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Abstract: Polycyclic aromatic hydrocar-
bons (PAHs) are regarded as key inter-
mediates in the molecular growth pro-
cess that forms soot from incomplete
fossil fuel combustion. Although heavi-
ly researched, the reaction mechanisms
for PAH formation have only been in-
vestigated through bulk experiments;
therefore, current models remain con-

of a directed synthesis of a PAH under
single-collision conditions. By using a
crossed-molecular-beam apparatus,
phenyl radicals react with C;H, iso-
mers, methylacetylene and allene, to
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form indene at collision energies of
45kJmol™!. The reaction dynamics
supported by theoretical calculations
show that both isomers decay through
the same collision complex, are indi-
rect, have long lifetimes, and form
indene in high yields. Through the use
of deuterium-substituted reactants, we
were able to identify the reaction path-

jectural. We report the first observation

Introduction

Soot from fossil fuel combustion is widely accepted as caus-
ing detrimental effects to health and the environment, such
as being carcinogenic and mutagenic, as well as contributing
to global warming." Soot is thought to be formed in a
stepwise molecular-weight growth process, leading from
small hydrocarbons and their C2, C3, and C4 radicals, such
as ethynyl (C,H)™! and propargyl (C;Hs),”! to aromatic mol-
ecules, such as benzene (C4H4) and the phenyl radical
(C¢Hs), followed by the formation of polycyclic aromatic hy-
drocarbons (PAHs) and eventually particulate matter
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way to indene.

(soot)."" The first step, the formation of the first aromatic
ring structure (benzene and/or the phenyl radical), has been
proposed through self-reaction of the propargyl radical,”*'®l
and more recently via the reactions of dicarbon (C,)!"! and
ethynyl radicals (C,H)¥ with 13-butadiene (C,H;). The
second step—the formation of a PAH—is anticipated to pre-
dominantly proceed through the reaction of benzene and/or
phenyl radicals with unsaturated C3 and/or C4 hydrocarbons
or their corresponding radicals.**) However, although the
formation of PAHs through the reaction of phenyl radicals
with C3 and/or C4 hydrocarbons has been proposed as a
common route, no experimental evidence has been provid-
ed, to date, in which an individual PAH molecule has been
formed in the gas phase as the result of a single collision
event (crossed-molecular-beam experiments).?"-?!

During recent decades, sophisticated flame tests have
been the most popular investigatory technique designed to
model conditions in internal combustion engines.™>* These
studies utilize mass spectrometry and gas chromatography
or photoionization to determine the nature of the species in
laminar premixed low-pressure flames consisting of the hy-
drocarbon fuel mixed with oxygen and argon.3 Chemical
kinetic models of these flame results are exploited to sug-
gest reaction mechanisms for how PAHs, and ultimately
soot, might be formed. These models, however, rely on ex-
perimental thermodynamic data, rate constants, and most
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importantly reaction products, which are not readily avail-
able and often educationally estimated. Therefore, reaction
mechanisms for the formation of individual PAH molecules
have been mainly conjectural. Among the PAHs, indene
(CyHg) and naphthalene (C,(Hy) represent prototypes of C9
and C10 PAHs; these PAHs have been identified in sooting
flames of the nonaromatic hydrocarbon-based fuels methane
(CH,),”" ethane (C,Hy),”! acetylene (C,H,),”" propene
(C;Hy),”! n-butane (C,H,(),*” and 1,3-butadiene (C,Hy),*!
as well as in aromatic fuels such as benzene (C4Hy);***? tol-
uene (C;Hy);P*®¥  styrene  (CgHyg);®!  ethylbenzene
(CgHy) > ortho-, meta-, and para-xylene (CgH,o):* cy-
clopentadiene  (CsHy);®* and cyclopentene (CsHy).P!
Herein, indene is proposed as a stepping stone toward com-
plex PAHs.B*3¢

But what experiment is advisable to study the formation
of the indene molecule under single-collision conditions,
that is, under the absence of any wall effects and consecu-
tive reactions of the nascent reaction products? Considering
the driving force for reactions of hydrocarbon radicals with
closed-shell hydrocarbons, the reactions of the aromatic
phenyl radical (C¢Hs) with methylacetylene (CH;CCH) and
allene (H,CCCH,) accesses the CyH, potential energy sur-
face, hydrogen loss from various reaction intermediates
might lead to distinct CoHg isomers, among them the aro-
matic indene molecule. What is known so far about the re-
actions of phenyl radicals with methylacetylene and allene
from the literature? In 2002, Lindstedt and Rizos®™! pro-
posed a chemical kinetic model based on cyclopentene
flame experiments conducted by Lamprecht et al.*® Indene
formation was suggested through five routes: naphthalene
oxidation (C,Hs+0O,—CyHs+CO,), allene addition to
phenyl (C¢Hs+C;H,—CyHg+H), propargyl addition to a
phenyl radical followed by stabilization of the reaction inter-
mediate by a third body (C;Hs+C;H;—CyHg), and acetylene
addition to benzyl and methylphenyl radicals
(CGH,+C,H,—CyHg+H). Allene addition to phenyl was pro-
posed to be an important indene-formation pathway in this
model. In 2006 Wang et al.’® exploited electronic structure
methods to rationalize reaction mechanisms for indene for-
mation from the pyrolysis of cyclopentadienyl, as conducted
by Mulholland and co-workers.’¥ Wang et al. surmised that
at low temperatures intramolecular addition pathways domi-
nated, resulting in indene formation being greater than
naphthalene and benzene formation; this was in accordance
with experimental observations. They found that the two
pathways with the lowest initial energy barriers resulted in
indene formation through loss of a methyl group. In 1998
Marinov et al. conducted flame tests with n-butane and de-
tected indene and the indenyl radicals.”” They surmised that
the reaction mechanism was acetylene addition to benzyl
(C¢HsCH,), yielding indene through hydrogen elimination.
In 2001, Meyer et al.* summarized early work completed
by Bittner® on PAH formation and proposed that allene
addition to the phenyl radical was an important route to
indene. The rate-determining step was suggested to be
allene addition to the phenyl radical with a rate constant of
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about 10" cm?*mol's™! at 1000 K followed by multiple iso-
merization and hydrogen loss to yield indene. Bittner also
identified that this atomic hydrogen elimination competed
with the formation of stable monocyclic species, such as phe-
nylallene (C4H;CHCCH,).*"! The reactions of phenyl radi-
cals with allene and methylacetylene have also been studied
using cavity ring-down spectroscopy by Lin et al.,*-*? who
found absolute rate constants of kjq,n.(301-428 K)=(3.68
0.92) x 10" exp[—(1685+80)/T] cm’mol™'s™ and kye(301-
421 K) = (4.0740.38) x 10" exp [—(1865485)/T] cm*mol 's .

