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ABSTRACT: A key step in gas-phase polycyclic aromatic hydrocarbon (PAH) formation involves the addition of acetylene (or other
alkyne) to o-type aromatic radicals, with successive additions yielding more complex PAHs. A similar process can happen for N-
containing aromatics. In cold diffuse environments, such as the interstellar medium, rates of radical addition may be enhanced when
the o-type radical is charged. This paper investigates the gas-phase ion-molecule reactions of acetylene with nine aromatic distonic
o-type radical cations derived from pyridinium (Pyr), anilinium (Anl) and benzonitrilium (Bzn) ions. Three isomers are studied in
each case (radical sites at the ortho, meta and para positions). Using a room temperature ion trap, second-order rate coefficients,
product branching ratios and reaction efficiencies are reported. The rate coefficients increase from para to ortho positions. The sec-
ond-order rate coefficients can be sorted into three groups; low: between 1-3 x 10"'> cm® molecule s (3Anl and 4Anl), intermediate:
between 5-15 x 1072 cm® molecule™ s™' (2Bzn, 3Bzn and 4Bzn) and high: between 8-31 x 10" cm® molecule™ s (2Anl, 2Pyr, 3Pyr
and 4Pyr), and 2Anl is the only radical cation with a rate coefficient distinctly different to its isomers. Quantum chemical calculations,
using M06-2X-D3(0)/6-31++G(2df,p) geometries and DSD-PBEP86-NL/aug-cc-pVQZ energies are deployed to rationalize reactiv-
ity trends based on the stability of pre-reactive complexes. The G3X-K method guides the assignment of product ions following
formation of the adduct complexes. The rate coefficient trend can be rationalised by a simple model based on the pre-reactive complex

forward barrier height.

Introduction

Ion-molecule reactions are involved in a variety of low-
pressure gas-phase systems, ranging from Earth’s atmosphere,'
combustion”* and the interstellar medium.** Due to long-range
interactions between ions and neutral co-reactants, ion-
molecule reactions generally possess larger collision cross-
section values compared to their neutral counterparts. This
makes them an important reaction class, particularly in low
pressure and low temperature environments. Furthermore, gas-
phase ion-molecule reactions can often exhibit negative
temperature dependence (i.e., increased reaction efficiency with
lower temperature)®” thus reinforcing their importance in low
temperature and pressure environments of the interstellar
medium and extra-terrestrial atmospheres such as Titan.

For ion-molecule reactions, the interplay between long-range
and short-range interactions manifests in multistep energy
pathways that influence the reaction rate and product yield(s).
This is captured in the double-well potential energy model
developed by Olmstead and Brauman and widely adopted to
rationalise ion-molecule reactions.*'® This model accounts for
the variations in gas-phase reaction rates for a variety of highly
exothermic, Sn2 reaction archetypes. The double-well feature
in the potential energy landscape is now generally accepted to
be common to many classes of ion-molecule reactions to take
into account the long-range attractive potentials and stabilised
pre-reactive complexes. !

For gas phase ion-molecule reactions involving radical ions
— particularly for distonic radical ions,'>'* where radical and
charge sites are spatially and electronically separated — several
models have been developed to explain kinetic trends for
reactions with neutral molecules. A well-developed concept is
the ionic curve crossing model first proposed by Anderson et
al.”® based on modification of the earlier model of covalent
curve-crossing.'® This paradigm defines the barrier height of a
polar radical-molecule reaction as an avoided crossing of the
ground state and an ionic excited state potential. This model has
been successfully applied to a number of radical H-atom
abstractions including those involving distonic radical ions with
o-type aromatic radical sites.'*'”!° However, other distonic
reactions proceeding by addition/elimination mechanisms have
not been as extensively examined using this generalised
framework.

In the current study, three sets of protonated c-type aromatic
radicals have been prepared based on the dehydropyridinium,
dehydroanilinium and dehydrobenzonitrilium cations (Figure
1). The gas phase reactions of each set of regioisomers — nine
in total — with acetylene were studied. Each set contains three
isomeric distonic radical cations, where the c-radical is located
at either the ortho, meta or para position with respect to the
charged moiety. For each reaction, second-order rate
coefficients and product branching ratios are measured and
compared with quantum chemical calculations to assign
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potential products and predict the reaction feasibility under low-

temperature conditions.

From kinetic measurements,

a

correlation between second-order rate coefficients and pre-
reactive complex forward barrier heights is identified.
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Figure 1. The nine distonic radical cations investigated in this
study.

