dis-
sociative populations will continue as long as the excitedB
state is localized. Once the latter spreads we expect the
former to be less localized.

As in the experimental scheme we limit our probing~i.e.,
integration! time to short time periods. Yet, even at this short
time scale there is an almost immediate onset of interaction
between thea state and the liquid. If we follow the first
spawneda state we see that after only half a picosecond it is
already highly delocalized and some of it has already been
caged by the surrounding liquid atoms. The effect of the
initial localization and the almost immediate spreading, fol-
lowed by caging, is demonstrated in the three dimensional
plots of Fig. 6 where we show the first, second, and third
spawned populations as a function of distance and time~for
Xe at a reduced density of 0.237!. The caging of the disso-
ciative population by the first~and also second! solvation
shell is more pronounced for the heavier Xe atoms, when
compared to either Kr and/or Ar. To date, no experiment has
attempted to distinguish between newly spawned population
and the one resulting from~older! caged populations that
traversed the sign of their momentum and reentered the prob-
ing region for the second~and possibly also third! time.

C. The role of the rare gas solvent

The results of Sec. III B and the form of theB–a cou-
pling Eq. ~2.30!, suggest that if we consider a ‘‘theoreti-
cian’s’’ solvent, where, at a given density, the polarizability
can be determined at will, then the higher the polarizability
the more rapid the loss of population. Unfortunately, one
cannot, in reality, just vary the polarizability while keeping
all other things equal, with the result that the extent of pre-
dissociation for different inert gases at the same reduced den-
sity does not simply scale with the polarizability.~The re-
duced density is defined using the rare gas range parameter
s,r*5rs3 and in what follows we often refer to it as the
global density.!

The two panels of Fig. 7 compare the excited state popu-
lation ~against time! for the three rare gases Ar, Kr, and Xe at
the same reduced densities~r*50.237 and 0.356!. At the
same global density Ar is always a more effective quencher,
when compared to either Kr and/or Xe, in inducing predis-
sociation ~the final excited state population is the lowest!,
whereas Xe is a better quencher than Kr.

To elucidate the somewhat unexpected order of efficacy
of the different rare gases we reexamine theB–a coupling
term. As argued in Sec. II F, the two different points of view
of explaining the prompt solvent-induced electronic predis-
sociation result in a coupling term that is identical up to a
numerical factor. To a leading order the solvent-induced in-
terstate coupling term scales with the quencher’s polarizabil-

ity and it is proportional to the inverse sixth power of the
molecule–quencher separation. In the MD simulations we
sum over all the solvent atoms and weight their contribution
according to their orientation with respect to the internuclear
axis of the excited molecule. At the same reduced density,
and in analogy to gas-phase-collision-induced electronic
predissociation,20–23,27one may therefore expect the quench-
ing efficiency to decrease when going from Xe to Kr and
then to Ar. ~The polarizabilities scale with the size of the
quencher and hence reduce from 4.22 Å3, to 2.56 Å3, and to
1.69 Å3, respectively.! Although the scaling with the polar-
izability is important, one has to consider also the strong
dependence on the molecule–quencher distance. An inverse
sixth power dependence implies two things: first when sum-

FIG. 6. Three-dimensional plots of the first~upper panel!, second~middle
panel!, and third~lower panel! a1g~

