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IR/UV Double Resonance Study of the 2-Phenylallyl Radical

and its Pyrolysis Products

Tobias Preitschopf,” Floriane Sturm,” luliia Stroganova,’® Alexander K. Lemmens,”

Anouk M. Rijs,*¥ and Ingo Fischer*™

Abstract: Isolated 2-phenylallyl radicals (2-PA), generated by
pyrolysis from a nitrite precursor, have been investigated by
IR/UV ion dip spectroscopy using free electron laser radiation.
2-PA is a resonance-stabilized radical that is considered to be
involved in the formation of polycyclic aromatic hydrocarbons
(PAH) in combustion, but also in interstellar space. The radical
is identified based on its gas-phase IR spectrum. Furthermore,

a number of bimolecular reaction products are identified,
showing that the self-reaction as well as reactions with
unimolecular decomposition products of 2-PA form several
PAH efficiently. Possible mechanisms are discussed and the
chemistry of 2-PA is compared with the one of the related 2-
methylallyl and phenylpropargyl radicals.

J

Introduction

To understand the formation of polycyclic aromatic hydro-
carbons (PAH) and soot is still a challenging task for chemistry.
In high temperature processes, in particular combustion, one
tries to avoid formation of these carcinogenic and environ-
mentally harmful molecules as much as possible.l" On the other
hand, in astrochemistry PAH are considered as likely carriers of
the unidentified infrared bands (UIR), emission bands character-
istic for aromatic molecules and PAH.” The most important
pathways to PAH formation have been reviewed recently,”
among them the HACA (hydrogen abstraction C,H, addition)
and the PAC (phenyl addition (dehydro-)cyclization) mecha-
nisms. However, almost all models agree on the central role of
resonantly stabilized radicals (RSR) in the growth of aromatic
species.” RSR can accumulate in reactive environments due to
their lower reactivity towards O, and therefore be involved in
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secondary reactions.”! Hence, the spectroscopic identification of
RSR and the investigation of their chemistry is of considerable
interest. Here, we focus on reactions of the 2-phenylallyl radical,
2 in Scheme 1, and compare its high temperature chemistry
with the one of the related 2-methylallyl® and phenylpropargyl
radicals.” While for its isomer 1-phenylallyl, a study of the D«
D, transition by laser-induced fluorescence has been reported,”
no spectroscopic information is available so far on 2. Theoretical
work is limited to studies on reactions of chemically activated
CH, isomers® This lack of information hampers in situ
detection in reactive environments. Thus, laboratory experi-
ments on isolated radicals under well-defined conditions are
required to get more insight into the chemistry of RSR. Thermal
reactions in pyrolysis microreactors are well suited to generate
reactive molecules cleanly and at a sufficiently high number
density to conduct gas-phase experiments."” The properties of
such a microreactor were recently modeled using fluid dynam-
ics simulations.""! Depending on the mode of operation and the
choice of parameters (backing gas pressure, length of the
heated region and time delay between laser and gas pulse),
such microreactors can be used to characterize isolated radicals,
but also serve to initiate unimolecular and bimolecular chemical
reactions.""'? In the present work we employed this technique
to generate 2 from 3-phenylbut-3-en-1-yl nitrite (1), as visible in
Scheme 1. Reaction products are often characterized by photo-
ionization with tunable synchrotron radiation, either using the
ionization energy (IE) derived from ion yields for identification'"

ONO L +NO +CH,0
%—J
m/z 177 m/z 117 m/z 30
1 2

Scheme 1. Pyrolysis of 3-phenylbut-3-en-1-yl nitrite 1 is used to generate the
2-phenylallyl radical 2.
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or photoelectron spectra.™ IR/UV ion dip spectroscopy is an
alternative tool to characterize reaction products, because it
combines the structural sensitivity of infrared spectroscopy with
mass information.™ It is particularly well suited for the isomer-
selective characterization of aromatic molecules and PAH, which
generally absorb in the UV. Recently, we employed IR/UV
spectroscopy to record IR spectra of isolated RSR with relevance
to combustion and to monitor their chemical reactions, among
them phenylpropargyl,” benzyl,"® ortho-benzyne” and 2-
methylallyl” In contrast, small molecules without a UV
chromophore are difficult to detect by IR/UV, thus complemen-
tary photoionization data are helpful, as shown for the ortho-
benzyne self-reaction."” As an alternative to pyrolysis, electrical
discharges have been employed to generate RSR and follow
their chemistry. Recently, a discharge of naphthalene has been
utilized to study the formation of PAH by IR/UV spectroscopy.''®

