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Formation of the diphenyl molecule in the crossed beam reaction

of phenyl radicals with benzene
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The chemical dynamics to form the D5-diphenyl molecule, C¢HsCy¢Ds, via the neutral-neutral
reaction of phenyl radicals (C4Hs) with D6-benzene (C¢Dg), was investigated in a crossed
molecular beams experiment at a collision energy of 185 kI mol~'. The laboratory angular
distribution and time-of-flight spectra of the C{HsC4D5 product were recorded at mass to charge
m/z of 159. Forward-convolution fitting of our data reveals that the reaction dynamics are governed
by an initial addition of the phenyl radical to the 7 electron density of the D6-benzene molecule
yielding a short-lived CqHsC¢Dg collision complex. The latter undergoes atomic deuterium
elimination via a tight exit transition state located about 30 kJ mol~!' above the separated reactants;
the overall reaction to form D5-diphenyl from phenyl and D6-benzene was found to be weakly
exoergic. The explicit identification of the D5-biphenyl molecules suggests that in high temperature
combustion flames, a diphenyl molecule can be formed via a single collision event between a phenyl
radical and a benzene molecule. © 2008 American Institute of Physics. [DOI: 10.1063/1.2834221]

I. INTRODUCTION

During the last decades, the aromatic diphenyl molecule
(C¢HsC¢Hs) has attracted substantial interest from the
combustion' and astlrochemistlry3 communities as a precur-
sor to form polycyclic aromatic hydlrocarbons“’5 (PAHs) and
carbonaceous nanoparticles in circumstellar envelopes of
carbon stars and in the combustion of fossil fuel.® Here, car-
bonaceous nanoparticles—often referred to as soot—are
emitted to the atmosphere with an average global emission
rate of anthropogenic carbon from fossil fuel combustion as
high as 2.4 X 10'° kg/ year.7 Once liberated into the ambient
environment, soot particles in respirable size of 10—100 nm
can be transferred into the lungs by inhalation® and are
strongly implicated in the degradation of human health,’ par-
ticularly due to their high carcinogenic risk potential. PAHs
and carbonaceous nanoparticles are also serious water pollut-
ants of marine ecosystemslo and bioaccumulate in the fatty
tissue of living organisms.11 Together with leafy vegetables,
where PAHs and soot deposit easily, they have been further
linked to soil contamination,12 food poisoning, liver lesions,
and tumor growth. Therefore, on Earth, PAHs are considered
as unwanted, toxic by-products in combustion processes. In
the interstellar medium, however, PAHs-like species account
for up to 10% of the cosmic carbon budget.13 They have
been implicated as carriers of the unidentified infrared emis-
sion bands'* and of diffuse interstellar bands."> A quantita-
tive understanding of the formation of PAHs is therefore es-
sential to develop clean combustion devices and to
understand the astrochemical evolution of the interstellar me-
dium.

However, despite this crucial importance of PAHs, even
the formation route of the very first binuclear PAH, diphenyl
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(CeH5C4Hs), which is considered as a building block to form
anthracene and more complex PAHs, is unknown. Reaction
networks modeling PAH formation in the interstellar
medium'® and in combustion flames'”'® strongly indicate
that ground state phenyl radicals (CqHs,X %A,) present the
most important transient species to initiate the growth of
PAHs." A crucial step in these reaction models is thought to
be hydrogen abstraction and phenyl radical addition reac-
tions. Nevertheless, an investigation of the products of the
simplest phenyl radical reaction with an aromatic molecule,
benzene (C¢Hg, X 'A, .) has remained elusive for the last cen-
tury. Consequently, the reaction products of this elementary
reaction have not been assigned. To shed light on this funda-
mental question, we conducted a crossed molecular beam
study of the gas phase reaction of the phenyl radical, C4Hs,
with D6-benzene, C¢Dyg, to synthesize the D5-diphenyl mol-
ecule, CcHsCgDs, [reaction (1)] under single collision condi-
tions.