Methods

Instrumental

All reactions were performed using a linear quadrupole ion-
trap mass spectrometer (Thermo Scientific LTQ XL), which has
been modified as described previously.?’ The mass spectrometer
was modified to include an alternative gas supply, bypassing the
standard gas inlet. These modifications allow for the addition of
neutral acetylene seeded within the helium buffer gas into the
ion-trap region of the mass spectrometer. Gas flow through the
alternative gas supply was regulated by a mass flow controller
(MKS GES0A, 5 sccm) set to 1.300 sccm, which was allowed
to flow for at least 12 h prior to kinetic measurements to ensure
ion trap pressure and gas composition equilibrium.
Additionally, a vacuum-sealed quartz window was positioned
at the rear of the instrument chamber to allow laser access along
the long axis of the linear ion trap. This window permitted the
irradiation of stored ions by an external 266 nm Nd:YAG laser
source (Continuum Minilite) that was pulsed once per mass
spectrometry cycle.

Target radical cations were generated by 266 nm laser
photolysis of protonated iodinated precursors within the ion
trap. lodinated precursor ions were formed by electrospray
ionisation (ESI) of ~10 puM methanolic solutions of 2-
iodoaniline (98%, Sigma-Aldrich), 3-iodoaniline (98%, Sigma-
Aldrich), 4-iodoaniline (98%, Sigma-Aldrich), 2-iodopyridine
(98%, Sigma-Aldrich), 3-iodopyridine (98%, Sigma-Aldrich),
4-iodopyridine  (97%, Sigma-Aldrich), 2-iodobenzonitrile
(98%, Sigma-Aldrich), 3-iodobenzonitrile (98%, Sigma-
Aldrich) or 4-iodobenzonitrile (98%, Sigma-Aldrich). Sample
solutions were introduced to the ESI source operating in
positive ion mode using a flow rate of 5 pL min™'. An acetylene
and helium specialty mixture (BOC, NSW), doped with ~2%
acetone relative to acetylene, was used as the source of the

acetylene co-reactant. Acetone, present in the acetylene as a
stabiliser, was removed using the sulfuric acid trap method, as
described by Hyman and Arp.*' A glycol pre-condenser was
added to the purification set-up prior to acetylene collection, to
eliminate the water by-product introduced by the acid trap.
Purified acetylene was stored in stainless steel tanks and diluted
in helium (0.1-1% acetylene).

Radical precursor ions [P + H]" were isolated and then stored
for 30 ms within the ion trap and exposed to a single 266 nm
laser pulse, leading to the formation of the target [P+ H - I]™
distonic radical cation through photolysis of the aryl-iodine
bond. Once isolated and stored, radical cations were allowed to
react with neutral reagents over time scales ranging from 0.03
— 5000 ms. Individual product mass spectra are reported as
averages of no less than 75 scans. Across all reactions, acetylene
number densities vastly exceeded those of the ions ensuring
pseudo-first-order conditions with respect to acetylene. Kinetic
data were obtained by integrating target m/z peaks (over a 1 Th
range), which were normalised to the total ion signal (spanning
m/z 50 — 300) and plotted against reaction time. Pseudo-first-
order rate coefficients were extracted from these data by fitting
either a single or biexponential function, using the Levenberg-
Marquardt algorithm® and data points were weighted by their
95% confidence interval values. Extracted first-order rate
coefficients were plotted against corresponding acetylene
number density and fitted using linear regression to derive the
second-order rate coefficient for each reaction. Reaction
efficiencies (@) were calculated by dividing the measured
second-order rate coefficients by the estimated Langevin
collision rate.” Uncertainty in the pressure at the centre of the
ion trap introduces a bound of £50% in the absolute reaction
efficiencies and second-order rate coefficients.?* Internally,
reaction rate coefficients have a precision on the order of 5-
10%.

