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The hydrogens in protonated acetylene are very mobile and can easily migrate around the C2
core by moving between classical and non-classical structures of the cation. The lowest energy
structure is the T-shaped, non-classical cation with a hydrogen bridging the two carbons. Conversion
to the classical H2CCH+ ion requires only 4 kcal/mol. The effect of circularly polarized light on
the migration of hydrogens in oriented C2H+3 has been simulated by Born-Oppenheimer molecular
dynamics. Classical trajectory calculations were carried out with the M062X/6-311+G(3df,2pd) level
of theory using linearly and circularly polarized 32 cycle 7 µm cosine squared pulses with peak
intensity of 5.6 × 1013 W/cm2 and 3.15 × 1013 W/cm2, respectively. These linearly and circularly
polarized pulses transfer similar amounts of energy and total angular momentum to C2H3

+. The
average angular momentum vectors of the three hydrogens show opposite directions of rotation for
right and left circularly polarized light, but no directional preference for linearly polarized light.
This difference results in an appreciable amount of angular displacement of the three hydrogens
relative to the C2 core for circularly polarized light, but only an insignificant amount for linearly
polarized light. Over the course of the simulation with circularly polarized light, this corresponds to
a propeller-like motion of the three hydrogens around the C2 core of protonated acetylene. Published
by AIP Publishing. [http://dx.doi.org/10.1063/1.4961644]

INTRODUCTION

Complex chemical transformations require extensive
rearrangement of nuclear configurations within the molecules,
which are often achieved only by stochastic vibrational
motions when thermally or electronically activated. Specific
rearrangements can potentially be achieved by exciting
vibrational motions coupled closely to reaction coordinates.
However, such efforts do not always lead to the desired
nuclear rearrangement because energy deposited in specific
vibrational modes is often dissipated within 1–2 ps by
intramolecular vibrational redistribution (IVR).1,2 However,
if the energy can be deposited fast enough into the
appropriate modes, the preferred reaction can occur before
IVR becomes significant. Recently, in a computational
simulation, we demonstrated that intense, ultrashort mid-
infrared laser pulses can overcome IVR to achieve targeted
nuclear rearrangement.3–5 In particular, for oriented ClCHO+

we showed that angular momentum could be deposited by
circularly polarized intense mid-IR pulses.5 Here, we show
that ultrafast mid-IR excitation can promote large amplitude
nuclear motions, specifically, a propeller-like three-hydrogen
migration around the C2 core in protonated acetylene.
Importantly, the sense of the “propeller” rotation can be
directed by changing the helicity of the circularly polarized
mid-IR pulses (left or right).

Large amplitude motions of hydrogens have been studied
in a number of small molecules such as acetylene, allene, and

a)Author to whom correspondence should be addressed. Electronic mail:
hbs@chem.wayne.edu.

methanol.6–14 These 1,2 and 1,3 hydrogen migrations can be
driven by short, intense 800 nm laser pulses. Isomerization
occurs on the ground or excited states of the cations and
is verified by detecting the appropriate fragment ions in
coincidence. In allene, H2CCCH2, migration is also confirmed
by the detection of H3

+.6,10,15 Another example of large
amplitude hydrogen motion is the roaming reaction channel
for the dissociation of CH2O to CO + H2.16–19 For reaction
energies just below the C–H bond dissociation energy, a
hydrogen atom can “roam” around the HCO fragment before
abstracting the other hydrogen to form H2. In each of these
cases, there are large barriers for hydrogen migration on the
ground state surface, and the molecule must be ionized, or
strong bonds must be broken before large amplitude motion
of the hydrogen can occur. By contrast, the hydrogens in
protonated acetylene are very mobile and can circulate around
the C2 core with barriers of only a few kcal/mol. Laser fields
in the mid-IR region couple strongly to vibrational motion
and should stimulate large amplitude hydrogen motion on the
ground state potential energy surface at energies well below
ionization or bond dissociation.

