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ABSTRACT: The formation of the simplest polycyclic aromatic hydrocarbon (PAH) – 

naphthalene (C10H8) - was explored in a high-temperature chemical reactor under combustion-

like conditions in the phenyl (C6H5) - vinylacetylene (C4H4) system. The products were probed 

utilizing tunable vacuum ultraviolet light by scanning the photoionization efficiency (PIE) 

curve at a mass-to-charge m/z = 128 (C10H8
+) of molecules entrained in a molecular beam. The 

data fitting with PIE reference curves of naphthalene, 4-phenylvinylacetylene (C6H5CCC2H3), 

and trans-1-phenylvinylacetylene (C6H5CHCHCCH) indicates that the  isomers were generated 

with branching ratios of 43.5±9.0%:6.5±1.0%:50.0±10.0%. Kinetics simulations agree nicely 

with the experimental findings with naphthalene synthesized via the hydrogen abstraction – 

vinylacetylene addition (HAVA) pathway and through hydrogen-assisted isomerization of 

phenylvinylacetylenes. The HAVA route to naphthalene at elevated temperatures represents an 

alternative pathway to the hydrogen abstraction-acetylene addition (HACA) forming 

naphthalene in flames and circumstellar envelopes, whereas in cold molecular clouds, HAVA 

synthesizes naphthalene via a barrier-less bimolecular route. 

 

TOC graphic 
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Polycyclic aromatic hydrocarbons (PAHs) – organic molecules consisting of fused 

benzene rings – along with their protonated, ionized, (de)hydrogenated, alkylated, and 

nitrogen-substituted counterparts have been proposed to carry up to 20% of the interstellar 

carbon budget. Inferred from the diffuse interstellar bands (DIBs)1-2 - discrete absorption 

features superimposed on the interstellar extinction curve covering the blue part of the visible 

spectrum (400 nm) to the near-infrared (1.2 m) – and from the unidentified infrared (UIR) 

emission bands monitored from 3 to 14 m3-4, PAHs have been linked to the astrobiological 

evolution of the interstellar medium5 and are contemplated as key nucleation sites leading to 

carbonaceous dust particles (‘interstellar grains’)6-11. Even though not a single PAH has been 

observed spectroscopically in the gas phase of the interstellar medium (ISM), the identification 

of the prototype PAH naphthalene (C10H8) along with higher-molecular weight PAHs like 

coronene (C24H12) in at least 20 carbonaceous chondrites proposes a circumstellar origin 

around envelopes of dying Asymptotic Giant Branch (AGB) stars12-13. State-of-the-art 

astrochemical models of PAH formation have been ‘borrowed’ from the combustion chemistry 

community with the most commended pathways to PAHs proposed to be associated with 

molecular weight growth processes via sequential reactions of resonantly stabilized (propargyl; 

C3H3) and also aromatic (phenyl; C6H5) radicals. Together with acetylene (C2H2), these 

reactions are contemplated as the foundation for the hydrogen abstraction - acetylene addition 

(HACA) mechanism14-19 driving PAH synthesis at elevated temperatures of up to a few 1,000 

K. Supportive electronic structure calculations18,20-24 and kinetic modeling14,25-27 suggests that 

HACA involves a repetitive sequence of atomic hydrogen abstraction from the reacting 

aromatic hydrocarbon followed by sequential addition of two acetylene molecules to the radical 

sites prior to cyclization and aromatization12,15-16,20,26,28. 

However, in recent years, astronomical observations accompanied by astrochemical 

models revealed that interstellar PAHs are rapidly destroyed through interstellar shock waves 

and energetic galactic cosmic rays29-30 predicting life times of only a few 108 years. This 

contrasts the timescale for injection of new PAH-based material into the interstellar medium 

by AGB stars of typically 2×109 years. Consequently, the ubiquitous presence of PAHs in the 

extraterrestrial environments requires further pathways to a rapid formation of PAHs beyond 

the ‘established’ HACA route. Recently, Parker et al. revealed that naphthalene can be 

synthesized via the reaction of the phenyl radical (C6H5) with vinylacetylene (C4H4) via the 

hydrogen abstraction – vinylacetylene addition (HAVA) reaction pathway. This bimolecular 

reaction was found to be de-facto barrier-less and leads via a single, bimolecular gas phase 
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collision to naphthalene (C10H8) plus atomic hydrogen at temperatures as low as 10 K31. 

