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Abstract 21 

Soot particles alter global climate and dominate the origin and evolution of carbonaceous interstellar material. 22 

Convincing experimental evidence has linked polycyclic aromatic hydrocarbons (PAH) to soot inception under 23 

low-temperature astrochemistry and high-temperature combustion conditions. However, significant gaps still re-24 

main in the knowledge of PAH and soot formation mechanisms. Here, we report theoretical and experimental evi-25 

dence for a soot inception and growth pathway driven by peri-condensed aromatic hydrocarbons (PCAH) with an 26 

alkynyl substitution. Initially, free radicals attack the -alkynyl substitution of PCAHs to form covalently bound 27 

compounds yielding resonantly stabilized radicals (RSRs), which promote further clustering through repeated ad-28 

dition reactions with negligible energy barriers. The proposed pathway is shown to be competitive at temperatures 29 

relevant to astrochemistry, engine exhaust manifold and flames because it does not require H-abstraction reactions, 30 

the requisite reaction precursors are in abundance, and the reaction rate is high. Such addition reactions of PCAHs 31 

with -alkyne substituents create covalently bound clusters from moderate-size PAHs that may otherwise be too 32 

small to coagulate. 33 

 34 

Keywords: PAH; Soot; Nucleation; Chemical coalescence; DFT 35 
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Abbreviations 38 

Terminology 39 

PAH polycyclic aromatic hydrocarbons 

OAC oligomers of aromatic compounds 

PCAH peri-condensed aromatic hydrocarbons 

AαALH aromatic α-alkynyl-linked hydrocarbon 

HACA H-abstraction-C2H2-addition 

RSR resonantly stabilized radical 

AFM atomic force microscopy 

SVUV-PI-MBMS synchrotron vacuum ultra-violet photoionization molecular beam mass spectrometry 

PIE photoionization efficiency  

PICS photoionization cross section 

AIE adiabatic ionization energy 

PES potential energy surface 

TST transition state theory 

DFT density functional theory 

IRC intrinsic reaction coordinate 

RRKM-ME master equation based on Rice−Ramsperger−Kassel−Marcus 

SCCM standard cubic centimeter per minute 

ABF Appel-Bockhorn-Frenklach mechanism 

KM2 KAUST PAH mechanism 2 

USCII USC mechanism version II 

Aramco-KAUST KAUST-Aramco PAH mechanism 1 

Chemical compounds 40 

A1C2H phenylacetylene A1-1 phenyl 

C6H5NO nitrosobenzene A2-1 naphth-1-yl 

Ar argon A2-2 naphth-2-yl 

A1 benzene A3-1 phenanthr-1-yl 

A2 naphthalene A3-4 phenanthr-4-yl 

A3 phenanthrene A4-1 pyren-1-yl 

A4 pyrene   

A1C4H4 1-buten-3-ynyl-benzene   

 41 

  42 
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1. Introduction 43 

Soot continues to receive increasing interest in areas of nanoparticle material synthesis [1], engine emissions [2, 3], 44 

global climate impact [4, 5], human health [6], and astronomy [7]. Polycyclic Aromatic Hydrocarbons, PAH, have 45 

been linked to the production of soot particles in hydrocarbon combustion chemistry [8-11]. Soot particles in the 46 

atmosphere alter global climate due to their radiative forcing and ability to be a cloud condensation nuclei [12]. 47 

Exposure to ultrafine soot particles bonded with PAH in ambient air increases the risk of lung and skin cancer [13]. 48 

Large concentrations of PAH were observed in the orange haze layer of Saturn’s moon Titan with an average size 49 

of 10 - 11 rings in the upper atmosphere [14]. Understanding the formation of soot at astrochemistry conditions 50 

helps to reveal the origin and evolution of carbonaceous interstellar particles [7, 15]. Meanwhile, carbonaceous 51 

nanomaterials are considered promising candidates for micro transistors [16-19]. However, soot formation chem-52 

istry remains elusive under both low-temperature astrochemistry and high-temperature combustion chemistry con-53 

ditions; indeed, soot inception processes, that is the transition from gas-phase PAHs to solid-phase soot particle, 54 

have long been a mystery [8, 20-24].  55 

Early stage soot inception hypotheses propose the formation of fullerene-like structures from very large PAH [25]. 56 

However, later research has shown that the efficiency of this pathway is too slow to account for the measured soot 57 

inception rates in sooting flames [26, 27]. Currently, two scenarios are conceptually applied for soot nucleation 58 

from PAH [8, 23, 28-30]: (i) Irreversible/reversible formation of stacked PAH clusters by van der Waals forces [29, 59 

30] and (ii) the formation of cross-linked three-dimensional PAH structures by C-C covalent bonds [23, 28].  60 

The irreversible pathway (i) explains rapid nucleation at low temperature, however, this pathway has been refuted 61 

at high temperature due to weak binding energy, e.g., a dimer signal cannot be experimentally observed above 200 62 

K [31]. According to theoretical calculations based on thermal equilibrium, only PAHs as large as ovalene (C32H14) 63 

or circumcoronene (C54H18) lead to dimers capable of surviving flame temperatures [8, 31, 32]; dimers of moderate-64 

sized PAHs are thermodynamically unstable at flame temperatures [8]. However, the amount of soot particles meas-65 

ured in sooting flames is several orders of magnitude higher than typical concentrations of such large PAHs. The 66 

implication of moderate-size PAH dimers of in soot nucleation process therefore appears highly unlikely [32]. An 67 

emerging hypothesis suggests that the nucleation of PAHs in this size range may be governed by kinetics rather 68 
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than thermodynamics, which is a reversible pathway (i) [33-36]. Simulations also suggest that small PAHs, such as 69 

naphthalene and acenaphthylene, may contribute the most to soot nucleation [34]. 70 

Several recent studies provide further evidence for PAH growth involving radicals [23, 28, 37-41] which bypass 71 

the traditional molecular growth pathways through the addition of small hydrocarbon species (ii). Recently, 72 

Frenklach et al [37, 38] suggests that the dimer may form by bridging the PAH radical and PAH with 5-membered 73 

ring molecule. Dimers of PAHs may also be stabilized in covalently bound clusters at high temperature according 74 

to a rapid radical-driven hydrocarbon clustering mechanism, and lead to the formation of soot [23, 28]. These aryl-75 

linked aromatic hydrocarbons make up oligomers of aromatic compounds (OAC, aromatics having both  and  76 

bonds between C atoms) [42]. Atomic force microscopy (AFM) experiments confirmed the presence of OACs with 77 

methylene or penta-ring structures [43-45]. However, these radical clustering reaction pathways require abundant 78 

PAH radicals, and thus may not fully explain the persistence of soot inception and growth in environments with 79 

low radical concentrations, such as the post-flame region and astrochemistry [46-48], in which pericondensed aro-80 

matic hydrocarbons (PCAHs) are at a relatively higher concentration compared to OACs. Although the nucleation 81 

of PCAHs remain unclear, density functional theory studies demonstrated that the formation of cross linked PAHs 82 

by aromatic radicals with aliphatic substitutions and closed shell PCAHs are very important for soot nucleation at 83 

T > 1000 K [49]. The mature H-abstraction-C2H2-addition (HACA) mechanism explains molecular growth by two 84 

acetylene addition steps on PCAH radical to form another fused benzene ring [30, 50]. The rate controlling steps 85 

are the second acetylene addition and the subsequent cyclization [51]. Its competing channel of H-elimination after 86 

one acetylene addition step (or other highly unsaturated small hydrocarbons like butadiyne, vinylacetylene, etc.) 87 

yields PCAHs with alkynyl substitutions, such as phenylacetylene (A1C2H). PCAHs with alkynyl substitutions have 88 

closed-shell structures, and they are abundant in both low-temperature astrochemistry, mid-temperature engine ex-89 

haust manifold and high-temperature combustion conditions [15, 52, 53]. The concentration of A1C2H approaches 90 

