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a b s t r a c t 

Pyrolysis of phenylacetylene with and without the presence of C 2 hydrocarbons (acetylene or ethylene) 

was studied in a single-pulse shock tube coupled to gas chromatography/gas chromatography-mass spec- 

trometry equipment for speciation diagnostics. Quantitative speciation profiles were probed from each 

reaction system over the temperature range of 110 0–170 0 K at a nominal pressure of 20 bar. A kinetic 

model was proposed to interpret how phenylacetylene is consumed under high-pressure pyrolytic condi- 

tions and how the resulting intermediates react to form polycyclic aromatic hydrocarbons (PAHs), and fur- 

thermore, how the extra acetylene or ethylene alter the reaction schemes. It was found that the bimolec- 

ular reaction between phenylacetylene and hydrogen atom leading to phenyl and acetylene dominates 

phenylacetylene decomposition throughout the temperature window. The addition/elimination reactions 

between phenylacetylene and phenyl not only produce hydrogen atoms to maintain the reactivity of the 

fuel decay, but also directly lead to the formation of several C 14 H 10 PAH isomers including diphenylacety- 

lene, 9-methylene-fluorene and phenanthrene. Intermediates pools, regarding both species categories and 

abundance, are changed by the two C 2 fuels introduced into the reaction system. The added acetylene en- 

ables the Hydrogen-Abstraction-Acetylene-Addition (HACA) mechanism starting from the phenylacetylene 

radical to occur at relatively low temperatures. But the yielded naphthyl core does not stabilize in naph- 

thalene due to the lack of hydrogen atoms in the reaction system, and instead, it carries on the HACA 

route by further combining with another acetylene molecule, ending up in acenaphthylene. Differently, 

the added ethylene intensifies the HACA routes by contributing to the acetylene formation, and more 

importantly, provides hydrogen atoms participating in the naphthalene formation from naphthyl radical. 

© 2020 The Authors. Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

An in-depth understanding of polycyclic aromatic hydrocarbons

PAHs) formation mechanisms would benefit the numerical designs

f advanced clean combustion devices. Detailed kinetic models of

AH formation in combustion have been under development for

ecades [ 1–3 ], resulting in an improved understanding of mech-

nistic pathways and an increasing refinement of the parameters

escribing the temperature and pressure dependence of important

eactions. Among the reaction schemes postulated for PAH forma-

ion, the Hydrogen-Abstraction-Carbon-Addition (HACA) routes [ 4–
∗ Corresponding authors. 
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 ] are the best known and the most studied; the general multi-

tep process proceeds by abstraction of a hydrogen atom from

n aromatic ring, creating a phenyl-type radical that subsequently

dds to C 2 H 2 and ultimately undergoes ring-closure to increase the

ize of the PAH. As shown in Scheme 1 , phenylacetylene (C 6 H 5 C 2 H)

s an essential intermediate on the HACA pathway of naphthyl for-

ation from benzene, which is representative of aromatic growth

rocesses. Important reactions, such as the formation of C 6 H 5 C 2 H

rom phenyl (C 6 H 5 ) [6 , 8–11 ], the C 2 H 2 addition to the ortho -radical

C 6 H 4 C 2 H) of C 6 H 5 C 2 H resulting in a naphthyl core [6 , 9] , attracted

onsiderable research attention. 

The fate of C 6 H 5 C 2 H, including the pathways leading to

 6 H 4 C 2 H formation as well as other competing channels, could im-

act the effectiveness of the HACA routes. However, due to a lack

f pertinent studies, the consumption scheme of C 6 H 5 C 2 H under
stitute. This is an open access article under the CC BY-NC-ND license. 
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Scheme 1. Schematic of the HACA mechanism of naphthyl formation from benzene. 
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combustion relevant conditions is not yet well established. To the

best of our knowledge, the only available kinetic investigation cen-

tering on C 6 H 5 C 2 H consumption is the shock tube study by Herzler

and Frank [12] , in which rate coefficients for major reactions ac-

counting for C 6 H 5 C 2 H decomposition were derived at a pressure

of around 2 bar over the temperature range of 160 0–190 0 K. It

is not uncommon that in existing combustion kinetic models for

aromatic fuels [2 , 13–16 ], sub-mechanisms of C 6 H 5 C 2 H were con-

structed through analogies to reactions of other mono-ring aro-

matics such as benzene, toluene or even styrene, whose consump-

tion schemes are better investigated. Such sub-mechanisms, de-

spite their kinetic significance, are not well validated, owing to a

scarcity of experimental data on the fate of C 6 H 5 C 2 H. 

In practical combustion processes of aliphatic hydrocarbons,

acetylene (C 2 H 2 ) and ethylene (C 2 H 4 ) are produced in large

amounts. Their interactions with aromatic molecules or radicals in

the species pools are recognized as crucial in the build-up of PAH

compounds. To address relevant pathways from the fundamental

experimental point of view, previous investigators introduced un-

saturated C 2 H x compounds to pyrolysis and flame systems of small

aromatics, such as benzene [ 17–20 ], phenyl [21] , toluene [22 , 23] , to

monitor their effects on PAH or soot formation. The essential inter-

actions between C 6 H 5 C 2 H and C 2 H 2 , which could directly lead to

the formation of the naphthalene core, however, have never been

directly examined through experimental methods. 

Inspired by the above, one major task in the present work is to

understand the speciation behaviors related to PAH formation from

C 6 H 5 C 2 H decomposition. A second goal is to understand how the

resulting species pool reacts with C 2 H 2 and C 2 H 4 . Recent studies

[24 , 25] suggested that the combustion processes can be decoupled

into separate pyrolysis and oxidation steps. Therefore, we chose to

unravel the mentioned issues under high-pressure pyrolysis con-

ditions where specific pathways can be focused with reduced ki-

netic complexity. Towards these goals, shock tube pyrolysis exper-

iments for C 6 H 5 C 2 H, as well as C 6 H 5 C 2 H + C 2 H x blends are carried

out under identical conditions. In the blended mixtures, more than

half of the carbon is supplied by C 2 H 2 or C 2 H 4 to better highlight

the effects of C 2 H x . Speciation information is obtained from each

case through gas chromatography/gas chromatography-mass spec-

trometry (GC/GC–MS) measurements. The different species pools

brought by the initial fuel compositions are compared among the

three cases. A kinetic model is also proposed, not only to inter-

pret C 6 H 5 C 2 H consumption, but also to account for the interactions

between C 6 H 5 C 2 H and C 2 H x under high-pressure pyrolysis condi-

tions. Crucial reaction channels and their roles at different temper-

atures are highlighted. 

2. Shock tube pyrolysis experiments 

The pyrolysis experiments in this work were carried out at the

single-pulse shock tube facility of ICARE, CNRS, Orléans, France.

Descriptions and a schematic of the experimental set-up are de-

tailed in our recent work [26] . The driven section of the shock

tube, with an inner diameter of 78 mm and a length of 6 m, is

separated from the driver section (120 mm in inner diameter and

3.7 m in length) by a double diaphragm. A dump tank with the

volume of 150 L is placed close the diaphragm on the driven sec-

tion side to operate the shock tube in the single-pulsed fashion.
 series of four pressure sensors (CHIMIE METAL A25L05B) are

ounted at intervals of 150 mm near the end of the driven sec-

ion, with the last one being 82 mm away from the endwall. The

ressure signals are used to calculate the velocity of the incident

hock wave, which is subsequently used to determine the tem-

erature and pressure conditions (T 5 and P 5 ) behind the reflected

hock wave by solving conservation equations together with the

deal gas law and variable heat capacity ratio. In particular, an it-

rative method is used to derive T 2 starting from the initial state

f the testing mixture (P 1 and T 1 ) till the convergence is reached,

.e. , when the difference between the calculated and measured in-

ident shock velocity is less than 10 −6 m/s; P 2 is then derived from

he ideal gas law. A similar procedure is implemented to derive T 5 
nd P 5 and the convergence criterion in solving the shock wave

quations is that the absolute value of U 2 
∗(1- ρ2 / ρ1 )-U 5 

∗(1- ρ5 / ρ2 )

eaches below10 −6 m/s. No difference is observed between the re-

ults computed with the above-mentioned method and those ob-

ained using relevant commercial codes. The estimated errors in-

roduced by the solution of the conservation equations and the use

f the ideal gas law are small, compared to those derived from the

ncertainties in incident shock wave velocities. Indeed, the uncer-

ainty in the calculated T 5 , which mainly comes from the errors in

he actual positions of the pressure sensors, is within ±30 K. A PCB

ressure sensor shielded by a layer of room-temperature vulcaniz-

ng (RTV) silicone is located on the end-wall to record the endwall

ressure history. The reaction time for each operation is defined

ith the pressure trace as the time interval between the arrival

f the shock wave and the point when the pressure drops to 80%

 5 [26] . The reaction time with the current experimental configu-

ation is around 4.0 ms. An air-actuated HIP valve is mounted on

he endwall center to sample the post-shock gas mixtures in which

he reactions are quenched by the cooling rarefaction waves. The

peration of the sampling valve is triggered by the PCB pressure

ignal by setting a delay of 4.0 ms (equal to the nominal reaction

ime), while the opening and closing of the valve takes hundreds of

illiseconds, due to mechanical constrains. The alternative use of

ast micro-size valves, which are capable to operate within a few

illiseconds, was tested by other research groups [27] : it would

educe the sample volumes withdrawn from the shock tube, and

onsequently, the sensitivity of GC analyses, making it impossible

o measure PAHs at the sub-ppm level. Approximately 20 ml gas

at an equivalent pressure of about 1.5 bar) is withdrawn each time

o the transfer line downstream. Given the relatively large volume

f the sampled gas and the slow sampling, the average velocity of

he incident shock wave, instead of the extrapolated value at the

ndwall, is used in to calculate P 5 and T 5 in this work to better

haracterize the actual conditions encountered by the gas samples.

