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For a single, intense 7 μm linearly polarized laser pulse, we
found that the branching ratio for the fragmentation of ClCHO+

! Cl + HCO+, H + ClCO+, HCl++CO depended strongly on the
orientation of the molecule (J. Phys. Chem. Lett. 2012, 3 2541).
The present study explores the possibility of controlling the
branching ratio for fragmentation by using two independent
pulses with different frequencies, alignment and delay. Born-
Oppenheimer molecular dynamics simulations in the laser field
were carried out with the B3LYP/6-311G(d,p) level of theory
using combinations of 3.5, 7 and 10.5 μm sine squared pulses
with field strengths of 0.03 au (peak intensity of 3.15×1013

W/cm2) and lengths of 560 fs. A 3.5 μm pulse aligned with the
C-H bond and a 10.5 μm pulse perpendicular to the C-H bond

produced a larger branching ratio for HCl++CO than a compa-
rable single 7 μm pulse. When the 10.5 μm pulse was delayed
by one quarter of the pulse envelope, the branching ratio for
the high energy product, (HCl++CO 73%) was a factor of three
larger than the low energy product (Cl + HCO+, 25%). By con-
trast, when the 3.5 μm pulse was delayed by one quarter of
the pulse envelope, the branching ratio was reversed (HCl++CO
38%; Cl + HCO+, 60%). Continuous wavelet analysis was used
to follow the interaction of the laser with the various vibra-
tional modes as a function of time. © 2018 Wiley Periodi-
cals, Inc.

DOI:10.1002/jcc.25576

Introduction

Chemists have been wanting to perform mode-selective chem-
istry since the development of the laser in the 1970s.[1–8] How-
ever, because of rapid intramolecular vibrational energy
redistribution (IVR) in polyatomic molecules, this goal has
remained elusive. In principle, mode-selectivity can be achieved
if specific vibrational modes are excited efficiently and the reac-
tion proceeds faster than IVR.[1–8] In a previous study[9], we used
Born-Oppenheimer molecular dynamics (BOMD) to demon-
strate that selective reaction acceleration can be obtained for
oriented ClCHO+ molecule with an ultra-short, intense, linearly
polarized mid-IR laser pulse. In related studies, we have used
BOMD simulations with similar mid-IR pulses to accelerate
selective bond dissociation and to promote hydrogen migration
in oriented molecules. [10–15]

There are three low energy channels for the dissociation of
ClCHO+. At the B3LYP/6-311G(d,p) level of theory the dissocia-
tion energies are:

ClCHO+ + hv!Cl +HCO+ 7:0 kcal=mol
!H+ClCO+ 30:2kcal=mol
!HCl+ + CO 30:9kcal=mol

The calculated difference between the HCl+ + CO and
Cl + HCO+ channels compares favorably with the experimental
enthalpy difference of 19.2 kcal/mol.

Since the Cl dissociation channel is significantly lower in
energy than the other two dissociation channels, classical tra-
jectory calculations on the ground state Born-Oppenheimer

potential energy surface showed that when the initial kinetic
energy is distributed statistically, Cl dissociation channel is
dominant.[9] However, an intense, 4 cycle 7 μm pulse perpen-
dicular to the C–H bond direction enhances the higher energy
HCl+ dissociation channel. This reaction involves C-H and C-Cl
bond breaking and H-Cl bond formation. It may be possible to
promote these modes by separate, lower intensity pulses with
different wavelengths and orientations. In the present study,
we explore the possibility of facilitating this reaction using two
independently selected laser pulses. For the sake of simplicity,
the two laser pulses are restricted to be linearly polarized and
of equal total duration, but the pulses can have different wave-
lengths, polarization orientations and relative timings. To get a
better description of the interaction between the laser pulses
and the molecule, we use a Continuous Wavelet Transformation
(CWT)[16–18] of the trajectories to obtain information about the
energy in various vibrational modes as a function of time dur-
ing and after the laser pulse.

