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We report on a combined experimental and theoretical investigation of the N(2D) + C6H6

(benzene) reaction, which is of relevance in the aromatic chemistry of the atmosphere of

Titan. Experimentally, the reaction was studied (i) under single-collision conditions by the

crossed molecular beams (CMB) scattering method with mass spectrometric detection

and time-of-flight analysis at the collision energy (Ec) of 31.8 kJ mol−1 to determine the

primary products, their branching fractions (BFs), and the reaction micromechanism,

and (ii) in a continuous supersonic flow reactor to determine the rate constant as

a function of temperature from 50 K to 296 K. Theoretically, electronic structure

calculations of the doublet C6H6N potential energy surface (PES) were performed to

assist the interpretation of the experimental results and characterize the overall reaction

mechanism. The reaction is found to proceed via barrierless addition of N(2D) to the

aromatic ring of C6H6, followed by formation of several cyclic (five-, six-, and seven-

membered ring) and linear isomeric C6H6N intermediates that can undergo

unimolecular decomposition to bimolecular products. Statistical estimates of product

BFs on the theoretical PES were carried out under the conditions of the CMB

experiments and at the temperatures relevant for Titan’s atmosphere. In all conditions

the ring-contraction channel leading to C5H5 (cyclopentadienyl) + HCN is dominant,
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while minor contributions come from the channels leading to o-C6H5N (o-N-

cycloheptatriene radical) + H, C4H4N (pyrrolyl) + C2H2 (acetylene), C5H5CN (cyano-

cyclopentadiene) + H, and p-C6H5N + H. Rate constants (which are close to the gas

kinetic limit at all temperatures, with the recommended value of 2.19 ± 0.30 × 10−10

cm3 s−1 over the 50–296 K range) and BFs have been used in a photochemical model

of Titan’s atmosphere to simulate the effect of the title reaction on the species

abundances as a function of the altitude.
1. Introduction

The study of the atmospheric chemistry of the planets of the Solar System can help
us to understand the evolution of our own atmosphere and its primordial compo-
sition before the emergence of life drastically altered it.1 Among the others, the case
of Titan (a massive moon of Saturn with a dense N2-dominated atmosphere) is
particularly interesting because of the rich organic chemistry occurring in its upper
atmosphere.1–4 Aer several space missions and ground-based observations,
involving also ALMA in recent years,5 our knowledge of the atmosphere of Titan has
reached an unprecedented level2,3 and new measurements from the James Webb
Space Telescope promise to enrich further the list of organic molecules that have
been identied so far.6 In addition to nitrogen (accounting for ca. 95–98% of the
composition depending on the altitude considered), the second most abundant
component is methane (varying from ca. 2% in the upper atmosphere up to ca. 5%
close to the surface). The chemistry initiated by the activation of N2 and CH4 by UV
photons or energetic particles leads to the formation of trace components including
higher hydrocarbons, nitriles and other N-containing organic molecules.7–9 Since
the rst missions, we learnt that Titan is covered by organic haze made up of
aerosols. Aer early laboratory experiments trying to simulate the conditions of the
atmosphere of Titan,10 polycyclic aromatic hydrocarbons (PAHs) were proposed as
the main component of that aerosol. The presence of PAHs would imply that
aromatic rings are formed starting from the main components of Titan and the
subsequent detection of benzene, the simplest aromatic hydrocarbon (with a rst
tentative detection by the Infrared Space Observatory,11 later conrmed by the
Composite Infrared Spectrometer (CIRS) onboard Cassini12 in the stratosphere and
by the analysis of the data recorded by the Ion Neutral Mass Spectrometer onboard
Cassini13 in the thermosphere), supported this interpretation. We now know that
benzene is quite diffuse in Titan as it has been identied in the upper atmosphere
(peak around 1000 km),13 in the mesosphere,14 and in the stratosphere of Titan,12

and even on the surface as seen upon the impact of the Huygens probe.15

Furthermore, benzene ice clouds have been detected in the stratosphere.16 Various
formation routes of benzene have been considered. In the photochemical model we
will use in this work, benzene is formed by both ionic production pathways in the
ionosphere (mainly by the reaction C4H3

+ + C2H4 and to a lesser extent by C3H5
+ +

C2H2 and C4H2
+ + C2H) and neutral pathways (C2H3 + C4H3 and C3H3 + C3H3) with

a similar global efficiency.17

The detection of N-containing aromatic compounds is also of interest to the
present work. The presence of the N-heterocyclic molecules pyridine and pyrim-
idine was considered aer the analysis of Cassini mass spectra where ions at m/z
80 and 81 (associated with C5H5NH

+ and C4H4N2H
+, and possibly corresponding
328 | Faraday Discuss., 2023, 245, 327–351 This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00057e


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
1 

ap
ri

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

4-
08

-1
8 

13
:3

1:
36

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to protonated pyridine and pyrimidine) were detected,18 but remote spectroscopy
could not conrm this suggestion and only upper limits were derived.19 However,
the analysis of the strong unidentied emission near 3.28 mm in the upper
daytime atmosphere reported by Dinelli et al.20 (extending from 600 km up to 1250
km) led to the suggestion that, in addition to PAHs, several N-containing PAHs
(such as N-heterocyclic compounds like phenanthridine or aromatic amines like
2-naphthylamine) are the carrier of this band which cannot be explained with
non-aromatic species.21 Likewise, the analysis of the data recorded by the Cassini
Plasma Spectrometer Ion Beam Spectrometer strongly suggests that PAHs and N-
containing PAHs are responsible for the heavy positive ions signal (170–310 Da).22

Therefore, the incorporation of nitrogen in aromatic compounds needs to be
explained. Molecular nitrogen is not a reactive species, but it can be activated
either by dissociation or ionization induced by EUV photons, cosmic rays and
solar winds as well as other energetic particles like electrons from the magneto-
sphere of Saturn.7–9 Interestingly, photodissociation, dissociative photoioniza-
tion, cosmic ray induced dissociation, electron impact as well as N2

+ dissociative
recombination can produce atomic nitrogen in the rst electronically excited 2D
state in similar amounts to the ground 4S state.7–9,23 N(4S) exhibits very low reac-
tivity with closed shell molecules,23–25 while N(2D) is reactive with the typical
molecules identied in the atmosphere of Titan, including CH4 and H2.26–28 N(

2D)
is metastable but has a radiative lifetime long enough (6.1 × 104 s and 1.4 × 105 s
for the 2D3/2 and 2D5/2 ne structure states, respectively)29 to react in binary
collisions with other constituents of the upper atmosphere of Titan.7–9

In the Perugia laboratory, featuring a crossed molecular beam (CMB) appa-
ratus with mass spectrometric detection, some of the present authors have
investigated numerous reactions between N(2D) and molecular species of interest
in the atmospheric chemistry of Titan.26–28,30–40 Interestingly, in all the investigated
N(2D) reactions with C-containing molecules the formation of products contain-
ing a novel C–N bond has been observed.26,31–40 Dedicated electronic structure
calculations of the reactive potential energy surface (PES) have also been per-
formed for those reactions.