200 ppm in premixed ethylene sooting flames, which is comparable to that of benzene [54]. AFM also observed 91 

PAHs connected with/by purely aliphatic chains in an ethylene flame [43].  92 

Here, we present a novel soot inception and growth pathway driven by PCAHs with alkynyl substitutions, denoted 93 

as aromatic α-alkynyl-linked hydrocarbon (AαALH) mechanism. In our proposed AαALH pathway, a dimer with 94 
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a radical site forms via the combination reaction of PCAH radical and PCAH with an alkynyl substitution. Multi-95 

mers and clusters are propagated by further reaction with alkynyl substituted PCAHs, without additional H-abstrac-96 

tion. The proposed AαALH pathway is thus kinetically favored, and is expected to be more efficient compared to 97 

other postulated pathways. 98 

 99 

2. Experimental and computation methods 100 

2.1 Experimental method 101 

The experiment was conducted at an undulator-based vacuum ultra-violet beamline (BL03U) of Hefei Light Source 102 

(HLS II), China [55, 56]. A resistively-heated flow reactor was adopted to simulate combustion-relevant conditions 103 

that form polycyclic aromatic hydrocarbons in situ through radical-neutral reactions, as shown in Fig. 1. The flow 104 

reactor is composed of a home-made furnace and an -type alumina ceramic tube (inner diameter 7.0 mm, wall 105 

thickness 1.5 mm). An electrically heated wire was uniformly twined in the inner layer of the furnace, and the 106 

outermost layer acted as a heat shield. The total length of the heating zone was 220 mm. A tungsten–rhenium (W–107 

Re) thermocouple was positioned in the middle region to control the reactor temperature. The outlet gases from the 108 

flow reactor were sampled and analyzed by synchrotron vacuum ultra-violet photoionization molecular beam mass 109 

spectrometry (SVUV-PI-MBMS) [55, 56]. Phenyl radical was generated via pyrolysis of nitrosobenzene (C6H5NO, 110 

>98%, Aladdin Co.), which was fed by its vapor pressure at room temperature. Argon (Ar, 99.99%) was used as 111 

carrier gas with a flow rate of 10 SCCM. Phenylacetylene (A1C2H, >98%, Sigma-Aldrich Co.) was injected by a 112 

micro syringe pump at a flow rate of 0.2 ml/hour. The Phenylacetylene was vaporized at 425 K and also carried by 113 

60 SCCM of Ar. Both flows of Ar are regulated with MKS gas flow controllers. The molar composition of the 114 

mixture is 0.01% C6H5NO / 0.96% A1C2H / 99.03% Ar (quantified by their mass signal and photoionization cross 115 

sections), and the total flow rate of the mixture was 71 SCCM. The mixture (1140 Torr in vaporizer) was expanded 116 

into the flow reactor with a back pressure of 5 Torr, and the measurement was taken at the reactor temperature of 117 

873 K. Temperature profile along the flow reactor was calibrated by a B-type thermocouple (See Supplementary 118 

Materials). The selected reaction temperature is relevant to the temperature in engine exhaust manifold. The resi-119 

dence time is 0.24  0.02 ms (See Supplementary Materials). The reacting products were sampled by a quartz 120 

nozzle at the outlet of the flow reactor, with an orifice of 1.1 mm. The forming molecular beam was passed through 121 
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a skimmer, and ionized by an orthogonal tunable VUV light. Ions were then transferred to RTOF-MS via an ion 122 

introducer [56-58], finally detected by the micro channel plate detector in the MS. Photoionization efficiency curves 123 

(PIE), which indicate ion intensity as a function of photon energy at a particular mass-to-charge ratio (m/z), were 124 

obtained by integrating the signal recorded at the specific mass of species over the energy range 6.0 eV to 8.3 eV. 125 

 126 

Fig. 1. Experimental diagram. (a) The outlet of flow reactor is incorporated into a supersonic molecular beam 127 

sampling apparatus equipped with a home-made reflectron time-of-flight mass spectrometer (RTOF-MS). (b) The 128 

flow reactor is composed of a home-made furnace and an -type alumina ceramic tube (inner diameter 7.0 mm, 129 

wall thickness 1.5 mm). A tungsten–rhenium (W–Re) thermocouple is positioned at the middle region to control 130 

the reactor temperature. 131 

2.2 Quantum chemistry method 132 

All minimum and transition states were optimized using density functional theory (DFT) with B3LYP functional 133 

and 6-311+G(d,p) basis set [59]. The same method was used to calculate the frequencies of molecules with a cor-134 

rection factor of 0.967 [60]. Single point energies of molecules were refined at ROCCSD(T)/cc-pVDZ method [61]. 135 

T1 diagnostics were performed at the CCSD(T)//cc-pVDZ with DFT structures to assess whether the 136 

ROCCSD(T)/cc-pVDZ method was suitable for the energy calculation. A large T1 value indicates that a multiple-137 

determinant reference state method should be applied to improve the accuracy of energy calculation. Here, the 138 

threshold value of T1 was considered to be 0.02 for close-shell structures, and 0.045 for open-shell structures [62]. 139 

The T1 results of some species revealed that the energy barrier of this reaction system can be accurately described 140 



8 

 

by ROCCSD(T)/cc-pVDZ method, as shown in Table S1. To ensure the transition state correctly connects the 141 

reactant and product, the intrinsic reaction coordinate (IRC) calculation was carried out [63]. Some IRC results are 142 

shown in Fig. S2. All quantum chemistry calculations were performed using Gaussian 09 software version D.01 143 

[64].  144 

Adiabatic-ionization energy was calculated from the difference between the energy of the neutral radical and singly 145 

charged ion using ROCBS-QB3 method. The adiabatic ionization energies calculated for five C14H10 and six C14H11 146 

isomers, which helps to identify the molecular structure measured in Fig. 9c. The optimization of isomer 4 in Fig. 147 

S3 failed due to spin contamination. It should be mentioned that this isomer is too active to be detected by molecular 148 

beam mass spectrometry. 149 

2.3 Reaction rate coefficients 150 

Pressure-dependent reaction rate coefficients and product branching ratios were evaluated in the temperature range 151 

of 500-2000 K and pressure range of 1-100 atm by solving the master equation based on Rice−Ramsperger−Kas-152 

sel−Marcus (RRKM-ME) theory. Various combustor devices operate at high temperature and high pressure condi-153 

tions. The pressure-dependent results indicate that the reaction rate coefficients are pressure-independent when the 154 

temperature is below 600 K. Considering that the temperature at interstellar environment is extremely low (< 300 155 

K), the reaction rate coefficients are expected to be pressure-independent. Therefore, the reaction rate coefficient 156 

and product branching ratio below 1 atm is not discussed. The RRKM-ME calculations followed a similar method-157 

ology as in our previous study [62, 65]. Briefly, the Multiwell suite of codes (version 2019) was used for the 158 

RRKM-ME simulation [66], wherein the sums and densities of states were determined by exact count with an 159 

energy grain size of 10 cm-1. Argon was used as the bath gas collider. The Lennard Jones parameters σ and ԑ/kB of 160 

Argon are set as 3.47 Å and 114 K. The Lennard Jones parameters of aromatic species are calculated using the 161 

method suggested by Wang et al. [67]. The exponential-down model with ⟨ΔEdown⟩ = 260 cm-1 was used to describe 162 

the collisional energy transfer. The maximum energy in the reaction system was set at 5 x 105 cm-1. All real fre-163 

quencies below 100 cm−1 were carefully examined, and all internal rotations were treated as 1-D hindered rotations. 164 

