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Three approaches are combined to study the electronic states’ dynamics in the photodissociati@amdof F

CIF in solid argon. These include (a) semiclassical surface-hopping simulations of the nonadiabatic processes
involved. These simulations are carried out for thentolecule in a slab of 255 argon atoms with periodic
boundary conditions at the ends. The full manifold of 36 electronic states relevant to the process is included.
(b) The second approach involves quantum mechanical reduced-dimensionality models for the initial processes
induced by a pump laser pulse, which involve wavepacket propagation for the preoriented CIF in the frozen
argon lattice and incorporate the important electronic states. The focus is on the study of quantum coherence
effects. (c) The final approach is femtosecond laser puptpbe experiments for CIF in Ar. The combined
results for the different systems shed light on general properties of the nonadiabatic processes involved,
including the singlet to triplet and intertriplet transition dynamics. The main findings are (1) that the system
remains in the initially excited-state only for a very brief, subpicosecond, time period. Thereafter, most of the
population is transferred by nonadiabatic transitions to other states, with different time constants depending
on the systems. (2) Another finding is that the dynamics is selective with regard to the electronic quantum
numbers, including th& andQ2 quantum numbers, and the spin of the states. (3) The semiclassical simulations
show that prior to the first “collision” of the photodissociated F atom with an Ar atom, the argon atoms can
be held frozen, without affecting the process. This justifies the rigid-lattice reduced-dimensionality quantum
model for a brief initial time interval. (4) Finally, degeneracies between triplets and singlets are fairly localized,
but intertriplet degeneracies and near degeneracies can span an extensive range. The importance of quantum
effects in photochemistry of matrix-isolated molecules is discussed in light of the results.

I. Introduction electronic transitions with respect to the electronic quantum
The concept of the cage effect has played a pivotal role in numbers? Are there any common propensities of the electronic

the study of photochemical reactions in condensed phases sinc&29¢€ effects for different systems?
the early years of the field. Topics such as the exit of reaction A convenient framework for exploring these questions is the
products from the cage or energy loss of the photoexcited photochemistry of small molecules trapped in noble gas matrices
molecule to the cage walls have been extensively studied both(or in finite noble gas clusters). Such systems have long served
experimentally and theoretically, and they continue to be of as a useful laboratory for experimental and theoretical investiga-
major current interest. A great deal of insight has been gainedtions of many aspects of the cage effe¢fTheoretical studies
on these aspects of the topic that can be described as theof the electronic state dynamics in molecular photodissociation
“mechanical” cage effects. The dynamics of the electronic statesin matrices are, however, relatively recent. Modeling by classical
in such processes, which can be referred to as “the electronicmolecular dynamics simulations was pursued in the early stages
cage effects”, is much less understood. The questions of interesbf the subject by treatments using only a single, excited-state
are many and include the following: What are the populations potential energy surface and have remained useful for many
of different electronic states of the photoexcited species, and purposes$:1° Such models allow, of course, only the exploration
how do they change in time? Is there any selectivity in the of “mechanical” aspects of the cage effect, depending on the
" Part of the “Sheng Hsien Lin Festschrift, select_ed electronic state. Simullatic_)ns of this type cgnpot
* Institut fir Experimentalphysik, Freie Universitgerlin. describe, for instance, recombination of photodissociation
£ Hebrew University of Jerusalem. fragments onto the ground electronic state, a fundamental
§D University of California. process in condensed-phase photochemistry. Molecular dynam-
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ics simulations of molecular photodissociation in matrices that
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transitions between the different electronic states were more make this system an advantageous choice from a theoretical

recently carried out by Gersonde and GabteBatista and
Coker!213Krylov and Gerbet? and by Alberti et ak> Several

point of view. It seems reasonable to assume that this system
can serve, at least, as a semiquantitative model for CIF in argon,

closely related systems involving nonadiabatic processes werewhich has emerged as the experimental system of choice.

also studied by such simulatio#s!’” For our purpose here, it

The potential energy surfaces developed in ref 31 $@ Ar

is important to note that, at least in several of the systems and used also here are based on the DIM (diatomic-in-
studied, nonadiabatic transitions were found to play a major molecules) methoé The interactions between the F atoms in
role on ultrafast time scales, with significant implications also the Hamiltonian use a simple electronic structure model, with
for mechanical aspects of the cage effect. In the case of HCl in a single unpaired explicit electron in a p-type orbital on each
solid argon, for instance, nonadiabatic transitions strongly affect of the fluorine atoms. A valence-bond scheme was employed
the cage exit probabilitie’s,and for HCI in argon clusters, both  to describe the interactions due to the two explicit electrons in
the cage exit probabilities and the kinetic energy distribution the space of p orbitals and for all possible arrangements of the
of the H atoms exiting from the clusters are strongly influenced spins. This led to a manifold of 36 states, including the ground
by nonadiabatic transitiori§-2* state. The®Il states of & are weakly bound, while all other
Experimentally, the study of molecular photodissociation in excited states in this manifold are repulsi¥&®The interactions
matrices has benefited enormously from the introduction of between the f whether in the ground or an excited state, with
femtosecond pulsed laser techniqé&®? Such experiments  the argon atoms were modeled by empirical potentials, taken
proved capable of throwing light on the dynamics of electronic as the sum of electronic interactions between each argon and

transitions in these processes and, in some cases, in thdluorine atom, the latter described in the’| state. Thus, the

interaction with theoretical simulatiod%:32 An example closely

Ar/F(?P) interactions that contribute to the electronic Hamil-

related to the topics of the present paper are the combinedtonian are anisotropic, reflecting the nature of the p-type orbital

experimental and theoretical studies by Niv eflahnd by
Bargheer et a233on F, and CIF in solid Ar, in which the effect
of “ultrafast spin-flip” was found. Thus, in pumfprobe pulsed
laser experiments on CIF in solid argon (CIF@Ar) and in the
corresponding theoretical calculations, very fast buildup of
population in a1 state was observed, following the initial
excitation into the @1; state31~33 The ultrafast spin-flip, on a
time scale of less than 100 fs, is surprising at first view in this
case since the spirorbit coupling is modest. Furthermore, using
a quantum model of reduced dimensionality, Korolkov and
Manz showed that the rapid spin-flip can support cage %*xit,
and it may be controlled by exploiting interference effects of
laser-driven coherent wavepacket dynanifcs.

occupied by the unpaired electron of the F atom. The depen-
dence of the Ar/PP) interactions on the orientation angle
between the p orbital and the Ar/F distance vector, as well as
on the A—F distance, was taken from the gas-phase scattering
experimentsé3° This was also checked against high-level ab
initio calculations for Ar/F{P). The interactions adopted for use
in the Hamiltonian were weighed in both the experimentally
determined potentials and the ab initio restgf® The extensive
experimental and theoretical input available for A#F(gives
confidence in the reliability of the potentials developed. Another
contribution to the DIM Hamiltonian used for,@Ar is the
spin—orbit coupling. This interaction is described in the DIM
model used as due to the individual F atoms only and

The objective of the present paper is to unravel, much more independent of the distance between them. Finally, theAr
systematically, the mechanisms and rates of the nonadiabatidnteractions were modeled by pairwise additive poten#als.

transitions in these systems and their effects on the populations

of the different electronic states. In particular, we explore the
role of the approximate quantum sublevélsin this process,

In this work, as in refs 31 and 36, the 36 potential energy
surfaces were obtained by diagonalizing the DIM 3636
Hamiltonian matrix at each relevant configuration of the nuclei.

which turn out to be of considerable importance. The prediction This also yielded the adiabatic electronic states, which are

of ultrafast transitions between triplets with different quantum

denoted byy;(r,R), wherer denotes the electronic degrees of

numbers motivates experimental studies of such transitions. Thefreedom andR is the nuclear configuration. The calculation of

study also examines the role of triplets other tR&hin this
process, namely, th& and3A triplets states, and the participa-

the potential energy surfaces and adiabatic wave functions was
done “on the fly” along the propagation of the trajectory of the

tion of the singlet states which are accessible to the system.nuclei,R(t). The electronic wave function of the system at time
The approach is based on extensive combination of pulsed lasef iS represented as
experiments, semiclassical molecular dynamics surface-hopping

simulations, and reduced-dimensionality quantum mechanical
wavepacket models for the nuclear motions on coupled potential

energy surfaces. These approaches overlap,

complementary information.
The structure of the article is as follows. In section I, the

theoretical and experimental methods used are discussed. Sectio
Il presents the main results obtained, with interpretation of the
mechanisms and processes, followed by concluding remarks in

section IV.

