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Vibrational Excitation Hindering an Ion-Molecule Reaction:
The ¢-C3H,* — H, Collision Complex
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Experiments within a cryogenic 22-pole ion trap have revealed an interesting reaction dynamic
phenomenon, where rovibrational excitation of an ionic molecule slows down a reaction with a neutral
partner. This is demonstrated for the low-temperature hydrogen abstraction reaction ¢c-C3H,* + H,, where
excitation of the ion into the v; antisymmetric C-H stretching mode decreased the reaction rate coefficient
toward the products ¢-C;H;™ + H. Supported by high-level quantum-chemical calculations, this
observation is explained by the reaction proceeding through a ¢c-C3H," — H, collision complex in the
entrance channel, in which the hydrogen molecule is loosely bound to the hydrogen atom of the ¢-C3H, "
ion. This discovery enables high-resolution vibrational action spectroscopy for ¢-C;H,* and other
molecular ions with similar reaction pathways. Moreover, a detailed kinetic model relating the extent of the
observed product depletion signal to the rate coefficients of inelastic collisions reveals that rotational
relaxation of the vibrationally excited ions is significantly faster than the rovibrational relaxation, allowing
for a large fraction of the ions to be vibrationally excited. This result provides fundamental insight into the
mechanism for an important class of chemical reactions, and is capable of probing the inelastic collisional

dynamics of molecular ions.
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Hydrogen abstraction reactions involving hydrocarbons
play an important role in the formation of polycyclic
aromatic hydrocarbons in combustion chemistry [1] and
in the chemistry of the interstellar medium [2]. Even at low
temperatures these reactions can be rapid, allowing for
them to occur in the cold environments prevalent in the
interstellar medium. This is especially true for reactions
between charged and neutral molecules, e.g., the series of
reactions CH,f +H, — CH;",| +H (n = 1, 2) forming the
smallest ionic hydrocarbons in space, where the reaction
basically proceeds at the collision rate [3,4]. However,
several of these reactions, like the one studied in this work:

(3-(:3szL + H2 e C-(::;,H:;jL + H (1)

are rather slow, and it can take thousands or even more
collisions for the reaction to take place, despite the fact that
it is exothermic [5,6].

The study of reaction dynamics seeks to understand the
behavior of chemical reactions through the concept of a
potential energy surface (PES), where the products and
reactants are connected by a path through an energetic
landscape. A central topic in reaction dynamics is the
study of how molecular excitation (rotational, vibrational,
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electronic) influences the outcome of a chemical reaction.
Simple atom-diatom reactions are found to follow Polanyi’s
rules—if the transition state resembles the reactants (early
barrier) vibrational energy will have a small effect on
the reactivity, and if the transition state resembles the
products (late barrier) it will enhance the reactivity [7].
These guidelines have stood the test of time; however,
it is challenging to extend them to larger systems like
reaction (1) which do not have an obvious reaction path on
the multidimensional PES and have additional vibrational
degrees of freedom.

A series of pioneering experiments on the reaction
between HOD and H to form OH or OD were the first
to demonstrate vibrational selectivity of the product chan-
nel [8—13], where even a single vibrational quantum in the
OH stretching mode could greatly promote cleavage of the
OH bond. The effect that the PES has on vibrational control
was systematically investigated by crossed-beam studies
on hydrogen abstraction from CHD; [14]. These were
tailored to mimic early and late barrier motifs of Polanyi’s
rules, and it was found that the late barrier reaction
CHD; + Cl — CD3 + HCl was enhanced by exciting
the CH stretch [15]. Interestingly, it was also shown that
for CHD; 4+ F — CDj; + HF, an exothermic reaction with

© 2020 American Physical Society


https://orcid.org/0000-0003-2656-0017
https://orcid.org/0000-0003-2995-0803
https://orcid.org/0000-0002-1644-0495
https://orcid.org/0000-0001-7175-4828
https://orcid.org/0000-0002-4947-3912
https://orcid.org/0000-0002-6432-9345
https://orcid.org/0000-0002-1421-7281
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.124.233401&domain=pdf&date_stamp=2020-06-11
https://doi.org/10.1103/PhysRevLett.124.233401
https://doi.org/10.1103/PhysRevLett.124.233401
https://doi.org/10.1103/PhysRevLett.124.233401
https://doi.org/10.1103/PhysRevLett.124.233401

PHYSICAL REVIEW LETTERS 124, 233401 (2020)

an early barrier transition state, excitation of the CH mode
significantly decreased the rate by 80-90% [16], which
could be rationalized using quasiclassical trajectory calcu-
lations [17,18].

