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a b s t r a c t

Conversion mechanisms of carbonaceous materials during controlled pyrolysis under high temperature
currently rely on empirical understanding, rather than a detailed atomistic description of the underlying
chemical evolution. In this work, a series of molecular dynamics simulations, based on reactive force
fields, were performed to probe the structural evolutions of small aromatic (number of aromatic rings �
4) mixtures under extreme conditions (temperature 3000e4000 K). For any temperature studied and
independent of the presence of alkane radicals, three major gas-phase byproducts, H2, C2H2, and C2H4,
were found in bulk treated by rapid heating. Temperatures as well as alkane addition can affect the
production/consumption rates and fractionation of these gas species. Compared to alkane radicals,
temperatures also play important roles in modulating the initial growth pathways of solid carbon
clusters. At 3000 K, aromatic carbon cluster formation is mainly initiated through the direct combination
of aryl radicals. Conversely, at 4000 K, carbon cluster formation is initiated by the assembly of chained
radicals, since substantial polyacetylenic chains were produced. Through cross comparison on different
simulation models/methods, as well as with experiments, the effect of processing conditions on
carbonaceous materials conversion was revealed, and underlying mechanisms responsible for the
observed phenomena are proposed.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Industrial production of ethylene (over 150 million tons in 2017
[1]) is accompanied by the massive generation of steam cracked tar
with high aromatic content [2e6]. Compounds containing one to
four aromatic rings (see Fig. 1a), in addition to their natural
occurrence in steam cracked tar, are also important additives
required by heavy tar (rich in asphaltene and toluene insolubles) to
reduce its viscosity [6]. Along with other heavy hydrocarbons (such
as bitumen, vacuum residues, fuel oil, asphalthenes and other
fractionated hydrocarbon streams with high boiling points) tar has
is@mit.edu (N. Ferralis), jcg@
been shown to be used as feedstock to create novel functional
materials through controlled graphitization [7]. Annealing con-
version processes involving extensive high temperature heat
treatments when applied to heavy hydrocarbons are usually
explained in terms of known empirical pyrolytic mechanisms. It is
thus of great interest to have a detailed description of the micro-
scopic structural evolution of aromatics under these extreme con-
ditions. Yet, while pyrolytic reactions of each substance listed in
Fig. 1 have been investigated previously (for instance, benzene [8],
naphthalene [9], and pyrene [10], to list a few), a detailed distri-
bution analysis of the final products, as well as their formation
pathways, are lacking at an atomistic level, especially under the
conditions of interest here.

In the last two decades, atomistic simulations, utilizing reactive
force fields (ReaxFF) [11], have been widely adopted to probe the
formation mechanisms of volatile gas, char, tar, soot, and layered
graphene from the pyrolysis/combustion of alkanes [12e15], lignite
[16,17], coal [18e20], cellulose [21], polyimides [22], polycyclic
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Fig. 1. a) Aromatic compounds studied in this work; b) the two types of simulations performed. (A colour version of this figure can be viewed online.)
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aromatic hydrocarbons [23], kerogen [24], ethanol [25], and ben-
zene [26]. For instance, it was shown that naphthalene, anthracene,
and pyrene cannot grow into incipient soot particles at tempera-
tures � 2000 K, although at 2500 K, soot growth was observed via
self-assembly of fullerene-like particles [23]. In other works, clas-
sical molecular dynamics (MD) with ReaxFF were used to show that
the main byproducts (H2O2, H2O, CH2O, and CO2) from combustion
of lignite are consistent with available experimental data, and
hydrogen abstraction reactions are responsible for the formation of
H2O2 and H2O [17]. Furthermore, ReaxFF MDwith ns time scale was
utilized to reveal reactive pathways that are compatible with the
short reaction times during laser annealing (~us [27e30]); for
example, the simulations predicted that a temperature> 2400 K
and a pressure of ~3 GPa are necessary to crystallize layered gra-
phene clusters from polyimides without a metal catalyst [22]. More
recently, ReaxFF has been employed to investigate the effect of
water on the liquefaction of lignocellulose biomass [31], the effect
of nickel clusters on the formation of incipient soot particles from a
single type of polycyclic aromatic hydrocarbon [32], pyrolysis of
binary fuel mixtures (JP-10/toluene or n-dodecane/toluene) at su-
percritical conditions [33], as well as the carbonization process for
C/H/O/N-based polymers [34]. Those studies demonstrate the
applicability of ReaxFF based MD techniques in revealing reaction
pathways at an atomistic level. Yet, most of them were confined to
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systems of low aromatic content.
In this work, we employ ReaxFF-based MD simulations to probe