Il. Systems and Methods

II.LA. Semiclassical Surface-Hopping Molecular Dynamics
Simulations. The simulations were carried out fop b solid

W)= C Owi(r.RD) 1)

in part, ON SOM& ¢ electronic wave function evolves under the DIM Hamil-
aspects of the problem but also support each other in prowdlngtonian H

e(r,R(t)). The time-dependent Schtimger equation,
which leads to equations for the evolution of the coefficients
Ci(t),31-36 describe transitions between the adiabatic electronic
Qtateszpi(r,R), with probabilities ofP;(t) = |Ci(t)|.? The coupling
coefficients in the equations that describe the nonadiabatic
transitions are given By

_ <wk(rrR)|VRHe(r!R)lwi(r!R)>r
K Vi(R) — Vi(R)

)

whereVi(R) areVi(R) are the andk adiabatic potential surfaces,

argon, for which system potential energy surfaces are availablerespectively. The kinetic coupling vector matrix elemeDig

from previous studie$.3¢ The accumulated experience with

which are functions oR, have the dimensionality of the number

these potential surfaces and the evidence as to their validity of nuclear degrees of freedom.
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The nuclear motion dynamics, combined with the nonadia- all simulations. However, these states are not necessarily very
batic transitions between electronic states, is pursued in theconvenient for qualitative interpretation purposes and may have
calculations here by a variant of Tully’s “surface-hopping” little intuitive appeal. For example, these states, which are

algorithm#%41 Suppose that at = 0, the system is in th& eigenstates of the DIM Hamiltonian, are not strictly singlet or
electronic state; thu€((t = 0) = 1 andCi(t = 0) = 0. The triplet states, but rather mixed. Also, these states do not always
nuclei are propagated on the potential energy suN@@® using correspond simply to the states of the bare, free molecule since
a standard classical trajectory algorithm. Using tR({®, the the DIM Hamiltonian includes interactions with the matrix
equations for the coefficient€y(t) are solved® As |Cy(t)| atoms. We therefore found it useful to compute also the

decreases and another coefficient, or coefficients, increases, @rojections of the adiabatic states on the states of the free
decision according to a stochastic criterion is made on a possiblemolecule (M)

transition to some other electronic (adiabatic) stalde nuclei

are then propagated on the potential surfag®), and the SYR) = <¢o™(r,R)|yi(r,R)>, (3)
equations for the coefficientS(t) are also solved, until the next
surface-hopping event is decided upon. The specific criterion
used in the surface-hopping algorithm and implemented here
is Tully’s “fewest switches” prescriptioff. The detailed imple-

Whereqs,(M)(r,R) is thel electronic state of the free;molecule.
The onlyR coordinate on whicky™ depends is, of course, the
mentation and the choice of conditions for the reinitiation of internuclear distance, whilg; depends parametrically on the

. . M —

the trajectories and coefficients after a surface-hopping eventco,a)rdlnates _Of all of the nuclei of the ?}’S‘e'ﬁfi )(_R) B
are discussed in ref 31. Several other methods and algorithmsﬁi (R)1? obviously represents the probability of theiR the
have been proposed for the semiclassical treatment of non-Matrix to be foqnd in théth .elgctro_nlc state ofthe free molgcule
adiabatic transition& 47 While some have a more rigorous basis When the matrix system is in thiéh adiabatic state. A given
than that of the surface-hopping approach, the more accuratediabatic state may, at any point in time, have significant
methods are computationally much harder to apply for simula- projections onto se\(eral bare-molecule states. Such projections
tions of complex many-particle systems, as in the case here.ca" q!ffer in magnitude also for cases where nonadiabatic
Furthermore, the experiences with surface-hopping simulations ransitions do not take place. _
for systems of this tygé18-21.31.3236have been quite encourag- It should _be also n_oted that in the su_rface-hopplng appr(_)ach,
ing. we do not invoke dlrectly. thg spfm(blt between pure spin

The model system pursued in the simulations is mBlecule states. Rather, bpth the spmrblt coypllng and thg electrostatic
embedded in a solid slab of 255 argon atoms, with periodic interactions are included in the adiabatic potential surfaces and

o ) . . .in the derivative nonadiabatic couplings, which are onl
boundary conditions at the ends. Previous studies of nonadlabathndirectly connected to matrix elem%ntg of the soibit y
molecular dynamics simulations were carried out feirFthe interactions SPa
Ars, cluster3=33 The latter system has two layers of argon '

around the impurity. We obviously expect the present larger !1.B. Reduced-Dimensionality Quantum Model.In addition
model, with the important addition of periodic boundary o the preceding semiclassical surface-hopping approach, we

" - ) . shall also present results for complementary quantum simula-
conditions, to more realistically describe the matrix system. b P y 4

C : tions of the laser-driven photochemistry for the model system,
Nevertheless, we shall show that the periodic boundary condi- P y y

. . . - - . CIF in Ar. Unlike the full dimensionality in which the
tions imply certain restrictions on the time mterval of the validity semiclassical simulations are carried out, quantum simulations
of the results, for example, the mechanical cage effect may '

) . . . require simpler reduced-dimensionality mod&l&ortunately,
|nv0Iv9 the induction of a shock wave, Wh'c.h penetrates to the semiclassical results presented in the next sectionfior F
doma[n_s.beyond the slab of 255 atoms, but t.h'.s may appear asa, goig suggest that, indeed, a reduced one-dimensional (1D)
an artlfl.uall shock wave that. returns to the.ong!n, mediated by guantum model can be employed for a short initial time interval.
the periodic boundary conditions. In practice, it turns out that

the results of the present semiclassical simulations are vaIidThis model of six states, that is, the grounéIZg and five
during ~400 fs. Comparison with previous results fo@Arss excited electronic states, can describe the quantum dynamics

is instructive and will be briefly discussed later induced by a .Iaser pulse With. a durationtpf= 50 s, \-NhiCh
) . i ) ) has been designed for excitation of thHIg state, starting at

In the simulations, the system was first propagated in the — g yntjl about 85 fs, that is, during60 fs after the laser peak
electronic ground state until equilibrium set in (approximately jntensity. It turns out that the argon matrix is essentially frozen
5 ps). The main set of simulations were c.arrleo! outTor 8 during this initial period, in which the dihalogen bond is
K. After equilibration, snapshots of the trajectories were taken gyretched following photoexcitation until the halogens hit the
at fixed time intervals and examined for the possible occurrence ap cage atoms and transfer kinetic energy to tH#é&f. The
of photoexcitation to théll,, state. For this, vertical promotion dynamics of the entire system is thus reduced to the dynamics
of the nuclei was considered, in the spirit of the classical of the dihalogen bond coordina® while keeping all other
Franck-Condon (FC) principle, at the configuration of the = gegrees of freedom frozen in the initial equilibrium configura-
snapshot. The excitation energy considered in the main set oftjon, For reference, we shall consider the case of the preoriented
simulations was 4.6 eV. A set of 49 accepted excitation events dihalogen molecule along thel11> direction of the Ar matrix,
were propagated, starting from the initially excitdd,, state, as essentially for F£in Ar, compared with ref 49. In the case of
allowing for all possible nonadiabatic transitions, cage exit, F,in Ar, this initial period lasts for approximately 40 fs after
recombination events, and so forth. In addition to the above, excitation of the CT1; state; see section IlI. This result of the
simulations were carried out for other types of physical semiclassical surface-hopping method is in good agreement with
conditions to address qUeStionS on several properties of thequantum simulations of the laser-driven dynamicsﬂhferact_
system and states involved. ing with the neighboring Ar atoms, specifically with those which