he transfer line is made up of SilcoTek tubes heated at 150 °C
o the analytical equipment consisting of two GCs placed in series.

he gas sample is injected into the GC column when the pressure

n the line is stabilized (usually taking a few seconds), and the in-

ection pressure is recorded to normalize GC signals for quantifi-

ation. The first GC (Agilent 7890) is equipped with a flame ion-

zation detector (FID) connected to a DB-17-ms column for heavy

pecies separation (250 μl sample loop, splitless mode), and a ther-

al conductivity detector (TCD) coupled to a Molsieve 5A column

o monitor the absence of air and the dilution coming from he-

ium in the driver section (1 ml sample loop, splitless mode). The

alves of this GC are placed in an external oven, which could regu-

ate the temperature up to 300 °C, to avoid condensation of heavy

pecies in the sample. The second GC (Thermo Trace GC Ultra) is

quipped with an FID connected to an HP Plot Q column to mea-

ure light species up to mono-aromatics (1 ml sample loop, split

ode); a DSQ mass spectrometer is also incorporated to aid in

he species identification which is mainly based on the retention

ime of different PAHs known from prior injections of standards.
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Fig. 1. GC signals (at the same scale) for PAH species produced from neat pheny- 

lacetylene (C 6 H 5 C 2 H) pyrolysis at different post-shock temperatures ( T 5 s). 
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 70 eV electron impact (EI) source is used for the ionization in

he mass spectrometer which give mass spectra to match the frag-

entation patterns in the NIST library. The detected unknown PAH

eaks can have various isomers, some of which may have similar

ragments, and in some cases the standard mass spectra are not

vailable in the NIST library for all candidates. The mass spectrom-

try provides limited but crucial information, such as mass num-

ers for unknown species, even when they could not be unambigu-

usly identified. 

The GC signals for PAH compounds produced from neat

henylacetylene pyrolysis at different T 5 are shown in Fig. 1 .

he detected peaks are well separated and those of naphtha-

ene (C 10 H 8 ), acenaphthylene (C 12 H 8 ), phenanthrene (PC 14 H 10 )

nd pyrene (C 16 H 10 ) are identified according to their retention

ime. Diphenylacetylene (C 6 H 5 CCC 6 H 5 ) and 9-methylene-fluorene

C 13 H 8 CH 2 ) are identified through their fragmentation patterns in

he mass spectra. Their signals are already of considerable inten-

ities at 1272 K, which further increase at 1428 K and diminish

t the higher temperature of 1557 K. Phenanthrene and a species

ith the retention time of about 14.8 min also come into forma-

ion at 1272 K, and they both become more abundant at higher

emperatures of 1428 K and 1557 K. The latter species, with the

ormula of C 16 H 10 according to the mass number given by the mass

pectrometry, can be fuel-related as it forms at the early stage

f fuel consumption. It is assumed to be one of the diethynyl-

iphenyl isomers, which are likely to be produced from the fuel

adical (C 6 H 4 C 2 H) self-recombination. Further experimental evi-

ence will be required to confirm such a hypothesis. Naphthalene

nd acenaphthylene are only observed at a relatively high temper-

ture of 1557 K, with acenaphthylene being of higher abundance.

yrene already forms at 1428 K, but its level maintains low even

t higher temperatures. Several small peaks, including the three

etween diphenylacetylene and 9-methylene-fluorene and the one

ppearing at around 10.5 min, all have the formula of C 14 H 8 . Their

ignal intensities increase with the temperature, and most of them

nly appear in the spectrum at 1557 K. Their high unsaturation

egrees and high formation temperature windows indicate that

hey may come from the consumption of other PAH species, or

hrough reactions involving acetylene at elevated temperatures. Po-

ential candidates include diethynyl-naphthalene isomers and de-

ydrophenanthrene isomers, given the presence of naphthalene
nd phenanthrene and abundant ethynyl radicals at high tempera-

ures. 

The quantification of detected species relies on the calibration

or the FID, as described in [26] . Except for diacetylene (C 4 H 2 ),

ight species were calibrated with standard gas mixtures with

nown compositions supplied by Air Liquide. C 4 H 2 was calibrated

rom C 2 H 2 decomposition experiments through the carbon atom

onservation. Gas-phase calibrations for two-ring PAH species, such

s naphthalene, acenaphthylene, indene, biphenyl and bibenzyl,

ere performed with home-made mixtures. The process is similar

o what was mentioned in a previous publication by Comandini

t al. [28] . Solutions respectively containing different amounts of

 specific PAH in methanol were prepared. Each solution was in-

ected, in a small quantity (1–5 μl) using a syringe, into a 500 ml

lass vessel which is equipped with a septum and heated up at

50 °C. The glass vessel was evacuated previously so that the solu-

ion vaporized immediately, and the vessel was subsequently filled

ith argon to a certain pressure. The gas mixture was allowed to

tand for around 10–15 min before injection into the GC to guar-

ntee good homogeneity. For larger PAH species which are dif-

cult to directly calibrate, the gas-phase calibration factors were

educed from that of acenaphthylene by assuming that the rela-

ive signal intensities in liquid-phase remain in gas-phase. The liq-

id PAH calibration mixtures in acetonitrile were purchased from

igma-Aldrich. The uncertainties in measured concentrations are

ithin 10% for directly calibrated species, while for PAH species

hich were not calibrated in gas-phase, the uncertainties can vary

rom 20% to a factor of 2, depending on their relative molecular

izes to acenaphthylene. Qualitative and quantitative information,

ncluding retention time, peak concentrations and corresponding

emperatures for PAH species measured in the current work is pro-

ided in Table 1 . 

In this work, three argon diluted mixtures respectively contain-

ng 103 ppm C 6 H 5 C 2 H, 104 ppm C 6 H 5 C 2 H + 415 ppm C 2 H 2 and

05 ppm C 6 H 5 C 2 H + 504 ppm C 2 H 4 , were used for the shock tube

yrolysis experiments at the nominal P 5 of 20 bar, covering a tem-

erature range of 110 0–170 0 K. The different C 2 H x contents of the

wo binary fuel mixtures will not affect the validity of the experi-

ental data for model development, though attention needs to be

aid when directly comparing the experimental results among the

hree sets. For the used chemicals, phenylacetylene (98%) was pur-

hased from Sigma-Aldrich, and the gas reagents including acety-

ene ( > 99.99%), ethylene ( > 99.99%) and argon ( > 99.9999%) were

upplied by Air Liquide. Each mixture was prepared in a 136 L elec-

ropolished stainless steel cylinder and stayed overnight to homog-

nize before being used for the experiments. The driven section of

he shock tube is heated at 90 °C to avoid the condensation of fu-

ls and heavy products. The driven section is vacuumed to below

0 −5 torr with a molecular turbo pump before each operation and

he inner surface of the shock tube is cleaned every day to remove

arbon deposits. The carbon balance for all identified products in

he three experimental sets are provided in Fig. S1 in the Supple-

ental Material. In C 6 H 5 C 2 H 2 /C 2 H 2 and C 6 H 5 C 2 H 4 /C 2 H 4 pyrolysis,

he carbon recoveries are over 96% at temperatures below 1450 K,

hile deteriorating at higher temperatures, to minima of 81% and

7%, respectively. This is mainly because larger polyacetylenes such

s C 6 H 2 and C 8 H 2 are not identified in our experiments. In par-

icular, relatively large amounts of C 6 H 2 are expected to be pro-

uced at high temperatures from the decomposition of aromatic

ings and the subsequent reactions among C 2 H 2 , C 2 H, C 4 H 2 , and

 4 H. A poorer carbon balance shows in the case of neat C 6 H 5 C 2 H

yrolysis, with a minimum recovery of 65% at 1557 K, indicating

hat larger amounts of heavy PAH species beyond detection might

e formed in this case. But this hypothesis cannot be verified due

o the incapability of measuring large polyacetylene compounds.

he three data sets obtained in this work, including species con-
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Scheme 2. The schematic of the phenylacetylene (C 6 H 5 C 2 H) molecule and bond 

dissociation energies (BDEs) calculated at the ROCBS-QB3 [29] level of theory. (Unit: 

kcal/mol). 
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entrations, reaction time and end-wall pressure profiles for indi-

idual operations, are provided in the Supplemental Material. 

. Kinetic modeling 

The current kinetic modeling effort s are aimed at depicting spe-

iation from phenylacetylene decomposition as well as interpreting

he interactions among the species pools, especially the pathways

nvolved in PAH formation. The model development starts from the

inetic model for benzene and toluene pyrolysis proposed in our

ecent work [26] , in which PAH formation kinetics starting from

henyl and benzyl radicals were refined on the basis of the lat-

st version of CRECK model [3] . All updates made in the present

ork are listed in Table S1 in the Supplemental Material, with cor-

esponding rate coefficients specified for each reaction. A glossary

or nomenclature and structures of involved species is provided in

able S2. Important reactions will be discussed in detail in this sec-

ion. 

