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Direct observations of the solvent induced electronic predissociatiop(Bj lin liquid CCl, are

made using femtosecond pump—probe measurements in which fluorescence from spin—orbit excited
I*1* 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 §(X)—CCl, 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 £&&h be understood in terms of a curve crossing
nearv =0, at 3.05 A<R.<3.8 A, and the final surface can be narrowed downgjoa(1,). This
nonadiabatiau— 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 contgrglgctronic predissociation

in liquid CCl, 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 coupleB(tg) anda(1g) states
[Batista and Coker, J. Chem. Phyi5 4033 (1996]. © 1997 American Institute of Physics.
[S0021-96087)00544-9

I. INTRODUCTION predissociation dynamics of,(B) in the liquid phase
through careful measurements and analysis of transient di-
Ever since the first experimental studies of Eisenthalhroism and birefringenceThey prepared the excited state
etal,’ the solvent induced predissociation of t8¢°I15,)  using short pulses at 580 nm, and monitored the time evolu-
electronic state of molecular iodine has become a prototypgon of the prepared coherence with variable wavelengths.
for investigating nonadiabatic dynamics in condensed mediarhey concluded that the decay time of the prepared coher-
The literature on this subject is extensive. Here we cite &nce of 230 fs was controlled by predissociation, confirming
select set of recent developments, noting that extensive Citgr time scale shorter than the equilibration of nuclear coordi-
tions of the relevant literature are given in thesenates. Moreover, based on probe wavelength dependence of
reference§._12 With the combination of ultrafast experimen- the appearance time of the transient, among the several pos-
tation, and nearly exact numerical methods for treating nonasiple curve crossin@% (see Fig. 1, they concluded that the
diabatic many-body dynamiés,'*?an accurate description |ikely candidate for the main predissociation channel was the
of the coupled electronic-nuclear dynamics in this modeLa(lg) surface®
system including all electronic states, now seems a realistic  With the advantage of structural order, measurements of
goal. the same process in the solid state could provide an addi-
The picosecond era of measurements in the liquidional tool for characterizing this solvent induced intramo-
phasée mostly through transient absorption measurementsiecular electron transfer. We reported such studies performed
concluded that the predissociation ¢fB) occurs on a time in solid Kr, in which we used femtosecond pump-—probe
scale shorter than 1 g$.The fact that electronic predisso- spectroscopy relying on fluorescence from the molecular ion-
ciation proceeds on a time scale comparable to vibrationgbair state$.We showed that for very similar initial prepara-
periods, immediately raises doubts about the notion of detions of the molecule, the solid state predissociation prob-
scribing the underlying dynamics as a rate process, and i@bilities were nearly an order of magnitude smaller than what
characterization by a single decay constant. had been observed in the liquid ph4s@iven the nearly
With a time resolution of 30 fs, Scheret al. studied the twofold increase in local density, an order of magnitude re-
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matrix for the b—Rg interactions, and propagate trajectories
on the coupled electronic surfaces. A DIM Hamiltonian for
I,—Ar was also constructed by Buchachenko and Stepanov,
who dissected the+Ar surfaces and off-diagonal couplings
involving the B state'® The reported simulations with the
DIM potentials lead to extremely rapid predissociation,
through a variety of crossings, in qualitative agreement with
the liquid phase results. However, the solid Ar simulations
also predict ultrafast predissociation, now in discord with
experiment. It would seem that adjustment of the elements in
the DIM Hamiltonian are necessary, and at present, exper-
iments are the only viable means to this end.

Ben-Nun and Levine considered the liquid phase predis-
sociation of } through simulations that carefully treat the
VA NS nuclear nonadiabatic dynamics, while assuming a simplified
2.5 3 35 4 4.5 5 electrostatic model for the electronic coupling between

R (A) statest! Their treatment is limited to the consideration of the

_ _ crossing betweeB(0,) and a(1g) curves, and designed to
FIG. 1. Releva_mt potential curves. The pump-probe exp_enments prep‘aret e in agreement with the experiments of Schetexl They
B state, and interrogate the time dependent populations by a variety o

dipole allowed transitions, as indicated by the up-arrows. Fluorescence fror{ﬂlnqerscore the_Strong local density depen.denc_e Pf r".ites in
I*I* —I*1 is used as detection, with a variety of direct and indirect channelstheir model, which would suggest that predissociation in the

leading to the population of the upper state. The indicated curves that crossolid state would be significantly faster than in the liquid
the B state were taken from Ref. 13. phase. A more careful treatment of the electrostatic coupling
was provided by Roncero, Halberstadt, and Besw(igk{B),
duction in curve crossing probabilities is not a trivially ob- in their treatment_ of th_e pred|ssoue_1t|_on pf t_t}eAr van der
Waals complex, in which they explicitly indicated the angu-

vious result. A more direct comparison of observables, usin . . )
: : r anisotropy of the coupling surfatgAs we elaborate, this
the same experimental technique, seemed warranted. In this.

: o 7 IS implicit in the DIM treatment;*®and key to understanding
paper we report single color pump-probe studies in liquid

CCl,, with initial preparation that spans the full range of the pred%?;ﬁgg};;g;?;:f%% ~orobe measurements on |
molecular potential, from minimum to above dissociation pump-p &

limit. Our liquid phase measurements are in agreement Witllijsebth;a mqlfcrg:la; |0;‘]1—pa|r states ats tr?e termtlngls for the
those of Schereet al. Indeed predissociation in the solid probe transitiorl. -SUch measurements nave not been pos-

state is slower than in the liquid state. We will argue that thisSible in the liquid phase, due to rapid quenching of the ion-

result can be understood in terms of the local solvent strud®®'" states in such media. To overcome this difficulty our

ture. After narrowing down the main predissociation channeFXpe”melrlltShWere deS'ngd to.usef thé‘qlsurfacef ";‘S final
to a(1,) or 2, surfaces, we recognize that the requisite di-St2€S: All three states that arise froff(1Py,) +1* (“Py)

polar character of the off-diagonal surface that couples thes&'® repulsivésee Fig. 1and do not sustain population in the

states undergoes severe cancellation when the local solveB®S phase? However, in condensed media, the pair of spin-
structure is highly symmetric. The electronic curve crossing?XCited atoms can remain in contact per force of the solvent
is induced by static and dynamic solvent asymmetry, a col€age, With radiation as their main relaxation channel. A de-
lective effect which does not simply scale with solvent den-t@iléd spectroscopic analysis of these transitions, and the
sity. photodynamics of the doubly spin-excited? states in vari-

Quite relevant to the condensed phase studies are S liquids and solid matrices, has already been gten.
high pressure gas phase measurements of Zestail,”® the time resolved studies we report here, we use the
who in their most recent work show a strongly nonlinear!*!*—1*1 emission as detection. Note, in principle both
density dependence &, and T, times, whereT, can be B(0;) and a(ly) states can be probed via
identified with the predissociation of(B).8 These experi- 1*1*(04)—1*I(B(0,)) and FI*(1,)—Ix(a(1ly)) transi-
ments help identify the nature of the off-diagonal matrix el-tions, as indicated in Fig. 1. However, the strdfig-B tran-
ements that lead to predissociation. Both long range andition, masks the absorption from thél,) state, precluding
short range interactions are implicated. direct experimental information about its role.

