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ABSTRACT

A recent experimental report has identified the formation of C-N hemi-bonded pyridine dimer cation
following vacuum ultraviolet near-threshold photoionization [ /. Phys. Chem. Lett. 2021, 12, 4936—
4943]. Herein, the dynamics and consequent reactivity of the pyridine dimer cation was investigated

employing Born-Oppenheimer Molecular Dynamics (BOMD) simulations. The neutral anti-parallel
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bonded adduct. In contrast to the experimental observation, migration of the proton to the a position
was not observed in the C-N bonded adduct owing to a high barrier of about 2 eV. The observed
trends in the molecular association, proton transfer and formation of pyridinium cations are a

consequence of roaming dynamics of one pyridine moiety over the other in the cationic state.
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INTRODUCTION

Various non-covalent interactions involving aromatic compounds are pivotal in shaping the structure
and properties of molecular clusters. Among these interactions, the benzene dimer and other
substituted aromatic molecules serve as fundamental models for 7t-x stacking interaction, even though
the m-stacked benzene dimer structure has not been observed experimentally.'* On the other hand
nitrogen containing heterocyclic compounds like pyridine and pyrimidine also demonstrate 7-7
stacking and n-w interactions.*” Electronic structure calculations reveal that pyridine dimer exhibits
several possible configurations, including n-stacked displaced antiparallel, T-shaped, and hydrogen-
bonded structures, even though only a =n-stacked displaced antiparallel and hydrogen-bonded
structures were observed in the gas phase,® and in Ne matrices at 4K.* The N NMR spectra and
computational studies revealed that the ordered structure of non-flat pyridine dimer, held together by
weak hydrogen bonding interaction.” On the other hand, the cation-w interactions of pyridine play a
pivotal role in shaping protein structures, promoting self-association, influencing molecular
crystallization,'* and facilitating molecular recognition processes.''~* In the gas phase, pyridine radical
cation and protonated pyridine were investigated using mass spectrometry, collision-induced

dissociation,'* ion mobility," ion trap,'® low-temperature Fourier transform spectroscopy."”

The proton affinities of various mono and bi-radicals within the pyridine system were
determined using a linear quadrupole ion trap (LQIT) and a Fourier-transform ion cyclotron
resonance mass spectrometer (FT-ICR).' These investigations unveiled that pyridine possesses the
highest proton affinity, whereas bi-radicals of pyridine exhibit a lowering of the proton affinity due to
their electron deficiency. Additionally, the proton affinity was found to be influenced by the specific
location of the radical site. Radicals situated away from the nitrogen (N) atom in the pyridine ring
displayed the highest proton affinity among the studied configurations.'® In recent work, Feng et al
reported the formation of a hemi-bonded covalent C-N bond accompanied by proton migration in
pyridine dimer cation following near-threshold vacuum ultraviolet photoionization of pyridine dimer,
which is formed via a a-distonic (charge center and separate radical site) intermediate.” Interestingly,
it was observed that the presence of an unpaired electron at another site of the ion does not
significantly impact hydrogen bonding interactions.' This work aims to investigate and understand
the dynamics and reactivity of pyridine dimer in the cationic state using Born-Oppenheimer molecular

dynamics (BOMD) simulations.
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METHODOLOGY

The dynamics of the pyridine dimer cation leading to either fragmentation or otherwise, were
investigated using Born-Oppenheimer molecular dynamics (BOMD) simulations. The pyridine
dimer in the ground state is a displaced anti-parallel n-stacked structure, as revealed by infrared-
vacuum ultraviolet (IR-VUV) experiments,® shown in Figure 1. The coordinates of the input structure
were obtained from Ref. 6 wherein the centre-of-mass to centre-of-mass (COM-COM) distance
between the two pyridine rings is 3.47 A. To begin with, the pyridine dimer cation was kept at the
centre of a cubic box (25 A) with periodic boundary conditions, and the system was equilibrated in an
NVT ensemble using a Nose-Hoover thermostat® at 30K for a simulation time of 1.4 ps. Several
snapshots from the NVT equilibration process were randomly chosen and unrestrained BOMD
simulations were carried out in an NVE ensemble. The BOMD simulations were carried out using the
QUICKSTEP module implemented in CP2K software,'** with Becke-Lee-Yang-Parr (BLYP)
functional in combination with double { valence potential (DZVP) basis set and auxiliary plane wave
were used to expand the valence shell electron density along with Goedecker-Teter-Hutter (GTH)
pseudopotentials for the core electrons.**** The electron density was represented using the hybrid
Gaussian and plane wave (GPW) method with a cut-off of 400 Ry. Each simulation trajectory was for
a maximum duration of up to 10 ps, with an integration time step of 1.0 fs. The NVE simulations were
performed over a temperature range from 70 to 200 K. A total of 133 trajectories were simulated and
the distance between the centre-of-masses of the two pyridine moieties was evaluated along the
trajectory. More than half of the trajectories simulated at temperatures of 150 K and above result in
fragmentation with the distance between the centre-of-masses greater than 0.7 nm over the course of
the trajectory. The number of unfragmented trajectories was 79, which were analyzed by examining

