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ABSTRACT: We perform trajectory-based simulations of the
vibrational predissociation of the ArBr,(B,u=16--25) van der Waals
triatomic complex, constrained to the T-shape geometry. To this aim,
we employ a 2-fold mapping of the quantum dynamics into classical-
like dynamics in an extended phase space. The effective phase space
comprises two distinct sets of degrees of freedom, namely a collection
of coupled harmonic oscillators and an ensemble of quantum
trajectories. The time evolution of these variables represent bound
and unbound motions of the quantum system, respectively. Quantum
trajectories are propagated within the interacting trajectory
representation. The comparison between the lifetimes of the
predissociating complexes computed using the trajectory-based approach and the experimental results available for the target
systems indicates that the present method is competitive with wavepacket propagation techniques. The competition between several
simultaneous vibrational relaxation pathways was found to have a direct impact on the time scales of vibrational predissociation.
Likewise, the analysis of the time evolution of the trajectories reveals the existence of regions in the effective phase space where
transitions to vibrational states of higher energy are more likely to occur. The size and location of these regions influence the
transient vibrational distributions and therefore the computed lifetimes. Furthermore, the mechanisms of energy redistribution along
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the dissociation coordinate are analyzed.

I. INTRODUCTION

In the past few decades, the continuous progress in time-
resolved spectroscopic techniques has enabled the inves-
tigation of dynamical phenomena in atomic and molecular
systems down to the femtosecond first, and more recently to
the attosecond time scale. Likewise, modern computational
modeling and simulation techniques, combined with state-of-
the-art high-performance scientific computing technology,
allow one to calculate the physical and chemical properties
of systems composed of more than 10'? particles," " both for
time-dependent processes and for systems in thermodynamic
equilibrium. In general, essentially exact calculations (i.e., up to
statistical errors associated with the total simulation time and
the size of the simulation cell) are possible in physicochemical
phenomena where the nuclear motion can be described
classically.

Nonetheless, a similar accuracy is difficult to achieve for
quantum systems with arbitrary chemical composition and
structure. Theoretical and computational models allow one to
translate the experimental signals into explicit representations
of nuclear motion; therefore, continuous effort is made in
order to develop new computational methods that can
overcome these limitations (in situations where quantum
effects on the molecular structure and dynamics are non-
negligible).
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Often, the performance of these computational tools varies
strongly from one application to another, and some molecular
systems have evolved as paradigmatic test systems for novel
computational approaches and methodologies. Vibrational
predissociation of van der Waals aggregates belongs in this
class of model phenomena. As such, it has been extensively
studied experimentally and investigated theoretically using fully
quantum mechanical approaches.” >® Many of these inves-
tigations were devoted to gain a deeper understanding of the
fundamentals of vibrational predissociation in triatomic
dihalogen—rare gas complexes.”” >

In dihalogen—rare gas molecules, RgXY (Rg stands for the
rare gas atom, XY is a homonuclear or heteronuclear dihalogen
molecule), the vibrational predissociation usually consists of
two main steps. First, the molecule undergoes vibronic
excitation (from the ground electronic state) to a well-defined
vibrational level v of the dihalogen stretching mode, in the
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electronic excited state of XY. In the following, we will
consider the photoexcitation of the diatomic molecule into the
electronic state B. The excess energy deposited by the optical
excitation is initially localized in the dihalogen molecule, while
the van der Waals mode remains in its ground vibrational state.
Second, a radiationless transition takes place from the initially
populated vibrational state v to a lower vibrational level (v <
v) of the same electronic potential energy surface. Owing to
the frequency mismatch between the diatomic molecule
stretching mode and van der Waals vibrations, the intra-
molecular vibrational energy redistribution (i.e, the energy
flow from the covalent bond into the weaker van der Waals
bond) results in the fragmentation of the complex in rare gas
and dihalogen fragments. Depending on the specific chemical
species involved, the halogen molecule stretching mode may
loose one or several vibrational quanta during the dissociation
process.

Among the family of triatomic van der Waals aggregates,
Arl, and ArBr, were found to exhibit a more intricate
dynamics, e.g., with competition between the vibrational and
electronic predissociation channels, the coexistence of discrete
bands and a continuous spectrum, and the possible
interference between different relaxation pathways depending
on the specific vibrational level initially excited.”****® Another
interesting feature is the possibility to discriminate exper-
imentally between photoexcited linear and T-shape isomers,
which undergo predissociation on quite different time
scales.””*

The limitations of modern wavepacket propagation
techniques, regarding the simulation of vibrational predis-
sociation of polyatomic van der Waals aggregates, have
triggered the development of a variety of semiclassical
approximations,””~*’ the application of the quasi-classical
trajectory (QCT) method being the most prominent example.
Semiclassical methodologies are often benchmarked against
experimental results and quantum mechanical calculations for
triatomic systems, and subsequently applied to larger
aggregates.

Within the quasi-classical trajectory method, the time-
dependent evolution of the system is represented by a swarm
of classical trajectories, with initial conditions that sample the
initial quantum mechanical state.”’~>" Although the effect of
quantum delocalization is partially accounted for (via the initial
distribution of trajectories in phase space), this approach
neglects the influence of quantum effects on the subsequent
dynamics.