On the theoretical front, we mention three important de- ~ We follow the format of dynamical spectroscopy as pre-
velopments. In an ambitious undertaking, Batista and Cokeviously outlined® The experimental observables, consisting
(BC), have presented simulations affirst in liquid Xe>® of time dependent resonances, are analyzed with the help of
and more recently in solid Ar and X&) in which nonadia- classical simulations. The methods of experiment and simu-
batic transitions among all 23 states that correlate with thdation are presented in Secs. Il and lll, respectively. The
ground 1€P) +1(2P) have been included. They construct a experimental observations are summarized in Sec. IV, and
semiempirical diatomics-in-moleculeDIM) Hamiltonian  analyzed in Sec. V. In Sec. VI we discuss the implications

E (cm™)

3.5 10*

I*1*

1 I*1
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/ \ REFERENCE replaced with a 0.2 mm thick BBO crystal. The intensities of
R C%NEL both beams are attenuated by a factor-& below the white

light generation limit in the cell.

V4 ﬁ— Infrared fluorescence from the beam overlap region is
DELAY collected at right angle, with a single lens, through a 0.25 m

monochromator, and detected with a liquid nitrogen cooled
Ge detecton(response time 0.5 us). The detector output is
amplified and integrated with a boxcar while simultaneously
monitoring the OPA output through a second channel of the
boxcar integrator. Data is collected when the reference signal
falls within a 2% window of a preset level. Typically, at each
delay, 1000 selected pulses are acquired and averaged in a
computer.

The experiments to be reported consist of single color
pump—probe measurements. Accordingly, the transients
should in principle be strictly symmetric in time. A system-
atic linear deviation from such a symmetry, 660 fs over a

FIG. 2. Experimental layout. scan of 1 ps is observed experimentally. Using interference
fringes from a He:Ne laser we have verified that this is not
the result of nonlinearity in the mechanical drive, and ascribe

with a critical evaluation of theories. Concluding remarks ardt 10 @ combination _Of beam Wa”_('Off n tr_'e unconstrained
provided in Sec. VII. volume of the sol_utlont and spatial chirp in the pulses. Al-
though the effect is noticeable, we do not correct the data for
this systematic error.

LiQuip
CELL

5 fs, 0.7 mJ et

Il. EXPERIMENT

The experimental setup is illustrated in Fig. 2. The meay;; giMULATIONS
surements are conducted in a two-window quartz cell con-
taining a static solution of,lin liquid CCl,. The concentra- The classical molecular dynamics simulations used in
tion of the solution is adjusted to an optical density-of at  the interpretation of the data to be presented are carried out
520 nm. The data are quite insensitive to concentration. by standard methods. A cell of 108 particles subject to peri-

The laser source consists of a femtosecond Ti:Sapphiredic boundary conditions is considered, and the equations of
oscillator, the 800 nm output of which is stretched, regeneramotion for the microcanonical ensemble are propagated us-
tively amplified and recompressed to 55 fs at a repetition raténg the Verlet algorithm. With the pair potentials defined, the
of 1 kHz (0.7 mJ/pulsg The amplified output is then used to cell dimensions are adjusted such that the pressure of the
pump a BBO based three stage optical parametric amplifiessimulated system fluctuates abdit 0, while the tempera-
with 20% conversion efficiency. The OPA output is up- ture fluctuates about =300 K. This corresponds to a re-
converted using a 0.5 mm thick BBO crystal, either by dou-duced density op* =0.7 in the present simulation of CClI
bling or by summing with the 800 nm fundamental. This under room temperature and pressure conditions. Thg CCI
allows a coverage of the spectral range between 480 and 80folecules are represented by single particles with pairwise
nm. A prism compressor, with a limiting diaphragm before additive Lennard-Jones intermolecular potenttaléor pa-
the folding mirror, is used to maintain near transform limitedrameters see Table |. Two different potential constructs are
pulses throughout the tuning range of the OPA with typicalused to describe the,4CCl, interaction in the ground
pulse widths of 50-65 fs. The compressor is adjusted tO((lﬁg) state of the molecule. The first, to which we refer as
compensate for group velocity dispersi@VD) introduced isotropic potentials, consists of pairwise additive atom—atom
by optical elements in the beam path before it reaches thpotentials, in which the [|-Cgl potential is treated as
sample. The compressed, up-converted output of the OPA isennard-Jones, with parameters suitable for Xe-G@kr-
split evenly with a 50% beam splitter in a Michelson-type action(see Table)l The second, to which we refer as aniso-
interferometer. After passing through a variable delay linetropic potentials, is a three body potential constructed as
using a single lensf{=20 cm), the two beams are recom-
bl_ned at an angle of 5° |mm_ed|ately behind the entrance V(IZ(X)—CCI4)=_E co(6,)Vs(r;)
window of the cell. The noncollinear geometry of the experi- i=12
ment avoids interferometric noise in these single color ex- :
periments at the expense of sacrificing time resolution. At 5° +SiP(6) V() @
of recombination angle, with a beam waist of 0.1 mm at then which the indices 1 and 2 refer to the | atonésis mea-
crossing point, the time resolution broadens-b$0%. The sured from the I-I axisys andVy are expressed as Morse
experimental time resolution is verified for each wavelengthfunctions, derived from known I1-Rg potentidfsand scaled
by measuring the autocorrelation trace when the liquid cell idy the rules appropriate for nonbonded interactions
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TABLE |. Potential parameters used in simulations.

18 [+ (=
so-5 3 [ av [ dn sl iR

— o

Lennard-JonesV=4¢[ (a/r)*?— (a/r)8]

o) e(em™) XW(hvpropet' i) TAV (RS D—hv] (3

ccl,-ccl, 5.881 227 in which the indicesn and m refer to the initial and final
I(B)—CCl, (Xe—CCl) 4.968 190

Xe—Xe 4055 159 electronic states of the probe transition, and at a time delay
between pump and probe pulses, the probe laser intensity is
characterized spectrally and temporally by the window func-
De(em™?) ro(A) BA™Y tion, W(hvpope,t).%* In practice, since the many-body elec-
tronic surfaces are not knowan priori, the interpretation of

Morse:V=D[1—exp(-B(r—rd)F

xz (('I—(ég'lzt)) ii? . 2-3‘2 ﬁé observed transients is greatly simplified by an effective one-
AU 14, . . . . . . . . }
L(B) 45036 3016 185 dimensional inversion of the trajectory data, under the as

I*I(1g) 240 6.2 0.46 sumption that the probe difference potential is mainly gov-
erned by the I-I coordinat®. For a fixed probe resonance,
this also allows the neglect of the coordinate dependent tran-

Cy(cm™ Co(em™Y Co(A) sition dipole. Thus

Exponential:V=C;+C, exp(-r/Cy)

I(a) 11928 6.34 10 0.33

N
1 + o0 ) —_
S(t)zﬁz1 f, dt’Jl dh »W(hvpepet) SLAVam(R)

—hv]dR=Ri(t')]

