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The abinitio molecular dynamics (MD) simulations using an atom-centered density matrix propagation
method have been carried out to investigate the fragmentation of the ground-state triply charged carbon dioxide,
CO,* — C* +0,% + O,*. Ten thousands of trajectories have been simulated. By analyzing the momentum
correlation of the final fragments, it is demonstrated that the sequential fragmentation dominates in the three-body
dissociation, consistent with our experimental observations which were performed by electron collision at impact
energy of 1500 eV. Furthermore, the MD simulations allow us to have detailed insight into the ultrafast evolution
of the molecular bond breakage at a very early stage, within several tens of femtoseconds, and the result shows
that the initial nuclear vibrational mode plays a decisive role in switching the dissociation pathways.
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I. INTRODUCTION

When two or more electrons are removed from a polyatomic
molecule by an ultrafast intense laser field, or by bombarding
it on the thin solid foil, as well as by collision with an
energetic charged particle, the remaining positive molecular
ion is usually not stable and will eventually dissociate. The
simplest mechanism of fragmentation for multiply charged
molecular ions is the single-step Coulomb explosion (CE), in
which all bonds break simultaneously and the ionic fragments
are driven apart purely by their Coulomb repulsion. By mea-
suring momentum vectors of the fragments in coincidence,
the molecular structure can be reconstructed based on the CE
picture. The relevant technique, usually referred to as Coulomb
explosion imaging (CEI) [1], was used to image the ultrafast
dynamical change in the geometry of the molecule in transient
state [2-7] or to determine the stereochemical configuration
of chiral molecules [8—10]. However, the dynamics of the
dissociation of a multiply charged molecular ion is usually
very complicated. Recent studies [11-13] on the three-body
dissociation of CO,** ion by multicoincidence momentum
imaging techniques showed that various breakup mechanism
scenarios can take place. Besides the direct single-step process
where all bonds break simultaneously, CO,3t ion can also
undergo sequential fragmentation, as well as asynchronous
dissociation. With the help of potential-energy curves, ex-
ploration at the multireference configuration interaction level,
Wang et al. were able to show that the sequential fragmentation
occurs mainly for the ground state (*IT) and the first two
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low-lying electronic excited states (*IT and > X +) of the CO,>*+
ion [13].

Experimentally, the breakup mechanisms were identified
based on the momentum correlation analysis of the ionic
fragments using Dalitz plots and Newton diagrams [11-13].
The dynamical behavior at a very early stage within several
tens of femtoseconds (fs) should play a decisive role in
the dissociation, which experiments cannot tell. Taking the
advantage of the latest progress in theoretical methods as well
as the ever-increasing computer capacity, it is now possible
to model the molecular dynamics (MD) that can reproduce
the experimental observables in more detail [14,15]. Large
numbers of MD trajectories can be simulated and provide
us with not only the information on nuclear motions and
other molecular properties at every single time step in each
trajectory, but also the statistical information of fragmentation
mechanisms, which is more straightforward to compare with
the experimental data [16,17].

Here, the ab initio MD simulations have been performed
to study the fragmentation dynamics of CO,** in ground
state. Totally 10,000 trajectories have been simulated, and
about 27% undergo three-body fragmentation. By analyzing
the momentum correlation of the fragments for the three-
body events, we can also obtain the Dalitz plot and Newton
diagram. The result unambiguously shows that the sequential
fragmentation dominates in the three-body dissociation of
the ground-state CO,**, consistent with our experimental
observations by electron impact triple ionization of CO,.
Moreover, the MD simulations allow us to have detailed insight
into the ultrafast evolution of the molecular bond breakage at
a very early stage, within several tens of femtoseconds. By
predetermining the initial nuclear vibrational mode, it is shown
that dominantly the asymmetrical stretching vibration leads to
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the sequential fragmentation. We demonstrate that the initial
nuclear vibrational mode plays a decisive role in switching the
dissociation pathways.

II. THEORETICAL METHODS

The ab initio molecular dynamics simulation is performed
under the extended Lagrangian MD scheme adopting the
atom-centered density matrix propagation (ADMP) method
[18-20], an alternative approach to the Car-Parrinello molecu-
lar dynamics (CPMD) method [21], in which the density matrix
elements instead of the molecular orbitals are propagated
together with the nuclear degrees of freedom. Different from
the CPMD, which is usually carried out by expanding the
Kohn-Sham orbitals in a plane-wave basis set, in the ADMP
approach the one-electron density matrix is expanded in an
atom-centered Gaussian basis and is propagated as electronic
variables. Briefly, the nuclear-density matrix system can be
described using the extended Lagrangian, which is defined
as [18]

L= 1Tr(VIMV) + L uTr(WW)

