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Dynamics and the breaking of a driven cage: | 5 in solid Ar
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Pump—probe measurements gfin solid Ar are reported and analyzed to extract a description of
cage response to impulsive excitation, from the gentle kick, up to the breaking point. The most
informative data are obtained through wavepacket motion on cage-bound, but otherwise
dissociative, potentials where the chromophore acts as a transducer to drive the cage and to report
on the local dynamics. This general class of dynamics is identified and analyzed as a function of
energy in Ar, Kr, and Xe. The overdriven cage rebounds with a characteristic period of 1.2 ps that
shows little dependence on excitation amplitude, in all hosts. After rebound, the cage rings as a local
resonant mode in Ar, with a period of 1 ps and dephasing time of 3 ps. This mode remains at the
Debye edge in Kr and Xe, with periods of 630 and 800 fs, and dephasing times of 8 and 6 ps,
respectively. In the bounB-state, the cage fluctuates toward its dilated equilibrium structure on a
time scale of 3 ps, which is extracted from the down-chirp in the molecular vibrational frequency.
When kicked with excess energy of 4 eV, the Ar cage breaks with 50% probability, and the molecule
dissociates. The kinetics of polarization selective, multiphoton dissociation with Gaussian laser
intensity profiles is delineated and the ballistics of cage breakout is described: The photodissociation
proceeds by destruction of the local lattice, by creating interstitials and vacancies. During large
amplitude motion on cage-bound potentials, sudden, nonadiabatic spin—flip transitions can be
observed and quantified in space and time. The spin—flip occurs with unit probability in Ar when the
I*—1 bond is stretched beyond 6 A. ®004 American Institute of Physics.

[DOI: 10.1063/1.1689958

I. INTRODUCTION (c) breaking of the cage.

Pump-—probe studies of iodine isolated in matrix Ar wereThe common theme in these analyses is the use of a molecu-
reported from our laboratory as the first example of ultrafastar spring of variable stiffness to drive and sense the cage
time-resolved investigations in matrickéSubsequently, the response—an analogy already made in the interpretation of
more extensive studies were carried out in matrices 6fRr, emission spectra from cage-bound potenti@Sage motion,
and to a lesser extent in Xén part due to signal degradation as distinct from the chromophore vibration, can be observed
by permanent photo-dissociation of the molecule in Ar. Then pump—probe data®® On the deeply bound-state of
phenomenon is of interest since it involves the breaking of2,* ®**~**the intermolecular vibration dominates. In con-
the prototypical cage. In contrast with prior case studies ofrast, on dissociative molecular potentials, the dominant dy-
photodissociation in matricésthe large mass asymmetry in namics is that of the cage. This, we show through experi-
this case leads to a qualitatively different mechanism of cag&ents and simulations in Ar, and extend it to the parallel
breakout, as we highlight. We succinctly reported on thisdynamics in Kr and Xe. The analysis forces revision of our
process in a recent four-wave mixing study ja-Ar, since it ~ Prior interpretation of persistent cage oscillations observed in
was essential to take it into account in the data reduction.Kr, which were attributed to a dynamical resonance between
The dissociation occurs photo-selectively, through multi-chromophore and cadeindeed, the same oscillations in Kr
photon excitation, at a rate slow enough to allow time-have been reproduced and extended by Schwerenat,
resolved studies on the intact molecule. We use the moleculéSing & variety of preparation schentéghey recognize the
in its various electronic states to characterize dynamics of th@eneric nature of the oscillations, but ascribe them to zone-
relatively soft cage when driven up to, and including, theboundary phonons. Closely related to the present investiga-
breaking point. Through pump—probe measurements an@on are studies of cage dynamics in Ar, in which Rydberg

. . . . 4 =L7\A/Ji
classical molecular-dynamics simulations we analyze thre§fansitions of NO were used to sense cage mofioh’ With
characteristic behaviors: the theoretical analyses of impulsive excitation in our proto-

, typical system as backgroud®;?°a detailed picture of me-
(@ Cage response to dynamics on the bound B-state;  -hanical accommodation is sought.

(b) cage dynamics when the molecule is prepared on a pgeyond atomistic mechanics, the fate of the internal
dissociative surface which is strictly bound by the cag€g|ectronic degrees of freedom of the chromophore is of inti-

(cage-bound potentigl mate relevance. In this regard, due to the legacy of investi-
gations in the liquid phasg&;?2and in cluster$*?°the pre-
dElectronic mail address: aapkaria@uci.edu dissociation of thé3-state of ) has been pursued in matrices,
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FIG. 1. Single color pump—probe measurements,inAr(s), while moni-  FIG. 2. Single color pump—probe measurements,#nAir(s), while moni-
toring NIR fluorescence at 1340 nm. The signal probes wavepacket motiotpring UV fluorescence at 380 nm. At wavelengths between 585 and 525
on theB-state of iodine. nm, strictly motion on cage-bound potentials is observed, while at 509 and

500 nm, the modulation after the first resonance is fromBistate.

both experimentall§;**?® and theoretically/?® These stud-

les underscore the important role played by details of “a9&hows the characterist-state recursions, with a period of
dynamics in determining nonadiabatic transitions. Given the '

dense manifold of electronic states i Inonadiabatic tran- ~300 s, riding over a slowly evolving background. The UV

itions can oceur on a multitude of surfaces. as illustrated .rt]jetected signal is dramatically different. AtA
sitions can occr on it suriaces, S;ISUS ' "L 525585 nm, the first recursion in the signal occurs at 1.2
the simulations using the full electronic manifdic?

Large s, followed by strongly damped oscillations. This signal

a”?p"t”d‘? vibrations on cgge-bound. po.tent|als p_rqwdg %ill be assigned to motion on cage-bound potentials AAt
unique window for the precise determination of collision in- —509 and 500 nm, after a single intense recursion, the

duced spin—flip transitions, such as have been recently derTé’—state contribution with its characteristic period of 300 fs is

gcsstt;aﬁg%om real-time in the closely related CIF-Ar seen(Fig. 2). The UV spectra responsible for the observed

dynamics are inspected through two-color measurements,
550 nm/595 nm. A two-dimensional plot of spectrum versus
Il. EXPERIMENT time delay is shown in Fig. (8), along with time slices at

The experimental methods used in our pump—probe°’80 and 305 nm. Spectral slices are shown in Figp).3
studies of matrix isolated iodine have been extensively re¥Vhen pumped with 550 nm and probed at 595 nm, the
ported previously. Briefly, we deposit a thin film of the pre- B-state signal is observed |d_ent|cally in the pair qf intense
mixed gaseous sample, at a mixing ratio of 1:5000, on a col§ands at 395 and 305 nm, with a weaker contribution at 331
window. The sample is then interrogated with near transforrfM- When pumped at 595 nm and probed at 550 nm, the
limited ~70 fs pulses derived from optical parametric ampli- €Mission at 380 nm shows the cage-bound motion observed
fiers driven by a Kerr lens mode locked and regeneratively the single color measurements of Fig. 2. o
amplified Ti:Sapphire laser. The signal consists of laser in- N Ar, all observed signals permanently decay with time
duced fluorescence recorded as a function of delay betweéhi€ to multi-photon induced dissociation which proceeds
pump and probe pulses that are focused on the sample. In t§éthout scrambling of molecular orlentat|_8n'!'he experi-
main set of experimental data to be reported, we simultamental geometry used to demonstrate this is shown in the
neously monitor NIR and ultravioletUV) fluorescence. A inset to Fig. 4. Two cross—pqlarlzed beams of equal |nte_nS|ty,
liquid nitrogen cooled Ge detector is used for the former @t A =550 nm, are brought into focus on the sample with a

while a photomultiplier is used for the latter, each placedSMall angle of incidence. The overlap of beams within the
behind a separate monochromator. focal volume is ensured by optimizing the coherent anti-

