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ABSTRACT: Here, we present evidence from laboratory
experiments for the formation of nitrogen-containing complex
organic ions by sequential reactions of acetylene with the
pyridinium and pyrimidinium ions in the gas phase and within
ionized pyridine−acetylene binary clusters. Additions of five
and two acetylene molecules onto the pyridinium and
pyrimidinium ions, respectively, at room temperature are
observed. Second-order rate coefficients of the overall reaction
of acetylene with the pyridinium and pyrimidinium ions are
measured as 9.0 × 10−11 and 1.4 × 10−9 cm3 s−1, respectively, indicating reaction efficiencies of about 6% and 100%, respectively,
at room temperature. At high temperatures, only two acetylene molecules are added to the pyridinium and pyrimidinium ions,
suggesting covalent bond formation. A combination of ion dissociation and ion mobility experiments with DFT calculations
reveals that the addition of acetylene into the pyridinium ion occurs through the N-atom of the pyridinium ion. The relatively
high reaction efficiency is consistent with the absence of a barrier in the exothermic N−C bond forming reaction leading to the
formation of the C7H7N

•+ covalent adduct. An exothermic addition/H-elimination reaction of acetylene with the C7H7N
•+

adduct is observed leading to the formation of a bicyclic quinolizinium cation (C9H8N
+). Similar chemistry is observed in the

sequential reactions of acetylene with the pyrimidinium ion. The second acetylene addition onto the pyrimidinium ion involves
an exclusive addition/H-elimination reaction at room temperature leading to the formation of a bicyclic pyrimidinium cation
(C8H7N2

+). The high reactivity of the pyridinium and pyrimidinium ions toward acetylene is in sharp contrast to the very low
reactivity of the benzene cation, which has a reaction efficiency of 10−4−10−5. This indicates that the presence of a nitrogen atom
within the aromatic ring enhances the ring growth mechanism by the sequential addition of acetylene to form nitrogen-
containing polycyclic hydrocarbon ions. The observed reactions could explain the possible formation of nitrogen-containing
complex organics by gas-phase ion−molecule reactions involving the pyridinium and pyrimidinium ions with acetylene under a
wide range of temperatures and pressures in astrochemical environments such as the nitrogen-rich Titan’s atmosphere. The
current results suggest searching for spectroscopic evidence for these organics in Titan’s atmosphere.

■ INTRODUCTION

Organic chemistry plays important roles in flames and com-
bustion processes particularly for the mechanisms of soot forma-
tion and the generation of organic aerosol throughout the atmo-
sphere, as well as in interstellar clouds and in the solar nebula
particularly for the origin of the observed complex organics.
Astronomical observations show that interstellar clouds and
solar nebulae contain diverse organics, including methane, acety-
lene, benzene, polycyclic aromatic hydrocarbons (PAHs), and
polycyclic nitrogen-containing aromatic hydrocarbons (PNAHs).1−14

Gas-phase radical chemistry, ion−molecule and intracluster
reactions, and catalysis on dust particles are important synthetic
pathways for the formation of complex molecules in space
environments.4−8,11−26 Because molecules in outer space are
subject to ionizing radiation, and reaction rates of ion−
molecule reactions exceed by orders of magnitude those of gas-
phase neutral reactions at the low interstellar temperature near

10 K, ion chemistry becomes increasingly competitive to gas-phase
neutral chemistry in cold ionizing environments.27−32 Unlike
interstellar clouds, higher gas densities in the nebula can allow
three-body processes that form adducts and clusters. These
processes can lead to complex organics, clustering, and poly-
merization that produce nucleation centers for the formation of
grains.16,18,24,25,33−35 Similar organic chemistry occurs in Titan’s
atmosphere where a series of chemical reactions and physical
processes could lead to the formation of complex organics
starting from methane and nitrogen under the influence of solar
UV radiation and energetic particles.4,16,28,33−35 For example,
the discovery of benzene on Titan4,36 has raised the possibility
of the formation of PAH cations and other complex organics
made of hundreds of carbon atoms that could be responsible
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for the unidentified infrared bands (UIBs)19,37,38 and the
diffuse interstellar bands.39 In addition to benzene, large
mass positive and negative ions were discovered on
Titan,4,40−44 which were attributed to fused-ring polycyclic
aromatic hydrocarbon compounds such as naphthalene and
anthracene and suggested that these are the precursors to the
haze particles that form the optically thick haze layer lower
in Titan’s atmosphere.4,40−44

The wide range of temperature and pressure conditions in
solar nebula allows diverse and unique chemistry to take
place.17,45,46 Fast ion−molecule reactions without barriers are
possible in the low-temperature, low-density outer nebula.
Other reactions with energy barriers can be allowed in the
warmer zones of the nebula.47,48 For example, we recently
discovered new sequential reactions of acetylene with the
benzene radical cation at higher temperatures (600 K) leading
to the formation of naphthalene-type ions.49 Interestingly, no
reaction leading to covalent addition is observed at room
temperature, and even the associated C6D6

•+(C2H2) products
are not observed due to weak binding.50 The barrier to the
covalent addition of acetylene onto the benzene radical cation
(C6H6

•+) originates from the presence of six C−H bonds in the
benzene cation and the absence of an available addition
site.51−53 Ring growth can also occur by the reactions of ionized
heterocyclics with unsaturated hydrocarbons.51−54 For example,
we recently reported new cross reactions between the benzene
radical cation and pyridine or pyridine radical cation and
benzene resulting in efficient formation of a covalent bonded
benzene−pyridine radical cation with a stable N−C bond.55