Other alternatives have been employed to generate a
trajectory representation of the dynamics (in an effective
phase space) from the time-dependent Schrodinger equation,
usually based on the Dirac—Frenkel variational principle (for
instance, the Gaussian Wave-Packet method,”*** or the
Quantized Hamiltonian Dynamics*®~>*). Conversely to the
QCT method, the latter approaches allow one to partially
incorporate quantum effects into the dynamical evolution of
the system. Some treatments allow to incorporate higher-order
quantum mechanical corrections perturbatively.”®>” As anoth-
er option, chemical reaction rates and diffusion coefficients can
also be computed, in an extended phase space, using Ring
Polymer Molecular Dynamics.*’

A third family of methodologies aims to map the quantum
dynamics exactly into a trajectory description. For instance, in
refs 61 and 62, the time evolution of a quantum system is
mapped into the motion of a set of coupled harmonic
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oscillators. This representation is similar in spirit to the
Meyer—Miller model,** and it is well suited when the target
process involves the population of a finite set of energy
eigenstates. Likewise, the quantum trajectory method®*™®’
translates the time-dependent Schrodinger equation into the
time evolution of trajectories on an effective potential energy
surface, resulting from the superposition of the interaction
potential and the quantum potential. The latter is responsible
for bringing all the quantum effects into the dynamics.

In particular, the parametric representation of the quantum
potential introduced in refs 68 and 69, and its discretized
version’’ generates a classical-like dynamics in a higher
dimensional space, i.e., the interacting trajectory representation
(ITR), which has been successfully applied to the description
of ultrafast quantum dynamics.”"”* Starting from the quantum
Liouville equation rather than the time-dependent Schrodinger
equation, a reminiscent of the ITR was introduced in ref 73.
The latter is based on the propagation of the so-called
entangled trajectories, which obey different equations of
motion.

Both the classical mapping of refs 61 and 62 and the
interacting trajectory representation have been combined into
a single theoretical framework which yield promising results for
the description of the vibrational predissociation of the Ar-
Br,(B,v=24) T-shaped complex.”* Opposite to previous QCT
models of vibrational predissociation, this combined frame-
work provides a fully quantum-mechanical, trajectory-based
description of the dissociation dynamics. On the one hand, the
trajectories represent the flow lines of the probability density
along the reaction coordinate (i.e., the separation between the
rare gas atom and the center of mass of the dihalogen
molecule). On the other hand, for the bound motion (Br—Br
stretching), the square amplitude of the oscillations (or
equivalently, the energy of the oscillators) matches the
occupation probability of the corresponding vibrational state.
As the trajectory motion along the reaction coordinate is
coupled to a set of classical-like harmonic oscillators, the
present model has a clear connection to system—bath
approaches commonly used in classical statistical mechanics.

The aim of this paper is to investigate the quantum
dynamics of the vibrational predissociation of photoexcited
ArBr,(B,v) van der Waals aggregates within the 2-fold
mapping introduced in ref 74, for a wide range of initial
vibrational states undergoing predissociation of the complex.
Vibrational predissociation of ArBr, is chosen as target
phenomenon since the availability of previous experimental
and theoretical results’® makes it an ideal benchmark for
assessing the convergence properties, numerical accuracy and
computational efficiency of the interacting trajectories method-
ology.

The paper is organized as follows. In section II, we present
the main aspects of the phase space representation and the
details of its numerical implementation. In section III, we
present the results concerning the vibrational population
dynamics and the mechanism of vibrational predissociation of
the title system, and we discuss them in terms of the time
evolution of the quantum trajectories. The conclusions are
presented in section IV.

Il. METHODS

IlLA. Effective Phase Space Representation of the
Vibrational Predissociation Dynamics. The quantum

https://doi.org/10.1021/acs.jpca.1c08678
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dynamics of the vibrational predissociation of the Ar---Br, s Zq_lsrz
. . q(l - aa/pa”
complex in the B electronic state: p
Ar-Br(B, v) = By(B, v/ <v) + Ar (1) p, = _Z 7—153%,,
p
for vanishing total angular momentum and for a fixed angle ) 1
between the Jacobi vectors (e.g, at the equilibrium angular R;= —F,
position), is mapped into an effective phase space dynamics
governed by the classical-like Hamiltonian: B =-[f(R) +fq(Ri)]- 3)

(qaqa’ + papa’)

(]_{ = Z l(ﬁBrz)aa’ + %Z I/Vaa’(Ri)

2

P
D Z + Q(Ry, - Ry)

1

N

i (2)

The Hamiltonian (2) was derived within the time-depend-
ent Hartree (TDH) approximation,”* and it describes the time
evolution of a set of N, coupled, classical-like oscillators, q,, g,,
o s and a second set of N degrees of freedom R}, R, .., Ry

(i.e, the interacting trajectories). The coupling between the
two subsystems is described by the terms containing the
quantities W, (R) = (alW(r, R)la’). The latter are the matrix
elements of the van der Waals interaction W(r, R) between the
Br, molecule and the Ar atom, computed in the basis of the

eigenfunctions la) of the vibrational Hamiltonian ﬁBrZ of the

isolated dihalogen molecule. Hereafter, the variables r and R
stand for the distance between the two Br atoms and between
the Ar atom and the Br, center of mass, respectively.

