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Direct observations of the solvent induced electronic predissociation of I2(B) in liquid CCl4 are
made using femtosecond pump–probe measurements in which fluorescence from spin–orbit excited
I* I* pairs, bound by the solvent cage, is used as detection. Data is reported for initial preparations
ranging from theB state potential minimum, at 640 nm, to above the dissociation limit, at 490 nm.
Analysis is provided through classical simulations, to highlight the role of solvent structure on:
recombination, vibrational relaxation, and decay of coherence. The data is consistent with an
anisotropic I2(X) – CCl4 potential which, in the first solvent shell, leads to an angular distribution
peaked along the molecular axis. The roles of solvent structure and dynamics on electronic
predissociation are analyzed. The data in liquid CCl4 can be understood in terms of a curve crossing
nearv50, at 3.05 Å,Rc,3.8 Å, and the final surface can be narrowed down to 2g or a(1g). This
nonadiabaticu→g transition is driven by static and dynamic asymmetry in the solvent structure.
The role of solvent structure is demonstrated by contrasting the liquid phase predissociation
probabilities with those observed in solid Kr. Despite the twofold increase in density,
predissociation probabilities in the solid state are an order of magnitude smaller, due mainly to the
high symmetry of the solvent cage. The role of solvent dynamics is evidenced in the energy
dependent measurements. Independent of the kinetic energy content in I2, electronic predissociation
in liquid CCl4 proceeds with a time constant equal to the molecular vibrational period. A modified
Landau–Zener model, in which the effective electronic coupling is taken to be a linear function of
vibrational amplitude fits the data, and suggests that cage distortions driven by the molecule enhance
its predissociation probability. A nearly quantitative reproduction of the observations is possible
when using the recently reported off-diagonal DIM surface that couples theB(0u

1) anda(1g) states
@Batista and Coker, J. Chem. Phys.105, 4033 ~1996!#. © 1997 American Institute of Physics.
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I. INTRODUCTION

Ever since the first experimental studies of Eisent
et al.,1 the solvent induced predissociation of theB(3P0u

1 )
electronic state of molecular iodine has become a protot
for investigating nonadiabatic dynamics in condensed me
The literature on this subject is extensive. Here we cit
select set of recent developments, noting that extensive
tions of the relevant literature are given in the
references.2–12 With the combination of ultrafast experimen
tation, and nearly exact numerical methods for treating no
diabatic many-body dynamics,9,11,12 an accurate descriptio
of the coupled electronic-nuclear dynamics in this mo
system including all electronic states, now seems a real
goal.

The picosecond era of measurements in the liq
phase,2 mostly through transient absorption measureme
concluded that the predissociation of I2(B) occurs on a time
scale shorter than 1 ps.3,4 The fact that electronic predisso
ciation proceeds on a time scale comparable to vibratio
periods, immediately raises doubts about the notion of
scribing the underlying dynamics as a rate process, and
characterization by a single decay constant.

With a time resolution of 30 fs, Schereret al.studied the
8446 J. Chem. Phys. 107 (20), 22 November 1997 0021-9606/
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predissociation dynamics of I2(B) in the liquid phase
through careful measurements and analysis of transien
chroism and birefringence.5 They prepared the excited sta
using short pulses at 580 nm, and monitored the time ev
tion of the prepared coherence with variable waveleng
They concluded that the decay time of the prepared co
ence of 230 fs was controlled by predissociation, confirm
a time scale shorter than the equilibration of nuclear coo
nates. Moreover, based on probe wavelength dependen
the appearance time of the transient, among the several
sible curve crossings13 ~see Fig. 1!, they concluded that the
likely candidate for the main predissociation channel was
a(1g) surface.5

With the advantage of structural order, measurement
the same process in the solid state could provide an a
tional tool for characterizing this solvent induced intram
lecular electron transfer. We reported such studies perform
in solid Kr, in which we used femtosecond pump–pro
spectroscopy relying on fluorescence from the molecular i
pair states.6 We showed that for very similar initial prepara
tions of the molecule, the solid state predissociation pr
abilities were nearly an order of magnitude smaller than w
had been observed in the liquid phase.6 Given the nearly
twofold increase in local density, an order of magnitude
97/107(20)/8446/15/$10.00 © 1997 American Institute of Physics
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8447Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
duction in curve crossing probabilities is not a trivially o
vious result. A more direct comparison of observables, us
the same experimental technique, seemed warranted. In
paper we report single color pump-probe studies in liq
CCl4, with initial preparation that spans the full range of t
molecular potential, from minimum to above dissociati
limit. Our liquid phase measurements are in agreement w
those of Schereret al. Indeed predissociation in the soli
state is slower than in the liquid state. We will argue that t
result can be understood in terms of the local solvent st
ture. After narrowing down the main predissociation chan
to a(1g) or 2g surfaces, we recognize that the requisite
polar character of the off-diagonal surface that couples th
states undergoes severe cancellation when the local so
structure is highly symmetric. The electronic curve cross
is induced by static and dynamic solvent asymmetry, a c
lective effect which does not simply scale with solvent de
sity.

Quite relevant to the condensed phase studies are
high pressure gas phase measurements of Zewailet al.,7,8

who in their most recent work show a strongly nonline
density dependence ofT2 and T1 times, whereT1 can be
identified with the predissociation of I2(B).8 These experi-
ments help identify the nature of the off-diagonal matrix
ements that lead to predissociation. Both long range
short range interactions are implicated.

On the theoretical front, we mention three important d
velopments. In an ambitious undertaking, Batista and Co
~BC!, have presented simulations of I2 first in liquid Xe,9~a!

and more recently in solid Ar and Xe,9~b! in which nonadia-
batic transitions among all 23 states that correlate with
ground I(2P)1I( 2P) have been included. They construct
semiempirical diatomics-in-molecules~DIM ! Hamiltonian

FIG. 1. Relevant potential curves. The pump-probe experiments prepar
B state, and interrogate the time dependent populations by a variet
dipole allowed transitions, as indicated by the up-arrows. Fluorescence
I* I*→I* I is used as detection, with a variety of direct and indirect chann
leading to the population of the upper state. The indicated curves that c
the B state were taken from Ref. 13.
J. Chem. Phys., Vol. 107, N
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matrix for the I2–Rg interactions, and propagate trajector
on the coupled electronic surfaces. A DIM Hamiltonian f
I2–Ar was also constructed by Buchachenko and Stepan
who dissected the I2–Ar surfaces and off-diagonal coupling
involving the B state.10 The reported simulations with th
DIM potentials lead to extremely rapid predissociatio
through a variety of crossings, in qualitative agreement w
the liquid phase results. However, the solid Ar simulatio
also predict ultrafast predissociation, now in discord w
experiment. It would seem that adjustment of the element
the DIM Hamiltonian are necessary, and at present, ex
iments are the only viable means to this end.

Ben-Nun and Levine considered the liquid phase pred
sociation of I2 through simulations that carefully treat th
nuclear nonadiabatic dynamics, while assuming a simplifi
electrostatic model for the electronic coupling betwe
states.11 Their treatment is limited to the consideration of th
crossing betweenB(0u

1) anda(1g) curves, and designed t
be in agreement with the experiments of Schereret al.5 They
underscore the strong local density dependence of rate
their model, which would suggest that predissociation in
solid state would be significantly faster than in the liqu
phase. A more careful treatment of the electrostatic coup
was provided by Roncero, Halberstadt, and Beswick,~RHB!,
in their treatment of the predissociation of the I2–Ar van der
Waals complex, in which they explicitly indicated the ang
lar anisotropy of the coupling surface.12 As we elaborate, this
is implicit in the DIM treatment,9,10and key to understanding
predissociation in dense media.

