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reactions of 1-4 acrylonitrile molecules with the
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Benzonitrile molecules are present in ionizing environments including interstellar clouds and solar nebulae,
where their ions can form adducts with neutral molecules such as acrylonitrile leading to the formation of a
variety of nitrogen-containing complex organics. Herein, we report on the formation of complex organics by
the sequential reactions of 1-4 acrylonitrile (CsNHz) molecules with the benzonitrile radical cation (C;NH5™).
The results reveal the formation of the covalently bonded N-acrylonitrile-benzonitrile radical cation
(C10N2Hg™) with a rate coefficient of 2.2 (+0.4) x 107" cm® s7* at 423 K and a calculated collision cross-
section of 73.8 A% in good agreement with the measured cross-section of 70.7 A2 of the C4oN,Hg™ adduct.
Subsequent reversible association of 1-3 acrylonitrile molecules with the N-acrylonitrile-benzonitrile radical
cation (CioN>Hg™) at lower temperatures (250-200 K) results in the formation of the N-rich clusters
(C10NsHg"*)(C3NHz);_3 which can be enhanced in the very cold cores of the interstellar medium (ISM) and
could offer unique potential candidates for the substantial amount of nitrogen carriers detected in the emis-
sion spectra of the ISM. The observed N-acrylonitrile-benzonitrile covalent adduct and its associated acryloni-
trile clusters could have significant implications in the formation of different types of complex organics in
different regions of outer space. It is anticipated that the current results would have direct implications in the
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1 Introduction

The study of ion-molecule reactions and clustering offers a
more detailed understanding of chemical reaction dynamics
and thermodynamics and is of great importance in unravelling
the mechanisms of key chemical and astrochemical processes
such as the formation of complex organics in space.’ Because
of the attractive interactions between charged and neutral
species, ion-molecule reactions can provide efficient mechan-
isms for the formation of complex organics including polycyclic
aromatic hydrocarbons (PAHs) and polycyclic aromatic nitro-
gen heterocyclics (PANHs) found in flames and combustion
processes as well as in interstellar clouds and solar nebula.*”

The recent discovery of benzonitrile as the first aromatic
molecule observed in the interstellar medium,® and the sub-
sequent detection of the PAHs 1- and 2-cyanonaphthalene in
the cold molecular cloud Taurus molecular cloud 1 (TMC-1),”

Department of Chemistry, Virginia Commonwealth University, Richmond,

VA 23284-2006, USA. E-mail: elshalls2@vcu.edu

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4cp03594a

29708 | Phys. Chem. Chem. Phys., 2024, 26, 29708-29717

search for nitrogen-containing complex organics in space.

have increased interest in the sequential reactions of small
astrochemical relevant molecules with the benzonitrile radical
cation since these reactions can act as potential precursors for
the nitrogen-containing PAHs in space, thus providing a
chemical link to the carriers of the unidentified infrared
bands.’®** Of particular interest are the interactions between
the benzonitrile radical cation and other nitrogen-containing
molecules such as acrylonitrile which can lead to the incorpora-
tion of a second nitrogen atom into a larger and more complex
structure. Acrylonitrile is a small molecule bearing both a
nitrogen atom and an olefin group. The molecule is found in
a variety of astronomical environments in the ISM such as
circumstellar envelopes and planetary atmospheres.'>*® The
olefin group of acrylonitrile can greatly increase the possibility
of a covalent interaction with the benzonitrile radical cation
resulting in the addition of a second nitrogen atom to a larger
ionized aromatic system. Herein, we report on the formation of
a stable covalently-bonded adduct via the ion-molecule reac-
tion between the benzonitrile radical cation and acrylonitrile
resulting in linking of a second N-containing molecule to the
N-atom of the benzonitrile structure. Subsequent reversible asso-
ciation of 1-3 acrylonitrile molecules onto the covalently-bonded