However, the phenyl – vinylacetylene system has not been explored at elevated temperatures 

relevant to circumstellar envelopes of carbon stars of a few 1,000 K or under combustion-like 

conditions reaching up to 2,000 K. Here, the reaction mechanism and branching ratios of the 

isomers can be quite distinct from 10 K due to a much larger entropy factor and alternative 

addition routes of the phenyl radical to the carbon atoms of vinylacetylene, which involve 

entrance barriers. These pathways might be competitive at high temperatures and may lead to 

non-naphthalene isomers such as phenylvinylacetylenes thus potentially reducing the yield of 

naphthalene. 

In this Letter, we expose that the aromatic naphthalene molecule can be synthesized via 

the reaction of pyrolytically generated phenyl radicals (C6H5) with vinylacetylene 

(HCCCHCH2; C4H4) at elevated temperatures of 1,600 K via resonantly stabilized C10H11 reac-

tion intermediates exploiting a high-temperature chemical reactor. For distinct structural iso-

mers such as naphthalene and azulene the adiabatic ionization energies along with the cor-

responding photoionization efficiency curves (PIEs), which report the intensity of the ion 

counts at m/z = 128 (C10H8
+) versus the photon energy, are distinct. Therefore, by photoionizing 

the neutral C10H8 products in a molecular beam by tunable vacuum ultraviolet light (VUV) 

from the Advanced Light Source (ALS) at various photon energies, we extracted the PIE curve 

of C10H8
+ at m/z = 128. Through a comparison of this experimentally recorded PIE curves with 

a linear combination of known reference PIE curves for various C10H8 isomers, naphthalene, 

4-phenylvinylacetylene, and trans-1-phenylvinylacetylene were found to represent the C10H8 

isomers synthesized in the reaction of the phenyl radical with vinylacetylene. 

Figures 1 and 2 reveal the mass spectra of the species ionized in the supersonic expansion 

along with the PIE curve of m/z = 128 (C10H8
+) recorded in phenyl – vinyl-acetylene system. 

Figure 2 exhibits the data over a range of photon energies from 8.0 to 9.5 eV along with the 

PIE reference curves of naphthalene and 4- and trans-1-phenylvinylacetylene, together with 

the overall fit. These data document an excellent match of the experimentally recorded PIE 

curve at m/z = 128 with a linear combination of the reference curves of three C10H8 isomers. 

The onset of the ion counts at 8.10 eV agrees exceptionally well with the adiabatic ionization 

energy of naphthalene of 8.12 eV,32 whereas the contributions of the additional isomers, 

especially 4-phenylvinylacetylene, become apparent around 8.25 eV. The branching ratios for 

naphthalene to trans-1-phenylvinylacetylene to 4-phenylvinylacetylene were calculated based 
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on the overall fitting of the experimental PIE curve at m/z = 128. All the PIE calibration curves 

for naphthalene, trans-1-phenylvinylacetylene and 4-phenylvinylacetylene were newly 

measured in this work, with the photoionization cross sections at 9.5 eV being 23.7 Mb, 30.2 

Mb, and 23.0 Mb, respectively. By linear fitting of these calibration PIE curves to the 

experimentally measured curve, the branching ratios were extracted to be 43.5 ± 9.0% : 6.5 ± 

1.0% : 50.0 ± 10.0%, taking 20% uncertainty in the PIE curves into consideration. It should be 

noted that that the other two-ring C10H8 isomer, azulene, has an ionization threshold of 7.42 

eV32 and therefore the absence of ionization signal below 8.14 eV clearly indicates the absence 

of azulene as a reaction product. Also, it is important to highlight that under our experimental 

conditions, the nitrosobenzene precursor (C6H5NO; 107 amu), which is present at a level of 

2.6% in the helium-seeded vinylacetylene (5%) beam, decomposes quantitatively to the phenyl 

radical (C6H5) plus nitrogen monoxide (NO).15,33-35 Likewise, control experiments in the 

absence of vinylacetylene do not depict any signal at m/z = 128.33 Therefore, we conclude that 

the formation of naphthalene and its isomers requires the presence of the phenyl radical and 

vinylacetylene in the reactor (Supporting Information).  