These reactions may represent a general class of addition
reactions that can form complex PNAHs in ionizing environ-
ments and in space. Simulations of a nitrogen rich atmosphere,
such as that of Titan’s, suggest that the nitrogen will be
incorporated easily in the aromatic ring and predict that this
process is barrierless and exothermic.52 DFT calculations
indicate that substitution of a carbon atom with nitrogen in
the benzene cation ring leads to lowering or eliminating the
barrier to the acetylene addition.51−53 Therefore, one may
expect the reaction of acetylene with the pyridinium ion
(C5NH5

•+) to be much faster than the reaction with the
benzene radical cation. However, these theoretical predictions
have not been confirmed by experimental observation because
there is no report in the literature on the sequential reactions of
acetylene with the pyridinium ion at different temperatures in
the high pressure regime. Surprisingly, very little experimental
work, in general, has been reported on the sequential reactions
of acetylene with ionized aromatics at different temperatures
and pressures.
As part of our program to study the reactions of acetylene

with ionized aromatics that could lead to the formation of PAH
and PNAH cations, we investigated the reactions of the
acetylene with the pyridinium and pyrimidinium ions under
gas-phase thermal conditions and within ionized pyridine−
acetylene binary clusters using the mass-selected ion
mobility technique.49,55−58 Here, we report experimental
evidence for the efficient formation of nitrogen-containing
cyclic organics by the sequential addition of acetylene onto
the C5NH5

•+ and C4N2H4
•+ ions. The observed reactions

could contribute to the formation of complex organics such
as PAHs and PNAHs found in a wide variety of locations
ranging from flames and combustion processes to interstellar
space.2,4,7,25,17,21,42

■ EXPERIMENTAL SECTION
The experiments were performed using the VCU mass-selected ion
mobility tandem mass spectrometer (Figure S1, Supporting
Information). The details of the instrument can be found in several
publications,55−60 and only a brief description of the experimental
procedure is given here. The molecular ions (pyridinium C5H5N

•+

(m/z 79), deuterated pyridinium C5D5N
•+ (m/z 84), or pyrimidinum

C4H4N2
•+ (m/z 80)) were generated by 50 eV electron impact

ionization (EI) following the supersonic beam expansion of the
corresponding vapor mixture of 0.2% pyridine, d-pyridine, or
pyrimidine in 4−5 bar of ultra pure helium through a 500 μm
diameter pulsed nozzle (General Valve, Series 9), in pulses of 150−
300 μs duration at repetition rates of 50−100 Hz, into a source
chamber (10−8 mbar). The ions of interest were mass-selected by a
quadrupole mass filter, and the beam was chopped into small pulses
(5−15 μs pulses) and injected into the drift cell (5 cm long)
containing a purified acetylene−helium mixture or pure purified
acetylene gas at known pressures and temperatures. For the pyridine−
acetylene binary clusters experiments, helium seeded with <3%
purified acetylene gas was flowed through a glass bubbler containing
pyridine or d-pyridine cooled to 200 K before expansion into the
source chamber. The molecular or cluster ions of interest were mass-
selected and injected into the drift cell containing ultra pure helium for
mobility measurements. Flow controllers (MKS no. 1479A) were used
to maintain a constant pressure inside the drift cell within ±1 mTorr.
The temperature of the drift cell can be controlled to better than ±1K
using four temperature controllers.

The injection energies used in the experiments (10−14 eV,
laboratory frame) are slightly above the minimum energies required
to introduce the ions into the cell against the He or C2H2/He outflow
from the entrance orifice. Most of the ion thermalization occurs
outside the cell entrance by collisions with He atoms or C2H2
molecules escaping from the cell entrance orifice. At a cell pressure
of 0.2 Torr, the number of collisions that the C5H5N

•+ encounters
with the neutral molecules within 1−2 ms residence time inside the
cell is more than 104 collisions, which is sufficient to ensure efficient
thermalization of the C5H5N

•+ ions. Further evidence for ion
thermalization is obtained by observing the time-dependent product
distribution as a function of injection energy.

Arrival time distributions (ATDs) of the various ions are measured
by monitoring the signal corresponding to each ion as a function of
time after injection into the cell. Pseudo first-order rate constants k1
are calculated using the following relation ln I/(∑I) = −kt, where I is
the integrated intensity of the reactant ATD peak,∑I is the sum of the
intensities of the ATDs of reactant and all product ions including the
secondary products, and t is the mean drift time taken as the center of
the ATD of the reactant ion. k1 is obtained from the slope of −ln I/(∑I)
versus t, where the reaction time is varied by varying the drift cell
voltage. Second-order rate constant k2 is obtained from k2 = k1/[N],
where N is the number density (molecules cm−3) of the neutral reactant
(C2H2) calculated from the measured partial pressure of the reactant
inside the drift cell at a given temperature. All of the rate coefficients
were replicated several times, and the estimated errors are calculated on
the basis of the uncertainties in the measurements of the neutral reactant
pressure and temperature in addition to fluctuations in ion signal and
background noise.

The mobility K of an ion is defined as K = vd⃗/E⃗, where vd⃗ is the drift
velocity and E⃗ is the field across the drift region.60,61 Ion mobility
measurements are carried out by injecting an ion pulse (10−50 μs)
into the drift cell. ATDs are collected at different P/V values, where P
is the pressure of the He buffer gas in the drift cell in Torr and V is the
drift voltage in volts, by varying V while keeping P fixed. The plot of
the mean arrival time (assuming Gaussian peak shape) versus P/V
gives a straight line, and the reduced mobility is calculated from the
slope of the line using the relation:57,60,61
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where t is the mean arrival time, z is the drift cell length, T is the cell
temperature in Kelvin, Ko is the reduced mobility (scaled to the
number density at standard temperature and pressure STP), and to is
the time that the ions spend outside the drift cell. All the mobility
measurements are carried out in the low-field limit where the ion’s
drift velocity is small as compared to the thermal velocity and the ion
mobility is independent of the field strength (E/N < 6.0, where E is
the electric field intensity and N is the gas number density and E/N is
expressed in units of Townsend (Td) where 1 Td = 10−17 V cm2).61

The average collision cross section, Ω(1.1), of the ions in the helium
buffer gas is calculated according to the kinetic theory:
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where qe is the ion charge, N is the number density of the buffer gas,
Teff is the effective temperature, Mi and Mb are the masses of the ion
and buffer gas, respectively, and Ωavg

(1,1) is the orientationally averaged
collision integral.

