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ABSTRACT: Isomerization induced by laser ionization in acetonitrile (CH;CN) was
investigated using pump—probe spectroscopy in combination with ion—ion coincident
Coulomb explosion imaging. We deduced five primary channels indicating direct C—C
breakup, single and double hydrogen migration, and H and H, dissociation in the acetonitrile
cation. Surprisingly, the hydrogen-migration channels dominate over direct fragmentation.
This observation is supported by quantum chemistry calculations showing that isomerization
through single and double hydrogen migration leads to very stable linear and ring isomers,
with most of them more stable than the original linear structure following ionization of the
parent molecule. This is unlike most molecules investigated previously using similar schemes.
By varying the delay between the pump and probe pulses, we have also determined the time
scales of the corresponding dynamical processes. Isomerization typically occurs in a few
hundred femtoseconds, a time scale that is comparable to that found for H and H,
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dissociation and direct molecular fragmentation.

Resolving the temporal evolution of photoinduced photo-
chemical processes is vital for understanding the under-
lying molecular dynamics. Isomerization induced by photo-
absorption is among the most fundamental processes, since it
plays a crucial role in a wide variety of biological and chemical
processes.”” One of the most basic mechanisms is hydrogen
migration, where a hydrogen atom moves from one position in
a molecule to another, resulting in a different binding structure.
Due to its ubiquity, hydrogen migration has been observed in
many molecular systems, from simple hydrocarbons” to large
biomolecules.* Double hydrogen migration is a more exotic
isomerization process, where two hydrogen atoms change sites.
Recently, it was shown that single and double hydrogen
migration occurs on time scales of hundreds of femtoseconds
to picoseconds in ethanol.’ For comparison, in acetylene, one
of the simplest hydrocarbons, single hydrogen migration
occurs within the first hundred femtoseconds.’

Acetonitrile (CH;CN) is the simplest organic nitrile
molecule, containing a cyano group (—C=N) bonded to a
methyl group (CH;—). Therefore, it is an ideal system to
investigate hydrogen migration because all three equivalent H
atoms are located on one side of the molecule, thus avoiding
any ambiguity in the identification of the origin and final
destination of the migrating H atoms. In general, knowledge of
light-induced dynamics in acetonitrile is intrinsically important.
For example, it is a substance used as a solvent in the
purification of butadiene in refineries and in the production of
DNA oligonucleotides from monomers. It is also employed in
battery applications due to its relatively high dielectric constant
and ability to dissolve electrolytes. The electron-withdrawing
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character and versatile function of the cyano group makes it
also highly used in organic chemistry, mainly in synthesis by
bond activation of nitriles.

Coulomb explosion imaging (CEI) is a unique method to
investigate molecular dynamics, where the system is multiply
ionized, and upon Coulomb explosion, the kinetic energy of
the constituent ionic fragments are directly measured.’ Due to
its applicability to a large variety of molecular systems, CEI is
widely used, especially when combined with other techniques
such as pump—probe”” or coincidence® spectroscopy, and has
recently been applied to directly visualize conical intersections’
and probe molecular dissociation dynamics.'’ A more in-depth
discussion of our specific experimental setup is given in the
Methods section. Briefly, we used CEI to measure the time-
resolved isomerization via femtosecond IR pump-IR probe
spectroscopy. The momenta of the resulting ionic fragments
from the laser—molecule interaction are measured in
coincidence using the COLTRIMS technique.'’ In this
pump—probe scheme, the pump laser singly ionizes the
molecule while the probe pulse further excites the molecule
to the dicationic state. The dynamics induced on the cation are
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then recorded by varying the delay between the pump and
probe pulses.

Here, we show the first time-resolved measurements of
isomerization in acetonitrile using IR pump-IR probe spec-
troscopy in combination with ion—ion coincident Coulomb
explosion imaging. We observe that the isomerization channels
are, in fact, some of the most dominant channels with which
the acetonitrile ion fragments, resulting in much higher yields
than direct breakup through the C—C bond. With the aid of
quantum chemistry calculations, we interpret the enhanced
isomerization channels of single and double hydrogen
migration as the result of the formation of very stable linear
and ring isomers after photoionization.

