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Introduction

Don't forget the trans: double bond isomerism
radical-acetylene growth reactions affect the
primary stages of PAH and soot formationt

*@ Jack A. Turner,? Qisin J. Shiels,® Gabriel da Silva, (2°
“ Berwyck L. J. Poad ?® © and Adam J. Trevitt (&) *?

Patricia D. Kelly,
Stephen J. Blanksby,

In combustion, acetylene is a key species in molecular-weight growth reactions that form polycyclic
aromatic hydrocarbons (PAHs) and ultimately soot particles. Radical addition to acetylene generates a
vinyl radical intermediate, which has both trans and cis isomers. This isomerism can lead to profound
changes in product distributions that are as yet insufficiently investigated. Herein, we explore acetylene
addition to substituted trans-vinyl radicals, including potential rearrangement to cis structures, for eight
combustion-related hydrocarbon radicals calculated using a composite method (G3X-K). Of these eight
systems, the phenyl trans- and cis-Bitther—Howard HACA (hydrogen abstraction, C,H, Addition) process,
where acetylene successively adds to a phenyl radical via a B-styryl intermediate, is simulated using a
unified Master Equation model. Including the trans-Bittner—Howard pathway changes the products
significantly at all simulated temperatures (550-1800 K) and pressures (5.33 x 102-107 Pa), relative to a
cis-only model. Typically, naphthalene remains the dominant product, but its abundance decreases at
higher temperatures and pressures. For example, at 1200 K and 10° Pa, its branching ratio decreases
from 78.5% to 62.9% when the trans pathway is included. At higher temperatures this decrease corre-
sponds to the formation of alternative CioHg isomers, including the cis product benzofulvene with 8%
maximum abundance at 1200 K and 5.33 x 102 Pa, and E-2-ethynyl-1-phenylethylene, a trans product
with 26% maximum abundance at 1800 K, with little pressure dependence. At higher pressures, our
model predicts a range of CigHg radicals, including resonance-stabilised radicals (RSRs). The impact of
trans-vinyl radical chemistry in reactive environments means that they are essential to accurately
describe combustion reactions and inhibit soot formation.

mechanisms remain a focus of contemporary experimental and
computational research.*”™°

Molecular-weight growth radical chemistry is central to under-
standing combustion chemistry and it results in the formation
of polycyclic aromatic hydrocarbon (PAH) species that even-
tually seed the formation of soot particles. Both PAHs and soot
particles are widely known to contribute strongly to the nega-
tive health impact of polluted air'™ - so accurate models are
crucial to predict and mitigate these impacts. Although the
process of soot formation by molecular-weight growth has been
qualitatively understood for decades,>® the precise chemical
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As computational methods have increased in power, a
greater scope of chemical species have been included in models
of hydrocarbon molecular-weight growth.”®'°"7 Numerous
models implicate the reaction between a hydrocarbon radical
and an unsaturated closed-shell co-reactant, such as
acetylene."®2° Acetylene is one of the most abundant small
hydrocarbons implicated in the formation of larger species.®?'
Radical addition to the acetylene triple bond yields odd-
electron adducts with a vinyl (sp?) radical that can interconvert
between trans and cis isomeric forms. Scheme 1 shows an
example of such an adduct, the B-styryl radical, which has trans
(Zz-BS)+ and cis (E-BS) forms that can easily isomerise. However,
as shown in Scheme 1, when a second acetylene molecule adds
to the radical intermediate, any subsequent trans/cis isomerism

+ The trans form is Z in this case as the radical site has lower priority than the H
atom.
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Scheme 1 Acetylene addition to both (trans) Z- and (cis) E-B-styryl
radicals via transition states t; and t,, beginning the trans and cis-
Bittner—Howard pathways. Z- and E-B-styryl radicals can rapidly inter-
convert by the movement of one hydrogen atom, whereas the adducts are
unable to easily isomerise via rotation of the highlighted double bond.

between the trans Z-E-SVY and the cis Z-Z-SVY is “locked out” by
the high rotational barrier of the double bond. This effect has
been noted for vinyl radicals in the solution phase, where
differences in reactivity between trans and cis isomers are often
observed.?*?* Though many acetylene-radical reactions feature
trans and cis vinyl radical adducts, including the Bittner-
Howard pathway in the well-known hydrogen abstraction,
C,H, addition (HACA) mechanism, few studies have explicitly
examined pathways leading from the ¢rans reactive inter-
mediate.>>*?>