 

Figure 1. Mass spectra of species in the helium-seeded supersonic beam recorded at photon 

energies of 9.5 eV (a) and 12.0 eV (b). Products beyond the C10H8 isomers naphthalene, trans-

1-phenylvinylacetylene, and 4-phenylvinylacetylene are discussed in the Supporting 

Information.  
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Figure 2. Experimental and reference PIE curves for species at m/z = 128 (a) and 129 (b) in 

the phenyl-vinylacetylene system. The black line refers to the normalized experimental data 

with 1σ error limits defined in the shaded area; the green, orange, and blue lines show the 

isomer PIE curves generated by linear fit with measured references PIE curves of naphthalene, 

4-phenylvinylacetylene and trans-1-phenylvinylacetylene, respectively. The red line reveals 

the overall fit via a linear combination of the reference curves.  

Having identified naphthalene, 4-phenylvinylacetylene, and trans-1-phenylvinylacetylene, 

we are also aiming to elucidate the underlying reaction pathway(s). This requires a close look 

at the pertinent potential energy surfaces (PES) and also simulation of the gas flow inside the 

pyrolytic reactor using the COMSOL package coupled with a kinetics model accounting for 

the residence time in the heated micro reactor of about 560 µs (Supporting Information). Our 

recent theoretical study36 described the PES for the reaction, structures and molecular 

properties of all intermediates and transition states involved, and temperature- and pressure-

dependent rate constants in the phenyl–vinylacetylene system. The results of the kinetics 

calculations revealed that under the experimental conditions of the reactor, the prevailing 

products are 4-phenylvinylacetylene (P3) and trans-1-phenylvinylacetylene (P2) along with 

atomic hydrogen with rate constants of 1.410-12 cm3 molecule-1 s-1 and 6.610-13 cm3 mole-

cule-1 s-1 and yields  - excluding the direct hydrogen abstraction products - of 62 % and 31 %, 

respectively. The yields of naphthalene (P1) were computed to be less than 1% with the rate 

constant for its formation as low as 1.310-14 cm3 molecule-1 s-1. Here, 4-phenylvinylacetylene 

is produced via the phenyl radical addition to the C4 acetylenic carbon atom occurring via a 

barrier of 5 kJ mol-1 followed by the atomic hydrogen loss from the attacked carbon atom 

(Figure 3). Similarly, trans-1-phenylvinylacetylene is formed by phenyl addition to the C1 
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carbon atom of the vinyl moiety via a submerged barrier located 0.4 kJ mol-1 below the 

reactants. It is important to note that the pathway to naphthalene proceeds through the same 

submerged barrier and involves two hydrogen shifts and ring closure prior to hydrogen atom 

elimination; the transition state is lower in energy than the barrier involved in the immediate 

hydrogen atom loss from the collision complex forming trans-1-phenylvinylacetylene. 

Consequently, the pathway to naphthalene is favorable at low temperatures and pressures. 

However, this channel does not appear to be competitive at 1,600 K in our reactor due to the 

unfavorable entropic factor. In addition to the C10H8 products, the formation of the direct 

hydrogen atom abstraction products benzene (C6H6) along with distinct C4H3 isomers is 

competitive at 1,600 K with rate constants of 5.810-13 and 3.810-13 cm3 molecule-1 s-1 for i-

C4H3 and n-C4H3, respectively. 

     How can we explain the predominant formation of naphthalene in the pyrolytic reactor? The 

aforementioned discussion only accounted for bimolecular collisions and hence the primary 

reaction products. However, the pressure profile in the reactor, the presence of hydrogen atoms 

released in the bimolecular reactions, and the residence time also allows for secondary 

reactions to occur (Supporting Information). Therefore, a detailed kinetic modeling coupled 

with the gas flow simulations allows us to reconcile theory and experiment. This model is 

essential to extract the dominating reactions in the reactor since the conditions such as 

temperature and pressure along the reactor axis are not homogeneous (Supporting Information). 