In addition to these studies, the reactions of a phenyl radi-
cal with allene and methylacetylene were also studied under
single-collision conditions at high collision energies of up to
161 kJ mol~1.244] Based on reactions with (partially) deu-
terated reactants, these experiments suggested only the for-
mation of phenylallene (CsHsCHCCH,) and 1-phenyl-1-pro-
pyne (CH;CCCHy), respectively. The authors concluded that
the lifetimes of the initial collision complexes were too short
to allow successive isomerization steps, such as hydrogen
shift(s) and ring closures, to form indene under single-colli-
sion conditions. These results are in line with previous elec-
tronic structure calculations at the B3LYP/6-3114+G** level
of theory (Figure 1).**" Vereecken et al. were able to esti-
mate the formation of indene versus phenyl with side-chain
products.*! Indene formation favors temperatures below
1000 K and moderate pressures. At combustion tempera-
tures between 1000 and 2000 K and at pressures of 1 to
100 atm, indene plus a hydrogen atom was found to account
for only 5% of the products, although Vereecken et al. ad-
mitted this was subject to major errors owing to the branch-
ing ratios being sensitive to collisional transfer processes, es-
pecially for stabilized versus dissociated products. Because
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Figure 1. Top: Time-of-flight (TOF) data for the reaction of the
[Ds]phenyl radical (CsDs X?A,) with [D,]allene (D,CCCD, X'A,) moni-
tored at m/z 124. Bottom: TOF data for the reaction of the [Ds]phenyl
radical (C,Ds X?A,) with [D,]methyl acetylene (CD;CCD X'A,) moni-
tored at m/z 124.
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no experimental data existed at that time, there was no way
to calibrate these parameters effectively.

Herein, we investigate the reactions of a phenyl radical
with allene and methylacetylene, together with their (par-
tially) deuterated counterparts, under single-collision condi-
tions at collision energies of 43.4-47.3 kImol™!, which are
about 40 to 120 kJmol ™' lower than previous studies by our
group. The reduced collision energy should be reflected in a
prolonged lifetime of the initial collision complex, so that
the initially formed intermediates might isomerize to even-
tually form the aromatic indene molecule. Finally, we recal-
culated the relevant pathways to form indene and its non-
PAH isomers theoretically and merged these data with
crossed-molecular-beam studies to gain a unified under-
standing of the synthesis of the polycyclic aromatic indene
molecule under single-collision conditions.

Results
Laboratory Data

Initially, our goal was to conduct scattering experiments of
the phenyl radical (C;Hs; X?A,) with allene (H,CCCH,) and
methylacetylene (CH;CCH) to investigate the formation of
various CyHg isomers (m/z 116), including indene. However,
we observed background interference from nonreactively
scattered, nonphotolyzed "“C,C,Hs”’Cl (m/z 116), which
arose from the naturally occurring, doubly “*C-substituted
chlorobenzene precursor. Therefore, we decided to conduct
experiments with fully deuterated reactants to overcome
this background problem. For the reactions of deuterated
phenyl radicals (C,Ds; X?A;) with [D,]methylacetylene
(CD,CCD; X'A,) and [D,]allene (D,CCCD,; X'A,), a reac-
tive scattering signal was detected at m/z 124, which corre-
sponded to a molecule with an empirical formula CyDy. This
finding alone demonstrates the formation of CyDg isomer(s)
plus atomic deuterium in both systems. Selected TOF spec-
tra are shown in Figure 1. Note that no molecular deuterium
elimination channel was observed. Fits of the TOF spectra
for both systems were conducted by using a single channel
with a mass combination of 124 amu (C¢Dy) and 2 amu (D),
utilizing identical center-of-mass functions. The TOF spectra
at each angle were also integrated and scaled according to
the number of scans to derive the laboratory angular distri-
bution (LAB) of the CyDg products at the most intense mi/z
value of 124 (CyDy) (Figure 2). Both LAB distributions are
spread over about 20° in the scattering plane defined by the
[Ds]phenyl radical and hydrocarbon reactant beams. Fur-
thermore, the LAB distributions are forward-backward
symmetric; these observations imply that both reactions are
likely to proceed through indirect (complex forming) scat-
tering dynamics involving CyDy reaction intermediate(s). It
should be stressed that the most significant difference be-
tween the [D,]allene and [D,]methylacetylene reactants was
the intensity of the signal upon reaction with [Ds]phenyl at
m/z 124. At all angles, the ion counts for CyDg* were consis-
tently stronger by about 20 % for the [D4]allene reactant.
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Figure 2. Top: Laboratory angular distribution (LAB) of the CyDy reac-
tion product recorded at m/z 124 by reaction of the [Ds]phenyl radical
(C¢Ds X?A,) with [D,]allene. Bottom: LAB of the C,Dj reaction product
recorded at m/z 124 by reaction of the [Ds]phenyl radical (C,Ds X?A,)
with [DyJmethylacetylene. Circles signify experimental data, the line de-
notes best fit data, and the dashed line indicates best fit data with an
exoergicity of the monocyclic CyDg isomer 1-phenylpropyne of
89 kJmol~'. C.M. indicates the center-of-mass angle.

