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Abstract
Gas-phase reactions of the o-methylphenyl (o-CH3C6H4) radical with the C3H4 isomers allene 

(H2C=C=CH2) and propyne (HCC-CH3) are studied at 600 K and 4 Torr (533 Pa) using VUV 

synchrotron photoionisation mass spectrometry, quantum chemical calculations and RRKM 

modelling. Two major dissociation product ions arise following C3H4 addition: m/z 116 (CH3 loss) 

and 130 (H loss). These products correspond to small polycyclic aromatic hydrocarbons (PAHs). 

The m/z 116 signal for both reactions is conclusively assigned to indene (C9H8) and is the dominant 

product for the propyne reaction. Signal at m/z 130 for the propyne case is attributed to isomers of 

bicyclic methylindene (C10H10) + H, which contains a newly-formed methylated five-membered 

ring. The m/z 130 signal for allene, however, is dominated by the 1,2-dihydronaphthalene isomer 

arising from a newly created six-membered ring. Our results show that new ring formation from 

C3H4 addition to the methylphenyl radical requires an ortho-CH3 group – similar to o-

methylphenyl radical oxidation. These reactions characteristically lead to bicyclic aromatic 

products, but the structure of the C3H4 co-reactant dictates the structure of the PAH product, with 

allene preferentially leading to the formation of two six-membered ring bicyclics and propyne 

resulting in the formation of six and five-membered bicyclic structures.
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1. Introduction

Identifying the key chemical pathways responsible for the formation of fused-ring structures and 

polycyclic aromatic hydrocarbons (PAHs) is required to accurately model soot formation,1-4 

molecular weight growth in the interstellar medium5-6 and planetary atmospheres.7 For PAH 

formation, the progression from the first aromatic ring to bicyclic PAHs is an important step as 

this same ring-expansion process can be replicated to form increasingly larger PAHs.8-10 The 

production of bicyclic aromatics with fused “six-six” membered rings (e.g., naphthalene) versus 

“six-five” membered rings (e.g., indene) influences soot formation by changing the structural 

characteristics of the subsequent PAH products.1,11-13 Specifically, these six-five combinations 

introduce curvature into the PAH, whereas purely six-membered ring structures result in planar 

graphitic sheets. For phenyl radicals (C6H5), the textbook PAH formation process is the hydrogen-

abstraction/C2H2-addition (HACA) framework, which leads primarily to six-membered ring 

formation,14-16 but this is just one contributing mechanism and it is recognized that further insights 

are required to better model the soot formation from the combustion of aromatic fuels – particularly 

involving branched aromatics (e.g., toluene, xylenes, trimethylbenzenes). 

Toluene and other methylated benzenes are major components of typical gasoline fuel blends, 

often included in high concentrations (>30% v/v) due to their high energy density and anti-knock 

rating.17-18 Upon thermal activation, toluene will usually decompose by H atom loss, producing 

the resonance-stabilized benzyl radical (C6H5CH2).18-21 At high temperature conditions (>1200 K) 

other reactive intermediates, including the higher energy o-methylphenyl (o-CH3C6H4) radical 

isomer, are also formed.22-24 Although no direct detection of a methylphenyl radical has been 

reported from such environments, existing chemical models of combustion incorporate the 
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reactions of both benzyl and methylphenyl radicals.25-29 Additionally, through H atom or CH3 loss, 

common during combustion, methylated and other functionalized PAHs could produce larger PAH 

analogues of the methylphenyl radical.30-31 Once generated these radical species can undergo 

subsequent reactions with other hydrocarbons leading to unique product channels. Chemical 

models of soot formation still struggle with aromatic fuels31 although there is significant ongoing 

progress in the area.27-28,32 

Previous studies on the ortho-methylphenyl radical (o-CH3C6H4) + O2 reaction demonstrated that, 

following O2 addition, the o-methylphenyl peroxyl (o-CH3C6H4-OO) structure provides an 

accessible and labile H-atom for intramolecular abstraction by the neighboring peroxyl group, 

ultimately leading to the characteristic products: o-quinone methide (o-CH2=C6H4=O) + OH.33-35 

Similar pathways are inaccessible for the m-methylphenyl (m-CH3C6H4) and p-methylphenyl (p-

CH3C6H4) isomers. Cross-molecular beam single-collision experiments of m- and p-CH3C6H4 

radical reactions with C3H4 and C4H4 show that the methyl substituents are essentially spectators 

to the unimolecular rearrangements after adduct formation,36-39 but no study has investigated the 

effect of an o-methyl group on these or other hydrocarbon growth reactions.

To explore the possible ring-growth pathways of o-CH3C6H4 with small hydrocarbons, we have 

observed its reactions with two C3H4 isomers: propyne (HCC-CH3) and allene (H2C=C=CH2) 

using multiplexed photoionisation (PI) mass spectrometry at 600 K and 4 Torr. This synchrotron-

based technique combines a flow reactor, time-of-flight mass spectrometry, and VUV 

photoionisation to enable the detection of reaction products with kinetic and isomeric resolution. 

We show that the addition reactions of o-CH3C6H4 with allene and propyne result in both H atom 
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and CH3 loss product pathways. Moreover, the major products of these reactions are seen to change 

depending on the C3H4 isomer, favoring the formation of a new six-membered ring for the allene 

case and a new five-membered ring for propyne. Reported reaction pathways are developed with 

quantum chemical calculations and Rice-Ramsperger-Kassel-Marcus master equation (RRKM-

ME) rate theory, supporting our experimental product assignments and confirming the active role 

of the ortho methyl substituent.