In the Bordeaux laboratory, featuring a continuous supersonic ow apparatus,
the kinetics of several reactions involving N(2D) and hydrocarbons36,41–43 have
been determined in a range of temperatures, T, from 50 K to 296 K, encompassing
those of relevance for Titan and the results have been incorporated in a photo-
chemical model developed in-house.8 These studies have shown that most reac-
tions of N(2D) are faster than what was believed, approaching the gas kinetic limit
down to very low T. In some cases, a signicant effect in the photochemical model
outcomes was observed.36,41–43

In the case of the reaction N(2D) + allene, we have already combined the
Perugia and Bordeaux expertise to derive the rate coefficients and the product
branching fractions (BFs) as a function of the temperature. The results have been
included in the photochemical model and the effects analysed.36 This approach is
pivotal to improve current photochemical models of Titan’s atmosphere because
many relevant elementary reactions have never been investigated in laboratory
experiments and are included in chemical networks of the models with estimated
values of rate constants and product BFs.

In the present work, we use the same combined approach to study the reaction
N(2D) + C6H6 with the aim to understand the chemistry of N(2D) with aromatic
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 327–351 | 329
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species aer that with aliphatic molecules. In particular, we wish to explore
whether (1) the reaction of N(2D) with the simplest aromatic is fast as in the case
of aliphatic unsaturated hydrocarbons, also at the very low T typical of Titan (94–
200 K); (2) the aromatic ring is preserved upon the chemical attack by the very
reactive species N(2D) or the reaction causes a ring contraction and/or the loss of
aromaticity (both cases have been previously observed in reactions involving
benzene and other atomic/radical species44–49); (3) the N atom can be incorporated
in the ring possibly forming pyridine in a N/CH exchange channel (preliminary
calculations performed ad hoc have indicated that this reaction path is
exothermic and correlates with the reactants50,51); (4) other N-containing cyclic
organic molecules can be formed (the same preliminary calculations have already
indicated that there are other open reactive channels;50,51 the PES derived by
another research group that also performed statistical estimates of the product
branching fractions conrmed that52). If conrmed that N is incorporated into the
aromatic ring or in other cyclic non-aromatic compounds, this reaction could be
added to the list of processes generating the precursors of the N-containing PAHs
observed in Titan, together with other routes characterized by the CMBmethod in
the group of Kaiser53–57 or inferred by plasma studies in air.58,59 Finally, the rate
constant and product BFs as a function of temperature derived in this study are
used in a photochemical model of Titan’s atmosphere to simulate the effect of the
title reaction on the species abundances (including new products formed) as
a function of the altitude.

The Perugia group has already investigated the related reactions between
benzene and atomic oxygen48,49 and the reaction between N(2D) and pyridine.40 In
both cases, ring-contraction mechanisms have been found to be important.
Similarities and differences will be noted in the paper.

According to the present theoretical calculations the N(2D) + benzene reaction
exhibits numerous energetically open channels, with the most relevant ones
being the following (the reported enthalpies of reaction are those calculated in the
present work at the CCSD(T)-CBS level, see Section 3.1):

N(2D) + C6H6 / C5H5 + HCN DH0
0 = −397 kJ mol−1 (1)

N(2D) + C6H6 / C5H5 + HNC DH0
0 = −337 kJ mol−1 (2)

N(2D) + C6H6 / C5H5CN + H DH0
0 = −311 kJ mol−1 (3)

N(2D) + C6H6 / C4H4N + C2H2 DH0
0 = −269 kJ mol−1 (4)

N(2D) + C6H6 / C5H6 + CN DH0
0 = −198 kJ mol−1 (5)

N(2D) + C6H6 / C4H4NCCH + H DH0
0 = −172 kJ mol−1 (6)

N(2D) + C6H6 / C6H5N + H DH0
0 = −157 kJ mol−1 (7)

N(2D) + C6H6 / o-C6H5N + H DH0
0 = −132 kJ mol−1 (8)

N(2D) + C6H6 / p-C6H5N + H DH0
0 = −110 kJ mol−1 (9)

N(2D) + C6H6 / C5H5N + CH DH0
0 = −45 kJ mol−1 (10)
330 | Faraday Discuss., 2023, 245, 327–351 This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00057e


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
1 

ap
ri

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

4-
08

-1
8 

13
:3

1:
36

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The paper is organized as follows. In Sections 2 and 3 we describe the exper-
imental techniques and the theoretical methods, respectively, adopted to inves-
tigate the title reaction. In Section 4 we report the experimental results. In Section
5 we describe the PES used to interpret the experimental results and the predic-
tions of statistical simulations of product BFs. A general discussion of the results
is given in Section 6, and the effects of the title reaction in a photochemical model
of Titan’s atmosphere is then examined in Section 7, before the conclusions.
2. Experimental methods
2.1 The crossed molecular beam experiments

The scattering experiments were carried out by using a CMB apparatus that has
been described in detail elsewhere.60,61 Briey, two well-collimated, in angle and
velocity, continuous supersonic beams of the reactants are crossed at 90° in
a large scattering chamber with a background pressure of 2 × 10−6 mbar in
operating conditions, which assures single-collision conditions. The detection
system consists of an electron impact ionizer, a quadrupole mass lter and a Daly-
type detector. The ionizer is located in the innermost region of a triply differen-
tially pumped ultra-high-vacuum chamber, which is maintained in the 10−11

mbar pressure range in operating conditions by extensive turbo- and cryo-
pumping. The whole detector unit can be rotated in the collision plane around
an axis passing through the collision center and product/reactant velocity
distributions can be derived from time-of-ight (TOF) measurements. Beam
conditions and other details of the experimental conditions are given in the ESI.†
The resulting collision energy, Ec, was 31.8 kJ mol−1.

The laboratory (LAB) angular distribution, N(Q), was measured with respect to
the nitrogen beam direction. The secondary target beam (benzene beam) was
modulated at 160 Hz with a tuning fork chopper for background subtraction.
Velocity distributions of the products were obtained at selected LAB angles by
measuring time-of-ight, N(Q, t) distributions using the cross-correlation TOF
technique with four 127 bit pseudorandom sequences.60High-time resolution was
achieved by spinning the TOF disk, located at the entrance of the detector, at
328 Hz corresponding to a dwell time of 6 ms per channel. TOF counting times
varied from 60 to 180 min depending upon signal intensity. The analysis of raw
data has been performed by the usual forward convolution approach where trial
CM product angular, T(q), and translational energy, PðE0

TÞ, distributions are
assumed, averaged, and transformed to the LAB frame for comparison with the
experimental data until the best-t of the LAB distributions is achieved.60,61
2.2 Kinetic experiments

The kinetic experiments described here were performed using an existing
continuous supersonic ow or Laval nozzle apparatus. The principal attributes of
this system have been presented in earlier work,62 while the main modications
that have been made to allow us to follow the kinetics of atomic radical reactions
are described in later work.63–66 Three different Laval nozzles based on the carrier
gases Ar or N2 were employed during this investigation to access four different low
temperature ows between 50 and 177 K (one nozzle was used with both Ar and N2

to generate ows with characteristic temperatures of 127 and 177 K, respectively).
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 327–351 | 331
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The nozzle properties are summarized in Table 1 of Nuñez-Reyes et al.43 Room
temperature measurements (296 K) were conducted with Ar as the carrier gas in
the absence of a Laval nozzle and by reducing the ow velocity to avoid pressure
gradients in the reactor. N(2D) atoms are only slowly quenched by N2 and Ar67 so
the use of these carrier gases did not adversely affect the excited state populations.
Details of the methods used for the generation and detection of N(2D) atoms, as
well as for the introduction of the benzene co-reagent are provided in the ESI.†
3. Theoretical methods
3.1 Electronic structure calculations of potential energy surface (PES)