the structural evolutions of light tar fractions (mixtures of mole-
cules listed in Fig. 1) under high temperatures. Formation pathways
of volatile byproducts were revealed, followed by kinetic de-
scriptions and structural characterizations of solid byproducts.
Cross comparisons of different simulation models/methods, as well
as with experiments, were made to further validate our observa-
tions, elaborate implications, and reveal the role of processing
conditions on the final products. It was found that temperature can
modulate the reaction pathways of aromatics through tuning the
sequence of appearance and subsequent evolution of two relevant
reactions (ring opening vs. pyrolysis).
2. Simulation methods

The composition of the molecular set studied in this work is
shown in Fig. 1a. As can be seen, these molecular models cover the
size range of one-, two-, three- and four-ring aromatics, and struc-
tural variations include bridging, methyl substitutions, heteroatom
inclusion, and presence of 5-member rings. Such molecular selec-
tion or ratio is not comprehensive, but it is representative of the
broad distribution of molecular constituents in tar materials [35].

The initial configuration of each system studied was first
generated by randomly packing the corresponding concentrations
of molecules into a rectangular box with an initial overall density
~1 g/cm3. Then, non-reactive dynamic equilibration was performed
in the NPT ensemble at 400 K and 1 bar for 1 ns, followed by
quenching to 300 K over 1 ns and re-equilibration at 300 K for 1 ns.
Next, two types of systems were simulated to probe subsequent
reactions: 1) bulk model (to simulate rapid heat treatment in bulk):
the box dimensions were held fixed, with constant density along
the simulation trajectory (left panel in Fig.1b), and 2) slabmodel (to
Fig. 2. Gas byproducts at the end of the simulation in systems B3000, B3200, B4000, and B
major gas species. For clarity, bars are labeled in one example (see H2); the order of bars i
online.)
simulate rapid heat treatment at the surface): the box dimension in
the z direction was expanded to introduce vacuum spaces (right
panel in Fig. 1b). These systems were then gradually heated from
300 K to the target temperatures (heating rate: 0.1 K/fs), and sub-
sequently subjected to constant temperature dynamics at the given
temperature. A Nose-Hoover thermostat [36,37] was used in all
constant temperature simulations.

During the non-reactive equilibration, a polymer consistent
force field (PCFF) available in MedeA® [38] was chosen to describe
intramolecular interactions. Non-bonded interactions were
modeled using COMPASS (class 2) with long-range Coulombic in-
teractions handled by a particle-particle particle-mesh solver [39].
After equilibrations, the reactive potentials from the work of van
Duin et al. on coal [19] were adopted to describe interatomic in-
teractions. The bond order cutoff for molecular recognition is 0.3
throughout this work, following the values reported in Refs. [17,40].
All simulations were performed using LAMMPS [41]; VMD [42] and
OVITO [43] were used for visualization.

3. Results and discussion

We first focus on simulations performed on the bulk model, and
the systems studied will be referred to as B3000 (tempera-
ture¼ 3000 K), B3200 (temperature¼ 3200 K), and B4000 (tem-
perature¼ 4000 K). Since alkanes might be present in tar due to
incomplete cracking [2e6], one additional simulation was per-
formed to probe the effect of octane (~6.67wt%) at 4000 K (denoted
as system BO4000). For each system, the results were averaged over
three independent runs.