■ THEORETICAL SECTION

DFT calculations at the UB3LYP/6-31G* level were used
to determine the structures and relative energies of several
C7H7N

•+ and C9H9N
•+ adducts using the Gaussian 03 pro-

gram.62 The optimized structures were confirmed to be minima
by vibrational frequency analysis. Theoretical calculations of
possible structural candidates of the mass-selected ions are used
to compute angle-averaged Ω’s at different temperatures (for
comparison with the measured values) using the trajectory
method, which employs Lennard-Jones potential and ion-
induced dipole interactions as described in the MOBCAL
program.63

■ RESULTS AND DISCUSSION

1. Gas-Phase Reactions of Acetylene with the
Pyridinium Ion. Figures 1a and b display the mass spectra
obtained following the injection of the pyridinium ion C5H5N

•+

into the drift cell containing helium carrier gas in the absence
and presence of acetylene using low and high injection energies.
As shown in Figure 1a(i), in the presence of pure helium, only
the molecular pyridine ion is observed with no fragmentation,
confirming the absence of excess ionization and injection
energies, which could lead to the fragmentation of the ion. EI
ionization of pyridine under the high pressure conditions of the
supersonic beam expansion of the pyridine/helium mixture
leads to the deposition of a small amount of energy on the ions
as evident by the absence of any fragments upon the injection
of the ions into the drift cell. Upon the injection of the pyri-
dinium ions using the minimum injection energy (10.6 eV, lab
frame) into pure acetylene (0.1 Torr), the C2H2 molecules
react rapidly with the pyridinium ions to generate the first
adduct C7H7N

•+ (m/z 105) and dehydrogenated second
adduct C9H8N

+ (m/z 130), in addition to a small amount of
the dehydrogenated pyridine ion C5H4N

+ (m/z 78) as shown
in the mass spectra displayed in Figure 1-a(ii). The same
product ions are also observed in the presence of 0.71 Torr
helium as shown in Figure 1a(iii). Similar ions are also observed
in the presence of 1.0 Torr helium and variable amounts of
acetylene even when higher injection energy (26 eV, lab frame)
is used as shown in Figure 1b. This indicates that in the
presence of sufficient third body buffer gas, the injected pyri-
dine and the pyridine−acetylene adduct ions can be ther-
malized by collisional stabilization, and therefore the product

Figure 1. (a) Mass spectra obtained upon the injection of the mass-selected pyridinium ion (C5H5N
•+) into the drift cell containing different partial

pressures of helium and purified acetylene (in Torr) as indicated at 302 K. The injection energy used was 10.6 eV (lab frame), and the field across
the cell was 5 V cm−1. (b) Mass spectra obtained upon the injection of the mass-selected pyridinium ion (C5H5N

•+) into the drift cell containing
1 Torr of helium and different amount of purified acetylene (in Torr) as indicated at 303 K. The injection energy used was 26.0 eV (lab frame), and
the field across the cell was 4.0 V cm−1.
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ions and branching ratios show no or weak dependence on the
ion injection energy (Figure S2, Supporting Information).
The primary reactions observed at low concentration of

acetylene at room temperature are listed below:

+ →•+ •+C H N HCCH C H N5 5 7 7 (3)

→ ++C H N C H5 4 2 3 (4)

The even-electron C5H4N
+ ion produced by reaction 4 is

known to be formed in the EI ionization of pyridine as a result
of hydrogen loss from the meta position of the pyridinium
ion.64 However, in the present experiments when the mass-
selected pyridinium ion is injected into the drift cell containing
helium, no fragmentation is observed as shown in Figure 1a(i).
Because the C5H4N

+ ion is only observed in the presence of
acetylene, it is most likely formed by H abstraction by acetylene
from the pyridinium ion as shown in reaction 4. This reaction is
observed at early times probably as a result of a small fraction of
unthermalized C5H5N

•+ ions resulting from the ion injection
process. The resulting C5H4N

+ ion and its association product
with acetylene (C7H6N

+, m/z 104) do not react further with
acetylene as indicated by the normalized ion intensity plots
obtained at different concentrations of acetylene shown in
Figure 2a. As the concentration of acetylene increases, the
intensity of the first adduct C7H7N

•+ (m/z 105) decreases and
two parallel products are generated: the dehydrogenated
second adduct C9H8N

+ (m/z 130) and the second adduct
C9H9N

•+ (m/z 131) as shown in Figure 2a and illustrated
by reactions 5 and 6 below. However, the generation of
the dehydrogenated second adduct C9H8N

+ appears to be
more favorable because it is observed at a lower concentration
of acetylene before a significant amount of C9H9N

•+ ion is

formed. This could reflect an extra stability of the C9H8N
+

(m/z 130) ion.