So far we have established that the reactions of the
[Ds]phenyl radical with [D,]allene and [D,]methylallene
form CyDy isomer(s) under single-collision conditions. How-
ever, it is important to elucidate if the deuterium originated
from the [Ds]phenyl radical and/or from the
[D,]hydrocarbon; the deuterium atoms of the methyl and
acetylenic groups of methylacetylene are not equivalent. To
answer these questions, we conducted cross-beam experi-
ments at the center-of-mass angle for the reaction of phenyl
and [Ds]phenyl radicals with deuterated and partially deu-
terated allene and methylacetylene (see Table S2 in the Sup-
porting Information). In the reactions of [Ds]phenyl with
[D;]methylacetylene (CD;CCH) and [D;]methylacetylene
(CH;CCD), the hydrogen atoms can only be released from
the acetylenic and methyl groups, respectively. We observed
scattering signals at m/z 124 (C,Dgt) and 122 (C,DsH, ), re-
spectively, indicating that the hydrogen atom was lost from
the methyl group and from the acetylenic group (Figure 3)
with reactive scattering signals of similar intensity for both
systems at the center-of-mass angles. We also performed
scattering experiments of phenyl radicals (CsHs) with
[D,]allene and [Dj]methylacetylene to investigate to what
extent hydrogen atoms were lost from the aromatic phenyl
ring. Here, weak reactive scattering signal was observed at
miz 120 for both systems (C,D,H,*). The intensity of the
signal for the hydrogen atom lost from the phenyl group,
however, was significantly smaller and only reached levels
of 10% relative to the signal observed for hydrogen loss
monitored in  the [Ds]phenyl  reactions  with
[D;]methylacetylene (CD;CCH) and [D,;]methylacetylene
(CH;CCD). Therefore, we have to conclude that the signal
at m/z 120 observed in both reactions was unlikely to origi-
nate from atomic hydrogen loss from the phenyl ring form-
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Figure 3. Center-of-mass time-of-flight data for the reaction of the
[Ds]phenyl radical (CsDs X*A,) with partially deuterated methyl acety-
lene CH,CCD (X'A,) and CD;CCH (X'A,) monitored at m/z 122 and
124, respectively.

ing C,D,H, within the errors of our counting system, but
rather from the naturally occurring °C isotopically substitut-
ed "*CCgH;D; synthesized by atomic deuterium loss. Note
that *CC4H:D; is formed at concentrations of about 9.9%
relative to CyHsDj5; therefore, counts at m/z 120 are within
our error limits and are the result of naturally occurring
BCCyH;D;, and not from CyH,D, isomers formed. There-
fore, we may conclude that the emission of a hydrogen atom
from the phenyl ring—if present—is a minor process at
most.

To summarize, laboratory data depict the following re-
sults: First, the reactive scattering signal of m/z 124 (C,Dg%)
in the reaction with [D,]Jallene and [D,]Jmethylacetylene sug-
gests the formation of CyDg isomers by atomic deuterium
loss with a scattering signal enhanced by about 20 % for the
[D4]allene reactant relative to [D,]methylacetylene. Second,
reactions with partially deuterated reactants indicated that,
in the corresponding reactions with perdeuterated reactants,
deuterium loss originated—within the limits of our detection
system—from the C3-hydrocarbons (methylacetylene,
allene), and not from the phenyl radical. Finally, experi-
ments with [D;]- and [D;]methylacetylene provided evi-
dence of two exit channels: emission of atomic hydrogen
from the methyl and from the acetylenic group.

Center-of-Mass Frame

Having identified the molecular mass of the reaction prod-
uct(s) (m/z 124), and hence, an empirical formula of CyDy
for the reaction of the [Ds]phenyl radical with both C;D,
isomers, and having established that the deuterium elimina-
tion originates from the C;D, molecule, we attempted to ex-
tract information on the underlying reaction dynamics. This
was achieved by converting the laboratory data into the
center-of-mass reference frame and analyzing the resulting
center-of-mass angular 7(0) and translational energy P(Er)
distributions. The simulated distributions (TOF, laboratory
angular distribution) are overlaid on the experimental data
in Figures 1 and 2 with their corresponding center-of-mass
functions visualized in Figure 4. It is important to stress that
both data sets for the allene and methylacetylene systems
could be fit with identical, one-channel center-of-mass func-
tions. We turned our attention first to the derived center-of-
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Figure 4. Center-of-mass translational energy flux distribution (upper)
and angular distribution (lower) utilized to fit data at m/z 124 in the reac-
tions of [Ds]phenyl radicals with [D,]allene and [D,]methylacetylene.
Hatched areas indicate the acceptable upper and lower error limits of the
fits and the red line defines the best-fit function.

mass translational energy distribution, P(E;) (Figure 4). The
high-energy cutoff of P(E;) represented the sum of the ab-
solute reaction exoergicity and the collision energy. Sub-
tracting the collision energy of (4642)kJmol™ from the
high energy cutoff of (177425) kImol™' yielded a reaction
exoergicity of (131425)kJmol™! to form the C,Dg isomer
plus atomic deuterium. Second, the P(E;) has a distribution
maximum at 12-20 kJmol™', which indicated the existence
of a rather tight exit transition state. According to the prin-
ciple of microscopic reversibility of a chemical reaction, the
reverse reaction of a deuterium atom adding to the CyDg
molecule should have an entrance barrier; this finding indi-
cates that the deuterium atom adds either to a carbon-
carbon double, triple, or aromatic bond of a closed-shell hy-
drocarbon.™ Finally, we determined the fraction of energy
channeling into the translational modes of the products to
be about (31+4)% for both systems; a comparison of this
order of magnitude with previous crossed-beam data reflects
indirect scattering dynamics™*! involving CyDy collision com-
plex(es).

