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The self-reaction of the phenyl radical is one of the key reactions in combustion chemistry. Here we study this reaction in a 

high-temperature flow reactor by IR/UV ion dip spectroscopy, using free electron laser radiation as mid-infrared source. 

We identified several major reaction products based on their infrared spectra, among them indene, 1,2-

dihydronaphtalene, naphthalene, biphenyl and para-terphenyl. Due to the structural sensitivity of the method, the 

reaction products were identified isomer-selectively. The work shows that the formation of indene and naphthalene, 

which was previously considered to be evidence for the HACA (hydrogen abstraction C2H2 addition) mechanism in the 

formation of polycyclic aromatic hydrocarbons and soot can also be understood in a phenyl addition model.  

 

Introduction 

It is one of the main goals in combustion chemistry to under-

stand the formation of polycylic aromatic hydrocarbons (PAH) 

and soot, because of the carcinogenity and the negative envi-

ronmental impact of the compounds. 
1, 2

 A key step is the for-

mation of the first ring, i.e. phenyl radical or benzene, which is 

assumed to be the result of bimolecular reactions of C3 units,
3-

5
 or possibly a reaction between C4 and C2 hydrocarbons.

6
 

Several models were developed for the subsequent growth to 

larger units.
7
 One major pathway for PAH formation is as-

sumed to be the HACA mechanism (hydrogen abstraction C2H2 

addition).
8, 9

 As it was pointed out that HACA might be too 

slow to explain the formation of large PAH,
1, 10

 the condensa-

tion of aromatic rings, in particular phenyl, was suggested to 

be an alternative pathway, explored for example by Comandini 

et al.
11

 and by Shukla and Koshi.
12

 The mechanistic questions 

are not settled due to the lack of direct experimental data. Due 

to the large number of reactive intermediates that appear in a 

real flame, it is very difficult to draw conclusions on the reac-

tion pathways. Therefore, it is important to conduct controlled 

studies with only a few reactants to get insight into combus-

tion chemistry. Reactions starting from phenyl are particularly 

relevant. However, the seemingly simple phenyl condensation 

has not been investigated extensively yet. A laser photoly-

sis/mass spectrometry study yielded rate constants and tem-

perature-dependent Arrhenius parameters for the dimerisa-

tion.
13

 In a recent shock tube study employing iodobenzene as 

a precursor Tranter et al. found that the direct dimerization of 

phenyl is accompanied by a disproportionation to benzene + 

benzyne with a comparable rate (I).
14

  

          2 C6H5 → C6H6 + C6H4               (I) 

This formation of further species in the first bimolecular reac-

tion thus opens additional reaction channels. Product infor-

mation in previous work on phenyl reactivity was often ex-

tracted from mass spectra (MS) of reaction products obtained 

by electron impact ionisation,
14

 by 118 nm photoionisation
12

 

or by GC/MS.
11

 However, only limited information on the mo-

lecular structure is available from these techniques, in particu-

lar when several product isomers can be formed. Given the 

complexity of the phenyl system, it is therefore essential to 

investigate its products by a structure-sensitive method.  

It is been shown that high temperature flow (pyrolysis) micro-

reactors
15

 provide a suitable environment to investigate com-

bustion processes
16

 and can be combined with the tools of 

gas-phase spectroscopy, which gives the opportunity to test 

theoretical predictions. The flow dynamics in such a reactor 

has been analysed in detail.
16

 Ellison and coworkers studied 

the thermal decomposition of compounds like furan
17

 and 

anisole
18

. Recently, the work was extended to the decomposi-

tion of the benzyl radical.
19

 Under suitable conditions a pyroly-

sis reactor also provides access to bimolecular condensation 

reactions. In such experiments, PAH molecules have been 

detected by photoionization mass spectrometry with tunable 

synchrotron radiation (SR), which provides structural infor-

mation through the ionization energy (IE). Bimolecular reac-

tions in the pyrolysis reactor were already observed in early 

work combining pyrolysis with SR.
20

 Parker et al. studied a 

mixture of phenyl and acetylene to confirm the validity of the 
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HACA mechanism.
21

