
M
C

B
D

a

A
R
I
A

1

8
[
w
t
m
p
u
I
t
s
[
g
l
w
m
i
n
c
v
c
d
l
a

h
0

Chemical Physics Letters 610–611 (2014) 219–222

Contents lists available at ScienceDirect

Chemical  Physics  Letters

jou rn al hom epage: www.elsev ier .com/ locate /cp le t t

olecular  dynamics  of  methanol  cation  (CH3OH+)  in  strong  fields:
omparison  of  800  nm  and  7  �m  laser  fields

ishnu  Thapa,  H.  Bernhard  Schlegel ∗

epartment of Chemistry, Wayne State University, Detroit, MI 48202, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 18 April 2014

n final form 16 July 2014

a  b  s  t  r  a  c  t

Fragmentation  and  isomerization  of  methanol  cation  by short,  intense  laser  pulses  were  studied  by  ab
initio  classical  trajectory  simulations  using  CAM-B3LYP/6-31G(d,p)  calculations.  Compared  to  random

+
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orientation,  CH3OH with  the  C  O  bond  aligned  with  the  laser  polarization  gained  nearly  twice  as  much
energy  from  the  laser  field,  in accordance  with  the  higher  vibrational  intensities  in  the  mid-IR  range  for
aligned  CH3OH+. The  energy  gained  by  CH3OH+ from  7  �m and  800  nm laser  pulses  with intensities  of
0.88  × 1014 and 1.7 ×  1014 W/cm2 is  proportional  to  the  intensity  and  the  wavelength  squared  of  the  laser
field.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

In recent work, Yamanouchi and co-workers used intense
00 nm laser pulses to study the fragmentation of methanol cations
1–8]. Through the use of coincidence momentum imaging they
ere able to examine hydrogen ejection processes for the dica-

ion, CH3OH2+ → CH3-nOH+ + Hn
+ and to determine that hydrogen

igration, CH3OH2+ → CH2OH2
2+, occurred in within the laser

ulse. Pump-probe coincidence momentum imaging revealed that
ltrafast hydrogen migration also occurred in the monocation [7,8].

n a recent study, we used ab initio classical trajectory calculations
o investigate the dynamics of methanol monocation on the ground
tate potential energy surface in the presence of a strong laser field
9]. At 800 nm,  the classical dynamics simulations showed that
round state methanol cation gained very little energy from the
aser field. By adding a significant amount of vibrational energy,

e were able to model the fragmentation and isomerization of
ethanol cation. This implied that the 800 nm laser pulse deposits

ts energy by electronic excitation of the cation or by coupled
uclear-electron dynamics. By contrast, in the mid-IR range, we
an expect the laser field to interact directly with the molecular
ibrations on the ground state potential energy surface of methanol
ation. In the present study, we examine the interaction of ran-

omly oriented and aligned methanol cation with intense 7 �m

aser pulses and compare the results with the prior dynamics study
t 800 nm [9]. In earlier work, we found that intense mid-IR pulses

∗ Corresponding author.
E-mail address: hbs@chem.wayne.edu (H.B. Schlegel).

ttp://dx.doi.org/10.1016/j.cplett.2014.07.033
009-2614/© 2014 Elsevier B.V. All rights reserved.
were able to selectively enhance specific reaction channels for
aligned molecules [10,11].

2. Methods

The molecular dynamics of methanol cation were studied using
density functional theory on the ground state potential energy
surface in the presence of a strong laser field. Electronic struc-
ture calculations were carried out using the development version
of the Gaussian series of programs [12] with the CAM-B3LYP/6-
31G(d,p) level of theory [13] (the CAM-B3LYP functional has 19%
HF exchange at short range and 65% HF at long range with a range
parameter of 0.33). Classical trajectories were integrated with our
Hessian-based predictor–corrector algorithm [14]. In this method,
the surface is approximated by a distance weighted interpolant
(DWI) using the first and second derivatives of the energy. The
first derivatives of the gradient with respect to the electric field are
also included in the predictor and the corrector steps. The veloc-
ity Verlet method with ıt = 0.0025 fs is used to integrate both the
predictor and corrector steps on the DWI  surface. An overall step
size of �t  = 0.25 fs is employed and the Hessian is updated [15,16]
for 20 steps before being recalculated analytically. The 7 �m laser
pulse was modeled by a time varying electric field with a length of
four cycles (95 fs) and a trapezoidal envelope (increasing linearly
for the first cycle and decreasing linearly for the last cycle). The
maximum field strengths were 0.05 au (0.88 × 1014 W/cm2) and

0.07 au (1.7 × 1014 W/cm2). The direction of the laser field was cho-
sen to be aligned with the C O bond axis or oriented randomly. The
starting structures had no rotational energy and zero point energy
was added to the initial structures using orthant sampling of the

dx.doi.org/10.1016/j.cplett.2014.07.033
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Table 1
Number of trajectories for 7 �m 0.05 and 0.07 au field strength random and aligned, compared with 800 nm 0.07 au random with 314 kJ/mol extra energy.