There is a long history of calculations on protonated
acetylene showing that the non-classical T shaped structure,
with a hydrogen bridging the two carbons, is more stable than
the classical Y shaped geometry, with two hydrogens on one
carbon and one hydrogen on the other carbon. Early electronic
structure calculations include papers by Schaefer and co-
workers,20 Lindh et al.,21,22 and Curtiss and Pople.23 Subse-
quent experimental work confirmed that the non-classical form
is the most stable structure.24–27 Accurate quantum chemical
calculations of the potential energy surface place the classical
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Y shaped structure 3.7–4.0 kcal/mol above the non-classical
T shaped structure.28,29 Recent high level calculations of
the rovibrational spectrum match the experimental rotational
constants to better than 0.1% and the antisymmetric HCCH
stretch to within 3.0 cm−1.30 Large amplitude pseudorotational
motion of the hydrogens has been seen under thermal
conditions using Car-Parrinello simulations with both classical
and path-integral dynamics.26,31,32 In the present study we use
Born-Oppenheimer ab initio classical trajectory calculations
to simulate the dynamics of protonated acetylene resulting
from the interaction with very short, intense mid-IR pulses of
linearly and circularly polarized light.

METHOD

Calculations were carried out with the development
version of the Gaussian series of programs33 using the
M062X34 density functional with the 6-311+G(3df,2pd)35,36

basis set. The choice of the functional was based on an
extensive survey of ∼200 functionals by comparing the
energy difference between the classical (Y-shaped) and
non-classical (T-shaped) structures of protonated acetylene
to CCSD(T) and BD(T) calculations28 (see Table S5 in
the supplementary material for the functionals and energy
comparisons). Classical trajectory calculations were carried
out on the ground state Born-Oppenheimer surface for aligned
protonated acetylene in the time varying electric field of a laser
pulse. After testing various combinations of wavelengths,
pulse lengths, and field strengths, the laser field was chosen to
be a 32 cycle 7 µm cosine squared pulse (747 fs full width).
For circularly polarized light, the propagation direction was
in the z-direction perpendicular to the plane of the molecule
(xy plane) with the electric field rotating in the plane of
the molecule with a maximum field strength of 0.03 a.u.
For linearly polarized light, the polarization direction was
in the plane of the molecule, and the direction was varied
from θ = 0◦–360◦ in steps of 30◦ with a maximum field
strength of 0.04 a.u. The molecular dynamics in the laser
field were simulated by classical trajectory calculations which
intrinsically include effects such as vibrational anharmonicity
and IVR.37,38 Trajectories were calculated with the M062X/6-
311+G(3df,2pd) level of theory using the PCvelV integrator39

with a step size of 0.25 fs and Hessian updating40,41 for 20
steps before recalculation. Zero-point vibrational energy was
added to the initial structures using orthant sampling of the
momentum.42 Although it may not be experimentally feasible
to align the molecule, the molecular dynamics calculations
were carried out with protonated acetylene in the xy plane
in order to maximize the effect of the circularly polarized
light and to facilitate the analysis of the components of the
angular motion of the hydrogens. No rotational energy was
added to the initial structures so that the molecule would
tend to stay in the xy plane. Trajectories were classified as
either dissociating or non-dissociating based on bond lengths.
Migration of hydrogen atoms was quantified by integrating
the signed step-wise angular displacement of the H-(CoM)-C1
angle, projected onto xy-plane which is perpendicular to laser
field propagation direction, where H is the hydrogen atom of
interest, C1 is the first carbon atom, and CoM is the center of

SCHEME 1. Geometries and a representation of potential energy surface for
the interchange between the T-shaped and Y-shaped structures of protonated
acetylene resulting in a propeller-like motion of the hydrogens around the C2
core.

mass of the whole molecule. To help in the analysis, the kinetic
energy of the hydrogens was separated into a hydrogen circular
migration component as illustrated in Scheme 1, a C–H bond
stretching component and an out-of-plane component. The
kinetic energy for C–H stretching was calculated from the
x and y components of the velocity parallel to the vector
between the hydrogen and the nearest carbon, the kinetic
energy for circular migration was calculated from the x and
y components of the velocity perpendicular to this vector,
and the out-of-plane kinetic energy was calculated from the z
component of the velocity.

RESULTS AND DISCUSSION

As illustrated in Scheme 1, the circular migration
of the hydrogens in C2H3

+ can proceed by a sequential,
stepwise interchange between the T-shaped “non-classical”
structures and the Y-shaped “classical” structure. High level

FIG. 1. Potential energy curve for protonated acetylene computed at the
M062X, MP2, MP4, CCSD(T), and BD(T) levels of theory with the
6-311+G(3df,2pd) basis set.
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SCHEME 2. Lowest energy dissociation channels for
C2H3

+ (reaction free energies in kcal/mol at the
M062X/6-311+G(3df,2pd) level of theory).

quantum calculations show that the non-classical structure
is favored by 3.7–4.0 kcal/mol.28,29 However, these levels
of theory are too costly for extensive molecular dynamics
calculations. A survey of ∼200 functionals found that the
M062X/6-311+G(3df,2pd) potential energy curve is in very
good agreement with accurate calculations carried out at the
CCSD(T) and BD(T) levels of theory28 (see Figure 1). The
various channels for the dissociation of protonated acetylene
are shown in Scheme 2. Since the lowest dissociation energy
is ca. 100 kcal/mol, circular migration of the hydrogens can
occur much more readily than dissociation.