Stokes Raman Spectroscop@ARS) signal from iodin€
The UV fluorescence is monitored as a function of irradia-
tion time with one beam on. After the signal decays-tb0%
Single color pump—probe measurements were carriedf its initial value, the beams are switched, and LIF from the
out at A=585-500 nm while simultaneously monitoring same volume is monitored. The signal decay is nonexponen-
NIR and UV fluorescence at 1340 and 380 nm, respectivelytial. Upon switching beams, the intensity jumps, indicating
The data are shown in Figs. 1 and 2. The NIR emissiorthe polarization selectivity of the decay. The decay profile in

IIl. RESULTS
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' FIG. 4. Permanent depletion of fluorescence, at380 nm, as a function of
irradiation time, at\ =550 nm. The experimental arrangement consists of
f-B two cross-polarized beams that focus on the same spot. The sample is first
F—a ,d,\ irradiated with one beam, then the other. The white circles represent the fit
8 A \ to both cycles, taking into account both angular anisotropy and intensity
S ey ,/A o !w// M distribution of the beams in the focal volunisee Appendix
§ pu=595 nm ’
2
=]
g A (YA . : e
"y A \ oy fold contains the covalent states, with asymptotic limits |
! pu=550 nm +1, I*+1, I*+1*, separated by the spin—orbit splitting of
I ] \\ A~1 eV; and the three tiers of ion-pair stafés; 1, with a
. WAREA spread of 1 eV, starting 1 eV above tHd™ limit [through-
o] out, F=1(?P,;,) and .IEI.(2P3/2)..] The potentials of prin-
L] ciple relevance are highlighted in Fig@. Their identifica-
250 300 350 400 450 tion is discussed in each section below. Effective potentials,
Wavelength (nm) which are designed to simulate dynamics on the dissociative

* 1 . .
FIG. 3. (a) Contour plot of two-color pump—probe measurements, 550 nm/Cr_su‘:Je-bound*I_I , I"=1, and I-I potentials, are shown in
595 nm, while recording the UV spectrum. The spectral slice is obtained afig. Sb).

zero delay between pump and probe pulses. The time slices illustrate that

when pumped with 550 nm and probed with 595 nm, the emissions at 30
and 395 nm show th&-state motion; when pump and probe roles are
reversed, the emission at 380 nm shows the cage-bound m@bpithe . . .
assigned UV emission bands from the ion-pair states, obtained in 550 nm;' Spectroscopic considerations

f’h95 ”F;‘dﬁ’UTP—Pfggg measulremer;ts- Lower "&E‘)f Obta"t‘etditfem df"ay- In" The characteristic period of oscillations in the pump—
e mi e trace, nm pulise acts as pump. State pelongs to H . .
the first tier of ion pair statzs while th‘e§05 an%F(O(jgs)tate belong t?) the PrObe measigements using the_ NIR emissieny. 1) estab-
second tier. lishes that the observed evolution is that of a packet on the
B-state. The observation of a peaktatO, establishes that
the pump and probe windows are vertically above each other
the second cycle is distinct from the first, and the dramatidn the range of measurements:=500—-585 nm,(34 000—
slow-down leads to a plateau that persists. The sample deg0 000 cni*). The monitored emission at 1340 nm has been
radation limits the achievable signal-to-noise ratio in mea-assigned previously to the*I*(0,)—1*1(04) spin-flip
surements. In the single color measurements, we take advatiansition®® Based oru«< g selection rules, the emitting state
tage of time-symmetry to correct for the decaying baseline.cannot be directly accessed optically. Based on Mulliken’s
sorting of the repulsive potentials in this rangend dipole
selection rules, the probe transition can be fairly uniquely
assigned to: MI*['2;(07)]—I*I[B(*[lo,)], with subse-
Molecular iodine has a dense manifold of electronicquent population transfer to*I*(O,) and fluorescence.
states in the UV-VIS spectral rangeproviding rich oppor-  This suggests an upward correction of tPfé*[lEg(OU]
tunities for staging and investigating photophysics. Characpotential at the ground-state minimum by as much as 5000
terization of the solvated potentials is an integral part ofcm™?, as already suggested in the re-analysis of emission
time-resolved studies, and a great deal of such informatiofrom this state?’
has emerged from time and frequency domain studies in The B-state packet is also observed in the two-
matrices>~3 A good guide for assignments is provided dimensional(2D) spectrum of Fig. 3, through the 305 and
through the sudder{*Sudden” implies molecular potentials 395 nm ion-pair emissions induced by pumping at 550 nm
evaluated in a lattice frozen at its equilibrium geometry onand probing at 595 nm. Based on energy conservation alone,
the ground statg Diatomics in moleculéDIM) potentials of  emission at 305 nm implies that tiiBestate is being probed
Batista and Coke?®*%which are shown in Fig. 5. The mani- by two-photon excitation at 595 nm. Based on the observa-

%. Dynamics on the bound B-state

IV. DISCUSSION
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FIG. 6. The periods of motion o5(B) in Ar, for initial preparation energies
determined by the pump wavelengtti@®) 500 nm,(CJ) 509 nm,(A) 537
nm, (O) 570 nm,(4) 585 nm. Best fit lines are included to show the trend
of fluctuations as the system equilibrates.

cently, the 395 nm band was assignedto—A’, but from
a “secondary” site** This cannot be according to the 2D plot
of Fig. 3(a), which shows the 380 and 395 nm bands to have
completely different time dependence. We see no evidence
for site multiplicity. The main basis of this assignment in
Ref. 34 seems to be the observation of differential bleaching.
Rather than site-selective bleaching, we suggest below that
this arises from polarization selective photodissociation. The
information content of the data in Fig. 3 is complimentary to
the NIR fluorescence, which is the set to be used for the
1 10° 1 } ‘ “ e analysis ofB-state dynamics. The data also illustrates the
25 3 35 4 45 5 55 ubiquity of multi-photon processes in the system, which will
R (A) be a recurring theme below.

Energy (cm’")

FIG. 5. (a) Sudden electronic potentials of iodine in solid Ar. The boxes 2, Accommodation by the tight cage

indicate the one-photon and two-photon accessible range in the experiments, v 4 . . . L
for A =585-500 nm. TheB-state is probed via vertical 41 excitation, _ MOlec_Ular iodine f'_ts _t|ght|Y_ n th_e dOl_,Ible substitutional
while monitoring fluorescence over th&It—1*1 spin-flip transition at  Site of solid Ar. That this is the isolation site, has been estab-

1340 nm(Fig. 1). The vertical up-arrows correspond to probing at 500 nm, lished with some confidence in the recent vibrational analy-
which allows the simultaneous interrogation of both Bastate and A1 sis of the ground state using time resolved four-wave mixing

states via the first tier ion-pair states, by monitoring fluorescence DVer . . . . .
— A’ (Fig. 2). The dashed arrows correspond to the emissions observed iﬁXpe”mem%Q and vibrational self-consistent field thedﬁ’-