Results
Mass spectra

SPI TOF-MS: The single-photon ionization (SPI) time-of-flight
mass spectrum of the pyrolysis products, recorded using
synchrotron radiation at the Swiss Light Source (SLS), is
presented in Figure 1a. The spectrum gives an approximate
distribution of the relative molecular concentrations in the
jet"? At around 800K, an almost complete conversion of 1
(m/z 177) and a relative intense signal at m/z 117, correspond-
ing to the mass of 2, are observed. In addition, a small signal is
visible at m/z 30 due to NO, confirming the decomposition
shown in Scheme 1. Contributions of formaldehyde (CH,0) can
be excluded due to its high IE.?” Addition of an H atom to 2
leads to the most dominant peak at m/z 118, while H atom loss
results in m/z 116. Dimerization of 2 is evident from the signal
at m/z 234. Several further signals such as m/z 78, 92, or 104,
indicate that small aromatics are formed in the unimolecular
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Figure 1. Time-of-flight mass spectra (TOF-MS) of 1 with pyrolysis recorded
at 9.5 eV in a single-photon ionization process (SPI) at T, around 800 K
(trace a) and at 270 nm (4.59 eV) in a [1+ 1]-REMPI process at T,,,, around
1000 K (b).
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decomposition of 2 and might contribute to the formation of
higher (polycyclic) aromatic hydrocarbons as suggested by m/z
128 or 154. Further mass spectra with and without pyrolysis are
given in Figure S1 in the Supporting Information.

REMPI TOF-MS: Figure 1b depicts the [1+ 1]-REMPI mass
spectrum at around 1000 K. The higher pyrolysis temperature
was chosen to promote bimolecular reactions in the
microreactor.''? At the excitation wavelength of 270 nm
(4.59 eV), many PAH possess absorption bands,?" that lead to
enhanced signal intensities in comparison with the SPI spec-
trum (see for instance m/z 92, 104, 116, 128, or 154). Commonly,
the strong S;<—S, and/or the medium strong S,<S, transitions
of the vast majority of PAH lie around this wavelength
region.”™ Hence, excitation around 270 nm is ideal to monitor
a large number of aromatic high-temperature reaction prod-
ucts. In addition, sufficient absorption of 2 at this wavelength is
secured (see Figure S2). In comparison with the SPI TOF-MS
(trace a), higher masses are visible due to the high sensitivity of
resonant photoionization.”"” Note, that the mass-to-charge
ratio of many of the peaks differs by 76 amu in comparison
with signals at lower m/z (e.g., m/z 102 and 178, 116 and 192,
128 and 204, 154 and 230). This indicates that molecular growth
is dominated by addition of phenyl radicals (accompanied with
a loss of an H atom), which is followed by dehydrocyclization
(H, loss) as suggested by the signals at m/z 190 and 192, 202
and 204, 228 and 230.

The corresponding REMPI excitation spectra (260-280 nm)
recorded at a pyrolysis temperature of 1000 K exhibit unstruc-
tured and broadened UV features due to overlapping bands of
the pyrolysis products,"™ which impedes isomer identification.
Note that the molecules are cooled in the jet expansion, but
possibly to room temperature only.

IR/UV spectra

In the following section, we present mass-selected IR/UV
spectra in combination with quantum chemical calculations of
vibrational spectra, that allow to unambiguously identify the
mass signals observed in the REMPI TOF-MS (cf. Figure 1b).
Several additional spectra are presented in the Supporting
Information. The width of the vibrational absorption bands is
mostly determined by power broadening owing to the intense
IR radiation and the rotational temperature of the pyrolysis
products. Most reaction products are present in the temporal
center of the gas pulse, where rotational cooling is less
effective. Note, that narrow electronic transitions are not crucial
to obtain an ion depletion signal, since IR excitation can result
in large variations of the UV absorption cross section even for
broad bands.?? Additionally, the high IR intensity facilitates
absorption of further IR photons, possibly leading to
fragmentation.”™ As absorption of the first IR photon remains
the bottleneck for the process, ground state IR spectra are
obtained.