Scheme 2 shows the general phenyl HACA mechanism,
long considered the key process for the growth of benzene
to naphthalene and beyond in flames. This mechanism com-
prises multiple pathways; among these are the Bittner-Howard,
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Scheme 2 Simplified pathways of the general phenyl HACA mechanism.
Green is trans-Bittner—Howard, blue is cis-Bittner—Howard, pink is mod-
ified Frenklach and red is Frenklach. Ring closing in the green pathway is
inhibited by the high barrier for rotation about the double bond. Multiple-
headed arrows indicate a pathway with multiple intermediates.
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Frenklach and modified Frenklach pathways.>®*>*® Both
the Bittner-Howard and modified Frenklach pathways involve
secondary C,H, addition to a CgH; radical isomer. Recent work
by Mebel et al. argues that these pathways are unrealistic under
typical low-pressure flame conditions due to the instability
of CgH, radicals above 1650 K at 1 atm, leading to a low
equilibrium concentration of CgH, relative to C¢Hs + C,H,.”>
Experiments and further modelling by Green et al.>’ focused
specifically on these low-pressure, low-temperature conditions,
and predicted that ca. 70% of naphthalene produced in the
HACA reaction arises via the Bittner-Howard pathway at 700 K,
10 torr at a reaction time of 1 ms. However, modelling by Green
et al. of the Bittner-Howard pathway incorporated the radical
intermediates calculated by Mebel et al., but these did not
appear to include the trans-Bittner-Howard pathway.

An important class of molecules in combustion and soot
formation are resonance-stabilised radicals (RSRs) and these
readily react with other radicals or closed-shell species, while
also being relatively long-lived.*”"#?%3° The prior work by
Mebel*® predicts a variety RSRs arising from HACA reactions,
including hydronaphthyl RSRs from both the cis-Bittner-
Howard and modified Frenklach pathways. However, within
the cis-Bittner-Howard mechanism the only RSR present is an
intermediate that leads directly to naphthalene formation, and
is only predicted to have significant yield at 100 atm and
temperatures below ca. 1000 K. At the lower pressures studied
by Green et al., naphthalene is expected to form via so-called
“formally direct” pathways, involving well-skipping over RSR
intermediates due to the lack of collisional stabilisation.”” Such
well-skipping to form naphthalene is not possible in the trans-
Bittner-Howard pathway,>**® however, and this indicates that
the inclusion of this pathway may have a large effect on product
branching ratios.

In this paper, a detailed theoretical reaction rate model
and analysis of both the trans- and cis-Bittner-Howard HACA
pathways is reported for an extensive set of C;,Ho and C;oHg
isomers. Branching ratios for all intermediates and products
are reported at temperatures from 550 to 1800 K, and pressures
from 5.33 x 10> to 10’ Pa. An important conclusion of this
paper is that ¢trans/cis isomerism has a significant outcome on
predicted branching ratios over large temperature and pressure
ranges, and compared with prior modelling the C;oHg RSRs
and alternative C;oHg isomers (such as benzofulvene) are much
more abundant.

Methods and model description

Simulation of the trans- and cis-Bittner-Howard pathways was
achieved using a master equation (ME) model within the Multi-
Well 2020 program.*'** The model contains 38 intermediate
C10Ho minima (or wells), 78 transition states and 10 dissociation
channels including the 2 possible entry channels. This model is
a more comprehensive simulation of the secondary reaction
than previously published studies. Gaussian 16>* was used to
calculate the electronic energy of each structure at the G3X-K
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level of theory,*® with transition states located by redundant
coordinate scans and verified by visual inspection of the
imaginary frequency. In cases where visual inspection alone
could not unambiguously identify connectivity of minima and
transition states, intrinsic reaction coordinate (IRC) calcula-
tions were also used to confirm this connectivity. The same
model chemistry was also used to calculate a trans pathway for
a broad variety of acetylene-radical reactions.

RRKM theory is adopted for k(E) calculations, on the basis of
sums and densities of states. To calculate the density of states
for each stationary point, a RRHO (rigid rotor + harmonic
oscillator) model was augmented with hindered rotor poten-
tials to replace the harmonic oscillator descriptions for suffi-
ciently facile bond rotations. Hindered rotor potentials were
calculated using relaxed coordinate scans with a step size of
10 degrees. The energies at each point were then fit with a
Fourier series comprising nineteen cosine and sine terms.
Moments of inertia were estimated at a single point. Collisional
energy transfer was described using a single-exponential-down
model with parameters based on those of toluene in a He bath
gas.>®*” Toluene was chosen as it is a chemically similar
species to most of the C;oHy isomers with established para-
meters, and the effect of altering these parameters is less
significant than the uncertainty introduced by errors in the
relative energies.>