Methods

The simulations of dissociation were carried out by classical tra-
jectory calculations on the ground state Born-Oppenheimer
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surface for aligned formyl chloride cations in the time varying
electric field of the laser pulses. As in our previous studies,[9–15]

the B3LYP/6-311G(d,p) level of theory was chosen as a suitable
compromise between accuracy of the potential energy surface
and efficiency in the trajectory calculations. Molecular dynamics
calculations were carried out with the development version of
the Gaussian series of programs[19] and the PCvelV integrator[20]

with a step size of 0.25 fs and Hessian updating[21,22] for
20 steps before recalculation of the Hessian. The starting struc-
tures had zero point energy but no rotational energy. Zero-
point vibrational energy was added using orthant sampling of
the momentum[23]. The polarization directions of the laser
pulses are with respect to the initial orientation of the molecule;
the molecule is free to rotate during the trajectory. Trajectories
were integrated for a total of 1200 fs; 200 trajectories were cal-
culated for each pulse sequence. A few trajectories gained large
amounts of vibrational energy due to unphysically large charge
oscillations within a single laser cycle. These were discarded as
artifacts of the Born-Oppenheimer approximation. Based on
previous experience with BOMD trajectories, most of these arti-
facts occur during C-H dissociation when a hydrogen atom is
very far away (>10 Å) from the rest of the molecule while still in
the oscillating laser field.

Trajectories were classified into specific channels (Cl + HCO+,
H + ClCO+, HCl+ + CO, no reaction) based on bond lengths.
Vibrational energy transfer from the laser field was analyzed by
performing Continuous Wavelet Transformation (CWT) on the
vector components of the mass-weighted velocities of the indi-
vidual atoms and the power spectra are summed over all of the
trajectories in a given channel. The analysis was carried out
with CWT implemented in a Python package.[24] CWT uses the
following formula:

w u,sð Þ¼ 1ffiffi
s

p
ð∞

−∞
X tð Þψ* t−u

s

� �
dt, ð1Þ

where u, s are the translation and scaling parameters, w(u, s) is
the CWT of signal function X(t), which in turns gives the power

spectrum, P(u, s) = w*(u, s)w(u, s). ψ t−u
s

� �
is a series of functions

that parametrically depend on time-domain parameter u and
frequency-domain parameter s (scaling parameter is the fre-
quency inversed), generated from a mother wavelet function. In
the present study, such mother wavelet function is the Gabor
wavelet function,

ψ*
ω

t−u
s

� �
¼ 1ffiffiffi

π4
p eiω

t−u
sð Þe−

t−u
sð Þ2
2 withω¼ 6: ð2Þ

Results and Discussion
Structure, frequencies and laser pulse parameters

The structure of formyl chloride cation is shown in Figure 1 and
the vibrational frequencies of ClCHO+ and its dissociation frag-
ments are listed in Table 1. To induce dissociation, the laser
pulses were selected to have wavelengths of 3.5, 7, 10.5 and

14 μm to cover the range of vibrations in ClCHO+. While a sin-
gle wavelength may be effective in causing H or Cl dissociation,
two different wavelengths may be required to promote the
rearrangement needed for HCl+ dissociation. The two indepen-
dent, linear polarized pulses were chosen to have a sine
squared envelope, sin(ωt/n)2 sin(ωt), with a maximum field
strength of 0.03 au (corresponding to a peak intensity of 3.15 ×
1013 W/cm2). Number of cycles for each wavelength (16 for
10.5 μm, 24 for 7 μm, 48 for 3.5 μm) was chosen to keep the
total pulse duration the same (560 fs). For a two-pulse
sequence, simulations were also carried out with the second
pulse delayed by one quarter and one half of the pulse width
(140 fs and 280 fs, respectively). Figure 2 shows a 3.5 μm pulse
and a 10.5 μm pulse delayed by one quarter of the pulse width.

The intensities and polarization directions of the vibrational
modes of ClCHO+ are shown in Figure 3. Also shown are some
of the laser pulses and their spectral widths. Wavelengths of
3.5, 7, 10.5 and 14 μm (correspond to 2857, 1428, 952 and
714 cm−1 respectively), should interact with C–H stretching
(2983 cm−1), C–O stretching (1507 cm−1), Cl–C–H bending
(1174 cm−1) and C-Cl stretching (731 cm−1), respectively. The
polarization direction of each laser pulse was aligned with the
vibrational mode that it was chosen to promote (see Figure 1).

Figure 1. ClCHO+ geometry and laser polarization directions. [Color figure
can be viewed at wileyonlinelibrary.com]

Table 1. Vibrational modes calculated at the B3LYP/6-311G(d,p) level for
ClCHO+ and its dissociation fragments.

species mode
frequency
(cm−1)

wavelength
(μm)

ClCHO+ Cl–C–O bend 233 42.99
C–Cl stretch 732 13.67
out-of-plane bend 908 11.02
C–H bend 1174 8.52
C–O stretch 1507 6.64
C–H stretch 2983 3.35

H + ClCO+ Cl–C–O bend 450 22.20
C–Cl stretch 863 11.59
C–O stretch 2376 4.21

Cl + HCO+ C–H bend 865 11.56
C–O stretch 2270 4.41
C–H stretch 3229 3.10

CO + HCl+ C–O stretch 2220 4.50
H–Cl stretch 2635 3.79
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Molecular dynamics in the laser field