€ccl, 18 [+= [ ,
Dy(I—CCly) = - De(I—Rg), (2a) =Ni21 J dt f dR WR,t)[R—Ri(t")]
g = — o — o0
N
Occl 1 o ® , *
ro(I—CCly) = _UR : ro(1—Rg), (2b) =N izl f dt’f dR e (t-t)%26% = (R-R*)%262
g =1 ) %
OR X R—R;(t’ (4)
BI-CCl)= =% 31 -Ry), (20 RER]
cCl in which the one-dimensional resonance condition is used to

in whichDg, r, andg are the Morse parameters, aménd  transform the probe laser spectral distribution to coordinate
e are the Lennard-Jones parameters for Rg—Rg andpace, where it is further approximated that the window
CCl,—CCl, interactions. Note, in the form given in E(fL), function is a Gaussian in space and time, which is centered at
Vs is responsible for the linear well on thel-CCl, surface. R* along the |-I coordinate with a spatial width af.**
It can be shown, quite generally for rare gas—molecular haloNote, AV(R) is the difference between a pair of solvated
gen interactions, that the linear well arises from the admixiodine states. While educated guesses can be made about the
ture of ionic character in the ground surfdéedccordingly,  solvated potentials, for configurations reached in ultrafast
in polarizable media in which the ionic excited states aregpump—probe studies there usually is no independent infor-
strongly solvated, it can be expected that the linear minimanation. In practice, the inversion is made with an ensemble
will be even deeper. The ground state potential determinesf trajectories for thelinternal coordinate, witlA and R*
structure of the solvent from where the excitation is initiated,as adjustable parameters. A faithful reproduction of the ob-
and will accordingly effect coherences, recombination anderved transients is then taken as a consistency check in the
energy dissipation. In the exciteB(Bng) state, the I-CGl interpretation of the underlying dynamics and the effective
potentials are treated as isotropic. The justification for usingolvated potentials.
an anisotropic ground state and isotropic excited state atom— All of the data to be reported here are single color
atom potentials has been given befbte?* pump—probe measurements, wher¢=a0 each of the laser
The simulations are started by Monte Carlo sampling ofpulses serve as both pump and probe. According{y) is
initial conditions from a file thermalized on the ground state.symmetric with respect to the time origin. This consideration
The excited state potentials are then used to propagate tliee most conveniently accommodated by first reflecting the
equations of motion. In accord with the Franck—Condontrajectory ensemble abouwt=0, and then carrying out the
principle for vertical excitations, the initial |-I coordinate convolution of Eq.(4), using the experimentally measured
distribution is chosen to match the reflection of the laserauto correlation width of the laser fek
spectral distribution from the difference potential of the The classical simulations are carried out on a single elec-
transition?? The pump-probe signal can then be generatedronic surface, theB state potential of,l Yet, we expect
from an ensemble dfl trajectories by temporal and spectral significant predissociation in the liquid phase. In the effec-
convolution of the probe laser with the many-body differ-tive one dimensional treatment of transients, the Landau—
ence potential Zener model for curve crossings is the natural framework to
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use?® Accordingly, for population prepared and probed in
the B state, the signal may be fitted by weighting the trajec-
tories based on the number of crossings they undergo before
reaching the probe window
1O [+= (=
S(t)=ﬁi21 f dt’J' dR WR,t)P;(t")5[R

—Ri(t")] ©)

in which the weight of theth trajectory at time is given as
the product over thé prior passages over the crossing point
R=R. with instantaneous velocity,

P(t>=fj[ Pisve(i)), (6)

I*I* Fluorescence (arb)

whereP, is the Landau—Zener probability of remaining on
the initial surface

= 4772<V12>2
12ve) =ex hloo(V2/IR— V1 1dR)[rr_ |

)

While consistent with the method used for the inversion of
trajectories, this one dimensional curve crossing probability
is only an approximation of the many-body problem at hand.
Nevertheless, as in the case of the reduction of the many- FIG. 3. Single color pump—probe transients in liquid £CI
body resonances using an effective solvated potential, we
expect this treatment of predissociation to be useful in un-

derstanding the transients, with the caveat that the couplingjming point in a vibrational period, yet it no longer shows
matrix elements(V,), that are extracted must be regardedyny oscillations. We will fix the locations of the windows
aseffective matrix elements between solvated potentials avgjith the aid of simulations, then rationalize the implied reso-
eraged over solutesolvent configurations nances. What is clear at the onset is that sinceBtistate is
initially prepared, the rapid decay of the signal results from
population loss, the result of predissociation. Reliable decay
times can be extracted from the data, as we describe below.
A. Pump—probe transients in CCl 4 Inspection is, however, sufficient to conclude that the higher
Two-photon excitation of Jin room temperature liquid (he initial preparation energy in tt state, the longer is the
solutions leads to near infrared emission from the thermallyelectronic lifetime: the observed predissociation is domi-
equilibrated ¢, 0, , and 1, surfaces that arise from the nated by a crossing near the potential minimum.
interaction of a pair of spin—orbit excited iodine atotfis.
The liquid phase single color pump—probe studies which WeB
report here, rely exclusively on this fluorescence as detec-"
tion. In Fig. 3 we show pump—probe transients obtained at The rapid predissociation observed in liquid €@ to
wavelengths ranging from 640 to 480 nm, i.e., for preparabe contrasted with what is observed in solid Kr. Since the
tion of the molecule in it8 state, from the potential mini- previously reported data in Kr were obtained by two-color
mum to above the dissociation limit. The transients decayneasuremenfsto ensure that the comparison is direct, here
within 200 fs<t<700 fs, after showing a few oscillations. In we provide a single color measurement. In Fig. 4 we show a
all cases there is a contribution to the signal=a0, therefore transient from solid Kr, using 556 nm to pump and to probe,
a probe resonance near the inner branch ofBhgotential.  with the E(O,4) ion-pair state acting as the upper state in the
As the wavelength is shortened, a dip develops=ad, due  probe transition. This transient is nearly identical to what
to a delayed resonance which occurs at a time less than haifas previously reported in the two-color experiméhts)d
the vibrational period. This would indicate that a secondyields itself to the same interpretation presented there. Addi-
probe window opens for stretched geometries of the moltionally, the one-color experiment clearly marks the origin of
ecule. The relative contribution from the outer window de-time, and uniquely identifies the probe window location on
creases progressively as the excitation energy is loweredhe outer turning point of th8 potential. It is unambiguous
such that at 580 nm, only the inner window contributes to thehat the observed transient is in the initially accessed state,
signal. Also noticeable is the distinctly different appearancehe B state, and not the result of trapping in the lower elec-
of the transients at wavelengths ranging from 600 to 640 nmtronic manifold after predissociation, as assumed by Batista
Here, after thet=0 signal, the packet returns to the inner and Coker in their interpretation of our published dta.

time (ps)

IV. EXPERIMENTAL RESULTS

Pump—probe transient in solid Kr
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FIG. 4. Single color pump—probe transients in solid Kr, obtained at 556 nm, R (A)

and using ion-pair state fluorescence for detection.
FIG. 5. Difference potentials that serve as probe transitions. In the legend,
** refers to fI*. The probe window locations extracted from the simula-
V. ANALYSIS tions of the data are shown as open circles.