In total, sixty different sets of initial conditions were simu-
lated, with each simulation including 107 Monte Carlo trials.
These conditions described the reaction at six different tem-
peratures between 550 K and 1800 K, and five different pres-
sures between 5.33 x 10 Pa (4 torr) and 107 Pa (7.5 x 10* torr),
for two different initiating reactions. The lowest pressure and
temperature values were chosen to correspond to concurrent
photoionisation mass spectrometry experiments,*® discussed
in the ESIf and to be further detailed in a future publication.
The initial formation of both trans and cis isomers was incor-
porated by running simulations starting as chemically activated
populations of both initial wells, which can subsequently
interconvert, isomerise and dissociate independently. Each of
the sixty total simulations were calculated to 1000 collisions,
which was sufficient for most of the excess energy to be
dissipated or to completely dissociate the C;o,Hy intermediates.
Tertiary addition of another acetylene molecule was deemed to
be negligible on this timescale. Species with an sp® radical and
an o-hydrogen were summed together after calculation due to
the very low interconversion barrier between these species.
Following ref. 39 and 40, we assume that intramolecular vibra-
tional energy redistribution (IVR) is complete in less than a few
picoseconds.

To determine the relative contribution of the trans and cis
pathways to the overall reaction, the partition functions for entry
transition states t; and t, were calculated, as labelled in Scheme 1.
Transition state theory provides the following equation:*!

K(T) = Fyz(T)e P2

where k is the reaction rate, Z; is the partition function of the
transition state, f is the thermodynamic beta, E; is the energy of
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the transition state, and F,, is some function that depends only
on the initial well or separated reactants. If it is assumed that
both trans and cis pathways can interconvert rapidly prior to the
crossing of one of two transition states, the prefactor F,, can be
ignored when calculating the branching ratio. This allows a
simple means for its estimation without specific knowledge of
any pre-reactive complex. This relation only breaks down if
acetylene is abundant enough that the ¢rans and cis isomers of
CgH; do not have time to equilibrate before a reactive collision
occurs, which would likely only occur at high number densities
well beyond those simulated in this work.

Results and discussion

This first section contains a general overview analysis of trans/
cis isomerism chemistry of vinyl radical intermediates involved
in acetylene molecular-weight growth chemistry considering a
range of fundamental combustion-related hydrocarbon radi-
cals. Of these radicals, the reaction of the phenyl radical with
acetylene via the Bittner-Howard pathway was selected for
further analysis using a detailed ME model spanning a range
of pressure and temperatures, and this is examined in more
detail further below. With this detailed ME model at hand, the
branching ratio of each species was calculated as a function
of pressure and temperature — this allows for comparison to
previous studies in the literature. Finally, the contribution
of the trans pathway is assessed by calculating the change in
branching ratio when it is included and compared with when it
is omitted.

The trans/cis isomerism in hydrocarbon radical-acetylene
reactions

As a starting point, to assess the significance of the trans reac-
tion within the context of acetylene molecular-weight growth
reactions, a series of analogous pathways across a range of
fundamental hydrocarbon radicals were calculated using the
G3X-K method, and these are shown together in Fig. 1. This
figure depicts the energy landscape for the catalytic vinylacety-
lene formation pathway for the RSRs propargyl (CHCCH,) and
allyl (CH,CHCH,), together with selected saturated (methyl
(CH3), ethyl (C,Hs) and propyl (C3H5)) and unsaturated (ethenyl
(CH,CH), phenyl (c-C¢Hs) and ethynyl (C,H)) non-resonance-
stabilised radicals. As these pathways do not involve significant
R-group interactions, it is a reasonably straightforward com-
parison. Fig. 1(a) depicts the energy of the primary addition
(n = 1) of acetylene to the radical, which forms the adduct
complex via a single transition state. For most cases, the
transition-state energy is positive with respect to the separated
reactants, except for the ethynyl radical case, which is slightly
submerged. Fig. 1(b) is a portion of the secondary (n = 2)
addition of acetylene to the primary radical adduct. This n =
2 pathway contains a series of H atom shifts, followed by an
interconversion between linear and branched isomers that
form via a three-membered cyclic intermediate. If viable, this
pathway is an alternative pathway to form vinylacetylene, rather