.1. Phenylacetylene thermal decomposition 

Although phenylacetylene (C 6 H 5 C 2 H) is an important interme-

iate in the HACA route forming naphthalene, kinetic data on its

ecomposition are still scarce. The molecular structure of C 6 H 5 C 2 H

nd the bond dissociation energies (BDEs) calculated at the ROCBS-

B3 [29] level of theory are provided in Scheme 2 . The indi-

ated RO methodology eliminates the empirical corrections used

n standard CBS-QB3 [30] to compensate for spin contamination

29] . The C 

–H bond strengths in the phenyl and ethynyl moieties

re close to those in benzene (112.9 kcal/mol [31] ) and acetylene

132.8 kcal/mol [31] ), respectively. 

The relatively high energies required to break the C 

–H bonds in

 6 H 5 C 2 H suggest its remarkable thermal stability, even compared

o benzene. However, as shown in the Fig. 1 , the emergence of py-

olysis products, indicating the decay of C 6 H 5 C 2 H, occurs at rel-

tively low temperatures (below 1300 K). Fission of a ring C 

–H

ond ( R1 ) is expected to be the main bond fission reaction ini-

iating decomposition of C 6 H 5 C 2 H. The corresponding o-, m- and

- radicals are lumped as C 6 H 4 C 2 H for the purpose of simplifica-

ion in the current model. The only available rate coefficient for R1

s from shock tube experiments at a pressure of around 2 bar by

erzler and Frank [12] . We increased the original value by a fac-

or of 5 to adjust to the current pressure of 20 bar. The adopted

alue k 1 = 2.50 × 10 17 exp( −56,870 K /T) cm 

3 mol −1 s −1 is about

5–50% of the total rate constant for C 

–H bond fission in ben-

ene reported by Sivaramakrishnan et al. [32] over the tempera-
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Fig. 2. Rate coefficients reported in literature for (a) R2, C 6 H 5 C 2 H + H = > C 6 H 5 + C 2 H 2 and (b) R-2, C 6 H 5 + C 2 H 2 = > C 6 H 5 C 2 H + H. Measurements in [10 , 11] and calculations in 

[6 , 8 , 9] were for R-2 while the measurement in [12] was for R2. The reverse rate coefficients were computed through chemical equilibrium with the thermochemical data 

provided in [1] . The shadowed areas indicate three-fold uncertainties centered on the calculated rate coefficients for R-2 [8 , 33] and on the derived reverse rate coefficient 

for R2. 
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ure range of 120 0–170 0 K at nominal pressures of 30 and 50 bar.

he mentioned rate expression in [32] was proposed to fit benzene

ecay profiles from their high-pressure shock tube pyrolysis exper-

ments [32] . The current model also includes C 

–H bond fission in

he ethynyl moiety, with the rate coefficient assigned as that for

he C 

–H bond fission in acetylene. 

 6 H 5 C 2 H = C 6 H 4 C 2 H + H (R1)

Bimolecular reactions between C 6 H 5 C 2 H and H atom occur in

he reaction systems subsequent to the production of H atoms.

eactions of various types leading to different possible products

R2-R6) are extensively considered in the current model construc-

ion. In the early work by Herzler and Frank [12] , only two chan-

els were proposed, respectively producing C 6 H 5 + C 2 H 2 ( R2 ) and

 6 H 4 C 2 H + H 2 ( R3 ), and the rate coefficient was experimentally de-

ived for R2, which was considered as the predominant pathway

12] . The reverse of R2, C 6 H 5 + C 2 H 2 = > C 6 H 5 C 2 H + H (R-2) is a cru-

ial step of the HACA route leading to naphthalene formation from

enzene; it also represents the prototypical addition of an aromatic

adical to C 2 H 2 . Given its kinetic significance, R-2 has been inves-

igated through both experimental [10 , 11] and theoretical [6 , 8 , 9]

ethods so that the corresponding rate coefficients k -2 are exten-

ively available in literature. Rate coefficients for R2, k 2 , including

he direct measurement [12] and those derived from literature-

eported k -2 [6 , 8 –11] through chemical equilibrium, are compared

n Fig. 2 , in which k -2 with different origins are also shown. Theo-

etical works by Wang and Frenklach [6] and Mebel et al. [9] sug-

est a negative pressure-dependence of k -2 . However, weak pres-

ure effects were shown in the calculated k -2 by Tokmakov and Lin

8] , which agrees well with measurements over different temper-

ture ranges [11 , 12] (see Fig. 2 (b)). This rate constant [8 , 33] was

sed for the reversible reaction C 6 H 5 + C 2 H 2 = C 6 H 5 C 2 H + H repre-

enting R2 in the current model. As shown in Fig. 2 , for the cho-

en rate expression, three-fold uncertainties (between one third to

hree times of the nominal values) respectively centered on both

orward and reverse rate coefficients can cover most available mea-

urements and calculations at 1 atm in the temperature range of

0 0 0–20 0 0 K. 

 6 H 5 C 2 H + H = C 6 H 5 + C 2 H 2 (R2)

 6 H 5 C 2 H + H = C 6 H 4 C 2 H + H 2 (R3)
 6 H 5 C 2 H + H = C 6 H 6 + C 2 H (R4)

 6 H 5 C 2 H + H = C 6 H 5 CH ̇CH (R5)

 6 H 5 C 2 H + H = C 6 H 5 ̇CCH 2 (R6)

The rate coefficient k 3 = 2.50 × 10 4 exp( −8052 K/T) cm 

3 mol −1 

 

−1 proposed in [1] was adopted for the hydrogen abstraction re-

ction ( R3 ). With the current rate coefficients assignments, the hy-

rogen abstraction channel R3 takes a branching ratio of about 0.1

ompared to R2 over the entire investigated temperature range,

hich is consistent with the value of < 0.2 recommended in [12] .

he reverse form of R4, C 6 H 6 + C 2 H = C 6 H 5 C 2 H + H, with a rate

oefficient of k -4 = 5.0 × 10 13 cm 

3 mol −1 s −1 , was included in

he kinetic model describing aromatics formation and growth by

ang and Frenklach [1] . This chemically-activated reaction was in-

orporated in the current model. Hydrogen addition reactions to

he triple bond resulting in C 6 H 5 CH ̇CH and C 6 H 5 ̇CCH 2 radicals, R5

nd R6, were also considered in the model construction, with the

ate coefficients of the forward and reverse reactions separately

pecified with the values reported in [9] and [8] . The subsequent

onsumption of C 6 H 5 CH ̇CH and C 6 H 5 ̇CCH 2 , including isomerization

nd decomposition steps, originated from the theoretical work by

okmakov and Lin [8] . How these reactions compete resulting in

 6 H 5 C 2 H consumption will be revealed in the discussion section. 

All the above-mentioned bimolecular reactions consume the

hain carrier H atoms while producing radicals that are less re-

ctive. However, phenylacetylene decomposes faster than ben-

ene under similar shock tube pyrolysis conditions [26] , which

mplies the existence of chain-branching processes enhancing

he reactivity within the reaction system. In view of the abun-

ant C 6 H 5 resulting from R2, reactions between C 6 H 5 C 2 H and

 6 H 5 were included in the model. Besides abstracting a hydro-

en atom from C 6 H 5 C 2 H, C 6 H 5 can add to the triple carbon-

o-carbon bond at the α or β site, producing two types of

 14 H 11 adducts, C 6 H 5 C( ̇CH)C 6 H 5 and C 6 H 5 ̇CCHC 6 H 5 , respectively

R7, R8). As shown in Scheme 3 , C 6 H 5 ̇CCHC 6 H 5 can decom-

ose to diphenylacetylene (C 6 H 5 CCC 6 H 5 ), meanwhile releasing

n H atom ( R9 ) via direct β-scission, or undergo intramolecu-

ar hydrogen transfer and cyclization steps leading to phenan-

hrene (PC 14 H 10 ) + H ( R10 ). The fate of C 6 H 5 ̇CCHC 6 H 5 was theo-

etically explored by Matsugi and Miyoshi [2] . Apart from the

issociation channels, chemically activated reactions R11-R13 were
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Scheme 3. Reaction sequences starting from C 6 H 5 addition to the ethynyl branch 

of C 6 H 5 C 2 H. 
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also identified on the same reaction potential energy surface

(PES). If the original rate coefficients reported in [2] were used

for R8-R13, obvious underestimation and over-prediction will

show in the simulations for C 6 H 5 CCC 6 H 5 and PC 14 H 10 concen-

trations, respectively. Sensitivity analyses were performed for

the two C 14 H 10 isomers at T 5 = 1450 K where their con-

centrations are accumulating, and the results are provided in

Fig. S2 in the Supplemental Material. A competition exists be-

tween the C 6 H 5 CCC 6 H 5 and PC 14 H 10 formation reactions shown

in Scheme 3 . Other important reactions that appear in the sen-

sitivity spectra, such as C 6 H 5 + C 2 H 2 = C 6 H 5 C 2 H + H ( R2 ) and

C 6 H 5 + C 6 H 5 C 2 H = C 6 H 6 + C 6 H 4 C 2 H, have similar, either facilitating

or inhibiting, influences on both C 6 H 5 CCC 6 H 5 and PC 14 H 10 , and

these reactions also remarkably impact phenylacetylene decom-

position reactivity. The currently investigated reaction system of

phenylacetylene pyrolysis provides a good validation for the re-

action pathways shown in Scheme 3 , since both C 6 H 5 CCC 6 H 5 and

PC 14 H 10 are important products starting to form at an early stage

of phenylacetylene decomposition, and their concentration profiles

were well quantified in the current experiments. Besides, uncer-

tainties up to a factor of 3 are common in calculated rate co-

efficients for reactions involving species with such big sizes as

C 14 . Thus, to improve the model predictions for C 6 H 5 CCC 6 H 5 and

PC 14 H 10 concentration measurements, adjustments within a factor

of 3 were made for the rate coefficients of R10, R11 and R12. 

