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While spectroscopic data on small hydrocarbon in the interstellar medium in combination with crossed
molecular beam (CMB) experiments have provided a wealth of data on astrochemically relevant
species, much of the underlying mechanistic pathways of their formation remain elusive. Therefore, in
this work, the chemical reaction mechanisms of C(°Py) + CsHe and C*(*Py) + C¢Hs systems using
quantum mechanical molecular dynamics (QMMD) technique at the PBEO-D3(BJ) level of theory is
investigated, mimicking a CMB experiment. Both the dynamics of the reactions as well as the electronic
structure for the purpose of the reaction network are evaluated. The method is validated for the first
reaction by comparison to the available experimental data. The reaction scheme for the C(°Py) + C¢Hs
system covers the literature data, e.g. the major products are 1,2-didehydrocycloheptatrienyl radical
(C7Hs) and benzocyclopropenyl radical (C¢Hs-CH), and it reveals the existence of less common
pathways for the first time. The chemistry of the C*(*Py) + CsHs system is found to be much richer, and
we have found that this is because of more exothermic reactions in this system in comparison to C(°Py)

+ CsHs system. Moreover, using the QMMD simulation, a wealth of reaction paths have been revealed



that produce three distinct classes of reaction products with different ring sizes. All in all, at all the
collision energies and orientations, the major product is the heptagon molecular ion for the ionic system.
It is also revealed that the collision orientation has a dominant effect on the reaction products in both
systems, while the collision energy mostly affects the charged system. These simulations both prove
the applicability of this approach to simulate crossed molecular beams, and provide fundamental

information on reactions relevant for the interstellar medium.

I. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) have drawn much attention from astronomers,' 2

astrobiologists,® and the combustion community.* About 18% of cosmic carbon is proposed to be in the
form of PAHs. These species are believed to be formed in the outflow of dying carbon-rich stars and
they can protect the inner environments from the destructive radiation fields. Moreover, aromatic
molecules as well as carbonaceous nanoparticles play an essential role in catalyzing molecular hydrogen
formation in the interstellar space. In spite of the pivotal importance of PAHs, the reaction pathways of
the very first building block of this type of compounds, benzene, with C/C* atoms/ions remain unclear
in some aspects. Benzene has been suggested to be the primary aromatic molecule involved in the

formation of PAHs.>8

Physical conditions in the interstellar medium (ISM) are not stable and change widely, e.g. ranging
from very tiny hot plasmas to dense clouds of extremely cold gas. There are different phases of the ISM
(each with their own characteristics) including: (a) the hot ionized regions with extraordinarily low
density and high temperature, n = 10 cm™ and T = 10° K, respectively. In this local, there remains a
very hot plasma containing atomic ions such as C** and O°*; (b) the warm ionized medium which has
low density and warm temperature, n = 0.1 cm™ and T = 8000 K, respectively, and it contain partially
ionized gases; (c) the warm neutral area having low density of about 0.5 cm™, warm temperature around
8000 K and neutral gases; (d) the cold neutral zone having moderate density and cool temperature, n =
50 cm™ and T = 100 K, respectively. This area is often known as diffuse atomic clouds in which
hydrogen is mainly in the atomic form and also there remain neutral gases; (¢) molecular clouds having
generally moderate-to-high density and cool-to-cold temperature separating into diffuse molecular
clouds and dense molecular clouds, n = 100 to > 10* cm™ and T = 70 to < 30 K, respectively. In
molecular clouds, hydrogen is predominantly in molecular form, H». Diffuse molecular clouds are
relatively transparent to ultraviolet (UV) photons while dense molecular clouds are opaque to UV
photons.”!? Therefore, in outer space, formation of the interstellar molecules mostly depends on the
medium in which the atoms interact. For example, in low density regions where the cosmic rays or
radiations may produce ions/radicals form neutral species, interstellar molecules are mostly formed by
binary, 2-body, neutral-neutral reactions involving radical species or ion-neutral gas-phase reactions.
In addition, in this area, ternary, 3-body, reactions may not be important because of the low gas

densities.!>!4



Crossed molecular beam (CMB) experiments are the most versatile technique in the investigation of
primary 2-body reactions under a single collision condition. This technique contains the reactants in
separate beams, in well-defined quantum states and at specific collision energy impacting in the single
collision condition. These characteristics supply a unique approach to follow the consequences of a
single collision event, avoiding secondary collisions and wall effects. Several studies has already been
undertaken on CMB experiments supported by electronic structure calculations to investigate