— E(R,P) — Tt[A(PP — P)], (1

where M, R, and V are the nuclear masses, positions, and
velocities, respectively, and P, W, and i are the density matrix,
the density matrix velocity, and the fictitious mass for the
electronic degrees of freedom, respectively. Idempotency and
particle number are conserved by the Lagrangian constraint
matrix A. Using the principle of stationary action for the
Lagrangianin Eq. (1), the Euler-Lagrange equations of motions
for the density matrix and the nuclei are
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The Gaussian basis is used to calculate the energy E and
its derivatives [0 E(R,P)/0P|r] and [0 E(R,P)/0R|p]. Equa-
tions (2) and (3) can be integrated using the velocity Verlet
algorithm [22]. The specific advantages of the ADMP method
have been discussed a lot in previous studies [20], briefly,
including (i) the freedom to rigorously treat all electrons in
the system or to use pseudopotentials; (ii) the capability of
using reasonably large time steps through the use of a tensorial
fictitious mass with smaller values for the fictitious mass; (iii)
a wide variety of accurate and effective exchange-correlation
functionals, including hybrid density functionals can be em-
ployed; (iv) the ability to treat charged molecular systems
and clusters; (v) the deviation from the Born-Oppenheimer
surface and the mixing of fictitious and real kinetic energies
can be rigorously controlled on-the-fly by choosing the initial
condition of the density matrix velocity or using the better way,
i.e., obtaining the velocity from converged or approximately
converged self-consistent field calculations [19]; and (vi) good
computational efficiency.

Before the ADMP simulation, we first analyze the positions
and velocities of the three atoms i.e., C and two Os of the neutral
CO; under room temperature (300 K) using the quasiclassical
fixed normal-mode sampling method where the populations
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FIG. 1. (a) Vibrational modes of CO,, and (b) molecular bond
angle distribution considering all the vibrational modes.

of the vibrational and rotational states are sampled using
Boltzmann distribution. Such a procedure is usually referred to
as a thermal sampling process, which simulates the molecular
rotation-vibration under certain temperatures. In this work, the
vertical transition from neutral CO, to the electronic ground
state of its trication is assumed to be valid. Thereby, the ADMP
simulations can be started from the initial conditions of neutral
CO; obtained by the thermal sampling process. We first prepare
10,000 initial conditions (nuclear positions and velocities)
and then use them as the input parameters for the ADMP
simulation, which is carried out using the density-functional
theory method, adopting a B3LYP hybrid functional and cc-
pVDZ basis set. The fictitious electronic mass is 0.1 amu, and
the simulation timescale is 500 fs with a time step of 0.5 fs.
For CO, molecules, there are four vibration modes involved,
as shown in Fig. 1(a), the symmetrical stretching mode vy,
two degenerated bending modes v,, and the asymmetrical
stretching mode v3. All of the four vibration modes are included
in the thermal sampling process. The sampled bond angle
distribution of CO, at 300 K is shown in Fig. 1(b), which is
in good agreement with the result of Siegmann et al. [23].
The positions and the velocity vectors of each fragment at
each simulation step can be obtained and thus the internuclear
distances as well as the three-dimensional momentum vectors
of each fragment at each step can be reconstructed. In this
work, all the theoretical calculations are performed using the
Gaussian package [24].

III. EXPERIMENTAL METHODS

In order to reconfirm the experimental observations, we
have carried out new measurements on the three-body frag-
mentation process CO,3t — CT +0," + O, " induced by the
collision of 1500-eV electrons using the multicoincidence mo-
mentum imaging technique [25]. By analyzing the momentum
correlation between the two fragment O ions [13], the events
from sequential fragmentation can be extracted. The resulting
kinetic energy release (KER) distribution demonstrates again
that sequential fragmentation mainly originates from CO,3*+
in ground and low-lying electronic states, as discussed in the
previous study [13]. In order to investigate the momentum
correlation among the three fragments, we employ the Dalitz
plot [11,26]. In the Dalitz plot, the difference of the normalized
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FIG. 2. Experimental and simulated Dalitz plots (left column)
and Newton diagrams (right column) for CO,3*: (a) and (b) for
experiment, and (c) and (d) for simulation.

kinetic energy of the two O ions is plotted in the x axis while
the normalized kinetic energy of C* is plotted in the y axis,