This journal is © the Owner Societies 2024


https://orcid.org/0009-0001-5307-9248
https://orcid.org/0000-0003-1663-8407
https://orcid.org/0000-0002-6848-5505
https://orcid.org/0000-0001-9757-9255
https://orcid.org/0000-0002-3993-536X
https://orcid.org/0000-0002-1013-4948
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp03594a&domain=pdf&date_stamp=2024-11-29
https://doi.org/10.1039/d4cp03594a
https://doi.org/10.1039/d4cp03594a
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4CP03594A
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026048

Open Access Article. Published on 21 November 2024. Downloaded on 3/10/2026 1:24:10 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

adduct ion at low temperatures results in the formation of
N-rich clusters which can offer unique potential candidates for
the substantial amount of nitrogen carriers detected in the
emission spectra of the ISM."” The ability of a small molecule
like acrylonitrile to form a covalent adduct with the benzoni-
trile radical cation is critical for the overall stability of large
molecules and clusters forming complex organics in the inter-
stellar medium. It is hoped that the present results would
motivate the search for the benzonitrile-acrylonitrile covalent
adduct as well as for a variety of its N-rich clusters in the cold-
core TMC-1, which has long been known to possess a rich
chemistry dominated by unsaturated molecules containing
nitrile (R-C=N) groups.'*™"*

2 Experimental and
computational methods

The experiments were performed using the VCU mass-selected
ion mobility system (MSIM) schematically illustrated in Fig. S1
(ESIT). Details of the instrument can be found in several
publications'®?° and only a brief description of the experi-
mental procedure is given here. The essential elements of the
apparatus are jet and beam chambers coupled to an electron
impact (EI) ionization source, a quadrupole mass filter, a drift
cell, and a second quadrupole mass spectrometer. Benzonitrile
radical cations (C¢Hs;CN') are formed by electron impact
ionization (60 eV) of the neutral molecules generated using a
supersonic beam expansion of 2.1 bar of ultra-high-pure
helium seeded with 1-4% vapor of benzonitrile by passing
the helium over liquid benzonitrile (99% purity, Sigma-
Aldrich) and expansion through a pulsed supersonic nozzle
(500 um diameter) into a vacuum chamber maintained at a
pressure of 10~ ° mbar. The first quadrupole mass filter mass-
selects the benzonitrile radical cations that are then injected
into the drift cell in 30-50 ps pulses. The drift cell contains a
vapor mixture of acrylonitrile obtained from liquid acrylonitrile
(99% purity, Sigma-Aldrich) and a helium buffer gas. The liquid
sample of acrylonitrile contains 35-45 ppm monomethyl hydro-
quinone as inhibitor but mass spectrometric analysis of the
vapor above the liquid sample did not show any detectable
signal of the inhibitor, most likely due to the low vapor pressure
of the inhibitor. The injection energy (16-19 eV, laboratory
frame) used in the experiments is slightly greater than the
minimum energy required to introduce the benzonitrile ions
into the drift cell against the outflow of helium/acrylonitrile
escaping through the drift cell entrance but low enough to not
cause fragmentation of the molecular ions. A majority of the
ion thermalization takes place outside the cell entrance by
collisions with helium atoms and acrylonitrile molecules escap-
ing the cell entrance orifice. At a cell pressure of 1.4 Torr, the
benzonitrile radical cation encounters nearly 10" collisions
with helium atoms within the typical 1 ms residence time
inside the cell resulting in full thermalization of the ions.
Injected ions and products are separated via a second quadru-
pole mass filter that is coaxially positioned after the drift cell.

This journal is © the Owner Societies 2024
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Fig. 1 Mass spectra obtained from the injection (19 eV) of the benzonitrile
radical cation (BN**, CgHsCN, m/z 103) into: (a) a room temperature drift
cell with 2.6 Torr He and no acrylonitrile (AN, CsHsN, m/z 53) and (b—d)
with an acrylonitrile pressure of 5 mTorr at 302 K up to 463 K.

After passing through the second quadrupole, an off-axis colli-
sion dynode and electron multiplier system detects the selected
ions. Arrival time distributions (ATDs) of the mass-selected ions
exiting the cell are measured by a multichannel scalar that is
simultaneously triggered by the ion gate pulse.

