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The reactions between the phenyl radical (C6H5) and 1,3-butadiene (CH2CHCHCH2) together with its
D6- and D4-isotopologues were studied under single collision conditions. The scattering data suggest
that the reaction proceeds via indirect scattering dynamics and is initiated by an addition of the phenyl
radical to the terminal carbon atom of the 1,3-butadiene molecule to form a C6H5CH2CHCHCH2

intermediate. Then, the collision complex undergoes a hydrogen atom loss through a tight exit transition
state to form the 1-phenyl-1,3-butadiene product. Reactions with isotopically labeled reactants verify
experimentally that the hydrogen loss originates from the terminal carbon atom of the 1,3-butadiene
reactant. Our results are also compared with other phenyl radical reactions with unsaturated hydrocarbons
studied earlier in our laboratory.

1. Introduction

Nowadays, it is well accepted that combustion processes
utilized in power generation are the major source of airborne
air pollutants. The emission of these species is strongly related
to lung cancer and cardiopulmonary diseases.1 The predominant
sources of air pollutants are nanometer-sized soot particles and
polycyclic aromatic hydrocarbons (PAHs), some of which have
been found to be carcinogenic (benzo[a]pyrene),2 mutagenic,3

and teratogenic. PAHs, however, are not only found in terrestrial
environments but are also ubiquitous in the interstellar medium;4

for instance, PAH-like species are thought to contribute to the
unidentified infrared emission bands (UIBs) observed between
3 and 15 µm.5 It is also estimated that PAHs and related
molecules such as their radicals, ionized PAHs, and heteroaro-
matic PAHs make up to 20% of the total cosmic carbon budget.6

Due to the carcinogenic character of PAHs, it is clearly
imperative to minimize the formation of these molecules in
combustion processes. Therefore, it is of great practical impor-
tance to gain a fundamental understanding of the underlying
formation processes and also to rationalize the chemical
processes responsible for the growth of soot. This will be only
possible on the basis of a correct physical and chemical
understanding of the combustion processes. Consequently, a
significant research endeavor on PAHs and soot particles has
been undertaken during the past decades. It is well accepted
now that the phenyl radical (C6H5) in its 2A1 electronic ground
state presents one of the most crucial transient species to trigger
PAH formation.7,8 Chemical reaction networks concur that
phenyl radical reactions with unsaturated hydrocarbon molecules
such as (substituted) acetylenes, olefins, and aromatic molecules
initiate the PAH synthesis. Depending on the temperature and
pressure conditions, theoretical investigations coupled with
kinetics studies of these reactions indicated that the intermediates
either decompose back to the reactants, fragment predominantly
via atomic hydrogen loss pathways, isomerize prior to their
decomposition, and/or are stabilized at higher pressures if the
lifetime of the intermediate is longer than the time scale

necessary to divert the internal energy of the complexes via a
third-body collision.9 Due to this importance, we have conducted
a systematic study of the reactions of phenyl radicals with
acetylene (C2H2),10 ethylene (C2H4),11 methylacetylene (CH3-
CCH),12 allene (H2CCCH2),12 propylene (CH3CHCH2),13 and
benzene (C6H6)14 utilizing the crossed molecular beams ap-
proach.15 These hydrocarbons serve as simple prototype mol-
ecules with triple (acetylene) and double (ethylene) bonds as
well as monocyclic (benzene) aromatic species. In this paper,
we expand these studies and unravel the chemical dynamics of
the phenyl radical reaction with an important C4H6 isomer, that
is, 1,3-butadiene (H2CCHCHCH2). This reaction can access the
important C10H10 potential energy surface, which also includes
dihydronaphthalene. Although both reactants are important
intermediates in hydrocarbon flames,16 this elementary reaction
of phenyl radicals with 1,3-butadiene has neither been included
into models simulating the growth of PAHs nor studied under
single-collision conditions to date.17-26 These networks only
suggest that 1,3-butadiene acts as a precursor to radicals such
as C2H3,27 CH3,28 and C3H3

28 and small molecules like C2H2
29

and C2H4
29 but not to more complex species like PAHs.

