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Imaging photoinduced isomerization in triply ionized acetonitrile
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Isomerization is a fundamental process usually initiated in molecules via photoionization. Using intense
femtosecond IR laser pulses, in combination with coincident Coulomb explosion imaging, we are able to
reconstruct the structure of the acetonitrile tri-cation after it undergoes isomerization and prior to fragmentation.
Using momentum imaging, the Newton diagrams in tandem with native frame analysis reveal the signature of
a triangular geometry. This indicates that upon photoionization to a triply ionized state, acetonitrile undergoes
a clear structural change from its linear canonical form along with hydrogen migration. We further corroborate
this with the aid of quantum chemistry calculations, which allow us to fully resolve this unique isomerization
process. Understanding the underlying mechanisms behind such complex processes is relevant to biology and

industrial applications.

DOI: 10.1103/26qs-63z6

I. INTRODUCTION

Photoinduced molecular isomerization is the transfor-
mation of a molecule following photon absorption into a
structural isomer that retains the same molecular formula
but differs in atomic connectivity, frequently yielding al-
tered chemical properties. Thus, photoinduced isomerization
plays a crucial role in numerous chemical reactions [1-0]
and facilitates structural rearrangements that precede or
compete with fragmentation, ionization, and new bond forma-
tion. Upon photoionization, breakage of the chemical bonds
yields a strong repulsive interaction of the positively charged
molecular fragments, causing a Coulombic explosion of the
molecule. These Coulomb explosions do not always occur di-
rectly, and atomic reorganization can occur prior to molecular
dissociation. These rearrangement processes enable important
biological functions, such as vision [1,7-9] or vitamin D
formation [2,3], or in the case of the movement of hydrogen
atoms within the molecule, determining protein structure [10].

Among small organic molecules, acetonitrile is a particu-
larly interesting system. Acetonitrile is the simplest organic
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nitrile molecule, containing a cyano group (—C = N) bonded
to a methyl group (—CH3). It exhibits a range of photodis-
sociation pathways, from isomerization processes [11] to
roaming of neutral species where the molecule follows flat
regions of the potential energy surface rather than the mini-
mum energy pathway to form new products [12]. The present
study is motivated by prior joint experimental and theoretical
works on singly and doubly ionized acetonitrile (CH;CN™
and CH;CN?") that focused on hydrogen migration [11] and
more complex isomerization processes [13]. In those works,
dominant isomerization pathways through which the acetoni-
trile ion fragments, leading to much higher yields compared
to direct breakup through the C—C bond, were observed. The-
oretical calculations revealed single and double H-migration
pathways, a surprising linear structure in which the N and C
atoms swap positions, as well as transient cyclic structures.

In this work, we directly image the structural dynamics of
triply ionized deuterated acetonitrile (CD3;CN>*) to provide
evidence of isomerization processes that transform the linear
molecule to one with a triangular signature.

The transformation from the canonical geometry (CH3;CN)
to a cyclic, an angular, or even a linear structure involv-
ing a change in the relative position of the C and N atoms
(CH;NCH) is driven by the coexistence of several isomeric
minima with comparable stability and by the low-energy bar-
riers on the potential energy surface that connect them. A
schematic of this process is shown in Fig. 1. These isomer-
ization processes have already been explored theoretically in
the context of doubly charged acetonitrile (H;C—-C = N?*)
and supported experimentally using pump-probe spectroscopy
[13]. In this present complementary work, we instead fo-
cus on time-independent data where the molecule is triply

Published by the American Physical Society
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FIG. 1. Schematic representation of the isomerization process in triply ionized acetonitrile studied in this work. Starting from the
canonical structure CD;—C-N, hydrogen/deuterium migration CD,—C-ND, cyclization CD-ND-CD, and finally formation of the isonitrile

form CD,—N-CD are considered.

ionized by a single laser pulse alone without a secondary
probe pulse interaction. The data generated from a single-step
ionization process ensure that the molecular structure at the
point of ionization is preserved for Coulomb explosion imag-
ing, allowing us to directly resolve the triangular molecular
geometry of transient isomers in triply charged acetonitrile
(H3C—C = N**) through three-ion coincidence detection. Our
experimental findings are supported with new calculations for
H;C-C = N3+,

