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Reactivity of the Indenyl Radical (C9H7) with Acetylene (C2H2) and 

Vinylacetylene (C4H4) 

Long Zhao,[a] Matthew B. Prendergast,[a] Ralf. I. Kaiser,[a],* Bo Xu,[b] Wenchao Lu,[b] Utuq Ablikim,[b] 

Musahid Ahmed,[b]* Artem D. Oleinikov,[c] Valeriy N. Azyazov,[c] Alexander M. Mebel,[c,d],* A. Hasan 

Howlader,[d] Stanislaw F. Wnuk[d] 

 

Abstract: The reactions of the indenyl radicals with acetylene (C2H2) 

and vinylacetylene (C4H4) is studied in a hot chemical reactor 

coupled to synchrotron based vacuum ultraviolet ionization mass 

spectrometry. These experimental results are combined with theory 

to reveal that the resonantly stabilized and thermodynamically most 

stable 1-indenyl radical (C9H7
•) is always formed in the pyrolysis of 1-, 

2-, 6-, and 7-bromoindenes at 1500 K. The 1-indenyl radical reacts 

with acetylene yielding 1-ethynylindene plus atomic hydrogen, rather 

than adding a second acetylene molecule and leading to ring closure 

and formation of fluorene as observed in other reaction mechanisms 

such as the hydrogen abstraction acetylene addition or hydrogen 

abstraction vinylacetylene addition pathways. While this reaction 

mechanism is analogous to the bimolecular reaction between the 

phenyl radical (C6H5
•) and acetylene forming phenylacetylene 

(C6H5CCH), the 1-indenyl + acetylene → 1-ethynylindene + 

hydrogen reaction is highly endoergic (114 kJ mol-1) and slow, 

contrary to the exoergic (-38 kJ mol-1) and faster phenyl + acetylene 

→ phenylacetylene + hydrogen reaction. In a similar manner, no ring 

closure leading to fluorene formation was observed in the reaction of 

1-indenyl radical with vinylacetylene. These experimental results are 

explained via rate constant calculations based on theoretically 

derived potential energy surfaces. 

Introduction 

Resonantly Stabilized Free Radicals (RSFR) have been 

implicated in high temperature and pressure environments 

prevalent in combustion and astrochemical systems. These 

RSFR’s can lead to molecular growth, and polycyclic aromatic 

hydrocarbon formation upon reaction with hydrocarbons 

prevalent in such environments.[1] While much attention has 

been paid to smaller RSFR’s such as the propargyl and allyl 

radicals, there is paucity in formation of and further growth from 

larger radicals such as indenyl. This is surprising since  the 

indene molecule (C9H8) itself has received considerable 

attention from the combustion and physical (organic) chemistry 

communities[2] as a potential building block of non-planar 

polycyclic aromatic hydrocarbons (PAHs) such as corannulene 

(C20H10) – a precursor to fullerenes such as C60 and C70 

(Scheme S1 in Supplementary Information).[3] Moreover, the 

RSFR’s containing five-membered rings like indenyl have been 

speculated as the driving force for PAH nucleation leading 

eventually to the formation of soot particles.[1]  

Indene – the prototype of an aromatic compound carrying one 

six- and one five membered ring - has been identified in sooting 

flames of non-aromatic hydrocarbon-based fuels like methane 

(CH4),[4] ethane (C2H6),[5] acetylene (C2H2),[6] propene (C3H6),[7] 

n-butane (C4H10),[8] 1,3-butadiene (C4H6),[9] as well as in 

aromatic fuels such as benzene (C6H6),[10] toluene (C7H8),[6, 11] 

styrene (C8H8),[10] ethylbenzene (C8H10),[10] and xylenes 

(C8H10).[10, 12] Recently, indene formation was proposed to also 

involve methyl radical (CH3
•) reactions with toluene (C7H8) 

followed by cyclization and dehydrogenation of the initial 

collision complex.[2i] The results from pyrolysis of 

cyclopentadienyl (C5H5) as conducted by Mulholland and 

coworkers[12a] were explained by Wang et al[13] theoretically. 

They showed that intra molecular addition pathways dominate at 

low temperatures resulting in indene formation with higher 

branching ratios than those of naphthalene (C10H8) and benzene 

(C6H6). Marinov et al. conducted flame tests with n-butane and 

detected indene as well.[8] Formation of (methylated) indene 

through the reactions of the C3H4 isomers allene (H2CCCH2) and 

methylacetylene (CH3CCH) with (methyl substituted) phenyl 

radicals (C6H5
•) (Scheme S2 in Supplementary Information) has 

been reported,[2g, 2h, 14] while indene was also formed via a 

directed synthesis through benzyl radical (C6H5CH2
•) reactions 

with acetylene (C2H2).[2f, 2g] 

However, the further PAH growth beginning from indene has 

remained largely unexplored as experimental studies of the 

reactivity of indenyl radicals (1H-inden-1-yl, C9H7
•) have been 

limited to its reaction with singlet carbene (CH2),[15] the 

barrierless recombination with a hydrogen atom (H) to indene,[15] 

the reaction with the hydroperoxy radical (HO2) forming indenoxy 

radical (C9H7O•) plus hydroxyl radical (OH•),[16] and the reaction 

with acetylene (C2H2) leading to a C9H7CHCH complex via a 
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barrier to addition of about 54 kJ mol-1.[17] Spectroscopic 

investigations of indenyl radicals are even sparser. Using 

electron impact ionization, Pottie and Lossing[18] deduced an 

adiabatic ionization energy (AIE) of the 1H-inden-1-yl as 8.35 eV 

while a vacuum ultraviolet (VUV) photoionization study by 

Fischer et al[19] determined the AIE to be 7.53 eV and identified 

an excited 3B2 state of the cation at 8.10 eV. Another VUV  study 

reports the AIE of 7.48 eV[20]  and an estimate for the enthalpy of 

formation of the neutral radical ΔfH°0K of 249 ± 50 kJ mol-1.[21] 