Phys. Chem. Chem. Phys., 2025, 27, 83-95 | 85
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Fig. 1 G3X-K energetics, in kcal mol™2, of selected pathways of (a) primary, and (b) trans secondary addition to various radicals. Catalytic vinylacetylene
generation progresses to the right, competing with the isomerisation pathway to the cis reaction branching back to the left (the products of which are not
shown). Solid arrows indicate the initial formation and final dissociation step. The colours, symbols and text styles are matched to the radical species
depicted in the legend. Dotted wells in the adduction or fragmentation step indicate the existence of a pre- or post-reactive complex, the calculation of

which was outside the scope of this study.

than from the reaction of liberated H atoms with acetylene.*?
Across both Fig. 1(a) and (b), most intermediates and transition
states have relative energies that do not strongly depend on the
R group. The differences between each case are most apparent
for the primary addition step (Fig. 1(a)) and in the final
regeneration of the starting radical (Fig. 1(b)). These points
are marked with a black downward arrow, and their spread in
energy values is attributed to the varying radical stabilisation
energies (RSEs) of each radical, with relatively stable conju-
gated radicals such as allyl and propargyl having the largest
RSE values.*® More localised radicals such as ethynyl, and to a
lesser extent ethenyl (vinyl) and phenyl, exhibit the opposite
trend and have the highest values. Indeed, Fig. 1(b) shows
similar n = 2 energetics across all R groups as the n = 1 adduct
always bears an sp” radical site, and therefore the RSE for each
adduct is similar. Furthermore, intermediates along the cata-
lytic vinylacetylene formation pathway have similar energy
(relative to their respective n = 1 adducts separated from
acetylene), as the interaction with the R group is in most cases
quite limited.

The primary isomerisation step that connects the trans to
the cis pathway also involves a three-member cyclic intermedi-
ate and is also only weakly affected by the R-group. Of these,
the highest-energy barrier resides between —13.6 and
—20.0 keal mol %, relative to the separated reactants. The small
differences are mostly attributed to resonance stabilisation of
the aforementioned three-member cyclic intermediate in cases
where the precursor radical site is sp> or sp (e.g. the phenyl
radical), which does not occur for p- or =m-type precursor
radicals. Therefore, this pathway is more facile in the phenyl

86 | Phys. Chem. Chem. Phys., 2025, 27, 83-95

case than for most others. Nonetheless, in all cases the three-
member cyclic intermediate geometry likely indicates a low
density of vibrational states — and so entropic effects may allow
higher-energy trans pathways to remain relevant. If these
entropic effects allow the trans reaction to contribute signifi-
cantly even in cases where the interconversion is stabilised,
such as for the phenyl radical in the Bittner-Howard pathway,
our recommendation is that it must also be included for the
non-stabilised cases.

Since the reactions of the phenyl radical (the solid blue
pathway in Fig. 1) are implicated in many soot formation
models, this pathway is selected for further scrutiny and
modelled in detail. To ascertain if the trans pathway of the
Bittner-Howard reaction leads to significantly different pro-
ducts, a detailed chemical model is presented below, with
branching ratios assessed as a function of pressure, tempera-
ture, and trans/cis isomerism.

Product formation in the Bittner-Howard reaction

The simplest definition of the Bittner-Howard reaction is a
naphthalene-forming reaction between phenyl and acetylene
where a second acetylene adds to a B-styryl radical (Scheme 1).
In this section, we expand this definition to include the full
surface and range of products for the reaction of the B-styryl
radical with acetylene. This broader scope includes the trans-
and cis-Bittner-Howard variants that depend on the stereoiso-
merism of the (-styryl radical site. Together, these variants
comprise a significant portion of the C;oHo surface. Fig. 2
presents all minima, transition states, reactants and products
of this surface modelled in this work. The starting [-styryl

This journal is © the Owner Societies 2025
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Fig. 2 Full network of the modelled intermediates, transition states and exit channels of the CioHg surface in the Bittner—Howard reaction. Each bold
line corresponds to an isomerisation transition state, with arrows depicting attachment and/or detachment. The starting B-styryl CgH; isomers
are enclosed in red ellipses, CioHg isomers in blue rectangles, and CgHs in a green diamond. A dotted line approximately divides the trans- (left) and
cis-Bittner—Howard (right) pathways. Intermediates and products discussed in the text are labelled with a bold abbreviation, e.g. NAPH.