The theoretical investigation of the reaction between N(2D) and C6H6 was per-
formed adopting a well-established computational strategy previously used for
the investigation of many other bimolecular reactions.26,31,34–39,68–70 The PES of the
N(2D) + C6H6 system was rst characterized by locating the lowest stationary
points (minima and transition states) at the B3LYP level of theory in conjunction
with the 6-311+G** basis set.71,72 The optimization of all the stationary points was
then rened by the use of the same hybrid density functional with a larger basis
set, i.e. the Dunning correlation consistent valence polarized aug-cc-pVTZ basis
set.73–75 At the same level of theory we have computed the harmonic vibrational
frequencies in order to check the nature of the stationary points, i.e. minimum if
all the frequencies are real, saddle point if there is one, and only one, imaginary
frequency. The assignment of the saddle points was performed using intrinsic
reaction coordinate (IRC) calculations.76,77 The energy of all the stationary points
was computed then at the CCSD(T) level78–80 using the same basis set aug-cc-
pVTZ.73–75 Both the B3LYP and the CCSD(T) energies were corrected to 0 K by
adding the zero point energy (ZPE) correction computed using the scaled
harmonic vibrational frequencies evaluated at the B3LYP level. The energy of
N(2D) was estimated by adding the experimental81 separation N(4S)–N(2D) of
230 kJ mol−1 to the energy of N(4S) at all levels of calculation. Preliminary reports
on a portion of the PES have been already given,50,51 but the full PES and statistical
calculations based on the Rice–Ramsperger–Kassel–Marcus (RRKM) method are
presented here. Furthermore, for selected stationary points, which were demon-
strated to be relevant for the main reactive channels from RRKM calculations
using the CCSD(T) PES, more accurate calculations were performed at the
CCSD(T) level corrected with a Density Fitted (DF) MP2 extrapolation to the
complete basis set (CBS) and with corrections for core electrons excitations. In
particular, we compute the energies as:

ECBS = E(CCSD(T)/aug-cc-pVTZ) + [E(CCSD(T,core)/cc-pVTZ) − E(CCSD(T)/

cc-pVTZ)] + [E(DF-MP2/CBS) − E(DF-MP2/aug-cc-pVTZ)] (11)

where E(DF-MP2/CBS) is dened as:

E(DF-MP2/CBS) = E[(DF-MP2)/aug-cc-pVQZ] + 0.5772 × [E(DF-MP2/

aug-cc-pVQZ) − E(DF-MP2/aug-cc-pVTZ)] (12)

The E(DF-MP2/CBS) extrapolation was performed using Martin’s two param-
eter scheme82 and the related energies were used for the kinetic (statistical)
332 | Faraday Discuss., 2023, 245, 327–351 This journal is © The Royal Society of Chemistry 2023
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investigation described below. These energies will be denoted as CBS although
they include also the core–valence correlation correction. The accuracy of these
very accurate calculations should be within ±5 kJ mol−1.

The DFT and CCSD(T) calculations were done using Gaussian 09 (ref. 83) while
the CBS calculations were done with MOLPRO.84,85 The analysis of the vibrational
frequencies was performed using Molekel.86
3.2 Statistical estimates of the product branching fractions

RRKM calculations for the N(2D) + C6H6 reaction were performed using a code
implemented in our group for this purpose.26,31,68–70 The microcanonical rate
constant k(E) for a specic reaction at a specic total energy is given by the

expression kðEÞ ¼ NTSðEÞ
hrTðEÞ

where N(E) represents the sum of states at the

transition state at energy E, r(E) is the density of states of the reactant, and h is
Planck’s constant. N(E) is obtained by integrating the relevant density of states up
to energy E, and the rigid rotor/harmonic oscillator model is assumed. Since
many reaction channels are H-displacement processes, tunnelling (as well as
quantum reection) was included in the RRKM calculations by using the corre-
sponding imaginary frequency of the transition state and calculating the
tunneling probability for the corresponding Eckart barrier.

For the cases in which we were not able to locate a clear transition state in the
exit channel, the corresponding microcanonical rate constant was obtained
through a variational approach: k(E) was evaluated at various points along the
reaction coordinate and the point which minimizes the rate constant was chosen,
in accordance with the variational theory.87 For dissociation steps in which, due to
difficulties in the electronic structure calculations, no intermediates points are
available, the products at innite separation were taken into account as a possible
“transition state”. Aer the calculation of all microcanonical rate constants,
a Markov (stochastic) matrix was set up for all intermediates and nal channels to
derive the product branching fractions for the overall reaction. k(E) is subse-
quently Boltzmann averaged for each temperature of interest to yield k(T).
4. Experimental results
4.1 CMB experiments

Reactive scattering signals were observed at m/z = 91 (C6H5N
+), m/z = 90

(C6H4N
+),m/z = 66 (C5H6

+), andm/z = 65 (C5H5
+) (with relative intensities of 1.00,

0.17, 0.09, and 0.78 at Q = 48° using an energy of the ionizing electrons of 70 eV).
Full sets of angular and TOF distributions were determined only at m/z = 91, 90,
and 65. The signal at m/z = 66 was too weak to perform scattering measurements
while angular and TOF distributions at m/z = 79 (corresponding to pyridine mass
from channel (10)) could not be achieved because of the strong interfering signal
due to the elastic scattering of benzene with one 13C (the m/z of 13CC5H6

+ is 79).
Fig. 1a depicts the velocity vector (so called “Newton”) diagram of the experi-

ment, while Fig. 1b and c show the LAB angular distributions measured at m/z =
91 and m/z = 65, respectively. The circles in the Newton diagram delimit the
maximum speed of the indicated heavy products with gross formula C6H5N
formed in the H-displacement channels (3) and (6–9) (with ve possible
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 327–351 | 333
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Fig. 1 (a) Velocity vector diagram (“Newton” diagram) for the N(2D) + C6H6 (benzene)
reaction at Ec = 31.8 kJ mol−1 with superimposed color-coded circles that delimit the
speed in the CM frame of the indicated primary products. Product LAB angular distribu-
tions at (b) m/z = 91 and (c) m/z = 65. The black solid curves superimposed on the
experimental data (dots) are LAB angular distributions calculated by using the best-fit CM
functions shown in Fig. 3. Partial contributions, as resulted from the best-fit procedure and
originating from H-displacement (blue) and ring-contraction (red) channels, are also
shown in the m/z = 65 angular distribution (see text).