Hydrogen abstraction – acetylene addition (HACA) and 

hydrogen abstraction – vinylacetylene addition (HAVA) 

mechanisms have been implicated in combustion environments 

to drive aromatic ring formation and a stepwise growth of larger 

PAH. For instance, starting with the phenyl radical (C6H5
•), the 

HACA sequence leads in successive reactions with acetylene 

(C2H2) to naphthalene (C10H8) at elevated temperatures 

(Scheme 1).[22] In a similar manner, phenyl radical derivative 

reactions with vinylacetylene (C4H4) revealed a de-facto barrier-

less reaction to (methyl substituted) naphthalene (C10H8) along 

with atomic hydrogen (H) via the HAVA pathway (Scheme 1).[23]  

 

Scheme 1. Naphthalene formation via the hydrogen abstraction-acetylene 

addition (HACA) route (red) and the hydrogen abstraction – vinylacetylene 

addition (HAVA) pathway (blue). Pathways color coded in blue and red have 

no entrance barrier or a barrier to addition, respectively. 

Here, we explore to what extend the concepts of the HACA and 

HAVA pathways can be exported to molecular mass growth 

processes from indenyl radicals under combustion-like 

conditions. This requires an intimate understanding of the 

formation and isomerization of indenyl radicals and also of the 

reactivity of indenyl radicals with simple, but ubiquitous hy-

drocarbon reactants such as acetylene (C2H2) and 

vinylacetylene (C4H4). In this work, we report first on the initial 

generation of 1-indenyl radicals (C9H7
•) exploiting synchrotron-

based photoionization – reflectron time of flight mass 

spectrometry.[24] Thereafter, we explore the reactivity of the 1-

indenyl radical with acetylene (C2H2) and vinylacetylene (C4H4) 

as a possible first step leading to a growth of PAHs carrying a 

five-membered ring starting with inden(yl) species. 

Results and Discussion 

Computational Results 

Our computations reveal that the C2v symmetric and RFSR 

species 1-indenyl (C9H7
•; 2A2) represents the thermodynamically 

most stable isomer of the indenyl family (Figure 1). The 2- and 

3-indenyl radicals, which can be formally derived from hydrogen 

abstraction processes from the CH moiety at the C2 and C3 

atom of the indene molecule at the cyclopentadiene ring are less 

stable by 144 and 145 kJ mol-1 due to the lack of resonance 

stabilization of the resulting radical. Likewise, the aryl-type 4-, 5-, 

6-, and 7-indenyl radicals are less stable by 133, 132, 133, and 

132 kJ mol-1 compared to the 1-indenyl radical. This results in 

carbon-hydrogen (C-H) bond strengths of 327, 471, 471, 460, 

459, 460, and 459 kJ mol-1 to form the corresponding 1- to 7-

indenyl radicals from the indene molecule. The corresponding 

AIEs for the 1- to 7-indenyl radicals were determined to be 7.40 

eV, 7.97 eV, 7.95 eV, 7.67 eV, 7.83 eV, 7.89 eV, and 7.66 eV. 

At the level of theory applied, the computed ionization energies 

are typically 0.05 eV to 0.15 eV lower compared to 

experimentally determined benchmarks.[25] Considering these 

corrections, the computed AIE of 1-indenyl of 7.40 eV agrees – 

after correction to 7.45 eV to 7.55 eV - exceptionally well with 

the experimentally determined values of 7.53 eV (Fischer et 

al.[19]) and 7.48 eV (Qi et al.[20]). 

With respect to the reaction of the indenyl radicals with 

acetylene via an acetylene addition – atomic hydrogen 

elimination pathway to synthesize distinct ethynylindene isomers 

(Figure 1), we computed overall reaction energies of +114, -58, -

57, -43, -39, -40, and -42 kJmol-1 synthesizing the 1-

ethynylindene to 7-ethynylindene isomers, respectively, with 

barriers to addition of the radical center of the indenyl radical to 

the carbon-carbon triple bond of the acetylene molecule to be 60, 

12, 11, 12, 14, 13, and 13 kJ mol-1, respectively. Note that the 

strongly endoergic reaction of the 1-indenyl radical with 

acetylene yielding 1-ethynylindene plus atomic hydrogen can be 

associated with the loss of the resonance stabilization energy of 

the 1-indenyl radical upon formation of 1-ethynylindene. AIE’s of 

1-ethynylindene to 7-ethynylindene isomers were computed to 
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be 8.13 eV, 7.85 eV, 8.06 eV, 8.02 eV, 8.06 eV, 7.88 eV, and 

8.11 eV, which are once again expected to be 0.05 eV to 0.15 

eV lower than the actual AIE’s. Wentrup et al. determined the 

vertical ionization energy (VIE) of the 2-ethynylindene isomer to 

be 8.04 eV, which is close to the computed VIE of 7.99 eV.[26] 

 

Figure 1. Acetylene addition to distinct indenyl radicals leading to the 

corresponding ethynylindene isomers. 

 

Figure 2. Calculated potential energy diagram for the 1-indenyl plus acetylene 

reaction. All relative energies are shown in kJ mol-1. 