The usual femtosecond pump-probe measurements o2

use the molecular ion-pair states as the terminus for
probe transition.14 Such measurements have not been p
sible in the liquid phase, due to rapid quenching of the io
pair states in such media. To overcome this difficulty o
experiments were designed to use the I* I* surfaces as fina
states. All three states that arise from I* (2P1/2)1I* (2P1/2)
are repulsive~see Fig. 1! and do not sustain population in th
gas phase.15 However, in condensed media, the pair of sp
excited atoms can remain in contact per force of the solv
cage, with radiation as their main relaxation channel. A
tailed spectroscopic analysis of these transitions, and
photodynamics of the doubly spin-excited I* I* states in vari-
ous liquids and solid matrices, has already been given.16 In
the time resolved studies we report here, we use
I* I*→I* I emission as detection. Note, in principle bo
B(0u

1) and a(1g) states can be probed vi
I* I* (0g

1)←I* I(B(0u
1)) and I* I* (1u)←I2(a(1g)) transi-

tions, as indicated in Fig. 1. However, the strongE←B tran-
sition, masks the absorption from thea(1g) state, precluding
direct experimental information about its role.

We follow the format of dynamical spectroscopy as p
viously outlined.6 The experimental observables, consisti
of time dependent resonances, are analyzed with the he
classical simulations. The methods of experiment and sim
lation are presented in Secs. II and III, respectively. T
experimental observations are summarized in Sec. IV,
analyzed in Sec. V. In Sec. VI we discuss the implicatio
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8448 Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
with a critical evaluation of theories. Concluding remarks a
provided in Sec. VII.

II. EXPERIMENT

The experimental setup is illustrated in Fig. 2. The m
surements are conducted in a two-window quartz cell c
taining a static solution of I2 in liquid CCl4. The concentra-
tion of the solution is adjusted to an optical density of;1 at
520 nm. The data are quite insensitive to concentration.

The laser source consists of a femtosecond Ti:Sapp
oscillator, the 800 nm output of which is stretched, regene
tively amplified and recompressed to 55 fs at a repetition
of 1 kHz ~0.7 mJ/pulse!. The amplified output is then used t
pump a BBO based three stage optical parametric ampl
with 20% conversion efficiency. The OPA output is u
converted using a 0.5 mm thick BBO crystal, either by do
bling or by summing with the 800 nm fundamental. Th
allows a coverage of the spectral range between 480 and
nm. A prism compressor, with a limiting diaphragm befo
the folding mirror, is used to maintain near transform limit
pulses throughout the tuning range of the OPA with typi
pulse widths of 50–65 fs. The compressor is adjusted
compensate for group velocity dispersion~GVD! introduced
by optical elements in the beam path before it reaches
sample. The compressed, up-converted output of the OP
split evenly with a 50% beam splitter in a Michelson-ty
interferometer. After passing through a variable delay li
using a single lens (f l 520 cm), the two beams are recom
bined at an angle of 5° immediately behind the entra
window of the cell. The noncollinear geometry of the expe
ment avoids interferometric noise in these single color
periments at the expense of sacrificing time resolution. A
of recombination angle, with a beam waist of 0.1 mm at
crossing point, the time resolution broadens by;10%. The
experimental time resolution is verified for each wavelen
by measuring the autocorrelation trace when the liquid ce

FIG. 2. Experimental layout.
J. Chem. Phys., Vol. 107, N
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replaced with a 0.2 mm thick BBO crystal. The intensities
both beams are attenuated by a factor of;2 below the white
light generation limit in the cell.

Infrared fluorescence from the beam overlap region
collected at right angle, with a single lens, through a 0.25
monochromator, and detected with a liquid nitrogen coo
Ge detector~response time50.5ms!. The detector output is
amplified and integrated with a boxcar while simultaneou
monitoring the OPA output through a second channel of
boxcar integrator. Data is collected when the reference sig
falls within a 2% window of a preset level. Typically, at eac
delay, 1000 selected pulses are acquired and averaged
computer.

The experiments to be reported consist of single co
pump–probe measurements. Accordingly, the transie
should in principle be strictly symmetric in time. A system
atic linear deviation from such a symmetry, of;50 fs over a
scan of 1 ps is observed experimentally. Using interfere
fringes from a He:Ne laser we have verified that this is n
the result of nonlinearity in the mechanical drive, and ascr
it to a combination of beam walk-off in the unconstrain
volume of the solution, and spatial chirp in the pulses. A
though the effect is noticeable, we do not correct the data
this systematic error.

III. SIMULATIONS

The classical molecular dynamics simulations used
the interpretation of the data to be presented are carried
by standard methods. A cell of 108 particles subject to p
odic boundary conditions is considered, and the equation
motion for the microcanonical ensemble are propagated
ing the Verlet algorithm. With the pair potentials defined, t
cell dimensions are adjusted such that the pressure of
simulated system fluctuates aboutP50, while the tempera-
ture fluctuates aboutT5300 K. This corresponds to a re
duced density ofr* 50.7 in the present simulation of CCl4

under room temperature and pressure conditions. The C4

molecules are represented by single particles with pairw
additive Lennard-Jones intermolecular potentials,17 for pa-
rameters see Table I. Two different potential constructs
used to describe the I2–CCl4 interaction in the ground
X(1Sg

1) state of the molecule. The first, to which we refer
isotropic potentials, consists of pairwise additive atom–at
potentials, in which the I–CCl4 potential is treated as
Lennard-Jones, with parameters suitable for Xe–CCl4 inter-
action~see Table I!. The second, to which we refer as anis
tropic potentials, is a three body potential constructed as

V~ I2~X!– CCl4!5 (
i 51,2

cos2~u i !VS~r i !

1sin2~u i !VP~r i ! ~1!

in which the indices 1 and 2 refer to the I atoms,u is mea-
sured from the I–I axis,VS andVP are expressed as Mors
functions, derived from known I–Rg potentials,18 and scaled
by the rules appropriate for nonbonded interactions
o. 20, 22 November 1997
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8449Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
De~ I2CCl4!5AeCCl4

eRg
De~ I2Rg!, ~2a!

r e~ I2CCl4!5
sCCl4

sRg
r e~ I2Rg!, ~2b!

b~ I2CCl4!5
sRg

sCCl4

b~ I2Rg!, ~2c!

in which De , r e , andb are the Morse parameters, ands and
e are the Lennard-Jones parameters for Rg–Rg
CCl4–CCl4 interactions. Note, in the form given in Eq.~1!,
VS is responsible for the linear well on theI–I–CCl4 surface.
It can be shown, quite generally for rare gas–molecular h
gen interactions, that the linear well arises from the adm
ture of ionic character in the ground surface.19 Accordingly,
in polarizable media in which the ionic excited states
strongly solvated, it can be expected that the linear min
will be even deeper. The ground state potential determ
structure of the solvent from where the excitation is initiate
and will accordingly effect coherences, recombination a
energy dissipation. In the excitedB(3P0u

1 ) state, the I–CCl4

potentials are treated as isotropic. The justification for us
an anisotropic ground state and isotropic excited state ato
atom potentials has been given before.19–21

The simulations are started by Monte Carlo sampling
initial conditions from a file thermalized on the ground sta
The excited state potentials are then used to propagate
equations of motion. In accord with the Franck–Cond
principle for vertical excitations, the initial I–I coordinat
distribution is chosen to match the reflection of the la
spectral distribution from the difference potential of t
transition.22 The pump-probe signal can then be genera
from an ensemble ofN trajectories by temporal and spectr
convolution of the probe laser with the many-body diffe
ence potential

TABLE I. Potential parameters used in simulations.