2. Experimental

2.1 Multiplexed Photoionisation Mass Spectrometry

Gas-phase experiments were performed using multiplexed photoionisation mass spectrometry40-42 

with VUV synchrotron radiation at the Chemical Dynamics Beamline,40-41,43-45 Advanced Light 

Source (ALS), Lawrence Berkeley National Laboratory, USA. The multiplexed photoionisation 

mass spectrometer comprises a quartz flow tube reactor, differentially pumped vacuum chamber, 

photoionisation source (i.e., synchrotron radiation), and an orthogonal time-of-flight mass 

spectrometer as described in more detail elsewhere.40,43-44 A 650 μm diameter hole, positioned 37 

cm along the tube, allows gas to continuously effuse from the quartz slow-flow reactor into a 

differentially pumped vacuum chamber. This gas is sampled by a skimmer to create a molecular 

beam that is intersected orthogonally by quasi-continuous vacuum-ultraviolet (VUV) synchrotron 

radiation and ions generated here are sampled by a 50 kHz pulsed orthogonal-extraction time-of-

flight mass spectrometer. In the experiments described here, o-iodotoluene (o-CH3C6H4-I), diluted 

in He, is photolyzed in the quartz flow tube at 248 nm by a pulsed KrF excimer laser (4 Hz, ca. 50 
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mJ cm-2), generating o-CH3C6H4 radicals from carbon-iodine bond homolysis thus initiating the 

gas-phase radical chemistry.

All reactions considered here were conducted with the reactor maintained at 600 K and 4 Torr (533 

Pa). The gas flow within the heated reactor was such that a reaction time of 0–50 ms could be 

monitored for a gas flow velocity of 4 m s-1. The o-iodotoluene, C3H4 gas (either allene or 

propyne), and He gas was supplied to the reactor through separate mass-flow controllers resulting 

in a combined flow rate of 50 sccm. The o-iodotoluene sample was entrained in He gas using a 

fritted bubbler with the liquid sample maintained at 19 C (292 K) and under a pressure of 400 

Torr (53 kPa). The resulting vapor pressure of o-iodotoluene was calculated to be 295 mTorr (39.3 

Pa) at 292 K using Antoine parameters derived from Stull.46 The number densities within the 

reactor at 600 K and 4 Torr were 6.2 × 1012 molecule cm-3 for o-iodotoluene, 2.1 × 1016 molecule 

cm-3 of either allene or propyne and 4.3 × 1016 molecule cm-3 for the He buffer gas. The total gas 

flow number density was 6.4 × 1016 molecule cm-3 at 600 K and 4 Torr.

All photoionisation data are normalized to the ALS photocurrent measured with a NIST-calibrated 

photodiode (SXUV-100, International Radiation Detectors Inc.). Ion signal acquired 20 ms before 

laser photolysis is averaged and subtracted from the post-laser signal so that positive ion signal is 

the result of ion signal created as a result of the laser photolysis. The PI spectra presented herein 

are the average of three individual acquisitions normalized over the integral of the spectrum. Mass 

spectra and kinetic traces represent the co-addition of at least three separate acquisitions of at least 

900 laser pulses each.
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For the 1,2-dihydronaphthalene reference PI spectrum, the purity of the sample was confirmed 

with conventional NMR and the spectrum was remeasured using a second commercial sample, 

finding no change in the spectrum (Figure S1).

2.2 Computational Chemistry

Reaction enthalpies and adiabatic ionization energies (AIEs) are calculated from electronic and 

zero-point energies computed in Gaussian 09.47 All reaction enthalpies and barriers were 

calculated using the composite G3X-K method at 0 K.48 The CBS-QB3 method49-51 was used to 

calculate AIEs and relative enthalpies for sets of 78 Da (C6H6), 116 Da (C9H8), and 130 Da 

(C10H10) isomers. Enthalpies are reported in kcal mol-1 and AIE are reported in electron volts (eV). 

Both are calculated with 0 K electronic energies and include the zero-point energy correction. 

Stationary points were classified as either minima (no imaginary frequencies) or saddle points (one 

imaginary frequency). The assignment of a transition state between minima was verified by IRC 

calculations.52

RRKM-ME analysis was performed on both reaction systems using the MultiWell 2020 software 

package.53-55 Geometries, vibrational frequencies and calculated enthalpies for stationary points 

were taken from Gaussian 09 calculations, as described above, and internal degrees of freedom 

were approximated as either harmonic oscillators or hindered rotors. Hindered rotor potentials 

were determined using Fourier analysis of relaxed coordinate scans of the relevant rotor using a 

step size of 20°. Collisional energy transfer was modelled with the biexponential model Edown = 

200 cm-1, as implemented in MultiWell 2020, using He as the collider. The Lennard-Jones 
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parameters used for He were σ = 2.5 Å and ε/kB = 9.9 K, while Lennard-Jones parameters for all 

potential wells were set to σ = 5.92 Å and ε/kB = 410 K (obtained from experimental results from 

toluene).56 The energy grain was 10 cm-1 for all calculations and the number of trials was 107 for 

all simulations. Master equation simulations of these systems were performed at 600 K and 4 Torr, 

in accord with the experimental conditions. 

