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The Gibbs free energies of the formation of several polyynes
(CgH,, C1oH, and C44H,) and aromatic species (CgHg, C1oHg
and CygHo) from methane and acetylene at temperatures of
1000-2600 K and atmospheric pressure were obtained by
guantum chemical calculations using the RI-MP2 method in
the ORCA open source software. At lower temperatures,
aromatic species form more readily than polyynes, while
at temperatures >2200 K the trend reverses and polyyne
formation becomes predominant.
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Soot particles are the result of incomplete combustion of carbon-
containing fuels and pose serious problems to both environmental
quality and human health.! Despite the great development and
success in the study of various processes of combustion and
pyrolysis of a number of hydrocarbons,> our understanding of
the intricate mechanisms of formation and growth of soot particles
remains incomplete. In particular, soot inception is regarded as
one of the most discussed steps in soot formation.® In fact, it is
generally accepted that soot formation is mainly the result of
dimerization processes of grown polyaromatic hydrocarbons
(PAHSs).5 However, some discrepancies between this inception
pathway and experiments have been found in the literature. First of
all, the fact that the forces regarded responsible for the formation
of dimers (i.e., van der Waals type) are intrinsically weak under
known conditions of soot formation, where the temperature is
very high and the characteristic lifetimes of dimers are insufficient
to allow nucleation to occur.” Furthermore, the growth of large
PAHSs seems to take place after the formation of soot particles.®
The growth of PAHSs appears to be slower than the more probable
polymerization processes.® In addition, during the pyrolysis of
acetylene, soot is formed even at those temperatures at which
thermal destruction of aromatic compounds is expected. As a result,
several pathways for the inception and nucleation of soot have
been proposed.1%1! One of these alternative routes involves the
formation and polymerization of polyacetylene species with
alternating triple and single C—C bonds, i.e., polyynes.1213 Polyynes
have been experimentally detected in the soot zone of flames of
a number of fuel-rich mixtures with components such as C,H,,
C,H,, C3Hg, CgHg and C,H;OH.1415 Polyynes arise very fast in
these systems, they are present in considerable concentrations,
and their cyclization and/or growth is thought to be responsible
for the formation of soot nuclei.
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In light of these considerations, this work aims to provide a
preliminary thermodynamic analysis of the stability and tendency
to form such polyacetylene species from methane and acetylene,
providing comparison with aromatic molecules based on the same
number of carbon atoms. C¢H,, C,4H, and C,gH, were qualitatively
compared with their aromatic analogs CgHg, C1oHg and CygHjp.
The Gibbs free energy changes under different conditions were
obtained from quantum chemical calculations based on the
Mgller—Plesset second-order perturbation method with the
identity solution (RI-MP216) included in the ORCA software.’

The RI-MP2 method is a valuable computational technique in
quantum chemistry that has several advantages such as efficiency
and speed, accuracy and scalability. It significantly reduces the
computational cost and time required for electron correlation
calculations compared to traditional MP2 methods. This is achieved
by approximating electron repulsion integrals using a resolution
of identity, which simplifies the computation without significantly
sacrificing accuracy. In practice, an RI-MP2 energy calculation
requires an order of magnitude less computational cost than the
comparable MP2 calculation. What is more, RI-MP2 scales
better than conventional MP2 with the size of the molecular
system: this makes it more feasible for larger systems that would
otherwise be computationally prohibitive within standard MP2.

The basis set chosen for the simulations is the Dunning
correlation-consistent (triple zeta) basis set, cc-pVTZ, which is
intended to systematically reduce calculations to the full basis
set limit using empirical extrapolation methods.’® Firstly, the
structures of the species treated in this work were optimized
using geometry optimization calculations. In ORCA, the default
method used for molecular geometry optimization relies on gradient-
based techniques and the optimization is performed in redundant
internal coordinates. Due to the balance between computational
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Scheme 1 Formation of polyynes and aromatics from methane and acetylene.

efficiency and convergence reliability, a variant of the quasi-Newton
method, the Broyden—Fletcher—Goldfarb—Shanno algorithm, is used
as the default choice. It approximates the Hessian matrix from
previous gradient evaluations, which helps guide optimization
steps to the minimum energy configuration without the need to
explicitly calculate second derivatives: this makes it faster and
less memory-intensive than methods that require full Hessian
evaluation.