Finally, we briefly discuss an instrument of interpretation form the “windows” for exit of the F atoms out of the Ar matrix
employed here. The adiabatic electronic states are very conve-cage>®* Complementary quantum simulations for the laser-driven
nient in the computational methodology and were employed in stretch of CIF excited to the TI; state in Ar show that its
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T T A T R ST TR repulsive forces are weaker and the CIF bond stretch is slower
: for B3I+ than for CI1,.
The laser-driven quantum simulations include six nuclear
wavepackets. These wave functiotEy(Rt), i = 1—6, cor-
50 respond to six electronic states, the ground stat&, Xa set of
four excited triplet states, 'All,, A3[1y,1%[1y-, and By, and
the excited singlet state M0;. The four triplets are lying
40 energetically between the two singlet states. The wavepackets
TE WYi(Rt) are evaluated as solutions of the time-dependent
= Schrainger equation
=
~ 30 ¥, (RY)
i W,(RY)
il YR | _
20 ot | W, RY)
W (RY)
Wi(RY)
10 .
T+V, o 0 0 0 —u16°E()
\ 0 T+Vo Va3 7o Vas 92
oL (el T s R A B 0 V32 T+V3j/34~j/35 g3
3083540455055 0 Va2 Yazs  THVavyes G
R/a, 0 V52 Vs3 V54 T+Vs g5
Figure 1. Potential energy surfaces of CIF in the gas phase and solvated | —#e1’E() 92 9s 94 95 T+ Ve
D' state, adapted from refs 32 and 52. Transitions a, b, and c are
described in the text and in Figure 3. Wi(RY)
W, (R1Y)
center of mass starts to move in the matrix cage approximately W, (RY)
60 fs after the peak intensity of the exciting laser pulse due to W, (R1) 4)
the interactions of the F and Cl atoms with the matrix c#ge. W (RY)
Accordingly, the validity of the 1D model during the initial W (RY)

period is slightly longer for CIF than that for,FThis is also
supported by the experimental results, which show that after
photoexcitation of CIF in Ar, it takes more than 150 fs before
the stretch of the CIF bond is reversed by the matrix environ-
ment33 Several reasons explain the longer experimental period
(~150 fs) compared to the theoretical oned5 fs). First, the

experimental scenario corresponds to different orientations Furthermore. we assume that the excited sin . -

: : ) glet stated] is
(preferably_ alon_g<100>49), in contrast with the a_ssum_ed coupled to the triplet states= 2, ..., 5 by means of potential
<111> orientation of t.he 1D quant.um model, implying couplingsgizf/ia(i=2,...,5), and the triplet states are coupled
somewhat larger experimental domains for the CIF stretch among each other by means of potential couplipgs: Vj, 2
compared to that of the 1D quantum model. Second, energy _ ; j < 5.

transfer from the CIF bond stretch to the motion of the center The generation of the present diabatic from the adiabatic

of mass of CIF in the matrix cage causes a slow-down of the ptentials requires, in principle, two steps. First, one calculates
bond stretck? Third, energy transfer to the environment, in  yyre adiabatic singlet or triplet states of the dihalogen in the
particular, to Ar atoms causing “head-on-collisions” but also rare-gas matrix, taking into account spiorbit coupling between

to others, causes further delays of the experimentally observedihese states as off-diagonal matrix elements. As a consequence,
period of the initial bond stretch compared to that of the 1D the |aser excitation is described in terms of laser dipole coupling
quantum modet-*2 Irrespective of the different time scales,  exclusively between the pure singlet ground stjate (L) and
however, all systems exhibit similar mechanisms of electronic the excited statd & 6). This allows illuminating interpretations
cage effects, to be discovered below. In the subsequentof quantum simulations of the laser-driven dynamics; for
applications, nevertheless, we shall show results for the 1D example, excitations of the spin-forbidden transition to the
model up to 150 fs in order to discuss some systematic trendsexcited triplet state HIo+ appears as an ultrafast sequential
while keeping in mind that the 1D model is only valid until  process, that is, off-resonant excitation of the singlet stk C
about 85 fs. One trend of the duration of the validity of the 1D followed by almost instantaneous transition to the triplet state
model with increasing masses is also confirmed by investigations B3I[1y+, which is mediated by spiforbit coupling. Note that in

of the heavier dihalogens embedded in Ar; fop, @™ is about the semiclassical simulations, these laser excitations are ap-
150 fs>! The validity of the 1D model depends, of course, not proximated as instantaneous Frar€ondon (FC)-type transi-
only on the atomic masses but also on the potential surfacetions.

details of the relevant excited states. For example, if CIF is  The corresponding adiabatic potential energy curves of the
excited initially to the BITy+ state, then the validity duration  pure spin states %, B3I+, and GIT; are adapted from refs

of the 1D model is longer than 85 fs for excitation of the initial 32 and 52 based on the DIM approach, with underlying ab initio
C1; state because, in the FrareRondon domain, the results for the pure adiabatic singlet and triplet states of CIF in

whereT = (—hA%2m)-(0%/9R?) accounts for the kinetic energy
of the dihalogen bond stretéhwith reduced mass = (memg))/

(me + mg). The Vi(R) (i =1, ..., 6) values denote diabatic
potential energy surfaces dependingfand are evaluated for
the fixed initial equilibrium geometry of the argon matrix.
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Figure 2. Diabatic potential energy curves for the lowest six singlet
and triplet states of the 1D CIF@Ar model oriented along tid.1>
direction, adapted from refs 32, 52, and 53.

the gas phas® The latter are shown, for reference, in Figure
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states is described by means of the semiclassical transition dipole
coupling—u1e(R)-E(t), whereu;6(R) andE(t) are the components
of two parallel vectors representing the transition dipole and
the electric field, assuming polarization perpendicular to the
molecular bond. Here, we use the ab initio resultsufe(R).>3

The electric field of the laser pulse is described by

E(t) = Eys(t)-cos(t) (5)
with an amplitudeEy, carrier frequencyy, and shape function
(6)

wheret, denotes the pulse duration. The corresponding intensity
of the laser pulse (averaged over the carrier cycles) is

st) =sinf(ztit) 0=<t=<t

() =3 ecoEiS ) @)

and has a maximum value &fax = (l/2)eocE§ and temporal
and spectral width ofAt, = 0.364t, (fwhm) andI" ~ 3.3-A/

1 together with schematic potential curves for the excited ionic Atp, respectively.

states of CIF in Ar. The energy gaps between the ab initio

potential curves for the ¥ly+ state and the other three

The wavepacketdVi(Rt) are propagated on spatial and
temporal gridsR = Ry + j*AR, j = 0, ..., Ny (typically, Ny =

neighboring triplet states are very small, and therefore, they are1024,Ro = 2ao, AR = 0.1a) andt; = I-At, (At ~ h/E, ~ 0.024
in an energetic resonance. Thus, we have employed the saméds). For this purpose, the coupled eq 4 is solved numerically
energy gaps also for the corresponding four triplet states of CIF using theO(At®) split-operator techniqdéand the fast Fourier

in the Ar matrix.

transform (FFT) methdd for transformation between coordinate

In the second step, the kinetic couplings between these pure2nd momentum space. The resulting popula;tions of the elec-
adiabatic triplet or singlet states are transformed into corre- tronic states are calculated Bgt) = /|Wi(Rt)[°dR, and they

sponding potential couplings of either the pure singlet or triplet
diabatic potentials, without any additional potential couplings

between pure singlet and triplet potentials. The effect of this

adiabatic-to-diabatic transformation is larger for the off-diagonal

matrix elements than that for the diagonal ones. Hence, for

simplicity, we set the diagonal diabatic potential equal to the

are normalized according to

6
P=1

Initially, the system is prepared in the vibrational ground state

adiabatic ones, adopted from refs 33 and 50. The potential (Rt = 0) = di1-®i=1 ,—o(R) of the electronic ground state. It

curvesVi(R), i = 1—6, are shown in Figure 2. Note that, in the

previous semiclassical approach, the effect of the kinetic

is computed by means of the Fourier grid Hamiltonian meffod.
II.C. Experiments. Ultrafast spin-flip has been demonstrated

couplings between adiabatic states is taken into account ap-experimentally for CIF, showing a nonradiative transition from

proximately in terms of the surface-hopping algorithm for the
classical trajectories.