m/z 117 and 118: Figure 2a presents the IR/UV spectrum of
m/z 117 obtained from pyrolysis of 1 (see Scheme 1) at around
800 K. A depletion of 15-20% was observed for the most
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Figure 2. The IR/UV spectrum of m/z 117 (trace a) is assigned to 2 based on
comparison with a computed spectrum (b). Addition of an H atom leads to
the formation of a-methylstyrene as shown in traces c and d.

dominant band at 721 cm™'. The wavenumber of the peak

centre was determined using Gaussian fitting. The band is well
represented in the computed IR spectrum of 2 (trace 2b) and is
assigned to the aryl C—H out-of-plane wagging vibration. Two
further distinct bands are identified at 767 and 786 cm™,
originating from an out-of-plane wagging mode and the
symmetric CH, out-of-plane bending vibration. Note, that the
latter is in excellent agreement with the wavenumber of the
CH, out-of-plane bending mode of the related 2-methylallyl
radical.® Several further bands of smaller and medium intensity
are predicted in the higher wavenumber region by the
computation, but are difficult to identify in the experimental
spectrum due to the low S/N ratio. To exclude (partial)
isomerization of 2 in the microreactor, the experimental data
are compared to computed IR spectra of the E- and Z-1-
phenylallyl radical (see Figure S3 in the Supporting Informa-
tion). A disagreement is evident.

A threshold photoelectron spectrum (TPES) of 2, recorded at
the SLS, is given in Figure S4. The spectrum is broad and
unstructured due to the large geometry change upon ionization
(see Figure S5). It is therefore only discussed in the Supporting
Information. Here, we just note that an adiabatic IE of 7.6+
0.1 eV has been determined.

The mass signal at m/z 118 (Figure 1b) already indicates
addition of an H atom to 2. The corresponding experimental
and computed IR spectra (see Figure 2c and d) confirm the
formation of a-methylstyrene (C;H,). The absence of the band
at around 900 cm™" in trace 2a rules out that the signal of m/z
117 originates from dissociative photoionization of m/z 118,
with its otherwise rather similar IR spectrum.

m/z 228 and 230: The peak at m/z 230 is one of the most
interesting signals in the REMPI TOF-MS (Figure 1b) as it
corresponds to direct dimerization of 2 to m/z 234 (see
Figure 1a) followed by dehydrocyclization, a pattern previously
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observed for 2-methylallyl radicals.”” Based on comparison with
computed IR spectra of terphenyl isomers (Figure 3d-f), the
corresponding IR/UV spectrum (Figure 3c) is best represented
by p-terphenyl (C;gH,,) in terms of the energetic positions and
relative intensities of the vibrational bands. In particular, the
characteristic band at 842 cm™', the C—H out-of-plane wagging
vibration of the central aromatic ring, is only present in the
computed spectrum of p-terphenyl. The formation of m-
terphenyl is excluded by the computed band at 621 cm™,
which is absent in the experimental spectrum, while contribu-
tions of o-terphenyl are small at best. Note, that the latter is
slightly higher in energy than p- and m-terphenyl which are
almost degenerate and constitute the lowest energy structures
at 1000 K. Interestingly, the para isomer was also observed as a
dimerization product of phenylpropargy! radicals.”

The IR/UV spectrum of m/z 228 (Figure 3a) is readily
assigned to triphenylene (C;gH,,, trace 3b) by the small number
of vibrational transitions due to the high symmetry (D) and its
distinctive C—H out-of-plane wagging vibration (in-phase) at
731 cm™". The observation of triphenylene suggests the
formation of o-terphenyl as an intermediate, followed by
dehydrocyclization (-H,) into the more stable condensed
PAH.B>4

m/z 154 and 178: Phenyl chemistry in the microreactor is
further indicated by the spectrum of m/z 154 (Figure 4a). In
addition to the characteristic C—H out-of-plane bending
vibrations at 699, 736, and 767 cm™', the spectrum exhibits
several further features, for example, at 612 or 1480 cm ™', that
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Figure 3. The IR/UV spectrum of m/z 228 (trace a) is due to triphenylene (b),
whereas the one of m/z 230 (c) is dominated by p-terphenyl (d).
Contributions of the thermochemically less stable ortho isomer (e) are small
at best and conclusively presumed by the generation of triphenylene
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Figure 4. The carrier of the IR/UV spectrum of m/z 154 is identified as
biphenyl (traces a and b). M/z 178 (c) is assigned to the thermochemically
more stable phenanthrene (d).

permit an unambiguous assignment to biphenyl (C,H,,, trace
4b).