3P! state populations as a function of
atom–atom distance, and time~in fs! for Xe at a reduced density of
r*50.237. These plots demonstrate two points: the first is the initial local-
ization of the dissociative populations and its very rapid spreading, and the
second is the evident caging by the surrounding atoms. When compared to
Kr and/or Ar the caging of the dissociative populations by the first~and also
higher! solvation shell is more pronounced for the heavier Xe atoms.
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ming over all the liquid atoms we expect only a small num-
ber of them—the ones nearest to the excited molecule—to
have a major contribution to the magnitude of the coupling
term. This is true regardless of the specific identity of the
quencher. The second effect concerns the local density. Al-
though we compare results for the same global density we
cannot directly infer from it what the immediate solvent ar-
rangement about the solute is. The latter is determined by the
first solvation shell that surrounds the excited iodine mol-
ecule and it has the dominant contribution to the coupling
term. Now the distance from the molecule to the nearest
solvent atoms is determined by the length scale of the
solvent–solute interaction which is computed using the usual
combination rules. As the size of the solvent increases~Xe
.Kr.Ar! so does its length scale and hence the solvent–
solute length parameter. This implies that regardless of the
value of the global density, a small number of Ar atoms
which immediately surround the iodine molecule may find
themselves closer in than Kr and/or Xe. Since these close
atoms are the important ones, this more effective clustering
of the smaller solvent atoms may compensate and overcome
their smaller polarizability with the end result being that the
smaller quencher atom induces a larger coupling term. For a
single rare gas atom the two-body potential used in the simu-
lations may over emphasize the importance of a T-shaped
configuration. However, in the liquid the attraction between
rare gas atoms does compensate for this. The essential point
is that one should not interpret the results using a model of a
continuous polarizable medium for the solvent, but rather

study the molecular details of the first solvation shell that
surround the reactive system.

There are several ways for checking this assumption and
we begin with the simplest one. In Fig. 8 we show the initial
value of theB–a coupling term for the three liquids at the
same reduced density. This value is computed as an average
over the initial equilibrated configurations used in MD the
simulations, and it shows the same trends as Fig. 7.@What
we compute does not include theB–a Franck–Condon inte-
gral, i.e., the last term in Eq.~2.29!, and as expected the
magnitude of the coupling increases with density, for all sol-
vents, as the average solvent–solute separation decreases, cf.
Fig. 2.# Consider first the Ar: at all global densities it induces
the highest interstate coupling and hence it is always the
most effective. For Kr and Xe we see that they have almost
the same value at the second reduced density, and then for all
higher densities Xe induces a larger coupling. This is in
agreement with the results for the predissociation where at
the second reduced density Kr is slightly more effective at
very short times.~At longer times Xe overcomes Kr, as dis-
cussed below.!

The solvent arrangement about the solute is not static
and in Fig. 9 we show how the interstate coupling varies
with time. ~As in Fig. 8 we only show the part of the cou-
pling that depends on the excited molecule–solvent param-
eters and we do not include theB–a Franck–Condon over-
lap. During the short predissociation process, this
intramolecular term will be the same, on the average, for all
solvents and densities.! For all solvents and densities~we
show here only two!, the long-time trend is for a gradual
slow increase in the magnitude of the coupling term. This
trend is likely to be a result of the local heating of the first
solvation shell due to the repulsive interaction with the dis-
sociative population. As the solvent is~locally! heated the
amplitude of the solvent–solute motion increases and hence

FIG. 7. As in Fig. 2 but for various solvents at the same reduced density in
an increasing order. Upper panel:r*50.237, lower panel:r*50.356. Al-
though the Ar atom has a much lower polarizability at the same reduced
density, it is always the most effective quencher and Xe is more effective
than Kr. This surprising result is due to the strong~inverse sixth power!
dependence of theB–a coupling term on the molecule–quencher distance.
The smaller Ar atom is able to approach the excited ‘‘molecule’’ to within
a shorter separation and thus compensate and overcome its smaller polariz-
ability. Although this argument is also correct to Kr~when compared to Xe!
it does not suffice to compensate for the much larger polarizability of Xe
and hence Xe is more effective than Kr. The role played by these two
factors, polarizability and local density, is discussed in detailed in the text
and in Figs. 8–10.