Gross features of the liquid phaBestate dynamics can
be directly read from the experimental transients in Fig. 3radius, which is an ill-defined quantity. A vertical shift of
The data indicate thata) predissociation of th® state oc- ~6000cm® is more consistent with the resonances ex-
curs on a time scale of 0.5 ps;(b) when prepared near the tracted from the dynamical simulations, as will be elaborated
middle of the potential, at 580 nm, predissociation proceedpelow, and well within the uncertainty in the cavity model.
with complete retention of vibrational coherence} when  We have used this shift in Fig. 5 to show the predidiedB
prepared in the anharmonic part of tBestate, near its dis- difference potential, which is double valued for all probe
sociation limit or above, nuclear coherence is lost on the timevavelengths.
scale of predissociatior{f) predissociation is most rapid at The only resonance that is accessible after predissocia-
the bottom of the potential. Furthermore, by comparison withtion, from states that correlate witi?R,;,) + 1(?Py,), is the
the data in Fig. 4, it is possible to conclude that predissociat*1*(1,) —I(a(14)) transition. This difference potential,
tion in solid Kr is an order of magnitude slower than in valid after the crossing poinR.=3.16 A 2% is single valued
liquid CCl,. To further characterize the system parameters, itis shown in Fig. 5. Since at large internuclear distances this
is necessary to quantify energy dissipation froyntd the  transition corresponds to a double spin—flip, it can be ex-
solvent, and to locate the curves responsible for predissocigected to be rather weak. While selection rules allow the
tion. This information is more subtly encoded in the experi-connection of all states correlating with the ground state at-
ments, and requires scrutiny through simulations. We begimms to ion-pair states, none of these resonances lie in the
with a discussion of the anticipated resonances, prior to disvavelength range of our studies.
section of the pump—probe transients. The presence of a peak at the time origin of all transients
shown in Fig. 3, suggests the presence of a probe window on
the repulsive wall of thd state throughout the wavelength
If we restrict ourselves tad(}=0 transitions andi<~g  range 640—-490 nm. Tha' B transition can act as such a
selection rules, in the spectral range of the experiments, thra@sonance, as illustrated in Fig. 5. The requirement for this
transitons probe the B state: a’(04)—B(0;), fluorescence channel is that the excitation terminate above
I*I*(04)—B(0,) andE(04)«B(0,). The latter only be- the crossing betwees’ and FI* surfacegsee Fig. 1 Also,
comes accessible due to solvation of the ion-pair states in thg the short internuclear distances corresponding to inner
dielectric of the medium, the extent of which may be esti-turning points of theB state,A—3, coupling will prevail, and
mated from the Onsager cavity motfel strict Hund’s caséc) considerations are no longer valid. Un-
8u? (e—1) € (n?—1) der case(a_) we can find a variety of transitiops that COL_IpIe
S et 1) ~ 2nZ+ 1) (8) the repulswe wall of theB state to the repulsive potentlals
e that arise from both-+I and ¥ +1 limits, above their cross-
in which the cavity diameter is approximated ds 2r, ing with the F+I1* potentials. The inner resonances leading
wherer,=3.6 A, is the equilibrium bondlength of the ion- to a signal at time origin can be rationalized, however, the
pair state?® Using the index of refraction of Cgln=1.46,a curves at these short internuclear distances are poorly
vertical electronic solvation of-7000 cm! can be antici- known, and the difference potentials in Fig. 5 are only used
pated. This estimate is quite sensitive to the choice of cavityas guidance. Quite clearly, multiple probe windows will be

A. Excitation resonances
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S(t)

-2 -1 0 1 2
time

FIG. 7. Expected signals for curve crossing before arriving to the probe
window (solid line) and after passing through the probe wind¢ashed
line).

:\?‘
' l
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| c=ﬁ=\iv'~'~
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a(14) with an effective coupling matrix elemef¢Vg_,)|
=175cm? (R,=3.16 A, and A|dV/dR|=13200cm?
AY.

While the predissociation probability per crossing is well
determined by the above analysis, the assumed parameters of
the one dimensional Landau—Zener model are not indepen-
dently determined. However, with respect to the location of
the crossingR., the analysis firmly establishes that it must
FIG. 6. Analysis of the 580 nm transient using molecular dynamics simu-0ccur at an internuclear distance greater than the probe win-
lation. The experimental data points are shown as open circles in the toﬂOW ie. R. >R* _3 05 A Had this not been the case, a
B T o e e ot inee o 30 eIy diffrent ntensity rato would have been observed for
t=0, is shown. The dip at=0 in the data helps to fix the probe window the first two resonances, as illustrated in Fig. 7. The differ-
location with accuracy. A delay in the appearance of the resonance ognce between these two conditions arises from the fact that
~50 fs(vertical ling, locates the probe window at 3.05(Borizontal linein  the first resonances is due to the outgoing packet alone, while
lower panel. the subsequent resonances consist of both outgoing and in-

ward moving packetgsee Fig. €b)]. The first resonance cor-
responds to a half-period sampling of the potential, while the
active in the detected signals, and should be taken into corsecond is a full-period sampling. Thus the relative ratio of
sideration in the interpretation of data. the first resonance to latter resonances will depend on
whetherR, occurs before or after the first observation of the
packet aiR*. Only the latter case is consistent with the data.
) ] o We may safely conclude that) the predissociation oc-
EHJC?bfft%R;T :;?;;;‘;2% coherent predissociation curs atR.>3.05A, and therefore cannot be due to the
B"(1,) surface[see Fig. 1; (b) the parameters used yield the

The 580 nm transient shows the most regular oscillacorrect magnitude of predissociatior,60% per period.
tions, with evidence of only one active probe window. An Vibrational energy relaxation is an integral part of the
expansion of the transient, shown in Fig. 6, resolves a dip imbserved signals and their interpretation. Since ,CiSI
the signal at=0. This would signify a time delay between treated as structureless, it may be expected that the vibra-
launching the wave packet on tBesurface and its arrival to tional energy transfer to the solvent is underestimated. This
the probe window. With the help of trajectories shown incould affect the interpretation of predissociation parameters
Fig. 6(b), this delay allows an accurate location of the probeextracted from fits, since the LZ probabilities are determined
window atR* =3.05 A, (see vertical arrow in Fig.)6Since by instantaneous velocities &, which in turn are deter-
the temporal width of the probe window is fixed by the mea-mined by the instantaneous vibrational energy content in the
sured auto correlation of the laser pulse as 95 fs, only twanolecule. The time dependence of the period between oscil-
variables remain to simulate the signal: the spatial width ofations of the signal contains this information, and can, in
the probe windowA, and the predissociation probability. An this case, be extracted from an analytical fit to the experi-
adequate reproduction is obtained, as shown in Fig), 6 ment. Taking into account the inverse velocity dependence
when usingA=0.075 A, and assuming predissociation via of the signal intensity? and an exponential decay of popu-

Delay Time (ps)
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B state, and therefore the instantaneous velociti¢g, atare
reliably treated in the simulations. The experiment does not
determiner, with any accuracy since the observation time is
limited by predissociation, which is much faster than vibra-
tional relaxation.