Fig. 3(b). (b) The sudden potentials used in the simulations. These are conJpon promotion to thé-state, the molecule undergoes large
structed as Morse potentials along the I-I coordinate, fit to reproduce veramplitude vibrations, relaxing toward tHgstate minimum
tic_al_ exc_itation at the groynd state minimum, and made_ to approximate th‘\’Nhere the bond is~0.3 A Ionger than in the ground state.
minima in sudden potentials @b). The parameters are given in the text.
The cage must expand to accommodate the elongated mol-
ecule, and the suddenly driven cage can be expected to os-
cillate toward its final equilibrium configuration. The mo-
tion of signal at zero-delay, the pump and probe windowdecular vibrational frequency in the-state, 128 cm' in the
must be vertically aligned. Energetically, the verticat2  gas phasé! is nearly twice the Debye limit of solid Ar of 65
excitation of 52 000 cm' reaches the second tier of ion-pair cm 1.4? Thus, we may expect chatter between cage and mol-
states, and the observed emissions can be consistently asule, as the system solvates. This is observable as fluctua-
signed to originate from there. The 395 nm band can bdions in the periods of motion as a function of time, as shown
recognized as thé(04) —B(0,) transition, previously used in Fig. 6. Let us highlight the information content in this
to probe theB-state? The 305 nm emission must terminate figure.
on the K| asymptote; and its intensity, which is comparable At the highest energy prepared, at 500 nm, the motion
to the 395 nm band, suggests that it iA& =0 transition  starts with a period of 410 fs, and dramatically drops below
from the second tier, identifying it a(0,)—a(0y). Re- 350 fs by the second period. The periods then oscillate
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around a declining mean, reaching 300 fs after 15 cycles. 3500

This preparation energy is near the gas phase dissociation o o

limit of the B-state. As such, the attractive wall of the poten- 30004 [Ee=g .
tial in this region is dominated by the cage. This highly an- e s e
harmonic region leads to strongly nonlinear dynamics and I T : -
dramatic energy loss upon first collision, followed by a g

milder and linear rate of vibrational energy flow—a generic L 2000‘\ |

behavior, previously highlighted in studies of thAestate in ) 1500 'l\“"' A"AV"\\

Ar and Kr? and theB-state in K* The contraction of periods @ " A\

reflects vibrational relaxation. If a static solvated potential is w 1000 ‘/\’ : \,V‘“:'\ 509 nm
assumed, then the period can be related to energy. Such an ' i, ﬁf""v\ﬁ_\\\ |
analysis has been gainfully implemented in Kr to extract 500 LR A ™
energy flow rates directly from experimeris®® However, ' ' 570‘::
the reduction in terms of a mean potential misses dynamics 0 i ;
of the cage and time-dependence of accommoddsolva- 0 1 2 3 4 5
tion), information which is contained in the period fluctua- t(ps)

tions seen in Fig. 6. ) FIG. 7. Simulated energy loss in tiigestate in Ar, for the indicated pump
At the lowest preparation energy, at 585 nm, the pe-  wavelengths.

riod starts near 290 fs and shows fluctuations-@0 fs. The

latter are well within the definition of recursion times, there- ) _

fore, in themselves, they are not very meaningful. The mo&ffeCt. In contrast with the experiments, even at 570 nm,
tion is essentially harmonic, with a trend of increasing period®nergy dissipation dominates the periods. While the simula-
with time. A similar trend is observed for the 570 nm prepa-tions fail in some detglls, they capture the general featureg of
ration. Clearly, the increase in period with time cannot beth€ dynamics. In particular, the nonlinear energy flow profile
interpreted as the molecule gaining energy from the lattice!S in good agreement with the experiment. For example, we
The more sensible interpretation is that the cage dilates &0 estimate from the experiment that the 509 nm packet
the molecule relaxes. As the site expands, the effective pci€ds more than 1000 crhin vibrational energy in one
tential experienced by the molecule softens and the vibraP€riod, since the second recursion in the 509 nm packet
tional period stretches. This effect is observable in the lowdrops to 350 fs, equal to that of the first recursion at 537 nm.
energy preparation, where the rate of energy flow from mol-The simulation reproduces tqef same drop in period, and pins
ecule to lattice is slow, yet the molecular motion is fast rela-the energy loss te-1700 cm ™ in the f|4rst cycle of motion.
tive to the cage dilation time. In this limit, it is possible to While qualitatively similar to J(B)—Kr," the nonlinearity of
estimate parameters of the sudden potential, and the effect §€rgy flow in Ar is more pronounced.

solvation. Thus, for the packets prepared at 570 and 585 nm,

from the initial periods of nearly harmonic motion, frequen- B- Dynamics on the cage-bound potentials

cies of 111 and 115 Cr_ﬁ are obtained. Accordingly, the The pump_probe transients at>509 nm while moni-
initial energy separation of 450 cth between these two  toring 380 nm emission, in Fig. 2, is strikingly different from
packets corresponds to 4 vibrations, and therefore, an anhafose originating from th&-state(Fig. 1). The characteristic

monicity of 0.5 cm * can be extracted for the sudden poten-gynamics, which is best captured in the transient at 553 nm
tial as compared to 0.8 cm in the gas-phasB-potential?!

Since in subsequent vibrations the periods of these two pack-
ets intersect, the oscillations of the cage toward its equilib-
rium geometry must produce a frequency modulation com-
parable to the 5% anharmonic difference between the two
packets. Using the linear fit to the periods, afteB ps of
evolution, the frequencies increase byl cm *. Even if we
ignore any vibrational relaxation, we may conclude that the
solvation-induced anharmonicitgoftening of the molecular
spring is larger than the anharmonicity of either the bare
molecule, or the sudden potential.

380

=
[

360

340 +

320 -

Period (fs)

3. Simulations =

\./
As a guide to interpretations, we compare the experi- %0 4
ments to prior molecular-dynamics simulatidfisThe ex- 570 nm /
tracted energy loss for three representative initial prepara- 280
tions is shown in Fig. 7, and the simulated periods are shown
in Fig. 8. The periods of motion and the magnitude of their
fluctuations are in good agreement with the experimentg g, g, simulated periods of motion in tistate for the indicated pump
However, the simulation fails to reproduce the cage dilatiorwavelengths.
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is that of strongly damped oscillations. The first recursion 9 :
occurs at 1.2 ps, with three subsequent oscillations at a pe-
riod of 1 ps. The packet is fully dephased after the fourth 8 ‘\\ ' -

S
=

recursion, near=4 ps. The low frequency of these 35 ¢
oscillations identifies the dynamics as motion on cage-bound AR 2 \
potentials arising from dissociative molecular states. While .
the nature of the probed state is clear, a unique assignment to 6Ll
a single surface is difficult. We consider the spectroscopic :
arguments prior to analysis of the dynamics. 5 /

i

9

R(A)

.

1. Spectroscopic considerations 4

The monitored emission at 380 nm is from the first tier
of ion-pair states, previously assigned t611[D’(2g)]
—1,[A’(2u)].2? The first tier ion-pair states can be located
relative to theB-state in Ar, by noting that the emission car- 0 1 5 3 P 6
ries theB-state signal at 509 nm but not at 525 iieee Fig. t (ps)

2). Based on the\Q) =0 propensity rule, the accessed ion-

pair state can be identified E{Og), and the threshold of the FIG.. 9: Trajectory ensemble on tt]léllpotential, prepared by two-photon
I*I"[E(0g)]—1*I[B(0,)] transition can be located at 3(01'?888 g%;g:?h’;n}(fsuigfcgngf >|;i;°$s"°”d'”g {0 an excess energy
19600 cm. This is in acceptable agreement with the DIM T

potentials, which show a minimum separation betweerBthe

and E states of 20250 cnt at R=3.96 A *® Additionally, e Lennard-Jonese(= 80.1 cn L, 0= 3.40 A) for Ar—Ar
this establishes that population cascades within the ftier, t%ter.actions; Morse [be: 130.1 crﬁl,re=4.033Aﬂ
radiate from the lowesD" state. _ =1.586 A"Y) for I-Ar interactions, independent of elec-

. The Iongest wavelength at W.h'Ch t.he cage-bound motioR o nic staté® An ensemble of 100 trajectories is used to
is observed is at 585 nm. Assuming direct access, the prob mulate preparation at a particular pump wavelength, with