In previous studies,3–5,43–45 we found that ultrashort,
intense 7 µm laser pulses were very effective at depositing
vibration energy in a molecule. These studies also showed that
for a given maximum field strength, circularly polarized mid-
IR laser pulses deposit ca. 40% more energy than a linearly
polarized pulses. In order to deposit comparable amount of
energy into the molecule, a peak field strength of 0.03 a.u.
was used for the circularly polarized laser field and 0.04 a.u.
for the linearly polarized laser field. To determine the effect
of wavelength on the response of protonated acetylene to
circularly polarized light, a series of simulations was carried
out with wavelengths ranging from 2 µm to 10 µm while
keeping the pulse fixed at 32 cycles (see Table I). For shorter
wavelengths, the pulse is not as wide and the interaction
between the laser pulse and the molecule is considerably

TABLE I. Total energy and total angular momentum absorbed as a function
of wavelength for circularly polarized light.a

Angular momentum (~)
Wavelength
(µm)

Percent
dissociated (%)

Energy
(kcal/mol) Magnitude Z component

2 0 32.2 ± 2.4 1.8 ± 0.9 0.0 ± 1.8
3 0 44.6 ± 13.8 2.7 ± 1.6 −1.3 ± 2.3
4 0 74.4 ± 39.4 8.5 ± 5.6 −5.9 ± 6.0
5 0 71.9 ± 35.9 9.7 ± 6.1 −6.9 ± 6.3
6 0 64.4 ± 30.7 8.7 ± 6.6 −6.7 ± 6.8
7 8 148.6 ± 48.9 31.5 ± 12.2 −28.4 ± 12.3
8 16 120.8 ± 58.9 28.2 ± 16.3 −25.0 ± 15.9
9 18 160.5 ± 62.2 45.0 ± 19.9 −40.3 ± 19.3
10 36 176.0 ± 52.3 58.8 ± 19.7 −50.3 ± 18.5

aLeft circular cosine squared pulse with 32 cycles, 50 trajectories per wavelength.

weaker than at 7 µm. Longer wavelengths (and thus wider
pulses) deposited increasing amounts of energy and angular
momentum. However, for wavelengths of 7 µm and longer, the
energy deposited is greater than the dissociation threshold and
the number of dissociating trajectories increases markedly.
Thus 7 µm seems to be the best wavelength for the present
simulations.

The effects of linear and circularly polarized light are
compared in Table II. For right and left circularly polarized

TABLE II. Total energy and total angular momentum absorbed for 7 µm linear and circularly polarized light.a

Angular momentum (~)

Polarization Field strength (a.u.) Energy (kcal/mol) Magnitude Z component

Left circularb 0.03 157.0 ± 62.6 34.0 ± 21.7 −30.3 ± 14.5
Right circularc 0.03 158.5 ± 77.2 33.9 ± 20.9 30.6 ± 18.1
Linear (0◦–360◦ averaged)d 0.04 158.4 ± 77.7 25.0 ± 32.2 −0.6 ± 33.1

aCosine squared shape, 7 µm wavelength and 32 cycles, results are averages over non-dissociating trajectories ± one standard
deviation; see Table S1 for additional data.
b400 trajectories, ca. 4% dissociated.
c400 trajectories, ca. 3% dissociated.
d1200 trajectories, ca. 7% dissociated.
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FIG. 2. Histogram of combined (H1+H2+H3) atomic angular momentum for left and right circularly and linearly (0◦–360◦ averaged) polarized at the end of
simulation (top row) and over simulation time (bottom row); see Table S2 for additional data.

light, 400 trajectories were calculated for each helicity; for
linearly polarized light, the polarization direction was rotated
in the plane of the molecule in increments of 30◦ and 100
trajectories were calculated for each direction, for a total of
1200 trajectories. The average total energy absorbed is nearly
the same for linearly and circularly polarized light at these
field strengths. Similar to previous studies on ClCHO+,5 the
angular momentum resulting from interaction with circularly
polarized light is similar in magnitude to that from linearly
polarized light. For linearly polarized light the average
z-component of the angular momentum is nearly zero, but
for circularly polarized light the z-component strongly favors
the direction corresponding to the handedness of the circular
polarization. Based on the small difference between the total
magnitude and z-component of the total angular momentum
vectors, the majority of the total angular momentum is along
the z-axis, corresponding to rotation in the molecular plane. To

determine whether the total angular momentum is indicative
of a propeller-like rotation of the hydrogens requires a more
detailed examination of the dynamics.