+ → +•+ +C H N HCCH C H N H7 7 9 8 (5)

→ •+C H N9 9 (6)

The time-dependent product distribution at 314 K is
determined by changing the voltage gradient in the drift cell
as shown in Figure 2b. By decreasing the voltage gradient in the
drift cell (from 8.8 to 3.8 to 2.8 V/cm), the residence time of
the injected pyridinium ions inside the drift cell increases,
which results in increasing the product yield into the two
parallel channels C9H8N

+(HCCH)n and C9H9N
•+(HCCH)n

with n = 1−3 as shown in Figure 2b.
The formation of higher order adduct ions from the

sequential reactions of acetylene with the pyridinium ion is
remarkable considering that no acetylene addition was observed
on the benzene cation (C6H6

•+) at room temperature.49 This
indicates that replacing a CH group in the aromatic ring
(benzene cation) with a nitrogen atom (pyridinium ion) has a
significant effect on enhancing the ring growth mechanism by
increasing the reactivity of the ring toward the sequential
addition of acetylene. The observed ions correspond to the
general formulas CnHnN

•+ and CnHn−1N
+ with n = 5, 7, 9, 11,

13, and 15. All of the observed reactions in the C5H5N
•+ +

HCCH system were confirmed in the C5D5N
•+ + HCCH

system.
To measure the second-order rate coefficient due only to the

primary products, we injected the pyridinium ion (C5D5N
•+,

m/z 84) with low injection energy into the drift cell containing
a small concentration of HCCH (0.017 Torr) in the presence
of 0.32 Torr helium as a third body buffer gas. Under these
conditions, no C5D4N

+ ions are formed as shown in the mass

Figure 2. (a) Normalized ion intensity as a function of acetylene pressure in the drift cell in the presence of 0.70 Torr He at 303 K following the
injection of the pyridinium ion into the drift cell. The injection energy used was 12.6 eV (lab frame), and the field across the cell was 5 V cm−1. (b)
Mass spectra obtained upon the injection of the mass-selected pyridinium ion (C5H5N

•+) into the drift cell containing purified acetylene at 0.16 Torr
at 314 K at different drift fields as indicated.
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spectra displayed in Figure 3a. At a higher drift field (10 V/cm)
corresponding to a shorter residence time, only the C5D5N

•+

ion is observed. As the drift field is decreased, the intensity
of the pyridinium ion decreases, and at a drift field of 2 V/cm
it reacts completely, generating the first adduct C7D5NH2

•+

(m/z 110) as shown in Figure 3a. The rate coefficient of
9.0(±5.0) × 10−11 cm3 s−1 at 304 K (Figure 3b, see Figure S3
for the pseudo first-order rate coefficient) measured by the
current ion mobility technique reflects contributions from third
body collisional stabilization by helium and acetylene. The rate
coefficient shows no pressure dependence of the carrier gas
within the measured range from 0.2 to 1.5 Torr helium,
indicating that the reaction is second-order. The measured rate
indicates a reaction efficiency (defined here as the ratio of the
measured rate coefficient to the Langevin capture rate
coefficient taken as 1.5 × 10−9 cm3 s−1) of nearly 6%, which
is significant for the production of large organic ions in the gas
phase. The high reactivity of the pyridinium ion toward
acetylene is in sharp contrast to the very low reaction efficiency
(10−4) observed for the addition of acetylene on the benzene
cation.49 This confirms that the barrier to the aromatic cation
ring growth can be overcome by substituting a ring carbon
atom (CH) with a nitrogen atom.52 Thus, nitrogen-containing
complex organics can be produced by the sequential reactions
of acetylene with ionized heterocyclic aromatics such as the
pyridinium and pyrimidinium ions.
To compare the reactivity of the C5H4N

+ and C5H5N
•+

toward the addition of acetylene and to confirm the covalent
nature of the observed adduct ions, both ions were generated
using higher injection energy of the pyridinium ion (24 eV, lab
frame) and higher concentration of acetylene (1 Torr), and the
product distribution was measured at both 311 and 623 K as
shown in Figure 4a and b, respectively. Because of the higher
injection energy and higher acetylene concentration used in
these experiments, significant amounts of the C5H4N

+ and
C5H5NH

+ (protonated pyridine) ions are produced as shown
in Figure 4a. However, these ions appear to be unreactive
toward acetylene as most of the observed product ions can be
explained by the sequential reactions of acetylene with the

C5H5N
•+ ion generating the CnHnN

•+ and CnHn−1N
+ ions with

n up to 15 as shown in Figure 4a. At 623 K, the intensity of the
higher adducts significantly decreases, suggesting thermal
dissociation to generate the stable even-electron C7H6N

+ and
C9H8N

+ ions as shown in Figure 4b. Alternatively, this could be
due to unimolecular dissociation in the formation step of the
weakly bound ions, which could reflect weaker sequential
binding energies. It is interesting to note that the C9H8N

+ ion
(m/z 130) that could correspond to the quinolizinium cation
appears to be the major product formed from the sequential
reactions of acetylene with the pyridinium ion at higher tem-
peratures. Possible structures of the pyridinium ion−acetylene
adducts are investigated by ion mobility, ion dissociation, and
DFT calculations in the next sections.

Figure 3. (a) Mass spectra obtained upon the injection of the mass-selected pyridinium ion (C5D5N
•+) into the drift cell containing 0.017 Torr

purified acetylene and 0.32 Torr He at 304 K at different drift fields as indicated. (b) Integrated arrival time distributions of the reactant (C5D5N
•+)

and product C7D5NH2
•+ ions as a function of reaction time for 0.017 Torr purified acetylene and 0.32 Torr He at 304 K.