Having interpreted the center-of-mass translational
energy distribution, we then analyzed the information pro-
vided in the center-of-mass angular distribution. Here, the
center-of-mass angular distribution, 7(0), displays an inten-
sity over the complete angular range, indicating CyDy com-
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plex formation, and hence, indirect scattering for both the
[D,Jallene and [D,Jmethylacetylene reactions.”” The for-
ward-backward symmetry further indicates a lifetime of the
decomposing complex(es) longer than the(ir) rotation peri-
od(s). Finally, the best-fit distribution depicts a pronounced
maximum at 90° (Figure 4) with a ratio of the fluxes at the
respective maxima and minima 1(90°)/I(0°) of (1.8+0.3).
The shape of this angular distribution strongly suggests geo-
metrical constraints when the Cy;D, intermediate decompos-
es to the final products.[so] In this case, atomic deuterium
elimination occurs perpendicularly to the molecular plane of
the rotating, decomposing intermediate and almost parallel
to the total angular momentum vector of the system. Note
that this ‘sideways’ scattering is reflected in the flux contour
plot (Figure 5). Since the center-of-mass translational energy
distributions and the center-of-mass angular distributions
are identical in both systems, we suggest that the molecular
structures of the dominating CyD, intermediate forming the
CyDg product plus atomic deuterium are the same in both
reactions.

100 ms™

Figure 5. Flux contour map of the reaction of [Ds]phenyl radicals (C¢Ds
X?A,) with [D,]methyl acetylene and [D,]allene to form [Dglindene and
atomic deuterium at collision energies of 46.3 and 46.4 kJmol~', respec-
tively.

Discussion
Product Isomer Identification

The reactive scattering signal for the reactions of phenyl
radicals with methylacetylene and allene indicates the for-
mation of CyDg isomer(s) plus atomic deuterium. By consid-
ering the energetics of the reaction, we attempted to eluci-
date the nature of the product isomer(s) formed in these re-
actions. Here, we compared the experimentally determined
reaction exoergicity of (131425) kJmol™" with the theoreti-
cally predicted energetics for distinct isomers (Figure 6).
Note that the energetics in Figure 6 are given for undeuter-
ated reactants; the energetics for the (partially) deuterated
reactants change only by the differences in zero-point ener-
gies (ZPEs), which are in the order of 5-10 kJmol™" for the
systems considered in the present study and falls within the
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error limits of our study. In the case of undeuterated prod-
ucts, the reaction exoergicities to yield indene from methyla-
cetylene and allene are (—148+8) and (—15348) kJmol™,
respectively. These data agree nicely with our experimental
value of (131425) kJmol ™" within error limits. The thermo-
dynamically closest isomer to [Dglindene is the [Dg]l1-
phenyl-1-propyne molecule (Figure 6). This isomer is
110 kImol™! less stable than indene; its formation would
result in reaction energies of (—38+8) and (—43+
8) kJmol™" for [D,Jmethylacetylene and [D,]allene, respec-
tively. Adding the collision energy, this isomer is marked at
—89 kJmol ! in Figure 4. The fits of the corresponding labo-
ratory angular distribution indicated by dashed blue lines—
assuming an available energy of 89 k] mol '—are inadequate
and too narrow relative to the laboratory data (Figure 2).
Therefore, based on the energetics, we can conclude that for
both systems, at least the thermodynamically most stable
[Dg]indene isomer is formed. However, at present, we
cannot exclude smaller fractions of the thermodynamically
less stable isomers compiled in Figure 6.

Proposed Reaction Dynamics

Having provided evidence for the formation of at least the
aromatic [Dglindene molecule in both reactions, we turned
our attention to the elucidation of the reaction dynamics.
For this, we correlated the structure of the indene reaction
product with the reactants and interpreted the experimental
data in terms of the underlying potential energy surfaces
(Figure 6).

[Ds]Phenyl-[D ,JAllene

First, let us consider the [Ds]phenyl-[D,]allene system
(Figure 6). The calculations suggest that the [Ds]phenyl radi-
cal can add to one of the terminal (C1/C3) or central (C2)
carbon atoms of the [D,]allene molecule to form two radical
intermediates: Rad 11 and Rad 6, respectively. The entrance
barriers of these addition processes of 1 and 15 kJmol ™! are
well below our collision energies of 43-47 kImol ' (Table S2
in the Supporting Information), and hence, can be overcome
easily. Considering the lower barrier to C1/C3 addition and
the statistical factor of the number of carbon atoms to be at-
tacked, the addition to one of the terminal carbon atoms
should be preferred. Rad 11 then undergoes a deuterium
shift from the ortho position of the [Ds]phenyl group to the
C2 position of the [D,]allene moiety to yield Rad 21. The
latter undergoes ring closure to form Rad 22, which can
then only eliminate a deuterium atom from the C1 or C3
atoms of the former allene moiety to yield the [Dglindene
molecule via a tight exit transition state. Our experimental
results fully support this pathway. First, the corresponding
center-of-mass angular distribution suggests indirect scatter-
ing dynamics involving decomposing C,D, complexes. This
complex can be identified as Rad 22. Furthermore, geomet-
rical constraints of the deuterium atom emissions were pre-
dicted based on the center-of-mass angular distribution. The
geometry of the exit transition state depicts that the deuteri-
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Figure 6. Potential energy surface for the reactions of [Ds]phenyl radicals with [D,]allene and [D,]methylacetylene. All relative energies (in kJ mol ') are
calculated at the G3(MP2,CC)//B3LYP/6-311+G**+ZPE(B3LYP/6-3114+G**) level of theory. The labels of the reaction intermediates Rad were taken

from references [46-48].

um atom is emitted almost parallel to the total angular mo-
mentum vector, and hence, nearly perpendicularly to the ro-
tation plane of the decomposing complex at an angle of
77.6° (Figure 7). In the reverse reaction, the deuterium atom
adds to the aromatic system almost perpendicularly to the
molecular plane of the [Dglindene molecule. The deuterium
atom therefore approaches on axis to the HOMO to gain
full overlap, and hence, complete the bonding. The extent to
which the deuterium emission would be preferentially per-

Figure 7. Structure of the transition state of the decomposing Rad 22 in-
termediate that forms [Dglindene and atomic deuterium (from Ref. [48]).
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pendicular to the principal rotation axis would be expected
to be less in the monocyclic isomers than that in [DgJindene.
Previous cross-beam experiments for the formation of the
non-PAH product isomers 1-phenyl-1-propyne, phenylallene,
and 3-phenyl-1-propyne found no maximum at 90° in the
center-of-mass angular distributions.”*! Since the proposed
pathway represents the addition of a deuterium atom to a
closed-shell aromatic system, we would also expect an en-
trance barrier. This barrier has been computed to be about
17 kJmol ™. Recall that the nature of a tight exit transition
state was also predicted based on the center-of-mass transla-
tional energy distribution maximum at 12-20 kJmol™". Note
that if Rad 6 is formed by the addition of [Ds]phenyl to the
central carbon atom of [D,]allene, this intermediate eventu-
ally isomerizes through [Ds]phenyl group shift from Rad 29
to Rad 11. Therefore, both initial addition pathways yield
the [Dglindene molecule plus atomic deuterium through in-
direct scattering dynamics.