3.1. Gas-phase byproducts in bulk

Fig. 2 shows the gas-phase byproducts (defined as molecules
O4000: the inset table shows the absolute number and weight percentage of the three
s the same for each chemical structure. (A colour version of this figure can be viewed
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with number of carbon atoms � 4, threshold chosen based on
previous work [40,44]) obtained at the end of the different simu-
lations (for the attainment of dynamic equilibrium, i.e., product
distribution remaining unchanged, see Supplementary Data, sec-
tion S1). The three major gas-phase byproducts were found to be
H2, C2H4, and C2H2 (shown in the inset table of Fig. 2), regardless of
the simulated temperatures and molecular concentrations.

Detailed examination of Fig. 2 shows that H2 appears as the
most abundant species in terms of the number of gas-phase mol-
ecules in each system, and the absolute amount of each species can
be system-dependent. Clearly, both increasing temperature and the
inclusion of octane enhance the net H2 and C2H2 production while
their effects on the production of C2H4 is limited. The increase of H2
can be attributed to the enhanced dehydrogenation in the case of
increased temperature; on the other hand in system BO4000, the
increase in H2 product is the result of an overall increased H/C ratio
in the original reactants [13]. To further explore the reaction ki-
netics of C2H2 and C2H4, Figs. 3 and 4 show their production/
Fig. 3. a) C2H2 and b) C2H4 production/consumption in system B3000. In both subfigures, the
panel plots number counts of production/consumption. (A colour version of this figure can
consumption rates/channels in systems B3000, B4000, and
BO4000.

First, the legend in Fig. 3a lists all possible channels: H þ C2H,
2CH, and C2H2, where the subscript indicates the number of carbon
or hydrogen atoms involved. These three channels correspond to a
combination of one H radical and one C2H radical, a combination of
two CH radicals, and a direct formation from cracking in producing
C2H2, and indicate a decomposition of acetylene into one H radical
and one C2H radical, a decomposition into two CH radicals, and a
direct addition of acetylene to other substances in consuming C2H2.
These channels were determined by first identifying the C2H2
molecules newly formed at time t compared to those at time t-Dt
(Dt ¼ 15 ps for system B3000). For each newly formed molecule,
the atoms involved were further analyzed to determine which
molecules they belonged to at time t- Dt For instance, if atomH in a
particular newly formed C2H2 molecule at t¼ 287 ps belong to
molecule A at t¼ 272 ps, and the other three atoms C2H all belongs
to molecule B at t¼ 272 ps, this C2H2 molecule was categorized to
top panel depicts production, the middle panel indicates consumption, and the bottom
be viewed online.)



Fig. 4. a) C2H2 production/consumption in system B4000, and b) C2H4 production/consumption in system BO4000. In each subfigure, the top panel depicts production, the middle
panel indicates consumption, and the bottom panel plots number counts of production/consumption. (A colour version of this figure can be viewed online.)
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be formed through a combination channel of H þ C2H. By looping
through all newly formed C2H2 molecules, the percentage of each
channel in generating C2H2 at t¼ 287 ps can be determined, and it
is summarized in the top panel of Fig. 3a. We note that following
this method, unusual species, such as C, CH, and C2, might present
in reaction channels, which indicates that in forming C2H2, reactant
molecules at time t-Dt supplied a single C atom, CH or C2.
Furthermore, the reaction events summarized represent all
possible production pathways at these high temperatures. We do
not intentionally filter out any reactions or apply a hidden Markov
model to distinguish different reactions, since all the information is
embedded in the percentage distribution presented here. Similarly,
consumption channels/reactions can be determined (middle panel
in Fig. 3b).
Detailed examination of Fig. 3a (system B3000, tempera-

ture¼ 3000K) shows themajor production channel of C2H2 is direct
cracking, accounting for 100% before ~135 ps, and over 50% for the
remaining simulation time (750 ps). Major consumption channels
are the reverse reactions of the production channels. Furthermore,
both the production and consumption number count of C2H2
exhibit an increasing trend up to ~300 ps with a final value ~12 (for
representative net number, see Supplementary Data, section S2).

