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We perform trajectory-based simulations of the dissociative
dynamics of the collinear van der Waals complex NeBr,(B,v)
following photoexcitation to the B electronic state and for varying
vibrational excitations of the dihalogen molecule in the range
v=14-34. The quantum dynamics of unimolecular decay is mapped
onto a classical-like dynamics in an extended phase space.
This methodology allows us to compute the time-dependent
dissociation probability, intramolecular energy transfer mechanisms,
and transient vibrational state distributions of the linear triatomic
system, which are challenging to access experimentally using
modern pump-probe spectroscopy techniques. The computed
quantities can be used to refine interaction potential models at
collinear geometries, which are less well characterized than the
T-shaped isomer.

Empleamos simulaciones basadas en trayectorias para estudiar la
disociacion del complejo colineal de van der Waals NeBr,(B,v), tras
la fotoexcitacion al estado electronico B y para distintos niveles
vibracionales de la molécula de dihalégeno en el rango v=14-34.
La dinamica cuantica de la reaccion unimolecular se describe
mediante la evolucién temporal de las trayectorias en un espacio
de fases ampliado. Esta metodologia permite simular propiedades
que resultan dificiles de determinar experimentalmente utilizando
técnicas modernas de espectroscopia de bombeo-sonda, como
la evoluciéon temporal de la probabilidad de disociacion y de la
distribucion de estados vibracionales, asi como los mecanismos
de redistribucion intramolecular de la energia. Los observables
calculados pueden utilizarse para refinar los modelos de potencial
de interaccion para el isbmero lineal, que se conoce con menos
precision que para la configuracion en forma de T.

PACS: Quantum molecular dynamics (dinamica molecular cuantica), Quantum trajectory method (método de trayectorias cuanticas),
Computational physics (fisica computacional), Molecular physics (fisica molecular)

I. INTRODUCTION

In recent decades, continuous advances in ultrafast laser
spectroscopy have made it possible to investigate dynamical
phenomena in atomic and molecular systems across a wide
range of time scales [1]. By employing ultrashort laser pulses
and delays for improved time resolution, researchers have
been able to study phenomena such as chemical reactions
and other molecular reorganization processes (occurring
typically on the picosecond timescale), molecular vibrations
(femtoseconds), and, more recently, electronic phenomena (on
the attosecond timescale).

Owing to the complexity of transient absorption spectroscopy
signals, elaborate computer simulations are often required
to unravel the underlying atomic motion. Nowadays, highly
accurate numerical simulations are computationally feasible
for physico-chemical phenomena where nuclear motion can
be treated classically. Nevertheless, the computational cost of
rigorous quantum dynamics simulations (e.g., based on wave
function representations using large spatial grids or basis
sets) increases exponentially with system size, limiting their
applicability to molecular systems with only a few degrees of
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freedom [2].

Consequently, the development and benchmarking of novel
computational methods for quantum molecular dynamics
has become a topic of increasing interest. In this context,
trajectory-based approaches are particularly attractive due
to more favourable scalability compared to quantum wave
packet propagation techniques. Additionally, the use of
familiar concepts from classical mechanics facilitates intuitive
interpretation of the results.

In addition to approximate methodologies, such as
semiclassical and hybrid quantum-classical propagation
schemes [3], exact reformulations of quantum mechanics
in terms of trajectories have been proposed. The coupled
harmonic oscillators representation introduced in Ref. [4], and
the quantum trajectory method [5], are prominent examples
of the latter approach. In Ref. [6], for example, these two
methodologies have been combined to study the vibrational
predissociation dynamics of the triatomic van der Waals
complex ArBr,.

Van der Waals aggregates are widely used as model
systems to study energy redistribution mechanisms and the
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role of intermolecular interactions. Among these, triatomic
dihalogen-rare gas complexes such as RgBr,, Rgl,, RgICl,
(Rg = He, Ne, Ar) have been extensively investigated
experimentally and theoretically [7]. Linear and T-shaped
isomers of rare gas-halogen complexes exhibit similar stability
in the ground electronic state. However, most studies have
focused on the T-shaped isomers due to their more intense
experimental signals and longer lifetimes compared to the
corresponding linear isomers, facilitating detection of the
former [8]. Hence, a wealth of information is available on
the vibrational and electronic predissociation mechanisms
starting from T-shaped structures, while information on the
linear isomers remains scarce.