FIG. 8. The initial value of theB–a coupling term as a function of the
reduced density for Ar, Kr, and Xe. The coupling is computed using Eq.
~2.29! and it is averaged over the initial equilibrated configurations used to
produce the MD simulations.~There are 100 configurations each with 250
solvent atoms.! The reported values do not include the time-dependent
Franck–Condon overlap integral which is the same, on the average, for all
densities and solvents during the short predissociation process. In agreement
with the predissociation results, Fig. 7, Ar induces the largestB–a coupling.
For Kr and Xe, Xe is more effective at all reduced densities but the second
in which the initial value is similar to that of Kr. Although at the second
reduced density the initial value is the same, its variation with time agrees
with the predissociation results~see Fig. 9!.
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the increase in the coupling.~Note, however, that this in-
crease is gradual, reaching only about 30% of the initial
value over 1 ps.! Although the magnitude of the coupling is
not constant, its time variation conforms with the results of
Fig. 7. For all times and densities Ar has the largest absolute
value. For Xe and Kr we see that for the second reduced
density, lower panel, the initial value of the coupling is simi-
lar to that of Xe but then very quickly the bulkier Xe atoms
overcome the Kr.

The propensity for clustering around the solute molecule
has a strong angular dependence. In Fig. 10 we plot the two-
dimensional solvent–solute distribution function, denoted as
g(x,y)5g(R,u), for Kr and Xe at reduced densities of
r*50.356 and r*50.593, respectively. Like the one-
dimensional radial distribution,g(R), this is the probability
density of finding a solvent atom at a positionx,y with re-
spect to the center of mass of the iodine molecule as com-
puted from the initial equilibrated configurations.~We aver-
age over 100 configurations each one with 250 solvent
atoms.! The polar distribution function clearly demonstrates
two effects: first we note that at all densities and for all three
solvents~here we show only two plots, but very similar re-
sults are obtained at all densities! one always finds a few
~<4! atoms that are very close to the internuclear axis and as
argued above this local density does not scale with the global
one but remains almost constant. In addition we also see that
the iodine molecule, as viewed by the solvent, is not spheri-

cal but rather peanutlike in shape and hence there is a clear
preference for a T-shaped configuration. The nearest solvent
atoms are situated perpendicular to the nuclear axis~where
they can interact equally with both iodine atoms! and not
parallel to it. A closer inspection of these two-dimensional
plots shows that at higher densities this tendency of aligning
perpendicular to the internuclear axis extends to the second
~and even third! solvation shells at higher densities. It is
these T-shaped configurations, for which the solvent atoms
are closest to the center of mass of the molecule, that give
the major contribution to magnitude of the interstate cou-
pling. The smaller is the atom, the closer it can get to the
molecule. In the two-dimensional plots it is hard to see that
the smaller Ar atoms are actually closer to the molecule than
the bulkier Kr and/or Xe atoms and hence in Fig. 11 we
compare the one-dimensional solvent–solute distribution
function,g(R), for Ar, Kr, and Xe at the same global den-
sity. It is the evident difference at very short distances that is
responsible for the more effective quenching by the smaller
Ar, whereas for Kr and Xe the smaller distance approached
by the Kr atoms does not suffice to compensate for the larger
polarizability of Xe.

In a previous computation that did not include the disso-
ciativea state we have observed the vibrational localization
in the excited state to be a strong function of solvent density
and temperature.31 The long range of theB state potential
enhanced the effect of the solvent on the excited state dy-
namics and as the density was increased, the spreading time
decreased as the solvent prevented the excited iodine mol-
ecule from fully stretching itself. All of our arguments on the
local density therefore imply that at the same global density
the vibrational delocalization rate~due solely to the interac-
tion with the solvent and to the intrinsic molecular anharmo-
nicity! should be faster for the smaller Ar than for Kr and/or
Xe. As the simplest measure for the excited state vibrational
localization we plot in Fig. 12 the mean average value of the
excited state intramolecular distance as a function of time for
different environments.~This is a weighted average where
each trajectory is being weighted by its population and the
effect of predissociation is compensated by renormalizing
the average distance using the instantaneous value of the
excited state population.! For a stationary state this distance
is constant and hence we consider the amplitude to be a
measure of the nonstationarity of the ensemble. Clearly at
the same reduced density the delocalization rate increases as
the size of the solvent atom decreases.