Finally, the analysis fixes the probe window R
=3.05A for a probe wavelength of 580 nm (17250
+250cmY). To rationalize this window location it was
necessary to assume a somewhat steeper curve for the repul-
sive I*I*(Og) potential in Fig. 5 than Mulliken’s original
guess®

Fluorescence Intensity (arb)

-0.5 0 0.5 1 1.5 2

) C. The 556 nm transient, coherent dynamics in solid
Delay Time (ps) Kr
FIG. 8. Fit of the 580 nm transient to the analytic form of E).in the text. The solid state data is included here to make direct com-

parisons. We simulate the signal in this case using the well
determined parameters of the probe wind&v=23.7 A and

lation due to predissociation, the oscillatory signal can bethe same curve crossing pa.rameters as in the liquid case,
represented as except for the effective coupling elemehty,)|. Now, the

experimental transient is reproduced as shown in Fig. 4 when

: etz . o) © |(V12)| =65 cm tis used. The parameters used in the present
S(t)= ——=[1+f(1)siN(w(t)t+ 9 imi i i i
( EO-v [1+f(t)sin(o( ®)] are similar to those previously extracted in the analysis of

predissociation in Kr, where the measurements were con-

in which V* is the value of the potential at the probe window ducted using a uv probe laser tuned to #{@,) ion-pair
location, R*; f(t) describes the decay of the modulation state® In the present single color measurement the probe
depth due to decay of coherence among the trajectories iaccesses the minimum &{(0,) ion-pair state. In our prior
phase space; ar(t) describes the dissipation of vibrational treatment we assumed exponential decay oBtlstate popu-
energy. For a given function d(t), the time dependent lation due to predissociation, and extracted a value of
angular frequency is obtained for the Morse oscillator as  |(V;,)|=54=7 cm 1. Here, we explicitly treat the curve
w(t) crossing during the simulations.
m=we—2wexen(t) .

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

T WeXe Similar transients are observed at 490 and 515 nm, for

+ (0o— 0Xe) 2 — 40X E(1) — 02— wex4]. initiallpreparatiqns above thB state dissociation limit qnd
near it, respectively. In both cases a sharp peak=al is
(10) observed, followed by a broader peakt at130-160 fs, i.e.,
The 580 nm data can be well fit by this expression under that a time delay shorter than half the vibrational period. This
assumptions of complete coherence and exponential energyould imply the presence of at least two probe windows, one
decay on the repulsive wall and one on the attractive wall of Ehe
potential. Based on the difference potentials shown in Fig. 5,
f()=1, andE(t)=Eo exp—t/7,). (D it we ascribe the outer resonance to Be-B transition, then
With a vibrational energy relaxation time af, =10 ps, a this window further splits into two, necessitating a minimum
predissociation time constant,=320 fs (and ¢=1.4 rad, of three probe windows in the simulation. The data also
the experimental data can be well descrili®eke Fig. 8 The  show a resonance after a time delay of 0.5 ps, which can be
functional fit enables the simultaneous extraction of energyscribed to a recursion to the outer window after a full period
dissipation and predissociation rates, without resorting ton the bound region of the potential. This peak arises from
simulations. The extracted value of;=320 fs corresponds the fraction of the molecules that undergo head-on collision.
to the vibrational period ofr,,=313 fs of the initially pre- No further oscillations are evident, and the signal decays
pared vibration(n=13 prepared at 580 nimtherefore con- exponentially past=0.5 ps. The signals are simulated by
sistent with the predissociation probability 6f60% per pe- including weighted contributions from three probe windows,
riod derived above. The data is not sensitive to the energwhile using the same predissociation parameters as in the
dissipation rate as long as/ 7 ,>10; i.e., energy relaxation 580 nm datgsee Fig. 9. The results are not sensitive to the
is insignificant within the electronic predissociation time. An parameters of the inner window, which is fixed Bt
equally good fit to the data is obtained when usingE¢r) a  =2.75 and 2.9 A, for the 490 and 515 nm data, respectively.
functional fit to the energy loss curve obtained from the MDThe outer probe window parameters are adjusted. The as-
simulations, which is better described as a double exponersumed locations of the probe windows are marked in Fig. 5.
tial decay(see below. In short, the vibrational energy in the They are only approximately predicted by the vertically sol-
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1.2

Signal Intensity (Arb.)

Signal Intensity (Arb.)

Delay Time (ps)

FIG. 9. Simulation of the 490 and 515 nm transients, using the three indi-
cated windows in Fig. 5.

vated one-dimensional difference potential. As in the case of
solid state analysis, the data suggests that solvation is accom- (b)

panied by a stretch of 0.1-0.2 A in the ion-pair bond _ _ _ _
Iength.ﬂ FIG. 10. Structure of the Cglsolvent for isotropic(top) and anisotropic

. . (bottom) 1,(X)—CCl, potentials obtained by Monte Carlo samplifg0®
According to Fig. 5, at these probe wavelengths, Wavei:onfigurations in each case&’he same contour levels are used in both pan-

packets on thea(1g) surface could also contribute to the els. The anisotropic potential leads to a maximum along the internudpar (
signal; however, a careful analysis shows that this contribuaxis of the molecule and a reduction of density in the “T" geometry over
tion will be masked by th&«— B resonancésee the Appen- e isotropic distribution.

dix). The transient has little information content about the

final electronic state.

The adequate reproduction of the observed transients ishown that structural order of the solvent ensures sudden
Fig. 9 establishes that the predissociation parameters useddage induced recombination, and therefore proceeds with
the analysis of the 580 nm transient are also consistent withreservation of vibrational coherenteA sudden recombi-
those at 515 and 490 nm. nation wave, arising from the fraction of molecules that suf-

A major difference between dynamics when the systenfer head-on collisions, is present in the liquid phase and
is prepared in the deeply bound part of Bi@otential, at 580 gives rise to the peak near-0.5 ps. The contrast between
nm, versus those created in the anharmonic part near disstiis peak and the underlying tail is dictated by the structure
ciation is that the vibrational coherence decays prior to preef the first solvation shell, which in turn is dictated by the
dissociation. In fact, the classical vibrational coherence, &olute—solvent interaction potential in the ground electronic
measure of which is the time dependent ensemble average sfate. To reproduce the signal, it was necessary to use the
the molecular bond lengiR(t)), is lost after the first period anisotropic $(X)—CCl, potential which sustains minima of
of motion in the simulations. Given the similarity in masses1.5KgT along the linear geometrgseeVs in Table ). A
of I atoms and CGl extensive energy loss occurs in the first comparison of the thermal solvent structure forced by the
collision with the solvent, and the thermal distribution of anisotropic and isotropic potentials is shown in Fig. 10. The
impact parameters is sufficient to ensure that the dispersioanisotropic }—CCl, potential produces significant structuring
in recombination timesor recursion times to the inner turn- of the first solvent shell, leading to maxima in the angular
ing poiny is larger than the subsequent vibrational half-distribution along the molecular axis. To optimize avoided
period. As a resul{R(t)) does not show any oscillations. volume, a~30% reduction of the distribution in the “T"-
This is in contrast with the solid state, in which it has beengeometry relative to that of the isotropic potential occurs.
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6000 . T T - . that with this preparation, the molecule predissociates with
nearly unit probability. Since no recursions can be seen, the
\ ] . predissociation probability must be100% per period.

o0 N 0 | T Anisotropic Excitation at 600 nm prepares the molecule near

5500 —— Isotropic .