Computational

Structures and relative energies for minima, transition states and
intrinsic reaction coordinate (IRC) scans were calculated using
Gaussian 16. Initial calculations used the M06-2X functional %
and 6-31G(2df,p) basis set. Pre-reactive complexes were
recalculated using M06-2X-D3(0)/6-31++G(2df,p) geometries
and DSD-PBEP86-NL/aug-cc-pVQZ energies to better capture
long-range charge and electron interactions originating from
non-covalent bonding of these complexes.”® The DSD-
PBEP86-NL functional is a double hybrid specifically designed
and benchmarked to accurately calculate transition and
minimum structures involving such long-range interactions.”’
Calculations for post-addition potential energy schemes were
recalculated using the composite G3X-K method, which is
designed and benchmarked for accurate transition state energy
determination.®® Minima were assigned as stationary points
possessing no imaginary frequencies, while transition states
were assigned as stationary points with exactly one imaginary
frequency whose normal mode projection approximates motion
along the reaction coordinate. All 0 K energies include the
unscaled zero-point vibrational energy (ZPE) correction and are
reported in kcal/mol.
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Figure 2. Representative mass spectra for the reactions of acetylene with (A) 2Pyr, (B) 3Pyr, (C) 4Pyr, (D) 2Anl, (E) 3Anl, (F) 4Anl, (G)
2Bzn, (H) 3Bzn, (I) 4Bzn. Product peaks associated with ambient O, or H,O addition are labelled with * and 4 symbols, respectively.

Results and Discussion
Mass Spectrometry

The [P + HJ" ions formed from the precursors, 2-, 3-, 4-
iodopyridine (m/z 206); 2-, 3-, 4-iodoaniline (m/z 220); and 2-,
3, 4-iodobenzonitrile (m/z 230), were each isolated in the ion-
trap and irradiated with a single laser pulse at 266 nm leading
to the formation of [P + H - I]"" product ions at m/z 79, m/z 93
or m/z 103, respectively. These ions are the o-type distonic
radical cations targeted in this study and are herein referred to

as 2Pyr (2-dehydropyrininium, m/z 79), 3Pyr (3-
dehydropyrininium, m/z 79), 4Pyr (4-dehydropyrininium, m/z
79), 2Anl (2-dehydroanilinium, m/z 93), 3Anl (3-

dehydroanilinium, m/z 93), 4Anl (4-dehydroanilinium, n/z 93),
2Bzn (2-dehydrobenzonitrilium, m/z 103), 3Bzn (3-
dehydrobenzonitrilium, m/z 103) and 4Bzn  (4-
dehydrobenzonitrilium, m/z 103) radical cations. As previously
reported, isomerisation between these nine radical cations is
negligible under the experimental conditions due to large
potential energy barriers for hydrogen atom migration.?*® For
the Anl radicals however, appreciable population of unreactive
ions at m/z 93 are also detected, especially in the 2Anl case. This
unreactive ion population is attributed to formation of the
conventional radical cation along with the target distonic radical
ions (as noted in Ref [31]) and its origins will be discussed in
further detail below.

Representative mass spectra for each reaction are shown in
Figure 2. In this section, reaction products for Pyr Fig. 2(A-C)
reactions will be first discussed before those of Anl Fig. 2(D-F),
and then Bzn Fig. 2(G-I). For some target reactions, product
ions consistent with secondary acetylene addition are observed.
While these secondary reactions are accounted for in the kinetic
analysis shown later, these chemistries are beyond the scope of
the current paper and will be the subject of a future publication.

Dehydropyridinium (Pyr) Products (m/z 79)

Across all Pyr reactions with acetylene (Fig. 2A, 2B and 2C),
the major product peak corresponds to the initial acetylene
adduct at m/z 105 [M + 26]". Signal at m/z 104 is assigned as
the H-atom loss co-product ion following formation of the
initial adduct [M + 26 — 1]". The minor product peak at m/z 130
is assigned as the addition of a second acetylene molecule, to
the adduct at m/z 105, followed by the loss of a H-atom [M +
26 +26 — 1]". The minor peak at m/z 111 is consistent with the
addition of background O, to the target cation [M + 32]* and
has been previously reported.”” The peak at m/z 123, observed
for reactions with 3Pyr, is assigned as the addition of H,O to the
adduct at m/z 105 [M + 26 + 18]".

Dehydroanilinium (Anl) Products (m/z 93)

For the three Anl reactions with acetylene (Fig. 2D, 2E and
2F), a major product peak is observed at m/z 119 corresponding
to the formation of the first acetylene adduct [M + 26]". A strong
m/z 118 signal, unique to 2Anl, is assigned as H-atom loss from
the adduct [M + 26 - 1]*. The equivalent m/z 118 signal is weak
for 3Anl and 4Anl. The 3Anl and 4Anl reactions show a peak
at m/z 144 (when magnified x20), which is assigned as H-atom
loss following the addition of two acetylene molecules [M + 26
+ 26 — 1]". Another minor peak at m/z 125 corresponds to
background O» addition to the radical cation, which has been
reported previously.>**