The diabatic potential¥i(R) are then complemented by the
off-diagonal diabatic potential coupling4(R), as follows. (a)
The excited singlet statg¢ € 6) is coupled to the triplet states
only by spin-orbit couplings, denoted a4 = g; fori =2, ...,

5. In principle, there are also analogous spambit couplings
between the electronic ground stgte=(1) and the excited triplet

the repulsive 1; state to the boundll manifold in refs 32

and 33. The intention here is to additionally investigate another
member of the manifold of repulsive triplet states in order to
reveal systematic trends as well as peculiarities of specific states.
In particular, motivated by the theoretical results, we shall
investigate transitions between triplet states. Nonradiative transi-
tions are induced in these ultrafast puagrobe experiments

by selectively exciting the initial state with a short pump pulse,

states, but these are neglected in the present simulations. (bjhus generating a propagating wavepacket. The feeding dynam-

The diabatic potential couplings between the manifold of the
triplet states is denoted & = y; for the pure diabatic triplet
states, 2< i, j < 5. Thesey; should be considered as effective
diabatic couplings, which account not only for the kinetic
couplings but also for other effects, which are not included in
an ideal 1D model of CIF oriented alongll1> in Ar, for

example, effects of other orientations. In any case, we expect

the absolute values of thg; to be smaller than those fay.
There are analogous diabatic potential couplipgsbetween
the singlet groundi (= 1) and excitedj(= 6) states, but again,

ics from the excited state into the target state is monitored by
a time-delayed probe pulse, which carries the wavepacket in
the target state at a well-defined internuclear distance to the
charge-transfer states of CIF and by finally recording the laser-
induced fluorescence (LIF) intensity from these charge-transfer
states versus the time delay (curved arrow in Figure 1).

It is necessary to tune the central wavelengths of the pump
and probe pulses according to the requirements of the electronic
transitions. To ease the comparison of the new results with the
previous ones, we use the same preparation of the CIF-doped

these are neglected for the present quantum simulations. InAr films57 and the same laser setup with two tunable NOPA

practice, however, we do not calculate these couplmgsd

devices used in refs 32 and 33 and described in ref 27. The

yij explicitly. Instead, we shall explore the effects of these spectroscopic characterization of the relevant states of CIF in
couplings for various scenarios, from vanishing via small to an Ar matrix has also been carried out in ref 57, and we use
large diabatic couplings. (c) Last but not least, the laser coupling these results in order to select the appropriate pump and probe
of the electronic groundi (= 1) and excited singletj (= 6) pulses. The potential energy surfaces of CIF in the gas phase
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are depicted in Figure 1; the charge-transfer states are red shiftec

with respect to the gas phase due to the influence of the matrix.
The target states are the bound triplet states, which are in
energetic order AIT,, A1, 131y~ and B+ The internuclear
distanceR ~ R, of the probe window position is determined
by the difference potentiahV(R) between the charge-transfer
state and the target state and the probe photon eregyia
AV(Ry) = hvy. For the BTlp+ target state, a strong probe
transition to the EIly+ charge-transfer state is observed, as
expected from the dipole selection rules. A frequency-doubled
probe pulse from the NOPA with a wavelength of 318 nm was
used in the previous experimer3and for consistency, it is
employed also here. It corresponds to a probe window position
R, around 4.3, according to Figure 1, assuming that the
repulsive contributions from the cage wall (which are not
included in Figure 1) are similar for the states involved.

All 3[1 < X3! transitions violate the spin selection rule.
Moreover, the A1, < X!Z; violates theQ selection rule,
having AQ = 2. Therefore for all interhalogens, a trend of
increasing radiative lifetimes corresponding to a decrease in
transition moments from the microsecond range for tRHB
state to milliseconds for the 'AT, state is well-known.
Population of the BlIy+ state of CIF leads to a radiative decay
with a lifetime of 141 ms exclusively from the'#1, state3’
indicating nonradiative relaxation from*Hg+ to A'3IT, within
the B[1y+ state radiative lifetime. The3Bly+, ASI1,, and A3I1,
states are nested with small energy separations. In the charge
transfer state, similar close-lying manifolds of fii€ states with
Q =0, 1, and 2 are expected. Therefore, the probe transition
shown in Figure 1 may not only lift wavepackets from th&Ig+
state but also energetically resonant ones from thdfand
A'[T, states to the charge-transfer states.

Next, we turn to the selection of initial states. The strongest
absorption of CIF corresponds to the dipole-allowe’d:é(ﬂ
C1, transition with its Franck Condon maximum around 280
nm. The X3, — B3[l,+ transition is mediated by spirorbit
and diabatic coupling and has its Frarckondon maximum
around 400 nm, and it is the strongest one in this spectral region.
Thus, by spectral selection using the frequency-doubled wave-
length of 387 nm from the Ti:Sapphire fundamental, an
exclusive initial population of the ¥+ state was achieved in
refs 32 and 33. The resulting pumprobe spectrum serves as
a reference for the wavepacket dynamics in the bogidd
manifold for initially exciting its BIIy+ state component (arrow
a in Figure 1). It is reproduced in Figure 3a for parallel
polarizations of the pump and probe pulge3he CII; state
(arrow b in Figure 1) is selected with a pump wavelength of
280 nm from a frequency-doubled NOPA. The resulting ptmp
probe spectrum now reflects the dynamics of the spin-flip from
CU1; to B3lIy+ and is shown in Figure 3b once more for a
parallel polarization of the pump and probe pul&es.

The challenge remains to choose another initial triplet state
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Figure 3. Fluorescence intensity of CIF from the®Dl, state by
probing the BIly+ population with 318 nm after a time delay(a)
pumping the BIlg+ state directly with 387 nm, (b) recording spin-flip
by pumping the &1, state with 280 nm, and (c) recordingI®
relaxation by pumping the ‘AT, population (from 280 nm) with an
additional pulse (774 nm) to the'ld, state.

population with the Ti:Sapphire fundamental wavelength of 774
nm now allows one to pick out a new repulsive state in the
Franck-Condon window for excitation from the vibrational
ground state of the ‘ATl state to the higher-lying repulsive
states (arrow c in Figure 1). Since we start from a triplet state,
another triplet state will be selected. From energy resonance
and selection rule considerations, a preferential population of
the 2I1; state is expected, as indicated in Figure 1. In this new
scheme, we have to carry toa 3 pulse experiment. With 318
nm, the CGI1; state is excited to generate the3H, steady-
state population (arrow b in Figure 1). The population IA[Z

can be increased alternatively by using a 308 nm XeCl laser at
100 Hz. In addition, a pulse with 774 nm is used to pump the
2311, state (arrow denoted c in Figure 1). A 318 nm pulse (dotted
arrow hvy in Figure 1) is variably delayed with respect to the
774 nm pulse in order to probe the’lBy+ dynamics after
nonradiative transition to this state. The resulting paipmpbe
spectrum is displayed in Figure 3c.

IIl. Results and Discussion

IIl.LA. Results of the Semiclassical Surface-Hopping Simu-
lations. Ill.A.1. The Ultrafast Spin-Flip in E@Ar. The results
of the semiclassical surface-hopping simulations for the elec-

tronic population dynamics ofHn Ar versus time measured
from the instant of the FranekCondon (FC) excitation of

F.@Ar into thelIl, electronic state are illustrated in Figures 4
and 5. A result of central importance for our purpose is the

very rapid, subpicosecond buildup of population in &

manifold of states. Figures 4 and 5 show the population of the

among the large manifold of repulsive states. They are not 3[1 states, including both g and u symmetries. We note an
directly accessible from the ground state by use of our tunable extremely rapid buildup over a time scale of 30 fs or so. The
pulse sources since the transition energy is too far in the VUV. population first peaks at 50 fs and then drops by about a 1/3

It is possible, however, to make use of the long lifetime of the for t between 70 and 100 fs before rising again to a higher peak
A'3[1, state. The repetition rate of 1 kHz of the laser leads to a att ~ 180 fs, after which a slow decline is observed. A very
spacing in time of 1 ms for subsequent excitation pulses. The similar fast buildup of théIl population was first observed in
pulse separation is, by more than a factor of 100, shorter thansemiclassical #Ars, simulations®! Over the time scale shown,
the decay time of 141 ms. In this way, a steady-state populationthe difference between the results of the “cluster” and the present
in the A'[1, state is generated, which is vibrationally relaxed “periodic solid” model is modest and certainly does not change
and isotropic according to the fast statistical reorientation of the qualitative effect. The “ultrafast spin-flip” was observed
the internuclear axis after excitation to thH T state (downward experimentally for CIF@ARP? In the experiment as well, a rapid
arrow in Figure 17%* Delayed excitation of this transient buildup of the3II population in much less than a picosecond
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Figure 5. Caged trajectory of #2Arss (at 8 K); the populations of
different triplet states following FranekCondon excitation of £in

solid argon into théIl,, state.

was seen (See Figure 3). However, the analogy between th
two systems cannot be viewed as quantitative. The potentialln these
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occurs. In the present case, the F atom interactions with the
matrix play a role in determining the regions where the potential
surfaces intersect. However, the relevant nonadiabatic transitions
precede the hard collision of the F atoms with Ar.