Faraday Discussions Paper
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
1 

ap
ri

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

4-
08

-1
8 

13
:3

1:
36

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
structures: 2-cyano-cyclopentadiene, 1-ethynyl-pyrrole, phenylnitrene, and ortho-/
para-N-cycloheptatriene radicals), C5H5 formed in the HCN/HNC elimination
channels (1) and (2), and C4H4N (pyrrolyl) formed in the C2H2 elimination
channel (4). The maximum CM speed was obtained by assuming that all the
available energy, ETOT (= Ec−DH0

0), for the corresponding channel is released into
product translational energy.

The solid dots in Fig. 1b and c represent the average of ve angular scans with
counting times of 100 s at each angle per scan (the error bars represent the
standard deviation). On the basis of energy and linear momentum conservation
laws, the reactive signal recorded at m/z = 91 corresponds unambiguously to the
heavy co-product(s) of the H-displacement channel(s). Because of the limited
experimental resolution and the similarity in the energetics and dynamics of
these channels, we were not able to disentangle them based only on the analysis
of the experimental data and the data could be t using a single set of best-t T(q)
and PðE0

TÞ.
Them/z= 90 angular distribution (not shown) was identical to that atm/z= 91

indicating that the reactive signal at m/z = 90 originates from dissociative ioni-
zation of the C6H5N product(s) from the H-displacement channels. Therefore, no
H2 elimination was seen to occur.

During the data analysis of the m/z = 65 LAB distributions, it was necessary to
consider two contributions. According to that analysis, the angular distribution
measured atm/z= 65 is the result of one component peaking aroundQCM (similar
334 | Faraday Discuss., 2023, 245, 327–351 This journal is © The Royal Society of Chemistry 2023
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in all respects to the angular distribution recorded at m/z = 91 and, therefore,
originating from the products of the H-displacement channels via dissociative
ionization) while two wings of comparable intensity originate from other product
channels. The presence of two different contributions is more clearly visible in the
TOF spectra (see Fig. 2) collected at six different LAB angles (24°, 32°, 40°, 48°,
54°, and 64°). A fast and a slow peak are easily visible from 40° to 54° with the
relative importance varying with the angle. Considering the kinematics of the
various possible channels, this additional contribution can be ascribed to the
occurrence of either channel (1) and/or channel (2). Possibly, also channels (4),
associated with C2H2 formation, and (5), associated with CN elimination, could
contribute to the m/z = 65 distributions via the −1 daughter ions of C4H4N
(pyrrolyl) and C5H6 (cyclopentadiene) products, respectively. In the TOF distri-
butions, the fast peak is associated to channels (1), (2), (4) and (5) while the slower
peak is associated to the H-displacement channels and has exactly the same
characteristics of the analogous peak measured at m/z = 91 (see Fig. S1 in the
ESI†). In the TOF distributions at angles outside the scattering angular range of
C6H5N (Q = 24° and, to some extent, 32° and 64°), only the contribution origi-
nating from channel (1) – or (2), (4) and (5) – is visible. During the analysis, the two
contributions were disentangled and the CM total ux ICMðq;E0

TÞ was derived by
considering the relation ICMðq;E0

TÞ ¼ ½TðqÞPðE0
TÞ�C5H5

þ a½TðqÞPðE0
TÞ�C6H5N, where

aweighs the contribution of the H-displacement channel(s) to the signal recorded
Fig. 2 TOF distributions measured atm/z= 65 at the six indicated LAB angles. The best-fit
is obtained by considering two different sets of CM functions (blue lines: H-displacement
channels; red lines: ring-contraction channels).
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at m/z = 65 and is a best-t parameter.60,61 The best-t value of a(C6H5N) was
minor being only 0.032. However, as can be expected on the basis of energy and
momentum conservation and of the relation between the CM and LAB reactive
uxes,60,61 the signal intensity of the C6H5N co-products of the indicated ve H-
displacement channels appears to be strongly enhanced in the LAB system
because of the small Newton circles compared to those associated to the C5H5

scattered by the relatively heavy HCN (or HNC) co-product. If we refer to the total
available energy for the o-C6H6CN + H channel, the resulting average fraction of
the total available energy channeled into product translation, hfTi, is 0.33.

4.1.1 Product angular and translational energy distributions in the CM
frame. In Fig. 3a the best-t CM product angular distributions, T(q), for the C6H5N
(top panel) and C5H5 (bottom panel) products are depicted, while in Fig. 3b the
product translational energy distributions, PðE0

TÞ, are displayed for the H-
displacement (top panel) and C5H5-forming (bottom panel) channels. The best-
t T(q) function for the C6H5N product(s) is strongly forward peaked. It indi-
cates that the H-displacement channels proceed via an osculating complex
mechanism.88 The PðE0

TÞ function for the H-displacement channel(s) peaks at
about 35 kJ mol−1 and dies off at about 135 kJ mol−1. Within the error bars, this
cut-off energy is consistent with the total available energy for the formation of the
two isomers o-C6H5N and p-C6H5N, while it is substantially lower than the
maximum total available energy for the C5H5CN + H channel and slightly lower
than those for the C4H4NCCH + H channel and C6H5N + H channel.

4.1.2 Experimental branching fractions. The product BFs were derived
following the procedure developed by Schmoltner et al.89 and widely applied by us
to a series of multichannel bimolecular reactions.48,49,90,94 The overall H-
Fig. 3 (a) Best-fit CM angular distribution of the C6H5N (top panel) and C5H5 (bottom
panel) products for the N(2D) + benzene reaction at Ec = 31.8 kJ mol−1. (b) Best-fit CM
product translational energy distributions for the H-displacement channels (top panel) and
for the C5H5 (cyclopentadienyl) ring-contraction channel (bottom panel). The arrowsmark
the total available energy for the indicated product channels. The average fraction
released into product translational energy, hfTi, is also indicated considering the case of
the channel leading to the formation of o-C6H5N. The shaded areas in (a) and (b) represent
the error bars of the CM functions.
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displacement channels were found to be minor accounting for BF = 0.08 ± 0.04,
while the C5H5 (cyclopentadienyl) forming channel(s) (and/or channels (4) and
(5)) was determined to be dominant with a BF of 0.92 ± 0.04. Based on only our
experimental results, we could not quantify the relative importance of either the
various possible H-displacement channels (3, 6–9) or the relative importance of
channels (1, 2, 4, and 5).
4.2 Kinetic results

Excess concentrations of both co-reagents NO and C6H6 (with respect to theminor
reagents C(3P) and N(2D)) were used during these experiments, allowing the
pseudo-rst-order approximation to be applied. As a result, the N(2D) uores-
cence emission signal, IN(2D) (assumed to be proportional to [N(2D)]), obeys
a biexponential rate law with the following form

I
Nð2DÞ ¼ A

�
exp

�
�k0

at
�
� exp

�
�k0

bt
��

(13)

with A equal to the maximum N(2D) signal amplitude, k
0
a and k

0
b are the pseudo-

rst-order rate constants for N(2D) loss and formation, respectively, and t is the
reaction time corresponding to the delay between photolysis and probe lasers.
Nevertheless, as the rst few microseconds of N(2D) formation could not be
exploited due to PMT saturation issues, a single exponential rate law of the type