Dehydrobenzonitrilium (Bzn) Products (m/z 103)

For Bzn reactions with acetylene (Fig. 2G, 2H and 2I) signal
at m/z 129 is assigned as formation of the initial acetylene
adduct [M + 26]" and is the major product across all cases. In
contrast to the other systems, signal arising from H-atom loss
from this adduct (m/z 128) is not detected for any
dehydrobenzonitrilium radical cation. Signal at m/z 154 is
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Figure 3. Representative kinetic profiles for the reaction of each target radical and acetylene. Acetylene concentrations for kinetic profiles
are 8.31 x 10' molecule cm™ (2Pyr, 3Pyr, 4Pyr, 2Anl), 9.16 x 10'! molecule cm™ (3Anl, 4Anl) and 5.54 x 10'° molecule cm™ (2Bzn, 3Bzn,
4Bzn). Residuals (difference between fitted functions and experimental data) for the decay of each target radical are displayed below each
kinetic plot. Plots of first-order reaction coefficients vs acetylene number density, used to extract second-order rate coefficients, are also
included. Error bars for these plots represent 2c.



present, corresponding to H-atom loss following the addition of
a second acetylene molecule to the first adduct [M + 26 + 26 —
1]". The m/z 154 product signal is particularly strong for the
2Bzn reaction. Also, present for reactions with Bnz is a minor
product peak at m/z 155, assigned as the addition of a second
acetylene to the initial adduct [M + 26 + 26]". Similar to the
other reactions, an O, addition reaction is also observed, in this
case at m/z 135 [M + 32]".3!

Reaction Kinetics

Product mass spectra for the reactions of each target radical
cation with acetylene were recorded as a function of ion trap
storage time across a range of at least five acetylene
concentrations. Representative kinetic profiles for the major
ions are shown in Figure 3(a-i). The signal of the target radical
was fitted with a single exponential decay function to extract
the pseudo-first-order rate coefficient, at each acetylene
concentration. These first-order rate coefficients were then
plotted against the acetylene number density within the ion trap
and fitted by linear regression (lower panels in Figure 3). The
slope of this fitted line corresponds to the second-order rate
coefficient. Figure 4 shows the measured second-order rate
coefficients for each of the target radical ions reacting with
acetylene. Reaction efficiencies were calculated by normalising
each second-order rate coefficient to the theoretical Langevin
collision rate’” and they range from 0.2 % for 4Anl up to 37%
for 2Pyr, all measured second-order rate coefficients and
reaction efficiencies are provided in Table S1 (Supporting
Information).
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Figure 4. Second order rate coefficients for each target radical

reacting with C;H, as determined in this study. Units are cm?
molecule™! s and error bars represent 26.

Three observations are noted from the second-order reaction
rate coefficients assembled in Figure 4: (i) rate coefficients
increase from para to ortho positions in each set; (ii) second-
order rate coefficients can be sorted into three groups; low:
between 1-3 x 102 cm’® molecule s' (3Anl and 4Anl),
intermediate: between 5-15 x 1072 cm® molecule! s (2Bzn,
3Bzn and 4Bzn) and high: between 8-31 x 10" cm® molecule’
!5t (2Anl, 2Pyr, 3Pyr and 4Pyr); and (iii) 2Anl is the only
radical cation with a second-order rate coefficient distinctly
different to its isomers. A rationale for these observations will
be developed further below.

Product branching ratios for each reaction are derived by
taking the asymptotic limit for the single or biexponential
function used to fit the kinetic profiles for each product channel.
Table S1 also contains these branching ratios for the major
product ions. As mentioned above, although most of the target

radical ion populations react to baseline over the course of
experimental time window, the radical ion signal for 2Anl, and
to a lesser extent also for 3Anl and 4Anl, does not reach zero
intensity. This remaining ion population is attributed to the
presence of the unreactive conventional anilinium radical cation
(i.e., where the radical and charge are both formally assigned to
nitrogen). An explanation for this secondary radical population
is due to isomerisation within the short timescale following
2Anl formation. The 266 nm photolysis of the aryl-iodine bond
in the iodoaninlinium precursor ion leaves approximately 40.5
kcal/mol of residual energy,®™ which is close to the predicted
activation energy for hydrogen atom transfer and isomerisation
of 2Anl to the conventional radical ion (E, = 42 kcal/mol).’!
Thus, isomerisation of 2Anl prior to collisional deactivation by
the helium buffer gas may result in the formation of the
conventional radical. Other studies have suggested protonation
isomers may also provide a source of the conventional radical
ion.* In either case, as the conventional radical is several orders
of magnitude less reactive than the target o-type distonic radical
it is considered unreactive under these timescales investigated
here and does not impact on the kinetic analysis of the target
distonic radical ion species.