Figure 1 shows a portion of the two-dimensional photoion—
photoion coincidence time-of-flight spectrum of acetonitrile;
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Figure 1. Two-dimensional photoion—photoion coincidence time-of-
flight spectrum of CH;CN, centered on the C—C fragmentation
channels. The ion yields were obtained by integrating over all the
pump—probe delays.

the full spectrum is given in the Supporting Information. The
spectrum is integrated over all pump—probe delays. The
observed distributions identify ions created by multiple
ionization while the shape of the distribution gives information
about the dissociation process.”> The dominant two-body
breakup channels observed in acetonitrile were those of H or
H, dissociation from the parent molecule and dissociation of
the carbon—carbon bond. In Figure 1, the coincidence map is
centered around three sharp, negatively sloping lines associated
with the latter type of fragmentation, where the labeled lines
correspond to no, single, and double hydrogen migration from
the methyl group to the nitrile group. CH;* + CN" signifies no
hydrogen migration (NHM), CH," + CNH" signifies single
hydrogen migration (SHM), and CH + CNH," signifies
double hydrogen migration (DHM). A scheme of the different
steps leading to these fragments is given in the Supporting
Information. These fragmentation channels result from
dissociation of the molecular dication after the probe pulse,
leading to back-to-back emission of the ions. Below the three
sharp lines are additional, broader distributions due to higher
order and/or neutral fragmentation. Additionally, the intensity
of each specific dicationic channel gives information on its
relative fragmentation efficiency. The relative yields of the
aforementioned fragmentation channels are given in Table 1
along with those of the other two prominent fragmentation
channels, H and H, dissociation. The relative yields are
integrated over all pump—probe delays. As can be seen in
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Table 1. Relative Yields, Exponential Time Constant, And
Time Shift of the Fragmentation Channels of Acetonitrile®

channel yield (%) 7 (fs) ty (fs)
NHM 5.7 110 + 20 240 + 10
SHM 19.8 280 + 30 290 + 20
DHM 16.6 1000 + 280 540 + 40
H dissociation 51.9 690 + 80 320 + 30
H, dissociation 6.0 220 + 20 230 + 10

“The relative yields are integrated over all pump—probe delays.

Figure 1 and confirmed in Table 1, the H-migration channels
are more prominent than the direct fragmentation of the C—C
bond. Overall, this is a relatively surprising result, especially the
prominence of double hydrogen migration, since it involves
additional bond rearrangement.

Coincidence imaging techniques give the full momentum
and kinetic energy release (KER) of the fragmentation process.
Figure 2 shows the KER as a function of the probe pulse delay
for NHM, SHM, and DHM. Since the pump and probe pulses
have nearly identical intensities, the two pulses can be
interchanged and the positive and negative delays show similar
dynamics. Each fragmentation channel exhibits a broad feature
centered around 5 eV, which does not show any significant
shift in KER with respect to time delay. This distribution is
primarily due to direct formation of the dication by a single
pulse. Near time zero, the distribution does show an intensity
dependence, which is especially observed in the H-migration
channels. The enhanced intensity at time zero is primarily due
to the temporal overlap of the two pulses; a Gaussian fit of the
projection gives a ¢ & 30 fs or 70 fs fwhm.

There is a second, weaker distribution observed in all three
channels which shows a strong dependence on kinetic energy
as a function of pump—probe delay. This distribution appears
initially at around S eV (associated with direct double
ionization by the pump pulse as discussed above), but for
increasing pump—probe delays, the distribution rapidly
decreases in energy. The dynamics of this distribution, which
manifests as a time-dependent decrease in KER, is due to the
Coulomb repulsion of the ionic pair resulting from single
ionization by the pump pulse followed by a second single
ionization by the probe pulse, producing a dication. The
second ionization event occurs as the molecular cation
dissociates or isomerizes, so that the measured KER at a
given pump—probe delay provides an instantaneous picture of
the dynamics induced by the pump pulse. The two ionic
fragments produced in this way repel each other following a
repulsive 1/R potential curve, where R is the ion—ion distance.

The intensity dependence of the 1/R component of the
three fragmentation channels is given in Figure 3 as a function
of the pump—probe delay, normalized to their relative yields.
Since the data showed similar intensities and time scales, the
positive and negative pump—probe delays were additionally
folded about time zero to increase the statistics. Each of the
three fragmentation channels exhibits a similar sharp rise in
intensity as the pump—probe delay increases, which saturates
out at longer delays. The time scale of the rise in intensity is
clearly longer for the H-migration channels than for the direct
fragmentation channel. To extract time constants of the
underlying process, we have fit the data with a saturating
exponential function of the form:

1— e—(At—tO)/‘r

(1)
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Figure 2. Kinetic energy release as a function of probe pulse delay for the three C—C fragmentation channels of acetonitrile.
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Figure 3. Intensity of the dynamic KER distribution as a function of
probe pulse delay for the three C—C dissociation and two hydrogen
loss channels of acetonitrile. Each channel is normalized to their
relative yield and fit with the saturating exponential given in eq 1.
Their best fit parameters are in Table 1. See text for details.

where At is the pump—probe delay, 7 is the exponential time
constant, and t; is the time shift from time zero. As will be
discussed later, we attribute 7 and ¢, to the molecular
fragmentation time and isomerization time, respectively. The
same fitting method has been applied to the KER vs pump—
probe delay plots obtained for the dominant H and H,
dissociation channels, given in the Supporting Information.
The values of 7 and t; obtained from these fits are given in
Table 1. Interestingly, the dissociation time is significantly
longer for the loss of atomic hydrogen compared to the loss of
molecular hydrogen. It should be noted that the channels
investigated here are specifically double coincidences, meaning
we are fitting doubly ionized events such as H," + CHCN,
rather than H" + H* + CHCN". As such, we are confident that
we are tracking the fragmentation dynamics in the channel
corresponding to the loss of H, from the singly ionized
acetonitrile molecule.