INð2DÞ ¼ A exp
�
�k0

at
�

(14)

was used instead to t to the N(2D) uorescence curves. In this instance, the
starting point of the t was chosen carefully to avoid tting to the rising part of
the N(2D) temporal proles. Some typical examples of the N(2D) uorescence
Fig. 4 Plots of the pseudo-first-order rate constant, k
0
a, versus [C6H6] for a range of

temperatures: (red squares) 296 K; (light blue circles) 177 K; (green triangles) 127 K; (dark
blue diamonds) 75 K; (pink circles) 50 K. The solid lines are weighted linear least-squares
fits to the individual datasets. The error bars on individual data points are derived from
exponential fits to traces such as those displayed in Fig. S2† and are shown at the level of
a single standard deviation.
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Fig. 5 Second-order rate constants for the N(2D) + C6H6 reaction as a function of
temperature. Error bars represent the combined statistical uncertainty at the level of
a single standard deviation in addition to an estimated systematic error of 10%.
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signal as a function of time for different C6H6 concentrations recorded at 127 K
are displayed in Fig. S2.†

k
0
a is actually made up of several different contributions, namely N(2D) loss by

reaction with C6H6, kN(2D)+C6H6
[C6H6], N(2D) loss by reaction with NO,

kN(2D)+NO[NO] and N(2D) loss by other processes including reactions with impu-
rities and loss by diffusion. The rst two terms dominate here, with the third term
negligible in comparison. As [NO] is xed for any single series of experiments, the
difference in decay time between the traces in Fig. S2† is entirely due to the
change in C6H6 concentration.

Values of the second-order rate constant for the N(2D) + C6H6 reaction at
a given temperature kN(2D)+C6H6

(T) were obtained by recording several decay curves
similar to those shown in Fig. S2† at various C6H6 concentrations while keeping
the NO concentration constant. The results of these experiments are displayed in
Fig. 4, where k

0
a is plotted as a function of [benzene] for ve temperatures from 50
Table 1 Second-order rate constants for the N(2D) + C6H6 reaction alongside other
relevant information

T/K Nb [C6H6]/10
14 cm−3 [NO]/1014 cm−3 kN(2D)+C6H6

/10−11 cm3 s−1

296 30 0–2.1 6.4 (23.4 � 2.5)c

177 � 2a 33 0–1.4 4.1 (18.1 � 2.0)
127 � 2 33 0–1.7 4.6 (20.5 � 2.4)
75 � 2 30 0–0.7 3.0 (21.9 � 2.4)
50 � 1 18 0–0.8 4.2 (25.5 � 4.5)

a Uncertainties on the temperatures represent the statistical (1s) errors obtained from Pitot
tube measurements of the impact pressure. b Number of individual measurements.
c Uncertainties on the measured rate constants represent the combined statistical (1s)
and estimated systematic (10%) errors.
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K to 296 K. The solid lines represent weighted ts to the individual datasets. The
gradients of these lines yield the values for kN(2D)+C6H6

with the intercept corre-
sponding essentially to kN(2D)+NO[NO]. The derived second-order rate constants are
plotted as a function of temperature in Fig. 5 and are summarized in Table 1
along with other relevant information. To the best of our knowledge, there are no
earlier experimental studies of the kinetics of the N(2D) + C6H6 reaction. As the
reaction rate does not display a large temperature dependence, we recommend
the use of a temperature independent rate constant in photochemical models
with a value of (21.9 ± 3.0) × 10−11 cm3 s−1 over the 50–296 K range.

5. Theoretical results
5.1 The potential energy surface

The theoretical characterization of the PES of the system N(2D) + benzene leads to
the identication of 18 minima, 25 transition states and 10 exit channels. A
simplied scheme of the PES is shown in Fig. 6 while the complete PES is reported
in Fig. S3–S6 of the ESI.† The structures of the most relevant minima and tran-
sition states, as well as those of several unusual products, are also shown in the
ESI (Fig. S7–S9).† The numbering of the minima, the transition states and the
products channels is the same as that adopted in the previous work of Chin et al.52

to make the comparison easier. All the pathways considered in the work of Chin
et al. are present in our calculations, but additional paths have also been
identied.

We performed preliminary statistical calculations, including all the computed
reactive channels at the CC level, to evaluate the BFs of all the channels. In this
way, we selected only the exit channels for which a non-negligible BF was ob-
tained. Then the energy of these channels was recalculated at the very accurate
CBS level (these are the values reported in Fig. 6).

In the calculations at the B3LYP level, the interaction of nitrogen in its excited
2D state with C6H6 leads to a van der Waals complex with a very long (longer than
3 Å) N–C distance. The stability of this complex is strongly overestimated because
of the very poor description of nitrogen in its excited 2D state. Since the presence
of this initial complex has no inuence on the reactive channels, we have not
considered it in the higher-level calculations. As shown in Fig. 6, the interaction of
N(2D) with benzene leads to the formation of the i1 intermediate (more stable
than the reactants by 218 kJ mol−1) in which one of the carbon atoms has changed
hybridization from sp2 to sp3 making a new bond with the nitrogen atom. The i1
intermediate, overcoming a small barrier of only 12 kJ mol−1, can isomerize to i2
which, following the path TS13 / i12 / TS18 / i15 / TS19 / i16 / TS20,
nally leads to the products cyclopentadienyl radical and hydrogen cyanide (P9)
(channel (1)). RRKM calculations suggest it to be the main reaction channel (see
below). Once intermediate i12 is formed, however, it can also lose an H-atom
without any barrier from C1, C2 or C3 giving rise to three different products,
the most stable of which is the one associated with the H-loss from C1 (P15), the
second from C3 (P16) while the loss of H from C2 is the least favored.

The two last exit channels P15 and P16, which are originating in a barrier-less
fashion from the 7-member ring intermediate i12, were not considered in the
work of Chin et al.52 i12 can also isomerize to intermediate i13, overcoming
a barrier of 205 kJ mol−1, which, following the path TS15/ i14/ TS16, gives rise
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 327–351 | 339
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Fig. 6 Potential energy surface for the reaction N(2D) + C6H6. Relative energies computed
at CBS level with inclusion of core–valence correlation and ZPE correction. The product
channels P11, P15, and P16 were not present in the work of Chin et al.52 due to the
overlooking of some pathways (see text). For the sake of simplicity, a few pathways have
been neglected; only the channels predicted statistically to be relevant at Ec =
31.8 kJ mol−1 are shown (for more details, see ESI†).
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to the products C4H4N (pyrrolyl) and acetylene (P7) (channel 4). i14 can also give
rise to the products C4H4NCCH +H (P8) (channel 6) through TS17 or following the
path TS37 / i22 / TS38. This last pathway was not considered by Chin et al.52

Finally, i1, by overcoming a barrier of 53 kJ mol−1, can isomerize also to the very
stable intermediate i4 which, following the path TS28 / i19 / TS29 / i20 /

TS30/ i21/ TS33, gives rise to the products C5H5CN + H (P11) (channel 3). i21
can also give rise to the products C5H5 + HCN (P9) (channel 1) through the
pathway TS31 / i16 / TS20. These last two reactive channels, originating from
i4, were not considered in the work of Chin et al.52