Before concluding the discussion on the effect of local
versus global density we wish to emphasize that although the
local density does not vary much when the global density is
increased, the small increase combined with the normal de-
crease in the average solvent–solute separation when looking
at the second, third, and all higher, solvation shells, does
result in an increase in the magnitude of the coupling with
increasing global density~see Fig. 8! and hence results in a
more rapid solvent induced electronic predissociation~Fig.
2!.

FIG. 9. The same as Fig. 8 but as a function of time~in fs! and only for two
reduced densities. Upper panel:r*50.356, lower panel:r*50.237. At all
densities and for all solvents the long time trend is of an increase in the
magnitude of theB–a coupling. Upper panel: at all times Xe induces a
larger coupling than Kr and hence in agreement with the simulations results
~Fig. 7 lower panel!, it is more effective~than Kr! in inducing predissocia-
tion. Throughout most of the simulation time Ar induces the largest inter-
state coupling and it is therefore the most effective quencher. At long times
~.750 fs! Xe induces a larger coupling than Ar. Since the time integrated
value of the coupling is still larger for Ar it is more effective than Xe~and
of course Kr! in inducing predissociation. Lower panel: at this reduced
density the initial coupling induced by Xe and Kr is very similar but as time
evolves Xe overcomes Kr so that in agreement with Fig. 7, upper panel, the
initial magnitude of predissociation is very similar for Xe and Kr but very
quickly Xe becomes more effective. Again, in agreement with Fig. 7, Ar
induces the largest interstate coupling.
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D. The role of other solvents

Single color ~580 nm! dichroism measurements have
been made in a series of alkane solvents from pentane to
tetradecane.32 The dephasing time of the vibrational wave
packet in theB state decreases monotonically with increas-
ing chain length. It seems likely that the increased dephasing
time scale in the shorter alkanes reflects a decreased trans-
mission coefficient for crossing to thea state. However, only
in the case of hexane solution were direct observations made
of the a state population. Thus, for the other solvents con-
nection betweenB-state dephasing and curve crossing is not
definitely established. Such a connection does, however,
seem very likely and in this section we give a brief discus-
sion of the possible role of alkane solvents in mediating the
curve crossing.

If one considers only the variation in the molecular po-
larizability with increasing chain length, then the experimen-
tal results~decreasing dephasing time with increasing chain
length! are intuitively clear: theB–a coupling term is pro-
portional to the solvent polarizability and hence as the latter
increases the effective coupling also increases and predisso-
ciation is more rapid. Although this argument is correct, the
polarizability is not the only parameter that governs the
strength of the coupling which scales as the inverse sixth
power of the solute-quencher distance. From the prospective
of Sec. III C, this strong dependence on the separation sug-
gests that the coupling coefficient is quite sensitive to small
changes in the density. If we consider only the global den-
sity, the observed trend is far from obvious because the den-
sity is known to decrease with the length of the solvent chain
and hence one cannot exclude the possibility that this effect
may cancel out the increase in the magnitude of the coupling
due to the increase in the polarizability. Indeed, the polariz-
ability density remains almost constant when going from
n-pentane ton-decane.~The polarizability density is defined
as the density, in moles per cc, times the solvent’s molecular
polarizability.! This raises doubts regarding the possibility of
interpreting the experimental results using a model of a con-
tinuous polarizable medium for the solvent where the polar-
izability density is the key parameter. The result is however
consistent with the conclusions of Sec. III C regarding the
relative role of the different rare gases and suggests that here
too we give up the continuous interpretation in favor of a
local, molecular, point of view.