Figure 4. Mass spectra obtained upon the injection of the mass-
selected pyridinium ion (C5H5N

•+) into the drift cell containing
purified acetylene at 1.0 Torr and different temperatures as indicated.
The peaks marked with “*” are impurity peaks containing water and
acetone due to the use of high concentration of acetylene.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja3068116 | J. Am. Chem. Soc. 2013, 135, 155−166159



2. Intracluster Reactions of Ionized Pyridine−Acetylene
Binary Clusters. In the gas phase at low pressures, ion−
molecule reactions may proceed via an elimination mecha-
nism.59,65,66 However, in the same systems at high pressure,
the ionic intermediates may be stabilized, and addition without
elimination may occur. In clusters, both elimination and
addition reactions can take place resulting in product ion
distributions that reflect both the stability of the covalent
adducts and the kinetics of the reactions.56,57,59,67−72 Therefore,
sequential polymerization and growth involving several addition
and/or elimination steps can occur following the ionization of
isolated molecular clusters.56,57,59,67−72 This occurs because the
energy released from the condensation reactions can be
efficiently dissipated by fast evaporation (boiling off) of
nonreacting monomers from the cluster. The competition
between the condensation reactions leading to the growth of
the covalent ion and monomer evaporation resulting in depleting
the monomer concentration in the cluster can control the ultimate
size that the covalent ion can reach in the cluster.
To study the intracluster reactions, we generated (pyridine)n-

(acetylene)m binary clusters using the supersonic beam
expansion technique.56,59,67−72 One of the major questions
that must be addressed is whether the resulting ions are
covalent adducts formed by intracluster reactions, or simply
cluster ions held together by electrostatic ion-induced dipole
forces. To answer this question, we used a combination of ion
dissociation and ion mobility measurements assisted by DFT
structural calculations of possible product ions as described
below.
A typical mass spectrum of the EI-ionized pyridine−

acetylene binary clusters is shown in Figure 5. In addition to

the acetylene cluster ions (A)n
•+ with n = 2−5, the spectrum

shows the C5D5N(C2H2)n series (PyAn)
•+ with n = 1−4 and a

very intense peak corresponding to the cluster ion (Py2A)
consisting of one acetylene and two pyridine molecules [possibly
(C5D5N)•+(C2H2)(C5D5N)]. This ion shows a strong
enhanced intensity (magic number behavior) under different
experimental conditions suggesting a special stability, probably
due to the high binding energy of a geometrically stable
structure. Furthermore, a protonated pyridine dimer (Py2H

+)
representing (C5D5N)2H

+ is observed and appears to be
formed through the loss of a C2H

• radical from the
[(C5D5N)(C2H2)(C5D5N)]

•+ ion.

The mass-selected ions can be efficiently dissociated by
gradually increasing the injection energy of the ions into the
drift cell, and the dissociated products can provide structural
information. To obtain such information, we measured the
dissociation products of the C7D5H2N

•+ and (C5D5N)2(C2H2)
•+

ions by increasing the injection energies of the mass-selected
ions into the drift cell containing a helium buffer gas. As shown
in Figure 6a, no dissociation products of the mass-selected
C7D5H2N

•+ ions are observed until the IE is increased above 23 eV
(lab frame) consistent with the covalent bonding nature of
these ions. The major dissociation channel involves a loss of the
C2H2 unit to generate the C5D5N

•+ ion consistent with the
direct attachment of the acetylene molecule to the nitrogen
site of the pyridinium ion. If C2H2 is attached to a carbon site of
the pyridinium ion, then the loss of C2DH2 should generate the
C5D4N

+ ion, which is not observed. Furthermore, the observed
loss of a hydrogen atom from the C7D5H2N

•+ ion at higher
injection energies (30−40 eV, Figure 6a) suggests that the
C2H2 unit is attached covalently to the nitrogen site of the
pyridinium ion.
The dissociation products of the Py2A ion at higher injection

energies, shown in Figure 6b, indicate that the major dis-
sociation channel involves a loss of a pyridine unit (C5D5N) to
generate the C7D5H2N

•+ ion consistent with the C2H2 unit
being attached to the two nitrogen sites of the two pyridine
molecules. The stability of the C7D5H2N

•+ ion is also suggested
by the lack of dissociation into the pyridinium ion (C5D5N

•+)
even at very high injection energies such as 52 eV as shown in
Figure 6b.
To further support the proposed structures based on the

injection energies experiments, we measured the mobility of the
C7D5H2N

•+ and C9D5H4N
•+ ions (m/z 110 and 136, respec-

tively) as well as of the remarkably stable (C5D5N)2(C2H2)
•+

ion (m/z 194) produced in the ionized pyridine−acetylene
binary clusters. Ion mobility measurements provide an accurate
method for determining collision cross sections of mass-
selected ions in a buffer gas.56,60,73−76 The motion of the ion
through a buffer gas under the influence of a weak electric field
depends on the ion’s average collision cross section (collision
integral, Ω) with the buffer gas, which depends on the
geometric shape of the ion.56,60,73−76 Theoretical calculations of
possible structural candidates of the mass-selected ions are then
used to compute angle-averaged Ω’s at different temperatures
for comparison with the measured ones.56,60,73−76

The ion mobility measurements (see Figures S4−S6, Supporting
Information) yield collision cross sections (in helium at 305 K)
for the C7D5H2N

•+, C9D5H4N
•+, and (C5D5N)2(C2H2)

•+ ions
as 56.3 ± 1.9, 65.9 ± 2.8, and 82.4 ± 2.7 Å2, respectively.
The low energy structures of the C7H7N

•+, C9H9N
•+, and

(C5H5N)2(C2H2)
•+ ions and their relative energies calculated at

the B3LYP/6-31G* level along with their calculated Ωs using
the trajectory method63 are shown in Figures 7, 8, and 9,
respectively. Figure 7 shows the six lowest energy covalent
bonded structures (1−6) of the C7H7N