mechanisms of the chemical reactions related to astrophysics.'>2

In recent years, there has been an increasing interest in utilizing computational methods, specifically
density functional theory (DFT) and quantum mechanical molecular dynamics (QMMD) simulations,?!"
2 to unravel chemical reaction mechanisms and construct accurate reaction networks.”>*” However,
according to the best of our knowledge, no QMMD simulations of astrochemically relevant CMB
experiments were carried out so far. To be precise, several studies have combined CMB experiments
and electronic structure computations to study the reactions mechanisms of C, in the 'Y ,* ground state
and ethylene (C,Hs),?® allyl radicals (C3Hs (X?A.)) with two CsHy isomers, methyl-acetylene (CH;CCH
(X'Ay)) and allene (H.CCCH: (X'A))),” carbon in the ground state (°P;) and 1,3-butadiene
(H.CCHCHCHo>),"® phenyl radicals (C¢Hs) with isoprene (CH,C(CH3)CHCH>) and 1,3-pentadiene
(CH,CHCHCHCH3).* For all of these systems, a theoretical potential energy surface (PES) and
reaction network was proposed, but only on the basis of “static” QM calculations: no dynamic
simulations at a QM level of theory (i.e., QMMD) were performed. Additionally, a series of reaction
mechanisms were suggested for C(Py) + C¢Hs using CMB experiments based on experimental
investigations supported by electronic structure calculations. Although these efforts lead to a reaction

scheme of this system reported in the literature,'® 3! 32

explicit probing of the reaction process with
QMMD simulation may provide additional insights with less ambiguity and bridge the gap between
explicitly dynamic experiments and detailed quantum chemical calculations. Moreover, due to the
relatively large quantity of carbon in the interstellar medium and since the ionization energy of atomic
carbon is smaller than that of atomic hydrogen, C* is believed to be one of the principal ions in diffuse
clouds. Therefore much of the ion chemistry is believed to start with C*.** Although some mass
spectroscopy investigations were performed to elucidate mechanisms of chemical reactions of C*(*Py)
with CeHg** ¥ the reactions of this system have not yet been studied in depth. In addition to the essential
importance of atomic ion reactions, it is also of interest to understand the differences between reactions
of C* ions and corresponding reactions of C atoms. Therefore, the purpose of this study is to explicitly
simulate CMB experiments of C(*°P;) and C*(°P)) interacting with benzene using QMMD. Intermediates,
transition states and products observed in the simulations will then be further characterized using static

electronic structure calculations to construct a reaction network for each system.

II. COMPUTATIONAL METHODOLOGY



A. Crossed molecular beam simulation using QMMD method
1. Simulation of the crossed molecular beam

The crossed molecular beam (CMB) reactions of C(°P;) and C*(*P;) with benzene were conducted at
collision energies of 2.1 kcal mol™!' (Carbon velocity = Vc= 1220 & Benzene velocity = Vp=440 m s°
! Towest), 7.6 kcal mol™! (Ve=2350 & Ve=770 m s™!, medium) and 12.4 kcal mol™! (Vc= 3067 & Vg=
770 m s”!, highest) under single collision conditions. The simulations are performed in two steps, viz. a
thermalization stage and a collision stage. In the thermalization stage, a benzene molecule is thermalized
in the canonical ensemble at 300 K for 1 ps (0.25 fs time step). The temperature was controlled by a
Nosé-Hoover chain thermostat using a temperature damping constant of 25 fs. In the subsequent
collision stage, all simulations were carried out in the microcanonical ensemble for 2 ps with a time
step of 0.25 fs. During the thermalization stage, the atomic velocities of the system were saved every
100 steps. Initial conditions for the collision stage at each collision energy were then chosen from 10
such states recorded between the 3100™ the 4000™ step, to have a statistically independent starting
configurations and atomic velocities for the benzene molecule. The number of repeats per condition is
fairly low, which is a consequence of the rather expensive hybrid DFT level of theory we have chosen
to employ. However, as can be seen in Table S1 in the supporting information, doubling the number of
simulations does not appreciably affect the sample of observed mechanisms. Our QMMD simulations

will thus be able to provide sufficient information for an initial mechanistic analysis.

It should be noted that the thermalization stage only concerns the internal degrees of freedom of the
benzene molecule; the relative velocities of the benzene molecule and carbon atom/ion are always fixed
at one of the abovementioned values. The physical significance of this procedure is that it accounts for
the fact that even if all collisions in the beam occur at the same impact energy, differences in the
benzene’s orientation, rotational energy, and vibrational energy can still yield different reaction
outcomes. Therefore, the simulated temperature of 300 K is merely intended to generate a reasonable
distribution over atomic configurations and momenta. While this is computationally efficient, we
acknowledge that in the supersonic expansion the molecules have in fact a very low (~10 K) rotational