Can these findings also explain the failed detection of the
hydrogen elimination pathway in the phenyl-[D,]allene
system? If phenyl adds to [D,]allene, this would result in
Rad 6 and Rad 11 in which all hydrogen atoms are initially
on the phenyl group (Figure 8). A hydrogen shift in Rad 11
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from the phenyl group would
result in Rad 21 with the shifted
hydrogen atom being located at
the C2 atom of the former
[D4]allene moiety. The cycliza-
tion to Rad 22 would yield an
intermediate with four hydro-
gen atoms at the former phenyl
ring and a single hydrogen
atom at the central carbon
atom of the former [D,]allene
molecule. Indene can only be
formed by deuterium elimina-
tion from the C1/C3 carbon
atom of the incorporated allene
moiety. Therefore, the experi-
mental lack of any atomic hy-
drogen loss pathway can be
fully accounted for by the reac-
tion  mechanism  proposed
above.

Finally, we would like to dis-
cuss the possibility of forming

AN ASIAN JOURNAL

HC/C\ C\

Rad 22 H(LJ I /-CH
\C C
g

indene Hﬁ/ i[ \\CH
HC\C/ <

Figure 8. Flow diagram of the reaction pathway for the reaction of phenyl with [D,]allene.

Table 1. Product branching ratios [%] in the reactions of phenyl radicals with methylacetylene and allene cal-
culated using RRKM theory at various collision energies.

. . Product Collision energy [kJmol™]
nonaromatic CoDg 1SOmers. 0.00 10.00 20.00 30.00 40.00 50.00 60.00
Deuterium elimination from C1 C.H.+CH,CCH—Rad 1
and C3 of Rad1l could also 3.phenyl-1-propy- 1.07x107° 3.29x10~° 0.00 0.01 0.04 0.10 024
lead to [Dg]phenylallene and ne+H
[D8]3-pheny1—1-propyne respec- phenylallene+H 0.06 0.24 0.64 1.36 2.44 3.90 5.67
tively, in less exoergic reactions 1- phenyl-1-propy-  0.16 0.63 171 3.62 6.49 10.32 14.93
’ ne+H
-1
(=28 and —7kImol™). Based i dene+H (total) 99.78 99.13 97.65 95.01 91.03 85.68 7917
on our considerations above, indene4+H (from  3.67x107 1.03x107° 275x107 652x1073 1.34x1072 245x1072 4.02x1072
the formation of smaller frac- Radl15)
tions of these isomers cannot indene+H (from 99.78 99.13 97.65 95.01 91.02 85.65 79.13
be excluded. T e Rad22)
yet .e e)(.cu ed. To untangle C,H+CH,CCH,—Rad 6
the final piece of the puzzle, we 3. phenyl-1-propy-  1.07x10®  331x10°  0.00 0.01 0.04 0.12 0.28
conducted Rice-Ramsperger— ne+H
Kassel-Marcus (RRKM) calcu- phenylallene+H 0.01 0.05 0.14 0.31 0.59 1.00 1.52
lations (Table 1). These calcula- 1- phenyl-1-propy-  0.03 0.12 0.34 0.76 141 231 343
. : ne+H
tions suggested that once Rad 6 jpdenetH (total)  99.96 99.83 99.52 98.92 97.96 96.58 94.77
and Rad 11 formed, the indene indene+H (from 6.28x107°  1.92x107* 548x10™* 137x107° 2.92x107° 548x107° 9.22x10°°
isomer was almost an exclusive Rad15)
product (more than 98%) via indene+H (from 99.96 99.83 99.52 98.92 97.95 96.57 94.76
d ition of Rad 22 at col- 2422
'e'composmon of Ra atcol- ¢y 4 CH,CCH,—Rad 11
lision  energies  up  t0 3 phenyl-l1-propy- 1.07x10% 332x10°  0.00 0.01 0.04 0.12 0.29
50 kJmol ™. Note that ne+H
[DyJindene could also result Phenylallene+H — 0.01 0.03 0.10 0.23 0.44 0.74 114
) 1- phenyl-1-propy-  0.02 0.09 024 0.54 0.99 1.61 236
from f.rafgmentatlon <.)f Rad 15 ne+H
by emitting a deuterium atom  jjgenetH (total)  99.97 99.88 99.65 99.22 98.52 97.53 96.21
from the bridged carbon atom. indene+H (from 462x107%  1.40x10™* 3.95x10* 9.74x10™* 206x107° 3.82x107° 6.36x107°
However, Rad 15 cannot be ac- Rad15)
cessed in the reaction of indene+H (from 99.97 99.88 99.65 99.22 98.52 97.52 96.21
. Rad 22
[Ds]phenyl  with  [D,]allene. )
[Dg]Phenylallene and [Dg]3-
phenyl-1-propyne were predicted to be formed at levels less of the allene reaction, the phenylallene molecule presents
than 2%. However, previous crossed-beam experiments the exclusive product formed. Kaiser et al. 2! interpreted
with phenyl radicals and hydrocarbons for collision energies these findings in terms of a short-lived reaction intermedi-
in the range 91-161 kI mol '"*! suggested that, in the case ate, in which the full energy randomization was rather in-
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complete. This short lifetime ef- y co, /'CD2
fectively prohibited successive _C_. CDs /(H3 pc=c~ /(H; DC:C\CD /E DC=¢ H DC:C\D
isomerization steps of Rad 11 H(ﬁ ﬁ +(|: _»Hﬁ \( _»Hﬂ Y _ H(ﬁ Y ., Hﬁ/ S €D,
and led to instantaneous emis-  HC._ _-CH| HC._ _~CH N HC._ _~CH HC._ __CH
sion of atomic deuterium from ﬁ €D H f g §
the Cl-position, yielding phe- Rad 1 Rad 2 Rad 8 Rad 9
nylallene. ; | .
[Ds]Phenyl- HC/CYC\\
[D,JMethylacetylene Rad 15 H(‘;‘ c /CD
TgTHTE
Electronic structure calcula- H | D2
tions  predicted that the H D
[Ds]phenyl radical added pref- HC™ N C\\
erentially to the sterically less indene H(! I /CD +H
hindered C1 carbon atom of \ﬁ 82