Lennard-Jones:V54e@(s/r )122(s/r )6#

s(Å) e(cm21)

CCl4–CCl4 5.881 227
I(B) – CCl4 ~Xe–CCl4! 4.968 190
Xe–Xe 4.055 159

Morse:V5De@12exp(2b(r2re))#
2

De(cm21) r e(Å) b(Å 21)

VS (I–CCl4) 336 4.96 1.12
VP (I–CCl4) 147.5 5.71 1.16
I2(B) 4503.6 3.016 1.85
I* I(1g) 240 6.2 0.46

Exponential:V5C11C2 exp(2r/C3)

C1(cm21) C2(cm21) C3(Å)

I2(a) 11928 6.343107 0.33
J. Chem. Phys., Vol. 107, N
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S~ t !5
1

N (
i 51

N E
2`

1`

dt8E
2`

`

dh numnm~$Rk%!u2

3W~hnprobe,t8;t !d@DVnm~$Rk%,t !2hn# ~3!

in which the indicesn and m refer to the initial and final
electronic states of the probe transition, and at a time delt
between pump and probe pulses, the probe laser intensi
characterized spectrally and temporally by the window fu
tion, W(hnprobe,t).

22 In practice, since the many-body ele
tronic surfaces are not knowna priori, the interpretation of
observed transients is greatly simplified by an effective o
dimensional inversion of the trajectory data, under the
sumption that the probe difference potential is mainly go
erned by the I–I coordinate,R. For a fixed probe resonance
this also allows the neglect of the coordinate dependent t
sition dipole. Thus

S~ t !5
1

N (
i 51

N E
2`

1`

dt8E
2`

`

dh nW~hnprobe,t !d@DṼnm~R!

2hn#d@R2Ri~ t8!#

5
1

N (
i 51

N E
2`

1`

dt8E
2`

`

dR W~R,t !d@R2Ri~ t8!#

5
1

N (
i 51

N E
2`

1`

dt8E
2`

`

dR e2~ t2t8!2/2d2
e2~R2R* !2/2D2

3d@R2Ri~ t8!# ~4!

in which the one-dimensional resonance condition is use
transform the probe laser spectral distribution to coordin
space, where it is further approximated that the wind
function is a Gaussian in space and time, which is centere
R* along the I–I coordinate with a spatial width ofD.22

Note, DṼ(R) is the difference between a pair of solvate
iodine states. While educated guesses can be made abo
solvated potentials, for configurations reached in ultraf
pump–probe studies there usually is no independent in
mation. In practice, the inversion is made with an ensem
of trajectories for the I2 internal coordinate, withD andR*
as adjustable parameters. A faithful reproduction of the
served transients is then taken as a consistency check in
interpretation of the underlying dynamics and the effect
solvated potentials.

All of the data to be reported here are single co
pump–probe measurements, where att50 each of the laser
pulses serve as both pump and probe. Accordingly,S(t) is
symmetric with respect to the time origin. This considerati
is most conveniently accommodated by first reflecting
trajectory ensemble aboutt50, and then carrying out the
convolution of Eq.~4!, using the experimentally measure
auto correlation width of the laser ford.

The classical simulations are carried out on a single e
tronic surface, theB state potential of I2. Yet, we expect
significant predissociation in the liquid phase. In the effe
tive one dimensional treatment of transients, the Landa
Zener model for curve crossings is the natural framework
o. 20, 22 November 1997
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8450 Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
use.23 Accordingly, for population prepared and probed
the B state, the signal may be fitted by weighting the traje
tories based on the number of crossings they undergo be
reaching the probe window

S~ t !5
1

N (
i 51

N E
2`

1`

dt8E
2`

`

dR W~R,t !Pi~ t8!d@R

2Ri~ t8!# ~5!

in which the weight of thei th trajectory at timet is given as
the product over thej prior passages over the crossing po
R5Rc with instantaneous velocityvc

P~ t !5)
j

P12~vc~ j !!, ~6!

whereP12 is the Landau–Zener probability of remaining o
the initial surface

P12~vc!5expS 2
4p2^V12&

2

huvc~]V2 /]R2]V1 /]R!uR5Rc
D . ~7!

While consistent with the method used for the inversion
trajectories, this one dimensional curve crossing probab
is only an approximation of the many-body problem at ha
Nevertheless, as in the case of the reduction of the ma
body resonances using an effective solvated potential,
expect this treatment of predissociation to be useful in
derstanding the transients, with the caveat that the coup
matrix elements,̂V12&, that are extracted must be regard
aseffective matrix elements between solvated potentials
eraged over solute–solvent configurations.

IV. EXPERIMENTAL RESULTS

A. Pump–probe transients in CCl 4

Two-photon excitation of I2 in room temperature liquid
solutions leads to near infrared emission from the therm
equilibrated 0g

1 , 0u
2 , and 1u surfaces that arise from th

interaction of a pair of spin–orbit excited iodine atoms16

The liquid phase single color pump–probe studies which
report here, rely exclusively on this fluorescence as de
tion. In Fig. 3 we show pump–probe transients obtained
wavelengths ranging from 640 to 480 nm, i.e., for prepa
tion of the molecule in itsB state, from the potential mini
mum to above the dissociation limit. The transients de
within 200 fs,t,700 fs, after showing a few oscillations. I
all cases there is a contribution to the signal att50, therefore
a probe resonance near the inner branch of theB potential.
As the wavelength is shortened, a dip develops att50, due
to a delayed resonance which occurs at a time less than
the vibrational period. This would indicate that a seco
probe window opens for stretched geometries of the m
ecule. The relative contribution from the outer window d
creases progressively as the excitation energy is lowe
such that at 580 nm, only the inner window contributes to
signal. Also noticeable is the distinctly different appearan
of the transients at wavelengths ranging from 600 to 640
Here, after thet50 signal, the packet returns to the inn
J. Chem. Phys., Vol. 107, N
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turning point in a vibrational period, yet it no longer show
any oscillations. We will fix the locations of the window
with the aid of simulations, then rationalize the implied res
nances. What is clear at the onset is that since theB state is
initially prepared, the rapid decay of the signal results fro
population loss, the result of predissociation. Reliable de
times can be extracted from the data, as we describe be
Inspection is, however, sufficient to conclude that the hig
the initial preparation energy in theB state, the longer is the
electronic lifetime: the observed predissociation is dom
nated by a crossing near the potential minimum.

B. Pump–probe transient in solid Kr

The rapid predissociation observed in liquid CCl4 is to
be contrasted with what is observed in solid Kr. Since
previously reported data in Kr were obtained by two-co
measurements,6 to ensure that the comparison is direct, he
we provide a single color measurement. In Fig. 4 we sho
transient from solid Kr, using 556 nm to pump and to prob
with the E(0g) ion-pair state acting as the upper state in t
probe transition. This transient is nearly identical to wh
was previously reported in the two-color experiments,6 and
yields itself to the same interpretation presented there. Ad
tionally, the one-color experiment clearly marks the origin
time, and uniquely identifies the probe window location
the outer turning point of theB potential. It is unambiguous
that the observed transient is in the initially accessed st
the B state, and not the result of trapping in the lower ele
tronic manifold after predissociation, as assumed by Bat
and Coker in their interpretation of our published data.9~b!

FIG. 3. Single color pump–probe transients in liquid CCl4.
o. 20, 22 November 1997
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8451Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
V. ANALYSIS

Gross features of the liquid phaseB state dynamics can
be directly read from the experimental transients in Fig.
The data indicate that:~a! predissociation of theB state oc-
curs on a time scale of;0.5 ps;~b! when prepared near th
middle of the potential, at 580 nm, predissociation proce
with complete retention of vibrational coherence;~c! when
prepared in the anharmonic part of theB state, near its dis-
sociation limit or above, nuclear coherence is lost on the t
scale of predissociation;~d! predissociation is most rapid a
the bottom of the potential. Furthermore, by comparison w
the data in Fig. 4, it is possible to conclude that predisso
tion in solid Kr is an order of magnitude slower than
liquid CCl4. To further characterize the system parameter
is necessary to quantify energy dissipation from I2 to the
solvent, and to locate the curves responsible for predisso
tion. This information is more subtly encoded in the expe
ments, and requires scrutiny through simulations. We be
with a discussion of the anticipated resonances, prior to
section of the pump–probe transients.