What is so far known on the reaction of the phenyl radical
with 1,3-butadiene? Fascella et al.30 investigated the reaction
of the phenyl radical with 1,3-butadiene theoretically. QRRK
theory was employed to estimate the overall reaction rates at
temperatures between 500 and 2500 K at pressures ranging from
1 to 0.01 atm with the G2MP2 theory. This study suggested
that there is no entrance barrier for the reaction between the
phenyl radical and 1,3-C4H6 to form an additional intermediate
of the formula C10H11. However, an entrance barrier of about
27 kJ mol-1 was found for the hydrogen abstraction process to
yield the 1,3-C4H5 radical plus benzene. The predicted products
of the reaction are compiled in eq 1. Under single-collision
conditions, the most abundant molecule over the complete
temperature range of 500 - 2500 K was predicted to be 1,4-
dihydronaphthalene (1d), a precursor to naphthalene in combus-
tion flames.
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C6H5 + 1,3-C4H6fC10H11
/ f

{ 4-phenylbuten-3-yl (a)
1,4,9-trihydronaphthalene (b)
3-methylindenyl (c)
1,4-dihydronaphthalene+H (d)
1-phenyl-1,3-butadiene+H (e)
indene+CH3 (f)
benzene+ 1,3-butadiene-1-yl (g)
benzene+ 1,3-butadiene-2-yl (h)
styrene+C2H3 (i)

(1)

One year later, Lin et al.31 conducted an experimental study of
this system at a total pressure of 40 Torr with argon as a bath
gas using the cavity ring down spectroscopy. The rate constant
for the phenyl radical disappearance was found to follow the
relationship (3.16 ( 0.29) × 1012 × exp[-(870 ( 30)/T] cm3

mol-1 s-1 over the temperature range of 298 to 450 K.
Computations at the B3LYP 6-31G(d,p) level of theory sug-
gested that at temperatures less than 1000 K, the dominant
product is the initial 4-phyenylbuten-3-yl (C10H11) adduct (1a).
At about 1000-1400 K, 1-phenyl-1,3-butadiene (C10H10) be-
came the main product (1e). Over 1400 K, the most important
process was predicted to be the bimolecular hydrogen abstraction
to form benzene (C6H6), channels 1g and 1h. The formation
rates of the bicyclic species 1,4-dihydro-naphthalene (1d) were
predicted to be at least one order of magnitude lower than that
of the dominant channel. These conclusions are distinctly
different from the results of Fascella et al.30 Therefore, our
crossed beam studies help to answer the question “What is the
dominant product of this reaction?” under single-collision
conditions.

2. Experimental Section

The experiments were conducted in a crossed molecular beam
machine under single-collision conditions at the University of
Hawaii.15 Briefly, two source chambers were located inside of
the scattering chamber at perpendicular geometry. One of the
source chambers was used to generate the pulsed, supersonic
phenyl radical beam via a modified flash pyrolytic source.32,33

The nitrosobenzene (C6H5NO, Fluka 97.5% +) precursor was
kept inside of a stainless steel reservoir at 283 K. Helium carrier
gas was introduced into the reservoir at 4 atm to seed the
nitrosobenzene precursor at fractions of less than 0.1%. The
mixture was released at a backing pressure of 920 Torr via a
piezoelectric pulsed valve33 operated at 200 Hz and expanded
through a resistively heated silicon carbide tube at a temperature
of about 1200-1500 K. Under these experimental conditions,
the decomposition of nitrosobenzene molecule to form the

phenyl radical and nitrogen monoxide was quantitative.34 After
passing a skimmer, a part of the phenyl radical beam was
selected by a four-slot chopper wheel. The peak velocities and
speed ratios of the segments crossing in the interaction region
are listed in Table 1. The second source chamber introduced a
pulsed and neat 1,3-butadiene beam (Fluka, 99.5% +) at a
backing pressure of 550 Torr perpendicularly in the interaction
region inside of the scattering chamber. An experiment with
1,3-butadiene-D6 (CDN, 99+%D) was conducted to identify
the position of hydrogen loss (does it come from the phenyl
radical or from 1,3-butadiene?). Furthermore, 1,3-butadiene-
1,1,4,4-D4 (CDN, 99+%D) was utilized to elucidate the extent
of the hydrogen versus deuterium atom loss position(s) of 1,3-
butadiene, that is, from the terminal C1/C4 carbon atoms versus
the C2/C3 carbon atoms.