 In the reaction of phenyl and C3H4 they 

identified for example indene and naphthalene as reaction 

products.
22

 On the other hand, more recent results on a naph-

thyl/acetylene mixture cast doubts on the relevance of the 

HACA mechanism.
23

 The large number of possible isomers that 

cannot easily be distinguished by their ionization energy limits 

the usefulness of photoionization mass spectrometry for larger 

molecules. More detailed information on reaction products is 

obtained, when ions and photoelectrons are detected in coin-

cidence.
24-26

 We recently showed that IR/UV ion dip spectros-

copy is a powerful, alternative tool to study high temperature 

reactions in a flow reactor, since it combines the structural 

sensitivity of infrared spectroscopy with mass information.
27, 28

 

In this technique, molecules are ionised by [1+1] resonance-

enhanced multiphoton ionisation (REMPI) with UV laser radia-

tion. The ground-state IR spectra are obtained by monitoring 

the depletion in the ionization signal that occurs upon excita-

tion of a vibrational transition, resulting in mass-selected IR 

spectra. The flux necessary to excite molecules in a free jet in 

the mid-IR fingerprint region is provided by a free electron 

laser (FEL). In previous experiments, it was found that the self-

reaction of phenylpropargyl radicals leads selectively to para-

terphenyl and 1-(phenylethynyl)naphthalene.
28

 To further 

understand the combustion relevant reactions leading to 

PAHs, we will here examine the dimerization of phenyl radical, 

C6H5 itself. Phenyl is among the first aromatic species formed 

in combustion and thus constitutes the starting point in the 

growth to larger units. It is the goal of this work to identify 

isomer-selectively the products formed from phenyl radicals 

without a further reactant being added.  

Experimental 

The experiments were carried out at the FELIX free electron 

laser laboratory at the Radboud University (the Netherlands). 

The characteristics of the FEL have already been described in 

the literature.
29, 30

 It provides a high flux in the fingerprint 

region that permits to record IR spectra of diluted gaseous 

samples. The measurements were performed in a differentially 

pumped molecular beam apparatus.
31

 Initial experiments 

aimed at optimizing the reaction conditions were carried out in 

the Würzburg laboratory by photoionization mass spectrome-

try using 118 nm radiation.  

All species were produced by flash pyrolysis in a 30-40 mm 

long SiC tube with an inner diameter of 1 mm, mounted onto a 

pulsed solenoid valve.
15

 In all experiments described below 

azobenzene, commercially obtained from Aldrich (supposed 

purity >99%), was employed. It was heated to 130-160 °C to 

achieve a sufficient vapour pressure and seeded in 1.4 bar of 

argon. It thermally dissociates according to 

           C6H5-N=N-C6H5 → 2 C6H5 + N2                               (II) 

The pyrolysis conditions were chosen to promote bimolecular 

reactions. The skimmed pulsed (10 Hz) free jet enters the ioni-

zation region of a time-of-flight mass spectrometer and is 

crossed by IR and UV laser radiation. A frequency-doubled dye 

laser, pumped by a Nd:YAG laser was employed for UV excita-

tion. Experiments were carried out at wavelengths of 285 nm, 

270 nm, and 255 nm, UV energies were around 1-1.5 mJ. Mol-

ecules were ionized in a [1+1] process. The IR-FEL, operating at 

5 Hz, was fired typically around 200 ns before the UV laser and 

scanned over the fingerprint region of the molecule (590–1750 

cm
-1

) with a step width of 2-2.5 cm
-1

. When the IR light is reso-

nant with a vibrational mode of the species, the ion signal is 

depleted, because only the molecules left in the ground state 

can be resonantly ionized. At each wavenumber step we rec-

orded 50 shots with the IR-radiation present and 50 shots 

without. The signal obtained with the IR-radiation present is 

then divided by the signal obtained without IR radiation and 

the decadic logarithm is taken and IR power corrected. The 

spectra shown below are typically composed of two segments 

(590 cm
-1

 - 1000 cm
-1

 and 1000 cm
-1

 - 1750 cm
-1

) that were 

recorded at a single UV wavelength and averaged over several 

scans. The spectra were smoothed using the Savitzky-Golay 

algorithm. 