. . 71 . . . _ . : . -
state is~2500 cm - closer to the first tier of ion-pair states initial coordinates and momenta Monte Carlo sampled from

than theB-state, uniquely placing it in the manifold of ning a lattice atT=40 K. The initial 1-1 bond-length is sampled

repulsive f1 potentials. This implies that t'he' probegl state 'Sin accordance with the Franck—Condon principle, assuming
prepar ed by two-photp N pumping, and this is con5|s'_[ent W'W/ertical two-photon excitation. To this end, the representative
expenmentql_tests. It is difficult to further narrow the |dfnt|ty|*_| potential shown in Fig. @) is constructed in Morse
of the transitions. UndeAQ) =0, =1 selection rules, allll form, D,=297cm!, r,=425A, B=1.3822A", T,
states are dipole coupled to one or more of the six ion-pair_ 5 450 e

states in the first tiefD'(25), D(0)), E(0J), (1),

1. In this construct, preparation at 500 nm cor-

. ) 3 X responds to vertical accessRy=2.65 A; while 585 nm cor-
5(,251)’ 7(Ly), in aspdendl;]g Ordéq',lf both 5’ H(O_u) ‘:}md responds tdR=2.76 A. A representative set of trajectories,
B'("Il,,) are considered as rea Intermediates in the tWO_Tor excitation at 543 nm, is shown in Fig. 9. The observable
photon preparation, dipole selection rules allow access to S'§ignal is generated from the ensemble by modeling the probe

: L3N — + 1 1
?tatei that correlate with* "X, (07,1), "Ay(2), “Ilg, pulse as a Gaussian window in coordinate and in time. The
11(04,05 ), three each arising from the 2422 and 2341 elecy,4iion and width of the window along the I-I coordinate

. . 1 . . . ,
tron configurations?! respectively. According to Mulliken’s are adjusted to reproduce the signal. Using the windows il-

energetics, which is maintained in the DIM construct, thes§,irateq in Fig. 10, a good reproduction of the entire data set
states are clustered near 3300034 000]0@”9? again, s optained, as shown in Fig. (6. Additionally, to repro-
upward revision of potential walls by-5000 cm™ (@t R q;ce the experiments, the simulated signal amplitude is step-
vise attenuated at the indicated times in Fig. 11. Given the
faithful reproduction of the signal, we first consider the sig-
nificance of the model parameters, followed by a discussion
of the robust features of the underlying mechanics.

In the static limit, the location of the probe window
2. Simulations shown in Fig. 10 should trace the difference potential of the

Following procedures that are well establishédye use ~ Probe transition, AV(R) = V(I 1) = V(1" 1) =Eprope, and

classical molecular dynamics to simulate the pump—prob&® width _Of the windowsAR(R™), should be given by the
signals, to ascertain the above assignments, and to extrag{rvature:

to one-photon excitation of theB-state, suggests
I*I[3H(0g)]<—B[3H(OJ)<—X[1E(OJ)] as the likely two-
photon excitation channel.

mechanistic details. For this purpose, we use a simulation I(AV)
cell consisting of three mobile layers of arg(218 atomy AR(R*)=AEpobe—p—| 1)
surrounded by two stationary layeié64 atomg of a perfect R*

fce lattice (@o=5.3 A). lodine is introduced as a double sub- in which AEopeis the spectral width of the probe laser. The
stitutional impurity at the center of the cell. All interactions determined windows grossly follow the difference potentials
are described through pair-wise additive atom—atom poterfor AQ)=0 transitions obtained from the sudden DIM poten-
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FIG. 10. The location and width of windows used in the simulations of Fig.
11(a), overlaid on the sudden difference potentials &2=0 transitions

between 11 and ion-pair potentials of the first tier. I*I* [ k_(m)
SN 565
tials, as illustrated in Fig. 10. However, the required win- = [N . L
dows are significantly wider than what would be predicted S - AN 570
from the spectral composition of the laser. The apparent in- (0 /\ A 562
consistency could signify that a band of difference potentials S , / l — o
contributes to the signal, since throudlf)=0,+1 selection :% _A__, }__j oAl
a given | potential is dipole coupled to several first tier Y —X0.80 543
ion-pair states. Or, if the packet evolves coherently on mul- g L __/ “._/“’\-/""’53‘77
tiple 1* | potentials after collision induced nonadiabatic trans- L} X 0.4 ,\\/'\./\"" -
fer, then a band of difference potentials of rather similar g M= x0.3 505
shape would contribute to the probe window. More important Lg L V ' /ﬁ‘,\’\/”\" ]
is to note that the assumption of a static window is an ap- £ J L_Q__ Yo
proximation, especially when large amplitude motions are (7] \} ,
involved® The resonances are dynamical, involving the sol- ,\.f X0 509
vation of both the probed state and the ion-pair terminus. The r /\/ h e ]
broad windows aR>5 A, suggests that the difference po- L ‘ ;
tential remains parallel, as would be expected if |- interac- -1 0 1 2 3 4 5
tions are turned off. Cognizant of these uncertainties, we t (ps)
restrict interpretations to the robust features. FIG. 11. (a) Simulated pump—probe signal from the kcage-bound poten-