CeHs(X *A)) + CeDg(X 'A, )
— CgHsCeDs(X 'A) + D(%S, ). (1)

This system presents the prototype reaction of an aro-
matic radical (phenyl)20 with ubiquitous benzene molecules
to form diphenyl molecules via a single radical-neutral col-
lision in the interstellar medium and in combustion flames.
Benzene has been observed, for instance, toward the carbon-
rich planetary nebula CRL 618.%' The increasing photon flux
from the central star can also photodissociate the benzene
molecule to form the phenyl radical plus atomic hydrogen.
Upon reaction with benzene, diphenyl is expected to be syn-
thesized. This reaction is also interesting from the viewpoint
of a physical-organic chemist as it represents a benchmark
system of an aromatic radical-substitution reaction initiated
by a polyatomic organic radical R [reaction (2)].22 In prin-

© 2008 American Institute of Physics

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


http://dx.doi.org/10.1063/1.2834221
http://dx.doi.org/10.1063/1.2834221
http://dx.doi.org/10.1063/1.2834221

084315-2 Zhang, Gu, and Kaiser

ciple, if R is an aromatic radical, the coupling of two aro-
matic rings can take place via an addition-elimination reac-
tion as depicted in Eq. (2). This pathway is similar to a
nucleophilic aromatic substitution in which the nucleophile
reactant attacks the aromatic ring. Nevertheless, the related
free-radical-substitution reaction involving the simplest aryl
radical, phenyl, and benzene has not been studied in the gas
phase to date.

R + C6H6 — [RCﬁHé] — C6H5R + H (2)

Here, we present the first account on the chemical dy-
namics of the reaction of ground state phenyl radicals
(CeHs(X 2A])) with D6-benzene (CgDg(X 1AI g)). An investi-
gation at the molecular level, i.e., in a collision free environ-
ment where it is possible to observe the consequences of a
single reactive event, can provide a direct insight into the
mechanism of reactions (1) and (2).*** The crossed molecu-
lar beam method with mass spectrometric detection is par-
ticularly suitable for investigating reactions giving poly-
atomic products whose spectroscopic properties are
unknown. This work provides conclusive evidence of the
synthesis of the D5-diphenyl molecule (C¢HsCgDs) as the
primary reaction product under single collision conditions.
The results are compared with related mechanisms involved
in the reactions of the cyano radical (CN(X 22%)) (Ref. 25)
and of flourine (F(*P)) (Ref. 26) with benzene. This allows
us not only to critically evaluate generalized concepts of pro-
totype free-radial-substitution reactions involving the aro-
matic benzene molecule and its D6-isotopologue in the gas
phase, but also to untangle the role of the title reaction in the
formation of diphenyl molecules in combustion flames and
in the interstellar medium via a single neutral-neutral reac-
tion.

Il. EXPERIMENTAL

The reaction was studied under single collision condi-
tions at a collision energy of 185=+3 kJmol™' using a
crossed molecular beam machine.”’” A pulsed supersonic phe-
nyl radical beam was generated via a quantitative flash py-
rolysis of helium-seeded nitroso benzene (C4HsNO) at seed-
ing fractions of less than 0.1% by expanding this mixture
through a resistively heated silicon carbide tube.”® A chopper
wheel, located after the skimmer, selected a component of
the phenyl radical beam of a peak velocity of
2800+ 15 ms~! and speed ratio of 7.5+ 0.2 before it inter-
sected a pulsed, helium-seeded D6-benzene beam at 90° in
the interaction region of the scattering chamber.”’ The peak
velocity and speed ratio of the D6-benzene beam were deter-
mined to be 1170+ 15 m s~ and 13.0 + 0.5, respectively. We
have chosen D6-benzene instead of benzene so that it be-
came feasible to discriminate the atomic hydrogen from the
atomic deuterium loss pathway, which could originate from
the phenyl radical and from the D6-benzene reactant, respec-
tively. The reaction products are detected after electron im-
pact ionization at 80 eV via a quadrupole mass spectrometer
housed in a rotatable ultrahigh-vacuum chamber (10~!! torr)
by recording time-of-flight (TOF) spectra at different labora-
tory scattering angles for distinct mass-to-charge ratios (m/z)
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FIG. 1. Time-of-flight data of the D5-diphenyl molecule recorded at m/z
=159 (C|,HsDs") at selected laboratory angles; open circles represent ex-
perimental data, the solid line the fit.