The dihalogen—rare gas interaction in the ground electronic
state X is modeled using a Morse—van der Waals function. The
later is only used in the generation of the initial conditions for
the quantum trajectories along the van der Waals mode, since
the subsequent dynamics proceeds on the potential energy
surface corresponding to the electronic state B. In the
electronic state B, the interatomic interactions are represented
using pairwise Morse potentials. The same parameters as in
refs 74—76 were used for the Br—Br interaction potential and
for the Br—Ar interatomic potentials building up the potential
energy surface W(r, R).

In eq 2, the term (Z; Piz)/(Z/,tN) represents the kinetic
energy associated with the motion along the dissociation

M Mgy,

coordinate R, and u = is the reduced mass

my, + Mpy,
corresponding to this displacement. Furthermore,
Q(Ry,..,Ry) represents the quantum potential for the motion
along the van der Waals degree of freedom, evaluated within
the interacting-trajectory representation framework.”*
Moreover, q, and p, are effective generalized coordinates
and their conjugate momenta, respectively. The quantity

2
le,|” =

%(qw2 + paz) defines the occupation probability of the
different vibrational levels of the diatomic molecule (which is
also the energy of the oscillator ), from which the lifetime 7 of
the initially excited level can be determined.

(I:IBrz)am + %Zt Vv(lal(Ri)’

Br, —
aar

Inserting the notation H

the equations of motion read:
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In eq 3, f(R;) and fq(R,-) stand for the interaction force and

the quantum force acting on the ith interacting trajectory,
Q

" oR,
computed analytically in terms of the position of every
quantum trajectory and its first and second nearest neighbors,
using the following expression:’*

respectively. The (Bohmian) quantum force fq (R) = is

1 1 1 2
f;i(Rz) =— 2 -
4u (Ri+1 - Ri) R, =Ry Ry — R
1 1
+ - 2
Ri - Ri—l (Ri - Ri—l)
1 2 1
X - + .
Ri+1 - R; Rz - Ri—l R;—l - Ri—2

The set of equations in eq 3 will be used to describe the
time-evolution of the dihalogen—rare gas complex constrained
to the T-shape geometry. This geometrical constraint is
motivated by the possibility to discriminate between the T-
shape and the linear isomers in femtosecond spectroscopy
experiments of vibrational predissociation.”® Albeit being
represented as a well-defined trajectory in a 2 (N, + N)
-dimensional phase space, the present description of the
vibrational predissociation dynamics is fully quantum-mechan-
ical.

The predissociation lifetime is computed as the inverse of
the rate of population of the final vibrational states,

le, () = %(qw2 + pwz)’ i.e, the total population Py, of all
open dissociation channels is assumed to behave exponentially
(P = 2,/ le,* ~ [1 — exp{—(t — 7,)/7}]), and possibly
adding a time lag 7, (i.e., the time elapsed prior to the onset
of the dissociation). Hence, 7 measures the rate of appearance
of the final products rather than the rate of disappearance of

the initial vibrational state.
The time-dependent density distribution along the reaction

coordinate is synthesized from the trajectories R, R, .., Ry,
using the ansatz”®
1
pR) = —
N(Ri+1 - Ri) 4)

The function p(R;) approaches the exact quantum
mechanical density distribution in the limit N — oo. In
section III, we show that numerically converged results can be
obtained for a relatively small number of interacting
trajectories (N = 250).

The time-dependent expectation value of a local operator O
is evaluated by averaging over individual quantum trajectories:

https://doi.org/10.1021/acs.jpca.1c08678
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I.B. Numerical Details. For the evaluation of the
vibrational eigenenergies and eigenstates along the r and R
directions, the corresponding time-independent Schrodinger
equation is solved using a Householder reduction algorithm
with implicit shifts, as implemented in ref 77. Wave functions
and operators are represented using finite-differences, on
homogeneously spaced grids containing 2048 points and
covering the ranges from r,,;,, = 4.3 a and 7., = 9.4 a, (for the
Br—Br stretching), and from R, = 6.1 ay and R, = 14.3 a,
(for the van der Waals mode).

Upon photoexcitation, trajectories were propagated during
120 ps. This value of the total simulation time was sufficient to
compute the predissociation times for the range of initial
vibrational levels explored here. The equations of motion of
the canonical variables Gy Gy = Gy Py Py o Py R, Ry, ..,

Ry, Py, P, .., Py, were solved using the fourth order Adams—
Moulton predictor—corrector method with an adaptive time
step and relative error tolerance of 10™'°. Upon modification of
the time step size, we employed Nordsieck vectors’ ¥ to
compute a new equidistant sequence of previous state values
using the new step size, in order to reinitialize the multistep
integration. The overall integrator was started with the fourth
order Runge—Kutta algorithm.