The torsional potential energy and the rotation constant as a function of dihedral angle were obtained via the relaxed 165 

potential energy surface scanning at DFT/B3LYP/6-311G + (d,p) level. A dihedral angle step of 20° was used in 166 

the scanning process.  167 
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The rate coefficients of phenyl + phenylacetylene reaction at the high-pressure limit were evaluated by canonical 168 

transition state theory (TST) considering Eckart tunneling corrections and reaction pathway degeneracy [68]. The 169 

same method was applied to larger reaction systems. The evaluated reaction rate coefficients are valid in the tem-170 

perature range of 300-2500 K. All reaction rate coefficients are presented in Arrhenius format in Table 2.  171 

2.4 1-D premixed flame and 0-D batch reactor simulation 172 

In order to simulate the contribution of AαALH pathway in soot formation under low-temperature astrochemistry 173 

and high-temperature combustion chemistry conditions, the formation of various involved chemical species was 174 

first evaluated by 1-D premixed flame simulations with different kinetic models [69-72], and then the soot inception 175 

process was simulated by PAHs and their radicals with pre-evaluated concentrations in a 0-D batch reactor using 176 

AαALH or PCAH radical + PCAH pathways. Rate coefficients of AαALH pathways are listed in Table 2. The 177 

concentration of trimers is considered as an indication of quick and continuous soot inception, which reflects the 178 

efficiencies of different pathways.  179 

2.4.1 1-D premixed flame simulation 180 

Measuring the concentration of PAH radicals at various conditions is certainly challenging, therefore the concen-181 

tration ratios between PAH radicals and corresponding PAH molecules were evaluated in this study by simulating 182 

premixed C2H4/O2/Ar [54] and CH4/O2/Ar [73] sooting flames with ABF [69], KM2 [70], USCII [71], Aramco-183 

KAUST [72] mechanisms, respectively. The simulations were carried out using the premixed flat-flame model in 184 

Chemkin Pro software [74]. The simulation parameters including flame temperature profile, pressure, dilution ratio, 185 

velocity of inlet-gas, and the mole fraction of reactants were kept the same as the experiments [54, 73]. The mixture-186 

averaged transport formulation was employed to calculate the species ordinary diffusion coefficients and fluxes. 187 

The maximum number of grid points allowed in the simulation was set to 500. The maximum gradient and curvature 188 

allowed between grid points was given as 0.1 and 0.2, respectively [51].  189 

2.4.2 0-D batch reactor simulation  190 

Soot inception efficiency by AαALH and PCAH radical + PCAH pathways was simulated in a 0-D batch reactor 191 

in the temperature ranges of 300-2000 K. The nucleation reactions listed in Table 2 are merged into our published 192 

PAH mechanism [51], which is able to accurately describe the formation of naphthalene starting from methane. In 193 
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the simulation, the initial reactants are A1-1 and A1C2H. The ratios of their concentrations were set according to the 194 

evaluation in premixed flames. The reaction time was set to 100 µs, which is enough to achieve a converged trimer 195 

concentration.  196 

3. Results and discussion 197 

3.1 Reaction of phenylacetylene and phenyl 198 

3.1.1 Reaction pathway selection 199 

In this study, the largest species contains 22 carbon atoms, which prohibits the investigation of all possible reaction 200 

pathways using high-level quantum chemistry. Therefore, we checked all possible reaction pathways in the proto-201 

typical A1C2H + A1-1 reaction system using a combination of an affordable DFT method and ROCCSD(T)/cc-202 

pVDZ method. The selected important pathways were further analyzed using high-level methods. As shown in Fig. 203 

2a, there are 6 competing entrance channels in the reaction of A1C2H + A-1. The energy barrier of A1-1 + A1C2H 204 

→ CS2 is 1.0 kcal/mol, which is lower than the values of other competing reaction by at least 1.3 kcal/mol. This 205 

means the A1-1 + A1C2H → CS2 reaction is the dominant channel, which is confirmed by the kinetic results showed 206 

in Fig. 2b. The reaction rate coefficient of A1-1 + A1C2H → CS2 is 2.8 x 1011 cm3mol-1s-1 at 300 K, which is higher 207 

than the sum of other competing reactions rates by three orders of magnitude. The rate difference decreases at 208 

elevated temperatures, but the gap is still higher by one order of magnitude at 2500 K. Therefore, other reaction 209 

channels can be neglected in the following discussions.   210 

 211 
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(a) (b) 

Fig. 2. The possible entrance reactions of A1-1 and A1C2H. (a) The energies of transition states and local minimums 212 

calculated at DFT/B3LYP/6-311+G(d,p) level (kcal/mol). (b) The high-pressure limit rate coefficients using TST 213 

method with energy barriers from ROCCSD(T)/cc-pVDZ and harmonic frequencies from DFT/B3LYP/6-214 

311+G(d,p) method. 215 

The potential isomerization reactions starting from CS2 are shown in Fig. 3. Diphenylacetylene forms via an H 216 

elimination reaction with an energy barrier of 39.9 kcal/mol (CS2 → CS3 + H). Alternatively, phenanthrene (CS15) 217 

can be formed via an intramolecular H transfer reaction (CS2 → CS11), cyclization reaction (CS11 → CS12), ring 218 

opening reaction (CS12 → CS13), second cyclization reaction (CS13 → CS14), and H elimination reaction (CS14 219 

→ CS15 +H) [75]. However, the RRKM-ME simulation results showed in Fig. 4 indicate that the CS2 → CS12 → 220 

CS13 → CS14 → CS15 + H pathway can be neglected. The intermediate CS2 is the dominant product at low 221 

temperatures, and is likely to produce CS3 + H or undergo decomposition back to the reactant A1C2H + A- (CS1) 222 

at high temperatures. For example, the simulated mole fraction of CS2, CS1, and CS3 from RRKM-ME simulation 223 

are 2.62 x 10-3, 8.56 x 10-1, 1.41 x 10-1 at 1500 K, respectively, which is much higher than that of CS15 with a mole 224 

fraction of 5.00 x 10-5 when the reaction system reaches equilibrium, as shown in Fig. 4. Based on above analysis, 225 

it can be concluded that the complicated A1-1 + A1C2H reaction system can be simplified to A1-1 + A1C2H → CS2 226 

→ CS3 + H pathway at temperatures relevant to low-temperature astrochemistry or high-temperature combustion 227 

conditions. 228 
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 229 

Fig. 3. The potential energy surface of A1-1 + A1C2H reaction with entrance well as CS2, energies are calculated at 230 

DFT/B3LYP/6-311+G(d,p) level (kcal/mol). 231 

 232 

Fig. 4. The products branching ratio of A1-1 + A1C2H reaction at 1 atm, energies are calculated at DFT/B3LYP/6-233 

311+G(d,p) level (kcal/mol). 234 

3.1.2 Evaluation of energy accuracy 235 

The chemistry of A1-1 + A1C2H reaction was investigated by Nam et al. [76] and Parker et al. [75]. Our results 236 

match well with the work from Nam et al. [76] using RMP2 method. They concluded that stabilized intermediate 237 

CS2 should be the sole product at investigated 297-407 K due to the lowest energy barrier among all competing 238 

channels (0.5 kcal/mol). In our study, the energy barrier of reaction A1-1 + A1C2H → CS2 is evaluated to be 1.0 239 
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kcal/mol using ROCCSD(T)/cc-pVDZ method. However, the energy barrier evaluated using G3(MP2, CC) by Par-240 

ker et al. [75] was 3.3 kcal/mol for A1-1 + A1C2H → CS2 channel, which is higher than the energy barrier of its 241 

competing channel A1-1 + A1C2H → CS16 (1.2 kcal/mol). In contrast to the studies of Nam et al. [76] and ours, 242 

Parker et al. [75] suggested that the CS2 should be a minor product due to its high energy barrier in A1-1 + A1C2H 243 

→ CS2 reaction at a collision energy of 121 kcal/mol (=9678 K).  244 

Therefore, we compared the quantum chemical methods applied in all three studies, as shown in Table 1. We found 245 

that the differences of the energy barriers are within the accuracy of each method used. It is reported that the general 246 

energy accuracy of the G3(MP2, CC) method is 2.4 kcal/mol [75], and 1.0 kcal/mol for RMP2 method [76] for 247 

similar reaction systems. It is widely accepted that the most reliable method for energy prediction is CCSD(T) with 248 

complete basis set extrapolation (CCSD(T)/CBS), which can be derived based on the energy difference using 249 