The potential energy diagram for the reaction of 1-indenyl with 

acetylene is illustrated in Figure 2. The reaction with acetylene, 

after the formation of the initial addition complex i1’, proceeds 

either by a hydrogen atom loss to the endoergic product 1-

ethynylindene via a barrier of 135 kJ mol-1 relative to the 

reactants or by the formation of a four-member ring in i2’ 

followed by the expansion of fused five- and four-member rings 

producing intermediate i3’ residing in a deep potential well (-191 

kJ mol-1) and containing joined six- and seven-member rings. It 

can be anticipated that the ultimate reaction outcome, i.e. the 

formation of the 1-ethynylindene + hydrogen bimolecular product 

versus collisional stabilization (thermalization) of i3’ should 

strongly depend on the reaction temperature and pressure. 

Figure 3 illustrates the potential energy diagram of 

representative channels for the 1-indenyl + vinylacetylene (C4H4) 

reaction. Vinylacetylene can add to 1-indenyl by either vinylic 

(C1 carbon) or acetylenic (C4 carbon) ends forming 

intermediates i1 and i2 via barriers of 39 and 41 kJ mol-1, 

respectively. Next, hydrogen eliminations from the initial 

complexes can produce products 1-((E)-but-1-en-3-ynyl)-1H-

indene (p1) and 1-(but-3-en-1-ynyl)-1H-indene (p2) endoergic 

by 115 and 111 kJ mol-1, respectively, via 12-13 kJ mol-1 exit 

barriers. Since the addition of vinylacetylene by the H2C= end 

has been shown to be more favorable for the formation of an 

additional six-member ring, for instance in the phenyl + 

vinylacetylene reaction,7 here we researched pathways for the 

ring closure leading to the exoergic products fluorene (p3) and 

1H-cyclopenta[a]naphthalene (p5) beginning from the 

intermediate i1. The extra ring formation process begins with 

1,3-H migration from the attacked carbon in the five-member 

ring to the -C atom in the side chain producing i3 via a 

transition state lying 98 kJ mol-1 above the initial reactants. Two 

reaction channels are found beginning with i3. The first one 

starts with a 1,2-H shift in the five-member ring to i4, continues 

via a facile six-member ring closure giving i5 and another 1,2-H 

shift from the CH2 group to the bare carbon atom in the newly 

formed ring producing i6, and completes by an atom loss from 

the CH2 moiety in the new six-member ring forming fluorene p3 

as the final product. The first step on this pathway, the hydrogen 

migration within the five-member is critical as it proceeds via the 

highest barrier, with the corresponding transition state residing 

as high as 213 kJ mol-1 above 1-indenyl + vinylacetylene. The 

alternative channel from i3 involves more steps but is more 

favorable energetically. It begins with five-member ring closure 

leading to a spirane-like intermediate i7 via a relatively low 

barrier (9 kJ mol-1 above the reactants). Next, i7 features a 1,2-H 

shift in the new five-member ring forming another, much more 

stable spirane intermediate i8 and the latter rearranges to a 

tetracyclic intermediate i9 containing one six-, two five-, and one 

three-member fused rings. Ring expansion in i9 can go in two 

different ways, to i10 where the five-member ring in the middle 

and the three-member ring form a new six-member ring or to i11 

in which a new six-member ring forms in the vicinal position from 

the vicinal five-member and three-member rings. The 

intermediate i10 dissociates to the 1H-cyclopenta[a]naphthalene 

p5 product by hydrogen loss, whereas i11 is subjected to an 

additional 1,2-H shift step to i6, which in turn decomposes to 
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fluorene. In addition to the formation of highly exoergic fluorene 

(-173 kJ mol-1) and 1H-cyclopenta[a]naphthalene (-136 kJ mol-1), 

the reaction channel via i7 can also give a slightly exoergic 

product p4 (benzospirane, -12 kJ mol-1) and endoergic p6 (+16 

kJ mol-1) by hydrogen atom eliminations from i8 and i11, 

respectively. The rate-limiting step on the pathway involving i7 is 

i7 → i8 with the transition state lying 132 kJ mol-1 higher in 

energy than 1-indenyl + vinylacetylene. As compared to the 

straightforward hydrogen loss path to form p1, the channel 

producing fluorene (-173 kJ mol-1) and 1H-

cyclopenta[a]naphthalene features a slightly higher critical 

barrier (132 vs. 128 kJ mol-1) and also is much less favorable in 

terms of the high entropy demands. Therefore, it can be 

anticipated that the 1-indenyl plus vinylacetylene reaction is 

controlled kinetically and would produce predominantly p1 at 

high temperatures rather than highly exoergic tricyclic PAH 

products p3 and p5. In the meantime, the critical reaction 

barriers are so high, 123-132 kJ mol-1, that the reaction would be 

expected to be slow. 

Experimental Results 

Characteristic mass spectra recorded at a photoionization 

energy of 10.00 eV for the acetylene seeded 1-bromoindene, 2-

bromoindene, 6-bromoindene, and 7-bromoindene systems at a 

temperature of the silicon carbide tube of 1500 ± 10 K are 

displayed in Figures 4a-d. These spectra reveal ion counts of 

singly ionized bromoindene precursors (C9H7
79Br/C9H7

81Br; m/z 

= 194/196). Signals at mass-to-charge ratios (m/z) of 117 

(13CC8H8
+), 116 (C9H8

+/13CC8H7
+), and 115 (C9H7

+) are 

observable in each system as well. These ion counts can be 

linked to non-pyrolyzed bromoindene precursors (m/z= 194/196) 

and to the indene molecule (m/z = 116) along with its 13C 

counterpart (m/z = 117); indene molecules can be formed in the 

reactor via barrierless recombination of atomic hydrogen and 

any indenyl radical followed by third body stabilization of the 

adduct to indene. Signal at m/z = 115 can be associated with 

ionized indenyl radicals (C9H7
+). Additional ion counts at m/z = 

140 (C11H8
+) can be linked to reactions within the indenyl (C9H7

•; 

115 amu) – acetylene (C2H2; 26 amu) systems leading to a 

molecule of the formula C11H8 (140 amu) along with atomic 

Figure 3. Calculated potential energy diagram for the 1-indenyl plus vinylacetylene reaction. All relative energies are shown in kJ mol-1. 
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hydrogen (H; 1 amu) (reaction (1)). The 13C- and 13C2-

substituted counterparts of C11H8 contribute to the signal at m/z 

= 141 (13CC10H8) and 142 (13C2C9H8), respectively. Also, ion 

counts were detected at m/z = 139 (C11H7
+) (Figure S1 in 

Supplementary Information). It is important to note that under 

our experimental conditions, the addition of vinylacetylene 

(C4H4) to the pyrolyzed bromoindene precursors does not reveal 

any new ion peaks except m/z = 52 (C4H4
+) and 53 (13CC3H4

+). 