5

radicals are enclosed in red ellipses. For each of these points, (Table S2). The left side of Fig. 2 is the ¢trans pathway, with the
the energy relative to separated reactants is provided in the ESIT  cis pathway on the right (separated by the dashed curved line).
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Nine connecting transition states are noted between the trans
and cis pathways, most of which are high in energy or are linked
to uncommon intermediates. These transition states involve
rotation about the o-f bond, either directly or via an inter-
mediate. Once one of the two adducts form, several rearrange-
ments can take place - the most important of which are shown
in more detail later. Some rearrangements lead to dissociation,
either to re-form the B-styryl radicals, H-loss (C;oHg) products
(blue rectangles), or the previously described vinylacetylene loss
pathway (green diamond). Intermediates and products dis-
cussed in the text are labelled with a bold abbreviation.

The points on the surface described in Fig. 2 form the basis
of the ME model described in this work, which predicts
branching ratios for each species. Of the thirty-four C;oHo
intermediates and seven C;,Hg products, Scheme 3 lists the
fourteen most abundant in the ME model. These species
include bicyclic or monocyclic structures, with the bicyclic
radicals resulting from the cis pathway, and the monocyclic
species mostly from the ¢trans pathway. Aside from the closed-
shell C;,Hjg isomers (top), various open-shell C;,H, species are
present, including both of the n = 2 adducts as well as a variety
of RSRs. The variation in branching ratios of these species
under different conditions is discussed below.

bicyclic:monocyclic

'
'
'
'
'

_
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PCCP

Naphthalene and other C,,Hg isomers. Given a pressure and
temperature, the model presented in this paper provides
branching ratios for all included species. Thus, by varying
pressure and temperature, the branching ratio for a parti-
cular species can be depicted across these physical conditions.
Fig. 3 shows the predicted branching ratios of various C;oHg
species as a function of pressure and temperature — with colour
indicating the value of the branching ratio at the pressures and
temperatures indicated by the crosses. These values, as well as
those for all other species, are tabulated in the ESIT (Table S3).
At the lowest pressures and temperatures, in accord with the
previous study by Mebel et al.,>® the production of naphthalene
(NAPH) is the dominant result looking at the bottom left-hand
corner across each of the four panels in Fig. 3. However, at
pressures beyond 10" Pa, or temperatures exceeding 800 K,
other pathways become significant as the NAPH branching
ratio drops. In particular, at 550 K and 10> Pa, the NAPH
branching ratio falls to 58.5%, and at 1000 K and 5.33 x
10® Pa, it falls to 76.5%. When temperature increases to
1500 K (at 5.33 x 10> Pa), NAPH’s branching ratio decreases
to 40.7%, and by 1800 K it is no longer the main product.
Though Mebel et al. also predict a reduction in NAPH branch-
ing ratio at high pressure and temperature, their yield is always

J O ST S
E-1-ethynyl-2- Z-1-ethynyl-2- 1-phenyl-2-
naphthalene  benzofulvene | -phenylethene -phenylethene -vinylacetylene
CqHg NAPH BZFV : E-EPE Z-EPE PVAC
C1oHg’
E\
i N SN
E-1-styrylvin-2-yl ~ Z-1-styrylvin-2-yl
non-RSR E-SVY Z-sVY

88 | Phys. Chem. Chem. Phys., 2025, 27, 83-95

naphthalen-  naphthalen- vinylmethylidene E-methylidene Z-methylidene
-(1H)-yl -(2H)-yl benzyl cinnamyl cinnamyl
N1HY N2HY VMBY E-MCY Z-MCY
é
naphthalen- 1-methyl-
-(4aH)-yl indenyl
N4aHY MIDY

Scheme 3 Modelled species with a branching ratio exceeding 1% in any set of simulated pressure and temperature conditions, including the
abbreviations used in the text. Species are divided by mass, number of rings, and presence of resonance-stabilised radical sites.
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Fig. 3 Predicted branching ratio of (a) NAPH, (b) BZFV, (c) E-EPE and (d) Z-EPE, as a function of pressure and temperature. Crosses designate points at
which the model was calculated. Colour is used to indicate the value of the branching ratio at these pressure and temperature coordinates — note that

the intensity scales are different for each plot.

above 80% until the pressure exceeds 10° Pa or the temperature
is above 2000 K - and at low pressure, is always the majority
product even at 2500 K.**> At high temperatures, we find that
much of the reduction in NAPH branching ratio results
from the increasing formation of E-1-ethynyl-2-phenylethylene
(E-EPE, Fig. 3(c)), which is a trans species not explicitly included
in previous studies. The formation of E-EPE has only a weak
dependence on pressure but increases to a maximum value of
ca. 26% at 1800 K. Formation of the corresponding cis isomer,
Z-1-ethynyl-2-phenylethylene (Z-EPE, Fig. 3(d)), also varies only
weakly with pressure, but only reaches a maximum branching
ratio of ca. 9% at 1800 K, which is comparable with previous
studies.