Density functional theory (DFT) calculations of the lowest
energy structures of benzonitrile-acrylonitrile covalent adduct
ion [(BN-AN)"™, Cy(N,Hg™] and the subsequent associated
structures [(BN-AN)'*(AN),] with n = 1-3, were performed at
the M06-2X/6-311++G** level using the Gaussian 16 program
suite.>! Zero-point vibrational energies were obtained through
frequency calculations on all optimized structures, confirming
the absence of imaginary frequencies. This verification ensures
that each structure is not at a saddle point but rather a true
minimum. These structures were used to obtain average colli-
sion cross sections in helium using the Lennard-Jones scaled
projection approximation (LJ-PA) method within the Sigma
program for the covalent structures,” and the exact hard
sphere (EHS) model within the Mobcal program for the non-
covalent structures.”® For the potential energy surface (PES)
calculations, initial transition state structures were reliably and
automatically generated using the freezing-string method.>*?*
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(a) Arrival time distribution (ATDs) and (b) time profiles of the reactant and product ions for the reaction of the benzonitrile radical cation

(BN**, black line) with acrylonitrile (AN) resulting in the formation of the adduct (BN-AN)**, red line.

These structures were then optimized as transition states and
subsequently confirmed via frequency calculations. All transi-
tion state calculations were performed at the MO06-2X/
6-311++G** level of theory using the developed version of
Q-Chem.?¢

3 Results and discussion

Fig. 1 displays the mass spectra obtained following the injec-
tion of the benzonitrile radical cation (BN"*, CcH5CN, m/z 103)
into the drift cell containing 2.6-3.3 Torr helium and 5 mTorr
of acrylonitrile (AN, C,H;CN, m/z 53) at different temperatures.
As shown in Fig. 1(a), in the presence of pure helium, only the
molecular benzonitrile ion is observed with no fragmentation
confirming the absence of excess ionization and injection
energies which could lead to the fragmentation of the ion.
At a very low pressure of C,H3;CN (0.005 Torr), the adduct
[(BN-AN)", C;oN,Hg"*, m/z 156] and the associated AN product
[(BN-AN)"*(AN), C;3NzH;;"®, m/z 209] are readily formed at
room temperature as shown in Fig. 1(b). Increasing the tem-
perature of the drift cell results in the disappearance of the
associated product [(BN-AN)"*(AN)] and a small decrease in the
ion intensity of the first adduct (BN-AN)"* accompanied with a
corresponding increase in the intensity of the benzonitrile ion
as shown in Fig. 1(c) and (d). However, at the highest tempera-
ture used (463 K), the adduct (BN-AN)"* still maintains most of
the original ion intensity indicating that the adduct contain
mostly covalent ions. As the temperature increases, the weakly
bonded non-covalent ions dissociate by the loss of acrylonitrile
molecules thus resulting in increasing the intensity of the
benzonitrile ion. The ion intensity of the adduct (BN-AN)™
observed at 463 K (Fig. 1(d)) represents the covalently bonded
ions that are thermally stable at this temperature.

The arrival time distributions (ATDs) of the reactant (BN)"*
and product (BN-AN)"* ions at 423.5 K shown in Fig. 2(a), are
consistent with an irreversible reaction leading to the for-
mation of covalently-bonded adduct ions. The formation of

29710 | Phys. Chem. Chem. Phys., 2024, 26, 29708-29717

non-covalent cluster ions involves reversible association of
neutral molecules into the parent ion which, under equilibrium
conditions, typically results in identical ATDs of the reactant
and product ions since they are coupled by reversible associa-
tion-dissociation reactions as they travel across the drift
cell.?>?”?% To measure the second order rate coefficient for
the formation of the adduct [(BN-AN)"®, C,,N,Hg"™, m/z 156],
the reactant benzonitrile ion (BN'®, C,NH;"*) is injected into
the drift cell containing a very low pressure of acrylonitrile (AN),
(0.005 Torr) in the presence of 2.3 Torr helium as a third body
buffer gas at 423 K as shown in Fig. 2(b). A pseudo first-order
rate constant is calculated from In I/XI = —kt, where I is the
integrated intensity of the ATD peak of the reactant ion, and
X1 is sum of the integrated intensities of the reactant and the
product ion peaks, obtained from the areas of their ATD peaks,
and ¢ is the mean drift time taken as the center of the ATD peak
of the reactant ion.'® The pseudo-first-order rate coefficient k,
is obtained from the slope of the plots of In I/XI vs. t. The
second-order rate constant k, is then obtained from the equa-
tion k, = k,/[N], where N is the number density of the acryloni-
trile molecules in the drift cell (1-3 x 10" molecules cm®).
The rate coefficients measured are reproduced at least three
times, with an estimated error due to uncertainties in the
neutral reactant partial pressure, drift cell temperature, fluctua-
tions in ion signal and background noise.