C 6 H 5 C 2 H + C 6 H 5 = C 6 H 5 C( ̇CH)C 6 H 5 (R7)

C 6 H 5 C 2 H + C 6 H 5 = C 6 H 5 ̇CCHC 6 H 5 (R8)

C 6 H 5 ̇CCHC 6 H 5 = C 6 H 5 CCC 6 H 5 + H (R9)

C 6 H 5 ̇CCHC 6 H 5 = PC 14 H 10 + H (R10)

C 6 H 5 C 2 H + C 6 H 5 = C 6 H 5 CCC 6 H 5 + H (R11)

C 6 H 5 C 2 H + C 6 H 5 = PC 14 H 10 + H (R12)

C 6 H 5 CCC 6 H 5 + H = PC 14 H 10 + H (R13)

The C 6 H 5 addition occurring at the α site ( R7 ) and the sub-

sequent reactions were not investigated previously to the best of
ur knowledge. The resulting adduct C 6 H 5 C( ̇CH)C 6 H 5 is likely to go

hrough intramolecular hydrogen transfer and ring closure steps,

eading to 9-methylene-fluorene (C 13 H 8 CH 2 ) + H, as presented in

cheme 3 . Similar to the above-mentioned reaction sequences re-

ponsible for PC 14 H 10 formation, stepwise conversion (R14–R15)

nd a chemically activated reaction ( R16 ) were both considered for

he formation of C 13 H 8 CH 2 in the current model. The rate coeffi-

ients for the C 6 H 5 addition step ( R7 ) and the chemically activated

tep ( R16 ) were set equal to those of R8 and R12, respectively,

y considering the kinetic similarities. The rate coefficient for the

ydrogen transfer step ( R14 ) was determined through an analogy

o the isomerization between 2-phenyl-vinyl radical (C 6 H 5 CH ̇CH)

nd 2-vinylphenyl radical (C 6 H 4 C 2 H 3 ) [8] . The same rate coefficient

as assigned to the ring closure step ( R15 ) as for that of fluorene

C 13 H 10 ) formation from o-benzyl-phenyl radical (C 6 H 5 CH 2 C 6 H 4 )

34] . 

 6 H 5 C(CH)C 6 H 5 = C 6 H 5 C(CH 2 )C 6 H 4 (R14)

 6 H 5 C(CH 2 )C 6 H 4 = C 13 H 8 CH 2 + H (R15)

 6 H 5 C 2 H + C 6 H 5 = C 13 H 8 CH 2 + H (R16)

The addition/elimination reaction of C 6 H 6 + C 6 H 5 producing

iphenyl (C 6 H 5 C 6 H 5 ) + H as well as the reverse reaction were found

o be of kinetic importance in benzene pyrolysis [26 , 35] . Such reac-

ions may also take place between C 6 H 5 C 2 H and C 6 H 5 or C 6 H 4 C 2 H,

eading to the formation of ethyl-biphenyl (C 6 H 4 (C 2 H)C 6 H 5 ) or

iethynyl-biphenyl (C 2 HC 6 H 4 C 6 H 4 C 2 H) compounds, respectively

R17, R18). The rate constants for C 6 H 6 + C 6 H 5 = C 6 H 5 C 6 H 5 + H re-

orted in [35] was adopted for both reactions with a three-fold in-

rease, mainly to better capture phenylacetylene decomposition re-

ctivity, according to sensitivity-analyzed results. The original rate

onstant from [35] , covering a temperature range of 298–1330 K,

as obtained through a combination of cavity ringdown spectrom-

try measurements at 40 Torr and theoretical calculations at the

3LYP/6–311G(d,p) level. Uncertainties of a factor of three could

e common when it is used for analogous reactions under higher

emperature and pressure conditions. Nevertheless, theoretical cal-

ulations are highly necessary to derive the rate coefficient for re-

ctions which influence the reactivity of phenylacetylene in the

uture. The self-recombination of the C 6 H 4 C 2 H radical resulting

n C 2 HC 6 H 4 C 6 H 4 C 2 H ( R19 ) was also considered, with the same

ate coefficient of phenyl self-recombination [36] assigned. Both

 6 H 4 (C 2 H)C 6 H 5 and C 2 HC 6 H 4 C 6 H 4 C 2 H are lumped species of iso-

ers with different positions of ethynyl branches in the current

odel for simplification purpose. 

 6 H 5 C 2 H + C 6 H 5 = C 6 H 4 (C 2 H)C 6 H 5 + H (R17)

 6 H 5 C 2 H + C 6 H 4 C 2 H = C 2 HC 6 H 4 C 6 H 4 C 2 H + H (R18)

 6 H 4 C 2 H + C 6 H 4 C 2 H = C 2 HC 6 H 4 C 6 H 4 C 2 H (R19)

The C 6 H 5 C 2 H + C 6 H 5 and C 6 H 5 C 2 H + C 6 H 4 C 2 H reactions dis-

ussed above can yield larger (C 14 and C 16 , accordingly) PAH

pecies and meanwhile directly release H atoms. The inclusion of

hese reactions potentially accounts for the fast fuel consumption

nd the early formation of specific PAH species (see Fig. 1 ) as ob-

erved in the experiments. 

.2. Interactions between phenylacetylene and acetylene/ethylene 

Another important goal of this work is to interpret the inter-

ctions between C 6 H 5 C 2 H and acetylene (C 2 H 2 ) / ethylene (C 2 H 4 )

nder sooting combustion-relevant conditions where PAH forma-

ion pathways are prominent. Sub-mechanisms for C H and C H 
2 2 2 4 
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Scheme 4. Examples of the formation and conversion of PAH species containing 

ethynyl branches. 
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c  

y  
re already included in the C 0 –C 4 core mechanism originating

rom the CRECK model [3] , which however over-predict the de-

omposition rate of C 2 H 4 in comparison to the current measure-

ents. Our analysis found that the unimolecular decomposition

o C 2 H 2 + H 2 was the predominant channel for C 2 H 4 decay in the

RECK model [3] . In the current model, this reaction was re-

oved and replaced with elementary steps from the well-validated

SC Mech II [37] , including C 2 H 4 decomposing to H 2 + vinylidene

H 2 CC) ( R20 ) and H 2 CC isomerizing to C 2 H 2 or participating in

ther reactions. The inclusion of the species H 2 CC is rationalized

y several theoretical studies [38 , 39] showing that the lowest-lying

athway for C 2 H 4 decomposition is a 1,1-elimination of H 2 form-

ng H 2 CC which rapidly isomerizes to C 2 H 2 over a small energy

arrier of ~1 kcal/mol. Additionally, the rate coefficient of the hy-

rogen abstraction from C 2 H 4 by H atom ( R21 ) was updated with

he value recommended by Baulch et al. [40] . 

 2 H 4 ( + M) = H 2 + H 2 CC( + M) (R20)

 + C 2 H 4 = H 2 + C 2 H 3 (R21)

To check the reasonability of the modifications made in the

 2 H 4 sub-mechanism, simulations were performed with or with-

ut the above-mentioned updates for the speciation in the hep-

ane pyrolysis experiments reported in our previous work [26] .

s the results presented in Fig. S3 in the Supplemental Material,

odel predictions for C 2 H 4 concentrations are improved with the

pdated C 2 H 4 reactions, especially at temperatures above 1500 K. 