The decrease in the global density does not necessarily
imply that the structure of the first solvation shell that sur-
rounds the excitedB state iodine molecule has changed.
From the iodine’s perspective, the various alkanes are similar
in the sense that they may approach it to within a similar
distance regardless of their specific length.~This is unlike the
packing of two, or more, solvent molecules that does depend
on the length of the chains.! Hence, for all the various al-
kanes the excited iodine ‘‘molecule’’ sees around it a ‘‘gas’’
of ‘‘CH 2’’ ~and some ‘‘CH3’’ ! atoms whose density is very
similar. But this continuous description is again wrong as the
polarizability is a molecular property. Thus, although the
CH2 groups~and/or CH3! of different alkanes may approach

the solute to within a similar distance they are not equivalent
in that a change in their electronic density instantaneously
affects the entire molecule. Hence, the response of the dif-
ferent alkanes that approach the molecule to a similar dis-
tance is different and it does scale with the length of the
chain: the longer is the chain the larger is the polarizability
and hence the larger is theB→a dipole transition. If~as is
the case here due to the inverse sixth power dependence on
the distance! the magnitude of the coupling is largely deter-
mined by the local density rather than by the global one, then
this picture elucidates the experimental results: when going
from n-pentane ton-decane the global solvent density de-
creases while the molecular polarizability increases. The
former does not reflect on the immediate surrounding of the
solute which may be similar for various alkanes because
what matters is how close the end of the chain~and not
necessarily the center of the chain! can get to the iodine
molecule. It is this local similarity for different alkane chains
that results in the scaling of the quenching efficiency with
the length of the chain.

Note that when discussing the results for the homolo-
gous alkanes and for the different inert gases we have used a
similar argument: in both cases the local density was used to
explain the results. For the simple rare gases we have dem-
onstrated that the much shorter distances accessed by the
smaller Ar atom compensate and overcome its lower polar-
izability so that at the same global density it was always a
more effective quencher, while for alkanes we consider that
the similar local density compensates for the decrease in glo-
bal density~with chain length! so that at regular densities
and temperatures the molecular polarizability is thede facto
only relevant factor governing the extent of electronic pre-
dissociation. In other words, the alkanes come closer to be-
ing a ‘‘theorist’s’’ solvent than do the rare gases.

Before concluding we wish to stress that our argument
about the importance of local density versus global one does
not completely ignore the relevance of the latter. In particu-
lar we expect our assertions to be less decisive at very low
and/or high alkane densities or for branched chain alkanes.
At very high densities the second and higher solvation shells
would contribute more to the strength of the coupling~as
their distance to the iodine molecule decreases! and hence
the importance of global density would increase. At these
high densities one should also incorporate many body ef-
fects. At very low alkane densities it is not necessarily the
case that the immediate environment of the molecule is in-
dependent of the chain length.

IV. CONCLUDING REMARKS

A computational scheme based on a classical ensemble
representation of Heisenberg’s equations of motion was used
to study prompt solvent-induced electronic predissociation of
the excitedB state of molecular iodine. AnN electronic state
quantum mechanical Hamiltonian was used to model the
three relevant electronic states: the groundX state, the ex-
citedB state, and the dissociativea1g~

3P! state. Using this
Hamiltonian, Heisenberg’s equations of motion were derived
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for the various electronic and nuclear operators. Equations of
motion for electronic and nuclear observables oneachelec-
tronic state are obtained by taking the expectation value of
these operators over the total~electronic and nuclear! wave
function. This set of separate, yet coupled, equations enabled
us to follow the nuclear dynamics~position and momentum!
and electronic amplitudes on each electronic state: theX, the
B, and all the dissociativea states.

