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Abstract

We explored the reactions on the phenyl (C¢Hs; X2A) and D5-phenyl (CsDs; X?A) radical with
1,2-butadiene (C4Hs; X'A") at a collision energy of about 52 + 3 kJ mol™ in a crossed molecular
beam apparatus. The reaction of phenyl with 1,2-butadiene is initiated by adding the phenyl
radical with its radical center to the m electron density at the C1/C3 carbon atom of 1,2-
butadiene. Later, the initial collision complexes isomerize via phenyl group migration from the
C1/C3 carbon atoms to the C2 carbon atom of the allene moiety of 1,2-butadiene. The resulting
intermediate undergoes unimolecular decomposition through hydrogen atom emission from the
methyl group of the 1,2-butadiene moiety via a rather loose exit transition state leading to 2-
phenyl-1,3-butadiene in an overall exoergic reaction (ARG = -72 + 10 kJ mol™). This finding
reveals the strong collision-energy dependence of this system when comparing the data with
those of the phenyl radical with 1,2-butadiene previously recorded at collision energies up to 160
kJ mol™!, with the previous study exhibiting the thermodynamically less stable 1-phenyl-3-
methylallene (ARG = - 33 + 10 kJ mol') and 1-phenyl-2-butyne (ARG = - 24 £ 10 kJ mol™) to be

the dominant products.
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1. Introduction

The increasing interests in the past decades on the polycyclic aromatic hydrocarbons (PAHs)
and soot particles have been attributed to their important roles in combustion processes,

terrestrial and extraterrestrial environments.'?

Largely produced in the combustion of
carbonaceous materials such as fossil fuels, coals and biomasses, they are considered as severe
air and marine pollutants,* ¢ further contributing to global warming.® Generated as toxic
byproducts in the incomplete combustion processes, PAHs such as benzo[a]pyrene have been
identified to be carcinogenic’!'® and mutagenic.!! In extraterrestrial environments, PAHs are also
discovered ubiquitously in the interstellar medium (ISM),> in hydrocarbon rich atmospheres of

2 and in carbonaceous chondrite

the planets and their moons such as in Titan’s atmosphere,!
meteorites such as Murchision chondrite,'> which can thus provide a detailed record to the

chemical evolutions prior to the origin of life.

However, the formation mechanisms of PAHs have not been completely understood. It is
strongly believed that the phenyl radical (CsHs) plays an important role in the stepwise molecular
growth pathways to the formation of PAHs." '* Bicyclic PAHs such as naphthalene (CioHs) are
suggested to be formed either by the hydrogen abstraction-acetylene addition (HACA)
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mechanism or through the phenyl addition-cyclization (PAC) reactions with unsaturated

1819 and aromatic molecules.?’ Parker et al. provided an

hydrocarbons such as alkynes,!” olefins,
alternative pathway to naphthalene synthesis (CioHs), in which the phenyl radical reacts via a
submerged barrier with vinylacetylene (C4Ha4).?! In addition, indene (CoHs) can be formed via

bimolecular reactions of phenyl radicals with two CsHs isomers: allene (H,CCCH:) and

methylacetylene (CH;CCH).?



Specifically, in recent years extensive experimental investigations>**’ have been performed on
the reactions of phenyl with distinct C4Heg isomers. In a 300 Torr and 873 K in a chemical
reactor, the reaction of phenyl with 1,3-butadiene was conducted and the photoionization
efficiency (PIE) curves were recorded by interrogating and photo-ionizing the product isomers
with aid of the tunable ultraviolet (VUV) light from the Advanced Light Source.?’” The product
distributions were then obtained by fitting in a linear combination of PIE curves for individual
CioHio, CoHg, and CgHs isomers. Combined with electronic structure calculations, the authors
identified that 1,4-dihydronaphthalene (CioHio), 1-phenyl-1,3-butadiene (CioHio), and styrene
(CsHsg) were formed under combustion-like conditions, with 1,4-dihydronaphthalene (major
product) and 1-phenyl-1,3-butadiene (minor product) also identified in crossed molecular beam
studies (Figure 1).6 However, the data from the pyrolytic reactor also suggested that 1-
methylindene (CioHio), indene (CoHsg), phenylallene (CoHg), and 1-phenyl-1-methylacetylene
(CoHg) were synthesized; these products should not be formed via the reaction of phenyl with
1,3-butadiene under single collision conditions (Figure 1). The authors suggested that the isome-
rization of 1,3-butadiene in the chemical reactor — either thermally or assisted by hydrogen atoms
— resulted in the formation of three less stable CsHs isomers: 1,2-butadiene, 1-butyne, and 2-
butyne. The addition of phenyl to the C1 carbon of 1,2-butadiene leads to the formation of 1-
phenyl-2-buten-2-yl, which can generate indene and I1-methylindene via ring closure and
hydrogen shifts followed by methyl and hydrogen losses, respectively. The addition of phenyl to
the C3 carbon atom of 1,2-butadiene forms 3-phenyl-2-buten-2-yl, which then fragments to