The aim of this paper is to investigate the dissociation
dynamics of the linear isomer of the van der Waals
complex NeBr(B,v) following photoexcitation to the B
electronic state of the dihalogen. To this purpose, we
considered initial vibrational excitations in the range v=14-34,
spanning the range of Br, vibrational levels which are
experimentally accessible using modern ultrafast laser
spectroscopy techniques. The present methodology has been
extensively benchmarked in stringent test systems (see [6],
and references therein). The present simulations provide
insight into the lifetimes and the dissociation pathway of
the collinear NeBr;(B,v) complex, which is difficult to obtain
experimentally due to the aforementioned unfavourable
spectroscopic signal intensity (compared to that of the T-shape
isomer).

The paper is organized as follows. In section Methodology,
we describe the main aspects of the 2-fold mapping of the
ultrafast quantum dynamics, and the numerical details of the
implementation. In section Results, we present and discuss
the results concerning the dissociation probability and time
scale, as a function of the initial vibrational excitation. The
main findings are summarized in section Conclusions.

II. METHODOLOGY

We use Jacobi coordinates (7, R) to specify the configuration
of the collinear NeBr, complex, where r is the Br-Br distance,
and R is the separation of the Ne atom from the centre of mass
of the Br, molecule.

Following Refs. [6,9], the photoinduced dynamics of the van
der Waals complex is described in an effective phase space
{71, 9L, p1, - pL, Ri, ..., RN, P1, ..., Py}, and it is governed by
the Hamiltonian:

Z [(HBrz)nm + I\l] Z an(Ri)

1 Pz
Y Z L 4 QR ..., Ry)

H = (qnqm +Pan)

o M

Hereafter, {g,, pn}, n € [1,L] are the generalized coordinates
and conjugate momenta of a set of oscillators associated to
each of the L = 40 lowest lying vibrational states of the
dihalogen molecule. R; denotes the position of the i-th element
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of a set of N = 200 quantum trajectories spanning the region
occupied by the probability density distribution along de
van der Waals mode, and P; is the corresponding conjugate
momentum. The quantum potential Q and its first derivative,
the quantum force, are computed within the Interacting
Trajectory Representation (ITR) [10].

In equation (1), (Hgs,),,, and W,m(R) are the matrix elements
of the Hamiltonian of the isolated Br, molecule, and of the van
der Waals interaction W(r, R) between the Br, molecule and
the Ne atom, respectively. The Br,-Ne interaction potential in
the ground electronic state is described through Morse-van
der Waals functions fitting ab initio data for the triatomic
complex, whereas in the B electronic state it is modelled as
a supperposition of Morse functions representing pairwise
Br-Ne interactions [11]. Likewise, the Br-Br interaction in the
B electronic state is modelled as a Morse potential:

(2)

with parameters D = 3788 cm™, a = 2.045 A1, 7, = 2.667 A.

Vg (r) = D [e—Za(r—rg) ) e—a(r—rg)] ,

The Hamiltonian H is used to derive the canonical equations
of motion in the 2(L + N)-dimensional phase space, which are
solved numerically using the fourth order Adams-Moulton
predictor-corrector method with an adaptive time step and
relative error tolerance of 10719, started with the fourth order
Runge-Kutta algorithm.

The initial conditions for the propagation are set as follows:

3:(0) = V26,,, pu(0)=0, n = 0,L—1
1

Riy1 =R + Npo(R)' i 1,N
This selection corresponds to the initial excitation of
the vibrational level v of the Br, molecule, while the
initial positions of the quantum trajectories reproduce
the probability density distribution po(R) of the ground
vibrational state along the van der Waals mode. The
ground state density po(R) is obtained from the solution of
the time-independent Schrodinger equation in the ground
electronic state, using a Householder reduction algorithm
with implicit shifts [12]. The initial momenta P; of the quantum
trajectories are set to zero.

)

The time evolution of the phase space point is formally
equivalent to the solution of the time-dependent Schrodinger
equation within the time-dependent Hartree approximation

[9].

The time-dependent occupation probability of the vibrational
level n is
en®F = > (42 +p2). 4)
For each initial vibrational level v, the |c,(t)* curve is fitted
to a decaying exponential function in order to extract the
lifetime 7 of the initial state. In addition to the characteristic
time scale 7(v), the vibrational population dynamics provides
information on the vibrational relaxation pathways following
photoexcitation.