As for the production of C2H4 in system B3000 (Fig. 3b), the
dominating role of direct cracking in production is not as significant
as that for C2H2. Specifically, starting from ~255 ps, the combined
production channel of H and C2H3 emerges as one of the major
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production channels, accounting for 100% of the production during
certain parts of the simulation. Other production channels are also
found to be important including 2CHþ2H, C2H2þ2H, H2þC2H2, and
2CH2, each of which was shown to account for up to ~50% of the
production at various points in the simulations (after 250 ps).
Generally, reverse reactions of major production channels are the
main channels for consumption. The production/consumption of
C2H4 heavily involves other radicals compared to the channels of
C2H2, which can explain its smaller number counts (bottom panels
in Fig. 3b). The difference between C2H4 and C2H2 is consistent with
previous findings that H- and C2H2-loss possesses the lowest en-
ergy channels during the pyrolysis of aromatics [23,45].

For system B4000 (Fig. 4a), the production channels of C2H2 are
more diverse compared to those in system B3000 (Fig. 3a), and the
dominant role of direct cracking in producing C2H2 is absent here,
with only ~50% of C2H2 produced from direct cracking. The second
major production channel involves a combination of C2H and H,
and accounts for ~30% of C2H2 production. Similarly, consumption
channels are again more diverse in system B4000 than those in
system B3000. Regarding the number counts, the C2H2 production
number count is ~60 as soon as the constant heating stage starts in
system B4000, and the consumption number count reaches ~50
within ~20 ps of the simulation time. Comparing with the gradual
increase in system B3000, these observations suggest rapid reac-
tion kinetics at a higher temperature (4000 K). For C2H4 (see Sup-
plementary Data, section S3), again, the major differences between
the results for the simulations at these two temperatures lie in the
increased rates and more diverse channels available at 4000 K. For
example, unlike the case at temperature ¼ 3000 K, direct cracking
and a combination of H þ C2H3 dominates the production with
overall number count less than 10, at temperature ¼ 4000 K, an
additional channel (a combination of 2Hþ C2H2) appears with total
number count ~20 at later stages of the simulation.

When considering system BO4000 (Fig. 4b), the percentage of
direct cracking in producing C2H4 is further decreased, and the
other three most important production/consumption channels
were found to be C2H3þH, C2H2þ2H, and 3H þ C2H. More inter-
estingly, C2H4 production/consumption number counts are ~40 as
soon as the constant heating stage starts, mainly a result of the
decomposition of octane during the heating up stages (see Sup-
plementary Data, section S4). As the aromatics begin to crack
during the constant heating stage, production/consumption chan-
nels of C2H4 become more diversified. Overall, the highest number
Fig. 5. Initial growth pathway of representative carbon clusters in systems a) B3000 and b)
using chemical structures; in b), lines denote bonds, and balls represents atoms, among whic
in b) indicate the formation of polyacetylenic chains. (A colour version of this figure can b
counts of C2H4 production/consumption are observed here among
the three systems considered, and similar effects were observed for
C2H2 (see Supplementary Data, section S3).

From these results, gas byproduct production/consumption
rates and channels are mainly determined by both temperature and
the presence of octane, which in turn might lead to different con-
sumption rates/pathways of the reactants and result in different
formation mechanisms of solid carbon clusters. For instance, the
drastic cracking of aromatics induced at 4000 K may lead to
massive formation of polyacetylenic chains as suggested in the
work of Mao et al. [23] Therefore, in the following section we
present a detailed characterization of the evolution of solid struc-
tures (carbon clusters).