It is often found in endothermic reactions that the
addition of internal energy comparable to the energetic
barrier will lead to a significantly larger reaction rate
coefficient. This is consistent with Hammond’s postulate,
where endothermic reactions are expected to have a late
barrier and therefore can be promoted by vibrational
excitation [19], although one should be careful applying
this to polyatomic systems. Such effects can be exploited
for action spectroscopy of trapped and cooled ions, as
realized in the method of laser induced reaction [20-24]. In
addition to being a useful spectroscopic tool, these studies
also provide a more detailed picture of the reaction
dynamics. At very low temperatures, even the change in
internal energy from rotational excitation substantially
changes the total collision energy which in effect leads
to rotational state-dependent attachment of rare gas atoms,
and has been used to measure rotational transitions of
molecular ions [25-27].

In this Letter, we probed reaction (1) at low temperature
as an indicator of coupling between the reaction coordinate
and vibrational excitation of c-CsH, ™. The rate coefficient
of this reaction has previously been measured using a
cryogenic 22-pole ion trap experiment, where it was
observed to be quite small (5 x 1073 cm?®s~! at 10 K)
[6] (for a sample which probably contained a significant
amount of the energetically higher lying 1-C;H, ™). Based
on a recent infrared (IR) overview spectrum of neon-tagged
c-C3H,™ [28], we chose the strong v antisymmetric C-H
stretching fundamental at 3116 cm™' as the vibrational
excitation, which we naively expected to increase the
reactivity. To our surprise, we discovered that vibrational
excitation does not enhance the rate of reaction (1), but
instead reduces it further. In this Letter, we report our
experimental and theoretical investigations of this interest-
ing dynamical phenomenon, which we have called laser
induced hindering of a reaction (LIHR). Although there are
other examples of vibrational inhibition [16,29], the mea-
surements of reaction (1) provide unique insight into the
prereaction complex of a prototypical carbocation hydro-
gen abstraction reaction, and they demonstrate a new
method for probing fundamental inelastic collisional
dynamics and photon processes.

The experiments have been carried out in the cryogenic
22-pole ion trapping instrument COLTRAP [30]. In brief, a
pulse of several 10 000 C3H, ™ ions was generated in an ion
source by electron impact of allene (C3H,), selected in a
quadrupole mass spectrometer for mass 38 u, and then
injected into the cryogenic 22-pole ion trap [31]. The trap
was held at roughly 7 = 9 K and was constantly filled with
hydrogen. During the trapping time of typically 400 ms, the
cold ¢c-C3H,™ ion ensemble was continuously irradiated
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FIG. 1. Mass spectrum of the 22-pole trap content, in which
injected C3H, ™ ions (m = 38 u) have been trapped for 400 ms in
a 9 K hydrogen gas environment ([H,]~ 5 x 10'! em™3) and
formed C3H;™ (m = 39 u) through reaction (1). The red trace
shows when the laser was resonant with a c-C;H, " rovibrational
transition (2, < 1o, at 3116.535 cm™! of the v; fundamental
band in this case) and the black trace was recorded when the laser
was off. The error bars at masses 38 and 39 represent the standard
deviation of the ion counts. Insets show the c-C3H,™ and
c-C3H3™ counts as a function of frequency, showing that
the number of m = 38 u counts increases while the product
m = 39 u counts decrease. c-C3H,™ — H, complexes are seen as
a small signal at m = 40 u.

with narrow-bandwidth 3 ym IR radiation provided by a
continuous wave optical parametric oscillator (Aculight
Argos 2400) with power on the order of 100 mW. After
the trapping period, the trap content was extracted, selected
in a second quadrupole for a specific mass, and counted
in a high-efficiency ion counter. The hydrogen density
within the trap was estimated to be ~5 x 10'! cm™ from
the observed ratio of C;H;" to C;H,™ after 400 ms
trapping time and the known reaction rate coefficient at
10 K [6].