The reactively scattering products were detected using a triply
differentially pumped quadrupole mass spectrometric detector
in the time-of-flight (TOF) mode, which could be rotated within
the plane defined by the two supersonic beams. This device
allows taking angular-resolved TOF spectra. The electron impact
ionizer is operated at 80 eV with an emission current of 2 mA.
By integrating the TOF spectra at distinct laboratory angles,
correcting for the day-to-day intensity fluctuations of the phenyl
radical beam, and normalizing to the center-of-mass angle, we
obtained the laboratory angular distribution in the laboratory
frame (LABORATORY), which characterized the integrated
signal intensity of an ion of distinct m/z value versus the
laboratory angle. The information on the chemical dynamics
was gained by fitting these TOF spectra and the laboratory
angular distribution using a forward-convolution routine.35 This
approach assumed an angular distribution T(θ) and a transla-
tional energy distribution P(ET) in the center-of-mass reference
frame (CM), which contain all of the basic information on the
reactive scattering process. TOF spectra and the laboratory
angular distribution were then calculated from these center-of-
mass functions. Since previous kinetics studies30 of the phenyl
radical reactions with 1,3-butadiene showed the absence of an
entrance barrier to this reaction, we included an energy-
dependent cross section, σ(EC) ∼ EC

-1/3, with the collision
energy EC.36 Due to the low signal counts, we had to record up
at least 6 × 106 TOF spectra to obtain a reasonable signal-to-
noise ratio of the reactively scattered species. This limited us
to carry out the experiments with the deuterated 1,3-butadiene
reactants only at the corresponding center-of-mass angles.

3. Results

3.1. Laboratory Data. In the reaction of the phenyl radical
(C6H5) with 1,3-butadiene (C4H6), the reactive scattering signal
was monitored at mass-to-charge ratios from m/z ) 130
(C10H10

+) down to 126 (C10H6
+). At each angle, the TOF spectra

recorded at lower m/z ratios showed identical pattern as those

TABLE 1: Peak Velocities (WP) and Speed Ratios (S) of the Supersonic Beams Together with the Resulting Center-of-Mass
Angles (θCM) and the Corresponding Collision Energies (EC)a

VP (ms-1) S EC (kJ mol-1) θCM (degree)

C6H5 (X2A1) 2604.6 ( 19.6 4.7 ( 0.3 117.3 ( 2.2 11.9 ( 0.4
C6H5 (X2A1) 2959.7 ( 60.3 5.9 ( 0.6 148.7 ( 6.3 10.5 ( 0.5
H2CdCHCHdCH2 (X1A′) 779.6 ( 21.8 6.9 ( 0.7
C6H5 (X2A1) 2995.4 ( 45.7 5.9 ( 0.5 161.0 ( 5.2 11.2 ( 0.4
D2CdCDCDdCD2 (X1A′) 760.0 ( 20.0 5.9 ( 0.9
C6H5 (X2A1) 2956.4 ( 21.5 5.5 ( 0.3 154.1 ( 2.6 11.0 ( 0.4
D2CdCHCHdCD2 (X1A′) 760.0 ( 20.0 5.9 ( 0.9

a The peak velocities and corresponding speed ratios refer to those segments of the pulsed beams which were crossed in the interaction
region.
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at m/z ) 130 and could be fit with identical center-of-mass
functions as those data taken at m/z ) 130. This suggests that
signals in the range of m/z ) 129-126 originated from
dissociative ionization of the parent molecule (C10H10) in the
electron impact ionizer of the detector. In addition, we can
conclude that only the phenyl radical versus hydrogen atom
exchange pathway is open within this mass range. Considering
the signal-to-noise ratio and data accumulation time, we recorded
all of the TOF spectra at the strongest signal ion at m/z ) 128
(Figure 1). Besides the atomic hydrogen loss, we also investi-
gated the possible methyl group (CH3) (1f) and vinyl group
(C2H3) loss channels (1i). Here, we monitored ion counts at
m/z ) 116 (C9H8

+), 115 (C9H7
+), 104 (C8H8

+), and 103 (C8H7
+).

Nevertheless, a reactive scattering signal was observed neither
from the methyl nor from the vinyl loss pathway; TOF spectra
recorded at these lower masses were superimposable with those
taken at m/z ) 130 after scaling. In contrast to the kinematically
favored hydrogen atom loss channel, the potential methyl and
vinyl loss channels would be more difficult to observe due to
the unfavorable kinematics and also larger recoil spheres.
Accounting for the data accumulation times at m/z ) 128 versus
116 and 104 and the signal-to-noise ratio of our experiments,
we can evaluate that the upper limits of the importance of both
channels are less than 10%. Due to the high background noise
level at m/z ) 78 (13CC5H5

+) from elastically scattered reactants,
the bimolecular hydrogen abstraction pathway to form benzene
(C6H6) was undetectable. The collected TOF spectra present the
basis to derive the laboratory angular distribution of the signal
recorded at m/z ) 128 (C10H8

+) by integrating the TOF spectra
at each angle and accounting for the data accumulation times
(Figure 2). Obviously, the LABORATORY distributions are
very narrow and spread only over about 15° in the scattering
plane defined by both supersonic beams. Moreover, they are
slightly forward peaked with respect to the primary beam.