The amplitude filtering required to reproduce the experi-tial of Fig. 5(b). The experimental signals are reproduced when the indicated
ment iscompelling evidence of nonadiabatic dynamithis amplitude filters are used. The loss of trajectory flux indicates nonadiabatic
is clearest in the case of the transients at 500 and 509 nm [4rve crossing(b) Simulated pump-—probe signal from tifdl kcage-bound
Fig. 2, in which the signal consists of a single peakt at potential of Fig. %b).
=200 fs (the subsequent modulation is from tBestate as
discussed aboyeThis signal is consistent with the passage
of the outgoing trajectory flux through a probe window at 5out introducing amplitude filters. We may infer the crossing
to 6 A (see Figs. 9 and 20Any such window must be to be atR=7.5A, which corresponds to the maximum dis-
re-crossed by the returning trajectories near900 fs. Yet tance reached by 60% of the 543 nm trajectories. This nona-
there is no trace of a recursion in the signal. The loss of fluxdiabatic process must be assigned to collision induced spin-
cannot be due to unit dissociation probability, since contranflipping, to transfer the population to one of the |- |
to the observations, this would lead to rapid permanent degpotentials. Indeed, &R~ 7.5 A the repulsive walls*ll and
radation of the sample. We must infer unit probability for I-I potentials merggnot shown in Fig. 5 Note, at these
curve crossing to a dark state Rt=6 A. This probability  distances, the sudden potentials of Fig. 5 are not very mean-
diminishes from 1 at 509 nm, to 0.75 at 525 nm, to 0.60 aingful. At the preparation energy 6f37 000 cm*, the outer
543 nm. At longer pump wavelengths the returning trajectoryturning point of the sudderf | and I-I potentials merge near
flux is conserved—the signal amplitude is reproduced withR=5.5 A, a distance much shorter th&7.5 A reached
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by the trajectories in the initial stretdisee Fig. 9. As the |  particularly significant, since the data do not allow a unique
atoms push against the Ar cage, the |-Ar interaction changesssignment of the*ll potential. To address this issue, we
from J-J toA—3 coupling, and the(L/2) and K3/2) curves repeat the simulations on an effective potential representative
cross*®*6With the help of the trajectories, we can accuratelyof I* I*. This potential was parametrized as a Morse, to re-
establish that the spin—flip occurs duridg<300fs that semble the"il*(Og) with its experimentally suggested cor-
marks the turning of the corner, after being last seet at rection of the repulsive wallr,=4.25 A, D,=297 cm 1,
=200 fs neaiR=6 A. Also, the simulations imply that the B=1.2139 A", T,=28050cm* [see Fig. &)]. Since the
543 nm flux is further lost near=1.5 ps, whereR~4.5A.  electronic origin of this potential is shifted upwards by the
Inspection of the potential in Fig.(8 identifies the likely  spin—orbit splitting ofA=7600 cm !, the excess energy at
channel in this case to be nonadiabatic transfer from cagewvhich packets are launched at a given pump wavelength is
bound FI to I*I(B), the latter being the only*l potential  now reduced byA. Since this potential is forced to be two-
where the population can fall out of the observation window.photon accessible in the same experimental range, this sur-
This crossing does not occur along the sudden I-I coordinatgice shows a softer repulsive wall than tHd potential.
according to Fig. &). The coupling must be inferred to be Following the same procedure as above, adjusting probe
host induced, with a crossing along a drivgrcage coordi-  window locations and widths, and introducing amplitude fil-
nate as in the more carefully analyzed case of solventters, the experimental data can be reproduced with fidelity
induced predissociation 0§(B).*° comparable to the simulations ohl) as shown in Fig. 1(b).
Consider the mechanics of the strongly driven cage. Th@ased on the simulated signal alone, it is difficult to favor
first recursion time shows a small, monotonic increase fronbne potential over the other. The main difference between the
1.22 to 1.24 ps for the range=585-537 nm. Thus, for an two sets of trajectories can be understood in terms of the
initial excess energy increasing by as much as 1500'¢m reduced excess energy. Now the dispersion of trajectories is
the rebound time of the cage stretches only-+80%. Since  smaller, the ensemble is more coherent, and the resonances
these are single color measurements, the observed recursigfe sharper in the pump—probe signal. This is in part com-
time can be effected by the change in the probe windowsensated in the simulations by adjusting the probe window
position. The simulations make it clear that this is not awjdth. The periods of motion are insensitive to the dramatic
significant consideration. In the same energy range, the simi¢hange made in the energetics. Indeed, the reduction in ki-
lations show a first recursion time of 1.1 ps, with negligible netic energy leads to a reduced amplitude of motion. For
dependence on excess energy. At 500 nm, where the expegixample, when prepared at 537 nm, the initial stretch on the
ment is silent due to curve hopping, the simulation yields g*| gyrface reacheR,,=8 A, while on the t1* surface it
recursion time of 1.2 ps. Moreover, in this ensemble OfreachesRmaX=6.5 A. Both of these distances are far beyond
20000 cm * excess energy, 3% of the trajectories show disthe right turning points of the sudden potentials at this energy
sociation. Thus, we may associate 1.2 ps with the reboung,\,hich occur neaR=5.5 A). Given the large amplitude of
time of a cage driven to the point of breaking. In good agreehe injtial stretch, where*l-Ar and I—Ar potentials are
ment with the experiments, the second recursion drops {0 yongly mixed, the spin—flipping probabilities inferred from
ps, and to the extent that it can be defined, the period remainge amplitude filters used in the reproduction of the signal
constant in subsequent recursions. The subsequent three @8z 55 sensible on th&lF surface as on the'| surface. The
cillation periods are most clearly assignable in the 553 nmyiification of the second filter applied to the 543 nm trajec-
data. However, even then, in contrast to motion on the bounfbries (20% reduction att=1.5ps) is less obvious now.

B-state, the packet dephases in three periods, as can be digs\yever, this alone does not seem sufficient to discount the
cerned from the trajectories in Fig. 9. Despite the d'SperS'or&andidacy of the*ll* surface.

of the packet, the motion is harmonic, even though the mol- \yg 5150 tested the sensitivity of results to the I-Ar in-

ecule has stretched from its initial equilibrium bongl Igngth iNteraction. No appreciable difference in the dynamics and in
I,(X) of 2.67—4 A on the!| surfe_lce. The characterlst!c €ag€ the simulated signal was observed when we changed the
mode that modulates the I-I internuclear separatiomw at range parametes, of the I-Ar potential by 3%. Finally, we

_ —1 _ H

=33cm - (7=1ps), must be characterized as a resonanfyqiay the effect of the Ar—Ar interaction. Born—Mayer po-

local mode. The mass difference between impurity and hos&antiaIS were usediJ ,,_n=A exp( ar—,Brz)—C/rﬁ with
r—Ar [

is sufficient to rationalize this frequency. Thus, using arameters A= 24951 000 cri’ w=2864 A1 B
[m(1)/ m(Ar) ]¥2=1.78, the resonant mode can be connecte L 01415 A2 C=431000cniilAS obtained by’ fitting

to allattlce mOP'e at 58 c, near the Debye edge _Of AB5 Aziz’s Hartree—Fock dispersion potentfdlwhich is consid-
cm 7). That this regular motion appears already in the S€Cared to be accurate in describing short-range Ar—Ar repul-

qnd period, Wh”e. we know Fha.t the 'Iattlce IS overdnvgn N sion. This pair potential has a softer repulsive wall than the
tially far beyond its harmonic limit, illustrates the rapid de- Lennard-Jones at energies above 1000°cifihe trajectories
cay of the slew of phono_ns generated in th_e_ initial impulse nd the simulated signals were not affected noticeably. Fur-
Sho_ck waves are_an_obgllcz)gs means for efficient transport Otater softening the Ar—Ar potential, by reducing the repulsive
the impulsive excitation: range parameter by 0.1 A, produced a noticeable change in
o ) ) the dynamics. Using this softer potential for the matrix at-
3. Sensitivity to choice of potentials oms, the maximum -1 separation at the first collision with
It is useful to question as to what extent are the abovehe cage grew by more than 0.5 A. The timing of the first
findings specific to the choice of potential? The question igecursion grew from 1.1 to 1.2 ps, in closer agreement with
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e et appearance of this signal in Kr is due to the differential sol-
Kr |- , Mn__l vation of the E-state in the more polarizable hdét® In
|‘ A analogy with the Ar analysis, the 585 and 600 nm signals
W ANAAN A s may be assigned to motion on spin-excited dissociative po-
| tentials accessed by two-photon pumping. The rebound time
585 . 2 I
A WV AL in Ar and Kr are strikingly similar. However, the subsequent
period of oscillation is significantly shorter in K630 fs vs 1
‘ ps and the packet dephases after 8 cycles, vs 3 cycles in Ar.

At 515 and 505 nm, it rides over a background that peaks

\ A i A At 528 nm, theB-state signal occurs over a flat baseline.

v , near 3 ps. Moreover, the periodicity of the signal suddenly
|| - switches from theB-state value of 350 fs to 63030 fs att
I VA 528 =4 ps. We have previously assigned the latter to cage
‘ motion® However, under the assumption that the signal is
AW v v from theB-state, we had suggested that it could only survive
o if driven by an accidental two-to-one resonance between the
AV " molecule and the cage belt. The suggestion is superfluous if
LS AN signals from two different potentials are being observed, as
. . we must conclude from the observation that the same peri-
0 2 4 6 8 odic motion can be observed without exciting tBestate
t(ps) (585 and 600 nm dataThat motion on two different poten-
tials is being monitored has also been argued by Schwenter
F'fn- 12r-] Sii”g'e ??'O;Ii)wi“i;—afzgg ;ﬂria?%f:ﬂzgz‘;’:qrgg"‘;vg'; m:(’;;ir'l et al~*We must conclude that the persistent oscillations at
ts?wov?ntir:e F?g.pza.l Ag\ :55582 nam, the signal is from cag’::e-bound m?)tion. At ©=53cm | (_T: 630 fs) are due. to _cage-bound mo“on'
=542 the signal is strictly from the-state. At\<515 nm, the initial HOWEVer, the identity of the potentials is less clear. Given the
modulation is due to a packet on tiBestate, while the modulation at  extent of the coherence out te-8 ps, the population must
=4 ps is due to cage-bound motion. have been created suddenly, therefore, not consistent with
trickle-down through predissociation of thHgstate. Given