The ultrafast spin-flip discussed here takes place with modest
spin—orbit coupling, being a consequence of the geometric
location of the potential crossing. This may differ considerably
from spin—orbit coupling in heavy atof%>8 systems of very
strong spir-orbit coupling. The latter case may require a
different representation and coupling scheme.

After the hard collision between the F and the Ar atoms, for
t = 50 fs, the strong nonadiabatic coupling transfers some
population from the’ll state to other states, mostly to th&
and3Z. In addition, spir-orbit coupling induces transitions also
to the near-degenerate singlet states. This is the mechanism for
the decrease in the population peakHdffor 50 < t < 100 fs.
Fort > 100 fs, the’I1 population grows again, reaching a higher
peak at about 180 fs. This time domain corresponds-té- F
distances for which the attractive well of tH&I states is
appreciable. This is a likely cause for the preference of this
state over the others. Since the F atom loses much of its energy
in the collision that occurs with the Ar, the role of the attractive
well is quite significant. Extrapolating to the case of CIF, where
the attractive®IT well is considerably deeper than that fos, F
this suggests that the propensity for fiié state could be even
larger in the case of CIF, at least after the first F/Ar collision,
which greatly reduces the kinetic energy of the F atom. Figure
4 is restricted td < 400 fs, that is, for the time where the 255
atom slab model with periodic boundaries is valid; see section
[1.LA.5 below.

I1ILA.2. 3IT Versus the Singlet-State Population foy@Ar.
It is of interest to compare the population of tHd states in
time with that of the singlet state. Figure 4 shows the populations
of the initially excitedITy, state, of the ground stamlzg,
and of the sum of all other singlet states. The initially excited
114, state sharply falls in population over the first 70 fs. Further
falloff of the total I1;, population ends or becomes very weak
afterward. A steady state is approximately created between
nonadiabatic processes that foffl, states and those that
destroy them. The sum of the other singlet states (not including
the ground state) peaks at around 100 fs. The rise of this sum
appears to be at the expense of fiie states, following the

g/Ar collision. Shortly afterward, many trajectories get trapped

3[1 states. In the attractive wells of the states, the

surfaces of Fand CIF in the matrix are different; their preferred @Mmplitudes of the relative £+ motions are relatively small,
orientations in the matrix site differ. and both of these and the couplings between singlet and triplet states are not large.

substantially affect the time scales of the atomic motions during Since the population of the dominafil becomes relatively
the process. To this, one should add the fact that the eXperi_stable, they do not feed substantial increases of the populations

mental initial preparation (pulsed excitation, as described in ©f the other states.

section 11.C) differs for the semiclassical simulation (instanta-
neous FC excitation dfl1,). Examination of the semiclassical

It is of interest to note that a small electronic ground-state
population is formed very early on. This indicates a rather

dynamics provides the following interpretation for the ultrafast inefficient recombination, that is, far< 400 fs, the percentage
buildup of the triplet population. Upon promotion to the Of the ground-state population is about 5%. This observation
repulsivelll,, the F-F bond distance rapidly increases. When ©0f marginal repopulation of the electronic ground state served
the F—F distance reaches about 5.4 bohr or more (about twice s motivation for the neglect of nonradiative coupling between
the equilibrium distance of the molecule in the ground state), the ground and excited states in the 1D quantum model; see
the separations between the adiabatic states become small, angection 11.B.

the nonadiabatic interactions induce transitions between the state In summary, the results show that tfid states are, as df
corresponding téI1, and adiabatic states correspondingftb
with high probability. In the pure spin representation (see section and except for a very brief time interval aroung 100 fs, the

I1.B), the gap betwee#ll, and3I1 becomes small enough for
transitions induced by spirorbit coupling to occur. Collisions

~ 70 fs or even earlier, more populated than the singlet states,

dominance of théll states over the singlet states is quite large.
This result is useful for the construction of the reduced-

(in the sense of hard impact upon the matrix cage atoms) aredimensionality quantum model, in which unimportant states are
not the mechanism by which the ultrafast spin-flip process neglected.



9580 J. Phys. Chem. A, Vol. 111, No. 38, 2007 Bargheer et al.

; / i orbit interaction to the'Il, state, and no additional coupling
! through the Ar atoms is required. Transitions fréhi,; into
i S[Iy> and °I1, then take place, mediated by the2{Ar
interactions, as described in the DIM potentials. The second
peak of the’ll,; population occurs after the collision of the F
atoms with the Ar “walls” as the F atom approach the mutual
turning point. As noted previously, the@P)/Ar collision leads
to an increase in singlet-state populations. It seems that
transitions from the singlet states go preferentially ifith,;
more than into other triplets.

In summary theQ state populations show dynamical prefer-
ences and are not statistically distributed.

IIILA.5. Energy Transfer to the Solid for,@Ar. Figure 7

I1I.A.3. The Population of Other Triplet States: The Role of Shows the kinetic energy in time for one of the F atoms (upper
the A Quantum Number for #@Ar. The results of the previous panel) and for an Ar atom involved in the f!r§t CO!|ISIOI’I (lower
subsection deal essentially with the role of the electronic spin Panel). The results are taken from a specific trajectory but are
in the process. To examine the role/f the projection of the typical also for the behavior in most _other trajectories. The_Ar
electronic angular momentum along the molecular axis, we &om that corresponds to the figure is one that lies essentially
compare the populations of different triplet states as a function &l0ng the initial F-F axis and is therefore struck (approximately
of time in Figure 5. The message of the result is that after the &t &~ 35 fs) by an F atom in a hard “collision”. The kinetic
3[T states become significantly populated, this population greatly €nergy of the above two atoms is effected, in principle, by
exceeds that of the other triplets. The fluctuations of the INterconversion between kinetic and potential energy, obviously
magnitudes of these populations, for 100 fs, are not large. & major effect_, by nonadiabatic transitions that change the
During most of the time interval showRA, has the largest relevant potential su_rface, anpl by_energy tra_msferto other atoms.
population among these other triplets. However, the populations The message of Figure 7 is simple: Prior to the collision
are roughly all of the same magnitude, suggesting qualitatively between the F atom and the Ar, the lattice can be treated as

0.2

0.4 . - populations of thélT,, and3I1,, states are moderate. However,
‘ 5 the population ofITy; shows two pronounced peaks, for which
ok == 1L A this triplet dominates over the others. We do not have a simple
A e e 3[11 explanation for this behavior, but some comments are suggested
031 A e R ] by the analysis. The first peak of tRH,; comes directly from
o g ks nonadiabatic transitions of the initially excitéd, state. In the
B / RN pure spin representatiofl1,; is directly coupled by a spin

Population

Time{ps)

Figure 6. Caged trajectory of f@Ar,ss (at 8 K); the populations of
different °I1g states of Ein solid argon following photoexcitation.

a statistical distribution. The characteristic that setSFhapart static, ignoring the motions of the Ar atoms. After the F/Ar
from the other triplets is that this state has an attractive potential COllision, the effect of the lattice atoms becomes, however, quite
well. dramatic as the Ar atom receives a kinetic energy @f0 eV,

As emphasized previously, once a trajectory is trapped in the this causing the onset of a shock wave that propagates further