3. Results and Discussion

3.1 Reaction Products

Figure 1. Mass spectrum at photoionisation energy 9.3 eV showing reaction products (integrated over 0–
50 ms) following photolysis of o-iodotoluene in the presence of (a) allene and (b) propyne at 600 K and 4 
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Torr. Both mass spectra are normalized to the base peak. The base peaks at m/z 92 arise in large part from 
photolysis of the precursor and side reaction and not from the target reaction, as discussed in the text.

Photoionization (PI) mass spectra were recorded where 248 nm photolysis of o-iodotoluene was 

used to generate o-CH3C6H4 radicals in the presence of (a) allene (H2C=C=CH2) or (b) propyne 

(HCC-CH3) as shown in Figure 1. These mass spectra are integrated from 0–50 ms after 

photolysis, and acquired at a synchrotron photon energy of 9.3 eV with a reactor tube temperature 

of 600 K. Within each spectrum, the ion signals at m/z 116 and 130 are attributed to reaction 

products of the o-CH3C6H4 radical (91 Da) with C3H4 and correspond to C3H4 (+40 Da) addition 

with subsequent CH3 loss (-15 Da) and H atom loss (-1 Da), respectively. These product signals 

were undetectable below 450 K, indicating temperature dependent kinetics, consistent with 

positive reaction entrance barriers. At 500 K the same products are detected, and these mass spectra 

are provided in the Supplementary Information (Fig S2).  All analyses herein, however, relate to 

600 K where stronger signal levels were recorded. 

Based on the number density of allene and propyne in the reactor, pseudo-first order rate 

coefficients (k1st) for m/z 116 and m/z 130 growth can (in the absence of a pseudo first-order 

analysis) be used to estimate an upper-bounds for the second-order rate coefficients for the title 

reactions under the 600 K and 4 Torr conditions. These estimates are (2.3 ± 0.3) × 10−14 molecule 

cm3 s−1 for o-CH3C6H4 + allene and (1.7 ± 0.1) × 10−14 molecule cm3 s−1 for o-CH3C6H4 + propyne 

(where uncertainties are simply 1 from the exponential fit). These values are similar in magnitude 

to the values predicted by Vereecken et. al. for phenyl + allene (5 × 10−14 cm3 molecule−1 s−1)57 

and phenyl + propyne (9 × 10−14 cm3 molecule−1 s−1) at 600 K.58 Experiments performed at 421 K 

for phenyl + allene report the k2nd at (5.08 ± 1.07) ×109 cm3 mol−1 s−1 (8.44 ×10−15 cm3 molecule−1 
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s−1).59 These studies also predict that rates of H atom abstraction (i.e., C6H5 + C3H4  C6H6 + 

C3H3) will be at least an order of magnitude slower than radical addition at this temperature.57-58 

The kinetic traces of all labelled ions in Figure 1 are included in the Supplementary Information 

(Figure S3 and Figure S4, Table S1) and this also assists with identifying species not relevant to 

the title reactions.

The mass spectra presented in Figure 1 are consistent with C10H10 + H and C9H8 + CH3 comprising 

the major primary product channels from the o-CH3C6H4 + C3H4 reactions and identifying these 

product isomers and the mechanisms leading to them is the main emphasis of this work (vide infra). 

However, a number of other products are identified in the mass spectra, which we first address 

briefly. Note that these products may arise from a number of processes, including side and 

secondary reactions, wall chemistry, photolysis, and dissociative photoionization. 

For the allene case, side processes lead to the formation of m/z 39, 41 and 78 and this is based on 

their kinetic traces and fitted growth rates as shown in Figure S3 and Table S1. The m/z 39 signal 

is assigned as propargyl (C3H3), presumably a product of 248 nm allene photolysis. Propargyl is 

not a bimolecular reaction product, as the true reaction products at m/z 116 and m/z 130 have 

comparatively slower growth rates (Table S1). Although allene has a relatively low 248 nm 

absorption cross section60 at 298 K, it likely has an elevated cross section at 600 K. It is known 

that propargyl recombines to form m/z 78 and this is in accord with the measured kinetic trace of 

m/z 78 (Figure S3).61 The source of the m/z 41 signal is less clear, but its fast rise appears to indicate 

that it is related to the allene photochemistry (Figure S3, Table S1). Similarly, based on the kinetic 

trace (Figure S4) the m/z 39 signal in Figure 1 (b) appears to arise from side reactions, likely form 
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the 248 nm photolysis of propyne. The decay rate of m/z 39 for both propyne and allene reactions 

is about a magnitude slower than the growth rates of m/z 116 and m/z 130 and therefore not 

assumed to contribute to these products (Table S1).

Besides the addition channel for the o-CH3C6H4 + C3H4 reactions, bimolecular products toluene 

(m/z 92) + propargyl (m/z 39) could be formed by a direct or indirect H-abstraction mechanism. 

Such a mechanism might be expected to proceed in minor amounts based on previous work on the 

phenyl radical.57-58 Unfortunately, here these m/z channels have interference from other processes. 

We have shown previously that the photolysis of o-iodotoluene in the absence of other reactants 

gives rise to m/z 90 and 92;34 thus, the abstraction reaction is obscured in these experiments. 

However, experiments with isotopically labelled propyne-d4 discussed later in the manuscript 

provide evidence that abstraction is only a minor channel. 