3.2. Solid fraction formation

Fig. 5a and b depict the growth of representative carbon clusters
during the simulations in systems B3000 and B4000. These plots
show the bonding connectivity among atoms, and do not contain
the actual coordinate information. At 3000 K, aryl radicals, formed
by H- or C2H2 loss, can directly interconnect through bond forma-
tion between carbon atoms. This clustering can lead to the forma-
tion of molecules with more than 4 rings (maximum no. of rings in
the reactant molecules is 4, see Fig. 1a). For instance, at 10 ps, the
molecule shown contains 6 rings. This growth pathway shares
significant similarities with soot particle inception through poly-
merization of polyaromatic hydrocarbons [46]. Conversely, at
temperature of 4000 K, carbon clusters (Fig. 5b) contain significant
fractions of polyacetylenic chains (indicated by arrows in Fig. 5b),
which act as linkers between adjacent aromatic regions. These
polyacetylenic chains result from the massive ring opening at the
initial stage (as early as 0.1 ps). This growth pathway resembles soot
particle inception involving the assembly of polyacetylenic chains
[23].

In order to understand the evolution of rings at 3000 K and
4000 K, 6-member and 5-member rings are tracked in Fig. 6, since
they are present in the original reactants (Fig. 1a). Rings that are
from reactants and remain intact during pyrolysis are denoted us-
ing “original” in the legend; in contrast, “total” counts all the rings
present in the system including rings that remained intact as well
as rings newly formed. At both temperatures, the number of orig-
inal rings decays due to ring opening as well as forming radical
byproducts, and the decaying rates depend strongly on
B4000. Given the different reaction kinetics, in a), the growth pathway was illustrated
h black represents carbon, yellow denotes sulfur, and white indicates hydrogen. Arrows
e viewed online.)



Fig. 6. a) number of 6-member (r6) rings (right axis) and 5-member (r5) rings (left axis), b) number of bonds, and c) sp fraction. All are plotted as a function of simulation time. (A
colour version of this figure can be viewed online.)
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temperature, confirming the different kinetics shown in Fig. 5.
Further examination of Fig. 6a shows the formation of new 5-
member and 6-member rings at temperature¼ 3000 K, evidenced
by the vertical gap between the “original” and “total” curves, while
at temperature¼ 4000 K, new ring formation is much less frequent,
indicated by the near overlapping of the “original” and “total”
curves. The overall decrease of 6-member rings observed here is
consistent with previous findings on benzene reactions [47,48],
where combustion was mimicked by hydrogen removal, as well
that in the work of Kowalik et al. [34], which reported a delay in the
6-membered ring productions for the carbonization of poly(p-
phenylene-2,6-benzobisoxazole) with relatively lower aromatic
content.

At both temperatures (3000 K and 4000 K), the final number of
original 6/5-member rings decays to ~0, suggesting that all original
bonds can be dissociated. In Fig. 6b, taking the initial bonding
network as a reference, dissociated bonds represent original
carbon-carbon bonds that have been broken, formed bonds
represent new carbon-carbon bonds that do not initially exist, and
common bonds represent original carbon-carbon bonds that
remain unchanged. In all cases, the number of common bonds
decay to ~0, and the lines representing newly formed bonds nearly
overlap with those of dissociated bonds. In essence, almost all
products (gas or solid), regardless of the formation pathways, un-
dergo mass exchange with their surrounding environment. These
results are in agreement with previous works showing that small
aromatics similar to the ones studied here cannot survive at a
temperature � 2400 K [23]. Their decomposition and fragmenta-
tion are substantial as constant heating continues [23], and can be
further accelerated by the presence of nickel clusters [32].