The spectra were assigned to a given isomer with the aid of 

calculations. Density functional theory (DFT) as implemented 

in the Gaussian suite of programs was employed.
32

 For all 

molecules the B3LYP functional was used in combination with 

the 6-311++G(d,p) basis set. All computed harmonic IR fre-

quencies were scaled with an empirical factor of 0.975. To 

facilitate comparison with the experiment, the calculated 

spectra were convoluted with a Lorentzian function with a full 

width at half maximum (FWHM) of 10 cm
-1

.  

Results 

Mass Spectra  

 

Fig. 1: Photoionisation mass spectra recorded at 118 nm (up-

per trace) and 270 nm (lower trace).  

In Figure 1 the photoionisation mass spectra (PIMS) of the 

pyrolysis products of azobenzene are depicted. The upper 

trace shows a spectrum obtained at 118 nm, which is sufficient 

to ionize almost all molecules in the beam in a one-photon 

step. Although ionization cross sections are different for dif-

ferent molecules the spectrum gives a reasonably realistic 

distribution of molecular concentrations in the jet. Note that 

the precursor azobenzene (m/z=182) has been completely 
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converted. Dimerization is evident from the peak at m/z=154. 

A major parameter to be optimized in the experiment is the 

delay between gas pulse and laser: early in the gas pulse the 

amount of bimolecular reactions is small and isolated radicals 

can be observed, while in the centre of the gas pulse bimolecu-

lar reactions become important. Clearly in the 118 nm mass 

spectrum (Figure 1, upper trace), benzene (C6H6) is one of the 

largest peaks. Its observation confirms the conclusion of 

Tranter et al. that disproportionation to benzene and benzyne 

competes with dimerization. Only a small benzyne peak 

(m/z=76) is visible in the MS, likely due to its high reactivity. 

The lower trace depicts the two-photon [1+1] REMPI-spectrum 

recorded at 270 nm. At this wavelength polycyclic aromatic 

molecules can be resonantly ionized and efficiently detected. 

In contrast, phenyl itself as well as smaller molecules that 

originate from the decomposition of phenyl, i.e. propargyl at 

m/z=39, C4Hx and C5Hx species are not visible at 270 nm. Note 

that propargyl was supposedly not observed in previous exper-

iments using pure nitrosobenzene,
21

 but is visible in the 118 

nm photoionisation mass spectrum. The condensation prod-

ucts are present in both spectra, although the intensities are 

different due to the resonant enhancement at 270 nm. A par-

ticularly interesting peak appears at m/z=93. Based on a REMPI 

scan without pyrolysis it was identified as being due to aniline 

(see Figure S1 in the electronic supplementary information, 

ESI). This compound is present as an impurity in the commer-

cial azobenzene sample. Note that it cannot be detected by 

NMR spectroscopy, so its concentration has to be smaller than 

1%. 

 

Phenyl chemistry: IR-spectra of the reaction products 

In the following section we will discuss the IR/UV-spectra of 

the reaction products observed in the mass spectrum. From 

the IR spectrum of the weak m/z=77 peak it is concluded that 

it originates from dissociative photoionisation of m/z=154. No 

spectrum was recorded for phenyl radical itself, because it 

could not be ionized resonantly at the excitation wavelengths 

employed in the experiments. The extinction coefficients ε 

were determined in Ar matrix.
33

 The long lived A 
2
B1 state with 

the origin at 510.5 nm has only a small extinction coefficient of 

ε=2.8 l(mol⋅cm)
-1

. The B 
2
A1 state has ε=220 l(mol⋅cm)

-1 
at 

235.1 nm, whereas the most intense transition to the 
2
B2 state 

maximizes at 211.5 nm, but both higher-lying states are pre-

sumably short-lived. However, we want to emphasize that 

most polycyclic aromatic species can be resonantly ionized 

between 250 and 285 nm and are thus efficiently detected. In 

the next sections we will discuss the IR/UV spectra of the reac-

tion products originating from phenyl condensation. The wave-

lengths employed for UV excitation/resonant ionization is 

given in the figures. While for most species IR-spectra were 

obtained at all UV excitation wavelengths, for some molecules 

only one or two UV-wavelength lead to the appearance of IR 

peaks.  

 

Fig. 2: The IR Spectrum of the m/z=154 reaction product (up-

per trace) is assigned to biphenyl based on a comparison with 

the computed spectrum (lower trace).  