The (g4 p,) subspace comprises the generalized coordinates
and conjugate momenta corresponding to the first N, = 40
low-lying Br—Br vibrational states in the electronic state B. The
time evolution of the canonical variables q,(t), p,(t) obeys the
equations of motion (3), starting from the initial conditions:

q,(0) = N28,, p(0) = 0. This choice corresponds to the

initial photoexcitation of the vibrational level v of the Br,
molecule. We simulated the vibrational predissociation of the
ArBr, aggregates starting from the range of vibrational levels of
the dihalogen with quantum numbers v = 16 to v = 25, on the
potential energy surface corresponding to the B electronic
state, for which experimental and wavepacket propagation
results have been reported.”

The initial positions of the N = 250 quantum trajectories in
the R direction were assigned using eq 4:

1
Np,(R)) (6)

with i = 2, .., N and R, = 6.7 ay, where py(R;) represents the
density distribution of the ground vibrational state along the
van der Waals coordinate. The density py(R;) is vanishingly
small at the starting position R, while the initial velocities of
the quantum trajectories are all set to zero.

This number of trajectories was found to provide numeri-
cally converged results for the R-dependent observables. The
residual unbalance between the interaction and the quantum
forces, caused by the discretization of the initial density
distribution along the van der Waals coordinate, is eliminated
by the relaxation procedure described in refs 71 and 74.

Rip1 =R+

i

lll. RESULTS AND DISCUSSION

lll.A. Vibrational Distributions. In Figure 1, we show the
time-evolution of the vibrational distribution of the Br,
molecule, for the ArBr, complexes initially excited to a
vibrational eigenstate v in the range from 16 to 25. It can be
seen that the general trend of the vibrational population
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Figure 1. Time-dependent occupation probabilities of the vibrational
levels in the range v — 4 to v + 1 of the Br, molecule, following the
photoexcitation of the ArBr,(v) van der Waals complex.

dynamics is consistent with the picture of two oscillators,
corresponding to the initial and final vibrational states of the
Br, molecule, coupled indirectly with one or more secondary
transient modes.

The triatomic complexes excited to the vibrational states v =
16, 17, and 18, go through dissociation chiefly by transferring
the energy corresponding to two vibrational quanta to the van
der Waals mode. Likewise, the lost of three vibrational quanta
is needed to break the van der Waals mode for initial
excitations in the range from v = 20 to v = 24. The crossover
from the v/ = v — 2 to the v/ = v — 3 dissociation channels
occurs for the aggregates ArBr,(v=19), which exhibit a sizable
contribution of both product channels asymptotically.
Furthermore, for the ArBr,(v=25) complex, the v — 4 product
state becomes the most probable dissociation channel for
sufficiently long times. The transition between the initial and
the final vibrational states is not a direct process, but one
mediated by the transient population of intermediate quasi-
bound states (most notably the level v — 1). The different
decay pathways are explained later in this section.

The overall picture provided by the present simulations is
consistent with the energetics of bond dissociation on the
model potential energy surface used in this study, and it is in
qualitative agreement with the experimental results and with
the predictions of wavepacket propagation for the title
system,”” which allows to validate the effective phase space
representation of the predissociation dynamics using the
Hamiltonian of eq 2.

1l
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The time-dependent vibrational populations displayed in
Figure 1 exhibit a nonexponential decay of the initial
vibrational state, in particular, the presence of a finite time
delay 7,(v) before the onset of the vibrational energy
redistribution is striking. It can be seen that the time delay
7o(v) gradually drops for increasing vibrational excitation. A
similar plateau has been reported in QCT simulations of the
vibrational predissociation dynamics of van der Waals
complexes, and associated with a variety of factors (finite
time required for the emitted atom(s) to reach the
predetermined dissociation separation, continuous character
of the intermode energy drift, zero-point energy violation, and
presence of quasiperiodic trajectories, among others).”>**
Conversely to QCT simulations, the origin of the time lag for
dissociation, in the present quantum mechanical simulations,
can be traced back to the implicit use of the TDH
approximation (i.e., in the derivation of the Hamiltonian (2)).

As zeroth-order approximation, the predissociating complex
can be considered as equivalent to two bilinearly coupled
oscillators. Within first-order perturbation theory, the tran-
sition amplitude to the vibrational state with quantum number
n is given by

i ‘ 1wy try(TDH) (s
_Efo dt’ eV Pt

nv

i t iw,, tr
— 4 ny "y — A !
7 L dt’ e [Vny(t ) nu(t )]) ?)

where V,, and V,EDTDH) stand for the coupling matrix elements
within the full dimensional and the TDH descriptions,
respectively, whereas A,, are the matrix elements of the
function A(r, R) = k(r — (r))(R — (R)). k is the bilinear
coupling constant, (r) and (R) represent the time-dependent
expectation values of the Jacobi coordinates r and R,
respectively.