At both temperatures (3000 K and 4000 K), the different num-
ber of total 6/5-member rings indicate different aromatic contents,
and hence different hybridization fractions. To confirm this, the sp
fraction is plotted as a function of simulation time for systems
B3000, B4000, B3200 and BO4000 in Fig. 6c. In general, sp2 fraction
decreases with time in all four systems, accompanied by an
increasing trend of sp and sp3, especially sp fractions, suggesting
that while different growth pathways were observed initially, ring
opening, and thus the formation of polyacetylenic chains, is evident
in the later stages of all simulations. The sp fractions reach steady



Fig. 7. Slab systems studied at 300 K, 600 K, 800 K, and 1000 K: a) number of mole-
cules and b) number of species as a function of simulation time, and c) number of
atoms distribution along z axis: initial counts (top panel), and final counts (bottom) at
1000 K. (A colour version of this figure can be viewed online.)
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values, respectively, at ~10 ps in system B4000 and ~300 ps in
systems B3000, reflecting the elevated reaction kinetics of higher
temperature (4000 K). More importantly, when the temperature
reaches 4000 K, the equilibrium value of sp2 fraction is decreased,
with increased sp and sp3 fractions, leading to increased sp/sp2 and
sp3/sp2 ratios (see the inset tables in Fig. 6c). That is, starting from a
very high aromatic content (sp2 fraction accounts for ~100% of the
original reactants), high temperature would lead to a decrease in
aromatic content. We note that given its relatively low concentra-
tion (~6.67wt%), the presence of octane does not impact the sp
fractions, suggesting the dominant role of aromatics. These results
are consistent with literature works reported on benzene reactions
(Fig. 3 of Ref [47] and Fig. 5a of Ref [48], before hydrogen removal).

The above discussion can thus help in elucidating the solid
growth pathways at these two temperatures. At 3000 K, the evo-
lution of the solid portion is initiated by the polymerization of re-
actants, and as the simulations further proceed, ring opening starts
to appear, leading to the formation of polyacetylenic chains. The
assemblies of these polyacetylenic chains help connect the aro-
matic regions (either newly formed or reserved from original re-
actants, Fig. 5a). On the other hand, at 4000 K, given the elevated
reaction rate, the formation of poyacetylenic chains is evident as
soon as the simulation starts, and the interconnection of poly-
acetylenic chains, consisting of ~3e7 carbon atoms, dominates the
solid formation pathway. At both temperatures, solid particles
undergo constant mass exchange with the surrounding environ-
ment. Regarding the final solid structures (carbon cluster), lower
temperature (3000 K) introduces a higher aromatic content as well
as sp2 fraction compared with higher temperature (4000 K).

3.3. Discussions and implications

Given that the above results were obtained from simulations
performed on bulk models in the NVT ensemble, we note that a
pressure of ~1e3 GPa was generated at the constant heating stage.
This high pressure might be partially attributed to the accelerated
kinetics of gas byproducts, despite that they only account for <10%
of reactant mass. For instance, the diffusion coefficient of hydrogen
gas in our system is ~ 10�4cm2 =s at 3000 K, consistent with the
values reported for hydrogen diffusion in pyrolytic carbon, and
orders of magnitude higher than that at 300 K as described by an
Arrhenius relation [49]. To demonstrate that these high pressures
are necessary for the formation of solid clusters, we performed a
series of simulations using the slab model (right panel in Fig. 1b,
reference pressure ~0), and the relevant results are summarized in
Fig. 7.

As can be seen, for the slab model, an evident increase in both
the total number of molecules (Fig. 7a) and the total number of
species (Fig. 7b) is observed at a temperature as low as 800 K. On
the one hand, these increments result from the decomposition of
original reactants into small molecules; on the other hand, they
indicate the absence of solid products, since the formation of large
carbon clusters would lead to an overall reduction in the total
number of molecules. Furthermore, slab models also possess strong
physical instability due to the lack of adequate pressure, which can
be verified by plotting the distribution of the number of atoms
along z axis (Fig. 7c). Clearly, compared to the initial distribution
(top panel of Fig. 7c), near the end of a 500 ps simulation (bottom
panel of Fig. 7c), the number of atoms left in the film, i.e., total
counts in condensed phase, is negligible at 1000 K. That is, almost
all atoms sublimate into gas-phase by the end of the simulation.
Thus, further increasing temperature (i.e., to 3000 K or even higher)
would further enhance the decomposition rate and physical
instability of the slab model. We note that similar results were
obtained with the slab simulations at 1000 K with the box size
increased tenfold.
The observations above clearly demonstrate the critical impor-