A major difference in branching ratios across all reactions is
the amount of signal corresponding to acetylene addition
followed by hydrogen atom elimination (m/z 103 Pyr, m/z 118
Anl, m/z 128 Bzn). Reactions of 2Pyr, 3Pyr, 4Pyr and 2Anl all
exhibit significantly higher branching ratios for this product
channel compared to 3Anl, 4Anl, 2Bzn, 3Bzn and 4Bzn,
providing a useful experimental observation to assess the
calculated energy schemes in the next section.

Potential Energy Schemes

To determine the important mechanistic pathways and assign
products for each reaction, a potential energy scheme for the
reaction of each radical ion with acetylene was computed and
the results are shown in Figures 5, 6 and 7. Reaction energies
were calculated using the composite G3X-K method and values
are reported in kcal/mol, relative to the separated reactants. Due
to mechanistic similarities between meta and para reactions,
only para and ortho target radical reactions will be discussed
here, however expanded reaction surfaces (including cis/trans
isomerisation) for both ortho and meta target radicals are
provided in the supplementary information (Figures S1-3). This
section will first discuss the reaction pathways of acetylene with
2Pyr and 4Pyr, followed by the reactions of acetylene with 2Bzn
and 4Bzn and finally the reactions of acetylene with 2Anl and
4Anl. For each reaction, a pre-reactive complex (PRC) was
located, which is crucial to the bimolecular reaction kinetics,
and this is investigated in the subsequent section. After forming
of the C—C addition bond, the following energy schemes
provide information for rationalising the detected product ions
and branching fractions. As already noted, only products from
the addition of the first acetylene molecule will be discussed
here, products associated with secondary acetylene addition to
each radical ion will be the subject of a future publication.

Dehydropyridinium Reactions with Acetylene

Following the scheme in Figure 5A, the reaction of 2Pyr with
acetylene leads to the formation of 2Pyr, at —48.2 kcal/mol.
From 2Pyr,, direct H-atom loss from the benzylic position leads
to the formation of 2-ethynylpyridinium with a transition state
at —11.7 kcal/mol making this the lowest energy pathway for
direct H-atom loss across all systems and consistent with the
abundant H-atom loss product (m/z 104) for 2Pyr + C,H,.
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Alternatively, from 2Pyrg a 1,2-H atom shift can occur (—10.5
kcal/mol barrier), leading to the formation of the resonance-
stabilised radical 2Pyr; at —60.1 kcal/mol (11.9 kcal/mol below
2Pyr,). This intermediate can undergo H-atom loss to form 2-
ethynylpyridinium via a relatively late transition state at —11.3
kcal/mol. An alternative pathway to form 2Pyr; from 2Pyr,
requires first forming 2Pyrs. Although the transition state to
form 2Pyrs; is significantly lower in energy than the transition
state to form 2Pyry directly (—28.4 versus —11.7 kcal/mol), the
second transition state along this pathway is notably higher at —
9.3 kcal/mol thus diminishing its competitiveness. It is likely
that the residual signal detected at m/z 105 in Fig. 1A is a
mixture of 2Pyry, 2Pyr,, 2Pyr; and 2Pyrs. Each of these
intermediates are relatively stable with large barriers to
isomerisation, increasing their propensity for collisional
stabilisation by the buffer gas (on the microsecond timescale).

The energy scheme for 4Pyr (Fig. 5B) describes similar
pathways to 2Pyr although due to the location of the para-
radical site there is no N-centred radical intermediate present in
this scheme. Addition of acetylene leads to the formation of the
intermediate 4Pyr,, whereby direct H-atom loss forms 4-
ethynylpyridinium via a —8.9 kcal/mol transition state, which is
marginally higher in energy than the corresponding pathway for
2Pyr at—11.7 kcal/mol (¢f. Fig. 5A). However, formation of the
resonance stabilised radical 4Pyr; is also accessible, proceeding
via a —12.7 kcal/mol transition state. H-atom loss from 4Pyr;
then proceeds via a —8.8 kcal/mol transition state (also higher
than the corresponding state for 2Pyr). These two marginally
higher energy H-atom loss transition states can explain the
lower H-atom loss product yield observed for 4Pyr compared
with 2Pyr. From similar arguments as above, we attribute the
residual signal at m/z 105 as resulting from collisional
stabilisation of 4Pyr,, 4Pyr; and 4Pyr;.
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Figure 5. Potential energy schemes for the reactions of acetylene
with (A) 2Pyr and (B) 4Pyr. G3X-K energies (kcal/mol) are
reported relative to separated reactants.