Reactions introduced by adding C 2 H 2 or C 2 H 4 to the reac-

ion system of C 6 H 5 C 2 H decomposition, especially those con-

ributing to PAH formation, are of particular interest in this

tudy. Given the structure of C 6 H 5 C 2 H, PAH species with ethynyl

ranches (C m 

H n C 2 H) are expected to be abundant in the species

ool. Adding C 2 H 2 to the initial mixture will likely further en-

ance the formation of such species because of the contribu-

ions from two reaction types represented by R2 and R4, i.e.

 m 

H n + C 2 H 2 = C m 

H n C 2 H + H and C m 

H n + 1 + C 2 H = C m 

H n C 2 H + H,

ay intensify. Such reactions are explicitly considered in the cur-

ent model with rate coefficients taken from the corresponding R2

nd R4 reactions. As the examples in Scheme 4 illustrate, the prod-

cts of the fuel-related reactions, R17 and R18, can also be formed

y adding an ethynyl chain to the aromatic ring of relevant PAH

pecies. The resulting C m 

H n C 2 H compounds with ethynyl branches

t specific positions can give rise to ring growth through cycliza-

ion processes. 
C 2 H 4 and vinyl (C 2 H 3 ), which contain double carbon-to-carbon

onds, are difficult to be produced directly from reactions of

 6 H 5 C 2 H under the current pyrolysis conditions. However, styrene

C 6 H 5 C 2 H 3 ) is likely to be present in the species pool of the

 6 H 5 C 2 H + C 2 H 4 mixture pyrolysis, for instance, produced through

he chemically activated reaction C 6 H 5 + C 2 H 4 = C 6 H 5 C 2 H 3 + H [41] .

eactions responsible for the consumption of C 6 H 5 C 2 H 3 were up-

ated based on the kinetic model for C 6 H 5 C 2 H 3 combustion pro-

osed by Yuan et al. [14] . Styrene radicals, 1-styryl (C 6 H 5 CH ̇CH)

nd o-vinylphenyl (C 6 H 4 C 2 H 3 ) are sufficiently stable at high pres-

ures to facilitate the Bittner-Howard route [42] and the modified

renklach route [43] , which both contribute to C 10 H 8 formation [9] .

n the modified Frenklach route, the adduct C 6 H 4 (CHCH 2 )(CH ̇CH)

roduced from the C 2 H 2 addition to C 6 H 4 C 2 H 3 goes through

ix-member ring-closure giving C 10 H 8 + H [9] . In the currently

oncerned C 6 H 5 C 2 H + C 2 H 4 reaction system, C 6 H 5 C 2 H + C 2 H 3 and

 6 H 4 C 2 H + C 2 H 4 are both potential sources of C 6 H 4 (CHCH 2 )(CH ̇CH)

hich predominantly converts to C 10 H 8 . The above-mentioned

eactions, representing kinetic interplays between C 6 H 5 C 2 H and

 2 H x , potentially alter the fuel consumption schemes and the pro-

uction of PAH species in the pyrolysis of binary fuel mixtures.

heir roles in the reaction systems will be illustrated by experi-

ental evidence and modeling analyses in the following discussion

ection. 

221 species and 3542 reactions are included in the current ki-

etic model. The reaction mechanism and thermochemical data

re provided in the Supplemental Material. Thermochemical data

or most species come from the CRECK model [3] since it is the

asis of the current model. For species introduced by reactions

dded or updated in this work, their thermochemical data orig-

nate from the same publications [6 , 34] as corresponding reac-

ions. For some reactions, theoretically computed rate constants

rom both forward and reverse directions are available, so they are

xpressed in a pair of irreversible reactions with separate rate con-

tants in the model. This practice can help to eliminate the errors

n reaction rates brought by the uncertainties and potential incon-

istency in the thermochemical data. All simulations in the cur-

ent work were performed with the homogenous reactor model of

he software COSILAB [44] . The nominal reaction time of 4.0 ms

nd the constant pressure of 20 bar were used in the simulations.

he constant pressure assumption typically used in simulating the

peciation results sampled from single-pulse shock tube experi-

ents has been well justified in previous publications [45 , 46] . It

as suggested [47 , 48] that in specific cases, important fractions of

ome products might be formed through reactions involving sta-

le radicals in the post-shock cooling period, so that the model-

ng results would be distorted. Simulations with measured pres-

ure profiles were performed over a longer time scale (8.0 ms)

round T 5 = 1450 K in the respective cases of neat C 6 H 5 C 2 H,

 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 pyrolysis. The time dependent

oncentrations of major products and important radicals are shown

n Fig. S4 in the Supplemental Material. The currently investigated

eaction systems do not produce large amounts of highly-stabilized

adicals such as benzyl, which can be present in large amounts

hen the reaction quenching starts. In addition, concentrations of

he major radicals including H, C 6 H 5 and C 6 H 4 C 2 H are too low

o substantially impact the final product amounts. The plateaus in

he concentrations of the major products during quenching pro-

esses indicate that their formation is already completed by this

ime. 

. Discussion 

In this section, the first step is to shed light on the fuel de-

omposition reactivity and speciation behaviors of C 6 H 5 C 2 H pyrol-

sis through joined experimental observations and modeling inter-
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Fig. 3. Measured (symbols) and simulated (lines) concentration profiles for fuel and major products with peak concentrations over 1 ppm in 103 ppm phenylacetylene 

pyrolysis experiments. 
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pretations. The kinetic model is validated with the measurements

as the prerequisite for relevant modeling analyses. The subsequent

step is to reveal the influences of added C 2 H 2 and C 2 H 4 on the

speciation patterns of C 6 H 5 C 2 H pyrolysis, with particular attention

paid to the PAH formation pathways. To this end, the species pools

and reaction schemes of C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 py-

rolysis are compared with those of neat C 6 H 5 C 2 H pyrolysis. 

4.1. Fuel decomposition and species formation during phenylacetylene 

pyrolysis 

Measured and simulated for the fuel, the major products C 2 H 2 

and C 4 H 2 and selected intermediates in neat phenylacetylene py-

rolysis are shown as a function of the temperature in Fig. 3 . The

current model satisfactorily captures the fuel reactivity and speci-

ation profiles with respect to both the temperature windows and

the peak concentrations. To gain insights into the detailed chem-

istry within the reaction system, rate-of-production (ROP) analy-

ses were performed at 1450 K, where about half of the fuel is

consumed and the shown PAH compounds have considerable con-

centrations. A reaction network depicting how C 6 H 5 C 2 H consump-

tion results in species formation is established based on the ROP-

analyzed results and displayed in Fig. 4 . 

As can be noted, the chemically-activated reaction

C 6 H 5 C 2 H + H = C 6 H 5 + C 2 H 2 ( R2 ) dominates the fuel consumption

at 1450 K. It also plays an important role at lower temperatures

where C 6 H 5 C 2 H decomposition has just begun. This is suggested

by the early formation of C 2 H 2 (See Fig. 2 (b)), a phenomenon not

seen in the pyrolysis of benzene and toluene under similar condi-

tions [26] . In R2, a chain carrier H atom is consumed, producing

a C 6 H 5 , which is both less reactive than H and may consume

additional H through C 6 H 5 + H recombination. One might think

that the loss of the chain carrier H atoms would reduce reactivity;

to reveal the mechanism that maintains reactivity, sensitivity

analyses of the fuel concentration were performed at1350 K,

1450 K and 1550 K, and the results are shown in Fig. S5. At all

examined temperatures, R2 is seen to dominate C 6 H 5 C 2 H conver-

sion, a result we attribute to the subsequent attack of C 6 H 5 on

C 6 H 5 C 2 H, leading to the release of H atoms through both stepwise

and direct pathways, as highlighted in Fig. 4 . These processes

also generate the observed C 14 H 10 compounds. Formation of

C 6 H 5 CCC 6 H 5 is the largest product channel from C 6 H 5 C 2 H + C 6 H 5 .

At higher temperatures C 6 H 5 CCC 6 H 5 becomes an intermediate

and the carbon reservoir shifts to PC H through H assisted
14 10 
somerization (C 6 H 5 CCC 6 H 5 + H = PC 14 H 10 + H, R13). This accounts

or the different formation temperature windows of C 6 H 5 CCC 6 H 5 

nd PC 14 H 10 observed in the experiments (see Fig. 4 ). The current

odel can well capture the speciation profiles of C 6 H 5 CCC 6 H 5 and

C 14 H 10 , regarding both the shape and the size. Improvements

re still required to more correctly characterize the formation

emperature window for another C 14 H 10 product C 13 H 8 CH 2 . The

urrently used rate coefficients of relevant reactions (R7, R14-R16)

ere evaluated based on analogies to similar reactions. Future

heoretical effort s towards more accurate kinetic parameters for

he reaction system of C 6 H 5 C 2 H + C 6 H 5 are definitely desired.

ther radical + molecule addition/elimination reactions releasing H

toms also have minor contributions to the system reactivity, as

an be identified in Fig. 4: C 6 H 5 C 2 H reacts also with its radical

 6 H 4 C 2 H, similar to the case of C 6 H 5 C 2 H + C 6 H 5 , simultaneously

roducing a C 16 H 10 PAH species (PC 16 H 10 or CH 2 C 6 H 4 C 6 H 4 CH 2 )

nd an H atom. Ethynyl (C 2 H) radicals can also generate free H

toms by adding to aromatic rings and displacing the H atoms.

ue to the importance of R2 in sustaining the system reactivity,

he competing channels (R3, R4) have negative effects on the

onsumption of C 6 H 5 C 2 H (see Fig. S5), even though they can

ontribute to the formation of C 6 H 4 C 2 H and C 2 H, both of which

an also displace H atoms from aromatic rings, similar to C 6 H 5 .

he difference lies in alternative consumption channels of the

hree radicals besides the addition-elimination reactions regen-

rating H atoms. C 6 H 5 also undergoes fragmentation eventually

eading to C 2 H 2 + C 4 H 2 + H. This pathway, having increasing contri-

utions with the temperature, also results in the generation of H

toms. However, for C 6 H 4 C 2 H and C 2 H, other important consump-

ion pathways, i.e. C 6 H 4 C 2 H + C 2 H 2 → C 9 H 6 CH/C 10 H 7 and C 2 H +
 6 H 5 C 2 H → C 6 H 4 C 2 H + C 2 H 2 , respectively, cannot produce reactive

hain carriers. The fate of C 6 H 4 C 2 H relevant to PAH formation

onstitutes a key consideration of this work. The C 2 H 2 addition

o C 6 H 4 C 2 H is an essential step in the HACA route leading to for-

ation of naphthyl radical. The C 2 H 2 addition reactions are very

mportant in C 6 H 4 C 2 H consumption, only second to the above-

entioned reaction C 6 H 5 C 2 H + C 6 H 4 C 2 H = CH 2 C 6 H 4 C 6 H 4 C 2 H + H,

t the analyzed temperature of 1450 K, and their importance

urther increases at higher temperatures. The detailed reaction

echanism of C 6 H 4 C 2 H + C 2 H 2 was investigated by Mebel et al.