. ) the absence of the most prominent signatures of a strictly
the experiment. Also, the swarm became more d'Sperse%age-bound motion, namely the peakg-a0 andt=1.2 ps

Thedlatter effect is d|f;‘)|cult_t((3j quantify without having inde- that arise from the initial stretch and rebound, it is clear that
penl ent input on probe Wl'n _owr;]) aramtﬁtetr?h bthis state is not directly accessed. Notably, in both the 505
N summary, our analysis Shows that the pump=prob& ., 515 nm traces where the persistent oscillations are ob-

signal from cage-bound potentials is most sensitive to th%erved, signal at the second period of motion onBretate,

choice of the repulsive wall of the Ar—Ar potential, and both tt=700fs, is abnormally high. This is the time at which
rebound and subsequent recursion periods are surprisingﬁqe trajecto;ies turn the comer at the cage wadie Fig. 9

insensitive to the initial preparation energy of the Chro'\e{here the spin—flip occurs as discussed above. Thus, the
mophore. The observed dynamics is generic of cage-boun . i . . . .
hterpretation that is most consistent with all observations is

potentials, determined primarily by the dynamics of the hOS{that the observed oscillations are the result of population on

cage rather than the chromophore. It is, therefore, instructive . S . .
. . . a cage-bound I-I potential, which is nonadiabatically, but
to consider the host effect on this motion.

suddenly, prepared on its right turning point near700 fs.

Based on energy conservation alone, the state must be
4. Host dependence: Kr probed via two-photon access of the ion-pair states. Note, of

In Fig. 12 we show a stack plot of single color pump- the ten potentials that merge at the |-l asymptote, the bound

probe measurements carried out in Kr, while monitoring theX, A andA’ states can be eliminated. Also, tB&(1,) state
D’—A’ ion-pair emission at 430 nm. Except for the 585 andcan be eliminated, since if it were due to direct access to this
600 nm traces, which were withheld, this data set has beestate then the rebound at 1.2 ps would be visible.
previously presented and discussed in some detahe We carry out a normal mode analysis to ascertain the
trend of wavelength dependence in the full set closely paralassignment and the nature of the 53 ¢noscillations. To
lels that of Ar shown in Fig. 2. At 542 nm, the signal showsthis end, we use a 108-atom lattice with an iodine molecule
a regular periodicity of 400 fs, arising from wavepacket mo-in a double substitutional site. For the dissociative I-I inter-
tion on theB-state, probed vi&+« B excitation on the attrac- action we use the same potential used in the molecular-
tive wall of the potential. At 585 nm, thB-state contribution dynamic(MD) simulations above: A Morse potential with a
is minor (identified by the black dots in Fig. 12Now, in 300 cmi! well at 4.25 A. Lennard-Jones potentials for
analogy with the Ar discussion, the principle signal must beKr—Kr,*? and isotropic Morse potentials for 1-Kr interac-
assigned to cage-bound motion. The outgoing packet can hi®ns are assumed.After simulated annealing of the solid,
seen at =280 fs, the rebound occurs &t 1.15 ps, followed the normal modes are computed by diagonalizing the Hes-
by damped oscillations with a period of 68@0 fs. In com-  sian. In the relaxed lattice, the I-I distance is 4 A, deter-
parison to the stack plot of Ar, the 1200 chred shift in the  mined by the cage rather than the assumed van der Waals

Pump-Probe Signal at 430 nm
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FIG. 13. Local modes on cage-bound potentials. The immediate cage con- -1 0 1 2 3 4 5 6
sists of 18 atoms, which are categorized by the angle they span relative to t
the I-I internuclear axis. Atoms carrying greater than 3% of the vibrational (ps)

amplitude are decorated with arrows. The highest frequency normal local . . .
mode is the stretch-belt motion at 55 ch The rest of the local modes F!G- 14. Single color pump—probe measurements-eie(s), while moni-

consist of either center of mass motion of &s in the depicted 52 cfh toring the spin—flip transition at 1240 nm. The dotted lines serve as a guide
mode. or librations. to connect the cycles of motion on the cage-bound potential. At 548 and 553

nm, the modulation is from thB-state, except for the last two week cycles,
which show the cage-bound motion periodof 800 fs.

well. In this lattice, six localized modes appear, with ampli-

tude >10% localized on the two | atoms, near the Debyeya, jon_nair states do not radiate in Xe. They predissociate

limit of 50 cm™*.* The highest frequency mode, at 55 ¢ 5 < ,%8 whence the emission is monitor€@his fact has

is the |11 stretch accompanied by the belt compression. Thgaen neglected in Ref. 34, leading to the missassignment of
mode is illustrated in Fig. 13. In this local mode, 23% of theye jon_pair states in Xe, and the unreasonable conclusion
amplltude is localized on the two | atoms, 12% on the WO they blue-shift relative to Kr, back to the energy in)Ar.
axial Kr atoms, 13% on the fou'r belt atoms, and the eight Krz, \ 528 nm, the characteristic signal for cage-bound mo-
atoms at 30° carry 21% amplitudeot shown. In the re- 1 can e seen: First recursiontat 1.1 ps and subsequent
maining five local modes, three involve center of mass transaq.ijiations at-= 800 fs(42 cm Y). At 542 nm the signal has
lation of the I-I pair, and two are librational. The second ;qninytions from both packets. At 536 nm, while the con-
highest frequency local mode, at 52 c’mm\(olves transla- - yamination from theB-state is small, the signal shows period
tion of the |1 pair against the belt ring, as illustrated in Fig. 4o, pjing characteristic of a probe window located at the bot-
13. In this case, 13% of the amplitude is localized on the Wqqy, of the potential. A similar data set has been published
| atoms, 16% is on the four belt atoms, and 23% is on the, ;a4 in which the observed motion was ascribed*1o |
eight Kr atoms at 30°. Thg delo_callzed PhO”O”S’ n Wh'd\Nith the suggestion that the packet reaches there via nona-
less than l'5f/f of the amplitude is on a given | atom,. OCCUHiabatic transfer from the-state’ The latter suggestion can
below 48 cm ™. The iny Ioc'a'l mode that can effEC“V?'y be refuted based on the observation of the outgoing packet
modulate the electronic transitions of the chromophore is th?]eart=0, and on two-color€m@asurements that show the
55 cm ! stretch-belt r_no_tion, WhiCh given the approximate B-state population to be conserSdHere too, two-photon
nature of the used_pa|r interactions sh_ould pe r_egarded as N-cess of the spin-excited potentials is the more likely pump-
good agreement with the observed 53 &mscnlatpns. The 4 scheme. Independent of a specific state label, the disso-
persistent cage oscillations in Kr can be unambiguously asiative nature of the molecular potentials on which the
signed to localized vibrations on cage-bound potentials. packet moves is clear. The observed 42 ¢motion can be
safely assigned to the localized vibration on the cage-bound
potential. Given the similarity of masses, and the fact that the
A set of single color pump—probe measurements in XeXe—Xe potential is nearly identical to the mean of X&—I
obtained by monitoring the spin-flip transition at 1240 #im, and Xe—I interaction®’ the 1-I stretch on the dissociative
is shown in Fig. 14. At 553 and 548 nm, the oscillatory potential should be nearly identical to the Debye frequency
signal with a period of-~400 fs, is due to a wavepacket on of the pure solid of 44 cm*.4?
the B-state. The same holds up c=580 nm/ placing the In their simulations of nonadiabatic dynamics in liquid
E«—B gap near 17 500 ciit. The ~2000 cm ! reduction in  Xe, atp* =1, Batista and Coker present trajectories of mo-
the gap relative to Ar is consistent with the expected magnition on dissociative potentials, which oscillate with a period
tude for dielectric solvation of ion-pair stat&s!® The first  of 800 fs as in the presemt.This, we remark, to underscore

5. Host dependence: Xe
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the generic nature of strictly cage-bound oscillations.