The initial wave function consists in the product of single-
particle functions, corresponding to energy eigenstates along
the coordinates r and R. Since these eigenstates are spatially
delocalized, the error term A(r,R) introduced by the TDH
ansatz is non negligible. In eq 7, the two terms inside the
brackets partially cancel each other during the early dynamics,
leading to smaller vibrational relaxation rates compared to the
full dimensional description.

As vibrational transitions and intermode energy flow occur,
the wave function evolves into a superposition of vibrational
states, both for the diatomic stretching and for the van der
Waals mode. As a consequence, the width of the time-
dependent density distribution narrows down along the r and
R directions, and the Jacobi coordinates become nearly
constant over the interval where the time-dependent density
distribution is non negligible, thereby reducing the size of the
TDH error term. Detailed investigations on the accuracy of the
TDH approximation in the photodissociation and on the
vibrational predissociation dynamics of dihalogen—rare gas
complexes and on its relevance for different regions of the
diatom—rare gas interaction potential have been reported
elsewhere.”' ~*

In the remainder of this section, we will show that adding
the time lag 7,(v), to the lifetimes computed via the fitting of
the exponentially decaying part of the population dynamics,
brings the predissociation rates computed within the ITR in
close agreement with experimental results.

1809

Within the present model, for every initial state v, the early
vibrational deactivation dynamics mainly consists in the loss of
one vibrational quantum (v — v — 1), and the subsequent loss
of one additional quantum (v — 1 — v — 2) once the
occupation probability of the v vibrational level reaches a
threshold value of about 0.4. Additional Br—Br vibrational
decay occurs for the higher excited van der Waals complexes
(ie, v > 18).

This predominant decay route competes with other
relaxation pathways, such as the transient population of the v
+ 1 vibrational level, followed by the sequential loss of one
vibrational quantum. Analogously, after the population of the
vibrational state v — 1 reaches its maximum, the occupation of
this level decays not only by populating the v — 2 level, but
also the v state (to a much lesser extent). Hence, the
vibrational predissociation dynamics of the T-shaped ArBr,
complexes involves at least three different decay pathways (i.e.,
thev—>v—-1-v—-2->-vo>v+lov-o>v—1-> -
andv - v—1—- v — v —1- - channels). The interference
of these decay paths also causes deviations of the time-
dependent vibrational populations in Figure 1 from the simple
exponential behavior.

As larger values of the energy deposited by the laser in the
Br—Br stretching mode are considered, the energy spacing
among the vibrational levels gets smaller in the neighborhood
of the one initially excited. As a consequence, the overlap
between the corresponding vibrational eigenfunctions in-
creases, leading to larger coupling matrix elements W,,.
Therefore, the vibrational energy redistribution occurs faster,
and the height of the peak in the occupation probability of the
level v — 1 shifts downward (i.e, it depletes monotonously
from 92% for the predissociation of the ArBr,(v=16)
aggregate, down to 47% for the ArBr,(v=25) complex).

Noteworthy, the fractional excitation of the neighboring
more excited vibrational level v + 1 takes place for each initial
state U (see Figure 2), reflecting the energy drain from the van

of i
8| |
— 70 i
e 6
it :
m53: i
o[ |
1| |
0
16 17 18 19 20 21 22 23 24 25
y

Figure 2. Maximum occupation probabilities (in percentage) of the
vibrational level v + 1 of the Br, molecule, upon photoexcitation of
the ArBr,(v) van der Waals complex. The straight line providing the
best fit of the P, (v + 1) data is included to guide the eye.

der Waals mode into the Br, stretching mode at early stages of
the vibrational energy redistribution process. The maximum
occupation probability of the v + 1 level, P, increases
roughly linearly with the vibrational quantum number v.

In Figure 3, we show the lifetime 7(v) of the predissociating
triatomic complexes ArBr,(v=16,..,2S), as a function of the
initial vibrational level v. The predissociation time z(v) is
computed by fitting the total, time-dependent occupation
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Figure 3. Lifetimes of the predissociating ArBr,(B,v) van der Waals
complexes: effective phase space dynamics (up triangles), wavepacket
propagation (squares30), and experiment (circles30).

probability of the ensemble of final vibrational states to single
exponential rise functions, and adding the delay time 7,(v), as
described in section II.

It can be seen that the rate of vibrational deactivation is not
a monotonous function of the initial vibrational quantum
number. This is a fingerprint of the intramolecular vibrational
energy redistribution that takes place upon photoexcitation.
The larger the initial excess energy deposited in the Br—Br
stretching mode, the stronger the coupling of the initially
excited mode with the remaining degrees of freedom.
Therefore, the initial state evolves in a coherent superposition
of vibrational levels eventually leading to the dissociation of the
complex.

Previous three-dimensional wavepacket calculations of the
predissociation of ArBr, aggregate (for instance, upon
photoexcitation of the vibrational level v = 15) have shown
that the wavepacket, initially confined to the T-shape
geometry, spreads over the entire range of possible relative
orientations between the Jacobi vectors (see Figure 7 in ref
30). However, the overall correspondence between the
predissociation times predicted by the present trajectory-
based model and the corresponding experimental results
indicates that the widening of the angular distribution has a
mild impact on the lifetime of the triatomic complex.