The rate coefficient for the formation of the (BN-AN)™
adduct at 423 K is determined as 2.2 (£0.4) x 10~ em® 57,
indicating a reaction efficiency (defined here as the ratio of the
measured rate coefficient to the Langevin capture rate coeffi-
cient taken as 1.5 x 10~ ° ecm® s') of 1.5% at 423 K for the
formation of the covalent adduct. The measured rate coefficient at
423 K is similar to the rate coefficient (2.1 + 0.4 x 10" cm® s
recently measured for the reaction of acetylene with the benzoni-
trile radical cation which resulted in the formation of N-acetylene
benzonitrile radical cation at 334.5 K.>° However, the measured
rate coefficient for the acrylonitrile reaction at 423 K is lower than
the rate coefficient of 6.2 (0.3) x 10~ em® s~ recently reported

This journal is © the Owner Societies 2024
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by Rap et al. for the acetylene reaction with the benzonitrile
radical cation at 150 K.'* The increased rate coefficient at the
lower temperature could be attributed to the negative tempera-
ture dependence of ion-molecule reactions,' and therefore, the
rate of the reaction of acrylonitrile with the benzonitrile radical
cation is expected to increase significantly at the very low
temperatures of the ISM."”

The reaction efficiency of acrylonitrile with the benzonitrile
radical cation at 423 K (1.5%) is significantly higher than the
very low reaction efficiency of ~0.0001 previously determined
for the covalent addition of acetylene onto the benzene radical
cation at 623 K.*° The efficiency of the acrylonitrile reaction
with the benzonitrile radical cation is also higher than the
efficiency of 0.001 measured for the acetylene reaction with the
phenylacetylene radical cation at 302 K.'® The current results
therefore, confirm the assumption that the barrier to the cation
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ring growth can be significantly reduced or overcome by the
formation of N-C bonds,"*831:3>

Structural information on gas phase ions can be obtained
from mobility measurements, where the drift velocity of an
ion is a function of its collision cross-section (Q) with the
buffer gas,'®** which depends on the geometrical structure
and shape of the ion. To identify the most plausible ion
structure, theoretical calculations are performed on the
geometry of several isomeric configurations, and the
angle-averaged collision cross-sections are computed for
the lowest energy isomers using the Lennard-Jones scaled
projection approximation (LJ-PA) method for the covalent
structures,” and the exact hard spheres (EHS) model for the
non-covalent structures.”® The theoretical Q’s are then
compared to the experimentally measured values to identify
the most likely structures.

(b)
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Fig. 3 ATDs of (a) the benzonitrile radical cation [(BN)**, m/z 103] and (c) the benzonitrile-acrylonitrile adduct [(BN-AN)**, m/z 156] at the drift cell
conditions provided and the corresponding mobility plots (b) and (d), respectfully.
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Fig. 4 Lowest energy covalent (a) and non-covalent (b)-(d) structures of the benzonitrile-acrylonitrile adduct with their corresponding interaction

energies (AE) and collision cross sections ().