41 which is not captured in our simulations. Indeed, our QMMD

and vibrational temperature,’
simulations treat nuclei classically and imply equipartition, which would mean that atoms will barely
move from their equilibrium positions at such a low temperature. In reality, nuclear quantum effects
(NQEs), more specifically zero point vibration, will generate a broader distribution of equilibrium
configurations and do not distribute energy equally over all modes. As a result, in the framework our
classical molecular dynamics simulations (“classical” in the sense that nuclei motion is treated
classically), thermalization at some elevated temperature is our best attempt to capture the

configurational distribution arising from zero point motion. Accounting for NQEs more rigorously, for

example by path integral MD or approximations thereof,*> may therefore be an interesting avenue for



future research. Although it would be very difficult to find a region exactly with this temperature within
the ISM (which varies between less than 30 K to 10° K), the conditions considered in this study may be
similar to the proto—planetary nebula CRL 618444

Compared to CMB studies, one additional degree of freedom is explicitly investigated, namely, the
orientation of benzene molecule: the C*/C atom was allowed to collide with the benzene ring through
face, edge-in-plane and edge-out-of-plane orientations at each collision energy. This ability to
disentangle different collision orientations is one of the advantages offered by QMMD simulations that
is not accessible from either CMB experiments or from static QM calculations. As summarized in Table
1, in total 180 simulations were performed for two different chemical systems with various orientations,
collision energies and initial random velocities. It should be noted that while we use CMB experiments
as an inspiration for our simulation setup and as a way to compare reaction products, an exact recovering
of reaction of the full experimental results such as angular and translational energy distributions is
computationally prohibitive and outside the scope of this study. The admittedly limited sample size of
our simulations did, however, prove to yield a sufficiently complete set of reaction pathways, products,

and intermediates.

To put the reactants in the same initial positions all setups are based on the center of mass of benzene
(COMB). After evaluation of the COMB, the distance b between the collision center and the COMB is
determined. Practically, by considering b=1.5 A (face collisions) or b=2.9 A (edge collisions) as a
distance between the COMB and collision center only in collision direction, the location of the collision
center is calculated (Fig. 1). Thus, we introduce the b parameter to ensure the same configuration of
fragments upon impact. We assume that the atom and molecule fully interact by van der Waals forces
within this distance. In the edge collision cases, b is composed of two components, viz. 1.5 A for van
der Waals interactions and 1.4 A for the benzene radius in the plane. For all cases, C*/C and benzene
were positioned at least 5 A from each other in the initial position, and the beams approach each other

in 90° similar to experimental setups in CMB experiments.
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Fig. 1 Schematic representation of the configurations
of all simulations at the collision moment for face (a),
edge in-plane (b) and edge out-of-plane (c)

orientations.



Table 1. Summary of the all the different CMB simulations that were carried
out in this work. Different collision energies (Ec), velocities of carbon and

benzene (V. and V) and collision orientations were used for both systems.

E., kcal mol! Vg, Ve, Collision orientation ~ System
m/s m/s
Face
C(3Pj) + C(,H(,
2.1 440 1220  In-plane
C+(2Pj) + C()H(,
Out-of-plane
Face
C(3Pj) + CgHs
7.6 770 2350  In-plane
C+(2Pj) + CgHg
Out-of-plane
Face
C(SPJ‘) + C¢Hs
12.4 770 3067 In-plane
C+(2Pj) + CeHs

Out-of-plane

2. QMMD simulations

We performed quantum mechanical molecular dynamics (QMMD) simulations within the Born-
Oppenheimer approximation as implemented within the CP2K program package, i.e., with explicit
treatment of the valence electrons in the system.?! 2+ % All simulations were carried out within the
Gaussian and plane wave (GPW) formalism,* employing Goedecker-Teter-Hutter (GTH)
pseudopotentials to describe the core-valence interactions and a polarized triple-C (m-TZV2PX) basis
set to expand the Kohn-Sham valence orbitals.* *"- ¥ An auxiliary plane wave basis set was used to
expand the electron density, defined by a cutoff of 400 Ry. A periodic simulation cell was used to avoid

boundary artifacts.

Because the overall trajectories and system evolutions in our energy-conserving simulations are
strongly dependent on the energy release from bond formation reactions occurring upon impact, it is
crucial to describe the thermochemistry accurately. For this reason, we opted to use a hybrid DFT
functional (PBEO, with 25% Hartree-Fock (HF) exchange),* ° supplemented by Grimme’s D3
dispersion correction in its Becke-Johnson damping form.’! 52 The resulting PBE0-D3(BJ) level of
theory has thermochemical errors that are only about half>® of its dispersion-uncorrected parent GGA
functional PBE>* and was recently shown to be one of the most transferable DFT methods.> This
particular choice of functional should therefore introduce only a reasonably small method-induced bias
to our conclusions. Moreover, hybrid functionals offer a more accurate description of reaction barriers.