phenylallene via a methyl group loss.



Further, as probed in crossed molecular beam experiments, the reactions of phenyl with four
C4Hg isomers were conducted under single collision conditions at collision energies up to 156 kJ
mol™': 1,3-butadiene (H-CCHCHCH2>),?® 1,2-butadiene (H,CCCHCH3),** 1-butyne (HCCC,Hs),?
and 2-butyne (H;CCCCHj3).2° As a consequence, 1-phenyl-1,3-butadiene (from 1,3-butadiene),??
1-phenyl-3-methylallene and 1-phenyl-butyne-2 (from 1,2-butadiene),** 1-phenyl-1-butyne and
1-phenyl-3-methylallene (from 1-butyne),?® and 1-phenyl-1-methylallene (from 2-butyne)* were
formed (Figure 1). In these systems, the lifetimes of the reaction intermediates were found to be
too low to allow isomerization via hydrogen shifts with/without further ring closure processes
and hence PAH formation. Later, our group exploited a photodissociation source to produce a
supersonic beam of phenyl radicals with typical velocities down to only 1600 ms™, which make
it possible to perform the crossed beam reactions at lower collision energies of about 45 kJ mol
121-22,26.28 For example, in the crossed beam reaction of phenyl with 1,3-butadiene, the major
product 1,4-dihydronaphthalene was formed through the isomerization and ring closure
processes of the CioHii collision complex (phenyl addition to C1/C4 carbon atom of 1,3-
butadiene) with a hydrogen emission from the phenyl moiety at the bridging carbon, while the
minor product 1-phenyl-1,3-butadiene was formed via a hydrogen ejection from the terminal
CH, group of the 1,3-butadiene moiety in the initial CioHi1 collision complex.?® These
considerations suggest that a change in the collision energy can dramatically alter the product
spectrum and branching ratios with PAH-like species preferentially formed at lower collision
energies. Here, we re-investigate the reactions on the phenyl/D5-phenyl radical with 1,2-

butadiene at low collision energies in a crossed molecular beam machine thus probing to what

extent bicyclic PAH-like species can be formed. Further, replacing phenyl by D5-phenyl will



also shed some light if the hydrogen atom is emitted from the 1,2-butadiene reactant or from the

phenyl radical (or both).

2. Experimental Setup

The reactions of the phenyl radical (C¢Hs; X?A1) and of the D5-phenyl radical (CéDs; X?A1)
with 1,2-butadiene (C4Hs; X'A") were conducted in a crossed molecular beam apparatus at the
University of Hawaii at Manoa.?**? The Helium (99.9999%; Airgas Gaspro) of 1.8 atm was
introduced into the stainless steel bubbler containing chlorobenzene (C¢HsCl; 99.9%; Sigma-
Aldrich)/D5-chlorobenzene (C¢DsCl; 99 atom 9%D; Alfa Aesar), and the seeded
chlorobenzene/D5-chlorobenzene beam was released into the primary chamber via a pulsed
valve (Piezo Disk Translator; part number P-286.23; Physik Instrumente) at a repetition rate of
120 Hz. The seeded molecular beam was then photodissociated perpendicularly at a spot Imm
downstream of the nozzle by a focused 193 nm radiation from a Lambda Physik Compex 110
Excimer laser, in a repetition rate of 60 Hz and energy of 12 +£ 2 mJ. A portion of the radical
beam will be selected by a four-slot chopper wheel equipped after the skimmer, and intercepted
perpendicularly the secondary molecular beam of 1,2-butadiene (98%; ChemSampCo) controlled
by another pulsed valve at the repetition rate of 120 Hz. We optimized the delay times of the
pulsed valves and the laser in order to obtain the best signal-to-noise ratios of the reactive
scattering products. In our experiment, the photodiode equipped near the chopper wheel provided
time zero trigger; the primary and secondary pulsed valves were triggered at 1890 ps and 1850
us, respectively. The excimer laser was fired with a delay time of 162 pus with respect to the
primary pulsed valve.