3[1, especially after the F/Ar collision when the relative F into the crystal (in the real system).
kinetic energy is low, the £F species is relatively stable in The classical calculations predict a time window over which
this state, and hops into other states, including triplets, are the rigid-lattice approximation can be applied. This defines the
infrequent. We note that this approximate stability persists in validity range of the reduced-dimensionality quantum mechan-
our simulations for times much longer than those shown in the ical treatment and is therefore central to the present study. For
figures (up tot = 1.5 ps), as long as we address onlyFF F,@Ar, the time window for the rigid-lattice approximation is
species in the cage and ignore cage exit events that, for ~ Very short (although even over this time, already some non-
600 fs, become significant. adiabatic transitions of importance take place and can thus be
In summary, the role of the approximate quantum nunaber modeled py reduced-dimensionality quantum treat_ment). In
in the dynamics is reflected in whether the corresponding €xtrapolating the result to other systems and conditions, one
interaction potential has an attractive well. States having an Must keep in mind that for pulsed-laser experiments, efficient
attractive well are relatively stable after the first F/Ar collision, acceleration of the halogen atoms begins essentially only when
and the F-F species can therefore be trapped with little kinetic the excitation pulse is fully developed. In addition, for CIF for
energy and small amplitudes of relative motion, which implies €Xample, the potentials are different, and the time to the F/Ar
less nonadiabatic coupling. There are no experimental indica- collision is different (in fact, considerably larger) as a conse-
tions of observable populations in any of the repulsive singlet quence. The time window for the rigid-lattice treatment of CIF
or triplet states in the case of CIF. This is in qualitative accord 1S On the order of 85 fs, as discussed previously in this paper.

with the results for F@Ar. The results support the reduced- ~ Due to the.periodic boundary conditions used ir} thfa semiclas-
dimensionality quantum model for CIF@Ar, in which tRE sical simulation for E@(Ar),ss the shock wave initiated by
and?3A states are neglected. the F/Ar collision is reflected at the ends of the simulation box

I1I.A.4. TheQ Quantum Number Role in the Photodynamics and returns later to the site of the-F, thus potentially
of F.@Ar. Figure 6 shows the populations in time of the states uUndermining the validity of the results. This happens, however,
3y 3111, 3T yo-, ancilye+. The3yo- and thell,q+ populations only fort = 470 fs, outside of the time range shown in Figures
are equal, within the statistics of our simulations, as expected 4—6.
from symmetry, and the initial conditions give no preference  IlIl.A.6. Cage Exit of F Atoms in the Photodynamics g@FAr.
with regard to thet or — character of the state. Following the The results discussed in this paper are only for cageéf F
initial buildup of the SI1 population, the variations in the species. Cage exit events were found for some of the trajectories
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Figure 7. Caged trajectory of K@ Arass (at 8 K); kinetic energiesfa F and an Ar atom following excitation ok solid Ar. Typical results from
a single trajectory indicate a “collision” between the F and Ar atorn~at35 fs.

computed, but these were not included in the analysis. Interest- 3110 —_—

ingly, no completely direct cage exit event was found at all in 31-[0_ ______ Y
the simulations. The F atoms always recoiled into the original 0.008 [ ,f

cage after a first collision with the argon “walls”, which led to I, —

an encounter between the F atoms. Only after this encounter, _
as the F atoms moved again toward the argon walls, did some-2
cage exit events take place, and their number increased with‘—é
time. The earliest cage exit event in these simulations took place®  ¢.004
aroundt ~ 260 fs, toward the end of the time interval discussed /

0.006

here. A detailed description of cage exit in this system and the
electronic state dynamics pertinent to cage exit will be published 0.002 /

elsewhere; see also ref 50.

111.B. Results for the 1D Quantum Model of CIF@Ar. 0 i
I11.B.1. Sequential Population Transfer from the Excited Singlet 0 0.05 0.1
to the Triplet StatesThe laser-driven dynamics of CIF@Ar, in t (ps)

particular, the resulting time evolutions of the populatiéy(¢) Figure 8. Quantum simulation of the electronic cage effect for the

H : H + 1
of the electronic statgs= 16 corresponding to X, ATy, 1D model CIF@Ar driven by an UV laser pulse. The laser parameters
A, PTo-, B3Mor, and CIIy, have been evaluated using the  are » = 0.168 E/h = 36871 c*cm? (resonant X5 — CUI,

1D quantum model and the techniques of section I.B. We have transition), E, = 0.0082Ey/ea (corresponding tdmax = 2.35 TW/
carried out systematic investigations of the effects of the cn?), t, = 50 fs (corresponding ta\t, = 18 fs); cf. eqs 57. The
parameters for the pump laser pulse, the parametefer the molecular coupling parameters are all zero, exegpt —0.00445E,
couplings between the triplet stateis= 2—4, as well agj for = 976 herem?, ya; = —0.006E, = 1317 hcrem'?, andyss = yas =

; . . : . —0.002E, = —439 hc*cnt? (corresponding t&2-selectivey couplings;
the coupling between the excited singlet and triplet states; cf. cf. eq 4). Shown are the resulting electronic populations of the initially

eq 4. Exemplary results are shown below in Figured 3 for excited CII; state, the individua?Il states, the surfil, of the two
five scenarios which are related to the semiclassical and components BIo+ and £, and the sum of afill, states. Y is the

experimental results presented in sections III.LA. and Ill.C, yield of all excited states. The model is valid until approximatety

respectively. These examples have been chosen in order td35 fs.

illustrate some important general quantum properties of the

electronic cage effects for this system. The corresponding laserby the corresponding exclusive spiarbit coupling between

and coupling parameters are specified in the legends for Figuresthese states for CIF in the gas phase in the present diabatic

8—12. representation; see ref 52. It implies the initial preferential
Let us consider first the effects of a pump laser pulse, which population transfer from the excited statéIl; to ASII;.

is designed for resonant excitation of théIz state, with Exemplarily, let us consider the case of paramefgfswhich

parameters similar to the experimental one; cf. section Ill.C. correspond to couplings between the triplet state that is excited

Moreover, let us choose the parametgyssuch that they first, that is, A1, and all other triplet states, that ig; = 0,

correspond to coupling between the initially excited singlet state but without any couplings between those other states, that is,

CI; and, exclusively, one of the triplet states, specifically yi; = 0 for i,j = 2, 4, and 5. A specific example of the

A3I1y; thus,gs = 0 andgj=3 = 0. This choice was motivated  parameters is given in the legend of Figure 8. This choice of

e
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Figure 10. Same as Figure 8, except f@-closey couplingsy;; =
—0.0015E, = 329 hc*cm}, 2 <i=j < 5.
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Figure 11. Same as Figure 10, except for slightly larger absolute value
of yij = —0.0020E, = 439 hc*cnt.

rather strong couplings > between the AlT; and ASI1; states
as well as the smaller couplinggz 4 = y35 between AIl;
and the states3Io+ or 1°IT- implies the subsequent population
transfer from AIl; preferably to AIl, and, simultaneously
yet less efficiently, to Bl1o+ as well as 3Ty~ The scenario of
exclusive couplingysj between the excited triplet stat€,

(i = 3) with quantum numbe® = 1 and all other excited triplet
statesj(= 2, 4, and 5) with different quantum numbeesbut
without any other couplings between those stgtes2, 4, and
5, will be called the case of2-selectivey coupling. The

Bargheer et al.
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Figure 12. Same as Figure 9, except for the different laser parameters
o = 0.13Eyh = 28532 c*cn1? (corresponding to resong\nth)+ —
A1, excitation) andEy = 0.02 Ep/ea (corresponding tdmax = 14
TWI/ cnd).

transfers X2 — CUI; — A3[l; — (A"3[1, > B3¢+, 1311y,

is confirmed by the resulting population dynamics, which is
documented in Figure 8. Initially, that is, during a period of
~30 fs after the time~40 fs, t, = 50 fs) needed for laser
excitation of the €I1; state, these results resemble the corre-
sponding semiclassical results fos@Ar shown in Figure 6.
Gratifyingly, the subsequent behaviors of th&, B3Iy,

and BI1y- states are also similar for CIF@Ar and fos@Ar
during the time of the validity £85 fs) of the 1D quantum
model. The semiclassical result of selective population transfer
between the A1, state and other singlet states g@Ar cannot

be reproduced by the quantum model for CIF@Ar, however,
because it does not account for those complementary singlet
states.