the [D,]methylacetylene mole-
cule, forming a Rad 1 collision
complex (Figure 6). Similar to
the [Ds]phenyl-[D,]allene system, the barrier to addition of
14 kJmol ™' can be overcome in our experiments when con-
sidering our collision energies of 43-47 kJmol ™' (Table S2 in
the Supporting Information). Upon cis/trans isomerization,
two pathways exist for Rad 2 to form [Dglindene. These are
visualized in Figure 6 as dashed (low-energy pathway) and
dotted (high-energy pathway) lines. The low-energy pathway
involves [Ds]phenyl group migration from the C1 to the C2
carbon atom of the [D,]methylacetylene moiety to form
Rad 3 via Rad 31; Rad 3 then undergoes cis/trans isomeriza-
tion. A deuterium shift from the ortho position of the
phenyl group to the Cl position of the C3 unit yields
Rad 13. This intermediate isomerizes by a deuterium shift to
Rad 6, which in turn undergoes various isomerizations to
form [Dglindene, as discussed in the previous section on the
[Ds]phenyl-[D,]allene system. The high-energy pathway in-
volves a deuterium shift within the methylacetylene unit to
form Rad 8 from Rad 2. The former undergoes cis/trans iso-
merization followed by cyclization to form Rad 15 and suc-
cessive deuterium loss leads to [Dg]indene. Based on the ex-
perimental results of the [Ds]phenyl-[D,]methylacetylene
system alone we cannot discriminate between these path-
ways explicitly. However, the barrier of 27 kImol™ for the
tighter exit transition state from Rad 15 to form [Dglindene
plus atomic deuterium is less supported by the distribution
maximum of the center-of-mass translational energy distri-
bution maximum at mild energies of 12-20 kJmol . There-
fore, the experimental data indicates that the energetically
favorable pathway dominates. Note that, to a minor extent,
theory predicts that the [Ds]phenyl radical can add to the
C2 carbon atom of [D,]Jmethylacetylene to yield Rad 4 in
one step.

However, can the reactions of [Ds]phenyl with [Ds]- and
[D,]methylacetylene or phenyl with [D,]methylacetylene
shed light on this open question? Figure 9 depicts the par-
tially deuterated intermediates formed in the phenyl-
[D,]methylacetylene system for the high-energy pathway.
Here, a deuterium shift in the [D,]methylacetylene moiety
in Rad 2 yields Rad 8, which—after cis/trans isomerization
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Figure 9. Flow diagram of the high-energy reaction pathway for reaction of phenyl with [D,]methylacetylene.

to Rad 9—ring closes to form Rad 15. This intermediate can
only decompose by atomic hydrogen loss, and not by emis-
sion of atomic deuterium, to the indene molecule. This hy-
drogen atom must be released from the bridged carbon
atom in Rad 15 (Table 1). However, because we did not ob-
serve any atomic hydrogen elimination in the phenyl-
[D,]methylacetylene system, we have to conclude that the
high-energy pathway is—at least within the detection limits
of our system—not accessible. As a matter of fact, our
RRKM calculations fully support this conclusion: once
Rad 1 is formed under single-collision conditions, indene is
predicted to form practically exclusively via decomposition
of Rad 22, and not via Rad 15. Therefore, our experiments
of the phenyl radicals with [D,]methylacetylene provide
solid evidence that the indene molecule cannot be formed
through the high-energy pathway involving the decomposi-
tion of Rad 15; therefore, we can eliminate this pathway
from further considerations.

A closer look at the reactions of [Ds]phenyl with [D;]-
and [D,|methylacetylene exposes further details for the low-
energy pathway to form indene (Figures10 and 11).
Figure 10 compiles the resulting intermediates accessible in
the reaction with [D;]methylacetylene and the experimental-
ly observed atomic hydrogen loss. Starting with the addition
of the [Ds]phenyl radical to the C1 carbon atom of
[D;]methylacetylene, the intermediate formed (Rad 1) un-
dergoes rapid cis/trans isomerization to Rad 2. The latter is
involved in a [Ds]phenyl group migration through inter-
mediate Rad 31 to form Rad 3 and then Rad 4 after cis/trans
isomerization. This intermediate undergoes deuterium trans-
fer from the ortho position of the [Ds]phenyl group to form
Rad 13, which then undergoes another deuterium migration
from the [Ds]phenyl group of the former methylacetylene
reactant to form Rad 6. In Rad 6, the [Ds]phenyl group can
migrate either to the CHD or CD, moieties of the C3 side
chain involving Rad29 to form two isotopologues of
Rad 11. Both structures isomerize through a deuterium shift
from the [Ds]phenyl group to the central carbon atom of the
C3 group, forming two distinct isotopologues of Rad 21,
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Figure 10. Flow diagram of the low-energy reaction pathway for reaction of [Ds]phenyl radicals with [D;]methylacetylene.

which can then ring close to form Rad 22. Indene formation
can proceed by deuterium or hydrogen emission from the
CD,, CDH (deuterium elimination), or from CDH groups
(hydrogen elimination). Therefore, the experimentally ob-
served atomic hydrogen loss can be rationalized in terms of
the formation of [Dg]indene from Rad 22.