To answer the question whether the hydrogen atom originated
from the phenyl radical or from the 1,3-butadiene reactant, we
conducted the experiments of the phenyl radical with D6-1,3-
butadiene (eq 2). If a hydrogen atom elimination takes place
from the phenyl group, a signal should be detected for the atomic
hydrogen loss at m/z ) 136 (C10H4D6

+); if an atomic deuterium
loss pathway is present (from 1,3-butadiene-D6), we should
yield signal at m/z ) 135 (C10H5D5

+). In this experiment, we
observed a reactive scattering signal at m/z ) 135; a very weak
signal was monitored at m/z ) 136 at the center-of-mass angle
close to 11°. The signal obtained at m/z ) 136 is superimposable
on the TOF recorded at m/z ) 135 (Figure 3 lower) and can be
attributed to (13CC9H5D5

+). Therefore, it is clear that the reaction
of the phenyl radical with D6-1,3-butadiene only leads to a
deuterium atom emission; consequently, in the corresponding
reaction of the phenyl radical with 1,3-butadiene, the emitted
hydrogen atom originated solely from the 1,3-butadiene reactant
but not from the phenyl radical.

C6H5 + 1,3-C4D6f { C10H5D5 (m ⁄ z) 135)+D
C10H4D6 (m ⁄ z) 136)+H (2)

Next, we would like to collect additional information on the
position of the hydrogen atom loss from the 1,3-butadiene
molecule and aim to unravel to what extent the hydrogen is
lost from the terminal C1/C4 carbon atoms versus the C2/C3
carbon atoms. To gain insight into this, we carried out the
experiment of the phenyl radical with 1,3-butadiene-1,1,4,4-
D4 (eq 3). In case of a hydrogen atom loss, signal should be
detected at m/z ) 134 (C10H6D4

+); if a deuterium atom
elimination takes place, we should observe ion counts at m/z )
133 (C10H7D3

+). Note that, in principle, m/z ) 133 can also
arise from fragmentation of m/z ) 134. Within the signal-to-
noise limit, we observed signal at m/z )133 (Figure 3 upper)
but could not monitor any ion counts at m/z ) 134. This

Figure 1. Selected time-of-flight (TOF) spectra recorded at a mass-to-charge ratio of m/z ) 128 (C10H8
+), which is a fragment of the C10H10 parent

molecules, during the reaction of the phenyl radical with 1,3-butadiene at collision energies of 117.3 ( 2.2 (upper row) and 148.7 ( 6.3 kJ mol-1

(lower row). The open circles are the experimental data, and the solid lines are the fits.
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indicates that only a deuterium atom is being released from the
C1/C4 positions of the D4-butadiene molecule. Consequently,
in the reaction of phenyl with 1,3-butadiene, the hydrogen atom
is emitted from the terminal C1/C4 carbon atom of 1,3-
butadiene.

C6H5 +D2CCHCHCD2f { C10H7D3 (m ⁄ z) 133)+D
C10H6D4 (m ⁄ z) 134)+H

(3)

3.2. Center-of-Mass Translational Energy, P(ET)s, and
Angular Distributions, T(θ)s. The TOF spectra verify the
formation of a C10H10 isomer plus a hydrogen atom in the
reaction between the phenyl radical and 1,3-butadiene. Further,
the studies with D4- and D6-1,3-butadiene depict explicitly that
the hydrogen atom is solely released from the terminal C1/C4
positions of the 1,3-butadiene molecule. We now convert the
laboratory data into the center-of-mass reference frame and
discuss the resulting center-of-mass angular T(θ) and transla-
tional energy P(ET) distributions. At both higher and lower
collision energies, a reasonable fit of the TOF data (Figure 1)
and LABORATORY distributions (Figure 2) could be achieved
with only a single reaction channel. The corresponding center-
of-mass translation energy distributions, P(ET)s, are shown in
Figure 4 (left), which could be obtained with distributions
extending to a maximum translational energy release, ETmax, of
162.0 ( 20.0 and 200.0 ( 20.0 kJ mol-1 at collision energies
of 117.3 ( 2.2 and 148.7 ( 6.3 kJ mol-1, respectively. The