It can be noticed that the lifetimes 7(v), computed within
the effective phase space representation, deviate the most from
the corresponding experimental values in the vicinity of level v
= 20. The latter is the smallest Br—Br vibrational quantum
number for which the loss of three vibrational quanta is needed
in order to trigger the dissociation. Laying at the energy
threshold of the Av = —2 channel renders the dynamical
evolution of the ArBr,(B,v), v = 19, 20, and 21, complexes very
sensitive to the specific values of the parameters of the model
potential energy surface.

In general, the lifetimes computed within the present
trajectory based framework are in qualitative agreement with
experimental measurements carried out for the ArBr,(B,v)
aggregates. Some of the approximations included in the present
model (most notably, the dimensionality reduction, and the
underlying TDH approximation) hinder a direct comparison
with the results of wavepacket propagation in ref 30. Other
aspects, such as the contributions of other rotational states
(ie, for nonzero total angular momentum), or the ratio
between vibrational and electronic predissociation rates, may
also limit the correspondence between experimental values and
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the present theoretical estimates. For example, higher rota-
tional states can be populated as a consequence of changing
the gas mixture expansion conditions, and different rotational
states may undergo distinct predissociation dynamics.”’ In
spite of these approximations, the predictions of the present
methodology are competitive with those of wavepacket
propagation. The level of correspondence observed in Figure
3, supports the adequacy of the present two-dimensional phase
space model to capture the essentials of the vibrational
predissociation of T-shaped ArBr, complexes.

lll.B. Time-Dependent Density Distribution. The time-
dependent reduced density along the reaction coordinate,
p(Rt), was synthesized from the time evolution of the
interacting trajectories R(t), R,(t), .., Ry(t). As illustrative
examples, the density distribution p(Ryt) is displayed in Figure
4 for the initial vibrational levels v = 20 and v = 25. They

Rlau]
®

Rla.u]
3

Figure 4. Predissociation dynamics: time-evolution of the density
distribution along the van der Waals mode, following the initial
excitation of the vibrational states (a) v = 20 and (b) v = 25 of the Br,
molecule.

correspond, respectively, to the initial states exhibiting the
overall slowest and fastest predissociation dynamics (i.e., the
initial quantum numbers v = 20 and v = 25 constitute,
separately, the global maximum and the global minimum in the
7(v) curve computed in the interacting trajectories frame-
work).

In spite of the differences in the lifetime of the van der Waals
aggregate, the density distribution dynamics reveals that the
predissociation mechanism is similar in every case. At first, the
mild differences between the van der Waals interaction
potentials in the X and in the B electronic states cause a
minor reorganization of the density distribution. From the
onset of the vibrational deactivation of the Br, molecule, after
approximately 10 ps (S ps) since the photoexcitation of the v =
20 (v = 25) vibrational level, the width of the reduced density
p(R, t) increases gradually. The broadening of the density
distribution causes an increase of the probability at short Ar—
Br, distances. The chief effect of the atoms drawing nearer is
the enhancement of the energy transfer from the Br, stretching
into the motion along the van der Waals mode, thereby
enhancing dissociation.

On the one hand, as a result of the larger extent of the
vibrational energy redistribution prior to dissociation, the
density of ArBr, corresponding to level v = 25 peaks more
strongly than that of the level v = 20. Concomitantly, the time
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evolution of the position of the main peak (of the former
distribution) mimics that of a classical oscillator more closely.
On the other hand, it can be noticed that the detachment of
the rare gas atom does not occur in a single step; instead, it
takes many oscillations and successive splittings of the main
density distribution at the outer turning point, eventually
leading to the fragmentation of the ArBr, complex.

lll.C. Phase Space Dynamics. One of the appealing
features of the trajectory-based formulation is the possibility to
analyze dynamical phenomena via its time evolution in phase
space. This allows to gain insight, for example, on the
mechanisms underlying the dissociation for the triatomic
aggregates for which the present theoretical calculations over-
or underestimate the lifetime of the complex (with respect to
the experimental predissociation times).

In the following, we will focus on the vibrational
predissociation dynamics of the ArBr,(B,v) aggregates in the
vicinity of the threshold between the Ay = —2 and Av = -3
dissociation channels.

Figure 5 displays the trajectory picture of the predissociating
dynamics using two-dimensional cuts of the configuration

1 T T T T T T T

15 20
R [a.u.]

Figure S. Coordinates g, and g,_3, as a function of the van der Waals
distance R, corresponding to the initial excitation of the vibrational
levels v = 19 (top panel), v = 20 (middle panel), and v = 21 (bottom
panel) of the Br, molecule.