The kinetic reaction scheme includes the quantitative unimolecular decomposition of the 

reactants such as nitrosobenzene (C6H5NO), the primary reactions of the phenyl radical (C6H5) 

with vinylacetylene (C4H4), secondary reactions of the hydrogen assisted isomerization of the 

C10H8 isomers, and reactions to account for the detection of acetylene (C2H2, m/z = 26), the 

vinyl radical (C2H3, m/z = 27), the propargyl radical (C3H3, m/z = 39), cyclopentadienyl (C5H5, 

m/z = 65), benzene and fulvene (C6H6, m/z = 78), and phenylacetylene (C8H6, m/z = 102) with 

rate constants extracted taken from the literature (Supporting Information).36-50 Figure 4 

illustrates the overall change of the concentration of phenyl (C6H5), benzene (C6H6), and the 

C10H8 isomers along the reactor axis. Considering the pyrolysis, the fraction of the phenyl 

radical manifests a fast growth and rapid drop peaking at the distance where the gas temperature 

is close to 1,100 K. The interval required for the quantitative nitrosobenzene (C6H5NO) 

decomposition along the axis is only 1 mm. From this point, the phenyl radicals start producing 

initial C10H8 isomers via primary reactions. During the distance from about 1.2 cm to 1.5 cm, 

the fractions of the phenylvinylacetylene isomers (P2, P3) grow much faster than that for 
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naphthalene (P1). Later, P2 and P3 convert to the most stable naphthalene isomer via hydrogen 

assisted isomerization (R4) and (R5) (Supporting Information). The transformation of P2 and 

P3 into P1 occurs in the distances from 1.5 cm to 2.0 cm and essentially terminates at a distance 

of 2.0 cm from the entrance of the microreactor. The calculated and experimental molar 

fractions of P1, P2, and P3 at the exit of the microreactor showed that the experimental 

conditions are not favorable for the total transformation of P2 and P3 into P1. The incomplete 

transformation of P2 and P3 into P1 is based on several factors, including a low rate constant 

of reaction (R5c), a sharp drop of the hydrogen atoms concentration, and the short length of 

the reactor. Kinetic simulations revealed that a nearly total transformation of P2 and P3 into P1 

can be achieved at times larger 10 ms. This order of magnitude is much larger than the residence 

time in our reactor. This emphasizes the advantage of the short-length microreactor allowing 

us to reveal fine details of the elementary reaction mechanism (primary and secondary 

reactions), which otherwise would have been masked due to the full conversion of all C10H8 

isomers produced initially to naphthalene. 

     To summarize, our experiments exploiting a high-temperature chemical reactor revealed 

that the simplest polycyclic aromatic hydrocarbon - naphthalene (C10H8) - can be synthesized 

under combustion-like conditions via a directed synthesis of the phenyl radical reacting with 

vinylacetylene. Higher energy structural isomers of naphthalene - trans-1-phenylvinylacety-

lene and 4-phenylvinylacetylene - which also form in the reactor, undergo hydrogen-assisted 

isomerization to the thermodynamically most stable naphthalene molecule during their 

residence time in the reactor. These pathways are strongly distinct from crossed molecular 

beams studies of this system,31 in which the nascent reaction products ‘fly away’ from the 

reaction center and, hence, cannot undergo subsequent hydrogen assisted isomerization reacti-

ons. Therefore, crossed molecular beams and pyrolytic reactor studies are highly complemen-

tary leading to the identification of polycyclic aromatic hydrocarbons (naphthalene) along with 

high energy isomers synthesized under single collision conditions (crossed beams) together 

with hydrogen-assisted isomerization products (pyrolytic reactor) ultimately untangling the 

complex processes and reaction mechanisms of elementary bimolecular reactions leading to 

PAHs in combustion systems and in extraterrestrial environments. Further, the combined gas 

flow and kinetic simulations of the reactor resemble a powerful tool not only for a detailed 

understanding of the intricate physical and chemical processes inside the high-temperature 

chemical reactor, but also for a quantification and validation of the observed product yields. 