The reactive scattering products then entered the detection chamber in a three-stage differential

pumping system. The electron impact ionized products (ionization energy of 80 eV with



emission current of 2 mA) passed through the Extrel QC 150 Quadruple Mass Spectrometer with
a desired mass-to-charge (m/z) ratio and flied towards a stainless steel target coated with
aluminum operating at -22.5 kV. The impinging ions initiated a cascade of electrons, which were
accelerated onto an aluminum-coated organic scintillator eventually initiating photons and
detected by a photomultiplier. The signal was further discriminated (1.6 mV) and fed into a
multichannel scalar. We recorded up to 3x10° TOF spectra for each angle, integrated and
normalized the angular-resolved TOF spectra, and extracted the laboratory product angular
distribution with the defined mass-to-charge ratio. We therefore utilized a forward-convolution

3335 and a set of parameterized functions of the product translational energy distribution

routine
P(E7) and angular distribution 7(6) in the center-of-mass (CM) frame, to iteratively fit the
experimental TOF spectra and the LAB angular distribution until the best fits were reached. This

will also yield the product flux contour map /(6,u) = P(u) X T(6), which describes the ‘image’

of the reaction.?®

3. Experimental Results

We recorded the reactive scattering signal at m/z of 130 (C1oHio") and 129 (CioHo") for the
reaction of phenyl with 1,2-butadiene. The TOF spectra at m/z = 130 and 129 were
superimposable after scaling, with higher intensities and better signal-to-noise ratios at m/z =
130. Since the scaled TOF spectra of m/z = 130 and 129 were identical within our detection limit,
the signal at m/z = 129 originates from the further dissociation of the CioHio product in the
electron impact ionizer. Thus, we recorded the TOF spectra at m/z = 130 (Ci1oHio"; Figure 2, left)
and obtained the corresponding LAB angular distribution (Figure 3, left). Therefore, we can

conclude that there exists at least one hydrogen emission channel for the reaction of phenyl with



1,2-butadiene. Note that signal at m/z = 131 was also observed. This actually originated from
B3CCyH 0, but not from the adduct (CioH1) since the intensity of signal at m/z = 131 was about
10% of that at m/z = 130, and the TOF spectra at m/z = 131 and 130 overlapped with each other
after scaling as well. Since both the phenyl radical and 1,2-butadiene can lose a hydrogen atom,
we also explored to what extent the hydrogen atom is emitted from the 1,2-butadiene reactant
and/or from the phenyl radical. Therefore, we performed the reaction of D5-phenyl with 1,2-
butadiene. We monitored reactive scattering signal at m/z = 135 (CioDsHs") and m/z = 134
(C10DsH4"/C10DsHs ). Once again, we found that the TOF spectra were superimposable after
scaling of data at m/z = 135 and 134. Consequently, the signal at m/z = 134 originates from the
further dissociation of the CioDsHs product in the electron impact ionizer. Further, we provided
explicit evidence that atomic hydrogen is lost from 1,2-butadiene and that within the sensitivity
of our system, no deuterium atom is emitted. Therefore, we collected TOF spectra at m/z = 135
(Ci0DsHs"; Figure 2, right) and obtained the corresponding LAB angular distribution (Figure 3,
right). Note that by comparing the absolute intensities of the reactive scattering signal for the
phenyl with 1,2-butadiene and the D5-phenyl with 1,2-butadiene systems, reactive scattering
signal for both systems ranges within a few per cent after scaling with respect to the primary
beam intensities. This provides further evidence that the hydrogen loss originates from the 1,2-
butadiene molecule. The corresponding LAB angular distributions (Figure 3) of both systems
span only about 17° in the scattering plane. Finally, we need to stress that we also attempted to
search for the methyl loss channel as detected in the crossed beam reactions of phenyl/D5-phenyl
with propene (CH3CHCH>)*® and of boron monoxide radical (BO) with methylacetylene
(CH3CCH)*® and with dimethylacetylene (CH;CCCH3).>” However, we could not detect any