•+ ion in addition to
two ion−molecule structures (7 and 8). It is clear that the
noncovalent higher energy ion−molecule structures (7 and 8)
can be excluded on the basis of the mobility measurements
because they have collisional cross sections significantly larger
than the measured Ω values. More important, the ion−
molecule structures are not consistent with the high temper-
ature and ion dissociation experiments, which confirm the
covalent bonding nature of the observed pyridinium ion−
acetylene adducts. However, all of the six lowest energy

Figure 5. Mass spectrum of the EI-ionized pyridine (Py, C5D5N)/
acetylene (A, C2H2) binary clusters formed by supersonic beam
expansion and injected into the drift cell containing 0.5 Torr He at 303 K.
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covalent isomers of the C7H7N
•+ ion shown in Figure 7 have Ω

values similar to the experimental value of 56.3 ± 1.9 Å2.
Therefore, mobility measurements alone may not be able to
distinguish between different covalent isomers with similar
structures. On the other hand, the ion dissociation experiment
supports only structures (4), (5), and (6) because the reaction
site appears to be N, not C. In fact, structure (5) has been
predicted to be the most favorable C7H7N

•+ product that can
form from the reaction of pyridinium ion and acetylene.52 The
reaction was found to be exothermic by 44.3 kcal/mol (at the
B3LYP/6-31G* level), and the addition of acetylene to the
nitrogen atom occurs without a barrier (−14.4 kcal/mol).52

Although the CHCH side group of structure (5) can rearrange
to CCH2 as in the lower energy structure (4), the barrier for
the intramolecular 1,2 H migration was found to be 49.7 kcal/mol
so this process was considered unfavorable.52 Therefore, on the
basis of the combination of the high temperature, ion dissocia-
tion, and mobility experiments supported by the DFT structures

and the previous reaction pathway calculations,52 we conclude that
the structure of the C7H7N

•+ ion observed in our experiments is
structure (5).
Figure 8 displays the six lowest energy covalent bonded struc-

tures (a−f) of the C9H9N
•+ ion in addition to six ion−molecule

structures (g−l). Again, the high energy ion−molecule structures
(g−l) are not consistent with the combination of high
temperature, ion dissociation, and mobility experiments, and
therefore these structures can be excluded. Furthermore, the
four lowest energy covalent structures of the C9H9N

•+ ion (a−d)
do not include the pyridinium ion structure and require
extensive high energy rearrangements to be produced, which
are unlikely to take place under the conditions of our experi-
ments. Therefore, it appears that structure (e) (Figure 8e) is
the only structure consistent with the experimental results and
also with the structural assignment of the reactant C7H7N

•+ ion
(Figure 7, structure 5).
Structure (e) (Figure 8) has been predicted to result from

the addition of a second acetylene molecule to the C7H7N
•+ ion

(structure 5) in a barrierless (−1.8 kcal/mol) and exothermic
(−44.5 kcal/mol) process.52 The formation of structures (5)
and (e) corresponding to the observed first C7H7N

•+ (m/z
105) and second C9H9N

•+ (m/z 131) adducts, respectively, is
shown in reactions 7 and 8, respectively.
It is interesting to note that the dehydrogenated second

adduct C9H8N
+ (m/z 130) was formed in our experiments in

parallel with the second adduct C9H9N
•+ at room temperature

(Figures 1a,b and 2a), and it was the major ion formed at 623 K
as shown in Figure 4b. The formation of a bicyclic ion c-(e)
shown in reaction 9 by the closure of the second ring of
structure (e) was found to be exothermic by 34.6 kcal/mol and
to involve only a very small barrier of 1.4 kcal/mol.52 On the
other hand, the loss of the extra H atom from the bicyclic ion
c-(e) to form the quinolizinium cation as shown in reaction 9
was found to be endothermic by 9.5 kcal/mol, and to involve a
barrier.52 However, if the ring closure of (e) occurs in conjunction

Figure 6. (a) Mass spectra of the mass-selected pyridine (Py, C5D5N)/acetylene (A, C2H2) binary cluster (PyA
•+, m/z 110) upon injection into the

drift cell containing 0.7 Torr He at 303 K using different injection energies (lab frame) as indicated. (b) Mass spectra of the mass-selected Py2A
•+

binary cluster [(C5D5N)2C2H2
•+, m/z 194] upon injection into the drift cell containing 0.4 Torr He at 305 K using different injection energies (lab

frame) as indicated.

Figure 7. Relative energies (E) of the lowest energy structures of the
C7H7N

•+ ion calculated at the B3LYP/6-31G* level of theory. The
collision cross sections (Ω) were calculated at 305 K using the
trajectory method and Mobcal program (ref 63). The measured Ω of
the C7D5H2N

•+ ion (m/z 110) in 2.16 Torr He at 305 K is 56.3 ± 1.9 Å2.
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(or concerted) with the H atom loss, then the overall reaction 9
becomes exothermic by at least 25 kcal/mol.52 In fact, the
addition/H-elimination reaction of acetylene and the first
adduct C7H7N

•+ having structure (1), (2), (3), (4),
or (5) (shown in Figure 7) (reaction 5) is exothermic by
65.9, 61.8, 55.2, 51.4, or 50.2 kcal/mol, respectively, at the B3LYP/
6-31G* level. Therefore, the structure of the dehydrogenated
second adduct C9H8N

+ formed in our experiments is likely to
be the bicyclic quinolizinium cation shown in reaction 9.
The calculated structures of the (C5D5N)2(C2H2)

•+ ion,
shown in Figure 9, result in two covalent bonded (1 and 2) and
three higher energy ion−molecule complexes (3−5). As

expected, the ion−molecule structures have collision cross
sections significantly larger (91−94 Å2) than the measured Ω
value (82.4 ± 2.7 Å2). Both of the covalent structures are

Figure 8. Relative energies (E) of the lowest energy structures of the C9H9N
•+ ion calculated at the B3LYP/6-31G* level of theory. The collision

cross sections (Ω) were calculated at 304 K using the trajectory method and Mobcal program (ref 63). The measured Ω for the C9D5H4N
•+ ion

(m/z 136) in 2.33 Torr He at 305 K is 65.9 ± 2.8 Å2.