the interatomic distances between the two pyridine moieties in the final snapshot of the trajectory,

‘ Reactive region

Figure 1. The n-stack displaced antiparallel initial structure of the pyridine dimer used as the
starting structure(left). Labeling of atoms within the reactive region of pyridine dimer cation

(right).
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using the binary matrix method.”® Further, the structures obtained at the end of 10 ps trajectory were
optimized at BLYP/6-311++G(d,p) and wb97XD/aug-cc-pVDZ levels of theory using the Gaussian-

09 suite of programs.*

RESULTS AND DISCUSSION

The dynamical nature of the pyridine dimer cation was accessed by evaluating the COM-COM
distances between the two pyridine moieties along the trajectory, shown in Figure 2. In all the reactive
trajectories, the roaming of one pyridine ring over the other was observed with the COM-CO distance
in the range of 0.35 to 0.7 nm.” Since a wide variety of reactive pyridine dimer cations have been
reported,’ the structure classification was carried out using the binary matrix method.* In this method,
interatomic distances in the contact matrix were converted into binary logic (1 or 0) with the smallest
distance being 1 and all the other elements as 0. Even though the interatomic contact matrix is 11x11
dimensional, in the case of pyridine dimer cation, a reduced dimensional 5x5 matrices were adequate
to analyze the reactivity pattern to a larger extent (73 out of 79) as shown in Figure 1, while the
remaining 6 trajectories showed reactivity outside the reduced dimensional 5xS matrix (Figure S1, see

the Supporting Information). Based on the binary matrix method, four prominent structural patterns
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Figure 2. COM-COM distance between the two pyridine rings plotted as a function of simulation
time. A total of 129 trajectories were simulated in the temperature range of 70-200 K of which 52
were dissociative (blue) and 77 were reactive (green).
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were observed (see Figure S2), which include [CH..N] hydrogen bonded dimer (42+S
trajectories;61%), [C-N] bonded adduct (13+1 trajectories; 18%), [N-N] bonded adduct (10
trajectories; 13%) and CH--H-C bonded dimer (6 trajectories; 8%). Further, two of the [CH.N]
trajectories result in proton transfer to yield [PyH-Py] structure. However, the formation of the

associative/reactive dimer cations did not show any temperature dependence (Table S1, see the SI).

The molecular association and the reactivity of pyridine dimer cation starting from the initial

n-stacked conformation is modulated by the roaming mechanism,” wherein one pyridine moiety
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Figure 3. Trajectories showing various reactivity patterns for the pyridine dimer cation. In each plot
the COM-COM distance along with an appropriate geometrical parameter is shown. The
formation of (A) [CH...N] hydrogen-bonded dimer, (B) proton transfer [PyH-Py], (C) [C-N]
bonded adduct and (D) [N-N] bonded adduct is illustrated. The snapshots along the trajectories
indicate intermediate structures formed along the roaming pathway to the product formation.
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roams over the other and results in the formation of one of the possible four outcomes. Figure 3
illustrates the variation of COM-COM distance and the appropriate geometrical parameter
describing the reactivity pattern. The formation of [ CH-..N] hydrogen-bonded dimer is depicted in
Figure 3A, while Figure 3B describes the proton transferred structure [PyH-Py], which is a
consequence of [ CH--N] hydrogen bonding. The formation of [C-N] and[N-N] bonded adducts

are also illustrated in formation Figure 3.