Comparing the energies reported in Fig. 6 with those reported in Fig. 1 and 2 of
the article by Chin et al.52 we can notice an almost constant difference of about
20 kJ mol−1, the energies of Chin et al. being systematically lower than ours.
However, this difference is due almost entirely to the error that Chin et al.52 made
in computing the energy of N(2D). They computed the energy of N(2D) at the same
level of the other points reported in the PES, while we estimated this energy by
adding the experimental excitation energy to the computed energy of N(4S). We
evaluated an energy difference of 25 kJ mol−1 at the CBS level between the
experimental excitation energy of N(2D) and that calculated. This is the most
important contribution to the difference between the energies reported by Chin
et al.52 and those calculated in this work. The rest of the difference is due to the
fact that we included in our calculations also the core–valence correlation
contribution. We believe therefore that our results are more accurate than those
reported by Chin et al.52 and the error is within ±5 kJ mol−1.
5.2 RRKM estimates of the product branching fractions

RRKM estimates of product branching fractions were performed considering the
collision energy of the CMB experiment (31.8 kJ mol−1) and for three different
temperatures corresponding to the surface temperature of Titan (94 K), its
stratospheric temperature (175 K) and the temperature at 1000 km of altitude
where benzene has its abundance peak (200 K). The calculated BFs are referring to
the limit of zero pressure which is a good approximation for CMB experiments
and the stratosphere and thermosphere of Titan. All the possible elementary
processes, including back-dissociation for the rst intermediate i1 and back-
isomerization of all intermediates, have been considered in the RRKM calcula-
tions to obtain the branching fractions, reported in Table 2. The results reported
here have been obtained by using the CBS values of energy. Preparatory RRKM
calculations on the CC PES, however, provided very similar results. Under all the
considered conditions, the dominant channel is the one leading to C5H5 + HCN
(1) with a BF varying from 0.860 at 94 K to 0.745 under the conditions of the CMB
experiment. The other most important channels are channel (4) leading to
C4H4N + C2H2 (BF varying from 0.051 at 94 K to 0.056 at the experimental Ec) and
channel (8) leading to o-C6H5N + H, which has the strongest energy/temperature
dependence (BF varying from 0.048 at 94 K to 0.135 at the experimental Ec) as
already seen in the case of other H-displacement channels.37,38,48,49 This can be
rationalized by considering that this channel originates from the dissociation of
the i12 intermediate which is readily formed by a two-step isomerization of the
initial intermediate i1. The competition affects almost only channel (1) which is,
indeed, the lowest energy pathway originating from the same intermediate i12.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00057e


T
ab

le
2

P
ro
d
u
ct

b
ra
n
ch

in
g
fr
ac

ti
o
n
s
(B
Fs
)o

ft
h
e
N
(2
D
)+

b
e
n
ze

n
e
re
ac

ti
o
n
at

E
c
=
3
1.
8
kJ

m
o
l−

1 ,
co

m
p
ar
e
d
to

st
at
is
ti
ca

lR
R
K
M
/M

E
re
su

lt
s
in

C
M
B
co

n
d
it
io
n
s
an

d
at

th
e
te
m
p
e
ra
tu
re
s
o
f
2
0
0
,1
75

an
d
9
4
K
,c

o
rr
e
sp

o
n
d
in
g
to

th
e
te
m
p
e
ra
tu
re

o
f
T
it
an

at
10

0
0
km

,i
n
th
e
st
ra
to
sp

h
e
re

an
d
at

th
e
su

rf
ac

e
,r
e
sp

e
ct
iv
e
ly
.T

h
e
st
at
is
ti
ca

l
re
su

lt
s
o
f
re
f.
5
2
in

th
e
ra
n
g
e
o
f
e
n
e
rg
ie
s
fr
o
m

4
1.
8
to

0
kJ

m
o
l−

1
o
n
a
th
e
o
re
ti
ca

lP
E
S
ar
e
al
so

re
p
o
rt
e
d

C
h
an

n
el

n
u
m
be

r
an

d
pr
od

uc
ts

C
M
B
E
xp

t,
E c

=
31

.8
kJ

m
ol

−1
R
R
K
M
,

E c
=

31
.8

kJ
m
ol

−1
R
R
K
M

a
,

E c
=

41
.8
–0

kJ
m
ol

−1
R
R
K
M
,

94
K

R
R
K
M
,1

75
K

R
R
K
M
,2

00
K

(3
)
C
5
H

5
C
N

+
H

0.
08

�
0.
04

0.
05

3
0.
03

0–
0.
02

3
0.
03

9
0.
04

0
0.
04

0
(6
)
C
4
H

4
N
C
C
H

+
H

N
eg
li
gi
bl
e

0.
00

6–
0.
00

4
N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

(7
)
C
6
H

5
N

+
H

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

(8
)
o-
C
6
H

5
N

+
H

0.
13

5
n
d

0.
04

8
0.
05

3
0.
05

8
(9
)
p-
C
6
H

5
N

+
H

0.
01

1
n
d

0.
00

3
0.
00

3
0.
00

3

(1
)
C
5
H

5
+
H
C
N

0.
92

�
0.
04

0.
74

5
0.
88

9–
0.
91

5
0.
86

0
0.
85

2
0.
84

9
(2
)
C
5
H

5
+
H
N
C

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

(4
)
C
4
H

4
N

+
C
2
H

2
0.
05

6
0.
07

5–
0.
05

8
0.
05

1
0.
05

1
0.
05

2
(5
)
C
5
H

6
+
C
N

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

(1
0)

C
5H

5
N

+
C
H

n
d

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

N
eg
li
gi
bl
e

a
R
ef
.5

2.

Faraday Discussions Paper

342 | Faraday Discuss., 2023, 245, 327–351 This journal is © The Royal Society of Chemistry 2023

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
ap

ri
l 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

02
4-

08
-1

8 
13

:3
1:

36
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fd00057e


Paper Faraday Discussions
O

pe
n 

A
cc

es
s 

A
rt

ic
le

. P
ub

lis
he

d 
on

 2
1 

ap
ri

l 2
02

3.
 D

ow
nl

oa
de

d 
on

 2
02

4-
08

-1
8 

13
:3

1:
36

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The yield of channel (9), also originating from i12, increases with the available
energy, even though it remains marginal under all the conditions considered. All
the other contributions show little dependence on the energy available to the
system.

The BFs derived from the present RRKM calculations are reported for all ten
exothermic reactive channels in Table 2, where they are also compared with both
the experimental BFs and theoretical BFs from a previous theoretical study.52

There is a substantial agreement with those results,52 if one considers that
channels (8) and (9) were not considered in that study. As already commented, it
is the presence of these alternative dissociation channels (in particular channel
(8)) that reduces the yield of C5H5 + HCN and this nicely explains the difference in
the BF for channel (1) in the two cases.