The mobility K of an ion is defined by eqn (1) as:****

—

K =T/g 1)

where v, is the drift velocity and E the field across the drift
region. The reduced mobility K, (scaled to the number density
at standard temperature and pressure STP) is defined by
eqn (2) as:
P-273.15
Ky =———-+K 2
*7 760 T @)
where P is the pressure in Torr and T is the temperature in
Kelvin. Eqn (1) and (2) can be combined and rearranged to give

eqn (3):
jo (21315 1NP 6)
T\T760 Ko )y T

where [ is the drift length (5 cm in our system), ¢4 is the
measured mean arrival time of the drifting ion packet corrected
for the non-Gaussian shape of the ATD peak,'’ ¢, is the time the
ion spends outside the drift cell before reaching the detector,
and V is the voltage across the drift cell. All the mobility
measurements were carried out in the low-field limit
(E/N < 5.0, where E is the electric field intensity and N is the
buffer gas number density and E/N is expressed in units of
Townsend (Td) where 1 Td = 1077 V cm?).** Mobility is
determined according to eqn (3), by plotting ¢4 versus P/V. The
ATDs and the t4 versus P/V plots for the radical cations of benzonitrile
(BN, C,NH;™, m/z 103) and benzonitrile-acrylonitrile adduct

29712 | Phys. Chem. Chem. Phys., 2024, 26, 29708-29717

[(BN-AN)"™, C,(N,Hg"*, m/z 156] are displayed in Fig. 3. The
repeated mobility measurements at 302 K yield reduced mobi-
lities (K,) 0of 9.7 £ 0.3 cm®>V ' s ' and 7.6 = 0.3 ecm* V"' s~ for
the radical cations of benzonitrile and benzonitrile-acrylonitrile
adduct, respectively.

According to the kinetic theory of gases,*® eqn (4) relates the
mobility of an ion to the average collision cross-section (CCS) of
the ion with the buffer gas according to:

1 1
_1(18-m)2 LL nibr( z-e (1)

K = - -
N 16 1

kg - T)2-Q{)

N is the buffer gas number density, m is the mass of the ion,

my, is the mass of a buffer gas atom, z is the number of charges,

e is the electron charge, kg is Boltzmann’s constant and levg” is
the average collision integral (collision-cross section). The
measured reduced mobility of the radical cations of benzonitrile
and benzonitrile-acrylonitrile adduct (9.7 + 0.3 em® V' s™" and
7.6 £ 0.3 cm? V' 577, respectively) results in CCS values of 56.2 A
and 70.7 A?, respectively at 301-302 K. The measured CCS (56.2 A?)
of the benzonitrile radical cation agrees very well (within 1%) with
the CCS of 55.6 A” calculated using the Lennard-Jones scaled
projection approximation (LJ-PA) method,*” and the DFT-M06-2X/
6-311++G** optimized structure of the radical cation. To obtain
structural information on the benzonitrile-acrylonitrile adduct
(C1oN,Hg"), we compare the measured CCS with the calculated
cross-sections for the lowest energy covalent and non-covalent
structures of the C,oN,H; " ions that can be formed by the direct

This journal is © the Owner Societies 2024
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Scheme 1

addition of acrylonitrile onto the benzonitrile radical cation
without any H-shifts or rearrangements. Fig. 4 presents the
structures of the four lowest energy ions (a), (b), (c), and (d)
formed by the direct addition of acrylonitrile onto the benzoni-
trile cation, with geometries optimized at the MO06-2X/6-
311++G** level of theory.>" Notably, the lowest energy isomer
(a) corresponds to the frustrated covalent adduct involving the
formation of a N-C bond between the N atom of the nitrile
group of the benzonitrile radical cation and CH, group of acryloni-
trile. The binding energy of this isomer (37.6 kcal mol ") is clearly
weaker than a typical N-C bond energy as a result of inefficient
orbitals’ overlap between the N and the C atoms.** However, the
binding energy of the covalent adduct (a) is still significantly
stronger than the non-covalent interactions represented by struc-
tures (b), (c) and (d). Structure (a) is used to obtain an average CCS
using the LJ-PA method which results in a calculated Q value of
73.8 A% as shown in Fig. 4(a).? The calculated CCS of structure (a) is
in good agreement with the measured CCS (70.7 A% of the
benzonitrile-acrylonitrile adduct (C,,N,Hg ™) as shown in Fig. 3(d).