Figure 8 also demonstrates the population dynamics of the
1D quantum model of CIF@Ar during the time from 85 to 150
fs, that is, beyond the validity (85 fs) of the 1D model. The
semisinusoidal behaviors of the populations of the electronic
states correspond to the vibrations of the laser-induced wave-
packets in the potential wells shown in Figure 2, see ref 50,
and this allows one to discover the origin of the most important
observed electronic cage effects. The wavepackets run from the
FC domain of the laser transition toward larger values of the
CIF bond, describing initial photodissociation. Ate 75 fs,
they reach the outer turning point corresponding to maximum
stretch of the CIF molecule for the given preorientation along
<111>. Here, all potential curves are near-degenerate, with
energy gaps smaller than the corresponding couplings; cf. Figure
2. As a consequence, the couplings induce efficient population
transfer, as documented in Figure 8. Subsequently, in the 1D
model, the wavepackets swing back toward the original FC
domain. As a consequence, most of the populations of the triplet
states are transferred back to the excited singlet state, analogous
to the effects which have been rationalized in ref 36. Complete
back transfer is prohibited, however, by interference effects of
the coherent wavepacket dynamics in the near-degenerate triplet
stateg = 2—5. These coherences cause small but nevertheless
significant “quantum beats” in the population dynamics, which
are obvious most easily for the states which carry rather small
populations; cf. Figure 8.

Figure 9 shows the population dynamics for another example
of Q-selectivey coupling, that is, assuming equal values of
vsj = —0.0015E,. Comparison with Figure 8 allows one to
discover three additional effects. First, smaller sums of absolute

anticipated electronic cage effect, that is, sequential populationvalues of theys; reduce the efficiency of population transfer



Photodissociation of Dihalogens in Matrices J. Phys. Chem. A, Vol. 111, No. 38, 2009583

from the excited triplet state 3, to the set of the other triplet  however, that the origins of these similar double-peak population
states; this is in accord with intuition. Second, equal couplings dynamics are entirely different. For the semiclassical simulation
y3.2= y3.4= y35d0 not automatically imply equal amounts of of F,@Ar in full dimensionality, it is mainly due to selective
population transfer from AT, (i = 3) to the other triplet states  population exchange betweeflA, and various excitel states.

( = 2,4, and 5). Instead, it turns out that population transfer to In contrast, for the present 1D quantum model simulation, it is
B3Iyt is preferred, in comparison with the transfers #bIg- due to coherence effects &f-close coupled triplet states.

and A®TI,. This effect is surprising in view of the results shown Comparison of Figures 10 and 11 shows that in the case of
in Figure 8, which might suggest a golden-rule-type behavior, ¢_closey couplings, the interference effects increase with the
that is, population transfers to stat¢sare approximately absolute value of the;;. As a consequence, the approximate

proportional to the squares of the coupling parameggysA symmetry of the sinusoidal-type populatiBg(t) of the excited
qualitative explanation of the apparent nonlinear behavior, that singlet state and the bell-shapBg(t), P4(t), and Ps(t) or the
is, preferential population transfer from state= 3 to | = 2 double-peakedPs(t) for the triplet states, which are obtained
(instead off = 4 or 5), is provided by the inset of Figure 2. fq; ¥i; = —0.0015E, (Figure 10) is destroyed in the case)of
Accordingly, in the domainR = 5ag) of the most efficient (yet = —0.002 E, (Figure 11), causing efficient singlet-to-triplet

rather small) population transfers, all of the potential energy nopylation transfers at later times (beyond the validity of the
surfaces are near-degenerate, B4(R) andV»(R) are closer to present 1D model).

each other thaNs(R) andV4(R) or Vs(R), thus supporting more
efficient population transfers= 3 — j = 2 compared to 3~
4 or 3— 5, respectively. Third, despite the fact that equal

Another phenomenon related to the strong quantum beat
behavior of the excited triplet states for the cas€etlosey
do not yield equal amounts of population transfers, nevertheless couplings is the e_xtreme senS|t_|V|t_y of the dommance of one or
' ‘the other of the triplet states, within the set of triplet stajes (

e s St peuee, & 18 ) W e popaled aerh one which s excred
, ' irst (j = 3). For example, for the case of Figure 11, statElB

zitgséf:l:éhfé gr\]/(\;ihSe rgzei Smrr?lzlzhp{grr;]c;ﬂrlﬁg?ﬁ,:hfnpzh;j: t': the is more excited than®[Iy- and A3[1,, whereas other cases of

the choice of the parametepg, ~ 2-y3 4 =2-y35. Indeed, the tgﬁ-closey CZUp"SgS ‘_’I_V":h d'ﬁe:f”t parameteuﬁ,j may y'?:q f
interference effects shown in Figure 9 are so large that they € revlerstﬁ 0(; er. d € r;ehsu S aref etzr\]/en P all_se-sen3| 'VE;’ or
destroy the semisymmetric, near-sinusoidal behavior of the example, they depend on the sign ot the coupling parameters.
: . 3 Apparently, this is again due to the near degeneracy of the
dominant populatiorPs(t) of AI1;. - - .
lI1.B.2. Interferences Induced by Close Couplings between potential energy surfaces for the coupled triplet states, with
— ) . - ener aps below the absolute values of the coupling strengths
the Excited Coherent Triplet Statelh order to investigate gy gap Ping g

. in wide domains of the molecular stretch coordinate.
further the quantum beat phenomenon of the electronic cage ILB.3.S tial Pobulation T for f the Excité
effect, which has been discovered for the scenarios of FiguresS e .OehqueTn 'Ial opléas|_onl rags erirom 1623 I);CI h
8 and 9, we have carried out systematic evaluations of the State o Other Triplet and Singlet Statésgure 12 shows the

electronic population dynamics, which are obtained for the same lr:e_sults ;or the sa;ne Ira:ser af?d pou?llng parame';]e_ri ?15 tht())se n
parameters, except for different couplingg of the excited igure 9, except for the excitation frequency, which has been

triplet states. As an example, Figures 10 and 11 show the resultstlineqlto excitations of the triplet statds, = O.'13 En (285.32

for equal couplings between all excited triplet stajgs = cem )l' We obsserve the apparent sequential mechanism X
—0.0015E;, and—0.002E, respectively. These cases of equal 2o —, C'Tli = A’II of the initial buildup of the population in
couplings between all triplet statgs= 2, 3, 4, and 5 with the A[1; target state, mediated by transition dipole and spin

different quantum numbe@ will be calledQ-closey coupling. ~ Orbit couplings of the X5 and CI1, states as well as the
Comparison with Figures 8 and 9 reveals the same type of initial C'TT1 and A1, states, respectively. The subsequent redistribu-
sequential electronic population transferd=¥— CI; — tion of the population from A1, to other triplets is rather