of the ionized products. Information on the reaction dynam-
ics was then gained by fitting the laboratory data using a
forward-convolution routine. This yielded the angular flux
distribution 7(6) and the translational energy flux distribu-
tion P(E) in the center-of-mass (CM) system.30

lll. RESULTS
A. Laboratory data

The reaction of D6-benzene (C4Dg) with phenyl radicals
(C¢Hs) could release either a hydrogen or a deuterium atom
forming products of the generic formula C;,H;Dq and
C,H;sDs, respectively. Upon electron impact ionization, the
corresponding parent molecules would be detectable at mass-
to-charge ratios m/z of m/z=160 and m/z=159, respec-
tively. However, in our experiments, we could not detect any
signal at m/z=160, but only at m/z=159. This finding alone
suggests that in the reaction of phenyl radicals with D6-
benzene, only a deuterium atom is emitted. This results in the
formation of a product of the gross formula C;,HsDs. Rep-
resentative TOF spectra recorded at m/z=159 are compiled
in Fig. 1. The corresponding laboratory angular distribution,
which is obtained by integrating the TOF spectra at different
angles, are depicted in Fig. 2. In principle, we should expect
a small signal at m/z=160; this should arise from the '*C
isotopologue, 13CC“HSDS. However, an inspection of the
signal counts of the TOFs recorded at m/z=159 suggests that
a maximum signal of about 12% of the counts at m/z=159
arising from the 1.1% natural '*C abundance and the number
of carbon atoms in C;,HsD5 is within the noise limits of the
experiments. We also investigated a possible deuterium ab-
straction channel leading to D1-benzene (m/z=79) plus D5-
phenyl radicals. However, within the detection limits, no re-
active scattering signal was observable for this channel.
Summarized, the reactive scattering signal and the TOF spec-
tra alone demonstrate that the reaction of D6-benzene with
phenyl radicals [reaction (1)] is dictated by a phenyl radical
versus deuterium exchange pathway.

B. Center-of-mass functions

Having identified a reaction product of the generic for-
mula C,HsDs, we are investigating now the reaction dy-
namics and the nature of the product isomer. Here, quantita-
tive information on the dynamics of the reaction is obtained
by moving from the laboratory coordinate system to the CM
reference frame and analyzing the product angular 7(6) and
translational energy P(Ey) distributions. Here, the CM func-
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FIG. 2. Upper: Laboratory angular distribution of the D5-diphenyl molecule
recorded at m/z=159 (C,HsDs"). Circles and 1o error bars indicate experi-
mental data, the solid lines the calculated distribution, and CM the center-
of-mass angle. Lower: Newton diagram for the reaction of phenyl radicals
with D6-benzene. The circle stands for the maximum center-of-mass recoil
velocity of the D5-diphenyl product.