6. Discussion

The rate coefficients determined in this work vary between 1.8 and 2.6 × 10−10

cm3 s−1 with no obvious trend with the temperature. Therefore, the title reaction
is fast in the entire range of temperature investigated and close to the gas kinetic
limit. According to the PES derived in this work, as well as that derived by Chin
et al.52 the title reaction is characterized by the absence of an energy barrier in the
entrance channel with no other major barriers leading to exothermically acces-
sible products. This is perfectly in line with the experimental results. If we
compare the rate constant of this reaction with those already investigated by us
with the same experimental method and concerning the reactions of N(2D) with
hydrocarbons relevant for Titan, we note that the rate constants of the title
reaction have values comparable to those of the N(2D) reactions with unsaturated
hydrocarbons (C2H2, C2H4 and allene)36,42,43 and the same behavior with the
temperature, while they are signicantly larger than those determined for the
N(2D) reactions with saturated hydrocarbons (CH4, C2H6, and C3H8)41 which are
smaller and characterized by a signicant decrease as the temperature falls. This
comparison sustains again what is seen by the theoretical calculations, that is, the
N(2D) reactions are barrierless when they involve unsaturated hydrocarbons and
proceed with an addition mechanism guided by the electron density of multiple
C–C bonds, while they are characterized by a small entrance barrier when they
involve hydrocarbons with only sigma bonds and the insertion mechanism is the
only option.

The analysis of the CMB results points to the occurrence of two groups of
mechanisms: (1) the H-displacement channels, which can be accompanied by the
formation of ve different isomeric molecular products, and (2) the ring
contraction channels with the elimination of a molecular moiety, which actually
correspond to four possible routes leading to the cyclopentadienyl radical and
HCN (1) or HNC (2), pyrrolyl radical and C2H2, (4) and cyclopentadiene and CN (5).
The yield of the H-displacement channels is minor (overall BF = 0.08 ± 0.04) (see
Table 2), while the dominant reaction channel is the one leading to the
destruction of the aromatic ring via a ring-contraction process (overall BF = 0.92
± 0.04). According to the theoretical calculations, the BF of HNC is negligible,
while it is 0.745 for HCN production under the conditions of the CM experiments
(Ec = 31.8 kJ mol−1) (see Table 2). The much more favorable formation of HCN
with respect to HNC mainly originates from the very unfavorable competition of
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 327–351 | 343
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the isomerization of the initial addition intermediate i1 (located at
−218 kJ mol−1) to i4 (the precursor leading to HNC formation via TS4/ i5/ TS5
/ i6/ TS11 (see Fig. S4 in the ESI†)) with respect to the isomerization of i1 to i2
(the precursor leading to HCN formation) via TS1. TS1 is located much lower in
energy (at−206 kJ mol−1, see Fig. 6) with respect to TS4 (see Fig. 6) (−182 kJ mol−1

at the CC level, see Fig. S5 in ESI†). Theory predicts that aer the facile isomer-
ization of the initial benzazirine intermediate (i2) to the seven-member ring N-
cycloheptatriene intermediate (i12), the latter can evolve to bimolecular prod-
ucts via three main competitive pathways: (i) the main one leading to C5H5 + HCN
(channel (1)) (BF = 0.745) via a series of four isomerizations (see Fig. 6); (ii) the
second one leading, in a barrier-less fashion, dominantly (BF = 0.135) to o-C6H5N
(ortho-N-cycloheptatriene radical) + H, and in minor part (BF = 0.011) to p-C6H5N
(para-N-cycloheptatriene radical) + H; (iii) the third one leading to C4H4N (pyrrolyl
radical) + C2H2 (acetylene) (BF= 0.056). Therefore, the theory predicts that a small
contribution to the reactive scattering comes from channel (4). Indeed, we have
some experimental evidence that the pyrrolyl radical (m/z = 66) is formed,
because we observed at the CM angle a small signal intensity at m/z = 66, larger
than that due to the 13C natural isotopic abundance of C5H5 (cyclopentadienyl)
(m/z = 65). Considering the theoretical BFs, the yield of HCN channel (1) is more
than 13 times larger than that of the C2H2 channel (4) (see Table 2) and, therefore,
it is not surprising that the signal atm/z= 66 is about nine times smaller than the
one atm/z = 65. The small signal atm/z = 66 could also be associated to the C5H6

(cyclopentadiene) + CN formation channel (5), but for this channel the theory
predicts a negligible BF.

Regarding the H-displacement channels, according to our electronic structure
calculations ve isomers with gross formula C6H5N can be formed (see Section 5
and Fig. 6). A satisfactory t of the LAB angular and TOF distributions was ach-
ieved by using a single set of CM functions for the H-displacement channel(s),
which implies that our data are not sensitive enough to allow disentangling of the
possible different contributions to the signal at the same m/z, because the
enthalpies of reaction of these channels are not very different and the reaction
mechanism is the same. Among the possible H-displacement channels (3) and
(6)–(9), those predicted by RRKM as more signicant are o-C6H5N + H (8) (BF =

0.135) and C5H5CN (2-cyano-cyclopentadiene) + H (3) (BF= 0.053), with p-C6H5N +
H (9) being minor (BF = 0.011). The other two H-displacement channels, (6) and
(7), have a negligible BF (this is due to the high isomerization barriers along the
corresponding reaction pathways). The reason why channel (8) is predicted to be
more abundant than channel (3) is because the former arises from the initial
intermediate i2 without an exit barrier and the latter from the initial intermediate
i4, which is formed from i1 with much less probability than i2, as already
discussed.

It is interesting to examine the variation of the product BFs with energy
(temperature). As Table 2 shows, the BF of the dominant C5H5 + HCN channel (1)
is predicted to increase substantially with the lowering of the temperature
(energy), while the BFs for the H-forming channels, especially the main channel
(8), decrease substantially. Our predicted trend is in agreement with that pre-
dicted by Chin et al.52 (see Table 2). However, we emphasize that the main H-
displacement channel (8) was not revealed by the study of Chin et al., who over-
all underestimate substantially (by a factor larger than ve at Ec = 31.8 kJ mol−1)
344 | Faraday Discuss., 2023, 245, 327–351 This journal is © The Royal Society of Chemistry 2023
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the H-forming channels with respect to our ndings, and therefore overestimate
somewhat the C5H5 + HCN channel. Notably, however, the present and Chin et al.
studies predict a similar BF for the pyrrolyl + acetylene channel (4) (see Table 2).

A nal comment is in order concerning the channel leading to C5H5N (pyri-
dine) + CH. We could not investigate it experimentally because of elastic inter-
ference from the secondary beam. However, the theoretical BF resulted to be
negligible because of the presence of very high isomerization barriers (especially
TS9) to its precursor i9 (see Fig. S5 in the ESI†). Therefore, the title reaction cannot
be considered a formation route of this species.