Our experimental approach combines coincident momen-
tum spectroscopy with Coulomb explosion imaging (CEI)
for a comprehensive understanding of photoinduced changes
in molecular geometry. Coulomb explosion imaging involves
the rapid removal of electrons from the molecule, thereby
triggering an explosion of the ions due to Coulomb repulsion.
Subsequent reconstruction of the momentum information of
the ion fragments enables an accurate mapping of the instan-
taneous molecular structure. This method has been effectively
used to image complex femtochemistry dynamics within a
single molecule [14-22]. The momenta of the ionic frag-
ments formed as a result of laser-molecule interaction are
measured in coincidence using the cold-target recoil-ion mo-
mentum spectrometer (COLTRIMS) technique [23-25]. By
selecting ion fragments detected in coincidence that collec-
tively account for all atoms in the parent molecule, we obtain
kinematically complete information for each fragmentation
process. This technique is powerful to allow for the ob-
servation of weak processes like in the case of H, neutral
roaming [12]. Our findings are complemented with new quan-
tum chemistry calculations that explore the potential energy
surface of the triply ionized acetonitrile, identifying isomers
and pathways connecting them. We utilize Newton diagrams
and native frame analysis to uncover the experimental signa-
ture of nonlinear acetonitrile structures.

II. METHOD
A. Experimental details

The experimental setup has been previously described else-
where [11-13,26-28]. We used a 5-kHz Ti:sapphire laser
producing 35-fs pulses with a central wavelength of 790 nm.
The laser beam was split into two independent arms which
were time-delayed with respect to one another. For this experi-
ment, the intensities were in the range of 10'* W /cm? for both
the pump and probe arms. The intensity of the single-pulse
measurements were matched to the pump arm. The two beams

were directed into the interaction region where they were
overlapped and back focused to a spot size of about 10 um.
Both beams were linearly polarized in the direction of the
time-of-flight axis of the spectrometer. Approximately 10 ml
of liquid deuterated acetonitrile sample was put in a stainless-
steel gas bubbler. A cold, molecular gas jet of this sample
was produced by expansion through a 30-um nozzle seeded
with 1 bar of helium gas and propagated into the spectrom-
eter perpendicular to the laser pulses. Deuterated acetonitrile
was ionized and resulting charged fragments were detected
by a COLTRIMS [23-25]. Using a fully deuterated sample
allows better separation between channels in the photoion-
photoion-photoion coincidence (PIPIPICO) maps. Using a
homogeneous electric field in the range of 60 V/cm, the ions
were directed towards a position-sensitive detector, which is
capable of measuring the three-dimensional momentum dis-
tributions of the charged particles. For CEI, we are focused
on measuring the fragmented ions, and for the present exper-
imental conditions, we have an ion momentum resolution of
0.1 a.u. By applying the coincidence technique, we can isolate
specific ion coincidence channels of acetonitrile and gain the
most relevant information about the fragmentation dynamics.

B. Computational details

Quantum chemistry calculations were carried out using the
GAUSSIAN 16 package [29] and in the framework of density-
functional theory. We use the B3LYP [30-33] functional in
combination with the 6-31 + +G(d, p) basis set [34-36], a
split-valence double-zeta basis set that includes diffuse and
polarization functions centered on heavy atoms (C and N)
and hydrogen. We performed an exhaustive exploration of
the potential energy surface of the triply ionized molecule
with doublet spin multiplicity. The relevant points located
on the potential energy surface, i.e., minima and transition
states, were characterized by computing the harmonic vi-
brational frequencies. The number of imaginary frequencies
indicates the nature of the point: For minima, all frequen-
cies are real, while transition states exhibit one imaginary
frequency, indicating a first-order saddle point on the po-
tential energy surface. This imaginary frequency represents
the motion along the reaction coordinate, where atomic re-
arrangements involving bond cleavage or formation occur.
We checked the validity of the computed transition states by
an intrinsic reaction coordinate (IRC) calculation. An IRC
traces the minimum energy path from the transition state, thus
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FIG. 2. (a) Photoion-photoion-photoion coincidence channel for the dissociation of triply ionized deuterated acetonitrile taken using a
pump-probe spectroscopy laser arrangement. The channel of ion fragments with mass-to-charge ratios m/q of 14, 14, and 16 is shown. Two
sets of mass fragments satisfy the coincident m/q criteria: (i) CDT 4+ CD" + ND* and (ii) CD* + N* + CD, ™. For clarity, the first mass 14 is
labeled as ion A, the second mass 14 as ion B, and mass 16 as ion C. The channel is isolated by applying momentum conservation conditions
on the mass fragments. A black dashed line of slope —1 is overlaid on the PIPIPICO channel to show agreement with the expected slope of a
kinematically complete channel. (b) Kinetic energy release versus pump-probe delay for the channel of interest. Only the fragmentation events
with KER between 13 and 17 eV and delay outside the region between —400 and 400 fs (red boxes) were considered for analysis. (¢c) Newton
diagram for the channel of mass fragments 14 (ion A), 14 (ion B), and 16 (ion C) for kinetic energy release between 13 and 17 eV, as indicated
by the highlighted region in (b). The momentum vector of ion A is plotted on the x axis, while those of ion B and ion C are plotted on the top
and bottom halves, respectively. The semicircular structure indicates sequential dissociation, while concentrated intensity indicates concerted