C. The breaking of the cage

In contrast with Kr and Xe matrices, in our time-
resolved studies oflin Ar, we observe permanent degrada-
tion of the signal with time. While we have not carried out
systematic wavelength dependence studies, the process has
been observed throughout the visible spectral range and at
wavelengths as long as 800 nm. In all tested cases, the mul-
tiphoton nature of the dissociation process is clear, even
though a direct power dependence analysis fails, often yield-
ing fractional powers. An approximate analysis of the deple-
tion curves shown in Fig. 4 has already been given. A more
rigorous analysis of the photoselective multi-photon disso-
ciation kinetics is given in the Appendix. There, we show
that depletion curves obtained by the sequential irradiatiofg. 15. Baliistics of cage breakout. The black dots represent | atoms, while
cycles of a given volume with cross-polarized beams is ahe white circles represent Ar atoms. The positions are recorded at fixed
powerful method for obtaining photodissociation and detecl:ntervals, such that the ;eparation bgtween positiqns reflepts relative veloc-
tion cross sections, and their orders in irradiation intensity!Y: FoUr Ar atoms are displaced during the photodissociation.
The measurement is sensitive to overlap of the beam vol-

umes, and the intensity profile of the laser must be include%)' In the region shown at the right top corner of the figure,
in the analysis. The analysis identifies the'photodissociatima1e cage is substantially perturbed, with an excess argon
as _three-photon induced, and the detecpon A4 tWO'phOtOQtom(atom 5 interstitially trapped. We can also see that the
I|m|te_d_, with both ProCesses being dominated by paralleLsite originally occupied by the second iodine is back-filled
transitions. Note, the monitored 380 nm fluorescence in thes\ﬁith an argon atonatom 6 after some thermal incubation,
single beam measurements is from the ion'Pa"_ {ates) Whiqléaving a vacancy behind. This atom prevents thermal re-
can only be accessgd by. three—photon excitation.. The Me&ombination of the molecule. The cage is broken, with sig-
s_uremept does not |de.nt|.fy_a unique channel. We-rely Ofhificant disturbance of the lattice caused by multiple atom
simulations for mechanistic insights. . , displacements. The breaking of the cage is triggered by the
'We assume a shallow Morse poE(elnt|aI for the || Inter'probability that upon impact with an iodine atom, one of the
action, with parametersD.=297cm’, r.=4.25A, g axial cage atoms be impulsively driven into the lattice. This

— -1 ; i
—_1_4896 A_ , to represent the unbound I—_I mteractlkse_e initiates the disruption that leads to permanent dissociation.
Fig. Sb)]. Dissociation yields are then studied systematically, , many respects, the observed process is akin to the high

in a wide range o_f initiql excess energies. At each energy, @nergy, direct channel of dissociation of,@h solid ArS52
swarm of 200 trajectories was propagated for 5 ps, using a The excess energy dependence of the probabilities for

simulation cell with four mobile layer$448 argon atoms g6 and double exit is given in the bar graph of Fig. 16, for
and one additional frozen layer. Dissociation of the moleculean initial lattice temperature of 40 K. We also computed the
was dd(ljaghnosed by the_ fr:rk\)al l(;l separation, Whetherh|t €Xexit probabilities in a 20 K lattice, where dissociation prob-
ceede t € nearest-neighbor distance n argors A). T € abilities were found to be systematically smaller. The tem-
final 1-1 distances were found to fall into three distinct perature dependence has a simple mechanistic origin. To
groups: () R~3.75 A, indicating nondissociatior(p) R drive an axial cage atom into the lattice, the atom—atom col-

N2X3'7_5 AZ?'_E’A’ |nd_|cat|ng cage exit of_one of the_ I lisions must not be collinear. The larger the amplitude of
atoms with an intervening Ar atom preventing recombina-

tion; (c) R~3x3.75 A=11.25 A, resulting from both | at-
oms exiting the cage. In all cases a direct cage exit mecha-
nism is observed, one in which upon first collision the | atom
dislodges an Ar atom, which in turn embeds itself intersti-
tially into the lattice and drives one or more Ar atoms out of
their equilibrium positions. In all cases, the separated iodine
atoms remained aligned along the original molecular direc-
tion, they did not rotate around each other, indicating that the
massive projectiles plow their way through the relatively soft
lattice. A typical example of a single-exit event is illustrated
in Fig. 15, in which only atoms that are involved in large
amplitude motiong>1 A) are shown. In this case, initially
both | atoms exit the cage. One bounces back and thermal-
izes in the original sitgatom J. The second iodine atom FIG. 16. Photodissociation quantum yield as a function of excess energy on

(at(_)m 31 impqlsively d.rives an Ar atontatom 3 into the the 1-1 potential. The bar—graph illustrates the probabilities of no dissocia-
lattice, which in turn displaces other Ar atofatoms 4 and tion (black), single cage exitlight gray), and double exitdark gray.
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atom motion, the larger the probability of noncentral colli- driven local modes, decays on time scales of 3 ps in Ar, and
sions, hence the increased dissociation probability with temé—8 ps in Xe and Kr. These oscillations in Kr were recently
perature. The alignment of cage atoms relative to the latticattributed to zone-boundary phonons excited by the intact
controls the probabilities of the different channels of Fig. 16.molecule* Our analysis of the dynamics and of the normal
Dissociation yields reach 60% at excess energies of 3500fodes in Kr, clearly show that the observed motion must be
cm 1 (4.4 eV), atT=40 K. The same probability is observed ascribed to local modes on dissociative surfaces.
in the 20 K lattice at an excess energy of 5.2 eV. At 550 nm,  The quantitative analysis of the cage-bound dynamics
the excess energy available via three-photon access of theveals nonadiabatic spin—flip transitions, which reach unit
dissociative |1-I potentials is 5.4 eV, while three-photon ac-probability when the molecular bond is stretched beyond 6
cess of the| potential leads to an excess energy of 4.4 eV.A. The process is sudden, limited to the outer turning point
Thus, the observed three-photon induced permanent decay of the initial stretch. The persistent cage oscillations that ac-
the signal occurs at experimentally accessible energies, arghmpany theB-state signal in Kr, can clearly be identified as
therefore, provides a consistent rationale for the observethe result of a wavepacket created through this sudden nona-
polarization selective permanent depletion of the moleculesdiabatic transition. Although not surprising, it is useful to

Indirect confirmation of the above model is found in recognize that coherence can survive sudden, nonadiabatic
recent vacuum ultraviolefVUV) investigations of the ion- transitions in condensed media.
pair states, in which it was observed that 193 nm excitation |n the gentle excitation regime, deep in the bound
leads to efficient bleaching of the absorption bands in Ar, buB-state, the suddenly accessed potential is observed to fluc-
not in Kr> This excitation energy corresponds to an excessuate as it dilates to its final equilibrium position. The accom-
of 5.1 eV on the I-I potential, therefore near unit quantummodation occurs on the time scale of 3 ps, namely the ring-
efficiency of dissociation is predicted for the nonradiativedown time of the cage observed on the dissociative surface.
molecules. It was also noted that the bleaching of the absorprhe analysis quantifies the evolution of the molecular spring
tion bands do not occur with a single rate. The red edge ofonstant from that of the sudden cage, determined by the
the absorption depletes first, and the rest of the band decaysound state lattice configuration, to that of the relaxed cage.
on a slower time scaf. It is tempting to assign such an \when prepared near the dissociation limit of Bistate, af-
observation to molecules in different sites. Our analysis Sugter a dramatic energy loss in one period, the molecule falls
geStS the alternate interpretation that aniSOtI’OpiC bleaching @eep into the bound part of the potentia' and undergoes
being observed. Unless measurements are carried out Wifearly linear dissipation. Although overshadowed by the dis-
depolarized optics, the sample will develop dichroism: Thesipative molecular vibrations, the cage oscillations can
parallel bands will lose intensity relative to the perpendiculargiearly be identified as fluctuations in the molecular period of
bands. Indeed, the red-most absorption in the UV is expecteghotion. The entire process follows the pattern of dynamics
to be the paralleD —X transition, with the perpendicular on the cage-bound potentials, clearly establishing the latter
y—X transition only slightly shifted to the bluéthe elec- 5 the generic cage response to impulsive excitation. We
tronic origin of they-state is estimated to be 600 chebove  would have expected the same dynamics to be observable in
the D-staté’). This interpretation also suggests the utility of the studies where the cage is driven through Rydberg excita-
polarization selective bleaching as means to disentanglgyns of a trapped impurit?~" The conclusion from those
overlapping broad resonances. studies seems to suggest that the cage response is over-