Field orientation and
wavelength

Field strength CH2OH+ + H HCOH+ + H2 CH2OH2
+ CH3

+ + OH+ No reaction Total Reaction during pulse Reaction after pulse

Random 7 �m
0.05 au 58 9 3 129 199 9 61
0.07  au 92a 20d 3 1 44 162 37 81

C-O  aligned 7 �m
0.05 au 102 29b 12 55 198 9 134
0.07 au 95 42c 6 4 13 160 34 113

Random 800 nm
(+314 kJ/mol)

0.07 au 111 23 6 22 162 20 120

a Two of these trajectories dissociated into CHO+ + H + H2.
b + + + H2

 H2 + H
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Two of these trajectories dissociated to CH2O + H2 and one dissociated to CHO
c Six of these trajectories dissociated to CH2O+ + H2 and 13 dissociated to CHO+ +
d Four of these trajectories dissociated to CHO+ + H2 + H.

omentum [17]. Up to 200 trajectories were calculated for each
et of starting conditions. A few trajectories dissociated sequen-
ially into multiple fragments; these were classified by the first
issociation event (see Table 1 footnotes). The simulations with the

 �m laser pulse are compared with previous strong field dynam-
cs calculations with 800 nm laser pulses. As in the case of the
00 nm laser pulse, some of the trajectories integrated with the

 �m pulse showed an unusually high gain in energy. This prob-
em was traced to an artifactual charge oscillation when the C H
ond stretched to more than 3 Å within the laser pulse. Because
he electronic structure was converged at each step of the trajec-
ory integration rather than being propagated, the charge on the
ydrogen in the elongated C H bonds varied from H+ to H• to H− as
he field changed sign. These trajectories resulted in a gain of more
han 840 kJ/mol (200 kcal/mol) and were discarded as artifacts to
he Born–Oppenheimer molecular dynamics approach.

. Results and discussion

The energetics for the fragmentation of methanol cation have
een studied previously at the CBS-APNO, CBS-QB3 and G4 levels
f theory and are summarized in Figure 1 [9]. There are three low
nergy channels: loss of hydrogen to produce CH2OH+ (72 kJ/mol),
oss of H2 to produce HCOH+ (131 kJ/mol barrier) and isomer-
zation to CH2OH2

+ (102 kJ/mol barrier). Higher energy channels

nclude dissociation of the C O and O H bonds in CH3OH+ (276
nd 418 kJ/mol, respectively) and dissociation of the C O bond
n CH2OH2

+ (294 kJ/mol). The CAM-B3LYP/6-31 G(d,p) calculations
re in good agreement with the higher level calculations and, as in
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Figure 1. Relative enthalpies at 0 K in kJ/mol for CH3OH+ calculated at the CAM-
dapted with permission from J. Phys. Chem. A 118 (2014) 1769. Copyright 2014 Americ
+ H.
.

the previous study, are chosen for the trajectory calculations as a
compromise between accuracy and efficiency.

The infrared spectrum of methanol cation is shown in Figure 2,
both for rotationally averaged CH3OH+ and for the C O axis aligned
with the polarization of the laser field. The frequency distribution
of a short, intense pulse of 7 �m is centered around 1430 cm−1.
This is close to the C H bending vibrations, and the intensities are
significantly higher in this region for the aligned cation than for the
rotationally averaged case.