Returning to the reaction products of the title reactions, it is evident from the ion intensities shown 

in Figure 1 that, following addition, H atom loss (m/z 130) is favored for the allene case and that 

CH3 loss (m/z 116) is favored for propyne. At 9.3 eV the m/z 116:130 peak ratio for the propyne 

reaction is ca. 4:1 whereas the ratio is ca. 1:5 for the allene case. As discussed later this difference 

in branching ratio implies distinct mechanistic pathways between the two reactions, but first the 

isomeric assignments of m/z 116 and m/z 130 need to be considered. 
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Figure 2. Photoionization spectrum of m/z 116 from o-CH3C6H4+ allene (circles) and o-CH3C6H4+ 
propyne (squares). A reference PI spectrum for an indene sample is shown (solid line) with the known AIE 
also indicated at 8.2 eV.

Figure 2 contains photoionization (PI) spectra associated with the m/z 116 signal from each 

reaction. Both of these traces are well matched to a reference PI spectrum for indene (C9H8, 116 

Da) acquired on the same instrument at 600 K. The match is very close for the propyne reaction, 

where indene is assigned as the primary reaction product, and the signal-to-noise ratio is superior 

to the allene reaction, where indene is formed in lower abundance. The PI signal onset at ~8.1 eV 

agrees with the calculated (8.2 eV) and literature (8.15 eV)62 adiabatic ionization energy (AIE) for 

indene in Table S2. Other plausible isomers are ruled out on the basis of their ionization energy 

and relative stability (Table S2). This information leads us to conclude that indene is the sole m/z 

116 isomer detected between 7.8–9.3 eV for both reactions. 
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For assignment of the m/z 130 product, there are several plausible candidates arising from H atom 

loss from the initial C10H11 adducts. The adiabatic ionization energy (AIE) values and relative 

enthalpies for a set of C10H10 isomers were calculated (Table 1) and out of these isomers, both 2-

propynyl-toluene and 2-propadienyl-toluene are deemed unlikely as they have relative enthalpies 

28 – 32 kcal/mol higher than the lowest energy C10H10 isomer, placing them near the energy of the 

reactants. However, based on relative stability the remaining C10H10 isomers (1,2-

dihydronaphthalene, 1,4-dihydronaphthalene, 1-methylindene, 2-methylindene, and 3-

methylindene) are all plausible candidates, with accessible reaction pathways (vide infra). Aside 

from 1,4-dihydronapthalene (AIE = 8.6 eV), the candidate C10H10 isomers have ionization energies 

in the range of ca. 7.8 – 8.3 eV, complicating their discrimination.

Table 1. Calculated CBS-QB3 AIEs for C10H10 isomers (130 Da) and CBS-QB3 relative enthalpies (ΔHf) 
are provided relative to the lowest energy isomer. 

C10H10 isomer Structures Calculated 
AIE (eV)

Literature
IE (eV)

Relative ΔHf
(kcal mol-1)

1,2-dihydronaphthalene 8.0 8.0 [63] 1.8

1,4-dihydronaphthalene 8.6 8.6 [64] 4.8

2-methylindene 7.8 7.8 [65] 0.5

1-methylindene 8.0 8.14 [66] 0.0

3-methylindene 8.0 8.27 [64]
8.1 [67] 1.5

2-propynyl-toluene 8.3 - 28.0

2-propadienyl-toluene 8.1 - 32.1
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The m/z 130 PI spectrum obtained from each reaction is reported in Figure 3, along with measured 

reference spectra for 1,2-dihydronaphthalene (AIE = 8.0 eV) and 2-methylindene (AIE = 7.8 eV). 

Unfortunately, high-purity samples for 1,4-dihydronaphthalene, 1-methylindene, and 3-

methylindene are difficult to acquire and so reference PI spectra for these isomers are unavailable. 

We also checked the PI spectrum of m/z 130 for both reactions at 500 K, compared with 600 K, 

and the traces are essentially the same (Figure S5). 

Compared to the 1,2-dihydronaphthalene reference spectrum, the m/z 130 PI spectrum for allene 

tracks the reference spectrum well, including at the important onset region, but deviates at photon 

energies ≥8.6 eV. This deviation points to the presence of another isomer with a higher energy 

ionization onset and aligns with the AIE of 1,4-dihydronaphthalene (AIE = 8.6 eV in Ref. 64). 

Thus, we tentatively assign the m/z 130 product signal from the o-CH3C6H4 + allene reaction as a 

mixture of 1,2- and 1,4-dihydronaphthalene.

For the propyne case, the match of m/z 130 signal with the known spectrum for 1,2-

dihydronaphthalene looks rather good at first pass. However, the experimental signal is above 

baseline between 7.8 and 8.0 eV, which is lower than the AIE of 1,2-dihydronaphthalene, 

suggesting the resemblance could be coincidental and/or there are other isomers present. The 

calculated AIE for 2-methylindene (7.8 eV) matches the earlier onset for the m/z 130 PI spectrum 

of o-CH3C6H4 + propyne, as seen in the magnified inset to Figure 3. Although the m/z 130 PI 

spectrum for propyne diverges from the 2-methylindene reference spectrum at around 8.0 eV, this 

could result from the onset due to the presence of 1-methylindene and/or 3-methylindene (both 
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AIE = 8.0 eV). Therefore, we assign the m/z 130 product signal for this reaction as a mixture of 2-

methylindene and one or more other isomers.