(1) C9H7 + C2H2 → C11H8 + H. 

 

Figure 4. Mass spectra recorded at 10.00 eV and 1500 K from the reactions 

1-bromoindene/acetylene (a), 2-bromoindene/acetylene (b), 6-

bromoindene/acetylene (c), and 7-bromoindene/acetylene (d). Product signals 

in the inset show masses around m/z =140 are highlighted in red. 

C9H7
• (115 amu) and C11H8 (140 amu), are identified via analysis 

of their corresponding photoionization efficiency (PIE) curves, 

measured between 7.40 eV to 10.00 eV (Figures 5a-q). All four 

PIE curves of m/z = 115 (C9H7
+), are superimposable (Figures 

3a, 3e, 3i and 3m) and depict an onset of the ion signal at 7.50 ± 

0.05 eV. This onset compares well with the AIE of the 1-indenyl 

radical of 7.48 – 7.53 eV, and the literature PIE curves as 

determined by Fischer et al.[19] and Qi et al.[20]. This suggest that 

the 1-indenyl radical is the dominant radical formed in the 

pyrolysis of all bromoindene precursors. Therefore, significant 

isomerization processes must exist in the 2-, 6-, and 7-indenyl 

radicals if those are formed via pyrolysis of their corresponding 

bromo-precursors; in an alternative scenario discussed in the 

subsequent Section, the 2-, 6-, and 7-indenyl radicals are not 

produced at all. The 1-indenyl radical can also be detected via 

its 13C-labeled counterpart through m/z = 116 (13CC8H7
+); here, 

signal at m/z = 116 can be fit for all four systems with two 

channels from 13C-1-indenyl (13CC8H7
+) along with indene (C9H8). 

It is important to note that the computed PIEs for the 1-indenyl 

radical – shifted by 0.1 eV as discussed above – correlate well 

with the experimental curve of m/z = 115 from 7.40 eV to 7.90 

eV, but not beyond that. Here, a comparison of the plateau of 

the calculated curve beyond 7.90 eV with the experimentally 

determined PIE curves of the 1-indenyl radical is the result of 

excited electronic states, not considered here, such as the 3B2 

state in the indenyl cation at 8.10 eV in the computations, which 

would add additional intensity to the PIE curve (Figure S2(a) in 

Supplementary Information). 

Now we consider the PIE curves for m/z = 140, which are 

essentially identical and reveal an onset of the ion counts at 

about 8.00 ± 0.10 eV. This onset (within the error bars of the 

computed values) could be associated with the formation of any 

of the seven ethynylindene isomers; note that the AIEs of 

distinct isomers of ethynylindenes are quite similar within our 

experimental error limits; this trend mirrors closely the findings 

for ethynylnaphthalenes[27] and ethynyl-phenanthrene isomers[28] 

with AIEs falling within a narrow range of only 0.2 eV.[29] The 1-

indenyl radical represents the key reactant formed from 1-

bromoindene upon pyrolysis, hence we predict that upon 

reaction with acetylene via equation (1), the 1-ethynylindene 

product is formed. This mechanism could be operable for the 

remaining three systems, in which the 1-indenyl radical also 

represents the (dominating) reactant hence potentially leading to 

1-ethynylindene. Therefore, we may conclude that the 1-indenyl 

radical and the 1-ethynylindene are formed in the bromoindene 

– acetylene systems, respectively. This is also supported from 

the comparison of the computed PIE curve of the 1-

ethynylindene isomer with the experimental data of m/z = 140. 

None of the PIE curves of the remaining 2- to 7-ethynylindene 

isomers are able to replicate the experimental data (Figure S2(b) 

in Supplementary Information).  

Discussion 

The identification of the 1-indenyl radical suggests that if the 2-, 

6-, and 7-indenyl radicals are formed via homolytic carbon-

bromine bond rupture, these radicals effectively isomerize within 

a few tens of microseconds, i.e. the residence time of the 

radicals within our chemical reactor.[14a, 22-23, 24, 27, 30] An 

alternative explanation for the non-observation of the 2-, 6-, and 

7-indenyl radicals would be that they do not actually form in the 

first place from the bromoindenes used in the present 

experiment. Let us consider and compare both possible 

scenarios. If the n-indenyl radicals (n > 1) are initially produced 

from the precursors, two isomerization mechanisms can account 

for their disappearance: i) successive hydrogen shifts and ii) 

hydrogen atom assisted isomerization via a recombination of 

hydrogen atoms with the initially formed indenyl radicals leading 

to chemically activated indene molecules followed by 

unimolecular decomposition of indene to 1-indenyl plus atomic 

hydrogen. To evaluate the role of a hydrogen atom assisted 

isomerization, rate constant calculations for the reaction of the 1-, 

2-, 6-, and 7-indenyl radical with atomic hydrogen and indene 



ARTICLE    

 

 

 

 