After optimization, vibrational analysis is performed using
the same level of theory and basis set to ensure consistency. This
step is crucial because it not only confirms whether the resulting
structure isaminimum (no imaginary frequencies), butalso provides
the data needed to calculate the thermodynamic properties. The zero
point energy (ZPE), i.e, the energy contribution arising from
quantum mechanical motion at 0 K, is then calculated based on the
vibrational frequencies obtained in the previous step. In addition,
thermal corrections to energy, enthalpy and entropy at a given
temperature are calculated using the vibrational, rotational and
translational modes of the molecule. These corrections account
for the temperature-dependent changes in these molecular motions.
Asaresult, Gibbs free energy values were calculated from knowledge
of the enthalpy and entropy terms, the former being regarded as
the sum of the internal energy at 0 K (including ZPE) plus thermal
corrections for enthalpy at the desired temperature, and the latter
obtained considering the contributions of molecular motions
(translational, rotational and vibrational) at a specific temperature.

The change in the Gibbs free energy for the reactions of the
formation of polyynes and aromatic species from CH, and C,H,
in the temperature range 1000-2600 K at atmospheric pressure
was calculated by considering the following reactions (Scheme 1):

aCH, = polyyne/aromatic species + bH,, 1)
a'C,H, = polyyne/aromatic species + b'H,, )

where a, band &', b' are the stoichiometric coefficients that balance
the formation of a particular polyyne and aromatic molecule.

Changes in the Gibbs free energy for the reactions of the
formation of polyynes and aromatic hydrocarbons from methane
and acetylene are graphically depicted in Figures 1 and 2.

6CH, - C¢Hg + 9H, 3)
6CH, - C¢H, + 11H, 4
10CH, = CyHg + 16H, (5)
10CH, = CyoH, + 19H, (6)
16CH, = CygHy + 27H, @)
16CH, - CygH, + 31H, (8)
3C,H;, = CgHg C)]
3C,H, = CgH, + 2H, (10)
5C,H, = CyoHg + H, (11)
5C,H, = CyoH, + 4H, (12)
8CyH, = CygHip + 3H; (13)
8C,H, = CygH, + 7TH, (14)

As can be seen from Figure 1, at relatively low temperatures, i.e,,
T <1800 K, the formation reactions of aromatic hydrocarbons
have lower AG values than the reactions of polyyne formation.
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Figure 1 Changesin Gibbs free energy for reactions of methane conversion
into products (1) CgHg, (1') CgH,, (2) CigHg, (2') CoH,, (3) CigH1p and
(3') CygH, [reactions (3)-(8)] at different temperatures in the range of
1000-2600 K and atmospheric pressure.

It is known that at 1300 K, benzene is thermodynamically more
stable than methane, and the stability of aromatic compounds as
a function of temperature increases faster than that of olefins.®
However, at high temperatures, both C-C and C-H bonds are
broken and triple bond formation becomes possible.!® An increase
in temperature causes a change in the trends observed in Figure 1:
the AG for the formation of polyynes becomes less than the AG
for the formation of aromatic molecules with the same number of
carbon atoms. In particular, the intersection points of the graphs of
temperature dependences of AG values for the formation reactions
of aromatic hydrocarbons and polyynes are at ~1900, ~2100 and
~2400 K for CgHg vs. CgH,, CigHg Vs. CqoH, and CigH;g Vs, CigHo,
respectively.

These considerations are consistent with other experimental
and theoretical studies supporting that the most stable structures
of carbon clusters up to C,, are chains and monocycles.?’ The
results obtained are very similar to those!? regarding the formation
of short polyynes and aromatics from graphite and molecular
hydrogen: in this case, the intersection points of the AGvs. T
graphs for the reactions of the formation of aromatic hydrocarbons
and polyynes were observed at ~1700, ~1825 and ~2100 K for
benzene, naphthalene and pyrene, respectively.
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Figure 2 Changes in Gibbs free energy for reactions of acetylene conversion
into products (1) CgHg, (1') CeH,, (2) CigHg, (2') CigH,, (3) CigHyp and
(3') CygH, [reactions (9)—(14)] at different temperatures in the range of
1000-2600 K and atmospheric pressure.
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Figure 3 Changes in Gibbs free energy for the reactions of conversion of
aromatic compounds into polyynes (1) CigHy, (2) CioHy,  (3) CioHa,
(4) CgH, and (5) CgH, [reactions (15)—(19)] at different temperatures in the
range of 1000-2600 K and atmospheric pressure compared to the reaction of
formation of (6) naphthalene from benzene and acetylene [reaction (20)].