The results of molecular dynamics simulations of the dissocia-
tion ClCHO+ with two laser pulses are listed in Table 2. In earlier
work,[9] we found that a single short, intense 7 μm laser pulse
(90 fs, 0.09 au) perpendicular to the C–H bond successfully pro-
moted the high energy channel for ClCHO+ dissociating to HCl+

+ CO. Hence this wavelength and orientation can serve as refer-
ence for the various two pulse sequences in the present study.
Two 7 μm pulses with field strength of 0.03 au with no delay
are equal to a single 7 μm pulse with a field strength of 0.06
au. This pulse is not as strong as in the previous study and pro-
duced mainly Cl dissociation and only a few higher energy H
and HCl+ dissociations (2.3% and 19.0%, Table 2). Dissociation
of Cl can be enhanced by aligning a 14 μm pulse with the C-Cl
bond and a 7 μm pulse with the C=O bond. A 3.5 μm pulse

along the C–H stretching direction combined with a 10.5 μm
pulse along the Cl–C–H bending direction (i.e. perpendicular to
the C-H bond) gives a much higher percentage of the higher
energy HCl+ products (62.4%) at the expense of the lower
energy Cl product. The average amount of vibrational energy
absorbed from these two laser pulse sequences is very similar
(Table 2), indicating that the difference in the branching ratio
was not a result of differences in the amount of energy depos-
ited into the vibrational modes by the laser pulses. This implies
that a more complex mechanism may be involved in promoting
the higher energy HCl+ channel. One possibility is that the C–H
stretching mode needs to be sufficiently energized before the
C-H bending mode can drive the H atom toward Cl forming a
H–Cl bond while the C–Cl bond is breaking. This concerted pro-
cess requires less energy than C–H bond breaking followed by
migration to the Cl. This suggests that the relative timing of the
3.5 μm and 10.5 μm pulses could matter. The data in Table 2
shows that this is indeed the case. When the 10.5 μm pulse is
delayed by one quarter of the pulse duration, the yield of HCl+

is increased to 72.7%, but when the 3.5 μm pulse is delayed by
one quarter of the pulse duration, the yield of HCl+ is decreased
to 38.2%. This effect is considerably smaller when the delay
between two pulses is extended to half of the pulse duration.
When the 3.5 μm pulse is delayed, the vibrational energy
gained from the laser in the HCl+ channel is 20 kcal/mol lower
than when the 10.5 μm pulse is delayed. This further supports
the suggestion that the C-H bond must be energized first
before bending can promote the formation of HCl+.

Continuous wavelet transformation analysis

To obtain a better description of the laser induced dissociation
of ClCHO+, we need a method for examining the interaction of
the laser pulse with various vibrational modes as a function of
time. In particular, we would like to analyze the trajectories to
obtain frequency domain information vs time to get some
details about the energy in various vibrational modes as a func-
tion of time during and after the laser pulse. Windowed Fourier
transformation (or Short-time Fourier transformation) is one
approach. However, the window width needed to resolve the
vibrational frequencies considered, ca. 350–4000 cm−1, results
in a time-frequency resolution that is too low. Wavelet transfor-
mation has the distinct advantage of having an adaptive time-
frequency resolution, i.e. a higher time-domain resolution at
higher frequencies (at the expense of frequency-domain resolu-
tion, constrained by uncertainty principle). We chose the contin-
uous wavelet transformation (CWT) as opposed to the discrete
wavelet transformation (DWT) used in signal processing, since
we need a continuous function of time. The frequency range
shown in Figure 4 (368–5897 cm−1) was divided into 33 intervals
distributed logarithmically. CWT was used to analyze each com-
ponent of the square root mass weighted atomic velocities for
each atom. The power spectrum for each component was
summed to give the power spectrum for an individual trajectory
as a function of time; the results for each trajectory in a specific
reactive channel were averaged to get the average power spec-
trum for the ensemble of trajectories in that channel.