 

decomposition are provided (Figure 6). These computations 

reveal that the reactions of 1-, 2-, 6-, and 7-indenyl radicals with 

hydrogen rapidly produce either indene at low temperatures or 

predominantly 1-indenyl plus atomic hydrogen at high 

temperatures of up to 1,500 K as present in the reactor. Figure 

6a compiles the results at a pressure of 76 Torr, which 

represents a typical pressure within the micro reactor.[31] For 

other pressures, the switch between the third-body stabilization 

of indene and the production of 1-indenyl plus atomic hydrogen 

happens at different temperatures: the higher the pressure, the 

higher the temperature, where this switch occurs. The calculated 

life time of thermalized indene at 1,500 K and 76 Torr within the 

reactor is 279 s but chemically activated indene initially formed 

from the association of 1-, 2-, 6-, and 7-indenyl radicals with 

hydrogen should be much shorter. Indene practically exclusively 

dissociates to 1-indenyl plus atomic hydrogen, with the 

branching ratio of not below 99.9%. Overall, these reactions are 

exoergic by 144, 133, and 132 kJ mol-1 for the hydrogen 

assisted isomerization of 2-, 6-, and 7-indenyl radicals, 

respectively, to 1-indenyl. Therefore, our computations show 

that the 2-, 6-, and 7-indenyl radicals would isomerize to 1-

indenyl via hydrogen addition – hydrogen elimination with rate 

constants close to 10-10 cm3 molecule-1 s-1 under our 

experimental conditions. The calculated results of an atomic 

hydrogen loss from chemically activated indene molecules 

correlate with previous shock tube studies proposing 1-indenyl 

radical formation as the initial decomposition step[32] and with a 

photochemical activation of indene at 193 nm indicating that 

indene decomposes via atomic hydrogen loss from the CH2 

moiety yielding the 1-indenyl radical exclusively; Bersohn et al. 

determined the lifetime of photochemically activated indene to 

be about 0.13 µs.[33] 

Figure 5. Experimental photoionization efficiency curves (PIE, black lines) for m/z = 115, 116, 117 and 140 in the reaction systems 1-

bromoindene/acetylene (a-d), 2-bromoindene (e-f), 6-bromoindene (i-l) and 7-bromoindene (m-q), along with the experimental error (gray area) and the 

reference PIE curves (blue, green, purple and red lines). In the case of multiple contributions to one PIE curve, the red line resembles the overall fit. In 

the case for m/z = 115, both the purple and red lines represent reference PIE curves of 1-indenyl radical from Hemberger et al.’s work and Hefei 

database, respectively. 
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Figure 6. Calculated rate constants for the reactions of 2-, 6-, and 7-indenyl 

radicals with atomic hydrogen (top) and unimolecular indene decomposition 

(bottom). 

An alternative pathway leading from 2-, 6-, and 7-indenyl 

radicals to 1-indenyl would involve a series of hydrogen atom 

migrations. A typical H shift process in a polyaromatic radical is 

the one leading from 1-naphthyl to 2-naphthyl which features a 

high barrier of 251 kJ mol-1 and the life time for this isomerization 

to occur under the reactor conditions is ~20 s.[34] Depending on 

the concentration of hydrogen atoms present, the sequential 

hydrogen shift isomerization process would compete with the 

hydrogen assisted isomerization via indene. Considering the 

rate constant for the hydrogen assisted isomerization to be ~10-

10 cm3 molecule-1 s-1 at 1500 K and above (Figure 6), the 

hydrogen assisted mechanism would prevail over the hydrogen 

migration pathway at hydrogen atom densities exceeding 51014 

cm-3. 

We need to also consider the rates of the n-indenyl plus 

hydrogen and n-indenyl + acetylene reactions because, if the 

latter is faster, some n-ethynylindenes (n > 1) should form if n-

indenyls were initially generated. Let us consider the reactions of 

the indenyl radicals with acetylene leading to n-ethynylindenes 

plus atomic hydrogen. The inherent barriers of acetylene 

addition to 2- to 7-indene are rather low, 11 to 14 kJ mol-1, and 

the resulting rate constants of 4.8710-12 to 1.6610-11 suggest 

that the hydrogen atom assisted isomerization of the 2- to 7-

indenyl radical to 1-indenyl is faster by factors of 6 to 20 

compared to the reaction of 2- to 7-indenyl with acetylene via 

addition followed by hydrogen loss to the corresponding n-

ethynylindene products. Therefore, if the concentration of 

hydrogen atoms is comparable to that of acetylene, indenyl 

radicals generated in the pyrolysis of bromoindene 

predominantly isomerize to 1-indenyl in strongly exoergic 

reactions as discussed above rather than reacting with 

acetylene to 2- to 7-ethynylindenes. However, the fact that 

concentrations of hydrogen and acetylene are close is highly 

unlikely because the only plausible source of hydrogen atoms is 

the initial bromoindene molecule and its concentration in the 

molecular beam is 3 orders of magnitude lower (0.1%) than that 

of neat acetylene. In this view, the initial formation of n-indenyl 

radicals from n-bromoindenes likely has to be ruled out because 

no n-ethynylindene products with n > 1 were observed. 

 

Figure 7. Calculated potential energy diagram for the decomposition of 2- and 

7-bromoindenes and the formation of the 1-indenyl radical. All relative 

energies are shown in kJ mol-1. 