reactive scattering signal at m/z = 116 and m/z = 121 in the reactions of the phenyl/D5-phenyl



radical with 1,2-butadiene, respectively. Therefore, we can conclude that the methyl loss

pathway — at least within the detection limits of our system — is undetected.

Having identified that the hydrogen emission originates from the 1,2-butadiene molecule, we
can now obtain more information on the underlying reaction dynamics by transferring the
laboratory data into the CM reference frame (Figure 4). We would like to emphasize that the fits
exploited parameterized CM functions so that we could compare the results of the present
experiments with those conducted previously in our laboratory at elevated collision energies of
up to 160 kJ mol™!. For the phenyl plus 1,2-butadiene and D5-phenyl plus 1,2-butadiene systems,
the recorded TOF spectra and LAB angular distributions were fit with a single channel of a mass
combination of 130 amu (CioHio) plus 1 amu and 135 amu (CioDsHs) plus 1 amu (H),
respectively. It should be noted that the fits were relatively insensitive to the high energy cutoff
and the distribution maxima of the CM translational energy distributions (P(E7)s) . Here, for both
the phenyl/D5-phenyl with 1,2-butadiene reactions, best fits were obtained with P(E7)s that can
be extended up to 128 + 25 kJ mol! (Figure 4, upper left) and even 210 + 25 kJ mol! (Figure 4,
lower left). For the molecules formed without internal excitation, the high-energy cutoff
represents the sum of the absolute reaction energy and the collision energy; therefore we
determined reaction energies between 75 + 28 kJ mol™! and 158 + 28 kJ mol’!. In addition, the
P(Er)s depict distribution maxima between 25 and 45 kJ mol™. It is noteworthy that the
energetics of the systems are not well constrained since fits of the TOF spectra (Figure 2) and
LAB angular distributions (Figure 3) for both reaction systems can be obtained for essentially
any reaction energy between 75 + 28 kJ mol ™! and 158 + 28 kJ mol™!. We also attempted to fit the

laboratory data with lower reaction exoergicities down to 33 + 10 kJ mol™! and 24 + 10 kJ mol’!,



i.e. the reaction energies associated with the formation of 1-phenyl-3-methylallene and 1-phenyl-
butyne-2 as elucidated in our previous studies at collision energies as high as 160 kJ mol!.>*
However, the laboratory data could not be fit with such low reaction energies since the simulated
laboratory angular distributions were — due to the low reaction exoergicity — much narrower
compared to the experimental data (Figure 3). Therefore, we can conclude that the reaction

exoergicities of the phenyl with 1,2-butadiene and D5-phenyl with 1,2-butadiene systems range

between 75 + 28 kJ mol™ and 158 + 28 kJ mol™’.

We can also obtain additional information from the CM angular distributions 7(@)s. For the
reactions of phenyl/D5-phenyl with 1,2-butadiene, both distributions for respective reaction
system are identical and depict intensities all over the complete angular range from 0 to 180
(Figure 4, right). This result indicates indirect reaction dynamics via the formation of bound
Ci10H11/C10DsHg intermediate(s).>® Also, both distributions are slightly asymmetric around 90°
and depict preferential fluxes in the forward hemispheres, with respect to the phenyl/D5-phenyl
radical beam; this trend is also reflected in the flux contour map (Figure 5). The ratios of
intensities at poles, 1(180°)/I(0°), are about 0.8 for both systems, which allows us to conclude that
the lifetime(s) of the bound CioHi1/Ci0DsHs intermediate(s) is comparable to their rotational

period(s).*

4. Theoretical Results

In the case of polyatomic systems, it is beneficial to combine the experimental data with the
electronic structure and statistical calculations (Figure 6 and Figure 7). These computations were
conducted at the G3(MP2,CC)//B3LYP/6-311G** level of theory*® using the GAUSSIAN 98*!