A. Excitation resonances

If we restrict ourselves toDV50 transitions andu↔g
selection rules, in the spectral range of the experiments, t
transitions probe the B state: a8(0g

1)←B(0u
1),

I* I* (0g
1)←B(0u

1) andE(0g
1)←B(0u

1). The latter only be-
comes accessible due to solvation of the ion-pair states in
dielectric of the medium, the extent of which may be es
mated from the Onsager cavity model24

Es5
8m2

d3

~e21!

~2e11!
'

e2

r e

~n221!

~2n211!
~8!

in which the cavity diameter is approximated asd52r e ,
where r e53.6 Å, is the equilibrium bondlength of the ion
pair state.25 Using the index of refraction of CCl4, n51.46, a
vertical electronic solvation of;7000 cm21 can be antici-
pated. This estimate is quite sensitive to the choice of ca

FIG. 4. Single color pump–probe transients in solid Kr, obtained at 556
and using ion-pair state fluorescence for detection.
J. Chem. Phys., Vol. 107, N
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radius, which is an ill-defined quantity. A vertical shift o
;6000 cm21 is more consistent with the resonances e
tracted from the dynamical simulations, as will be elabora
below, and well within the uncertainty in the cavity mode
We have used this shift in Fig. 5 to show the predictedE–B
difference potential, which is double valued for all prob
wavelengths.

The only resonance that is accessible after predisso
tion, from states that correlate with I(2P1/2)1I( 2P1/2), is the
I* I* (1u)←I2(a(1g)) transition. This difference potentia
valid after the crossing point,Rc53.16 Å,26 is single valued
as shown in Fig. 5. Since at large internuclear distances
transition corresponds to a double spin–flip, it can be
pected to be rather weak. While selection rules allow
connection of all states correlating with the ground state
oms to ion-pair states, none of these resonances lie in
wavelength range of our studies.

The presence of a peak at the time origin of all transie
shown in Fig. 3, suggests the presence of a probe window
the repulsive wall of theB state throughout the wavelengt
range 640–490 nm. Thea8←B transition can act as such
resonance, as illustrated in Fig. 5. The requirement for
fluorescence channel is that the excitation terminate ab
the crossing betweena8 and I* I* surfaces~see Fig. 1!. Also,
at the short internuclear distances corresponding to in
turning points of theB state,L–S coupling will prevail, and
strict Hund’s case~c! considerations are no longer valid. Un
der case~a! we can find a variety of transitions that coup
the repulsive wall of theB state to the repulsive potentia
that arise from both I1I and I*1I limits, above their cross-
ing with the I*1I* potentials. The inner resonances leadi
to a signal at time origin can be rationalized, however,
curves at these short internuclear distances are po
known, and the difference potentials in Fig. 5 are only us
as guidance. Quite clearly, multiple probe windows will

,

FIG. 5. Difference potentials that serve as probe transitions. In the leg
** refers to I* I* . The probe window locations extracted from the simu
tions of the data are shown as open circles.
o. 20, 22 November 1997
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8452 Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
active in the detected signals, and should be taken into c
sideration in the interpretation of data.

B. The 580 nm transient, coherent predissociation
and vibrational relaxation

The 580 nm transient shows the most regular osci
tions, with evidence of only one active probe window. A
expansion of the transient, shown in Fig. 6, resolves a di
the signal att50. This would signify a time delay betwee
launching the wave packet on theB surface and its arrival to
the probe window. With the help of trajectories shown
Fig. 6~b!, this delay allows an accurate location of the pro
window atR* 53.05 Å, ~see vertical arrow in Fig. 6!. Since
the temporal width of the probe window is fixed by the me
sured auto correlation of the laser pulse as 95 fs, only
variables remain to simulate the signal: the spatial width
the probe window,D, and the predissociation probability. A
adequate reproduction is obtained, as shown in Fig. 6~a!,
when usingD50.075 Å, and assuming predissociation v

FIG. 6. Analysis of the 580 nm transient using molecular dynamics si
lation. The experimental data points are shown as open circles in the
panel. The simulated signal is shown as the continuous line~based on 360
trajectories!. In the lower panel, a set of representative trajectories, folde
t50, is shown. The dip att50 in the data helps to fix the probe window
location with accuracy. A delay in the appearance of the resonanc
;50 fs~vertical line!, locates the probe window at 3.05 Å~horizontal line in
lower panel!.
J. Chem. Phys., Vol. 107, N
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a(1g) with an effective coupling matrix elementu^VB2a&u
5175 cm21 ~Rc53.16 Å, and DudV/dRu513 200 cm21

Å1!.
While the predissociation probability per crossing is w

determined by the above analysis, the assumed paramete
the one dimensional Landau–Zener model are not indep
dently determined. However, with respect to the location
the crossing,Rc , the analysis firmly establishes that it mu
occur at an internuclear distance greater than the probe
dow, i.e., Rc.R* 53.05 Å. Had this not been the case,
very different intensity ratio would have been observed
the first two resonances, as illustrated in Fig. 7. The diff
ence between these two conditions arises from the fact
the first resonances is due to the outgoing packet alone, w
the subsequent resonances consist of both outgoing an
ward moving packets@see Fig. 6~b!#. The first resonance cor
responds to a half-period sampling of the potential, while
second is a full-period sampling. Thus the relative ratio
the first resonance to latter resonances will depend
whetherRc occurs before or after the first observation of t
packet atR* . Only the latter case is consistent with the da

We may safely conclude that:~a! the predissociation oc
curs at Rc.3.05 Å, and therefore cannot be due to t
B9(1u) surface@see Fig. 1#; ~b! the parameters used yield th
correct magnitude of predissociation,;60% per period.

Vibrational energy relaxation is an integral part of th
observed signals and their interpretation. Since CCl4 is
treated as structureless, it may be expected that the vi
tional energy transfer to the solvent is underestimated. T
could affect the interpretation of predissociation parame
extracted from fits, since the LZ probabilities are determin
by instantaneous velocities atRc , which in turn are deter-
mined by the instantaneous vibrational energy content in
molecule. The time dependence of the period between o
lations of the signal contains this information, and can,
this case, be extracted from an analytical fit to the exp
ment. Taking into account the inverse velocity depende
of the signal intensity,22 and an exponential decay of popu

-
op

t

of

FIG. 7. Expected signals for curve crossing before arriving to the pr
window ~solid line! and after passing through the probe window~dashed
line!.
o. 20, 22 November 1997
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8453Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
lation due to predissociation, the oscillatory signal can
represented as

S~ t !5
e2t/tLZ

AE~ t !2V*
@11 f ~ t !sin~v~ t !t1w!# ~9!

in which V* is the value of the potential at the probe windo
location, R* ; f (t) describes the decay of the modulatio
depth due to decay of coherence among the trajectorie
phase space; andE(t) describes the dissipation of vibration
energy. For a given function ofE(t), the time dependen
angular frequency is obtained for the Morse oscillator as

v~ t !

2pc
5ve22vexen~ t !

5vexe

1A~ve2vexe!
224vexe@E~ t !2ve/22vexe/4#.

~10!

The 580 nm data can be well fit by this expression under
assumptions of complete coherence and exponential en
decay

f ~ t !51, and E~ t !5E0 exp~2t/tv!. ~11!