The slowing down of reaction (1) upon vibrational
excitation is demonstrated in the mass spectrum of Fig. 1.
Here, the signal for the parent mass 38 u (C3H, ™) increases
with resonant laser excitation while the product signal at 39 u
(CsH; ™) decreases. The insets show the respective signals as
a function of the excitation frequency of the IR laser,
revealing clear spectral features of more C;H,™ counts
and less C3H; ™ counts at the same frequency position. This
shows that the rovibrational excitation of ¢c-C3H, ™ is further
hindering this already slow reaction, which is a clear hint
that the reaction mechanism must be more complex than
originally expected. In addition, this demonstrates the
sensitivity of the trap experiment, as a very slow reaction
becomes even slower.

The c-C3H,™ molecule is an asymmetric top of C,,
symmetry with an X %A, ground electronic state. Only a
single rovibrational transition will be resonant with the
laser at a given time, connecting a rotational level N ’1’(,", K in
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the ground state to an excited N’ KK in the v; = 1 state,
where N is the rotational angular momentum, and K, and
K are related to its projection onto the molecular axes. A
thorough spectroscopic analysis of all observed spectral
features near 3116 cm™' confirmed that they originated
from c-C3H,", and more details on this are reported
elsewhere [32]. The spectral feature in Fig. 1 was assigned
to the Ng g = 2p, < 1¢; rovibrational transition, and a
detailed scan is shown in Fig. 2. The transition has
unresolved fine structure due to c-C3H,™ being open shell.
Based on this assignment and the width of the narrowest
lines, we estimate the kinetic temperature of the trapped
c-C3H,™" ions to be in the range of Ty;, = 15 K. The
rotational temperature of the c-C3H,™ ions was determined
to be ~20.5 K [32]. Given the rotational temperature, the
product count depletion of 10% in Fig. 2 is striking.
The thermal population of the 1j; state is only 2.4% of
the c-C3H, ™ ions, which is the only ground rotational state
addressed in this transition.

For a direct reaction mechanism, where the colliding H,
molecule might attack the bare carbon atom in the c-C3H, ™
ion, one might expect an increase in reactivity due to
the additional internal energy from vibrational excitation.
However, many low temperature ion-molecule and radical-
molecule reactions are thought to proceed via an initial
collision complex [34]. At low pressures, the activated
complex will likely dissociate back to the reactants before it
can be stabilized by another collision, with a small fraction
overcoming the activation barrier to form the products [35].
There are hints that reaction (1) follows this scheme—in
Fig. 1 there is a small but significant peak at mass 40 u,
which corresponds to the mass of the ¢-C;H,™ —H,
complex adduct. As shown below, the geometry of the
global minimum does not promote the reaction, and
therefore its signal is found unchanged irrespective of
whether ¢-C3H, " is excited or not.
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FIG.2. A scanofthe 2y < 1 transition of the v; fundamental
band of c-C3H, *. The rovibrational excitation hinders reaction (1)
resulting in a reduction of C3H;* counts (m = 39 u). A simu-
lation with PGOPHER [33] (green bars) reveals the transition to be
composed of unresolved fine structure components.

High-level quantum chemical calculations were per-
formed in order to understand the nature of the intermediate
complex and the stable c-C3H,™ — H, complex adduct.
A preliminary set of calculations was performed at the
coupled-cluster level of theory with single and double
excitations, augmented with a perturbative treatment of
triple excitations, CCSD(T) [36], using the correlation
consistent cc-pVTZ basis set [37] and the frozen core
(fc) approximation. All calculations have been performed
using either the CFOUR suite of programs [38] or the
GAUSSIANI6 [39] suite of programs interfaced with
CFOUR. Further details can be found in the supporting
information [40].