The mass-selected IR/UV spectrum of m/z 178 (Figure 4c)
displays the formation of phenanthrene (C;,H;o), as the two
dominant bands at 730 and 812cm™' are in excellent agree-
ment with the computed spectrum (trace 4d). Contributions of
the thermochemically less stable isomer anthracene are ruled
out by the absence of its prominent C—H out-of-plane wagging
vibration at 889 cm™' in the spectrum (trace 4e).

m/z 128 and 204: Based on comparison with a computed IR
spectrum, the IR/UV spectrum of m/z 128 (Figure 5a) is
dominated by the characteristic C—H out-of-plane wagging
vibration (in-phase) at 779 cm™" of naphthalene (C,,Hs, trace
5b). No further vibrational bands are observed in the spectrum,
so the PAH is readily assigned as the only carrier of m/z 128.

The mass signal at m/z 204 in the REMPI TOF-MS (cf.
Figure 1b) is closely related to m/z 128 as both peaks are
separated by 76 amu. This suggests the addition of a phenyl
radical to naphthalene, resulting in the formation of the two
possible isomers 1- and 2-phenylnaphthalene (C¢H,). A
comparison of the corresponding IR/UV spectrum (Figure 5c)
with the computed IR spectrum (trace 5d) verifies the
generation of 2-phenylnaphthalene in the reactor, as spacing
and relative intensities of the most intense out-of-plane
wagging vibrations between 670 to 940 cm™' agree well.
Formation of the thermochemically less stable 1-phenylnaph-
thalene is unlikely, because the most dominant band at
782 cm™' is predicted at higher wavenumbers (trace 5e)
compared with the predominant band of 2-phenylnaphthalene
(shift ~15 cm™).

Chem. Eur. J. 2023, 29, e202202943 (4 of 8)
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Figure 5. The structural information of the IR/UV spectrum of m/z 128
facilitates unambiguous assignment of naphthalene (traces a and b). The IR/
UV spectrum of m/z 204 (c) is best represented by the thermochemically
more stable 2-phenylnaphthalene (d).

Additional observed masses: Several further mass signals
were assigned based on the IR/UV spectra shown in the
Supporting Information. Among them are m/z 102 and 104
identified as phenylacetylene and styrene (see Figure S6), m/z
116 assigned to indene (Figure S7), and m/z 166 identified as
fluorene (Figure S8).

Discussion

Three key reactions of 2 are involved in molecular growth as
summarized in Scheme 2. At around 800 K, the radical self-
reaction, A in Scheme 2, sets in as apparent from the mass peak
at m/z 234 in the SPI TOF-MS (Figure 1a). A heat of reaction
AgH°=—-193 kJmol™" was computed for the exothermic reac-
tion. The reaction product 2,5-diphenyl-1,5-hexadiene (3) with a
computed IE of 7.46 eV was not identified by IR/UV ion dip
spectroscopy, possibly due to a low UV absorption cross section
at the excitation wavelength. However, its formation is con-
cluded from the formation of p-terphenyl (m/z 230), see
Figure 3c. The latter is most likely formed in a Cope rearrange-
ment of 3 via a cyclic, diradical intermediate followed by
aromatization as suggested in theoretical studies.” A AgH° =
—45 kJmol™" was computed for the reaction that is accompa-
nied by the entropically favorable loss of two hydrogen
molecules.

At around 1000 K, dimerization competes with unimolecular
decomposition of 2 to a phenyl radical and likely allene, see
reaction B in Scheme 2 (AgH° = + 222 kJmol™"). The presence of
significant amounts of phenyl in the microreactor is evident as
several reaction products identified by IR/UV ion dip spectro-
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Scheme 2. High temperature reaction products of 2 in a flow microreactor identified by IR/UV ion dip spectroscopy (in black). Molecules in dashed boxes are
suggested to be formed based on mass spectrometry (cf. Figure 1) and reported literature, see Ref. [9a].

scopy exhibit phenyl groups. Some examples are biphenyl or 2-
phenylnaphtalene, which highlight the prevailing role of phenyl
chemistry in the reactor. While allene has not been detected in
the SPI TOF-MS (Figure 1a) due to its high IE,?® its formation in
B was predicted in theoretical work on reactions of chemically
activated CoH, isomers.®™ The reverse reaction of B was
computed to proceed with a barrier of just 418 kJ mol™".