 

Figure 3. Photoionization spectrum of m/z 130 from o-CH3C6H4 + allene (circles) and o-CH3C6H4 + 
propyne (squares). A reference PI spectrum for 1,2-dihydronaphthalene (solid purple line) and 2-
methylindene (solid orange line) are shown. The known AIE for 1,4-dihydronaphthalene is indicated at 8.6 
eV.

In summary, signal at m/z 116 can be conclusively assigned as indene for both studied reactions. 

Assignment of products at m/z 130, however, is less certain. For o-CH3C6H4 + allene, where C10H10 

+ H is the major reaction channel, the reaction forms a mixture of 1,2-dihydronaphthalene and 1,4-

dihydronaphthalene. However, these dihydronaphthalene isomers do not appear to be products of 

the o-CH3C6H4 + propyne reaction, where C10H10 + H is a minor reaction channel. In this case, we 

assign 2-methylindene as a C10H10 product with contributions from some other isomer(s). 
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Importantly, these are not unequivocal assignments however, but by comparing the two reactions 

it is clear that CH3 loss to yield indene is favored for the propyne reaction whereas H atom loss to 

form dihydronaphthalene isomers is favored for the allene reaction. To develop a rationale for 

these differences, and provide more insight into the product assignment, the reaction mechanisms 

are required and therefore the potential energy landscapes for both reactions will now be discussed. 

3.2 Reaction Mechanisms

To develop a mechanism consistent with the experimental results, and in return provide insight 

into unresolved assignments of the product detection experiments, enthalpies for key intermediates 

and transition states were calculated for both o-CH3C6H4 + allene and o-CH3C6H4 + propyne 

reactions using the G3X-K method. From previous studies on ortho-substituted phenyl radical 

oxidation,34-36 we expect that the ortho-substituent will influence the mechanism and the final 

product distribution compared to the analogous phenyl + C3H4 reactions. 

In the schemes reported below, A denotes stationary points from o-CH3C6H4 + allene, P for 

reactions with propyne, and C for stationary points common to both C3H4 reactions. All 0 K 

enthalpies are reported in kcal mol−1 relative to o-CH3C6H4 + allene (A0). Starting with Figure 4,  

two adducts are formed from o-CH3C6H4 + propyne (P0, −0.2 kcal mol−1), with enthalpies at −40.7 

kcal mol−1 for adduct P1 and −35.7 kcal mol−1 for adduct P2. Isomerization between P1 and P2 is 

mediated by P3 (−16.0 kcal mol−1). If adduct P1 is formed, rearrangement and decomposition 

leads to indene + CH3 (C4) via first a 1,5-H atom shift (TS P1→P4 −37.8 kcal mol−1), then 

cyclisation (TS P4→P5, −30.1 kcal mol−1) and finally CH3 loss to form indene with a reaction 

enthalpy of −43.4 kcal mol−1. Alternatively, from P5, H-atom loss can produce 2-methylindene + 
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H (C7) via a transition state at −32.9 kcal mol−1, which is 4.9 kcal mol−1 higher in energy than TS 

P5→C4. This higher H atom loss barrier is consistent with the favored loss of CH3 observed 

experimentally for o-CH3C6H4 + propyne (Fig. 1). Adduct P1 forms following the lower barrier 

for propyne addition and is therefore expected to be the major entrance channel, suggesting the 

m/z 130 product for the propyne case is 2-methylindene based on the exclusivity of the end product 

of this pathway. The direct H-atom abstraction from o-CH3C6H4 produces toluene (C6) and the 

propargyl radical at −21.5 kcal mol−1 but appropriate treatment of this abstraction pathway, and 

the barrier along this coordinate, would require a more detailed computational investigation that is 

outside the scope of this study. Experimentally we observe ion signals consistent with this H-atom 

abstraction mechanisms for both reactions (m/z 39 and m/z 92 in Figure 1), although, as discussed 

above, there are several side processes that will also produce these signals.

Figure 4. Potential energy schematic for the o-CH3C6H4 + propyne reaction starting at P0. Adduct 
formation and isomerization between adduct P1 and adduct P2 is included, and the remaining scheme 
follows the lowest addition barrier pathway via adduct P1. P denotes stationary points unique to o-
CH3C6H4 + propyne and C stationary points common to both C3H4 reactions. G3X-K 0 K enthalpies 
reported in kcal mol−1 relative to o-CH3C6H4 + allene (A0).
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To test the Figure 4 mechanism, the o-CH3C6H4 + propyne reaction was repeated with propyne-d4 

(44 Da) and the resulting PI mass spectrum is shown in Figure 5. Two products are detected at m/z 

117 and 134 and, accordingly, the m/z 117 product ion (+1 Da shift from m/z 116) is consistent 

with CD3 loss to form C9H7D (and the small m/z 118 signal is the expected natural 13C-

isotopologue of C9H7D). The m/z 134 product is consistent with H loss from the adduct to form 

C10H6D4. These pathways are included in the scheme in Figure 5 and in agreement with the 

mechanism in Figure 4. The lack of observed H/D scrambling indicates that these H/CD3 loss 

mechanisms are rather direct, leaving little opportunity for H/D exchanges between the CH3 group 

and the deuterated propyne chain. 