 

Biphenyl. The simplest possible product in phenyl condensa-

tion is biphenyl at m/z=154, which is the dominant product in 

both mass spectra given in Figure 1. This shows that phenyl 

dimerises efficiently under our experimental conditions. Rate 

constants for this process have been determined by a combi-

nation of photolysis and mass spectrometry.
13

 The IR-spectrum 

of this mass is depicted in the upper trace of Figure 2. The 

comparison with the computed spectrum of biphenyl in the 

lower trace shows that the assignment to biphenyl is unam-

biguous and that no other isomer of this mass is visible. The 

excess energy of the reaction will be transferred in further 

collisions. However, dimerization of phenyl is not a simple 

reaction: Computations indicated two possible pathways to 

biphenyl, one proceeding via a σ-recombination of the two 

radicals, the second one via a π-bond recombination, i.e. addi-

tion of a phenyl radical to the π-system of the othe one.
14

 The 

second channel can lead to isomers of biphenyl when triplet 

intermediates are involved, although the possible products 

were not specified by Tranter et al.
14

 The IR spectrum shows 

no indication of isomers and thus demonstrates that reactions 

proceeding via a π-bond recombination are not important. On 

the other hand disproportionation (reaction I) competes effi-

ciently with dimerization. The computations of Comandini and 

Brezinsky revealed that the disproportionation products ben-

zene + benzyne can also be involved in biphenyl formation. 

Note that the presence of both species is evident from the 

mass spectrum in Figure 1. The reaction 

           C6H6 + C6H5 → C12H10 + H  ∆RH= -42 kJ⋅mol
-1

           (III) 

thus constitutes a second possible pathway to biphenyl. Here, 

the excess energy is taken away by the H-atom reaction prod-

uct. The reaction of benzene and triplet ortho-benzyne forms 

biphenyl even more efficiently, but since ortho-benzyne has a 

singlet ground state, we assume this reaction to be of minor 

relevance.  
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para-Terphenyl. Addition of another phenyl unit to biphenyl 

will result in an isomer of terphenyl with m/z=230. The reac-

tion will be associated with loss of a hydrogen atom. Figure 3 

presents the experimental IR spectrum (top trace) for the peak 

appearing at this mass. Interestingly, the best match to the 

experimental spectrum is provided by para-terphenyl. A con-

ventional IR spectrum of para-terphenyl recorded in a heated 

gas cell for comparison
28

 is depicted in the second trace from 

top and matches the present spectrum in terms of both band 

positions and intensities. The computed spectra for the three 

isomers para- (p-), ortho- (o) and meta- (m) terphenyl are 

given in the lower traces of Figure 3 and exhibit distinct differ-

ences. In particular the band at 840 cm
-1

 is red-shifted in the 

calculated spectra to 800 cm
-1

 and 770 cm
-1

 for m-terphenyl 

and o-terphenyl, respectively. Although a small contribution 

from the meta-isomer cannot be ruled out based on the very 

weak bands at 610 cm
-1

 and 800 cm
-1

, its concentration is 

estimated to be lower than 35% (Figure S2, ESI). Contributions 

from the ortho-isomer are negligibly small. The condensation 

of phenyl radicals leads predominately to p-terphenyl, and 

thus to the same product as the dimerization of the previously 

investigated 1- and 3-phenylpropargyl radicals.
28

 Shukla and 

Koshi assumed o-terphenyl to be the dominant product of 

phenyl condensation, but the assignment was based on chemi-

cal arguments rather than structural information.
12

 Comandini 

et al reported on the other hand the presence of all isomers.
11

 

 

Fig. 3: The IR Spectrum of the m/z=230 reaction product (up-

per trace) shows that para-terphenyl is the preferentially 

formed reaction product. For comparison an experimental 

spectrum recorded in a heated gas cell and computed spectra 

of all three terphenyl isomers are given. 