Though most non-NAPH C,;,Hg isomers are produced in
greater abundance as temperature increases, with only a weak
pressure dependence, benzofulvene (BZFV) is most prevalent at
low pressure and intermediate temperature and this is due to
its production from the cis-Bittner-Howard pathway and its
relative stability compared to the monocyclic isomers. Since it is a
product of the cis pathway along with NAPH, BZFV is formed
under generally similar conditions, but the lower threshold energy
for formation of NAPH relative to BZFV results in preference for
the former at the lowest temperatures. However, the integrated
density of states of BZFV grows more rapidly than that of NAPH as
temperature increases, somewhat offsetting this effect at higher
temperature. At conditions of 5.33 x 10” Pa and 1200 K, BZFV has
a predicted branching ratio exceeding 8% - despite not appearing
to be implicated in previous studies.

This journal is © the Owner Societies 2025

Ci0Hy intermediates and vinylacetylene. Although this
high temperature/high pressure reduction in NAPH production
compared with previous reported models is attributed to the
formation of other C,,Hg isomers at high temperatures, at low
temperature (and high pressure) much of this reduction in
NAPH production results from the stabilisation of C;oH, radical
intermediates. Fig. 4 shows the branching ratio as a function
of pressure and temperature for some of these C;oHy inter-
mediates, including E-1-styrylvin-2-yl (E-SVY) and methylinde-
nyl (MIDY). Under most conditions, E-SVY (Fig. 4(a)) is by far
the most produced C;oH, radical intermediate, with a branch-
ing ratio of total species of ca. 59% at 550 K and 10” Pa. E-SVY is
almost exclusively the result of a collision-stabilised trans-
Bittner-Howard pathway, and is much more common than its
isomer Z-1-styrylvin-2-yl (Z-SVY), which does not exceed ca. 3%
at these conditions.

Aside from the E- and Z-SVY adduct radicals, all of the
radical intermediates that are present in appreciable (>1%)
quantities are RSRs. These are vinylmethylidene benzyl (VMBY),
MIDY, naphthalen-(1H)}yl (N1HY), naphthalen-2H)yl (N2HY),
naphthalen-(4aH)yl (N4aHY), E-methylidene cinnamyl (E-MCY)
and Z-methylidene cinnamyl (Z-MCY) and Fig. 4(b) shows the total
branching ratio for these and all other RSRs summed together.
Together, these RSRs comprise 18% of all products at 10” Pa and
800 K. Generally, as expected, higher pressure and lower tempera-
ture are conditions that favour these species, as with all C;,Ho
radicals in the model. However, the dependence on both pressure
and temperature is much weaker than for E- and Z-SVY. RSRs are
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present at abundances exceeding 1% for sixteen of the thirty
simulated pressures and temperatures, indicating that the Bittner-
Howard pathway may often contribute to RSR-based molecular-
weight growth.

Of note among RSRs is also MIDY, shown in Fig. 4(c). MIDY
is a substituted indenyl radical - the indenyl radical is much
less prone to decomposition at intermediate temperatures
compared with many other fuel-derived radicals.*® Indenyl
radicals have been studied as a target for RSR-based molecular-
weight growth,“®*° and therefore the formation of MIDY in the
Bittner-Howard pathway should not be overlooked. Interestingly,
MIDY is less present ca. 550 K and 10 Pa, likely due to the many-
step process required for its formation and competition with other
radicals that are more stable at lower temperature. Though our
analysis predicts MIDY has a branching ratio of only a few percent
at most, its relative persistence at higher temperatures indicates
that the Bittner-Howard pathway in the phenyl HACA reaction can
contribute to RSR-based molecular-weight growth even under
these conditions.

A minor channel that is neither C,;(Hg nor C,(H, is the loss
of vinylacetylene to regenerate phenyl radicals. As discussed
above, this bimolecular product channel is the trans-specific
final step of a radical-catalysed acetylene dimerisation that is
possible for a wide variety of radicals beyond just the phenyl
radical (with B-styryl intermediate). The branching ratio of this
vinylacetylene formation in the Bittner-Howard case is shown
in Fig. 4(d). The maximum branching ratio of ca. 0.7% is
achieved between 1500 and 1800 K and from pressures ranging

90 | Phys. Chem. Chem. Phys., 2025, 27, 83-95

from 5.33 x 10* to 10° Pa, with a somewhat weak dependence
in this region. Though vinylacetylene production via this
mechanism appears uncommon in the Bittner-Howard case,
equivalent pathways for p-type alkyl radicals may be more likely
and should not be ignored in future studies.