Dehydrobenzonitrilium (Bzn) Reactions with Acetylene

Figure 6A shows the calculated stationary points for the 2Bzn
+ CoH» reaction. Acetylene addition forms the initial adduct
2Bzny at —43.1 kcal/mol where H-atom loss can form 2-
ethylbenzonitrilium via a late —10.4 kcal/mol transition state.
Alternatively, a 1,2-H atom shift forms 2Bzn;, which can
undergo H-atom loss to also yield 2-ethylbenzonitrilium.

However, it is likely both of these pathways will be
uncompetitive compared to the two available cyclisation
reactions. From 2Bzny, an almost negligible barrier leads to a
five-membered ring intermediate 2Bzn3 at —77.5 kcal/mol.
Also, an alternative six-membered ring closure mechanism can
produce the even more stable quinoline species 2Bzn4 at —84.9
kcal/mol. Due to the particularly low barriers for both of these
cyclisation mechanisms, rates of formation are expected to be
orders of magnitude larger than other pathways. Furthermore,
due to deep potential wells for these bicyclic species, back-
reaction rates will be meagre, thus these intermediates will
comprise a large portion of the ion population. No energetically
accessible H-atom loss pathways were identified from either
2Bzn; or 2Bzn;. These favourable cyclisation pathways are in
accord with the experiments where no H-atom loss products
(m/z 128) are recorded and therefore prevailing signal at m/z
129 is assigned to collisionally stabilised 2Bzns and 2Bzn..
Presumably, it is these intermediates that react with a second
C,H; facilitating higher-order molecular weight growth.

Figure 6B shows the stationary points for the 4Bzn + C,H,
reaction and this follows the same general reaction pathways as
2Bzn but without any bicyclic structures. Pathways to 4-
ethylbenzonitrilium + H form via a —3.7 kcal/mol transition
state from 4Bzny or via a —7.2 kcal/mol transition state from
4Bzn,. This aligns with the experimental observation whereby
4Bzn + acetylene reactions produce significantly lower H-atom
loss product compared to 4Pyr reactions. Unreactive signal at
m/z 129 is assigned to collisionally-stabilised intermediates,
likely comprising a mixture of 4Bzny, 4Bzn; and 4Bzn,.
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Figure 6. Potential energy schemes for the reactions of acetylene
with (a) 2Bzn and (b) 4Bzn. G3X-K energies (kcal/mol) are
reported relative to separated reactants.

Dehydroanilinium (Anl) Reactions with Acetvlene

Stationary points for the 2Anl + C,H, reaction are shown in
Figure 7A. Following addition, H-atom loss from 2Anl, leads
to the formation of 2-ethynylanilinium via a —7.6 kcal/mol
transition state. Alternatively, a 1,2-H atom shift from 2Anl,
leads to a resonance stabilised radical intermediate 2Anly. Two




H-atom loss channels from 2Anl; can proceed producing either
2-ethynylanilinium or 2Anly;. Transition states for these loss
channels reside at —10.3 kcal/mol (to 2-ethynylanilinium + H)
and —7.3 kcal/mol (to 2Anl,; + H). However, neither of these
H-atom loss pathways are expected to be major contributors to
the H-atom loss product signal at m/z 118, instead, a third
mechanism, unique to the 2Anl system, is expected to dominate.
This pathway follows a low barrier (4.0 kcal/mol) 1,5-H atom
transfer pathway from the -NH;" substituent to form 2Anls,
followed by cyclisation over a very low barrier (0.8 kcal/mol)
to produce 2Anly. H-atom loss from 2Anl, yields the bicyclic
product 2Anly; via a —33.0 kcal/mol transition state. Since this
pathway is unique to 2Anl, it explains the high yield of m/z 118
in Fig. 1D compared with the 3Anl and 4Anl cases (Fig 1E,F).
Product signal at m/z 119 is assigned as collisionally stabilised
intermediates, likely 2Anl; and 2Anl, due to low formation
barriers and increased stabilisation energies.