(;'O;r — 80b+
x= “
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where g+ (i = a,b) is the kinetic energy of the oxygen ion,
gc+ is the Kinetic energy of the carbon ion, and &; is the
total kinetic energy. In the Dalitz plot, each point presents
a certain momentum correlation among the three fragments
[11] at the instance of breakup, e.g., the central bottom point
(0, —1/3) indicates the linear fragmentation where the two
OTs are emitted back to back with the CT left at rest, and
the point near x = 0 corresponds to the molecular bending
fragmentation where the dissociation is associated with the
bending vibration of the molecule. For the sequential frag-
mentation, these events will scatter on the X-shaped structure
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on the Dalitz plot [11,13]. In the experiment, we select the
events from sequential fragmentation by setting the condition
on the momentum correlation spectrum of the two O*s: for
the sequential fragmentation the two O"s will be produced in
two steps and there is no momentum correlation between them.
The experimental Dalitz plot for the sequential fragmentation
events is given in Fig. 2(a). The plot shows an X-shaped
structure marked by the dashed lines, indicating the sequential
breakup [11]. The sequential mechanism can be presented
more clearly using the Newton diagram. As shown in Fig. 2(b),
one of the O* ions is fixed on the x axis and its momentum
vector is normalized to unit while the C* ion and another O
ion are plotted on the upper and lower half of the diagram. The
circular pattern in the Newton diagram is a direct evidence of
the sequential mechanism, i.e., the two C-O bonds break in a
stepwise manner. In the first step, the CO,>* ion dissociates
into O + CO**. After a time of delay, when the Coulomb force
between O and CO?* is small enough, as the first emitted O*
fly far away from the CO** group, the second step occurs: the
intermediate CO** group dissociates into Ct + OT. Due to the
rotation of the intermediate group relative to the first emitted
O™ ion, the circular structure will be presented on the Newton
diagram. The jetlike pattern in the Newton diagram is due to
the indistinguishable emission of the first and second O™ ions.

IV. RESULTS AND DISCUSSION

On the MD simulation side, only the ground state of CO,>*,
21, is considered and the three-body fragmentation events are
selected if the internuclear distances between C* and any of the
two O™ ions are larger than 10 a.u. at 500 fs. The momentum
vectors for the three fragments at 500 fs can be reconstructed
for each trajectory. Using the reconstructed momentum vectors
for all the simulated three-body events, we can also obtain the
simulated Dalitz plot and Newton diagram, which are shown
in Figs. 2(c) and 2(d), respectively. The distinct X-shaped
structure in the simulated Dalitz plot directly demonstrates
the sequential mechanism for the three-body dissociation of
the ground-state CO,*. We also analyzed the Dalitz plot at
different simulation times and it is found that the cross point
of the X-shaped structure shifted a little bit to the positive
direction of the y axis. The cross point of the X-shaped
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FIG. 3. Distance between the C* and O™ as a function of the evolution time (a) for the first broken C-O¢ bond (Rc.o,) and (b) for the second
broken C-O; bond (Rc.o,). The insets show three typical trajectories in 0-100 fs.

052703-3



YANG, WANG, DONG, GONG, SHEN, TANG, SHAN, AND CHEN

PHYSICAL REVIEW A 97, 052703 (2018)

30 30 S _

03 () .-~
< < K '
~. ~. 00 | !
Q Q \ . . '
o2 10 o 10 Ly S

X
0 0 -03_| \\'E-l\'*—"' |
0 50 100 150 200 0 50 100 150 200 03 00 03
Ti fs Ti fs L - €t
ime (fs) ime (fs) €0t - €o! /&
()

RC_Of (a.u.)

PRI I

’

i ,
AN N Ir!'f-"*;:.: v

[ oo e I
0 50 100 150 200 0 50 100 150 200 -03 0.0 0.3
Time (fs) Time (fs) €0t - €0t /&

FIG. 4. Simulated initial vibrational mode specified evolution trajectories of the two C-O bonds and their relevant Dalitz plots. For the
asymmetrical stretching mode: (a) nuclear distance of the first broken C-Or bond (Rc.o,) as a function of evolution time, (b) the same for
the second broken C-O, bond (Rc.q, ), and (c) the Dalitz plot. For symmetrical stretching mode: (d) Rc.o, as a function of evolution time, (e)

the same for Rc.q,, and (f) the Dalitz plot.

structure is estimated to be (0.00, —0.23) if the simulation
time is long enough. For the experimental Dalitz plot, the cross
point is located at (0.00 & 0.12, —0.14 £ 0.12). Considering
the uncertainty of the experimental data, the cross point of
the simulation agrees with the experiment. The sequential
mechanism can be further confirmed by the clear circular
pattern in the simulated Newton diagram in Fig. 2(d).