Key trans- and cis-Bittner-Howard pathways

Both the trans- and cis-Bittner-Howard pathways are present on
the C;0H, landscape, have similar starting internal energies,
and pathways for interconversion. Importantly, the inclusion of
the trans-Bittner-Howard pathway measurably changes the
distribution of products. The key pathways for both the trans
and cis reactions must therefore be considered - particularly
with regard to the most likely rearrangement between them.
The trans-Bittner-Howard pathways with the greatest con-
tribution to our model are shown in Fig. 5. In prior studies, the
trans addition to B-styryl radicals is either absent,?” mentioned
briefly,>*** or assumed to isomerise to the cis configuration
with no explicit pathway provided.® However, the formation of
E-styrylvinyl radicals (E-SVY), as well as of the monocyclic C;oHg
isomers E-EPE and 1-phenyl-2-vinylacetylene (PVAC), is compe-
titive with the most favourable cis isomerisation pathway,
which proceeds over t;, i3, and t,; towards NAPH (shown in
blue in Fig. 5). This cis isomerisation pathway is analogous to
those shown in Fig. 1 for a variety of R-groups. The reaction rate
across the transition states t;; and tyg is inhibited by their
low density of states. Furthermore, the presence of two ‘“gate-
keeper” transition states rather than one significantly slows the
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rate of isomerisation from E-SVY to Z-2-styrylvinyl (Z-SVY). If the
isomerisation continues across t,; to the cis portion of the
surface, however, return is unlikely, and the reaction proceeds
similarly to the cis case.

The cis addition yields three pathways that lead to NAPH
formation, presented in Fig. 6. Highlighted in red is a pre-
viously reported pathway.>® The black pathways are competitive
with the red pathway and are a source of both the BZFV and
NAPH products. In particular, BZFV is an alternative product to
the ring expansion pathway leading to NAPH. As discussed
above, BZFV production maximises at moderate temperatures
and low pressures, with a branching ratio of ca. 8% at 5.33 X
10> Pa and 1200 K. In contrast, NAPH production is most
favoured at low temperature. This difference is attributed to a
more relaxed (more loose) BZFV transition state (ts), which has
a strong positive temperature dependence. Though the BZFV
branching ratio decreases above 1200 K, NAPH has a faster rate
of relative decrease, such that BZFV is ca. 23% of NAPH
production at 1800 K and 5.33 x 10® Pa. The overall decrease
in NAPH and BZFV within only the cis addition pathway is the

result of competition between redissociation and with for-
mation of monocyclic C;oHg isomers, particularly Z-EPE.

Quantifying the significance of the trans pathway

To ascribe a value to the significance of the ¢rans-vinyl radical
addition chemistry within our model, the branching ratio for
each species can be compared to when the cis reaction is alone
considered. This leads to the following formula for the sum of
absolute differences (SAD):

1
SAD = EZ |d)i,mod - ¢i,c'is|

where i is the chemical species, ¢;moq is the modelled branch-
ing ratio averaged over both entry pathways, and ¢; ;s is the

. . . . L,
branching ratio of the cis reaction only. The prefactor of 5 s

included to avoid double-counting, since any decrease in the
branching ratio at a particular species must lead to an equiva-
lent increase over some combination of other species. The SAD
is thus a value between 0 (no impact) and 1 (wholly dominant)

-89.3

Fig. 6 Selected pathways from the cis precursor towards formation of NAPH and BZFV. The pathway modelled by Mebel et al.?® is shown in red. Note
that the cis-B-styryl radical is chosen as the reference energy, leading to slightly offset energies relative to Fig. 5.
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and this quantifies the importance of including the trans
pathway. In particular, comparing the combined model with
the cis-only model accounts for the effects of the post-adduction
surface as well as the relative probabilities of ¢trans and cis
addition.

Fig. 7 shows the SAD calculated for each temperature and
pressure condition. The solid black line represents the max-
imum potential contribution of the ¢rans reaction, assuming
the trans reaction produces totally different products than the
cis reaction. This upper bound is derived from the relative
population of the trans and cis entry pathways, as calculated
from the relative partition functions of the ¢rans and cis transi-
tion states. The dotted black line represents a simpler model
that ignores the molecular structure, instead only using the
energetics of the separated trans and cis reactants. These
bounds are discussed in more detail in the Methods & Model
Description section. At all temperatures and pressures consid-
ered, the inclusion of the trans reaction significantly alters the
branching ratios. The amount of change increases with increas-
ing pressure, as earlier intermediates are quenched and stabi-
lise such that this prevents the interconversion between trans
and cis pathways. Increasing the temperature has a varying
effect, depending on pressure. At the lowest pressures consid-
ered, increasing the temperature monotonically increases the
effect of the trans reaction. This increase is attributed to the
relatively low density of states of key transition states separat-
ing the trans and cis reactions, compared with competing
pathways. Therefore, entropic effects cause trans/cis inter-
conversion to be disfavoured.