Further insight into the fragmentation and isomerization
processes has been obtained from quantum chemistry
calculations. In a first step, we have carried out molecular
dynamics simulations in the singly charged acetonitrile
molecule considering several values of excitation energy, see
results given in the Supporting Information. We have adopted
this procedure due to the impossibility to describe the actual
internal energy distribution of the cation resulting from strong
field ionization of acetonitrile by using current theoretical
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tools. From these calculations, we have selected the molecular
species associated with the dominant fragmentation channels
of the singly charged acetonitrile and we have evaluated their
relative energies, as well as those of the transition states leading
to them, to obtain a schematic representation of the potential
energy surface of the system. The latter is shown in Figure 4.
The entrance channel is the vertical ionization from the neutral
acetonitrile structure (~12 eV). In addition to the canonical
form of acetonitrile, we have found five stable cationic
conformers: two linear structures (labeled L1 and L2 in the
figure) and three cyclic structures (Cl, C2, and C3).
Surprisingly, four of these isomers are more stable than the
canonical form of CH;CN". Isomer L1, the most stable one,
can easily be reached through a small energy barrier (~0.5 eV
above the entrance channel). The rest of the conformers are
also energetically accessible through barriers never higher than
2.5 eV above the entrance channel. The low isomerization
barriers in the potential energy surface and the high stability of
these structures explain why isomerization is the dominant
process after ionization with the pump pulse.

The two-fragment dissociation channels associated with
NHM, SHM, and DHM processes are also shown in Figure 4
and can be considered as the exit channels. Charge location in
one or the other fragment leads to quite different dissociation
energies. Exit channels are reached in barrierless processes:
elongation of the bonds leads to the separation of the
fragments without barriers. The nature of the bonds, both in
canonical CH;CN* and the isomers shown, makes these
structures extremely efficient energy reservoirs: strong double
and triple bonds are able to absorb a vast amount of excitation
energy in molecular vibrations. Thus, after ionization with the
pump pulse, acetonitrile rapidly evolves toward any of the
stable structures in the potential energy surface, where the
excess of excitation energy is absorbed into nuclear degrees of
freedom.

The time shift values, t,, obtained in the fit and shown in
Table 1 are likely due to the isomerization processes shown in
Figure 4. If we consider a scenario where the ionization
induced by the pump pulse brings the system into the entrance
channel (vertical ionization potential in the figure), the excited
singly charged canonical form (CH;CN") hosts the excitation
energy into nuclear degrees of freedom, and then can undergo
fragmentation after a short period (t, ~ 240 fs for NHM).
However, with high probability, the molecule can undergo
isomerization and get trapped into the potential well of L1,
where it stays for a longer time after it breaks (¢, ~ 290 fs for
SHM channels). Finally, further isomerization into more

https://dx.doi.org/10.1021/acs.jpclett.0c01344
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Figure 4. Critical points in the potential energy surface of singly charged acetonitrile computed at the B3LYP/6-31++G(d,p) level of theory. The
open box corresponds to vertical ionization potential from the optimized neutral molecule. Optimized geometry of minima are shown together with
the energy levels of the transition states that connect them. Relative energy values are referred to the neutral molecule and zero-point-energy
corrected. The minima in the potential energy surface are acetonitrile*, linear structures L1, L2, and cyclic structures C1, C2, and C3. NHM, SHM,
and DHM stand for no-hydrogen migration, single-hydrogen migration and double-hydrogen migration, respectively.

complex structures, such as C1 or L2, reflects longer times
before molecular cleavage (f, ~ 540 fs for DHM). Thus,
sequential isomerization processes in subsequent potential
wells provide longer time shifts.