 

Naphthalene. Formation of naphthalene, C10H8 has already 

been observed in recent photoionization studies, however in 

the presence of acetylene
21

. It was assumed that the subse-

quent addition of two acetylene molecules to phenyl, followed 

by H-atom loss leads to the formation of this smallest PAH. In 

contrast, the mass spectra in Figure 1 show a peak at m/z=128 

without addition of acetylene from the outside. The IR/UV 

spectra recorded at 285 nm are presented in Figure 4. The 

spectrum is dominated by a single peak around 790 cm
-1

, 

which is characteristic for naphthalene. Interestingly, the spec-

trum shows a gain in the ion signal rather than a depletion, 

indicating that the ionization probability is enhanced by vibra-

tional excitation in the ground state. We conclude from Figure 

4 that naphthalene is formed from phenyl alone without the 

presence of acetylene. A pathway from phenyl to naphthalene 

according to the reaction  

           2 C6H5 → C10H8 + C2H2    ∆RH= -289 kJ⋅mol
-1

  (IV) 

has been computed to proceed via a low activation barrier of 

19 kJ⋅mol
-1

.
34

 The transition state corresponds to a π-system 

addition product. The pathway includes an intersystem cross-

ing on the way to the products. The observation of naphtha-

lene in the phenyl system is thus supported by theory. An 

interesting aspect of naphthalene formation is the formation 

of acetylene as the second product, which can be consumed in 

further reactions.  

 

Fig. 4: Naphthalene is identified by the intense band around 790 

cm
-1

 in the IR spectrum. Interestingly the IR/UV spectrum exhibits a 

signal gain rather than a dip.  
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Fig. 5: The IR Spectrum of the m/z=130 reaction product (top 

trace) is assigned to 1,2-dihydronaphthalene on a comparison 

with the computed spectrum (centre trace). The spectrum of 

the 1,4-isomer given in the lower trace does not match. 

1,2-Dihydronaphthalene. The IR-spectrum of the peak at 

m/z=130 is shown in Figure 5. The best match is provided by 

1,2-dihydronaphthalene, given in the centre trace of the Fig-

ure. The pattern with three peaks between 700 and 800 cm
-1

 is 

matched in both position and intensity. For comparison the 

computed IR-spectrum of 1,4-dihydronaphthalene is given in 

the lower trace of Figure 5. It is evident that the experimental 

spectrum matches the one computed for the 1,2-isomer, but 

not the one computed for the 1,4-isomer. The observation of 

1,2-dihydronaphthalene is not readily understood. Since hy-

drogenation of naphthalene is thermochemically unlikely, it 

has to be formed by a different route. Both crossed-beam and 

high-temperature pyrolysis experiments of phenyl and butadi-

ene yielded a product at m/z=130, which was assigned to 1,4-

dihydronaphthalene based on a computed reaction 

pathway.
35-37

 The presence of C4Hx species from the decompo-

sition of phenyl in the mass spectrum (upper trace of Figure 1) 

indicates that this reaction can also occur in the pyrolysis reac-

tor, but formation of 1,2-dihydronaphthalene rather than the 

1,4-isomer is evident. This example shows convincingly that an 

isomer-selective method is required to determine the product 

structure and that a combination of mass spectrometry and 

computation is not sufficient for structure determination.  

 

m/z=152. In the mass spectrum we also observed a signal at 

m/z=152. Based on simple chemical arguments one would 

assume acenaphthene or biphenylene to be the carrier of this 

peak. As acenaphthene should be formed in the HACA mecha-

nism by adding acetylene to naphthyl, its observation would 

provide evidence for this mechanism. In contrast, biphenylene 

should originate from biphenyl. Unfortunately, the sig-

nal/noise ratio of the IR-spectrum depicted in Figure S3 of the 

ESI does not permit an unambiguous identification. Two bands 

around 1500 cm
-1

 and 1600 cm
-1

 appear at the same position 

as in biphenyl and possibly originate from the dissociative 

photoionionisation of this molecule associated with H2-loss. In 

addition, the spectrum shows a characteristic peak around 

1210 cm
-1

 that is not present in the spectra computed for 

acenaphthene or biphenylene. Furthermore a large peak com-

puted at 722 cm
-1

 for biphenylene is not present in the exper-

imental spectrum. Thus there is at present no evidence that 

either of the two compounds is formed. Other possible candi-

dates are 1- and 2-acetylnaphthalene, but due to the low sig-

nal/noise ratio a positive identification has not yet been possi-

ble. 