Figure 2. Electric field of a 3.5 μm pulse and a 10.5 μm pulse delayed by
one quarter of the pulse width. [Color figure can be viewed at
wileyonlinelibrary.com]

Figure 3. Infrared spectrum of ClCHO+ showing the intensities and
polarization directions of the various vibrational modes (green – along the
C-H bond, blue – perpendicular to the C-H bond and in the plane, red –
perpendicular to the plane). The line shapes of the 3.5, 7 and 10.5 μm pulses
and their polarization directions are shown using the same color scheme.
[Color figure can be viewed at wileyonlinelibrary.com]
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The results of the CWT analysis are shown in Figure 4. Four
important peaks corresponding to vibrational or rotational
modes in ClCHO+ and its dissociation fragments can be easily
identified by comparison with the calculated harmonic vibra-
tional frequencies, namely C–H stretching in ClCHO+ and HCO+,
C–O stretching in ClCHO+, ClCO+, HCO+ and CO, C–H bending
in ClCHO+ and CHO+, and HCl+ rotation in the HCl+ fragment.
The changes in the intensities of the peaks is a result of the
laser field driving specific vibrational modes and the flow of
energy between modes. The changes in the positions of the
peaks with time is the result of ClCHO+ modes disappearing
and fragment modes appearing as the molecule dissociates.

The six plots in Figure 4 correspond to three laser pulse
sequences for the Cl dissociation channel and the HCl+ dissocia-
tion channel. Too few trajectories produced H dissociation to
be directly comparable with the other two dissociation chan-
nels. For Cl dissociation, ClCHO+ ! Cl + HCO+, the C-H stretch-
ing frequency increases a little (2983 cm−1 ! 3229 cm−1), the
C=O stretch increases significantly (1507 cm−1 ! 2270 cm−1),
the C-H bend decreases (1174 cm−1 ! 865 cm−1) and the C-Cl
stretch (732 cm−1) disappears. The 3.5 μm laser pulse drives the
C-H stretch before dissociation but not afterwards. The pulses
do not seem to activate the C-Cl stretching mode (perhaps
because the C-Cl stretching frequency and polarization direc-
tion do not overlap sufficiently with the 10.5 μm pulse). The
laser pulses activate the C=O stretching and C-H bending
modes before dissociation. The increase in the C=O stretching
frequency and decrease in the C-H bending frequency after dis-
sociation can be seen in all three pulse sequences, but these
changes are clearest in Figure 4(c) when the 3.5 μm pulse is
delayed. Delaying the 3.5 μm pulse by a quarter of the pulse
width increase the yield of Cl dissociation by nearly a factor of
two. This suggests that this pulse sequence promotes Cl disso-
ciation by increasing C-H bending rather than by increasing
C-Cl stretching.

The plots for HCl+ dissociation, ClCHO+ ! HCl+ + CO, are
shown in Figure 4(d)-(f ). Before dissociation, the laser pulses
activate the C-H stretching mode early and C-H bending mode
a little later. The C=O stretch is activated to a lesser extent.
These effects are seen more clearly Figure 4(e) when the 3.5 μm
pulse comes before the 10.5 μm pulse. After dissociation, the C-
H stretching and bending modes disappear. The C=O stretching
frequency and amplitude increases significantly, and a band for
HCl+ rotation appears. There may also be some HCl+ stretching
(2635 cm−1), but this is uncertain because of the small ampli-
tude and the low resolution in the frequency. The yield of HCl+

is largest (72.7%) when the 3.5 μm pulse comes before the
10.5 μm pulse. This suggests that this pulse sequence promotes
HCl+ dissociation by first increasing C-H stretching and then C-H
bending rather than by increasing C-Cl stretching. The signifi-
cant amount of rotation seen in the plot is consistent with the
hydrogen migrating to the chlorine during dissociation.

Conclusions

Our previous study showed that a single, very intense 7 μm line-
arly polarized laser pulse could dramatically increase the yield of
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the higher energy HCl+ dissociation channel when the pulse was
aligned perpendicular to the C-H bond.[9] In the present study,
we explored the possibility of employing two different, moder-
ate intensity mid-IR laser pulses to enhance the yield of higher
energy reaction channels. Simultaneously promoting the C-H
stretching mode (3.5 μm pulse along C-H bond) and the C-H
bending mode (10.5 μm pulse perpendicular to C-H bond) gives
a higher branching ratio for HCl++CO dissociations than a com-
parable 7 μm pulse perpendicular to C-H bond. This effect
depends strongly on the order in which the two pulses are
applied. When the 10.5 μm pulse was delayed by one quarter of
the pulse envelope, the branching ratio for HCl++CO (73%) was
a factor of three larger than the low energy channel (Cl + HCO+,
25%). However, when the 3.5 μm pulse was delayed by one
quarter of the pulse envelope, the branching ratio was reversed
(HCl++CO 38%; Cl + HCO+, 60%). This suggests that the C-H
bond must be energized first before bending can drive the
hydrogen toward the chlorine to form HCl+. Continuous wavelet
transformation was used to follow the activation of vibrational
and rotational modes by the laser pulses during the dissociation.
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