With a vibrational energy relaxation time oftv510 ps, a
predissociation time constanttLZ5320 fs ~and w51.4 rad!,
the experimental data can be well described~see Fig. 8!. The
functional fit enables the simultaneous extraction of ene
dissipation and predissociation rates, without resorting
simulations. The extracted value oftLZ5320 fs corresponds
to the vibrational period oftn5313 fs of the initially pre-
pared vibration~n513 prepared at 580 nm!, therefore con-
sistent with the predissociation probability of;60% per pe-
riod derived above. The data is not sensitive to the ene
dissipation rate as long astv /tLZ.10; i.e., energy relaxation
is insignificant within the electronic predissociation time. A
equally good fit to the data is obtained when using forE(t) a
functional fit to the energy loss curve obtained from the M
simulations, which is better described as a double expon
tial decay~see below!. In short, the vibrational energy in th

FIG. 8. Fit of the 580 nm transient to the analytic form of Eq.~9! in the text.
J. Chem. Phys., Vol. 107, N
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B state, and therefore the instantaneous velocities atRc , are
reliably treated in the simulations. The experiment does
determinetv with any accuracy since the observation time
limited by predissociation, which is much faster than vibr
tional relaxation.

Finally, the analysis fixes the probe window atR*
53.05 Å for a probe wavelength of 580 nm (1725
6250 cm21). To rationalize this window location it was
necessary to assume a somewhat steeper curve for the r
sive I* I* (0g

1) potential in Fig. 5 than Mulliken’s original
guess.15

C. The 556 nm transient, coherent dynamics in solid
Kr

The solid state data is included here to make direct co
parisons. We simulate the signal in this case using the w
determined parameters of the probe window,R* 53.7 Å and
the same curve crossing parameters as in the liquid c
except for the effective coupling element,u^V12&u. Now, the
experimental transient is reproduced as shown in Fig. 4 w
u^V12&u565 cm21 is used. The parameters used in the pres
are similar to those previously extracted in the analysis
predissociation in Kr, where the measurements were c
ducted using a uv probe laser tuned to thef (0g) ion-pair
state.6 In the present single color measurement the pro
accesses the minimum ofE(0g) ion-pair state. In our prior
treatment we assumed exponential decay of theB state popu-
lation due to predissociation, and extracted a value
u^V12&u55467 cm21. Here, we explicitly treat the curve
crossing during the simulations.

D. The 515 and 490 nm transients, loss of coherence

Similar transients are observed at 490 and 515 nm,
initial preparations above theB state dissociation limit and
near it, respectively. In both cases a sharp peak att50 is
observed, followed by a broader peak att5130– 160 fs, i.e.,
at a time delay shorter than half the vibrational period. T
would imply the presence of at least two probe windows, o
on the repulsive wall and one on the attractive wall of theB
potential. Based on the difference potentials shown in Fig
if we ascribe the outer resonance to theE←B transition, then
this window further splits into two, necessitating a minimu
of three probe windows in the simulation. The data a
show a resonance after a time delay of 0.5 ps, which can
ascribed to a recursion to the outer window after a full per
in the bound region of the potential. This peak arises fr
the fraction of the molecules that undergo head-on collisi
No further oscillations are evident, and the signal dec
exponentially pastt50.5 ps. The signals are simulated b
including weighted contributions from three probe window
while using the same predissociation parameters as in
580 nm data~see Fig. 9!. The results are not sensitive to th
parameters of the inner window, which is fixed atR*
52.75 and 2.9 Å, for the 490 and 515 nm data, respectiv
The outer probe window parameters are adjusted. The
sumed locations of the probe windows are marked in Fig
They are only approximately predicted by the vertically s
o. 20, 22 November 1997
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8454 Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
vated one-dimensional difference potential. As in the cas
solid state analysis, the data suggests that solvation is ac
panied by a stretch of 0.1–0.2 Å in the ion-pair bo
length.27

According to Fig. 5, at these probe wavelengths, wa
packets on thea(1g) surface could also contribute to th
signal; however, a careful analysis shows that this contri
tion will be masked by theE←B resonance~see the Appen-
dix!. The transient has little information content about t
final electronic state.

The adequate reproduction of the observed transien
Fig. 9 establishes that the predissociation parameters us
the analysis of the 580 nm transient are also consistent
those at 515 and 490 nm.

A major difference between dynamics when the syst
is prepared in the deeply bound part of theB potential, at 580
nm, versus those created in the anharmonic part near d
ciation is that the vibrational coherence decays prior to p
dissociation. In fact, the classical vibrational coherence
measure of which is the time dependent ensemble averag
the molecular bond lengtĥR(t)&, is lost after the first period
of motion in the simulations. Given the similarity in mass
of I atoms and CCl4, extensive energy loss occurs in the fir
collision with the solvent, and the thermal distribution
impact parameters is sufficient to ensure that the disper
in recombination times~or recursion times to the inner turn
ing point! is larger than the subsequent vibrational ha
period. As a result̂ R(t)& does not show any oscillations
This is in contrast with the solid state, in which it has be

FIG. 9. Simulation of the 490 and 515 nm transients, using the three i
cated windows in Fig. 5.
J. Chem. Phys., Vol. 107, N
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shown that structural order of the solvent ensures sud
cage induced recombination, and therefore proceeds
preservation of vibrational coherence.27 A sudden recombi-
nation wave, arising from the fraction of molecules that s
fer head-on collisions, is present in the liquid phase a
gives rise to the peak neart;0.5 ps. The contrast betwee
this peak and the underlying tail is dictated by the struct
of the first solvation shell, which in turn is dictated by th
solute–solvent interaction potential in the ground electro
state. To reproduce the signal, it was necessary to use
anisotropic I2(X) – CCl4 potential which sustains minima o
1.5KBT along the linear geometry~seeVS in Table I!. A
comparison of the thermal solvent structure forced by
anisotropic and isotropic potentials is shown in Fig. 10. T
anisotropic I2–CCl4 potential produces significant structurin
of the first solvent shell, leading to maxima in the angu
distribution along the molecular axis. To optimize avoid
volume, a;30% reduction of the distribution in the ‘‘T’’-
geometry relative to that of the isotropic potential occurs

i-

FIG. 10. Structure of the CCl4 solvent for isotropic~top! and anisotropic
~bottom! I2(X) – CCl4 potentials obtained by Monte Carlo sampling~106

configurations in each case!. The same contour levels are used in both pa
els. The anisotropic potential leads to a maximum along the internucleaz)
axis of the molecule and a reduction of density in the ‘‘T’’ geometry ov
the isotropic distribution.
o. 20, 22 November 1997
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8455Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
The choice of the ground state solute-solvent poten
also has a significant effect on energy dissipation in the
cited state. This mechanical effect has recently been
cussed in relation to the gas phase I2–Ar complex, in an
attempt to resolve the one-atom cage effect controversy.28 In
Fig. 11, we show plots of the time dependence of the
semble averaged I2 energy,^E(t)&, for the 490 and 515 nm
simulations, and with isotropic and anisotropic I2–CCl4 po-
tentials in the ground state. The curves are typical for di
pation of Morse oscillators in condensed phase.29 Here, the
dynamics is quite clear. Extensive energy loss occurs du
the first collision, which terminates with the molecule reac
ing a relatively harmonic part of its potential, in a relax
solvent cage. Subsequent energy loss occurs at a m
slower rate. The extent of energy loss in the first collisi
depends on impact parameters and the timing of the c
sion. For a head-on collision, the earlier the collision dur
the extension of the I–I bond, the larger is the availa
kinetic energy to transfer to the solvent. Thus, as illustra
in Fig. 11, the anisotropic potential which gives a tigh
collinear alignment, leads to more efficient energy loss.
analyzing the energy dependence of predissociation p
abilities, it is the internal energy during curve crossings t
is required, rather than the energy of preparation. Thus w
the 490 nm excitation prepares the molecule with an inte
energy content of 5000 cm21, the predissociation rate of 68
fs which can be extracted from an exponential fit to the da
occurs at the characteristic energy ofẼ;4000 cm21 ~see
Fig. 11!. We will use this consideration in the analysis
energy dependence of predissociation probabilities.