Why do n-indenyl radicals (n > 1) not form from n-

bromoindenes? The answer to this question lies in the 

comparison of the C-H and C-Br bond strengths in these 

molecules. The calculated C-H bond strengths in the CH2 group 

of 2- and 7-bromoindenes are 332 and 329 kJ mol-1, similar to 

the corresponding bond strength in unsubstituted indene, 327 kJ 

mol-1. The C-Br bond energies in these bromoindenes are 

significantly higher, 368 and 360 kJ mol-1. Note that the 

experimental C-Br bond strength in bromobenzene based on 

Active Thermochemical Tables is somewhat lower, 342 kJ mol-

1.[35] However, even if the C-Br bond energy is slightly 

overestimated in our calculations, this bond remains stronger 

than C-H bonds in the CH2 group. Therefore, dissociation of n-
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bromoindenes to the C9H6Br radicals plus an H atom should 

prevail over the C9H7
• + Br channel for n > 1. Then, 1-indenyl 

should be formed as a major product via H-by-Br substitution as 

illustrated on the potential energy diagram shown in Figure 7. 

The hydrogen atom can approach the Br-linked carbon in n-

bromoinden-1-yl radicals without a barrier and then the bromine 

atom is eliminated without an exit barrier to produce 1-indenyl 

plus bromine in the reactions which are exoergic overall by 101-

107 kJ mol-1. Similar to the hydrogen assisted isomerization of n-

indenyl radicals to 1-indenyl, the H-by-Br substitution reactions 

converting n-bromoinden-1-yl radicals to 1-indenyl are expected 

to be fast, with rate constants in the range of 10-10 cm3 molecule-

1. Based on this consideration, we conclude that the most likely 

scenario for the formation of 1-indenyl from n-bromoindene is a 

two-step process in which the C-H bond cleavage producing n-

bromoinden-1-yl is followed by the H-by-Br substitution. Thus, it 

can be concluded that n-bromoindenes (n >1) do not represent 

appropriate precursors of n-indenyl radicals but rather work as 

indirect precursors of 1-indenyl. 

Once the thermodynamically most stable 1-indenyl isomer is 

formed in all systems, 1-indenyl can react via equation (1) in an 

overall endoergic reaction (+114 kJmol-1) synthesizing 1-

ethynylindene. It is important to recall that no higher molecular 

weight reaction product than 1-ethynylindene (C11H8; 140 amu) 

could be probed in the acetylene systems. Therefore, rather 

than isomerization of the initial collision complex i1’ to a more 

stable structure i3’ containing two fused six- and seven-member 

rings followed by adding a second acetylene molecule to via a 

barrier of about 88 kJ mol-1 yielding intermediate [2] (Figure 

8),[17] intermediate i1’/[1] decomposes to 1-ethynylindene plus 

atomic hydrogen, and the route synthesizing fluorene via 

acetylene addition to i3’ followed by ring closure to intermediate 

[3] and an eventual aromatization to fluorene (C13H10) via atomic 

hydrogen loss is closed (Figure 8). This experimental finding 

seems to contradict the calculated PES for the 1-indenyl plus 

acetylene reaction (Figure 2), which shows that the pathway to 

i3’ is more energetically favorable than to 1-ethynylindene. The 

explanation why i3’ does not react further with acetylene forming 

fluorene comes from the analysis of the rate constants and 

equilibrium constants in the 1-indenyl plus acetylene system. At 

1500 K and in the 0.01 to 0.1 atm pressure range typical inside 

the reactor, the calculated rate constant to form 1-ethynylindene 

plus hydrogen is about 3.710-17 cm3 molecule-1 s-1, whereas 

that to produce the collisionally stabilized (thermalized) 

intermediate i3’ is higher by factors of 3.8 to 12.8, with the 

difference increasing with pressure. Thus, the formation of i3’ is 

indeed more favorable. On the other hand, under the reactor 

conditions, the rate constant for the decomposition of i3’ back to 

the 1-indenyl plus acetylene reactants are high, 8.6104 - 

2.7105 s-1 corresponding to the life times of i3’ of 3-12 s, 

which are significantly shorter than the residence time in the 

reactor. It is therefore likely that the equilibrium is established 

between 1-indenyl plus acetylene and i3’, with the computed 

equilibrium constant K = [i3’]/([1-indenyl][C2H2]) being 1.8210-21 

cm3 molecule-1. Using the upper estimate for [C2H2] as 9.71018 

molecule cm-3 corresponding to the pressure of 300 Torr and 

room temperature in the entrance of the reactor, we evaluate the 

[i3’]/[1-indenyl] ratio to be below 0.018. The fact that only a tiny 

amount of i3’ can survive and that the barrier for the i3’ plus 

acetylene reaction is high, can account for the non-observation 

of fluorene. 

Likewise, the reaction of the 1-indenyl radical with vinylacetylene 

did not lead to any fluorene (C13H10) formation via vinylacetylene 

addition to the radical center in 1-indenyl followed by 

isomerization via hydrogen shifts/ring closure and aromatization 

via hydrogen atom loss to fluorene (C13H10) because of the high 

critical barrier for this pathway (132 kJ mol-1), which is even 

higher than the barriers to form the 1-((E)-but-1-en-3-ynyl)-1H-

Figure 8. Reaction sequences of 1-indenyl with acetylene addition followed by H atom-loss forming 1-ethynylindene, and 1-indenyl with two-step acetylene 

addition generating fluorene followed by hydrogen loss. 
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indene (p1) and 1-(but-3-en-1-ynyl)-1H-indene (p2) products, 

128 and 123 kJ mol-1, respectively. According to RRKM-ME 

calculations, p1 and p2 are practically exclusive reaction 

products with rate constants of 4.510-18 and 4.410-17 cm3 

molecule-1 s-1 at 1500 K, respectively, whereas the production of 

fluorene and its 1H-cyclopenta[a]naphthalene isomer is 

negligible. With rate constants to form the C13H10 products being 

so low and the concentration of C4H4 in the He/C4H4 beam being 

a factor of 20 lower as compared to the concentration of 

acetylene in the neat acetylene beam, it becomes clear why no 

products of the 1-indenyl plus vinylacetylene reaction were 

observed at all. 