 

Fig. 6: The product at m/z=116 is identified as indene 

Indene. Indene, C9H8 has been observed as a reaction product 

in a mixture of phenyl and allene or propyne.
22

 Similar to 

naphthalene, it is detected in the present work without any 

secondary reactant being added. The IR/UV spectrum is given 

in Figure 6, together with its computational IR spectrum. A 

possible mechanism can be derived from the mass spectrum 

recorded at 118 nm (cf. Figure 1). It shows the presence of 

C3H3, which results from the decomposition of phenyl. A sub-

sequent pathway to indene is thus 

C6H5 + C3H3 → C9H8    (V) 

It is exothermic by 944 kJ⋅mol
-1

 and proceeds via a phenylpro-

pargyl intermediate.
38

 As an alternative pathway Kislov and 

Mebel
38

 computed the reaction  

C6H6 + C3H3 → C9H8 + H   (VI) 

 

However, (VI) is exothermic by only 62 kJ⋅mol
-1

 and proceeds 

over several steps with significant activation barriers. The 

observation of indene here is in agreement with the one as a 

reaction product of phenylpropargyl.
28

 The present work con-

firms the stability of the molecule in a high temperature envi-

ronment. 
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Fig. 7: The IR spectrum of m/z=170 (upper trace) can be ex-

plained by the reaction with traces of oxygen, which leads to 

the formation of para-hydroxy-biphenyl 

Further masses: The mass spectra presented in Figure 1 show 

several other masses with low intensity, which can be identi-

fied by their IR spectra. M/z=94 corresponds to phenol (Figure 

S4), while m/z=170 corresponds to para-hydroxy-biphenyl, as 

visible from Figures 7 and S5. It seems that trace amounts of 

oxygen present in the pyrolysis react with the two most im-

portant species phenyl and biphenyl, forming the correspond-

ing alcohol via the corresponding oxy-radical and subsequent 

hydrogen abstraction. This reaction has also been observed 

before.
21

 A peak at m/z=66 shows an IR spectrum identical to 

the one of phenol (Figure S4) and is thus assigned to a dissoci-

ative photoionisation fragment. The formation of cyclopenta-

diene by H-atom addition to cyclopentadienyl as suggested in 

Ref. 
21

 is thus considered to be unlikely. A small peak at 

m/z=104 is assigned to styrene, Ph-CH=CH2, which indicates 

that a reaction with C2 units might take place in the reactor 

(Figure S6). Note that the formation of naphthalene is associ-

ated with the formation of acetylene, which can form styrene 

in a further reaction with phenyl. A further group of peaks 

appears at m/z=140-144. M/z=142 is identified as 1-

methylnaphthalene. Its 
13

C isotopologue also contributes to 

the signal at m/z=143. In contrast, the small peaks at m/z=140 

and 144 could not be identified. Finally another small peak is 

found at m/z=228. This mass was present with significant in-

tensity in our previous work on the phenylpropargyl radicals.
28

 

It was a major surprise of this work when the IR spectrum was 

assigned to 1-(phenylethynyl)naphthalene (1-PEN), see Figure 

5 in ref. 
28

 and Figure 1 in ref. 
39

. In the phenyl experiments, 

the signal in this mass channel was small and the IR spectrum 

rather noisy. However, 1-PEN can be ruled out as the carrier of 

this mass. The IR spectrum (Figure S7, ESI) is dominated by a 

single peak at 730 cm
-1

, all further peaks are small. We there-

fore assign m/z=228 to triphenylene, which has an IR-spectrum 

with only few bands due to its high symmetry. 

 

Phenyl plus aniline chemistry: IR-spectra of the reaction products 

The mass spectrum recorded at 270 nm shows a few smaller 

peaks at m/z=117, m/z=167-169 and 243-245, which cannot be 

explained by phenyl condensation.  

 

Fig. 8: Based on the computations (lower trace) the IR spec-

trum of the m/z=167 reaction product (upper trace) is assigned 

to carbazole. 

The largest of these peaks is the one at m/z=167. Based on the 

spectrum in Figure 8 and a comparison with the computation 

in the lower trace it is convincingly assigned to carbazole. The 

IR/UV spectra at the other masses demonstrate indole 

(m/z=117, Figure S8), diphenylamine (m/z=169, Figure S9), 

phenylcarbazole (m/z=243, Figure S10) and triphenylamine 

(m/z=245, Figure S11) to be the carriers, which are unambigu-

ously identified by the IR spectra given in the ESI. They appear 

only with small concentration in the mass spectra. The compa-

rably high quality of the IR spectra is most likely due to an 

enhancement of the absorption cross section by the dipolar 

NR2-H group. 