and MOLPRO 2002* program packages yielding accuracies of the energies of the intermediates
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and products within £+ 10 kJ mol™'.** Further, Rice-Ramsperger-Kassel-Marcus (RRKM) calcula-
tions were carried out to compute the branching ratios of the products.*** Our calculations
predict ten feasible reaction channels forming products pl to p10 via atomic hydrogen and
methyl loss pathways in overall exoergic reactions (24 kJ mol™ to 195 kJ mol'). Here, the
reaction of phenyl with 1,2-butadiene can be initiated via phenyl addition to the C1, C2, and C3
carbons of the 1,2-butadiene reactant, leading to the formation of intermediates il (Figure 6), i2
(Figure 6), and i3 (Figure 7), respectively; these collision complexes are bound by 154, 257, and
154 kJ mol’!, respectively. Note that all pathways involve moderate entrance barriers to addition
of 8 to 9 kJ mol!. These intermediates can either undergo a unimolecular decomposition by
eliminating an atomic hydrogen and/or a methyl group or isomerize prior to further
decomposition. In detail, intermediate il can lose a hydrogen from the C1 or C3 carbon of the
1,2-butadiene moiety leading to pl (1-phenyl-3-methylallene) and p2 (1-phenyl-butyne-2),
respectively; a methyl loss from the C3 carbon atom of the 1,2-butadiene moiety results in the
formation of p3 (1-phenyl-1-methylacetylene). The overall reactions are moderately exoergic (24
to 52 kJ mol!) and have exit barriers of 18 to 36 kJ mol™! with the latter connected to a tighter
exit transition state due to the methyl group loss. Further, i2 is predicted to emit a hydrogen from
the methyl group of the former 1,2-butadiene reactant yielding p4 (2-phenyl-1,3-butadiene) in an
overall exoergic reaction (72 kJ mol!). We could not locate a transition state for the atomic
hydrogen loss from i2 to p4 at our standard B3LYP/6-311G(d,p) level of theory for geometry
optimization. However, this transition state was found using MP2/6-311G(d,p) and CCSD/6-
31G(d) methods. The exit barrier refined at the G3(MP2,CC) level with the MP2 and CCSD
optimized geometries of the transition state with the zero-point energy correction computed

utilizing MP2/6-311G(d,p) vibrational frequencies scaled by 0.95 is 10 and 2 kJ mol™,
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respectively. This result indicates that the hydrogen atom elimination from i2 to p4 occurs via a
relatively loose transition state and a low exit barrier and that the B3LYP approach fails here
because it has a tendency to underestimate barrier heights. Finally, the intermediate i3 can
eliminate a methyl group (from C3 carbon atom of the 1,2-butadiene moiety) or a hydrogen atom
(from C3 or C1 carbon atom of the 1,2-butadiene moiety), leading to p8 (phenylallene), p9 (1-

phenyl-1-methylallene), and p10 (3-phenyl-1-butyne), respectively.

Besides the hydrogen and methyl losses of the initial collision complexes, il and i3 could also
isomerize. Here, il can undergo a hydrogen migration from the C2 carbon atom of the phenyl
group to the C2 carbon atom of the 1,2-butadiene moiety yielding i4. Alternatively, il can
isomerize via ring closure to the bicyclic intermediate iS; considering the inherent barriers, the
isomerization of il to i5 should be preferential. The latter is metastable and only has to overcome
a barrier of 3 k] mol™! to yield i2, whereas i4 can undergo a ring-closure process to yield i6. The
intermediate i6 then ejects a hydrogen atom yielding pS (3-methylindene) and/or p6 (1-
methylindene) or a methyl group to form p7 (indene). Finally, we have to consider the
isomerization pathways for i3. Similar to il, i3 can isomerize to i2 by formal migration of the
phenyl moiety over the carbon-carbon double bond via a metastable intermediate i8. Also, a
hydrogen shift from the C2 carbon atom of the phenyl to the 1,2-butadiene moiety yields i7,
which eventually isomerizes to i6. In summary, considering the inherent barriers to
isomerization, the initial collision complexes il (i3) either decompose to p1 (p9), p2 (p10),
and/or p3 (p8) or isomerize eventually to i2 with the latter ejecting an atomic hydrogen to form
p4 (2-phenyl-1,3-butadiene). Although the methyl-substituted indenes (p5 and/or p6) and indene