9] , and the reported rate coefficients were incorporated into the

urrent model. The channels leading to benzofulvenyl (C 9 H 6 CH)

nd naphthyl (C 10 H 7 ) are dominant and of comparable branching

atios under the currently investigated temperature and pressure



W. Sun, A. Hamadi and S. Abid et al. / Combustion and Flame 220 (2020) 257–271 265 

Fig. 4. Reaction pathways of species formation from fuel consumption at P 5 = 20 bar and T 5 = 1450 K in neat phenylacetylene pyrolysis. The thickness of the arrows 

represents the carbon flux through the corresponding reaction. The numbers are the percentage contributions of corresponding reactions to the consumption of species on 

the source side of the arrows. 

Fig. 5. Experimental (symbols) and simulated (solid lines) concentrations of (a) C 6 H 5 C 2 H in the three investigated cases, (b) C 2 H 2 in the pyrolysis of 104 ppm 

C 6 H 5 C 2 H + 415 ppm C 2 H 2 mixture and (c) C 2 H 4 in the pyrolysis of 105 ppm C 6 H 5 C 2 H + 504 ppm C 2 H 4 mixture. The dashed lines in (b) and (c) represent the simu- 

lated concentrations of C 2 H 2 and C 2 H 4 when C 6 H 5 C 2 H is absent from corresponding mixtures. 
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ondition. Both radicals continue reacting with C 2 H 2 , ending up

n C 12 H 8 , while “skipping” the formation of C 10 H 8 which requires

he participation of an H atom. This accounts for the negligible

oncentration of C 10 H 8 produced in C 6 H 5 C 2 H pyrolysis. The HACA

athways have more pronounced contributions at elevated tem-

eratures where C 2 H 2 is of considerable abundance. This explains

he higher peak temperature of C 12 H 8 concentration (see Fig. 2 (e)),

ompared to those of the three C 14 H 10 isomers produced from

uel-related pathways. 

.2. Influences of added acetylene and ethylene on phenylacetylene 

onsumption and small intermediates formation 

First, the influences of the abundant C 2 H 2 or C 2 H 4 on C 6 H 5 C 2 H

ecomposition reactivity is inspected. Concentration profiles of

 6 H 5 C 2 H in all three experimental sets, and those of C 2 H 2 and

 2 H 4 when they have been added as initial components are shown

n Fig. 5 . The current model can well capture the decomposition
eactivity of C 6 H 5 C 2 H in three separate cases throughout the in-

estigated temperature range with the experimental uncertainties

aken into consideration. Due to an uncertainty of ±30 K in the ex-

erimentally determined T 5 , the small differences in the C 6 H 5 C 2 H

ecomposition rates for the three mixtures are not definitive. How-

ver, the modeling results indicate that C 2 H 2 slightly promotes

he consumption of C 6 H 5 C 2 H above 1500 K, and that C 2 H 4 has a

arger accelerating effect on C 6 H 5 C 2 H decay. C 2 H 2 and C 2 H 4 con-

entrations evolve very differently with temperature in the respec-

ive cases, because C 2 H 2 is a major product from C 6 H 5 C 2 H pyrol-

sis which barely contributes to C 2 H 4 formation. Model-predicted

 2 H 2 and C 2 H 4 concentration profiles when C 6 H 5 C 2 H is replaced

y argon in corresponding mixtures are also shown in Fig. 5 to

llustrate the distinct decomposition reactivity of C 2 H 2 and C 2 H 4 .

he slight consumption of C 2 H 2 is compensated by its produc-

ion from C 6 H 5 C 2 H decomposition. C 2 H 4 decomposes more slowly

han C 6 H 5 C 2 H. The slight increase in the decomposition rates of

 H C H and C H when both are present indicates a “synergis-
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Fig. 6. ROP-analyzed results for C 6 H 5 C 2 H consumption at T 5 = 1450 K and 

P 5 = 20 bar in the pyrolysis of neat C 6 H 5 C 2 H, C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 

mixtures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Experimental (symbols) and simulated (lines) concentrations of C 6 H 6 in the 

pyrolysis of 103 ppm C 6 H 5 C 2 H, 104 ppm C 6 H 5 C 2 H + 415 ppm C 2 H 2 and 105 ppm 

C 6 H 5 C 2 H + 504 ppm C 2 H 4 . 
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tic effect” in the pyrolysis of C 6 H 5 C 2 H + C 2 H 4 mixture, which is

caused by crosslink reactions: the decomposition of C 2 H 4 pro-

duces H atoms, thus accelerating the decomposition of pheny-

lacetylene through C 6 H 5 C 2 H + H = C 6 H 5 + C 2 H 2 ( R2 ); the result-

ing C 6 H 5 can promote the consumption of C 2 H 4 via the reaction

C 6 H 5 + C 2 H 4 = C 6 H 5 C 2 H 3 + H, and release an H atom at the same

time. 

Rate-of-Production (ROP) analysis for phenylacetylene con-

sumption was performed at T 5 = 1450 K and P 5 = 20 bar to reveal

the chemical details responsible for the different model-predicted

C 6 H 5 C 2 H decomposition reactivity among the three cases, and the

results are shown in Fig. 6 . R2 plays a dominant role in all three

cases and it results in more C 6 H 5 C 2 H consumption in the pyrol-

ysis of the binary fuel mixtures containing either C 2 H 2 or C 2 H 4 ,

as a consequence of the increased level of H atoms, especially

in C 6 H 5 C 2 H + C 2 H 4 pyrolysis. Compared to neat C 6 H 5 C 2 H pyroly-

sis, the hydrogen abstraction by H atom ( R3 ) contributes more in

C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 pyrolysis. Contrarily, the reac-

tions of C 6 H 5 C 2 H + C 6 H 5 and C 6 H 5 C 2 H + C 6 H 4 C 2 H, which assist the

production of H atoms, are less important if C 2 H 2 or C 2 H 4 is added.

The decomposition of C 2 H 4 is a more efficient source of H atoms

compared with C 6 H 5 C 2 H or C 2 H 2 . This can partly explain the en-

hanced formation of C 6 H 6 through C 6 H 5 + H recombination in the

C 6 H 5 C 2 H + C 2 H 4 mixture. As shown in Fig. 7 , the peak concen-

tration of C 6 H 6 in C 6 H 5 C 2 H + C 2 H 4 pyrolysis is much higher than

those in the other two cases. ROP analysis was performed to re-

veal the different formation schemes of C 6 H 6 in the three cases at

T 5 = 1550 K, where the C 6 H 6 concentrations are approaching their

peaks. The results, as a function of the reaction time, are shown in

Fig. 8 . 

Three reactions play important roles in all cases, in-

cluding the hydrogen abstraction from C 6 H 5 C 2 H by C 6 H 5 

(C 6 H 5 C 2 H + C 6 H 5 = C 6 H 4 C 2 H + C 6 H 6 ), the recombination of C 6 H 5 + H

and the bimolecular reaction between C 6 H 5 C 2 H and H lead-

ing to C 6 H 6 + C 2 H ( R4 ). The higher C 6 H 6 production through

the two latter reactions in C 6 H 5 C 2 H + C 2 H x pyrolysis than that

in neat C 6 H 5 C 2 H pyrolysis is thanks to the more abundant

H atoms, as mentioned above. Besides, the added C 2 H x can

both donate an H atom to C 6 H 5 to result in C 6 H 6 formation,

through C 2 H 2 + C 6 H 5 = C 2 H + C 6 H 6 and C 2 H 4 + C 6 H 5 = C 2 H 3 + C 6 H 6

in the pyrolysis of C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 py-

rolysis, respectively. This channel has a more notable contri-

bution in C 6 H 5 C 2 H + C 2 H 4 pyrolysis as hydrogen abstraction

from C 2 H 4 is remarkably easier. Moreover, in C 6 H 5 C 2 H + C 2 H 4 

pyrolysis, the consumption reactions of styrene (C H C H ),
6 5 2 3 
 6 H 5 C 2 H 3 = C 6 H 6 + H 2 CC and C 6 H 5 C 2 H 3 + H = C 6 H 6 + C 2 H 3 have