CCSD(T)/cc-pVDZ and CCSD(T)/cc-pVTZ methods [77]. Here, the energy calculation using CCSD(T)/cc-pVTZ 250 

is not affordable. A similar reaction of A1-1 + C4H4 → Complex, where the terminal C atom of C4H4 attacks the 251 

unsaturated C atom on benzene ring, was checked to estimate the possible energy deviation as the basis set size 252 

increases. The –CH=CH2 moiety in C4H4 (CH≡C-CH=CH2) mimics the benzene moiety in A1C2H. The vibrational 253 

modes of the transition state in the reaction of A1-1 + C4H4 → Complex are similar to those of the A1-1 + A1C2H 254 

→ CS2 reaction. As listed in Table 1, the predicted energy barrier of A1-1 + C4H4 → Complex using cc-pVDZ 255 

basis set is 1.52 kcal/mol, which is close to the value predicted using higher cc-pVTZ basis set (1.59 kcal/mol). 256 

Therefore, it is reasonable to conclude that the energy barrier for the reaction A1-1 + A1C2H → CS2 is not highly 257 

sensitive to the basis set size. The predicted energies using ROCCSD(T)/cc-pVDZ are reliable and are expected to 258 

be close to the values calculated by CCSD(T)/CBS method.  259 

Table 1. Comparisons of energy barriers evaluated using different methods. Unit is kcal/mol 260 

Reaction B3LYP/6-

311+G(d,p) 

cc-pVDZ cc-pVTZ RMP2 [76] G3(MP2, CC) [75] 

A1-1 + A1C2H → CS2 2.5 1.0 - 0.5 3.3 

A1-1 + A1C2H → CS7 7.0 3.2 - - 2.6 
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A1-1 + A1C2H → CS16 6.0 2.3 - - 1.2 

A1-1 + A1C2H → CS17 5.7 2.3 - - 2.4 

A1-1 + A1C2H → CS18 11.5 4.9 - - - 

A1-1 + A1C2H → CS19 7.9 3.4 - - - 

A1-1 + C4H4 → Complexa -0.5 1.52 1.59 - - 

aThe –CH=CH2 moiety in C4H4 (CH≡C-CH=CH2) is to mimic the benzene moiety in A1C2H. 261 

The reaction rate coefficients of A1-1 + A1C2H reaction was measured by Nam et al. [76] using cavity ring-down 262 

spectrometry coupled with pulsed laser photolysis technology in the temperature range of 297-409 K and under a 263 

pressure of 3.6 Torr. The reaction rate coefficients in such a low temperature region is very sensitive to the activa-264 

tion energy barrier. A direct comparison between the measured rate and calculated rate using the energy barriers 265 

from different methods is presented in Fig. 5. The predicted rate coefficients with cc-pVDZ energy (1.0 kcal/mol) 266 

match well with the experiment results, and the maximum deviation is by a factor of 1.5. However, the deviation 267 

is 36.2 times higher when the G3(MP2, CC) energy (3.3 kcal/mol) is adopted. It can be also observed that the rate 268 

prediction accuracy is significantly improved if the 1-D hindered treatment is considered to correct for internal 269 

rotations. It should be mentioned that the reaction rate coefficients become less sensitive to the 1-D hindered treat-270 

ment as temperature increases. For example, the rate difference is 164% at 300 K, but narrows down to 19% at 271 

2000 K. The comparison validates our calculations of energies and reaction rate coefficients. All energies presented 272 

in the following discussions are refined using ROCCSD(T)/cc-pVDZ method. In addition, it is also important to 273 

point out that the low energy barrier is not the only factor accounting for the high competiveness of the reaction 274 

channel A1-1 + A1C2H → CS2 under combustion conditions. Its entropy change also contributes to the preference 275 

of CS2 among all adducts. In the hypothetical simulation, the reaction rate coefficients of A1-1 + A1C2H → CS2 is 276 

still higher than other competing reactions by at least 13 times at 300 K, even though the energy barrier of A1-1 + 277 

A1C2H → CS2 is assumed to be equal to that of A1-1 + A1C2H → CS7. Similar hypothetical simulation results 278 

shown in Fig. S5 further confirm the competitive advantage of A1-1 + A1C2H → CS2 under high temperature 279 

conditions (multiple collision, micro-second reaction time, 1000K and 1 atm), where the reaction rate coefficients 280 
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of A1-1 + A1C2H → CS2 and A1-1 + A1C2H → CS7 exchange with each other. The stronger thermal stability of 281 

CS2 is therefore one main factor for the dominance of A1-1 + A1C2H → CS2 among all competing channels. 282 

 283 

Fig. 5. Comparisons of the detected reaction rate coefficients [76] and calculated reaction rate coefficients using 284 

TST method. 285 

3.1.3 Pressure dependence 286 

The decomposition reaction rate coeffiients of CS2 → A1-1 + A1C2H and CS7 → A1-1 + A1C2H were evaluated 287 

via RRKM-ME calculations in the pressure range of 1-100 atm after the reaction system reaches equilibrium, as 288 

shown in Fig. 6a and Fig. 6c. The reaction rate coefficients of CS2 → A1-1 + A1C2H are pressure-independent in 289 

low temperature region (T < 1000 K). This explains why the reaction rate coefficients of CS2 → A1-1 + A1C2H 290 

calculated at high-pressure limit match well with the experimental data obtained at 3.6 Torr over the temperature 291 

range of 297-409 K. As temperture increases, the reaction enters the fall-off region where the rate decreases at 292 

lower pressure. The forward reaction (A1-1 + A1C2H → CS2) rate coefficients were calculated by multiplying the 293 

reverse reaction rate coefficients and the pressure-independent equilibrium constant. As shown in Fig. 6b,  the 294 

reaction rate coefficients increase significantly with pressure at high temperatures. For example, the reaction rate 295 

coefficients of A1-1 + A1C2H → CS2 are 1.25 x 1011 cm3mol-1s-1 at 1500 K and 1 atm, and increase to 1.55 x 1012 296 

cm3mol-1s-1 at 1500 K and 100 atm. A similar pressure dependence of reaction rate coefficients is observed for 297 

reaction A1-1 + A1C2H → CS7 as shown in Fig. 6c-6d. The dominance of A1-1 + A1C2H → CS2 channel is valid 298 

at investigated pressures via comparing the reaction rate coefficients of A1-1 + A1C2H → CS2 and A1-1 + A1C2H 299 
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→ CS7 at 1, 10 and 100 atm. The lowest pressure considered in this study is 1 atm; pressure dependence is expected 300 

to be important in low-pressure flames. 301 

 302 

  

(a) (b) 

  

(c) (d) 

Fig. 6. Pressure-dependent reaction rate coefficients for reactions A1-1 + A1C2H → CS2 and A1-1 + A1C2H → CS7, 303 

energies are evaluated using RO-CCSD(T)/cc-pVDZ method.  304 

 305 

3.2 PCAH radical substituent coalescence pathway 306 
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Phenylacetylene (A1C2H) and phenyl (A1-1) are representative PCAHs with alkyne substitution and PCAH radicals. 307 

Their reactions are used to illustrate the proposed mechanism to cross-link PCAHs with alkyne bridges. The poten-308 

tial energy surface (PES) was calculated with a combination of density functional theory (DFT)/B3LYP/6-309 

311+G(d,p) and ROCCSD(T)/cc-pVDZ methods. As shown in Fig. 7a, A1-1 attacks the alkynyl substitution of 310 

phenylacetylene and yields a dimer (CS2). This dimer is a resonantly stabilized radical (RSR) since the unpaired 311 

electrons can be localized with the -electrons of its neighboring aromatic ring. A rapid 2nd addition of A1C2H to 312 