To study the rotational motion of the hydrogens with
respect to C2 core, it is helpful to break down the total
angular momentum into contributions from individual atoms.
As shown in Figure 2, the distribution of z-components of
atomic angular momenta for the three hydrogen atoms is
rather broad by the end of the simulation. The distribution for
linearly polarized light is centered around zero, indicating that
there is no preference in the direction of rotation. However
for circularly polarized light, the distributions are displaced
to either side of zero, showing that the interaction with the
light results in a net rotation motion of the hydrogens in
opposite directions for left and right circularly polarized light.
Figure 2 also shows the evolution of the distribution of the
angular momentum of the hydrogens with time. At the start of

TABLE III. Atomic kinetic energy decomposition (kcal/mol).

H1+H2+H3

T⊥

Polarization Field strength (a.u.) Ttotal In-plane Out-of-plane T∥ C1+C2

Left circulara 0.03 72.4 ± 31.9 15.3 ± 19.5 6.1 ± 3.9 33.8 ± 10.5 17.1 ± 7.6
Right circular 0.03 73.6 ± 40.0 16.8 ± 23.5 6.1 ± 4.1 34.3 ± 12.3 16.4 ± 7.8
Linear (0◦–360◦ averaged) 0.04 71.7 ± 36.4 16.1 ± 20.3 6.6 ± 5.5 32.5 ± 10.6 16.4 ± 7.8

aSee footnotes of Table II for trajectory details; see Table S3 for additional data.

 Reuse of AIP Publishing content is subject to the terms: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  141.217.11.51 On: Sat, 12 Nov

2016 04:48:56



084309-5 Shi, Li, and Schlegel J. Chem. Phys. 145, 084309 (2016)

TABLE IV. Average cumulative angular displacement in the xy plane after 800 fs (in degrees).

Polarization Field strength (a.u.) H1 H2 H3 H1+H2+H3

Left circulara 0.03 −183.2 ± 386.0 −208.1 ± 410.2 −141.7 ± 409.5 −533.0 ± 953.5
Right circular 0.03 158.4 ± 425.1 150.3 ± 408.0 198.0 ± 429.3 506.7 ± 1052.1
Linear (0◦–360◦ averaged) 0.04 13.2 ± 448.3 −3.4 ± 436.2 29.9 ± 442.5 39.7 ± 1104.6

aSee footnotes of Table I for trajectory details, displacements are averages over non-dissociating trajectories ± one standard deviation; see Table S4 for additional data.

the simulations, the system was given zero point vibrational
energy but no overall rotational energy so that it could stay
aligned in the laser field. Initially, the distribution of the
z-component of the angular momentum of the hydrogens
is narrow and centered at zero. As time progresses, the
laser field interacts with the molecule increasing the motion
of the hydrogens. The distribution of the z-component of
the angular momentum becomes quite broad. For linearly
polarized light, the distribution remains centered around zero,
but for circularly polarized light, the distribution is skewed in
the positive or negative direction, depending on whether the
light is right or left circularly polarized. Thus, the components
of the angular momentum indicate that there is a net propeller-
like motion of the hydrogens around the C2 core.

Another way to probe the driving force behind hydrogen
circular migration is to examine the kinetic energy. As shown
in Table III, only about 20% of the total kinetic energy is
deposited into the motion of the two carbon atoms. Because
of the greater mass of carbon, the difference in kinetic energy
corresponds to a significantly smaller the average velocity for
the carbons than for the three hydrogens. For the hydrogens,
the kinetic energy can be divided into components parallel (T∥)
and perpendicular (T⊥) to the bonds between the hydrogens
and the nearest carbon. The former corresponds approximately
to C–H stretching motion and the latter to rotation about the
C2 core. The perpendicular component, T⊥, can be further
divided into in-plane rotation and motion out of the molecular
plane. The in-plane T⊥ component of the kinetic energy
corresponding to the circular migration of the hydrogen atoms,
16 kcal/mol, is only about 10% of the total energy but is more
than sufficient to overcome the 4 kcal/mol energy difference

between the T-shaped and Y-shaped structures. Interestingly,
the ratios of the components of the kinetic energy are nearly
the same for linearly and circularly polarized light. Thus, the
difference in the behavior of the molecule in linearly and
circularly polarized light is not due to any difference the
amount of kinetic energy deposited in various motions but is
due to the difference in direction of the torque induced by the
laser field.