E. The 640–600 nm transients

Excitation at 640 nm corresponds to preparation of
molecule nearv50. It is clear from the transient in Fig. 3

FIG. 11. Vibrational energy decay for initial preparations at 490 and
nm, above and below the dissociation limit of the molecule. The ini
energy drop occurs upon collision with the solvent, in;100 fs, the subse-
quent relaxation in the expanded cage is slow on the predissociation
scale. The extent of initial energy loss depends on the extent of anha
nicity at the preparation energy, and on the solvent structure: greater w
using the anisotropic potential which leads to earlier head-on collisions
J. Chem. Phys., Vol. 107, N
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that with this preparation, the molecule predissociates w
nearly unit probability. Since no recursions can be seen,
predissociation probability must be;100% per period.

Excitation at 600 nm prepares the molecule nearv
510. In this case a first recursion of the wave packet
clearly observed. This signal, which appears after a time
lay of a vibrational period, is much broader than the re
nances observed at shorter wavelengths. If we were to ign
nonadiabatic dynamics, we would be lead to the conclus
that the 600 nm preparation leads to a faster loss of co
ence than the 580 nm preparation, despite the fact that
created in the more harmonic part of the potential. The m
likely interpretation is that we are seeing trapping of pop
lation in the adiabats created at the intersection of the
potentials. A similar situation has recently been studied
time resolved experiments on IBr in the gas phase.30 In con-
trast with the gas phase, in condensed media, sharp inte
ences are not expected since the crossing is strongly m
lated by the solvent. The classical simulations used in
present work are ill suited for a realistic analysis of the
effects.

F. Energy dependence of predissociation

The expression of Eq.~9! is sufficiently flexible to en-
able a phenomenological fit of the experimental transie
We carry out such an analysis mainly to establish the ene
dependence of predissociation rates. We treat the vibrati
relaxation as a double exponential, an initial decay with
time constant of 100 fs, followed by a slow decay witht
.10 ps. To fit the data faithfully, it is necessary to inclu
an exponential damping of the modulation, usingf (t)
5exp(2t/T2) in Eq. ~9!. Operationally,T2 establishes damp
ing of modulation, it incorporates effects of temporal a
spatial resolution, and decay of vibrational coherence
should not be interpreted as a true measure of cohere
decay. The data can be well fit by this method, as illustra
by examples in Fig. 12. Table II contains the extracted
rameters. The extracted time constants of predissociation
comparable to vibrational periods~see Table II!, as such they
have little meaning as rate processes. The more meanin
number is the predissociation probability per crossin
namely,

P125
1

2v~Ẽ!tLZ

~12!

in which the frequencies are calculated from the characte
tic energies using the I2(B) Morse parameters. The extracte
probabilities are plotted as a function of characteristic
ergy, Ẽ, in Fig. 13. Since the probabilities monotonical
increase asv50 is approached, the data is consistent with
crossing nearv50. However, the variation ofP12 with en-
ergy is too small. In the standard LZ model, for a fixe
coupling constant, a hyperbolic dependence on veloc
therefore onAẼ is to be expected. Since the kinetic energy
varied in the experiment from;150 to 4000 cm21, at least a
fivefold variation in probabilities is to be expected yet t
observed variation inP12 ranges only from 0.65 to 0.4. Th

5
l

e
o-
en
o. 20, 22 November 1997
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8456 Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
data simply cannot be fit under the assumption of a fix
coupling constant. Anticipating the discussion in the n
section, it is possible to fit the data under the assumption
the effective coupling is determined by driven solvent d
namics, and that the dynamical coupling scales with the
brational amplitude of I2, i.e., asE1/2. Thus we assume a
modified LZ model, in which the dynamical coupling
^V12&

d, is a linear function of vibrational amplitude where

^V12&
d5^V12&

e~11aAE! ~13!

in which ^V12&
e is the effective coupling constant given b

the structure of the solvent at equilibrium with the grou
state I2. The data fits this model, as illustrated in Fig. 1
with ^V12&

e5175 cm21, a50.0082 cm21/2 ~based on
uD(]V/]r )u513 200 cm21 Å21!. The required increase o

FIG. 12. Examples of fits to the data using Eq.~9!, from which the energy
dependent predissociation probabilities are extracted.

TABLE II. Parameters extracted from analytical fit to transients@Eq. ~9! of
the text#.

l~nm!a ^E&(cm21)b 1/cv(fs)c tLZ~fs!d PLZ
e T2(fs)f

490 4000 620 680 0.44 500
515 3300 460 580 0.39 500
535 2800 400 510 0.39 500
548 2600 381 480 0.39 400
557 2350 362 400 0.45 400
580 1640 320 330 0.48 -
600 1166 299 310 0.48 220
620 700 281 280 0.50 170
640 150 265 210 0.63 100

aExcitation wavelength.
bCharacteristic energy after energy loss in first collision, and assum
Te(B)515 400 cm21.

cVibrational half-period at characteristic energy.
dPredissociation time constant obtained from the fit to Eq.~9! of the text.
eExperimental predissociation probability per crossing.
fDamping constant of observed modulation.
J. Chem. Phys., Vol. 107, N
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the effective coupling constant~see inset to Fig. 13! is
;50%, between preparations of the molecule at the bot
and near the top of the potential.

V. DISCUSSION

Analysis of theB state transients is possible under t
assumption of a single predissociation channel, located n
v50. This does not preclude the presence of weaker ch
nels, due to other crossings. In fact, in solid state meas
ments where the vibrational dynamics proceeds with tigh
coherence, several weaker crossings are clearly observ31

In the liquid phase, the likely candidates for the main pred
sociation channel can be narrowed toB9(1u), 2g anda(1g)
surfaces~see Fig. 1!. Of these, theB9 surface may be elimi-
nated based on the analysis of the 580 nm transient, w
established the crossing to be atR.3.05 Å. TheB9 crossing
had previously been invoked as being active in this system
rationalize the observed nonmonotonic decay of intensitie
resonant Raman progressions of I2 in CCl4.

32 A recent theo-
retical analysis allows the reinterpretation of that data as
terference in scattering from the twoRR active surfaces,B9
and B, without invoking coupling between them.33 The ex-
tant data and analysis does not allow a direct distinct
betweena(1g) and 2g channels of predissociation. The fir
of these is commonly preferred, since it would involve t
change of only one unit of angular momentum. Howev
DIM analysis shows that the 2g surface can also be active.10

In either case, the crossing involves a solvent inducedu→g
andDVÞ0 transition. Accordingly, the off-diagonal poten
tial surface that induces the predissociation must fulfill tw

g

FIG. 13. The energy dependence of predissociation probabilities per c
ing does not fit the standard Landau–Zener expectation~dashed line!. The
data can be fit using a dynamical coupling which is a linear function ofE1/2

~vibrational amplitude!, and is shown in the inset~normalized to the cou-
pling constant at equilibrium!.
o. 20, 22 November 1997
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8457Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
criteria: It must haveu symmetry and must act along th
perpendicular to the molecular axis. Note, these requirem
are contingent upon the preservation of the molecular inv
sion symmetry andV as a good quantum number, conditio
which are well established by the spectroscopy of I2 in these
weakly interacting solvents. The two identified criteria a
key to rationalizing the difference between observed pr
abilities of predissociation in liquid CCl4 versus solid Kr, as
we expand below.