CS2 gives birth to the trimer (CS4), which inherits the radical characteristic of its parent radical (CS2). In this way, 313 

soot inception rapidly occurs from moderate to large PCAHs through AαALH pathway: PCAH radical + PCAH 314 

with alkynyl substitution → dimer with radical substituent (+ PCAH with alkynyl substitution) → trimer with 315 

radical substitution (+ PCAH with alkynyl substitution) → … → fractal cluster (+ PCAH with alkynyl substitution) 316 

→ … → incipient particle. At high-temperature conditions, H-atom is possible to be eliminated from CS2 and CS4 317 

with a high the energy barrier (42.6 kcal/mol for CS2→CS3+H, as shown in Fig. 7a). For comparison, the PES of 318 

a typical PCAH + PCAH radical nucleation pathway is denoted by the orange line in Fig. 7a. The rate calculations 319 

using ROCCSD(T)/cc-pVDZ energies confirmed above analysis that the active PCAH reactants prefer to bond to 320 

the alkyne substituent rather than the aromatic ring. The energy barrier of reaction A1-1+A1C2H→CS2 (A1C2H 321 

+CS2→CS4) is lower than that of A1-1+A1C2H→CS7 (A1-1+CS8→CS9). Their reaction rate coefficients are com-322 

pared in Fig. 7b, which directly confirms the preference (deviation around 30 times). AαALH pathway is also robust 323 

in larger hydrocarbon reaction system, as the kinetics are nearly insensitive to reactant size and chain type at dif-324 

ferent pressures, shown in Fig. 7b-7d. The rate difference between A1-1 + A1C2H → CS2 reaction and A2-1/A3-325 

1/A4-1 + A1C2H → complex mainly results from the symmetry number difference between A1-1 (2) and A2-1/A3-326 

1/A4-1 radicals (1).  327 

 328 
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(a) (b) 

  

(c) (d) 

Fig. 7. Typical AαALH inception pathway driven by PCAH with alkyne substituent. Unit of energy is kcal/mol, red 329 

circle marks the reaction carbon atom. (a) The AαALH mechanism (black line) presents a lower energy barrier than 330 

the PCAH + PCAH radical (orange line) during the soot coalescence process, energies are evaluated using RO-331 

CCSD(T)/cc-pVDZ method. (b) The high-pressure limit reaction rate coefficients for the addition reaction between 332 

PCAH radical and PCAH with alkynyl substitution. (c) Reaction rate coefficients at 10 atm. (d) Energy barriers for 333 

reactions with different reactant size or substitution type. A1-1 is phenyl, A2-1 (naphth-1-yl), A3-1 (phenanthr-1-yl), 334 

A4-1 (pyren-1-yl), A1C2H (phenylacetylene) and A1C4H4 (1-buten-3-ynyl-benzene).  335 

 336 
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Table 2. Reaction rate parameters in the form of ATnexp(-E/(RT)). The units are s-1, cm3mol-1s-1 and kcal.  337 

Reaction  A n E  Valid T (K) Valid P (atm) 

A1-1 + A1C2H → CS2 3.18×1055 -13.07 19.97 500-2000 1 

A1-1 + A1C2H → CS2 1.80×1044 -9.524 16.10 500-2000 10 

A1-1 + A1C2H → CS2 3.00×1032 -5.896 11.53 500-2000 100 

A1-1 + A1C2H → CS2 1.41×104 2.626 -1.09 300-2500 H-P 

CS2 → A1-1 + A1C2H 9.29×1066 -15.72 73.62 500-2000 1 

CS2 → A1-1 + A1C2H 1.93×1055 -12.07 69.56 500-2000 10 

CS2 → A1-1 + A1C2H 2.97×1043 -8.425 64.98 500-2000 100 

CS2 → A1-1 + A1C2H 4.49×1015 -0.1081 50.2 300-2500 H-P 

CS2 → CS3 + H 1.28×1058 -13.35 63.94 500-2000 1 

CS2 → CS3 + H 6.58×1045 -9.543 59.3 500-2000 10 

CS2 → CS3 + H 1.85×1033 -5.703 54.14 500-2000 100 

CS2 → CS3 + H 1.42×1010 1.171 43.02 300-2500 H-P 

CS3 + H → CS2 7.10×1054 -12.4 23.94 500-2000 1 

CS3 + H → CS2 1.86×1042 -8.519 19.14 500-2000 10 

CS3 + H → CS2 1.63×1028 -4.257 13.12 500-2000 100 

CS3 + H → CS2 9.67×107 1.797 3.81 300-2500 H-P 

CS2 + A1C2H → CS4 2.07×1031 -6.422 12.19 500-2000 1 

CS2 + A1C2H → CS4 4.29×1040 -8.947 18.13 500-2000 10 

CS2 + A1C2H → CS4 7.13×1037 -7.928 18.3 500-2000 100 

CS2 + A1C2H → CS4 4.64×102 2.722 3.07 300-2500 H-P 

CS4 → CS2 + A1C2H 2.67×1045 -9.566 50.86 500-2000 1 

CS4 → CS2 + A1C2H 5.26×1054 -12.09 57.16 500-2000 10 
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CS4 → CS2 + A1C2H 8.74×1051 -11.07 57.34 500-2000 100 

CS4 → CS2 + A1C2H 3.48×1013 0.5062 40.4  300-2500 H-P 

CS4 → CS6 + H 4.32×1053 -11.97 61.52 500-2000 1 

CS4 → CS6 + H 5.41×1043 -8.884 57.9 500-2000 10 

CS4 → CS6 + H 8.98×1029 -4.718 51.94 500-2000 100 

CS4 → CS6 + H 5.76×1011 0.7211 43.54 300-2500 H-P 

CS6 + H → CS4 3.23×1049 -10.93 21.4 500-2000 1 

CS6 + H → CS4 3.74×1039 -7.836 17.77 500-2000 10 

CS6 + H → CS4 1.98×1038 -7.196 20.44 500-2000 100 

CS6 + H → CS4 4.09×107 1.769 3.39 300-2500 H-P 

A1-1 + CS3 → CS5a 1.47×102 2.975 0.01 300-2500 H-P 

CS5 → A1-1 + CS3a 4.50×1014 0.1273 44.6 300-2500 H-P 

A1-1 + A1C2H → CS7 8.00×1031 -6.772 10.77 500-2000 1 

A1-1 + A1C2H → CS7 3.18×1036 -7.873 14.75 500-2000 10 

A1-1 + A1C2H → CS7 8.45×1033 -6.852 15.42 500-2000 100 

A1-1 + A1C2H → CS7 1.20×102 2.904 2.51 300-2500 H-P 

CS7 → A1-1 + A1C2H 7.49×1018 -2.49 21.64 500-2000 1 

CS7 → A1-1 + A1C2H 5.59×1027 -4.87 26.82 500-2000 10 

CS7 → A1-1 + A1C2H 7.23×1024 -3.76 27.36 500-2000 100 

CS7 → A1-1 + A1C2H 2.63×10-7 5.88 14.67 300-2500 H-P 

CS7 → CS8 + H 9.60×1038 -8.252 36.34 500-2000 1 

CS7 → CS8 + H 1.34×1041 -8.632 39.28 500-2000 10 

CS7 → CS8 + H 4.73×1033 -6.241 37.1 500-2000 100 

CS7 → CS8 + H 3.87×1010 0.7341 27.0 300-2500 H-P 
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CS8 + H → CS7 1.85×1041 -8.863 19.93 500-2000 1 