Deuteration also allows us to monitor the direct H-abstraction pathway for this reaction as the D-

abstraction from propyne-d4 by o-CH3C6H4 would generate singly deuterated toluene at m/z 93 

(shifted away from the m/z 92 background signal). The signal at m/z 93 in Figure 5 is a mixture of 

the 13C-isotopologue of the background m/z 92 signal and the deuterated toluene adduct. Although 

the m/z 93 peak is not time resolved, the signal is 2.5% larger in ion intensity compared to the 

expected 13C-abundance of o-iodotoluene and this may point to a small product signal resulting 

from D-abstraction by o-CH3C6H4. For the propyne case, the direct abstraction pathway appears 

to be minor under these conditions even accounting for the kinetic isotope effect in the labelling 

experiment.
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Figure 5. Product PI mass spectrum at 9.325 eV integrated over 0–50 ms after photolysis of o-iodotoluene 
in the presence of propyne-d4 (44 Da) at 600 K. The ions at m/z 42 and 117 were assigned as isotopologues 
of the propargyl radical (C3D3) and indene (C9H7D). The mass spectrum is normalized to the base peak.

Returning to the calculations, now for the allene reaction, Figure 6 shows the formation of the two 

adducts from o-CH3C6H4 + allene (A0) located at −36.1 kcal mol−1 (=CH2 addition, adduct A1) 

and −59.1 kcal mol−1 (=C= addition, adduct A2). Isomerization between adducts A1 and A2 is via 

A3 (−24.7 kcal mol−1). Pathways leading to the formation of 1,2-dihydronaphthalene + H (A8, 

−34.6 kcal mol−1) and 1,4-dihydronaphthalene + H (A9, −31.7 kcal mol−1) commence with a 1,5 

H-atom shift via TS A1→A4 (−24.1 kcal mol−1), the cyclisation from A4 to form the 1,2,4-

trihydronaphthalen-3-yl radical (A5, −63.0 kcal mol−1) followed by subsequent H-atom loss 

forming either A8 (1,2-dihydronaphthalene) or A9 (1,4-dihydronaphthalene). Recall that from the 

experimental results in Figure 3, the m/z 130 PI spectrum for the allene reaction, the assignment 

of 1,2-dihydronaphthalene was based on the fit to a reference spectrum up to ca. 8.6 eV, where the 

deviation from the reference suggests the presence of the 1,4-dihydronaphthalene isomer. The 

production of both 1,2- and 1,4-dihydronaphthalene is supported by the mechanism in Figure 6, 

where pathways to both end products are accessible and competitive.
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Figure 6. Potential energy schematic for the o-CH3C6H4 + allene reaction starting from A0. Adduct 
formation and isomerization between adduct A1 and adduct A2 is included, and the scheme follows the 
lowest addition barrier pathway via A1. A denotes stationary points unique to the o-CH3C6H4 + allene 
reaction and C stationary points common to both C3H4 reactions. G3X-K 0 K enthalpies reported in kcal 
mol−1 relative to o-CH3C6H4 + allene (A0).

There are other pathways to these products. A cyclisation and rearrangement process from A4 

(A4→A7→A10→A6) or a 1,2-H atom shift from A5 (A5→A6), forms the A6 intermediate, which 

dissociates to exclusively form 1,2-dihydronaphthalene + H, which could add to the yield of 1,2-

dihydronaphthalene relative to 1,4-dihydronaphthalene. Quantitative insight will come from the 

RRKM-ME calculations below, however even at this point it is apparent that the allene reaction 

pathways favor H atom loss, and this is in accord with the experimental results (Figure 1a).  

Figure 7 shows the alternative addition pathways for propyne (adduct P2) and allene (adduct A2), 

which lead to a common intermediate (C1, −58.2 kcal mol−1) and so after this point the mechanism 

is shared. Cyclisation of C1 produces C2 (−75.2 kcal mol−1), via TS C1→C2 (−34.2 kcal mol−1) 

then produces 3-methylindene + H (C5). Previous studies report that 3-methylindene and 1-

methylindene readily isomerize at 600 K,68-69 so both isomers would result by this pathway in our 

experiment. 
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The 3-methylindene (C5) product is also formed from C3 following a 1,2-H atom shift from C2. 

Alternatively, C3 may eliminate CH3 to form indene (C4). The likely rate limiting step for CH3 

loss is the C2→C3 1,2-H atom shift, which is 6 kcal mol−1 higher than direct H atom loss from 

C2. Therefore, indene + CH3 production from C1 is predicted to be minor, but non-zero, and is 

nevertheless assigned as the pathway responsible for the small indene + CH3 signal observed for 

the allene experiments. Based on entrance barrier energetics, however, it is expected that flux 

through C1 will be overall minor compared to the formation of either P1 or A1. 

Figure 7. Potential energy schematic for isomerization between adduct A2 and adduct P2. The reaction 
mechanism following the formation of the interconnected intermediate is identical after this point for both 
reactions. G3X-K 0 K enthalpies are reported in kcal mol-1 relative to o-CH3C6H4 + allene (A0).

Based on these potential energy schemes, the majority of the H atom loss product for the allene 

case is assigned as a mixture of 1,2-dihydronaphthalene and 1,4-dihydronaphthalene. As the 

potential energy scheme in Figure 7 shows, it is possible that some of the m/z 130 signal originates 

from the formation of 3-methylindene (and, as noted above, some subsequent thermal 

isomerization to 1-methylindene at 600 K), however, as 3-methylindene has a similar AIE to 1,2-

dihydronaphthalene (both ~ 8.0 eV) this assignment cannot be verified experimentally. For o-

CH3C6H4 + propyne, the signal at m/z 130 (corresponding to H atom loss) is plausibly a 
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combination of 1-, 2-, and 3-methylindene. The PI spectrum for m/z 130 does exhibit an onset at 

7.8 eV, consistent with the AIE of 2-methylindene. No plausible mechanism leading to “six-six” 

bicyclic ring formation was identified for the o-CH3C6H4 + propyne reaction. From P4, two H 

transfers are required to isomerised into A4, which is a mechanism leading to the formation of a  

bicyclic structure. The rate limiting transition state for this pathway, however, lies +9.5 kcal/mol 

above the energy of the separated reactants (as shown in Figure S8) and therefore this pathway is 

uncompetitive. To extract more insight from these calculations, RRKM-ME modelling was 

performed using these stationary points.