dissociation.

confirming that it connects to the correct reactants and prod-
ucts on the potential energy surface.

III. RESULTS AND DISCUSSION

In order to investigate the structural change in deuterated
acetonitrile (CD3;CN) upon laser ionization, we investigate
the triple-ion coincidence maps and isolate a complete three-
body coincidence channel with mass-to-charge ratios m/q of
14 + 14 + 16, as highlighted in Fig. 2(a). There are two possi-
ble combinations of mass fragments that satisfy the coincident
m/q criteria: (i) CDT 4+ CD" 4+ ND* and (ii) CD' + N* +
CD,*. The time-of-flight of the first detected mass fragment
is plotted on the y axis, whereas the sum of the second and
third fragments is plotted on the x axis. The ion coincidence
line is a result of momentum conservation among the three
ions [37]. With our experimental technique, it is not possi-
ble to uniquely identify between these two channels because
they have identical m/q ratios. To distinguish between the
different masses, the first mass 14 is labeled as ion A, the
second mass 14 as ion B, and mass 16 as ion C. Using a
COLTRIMS, we can reconstruct the initial three-dimensional
momentum vector of each ion. The recoil momenta of the
ionic fragments describe the molecular geometry at the time
of ionization, as they arise from Coulombic repulsion between
charges localized near the atomic positions. Using these mo-
mentum vectors, we can calculate the total kinetic energy
release (KER) as a function of pump-probe delay for this
fragmentation channel, as shown in Fig. 2(b). The KER map
has two sets of features: a flat static band that has a constant
KER for all delays and dynamic bands that decrease in energy
for increasing delay. In this work, we isolate the static band by
selecting events with KER between 13 and 17 eV in order to

focus on the three-body breakup events that are solely initiated
through direct triple ionization by a single pulse. Within this
KER range, we exclude the delay region between —400 and
400 fs to remove any contributions from overlapping static
and dynamic features, as indicated by the red boxes in
Fig. 2(b). The time-dependent features of this KER map,
which reflect the dynamics of the doubly charged isonitrile
ions, have been examined previously [13]. Additionally, mul-
tiple momentum conservation conditions were explored to
best isolate this coincidence channel. This does result in small
reductions of the background signal, particularly in the dy-
namic bands, but yields only minor changes to the selected
regions of the KER map.

Newton diagrams offer an intuitive means of visualizing
the momentum correlations among multibody ion fragments
[14,15,20,22,38]. They are useful tools that provide direct
structural information about a fragmentation process and
can also help distinguish between concerted and sequential
fragmentation processes. In general, concerted fragmentation
processes appear as a localized distribution in a Newton dia-
gram [14,39], reflecting the rapid breakup of chemical bonds,
and the molecular geometry at the moment of fragmentation is
largely preserved. However, sequential fragmentation results
in a semicircular ringlike distribution due to the rotation of the
intermediate fragment relative to the initial ion dissociation
[14,22,40]. Figure 2(c) shows the Newton plot for our channel
of interest after applying the restrictions based on the KER
map in Fig. 2(b). The momentum vector of the first detected
mass 14 is fixed on the x axis, whereas those of the second
mass 14 and mass 16 are plotted relative to the x axis on the
top and bottom halves, respectively.