5 10 25 30 35

space. It shows the R-dependence of the amplitude of the g,
modes associated with the initial and final vibrational states of
the diatomic molecule, for the excitation of the states v = 19,
20, and 21, and for the predissociation channel Av = —3. Upon
photoexcitation of each vibrational state v, the initially excited
modes g, perform oscillations with the same frequency (6.3
ps™!, which is roughly six times larger than the frequency of the
early oscillations of the van der Waals coordinates R;). The
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subsequent energy transfer to neighboring vibrational modes
oz, cause the shift of the oscillation frequency of the
coordinate g,. Intuitively, as a general trend, the amplitude of
the oscillations of the coordinates g, and g,_; gets smaller and
larger, respectively, as the density distribution moves outward
along the van der Waals coordinate R.

Moreover, Figure 5 points to the configurational origin of
the relatively slower predissociation of the ArBr,(v=20) and
the ArBr,(v=21) aggregates. At short separations between the
Ar atom and the Br, molecule, the amplitude of the g,
oscillations gets depleted as the probability density moves in
the direction of increasing R. Nevertheless, at intermediate
distances in the R direction, the fractional enlargement of g,
amplitude is favored. It can be noticed that the R-dependence
of the vibrational couplings results in regions where the
population of the Av = —3 dissociation channel is markedly
depleted. This behavior is more pronounced in the case of the
initial excitation of the vibrational levels v = 20 and v = 21,
whereas this is not the case in the dissociation of the
ArBr,(v=19) complex. As a consequence, the dissociation of
the ArBr,(v=20) and ArBr,(v=21) aggregates is inhibited by
the partial repopulation of bound vibrational channels, as the
portion of the density in the region of the van der Waals
potential well moves outward.

The time evolution of the interacting trajectories upon
excitation of the initial vibrational states with quantum
numbers v = 19, 20, and 21 is plotted in Figure 6, together
with the coordinates g,(t) and g,_;(t) corresponding to the
initial state and to the most probable final vibrational state,
respectively.

It can be seen that conversely to the early dynamics along
the g, modes, the coordinates corresponding to the final
vibrational states exhibit quite different oscillation frequencies
(ie., the larger the quantum number of the dissociation
channel, the larger the vibrational period). Such differences
reflect the different degrees of coupling among the g, degrees
of freedom resulting from the predissociation dynamics.

The exit times of the interacting trajectories (roughly
defined as the time it takes the trajectories to surpass the limits
of the van der Waals interaction region, ~10 a,) are broadly
distributed along the ordinate-axis, resulting in significant
spread of the probability density. Moreover, the centroid of the
density distribution abandons the interaction region 21, 22,
and 18.3 ps, respectively, after the photoexcitation of the v =
19, 20, and 21 vibrational levels of the Br, molecule. These exit
times are between 21% and 70% smaller compared to the
lifetime of the corresponding ArBr,(B,v) complexes. There-
fore, the centroid of the probability distribution itself does not
provide a precise estimation of the dissociation time, and
accounting for quantum delocalization is a prerequisite for the
correct description of the predissociation mechanism of the
target system.

At the same time, for every initial state in Figure 6, the early
decay of the amplitude of the g, oscillatory mode takes place
before the ¢, ; mode becomes active. This behavior is
reminiscent of the reaction proceeding via a cascade of
transitions between neighboring vibrational states (cf. Figure
1). Within the effective phase space representation, the
intermode coupling causes the energy redistribution among a
handful of degrees of freedom belonging to the g, subspace.
Notwithstanding the chiefly unidirectional character of this
redistribution, Figure 6 shows that the energy actually flows
back and forth between the coupled modes. This is consistent
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Figure 6. Time evolution of the interacting trajectories R;, Ry, ..., Ry,
and of the oscillation modes g, and g,_;, corresponding to the initial
excitation of the vibrational levels v = 19 (top panels: a and b), v = 20
(middle panels: ¢ and d), and v = 21 (bottom panels: e and f) of the
Br, molecule. In panels a, ¢, and e, the inner- and outermost
interacting trajectories, R, and Ry, are shown in brown, whereas the
violet curve represents the time evolution of the centroid of the
probability distribution.

with the molecular wave function being a coherent super-
position of vibrational states.

Figure 7 depicts the total energy distribution along the
reaction coordinate, for selected time intervals, and after the
photoexcitation of the ArBr,(B,y=16) and ArBr,(Bv=25)
aggregates. It exemplifies the redistribution mechanism, among
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t[ps]

Figure 7. Total energy of the interacting trajectories (in atomic units)
along the reaction coordinate R, (a) between 35 and 43 ps after the
photoexcitation of the vibrational level v = 16 of the diatomic
molecule and (b) between 8 and 20 ps after the photoexcitation of the
vibrational level v = 28.

the interacting trajectories, of the energy transferred from the
Br—Br stretching mode. It can be observed that the inner
trajectories experience the larger energy gain while they visit
the highly repulsive region of the van der Waals potential,
during the expansion phase of the probability distribution
breathing. Likewise, reshuffling of the excess energy leads to
two possible scenarios:

(i) The set of interacting trajectories that remain bound can
successfully accommodate the extra energy picked up
during a first collision with the diatomic molecule, i.e.,
no significant rise occurs in the average energy of the
outermost trajectories (e.g., between 38 and 40 ps after
the photoexcitation of ArBr,(B,v = 16), and between 12
and 14 ps after photoexcitation of ArBr,(B,v = 25)).
During this period, no further increase of the population
of the exit dissociative channel occurs (Av = —2 and Av
= —3, for the initial excitation of the vibrational levels v
=16 and v = 28, respectively).