The discussion of the three electronic state problem cen-
tered attention on the intermediateB state and on the disso-
ciative a state. The ultra short molecule–laser interaction
results in the formation of a coherent wave packet close to
the inner turning point of the excitedB state. As it takes time
for the wave packet to evolve from the optically accessed
Frank–Condon region into theB–a crossing region the on-
set of the appearance of dissociative population at large in-
ternuclear distances is delayed and it reflects both the bound
state dynamics and the motion on the repulsive potential.
The localized nature of the crossing region and of the excited
B state population results in a staircaselike depletion of the
excited population~and hence a bulletlike appearance of dis-
sociative population! twice per vibrational period: once when
the molecule is stretching and once when it is contracting.
We consider the sharpness of the steps~or the lack of it! to
be a direct measure for the excited state vibrational localiza-
tion which depends very strongly on solvent density and
temperature and note that both the experiment and the com-
putation observed this localized~delayed! spawning of dis-
sociative population.

The steplike asymmetry~with respect to time! in the
depletion of theB state population was discussed and attrib-
uted to two effects: the asymmetry of theB state dynamics
with respect to the crossing region and the initial direction of
the momentum of the spawned population. In the extreme
limit, this asymmetry may even result in the detection of
only a single dissociative population per vibrational period
as the forward and backward spawned populations approach
the probing window at similar times.16

As the magnitude ofB–a coupling term depends on the
molecule–quencher separation the extent of solvent-induced
predissociation scaled with the density: the higher the den-
sity is, the more rapid the predissociation is. Unlike this ob-
vious scaling with density for each of the rare gases, the
comparison between different rare gases at the same reduced
density is less obvious. Due to the proportionality of the
coupling to the quencher’s polarizability one may expect that
at the same reduced density the small Ar atom will be the
least effective. In practice it turns out to be the opposite: at
all reduced densities we find the Ar solvent to be the most
effective quencher. It is the steep dependence of the solvent-
induced interstate coupling on the solvent–solute distance
that we regard as the explanation for this trend. For all the
rare gas solvents the local density of atoms around the iodine
molecule does not necessarily scale with the global one and
there is an observable tendency for clustering around the
solute ~at all fluidlike densities and for all solvents! with
special preference for a T-shaped configuration.@We do note
that the two-body potential used in the simulations is likely

to over emphasize the importance of this T-shaped configu-
ration, yet the general tendency of higher local density~as
compared to the global one! is likely to be qualitatively cor-
rect.# It is this tendency to cluster around the solute and in
particular at a position perpendicular to the intramolecular
axis that enables the smaller Ar atom to nestle closer in. This
close approach compensates for the smaller polarizability
and hence provides for a more effective solvent induced cou-
pling. These arguments were also used to explain the experi-
mental results of Schereret al.16 which demonstrated that for
a series of homologous alkanes the extent of predissociation
scales with the length of the molecular chain although the
global polarizability density remains roughly constant.
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FIG. 10. The two-dimensional solvent–solute distribution function,g(x,y)
for Kr ~upper panel! and Xe~lower panel! at r*50.356 and 0.593, respec-
tively. ~Both plots are at 300 K.! This distribution function is the probability
to find a solvent atom at a positionx,y with respect to the center of mass of
the solute molecule, which is at the origin, and it is normalized by the ideal
gas density~at the appropriate reduced density!. The results are an average
over the 100 initial configurations used to produce the MD results. At all
densities, and for all solvents, there is a clear preference for clustering
around the solute molecule so that the local density does not scale with the
reduced density. Furthermore, the clustering is preferentially in a T-shaped
configuration in which the solvent can interact equally with both iodine
atoms.
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APPENDIX: THE TIME-DEPENDENT
FRANCK–CONDON FACTORS

There are two localized interstate couplings that are rel-
evant to the present study. First is the laser inducedX–B
transition and later there can be solvent inducedB–a transi-
tions ~Fig. 1!. The relevant time-dependent Franck–Condon-
like factors appear in the equations of motion for both the
electronic@Eqs.~2.168! and/or~2.16!# and the nuclear@Eqs.
~2.18!# degrees of freedom. The time-dependent Franck–
Condon factor for the optical transition has already been dis-
cussed in detail in Refs. 31 and 52 and only the essential
details will be repeated here. In terms of the time depen-
dence, the laser-induced coupling is the more complicated
one of the two because it dependence on both the duration of
the laser pulse and on the overlap of the two nonstationary
nuclear wave functions on theX andB states. This is unlike
the B–a coupling whose time scale is determined only by
the overlap.