tions are derived by a forward-convolution fit of the product
laboratory angular and TOF distributions. The solid lines su-
perimposed on the experimental results in Figs. 1 and 2 are
the calculated curves utilizing the best-fit center-of-mass
functions, the circles the experimental data. The translational
energy distributions aid in gaining valuable information on
the reaction dynamics (Fig. 3). The distribution depicts a
maximum around 30 kJ mol~!; this finding suggests a tight
exit transition state of a decomposing reaction intermediate
(C,HsDg) to form atomic deuterium plus C;,HsDs. Conse-
quently, the reversed reaction, i.e., the addition of the deute-
rium atom to the C;,Hs;D5 molecule is anticipated to have an
entrance barrier on the order of 30 kJ mol~!. In addition, the
high energy cutoff of the translational energy distribution
presents the sum of the absolute value of the reaction exoer-
gicity plus the relative collision energy. By subtracting the
collision energy (185 kJ mol™!) from the high energy cutoff
of 220+ 15 kJ mol™!, we can derive a reaction exoergicity of
35+ 15 kJ mol™!. This reaction energy correlates well with
computed values of 22+8 (Ref. 31) and 18+ 8 kJ mol™!
(Ref. 32) to form the D5-diphenyl isomer plus atomic deu-
terium. The formation of the acenapthene isomer plus atomic
hydrogen is exoergic by 95+ 5 kJ mol~!' and can be clearly
ruled out. Based on these considerations, the average avail-
able energy channeled into the translational degrees of free-
dom of the products is calculated to be 60 =5 kJ mol~!, i.e.,
a fraction of about 28 £3%. This order of magnitude sug-
gests that the reaction proceeds via indirect scattering dy-
namics involving a reaction intermediate (CIZHSDG).B’24
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FIG. 3. Center-of-mass angular flux distribution (upper) and center-of-mass
translational energy flux distribution (lower) for the reaction of phenyl radi-
cals with D6-benzene to form atomic deuterium plus the D5-biphenyl
molecule.

An inspection of the center-of-mass angular distribution
(Fig. 3) supports these conclusions and helps to collect addi-
tional information on the scattering dynamics. First, the
center-of-mass angular distribution portrays flux over the
complete range from 0° to 180°. This finding alone suggests
that the reaction dynamics are indirect and involve the for-
mation of a C;,H;sD intermediate prior to the decomposition
of the latter via atomic deuterium loss. Secondly, the T(6)
depicts a marked forward scattering, i.e., the flux at 0° is
enhanced compared to 180°. The intensity ratio of the poles,
1(0°)/1(180°), is calculated to be 2.5+ 0.7. This result im-
plies that the lifetime of the decomposing reaction interme-
diate is shorter than the rotational period (osculating
Complex).33 Based on this intensity ratio and the osculating
complex model we can estimate that the lifetime of the re-
action intermediate is about 0.54 = 0.12 of the rotational pe-
riod of the decomposing complex.

iy TR

FIG. 4. Schematic representation of the reaction mechanism of phenyl radi-
cals with D6-benzene leading to D5-diphenyl plus atomic deuterium (right)
via a doublet radical intermediate (center). Carbon, hydrogen, and deuterium
atoms are depicted in black, dark blue, and light blue, respectively.
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IV. DISCUSSION