The excess energy propagates outward along the chain
of interacting trajectories, and the bound portion of the
density distribution stabilizes by emitting one or more
trajectories.

(ii)

Conversely to other trajectory-based approaches to vibra-
tional predissociation such as the QCT method (where every
dissociative trajectory increases its energy beyond the
dissociation limit), here the excess energy is transmitted
along the reaction coordinate, and only the outermost
trajectories get dissociated. This is a consequence of the
noncrossing rule obeyed by the quantum trajectories, and that
is strictly abided in the numerical implementations of the ITR.
Although the details of the dissociation mechanism (i.e., how
many collisions take place between dissociation events, how
many interacting trajectories are emitted in every cycle)
depend on the specific initial vibrational state of the van der
Waals aggregate, the overall picture remains similar for all the
predissociating complexes investigated.

IV. CONCLUSIONS

We studied the vibrational predissociation of T-shaped
ArBr,(B,v) van der Waals complexes within a trajectory-
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based formulation. The fully quantum mechanical formalism
enables one to represent the time evolution of the
predissociation process in terms of trajectories evolving in an
extended phase space. The initial assessment of the perform-
ance of the 2-fold mapping of the quantum dynamics of
vibrational predissociation, carried out in ref 74, was extended
here to span the range of experimentally accessible initial
conditions,*® and it was shown to cope with markedly different
predissociation mechanisms.

In particular, the lifetimes of the predissociating complexes
predicted by the present approach show that the method is
competitive with wavepacket propagation techniques. For the
initial vibrational states that are energetically closer to the
threshold between the Av = —2 and Av = —3 predissociation
channels (i.e., for the vibrational quantum numbers v = 19, 20,
and 21), the agreement is less satisfactory. Nevertheless, taking
into account the assumptions made in the numerical
simulations (e.g., vanishing total angular momenta, constrain-
ing to the T-shape geometry, model pairwise potential energy
surface), this level of correspondence can be considered as
sufficiently good.

The present calculations confirmed that the competition
between several simultaneous vibrational relaxation pathways
has a direct impact on the predissociation dynamics. The
analysis of the time evolution of the trajectories revealed the
existence of regions of the effective phase space where
transitions to vibrational states of higher energy are more
likely to occur. The size and the location of these regions
influences the transient vibrational distributions and therefore
the computed lifetimes.

One of the attractive features of the present formulation is
the possibility to simulate quantum phenomena (e.g.,
incorporating quantum delocalization and interference) in a
trajectory framework. Specifically, quantum effects along the
dissociation coordinate are mimicked by first and second
nearest neighbors interactions. This results in a Hamiltonian
description of the dynamics which is local in the effective phase
space R, R,, .., Ry, Py, .., Py, which is very appealing regarding
the application of the formalism to the simulation of
vibrational predissociation of larger aggregates.

Regarding computational efficiency, the cost of the
Interacting Trajectory Representation is dominated by the
evaluation of the quantum force (i.e., of nearest neighbor
interactions). Thus, the numerical effort scales linearly with the
number of trajectories. Furthermore, quantum trajectories only
sample the regions where the probability density is non-
negligible. Therefore, the number N of trajectories required to
sample the probability distribution along each degree of
freedom approaches the optimal number of basis functions or
grid points that would be needed in a traditional wavepacket
calculation (in order to achieve the same precision). Hence,
the computational effort of the multidimensional ITR of

quantum dynamics, for a d-dimensional system (~N“), would
be at least comparable to that of state-of-the-art multidimen-
sional wavepacket propagation techniques such as the Multi-
Configurational Time-Dependent Hartree method.*”*®

The extension of the present model to investigate aggregates
involving a dihalogen-molecule and several adatoms is
conceptually straightforward, and it is only limited by the
numerical challenge of propagating quantum trajectories in
multidimensional spaces. The method could be applied also to
systems where the separation between “fast” and “slow” modes
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is not so pronounced. The projection on the eigenstates of the
Hamiltonian of the “fast” subsystem is formally equivalent to
the adiabatic separation in electronic structure theory, and the
methods developed over the years to tackle nonadiabatic
dynamics in a quantum trajectory framework are also
applicable in the context of the classical-like representation
of quantum dynamics. Separated sets of quantum trajectories
(with time-dependent weights) can be assigned for each
eigenstate, augmented by standard techniques to circumvent
singularities in the interstate quantum potential.”~*” Other
choices, such as mixed coordinate/polar wave function
representations are also applicable.*>®’

Moreover, the mapping into an equivalent classical-like
system (comprising both high-frequency oscillatory modes and
the interacting trajectories) paves the way for the development
of further approximate methods. For example, the reduction of
dimensionality by integrating over the set of comparably faster
degrees of freedom would extend significantly the domain of
applicability of the present model, especially to treat larger van
der Waals clusters.
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