The observation of compounds containing nitrogen is at first 

glance surprising. Pyrolysis of azobenzene yields phenyl and 

N2, the latter being unreactive. The formation of N-containing 

compounds might be explained by a side reaction in the pyrol-

ysis leading to two phenylnitrene molecules. However, the 

presence of trace amounts of aniline, identified in a REMPI-

scan without pyrolysis provides an alternative explanation for 

these compounds. Reactions of aniline with phenyl will lead to 

diphenyl- and triphenylamine. Carbazole will then be formed 

from diphenylamine by loss of H2.  

  

Scheme 1: Carbazole is likely formed from diphenylamine  

The efficient growth of larger rings from a reaction of phenyl 

and aniline has consequences for combustion of biofuel, which 

often contains organically bound nitrogen.
40

 Here, the mecha-

nism based on condensation of aromatic species might be very 

efficient and lead quickly to large ring systems containing ni-

trogen molecules.  
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Discussion  

First of all, the data presented above confirm that bimolecular 

reactions at high temperature can be investigated in a pyroly-

sis microreactor. The chemistry is similar to the one proceed-

ing in more complex setups, like shock tubes
14

 or in a 56 cm 

quartz reactor.
12

 We emphasize that the degree of secondary 

reactions in the reactor can be controlled by several parame-

ters, such as the precursor concentration, lengths of the SiC 

tube, pyrolysis temperature, and backing gas pressure. While 

in a continuous expansion at low pressure significant dimeriza-

tion takes place,
20, 24

 it can in principle be suppressed in a 

pulsed jet. However, in the present experiments we deliber-

ately maintained conditions that favour bimolecular reactions 

and observed them by choosing a suitable delay between laser 

and pulsed valve.  

It was found in computations that only a part of PAH formation 

can be explained by the HACA mechanism.
1, 10

 Subsequently, it 

was suggested that a mechanism based on the addition of 

phenyl units can rationalise the rapid formation of PAHs in a 

few steps.
12

 Here, we confirm the relevance of this mechanism 

and identify important reaction products by their IR spectra. 

The simplest reaction product, biphenyl is expected to appear 

with significant intensity in the presence of phenyl. The ab-

sence of other product isomers shows the selectivity of this 

process. 

A comparison to the work by Tranter et al.
14

 and by Shukla and 

Koshi is instructive,
12

 who previously studied reactions of phe-

nyl in much larger reactors. Both the EI mass spectrum
14

 and 

the photoionization mass spectra
12

 recorded at 1100 to 1200 K 

are very similar to the one presented above. This shows that 

the properties of the SiC microreactor resemble those of the 

much larger reactors employed so far for studying high tem-

perature reactions. Many of the assignments of the work by 

Shukla and Koshi are confirmed.
12

 One noteable difference 

concerns the peak at m/z=230. Shukla and Koshi detected a 

peak at m/z=230, but assumed o-terphenyl to be the dominant 

product. The IR-spectrum in Figure 3 shows that the para-

isomer of terphenyl dominates, with some meta-isomer being 

possibly present. The contribution of o-terphenyl is negligibly 

small. Most likely the ortho-isomer cyclises according to  

        o-terphenyl → triphenylene + H2                     (VI) 

as suggested,
12

 while the para-isomer remains in the reaction 

mixture. This observation has impact on the mechanism of 

further growth. Addition of a further phenyl unit to p-

terphenyl will open additional routes to larger PAHs that have 

not yet been considered. Another difference concern the as-

signment of the m/z=152 peak to biphenylene. We find some 

contribution from dissociative photoionisation of biphenyl to 

this peak, but the major peak in the IR spectrum is not in 

agreement with computations for biphenylene. Thus the iden-

tity of the m/z=152 product is not yet clear. Note that Shukla 

and Koshi used benzene as a phenyl precursor, so one product 

of the phenyl self-reaction was present as a reactant. This 

potentially obscures some of the possible reaction channels. 