The Newton diagram of a three-body dissociation is forced
to lie in the two-dimensional plane due to conservation of
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FIG. 3. Newton diagrams of additional orientations from
Fig. 2(c). (a) Momentum vector of ion B fixed on the horizontal axis
with ions A and B on the top and bottom, respectively. (b) Ion C
fixed on the horizontal axis with ions A and B on the top and bottom,
respectively. The Newton diagram orientation in Fig. 2(c) was chosen
for further analysis as ion A dissociates first, which leads to an easier
distinction between sequential and concerted events.

momentum among the three fragments. All orientations for
the Newton diagram are shown in Fig. 3.

While Newton diagrams can in principle allow for the
identification of sequential and concerted fragmentation pro-
cesses, for an unambiguous analysis of the dynamics, it is
crucial to properly separate the signals arising from these two
types of processes. In order to do this, we implement the
native frame analysis technique [15,41-44]. In this approach,
each fragmentation step in a sequential breakup process is an-
alyzed in its respective center-of-mass reference frame using
the conjugate momenta calculated from the Jacobi coordi-
nates associated with each step [45-49]. Specifically, for a
three-body sequential breakup, we observe a uniform angu-
lar distribution between two conjugate momenta due to the
rotation of the intermediate molecule in the fragmentation
plane with a lifetime longer than its rotation period. This
approach has been successfully applied in previous works to
distinguish between concerted and sequential fragmentation
processes [15,41-44].

The native frame analysis for the channel of interest is
shown in Fig. 4(a). The angle between the conjugate momenta
for ion A and intermediate ion BC, 0pc 4, is plotted against
the kinetic energy of the intermediate, KERgc. This angle is
further defined in the schematic of conjugate momenta vectors
in Fig. 4(b). In order to image the molecular structure, we
remove sequential contributions by applying boundaries of
60°-150° to Opc.4 and 4-15 eV on KERpc. Using this con-
dition, we plot the Newton diagram as shown in Fig. 4(c). The
angular distributions between the momentum vectors of each
ion fragment are plotted in Fig. 4(d). The intensity-weighted
average of these distributions are used to identify the vertices
for the overlaid triangle on the Newton diagram in Fig. 4(c).
The restricted Newton diagram exhibits a triangular distribu-
tion and a significant reduction in its semicircular structure.
This indicates that upon photoionization, the linear C—C-N
acetonitrile skeleton undergoes isomerization involving not
only hydrogen migration, but also a bending or reordering
of the C—C-N backbone. Some broadening remains, however,
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FIG. 4. (a) Native frame diagram used to differentiate concerted
and sequential fragmentation. The angle between ion A and the
intermediate ion BC is plotted against the kinetic energy carried by
the intermediate. The ranges 60°—150° for this angle and 4-15 eV
on the intermediate energy KER ¢ are applied to remove sequential
ionization contributions in order to directly image the molecular
structure. Here 15 eV is used as an upper bound as there are no
counts beyond this range. (b) Schematic of the relationship between
conjugate momentum vectors used to determine 6pc 4 and KERgc.
(c) Replot of the Newton diagram shown in Fig. 2(c) after gating on
the chosen native frame range. (d) The angular distribution between
the different ion fragments plotted and the intensity-weighted aver-
age of the distributions is used to identify vertices of the triangular
structure in (c).

due to residual sequential contributions at low KERg¢, where
sequential and concerted fragmentation pathways overlap.
Additional analysis of this native frame isolating the sequen-
tial process is shown in Fig. 5.