This interpretation is further confirmed by a more in-depth
analysis of the calculated potential energy surface and the
measured yields for the hydrogen-loss channels. Indeed,
according to Figure 4, H and H, dissociation (loss) are
possible either directly from CH;CN* or through the
intermediate isomer L1. Since removing H from L1 requires
less energy than removing it from CH;CN* and, according to
the discussion above, isomerization from CH;CN™ to L1 is a
very efficient process, we should expect that H loss will be
mostly produced from this linear isomer. The opposite should
hold for the H, loss: in this case, removing H, from CH;CN"
is energetically less expensive than removing it from L1, so that
H, should mostly be produced from CH;CN*. As the passage
from CH;CN* to L1 requires additional time, it is thus
reasonable to expect that H emission will take longer than H,
emission. This is precisely what can be seen in Figure 3: the
H," yield saturates earlier than the H" yield (see also Table 1).
Furthermore, the fact that H, ejection is a direct process and H
ejection goes through the intermediate state L1 (see Figure 4)
implies that the saturation time of the H," yield should be
similar to that of the NHM yield, and the saturation time of the
H* yield should be similar to those of the SHM and DHM
yields. This is indeed what Figure 3 shows, the H," and NHM
curves nearly overlap (except at very short times) and the H
and DHM curves have similar slopes and saturate much later.
This experimental finding reinforces our argument about the
crucial role of the L1 isomer in the fragmentation dynamics of
the acetonitrile cation.

The conclusions obtained from the above, purely stationary
picture are reinforced by the fact that most vibrational modes
involving C—H stretching are significantly weakened when an
electron is removed from the neutral molecule (see the
Supporting Information for further details), thus favoring the
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H-migration channels with respect to those involving C—C or
C—N bond breakup.

In summary, we have used IR pump—IR probe spectroscopy
in combination with ion coincident Coulomb explosion
imaging to study H-migration processes in the acetonitrile
cation. Our measurements allowed us to observe both single
and double hydrogen migration and to discover a surprising
feature: isomerization is significantly more likely than direct
C—C breakup leading to fragmentation of the cation. This in
spite of the fact that isomerization requires both bond breaking
and bond formation. State-of-the-art theoretical modeling
allows us to characterize this effect to be due to sequential
isomerization processes in subsequent potential wells providing
longer shifts in the fragmentation. The active role of these
intermediate isomers is also apparent in the H* emission
channel. Furthermore, we have extracted the time scales of the
different processes by varying the pump—probe delay with
femtosecond resolution. The experimentally measured time
constants are supported by the theoretical findings. A direct
characterization of some of the isomers predicted theoretically,
e.g., the L2 form in which the positions of the N and C atoms
are interchanged, call for future experiments in which higher
order coincidences as well as Newton and Dalitz plots are
analyzed. Our combined theoretical and experimental inves-
tigation demonstrates a proof-of-concept to study complex
fragmentation mechanisms in detail, in particular, to identify
significant molecular reorganization in ionized molecules and
characterize the time needed for such isomerization processes.

B METHODS

The experimental setup has been previously described
elsewhere.” We used a 10 kHz Ti:sapphire laser producing
35 fs pulses with a central wavelength of 800 nm. The laser
beam was split (50:50) into two arms time-delayed with
respect to each other, each with intensities of 3 X 10" W/cm?.
Afterward, the beams were propagated into the spectrometer
where they were overlapped and back focused to a spot size of

https://dx.doi.org/10.1021/acs.jpclett.0c01344
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about 10 ym with a time resolution of about 50 fs. Both beams
were linearly polarized in the time-of-flight axis of the
spectrometer. A molecular jet of acetonitrile, from a room
temperature bubbler, was produced by expansion through a 30
um nozzle and propagated into the spectrometer perpendicular
to the two laser pulses. Acetonitrile was ionized and resulting
charged fragments were detected by a Cold Target Recoil Ion
Momentum Spectrometer (COLTRIMS)."" Using a weak,
homogeneous electric field, the ions were directed toward a
position-sensitive detector, which is capable of measuring the
three-dimensional momentum distributions of the charged
particles. For CEI, we primarily focus on measuring the
fragmented ions, and for the current experimental conditions,
we have an ion momentum resolution of 0.1 au. By applying
the coincidence technique, we can isolate specific mass
channels of acetonitrile and gain the most relevant information
about the fragmentation dynamics.

Quantum chemistry calculations were carried out using the
density functional theory (DFT), in particular, the B3LYP
functional'»'* in combination with the 6-31++G(d,p) basis
set. This method was employed both in the exploration of the
potential energy surface (PES) and in the ab initio molecular
dynamics calculations (AIMD) simulations. In the PES
exploration, critical points in the relevant pathways were
located (minima and transition states that connect them).
AIMD simulations were carried out using the Atom-centered
Density Matrix Propagation method (ADMP).">™'® All the
simulations have been carried out with the Gaussianl6
program.'” Further computational details are given in the
Supporting Information. The combination of AIMD with PES
exploration was used with success in the past to study the
fragmentation dynamics of ionized molecules of different
natures.>** ">
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