Future studies of this reactor in combination with electronic structure calculations and kinetics 
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simulations are aimed to systematically unravel mass growth processes via aryl-type radical 

reactions with acetylene (HACA) and vinylacetylene (HAVA) synthesizing three- and even 

four-membered PAHs such as anthracene, phenanthrene, and triphenylene. However, whereas 

PAH formation via HACA only operates at elevated temperatures due to the inherent barriers 

of aryl radical addition to acetylene, HAVA may operate at temperatures as low as 10 K as 

well considering the de-facto barrierless nature of this mechanism. In particular, at very low 

pressures and in the temperature range of 100-200 K, the rate constant for C6H5 + C4H4 → 

naphthalene + H, 4-610-15 cm3 molecule-1 s-1 is from eight to two orders of magnitude higher 

than the rate constant for C6H5 + C2H2 → phenylacetylene + H, the first step in HACA, and the 

difference is even higher below 100 K. This can lead to the formation of distinct PAHs in cold 

molecular clouds via HAVA, which cannot be synthesized via HACA-type mechanisms thus 

providing an intimate understanding of the carbon chemistry in the universe. 
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Figure 3. Potential energy surfaces (PES) for the most favorable channels involved in the 

formation of three C10H8 isomers within the phenyl – vinylacetylene system via bimolecular 
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reactions (top) and hydrogen assisted isomerization (center, bottom) based on the calculations 

from Ref. 36.  

0 1 2 3 4

0

5

10

15

m
o

la
r 

fr
a

c
ti
o

n
, 
1

0
-3

distance (cm)

P3

P1

P2

C
6
H
5

C
6
H
6

 

Figure 4. Simulated profiles of the molar fractions of phenyl (C6H5), benzene (C6H6), and the 

C10H8 isomers naphthalene (P1), trans-1-phenylvinylacetylene (P2), and 4-phenylvinylace-

tylene (P3) along the reactor axis.  

Experimental Method 

     The experiments were conducted at the Advanced Light Source (ALS) at the Chemical 

Dynamics Beamline (9.0.2.) exploiting a high-temperature chemical reactor. Briefly, the 

reactor consists of a resistively heated silicon carbide (SiC) tube of 20 mm length and 1 mm 

inner diameter. A continuous supersonic beam of phenyl radicals (C6H5) was generated in situ 

via quantitative pyrolysis of nitrosobenzene (C6H5NO, TCI-America, > 98 %, 323 K) seeded 

in vinylacetylene/helium carrier gas (5% C4H4 in He; Airgas) introduced at a backing pressure 

of 300 Torr and 1,600 K into the silicon carbide tube. Vinylacetylene does not only act as a 

seeding gas, but also as a reactant with the phenyl radical. The residence time of the reactants 

in the reactor was determined to be near 560 µs (Supporting Information). After exiting the 

silicon carbide tube, the molecular beam, which contains the reaction products, passes a 2 mm 

skimmer and enters the detection chamber containing a Wiley-McLaren reflectron time-of-

flight (ReTOF) mass spectrometer. The products were then photoionized in the extraction 

region of the ReTOF by exploiting quasi-continuous tunable vacuum ultraviolet (VUV) 

synchrotron light and detected with a microchannel plate (MCP). Here, mass spectra were taken 
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in the photon energy range from 8.00 eV to 9.50 eV in steps of 0.05 eV. The photoionization 

efficiency (PIE) curves, which report the intensity of a single mass-to-charge ratio (m/z) versus 

the photon energy, were extracted by integrating the signal collected at a specific m/z selected 

for the species of interest over the range of photon energies and normalized to the incident 

photon flux. The supersonically cooled nature of the beam of the product molecules presents a 

crucial prerequisite for their detection since the products are rotationally and vibrationally 

cooled in the expansion51. Two naphthalene isomers - 4-phenylvinylacetylene (P3) and trans-

1-phenylvinylacetylene (P2) - were synthesized by Sonogashira cross-coupling reactions 

(Supporting Information); their PIE curves were recorded via vacuum sublimation of these 

isomers, recording mass spectra from 8.00 eV to 9.50 eV in steps of 0.05 eV, and extracting 

the ion count profiles at m/z = 128. 