The simplest nonstationary wave function is a Gaussian
one

x j~R!5exp~ ib j !~mv j /p!1/4 exp@2~R2^R& j !
2/4DRj

2

1 i ^P& jR#, ~A1!

which is specified by a given position,^R& j , and momentum,
^P& j , on the electronic statej at the timet. For an uncer-
tainty limited state

ib j52 i ^R& j^P& j /2; 4DRj
252/mv j , ~A2!

with vj being the local harmonic frequency on thej th elec-
tronic surface. The advantage of the simple Gaussian form is
that it results in an analytic Franck–Condon integral.

The Gaussian wave function is used to explicitly com-
pute the modulus (m j2Aj2) and nuclear phase~wj2! of the
Franck–Condon overlap integrals that appear in the elec-
tronic equations@Eqs.~2.168!#:

m j2Aj2

5m j2S 2v j
1/2v2

1/2

v j1v2
D 1
2

3expH 2
@mv jv2~^R& j2^R&2!

21~^P& j2^P&2!
2/m#

2~v j1v2!
J

~A3!

w j252~v j^R& j^P&22v2^R&2^P& j1~v22v j !~^R& j^P& j

1^R&2^P&2!/2!/~v j1v2!. ~A4!

In Eqs.~A3! and ~A4! the indexj refers to the ground state
~j51! and to all thea states~j>3!. For the laser-induced
X–B coupling them12 factor is just the electronicX→B
transition dipole which is assumed to be independent of the
nuclear separation, whereas for theB→a solvent-induced
coupling it is given by

^m j2&52
3

2

I PI Q
~ I P1I Q!

RI2Rg
26 aQaB2a , j>3. ~A5!

In Sec. II F, Eq.~2.27!, we discuss the parameters that appear
in Eq. ~A5!. The corresponding Franck–Condon-like cou-
plings needed for the nuclear equations of motion are given
in Eqs.~2.23!.

While the nuclear wave function on theB state is local-
ized, the finite duration of theB–a interaction is determined
by the time it takes for a single classical trajectory to traverse
the curve crossing region. This argument implies that for
each trajectory in our ensemble one may use the instanta-

FIG. 11. The one-dimensional solvent–solute radial distribution function for
Ar, Kr, and Xe at the same reduced solvent density,r*50.237, and 300 K.
As in Fig. 10, the radial distribution function is computed from the initial
configurations used in the MD simulations and it is the probability to find a
solvent atom at a distanceR from the solute’s center of mass.~The normal-
ization is also as in Fig. 10, i.e., using the ideal gas density.! The inverse
sixth power dependence of theB–a coupling term on the molecule–
quencher distance implies that the major contribution to its magnitude is
from the few solvent atom that surround the solute. Hence, the difference at
very short distances@the initial rise ing(R)# is the one responsible for the
larger coupling induced by the smaller Ar atoms.

FIG. 12. The average relative separation in the excited electronic state as a
function of time, in fs, for Ar, Kr, and Xe, at a reduced density ofr*50.356
and 300 K. As in all former figures the results are for an ensemble of 100
trajectories each one weighted at each time point by the excited state popu-
lation. Note that unlike Fig. 4 we renormalize the excited state population
~at each point in time! to minimize the effect of predissociation and center
our attention on vibrational spreading. The average separation serves as a
measure for the nonstationarity in the excited state: the larger the amplitude
of the motion is, the more localized the ensemble is. In agreement with Fig.
7 at the same reduced solvent density the time scale for vibrational spread-
ing scales inversely with solvent size: the smaller the solvent is, the more
rapid the delocalization is. As discussed in detail in Sec. III D this is due to
the local density: at normal solvent densities the smaller Ar atoms approach
the solute to within shorter distances, cf. Fig. 11. These atoms prevent the
excitedB state molecule from fully stretching itself so that different trajec-
tories in our initially coherent ensemble have a somewhat different vibra-
tional time period and hence the loss of vibrational localization. The closer
are the solvent atoms, the more pronounced is this effect.