The non-covalent structures are dominated by parallel and
displaced extended orientations that maximize the electrostatic
interactions between the N lone pair of acrylonitrile and the
CH" sites of the benzonitrile radical cation leading to the

formation of unconventional CH’"- - :N ionic hydrogen bonds.?*
The non-covalent structures (b), (c) and (d) in Fig. 4 are used to
obtain average collision cross sections using the EHS model
within the Mobcal program.”® It is clear that the calculated
CCSs of 82.2 A%, 88.2 A and 88.5 A” corresponding to the non-
covalent structures (b), (c) and (d), respectively are significantly
larger (16%-24%) than the measured value of 70.7 A? for the
benzonitrile-acrylonitrile adduct. This indicates that the non-
covalent structures have no contributions to the measured CCS
of the benzonitrile-acrylonitrile adduct. The covalent nature of
the C,,N,Hg"* adduct confirmed by the measured CCS is also
supported by the thermal stability of the adduct with no
significant dissociation at temperatures as high as 463 K
(Fig. 1(d)) and the irreversible reaction kinetics observed at
423 K (Fig. 2).

The benzonitrile-acrylonitrile covalent adduct C;,N,Hg"* (a)
could undergo a 1,3 H-shift to form structure (b) which can
efficiently cyclize in an exothermic transformation to form the
bicyclic structure 2-phenylpyrimidine (c¢) as shown in
Scheme 1 below.

To investigate the energetics of the transformation
shown in Scheme 1, we calculated the reaction pathway’s
PES (potential energy surface) for the formation of the most

40
P37 *&o
¢ ——.(16.4
8 !_.-
E . ; (-25.4) ——
88 3.0 .»\;"'
P _— (-37.6) u;?_‘f
E 3 0-\}‘
[ 4 -
& (b) Q=73.6A2 \ — (-60.6)
(a) Q=73.8A2
(c) Q=70.11A2

-80

Reaction Coordinate

Fig. 5 Reaction pathway for the formation of the most stable bicyclic 2-phenylpyrimidine structure (c) from the covalently bound N-acrylonitrile-
benzonitrile radical cation (a). The calculated collision cross section values (Q, A%) are shown for the minima (a), (b) and (c).
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Fig. 6 Mass spectra obtained from the injection (19 eV) of the benzonitrile
radical cation (BN**, CcHsCN, m/z 103) into: (a) a room temperature drift
cell with 2.6 Torr He and no acrylonitrile (AN, CsHsN, m/z 53) and (b—e)
with an acrylonitrile pressure of 5 mTorr at 300 K down to 208 K.

stable Dbicyclic 2-phenylpyrimidine structure (c¢) from the
covalently bound N-acrylonitrile-benzonitrile radical cation
structure (a). Fig. 5 shows the reaction pathway starting from
the exothermic formation of the covalently bound N-acryl-
onitrile-benzonitrile radical cation (a) (—37.6 kcal mol ™). This
is followed by the first transition state (TS-1), with a barrier of
54.0 kecal mol ™ relative to (a), corresponding to a 1,3-hydrogen
shift that yields intermediate (b), positioned 12.2 kcal mol™*
above (a) in energy. The second transition state (TS-2), with a
barrier of 5.8 kcal mol™" relative to (b), leads to a ring-closing
reaction resulting in the most stable bicyclic structure
2-phenylpyrimidine (c) in an overall exothermic process of
60.6 kcal mol . Notably, the 2-phenylpyrimidine structure (c)
exhibits a collision cross-section of 70.1 A% closely matching
the experimental collision cross-section (70.7 A?) of the
benzonitrile-acrylonitrile adduct. However, the high energy
barrier for the 1,3-hydrogen shift (54.0 kcal mol ") compared
to the binding energy of the N-acrylonitrile-benzonitrile adduct
(a) (37.6 kcal mol ") suggests that the formation of the
intermediate (b) and its subsequent transformation to
the 2-phenylpyrimidine structure (c) are highly unlikely under
the current experimental conditions. It should be noted
that the calculated CCS of the N-acrylonitrile-benzonitrile
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Fig. 7 van't Hoff plots of the temperature dependence of the equilibrium
constants for the sequential association reactions of 1-3 acrylonitrile
molecules with the benzonitrile-acrylonitrile adduct (BN-AN)**.