-~ =10. In this case a first recursion of the wave packet is
§ 4500 clearly observed. This signal, which appears after a time de-
- lay of a vibrational period, is much broader than the reso-
g 4000 1 nances observed at shorter wavelengths. If we were to ignore
S a0 | {490 nonadiabatic dynamics, we would be lead to the conclusion
that the 600 nm preparation leads to a faster loss of coher-
3000 | _ 515 ence than the 580 nm preparation, despite the fact that it is
created in the more harmonic part of the potential. The more

2500 ' . : : : likely interpretation is that we are seeing trapping of popu-

0 05 1 15 2 28 3 lation in the adiabats created at the intersection of the two

Time (ps) potentials. A similar situation has recently been studied in

FIG. 11. Vibrational energy decay for initial preparations at 490 and 515t|me re_sowed experlment_s on IBrin the gas _ph@ge'co_n_
nm, above and below the dissociation limit of the molecule. The initial trast with the gas phase, in condensed media, sharp interfer-
energy drop occurs upon collision with the solvent~iri00 fs, the subse- ences are not expected since the crossing is strongly modu-

quent relaxation in the expanded cage is slow on the predissociation timgyted by the solvent. The classical simulations used in the
scale. The extent of initial energy loss depends on the extent of anharmq- . . . .
nicity at the preparation energy, and on the solvent structure: greater wthresent work are ill suited for a realistic analysis of these

using the anisotropic potential which leads to earlier head-on collisions. €ffects.

F. Energy dependence of predissociation

The choi.ce_qf the ground state solu_te—_sol\{ent.potential The expression of Eq9) is sufficiently flexible to en-
also has a significant effect on energy dissipation in the exapje 53 phenomenological fit of the experimental transients.
cited state. This mechanical effect has recently been diSye carry out such an analysis mainly to establish the energy
cussed in refation to the gas phaseAr complex,\}g an  dependence of predissociation rates. We treat the vibrational
attempt to resolve the one-atom cage effect controverBy.  yg|axation as a double exponential, an initial decay with a
Fig. 11, we show plots of the time dependence of the engme constant of 100 fs, followed by a slow decay with
semble averageg energy,(E(t)), for the 490 and 515 nm - 10 s To fit the data faithfully, it is necessary to include
simulations, and with isotropic and anisotropie-CCl, po- 4, exponential damping of the modulation, usifit)
tentials in the ground state. The curves are typical for dissi— exp(—t/T,) in Eq. (9). Operationally T, establishes damp-
pation of Morse oscillators in condensed phiselere, the ing of modulation, it incorporates effects of temporal and

dynamics is quite clear. Extensive energy loss occurs duringnasia| resolution, and decay of vibrational coherence. It
the first collision, which terminates with the molecule reach-ghou1d not be interpreted as a true measure of coherence

ing a relatively harmonic part of its potential, in a relaxed yocay The data can be well fit by this method, as illustrated
solvent cage. Subsequent energy loss occurs at a mugy examples in Fig. 12. Table Il contains the extracted pa-
slower rate. The extent of energy loss in the first collision ameters, The extracted time constants of predissociation are
depends on impact parameters and the timing of the CO”'E:omparable to vibrational periodsee Table I}, as such they
sion. For a head-on collision, the earlier the collision duringp,ye Jittle meaning as rate processes. The more meaningful

the extension of the I-I bond, the larger is the availablen mper is the predissociation probability per crossing,
kinetic energy to transfer to the solvent. Thus, as |IIustrateqi1(.jlme|y

in Fig. 11, the anisotropic potential which gives a tighter
collinear alignment, leads to more efficient energy loss. In 1
analyzing the energy dependence of predissociation prob- PlZ:zw(T)T
G : : : Lz
abilities, it is the internal energy during curve crossings that
is required' rather than the energy of preparation_ Thus Whlléﬂ which the frequenCies are calculated from the characteris-
the 490 nm excitation prepares the molecule with an interndiC energies using the(B) Morse parameters. The extracted
energy content of 5000 cm, the predissociation rate of 680 Probabilities are plotted as a function of characteristic en-
fs which can be extracted from an exponential fit to the datagrgy. E, in Fig. 13. Since the probabilities monotonically
occurs at the characteristic energy Bf-4000 cm! (see  increase as =0 is approached, the data is consistent with a
Fig. 11). We will use this consideration in the analysis of crossing neav =0. However, the variation oP;, with en-
energy dependence of predissociation probabilities. ergy is too small. In the standard LZ model, for a fixed
coupling constant, a hyperbolic dependence on velocity,
therefore on\/E is to be expected. Since the kinetic energy is
varied in the experiment frort 150 to 4000 cri?, at least a
Excitation at 640 nm corresponds to preparation of thdivefold variation in probabilities is to be expected yet the
molecule neapv =0. It is clear from the transient in Fig. 3, observed variation i, ranges only from 0.65 to 0.4. The

(12

E. The 640—600 nm transients
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dependent predissociation probabilities are extracted.
FIG. 13. The energy dependence of predissociation probabilities per cross-
ing does not fit the standard Landau—Zener expectdtiashed ling The

data simply cannot be fit under the assumption of a fixe ata can be fit using a dynamical coupling which is a linear functioB*6f

. .. Rk K . . vibrational amplitudg and is shown in the inséhormalized to the cou-
coupling constant. Anticipating the discussion in the next;jing constant at equilibrium
section, it is possible to fit the data under the assumption that
the effective coupling is determined by driven solvent dy-
namics, and that the dynamical coupling scales with the vithe effective coupling constanisee inset to Fig. 13is
brational amplitude of,} i.e., asEY2 Thus we assume a ~50%, between preparations of the molecule at the bottom
modified LZ model, in which the dynamical coupling, and near the top of the potential.

(V129 is a linear function of vibrational amplitude where,

(V12)?=(V1)*(1+a\E) (13)

in which (V,)¢ is the effective coupling constant given by
the structure of the solvent at equilibrium with the ground
state }. The data fits this model, as illustrated in Fig. 13,
with (V;)¢=175cml, a=0.0082cm¥? (based on
|[A(aV/ar)|=13200cm*A™Y). The required increase of

V. DISCUSSION

Analysis of theB state transients is possible under the
assumption of a single predissociation channel, located near
v=0. This does not preclude the presence of weaker chan-
nels, due to other crossings. In fact, in solid state measure-
ments where the vibrational dynamics proceeds with tighter
coherence, several weaker crossings are clearly obs&rved.
In the liquid phase, the likely candidates for the main predis-
TABLE |l. Parameters extracted from analytical fit to transigig. (9) of sociation channel can be narrowedB¢(1,), 2g anda(1g)
the texd. surfacegsee Fig. 1 Of these, the8” surface may be elimi-
nated based on the analysis of the 580 nm transient, which
established the crossing to beRat-3.05 A. TheB” crossing

MM (EXem ™) dcw(fs)® () PLE Tu(fs)

490 4000 620 680 0.44 500 had previously been invoked as being active in this system to
515 3300 460 580 0.39 500 rationalize the observed nonmonotonic decay of intensities in
535 2800 400 510 0.39 500

resonant Raman progressions ofri CCl,.3? A recent theo-

548 2600 381 480 0.39 400 tical vsis all the reint tati f that dat .
557 2350 362 400 0.45 400 retical analysis allows the reinterpretation of that data ?s in-
580 1640 320 330 0.48 . terference in scattering from the tviRR active surfacesB

600 1166 299 310 0.48 220 and B, without invoking coupling between the#.The ex-

620 700 281 280 0.50 170 tant data and analysis does not allow a direct distinction
640 150 265 210 063 100 betweena(1,) and 2, channels of predissociation. The first
*Excitation wavelength. of these is commonly preferred, since it would involve the
PCharacteristic energy after energy loss in first collision, and assumingchange of only one unit of angular momentum. However,