tance of pressure during heat treatments. Depending on the time
scales in experiments, gas-phase byproducts generated in bulk
might be able to diffuse into the surrounding environments. In
particular, these gas byproducts are hydrogen rich (Fig. 2), which
has been reported to inhibit ring condensation from small aromatic
molecules [9,50,51]. To probe the effects of gas removal (mainly
hydrogen removal) and meanwhile keeping a condensed phase, we
adopted the approach proposed in Refs. [47,48,50] where hydrogen
atoms were manually removed from the reactants, and performed
two additional simulations using the bulk model at 2000 K and
3500 K. The temperatures were carefully chosen to make sure they
fall into the ones used in Refs. [47,48] for comparison. The final sp
fractions for these systems are shown in Fig. 8a. The sp/sp2 and sp3/
sp2 ratios show, respectively, an increasing and decreasing trend
from 2000 K to 3500 K, consistent with those reported in Fig. 3 of
Ref [47] and Fig. 5a of Ref [48] after hydrogen removal. This was
directly verified and validated experimentally, by measuring the
sp3/sp2 fraction of a specific tar sample before and after heat
treatment (done by CO2 laser ablation in ambient air) using X-ray
photoelectron spectroscopy (see Supplementary Data, section S5).
With increasing power (directly proportional to temperature), the
sp3/sp2 ratio shows a decreasing trend.

The dominant role of the sp2 bonding environment indicates
drastic ring condensation at a later stage as shown in Fig. 8b, where
the total number of 6-member rings exhibits an initial decrease
trend followed by an increase trend, suggesting a re-organization
process of carbon atoms after the initial decomposition [22]. As
for the 5-member rings, they are of critical importance for the
bending of ring regions in the carbon cluster [52]. Furthermore, at a
higher temperature (3500 K), layered graphitic structures were
observed (stacking directions indicated by arrows in Fig. 8c), similar
to the work of Dong et al. [22] where the reactants are of a much
lower hydrogen to carbon ratio (~0.55). Eliminating the inhibiting
effect of hydrogen, carbon clustering in the form of aromatic rings is
much more favored, consistent with literature reports on fullerene
formation from naphthalene, toluene, and benzene [9,50,51].

Finally, we compared the appearance and evolution of the two
relevant reactions (ring opening, RO, vs. pyrolysis, PF) for all the
aromatics studied in systems B3000 and B4000 (Table 1). At both



Fig. 8. a) sp fractions of the two additional systems with hydrogen manually removed (see main text for details); b) number of rings for system simulated at 2000 K; c) layered
graphitic structures (stacking directions indicated by arrows) observed in system simulated at 3500 K. (A colour version of this figure can be viewed online.)

Table 1
Reaction (ring opening vs. pyrolysis) sequences of all reactants.