A disadvantage of using a hybrid functional in QMMD simulations over GGA is the high cost of



evaluating the exact exchange term. In CP2K, such computations can be made feasible by the auxiliary
density matrix method (ADMM),*® in which we employ a small uncontracted polarized triple-{ (pFIT3)

basis to evaluate the exchange integrals. The HF term was truncated at 5 A.
B. QM calculations

All products, intermediates, and transition states observed over the QMMD simulations were further
analyzed in more detail through all-electron calculations in Gaussian 16.%” For consistency with the
QMMD simulations, we employed the same PBEO-D3(BJ) level of theory and a basis set of roughly
similar size and structure, i.e., Dunning’s augmented correlation-consistent polarized valence basis set
aug-cc-pVTZ.%® Transition states were found using the Berny algorithm,” optimizing the structure to a
saddle point rather than a local minimum. Zero point vibrational corrections to the energy (ZVPE) were
consistently applied. The structures and energies obtained in these calculations are those that are

reported in the discussion.
ITI. RESULTS AND DISCUSSIONS

To unravel the precise mechanisms of the elementary reactions of benzene with C*(*P;)/C(’Py)
ions/atoms three different collision energies in three orientations were investigated dynamically using
QMMD, supported by static electronic structure calculations. In the dynamic part, major products and
different pathways could be explicitly tracked for the different conditions. Then, using the same level
of theory, electronic structure calculations were performed to re-optimize all structures observed in the

QMMD simulations, in order to create a reaction scheme.
A. C(Pj) + CsHs reaction

Fig. 2(a-c) shows the effect of orientation and collision energy on the products of the CMB simulations
of C(°Py) with C¢Hs after 2 ps. According to the literature,'® the reactions in the C(°Py) + C¢Hg system
proceed mainly through a triplet mechanism rather than singlet. Intersystem crossing from triplet to
singlet occurs only very rarely, and therefore we decided to explore the reaction network solely on the
triplet surface as shown in Fig. 3. In this Figure all energies were calculated using PBEO-D3(BJ)/aug-
cc-pVTZ level of theory and also ZPVE corrections are included. Moreover, to compare with the

literature alternative energies from Ref. 12 are given in brackets.

As shown in Fig. 2(b), face collisions mainly produce C;Hes (P6 in Fig. 2(a)) while edge in-plane
collisions are mostly producing CsHs-CH (P4 in Fig. 2(a)); however, there is no significant selectivity
on edge out-of-plane collisions. According to the trajectories, once C(°Py) and CsHp are close they may
interact in two ways, repulsion or attraction. In some edge in-plane collisions repulsion arises between
the H atom and the approaching carbon, leading to a rotation of benzene and then a secondary (possibly

reactive) impact occurs, approaching in a different orientation. In particular, all of the C;He products



(P6 in Fig. 2(a)) in edge in-plane orientation resulted from this mechanism (Fig. 2(b)). A repulsive
interaction occurs when C(®Py) approaches exactly at the COM of benzene, in this study for all face
orientations. In these cases carbon will change its direction towards a C-C bond or the C atom of
benzene resulting in C insertion (the carbon atom first adds to the n-system of the benzene molecule as
part of a metastable three-membered ring, after which this ring opens to produce a heptagon (Fig. 3)),
C;He¢ (P6), or ejecting a C-H group, CsHs-CH (P4), respectively. The three CsHs-CH molecules
produced in face collisions were produced by ejecting a C-H group (Fig. 2(b)). In edge out-of-plane
collisions there were mostly attractive interactions resulting in both CsHe-CH and C7Hs mainly by C-H
or C insertions, respectively. However, in a few collisions, ejecting the C-H group also was observed.
In fact, in edge out-of-plane impacts, atomic carbon and benzene would pass each other if they wouldn’t
interact, but the attractive interaction between the n-system of benzene and the electrophilic nature of
C(Py) induces collisions anyway, and the type of collision seems to more or less random yield both

CsHe-CH and C7Hs with roughly the same possibility.

Fig. 2(c) suggests that different collision energies do not have a considerable effect on the type of
products. However, by searching within the trajectories, at higher collision energies it was observed
that the intermediates had a much shorter lifetime and are immediately converted to the products. For
example, at the highest collision energy R — P1 — TS6 — P6 and R — P5 — TS5 — P4 pathways in
Fig. 3 are proceeding extremely fast. Thus, they can be considered as direct insertions of C in C-C and
C-H bonds, respectively. On the other hand, only at lowest energy one of the trajectories led to the P2
intermediate. As a result, different collisions energies may change the lifetime of the intermediates,
although they do not have a significant effect on the type of the products. Over all of the simulations,

all collision energies and orientations of this system, only one of two final products is observed.
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Fig. 2 Number/type of products (a) resulting
from CMB simulations of the C(°P;) + C¢Hs
system versus different approaching directions
(b) and collision energies (c) after 2 ps NVE
QMMD simulation.
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1. Reaction scheme of C(°Py) + C¢Hs system