The result that predissociation in liquid CCl4 is faster
than in solid Kr is unexpected if many-body probabilities a
assumed to result from the scalar sum of probabilities o
perturbers. To see this, consider a coupling matrix elem
which is only a function of separation between I2 and
quencher. For a polarizable quencher, which does not it
undergo electronic transitions, the expectation is thatV
}aQ /R6.34 The effective coupling in the two phases, prior
disturbance of the solvent by the I2 dynamics, can be relate
as

^V& l

^V&s
'

a l^( iR
26d@R2Ri #& l

as^( iR
26d@R2Ri #&s

~14!

in which the summation inside the angle brackets is over
positions of the solvent for an instantaneous configurat
and the angular brackets imply ensemble averaging by ta
the average over realized configurations; (l ) represents liquid
CCl4 and (s) represents solid Kr. The strongR dependence
implies that the coupling is determined by the local dens
of the solvent, mainly by the radial distribution of the fir
solvent shell, which in turn depends on the assumed in
molecular potentials. Despite the fact that the polarizabi
of CCl4, a510.5 Å3, is significantly larger than that of Kr
a52.48 Å3, the local density of the solvent dictates the ra
of Eq. ~14! to be 0.23; i.e., the predissociation probability
the liquid phase would be expected to be a factor of;20
smaller ~probability }^V&2!. Contrast this with the experi
mental observation that the predissociation probability in
liquid phase is a factor of 10 larger.

Similar conclusions are reached if the off-diagonal s
face is taken to haveg symmetry, as in the real positiv
function assumed in the treatment by Ben-Nun and Lev
~BL!.11 While they assume the predissociation to proceed
B(0u)→a(1g), they use the expression given by Yardley f
the leading term in the perturbative analysis of electro
quenching by a polarizable collision partner34,35

VB2a52
3

2

I BI Q

~ I B1I Q!

aB2aaQ

RI 22Q
6 ~15a!

with the further decomposition

aB2a5a i cos2~q!1a' sin2~q! ~15b!

in which the polarizability of the quencher,aQ , is coupled to
the polarizability associated with the real transition betwe
electronic statesB anda of I2, and I Q and I B represent the
ionization potentials of the solvent and I2(B), respectively.35

Using the value they recommend for the anisotropy of
transition polarizability (a i /a'51.8). After explicitly
J. Chem. Phys., Vol. 107, N
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evaluating the ensemble averages over liquid and solid s
distributions, but now taking the angular anisotropy into a
count

^V& l

^V&s
'

a i^( iaB2a~q!R26d@R2Ri #& l

as^( iaB2a~q!R26d@R2Ri #&s
~16!

we obtain that the predissociation probability in the so
state should be a factor of;7 larger than in the liquid. Thus
as in the case of strictly additive probabilities, the discre
ancy with experiment is nearly 2 orders of magnitude and
the wrong direction. Indeed, the ratio predicted in Eq.~16! is
smaller than that of Eq.~14!. This is a result of the assump
tion thata i.a' and that the solute–solvent potential we u
leads to a local solvent distribution peaked along the mole
lar axis in the liquid phase~see Fig. 10!. Note, however, this
effect is somewhat artificial, since as we argued above, fo
DV51 transition the parallel component of the transiti
dipole, and hencea i must vanish.

The electrostatic model offered by Roncero, Halbersta
and Beswick~RHB!, in their treatment of the predissociatio
of the I2–Ar complex, has the proper form for the electron
coupling.12 In second-order perturbation, which is necess
to obtain a coupling through the solvent polarizability,34,35

the leading electrostatic term for the requisiteu→g transi-
tion in I2 is the dipole–quadrupole operator; terms of t
kind36

^Qm&125(
i

^B~0u
1!uQ̂u i u&^ i uum̂ua~1g!&

~E2Ei !
. ~17!

RHB show that this leads to anR27 distance dependence
and derive the angular dependence of the coupling sur
under this electrostatic expansion12

VB2a~RHB!5
A sin~u!@4 cos2~u!21#

R7 . ~18!

As desired, the angular dependence of the function is
with respect to inversion~see Fig. 14!. It is this signed, an-
gularly anisotropic function that needs to be summed o
the solvent distribution to obtain the effective couplin
^V12&, prior to squaring, to obtain transition probabilitie
While a strictly electrostatic model, and therefore its valid
may be debated, the form will lead to extensive cancellat
when summed over a solvent distribution of high symmet

The off-diagonal DIM surface of Batista and Coker~BC!
has the same symmetry properties.9~a! The angular depen
dence of their surface fits the form

VB2a~BC!5
A sin~u!cos8~u!

R6 ~19!

and is shown in Fig. 14. In contrast with the RHB surface
is sharply peaked at 15° and vanishes at 90°, it has anR26

dependence, and a magnitude 2 orders larger atR55 Å ~see
comparison in Fig. 14!. Given the very different origins of
the functions, it is not too surprising that the BC and RH
forms differ in their detail, yet, both functions have th
proper symmetry.
o. 20, 22 November 1997
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8458 Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
As before, the magnitude of the effective matrix e
ment, u^V12&u, is obtained by summing over instantaneo
solvent configurations and then taking the ensemble aver
We evaluate Eqs.~18! and ~19!, under the assumption tha
the A coefficient is proportional to the polarizability of th
solvent molecule.~Based on the value reported for Ar,12 in
the RHB model we useA533105 and 1.33106 for Kr and
CCl4, respectively. In the BC form, based on the value giv
for Xe,9 we useA523107 and 8.43107 for Kr and CCl4,
respectively.!

The effect of solvent structure on solute predissociat
probability can be gleaned from calculations of the effect
matrix elements using static thermal distributions of the s
vent. The results of these static calculations, using both
tropic and anisotropic I2(X) –solvent potentials, are collecte
in Table III. Beside the difference in magnitudes, the ta
shows that the RHB and BC models make somewhat dif
ent predictions. Both models predict a reduction in coupl
when using the isotropic potentials, an effect that can
traced to the reduction in local density. Despite the extens
cancellation due to local symmetry, due to theR27 depen-
dence, the RHB model predicts somewhat larger couplin
solid Kr than in liquid CCl4 for both the isotropic and aniso
tropic potentials. The BC model, for the anisotropic pote
tial, predicts the liquid phase coupling magnitude to be
factor of 1.6 larger than the solid state, to be compared w
the experimental value of 2.7. Within the statistical errors
the calculation, when using isotropic potentials, the B

FIG. 14. Cuts of the off-diagonal surfaces coupling theB and thea poten-
tials evaluated at 5 Å. The BC curve is the DIM surface of Ref. 9, and R
is the electrostatic surface of Ref. 12.
J. Chem. Phys., Vol. 107, N
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model predicts nearly equal couplings for solid Kr and liqu
CCl4. The absolute magnitudes of the BC predictions are
surprisingly good agreement with experiment. The predic
solid state value ofu^V12&

eu552 cm21 should be compared
with the experimental value of 65 cm21, and the liquid phase
value of 82 cm21 is only a factor of 2 smaller than the ex
perimental determination of 175 cm21.

Since the couplings are determined by asymmetry in
solvent structure, probabilities calculated based on st
thermal distributions are expected to be quite different fr
those determined dynamically. In the latter case, the mo
of the driven I2 oscillator will lead to cage distortions, th
extent of which should depend on the initial preparation
the molecule. We carry out such calculations using the c
sical trajectories for 490, 515, and 580 nm preparations
liquid CCl4 ~60 trajectories each!. Now, the effective cou-
pling is computed as an average over all crossings

u^V12&
du5

1

N (
j

N

(
i

V12~r ,q;t j* !d@r2r i # ~20!

in which r i represent the instantaneous positions of the s
vent atoms at the crossing timet* ~at R* 53.16 Å!, and the
summation is over allN crossings of the swarm. The resul
are summarized in Table III.