At moderate to high pressures, increasing the temperature
first decreases the SAD to the point where it approaches the
lowest-pressure case, and then it increases in parallel with this
lowest-pressure case. This inversion is possibly due to the

92 | Phys. Chem. Chem. Phys., 2025, 27, 83-95

decreasing efficiency of collisional deactivation as the tempera-
ture of the bath gas increases. Importantly, the trans reaction is
most significant at 550 K and 10’ Pa, in which it approaches the
upper bound of 0.59. Almost all of this is attributed to collision-
stabilised E-SVY. Even at atmospheric pressure the trans reac-
tion has a SAD between 0.1 and 0.4 across all considered
temperatures, with a maximum at the lowest temperature of
550 K. Thus, it is necessary to include the ¢rans reaction when
modelling the Bittner-Howard pathway, regardless of the pres-
sure and temperature.

The SAD value is also useful for testing the robustness of
the model to small changes in barrier height. This sensitivity
analysis was performed at 1200 K and 10> Pa, corresponding to
approximately the midpoint of the temperature and pressure
parameters used in this work. By tweaking the energies of the
“gatekeeper” transition states between the trans and cis path-
ways - that is, t;; and t;3 — the change in the SAD can be
measured. When the barrier heights of these transition states
were lowered by 1 kcal mol™, the SAD decreased from 0.188
to 0.152. A 1 kcal mol™" increase led to the SAD increasing
to 0.229. In either case, the SAD remains the same order of
magnitude, leaving the broader argument of this work
unchanged. Therefore, while the quantitative values of the
SAD may not be perfectly accurate, it can be concluded that
the trans reaction must be included in models of aromatic
molecular-weight growth chemistry pertinent to the primal
stages of soot formation.

Conclusion

The Bittner-Howard pathway, despite its inclusion in HACA
models for decades, has concealed complexity that has been
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underexplored in prior modelling literature. From this expanded
modelling study, such pathways are expected to be most promi-
nent at temperatures below 1600 K and pressures equal to or
exceeding 10° Pa and these conditions correspond to the greatest
quantity and variety of C;oHy radical isomers, including various
RSRs. Furthermore, C;oHg comprises a greater diversity than
previously described, even at moderate temperatures, including
benzofulvene (BZFV) as well as 3 related monocyclic species: E- and
Z-2-ethynyl-1-phenylethene (E-EPE and Z-EPE), and 1-phenyl-2-
vinylacetylene (PVAC). Though naphthalene (NAPH) is still the
CyoHg isomer with the greatest branching ratio below 1800 K,
other isomers are competitive from temperatures as low as 800-
1000 K, much lower than predicted in earlier studies. Much of the
difference can be attributed to the inclusion of trans chemistry in
the model, which is most prominent at high pressure and low
temperature - contributing the majority of the branching ratio at
550 K and pressures above 10° Pa. Even at the least favourable
conditions for the relative contribution of the trans reaction, its
inclusion still alters the predicted branching ratios by 4%.

Due to the similar ionisation energies of the most abundant
predicted C,oHg isomers, experimental verification of the model
presented in this work with photoionisation mass spectrometric
techniques** may be challenging. Furthermore, increasing the
temperature to encompass more of the model parameter space
for the reaction of B-styryl radicals may allow for an enhanced
identification of C;,Hg isomers.

Finally, many of the ¢rans pathways in the model, including
the initial adduction step, do not strongly interact with the
phenyl ring such that exchanging the phenyl group with
different fundamental substituents results in generally similar
energy landscapes, including the isomerisation pathway that
connects with the cis reaction. The main differences arise when
each radical R group is free, with energies correlated with the
RSE of each. Radicals similar to the phenyl radical may there-
fore have similar acetylene addition reactions that are strongly
affected by the inclusion of trans-Bittner-Howard-type path-
ways. Future Master Equation models of such systems should
include these trans pathways. Ultimately, the impact of trans-
vinyl radical intermediates on reactive radical chemistry
demonstrates that they are necessary for the accurate model-
ling of combustion reactions and soot formation.
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