The [Ds]phenyl-[D;]methylacetylene system follows a
similar pattern (Figure 11). Initiated by the addition of the
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[Ds]phenyl radical to the C1 carbon atom of methylacety-
lene, Rad 1 undergoes cis/trans isomerization to form Rad 2.
Similar to the system discussed above, Rad 2 undergoes
[Ds]phenyl group migration via intermediate Rad 31 to yield
Rad 3 and eventually Rad 4. Rad 4 isomerizes by deuterium
migration from the ortho position of the [Ds]phenyl group
to Rad 13, followed by a hydrogen atom shift from the
phenyl group to form Rad 6. In Rad 6, the [D,]phenyl group
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Figure 11. Flow diagram of the low-energy reaction pathway for reaction of [Ds]phenyl radicals with [D,|methylacetylene.

migrates to either the CH, or CD, groups of the C3 side
chain via Rad29 to form two distinct isotopologues of
Rad 11. Both intermediates can isomerize by a hydrogen or
deuterium shift from the ortho position of the [D,]phenyl
group to the central carbon atom of the C3 group to form a
total of four distinct isotopologues of Rad 21, which can
then ring close to form three distinct isotopologues of
Rad22. A total of six isotopologues of indene can be
formed through atomic hydrogen and deuterium loss path-
ways, as compiled in Figure 11. Therefore, the experimental-

ly detected hydrogen atom loss can account for the forma-
tion of [Dg¢lindene from Rad?21 (emission from the CH,
group) in each case.

We also conducted a theoretical investigation of the
phenyl-methylacetylene system by RRKM studies (Table 1).
Here, main results are that the indene molecule presents the
dominant reaction product with fractions of about 98 % de-
creasing to around 85% by increasing the collision energy
from 20 to 50 kJmol™. To a minor extent, 1-phenyl-1-pro-
pyne (2-10%) and phenylallene (0 to ~5%) can be also
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formed. Recall that, at elevated collision energies, from 91.4
to 161 kJmol~,”#! of phenyl radicals with hydrocarbons,
detailed experiments with isotopically labeled reactants sug-
gested the exclusive formation of 1-phenyl-1-propyne. Once
again, the lifetime of the reaction intermediate at these high
collision energies does not allow complete energy randomi-
zation, and hence, successive isomerization steps of the ini-
tial collision complexes, but rather rapid fragmentation of
the collision complexes to form 1-phenyl-1-propyne
(Figure 6).

Conclusion

In our laboratory, reactions of the [Ds]phenyl radical with
[Dy]allene and [D,]methylacetylene, together with their
(partially) deuterated counterparts, were studied under
single-collision conditions at collision energies of around
45 kJmol™'. Experimental data were combined with elec-
tronic structure calculations. Our experiments provided, for
the first time, compelling evidence that an individual
PAH—herein the [Dg]indene molecule—could be formed as
a result of a single collision event in the gas phase. The ex-
perimental finding of essentially indistinguishable center-of-
mass angular and translational energy distributions for both
systems can be understood in terms of the derived reaction
mechanism, which involved the decomposition of an identi-
cal reaction intermediate, Rad 22, in both systems to form
[Dg]indene by atomic deuterium loss through a tight exit
transition state located about 17 kJmol~!' above the separat-
ed products. The experimentally observed geometrical con-
straints of a preferential sideway scattering, that is, the ejec-
tion of a deuterium atom from the decomposing intermedi-
ate almost perpendicularly to the rotation plane, could be
verified theoretically and suggested that the deuterium atom
left at an angle of 77.6° with respect to the principal rotation
axis. Considering the [D,]allene reaction, Rad 11 was identi-
fied as the central reaction intermediate formed by either
addition of the [Ds]phenyl radical to the C1 carbon atom of
[D,]allene or one-step isomerization starting with Rad 6.
Rad 6 was also accessed in the reaction of [Ds]phenyl with
[D4]methylacetylene, which involved a six-step isomerization
sequence of the initial collision complex Rad 1. Both reac-
tions therefore ultimately yielded Rad 11, which rearranged
to form Rad 22 in two steps. The latter undergoes deuterium
loss to form the [Dglindene molecule under single-collision
conditions.

We would like to add that we also attempted to re-fit our
data at higher collision energies up to 161 kJmol™" for the
phenyl radical plus allene and methylacetylene reactions dis-
seminated earlier.”***! Assuming that the P(E;) values in
the present experiments (low collision energy) were solely
from the formation of indene plus atomic hydrogen and that
the P(E;) values in our previous studies (high collision ener-
gies) originated solely from acyclic isomers, we utilized a
two-channel fit (channel 1: indene; channel 2: acyclic iso-
mers) for the high-energy TOF and LAB distributions. We
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could typically add a contribution of (15+5)% of the
indene channel without changing the outcomes of the fit.
Therefore, within the limits of the two-channel fits discussed
above, up to (15+5)% of the indene might be formed at
higher collision energies. However, we have to stress that
the original fits, without any contribution of indene, can also
replicate the experimental data. To summarize, we can con-
clude that the indene molecule can be easily formed in com-
bustion flames and in high-temperature regions of circum-
stellar envelopes (a few 1000 K) and (pre)planetary nebulae
as a result of a single collision event. However, the entrance
barriers block the formation of indene in cold molecular
clouds, where averaged translational temperatures of the re-
actants of 10 K cannot overcome entrance barriers as low as
1 kJmol~!. We hope that this experimental protocol can act
as a template to elucidate the formation of more complex
PAHs, such as naphthalene, under single-collision conditions
at collision energies low enough to allow cyclization and in-
volving the reaction of phenyl radicals with hydrocarbon
molecules, and thus, determine the likelihood of PAH for-
mation in combustion and space environments.