Moreover, the MD simulations allow us to have detailed
insight into the ultrafast evolution of molecular bond breakage
at a very early stage, within several tens of femtoseconds.
Figure 3 plots the simulated trajectories exhibited by the
change of nuclear distances of the two C-O bonds as a function
of evolution time. Three typical trajectories in 0—100 fs are
shown in the insets. The longer and shorter bonds are labeled
as C-Oy (refers to the first broken bond) and C-O; (refers to
the second broken bond), respectively. It is shown in Fig. 3(a)
that for a considerable part of the events (branch ratio about
42.3%) the C-Or bond stretches rapidly in the first tens of
femtoseconds, and after an inflection point at about 30 fs the
C-O¢ distance elongates almost linearly with the evolution
time, indicating the direct breakage of this bond. The green
solid line in the inset of Fig. 3(a) shows the typical trajectory
of this mechanism. For other events, on the other hand, the
C-Or bond dissociates at times 20-300 fs after one or more
cycles of vibration. The typical trajectories of this mechanism
are shown by the solid black line and the solid red line in the
inset of Fig. 3(a).

For the C-O; bond, however, all the events vibrate one or
more cycles before dissociation, as shown in Fig. 3(b). An
intensive bunch of trajectories shows that the C-O, bond for

a majority of the events vibrates for one and a half cycles
during the first 35 fs and then stretches rapidly to dissociate.
These events contribute about 41.6% to the total three-body
dissociation events, which is very close to the branch ratio of
the direct breakage of the C-Oy, indicating that there should
be a correlation between the direct dissociation of C-Oy and
the breakage of C-Og with vibrating for one and a half cycles.
In the insets of Figs. 3(a) and 3(b), the lines with same color
originate from the same molecule. The correlations between
the two molecular bonds are clear: (i) the direct dissociation
of C-Or corresponds to the C-Og vibrations one cycle before
dissociation; (ii) if C-Oy vibrates one cycle before dissociation,
C-Oq will vibrate more than one cycle; and (iii) both of the two
bonds can vibrate several cycles before dissociation.

In order to reveal the reason for the correlation, it is
meaningful to predetermine the initial vibrational mode to
investigate the fragmentation dynamics in more detail. The
results are shown in Fig. 4. By choosing three-body fragmen-
tation events with initial vibration in asymmetrical stretching
mode, the evolution trajectories of the two C-O bonds are
plotted in Figs. 4(a) and 4(b). It is quite straightforward to see
that asymmetrical stretching vibration will lead to sequential
fragmentation, where one of the C-O bonds (C-Oy) breaks up
directly, and after one and a half cycles (~35 fs) of vibration
another C-O bond (C-Oy) starts to dissociate. This conclusion
can further be demonstrated by the clear X-shaped structure in
the relevant Dalitz plot in Fig. 4(c). The time of one cycle of
C-Oq bond vibration before dissociation can estimated to be
23 fs, which is very consistent with the value estimated from
the measured vibrational energy of CO*" in ground state by
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threshold photoelectron coincidence spectroscopy [27], indi-
cating that this sequential fragmentation is a clean, two-step
process. On the other hand, if we choose the events with initial
symmetrical stretching mode, the two C-O bonds will evolve
as shown in Figs. 4(d) and 4(e). The two C-O bonds behave
quite similarly: each of them undergoes one or more cycles of
vibration, leading to the concerted dissociation at times from
several tens of femtoseconds to more than 300 fs. The relevant
Dalitz plot is drawn in Fig. 4(f). It is shown that almost all
the events locate near (0, —0.3), indicating that the two O™
ions are emitted with almost identical momentum, leaving C*
at rest, which is the result of the concerted dissociation. The
branch ratio of the trajectories of asymmetrical stretching and
symmetrical stretching is 2.56:1.00. As for the bending mode,
it leads to a deviation of the most probable bond angle from
180°, as shown in Fig. 1(b), but has little influence on the
behavior of the fragmentation.

V. CONCLUSIONS

In summary, the ab initio MD simulations using the atom-
centered density matrix propagation method have been carried
out to investigate the fragmentation of ground-state triply
charged carbon dioxide. Tens of thousands of trajectories have
been simulated until 500 fs and the momentum vectors for the

three fragments are reconstructed for each event. By analyzing
the momentum correlation of the fragments for the three-body
events, the Dalitz plot and Newton diagram are obtained, and
the result shows that the sequential fragmentation dominates in
the three-body dissociation, consistent with our experimental
observations. We also investigate the ultrafast evolution of
the molecular bond breakage at a very early stage, within
several tens of femtoseconds by the MD simulations. Here
we demonstrate that the initial nuclear vibrational mode plays
a decisive role in switching the dissociation pathways: the
asymmetrical stretching vibration destroying the symmetry of
CO,>* leads to sequential fragmentation, which is dominant
in the three-body fragmentation, while symmetrical stretching
vibration results in concerted dissociation.
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