radical cation (a) (73.8 A% is in good agreement with the
measured value of 70.7 A% within the typical margin of error
of the mobility measurements of our system (5%).>°

The reversible association of acrylonitrile molecules with the
covalent adduct (BN-AN)"* is significantly enhanced at lower
temperatures resulting in the formation of the cluster ion series
(BN-AN)"*(AN),, with n = 1-3 as shown in mass spectra dis-
played in Fig. 6. The first associated product (BN-AN)"*(AN)
appears at 300 K (Fig. 6(b)) and becomes the major ion with the
appearance of the second associated product (BN-AN)"(AN),
at 272 K (Fig. 6(c)). At 221 K, the cluster distribution is
dominated by the (BN-AN)"*(AN), ion, and at 208 K both the
(BN-AN)"*(AN), and (BN-AN)"*(AN); are the major species pre-
sent. It is clear that at lower temperatures the cluster popula-
tion shifts to higher clusters consistent with the population
patterns typically observed for cluster ions present in equili-
brium at different temperatures.>*>”*® Therefore, it should be
clear that the (BN-AN)"* adduct is not absent at lower tempera-
tures but is associated with several acrylonitrile molecules
depending on the temperature. For example, at 208 K, the
(BN-AN)™ adduct is associated with 2 and 3 acrylonitrile
molecules and there is no free (BN-AN)"* adduct present at this
temperature as shown in Fig. 6(e). Since the clustering associa-
tion is reversible, higher order clusters dissociate at higher
temperatures and thus the free (BN-AN)™ adduct can be
observed as shown in Fig. 6(c) at 272 K.

The equilibria between the (BN-AN)"™ adduct and AN molecules
to form the cluster series (BN-AN)"*(AN),, with n = 1-3 can be
verified by ensuring the following conditions:** (i) the ATDs of the
reactant and product ions are identical, indicating that the product
and reactant ions are coupled in association-dissociation reactions
faster than their movement through the cell as shown in Fig. S2
(ESIT), and (ii) a constant ratio of the abundance of the product to
the reactant ions obtained during the residence time of the ions in
the drift cell as shown in Fig. S2 (ESIY).
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Table 1 Measured thermochemical data for the sequential association of
1-3 acrylonitrile molecules with the benzonitrile-acrylonitrile adduct ion
(CioHgN2™)

—AH® —AS® —AH®, (DFT calc)
n—1,n (keal mol ™) (cal mol ' K1) (kcal mol ™)
0,1 13.9 31.3 14.1
1,2 12.0 31.0 13.1
2,3 9.4 23.5 9.8

The association reactions of acrylonitrile (C3H3;N) with the
adduct ion C,,N,Hg"* is represented by eqn (5):

C1oHgN, "*(C3H3N),,_1 + C3H3N = C;oHgN, ™ *(C3HN),  (5)

When equilibrium is achieved, the equilibrium constant
(Keg) is calculated from eqn (6):

[I(C1oHgN, "*(C3H;N),,)/I(C1oHgN, *(C3H;N), 1) P(C3H;3N)]

(6)

where I is the ion abundance determined from the integrated
peak areas of the ATDs and P(C3H;N) is the partial pressure of
acrylonitrile in the drift cell. The enthalpy change (AH°) and the
entropy change (AS°) are obtained from the slope and the
intercept, respectively, of the van’t Hoff plot of In K. vs.
1000/T. All of the results are reproduced at least three times
and the estimated errors in AH° and AS° are +1 kcal mol " and
+2.5 cal mol " K™, respectively. The equilibrium constants for
reaction (5) where n = 1-3 at different temperatures yield the
van’t Hoff plots shown in Fig. 7. The resulting —AH" and —AS°
values for the formation of (BN-AN)"*(AN),, with n = 1-3 are
summarized in Table 1 along with the —AH" values determined
from the DFT calculations for the lowest energy structures of
the non-covalent associated products.