The comparison of the 490 nm preparation shows t
the RHB model predicts a larger coupling in the solid sta
while now the BC model clearly predicts the liquid pha
coupling to be larger by a factor of 2.7 almost identical to t
ratio observed experimentally. Both models predict the
namical effect observed experimentally, both show a lar
coupling for preparation near the dissociation limit of t
molecule~at 490 and 515 nm!, in comparison to preparation
deep in the bound part of the potential~at 580 nm!. The CB
model shows a;30% increase between 580 and 490 n
which compares quite well with the energy dependence
tracted from the experiment~inset to Fig. 13!. As far as the
absolute magnitudes are concerned, the BC predictions a
nearly quantitative agreement with experiment, the dyna
cal couplings being;50% of what is observed experimen
tally. Given the good agreement observed in our analysi
is not clear to us why in the original simulations of B
extremely rapid predissociation was observed in solid Ar.9~b!

We should perhaps re-emphasize that our analysis assu

TABLE III. Predictions of effective electronic coupling (cm21).

Static,u^V12&
eu

Anisotropic Isotropic

Kr(s) CCl4( l ) Kr(s) CCl4( l )
RHB 8.5 5.9 5.9 5.2
BC 59 83 47 43

Dynamic,u^V12&
du

490 nm 515 nm 580 nm

Kr(s) CCl4( l ) CCl4( l ) CCl4( l )
RHB 11 6.8 7.6 5.7
BC 39 108 109 82
o. 20, 22 November 1997
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8459Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
classical Landau–Zener, with a crossing fixed along the
coordinate, and a fixed gradient of the difference potentia
the crossing point.

Independent of the detailed forms of the off-diagon
surface, the analysis clearly establishes the difference in
dissociation probabilities between solid and liquid phase
be predominantly one of structure: Extensive cancellation
probability occurs in the highly symmetric solvent cage
the solid. Also, the simulations establish that indeed so
induced solvent fluctuations enhance the predissocia
probabilities when large amplitude vibrations are set i
motion. This effect was summarized in the experimental d
using the modified LZ model, in terms of an electronic co
pling that varies linearly with vibrational amplitude. In th
case of the RHB model, we should note that, although
magnitude of the dipole–quadrupole interaction is too sm
to explain the observed predissociation rates, the mecha
is sound and should contribute to the overall rates. Moreo
in the case of I2–Rg van der Waals complexes where t
excited state is prepared in the ‘‘T’’-shaped geometry of
ground state, since the BC surface vanishes, the RHB
pling will dominate. This would explain the success of t
RHB treatment of predissociation in the vdW complexes12

VI. CONCLUSIONS

Through ultrafast pump-probe measurements and th
retical analysis we have described the predissociation
I2(B) in liquid CCl4. The data is sensitive to a single cros
ing nearv50, and consistent with a nonadiabaticu→g tran-
sition. This intramolecular electron transfer can be though
occur via symmetry breaking of the solvent structure, and
such is sensitive to equilibrium distributions and dynamics
the first solvation shell. The seemingly surprising differen
between liquid phase and solid state data can be explaine
the difference in structural order in the two media and
dipolar coupling that drives the nonadiabatic dynamics
this case. That asymmetric cage vibrations induce such n
diabatic transitions in highly symmetric isolation sites in ra
gas matrices, has previously been noted in simulations.37 The
dynamical effect of symmetry breaking due to stirring of t
liquid by the vibrationally excited molecule, leads to pred
sociation probabilities of;1 per period which are nearl
independent of internal energy content in the molecule. T
effect could be summarized in the experimental data by
suming an electronic coupling between surfaces that dep
linearly on vibrational amplitude. The results are in nea
quantitative agreement with theory, when considering
DIM off-diagonal surface,VB2a , recently provided by
Batista and Coker.9

In addition to predissociation, the analysis provides i
portant details of dynamics in the liquid phase. Vibration
relaxation and coherence are sensitive to solvent struc
The CCl4 data are consistent with a first solvation shell
which the distributions peak along the molecular axis. T
in turn signifies an anisotropic I2(X) – CCl4 potential. The
use of such a potential in simulations is able to reproduce
pump–probe transients, allowing a more detailed dissec
J. Chem. Phys., Vol. 107, N
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of the underlying dynamics with some confidence. In t
anharmonic part of the potential, near the dissociation lim
upon the first collision with the solvent cage, the molecu
undergoes a large energy transfer and complete scramb
of classical vibrational phases. The subsequent dynamics
curs in a relaxed cage, in the more harmonic region of
internal potential. The resulting biexponential energy dec
is characterized by a;100 fs drop followed by a slow deca
on a time scalet.10 ps. The latter decay process can not
well determined from the experiments, since predissocia
occurs on a much shorter time scale. However, it is clear
when prepared deep in theB state potential, predissociatio
proceeds with complete retention of vibrational coheren
This picture was already evident in the studies by Sche
et al., and our results are in general agreement with th
observations and conclusions.5

Given the detailed understanding of electronic predis
ciation in this molecule, and the sensitivity of the process
solvent structure and dynamics, it can be used to characte
hosts in various media, such as supercritical fluids a
glasses. Given our assessment of the DIM surfaces, it se
that through an iteration with experiments, a rather a co
plete description of the nonadiabatic dynamics of the f
manifold of electronic states can be expected.
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APPENDIX

Given that the crossing betweenB(0u
1) and a(1g) sur-

faces has been identified as the most likely channel of p
dissociation, and the fact that in the experimental range
wavelengths, in particular at 490 and 515 nm a probe re
nance between I* I* (1u) anda(1g) is expected, we conside
the likely contribution of this probe window to the observe
signal. To simulate signals arising from the final state
predissociation, we use trajectories propagated on theB po-
tential to generate initial conditions for continuation on t
a(1g) surface. This is accomplished by storing the instan
neous positions and momenta of all particles for every ti
the trajectories reach the intersection between the two po
tials, and subsequently continuing trajectories on thea(1g)
surface for an additional 250 fs. Thus a given trajectory
theB surface may spawn-off as many new trajectories as
number of times it passes the crossing point. Thesea(1g)
state trajectories are then given their appropriate LZ weig
and used for reconstructing the observable signal as be
Where contributions to the signal occur from both inside a
outside theB surface, we recognize that transition dipo
o. 20, 22 November 1997
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8460 Zadoyan et al.: Predissociation of I2(B) in liquid CCl4
moments need not be the same, and adjust the relative
tributions to reproduce the experimental signal.

In Fig. 15 we show the best reproduction of the sign
when we constrain the simulation to two windows, one
the B surface to reproduce thet50 peak, and one on th
a(1g) surface. A dissection of these contributions is a
given in the figure. Since the predissociation probabilities
;60% per period, the net flux through each window is co
parable, yet to obtain comparable intensities to the signa
is necessary to assume a factor of 20 larger transition di
for the resonance on thea(1g) surface. This reduction in
signal intensity is the result of the dramatically different v
locities of the packets as they pass through the respec
probe windows, due to the instantaneous kinetic energy
the packet during observation. There is no reason to ex
the I* I* (1u)←a(1g) transition to be stronger than the a
sorption from theB state. In fact, the opposite is true. At th
large internuclear distances at issue, the I* I*←I2 transition
can be regarded as a two-electron transition, and shoul
significantly weaker than theE←B charge transfer transi
tion. Indeed, in the course of the spectroscopic studies
I* I* fluorescence spectra, we have searched and failed to
any emissions due to I* I*→I2 transitions,16 although a very

FIG. 15. Simulation of the 515 nm transient with one window located
each of theB anda(1g) surfaces. The composition of the simulated sign
is given in the lower panel:~dashed line!—contribution fromB state;~solid
line!—contribution froma(1g) state. In the composite signal thea(1g) state
contribution is multiplied by 20.
J. Chem. Phys., Vol. 107, N
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weak emission ascribed to this transition is observed in re
nance Raman spectra in the solid state.38 Thus, both due to
the very weak transition strength, if at all detectable, and a
due to the acceleration of trajectories on this surface, in
present experiments, the contribution of a probe signal fr
the a(1g) surface is completely negligible.
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