We observe that the dissociation angles for ions A-B, A-
C, and B-C are very similar, with distributions peaking near
110°-120° and widths of approximately 20°-30°. The very
low formation probability of this channel made dynamical cal-
culations computationally unfeasible since an impractically
large number of trajectories would be required to observe this
dissociation channel in the triply charged species and due to
the high cost of these simulations. In the absence of such cal-
culations, we can only speculate on the origins of this angular
behavior. Given the variety of molecular geometries capable
of producing a triangular Newton signature (see the potential
energy surface discussed below), some broadening in both the
Newton diagrams and the corresponding angular distributions
is expected. Note that the two fragmentation pathways con-
tributing to the 14 + 14 4 16 mass channel differ only in the
bonding of the deuterium atoms (CD* + CD* + ND* and
CD" + N* + CD, ™), while involving the same distribution of
heavy atoms (C, C, and N), such that their combined contribu-
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FIG. 5. Isolating sequential events using native frame analysis.
(a) Native frame of the pump-probe measurements shown in Fig. 4(a)
with the KERpc range of 3-6 eV for all angles highlighted. This
range is applied to the Newton diagram in Fig. 2(c) and replotted in
(b) to elucidate the semicircular structure resulting from sequential
ionization.

tion does not alter the structural interpretation of the Newton
diagram.

While the analysis presented focuses on data taken using a
pump-probe laser arrangement, the same PIPIPICO map and
channel can be observed using a single-laser-pulse arrange-
ment by matching the pulse intensity to the pump pulse. This
was performed to confirm that a single pulse was sufficient to
form DACN?*. The results of this analysis are summarized in
Figs. 6 and 7. While some differences are observed relative to
the data taken with a pump-probe setup, namely, the kinetic
energy of the intermediate ion BC, the similar triangular dis-
sociation distributions are revealed after applying native frame
filtering. The pump-probe data were utilized for this study
due to significantly higher statistics relative to the single-pulse
data.

We have performed quantum chemistry calculations to
infer the mechanisms behind the formation of nonlinear struc-
tures. We carried out a thorough exploration of the potential
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FIG. 6. (a) PIPIPICO channel for the dissociation of triply
ionized deuterated acetonitrile taken using a single laser pulse ar-
rangement whose intensity is matched to the pump pulse of the
pump-probe data. The channel of ion fragments with mass-to-charge
ratios m/q of 14, 14, and 16 is shown. (b) Newton diagram for the
channel of interest. The momentum vector of ion A is plotted on
the x axis, while those of ion B and ion C are plotted on the top
and bottom halves, respectively. The semicircular structure indicates
sequential dissociation, while concentrated intensity indicates con-
certed dissociation.
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FIG. 7. (a) Native frame diagram used to differentiate concerted
and sequential fragmentation. The angle between ion A and the in-
termediate ion BC is plotted against the kinetic energy carried by the
intermediate. The ranges 60°—150° for 0g¢ 4 and 2—15 eV on KERpc
are applied to isolate concerted fragmentation events. (b) Replot of
the Newton diagram shown in Fig. 6(b) after gating on the chosen
native frame ranges. (c) Angular distribution between the different
ion fragments. The intensity-weighted average of the distributions is
used to identify vertices of the triangular structure in (b).

energy surface as shown in Fig. 8. The entrance channel
is the triply ionized acetonitrile molecule (ACN3*). We as-
sume that ionization occurs in the Franck-Condon region,
i.e., keeping the geometry of the neutral molecule in its
ground state. From this structure, relaxation through hydrogen
migration appears as a first step, stabilizing the system in
approximately 5 eV and giving rise to structure Al. Further
isomerization processes occur and several stable structures,
i.e., minima in the potential energy surface, are found. L1
and L2 are linear structures, and CI1 is a cyclic structure.
All three structures are similar to those observed in the dou-
bly ionized case [13]. Al, A2, A3, A4 and AS are angular
structures, showing a /rtlatively open angle formed by the

three heavy atoms, C—-C-N or C-N-C; AS presents a ge-
ometry rather similar to that of C2 in the doubly ionized
isonitrile [13].