high-energy cutoffs, that is, the sum of the absolute energy of
the reaction plus the collision energy, permit us to extract the
reaction energy. By averaging over both experiments, the data
suggest that the reaction is exoergic by 48 ( 29 kJ mol-1. These
data correlate nicely with the computed exoergicity, which
ranges between 42.730 and 30.4 kJ mol-1,31 to form 1-phenyl-
1,3-butadiene plus atomic hydrogen, channel (1e). On basis of
this finding, we can extract the fraction of available energy
channeled into the translational degrees of freedom of the
products to be about 30.0% for both collision energies. This
order of magnitude is consistent with a reaction mechanism
involving complex formation.37 In addition, both distributions
are relatively broad and show pronounced distribution maxima
in the range of 20-35 kJ mol-1, that is, peaks well away from
zero translational energy. As the collision energy increases, the
peak position moves toward high energies. This likely indicates
a tight exit transition state when the C10H11 intermediate(s)
dissociates to the final products. According to the principle of
microscopic reversibility of a chemical reaction, the reverse
reaction of hydrogen atom addition to the C10H10 isomer is
therefore expected to have an entrance barrier.38

The center-of-mass angular distributions help us to gain
additional supporting information on the reaction dynamics. At
both collision energies, the angular flux distributions show
intensity over the complete angular range from 0 to 180° and
are asymmetric around 90°, that is, an enhanced flux in the
forward hemisphere with respect to the phenyl radical beam,
Figure 4 (right). Note that within the error limits, the reaction

Figure 2. Laboratory angular distributions of ion counts recorded at
m/z ) 128 (C10H8

+) in the reaction of phenyl with 1,3-butadiene at
collision energies of 117.3 ( 2.2 (upper) and 148.7 ( 6.3 kJ mol-1

(lower). The solid circles are the experimental data, and the solid lines
are the fits.

Figure 3. Upper: Time-of-flight spectrum recorded at the center-of-
mass angle at m/z ) 133 (C10H7D3

+) during the reaction of the phenyl
radical with 1,3-butadiene-1,1,4,4-D4. Lower: TOF spectrum recorded
at m/z ) 135 (C10H5D5

+) in the experiment of phenyl with 1,3-
butadiene-D6. The open circles are the experimental data, and the solid
lines are the fits.
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at lower collision energy could also be fit with an isotropic
distribution as well. As the collision energy increases, the T(θ)s
are increasingly forward peaked. The ratios at the poles, I(180°)/
I(0°), changed from 0.82 ( 0.18 at lower to 0.67 ( 0.14 at
higher collision energy. First, this suggests that the reaction
follows indirect scattering dynamics via complex (C10H11)
formation. Second, the asymmetry of the center-of-mass angular
distributions indicates that the lifetime(s) of the C10H11 inter-
mediate(s) is shorter than (or comparable with) its rotational
period (oscillating complex) at both collision energies. Finally,
as the collision energy rises, the distributions are more forward
scattered; this indicates that the lifetime of the reaction
intermediate(s) decreases as the collision energy rises.

4. Discussion

4.1. Product Isomer Identification. On the basis of the
recorded TOF spectra for the reaction of phenyl with 1,3-
butadiene, we have demonstrated that the products are an isomer
of the generic formula C10H10 plus atomic hydrogen (channels
1d and 1e). Considering the TOF spectra observed during the
C6H5 + 1,3-C4D6 and C6H5 + 1,3-C4H2D4 experiments, we have
shown that the emitted hydrogen atom originates solely from
the terminal C1/C4 carbon atom of the 1,3-butadiene molecule.
A comparison of this finding with the potential energy surface
(Figure 5) reveals that the only possible channel is 1e, 1-phenyl-
1,3-butadiene plus a hydrogen atom. Considering channel 1d,
1,4-dihydronaphthalene plus atomic hydrogen, the detached
hydrogen atom must be released from the phenyl radical; this
does not agree with the experimental results of the C6H5 + 1,3-
C4D6 system. Also, the center-of-mass translational energy
distributions indicate that the reaction is exoergic by about 48
( 29 kJ mol-1. We can compare this data with theoretically
computed reaction energies of possible products (Figure 5). The

energetics of the 1-phenyl-1,3-butadiene plus hydrogen atom
channel (1e, -42.7 kJ mol-1) are in very good agreement with
the experimental results. Even within the error limits, the
formation of the 1,4-dihydronaphthalene isomer, which is
exoergic by about 108.8 kJ mol-1, can be ruled out. We should
also mention that the entrance barrier for the reverse reaction
of 1-phenyl-1,3-butadiene with a hydrogen atom is about 30.1
kJ mol-1; this order correlates nicely with the experimental data
of 20-35 kJ mol-1. Hence, within the limit of our detection,
the only C10H10 isomer formed is 1-phenyl-1,3-butadiene,
reaction channel 1e.