3054 Ben-Nun, Levine, and Fleming: Solvent-induced nonadiabatic transitions in I2

J. Chem. Phys., Vol. 105, No. 8, 22 August 1996
 This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

128.32.208.2 On: Thu, 07 Nov 2013 22:09:19



neous value of the position and momentum on theB and all
the a states to compute the appropriate~i.e.,B–a! Franck–
Condon overlap integrals with the following physical result:
for every trajectory in the ensemble the time scale for the
interstate coupling is determined by the time required to
traverse the crossing region. Upon averaging over trajecto-
ries this time scale would broaden a little if the ensemble of
classicallike trajectories is very localized and it would
broaden more as the ensemble becomes less localized. In
Ref. 53 we discuss in detail nonadiabatic nuclear dynamics
and compare our methods to exact one-dimensional quantum
propagation for the three canonical curve crossing problems
suggested by Tully.40

Unlike theB–a coupling whose time scale is correctly
determined by each trajectory, theX–B coupling is deter-
mined in part by the external laser pulse. In addition, the
Franck–Condon principle implies that the excited state is
formed in a narrow region, close to the inner turning point.
Thus, if one simply uses the instantaneous value of the po-
sition and momentum on theX andB states to compute the
(X–B) overlap integral, its decline to zero is faster than the
duration of the excitation pulse.~The latter has a FWHM of
50 fs and it is centered att0560 fs.! A brute force solution
would be to apply the fixed nuclei approximation: during the
time that the short pulse is operating the nuclei~on both the
ground and the excited surfaces! are kept fixed in their initial
position. This simple procedure was tested versus an exact
one-dimensional~gas-phase! quantum mechanical computa-
tion and was found52 to be sufficiently accurate only for
much shorter pulses. Otherwise, the clamped nuclei approxi-
mation results in an over population of the excited state. A
more sophisticated solution is based on a multi-Gaussian ex-
tension of our formalism. Rather than use a single Gaussian
on the excited state~and on the ground state! one can use
more than one Gaussian~on each surface, and particularly so
on the excited one! so that as long as the pump laser is on
there is a nonzero overlap between one~and possibly also
more than one! of the excited state Gaussians and a ground
state Gaussian. This extension does reproduce the quantum
results~to within quantitative agreement! and it nicely over-
comes the dephasing problem.52

In order to retain the simplicity of the algorithm we do
not use here the multi-Gaussian solution but rather compute
theX–B overlap integral in a manner that takes into account
the correlation established during the excitation stage. We
first consider ad-like excitation. As has been emphasized by
Heller58,59an instantaneous optical excitation is equivalent to
launching the ground state wave function times the dipole
operator,m̂12ux1&, on the upper electronic state. For a pulse of
finite duration the correlation is more complicated in that
there is a continuous buildup of the population on the upper
electronic state with the instantaneous increment in the wave
function being proportional to the wave function on the
ground state. The required correlation can be simply imposed
in the following manner. During the early stage of the tra-
jectory computation, i.e., while the laser pulse is ‘‘on,’’ we
use the ground state Hamiltonian to propagate and hence
determine the parameters^R&1 and^P&1 that parametrize the

ground state wave function,x1, whereas the parameters,
^R&2 and ^P&2, of the excited state wave function,x2, are
determined using a ‘‘mean field’’ potential35,36,60 which is
given by a weighted sum of the ground and excited state
Hamiltonians with the weights given by the population of the
state.
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