‘\T/et()B):15|4:10€|>fch L - DIM analysis shows that the,&urface can also be active.
ibrational half-period at characteristic energy. ; ; ; ; EEQ
dPredissociation time constant obtained from the fit to @yof the text. In either case, th.e. crossing m.vowes a SO|Ve.nt indug
Experimental predissociation probability per crossing. a.-ndAQio trans@on. ACCOfdmlea the_Of_f'd|agona| pqten-
fDamping constant of observed modulation. tial surface that induces the predissociation must fulfill two

J. Chem. Phys., Vol. 107, No. 20, 22 November 1997

Downloaded 12 Feb 2004 to 128.200.47.19. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



Zadoyan et al.: Predissociation of I,(B8) in liquid CCl, 8457

criteria: It must haveu symmetry and must act along the evaluating the ensemble averages over liquid and solid state
perpendicular to the molecular axis. Note, these requirementdistributions, but now taking the angular anisotropy into ac-
are contingent upon the preservation of the molecular invereount

sion symmetry and) as a good quantum number, conditions s

which are well established by the spectroscopy,oh Ithese (W - ai(Ziag-a(H)R™AR—Ril)
weakly interacting solvents. The two identified criteria are  (V)s  as(Siag_a(HR °IR—Ri])s

key to rationalizing the difference between observed prob- . . I . .
abilities of predissociation in liquid Cglersus solid Kr, as we obtain that the predissociation probability in the solid

we expand below state should be a factor ef7 larger than in the liquid. Thus
The result that predissociation in liquid GOk faster as in the case of strictly additive probabilities, the discrep-

. . . . o ancy with experiment is nearly 2 orders of magnitude and in
rsirllgesdcjltlg rKerslzltu Pr?)):r??tﬁteeiéglrg?g{lraogfy pr?lf;l?i::lt?eess s\rlztrhe wrong direction. Indeed, the ratio predicted in B is
. ) 'p : %maller than that of Eq14). This is a result of the assump-

perturbers. To see this, consider a coupling matrix eleme

o . . "ion thata, >, and that the solute—solvent potential we use
which is only a function of separation betweep dnd -
. : . ads to a local solvent distribution peaked along the molecu-
guencher. For a polarizable quencher, which does not itse S L . )
. » o ar axis in the liquid phasésee Fig. 1D Note, however, this

undergo electronic transitions, the expectation is tkat ) g ,

6 34 . o . effect is somewhat artificial, since as we argued above, for a
xaq/R®.%" The effective coupling in the two phases, prior to

. . AQ=1 transition the parallel component of the transition
disturbance of the solvent by thedynamics, can be related dipole, and hencer, must vanish.

(16)

as The electrostatic model offered by Roncero, Halberstadt,
(V) (SR 8SR-R]) and Beswick RHB), in their treatment of the predissociation
~ = (19 f the L— lex, has th form for the el i

(V). ag(ZR S[R—Ri])s of the L—Ar complex, has the proper form for the electronic

coupling®? In second-order perturbation, which is necessary

in which the summation inside the angle brackets is over alto obtain a coupling through the solvent polarizabifity?
positions of the solvent for an instantaneous configurationthe leading electrostatic term for the requisitesg transi-
and the angular brackets imply ensemble averaging by takingon in |, is the dipole—quadrupole operator; terms of the
the average over realized configuration$;represents liquid  kind®
CCl, and (s) represents solid Kr. The strorigy dependence .
implies that the coupling is determined by the local density (B(0,)[Qliu)(iulila(ly))
of the solvent, mainly by the radial distribution of the first <Q“>12:§i: (E—E)) ' (17)
solvent shell, which in turn depends on the assumed inter-
molecular potentials. Despite the fact that the polarizabilityRHB show that this leads to aR~’ distance dependence,
of CCl,, @=10.5 A3, is significantly larger than that of Kr, and derive the angular dependence of the coupling surface
a=2.48 A3, the local density of the solvent dictates the ratiounder this electrostatic expanstén
of Eq. (14) to be 0.23; i.e., the predissociation probability in .
the liquid phase would be expected to be a factor~&0 Vg_a(RHB)= A sin(6)[4 C70§(0) 1],
smaller (probability «<(V)2). Contrast this with the experi- R
mental observation that the predissociation probability in theyg desired, the angular dependence of the function is odd
liquid phase is a factor of 10 larger. _ with respect to inversiofisee Fig. 13 It is this signed, an-

Similar conclusions are reached if the off-diagonal sur-gjarly anisotropic function that needs to be summed over
face is taken to havg symmetry, as in the real positive {he solvent distribution to obtain the effective coupling,
fu”Ct'ﬁ” assumed in the treatment by Ben-Nun and Levingy, s - prior to squaring, to obtain transition probabilities.
(BL).™ While they assume the predissociation to proceed Vigyile a strictly electrostatic model, and therefore its validity
B(0y)—a(1y), they use the expression given by Yardley for 5y e debated, the form will lead to extensive cancellation
the leading term in the perturbative analysis of electroniGyphen summed over a solvent distribution of high symmetry.
quenching by a polarizable collision partffi® The off-diagonal DIM surface of Batista and CoK&C)
has the same symmetry propert’&.The angular depen-

(18

3 IBIQ aB_aaQ

Vg_a=—= 15 dence of their surface fits the form
BT 2(Igtlg) RY g (159
. . A sin(8)cog(0)
with the further decomposition Vg_a(BC)= B — (19
ag_a=a; COF(I)+a, Sirt(Y) (15b)

and is shown in Fig. 14. In contrast with the RHB surface, it
in which the polarizability of the quenchetq, is coupled to is sharply peaked at 15° and vanishes at 90°, it haRh
the polarizability associated with the real transition betweerdependence, and a magnitude 2 orders largBr=ab A (see
electronic state® anda of I,, andlg andlg represent the comparison in Fig. 14 Given the very different origins of
ionization potentials of the solvent angdB), respectively’>  the functions, it is not too surprising that the BC and RHB
Using the value they recommend for the anisotropy of thdforms differ in their detail, yet, both functions have the
transition polarizability ¢,/a, =1.8). After explicity  proper symmetry.
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TABLE lIl. Predictions of effective electronic coupling (cH.

Static, [{V12)¢

Anisotropic Isotropic
Kr(s) CCl (1) Kr(s) CCly(1)
RHB 8.5 5.9 5.9 5.2
BC 59 83 47 43
Dynamic, |{V12)Y
490 nm 515 nm 580 nm
Kr(s) CCly(l) CCly (1) CCly()
RHB 11 6.8 7.6 5.7
BC 39 108 109 82

model predicts nearly equal couplings for solid Kr and liquid
CCl,. The absolute magnitudes of the BC predictions are in
surprisingly good agreement with experiment. The predicted
solid state value of(V;,)¢ =52 cm ! should be compared
with the experimental value of 65 ¢y and the liquid phase
value of 82 cm? is only a factor of 2 smaller than the ex-
perimental determination of 175 ¢rh
Since the couplings are determined by asymmetry in the
'2;0' 360 solvent structure, probabilities calculated based on static
8(% thermal distributions are expected to be quite different from
those determined dynamically. In the latter case, the motion
FIG. 14. Cuts of the off-diagonal sur_faces coupling Biand thea poten- of the driven } oscillator will lead to cage distortions, the
_tlals evaluated a5 A. The BC curve is the DIM surface of Ref. 9, and RHBeXtent of which should depend on the initial preparation of
is the electrostatic surface of Ref. 12. . .
the molecule. We carry out such calculations using the clas-
sical trajectories for 490, 515, and 580 nm preparations in