The molecular association and the reactivity pattern of the pyridine dimer cation is
summarized in Figure 4. The [ CH.--N] hydrogen-bonded dimer is energetically favoured by 0.89 eV
(20.5 kcal mol™), which can also result in the proton transferred structure [PyH-Py] with additional
stabilization of 0.45 eV (10.4 kcal mol"). However, only 2/47 trajectories yield proton transferred
structure. The formation of [C —N] adduct is energetically favourable by 1.70 eV (39.2 kcal mol?),
which gets further stabilized by 0.60 eV (13.8 kcal mol") to yield 1,2 proton migrated structure [1,2—-

PP], which is the most stable form of pyridine dimer cation.” However, unlike the structures reported

earlier,” migration of the proton to the a-position was not observed. Electronic structure calculations
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Figure 4. The schematic energy level for various associative/reactive products originating from the
pyridine dimer cation calculated at wb97XD/aug-cc-pVDZ level. The energy scale (eV) is relative
to well-separated pyridine dimer cation to pyridine monomer and pyridine radical cation.
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carried out at wb97XD/aug-cc-pVDZ level of theory suggests that even though the migration of the
proton to the o-position to yield 1-(2-pyridyl)-pyridin-1-ium cation [1,2-PP] is energetically more
stable than the [C-N] bonded adduct by 0.63 eV (14.5 kcal mol?), the barrier for the proton
migration is about 1.99 eV (45.8 keal mol™), which is depicted in Figure S3 (see the SI). Further, as
noted earlier, few of the BOMD trajectories also lead to the formation of [CH.-HC] bonded
structures®-* (Figure S4, see the SI), competing with the [N-N] bonded adduct formation and differ
by the dihedral angle between the two pyridine rings, with the [CH--HC] bonded structures being
planar. However, the [CH...HC] bonded structures were found to be metastable and converge to [ N—
N] bonded adduct upon geometry optimization at both BLYP/6-311++G(d,p) and wb97XD/aug-cc-
pVDZ levels of theory. Additionally, loss of dihydrogen (H.) molecule from the [CH..HC] bonded

structures to yield bipyridyl radial cation [ C—C] is unfavourable by 0.65 eV (15.0 kcal mol™).

IR action spectroscopy of the pyridine dimer cation was used to identify the formation of C—
N bonded 1-(2-pyridyl)pyridin-1-ium [1,2-PP] structure, which shows a prominent band
corresponding to the N-H stretching vibration around 3400 cm™.” The appearance of the N-H
stretching vibration can only be attributed to the migration of the proton to the a-position starting
from [C-N] bonded adduct. Additionally, the IR spectrum also shows a broad and equally strong
band in the aromatic C-H stretching region around 3100 cm™.” The calculated IR spectrum of the
[1,2-PP] structure, depicted in Figure S, shows much lower (about 20%) intensity in the aromatic C-
H stretching region in comparison with the N-H stretching region. It is well-known that the aromatic
C-H stretching vibrations are prone to anharmonic coupling,*'** however, the total intensity of the
transition is derived from the fundamentals. Therefore, the observation of equally intense N-H and
aromatic C—H stretching bands suggests that other structural isomers of pyridine dimer cation, such
as [C-N] bonded adduct, [N-N] bonded adduct and proton transferred structure [PyH-Py], all of
which show aromatic C-H stretching bands around 3100 cm™, could possibly contribute to the

observed IR spectrum.”

CONCLUSION

A comprehensive understanding of the dynamical behaviour of the pyridine dimer cation was

accomplished with the aid of Born-Oppenheimer molecular dynamics (BOMD) simulations in
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Figure S. Calculated IR spectra of (top-to-Bottom) a-proton migrated structure [1,2-PP], C-N
bond adduct [C-N], N-N bond adduct [N-N] and proton transferred structure [PyH-Py]. The
harmonic frequencies were scaled by 0.952 and the IR spectra were broadened with a Gaussian
function of 20 cm™ FWHM centered on calculated frequencies. Notice that the y-scale is different
for each spectrum. The bottom panel represents the experimental spectrum adopted from Ref. 7.

combination with electronic structure calculations. The BOMD trajectories starting from an anti-
parallel m-stacked pyridine dimer in the cationic state, undergo roaming mediated isomerization
leading to the molecular association. The C-H--N hydrogen bonded dimer cation was the most
prevalent structure, which can undergo occasional proton transfer. Additionally, the formation of C-
N and N-N bonded adducts was observed. The C-N bonded adduct does not undergo a-proton
migration to yield 1-(2-pyridyl)-pyridin-1-ium cation, as was experimentally observed (Ref. 7), which
can be attributed to a rather high barrier for proton migration. Further, metastable C-H.-H-C

bonded structures were observed in the BOMD simulations, which upon geometry optimization
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results in the N-N bonded adduct. The comparison of the experimental (from Ref. 7) and calculated

IR spectra indicates that apart from the a-proton migrated structure, other structural isomers such as

C-N and N-N bonded adducts are likely to be formed.
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