CS8 + H → CS7 1.77×1038 -7.715 20.36 500-2000 10 

CS8 + H → CS7 6.25×1030 -5.324 18.16 500-2000 100 

CS8 + H → CS7 5.10×107 1.651 8.02 300-2500 H-P 

CS8+ A1-1 → CS9 2.78×1019 -3.0 6.9 500-2000 1 

CS8+ A1-1 → CS9 1.40×1029 -5.623 13.34 500-2000 10 

CS8+ A1-1 → CS9 1.31×1031 -5.982 15.97 500-2000 100 

CS8+ A1-1 → CS9 1.49×101 3.148 3.52  300-2500 H-P 

CS9 → CS8 + A1-1 5.63×1026 -4.427 29.9 500-2000 1 

CS9 → CS8 + A1-1 6.36×1041 -8.652 38.78 500-2000 10 

CS9 → CS8 + A1-1 4.37×1043 -8.97 41.36 500-2000 100 

CS9 → CS8 + A1-1 5.16×1013 0.1386 28.54  300-2500 H-P 

CS9 → CS10 + H 2.99×1029 -5.383 32.3 500-2000 1 

CS9 → CS10 + H 6.15×1036 -7.332 37.46 500-2000 10 

CS9 → CS10 + H 1.23×1032 -5.77 36.56 500-2000 100 

CS9 → CS10 + H 3.20×1010 0.7522 26.82  300-2500 H-P 

CS10 + H → CS9 3.83×1026 -4.475 12.98 500-2000 1 

CS10 + H → CS9 7.88×1033 -6.424 18.14 500-2000 10 

CS10 + H → CS9 1.59×1029 -4.857 17.24 500-2000 100 

CS10 + H → CS9 5.86×107 1.623 7.86  300-2500 H-P 

A1-1 + A1C4H4 → complex4 2.98×1080 -20.0 38.64 800-2000b 1 

A1-1 + A1C4H4 → complex4 1.98×1084 -20.76 45.06 800-2000b 10 

A1-1 + A1C4H4 → complex4 4.18×1066 -15.43 37.02 800-2000b 100 

A1-1 + A1C4H4 → complex4 2.27×104 2.64 0.45 300-2500 H-P 
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complex4 →A1-1 + A1C4H4 4.11×1072 -17.1 82.34 500-2000 1 

complex4 →A1-1 + A1C4H4 2.82×1063 -14.22 79.24 500-2000 10 

complex4 →A1-1 + A1C4H4 1.78×1047 -9.318 72.32 500-2000 100 

complex4 →A1-1 + A1C4H4 9.57×1016 -0.2489 58.46 500-2000 H-P 

A2-1 + A1C2H → complex1 1.56×1059 -12.15 28.2 800-2000b 1 

A2-1 + A1C2H → complex1 2.83×1062 -14.69 30.34 800-2000b 10 

A2-1 + A1C2H → complex1 1.28×1059 -13.44 31.66 800-2000b 100 

A2-1 + A1C2H → complex1 2.32×104 2.536 0.67 300-2500 H-P 

complex1 →A2-1 + A1C2H 4.62×1066 -15.64 69.96 500-2000 1 

complex1 →A2-1 + A1C2H 2.12×1057 -12.68 66.92 500-2000 10 

complex1 →A2-1 + A1C2H 5.37×1046 -9.401 62.88 500-2000 100 

complex1 →A2-1 + A1C2H 6.56×1015 -0.1256 48.94 500-2000 H-P 

A3-1 + A1C2H → complex2 2.53×1066 16.08 29.92 800-2000b 1 

A3-1 + A1C2H → complex2 3.37×1072 -17.55 37.06 800-2000b 10 

A3-1 + A1C2H → complex2 2.55×1063 -14.65 34.7 800-2000b 100 

A3-1 + A1C2H → complex2 1.43×105 2.29 0.91 300-2500 H-P 

complex2 → A3-1 + A1C2H  1.54×1066 -15.51 69.6 500-2000 1 

complex2 → A3-1 + A1C2H 3.15×1059 -13.35 67.78 500-2000 10 

complex2 → A3-1 + A1C2H 2.67×1046 -9.348 62.54 500-2000 100 

complex2 → A3-1 + A1C2H 3.06×1016 -0.3659 48.92 500-2000 H-P 

A4-1 + A1C2H → complex3 1.02×1070 -17.16 30.98 800-2000b 1 

A4-1 + A1C2H → complex3 1.02×1070 -16.81 35.1 800-2000b 10 

A4-1 + A1C2H → complex3 9.39×1062 -14.52 33.98 800-2000b 100 

A4-1 + A1C2H → complex3 1.29×105 2.311 0.52 300-2500 H-P 
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complex3 → A4-1 + A1C2H 6.26×1064 -15.08 69.52 500-2000 1 

complex3 → A4-1 + A1C2H 1.92×1058 -12.97 67.82 500-2000 10 

complex3 → A4-1 + A1C2H 4.40×1046 -9.381 63.26 500-2000 100 

complex3 → A4-1 + A1C2H 4.43×1016 -0.3957 49.58 500-2000 H-P 

aThe contribution to the formation of trimer is ignorable, the pressure-dependent rate coefficients were not pro-338 

vided. bThe reaction rate coefficients in 300-800 K are same as high-pressure limit value.   339 

 340 

The lifetime of the resonantly stabilized radical determines the importance of the proposed pathway. Here, the 341 

lifetime of the interested CS2 radical is discussed in A1-1 + A1C2H → CS2 → CS3 + H reaction system by RRKM-342 

ME simulation. For comparison, the CS7 and C6H5C2H2 radicals were considered. The former is produced in A1-1 343 

+ A1C2H → CS7 → CS8 + H, a competing pathway of A1-1 + A1C2H → CS2 → CS3 + H. The latter forms from 344 

the reaction system of A1-1 + C2H2 → C6H5C2H2 → A1C2H + H. The C6H5C2H2 radical can survive enough time to 345 

be attacked by another C2H2 molecule at flame temperatures, which is the key step in the Bittner–Howard mecha-346 

nism [78, 79]. As the initial well, the mole fraction of CS2, CS7, and C6H5C2H2 radicals is set as 1 in beginning of 347 

RRKM-ME simulation. The exited CS2, CS7, and C6H5C2H2 radicals can then go back through the entrance chan-348 

nels or proceed forward through the product channels. In this study, the lifetime is defined as the time that the mole 349 

fraction of CS2, CS7, and C6H5C2H2 radical drops from 100 % to 10 % in each reaction system. As illustrated in 350 

Fig. 8, the lifetime of CS2 radical is much longer than other two radicals in the temperature range of 1100-2000 K. 351 

For example, it takes 1.62 x 10-10 s until the mole fraction of CS2 drops to 10 % at 2000 K and 1 atm, however, the 352 

lifetimes are 1.09 x 10-11 s and 6.77 x 10-12 s for C6H5C2H2 and CS7 reaction systems, respectively. The results 353 

indicate that the resonantly stabilized radicals like CS2 and CS4 can be attacked by other species even at tempera-354 

tures relevant to combustion.     355 
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 356 

Fig. 8. The estimated lifetime of various radical species (fraction drops from 100 % to 10 %) in each system at 1 357 

atm. The lifetime of CS2, CS7 and C6H5C2H2 is checked in A1-1 + A1C2H → CS2 → CS3+H, A1-1 + A1C2H → 358 

CS7 → CS8+H and A1-1 + C2H2 → C6H5C2H2 → A1C2H + H reaction systems respectively.  359 