NI =
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Ateach point in time, the dissociation probability is computed
by integrating the distribution of trajectories beyond a
predefined distance R, = 10 A in the asymptotic region
where the potential vanishes. Within the ITR, this integral
is equivalent to summing over all trajectories with positions
Ri(t) > Ry

N
PO = 5 Y HR(O - Ry, ©
i=1

where H(x) is the Heaviside step function.

II. RESULTS AND DISCUSSION

IIL.1.  Vibrational energy redistribution

In figure 1, we show the decay time 7 of the initial
vibrational state of the dihalogen in the collinear NeBr,(B,v)
complex, as a function of the initial vibrational quantum
number v. It can be seen, that the decay of the initially
photoexcited vibrational state occurs three orders of
magnitude faster for the linear isomer, compared to the typical
lifetimes of the same vibrational states in T-shaped NeBr;
complex undergoing vibrational predissociation. Indeed, the
experimental measurement of the predissociation lifetimes
of T-shaped complexes yielded values between 84 ps and
15 ps, for increasing initial vibrational quantum numbers from
v = 16 up to v = 29 [13]. Such disparity indicates that the
relaxation mechanism of collinear NeBr, complexes is that of
direct dissociation rather than vibrational predissociation.

Moreover, the decay of the initial vibrational state takes place
progressively faster for increasing vibrational excitation.

35

12 18 24 30 36
v

Figure 1. Decay time 7(v) of the initially photoexcitated vibrational state v of
the collinear NeBr,(B) complex (squares). The red curve represents the best
fit of the data in the range v = 1428 to the functional form 7(v) ~ exp(-«v)/v.

Inserting the expansion of the van der Waals interaction
potential around the equilibrium bond distance r, of the
dihalogen molecule,

oW
W(r,R) ~ W(r,,R) + (E) (r—re), (6)
Te
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into Fermi’s Golden Rule, we obtain the following expression

for the energy width I', of the vibrational level v:
27 ,

L~ Z [OW )P (/1 (r = r) )P @)

Here, the symbol @w(v) stands for the integral over R of
the product of three functions, namely the initial and final

wavefunctions along the van der Waals mode, and (’%V)r.

The sum in expression (7) is dominated by the dipole matrix
elements coupling the initial state to the nearest neighbouring
vibrational levels v + 1 and v — 1.

For low enough vibrational levels v < +2mp,D/(fia) =
65.5, the v-dependent quantities in equation (7) behave as
Ow(v) = exp(—«xv), and (v + 1|(r — r.)|v) = v [14]. Actually, it
can be seen that the data closely follow the anticipated curve
t(v) ~ Tt ~ exp(—«v)/v for vibrational quantum numbers up
to v = 28, and deviates from this functional form for v > 29.

Furthermore, the coupling of the initial vibrational state v
to the level v + 1 is slightly larger than the coupling to the
level v — 1, due to the progressive reduction of the energy
level spacing of a Morse oscillator for increasing v. Therefore,
the early dynamics of the photoexcited NeBr,(B,v) complex
consists of:

i) the exponentially decay of the initial state within the time
scale 1,

ii) the concomitant population of the vibrational levels v + 1
and v — 1 to a rather similar extent, with a slightly larger
transition rate to the former.

Beyond the characteristic time scale 7, the coupling between
the states [v + 1) to their neighbouring energy levelsleads to an
intricate vibrational energy redistribution process involving
many levels. This picture is confirmed by a representative
example of the vibrational population dynamics of the linear
NeBr, complex upon photoexcitation of an intermediate
vibrational state (v = 23), displayed in figure 2.
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Figure 2. Time-dependent populations |c, (£)|* of vibrational states of Br, upon
photoexcitation of the collinear NeBr;(B,v = 23) complex.

In this specific example, the initial vibrational state decays
completely within the first 17 fs after the photoexcitation,
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populating the vibrational levels v = 24 and v = 22. The latter
reaches a maximum population of 33 %, and subsequently
transfer it to vibrational levels v = 25, v = 21, and back
to the initial state v = 23. The upcoming vibrational energy
redistribution involves further closely-lying vibrational states,
and the populations tend to stabilise after 100 fs.