4.2. Proposed Reaction Dynamics. In this section, we would
like to propose the most likely reaction dynamics to form the
phenyl-1,3-butadiene molecule based on the experimental results
as discussed above and the theoretical calculations.30,31 First,
we correlate the structure of the 1-phenyl-1,3-butadiene reaction
product (C6H5CHCHCHCH2) with the reactants. Here, we
propose that the phenyl radical adds with its radical center to
the terminal carbon atoms C1/C4 (dCH2 group) of the 1,3-
butadiene reactant to form the 4-phenylbuten-3-yl (C6H5CH2-
CHCHCH2) intermediate. This directed attack is likely influ-
enced by two effects. First, the cone of acceptance of addition
of the phenyl radical to the dCH2 group of the 1,3-butadiene
reactant favors the attack of the C1/C4 carbon atoms. Second,
the phenyl radical must be considered as an electron-deficient
reactant due to the unpaired electron. In 1,3-butadiene, the C1/
C4 carbon atoms have charges of about -0.34, but the C2/C3
atom has a charge of only -0.27. Therefore, the attack is
preferentially directed to the carbon atoms with the highest
electron density, the terminal carbon atoms C1/C4. Also, a recent
quantum chemistry computation suggested that the addition of
the phenyl radical to the central carbon atoms C2/C3 has a
higher entrance barrier (16.7 kJ mol-1) compared to a barrierless

Figure 4. Center-of-mass translational (left) and angular (right) distribution of the C10H10 product formed in the reaction of the phenyl radical with
1,3-butadiene at two collision energies of 117.3 ( 2.2 (upper row) and 148.7 ( 6.3 kJ mol-1 (lower row). The hatched areas account for the
experimental error limits of the TOF spectra (Figure 1) and the laboratory angular distribution (Figure 2); the solid lines are the best fits.
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addition to the terminal carbon atoms C1/C4.30,31 Consequently,
the sterical effect, the enhanced negative charge density, and
the lower entrance barrier (even if our collision energies are
higher than the computed barrier) likely direct the addition of
the phenyl radical to the terminal carbon atom of 1,3-butadiene.
A similar directed addition of the phenyl radical to the less
substituted carbon atom has been observed in the reaction with
methylacetylene (CH3CCH),12 allene (H2CCCH2),12 and propy-
lene (CH3CHCH2).13 To summarize, the addition of the phenyl
radical to the terminal carbon atom leads to the formation of a
4-phenylbuten-3-yl (C10H11) reaction intermediate. These com-
plex formation reaction dynamics have also been inferred from
the center-of-mass angular distributions. This intermediate can
undergo unimolecular decomposition via atomic hydrogen

detachment involving a tight exit transition state. The computa-
tions suggested that the transition state resides 30.1 kJ mol-1

above the separate products; the existence of an exit barrier has
been verified by experimental results of the off-zero peaking
(20-35 kJ mol-1) of the center-of-mass translational energy
distribution.

It is very important to address the failed detection of the
energetically favorable 1,4-dihydronaphthalene isomer (1d). This
channel would require an isomerization to form a bicyclic
intermediate (1,4,9-trihydronaphthalene) followed by a detach-
ment of atomic hydrogen originating from the phenyl radical
to form the products. This process demands more time to
overcome one additional transition state to ring closure; as for
the 1,4,9-trihydronaphthalene intermediate, the most favorable

Figure 5. Potential energy surface for the reaction of C6H5 with 1,3-butadiene. Energies in black are calculated at the B3LYP/6-31G(d,p) level of
theory (ref 31); energies depicted in red are computed with G2MP2 theory (ref 30). Different reaction channels are labeled in different colors.