Interestingly, it is a very flat potential energy surface,
where all minima are accessible through very small en-
ergy barriers and mainly about 8 eV below the entrance
channel. Note that hydrogen migration, the dominant isomer-
ization process, is very rapid, as observed in previous works
[12,26,27,50-52], typically occurring in less than approxi-
mately 10 fs. The barrier connecting A2 with C1 is responsible
for the structural flipping of CCN to CNC, the so-called
nitrile-isonitrile isomerization, changing the position of the
N atom to the center of the molecular skeleton. This process
shows a very low-energy barrier. Thus, reaching the cyclic
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FIG. 8. Exploration of the potential energy surface of triply ionized acetonitrile with doublet spin multiplicity computed at the
B3LYP/6-31 + +G(d, p) level of theory. The open box corresponds to the triple ionization from the acetonitrile neutral molecule in its
ground state. Filled boxes are critical points in the potential energy surface: Minima and transition states connecting them are shown. The
geometry of each minimum is given with the following color code: H atoms in white, C atoms in brown, and N atoms in blue. The numbers at
each point of the potential energy surface correspond to the relative energy AE (in eV), referring to neutral acetonitrile (ACN); in parentheses,
AE has been corrected with the zero-point energy, and without parentheses, AE has been computed directly using the electronic energy. The
shaded region corresponds to those structures where direct C—C and C-N bond cleavage leads to the triple coincidences of the channel of
interest [CH* /CH" /NH™"] or [N*/CH, " /CH"]. Structure C1 is labeled cyclic for consistency with the nomenclature in Ref. [13], despite the

absence of a fully bonded ring.

structure C1 implies several structural modifications, but it is
energetically accessible. Furthermore, cyclization in ionized
acetonitrile is a very rapid process, occurring in approxi-
mately 30 fs, as we have recently demonstrated for the doubly
charged species [13].

The shaded area in the figure corresponds to those struc-
tures where direct C—C or C-N cleavage leads to the triple
coincidence of the channel of interest [CH" /CH' /NH™] or
[N+/CH,™ /CH:]_.\In these isomers, the angle between the

heavy atoms, C—C-N and Cfl-\I?C, varies between approxi-
mately 90° (structure C1) and 180° (structure L2); in structure
Al, the angle is approximately 140° and in A2 approximately
132°. With this variety of angles and having shown that the
potential energy surface is quite flat, one can deduce that after
ionization all the minima are accessible, and when it explodes
Coulombically, the trend to separate the three charges will
lead to a triangular distribution.

Within the assumptions of direct bond-cleavage fragmen-
tation and in the absence of hydrogen migration, structures
Al, A2, A3, A4, and Cl1 are identified as the most likely can-
didates to explain the experimental measurements discussed
above.

This is possible because the potential energy surface is
quite flat, with isomerization barriers barely reaching 1 eV
in most cases, and the system has at least 8 eV available,
so that all structures associated with the minima can be eas-
ily reached. Such a molecular rearrangement is necessary to
accommodate the three positive charges, which favors the
formation of nonlinear structures.

Therefore, the distribution of the experimentally observed
fragments is most consistently explained by triangular or qu-
asitriangular structures, such as Al, A2, A3, A4, or Cl1, thus
supporting the occurrence of ultrafast isomerization follow-

ing triple ionization of acetonitrile. Given the proximity in
energy of several isomeric minima on the potential energy
surface, the measured angular distributions are most naturally
explained by contributions from an ensemble of bent struc-
tures, rather than by a unique static structure. Furthermore,
simple classical calculations of the Coulomb explosion of the
Al, A2, A3, A4, and C1 structures starting from the geometry
associated with their corresponding local minima (see Fig. 8),
in which each heavy atom has an initial charge of +1, show
the appearance of perfectly distinguishable triangular patterns
in the Newton plots.

IV. CONCLUSION

We have successfully imaged directly the photoinduced
isomerization of triply ionized acetonitrile from a linear to
a triangular structure. We took measurements exploiting and
pushing the limits of ion-ion-ion coincidence spectroscopy.
The results were examined using a combination of Newton
diagrams in conjunction with native frame analysis, which
enabled us to isolate and study the concerted fragmentation
of the molecule. This approach revealed evidence for a trian-
gular geometry suggestive of several isomers in acetonitrile
which had previously been proposed but never directly ob-
served. We complemented our experimental findings with
quantum chemistry calculations, allowing us to simulate the
original structure and differentiate between genuine isomer-
ization involving bond formation and the mere bending of the
linear geometry. A wide variety of isomers were found, all
of them energetically accessible through hydrogen migration
and cyclization processes and connected by very low potential
energy barriers. Our comprehensive approach has provided
insights into this transformative process, shedding light on
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the intricate dynamics of acetonitrile isomerization. It is our
hope that this work will stimulate further studies aimed at
resolving the intermediate structures that facilitate molecular
isomerization.
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