Stationary points for the 4Anl + C;H, reaction are shown in
Figure 7B. With the exception of absent bicyclic species, 4Anl
+ C,H, follow similar reaction steps as 2Anl. From the initial
adduct (4Anly), direct H-atom loss forms 4-ethylanillinium + H
via a —3.4 kcal/mol transition state. Alternatively, a 1,2-H atom
shift leads to the resonance stabilised radical 4Anl;, which can
then undergo two H-atom loss channels — one from either end —
forming 4-ethylanillinium + H or 4Anl,; + H. Residual ion
populations at m/z 119 are assigned as collisionally stabilised
adducts; likely candidates are 4Anly, 4Anl; and 4Anl,.

NH, B)
Y

Okcalmol"  TSTgny

X

Figure 7. Potential energy schemes for the reactions of acetylene
with (A) 2Anl and (B) 4Anl. G3X-K energies (kcal/mol) are
reported relative to separated reactants.

Pre-Reactive Complexes and a Kinetic Model
Although these energy schemes provide insight into the
detected product ions and product branching ratios, they do not
readily assist with explaining the different bimolecular reaction
kinetics observed for these reactions. Since all reactions have
significantly exothermic addition pathways, and both reaction
and product formation rates are essentially matched for each
reaction, this points to a decisive kinetic bottleneck along the
early stages of the reaction pathway.** As outlined in this
section, it is possible to rationalise the kinetic trends of each
target radical by considering the forward barrier to acetylene
addition following the formation of a pre-reactive complex. A
generalised scheme showing the key aspects of the pre-reactive
complex formation and fate for 2Pyr + C,H, is shown in Fig §,

including a forward barrier to acetylene addition (relative
barrier energy) — which is below the energy of the separated
reactants.

Relative
Barrier
Energy
Pre-reactive
Complex
Energy

Adduct
Stabilization
Energy

Figure 8: Schematic of the key regions of the potential energy
scheme for the reaction between 2Pyr and C,H,. All other target
reactions follow the same general mechanism.

Quantum chemical calculations for the entrance channel of
each target radical encountering C;H, were performed using
MO06-2X-D3(0)/6-31++G(2df,p) optimised geometries
followed by DSD-PBEP86-NL/aug-cc-pVQZ single point
energies. For all reactions, pre-reactive complexes were
optimised along the addition coordinate of the approaching
acetylene. The forward barriers, separating the pre-reactive
complex and the adduct, were in most cases below the energy
of separated reactants — a case sometimes referred to as a
submerged barrier.*>* This early portion of the potential energy
scheme for each reaction is shown in Figure 9a that only
includes the energies of the pre-reactive complex (PRC) and the
forward barrier to acetylene addition, relative to the energy of
the free reactants. The ordering of the forward barrier-energy is
the same as the ordering of the experimental second-order
reaction coefficients except that 4Pyr and 2Anl are swapped. It
is notable that, with the exception of 3Anl and 4Anl, all
stationary points lie below the energy of the separated reactants.
Also plotted is the reaction efficiency for each target reaction
against the relative barrier height for acetylene addition in
Figure 9b (logarithmic scale). This general linear trend provides
supporting evidence for a dependency between the forward
barrier-energies and the overall reaction efficiency. This plot is
in accord with the major trends discussed above with: (i)
relative barrier heights increasing from ortho to para, (ii) three
groupings existing depending on their barrier height and (iii) the
increased second-order rate coefficient of 2Anl. The 2Anl
reactivity is captured by its EA value since it fits reasonably
well to the trend in Figure 9b but also it does have a notably
deeper PRC well at —9.1 kcal/mol. This could be due to some
stabilisation from stronger interactions between the acetylene
and the -NH;" group. All PRC structures and the structures of
the forward transition state from the PRC are provided in
supporting information.

As suggested by ionic curve crossing models, these results
can be rationalised by considering the polarization of the initial
transition state as dependant on the radical electron affinity
(EA) and the ionization energy (IE) of the neutral reagent.'*!?
Therefore, since neutral acetylene is the comment reactant,
increasing the radical-ion EA is expected to increase the
efficiency of reaction by lowering the key pre-reactive complex
forward barrier. The adiabatic EA for each reactant is plotted
against the relative barrier height as shown in Figure 9c,
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revealing a strong relation between these two parameters. These
results indicate that by simply altering the reactant’s electron
affinity, either by modifying the distance between the radical
site and the charged moiety or introducing substituents, the
overall reaction efficiency can be predicted for these addition
reactions — as least relative to similar reactants.*