In Figure 2, the observed trend is consistent with that observed
previously, except that with increasing temperature, acetylene
consumption (regardless of the species formed) shows an increase
in the change in Gibbs free energy, assuming more and more
positive values, thereby indicating a higher probability of reverse
reactions, i.e, formation of acetylene. From a thermodynamic
point of view, acetylene plays a predominant role in the temperature
range 1473 < T < 2500 K:1° at high temperatures it is more stable
than benzene,'® and, together with polyynes, persists in the gas
phase as the most stable structures.!2

To compare the probability of formation of aromatic compounds
and polyynes, we plotted the temperature dependences of the
changes in Gibbs free energy for several hypothetic reactions of
the conversion of aromatic compounds into polyynes (Figure 3):

CigH1g = CygH, + 4H,, (15)
2CgHg = C1,H, + 5H,, (16)
CioHg = CyoH, + 3Hy, (17)
CgHg + Co,H, = CgH, + 3H,, (18)
CeHg = CgH, + 2H,. (29)

With increasing temperature, the change in Gibbs free energy
decreases for all reactions involved in the consumption of aromatic
compounds and the formation of polyynes. For comparison, Figure 3
also shows the oppositely directed reaction of the formation of
naphthalene from benzene and acetylene, in which Gibbs free
energy increases with temperature:

CgHg + 2C,H, = CioHg + H. (20)

The evolution of the temperature dependence of changes in the
Gibbs free energy for reactions of the transformation of aromatic
compounds into hydrocarbons with different degrees of unsaturation
is shown by the example of a series of reactions (Figure 4):

CegHg + C,H, = CgH, + 3H,, (21)
CeHg + CoH, = CgHy + 2H,, (22)
CeHg + CoH, = CgHg + H,, (23)
CeHg + C,H, = CgHg. (24)

Itis clearly seen that with increasing temperature, the probability of the
formation of unsaturated hydrocarbons, including polyynes, increases.
This is a concequence of the release of more H, molecules, which
leads to an increase in entropy due to the increase in the number
of molecules in the gas phase.?* This is also valid for methane
conversion [Figure S1(a), see Online Supplementary Materials],
where the stoichiometry of reactions is related to an increase in
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Figure 4 Changes in Gibbs free energy for the reactions of benzene and
acetylene to form various unsaturated hydrocarbons (1) CgH,, (2) CgH,,
(3) CgHg and (4) CgHg [reactions (21)—(24)] at different temperatures in the
range of 1000-2600 K and atmospheric pressure.

the number of moles of products. However, when it comes to
acetylene conversion [Figure S2(b)], the situation changes, i.e,
the stoichiometry of reactions leads to a decrease or absence of a
net change in the number of moles between reactants and
products and a decrease in entropy is observed. It is important to
note that changes in entropy are determined not only by the
number of molecules in the gas phase; changes in molecular
complexity and energy distribution between products and reactants
may also be responsible for significant changes.

In conclusion, this article presents the results of quantum
chemical simulations of changes in the Gibbs free energy for the
formation reactions of a number of polyynes and aromatic
compounds using methane and acetylene as reactants in the
temperature range of 1000-2600 K at atmospheric pressure. It has
been found that at relatively low temperatures (1000-1900 K) the
probability of the formation of aromatic species is higher than
that of polyynes. However, at higher temperatures (T > 1900 K),
the trend is reversed, as the thermodynamic stability of polyynes
becomes higher.

The results obtained confirm the possibility of a significant
contribution of the polyyne mechanism at the initial stage of soot
nucleation, at least during the pyrolysis of acetylene and methane
at high temperatures. However, the role of the polyyne mechanism
can be further clarified by complementing the above thermodynamics
analysis by kinetic simulations.

Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.1016/j.mencom.2024.09.044.
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