Conclusions 

In conclusion, our combined experimental and computational 

study revealed the exclusive formation of the resonantly 

stabilized 1-indenyl radical (C9H7
•) upon the pyrolytic 

decomposition of 1-, 2-, 6-, and 7-bromoindenes. Once the 

thermodynamically most stable 1-indenyl radical was produced, 

reaction with acetylene yielded 1-ethynylindene plus atomic 

hydrogen via an initial addition of the 1-indenyl radical with its 

radical center to the acetylenic carbon atom yielding the i1’ 

doublet intermediate via an entrance barrier of 60 kJmol-1. 

Rather than adding a second acetylene molecule and accessing 

potential routes to fluorene (C13H10), i1’ underwent unimolecular 

decomposition to 1-ethynylindene. While this reaction 

mechanism is analogous to the bimolecular reaction between 

the phenyl radical (C6H5
•) and acetylene (C2H2) forming 

phenylacetylene (C6H5CCH),[22, 36] the 1-indenyl plus acetylene 

→ 1-ethynylindene plus hydrogen reaction is highly endoergic 

(114 kJ mol-1) and slow, on the contrary to the exoergic (-38 kJ 

mol-1) and much faster (by nearly 5 orders of magnitude at 1500 

K) C6H5 + C2H2 → C6H5CCH + H reaction.[34] Therefore, the 1-

indenyl radical appears not to be an efficient precursor for 

further PAH growth either via HACA or HAVA mechanisms, but 

could be part of yet unknown reaction pathways to molecular 

growth, possibly involving the radical - radical reaction between 

1-indenyl and methyl leading eventually to naphthalene (reaction 

(2)).[2e] 

(2)    C9H7 + CH3 → C10H8 + 2H 

Experimental and Computational Section 

The experiments were conducted at the Chemical Dynamics 

Beamline (9.0.2) of the Advanced Light Source exploiting a 

resistively-heated silicon-carbide (SiC) chemical reactor 

interfaced to a molecular beam apparatus operated with a 

reflectron time-of-flight mass spectrometer (Re-TOF-MS).[2f, 14a, 

22-23, 25a, 25c, 27, 30, 37] First, we determine the nature of the indenyl 

radical isomer(s) formed (and potential isomerization 

processes); thereafter we study the reaction of the characterized 

indenyl radical(s) with acetylene (C2H2) and vinylacetylene 

(C4H4). The chemical reactor replicates the high temperature 

conditions along with discrete chemical reactions in situ through 

the generation and reaction of distinct radicals. Here, indenyl 

radicals (C9H7
•) were generated at concentrations of less than 

0.1% in situ via pyrolysis of 1-bromoindene, 2-bromoindene, 6-

bromoindene, and 7-bromoindene precursors (C9H7Br; 99%; 

Sigma Aldrich, excluding 1-bromoindene) seeded in acetylene 

carrier gas (99.6%; Matheson Gas). The 1-bromoindene 

precursor was synthesized  using a modified procedure from the 

literature,[38] details and characterization are provided in the 

Supplementary Information. The temperature of the silicon 

carbide tube was monitored using a Type-C thermocouple and 

held at 1500 ± 10 K; inlet pressures of the acetylene carrier gas 

were regulated to be 300 Torr. The products formed in the 

reactor were expanded supersonically and passed through a 2 

mm diameter skimmer located 10 mm downstream of the 

pyrolytic reactor and enter into the main chamber, which hosts 

the ReTOF-MS. The quasi-continuous tunable VUV light from 

the Advanced Light Source intersects the neutral molecular 

beam perpendicularly in the extraction region of a Wiley-

McLaren Re-TOF-MS. VUV single photon ionization represents 

basically a fragment-free ionization technique and hence is 

considered as a soft ionization method compared to electron 

impact ionization.[2f, 14a, 22-23, 25a, 25c, 27, 30, 37, 39] The ions generated 

in the photoionization process are extracted and fed onto a 

microchannel plate detector through an ion lens. PIE curves, 

which report ion counts as a function of photon energy from 7.40 

eV to 10.00 eV with a step interval of 0.05 eV at a well-defined 

mass-to-charge ratio (m/z), were produced by integrating the 

signal recorded at the specific m/z for the species of interest. 

The PI curves presented herein are the average of multiple 

acquisitions with the shaded area representing 1σ uncertainty 

including the 10% error signal measurement from the calibrated 

photodiode, which monitored the intensity of the VUV beam. 

Hereafter, the neat acetylene (C2H2) was replaced by helium-

seeded vinylacetylene (C4H4) at identical temperature (1500 ± 

10 K) and pressures (300 Torr) to probe the reaction products of 

the indenyl radical(s) with vinylacetylene. The helium-

vinylacetylene premix (5%) was acquired from Applied Gas Inc.  

The calculations of the energies and molecular parameters of 

various indenyl radicals, their reaction energies with acetylene 

forming ethynylindene isomers along with atomic hydrogen, 

intermediates and transition states for the reactions of 1-indenyl 

with acetylene and vinylacetylene, and transition states for 

acetylene additions to the other indenyl isomers (from 2- to 7-

indenyl were carried out at the G3(MP2,CC)//B3LYP/6-

311G(d,p) level of theory, where geometries are optimized and 

vibrational frequencies are calculated using the density 

functional B3LYP method with the 6-311G(d,p) method and 

single-point total energies are refined through a series of 

coupled clusters CCSD(T) and second-order Møller-Plesset 

perturbation theory MP2 calculations as E[G3(MP2,CC)] = 

E[CCSD(T)/6-311G(d,p)] + E[MP2/G3Large)] – E[MP2/6-

311G(d,p)] + ZPE[B3LYP/6-311G(d,p)].[40] This model chemistry 

theoretical approach is chemically accurate since it provides 

accuracy of 0.01–0.02 Å for bond lengths, 1–2 for bond angles, 

and 3–6 kJ mol–1 for relative energies of hydrocarbons, their 

radicals, and reaction energies in terms of average absolute 

deviations.[40b] The GAUSSIAN 09[41] and MOLPRO 2010[42] 
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program packages were utilized for the ab initio calculations. 