Furthermore, the IE of the neutral reactant is expected to
influence the polarizability at the transition state, with lower
ionisation energies corresponding to faster bimolecular
kinetics.™!3 As all reactions here are with acetylene (and thus
the ionisation energy remains constant) this effect is not probed,
however, our previously reported reactions of the Pyr and Anl
distonic radical cations with propene,”?° which has a
significantly lower ionisation potential compared to acetylene
(IE 9.73 eV for propene* compared to 11.4 eV for acetylene®),
show significantly increased reaction efficiencies, up to ca.
70%. Another study reported on Bzn + ethylene (IE 10.51 eV
for ethylene*) and these efficiencies also conform with the
trend,*? and all are included in Figure 9d where the reaction
efficiency of now 18 reactions are plotted against the IE — EA
energy. In agreement with the ionic curve crossing model, a
good correlation between these parameters is obtained until an
IE — EA value of roughly less than 3.5 eV, where reactions
approach 100% efficiency.'*!”

The trend is rather good considering the simplicity of the
model (with only enthalpic changes considered). There is some
scatter in these data with dehydropyridinium + C,H, reactions
slightly off the main trend, along with the 2-dehyodraniliunium
+ C,H; result, but more points are required to better understand
the overall trends under this simple relationship. The success of
this model indicates that once the PRC forward barrier is
crossed, and the C-C addition bond is formed, no reverse
reaction occurs. Finally, double-well reactions that proceed
from a PRC with barriers below the energy of the reactants are
known to be efficient down to even ultracold temperatures —
indeed, they tend to demonstrate negative temperature
behaviour that results in reaction rates increasing as temperature
decreases. Therefor the reactions studied here with forward
barriers well below zero are expected to be rapid under extra-
terrestrial conditions.

Conclusion

Mass spectrometric product detection experiments, using a
modified linear quadrupole ion-trap, were conducted for the
gas-phase reactions of acetylene with nine target N-protonated
aromatic radical cations at room temperature and 2.5 mTorr.
Reaction efficiencies were modelled using the relative barrier
energy which shows some correlation for each target radical and
were linked to the electron affinity of the charged reactant.
Comparisons, also including previously reported kinetic data,
indicate that reaction efficiencies increase as the difference
between the IE of the neutral reactant and the EA of the distonic
radical cation decrease. These results are consistent with
predictions based on ionic curve crossing model and suggest
that the overall reaction efficiency can be tuned by altering
either parameter.

Across all reactions, four major product channels were
observed corresponding to initial acetylene addition [M + 26]",
H-atom loss from the initial acetylene adduct [M + 26 - 1]7,
secondary acetylene addition [M + 26 + 26]" and H-atom loss
from the secondary acetylene adduct [M + 26 + 26 — 17"
Quantum chemical calculations were used in conjunction with
experimental branching ratios to elucidate major products
formed from each reaction system. Reactions with ortho radical
isomers proceeded through markedly different reaction
pathways, due to interactions with the adjacent charge centres
not available to the meta or para isomers. For 2Bzn and 2Anl
reactions in particular, ring closure mechanisms — forming
bicyclic products — from interactions with charged substituents
could be relevant to PAH/NPAH growth mechanisms in low
temperature environments. Future studies investigating the
reactions of each target radical with other small hydrocarbons
will assist in developing the theoretical framework necessary to
accurately model these reactions across the wide range of
temperatures and pressure relevant to combustion, atmospheric
and interstellar models. However, other studies, particularly on
the molecular weight growth of larger nitrogen-containing
aromatic hydrocarbons or secondary addition mechanisms,
should be performed to help advance our understanding on the
growth of larger NPAH molecules.
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Figure 9: (A) The potential energy surface of the pre-reactive complex for each target radical. DSD-PBEP86-NL/aug-cc-pVQZ//M06-2X-
D3(0)/6-31++G(2df,p) energies are given in kcal/mol relative to reactants. (B) Logarithmically scaled plot of reaction efficiency against the
forward barrier energy for each target radical. An exponential fit, displayed as a black line, demonstrates a correlation between these two
parameters. (C) Plot of relative barrier energies for each reaction and the electron affinity of the corresponding radical cation. (D) Logarith-
mically scaled plot of the reaction efficiency against IE - EA energy in eV. Reaction efficiencies for Pyr + propene (represented by *) are
taken from ref 30, Anl + propene (represented by ¥) are taken from ref 31 and Bzn + ethylene (represented by *) are taken from ref 32 (the red
(ortho), green (meta), blue (para) colouring is consist for each radicals isomer in each set).
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