Further pressure and temperature dependent dissociation
reactions of 2 on the C;H, potential energy surface (PES) were
characterized by Vereecken and Peeters.”™ Decomposition to
indene (CgHg) + H was predicted as a dominant product along
with additional exit channels, for example leading to phenyl-
acetylene (CgHg) +CH;. Both aromatics are identified in our
study too, see Figure S6 and S7 in the Supporting Information.
Furthermore, the reaction of allene with phenyl has also been
observed to form indene in a VUV photoionization study.”” The
reaction was proposed to either proceed via 2 (reverse reaction
of B) or a second resonantly stabilized CgH, radical.”**” The
observation of indene is of considerable interest, as it is among
the few PAH that have been identified unambiguously in
interstellar space.™

Chem. Eur. J. 2023, 29, e202202943 (5 of 8)

In addition to the self-recombination reaction A, the
reaction with phenyl radicals formed in B provides another
efficient pathway for molecular growth at high temperature,
known as the PAC mechanism.”” Here, addition of a phenyl
radical to an aromatic hydrocarbon is followed by successive
dehydrogenation, cyclization and aromatization. The mecha-
nism was already indicated by the pattern of the mass peaks in
the REMPI TOF-MS (cf. Figure 1b) and is further substantiated by
the identification of biphenyl (m/z 154), terphenyl (m/z 230),
and triphenylene (m/z 228), see Figure3 and Figure 4a.
Preferentially, phenyl will add at the bay position of biphenyl.”!
The latter is itself a product of the self-reaction of phenyl.2”
Additionally, the disproportionation products of the phenyl self-
reaction, benzene and o-benzyne,®” might also contribute to
the formation of biphenyl,®? as the presence of benzene is
suggested by the mass signal at m/z 78 in the SPI TOF-MS (cf.
Figure 1a).

After phenyl addition, o-terphenyl could be formed by loss
of an H atom.” However, the IR/UV spectrum of m/z 230 is
clearly dominated by p-terphenyl, see Figure 3c-f. This is in
agreement with a recent photoionization study by Zhao et al.,

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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who investigated the mechanism of the reaction of phenyl with
biphenyl.®® Yet, the formation of triphenylene (m/z 228,
Figure 3a) will proceed via dehydrogenation and cyclization of
o-terphenyl,*** and thus likely accounts for its absence in the
spectrum. A rapid conversion of the latter is further suggested
thermochemically as o-terphenyl is slightly higher in energy
than p- and m-terphenyl at 1000 K (cf. Figure 3). Although
phenyl addition at the bay position is favored,” minor
contributions to p-terphenyl by PAC are expected in addition to
reaction A, since the initial addition reaction is also possible in
the para position of the phenyl moiety of biphenyl.*” Addition
in the meta position is less likely due to a low electron density
as known for aromatic radical substitution reactions,***¥
explaining the absence of m-terphenyl in the IR/UV spectrum
(see Figure 3c).

The identification of 2-phenylnaphthalene (cf. Figure 5c)
further indicates efficient mass growth via PAC. Phenyl can add
to the C1 or C2 carbon atom of naphthalene with computed
AgH°=—137 and —116 kJmol ™" respectively, yielding 1- and 2-
phenylnaphthalene after loss of H atom.” In our study, only
the thermochemically more stable 2-substituted isomer is
identified (Figure 5). Interestingly, naphthalene (m/z 128, Fig-
ure 5a) further reflects the dominant phenyl chemistry occur-
ring in the reactor, as it can be formed by two phenyl units in a
radical/m-bond addition reaction according to Equation (1):3°3?