Fig. 8 displays the structures of the lowest energy non-
covalent isomers of the (BN-AN)"*(AN), clusters with n = 1-3
along with the calculated bonding enthalpy (—AH®) values of
14.1, 13.1 and 9.8 kcal mol ™", respectively. These values are in
very good agreement with the measured —AH® values of 13.9,
12.0 and 9.4 kcal mol ', respectively, which indicates that the
theory level used in the DFT calculations (M06-2X/6-311++G**)
can describe the interactions between the benzonitrile
radical cation and the acrylonitrile molecules accurately. The

Keq =

View Article Online

PCCP

calculated structures clearly show the propensity of acryloni-
trile to form a double H-bond dimer as a result of the inter-
action between the N atom lone pair of one molecule and the H
atom of the CH, group of the second molecule, thus leading to
the formation of two unconventional N---HC hydrogen
bonds.”® The measured entropy loss for the formation of the
acrylonitrile double H-bond dimer (31.3 cal mol " K™') is
consistent with the relatively strong bonding and closely inter-
acting acrylonitrile molecule with the (BN-AN)™ adduct. It is
interesting that the formation of a second double H-bond
dimer is observed in the structure of the (BN-AN)"*(AN), cluster
(Fig. 8(b)) which exhibits a similar —AS° value (31 cal mol ™"
K™") to the (BN-AN)"(AN) cluster. The inability of the
(BN-AN)"*(AN); cluster (Fig. 8(c)) to form a double H-bond
dimer of acrylonitrile is clearly reflected in the significant drop
in both the bonding enthalpy (9.4 kcal mol ') and the entropy
loss (23.5 cal mol ™' K™1).

4 Conclusions

In conclusion, benzonitrile molecules are present in ionizing
environments including interstellar clouds and solar nebulae,
where their ions can form adducts with neutral molecules such
as acrylonitrile leading to the formation of a variety of N-rich
complex organics. The present work establishes, for the first
time, the formation of the covalently bonded N-acrylonitrile-
benzonitrile radical cation (C,,N,Hg"*) by the gas phase addi-
tion reaction of acrylonitrile on the benzonitrile radical cation.
The rate coefficient of the reaction (2.2 (+0.4) x 10~ em® s™7)
indicates a reaction efficiency of 1.5% at 423 K for the for-
mation of the covalent adduct. The direct addition of acryloni-
trile onto the N atom of the benzonitrile cation results in the
formation of an extended structure with a calculated collision
cross-section of 73.8 A% in good agreement with the measured
cross-section of 70.7 A? of the C;oN,Hg™ adduct. Potential
energy surface calculations show that the energy barrier for
the 1,3-hydrogen shift in the N-acrylonitrile-benzonitrile radical
cation adduct is significantly larger than the binding energy
of the adduct, and therefore the transformation to the
2-phenylpyrimidine structure is highly unlikely under the cur-
rent thermal reaction conditions. At lower temperatures,
subsequent additions of 1-3 acrylonitrile molecules onto the

(a) (b)

(BN-AN)""(AN)
-AH°(exp) = 13.9; -4H°(calc) = 14.1

(BN-AN)""(AN),
-AH°(exp) = 12.0; -4H°(calc) = 13.1

(BN-AN)""(AN);
-AH°(exp) = 9.4; -AH°(calc) =9.8

Fig. 8 Lowest energy structures of the acrylonitrile association with the benzonitrile-acrylonitrile adduct resulting in the formation of (BN-AN)**(AN),
clusters with n = 1-3 shown in (a—c) respectively, calculated at the M06-2X/6-311++G** level of theory.
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N-acrylonitrile-benzonitrile radical cation (C,,N,Hg"*) results in
the formation of N-rich clusters which can be enhanced in the
cold cores of the ISM and could offer unique potential candi-
dates for the substantial amount of nitrogen carriers detected
in the emission spectra of the ISM. The observed N-acryl-
onitrile-benzonitrile covalently bound adduct and its asso-
ciated acrylonitrile clusters could have significant implications
to the formation of complex organics in different regions of
outer space. The current results would have direct implications
to the search for nitrogen-containing complex organics
in space.
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