II1.2.  Dissociation dynamics

The time evolution of quantum trajectories R;(t) upon
photoexcitation is shown in figure 3, for the lowest
(v=14) and the highest (v=34) initial vibrational quantum
numbers considered here. The early quantum trajectory
dynamics confirms that, conversely to the T-shape isomer, the
photoexcited collinear NeBr,(B,v) complex relaxes via direct
dissociation.

6
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Figure 3. Time evolution of the interacting trajectories R;(t), for the collinear
NeBr,(B,v) complex, displaying the onset of the dissociation process upon
photoexcitation of the vibrational levels v = 14 (top panel), and v = 34 (bottom
panel).

The dissociation mechanism is similar for the two initial
vibrational states represented in figure 3. First, the short-range
repulsive forces between the Ne atom and the halogen moiety
sets the inner quantum trajectories in motion while the
outer trajectories remain fairly unaffected, thereby causing
the overall distribution to get squeezed. The subsequent
expansion of the swarm of trajectories is driven by the
repulsive quantum force between neighbouring trajectories,
and is characterized by a continuous growth of the centroid
position of the distribution along the van der Waals mode.
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The sensitivity of the time scale of the dissociation process
to variations of the initial vibrational quantum number is
apparent in figure 3. For the range of vibrational levels
of the Br, molecule considered here (v = 14 — 34), the
probability density distribution along the stretching mode
is chiefly concentrated around the classical turning points.
Therefore, in the collinear van der Waals agregate, increasing
vibrational excitation causes the reduction of the average
distance between the rare gas atom and the closest Br atom.
Thus, the mean field potential W, (R) is steeper at short range
for the higher excited vibrational states of the Br, molecule.
The enhanced repulsion for larger v is responsible for driving
the dissociation process faster.

The time-dependent dissociation probability (equation (5)) is
plotted in figure 4. The Pg’)(t) curves look like smoothstep
functions. They show that the higher the initial vibrational
excitation, the faster the dissociation process. In analogy with
the exponential decay, we define the dissociation time scale 7,
as the time elapsed until the dissociation probability reaches
0.632. It can be seen, that 7,(v) decreases linearly with the
initial vibrational quantum number v, and it is between 30
and 50 times larger than the corresponding lifetime of the
initial vibrational state.
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Figure 4. Dissociation probability Pf;)(t) of the Ne atom from the collinear
NeBr,(B,v) complex. At each point in time, the dissociation probabilities
strictly abide the inequaliies PUY(1) > P§V(t) > ... > P (1) > P{Y(1). The
dissociation time t;(v) is shown in the inset.

IV. CONCLUSION

We report computer simulations of the photoinduced
dissociation dynamics of collinear NeBr,(B,v) van der Waals
complex, for a wide range of initial vibrational states (v =
14 — 34) of the dihalogen. The calculations provide insight on
the vibrational energy redistribution and on the dissociation
pathway of the title system, whose dynamical properties can
be difficult to measure using modern transient pump-probe
spectroscopy experimental set-ups [8].

Upon photoexcitation, the initial vibrational state v decays on
a time scale T < 30 fs. The computed decay times follows
the law t(v) ~ exp(—«xv)/v for vibrational quantum numbers
up to v = 28. For higher vibrational states (i.e., v > 29),
this functional form underestimates the transition rate. The
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decay of the initial state triggers a complex vibrational energy
redistribution process involving several neighbouring levels.

The interacting trajectory dynamics and time-dependent
photodissociation probabilities display the direct character
of the process. The dissociation time 7, decreases linearly
for increasing initial vibrational quantum number v. The
dissociation dynamics is sensitive to the initial vibrational
state, yet it proceeds over a much longer time scale than
the vibrational dynamics, attaining 100 % quantum yield after
T4 2 1ps.

Contrarily to T-shape isomers undergoing predissociation, the
photodissociation of collinear NeBr, complex is not driven by
the vibrational relaxion of the dihalogen moiety. Because the
linear isomer undergoes dissociation over a markedly shorter
time scale compared to the T-shape complex, time-based
discrimination may enable experimental detection of the
former using time-resolved spectroscopy. Comparison of the
results of numerical simulations as those reported here with
the corresponding experimental signals opens the way to fine
tune current models of the rare gas-dihalogen, excited-state
interaction potentials in the repulsive region, and at linear
configurations.
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