The reaction network of C(’P;) + C¢Hs system, Fig. 3, shows carbon atom addition to the m-system of
benzene can occur barrierlessly, producing a weakly stabilized intermediate P1. Subsequently, P1
isomerizes to P6 by passing an extremely small barrier of only 0.6 kcal mol™!, TS6. This low-barrier
pathway, R — P1 — TS6— P6, is exactly the same path reported previously in the literature.'®
Moreover, we observed two additional low-barrier pathways. First, the production of P4 in the dynamic
simulations mostly proceeds through a fairly high lying transition state TS5, which is the most likely
path to the CsHs-C-H structure, although the likely intermediate P1 was not clearly distinguishable. For
more details on the dynamics of this pathway a video is provided in the supporting information. Second,
in a few cases, especially at higher collision energies the impinging carbon atom directly ejects a C-H
group out and produces the P2 intermediate, and subsequently P2 isomerizes to P4 or P6. By
investigating the trajectories of the simulations, the weight of each route was obtained as reported in
Table 2. As can be seen in this Table, P4 and P6 are mainly producing through R — P1— P4 and R —
P1 — P6, respectively.

Table 2. Percentage of each pathway over the

90 CMB simulations of C(°Py) + CsHp system.

Pathway Percentage

R — Pl — P4 44

R — Pl - P2 —> —P4orP6
R —> P2 —> — P4orP6
R — Pl - P6 49

Somewhat surprisingly, the pathway through P5, which has to pass the high-lying state TS5, is more
prevalent than the pathway along intermediates P1 and P2, passing the lower (by 8.8 kcal/mol) TS1. In
combination with the lack of explicit observations of a P1— PS5 transition, and the very limited effect
of the impact energy, we have to question the relevancy of interpreting pathways purely through the
lens of activation energies. Indeed, the very large energy release upon formation of P1 will likely supply
enough energy to cross any barrier almost instantly (as evidenced by our ability to observe reactions in
each of our 2 ps simulations). This suggests that selectivity will be mostly driven by geometric
arguments, i.e., the initial orientation of the benzene molecule upon impact, which is indeed what we
see in Fig. 2(b). Even before P1 is fully formed (which is exothermic by 25.4 kcal/mol), enough heat
will have been released to cross any of the here identified transition states, the most likely of which
depending on the instantaneous location of the incoming C atom. Face impacts will therefore favor
formation of P1, whereas in plane collisions can directly lead to TS5 without explicitly having to pass

through P1.
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Fig. 3 Schematic representation of reaction pathways of C(°P;) + C¢Hy system for the triplet state
using PBEO-D3(BJ)/aug-cc-pVTZ + ZPVE (PBEO-D3(BJ)/aug-cc-pVTZ) level of theory. Relative
energies are provided in kcal mol! and for some cases alternative energies from literature'® are

given in brackets.

As shown in Fig. 3, the relative energies obtained in this study are about 10 kcal mol™! below the energies
reported in Ref. 12 (the data in brackets). In Ref. 12 the authors employed the B3LYP/6-311+G** level
of theory, while in this study we have used the PBEO-D3(BJ)/aug-cc-pVTZ level of theory. So, not
only are the functional and basis set different but in our work, dispersion corrections are also included.
According to recent benchmarks,’ on a series of Diels-Alder reaction energies, B3LYP and B3LYP-
D3(BJ) underbind by 15.75 and 8.03 kcal mol ™!, respectively, while PBEO underbinds by only 0.45 kcal
mol ! and PBEO-D3(BJ) overbinds by -3.76 kcal mol™'. In addition, for a test set with bond separations
in alkanes, B3LYP underbinds by -10.70 kcal mol! and dispersion mostly cures this to -3.35 kcal mol
! for B3LYP-D3(BJ), alternatively PBEO also underbinds but a little less, -7.59 kcal mol’!, and
dispersion similarly cures this to -3.25 kcal mol! for PBEO-D3(BJ). As a result, the first set shows
systematic problems of B3LYP for C-C bond formation, and the second set shows dispersion
corrections are always needed regardless of functional characteristics. Therefore, it is concluded that
B3LYP without dispersion corrections always underestimates C-C bond energies, which is in line with
the comparison between this study and Ref. 12, and that PBEO-D3(BJ) is likely the more reliable method
for this system. Note, also, that an accurate description of heats of reaction is crucial in the QMMD

simulation, because the magnitude of the released heat controls much of the chemistry.