2 C4Hs — CyoHg + GH,, AzH° = —289 kimol™’ 1)

Furthermore, the reaction of propargyl (m/z 39) with a
benzyl radical (m/z 91)*" as well as the self-reaction of the
cyclopentadienyl radical (m/z 65),°¢ are known as primary
routes for the formation of naphthalene. However, as neither
m/z 39 nor 65 or 91 are observed in the TOF-MS (Figure 1),
naphthalene formation via Equation (1) is most likely.

The generation of phenanthrene (m/z 178, Figure 4c) in
combustion processes is expected to proceed via the acetylene-
based HACA mechanism from biphenyl.®” Furthermore, the
addition of phenyl to phenylacetylene (see Figure S6 in the
Supporting Information) via four-membered ring intermediates
as a variation of the PAC mechanism™®3 was reported as
another efficient route.?” Recently, the route was predicted to
preferentially proceed via the formation of 2-ethynylbiphenyl
by PAC, followed by H-assisted isomerization to
phenanthrene.*” Considering the significant amounts of phenyl
in the reactor, this reaction is expected to occur. The less stable
isomer anthracene has not been observed (see Figure 4c). This
indicates that the PAH formation under the present conditions
is mostly driven thermodynamically and the product with the
lowest Gibbs energy is preferentially formed.

Recently, we investigated the high temperature chemistry
of the 2-methylallyl® (2-MA) and 1- and 3-phenylpropargyl
radicals” (1- and 3-PPR) in a microreactor. While 2-MA exhibits
a methyl group instead of phenyl, PPR and 2 are composed of
three C; units that play an important role in the formation of
aromatic hydrocarbons.*” Due to their close relation, similar
reactions of the radicals are expected to be involved in
molecular growth and thus are compared in the following.

Chem. Eur. J. 2023, 29, e202202943 (6 of 8)

Related to the work described here, unimolecular decom-
position of 2-MA to methyl and allene (rather than phenyl and
allene) has been observed as a key reaction to yield building
blocks involved in the formation of larger aromatics.”” Several
reaction products were connected by addition of methyl
groups, which suggests that methylation in the high temper-
ature chemistry of 2-MA parallels the reactions observed in the
present work.”” While allene was experimentally identified by
previous TPES work,“? its formation due to B in the present
study (see Scheme 2) was predicted by theoretical work® and
is indirectly concluded from the various reaction products with
phenyl groups. Interestingly, a preferential addition of methyl
and phenyl to naphthalene at the C2 carbon atom was found in
both studies, indicating that formation of the 2-substituted
naphthalene isomer is favored over its 1-substituted counter-
part at high temperature

While dimerization of 2 is evident from the mass signal at
m/z 234 in the SPI TOF-MS (Figure 1a), the recombination
product of 2-MA was not observed in the TOF mass spectra,”
but has been reported in previous work.*® Yet, its formation
was suggested by the generation of p-xylene via dehydrocycli-
zation (—H,) and aromatization (—H,) of the latter® A similar
mechanism presumably leads to the formation of p-terphenyl
starting from 3 in this work, see Scheme 2.

Interestingly, the self-reaction of 1- and 3-PPR” (CH,, m/z
115) also leads to a predominant formation of p-terphenyl. Both
radicals, 2 and PPR, efficiently form m/z 228, but different
carriers of the mass signal have been identified in the two
studies. 2 results in the formation of triphenylene (Figure 3a),
while for both PPR isomers the m/z 228 product was assigned
to 1-phenylethynyl naphthalene (1-PEN).”*Y The selectivity of
the self-reaction was traced back to a resonance stabilization of
the radical positions.” In contrast to 2, no decomposition of
PPR to phenyl radicals has been observed. This might partly be
traced to the greater stability of 1-PPR by 34.1 k)mol™" and of
3-PPR by 24.6 kimol™ relative to 2.

Furthermore, indene has been detected as a reaction
product of PPR and is also observed here. Its formation from
both radicals requires an initial isomerization. In PPR isomer-
ization to indenyl is followed by addition of an H atom,”’ while
loss of an H atom follows isomerization in 2, as computed.””
The formation of indene in both cases demonstrates the high
stability of the molecules.