3.3 Products of phenyl and phenylacetylene reaction 360 

The reaction between phenyl and phenylacetylene, a prototypical AαALH reaction system, was experimentally 361 

measured at 873 K and 5 Torr in a flow reactor, by coupling molecular beam sampling technique with synchrotron 362 

vacuum ultra-violet photoionization mass spectrometry [55, 56]. We initiated this reaction sequence in excess phe-363 

nylacetylene and phenyl radical rapidly formed from nitrosobenzene decomposition. In the control experiment, 364 

only phenylacetylene was injected into the reactor at the same reactor condition (See Supplementary Materials for 365 

more details). Both mass spectra and photoionization efficiency spectra were recorded to identify the detailed chem-366 

istry.  367 

Figure 9a shows the mass peaks of the reaction products from m/z = 170 to 300 recorded at a photon energy of 8.0 368 

eV. Strong mass peaks m/z = 178, 179 and 180 are absent in control experiment suggesting that signals at these 369 

mass-to-charge ratios originate from the reaction of phenyl and phenylacetylene. Mass peak at m/z = 178 (C14H10) 370 

may correspond to 2-ethynyl-biphenyl [75], 3-ethynyl-biphenyl, 4-ethynyl-biphenyl, phenanthrene, anthracene, 371 

and diphenyl-acetylene (CS3 in Fig. 7a) in this reaction system.  372 

The photoionization efficiency curve (PIE) recorded for m/z = 178 in Fig. 10 reveals a clear ion count onset at 7.95 373 

eV. Anthracene that has an ionization energy of 7.44 eV is thus excluded from C14H10 candidates. Both phenanthrene 374 
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and diphenyl-acetylene have ionization energies close to the measured threshold, 7.90 and 7.94 eV. The reference 375 

PIEs of phenanthrene and diphenyl-acetylene are thus measured in this study and scaled to the data from A1-1 + 376 

A1C2H reaction, as shown in Fig. 10. PIE curve of diphenylacetylene well reproduces the experimental data from 377 

A1-1 + A1C2H reaction, but that of phenanthrene could only reproduce the first 0.4 eV above ionization energy. The 378 

ionization energies of 2-ethynyl-biphenyl, 3-ethynyl-biphenyl, and 4-ethynyl-biphenyl are not available in litera-379 

ture. The calculated ionization energies of 2-ethynyl-biphenyl, 3-ethynyl-biphenyl, and 4-ethynyl-biphenyl are 380 

8.24, 8.28, and 8.11 eV, respectively, as illustrated in Fig. 11. The ionization energies of phenanthrene and diphenyl-381 

acetylene are calculated using the same method to test the calculation accuracy. The difference between the exper-382 

imental value and calculated value is within 0.02 eV, as shown in Fig. 11, which validates our calculation. 2-383 

Ethynyl-biphenyl, 3-ethynyl-biphenyl, and 4-ethynyl-biphenyl may be safely excluded from C14H10 candidates by 384 

PIE measurement, since PIE curve of diphenylacetylene (red dash line in Fig. 10) perfectly reproduces the black 385 

data points between 7.9 – 9.3 eV. Summarily, diphenyl-acetylene is the major C14H10 species in A1-1 + A1C2H 386 

reaction, which greatly supports the dominance of phenyl addition on the side-chain of phenylacetylene (CS2 chan-387 

nel). The mass peak m/z = 179 corresponds to the 13C-isotoped counterpart of m/z = 178 (13CC13H10) and C14H11 388 

(the dimer CS2 in Fig. 7a). At a lower photon energy of 7.30 eV (Fig. 7b), C14H11 is found to be dominant at m/z = 389 

179 compared to 13CC13H10. The PIE for m/z = 179 depicts an onset energy of 6.75 eV in Fig. 9c, which agrees with 390 

the adiabatic ionization energy (AIE) of 1,2-diphenylvinyl radical (6.76 eV calculated in this work, 6.75  0.03 eV 391 

reported in literature [80]). AIEs for other five adducts were also calculated in Fig. S3 in Supplementary Materials; 392 

none of these agree with the measured value within the uncertainty of quantum calculations (0.1 eV).  393 

H-elimination channels of 1,2-diphenylvinyl radical yield C14H10 isomers, whilst an addition of a hydrogen atom 394 

on this radical may lead to C14H12 (m/z = 180). In Fig. 9a, we also observe mass peaks at m/z = 278 and 280. 395 

Accounting the molecular weights of those possible reactants, C6H5 (m/z = 77), C8H6 (m/z = 102), C14H11 (m/z = 396 

179), and C14H10 (m/z = 178), mass peak of m/z = 280 (C22H16) can only be derived from the addition of phenyla-397 

cetylene on 1,2-diphenylvinyl radical and subsequent H-elimination (CS6 in Fig. 7a); and m/z = 278 (C22H14) may 398 

be the dehydrogenation product of C22H16. The mass peak of m/z = 281 in the insert frame of Fig. 9a can be the 399 

13C-isotoped counterpart of m/z = 280 (13CC21H16) and/or the trimer radical (C22H17, CS4), which is not able to be 400 

identified in this study. Consequently, our experimental investigations reveal that in the phenyl-phenylacetylene 401 
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reacting system, molecular growth processes account for the repeated addition of phenylacetylene on those RSRs 402 

proposed in AαALH pathway. We identified the formation chemistry of 1,2-diphenylvinyl radical and observed the 403 

mass peak for the subsequent phenylacetylene addition on this RSR. 404 

 405 

Fig. 9. SVUV-PI-MBMS spectrum and PIE curve. (a) The mass spectrum recorded at 8.00 eV for the products of 406 

the prototypical reaction between phenyl radical and phenyl-acetylene. (b) The mass spectrum recorded at 7.30 eV, 407 

zoomed into m/z = 175 to 190. (c) The PIE curve recorded for C14H11 (m/z = 179). Gray area marks experimental 408 

uncertainty. The ionization energy detected for C14H11 confirms that the detected signal at m/z = 179 was from the 409 

dimer (CS2) of phenyl radical and phenyl-acetylene reaction. 410 

 411 

Fig. 10. PIE recorded at m/z = 178 with experimental error defined as gray area. m/z = 178 is the reaction 412 

products of phenyl and phenyl-acetylene with a formulae of C14H10. Its PIE curve is compared to the scaled cross 413 

sections of diphenyl-acetylene and phenanthrene. Red dash and blue solid lines denote the reference PICS curves 414 
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of diphenyl-acetylene and phenanthrene. A good agreement can be found between the PIE curve and reference 415 

cross section profile of diphenyl-acetylene. 416 

 
 

 

2-ethynyl-biphenyl  

(Cal: 8.24 eV) 

3-ethynyl-biphenyl 

 (Cal: 8.28 eV) 
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Diphenylacetylene 

(Cal: 7.94 eV, Exp: 7.95) 
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Fig. 11. Adiabatic-ionization energy for five C14H10 structures in this study. The adiabatic-ionization energy for the 417 

isomers of C14H10 were calculated using ROCBS-QB3 method. The experimental values of diphenylacetylene and 418 

phenanthrene were measured separately in the same experiment setup. The detected ionization energy profile for 419 

C14H10 match well with that for the diphenylacetylene (CS3, the dimer in this study). 420 

3.4 Soot inception efficiency 421 

Soot inception efficiencies for AαALH and conventional PCAH + PCAH radical pathways were compared by sim-422 

ulations in a 0-D batch reactor under astrochemistry and combustion conditions. The concentration of PCAH radi-423 

cals is derived from the simulation of methane and ethylene flames by different kinetic models in various condi-424 

tions, as shown in Fig. 12. In general, the ratio between PCAH and their radicals is between 2,195 and 11,880. 425 

Therefore, a possible chemical coalescence pathway by recombining two PCAH radical fragments was not consid-426 

ered due to the low concentration of PAH radicals. As an indicator of different PAH coalescence efficiencies, the 427 

trimer formation ratio between AαALH and conventional pathways in the temperature range of 300 to 2000 K was 428 
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calculated in Fig. 13 (a), which reveals that the AαALH pathway is notably faster than PCAH + PCAH radical 429 

pathway. Although trimer formation is impeded by H-atom elimination of the dimer (CS2→CS3+H) at flame tem-430 

peratures, the nucleation rate by AαALH pathway is still hundreds of times higher than the conventional pathway. 431 

Extending to astrochemistry relevant temperatures, AαALH pathway leads to dominance, ~1026 higher in trimer 432 

concentration compared to conventional pathway. The dominance of the AαALH pathway can be attributed to the 433 

high coalescence rate, high concentration alkynyl substituted PCAHs, and non-requirement of radicals for addi-434 

tional H-abstraction reaction. The competitiveness of AαALH pathway is still strong at low pressure.  435 