Experimental Section

Experiments were carried out under single-collision conditions in a
crossed-molecular-beam machine at the University of Hawaii.’” Briefly,
a molecular beam of (deuterated) phenyl radicals (C¢Hs, C¢Ds; X?A,)
seeded in helium (99.9999 %; Gaspro) at fractions of about 1% was pre-
pared by photolysis of (deuterated) chlorobenzene (C¢HsCl 99.9%;
C4DsCl 99 %; Fluka) in the primary source. The mixture of helium carrier
gas and (deuterated) chlorobenzene vapor was introduced into the piezo-
electric pulsed valve (Proch-Trickl) operated at a rate of 120 Hz and a
backing pressure of about 1.5 atm. The (deuterated) chlorobenzene was
photolyzed by focusing the 193 nm excimer laser output operating at
60 Hz and with a peak power of 10 mJ per pulse 1 mm downstream of
the nozzle prior to the skimmer. Under our experimental conditions, the
photolysis of chlorobenzene was 90 %, using 1x3 mm focal region, with
an absorption cross section of 9.6x 107'* cm~2 at 193 nm."* The molecular
beam entraining the (deuterated) phenyl radical passed a skimmer and a
four-slot chopper wheel, which selected a segment of the pulsed (deuter-
ated) phenyl radical (C¢Ds, X?A,) beam of a well-defined peak velocity
(v,) and speed ratio (S; see Table 2 in the Supporting Information). The
radical beam bisected a pulsed molecular beam of the neat hydrocarbon
generated in the secondary source with a pulsed valve at a backing pres-
sure of 550 torr fired 20 us prior to the pulsed valve in the primary
source (Table S2 in the Supporting Information). We would like to stress
that the phenyl and vinylacetylene reactants were formed in supersonic
expansions, and hence, had little internal energy. Based on previous in-
vestigations of photolytically generated methylidyne radicals,”" laser-in-
duced fluorescence (LIF) studies suggested a rotational temperature of
about 15 K. Unfortunately, currently no LIF scheme exists for the phenyl
radical. The reaction products were monitored by using a triply differen-
tially pumped quadrupole mass spectrometer (QMS) in the TOF mode
after electron-impact ionization of the neutral molecules at 80 eV with
an emission current of 2 mA. These charged particles were separated ac-
cording to their mass-to-charge ratio by an Extrel QC 150 quadruple
mass spectrometer operated with an oscillator at 1.2 MHz; only ions with
the desired m/z value passed through and were accelerated toward a
stainless steel ‘door knob’ target coated with an aluminum layer and op-
erated at a voltage of —22.5 kV. The ions hit the surface and initiated an
electron cascade that was accelerated by the potential until they reached
an aluminum-coated organic scintillator, the photon cascade of which
was detected by a photomultiplier tube (PMT; Burle, Model 8850, oper-
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ated at —1.35 kV). The signal from the PMT was then filtered by a dis-
criminator (Advanced Research Instruments, Model F-100TD, level:
1.6 mV) prior to feeding into a Stanford Research System SR430 multi-
channel scaler to record TOF spectra.***! TOF spectra were recorded at
2.5° intervals over the angular distribution with 2.6 x 10° TOF spectra re-
corded at each angle. The TOF spectra recorded at each angle and the
product angular distribution in the laboratory frame (LAB) were fit with
Legendre polynomials by using a forward-convolution routine.**"” This
method uses an initial choice of P(E;) and 7(0) in the center-of-mass ref-
erence frame (C.M.) to reproduce TOF spectra and a product angular
distribution. It should be noted that a threshold energy for the reaction,
E,, was included in the fit based on previous experiments and kinetic
studies on this system.[*****! An energy-dependent cross section, o(E,)~
[1-E/E,], through the line-of-center model with the collision energy E,
for E.>E, was incorporated into the fitting routine; note that the fits
were relatively insensitive to variations in E, between 0 and 20 kJmol .
The TOF spectra and product angular distribution obtained from the fit
were then compared with the experimental data. The parameters P(Ey)
and 7(0) were iteratively optimized until the best fit was reached. The
product flux contour map, 1(6,u)=P(u)x T(0), reports the intensity of
the reactively scattered products (/) as a function of the C.M. scattering
angle (0) and product velocity (u). This plot is called the reactive differ-
ential cross section and gives an image of the chemical reaction.
Theoretically, we utilized optimized geometries and vibrational frequen-
cies of various species on the C;Hs+C;H, potential energy surface from
previous works!“®“*! calculated at the B3LYP-DFT/6-3114+-G** level of
theory. Chemically accurate single-point energies were computed by
using the G3(MP2,CC)//B3LYP modification®®*"! of the original Gaussi-
an 3 (G3) model chemistry scheme.™! The final energies at 0 K were thus
obtained by using the B3LYP-optimized geometries and ZPE corrections
according to Equation (1):

E,[G3(MP2,CC)] = E[CCSD(T)/6-311G(d,p)]+AEyp,+ E(ZPE) 1)

in which AEyp, = E[MP2/G3 Large]—E[MP2/6-311G(d,p)] is the basis set
correction and E(ZPE) is the ZPE. AE(SO), a spin-orbit correction, and
AE(HLC), a higher level correction, from the original G3 scheme were
not included in our calculations because they do not make significant
contributions to the relative energies. We used the Gaussian 98" pro-
gram package to carry out MP2 calculations, and the Molpro 2002”! pro-
gram package to perform calculations of spin-restricted coupled cluster
RCCSD(T) energies. With the energetic and molecular parameters in
hand, we employed RRKM theory!®*®! for computations of rate con-
stants of individual unimolecular reaction steps on the CyH, PES. Rate
constants, k(E), were calculated as functions of the internal energy, which
was taken as a sum of the energy of chemical activation in the phenyl
plus allene/methylacetylene reactions and a collision energy, assuming
that a dominant fraction of the latter is converted to the internal vibra-
tional energy. The harmonic approximation was used to calculate the
total number and density of states. Product branching ratios were com-
puted by solving first-order kinetic equations for unimolecular reactions
according to the kinetics scheme devised from the ab initio potential
energy diagram shown in Figure 6, in which Rad 1 (methylacetylene) and
Rad 11 or Rad 6 (allene) were considered as the initial chemically acti-
vated reaction intermediates. Only a single total-energy level was consid-
ered throughout; single-collision conditions (zero-pressure limit) and the
steady-state approximation were used to obtain the branching ratios.*!
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