mportant contributions, and particularly, the former reaction is

he predominant C 6 H 6 formation pathway. As can be seen in Fig. 8 ,

he effects of the two C 6 H 5 C 2 H 3 reactions are delayed in compari-

on to other C 6 H 6 formation channels, owing to the concentration

uild-up of C 6 H 5 C 2 H 3 as an intermediate in C 6 H 5 C 2 H + C 2 H 4

yrolysis. C 6 H 5 C 2 H 3 is absent from the species pools of neat

 6 H 5 C 2 H and C 6 H 5 C 2 H + C 2 H 2 pyrolysis, and it is a representative

roduct resulting from the interactions between C 6 H 5 C 2 H and

 2 H 4 consumption. Its concentration profiles as a function of the

emperature is presented in Fig. 9 together with those of other

mall molecule products in the pyrolysis of C 6 H 5 C 2 H + C 2 H 2 

nd C 6 H 5 C 2 H + C 2 H 4 . As mentioned above, C 2 H 4 cannot be

roduced from the pyrolysis of neat C 6 H 5 C 2 H or C 6 H 5 C 2 H + C 2 H 2

ixture, since these environments are highly unsaturated. C 2 H 4 

n the initial gas mixtures thus introduces new species to the

ntermediates pool. Light species such as methane (CH 4 ), allene

a-C 3 H 4 ) and propyne (p-C 3 H 4 ), which were under the detection

imit in the other two experimental sets, were observed in the

yrolysis of C 6 H 5 C 2 H + C 2 H 4 . As mentioned in the kinetic mod-

ling section, C 2 H 4 consumption reactions were modified in the

urrent model to capture C 2 H 4 decomposition reactivity. Simu-

ated concentration profiles of small products in C 6 H 5 C 2 H + C 2 H 4 

yrolysis, with a model excluding the modifications, are shown

s the thin dash-dotted lines in Fig. 9 . No modifications were

ade in the kinetic model specifically to match the measurements

f small intermediates. But with the updates in C 2 H 4 reactions,

he agreement between the measurements and the simulations

or C 1 –C 4 hydrocarbon concentration profiles is significantly im-

roved, though CH 4 concentrations are still under-predicted at

igh temperatures. This further justifies the modifications made to

mprove the prediction for C 2 H 4 reactivity in the current model. 

.3. Impacts of added acetylene and ethylene on PAH formation 

To reveal the interactions between C 6 H 5 C 2 H and C 2 H 2 or C 2 H 4 ,

hich alter the formation patterns of PAH species, is a crucial

arget in this study. Figure S6 exhibits the GC signals for PAH

pecies in the three reaction systems at two different tempera-

ures around 1380 K and 1530 K. The former represents the initial

tage of C H C H decomposition, at which the C H C H-related
6 5 2 6 5 2 
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Fig. 8. ROP analysis for C 6 H 6 production over the reaction time in the pyrolysis of (a) neat C 6 H 5 C 2 H, (b) C 6 H 5 C 2 H + C 2 H 2 and (c) C 6 H 5 C 2 H + C 2 H 4 at T 5 = 1550 K and 

P 5 = 20 bar. 

Fig. 9. Measured (symbols) and simulated (lines) concentrations of small molecule products as a function of T 5 from the pyrolysis of 104 ppm C 6 H 5 C 2 H + 415 ppm C 2 H 2 

and 105 ppm C 6 H 5 C 2 H + 504 ppm C 2 H 4 mixtures at the nominal P 5 of 20 bar. The thin dash-dotted lines are simulations in C 6 H 5 C 2 H + C 2 H 4 pyrolysis with a kinetic model 

without the modifications of C 2 H 4 reactions made in this work. 
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athways prevail. While the latter is typical in the high temper-

ture regime where C 6 H 5 C 2 H is depleting and the general path-

ays, such as the HACA routes, may play a more significant role.

t is noteworthy that at 1380 K the production of C 6 H 5 CCC 6 H 5 is

nhibited when either C 2 H 2 or C 2 H 4 is present in the initial test-

ng gas mixture, and the early formation of C 12 H 8 and C 10 H 8 oc-

urs in the cases of C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 , respec-

ively. At 1530 K, compared to the species pool of neat C 6 H 5 C 2 H

yrolysis, the extra C 2 H 2 results in an obvious peak of 1-ethynyl-

aphthalene (C 10 H 7 C 2 H) and significant increases in the intensities

f C 12 H 8 and the small peaks of the C 14 H 8 compounds. The in-

roduction of C 2 H 4 to the reaction system promotes the formation

f the two- to four- ring primary PAHs, i.e. naphthalene (C 10 H 8 ),

henanthrene (PC 14 H 10 ) and pyrene (PC 16 H 10 ). 

Experimental and simulated concentrations of the PAH species,

ncluding the ambiguously identified C 2 HC 6 H 4 C 6 H 4 C 2 H and the

 14 H 8 isomers, as a function of the temperature are shown in

ig. 10 , for a comparison of the PAH speciation behaviors among
he three investigated cases. Overall, the current kinetic model can

atisfactorily reproduce the shown concentration profiles within

he experimental uncertainties, and more importantly, the model

aptures the variation in the PAH species trends with respect to

eak concentrations and the corresponding temperatures when

hanging the initial fuel compositions. The three experimental

ata sets show no obvious differences in the temperatures of

eak formation of the three C 14 H 10 isomers, as shown in the

econd row of Fig. 10 . However, in the binary mixtures, the

eak concentration of C 6 H 5 CCC 6 H 5 is half of that seen in neat

 6 H 5 C 2 H pyrolysis, as a result of the reduced contribution of

 6 H 5 C 2 H + C 6 H 5 = C 6 H 5 CCC 6 H 5 + H when unsaturated C 2 species

re present (see Fig. 6 ). C 10 H 8 starts to be produced at a rela-

ively low temperature and the peak concentration is much higher

n the case of C 6 H 5 C 2 H + C 2 H 4 pyrolysis. The early formation and

nhanced peak concentrations of acenaphthylene (C 12 H 8 ) and its

on-ring-fused isomer 1-ethynylnaphthalene (C 10 H 7 C 2 H) are seen

n the pyrolysis of C 6 H 5 C 2 H + C 2 H 2 . The addition of C 2 H 4 to the fuel
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Fig. 10. Experimental (symbols) and simulated (lines) concentrations of PAH species as a function of T 5 in the pyrolysis of 103 ppm C 6 H 5 C 2 H, 104 ppm C 6 H 5 C 2 H + 415 ppm 

C 2 H 2 and 105 ppm C 6 H 5 C 2 H + 504 ppm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

C

t  

t

f  

c  

t  

a  

z  

p  

a  

c  

C  

n  

t  

a  

o  

i  

c  

f  

n  

p  

fi  

t  

r  

i  

s  
mixture amplifies the concentrations of C 12 H 8 and C 10 H 7 C 2 H in the

same temperature window, but to a lesser degree. 

To obtain detailed kinetic insights into the remarkable influ-

ences on naphthalene (C 10 H 8 ) and acenaphthylene (C 12 H 8 ) pro-

duction brought by added C 2 H 2 and C 2 H 4 , sensitivity analyses

were performed for C 10 H 8 and C 12 H 8 at T 5 = 1500 K, where con-

centrations of both PAH species increase at significantly differ-

ent rates among the three experimental sets. Figure 11 presents

the results in the pyrolysis of neat C 6 H 5 C 2 H, C 6 H 5 C 2 H + C 2 H 2

and C 6 H 5 C 2 H + C 2 H 4 . It is noted that C 10 H 7 + H( + M) = C 10 H 8 ( + M)

and C 2 H 2 + C 6 H 4 C 2 H = > C 10 H 7 are the most sensitive reactions

promoting C 10 H 8 formation in both neat C 6 H 5 C 2 H pyrolysis and

C 6 H 5 C 2 H + C 2 H 2 pyrolysis, in which C 10 H 8 formation relies on the

conversion of C 10 H 7 produced through the HACA route. How-

ever, the limited H atoms produced in these two highly unsat-

urated reaction systems, are mainly consumed by reacting with

C 6 H 5 C 2 H and the conversion of C 10 H 7 to C 10 H 8 is far less com-

petitive. In C 6 H 5 C 2 H + C 2 H 4 pyrolysis, the above-mentioned reac-

tions are however absent from the C 10 H 8 sensitivity spectrum

and instead, the reaction between C 6 H 4 C 2 H and C 2 H 4 governs the

C 10 H 8 formation. As mentioned in kinetic modeling section, this

pathway produces an adduct C 6 H 4 (CHCH 2 )(CH ̇CH), which subse-

quently undergoes a ring-closure step forming C 10 H 8 and releasing

an H atom. This channel, which skips the formation of naphthyl

(C 10 H 7 ), makes the C 10 H 8 formation mechanism in C 6 H 5 C 2 H + C 2 H 4

pyrolysis different from those in the other two cases, and re-

sults in a significantly higher C H concentrations, owing to the
10 8 
bundant C 6 H 4 C 2 H and C 2 H 4 in this reaction system. Besides,