In simulations for Fig. 13 (a), the concentration ratio between A1C2H and A1-1 is assumed to be 2195:1, which is 436 

the minimum ratio between PCAH and their radicals as shown in Fig. 12. It is worthy of mention that A1-1 can be 437 

any PCAH radical with or without alkynyl substituents, and A1C2H can be any alkynyl substituted PCAHs in the 438 

proposed AαALH pathway. Therefore, the concentration ratio for different alkynyl substituted PCAHs and PAH 439 

radical pairs is greatly sensitive to their size. For example, the concentration ratio between 1-ethynylpyrene and A1-440 

1 should be much lower than that between A1C2H and A1-1. In contrast, the concentration ratio may be much higher 441 

if the pair is A1C2H and 1-pyene radical. This is because the concentration of aromatic species is negatively corre-442 

lated with the molecular size in sooting flames [8, 72]. To check the toughness of AαALH pathway, the trimer 443 

concentrations are further evaluated with reactants concentration ratio ranging from 2195 to 2. A higher value 444 

(>2195) is not considered, as the simulation results are much more favorable to AαALH pathway when the concen-445 

tration ratio between A1C2H and A1-1 increases to 11880/1 as shown in Fig. S6. As shown in Fig. 13 (b), the ad-446 

vantage of AαALH is minimized but not loses if the concentration ratio between alkynyl substituted PCAHs and 447 

PAH radical is extremely low. This is because a rich radical environment is benefit for the conventional PAH + 448 

PAH radical pathway.  The details of product distributions in 0-D batch reactor are provided in Table S2-S9. 449 

 450 
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 451 

Fig. 12. The peak concentration ratios between PAH and PAH radical in C2H4/O2/Ar and CH4/O2/Ar sooting flames. 452 

The pink and gray colors represent the data from CH4 and C2H4 flames, respectively. The investigated species 453 

include benzene (A1), phenyl (A1-1), naphthalene (A2), naphth-1-yl (A2-1), naphtha-2-yl (A2-2), phenanthrene (A3), 454 

phenanthr-1-yl radical (A3-1), phenanthr-4-yl (A3-4), pyrene (A4) and pyen-1-yl radical (A4-1).  455 

   

(a) (b) 

Fig. 13. Concentration of trimers formed by AαALH (CS4+CS6) and PAH + PAH radical (CS9+CS10) pathways. 456 

(a) Pressure dependence calculated with A1C2H/A1-1 ratio of 2195:1. (b) Concentration ratio dependence calculated 457 

with reaction rate coefficients valid at 1 atm. Note that A1C2H and A1-1 represent any PAH with σ-Alkyne substit-458 

uent and PAH radical. The results are calculated within a 0-D reactor. The initial reactants concentration and reac-459 

tion temperature are same for AαALH pathway and PAH + PAH radical pathway.  460 
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One thing we want to emphasize is that the dominant dimers and trimers formed in AαALH are highly sensitive to 461 

reaction temperatures, as shown in Fig. 14. When temperature is below 1000 K, the dominant dimer and trimer are 462 

the radical species like CS2 (black curve in Fig. 14) and CS4 (blue curve in Fig. 14). At higher temperatures, it 463 

becomes the dehydrogenation products CS3 (red curve in Fig. 14) and CS6 (orange curve in Fig. 14). This change 464 

can be attributed to the temperature-dependent lifetime of radical species (CS2 and CS4), as discussed in Fig. 8. A 465 

strong CS3 signal is observed in high-temperature shock tube experiment by Sun et al [81], confirming the com-466 

petiveness of reaction channel CS1 → CS2 and the branching ratio analysis here. The main features of AαALH are 467 

high reaction rate coefficients and non-requirement of radical species (like CS4+A1C2H → CS6), which compen-468 

sates the weakness of short lifetime of radical intermediates (like CS2 and CS4) at high temperature. In addition, 469 

the AαALH is not sensitive to H atom addition reactions as shown in Table S10, where the concentrations of various 470 

species in AαALH keep unchanged when the H atom addition reactions were considered in the calculation. The H 471 

atom addition reactions including H + CS2 -> C6H5-CH=CH-C6H5 and H + CS4 -> C22H18 are assumed to be 472 

irreversible with constant reaction rate coefficient of 1×1014 cm3mol-1s-1.  473 

 474 

Fig. 14. Concentration of dimers (CS2,CS3, CS7, and CS8) and trimers (CS4, CS6, and CS10) formed by AαALH 475 

and PAH + PAH radical pathways. The results are calculated within a 0-D reactor. The reactants are A1C2H and A1-476 

1 with ratio of 2195:1.  477 

 478 

As summarized in Fig. 15, a novel AαALH mechanism was proposed in this work to explain the rapid nucleation 479 

of PCAHs to nascent soot particles. It involves acetylene and PCAHs that are abundant in post-flame zone, forming 480 
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alkyne substituted PCAHs via the HACA mechanism. They are then nucleated or aggregated to radical substituted 481 

PCAHs triggered by a PCAH radical. 482 

 483 

 484 

Fig. 15. Schematic representation of soot inception process. PCAHs quickly nucleate to nascent soot particles via 485 

AαALH mechanism. 486 

 487 

4. Conclusions 488 

Based on theoretical calculations and experimental observations, a new soot nucleation pathway (namely AαALH) 489 

is proposed in this study. The reaction pathways were calculated using DFT/B3LYP/6-311+G(d,p) and 490 

ROCCSD(T)/cc-pVDZ methods. The pressure-dependent reaction rate coefficients, product distribution, and life-491 

time of resonantly stabilized radical were evaluated using RRMK theory by solving master equation. The products 492 

detected in flow reactor experiments confirmed our theoretical results. To evaluate the importance of AαALH, the 493 

efficiency of the proposed AαALH pathway and the typical PAH + PAH radical pathway is compared in a 0-D 494 

reactor. The following conclusions can be made: 495 

The potential energy surfaces revealed that AαALH does not require extra radicals for H-abstraction reactions dur-496 

ing the subsequent soot coalescence reactions once a dimer is formed. The reaction rate coefficients results indicate 497 

that the C2H substitution on PAH molecule has the priority to attack the unsaturated C atom on PAH radical due to 498 
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the enhanced reaction reactivity. The high reaction rate coefficients and relative long lifetime of the resonantly 499 

stabilized radical enable the rapid formation of trimer, although the formation rate coefficients of resonantly stabi-500 

lized radical decreases at low pressure and high temperature conditions. This is supported by the observed mass 501 

peaks at 77 (C6H5), 102 (C8H6), 179 (C14H11), 178 (C14H10), and 280 (C22H16) in prototypical phenyl + phenylacety-502 

lene reaction system. 503 

The possible concentration ratios between PAH and PAH radical were evaluated in premixed CH4 and C2H4 sooting 504 

flames using different PAH mechanisms. As an indicator of different PAH coalescence efficiencies, the trimer for-505 

mation ratio between AαALH and conventional PAH + PAH radical pathways was calculated in the temperature 506 

range of 300 to 2000 K. At flame relevant temperatures (1400-2000 K), the predicted mole fraction of trimers 507 

formed by AαALH is hundreds of times higher than that by conventional PAH + PAH radical pathway. Extending 508 

to engine exhaust manifold and astrochemistry relevant temperatures, AαALH pathway leads to dominance, ~108 509 

higher in trimer concentration compared to conventional pathway.  510 

The high efficiency, thermodynamic preference and abundance of precursors make the AαALH pathway robust in 511 

low-temperature astrochemistry (T < 300 K), mid-temperature engine exhaust manifold (500 K < T < 1100 K) and 512 

high-temperature combustion conditions (T > 1400 K). This finding has important implications to our understand-513 

ing of soot molecular structure and soot growth reactions. 514 
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