The most direct measurement of a propeller-like hydrogen
motion is simply the cumulative angular displacement of
the three hydrogen atoms within the molecular plane, as
measured by the change in the angle of the hydrogen with
respect to the C2 core, summed over the time steps. Since the
starting geometry was chosen to be the more stable T-shaped
structure with H1 as the bridging atom, there should be some
difference between the initial motion of bridging hydrogen
and the terminal hydrogens. Given sufficient time, all three
hydrogen atoms are expected to interchange their locations,
and since they are in principle indistinguishable, the sum
of their individual angular displacement is a better way to
monitor the rotational motion. For circularly polarized light
the average displacement per hydrogen in 800 fs is about half
of a full cycle, and on average motion the hydrogens move in
opposite directions for left and right circularly polarized light
(Table IV and Figure S1). By comparison, the average angular
displacement of the hydrogens with linearly polarized light
is small. For both linearly and circularly polarized light, the
standard deviations are very large, indicating a wide range of
magnitudes and directions for the angular displacements.

To examine the behavior of protonated acetylene at longer
times, two sets of 100 trajectories were integrated for 3.2 ps

FIG. 3. Average combined hydrogen atomic angular momentum z component and cumulative average angular displacements as a function of time for
non-dissociating trajectories (linear: 1200 trajectories, ca. 7% dissociated, 800 fs simulation time; left circular: 100 trajectories, ca. 15% dissociated, 3200 fs
simulation time; right circular: 100 trajectories, ca. 17% dissociated, 3200 fs simulation time).
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for circularly polarized light (see Figure 3). The average of the
z-components of the angular momentum for the hydrogens
is opposite in sign for right and left circularly polarized
light. It starts to increase rapidly near the peak of the pulse,
continues to rise during the second half of the laser pulse
(375–750 fs), and remains nearly constant after the pulse. On
average the hydrogens move in the xy plane with a standard
deviation ca. 35◦ for the out-of-plane angle (see Figure S2)
For the in-plane motion, the cumulative angular displacement
of the hydrogens relative to the C2 core starts to increase
near the pulse maximum and continues to increase linearly
after pulse, as expected from the z-component of the angular
momentum. The standard deviation for the displacements also
continues to grow nearly linearly with time after the end of
the pulse. This indicates that net circulation of the hydrogens
is composed of a range of rotational directions and velocities,
and that this motion continues after the pulse. The fact that
the z-component of the angular momentum of the hydrogens
does not decrease toward zero in the 2.4 ps after the pulse
(corresponding, that the angular displacement does not slow
down) suggests that the circulatory motion of the hydrogens
may be weakly coupled to the other vibrational modes, and
that IVR is somewhat slower for this motion.

SUMMARY

In the present study we have examined the possibility of
circularly polarized light inducing the propeller-like motion of
hydrogen migration in C2H3

+. Circularly polarized light with
a peak field strength of 0.03 a.u. is as effective as linearly
polarized light with a peak field strength 0.04 a.u. in depositing
kinetic energy and angular momentum for the hydrogens. For
circularly polarized light, the sign of the z-component of
the average angular momentum of the hydrogens depends on
the handedness of the circular polarization. By comparison,
the z-component of the average angular momentum is near
zero for linearly polarized light. Circularly polarized light
produces an appreciable amount of angular displacement of
the three hydrogen atoms, corresponding to a propeller-like
motion of the hydrogens around the C2 core. By contrast,
the cumulative angular displacement for linearly polarized
light was very small. The total energy and kinetic energy
absorbed are similar for right and left circularly polarized
light, but the angular momentum vectors and cumulative
angular displacement have opposite directions depending on
the laser polarization handedness. The propeller-like motion
of the hydrogens continues for a few ps after the laser pulse.

SUPPLEMENTARY MATERIAL

See supplementary material for additional tables and
figures of energies, angular momenta, and displacements and
for the density functionals used in the survey.
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