Vertical and adiabatic ionization energies of the indenyl radicals 

and of the ethynyl-indene isomers were also computed at the 

G3(MP2,CC)//B3LYP/6-311G(d,p) level of theory. 

Rate constants of the indenyl + H/C2H2/C4H4 reactions and 

related reactions on the C9H8, C11H9, and C13H11 potential 

energy surfaces (PES) at various temperatures and pressures 

were computed using the Rice-Ramsperger-Kassel-Marcus 

Master Equation (RRKM-ME) theoretical approach as 

implemented in the MESS software package.[43] The Rigid-Rotor, 

Harmonic-Oscillator (RRHO) model was generally adopted for 

the calculations of densities of states and partition functions for 

local minima and numbers of states for transition states. 

Additional details of RRKM-ME calculations can be found in our 

previous publications.5,7 For the barrier less C9H7 + H entrance 

channels, we used phase space theory[44] to fit their high-

pressure limit rate constants to the most accurate values either 

for C5H5 + H → C5H6 (for 1-indenyl) or for C6H5 + H → C6H6 (for 

n-indenyl with n > 1) calculated by Klippenstein and co-

workers[45] using variable reaction coordinate transition state 

theory (VRC-TST). Then, these high-pressure limit rate 

constants were utilized in RRKM-ME calculations to determine 

the pressure dependence. 
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Scheme S1. Molecular structures of indene, corannulene and buckminsterfullerene carrying five-membered rings. 

  



 

Scheme S2. Formation routes to indene via reactions of phenyl radicals with allene/ methylacetylene (C6-C3 route) 

and benzyl with acetylene (C7-C2 route). 

  



 

Figure S1. Experimental photoionization efficiency curves (PIE, black lines) curves for m/z = 139 in the reaction 

systems 1-bromoindene/acetylene (a), 2-bromoindene (b), 6-bromoindene (c) and 7-bromoindene (d), along with the 

experimental error (gray area), and the reference PIE curves (red lines). 

 

  



 

Figure S2. Theoretical photoionization efficiency curves based on calculated ionization Franck-Condon factors: (a) n-

indenyl radical isomers; (b) n-ethynylindene isomers. 

  



Synthesis of 1-Trimethylsilylindene; A. 

 

 

 

 

 

 

The indene (5.0 g, 43 mmol) and dry toluene (30 mL) were placed in the flame-dried flask under N2 at 0 oC 

(ice-bath). Then butyllithium (1.6 M/hexane, 28 mL, 44.8 mmol) was added slowly into the stirring solution. 

The reaction mixture was allowed to warm to room temperature and stirring was continued for 30 h. During 

this time, the reaction mixture became pale yellow in color. Then trimethylchlorosilane (5.7 mL, 4.88 g, 

44.9 mmol) was added slowly to cooled reaction mixture at -10 oC (ice/NaCl). The reaction mixture was 

refluxed under N2 at 115 oC for 12 h and was poured into crushed ice and extracted with EtOAc. The 

organic phase was separated, dried over anhydrous Na2SO4, filtered, and evaporated at reduced pressure. 

The residue was column chromatographed (n-hexane) to give light yellow liquid, which upon 1H NMR 

analysis, showed to be mixture of product and indene substrate (70:30). Distillation of this mixture at 

reduced pressure gave pure 1-trimethylsilylindene AS1 (4.86 g, 60%) as pale yellow liquid; 1H NMR (CDCl3, 

400 MHz) δ -0.04 (s, 9 H), 3.35 (s, 1H),  6.65 (dd, J = 5.6, 2.0 Hz, 1H), 6.92 (d, J = 6.0 Hz, 1H), 7.16-7.26 

(m, 2H), 7.46 (t, J = 8.0 Hz, 2H); 13C NMR (CDCl3, 100.6 MHz) δ -2.41, 46.62, 121.16, 122.87, 123.67, 

124.92, 128.96, 135.86, 144.23, 145.50. 

 

Synthesis of 1-Bromoindene; PX. 

 

 

 

 

The 1-trimethylsilylindene (A; 14.80 g, 25.5 mmol) was dissolved in dry THF (100 mL) in foil-covered 

flame dry flask and cooled to -78 oC. Dioxane dibromide (6.95 g, 28.0 mmol) was dissolved in dry THF (25 

mL) and was added dropwise via addition funnel. The reaction mixture was allowed to warm to ambient 

temperature and volatiles were evaporated at reduced pressure. The residue was column chromatographed 

(n-hexane) to give PXS1 (3.38 g, 68%) as pale yellow liquid; 1H NMR (CDCl3, 400 MHz) δ 5.49 (s, 1H),  

6.47 (dd, J = 5.6, 2.0 Hz, 1H), 6.82 (d, J = 5.6 Hz, 1H), 7.23-7.32 (m, 3H), 7.56 (d, J = 6.8 Hz, 1H); 13C 

NMR (CDCl3, 100.6 MHz) δ 47.04, 121.97, 124.95, 126.53, 128.76, 132.88, 136.60, 141.71, 144.70. 
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Figure S1: 1H NMR and 13C NMR spectra of compound P1 in CDCl3. 

 

 

Figure S3. 1H NMR and 13C NMR spectra of compound A in CDCl3 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S4. 1H NMR and 13C NMR spectra of compound PX in CDCl3. 
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