A scan of the ¢-C;H,™ — H, potential energy surface
was performed in order to locate stable complexes. Two
complexes were located and their structures confirmed to
be minima through a calculation of harmonic frequencies.
Their structures were further refined at the CCSD(T) level
of theory, correlating all electrons and employing the aug-
cc-pCVQZ basis set [43,44], in order to have a quantitative
assessment of the reaction energetics. The global minimum
(energy with respect to the reactants —7.0 kJ mol~!)
corresponds to the complex where the H, molecule lies
in the ¢-C3H, " molecular plane (Fig. 3, structure 1). The
other local minimum, which is 1.4 kJmol~! higher in
energy than the global minimum, is the complex where
the H, molecules lies on the symmetry plane orthogonal to
the C3H,* molecular plane (Fig. 3, structure 3).

A transition state connecting the two aforementioned
minima was found. Unfortunately, it was not possible to
optimize its structure at the higher level of theory due to
hardware limitations. Nevertheless, calculations performed
at the CCSD(T)/cc-pVTZ (fc) level, which for all the other
species produced consistent results with respect to the
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FIG. 3. Structures and energies relative to the reactants: From
left to right, the global minimum (1: —=7.0 kJ mol™"), internal
transition state (2: —4.7 kImol™!), reactive local minimum
(3: =5.6 kJ mol™!), reactive transition state (4: +4.2 kJ mol~!)
and products (5: —92.2 kJ mol~"). All structures and relative
energies were computed at the CCSD(T)/aug-cc-pCVQZ level,
except for the internal transition state, 2, which was calculated at
the fc-CCSD(T)/cc-pVTZ level.
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higher level ones, produced a barrier height of 2.3 kJ/mol.
Therefore, we can conclude that the isomerization between
the two minima is not a limiting step for the reaction.
A reactive transition state (Fig. 3, structure 4) was located
starting from the structure of the local minimum. Following
the reaction coordinate, the local minimum is on one side
of the transition state, with the products on the other
(Fig. 3, structure 5). The reactive transition state and
reaction energy were also calculated at the CCSD(T)/
aug-cc-pCVQZ level, and were located at +4.2 kJmol™!
(505 K) and —92.2 kJ mol~'.

The combined experimental and theoretical investigation
provides a clear picture of how the reaction (1) proceeds—
at 15 K the ions have insufficient thermal energy to
overcome the 4.2 kJmol~! barrier but are able to form a
collision complex which is followed by tunneling through
the reaction barrier. In fact, the reaction has to proceed
during the short lifetime of the activated complex, and
therefore this reaction is competing with stabilization or
dissociation of the complex, which is unavoidable as the
total energy of the complex is above the dissociation limit
back towards the reactants. Upon vibrational excitation of
the c-C3H, ™ reactant, complex formation is inhibited and a
net reduction of the reaction rate is detected. However, an
explanation is still needed for the size of the depletion
signal, which exceeds the thermal population of the
initial state.

To qualitatively understand the strength of the LIHR
signals, a model of the collision and photon related
processes within the trap was constructed. A schematic
is shown in Fig. 4. Only ions in the initial ( /I/<Z KZ) and final
(N /1(4’1 K ) rotational states can interact with the light, and are
labeled N; and Ny, while the remaining populations in the
ground and v; = 1 states are labeled n; and np. Ions in
population N; will absorb the mid-IR light at a rate of
pB1,Ny, where p is the spectral energy density of the light
source and B, is the Einstein B coefficient for absorption.
Vibrationally excited ions can return to the ground state
either through stimulated emission from state Ny at a rate
pB, Ny, and all ions in the v; = 1 state can return through
spontaneous emission or vibrational relaxation from colli-
sions at rates A, Ny, and ky;, [Hy [Ny respectively, where
A, and B,; are the Einstein A and B coefficients for
spontaneous and stimulated emission, respectively, and k.,
is the collisional vibrational relaxation rate coefficient.