A3I1;, which are mediated by the state-selective laser dipole complex, however, as it is obviously dominated by strong
(—u1E(t)) and spin-orbit (gs) couplings. However, the interference effects. Note that these interferences between all
subsequent population transfers from the excitéH Astate to coupled triplet states exist in the entire domain of the near
the other triplet states is rather different for the scenarios of degeneracy of the potential energy surfa¢gB), j = 2—5, that
Q-selective (Figures 8 and 9) vers@@-close y couplings is, from the FC domain all the way to the outer turning point.
(Figures 10 and 11). Apparentl2-closey couplings support  Specifically, the population of the first excited triplet statd &
stronger interferences between all of the coherent excited tripletdominates just for a very short initial perio&80 fs), followed
states, resulting in much more pronounced quantum beatsby short periods of preferential populations of the sum of the
compared to the case oR-selective y couplings. More 3T, states and then of tha'3I1, state. Subsequently, we observe
specifically, fory;; = —0.0015Ey, the quantum beats appear efficient population transfers between all triplet states. The
between the triplet state with quantum numger= 1, which apparent efficient exchange of populations between the triplet
was populated first, versus the set of other triplet states with states with different quantum numbes} for example, from
different quantum numbe® = 1; cf. Figure 10. Indeed, these Q =2 toQ = 07, is a strong motivation to discover population
interferences may appear so strong that occasionally (e.g., closdransfers between triplet states also experimentally; cf. section
to 80 fs in Figure 10) the population of the first excited triplet 1l.C. We must emphasize, however, that any apparent selectivi-
state AI1; may even drop below the sum of the populations of ties of population transfers between the triplet states are again
the 3[1, states. Consequently, the time evolution of th@IA quite sensitive to the magnitudes and even to the sign of the
state population may exhibit two maxima (e.g., close to 70 and coupling parameterg ;. The reason for this sensitivity is similar
90 fs in Figure 10). Upon a first glance, this double-peak to the corresponding sensitivity of the propensity of the dominant
behavior of the AIT; population appears somewhat similar to triplet state after laser excitation to the singlet state, cf. Figure
the two maxima which have been discovered for the population 9, that is, interference effects of coherent wavepacket dynamics
dynamics of the Al1; for the case of FQATr; cf. Figure 6. Note, of the closely coupled triplet stat¢s= 2—5.
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I11.C. Experimental Results and Discussion for CIF@Ar. BSIy+ excitation leads only to a weak rise fotIT; and 211,
The pump-probe spectrum of Figure 3a corresponds to a direct excitation, which is on the order of 10%. This difference
excitation of the BIly; target state of CIF@Ar, and it serves indicates that the probe window is indeed most sensitive for
as a reference of the detection sensitivity. The arrows indicate population in the target state and that only a weak population
the passage times and directions of the wavepacket in the probdransfer occurs from the inner turning point up to the probe
window (Figure 1), derived empirically in ref 33 from plausibil-  window position. After the interaction with the cage and on
ity arguments and the observed structures. The molecularthe passage of the window on the way back (leftward arrow),
dynamics simulations in the3Bl, state of CIF in an Ar matrix, a steep rise in the target state population up to 55 and 70% for
neglecting nonradiative electronic transitidisare consistent  the CII; and 211, states, respectively (compared to th# 1+
with this interpretation and thus confirm the approximate excitation), is observed. This delayed rise displays, indeed, the
position of the probe window internuclear distance. On the basis wavepacket dynamics and goes beyond a constant rate descrip-
of the simulation in ref 49, the structures in Figure 3a can be tion. Obviously, the combined effect of improving energy
explained in the following way. The wavepacket is excited in resonance among the states and increasing energy loss in the
the B[y state above the gas-phase dissociation limit and cage interaction funnel the wavepacket toward the target state
passes, in the first 100 fs, the probe window leading to the strongat a large internuclear separation. The following rather flat region
first maximum, designated by the rightward arrow. The CIF correlates with the well-separated states and the weak cage
molecule is oriented predominantly alorglO0> toward the interaction during the inner turn. However, a second steep
center of a fourfold window in the Ar cage (Figure 1 in ref 49). increase to 82 and 85% for'I; and 211, state excitation is
The wavepacket has sufficient kinetic energy to cross the detected when the wavepacket returns from a second collision
window, and it pushes the cage atoms outward. The wavepackewith the cage. The population transfer is completed within the
is reflected in a head-on collision from an Ar atom behind the sensitivity of the experiment after the third cage interaction.
window, crosses the cage window once more on its way back, Turning back to the comparison with the Eimulation, in
and is detected after about 500 fs in the probe window (leftward the more detailed inspection, we once more find a qualitative
arrow). The expected strong maximum is suppressed by agreement in the sense that the transitions are governed by the
wavepacket dispersion and also by the induced expansion ofcondition of energy resonance combined with cage interaction.
the cage window, which reduces the solvation energy of the We relate the transition to the internal wavepacket clock
CIF charge-transfer state and thus decreases the detectiotbecause, here, a difference in time scales occurs for the CIF
efficiency for the probe wavelength of 318 nm by shifting the experiment and for CIF simulations. The fand CIF simulated
probe window out of the wavepacket. A shorter probe wave- dynamics is faster due to scattering restricted within the first
length weakens the influence of the solvation energy, and indeedshell of the cage atoms. In addition, the assumetll>
for a probe wavelength of 302 nm (not shown), the minimum preorientation of the CIF in the simulations leads to shorter time
in Figure 3a around 300 fs is flattened &t he collision with scales of travel to the wall. Therefore, a comparison with
the cage is connected with a large energy loss, and the following oscillation cycles seems to be appropriate. The simulations also
wavepacket oscillations take place within the cage. The wave- contain oscillatory components in the population transfer. They
packet is recorded close to the turning point leading to the do not yet show up in the experiment, which displays a stepwise
subsequent maxima. A slight increase in intensity is observedrise, and it is interesting to question from where this difference
up to 2 ps and attributed to vibrational energy relaxation in the originates. Note that the experiment probes the target states at
CIF intramolecular potential. In this way, the kinetic energy the probe window only, while the computational results are for
during passage of the probe window decreases, and the detectiothe entire configuration space. Another aspect is transfer during
sensitivity increase® Finally, the wavepacket central energy the first elongation. The experiment shows some transfer up to
falls below the probe window energy, leading to the decrease the first probe window passage but less than that predicted in
in intensity later on. the F, simulation. It is still open if the discrepancy displays a

Here, the emphasis is on the nonradiative transition from the SPecific property of the two systems in the CIF and F
CUI; and 2[1, states toward the target state, and this short comparison or if a more dlstany probe window in the experiment
summary of the BT, dynamics is only required to relate the Would be the appropriate choice for CIF.
nonradiative transitions to the internal clock of the oscillating
wavepacket in the cage potential. Excitation of tH&ICand IV. Concluding Remarks
the 211, states leads to a population transfer to the target state
within 1.5 ps according to Figure 3b and c, respectively. The
curves a-c are normalized to equal intensity for 2 ps, and later

on, all three curves show an identical decay within the noise \,nagiapatic simulations for,fn Ar, and reduced-dimensional-
limit. This behavior indicates that a complete population transfer ity quantum treatments of CIF in Ar. The different approaches

takes place only in the rising part. The decay behavior beyond g,5n0rt each other on some of the aspects and, in several other
2 psisdueto vibratiqnal_rela_xation in the target state. The rising respects, provide complementary information. For example, the
parts are rather similar in Figure 3b and c, and even the samegemiciassical simulations yield a time window during which
(soft) steps appear in both spectra. The only apparent differencey,antum reduced-dimensionality calculations are justified. This
is a systematically faster rise for excitation of th#12 state.  pertains both to the rigid-lattice approximation and to a limited
This general observation is already a major result when set of electronic states, to which the treatment can be restricted.
compared to the theoretical simulations. It confirms the very |n the range of their validity, the quantum simulations make
fast and efficient nonradiative transitions from singlet to triplet possible the description of quantum coherence effects.
states and also among the family of triplet states. The experimental and the theoretical results, though not all
In a more detailed interpretation, we can relate the soft stepsfor the same system, converge on several important conclusions
with the wavepacket round trip history. The first passage through regarding the dynamics of the electronic states involved. Thus,
the window (rightward arrow) with the strong maximum for fast population, within much less than 0.5 ps, of thEstates

In this work, the photodynamics of dihalogens in solid argon
was explored from the perspectives of three different approaches,
ultrafast pulsed-laser experiments for CIF in Ar, semiclassical
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is found in all cases. Furthermore, in all cases, it is e

population that is found to exceed considerably, as of the early
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ultrafast spin-flip in the subpicosecond range and buildup of
dominant triplet populations.
There is, at least, partial evidence for other interesting

nonstatistical propensities of the electronic state dynamics and

for the importance of electronic angular momenttirand even

the Q quantum number. The results suggest that coherent control
of the electronic state populations should be feasible and could
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be illuminating to investigate these effects by means of explicit
guantum simulations of electronic coherences coupled either

to classicdl® 2 or even to quantufi~—%¢ molecular dynamics.

In addition, it is a challenge to study coherence effects in sequel
processes, for example, energy transfer or shock waves, beyond

previous incoherent approacHéQuantum and semiclassical

treatments are essential for the interpretation of pronounced
experimental features for these systems. It seems that this area
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