Name 4000 K RO 4000 K PF 3000 K RO 3000 K PF

C12H8S, dibenzothiophene 20 9 31 4
C13H9N, acridine 1 0 1 0
C8H9N, indoline 0 0 2 1
C19H14, 2-Methylchrysene 3 8 4 8
C16H10, pyrene 6 6 8 4
C15H12, 2-Methylanthracene 8 19 10 25
C14H10, phenanthrene 22 9 14 18
C12H10,biphenyl 20 11 17 16
C10H8, naphthalene 21 12 20 13
C9H10, indane 0 0 9 1
C6H6, benzene 5 7 5 7
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temperatures (3000 K and 4000 K), for aromatics with heteroatoms
or 5-member rings, the integrity of the molecule was first altered
by ring opening. For molecules containing only 6-member rings,
aromatics with 2 (naphthalene and biphenyl) or 3 rings (phenan-
threne) were more prone to ring opening at 4000 K, while naph-
thalene was also sensitive to ring opening at 3000 K. Not
surprisingly, among all the aromatics studied, only molecules with
methyl groups (2-Methylchrysene and 2-Methylanthracene), were
altered initially by pyrolysis. Considering the growth pathway of
the carbon clusters at 3000 K and 4000 K (Fig. 5), ring opening at
3000 K would occur at a lower rate compared to that at 4000 K.
Nevertheless, over the entire simulation, ring opening is evident,
and responsible for the increased sp and sp3 fractions over the
entire simulation course observed at 3000 K. Furthermore,
different molecular structures also affect the reaction rate (see
Supplementary Data, section S6). In general, aromatics with 2 or 3-
rings per molecule (linear shapes) react at a higher rate than those
with 1 or 4-rings (circular shapes), indicating that molecular shape/
sizes could affect reaction rate as predicted using molecular orbital
theory [53]. Furthermore, the presence of heteroatoms/methyl-
groups/5-member rings can increase the reaction rate. In the recent
work of Ashraf et al. [33], it was proposed that in mixed reactants,
the pyrolysis products of reactive compounds could help less
reactive molecules to decompose by lowering the activation energy
of these less reactive molecules. For the aromatics studied in our
work, the synergistic effects of their different reaction dynamics
lead to the gas and solid production pathways observed in sections
3.1 and 3.2, which could be different from that of a single type of
molecules at these temperatures. For instance, at 3000 K, relatively
more reactive aromatics with 2 or 3 rings can promote solid carbon
cluster formation through polymerization of reactants as early as
within ~25 ps, which may not be readily observable in a system
with, for instance, only benzene (stable up to ~350 ps, see Fig. s7 in
Supplementary Data) present.

Taking all of our results together, we propose the following
guidelines related to carbonacoues materials processing tempera-
ture conditions in the thousands of K: 1) For cracking aromatics into
small molecules (no. of carbon atoms � 4), initial reaction pressure
should be set as small as possible. 2) For producing large carbon
clusters, relatively high pressure should be maintained. In this case,
if the objective is to produce carbon clusters of interconnected ar-
omatic regions, relatively lower temperature is preferred to slow
down reaction kinetics; if the objective is to increase sp or sp3
fractions, relatively high temperature is preferred to facilitate
dehydration of the aromatics. 3) For producing structures of
condensed rings from small aromatic molecules (similar to the ones
studied in this work), the removal of gas byproducts, while main-
taining a condensed phase is recommended.
4. Conclusions

In this work, we performed extensive ReaxFF-based molecular
dynamics simulations to probe structural evolutions of small aro-
matic mixtures (number of aromatic rings � 4). It was found that
temperatures as well as the addition of alkanes can increase pro-
duction/consumption counts of gas-phase C2H2 and C2H4, and
diversify the corresponding production/consumption channels. At
both temperatures (3000 K and 4000 K) studied here, the produc-
tion of C2H4 heavily relies on other radicals, and thus, in the
absence of alkanes, falls behind that of C2H2 which is mainly
formed by direct cracking of aromatic molecules. As for the solid
products, it was found that at 3000 K, carbon cluster formation is
mainly initiated through the direct combination of aryl radicals; in
contrast, at 4000 K, carbon cluster formation is initiated by the
assembly of chained radicals. However, at both temperatures, the
final solid products are of reduced sp2 fraction, as well as reduced
number of rings, compared to the original reactants. Additional
simulations confirmed the importance of pressure for solid carbon
cluster formation, and verified the inhibiting effect of hydrogen on
ring condensation from small aromatic molecules. Overall, the
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carbon cluster evolution observed at 3000 K and 4000 K is pro-
posed to originate from the fact that aromatic molecules are more
prone to ring opening than pyrolysis under the conditions studied
here. These results shed light on aromatic conversion pathways
under extreme conditions at an atomistic level.
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