Collisional relaxation of the rotational states towards
their thermal populations is assumed to be highly efficient,
occurring nearly at the collisional rate, k., [45-49]. As a
simple model of this process, each collision with H, is
considered to have a chance of transferring ions between N;
and n; with a probability determined by the thermal
population fraction of N;.

A calculation of the time-dependent populations at three
different hydrogen densities was performed considering the
transition in Fig. 2 (29, < 1j;). The Einstein coefficients

, V7
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V7=1

A NII/ (N’Ka’Kc')

Energy

Ny, ¢(N”Ka”Kc”) C3H3+

FIG. 4. A schematic of the processes involved in LIHR for a
transition N/ Kk < N% K with upper and lower populations Ny
and Nj. Azl, By, and 821 Einstein coefficients, n; and ny:
populations which cannot interact with the mid-IR light in the
ground and v; = 1 states, respectively, which are represented by
the horizontal lines, k.;,: vibrational relaxation, k., : inelastic
collisions, k,: rate coefficient for reaction (1).

were determined using the recently reported v; band
strength of 137 kmmol~! [28]. The Langevin rate was
used for the collisional rate (1.5 x 1072 cm?s~!), and
vibrational relaxation was assumed to occur from one
out of every hundred collisions in agreement with earlier
findings for ion-molecule collisions [20,50-53].

The results are shown in Fig. 5, which reveals a clear
mechanism for the large suppression in reactivity. The
v; = 1 state rapidly becomes populated (<20 ms) as
inelastic collisions transfer ions to rotational states other
than N/K; K where they are shielded from stimulated
emission and cannot react, and collisions repopulate the
initial N, state. This allows for more ions to become
excited than are in the thermally populated N”, vy State.
Given the slow rate of collisional vibrational relaxation
under the experimental conditions, spontaneous emission
dominates with an Einstein A coefficient for the band of
167 s~!. Increasing the hydrogen density increases the rate
of inelastic collisions, further increasing the fraction of
unreactive ions. After 400 ms, laser excitation reduces the
number of ¢-C3H;™ ions formed by 6.5%, 10%, and 14%
for [Hy] =5 x 10'!, 1 x 102, and 2 x 10'? cm~3, respec-
tively. Although the calculation using our experimental
number density of 5x 10" cm™ shows only a 6.5%
reduction versus the observed value of 10%, given the
uncertainties associated with [H,] and k, it is in strong
qualitative agreement. More details regarding the model are
given in the Supplemental Material [40].

In summary, the hydrogen abstraction reaction between
¢-C3H, ™" and H, to form ¢-Cs;H; ™ and H is a slow reaction
at low temperatures and practically inhibited upon vibra-
tional excitation. Detailed quantum chemical calculations
show that the reaction proceeds via a collision complex in
the entrance channel. The formation of such a complex is
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FIG. 5. The results of the kinetics model at three different H,
densities. (a) The percentage of all ions within the trap in the
vibrationally excited v; = 1. (b) The percentage of c-C;H, ™ ions
converted to c-C;H; ™ with the laser on (solid lines) and laser off
(dashed lines). Time 0 marks the time the ions are exposed to the
laser light and the H,.

inhibited upon the vibrational excitation which leads to the
observed C;H;T product depletion signal. A model
describing the kinetics of collisional processes as well as
photon related processes reveals that rotational relaxation
of vibrationally excited parent molecules is significantly
faster than vibrationally inelastic collisions and radiative
relaxation. In future studies these findings can be used to
determine detailed rate coefficients from density dependent
(i.e., collision dependent) measurements of depletion
signals. Such rate coefficients for inelastic collisions are
desirable for modeling thermal ensembles such as plasmas
in the interstellar medium but are difficult to determine by
other means. This phenomenon can also be used as a tool
for action spectroscopy for many ions other than c-C3H, "
studied here that are thought to occur through a similar
mechanism.
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