B. C*(?P;) + C6Hs reaction
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In the C*(*P;) + C¢Hs system, there exist several intermediates that may undergo different isomerizations
through ring-opening and closure and multiple hydrogen migration steps. Therefore, to simplify the
analysis of the paths and products the pathways/products are grouped based on the largest ring within
the intermediates. All reactions are divided into three channels: those producing pentagon, hexagon or
heptagon isomers, respectively. Accordingly, in Fig. 4, the effect of orientation and collision energy on
formation of each series of isomers are depicted. In this Figure all data was extracted from the QMMD
simulations of CMB reactions after 2 ps simulation. In addition, to draw the reaction pathways for this
system, all structures observed during the simulations were optimized at the PBEO-D3(BJ)/aug-cc-
pVTZ level of theory, including ZPVE corrections. This results in the reaction network shown in Fig.
5. Clearly, the reaction network is quite intricate, making it difficult to put all details in a single graph.
As aresult, the total reaction scheme in Fig. 5 was divided into separate schemes focusing on pentagon,

hexagon and heptagon products in Fig. 6, Fig. 7 and Fig. 8, respectively.
1. Orientation and collision energy effects

According to the distribution of the QMMD products shown in Fig. 4(a), face collisions mostly generate
heptagons while most pentagons are the result of edge collisions. Although both types of edge collisions
have an equal probability of generating pentagons and heptagons, the likelihood of forming hexagons
in edge out-of-plane collisions is higher. On edge in-plane collisions there is one main interaction:
repulsion between H atom and C* leading to the rotation of benzene, after which C* approaches from a
new direction and in which C* is strongly attracted by the m electrons. Afterward, C* may either collide
with a carbon atom of the ring (Com-2 pathway in Fig. 5) and mainly produce a heptagon, insert into a
C-C bond directly so as to produce a heptagon (Com-1 pathway), or eject two CH groups yielding
pentagon-containing polycyclic structures (Com-0 pathway). Edge out-of-plane and edge in-plane
collisions mostly proceed through more or less similar heptagon and pentagon production pathways
because almost all of the edge in-plane impacts result in a rotation of the benzene ring and in this case
the orientations become similar to the edge out-of-plane impacts. The significant difference between
Com-1 and Com-2 is the lifetime during the dynamic conversion: Com-1 has a very short lifetime as if

the reaction proceeds instantaneously, while Com-2 takes longer time to convert to P2.

As shown in Fig. 4(b), the production of a heptagon is dominant at collision energies of 2.1 kcal mol!,
more so than at 7.6 and 12.4 kcal mol™. This behavior is due to the pathway which proceeds through
Com-2. This pathway is the most likely route in the production of heptagons at the lowest energy
(according to the trajectories, 9 cases out of 17 are produced through Com-2, while there are 7 paths in
total, Fig. 5 and Fig. 4(b)). Although two possible barriers can be crossed (TS13 & TS12), they have
both a very low height and also Com-2 is more stable than Com-1 (Fig. 8). Just like the collisions of

the neutral C atom, however, the overall effect of the collision energy is quite small.
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Fig. 4 Number of products resulting from CMB
simulations at different collision directions (a)
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QMMD simulations.

2. Reaction scheme of C*(*Py) + C¢Hs system

As Fig. 5 demonstrates, there are many pathways for the formation of the pentagon, hexagon and
heptagon products, some of which are more frequently observed in the trajectories. For example, the R
— Com-0 — P5, R— P2 — P1 and R — Com-1 — P2 pathways are the most common routes in the
production of pentagon, hexagon and heptagon series, respectively. They are all produced through
complexes Com-0, Com-1 and Com-2, as observed over the simulations (Fig. 5). In fact, the positively
charged carbon ion is a very strong electrophilic moiety that easily attacks the benzene n system. This

way, it forms Com-0, Com-1 and Com-2 complexes with no barrier, exothermically by 155.2, 126.7
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and 145.8 kcal mol”, respectively. All of these complexes are metastable and therefore they
immediately undergo secondary reactions to yield more stable molecular ions. Accordingly, Com-0 will
mainly eject two CH group producing polycycles with pentagons, while Com-1 and Com-2 may insert
the carbon atom into the C-C bond yielding P2. In many cases, P2 remains stable on the MD time scale.
Sometimes, however, it converts to P1 passing through TS7 (Fig. 7). The hexagon product, P1, is
normally formed in this pathway. In a few cases, it is produced through Com-2, ejecting a CH group

out of the ring.

According to earlier reports,* 3* the final molecules we observe in our simulations are actually
intermediates and must undergo hydrogen dissociation reactions. These dissociation reactions may
proceed by two mechanisms, i.e., electron recombination hydrogen dissociation (neutral path) or
hydrogen dissociation (ionic path).>* As shown in Fig. 5, in all cases the neutral pathway is more
exothermic than the ionic path. Clearly, adding an electron into a positively ionic system releases energy
resulting in the extra exothermicity of the neutral mechanism. In addition, as shown in Fig. 5 the most
stable final product is P10-1 which is only observed in our simulations at a collision energy of 12.4 kcal

mol ',
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Fig. 5 Reaction scheme of C*(*Pj) + C¢Hg system based on our QMMD CMB simulations. All
structures are in doublet state using PBEO-D3(BJ)/aug-cc-pVTZ + ZPVE (PBEO-D3(BJ)/aug-cc-
pVTZ) level of theory. All energies are reported in kcal mol™! and they are relative to the separated

reactant energy.
2.1. Pentagon production pathways

As shown in Fig. 5, there are several isomers of pentagon products. The order of stability is P10, P7,