 2 H 4 serves as a H atom donator, transforming C 10 H 7 into C 10 H 8 

hrough the reaction C 10 H 7 + C 2 H 4 = > C 10 H 8 + C 2 H 3 . Reactions on

he channel initiating from C 6 H 5 + C 6 H 6 which leads to C 12 H 8 

ormation through multiple steps and intermediates such as cy-

lopenta[ a ]indene (BENZO) [21 , 49] have effects on C 12 H 8 concen-

rations in neat C 6 H 5 C 2 H and C 2 H 5 C 2 H + C 2 H 4 pyrolysis. These re-

ctions play an important role in the C 12 H 8 formation in ben-

ene pyrolysis, as discussed in our recent work [26] . Although

lentiful C 6 H 5 and C 6 H 6 exist in the currently investigated re-

ction systems, C 12 H 8 formation is dominated by a more effi-

ient pathway through the HACA route C 6 H 4 C 2 H → C 10 H 7 (or

 9 H 6 CH) → C 12 H 8 with the addition of two C 2 H 2 molecules. In

eat C 6 H 5 C 2 H pyrolysis and C 6 H 5 C 2 H + C 2 H 4 pyrolysis, the reac-

ions controlling C 2 H 2 formation, i.e. C 6 H 5 + C 2 H 2 = C 6 H 5 C 2 H + H

nd C 2 H 4 ( + M) = H 2 CC + H 2 ( + M), respectively, have positive effects

n C 12 H 8 formation. In C 6 H 5 C 2 H + C 2 H 2 pyrolysis, C 2 H 2 already ex-

sts as a fuel component, reactions producing C 6 H 4 C 2 H become

ritical steps. The formation of 1-ethynylnaphthalene (C 10 H 7 C 2 H)

ollows the same pathway with that of C 12 H 8 , thus showing a

egative sensitivity to C 12 H 8 concentration because of the com-

etition. The remarkable difference among the concentration pro-

les of C 6 H 5 CCC 6 H 5 in the three investigated cases is that at

he temperature around 1400 K, the concentrations in the py-

olysis of C 6 H 5 C 2 H/C 2 H x are approaching their peaks while that

n the case of neat C 6 H 5 C 2 H continue increasing. Results of sen-

itivity analyses for C H CCC H at T = 1400 K are provided
6 5 6 5 5 
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Fig. 11. Sensitivity-analyzed results for (a) C 10 H 8 and (b) C 12 H 8 at T 5 = 1500 K in the pyrolysis of neat C 6 H 5 C 2 H, C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 . 
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Fig. 12. ROP-analyzed results for C 6 H 4 C 2 H in the pyrolysis of neat C 6 H 5 C 2 H, 

C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 mixtures at T 5 = 1380 K. 
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in Fig. S7(a) in the Supplemental Material. In all three cases,

C 6 H 5 + C 2 H 2 = C 6 H 5 C 2 H + H ( R2 ), the dominant reaction producing

C 6 H 5 , and C 6 H 5 C 2 H + C 6 H 5 = C 6 H 5 CCC 6 H 5 + H ( R11 ), the reaction

responsible for C 6 H 5 CCC 6 H 5 formation, have high positive sensitiv-

ity coefficients. The differences lie in the reactions with negative

sensitivity coefficients: in neat C 6 H 5 C 2 H pyrolysis, competitions

come from other exiting channels of the C 6 H 5 C 2 H + C 6 H 5 reactions,

including the hydrogen abstraction and the addition-eliminations

leading to other C 14 H 10 isomers; while in the other two cases, the

added C 2 hydrocarbons compete with C 6 H 5 C 2 H to react with C 6 H 5 ,

thus inhibiting the formation of C 6 H 5 CCC 6 H 5 . Different from the

cases of C 6 H 5 CCC 6 H 5 and C 13 H 8 CH 2 , the formation of the other

C 14 H 10 isomer, phenanthrene (PC 14 H 10 ) is not impeded when C 2 H x 

is added to the reaction system of phenylacetylene pyrolysis, and

instead, an obvious increase shows in the peak PC 14 H 10 concen-

tration in C 6 H 5 C 2 H + C 2 H 4 pyrolysis. Sensitivity-analyzed results for

PC 14 H 10 at T 5 = 1500 K, around which the PC 14 H 10 concentrations

peak in all three cases, are shown in Fig. S7(b). The most crucial

reaction facilitating PC 14 H 10 formation is the H-assisted isomeriza-

tion from C 6 H 5 CCC 6 H 5 to PC 14 H 10 in each case. The C 2 H 4 addition

enhances the level of H atoms, and thus the peak concentration of

PC 14 H 10 . 

The influences on PAH formation are also reflected by the

varying fate of C 6 H 4 C 2 H if a large amount of C 2 H 2 or C 2 H 4

is present at the initial stage of C 6 H 5 C 2 H decomposition. The

ROP analyzed results of C 6 H 4 C 2 H at T 5 of 1380 K, correspond-

ing to that in Fig. S6(a), in the three cases are shown in Fig. 12 .

In the neat C 6 H 5 C 2 H pyrolysis, C 6 H 4 C 2 H predominantly goes

through the addition/elimination reaction with C 6 H 5 C 2 H produc-

ing C 2 HC 6 H 4 C 6 H 4 C 2 H + H, as detailed previously. This reaction is

still partly responsible for C 6 H 4 C 2 H consumption in the cases of

C 6 H 5 C 2 H + C 2 H 2 and C 6 H 5 C 2 H + C 2 H 4 pyrolysis, but its role is over-

whelmed by other channels. HACA routes through C 6 H 4 C 2 H + C 2 H 2 

become important even at relatively low temperatures where the

formation of C 6 H 4 C 2 H just begins, if there is abundant C 2 H 2 in the

reaction system. The resulting C 9 H 6 CH and C 10 H 7 radicals continue

reacting with the ubiquitous C 2 H 2 to produce C 12 H 8 , as well as

a “side product” C 10 H 7 C 2 H. C 2 H 4 in the initial fuel mixture also

slightly contributes to the formation of C 2 H 2 at the analyzed tem-

perature of 1380 K, so the production of C 12 H 8 and C 10 H 7 C 2 H is

likewise promoted, but to a lesser extent, for the C 6 H 5 C 2 H + C 2 H 4

mixtures. But more importantly, C 2 H 4 can react with C 6 H 4 C 2 H

leading to the formation of C 10 H 8 without the participation of

H atoms. The H atoms generated from C 2 H 4 decomposition can

also aid in the formation of PAH species by promoting formation

of the corresponding radical precursors or via H assisted isomer-

ization reactions. For example, PC H formation through both
14 10 
 14 H 9 + H and the C 13 H 8 C 2 H isomerization increases in the pyroly-

is of C 6 H 5 C 2 H + C 2 H 4 . This explains the higher peak concentration

f PC 14 H 10 even though it is predominantly produced from fuel re-

ated pathways of C 6 H 5 C 2 H + C 6 H 5 . 

. Conclusions 

A shock tube study was carried out, assisted by kinetic mod-

ling effort s, to investigate the consumption scheme of C 6 H 5 C 2 H

nder high-pressure pyrolysis conditions, as well as the interac-

ions between the resulting species pool and C 2 H 2 (or C 2 H 4 ). Neat

 6 H 5 C 2 H and binary blends of C 6 H 5 C 2 H and C 2 H 2 (or C 2 H 4 ) were

eparately pyrolyzed behind single-pulse shock waves under highly

rgon-diluted conditions, at the nominal pressure of 20 bar over

he temperature range of 110 0–170 0 K. The experiments reveal the

emperature evolution of product formation, including PAH species.

n all the investigated cases, the decomposition of C 6 H 5 C 2 H is ini-

iated by C 

–H bond fission from the aromatic ring. Subsequently,

he bimolecular reaction C 6 H 5 C 2 H + H = C 6 H 5 + C 2 H 2 dominates

he C 6 H 5 C 2 H consumption over the entire temperature window.

 6 H 5 is thus produced in plentiful amounts, and it combines with

 6 H 5 C 2 H, leading to the formation of C 14 H 10 species with con-

urrent release of H atoms through addition/elimination reactions.

his regeneration of H atoms as chain carriers maintains the fuel

onsumption reactivity. The resulting C 6 H 5 CCC 6 H 5 , C 13 H 8 CH 2 and

C 14 H 10 are among the most abundant PAHs in the species pool.

he major PAH species produced from C 6 H 5 C 2 H pyrolysis also

nclude acenaphthylene (C 12 H 8 ), which is formed through HACA

outes at relatively high temperatures where C 2 H 2 has sufficient

oncentrations. When extra C 2 H 2 or C 2 H 4 is introduced to the re-

ction system, the decomposition of C 6 H 5 C 2 H is negligibly influ-

nced, but the PAH speciation behaviors are altered significantly.

n the case of C 6 H 5 C 2 H + C 2 H 2 pyrolysis, the HACA route through

 6 H 4 C 2 H + C 2 H 2 starts at low temperatures where C 6 H 4 C 2 H is just

roduced, giving rise to the remarkable formation of C 12 H 8 from

he addition of a second C 2 H 2 molecule to the C 10 H 7 radical gen-

rated in the first step. In contrast, when a large amount of C 2 H 4 

s present in the reaction system, considerable C 10 H 8 formation

tarts early through C 6 H 4 C 2 H + C 2 H 4 . The decomposition of C 2 H 4 

lso contributes to the production of H atoms, facilitating the for-

ation of C 10 H 8 from C 10 H 7 . Environments with plenty of C 2 H 2 

nd C 2 H 4 result, respectively, in increased formation of acenaph-

hylene (C 12 H 8 ) and naphthalene (C 10 H 8 ), while simultaneously in-

ibiting the formation of diphenylacetylene (C 6 H 5 CCC 6 H 5 ), which

therwise arises from the competing C 6 H 5 C 2 H + C 6 H 5 pathways. 
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