We also want to compare our data with the work by Parker et 

al., who conducted an experiment on a phenyl/acetylene mix-

ture in a microreactor similar to ours.
21

 Interestingly, Parker et 

al. observed no tricyclic molecules at all, which indicates that 

the HACA mechanism is much less efficient than phenyl addi-

tion under the appropriate pyrolysis reactor conditions. Fur-

thermore neither C3H3 nor C5H5 were supposedly observed 

without acetylene being present, whereas the PIMS in the 

upper trace of Figure 1 shows the presence of C3H3. C5H5 on 

the other hand originates from dissociative photoionisation of 

phenol (see above). The formation of naphthalene constitutes 

a further interesting aspect. Within the HACA mechanism, 

naphthalene is formed from phenyl by sequential addition of 

two acetylene units. Parker et al. observed naphthalene and 

took this as evidence for the HACA mechanism. The work pre-

sented here shows that naphthalene can be formed from phe-

nyl alone as suggested by computational work
34

 and does not 

require acetylene as an additional reactant. Observation of 

naphthalene should thus not serve as evidence for the HACA 

mechanism. Nevertheless, an interesting aspect of (IV) is the 

formation of acetylene as a side product, which can in princi-

ple participate in further processes, for example the formation 

of styrene, which was also identified by its IR-spectrum. By 

necessity the amount of naphthalene formed by the HACA 

mechanism has to be significantly smaller than the amount 

produced via (IV). Another possible source of acetylene in the 

present experiment is decomposition of benzene to C4 and C2 

hydrocarbons. 

The propensity for p-terphenyl has been observed before in 

our study on phenylpropargyl dimerization.
28

 There we argued 

that p-terphenyl is favoured kinetically, because it can be read-

ily formed in the dimerization of both 1- and 3-phenyl-

propargyl. The pronounced propensity for p-terphenyl for-

mation in the present work indicates the central role of this 

species in PAH-formation, which to the best of our knowledge 

has not yet been properly addressed by theory. The second 

product of the phenylpropargyl dimerization, 1-PEN was not 

identified in the present work. Since a small amount of pro-

pargyl from the pyrolysis of phenyl is detected in the mass 

spectrum, a formation of C9-species is likely. Figure 6 indicates 

that indene is the dominant product. It is probably formed 

directly by the phenyl + propargyl reaction given in (V).  

Conclusions 

In this work we analysed the products of the phenyl radical 

self-reaction by IR/UV double resonance spectroscopy. The 

results demonstrate that a pyrolysis microreactor mimics larg-

er reactors used so far to study high temperature reactions. 

Thus the investigation of combustion relevant reactions can be 

conducted with such a microreactor and be combined with 

new laser-based detection techniques. When the growth of 

larger units, i.e. PAH or soot is studied, an isomer selective 

detection technique is necessary. Within this work we show 

that an analysis that is based on simple photoionisation mass 

spectrometry and chemical intuition cannot always predict 
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chemical structures correctly. Even when photoionisation is 

combined with a tunable light source correct assignment is 

difficult, because ionization energies for different isomers are 

often close. In the present work we base the analysis on IR/UV 

double resonance spectroscopy. The method combines the 

mass sensitivity of resonant photoionisation ([1+1] REMPI) 

with the isomer sensitivity of infrared spectroscopy and is well 

suited for multiplex-detection of reaction products in a mix-

ture. In addition, resonant excitation is very sensitive and 

allows the detection of products that are present only in small 

contributions and cannot be identified by simple photoionisa-

tion mass spectrometry. 

The work shows that phenyl addition is a pathway that leads 

to rapid growth and the formation of PAHs with three aro-

matic rings within the microreactor. Para-terphenyl was identi-

fied to be the carrier of the mass signal at m/z=230, a result 

that will be important for the modelling of growth to larger 

PAHs. Furthermore, the experiments demonstrate that species 

like naphthalene are formed without the addition of acetylene, 

as predicted by theory. Observation of naphthalene does 

therefore not constitute evidence for the HACA mechanism. 

The presence of small (<1%) amounts of aniline lead to the 

observation of various PAHs containing N-atoms. The results 

have a bearing on the formation of PAHs and soot in biofuels, 

because phenyl addition to amines is assumed to be rapid and 

efficient. 
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