PS5, P6, P8 and Com-0. Although P10 and P7 are energetically the most stable, they were observed only
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once and twice in the simulations, respectively. This is because they are formed from Com-2 and
four/five barriers must be crossed to yield P7/P10. Moreover, Com-2 more likely forms P2 rather than
P10 or P7, since they all have the same initial paths (up to TS7 for P10 & P2; up to P4 for P7 & P2),
while TS7 directly converts to P2 which is also more stable than P10 or P7. Hence having fewer steps,
fewer barriers, and high stability of P2, Com-2 is more likely to generate P2 rather than P10 or P7. Thus
highly elusive intermediate P10 was only observed at the highest collision energy and P7 was produced

solely from impacts with Ec= 7.6 kcal mol ™.

In the production of pentagons, Com-0 mainly converts to P5 by passing TS1 (11.2 kcal mol! barrier
height), which can happen at all collision energies. However, only at the highest collision energy, 12.4
kcal mol’!, trajectories starting in P5 can pass a hydrogen migration barrier of 29.8 kcal mol™! to give
P8. In a few cases at Ec= 7.6 or 12.4 kcal mol™!, pathways along TS1 generate P6 molecular ion.
Therefore, the major product in the pentagon series is P5 and via hydrogen dissociation reactions, both

the neutral and ionic routes, it could generate P8-1 or P8-2 directly.
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TS7,-1692  P2,-1968  Ts8,.148.8 P5,-1807  TS9,-148.6

Fig. 6 Reaction scheme of the C*(*Py) + CsHp system producing pentagons. All energies, reported in
kcal mol!, are based on geometry optimization using PBE0-D3(BJ)/aug-cc-pVTZ + ZPVE (PBEO-
D3(BJ)/aug-cc-pVTZ) level of theory and they are relative to the separated reactants.

2.2. Hexagon production pathways

The reaction scheme of hexagon production is shown in Fig. 7. As shown there are two paths yielding
P1. The R — P2 — P1 pathway is the main path at all collision energies. By producing P2 a significant
amount of energy is released (196.8 kcal mol ™) and this energy is enough for the system to pass over

TS7, which has a barrier height of 27.6 kcal mol™, to yield P1. P1 production through Com-2 is observed
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only for a few cases of Ec= 7.6 kcal mol!. Although we could not locate a TS along the R — Com-2
— P1 pathway, there remains a competitive route R — Com-2 — P4 — P2 (Fig. 8) with very small
energy barriers of 3.3 (TS13) and 1.9 (TS7) kcal mol™'. Therefore, the system can pass these barriers
easily at all collision energies and form P2 which is more stable than P1. Therefore, Com-2
predominantly reacts through the R — Com-2 — P4 — P2 pathway rather than following the R —
Com-2 — P1 route. On the other hand, in contrast to the C(Py) + C¢Hs system, C-insertion in a C-H
bond is very unlikely in the C*(*Py) + C¢Hs system. This insertion was observed only for 2 impacts out

of 90 simulations, where it leads to P2 instead of P1 (Fig. 8).

P2,-196.8 TS7, -169.2 P1,-181.7

ay / P1-2,-91.8
g " 4
C/“k

N Com-2,-1458

Fig. 7 Reaction scheme of hexagon production resulting from intermediates and TSes observed
during CMB simulations of the C*(°Py) + C¢He system. Relative energies and structures are obtained
from geometry optimization using PBEO-D3(BJ)/aug-cc-pVTZ + ZPVE (PBEO-D3(BJ)/aug-cc-
pVTZ) level of theory.

2.3. Heptagon production pathways

As shown in Fig. 8, there remain seven pathways towards heptagon products, two of which are
barrierless routes, R — Com-1 — P2 and R — Com-0 — Com-1 — P2. Accordingly, P2 is mainly
produced from the Com-1 complex by the R — Com-1 — P2 pathway. The second major pathway is
R — Com-2 — P4 — P2 along two tiny energy barriers of 3.3 (TS13) and 1.9 (TS7) kcal mol™! (as
discussed earlier) which are easy cross at all impact energies. At Ec=12.4 kcal mol™!, Com-2 directly
isomerizes to P1 and then by crossing a 25.1 kcal mol! barrier (through TS12), P2 is produced. The

high barrier explains why this route was not observed at lower collision energies.