damped, except in one report where the published trace

V. CONCLUSIONS shows 2 to 3 oscillations with a period of 900%fscharac-

A rather complete picture of driven cage dynamics isteristic of a gently driven Ar cage.
obtained through the pump—probe measurements éfo- The photodissociation of iodine in Ar involves the break-
lated in solid Ar. Particularly insightful in this regard is the ing of the cage. This is distinct from the common mechanism
dynamics observed on cage-bound potentials, to which thi which the dissociation is principally that of cage exit of a
majority of covalent potentials of,lbelong. This class of fragment, by passing over the potential barrier provided by
wavepacket dynamics was identified and analyzed in Acage atom&.In this case, the | atoms destroy the cage by
through simulations; and was extended to re-interpret previdriving axial cage atoms into the lattice, and getting trapped
ously observed cage motion in K and in Xe? On disso-  in the vacancies they create. The process occurs when excess
ciative, cage-bound potentials, the molecule acts as a tranenergy of ~4 eV is deposited in the molecule. While the
ducer to drive the cage into large amplitude motion and teexact path on potential energy surfaces is not clear, the ex-
passively report the subsequent rebound and ringing of thperiments establish that the process is driven by three visible
cage as it relaxes. The rebound time, determined by the cophotons, which would provide the required energy to break
lective host interactions, is surprisingly insensitive to the am+the cage. Dissociation of in Ar and Ne was also reported in
plitude of the initial drive, up to the breaking point of the studies where the same amount of energy was directly de-
cage. Immediately after rebound, the coherent oscillations gbosited through UV excitatio?f:
the impurity induced local modes are observed. Due to the We have given an explicit treatment of the kinetics of
mass asymmetry in Ar, a resonant cage mode at 33'cm multiphoton photoselective photodissociation, which could
arises. In Kr and Xe, the local mode frequencies of 53 and 4be expected to be ubiquitous in systems in which the chro-
cm 1, remain at the Debye edge of the respective hosts. Theophore does not rotate. We emphasize that in such a treat-
coherence of the cage-bound wavepackets, therefore of theent both the angular and spatial anisotropy of the radiation
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must be included. The nonexponential decay curves, im-photon absorption and quantum yield of dissocigtidine
which the rate dramatically decelerates, can otherwise bBme dependence of the differential element for a linear mol-
mistaken for bimoleculator higher order kinetics. ecule subject t&-polarized irradiation is

Finally, an intimate part of time-dependent studies is the
character)i/zation of ener%etics, namelypthe potentials. This is p(1,Q,0)=p%(r, Q)exil 1 (1)7(o]™ co$™(9)
contained in spectroscopic assignments, and where dynami- + (™ sie™(9))t]. (A2)
cal resonances associated with large amplitude motions are
reproduced, significantly more information about energeticdn Which 9 is the polar angle between the molecular axjs,
is obtained than through frequency domain spectra, whicRnd the polarization vectorZ. Note, the assumption of
report a narrow range of stationary points. For example, th&+photon parallel and perpendicular cross sections is an ap-
spectral analysis of emission spectra of cage-bound pote@mximation that ignores the possibility of alternating transi-
tials report difference potentials over a range of 0.1°Ahe  tion dipoles over intermediate resonances.
present dynamical analysis reports difference potentials over The same excitation source is also used for detection,
several Agstrom. We establish the energetics of Ehetate  NoW through ann-photon induced fluorescence. Assuming
in Ar, Kr, and Xe, and establish that it follows the expectedthat the fluorescence is detected through a polarization
trend of solvation of ion-pair states. Although tBestate in scrambler(the inclusion of polarization selective detection is
Xe is located viaE —B excitation, no emission can be seen Straightforwardi, the observable signal from the differential
from the first tier of ion-pair states. They predissociate via€lement can be written in the same vein

thg ™ 1* p(_)te.ntials. In Ar, beside th_e first ti@' — A’ tran- S(r,Q,t)=[I(r)2(aﬁ”) co2"(9)
sition, emission from the second tié(0y) andF(0,) ion-
pair states is observed and assigned. These assignments are +cri“)sin2“(ﬁ))]p(r,Q,t). (A3)

in variance with the recent frequency domain studfeS. Taking the laser intensity distribution to be Gaussian with

beam waitw
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v The observable signal is obtained by integrating over the
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ciated. S(t):f de drS(r,Q,t)r (AS)
Beside the laser profile, which is characterized sepa-

APPENDIX A rately, the function contains six independent variables: The

In samples where the chromophore may not rotate phogrders for dissociation and detectian,and n, and the par-

todissociation with polarized radiation necessarily proceed@!e! @nd perpendicular cross sections associated with each.
with nonexponential kinetics. Where nonlinear excitation iSA_Ithough perfect fits of the e>.<per|mental S'Q”a' IS pOSSIb|eZ
involved, in addition to the angular anisotropy of decay ratesJ/Ven the large number of variables the choice of the best fit

it is essential to take the laser field intensity distribution intomodel is based on small preferences in fitness.

account. When explicitly treated, the sequential recording of A MOre stringent test is provided when considering the

kinetic curves from the same irradiation volume using crossS€duential irradiation cycles, which does not add any new
riables but provides additional observables. After an irra-

polarized beams is a rather complete experiment that caff'" ; N :
yield absolute cross sections. The specific case we considéhation periodr, the polarization is rotated fro@to X in the
multi-phonon dissociation detected through multi-photon in-aporatory frame

duced fluorespence, shoulq be common whe.n using shortin- (r,Q,7+t)=p(r,Q, Dexd — 1(NT(cW D2

tense pulses in systems with dense electronic manifolds.

We assume optically thin samples of thicknéssand +a™(1-DdZ)Mt], (AB)
irradiation perpendicular to the film with linearly polarized
light. Then for a volume element in cylindrical geometry,
7rrldr, taken to be small enough to be subject to homoge- cI>§X= coS(9)sirt( o). (A7)
neous irradiation intensity,(r), the angularly anisotropic
rate equation for dissociation via-photon excitation is

1 dp(r,Q) S(r,Q,7-+t):[|(r)g(o-ﬁn)CI)g‘(—i—gin)
5 == oM@ ;" (AD 2

po(r,Q)  dt 7 b X(1=®5)M p(r,Q,7+1), (A8)
in which @, ; is the direction cosine between the transitionis then integrated as ifA5) to obtain the decay curve over
dipole,i=x,y,z, in the molecular frame and the polarization the second cycle$(7+t).
vector, j=X,Y,Z, in the laboratory frame; and(™ is the The nonexponential decay of the first cycle can be fitted
cross section for dissociation via-photons(the product of — extremely well with our model assuming only parallel tran-

here

The signal from the differential element
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