 

Supporting Information Available: Description of the synthesis of 4-phenylvinylacetylene 

and trans-1-phenylvinylacetylene including 1H NMR and 13C NMR spectra of these 

compounds; description of the modeling procedure of the gas flow and kinetics of the phenyl 

– vinylacetylene system in the microreactor including the reaction mechanism, physical 

constants, and reaction rate constants used; PIE curves and fits of low molecular weight 

products. 
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Materials & Methods 

Experiments were carried out at the Chemical Dynamics Beamline (9.0.2) of the Advanced Light 

Source in the Lawrence Berkeley National Laboratory. Employing a resistively-heating high-

temperature silicon carbide (SiC) tube (chemical reactor), the molecular beam apparatus is 

equipped with a Wiley-McLaren Reflectron Time-of-Flight Mass Spectrometer (Re-TOF-MS). 

The chemical reactor mimics combustion-like conditions such as temperature and pressure along 

with chemical reactions to synthesize PAHs in situ involving reactions of combustion-relevant 

radicals. Here, styrenyl or ortho-vinylphenyl radicals (C8H7) were generated in situ via pyrolysis 

of β-bromostyrene or 2-bromostyrene (C8H7Br; Sigma Aldrich) seeded in neat acetylene or 

helium gases of 400 Torr in a temperature of 1,500 ± 50 K, respectively. The concentrations of 

β-boromostyrene/2-bromostyrene in acetylene/helium were estimated to be less than 0.1% with 

residence time of a few tens of microseconds.[1-2] The temperature of the SiC tube was monitored 

using a Type-C thermocouple. The acetylene gas did not only act as a carrier gas, but also as a 

reactant with the pyrolytically generated radicals. Reaction products generated in the reactor 

were expanded supersonically and passed through a 2 mm diameter skimmer located 10 mm 

downstream and into the main chamber which houses the Re-TOF-MS. The quasi-continuous 

tunable vacuum ultraviolet (VUV) light from the Advanced Light Source intercepted the neutral 

molecular beam in the extraction region of a Wiley–McLaren Re-TOF-MS. VUV single photon 

ionization profits from fragment-free ionization and hence is defined as a soft ionization method 

in contrast to electron impact ionization, which often results in excessive fragmentation of the 

parent ion. The ions formed via photoionization were then extracted perpendicularly to the 

molecular beam and fed into a microchannel plate detector by an ion lens. Photoionization 

efficiency (PIE) curves, which report ion counts as a function of photon energy at a particular 

mass-to-charge ratio (m/z), were extracted by integrating the signal recorded at the specific m/z 

over the energy range 8.00 eV to 11.00 eV in an increment of 0.05 eV and normalized to the 

photon flux. We also conducted blank experiments by expanding only acetylene carrier gas into 

the resistively-heated SiC tube and by replacing acetylene with helium carrier gas. No 

naphthalene reaction products were detected in these control experiments.    



 

Figure S1. Photoionization efficiency curves recorded at m/z 102 (a.1), 103 (b.1) and 104 (c.1) in 

the helium-seeded β-bromostyrene system, and those recorded at m/z 102 (a.2), 103 (b.2) and 

104 (c.2) in the acetylene-seeded β-bromostyrene system. The black lines show the experimental 

curves with the errors defined as the gray areas. The red lines indicate the theoretical PIE curves 

for phenylacetylene[3] (a), 13C-phenylacetylene[3] (b) and styrene[3] (c).  



 

Figure S2. Photoionization efficiency curves recorded at m/z 102 (a.1), 103 (b.1) and 104 (c.1) in 

the helium-seeded 2-bromostyrene system, and those recorded at m/z 102 (a.2), 103 (b.2) and 

104 (c.2) in the acetylene-seeded 2-bromostyrene system. The black lines show the experimental 

curves with the errors defined as the gray areas. The red lines indicate the theoretical PIE curves 

for phenylacetylene[3] (a), 13C-phenylacetylene[3] (b) and styrene[3] (c).  



 

Figure S3. Photoionization efficiency curve recorded at m/z 126 in the acetylene-seeded β-

bromostyrene system. The black line shows the experimental curve with the errors defined as the 

gray area. The red line indicates the theoretical PIE curve for 1,4-diethynylbenzene, which is the 

only diethylnylbenzene isomer available from the database.[4] However, the experimental PIE 

may be fitted by the combination of o-, m-, and p-diethylnylbenzene isomers. 
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