Having analyzed the laboratory data (TOF spectra, labo-
ratory angular distribution) and the center-of-mass transla-
tional energy and angular distributions, we are merging now
these information and attempt to elucidate the reaction
mechanism. The results suggest that the phenyl radical adds
with its radical center to the m-electron density of the aro-
matic D6-benzene to yield a [CqHs—C¢Dg] doublet radical
intermediate (indirect scattering dynamics via complex for-
mation) whose lifetime is about half of its rotational period
(Fig. 4). The outcome of our fits are relatively insensitive to
the entrance barrier in the range of 0—40 kJ mol~'. The rovi-
brationally excited collision complex was found to fragment
via atomic deuterium atom loss to form the D5-biphenyl
molecule (C4HsC¢Ds) through a tight exit transition state
located about 30 kJ mol~! above the separated products. This
final step leads to a rearomatization from the intermediate to
the D5-diphenyl product. The overall reaction was deduced
to be exoergic by 35+ 15 kI mol~!. Our experimental data
correlate well with a theoretical study of the reaction of phe-
nyl radicals with benzene.’' The authors proposed that the
entrance barrier to addition is about 11 kJ mol~'. This pro-
cess forms a reaction intermediate which is stabilized by
only about 95 kJ mol~!. The weak potential energy well can
explain the relatively short lifetime of the decomposing
[CeHs—C4Dg] reaction intermediate. Also, the computed exit
barrier of about 20 kJ mol~! agrees reasonable well with the
experimentally derived order of magnitude of 30 kJ mol™!.
Finally, the crossed beam experiments verify the dominance
of the atomic deuterium replacement channel and the
absence—within less than 5% of the exchange pathway—of
the deuterium abstraction mechanism as postulated from ki-
netics studies of this reaction;34 the latter also determined a
classical activation energy of reaction of about
20-40 kJ mol~".*>* Note that the related reactions of cyano
radical (CN(X 23%)) (Ref. 25) and of fluorine atoms (F(*P))
(Ref. 26) with benzene follow a similar radical addition—
hydrogen/deuterium elimination pathways involving inter-
mediates, which reside in shallow potential energy wells of
less than 170 kI mol~!, and exit barriers of the atomic
hydrogen/deuterium elimination of 29-35 kJ mol~'. How-
ever, due to the energetics and separation of the 7 and =*
orbitals of the cyanoradical, the latter adds without entrance
barrier to the benzene molecule. Finally, we would like to
comment on a pronounced difference between the reaction of
the phenyl radical with benzene on one hand, and the reac-
tion of benzene with atomic fluorine and the cyanoradical on
the other hand. Both latter systems depicted a forward-
backward symmetric center-of-mass angular distribution and
a pronounced peaking at 90° (sideways scattering). This pat-
tern was attributed to geometrical constraint in the exit chan-
nel where the hydrogen/deuterium atoms are ejected almost
parallel to the total angular momentum vector and nearly
perpendicularly to the plane of the former benzene
molecule.”?® However, the present study does not show a
distribution maximum at 90°, although the electronic struc-
ture calculations predicted that the hydrogen atom is released
at an angle of 94°, i.e., almost perpendicularly, to the rota-
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tional plane. How can this be explained? We have to consider
that both the reactions of atomic fluorine and the cyanoradi-
cal with benzene were conducted at collision energies of 10.7
and 19.5-34.4 kI mol™!, much lower than the present study
of 185 kJ mol~!. Due to this enhanced collision energy, it is
likely that the hydrogen emission shows less geometrical
constraints than in those systems at lower collision energy. In
other words, the reversed reaction of a hydrogen/deuterium
atom addition to the phenylacetylene molecule can follow a
larger range of impact parameters than those in the fluorine-
benzene and cyanobenzene systems. This trend was also ob-
served in the crossed beam reaction of cyanoradicals with
acetylene;37 here, at lower collision energies, the distribution
showed sideways scattering; however, as the collision energy
was increased, no characteristic sideway scattering was ob-
servable anymore.

V. SUMMARY

Summarized, the crossed beam studies identified the D5-
diphenyl molecule as the sole reaction product in the radical-
neutral reaction of the phenyl radicals with D6-benzene un-
der collision-free conditions. The inferred reaction dynamics
indicate the existence of a short-lived reaction intermediate.
Under single collision conditions as provided in crossed
beam experiments, the latter decomposed via loss of a deu-
terium atom. However, in low temperature and high pressure
combustion flames, this intermediate may be stabilized or
may react with another molecule if the time between colli-
sions is sufficiently short. We should stress that in cold mo-
lecular clouds, the title reaction is closed due to its inherent
entrance barrier. However, in planetary nebulae such as CRL
618 and in combustion systems, the translational temperature
of the reactants can reach a few 1000 K, and the entrance
barrier can be overcome. Therefore, in planetary nebulae and
in high temperature combustion flames, the diphenyl radical
can be formed via a single radical-neutral encounter under
gas phase single collision conditions.
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