TABLE 2: Moments of Inertia, Rotation Times (in ps), and Estimated Lifetimes (in ps) of the Intermediates of the Reaction of
the Phenyl Radical with Unsaturated Hydrocarbons

rotation axis A B C

C6H5 + C2H4 (bmax ) 0.16 nm) moment of inertia (10-45 kg m2) IA ) 1.8 IB ) 5.6 IC ) 6.8
rotation period, trot (ps) EC ) 83.6 kJ mol-1 0.7 2.3 2.7

EC ) 105.3 kJ mol-1 0.6 2.0 2.4
lifetime, τ (ps) EC ) 83.6 kJ mol-1 0.2 0.6 0.7

EC ) 105.3 kJ mol-1 0.2 0.6 0.8
C6H5 + H2CCCH2 (bmax ) 0.23 nm) moment of inertia (10-45 kgm2) IA ) 2.5 IB ) 7.6 IC ) 8.1

rotation period, trot (ps) EC ) 92.7 kJ mol-1 0.6 1.8 1.9
EC ) 117.4 kJ mol-1 0.5 1.6 1.7
EC ) 132.1 kJ mol-1 0.5 1.5 1.6

lifetime, τ (ps) EC ) 92.7 kJ mol-1 0.5 1.5 1.6
EC ) 117.4 kJ mol-1 0.2 0.7 0.7
EC ) 132.1 kJ mol-1 0.1 0.4 0.5

C6H5 + C3H6 (bmax ) 0.23 nm) moment of inertia (10-45 kg m2) IA ) 2.4 IB ) 8.1 IC ) 9.3
rotation period, trot (ps) EC ) 130.2 kJ mol-1 0.5 1.6 1.8
lifetime, τ (ps) EC ) 130.2 kJ mol-1 0.3 1.1 1.3

C6H5 + 1,3-C4H6 (bmax ) 0.32 nm) moment of inertia (10-45 kg m2) IA ) 2.7 IB ) 12.5 IC ) 13.5
rotation period, trot (ps) EC)117.3 kJmol-1 0.4 1.7 1.8

EC ) 148.7 kJ mol-1 0.3 1.5 1.6
lifetime, τ (ps) EC ) 117.3 kJ mol-1 1.0 4.3 4.5

EC ) 148.7 kJ mol-1 0.4 1.8 2.0
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channel is isomerization back to 4-phenylbuten-3-yl. This can
explain the failed detection of the isomer 1,4-dihydronaphtha-
lene; the lifetime of the initial addition complex is too short to
allow an isomerization via cyclization to 1,4,9-trihydronaph-
thalene. We also have to discuss the failed detection of the
methyl group loss (1f). This mechanism requires an isomeriza-
tion of the initial adduct via a significant barrier (190.0 kJ mol-1)
to form a cyclopentadienyl derivative. The latter would undergo
an isomerization to yield a stable methylcyclopentenyl-type
radical via hydrogen atom transfer from the phenyl radical to
the CH2 group and a simultaneous C-C bond rupture. Again,
on the basis of our results, the formation of the cyclopentadienyl-
type intermediate is likely blocked by the inherent barrier to
isomerization, and a hydrogen atom emission from the initial
collision complex is more likely.

Finally, the collision energy dependence of the reaction
dynamics should be mentioned. From the center-of-mass angular
distributions, the enhanced forward scattering with increasing
collision energy is evident. We have elucidated the 4-phenyl-
buten-3-yl as the sole intermediate to form 1-phenyl-1,3-
butadiene. Here, we attempt to estimate the lifetime of this
intermediate at different collision energy. Recall that the
intermediate can be treated as an osculating complex. The
rotational period (trot) of this intermediate serves as a clock in
the crossed molecular beam experiments and can be utilized to
evaluate the lifetime (τ) of the decomposing complex. The
osculating complex model connects the lifetime τ with the
intensity ratio at the poles (I(180 °)/I(0 °)) via eq 4.39 Here,
Lmax represents the maximum orbital angular momentum of the
reaction, which can be approximated from the maximum impact
parameter (bmax), relative velocity (Vrel), and reduced mass (µ)
of the reactants. Ii stands for the moment of inertia of the
complex rotating around the i axis (i ) A, B, C).

trot )
2πIi

Lmax
)

2πIi

µ × bmax ×Vrel
(i)A, B, C)

τ)
-trot

2 ln(I(180°) ⁄ I(0°))

(4)

Using the ab initio geometries of the intermediates from refs
30 and 31, we can determine the moments of inertia and the
maximum impact parameter (∼0.32 nm). This yields the
maximum orbital angular momenta (Lmax) of 46 × 10-33 kg m2

s-1 for a collision energy of 117.3 kJ mol-1 and 52 × 10-33 kg
m2 s-1 for 148.7 kJ mol-1. The lifetimes τ of the intermediates
depend on the rotation axis and are compiled in Table 2. Even
at the higher collision energy, EC ) 148.7 kJ mol-1, we can
conclude that the lifetime of the complex is longer than its
rotational period, trot, and on the order of 0.4-4.5 ps. On the
basis of the experiments, these lifetimes are still too short to
allow the initial collision complex to rearrange to other C10H11

isomers (recall that we did not detect the 1,4-dihydronaphthalene
and indene products). Considering the reactions of phenyl with
ethylene, allene, and propylene, it is clear that at a similar
collision energy, the lifetime of the decomposing intermediate
is enhanced as the number of atoms and hence vibrational modes
increase.