In the Perugia laboratory we have recently investigated two related reactions,
that is the N(2D) reaction with another small aromatic (pyridine)40 and the reac-
tion of both ground and electronically excited atomic oxygen with benzene.48,49

The experimental BFs for the reaction with pyridine are quite different with
respect to the BFs of the title reaction. In that case, indeed, the H-displacement
channels (that could be associated with four distinct isomeric co-products) are
dominant with a BF of ca. 0.65 at a comparable collision energy (33.5 kJ mol−1)
while the BF of the analogous ring-contraction channel (associated with the
formation of C4H4N (pyrrolyl radical) and HCN) is only 0.35. The PES of N(2D) +
pyridine has not been characterized to date and, therefore, we cannot provide
a reason for such a different behavior. Interestingly, the best t CM angular
distributions were found to be symmetric for both the H-displacement channels
and the ring-contraction channels, while in the present case they both show some
forward bias. Despite the expected similarities, the detailed reaction mechanism
is different in the two cases. The comparison with the O(3P,1D) + C6H6 reactions
(investigated at Ec= 34.3 kJ mol−1) is also interesting. In that case, for the reaction
of O(3P) the experimental BFs are 0.66 for the H-displacement channel and 0.32
for the ring-contraction channel (leading to C6H5 + CO aer intersystem crossing
to the underlying singlet PES). But if we focus on the reaction of O(1D), then the
BFs are very similar to those obtained here, with a BF for the H-displacement
channel of only 0.04 and a BF for the ring-contraction channel (leading to
C5H6 + CO and to C5H5 + CO + H) of 0.96. In conclusion, the detailed shape of the
underlying PESs and the reaction mechanism with its variation with the total
available energy are essential in determining the product BFs and also the extent
of the aromatic ring preservation mechanism.
7. Implications for the modeling of the
atmosphere of Titan

To examine the effects of the present experimental determinations on the
chemistry of Titan’s atmosphere, we included the N(2D) + benzene reaction in the
1D-photochemical model described in Dobrijevic et al.,92 which treats the
chemistry of neutrals and cations (anions are not considered in this study as they
have only a minor inuence on the overall chemistry), and the coupling between
them from the lower atmosphere to the ionosphere. Details of the recent updates
of the chemical scheme are presented in Benne et al.,93 with a subsequent update
in Vanuzzo et al.36 Two different simulations were performed during this inves-
tigation. The rst simulation represents the nominal model where the N(2D) +
benzene reaction is neglected. For the second one, we included the N(2D) +
This journal is © The Royal Society of Chemistry 2023 Faraday Discuss., 2023, 245, 327–351 | 345
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benzene reaction using the rate constants and simplied BFs determined in this
study, as we have assumed that the reaction leads to the production of o-C6H5N +
H with a yield of 9% and of C5H5 + HCN with a yield of 91%. In addition, we
completed the chemical network for o-C6H5N, the main fate of which is the
reaction with H atoms giving mainly C5H5 + HCN considering the PES of the
C6H6N system presented in Fig. 6.

Overall, we verify that the inclusion of the N(2D) + benzene reaction has
a minor effect on the chemistry of Titan’s atmosphere. Firstly, even if the ux of
the N(2D) + benzene reaction is not negligible, it corresponds to only 5% of the
destruction pathways of benzene and therefore has little effect on its abundance.
Secondly, in the thermosphere there are other sources of C5H5, which is mainly
produced by the photodissociation of C5H6 which is, in turn, mostly produced by
the ion–molecule reaction C3H5

+ + C2H4 / c-C5H7
+ + H2 followed by the elec-

tronic dissociative recombination of C5H7
+ (1-cyclopentene-2-ylium). The N(2D) +

benzene reaction produces new species however, here identied with o-C6H5N for
simplicity, that reach an abundance relative to N2 of 4 × 10−10 around 1150 km.
At that altitude, the main fate of o-C6H5N will be to react with H to produce C5H5 +
HCN and, therefore, is not expected to form new potentially detectable molecules
or to be a signicant source of the N-containing aromatic species identied in the
thermosphere.21,22 However, even though the main sink of o-C6H5N is the reaction
with H, the reaction of o-C6H5N with CH3 can give an important contribution. In
the current model, the products of this reaction are not explicitly described.
Instead, these are included in a generic aromatic compound encompassing all the
unknown aromatics of the model (a minor generic compound compared to
benzene). It will be important in the future to study this reaction which could
potentially lead to aromatic nitrogen heterocycles and, in particular, to the
ethenyl-pyridine molecule.

Furthermore, roughly 4% of the reactive ux is actually leading to 1-cyano-1,3-
cyclopentadiene, even though we have not explicitly included channel (3) in our
model for simplicity (all the H-displacement ux was associated to the formation
of o-C6H5N). 1-Cyano-1,3-cyclopentadiene has just been detected (together with its
less stable 1-cyano-2,4-cyclopentadiene isomer) in the interstellar medium
towards the Taurus Molecular Cloud.94,95 Having a very strong dipole moment and
considering that its reaction with H should not be efficient under the conditions
of Titan,96 this species might be a target for remote detection. In this respect, we
note that the James Webb Space Telescope has been recently directed towards the
atmosphere of Titan searching for new species.6

8. Conclusions

The reaction N(2D) + C6H6 was investigated in a combined experimental and
theoretical approach. Experimental rate constants and product BFs are in line
with the prediction based on a novel PES. The kinetic experiments provided us
with the rate constant as a function of temperature from 50 K to 296 K, a range
that includes the values relevant to the atmosphere of Titan (the recommended
value in the 50–296 K range is 2.19 ± 0.30 × 10−10 cm3 s−1). These values, in the
gas-kinetic limit, conrm the barrierless nature of the reaction, as indicated by
the electronic structure calculations of the PES. The CMB experiments, com-
plemented by statistical (RRKM/ME) calculations of the product BFs on the high-
346 | Faraday Discuss., 2023, 245, 327–351 This journal is © The Royal Society of Chemistry 2023
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level ab initio PES, have identied the main reaction channels. The ring-
contraction mechanism was found to be dominant in the CMB experiments
(with a BF of 0.92) in good agreement with RRKM predictions according to which
the channel leading to cyclopentadienyl + HCN (BF = 0.745) dominates and some
contribution from the channel leading to pyrrolyl + C2H2 (BF = 0.056) is also
possible. H-Displacement channels give a small contribution in the CMB exper-
iments as well as in the RRKM estimates that predict o-N-cycloheptatriene as the
main molecular product. Pyridine is not formed through an N/CH exchange
channel. The effect of the energy available to the system on BFs is such that can
only be seen in the competition between the cyclopentadienyl + HCN channel and
the H-displacement channel leading to o-C6H5N. Under the conditions relevant
for Titan, the yield of C5H5 increases up to ca. 0.85 while that of o-C6H5N becomes
ca. 0.05–0.06. The BFs of the other channels are not so sensitive to the
temperature.

The recommended value of the rate constant and the derived product BFs have
been used in a 1-D photochemical model of Titan’s atmosphere to simulate the
effect of the title reaction on the species abundances (including any new products
formed) as a function of the altitude. It is found that the inclusion of the N(2D) +
benzene reaction has only a minor effect on the amount of benzene but new N-
bearing species could be formed and accumulate. Remote detection of 1-cyano-
1,3-cyclopentadiene may be feasible due to its large dipole moment.

A more general conclusion is that aromatic rings are not so resistant to the
chemical attack as commonly believed, at least not in the case of very energetic
reactants like electronically excited species. This is the fourth case we have
investigated where ring contraction of small aromatics (benzene or pyridine) is
a signicant (if not the dominant) reaction pathway, aer O(3P,1D) + benzene
(signicant in the case of the 3P reaction, dominant in the case of the 1D reac-
tion),48,49 O(3P,1D) + pyridine (largely dominant in both cases)91 and N(2D) +
pyridine (signicant).40 It will be interesting to verify whether a similar mecha-
nism is present also in the case of polycyclic aromatic hydrocarbons which are
supposed to accumulate in various environments because of their chemical
stability.
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