3.3 RRKM Analysis

To improve on the predictions based on potential energy schemes, we examined the kinetics of 

both reactions with RRKM-ME simulations as implemented in the MultiWell program.51 These 

simulations predict branching ratios for each available product set, as well as the formation of 

stabilized C10H11 adducts. Two sets of model runs were required for each reaction, starting at each 

of the two initial adducts (adduct P1 or adduct P2 for the propyne case and adduct A1 or adduct 

A2 for the allene case – structures of these adducts are in Figure 4 and 6). As small errors in the 

enthalpies can result in large deviations in the predicted branching ratio, the G3X-K method was 

used for all stationary points.48 An accurate method is particularly important for the reliable 

determination of key competing channels, such as between adduct A1 and adduct A2. All 

stationary points in the simulation for each reaction are included in the Electronic Supplementary 

Information (Figures S6 and S7). The H-abstraction pathway was not included in these 

simulations. Table 2 lists the branching ratio results of these calculations depending on the starting 

adduct. 
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Table 2. Calculated product branching ratios for the reaction of o-CH3C6H4 + propyne and o-CH3C6H4 + 
allene at 600 K and 4 Torr. Simulated loss channels are also broken down into their respective product 
isomers – indene for CH3 loss and 3-methylindene, 2-methylindene, 1,2-dihydronaphthalene and 1,4-
dihydronaphthalene for H atom loss. 

When P1 is the starting adduct, the majority of product signal is predicted to be indene + CH3 

(89%), with a minor contribution originating from H atom loss (2%) – comprising 3-methylindene 

(1%) and 2-methylindene (1%). In contrast, simulations from adduct P2 predict that CH3 loss is 

minor (2%), and 3-methylindene + H will dominate (98%). When adduct A1 is the starting point, 

no CH3 loss product is predicted whereas H atom loss again dominates at 94%, comprising 1,2-

dihydronaphthalene (58%) and 1,4-dihydronaphthalene (35%). Similar to adduct P2, branching 

from adduct A2 has a minor contribution from CH3 loss (4%) and H atom loss dominates with 3-

methylindene and 1-methylindene products (96%). 

To estimate the branching ratio for each reaction, the integrated densities of states for the 

corresponding transition states leading to adduct formation were compared at an activation energy 

of 18 kcal mol-1 (the estimated internal energy of A0 at 600 K). The result of this is that 72% of 

propyne addition leads to adduct P1 and 28% to adduct P2, while 70% of allene addition forms 

adduct A1 and 30% forms adduct A2. Absolute branching ratios were then determined by 

Starting Adduct P1 P2 A1 A2

Fragmentation Channel Branching 
Ratio (%)

Branching 
Ratio (%)

Branching 
Ratio (%)

Branching 
Ratio (%)

None (adduct) 10 0 6 0
H atom loss 2 98 94 96

3-methylindene 1 98 0 96
2-methylindene 1 0 0 0

1,2-dihydronaphthalene 0 0 58 0
1,4-dihydronaphthalene 0 0 35 0

CH3 loss 89 2 0 4
Indene 89 2 0 4
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normalizing the calculated branching ratios in Table 2 to the calculated partition between the two 

entrance channels for each reaction. The results for this comparison are shown in Table 3. To 

explore the effect of small differences in the calculated energies, the two initial transition states 

for each reaction were varied by 1 kcal/mol (the mean error for the G3X-K method) and the change 

in the resulting branching ratios recalculated. For the propyne case, the branching ratios  72 (P1) 

and 28 (P2) change to 87 (P1) and 13 (P2). Whereas for the allene reaction the branching ratios 

70 (A1) and 30 (A2) change to 86 (A1) and 14 (A2). These differences are up to 16%.

Table 3. Calculated branching ratios for the o-CH3C6H4 + propyne and o-CH3C6H4 + allene reactions. 
Absolute branching ratios are estimated by partitioning the branching ratios for adduct P1 and adduct P2 
or adduct A1 and adduct A2 based on the integrated densities of states for the transition states leading to 
the initial adducts.