4.3. Comparison with Other Reactions of the Phenyl
Radical with Unsaturated Hydrocarbons with Double Bonds.
It is meaningful to compare the reaction dynamics of the phenyl
radical plus 1,3-butadiene with those of the phenyl radical with
ethylene,11 allene,12 and propylene13 investigated earlier in our
group. At all collision energies from 83.6 to 148.7 kJ mol-1,
the TOF spectra can be fitted with only one hydrogen atom
substitution channel. The LABORATORY distributions of the
heavy products are very narrow and spread over only about
10-14°. All center-of-mass angular distributions are asymmetric

Figure 6. Schematic representations of the reactions of the phenyl radical with unsaturated hydrocarbons containing double bonds. Energies are
given in kJ mol-1.
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and show intensity over the complete angular range from 0 to
180° and enhanced flux in the forward hemisphere. These data
suggest that all reactions follow indirect scattering dynamics
via oscillating complexes (C8H9, C9H9, C9H11, C10H11). All
product translational energy distributions, P(ET), show distribu-
tion maxima away from zero translational energy, which
suggests that these reactions involve tight exit transition states.
Using fully deuterated isotopologues (C2D4, C3D4, C3D6, C4D6),
we found that the detached atoms are solely from the unsaturated
hydrocarbon molecules; the phenyl radicals are likely to be
conserved in the reactions (Figure 6). The phenyl radical always
adds its radical center to the terminal carbon atom with double
bond (dCH2 group) to form the intermediate; as mentioned
above, this is mainly due to sterical and electron density effects.
The dominant products are styrene, 1-phenylallene, cis/trans-
1-phenylpropene (80-90%), and 1-phenyl-1,3-butadiene. The
lifetimes of the decomposition intermediates increase with the
number of atoms of the scattering system from 0.1 up to 4.5
ps. However, it is evident that this increase in lifetime is still
not sufficient to allow ring closure processes. Recall that the
supersonic phenyl beam is generated via flash pyrolysis of
nitrosobenzene. The velocity of the beam is about 2500-3500
ms-1; if we can reduce the velocity of the phenyl radical beam
and hence the collision energy, this should result in an enhanced
lifetime of the intermediate. This cannot be done by simply
changing the carrier gas to heavier species such as neon or
argon; these atoms are relatively inefficient to quantitatively
cleave the carbon-nitrogen bond in the nitrosobenzene mol-
ecule. Likewise, the residence time of the phenyl radicals in
the silicon carbide tube would be enhanced, thus favoring
dimerization to form the diphenyl molecule. However, pho-
tolytically generated phenyl radical can have lower velocities.
This might allow an isomerization via ring closure and hence
the formation of bicyclic, aromatic structures.

5. Conclusions and Summary

In our laboratory, the reactions of the phenyl radical with
1,3-butadiene together with its deuterated counterparts (1,3-
butadiene-D6, 1,3-butadiene-1,1,4,4-D4) were investigated under
single-collision conditions utilizing a crossed molecular beams
machine. The chemical dynamics extracted from the experi-
mental data proposed that this reaction is indirect and through
an oscillating complex intermediate. It is initiated by an addition
of the phenyl radical to the terminal carbon atom C1/C4 of the
1,3-butadiene molecule, that is, at the dCH2 unit without an
entrance barrier. This leads to the formation of a radical
intermediate (4-phyenylbuten-3-yl). The latter decomposes
through a tight exit transition state to yield the 1-phenyl-1,3-
butadiene plus atomic hydrogen. The overall reaction was found
to be exoergic by 48 ( 29 kJ mol-1. Our experimental
investigation provides sturdy evidence that precursors to PAHs
can be formed in combustion flames and in the circumstellar
envelopes of carbon-rich stars such as IRC+10126 and planetary
nebulae like CRL 61840 via phenyl radical reactions, here, with
1,3-butadiene, where temperatures of up to a few 1000 K reside.
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