Figure 9. Relative energies (E) of the lowest energy structures of the
(C5H5N)2C2H2

•+ cluster ion calculated at the B3LYP/6-31G* level of
theory. The collision cross sections (Ω) were calculated at 306 K using
the trajectory method and Mobcal program (ref 63). The measured Ω
for the (C5D5N)2C2H2

•+ ion (m/z 194) in 3.52 Torr He at 306 K is
82.4 ± 2.7 Å2.
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consistent with the ion dissociation and mobility measure-
ments, and therefore these structures are tentatively assigned to
the observed (C5D5N)2(C2H2)

•+ ion. These structures show
that the growth of the C7H7N

•+ ion can be terminated by a
second pyridine molecule. These structures (1 and 2 in Figure 9)
also explain the observed magic number behavior of the
(C5D5N)2(C2H2)

•+ ion shown in Figure 5.
3. Gas-Phase Reactions of Acetylene with the

Pyrimidinium Ion. For comparison with the pyridinium ion
results, the reactions of acetylene with the pyrimidinium ion
(C4H4N2

•+) were investigated. Figure 10 displays the mass

spectra obtained following the injection of the mass-selected
pyrimidinium ion into the drift cell containing 1.2−1.6 Torr
helium and different amounts of acetylene at room temper-
ature. As expected, only the parent ion C4H4N2

•+ is observed in
pure helium (Figure 10a), indicating the absence of pyrimidine
fragments or impurity ions in the drift cell. In the presence of a
very low concentration of acetylene (4 × 10−5 Torr), the
formation of first adduct C6H6N2

•+ is observed (Figure 10b)
followed by the dehydrogenated second adduct C8H7N2

+ when
the partial pressure of acetylene is increased to 0.03 Torr
(Figure 10c). Similar to the reactions with the pyridinium ion, a
dehydrogenated second acetylene adduct is observed. However,
in the pyrimidinium ion reactions, the dehydrogenated product
is the only second adduct observed because the C8H8N2

•+ ion
is not observed even at higher concentrations of acetylene as
shown in Figure 10d−f. As the concentration of acetylene is
increased, the intensity of the even-electron ion C8H7N2

+

increases, and the first adduct is completely converted into

the C8H7N2
+ ion as shown in Figure 10f in the presence of

1.3 Torr pure acetylene. A small signal corresponding to an ion
with m/z 78 is also observed under higher concentrations of
acetylene as shown in Figure 10e and f. The presence of
impurity can be excluded because no m/z 78 ion is observed
when the pyrimidinium ion is injected into pure helium as
shown in Figure 10a. This ion could be C6H6

•+ formed by
dissociative charge transfer reaction of the C4H4N2

•+(C2H2)3
ion where partial charge transfer from the pyrimidinium ion
(IE = 9.3 eV) to the acetylene trimer activates the formation of
a benzene cation (IE = 9.2 eV) and ejection of a pyrimidine
neutral. In this case, dissociative charge transfer occurs before
collisional stabilization of the associated C4H4N2

•+(C2H2)3 ion,
and as a result the corresponding m/z 158 ion is not observed.
A similar process has been previously observed at low
temperatures when a large number of acetylene molecules is
associated with a benzene cation.49,50

The high reactivity of acetylene toward the pyrimidinium ion
is illustrated in Figure 11a, which shows that at longer reaction
times, the pyrimidinium ion reacts almost completely with
acetylene even at a very low partial pressure of acetylene of 5 ×
10−4 Torr. Indeed, the disappearance of C4H4N2

•+ ions (m/z 80)
and the formation of the first adduct (C6H6N2

•+, m/z 106) and
the dehydrogenated second adduct (C8H7N2

+, m/z 131) occurs
at nearly the collision rate with a measured rate coefficient
of 1.4(±1.2) × 10−9 cm3 s−1 at 308 K as shown in Figure 11b
(see Figure S7 for the first-order rate coefficient). The rate
coefficient shows no dependence on the helium pressure within
the investigated range from 0.3 to 1.6 Torr, indicating that the
reaction is second-order. The thermal stability of the adduct
ions C6H6N2

•+ and C8H7N2
+ is demonstrated by the lack of

observed thermal dissociation at nearly 500 K (Figure S8,
Supporting Information), thus confirming the covalent bonding
nature of these ions.
The calculated low energy structures of the C6H6N2

•+ and
C8H7N2

+ ions and their relative energies at the B3LYP/6-31G*
level are shown in Figure 12. It is interesting to note that the
addition of the second acetylene molecule to the lowest energy
structure of the C6H6N2

•+ adduct (structure (a), Figure 12A)
followed by a hydrogen loss leads to the formation of the
second adduct C8H7N2

+ which is the lowest energy structure of
the pyrido[1,2-α] pyrimidinium cation (structure (a), Figure 12B).
The observed 100% reaction efficiency of acetylene with the
pyrimidinium ion is consistent with the trend of increasing
reaction rate with the substitution of CH groups with nitrogen
atoms in the aromatic ring. This implies that cyclic ions
containing multiple nitrogen atoms that could be formed by
sequential reactions of HCN with acetylene ions could lead to
the growth of large nitrogen-containing PAHs under appropriate
astrochemical conditions.