Overall, comparing the calculated branching ratios, the o-CH3C6H4 + propyne reaction is predicted 

to produce indene + CH3 in much higher yields compared to o-CH3C6H4 + allene (65% vs 1%), 

consistent with the experimental findings. For the propyne case the predicted H atom loss 

branching ratio is 29% mostly arising via the formation of 3-methylindene (28%). A small portion 

of this H atom loss channel is predicted to form 2-methylindene (<1%). Therefore, the majority of 

the H atom loss products (m/z 130) from o-CH3C6H4 + propyne are assigned as a mixture of 3-

methylindene (and thus some 1-methylindene from thermal isomerization), while a smaller 

Fragmentation Channel o-CH3C6H4 + Propyne 
Branching Ratios (%)

o-CH3C6H4 + Allene   
Branching Ratios (%)

None (adduct stabilized) 7 4
H atom loss 29 95

3-methylindene 28 29
2-methylindene <1 0

1,2-dihydronaphthalene 0 41
1,4-dihydronaphthalene 0 25

CH3 loss 65 1
Indene 65 1
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fraction is predicted to form 2-methylindene resulting in the onset at 7.8 eV as seen in Figure 3. In 

agreement with the assignment from section 3.2, RRKM-ME calculations for o-CH3C6H4 + allene 

predict the majority of the H atom loss signal at m/z 130 originates from the formation of 1,2-

dihydronaphthalene (41%). The 3-methylindene is the product with the next highest yield (29%), 

closely followed by 1,4-dihydronaphthalene (25%). Ideally, experimental branching ratios would 

be in hand to compare with RRKM-ME calculations; however, this requires accurate 

photoionisation cross sections for each product isomer obtained from pure reference samples 

which are currently not available. 

To summarize, the CH3 loss channel (m/z 116) is assigned as indene for both reactions it is a major 

product for the propyne reaction and only a minor product in the allene reaction. The H atom loss 

channel (m/z 130) dominates for the allene case forming a mixture of 1,2-dihydronaphthalene, 1,4-

dihydronaphthalene, and 3-methylindene.  RRKM-ME simulations of this reaction indicate that 

1,2-dihydronaphthalene is the dominant H atom loss product constituting 41% of the total ion 

signal. Combined with the predicted 1,4-dihydronaphthalene branching ratio (25%), these 

simulations suggest that 66% of products from the o-CH3C6H4 + allene reaction form a new six-

membered ring, a six-six bicyclic PAH. For the propyne reaction the H-atom loss channel is 

relatively minor, forming a mixture of 1-, 2-, and 3-methylindene. RRKM-ME simulations suggest 

that the 3-methylindene formation pathway dominates, although all of these products contain a 

new five-membered ring, these are six-five bicyclic PAHs. Therefore, it is clear that the allene + 

o-CH3C6H4 reaction favors the formation of a new six-membered ring while for the propyne + o-

CH3C6H4 reaction, formation of a new five-membered ring instead dominates. A previous study 

investigating the reaction of p-CH3C6H4 with allene and propyne found a shared general 
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mechanism for both reactions: H loss to 6-methyl-1H-indene and 5-methyl-1H-indene.37 Similarly, 

for the phenyl radical previous studies indicate that reactions with allene and propyne both produce 

indene as the major product.70-71 This difference in the present study directly results from the 

presence of the ortho methyl substituent, which alters the reaction mechanism and thus leads to 

distinct major products across both reactions. Together these results indicate that the molecular 

configuration of the hydrocarbon reactant can alter the formation of the second aromatic ring and 

reinforces previous studies which suggested that an ortho-methyl substituent influences the 

reaction mechanism and changes the final product distribution.

4. Conclusions

VUV-synchrotron photoionisation mass spectrometry conducted at the ALS revealed two major 

product mass channels, m/z 116 and 130 from o-CH3C6H4 radical reactions with allene and 

propyne consistent with CH3 and H-atom loss and bicyclic ring formation. The m/z 116 product 

from both reactions is conclusively assigned to the bicyclic species indene (C9H8) by comparing 

experimental PI spectra to reference PI spectra for indene. Experiments with propyne-d4 indicate 

the CH3 fragment loss originates from the propyne reactant and the H fragment loss originates 

from the methyl substituent, supporting the calculated mechanisms. The m/z 130 product 

branching ratio differs for allene and propyne reactions and is favored for the allene case. For 

propyne reactions, m/z 130 signal is assigned to the formation of mostly 3-methylindene, while a 

small proportion of 2-methylindene formation results in the shifted onset of the m/z 130 PI 

spectrum for this reaction. On the other hand, the m/z 130 signal for the allene reaction is attributed 

to photoionisation of 1,2-dihydronaphthalene, 1,4-dihydronaphthalene, 1-methylindene, and 3-

methylindene, although 1,2-dihydronaphthalene likely represents the dominant fraction of the 
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product ion signal. Together these results suggest that the o-CH3C6H4 + allene reaction favors the 

formation of a six-membered ring leading to fused “six-six” bicyclic rings, while the formation of 

a five-membered ring instead dominates for the o-CH3C6H4 + propyne reaction leading to fused 

“six-five” bicyclic rings – thus demonstrating that by only changing the reactant isomer the 

branching ratio between five- and six-membered ring growth, one of the primary factors 

influencing PAH formation, can be altered.

5. Supporting Information
 Photoionisation spectra of second 1,2-dihydronapthalene sample.

 Product mass spectra of allene + o-CH3C6H4 and propyne + o-CH3C6H4 at 600 K and 500K.

 Kinetic traces and derived first-order rate coefficients of major m/z channels for both 

reactions at 600 K.

 Calculated CBS-QB3 adiabatic ionization energies and relative enthalpies for possible 

C9H8 product isomers.

 Photoionisation spectra of m/z 130 for allene + o-CH3C6H4 and propyne + o-CH3C6H4 at 

600 K and 500K.

 Complete potential energy schemes used for the RRKM-ME simulations of allene + o-

CH3C6H4 and propyne + o-CH3C6H4.

 PI spectra of the m/z 39, m/z 41 and m/z 78 signals in the allene + o-CH3C6H4 reaction.
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