As the laser field interacts with the molecule, considerable
energy is deposited in the various vibrational modes. Figure 3
shows the distributions of the amount of energy gained by
methanol cation from the 4 cycle 7 �m trapezoidal pulses with field
strengths of 0.05 and 0.07 au (0.88 × 1014 and 1.7 × 1014 W/cm2,
respectively). Randomly oriented molecules gain an average of 175
and 338 kJ/mol, Figure 3(a). As expected, the average amount of
energy gained is proportional to the intensity of the laser field
(i.e. proportional to the square of the field strength). When the
C O bond of methanol cation is aligned with the field polarization,
Figure 3(b), the amount of energy gained is nearly doubled, 316
and 504 kJ/mol respectively for field strengths of 0.05 and 0.07 au.
This is consistent with the higher vibrational intensities for the
aligned molecule. When the wavelength is shortened from 7 �m to
800 nm and methanol cation is restricted to the adiabatic ground
state surface, much less energy is absorbed, Figure 3(c) and (d). The
averages are 2.3 and 7.8 kJ/mol for randomly oriented CH3OH+ and

2.0 and 5.7 kJ/mol for aligned CH3OH+ at field strengths of 0.05 and
0.07 au, respectively. Since the ponderomotive energy of a free ion
in an oscillating field is proportional to the wavelength squared,
one would expect the ratio of the energies to be approximately
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B3LYP/6-31G(d,p), CBS-QB3 (italics) and CBS-APNO (bold) levels of theory
an Chemical Society.
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Figure 2. IR spectrum of CH3OH+ (a) rotationally averaged (green), and (b) aligned with the field (red). (For interpretation of the references to color in this figure legend, the
reader  is referred to the web  version of this letter.)
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5. This is reasonable agreement with the observed ratios of
3–76 for randomly oriented methanol cation and 87–154 for

ligned. The effect of alignment is much greater for the 7 �m pulse
ecause this wavelength is close to resonance with some of the
ibrational modes whose intensities are significantly enhanced by
lignment.
ed 7 �m 0.05 au, (c) random orientation 800 nm,  and (d) CO aligned 800 nm.  (For
 web  version of this letter.)

The results of the trajectory calculations are summarized in
Table 1. For a field strength of 0.05 au and random orientation of

methanol cation, only a third of the trajectories dissociated or iso-
merized within 400 fs; most of these dissociated after the pulse.
When the field was increased to 0.07 au, nearly three quarters of the
trajectories reacted; this also increased the number of trajectories
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hat reacted during the pulse. The branching ratios for the reac-
ive trajectories were similar for the two field strengths: 78–83%
issociated to CH2OH+ + H, 13–17% formed HCOH+ + H2, and 3–4%

somerized to CH2OH2
+. Only one CH3

+ + OH dissociation event was
een at 0.07 au field strength out of 162 trajectories. When the C O
ond is aligned with the field, there were significantly fewer non-
eactive trajectories for a given field strength, in keeping with the
act that the pulse deposited more energy in the oriented molecule.
he percentage of reactive trajectories resulting in H dissociations
ecreased to 65–71% and the percentage going to H2 dissociation
20–29%) and isomerization (4–8%) nearly doubled. Alignment also
ncreased the fraction of CH3

+ + OH dissociations to 4 out of 160.
Simulations on the ground state adiabatic surface with 800 nm

aser pulses gained too little energy to isomerize or dissociate.
owever, strong field pulses at 800 nm probably cause significant
xcitation of CH3OH+. If decay to the ground state is rapid, this
xcitation energy would be converted to vibrational energy. In our
revious paper, we modeled this by adding extra vibrational kinetic
nergy to the starting structures. With 314 kJ/mol (75 kcal/mol)
dded energy, the branching ratios with randomly oriented 800 nm
ulses and a field strength of 0.07 au were similar to trajectories
ith randomly oriented 7 �m pulses and 0.07 au field strength. This

s in accordance with the fact that CH3OH+ gained an average of
38 kJ/mol in the 7 �m pulse.

ummary

Ab initio classical trajectory calculations were used to study
he fragmentation and isomerization of methanol cation caused by
hort, intense laser pulses. The dominant channels are CH2OH+ + H
65–83%), HCOH+ + H2 (13–29%), CH2OH2

+ (3–8%), and CH3
+ + OH
0.5–2.5%). For a 4 cycle 7 �m pulse, significant differences were
een in the amount of vibrational energy deposited and the branch-
ng ratios when methanol cation was oriented randomly or had its

 O bond aligned with the field. The increased energy deposited

[
[
[

[
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can be understood in terms of the increased vibrational intensities
in the mid-IR region when the C O bond of CH3OH+ is aligned with
the laser polarization. Randomly oriented methanol cations gain an
average of 175 and 338 kJ/mol for 4 cycle 7 �m pulses with intensi-
ties of 0.88 × 1014 W/cm2 and 1.7 × 1014 W/cm2, respectively, but
only 2.3 and 7.8 kJ/mol from 4 cycle 800 nm pulses with the same
intensity. This is in agreement with fact that the ponderomotive
energy is proportional to the intensity and the wavelength squared
of the laser field.
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