Only in two cases the carbon ion is inserted in a C-H bond via TS11 to form P1, and then yield P2 by
passing TS12. Compared to the Com-1 and Com-2 pathways, Com-0 has a limited contribution to the
production of the P2 molecular ion. Only one impact with 7.6 kcal mol™! collision energy lead to the R
— Com-0 — P5 — P2 pathway to form the heptagon product. Moreover, in a few cases, Com-0 converts

to Com-1 or Com-2 isomerizing finally to the P2 product.
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Fig. 8 Reaction scheme of heptagon production in our CMB simulations of the C*(*P;) + CsHe system.
All energies are relative to the separated reactants and all structures are optimized at the PBEO-

D3(BJ)/aug-cc-pVTZ + ZPVE (PBEO-D3(BJ)/aug-cc-pVTZ ) level of theory.

C. Comparing the behavior of both systems

Except for charge and multiplicity, all simulation parameters were the same for both investigated
systems. This allows for a rational comparison of the reactivity of the C atom and the C* ion. In the
simulated trajectories, C* experiences a stronger attraction when it approaches the n-system of the
benzene molecule in face and edge out-of-plane collisions. This is likely because of the positive charge
and larger electron deficiency of the ion. In the edge-in-plane case, however, C*is strongly repelled by
the partial positive charge on the hydrogen atoms. As a result, the benzene molecule rotates, the C*
collides upon approaching from a new direction, and C* insertion in the C-H bond is avoided. Because
of the lesser repulsion between neutral C and H, C atoms may insert in the C-H bond and produce P4
(Fig. 3). Indeed, this mechanism is the second most likely route in the C(*°P;) + CsHg system, while it

only scarcely happens in the positively charged system.

As can be seen in Fig. 3 and Fig. 5, the chemical reactions of the charged system are much more
exothermic in comparison to the neutral system. This surplus in energy can be converted into kinetic
energy as depicted in Fig 9. This Figure shows the average kinetic energy over the simulations yielding

heptagon-ring products, C7He/C7Hs", at Ec = 2.1 kcal mol™'. This additional kinetic energy will in turn
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facilitate more and different chemical reactions with higher barriers. Therefore, the reaction network in
the charged system is considerably more complex. While the chemistry of the C(*Py) + CsHg system is
already quite well understood, insights into the C*(°P;) + C¢Hs system are scarce. The multitude of
pathways, intermediates, products and transition states—many of which are not quite as intuitive—have
hampered a comprehensive understanding. For this reason, a QMMD-based approach, as used here, has
turned out to be a powerful tool. Explicit simulation of CMB experiments provides an unbiased way to
probe the most relevant reaction mechanisms in this system, while fully taking into account the effect

of released reaction heats in the isolated molecule.

100 T T
C7Hg
IC7Hg

90

80 -

70 B

60 B
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Energy(kcal/mol)

30 b
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Fig. 9 Evolution of the average kinetic energy
(in kcal mol") versus time (ps) for the CMB
simulations at Ec= 2.1 kcal mol! for two
different impacts. The products are C;He and
C7He* resulting from the C(°Py) + C¢Hs and

C*(*Py) + CgHg collisions, respectively.

IV. Conclusions

In this study crossed molecular beam (CMB) experiments of C(*Py) + C¢He and C*(*Py) + CsHp systems
were simulated using quantum mechanical molecular dynamics (QMMD). The dynamic simulations
were supplemented by static electronic structure calculations to derive an accurate reaction network and
to elucidate the mechanisms of the reactions observed in the simulations. Comparing our results with
the literature data shows that current method can accurately simulate the CMB of C(°Py) + CsHp system.
In fact, it was observed exactly the same products as reported earlier along with the reaction schemes

that not only agree with the ones in the literature but also suggest new paths that are less likely to be
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detected by experiments. Moreover, it was observed that the orientation of the collisions strongly affects
the type of the final product, more so than the collision energy. This is because the energy release upon
the initial collision is much higher larger than any of the barrier heights of the key subsequent reaction,
making pathway selectivity mostly dictated by geometric factors. These insights are obtained from the
QMMD simulations and may help in a better understanding of the reaction mechanisms, but would be

very difficult to derive using experimental techniques only.

Many products are possible in the C*(*Py) + C¢Hs system, making it far more complicated than the
former. Therefore, experimental investigation of this system has been proven to be difficult. Using the
QMMD method, three main series of products including pentagon, hexagon and heptagon molecular
ions were identified. In each case, for each series, there are several paths leading to different isomers.
This application to a challenging system shows the power of the QMMD method in supporting
experimental techniques. The many isomers and pathways found for the C*(*P;) + C¢Hs system
demonstrates its ability to make predictions regarding chemical reactions taking place in interstellar

media.

While our current study is limited to the reaction of benzene with carbon atoms and ions in a small
range of conditions, it already demonstrates the ways in which QMMD simulation can deepen our
understanding of chemical processes in interstellar media. Future studies could therefore be designed
to extend the approach to different temperature and density regimes, and different chemical species.
This way, it will be possible to address specific chemical questions that may arise in different interstellar

environments.
Supplementary material

A video file of the simulations is provided Also, the results of the 30 extra simulations have been

reported in the Table S1.
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