As before, the magnitude of the effective matrix ele_quuid CCl, (60 trajectories eaghNow, the effective cou-

ment, |(V1,)|, is obtained by summing over instantaneousp“ng is computed as an average over all crossings
solvent configurations and then taking the ensemble average. 1 N
We evaluate Eqs(18) and (19), under the assumption that (V129 = N > 2 Var, 9t dlr—ry] (20
the A coefficient is proportional to the polarizability of the b
solvent molecule(Based on the value reported for rjn in which r; represent the instantaneous positions of the sol-
the RHB model we us&=3x10° and 1.3 1C° for Kr and  vent atoms at the crossing tint& (at R* =3.16 A), and the
CCl,, respectively. In the BC form, based on the value givensummation is over alN crossings of the swarm. The results
for Xe,® we useA=2x10" and 8.4 10’ for Kr and CC}, are summarized in Table IIl.
respectively). The comparison of the 490 nm preparation shows that
The effect of solvent structure on solute predissociatiorthe RHB model predicts a larger coupling in the solid state,
probability can be gleaned from calculations of the effectivewhile now the BC model clearly predicts the liquid phase
matrix elements using static thermal distributions of the sol-coupling to be larger by a factor of 2.7 almost identical to the
vent. The results of these static calculations, using both iscratio observed experimentally. Both models predict the dy-
tropic and anisotropic,(X) —solvent potentials, are collected namical effect observed experimentally, both show a larger
in Table 1. Beside the difference in magnitudes, the tablecoupling for preparation near the dissociation limit of the
shows that the RHB and BC models make somewhat differmolecule(at 490 and 515 njnin comparison to preparation
ent predictions. Both models predict a reduction in couplingdeep in the bound part of the potent{at 580 nm. The CB
when using the isotropic potentials, an effect that can benodel shows a-30% increase between 580 and 490 nm,
traced to the reduction in local density. Despite the extensivavhich compares quite well with the energy dependence ex-
cancellation due to local symmetry, due to tRe’ depen- tracted from the experimeriinset to Fig. 13. As far as the
dence, the RHB model predicts somewhat larger coupling imbsolute magnitudes are concerned, the BC predictions are in
solid Kr than in liquid CC]j for both the isotropic and aniso- nearly quantitative agreement with experiment, the dynami-
tropic potentials. The BC model, for the anisotropic poten-cal couplings being-50% of what is observed experimen-
tial, predicts the liquid phase coupling magnitude to be aally. Given the good agreement observed in our analysis, it
factor of 1.6 larger than the solid state, to be compared witlis not clear to us why in the original simulations of BC
the experimental value of 2.7. Within the statistical errors ofextremely rapid predissociation was observed in solid®r.
the calculation, when using isotropic potentials, the BCWe should perhaps re-emphasize that our analysis assumes
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classical Landau—Zener, with a crossing fixed along the 1-bf the underlying dynamics with some confidence. In the
coordinate, and a fixed gradient of the difference potential ahnharmonic part of the potential, near the dissociation limit,
the crossing point. upon the first collision with the solvent cage, the molecule
Independent of the detailed forms of the off-diagonalundergoes a large energy transfer and complete scrambling
surface, the analysis clearly establishes the difference in pref classical vibrational phases. The subsequent dynamics oc-
dissociation probabilities between solid and liquid phases teurs in a relaxed cage, in the more harmonic region of the
be predominantly one of structure: Extensive cancellation ofnternal potential. The resulting biexponential energy decay
probability occurs in the highly symmetric solvent cage ofis characterized by & 100 fs drop followed by a slow decay
the solid. Also, the simulations establish that indeed solut®n a time scale> 10 ps. The latter decay process can not be
induced solvent fluctuations enhance the predissociatiowell determined from the experiments, since predissociation
probabilities when large amplitude vibrations are set intooccurs on a much shorter time scale. However, it is clear that
motion. This effect was summarized in the experimental datavhen prepared deep in th state potential, predissociation
using the modified LZ model, in terms of an electronic cou-proceeds with complete retention of vibrational coherence.
pling that varies linearly with vibrational amplitude. In the This picture was already evident in the studies by Scherer
case of the RHB model, we should note that, although thet al., and our results are in general agreement with their
magnitude of the dipole—quadrupole interaction is too smalbbservations and conclusions.
to explain the observed predissociation rates, the mechanism Given the detailed understanding of electronic predisso-
is sound and should contribute to the overall rates. Moreovegiation in this molecule, and the sensitivity of the process to
in the case of +-Rg van der Waals complexes where thesolvent structure and dynamics, it can be used to characterize
excited state is prepared in the “T”-shaped geometry of thehosts in various media, such as supercritical fluids and
ground state, since the BC surface vanishes, the RHB cowlasses. Given our assessment of the DIM surfaces, it seems
pling will dominate. This would explain the success of thethat through an iteration with experiments, a rather a com-
RHB treatment of predissociation in the vdW compleXes. plete description of the nonadiabatic dynamics of the full
manifold of electronic states can be expected.
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this case. That asymmetric cage vibrations induce such nona-
diabatic transitions in highly symmetric isolation sites in rare  Given that the crossing betwe&{(0,_) and a(ly) sur-
gas matrices, has previously been noted in simulafibise  faces has been identified as the most likely channel of pre-
dynamical effect of symmetry breaking due to stirring of thedissociation, and the fact that in the experimental range of
liquid by the vibrationally excited molecule, leads to predis-wavelengths, in particular at 490 and 515 nm a probe reso-
sociation probabilities of~1 per period which are nearly nance betweer®1*(1,) anda(1,) is expected, we consider
independent of internal energy content in the molecule. Thishe likely contribution of this probe window to the observed
effect could be summarized in the experimental data by assignal. To simulate signals arising from the final state of
suming an electronic coupling between surfaces that depengsedissociation, we use trajectories propagated orBtipe-
linearly on vibrational amplitude. The results are in nearlytential to generate initial conditions for continuation on the
quantitative agreement with theory, when considering thea(1y) surface. This is accomplished by storing the instanta-
DIM off-diagonal surface,Vg_,, recently provided by neous positions and momenta of all particles for every time
Batista and Coket. the trajectories reach the intersection between the two poten-
In addition to predissociation, the analysis provides im-tials, and subsequently continuing trajectories on ki)
portant details of dynamics in the liquid phase. Vibrationalsurface for an additional 250 fs. Thus a given trajectory on
relaxation and coherence are sensitive to solvent structuréghe B surface may spawn-off as many new trajectories as the
The CC}, data are consistent with a first solvation shell innumber of times it passes the crossing point. Thegk)
which the distributions peak along the molecular axis. Thisstate trajectories are then given their appropriate LZ weights,
in turn signifies an anisotropic,(IX)—CCl, potential. The and used for reconstructing the observable signal as before.
use of such a potential in simulations is able to reproduce th@/here contributions to the signal occur from both inside and
pump—probe transients, allowing a more detailed dissectionutside theB surface, we recognize that transition dipole
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1.2 . - - - - . . weak emission ascribed to this transition is observed in reso-
nance Raman spectra in the solid stit@hus, both due to
the very weak transition strength, if at all detectable, and also
o8 L | due to the acceleration of trajectories on this surface, in the
o present experiments, the contribution of a probe signal from
06 J . thea(1l,) surface is completely negligible.
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