Conclusion

The chemistry of the resonance-stabilized 2-phenylallyl radical
(2-PA) in a high-temperature microreactor was investigated by
IR/UV ion dip spectroscopy in a free jet using free electron laser
radiation. 2-PA is considered as a potential intermediate in the
formation of polycyclic aromatic hydrocarbons (PAH) at high
temperature in combustion processes but might also be
relevant in interstellar space. The radical was generated from a
nitrite precursor and identified by its gas-phase IR spectrum in
the fingerprint region. Several reaction products were also
identified from their IR spectra with the aid of DFT computa-
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tions, showing that uni- and bimolecular reactions of 2-PA
contribute to molecular growth. In particular, three competing
reactions of 2-PA were found to contribute to PAH formation.
First, the radical self-reaction directly forms p-terphenyl. Such
self-reactions often proceed barrierless and are thus promising
pathways also for molecular growth in interstellar space.
Second, unimolecular decomposition of 2-PA to allene and a
phenyl radical produces the building blocks for PAH formation
via the PAC mechanism (phenyl addition (dehydro-)cyclization)
at high temperature. This pathway is evident from the
identification of the reaction products biphenyl, terphenyl and
triphenylene. Third, isomerization followed by H abstraction
was computed to form indene® In all pathways, the
thermodynamically favored isomer is formed. Furthermore, the
high temperature chemistry was compared with the one of the
2-methylallyl and phenylpropargyl radicals, highlighting the
similarities and differences in the high-temperature chemistry
of the chemically related radicals.

Experimental Section

The experiments were carried out at the FELIX free electron laser
laboratory™’ at the Radboud University, Nijmegen, The Netherlands.
2-phenylallyl (2) was generated by flash pyrolysis from 3-phenyl-
but-3-en-1-yl nitrite 1, see Scheme 1. The nitrite precursor, synthe-
sized from but-3-yn-1-ol according to literature™® (see Figure S9 in
the Supporting Information), was heated to 115-125°C in an in-
vacuum molecular beam source, seeded in 2.5 bar of argon, and
expanded into a differentially pumped vacuum apparatus'™ using a
solenoid valve (Series 9, Parker General Valve) pulsed at 20 Hz. The
latter was equipped with a resistively heated SiC tube (length:
40 mm, @: 1 mm, heated region: 10 mm) with a pyrolysis temper-
ature of around 800 K to generate 2 and record its IR spectrum.'”
Subsequently, the temperature was increased to around 1000 K to
promote further chemical reactions of 2 in the microreactor."""'? In
the resulting free jet, molecules are adiabatically cooled to
approximately room temperature. The jet was skimmed and
crossed by perpendicular UV light and counterpropagating FEL-IR
radiation in the interaction region of a reflectron time-of-flight
mass spectrometer (R. M. Jordan Co.)."™™ The UV light was provided
by an unfocused Nd:YAG-laser pumped dye laser (Lioptec, operated
at 20 Hz) followed by frequency doubling to perform [1+ 1]-REMPI
at 270 nm (~1.5 mJ/pulse). To record IR/UV spectra™ of the
pyrolytically generated species, FELIX** was set around 200 ns prior
to the UV laser and operated at 10 Hz to obtain alternating IR-OFF/
IR-ON ion yields in the range of 560-1600 cm™" in steps of 2cm™".
Note that FELIX (10 us pulse) typically exhibits a bandwidth of
around 1% of the central photon frequency with an output power
of up to 150 mJ/pulse in the MIR region. The resulting mass-
selected IR spectra were obtained by dividing the IR-OFF ion signal
by the IR-ON ion signal, taking the decadic logarithm, correcting for
IR laser power, averaging over several scans, and using digital
Savitzky-Golay filtering. The experimental details for recording the
TPE spectrum of 2 using synchrotron radiation are given in the
Supporting Information.

The spectra were compared to harmonic vibrational DFT calcu-
lations at the B3LYP/6-311+ +G** level of theory™” using the
GAUSSIAN16 computational chemistry software.*® All computed
spectra were scaled with an empirical factor of 0.985, which is in
the range of values recommended by previous benchmark
studies,* and convolved with a Gaussian-shaped function
(FWHM =24 cm™"). Computations of standard heat of reactions of
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possible reactions occurring in the reactor as well as ionization
energies were likewise performed at the DFT/B3LYP/6-311 + + G**
level of theory. The relative Gibbs energies at 300 K and 1000 K of
the structural isomers were computed at the same theoretical level
employing the ORCA 5.0 software package.”
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