Trends in Reaction Rates of Ionized Aromatics with
Acetylene. The measured rate coefficients of the acetylene
reactions with the pyridinium and pyrimidinium ions reveal a
clear trend in the reactivity of acetylene with ionized aromatics
to form larger covalent ions. For example, acetylene does not
react with the benzene radical cation at room temperature, and
even the associated C6D6

•+(C2H2)n products are not observed
due to weak binding.49,50 However, sequential reactions of
acetylene with the benzene radical cation are observed at higher
temperatures (600 K) leading to the formation of naphthalene-
type ions.49 The barrier to the covalent addition of acetylene
onto the benzene radical cation (C6H6

•+) originates from the
presence of six C−H bonds in the benzene cation and the

Figure 10. Mass spectra obtained upon the injection of the mass-
selected pyrimidinium ion (C4H4N2

•+, m/z 80) into the drift cell
containing purified acetylene and helium at different partial pressures
(Torr) as indicated at 304 K.
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absence of an available addition site.51−53 This is confirmed in
the recent measurement of the high reactivity of acetylene
toward the phenylium ion to generate the covalent adduct
C8H7

+ with a reaction efficiency of nearly 35−47% at room
temperature.58 In the present experiments, the reaction
efficiencies of acetylene with the pyridinium and pyrimidinium
ions at room temperature are found to be 6% and 100%,
respectively. Therefore, the observed trend suggests that

substitution of a ring carbon atom (CH) in the benzene cation
with a nitrogen atom enhances the aromatic cation ring growth
mechanism by the addition of acetylene. However, this
enhancement is more pronounced if a hydrogen atom is
removed from the benzene ring as in the phenylium ion, and
the ultimate enhancement occurs when two ring carbon
atoms are replaced by nitrogen atoms as in the pyrimidinium
ion. Thus, nitrogen-containing complex organics can be
readily produced by the sequential reactions of acetylene
with ionized heterocyclic aromatics containing multiple
nitrogen atoms.

■ SUMMARY AND CONCLUSIONS

In this work, we present the first direct experimental evidence
for the formation of nitrogen-containing complex organic ions
by sequential reactions of acetylene with the pyridinium and
pyrimidinium ions in the gas phase and within ionized
pyridine−acetylene binary clusters. Additions of five and two
acetylene molecules onto the pyridinium and pyrimidinium
ions, respectively, at room temperature are observed. Second-
order rate coefficients of the overall reaction of acetylene with
the pyridinium and pyrimidinium ions are measured as 9.0 ×
10−11 and 1.4 × 10−9 cm3 s−1, respectively, indicating reaction
efficiencies of about 6% and 100%, respectively, at room
temperature. At high temperatures, only two acetylene
molecules are added to the pyridinium and pyrimidinium
ions, suggesting covalent bond formation. A combination of ion
dissociation and ion mobility experiments with DFT calcu-
lations reveals that the addition of acetylene into the pyridine
cation occurs through the N-atom of the pyridinium ion. The
relatively high reaction efficiency is consistent with the absence
of a barrier in the exothermic N−C bond forming reaction
leading to the formation of the C7H7N

•+ covalent adduct. An

Figure 11. (a) Mass spectra obtained upon the injection of the mass-selected pyrimidinium ion (C4H4N2
•+, m/z 80) into the drift cell containing

0.053 Torr of a 1% acetylene in helium mixture and 1.55 Torr He at 301 K at different drift fields as indicated. (b) Integrated arrival time
distributions of the reactant pyrimidinium ion (C4H4N2

•+, m/z 80) and product pyrim·C2H2
•+ (C6H6N2

•+, m/z 106) as a function of reaction time.
The mass-selected pyrimidinium ion was injected into the drift cell containing 3 × 10−4 Torr acetylene and 1.55 Torr helium at 308 K.

Figure 12. (A) Relative energies (RE, kcal/mol) of the lowest energy
structures of the C6H6N2

•+ ion calculated at the B3LYP/6-31G* level
of theory. (B) Relative energies (RE, kcal/mol) of the lowest energy
structures of the C8H7N2

+ ion calculated at the B3LYP/6-31G* level
of theory.
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exothermic addition/H-elimination reaction channel of acety-
lene onto the C7H7N

•+ adduct is observed leading to the
formation of a bicyclic quinolizinium cation. Similar chemistry
is observed in the sequential reactions of acetylene with the
pyrimidinium ion. The second acetylene addition onto the
pyrimidinium ion involves an exclusive loss of H atom at room
temperature, suggesting the formation of a bicyclic pyrimidi-
nium cation (C8H7N2

+). The high reactivity of the pyridinium
and pyrimidinium ions toward acetylene is in sharp contrast to
the very low reactivity of the benzene cation, which has a
reaction efficiency of 10−4−10−5. This indicates that the
presence of a nitrogen atom within the aromatic ring enhances
the ring growth mechanism by the sequential addition of
acetylene to form nitrogen-containing polycyclic hydrocarbon
ions. The observed reactions may explain the possible forma-
tion of nitrogen-containing complex organics by gas-phase ion−
molecule reactions involving the pyridinium and pyrimidinium
ions with acetylene under a wide range of temperatures and
pressures in astrochemical environments such as the nitrogen-
rich Titan’s atmosphere. However, it should be stated that
this mechanism requires ion neutralization as a final step.
Further studies are needed on the neutralization reactions of
large nitrogen-containing radical cations before searching for
spectroscopic evidence for these organics in Titan’s atmosphere
can be suggested.
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