(p7) can be formed following isomerization of il or i3 to i6, their production is less feasible due
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to the higher barriers along the il (i3) — i4 (i7) — i6 pathways as compared to il (i3) — iS5 (i8)
— i2. It should be also noted that besides the methyl loss channels il (i3) — p3 (p8), the

energetics of all other respective isomerization and dissociation pathways of il and i3 are rather

similar and within 10 kJ mol™".

5. Discussion

Now we combine the theoretical predictions with the experimental data and summarize the

results as R1-R5.

(R1) The reactions of phenyl with 1,2-butadiene and D5-phenyl with 1,2-butadiene lead to the

formation of CioHioand Ci0DsHs isomers via atomic hydrogen loss, respectively.

(R2) No methyl loss channel was observed in the present experiments.

(R3) Detailed studies about D5-phenyl with 1,2-butadiene reaction system exhibit that the

hydrogen is lost exclusively from the 1,2-butadiene reactant, but not from the phenyl radical.

(R4) The reactions follow indirect scattering dynamics via complex formation with lifetimes

close to their rotation periods.

(R5) The fits were relative insensitive and can account for reaction exoergicities between 75 + 28
kJ mol!and 158 + 28 kJ mol!. We also attempted to fit the laboratory data with lower reaction
exoergicities down to 33 + 10 kJ mol'and 22 + 10 kJ mol!, i.e. the reaction energies associated
with the formation of I1-phenyl-3-methylallene and 1-phenyl-butyne-2 as elucidated in our
previous studies at collision energies as high as 160 kJ mol™!. However, the laboratory data could

not be fit with such low reaction energies.
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First, let us consider the reaction energies. The experimentally-determined reaction energies of
75 + 28 kJ mol! and 158 + 28 kJ mol™! for the atomic hydrogen loss can account for the
formation of methyl-substituted indenes (p5 and/or p6) (ARG = - 166 + 10 kJ mol'; ARG = - 153
+ 10 kJ mol!) via intermediate i6 and/or for the synthesis of p4 (ARG = - 72 + 10 kJ mol™!) via
unimolecular decomposition of i2. Based on the experimental energetics and a comparison with
the theoretical data alone, we cannot determine which of these isomers are formed. However, the
non-detection of the methyl group loss helps us to narrow down the remaining pathways further.
Recall that if i6 is formed, this intermediate should also decompose — besides atomic hydrogen
loss forming methylindenes (p5 and/or p6) — to indene (p7) at a level of 91% from our RRKM
calculations. Therefore, the failed experimental detection of the methyl loss and hindered
formation of indene (p7) indicates that i6 is not formed predominantly. This can be understood
easily due to the inherent barriers to isomerization; the initial collision complex il either
decomposes to pl, p2 and/or p3, or isomerizes via i5 to i2 with i2 fragmenting to p4.
Alternatively, the inherent barriers propose that the intermediate i3 — if formed — rather
eliminates atomic hydrogen or a methyl group yielding p8, p9 and/or p10 respectively, or

isomerizes via i8 to i2 with i2 dissociating to p4.

Since 1,2-butadiene contains two carbon-carbon double bonds, three carbon atoms are
involved in the m-system; these carbon atoms possess charges of -0.26, 0, -0.20.2* Therefore, the
addition of phenyl to 1,2-butadiene would likely take place on the C1 and C3 carbon atoms, with
the C1 carbon atom preferred due to the larger cone of acceptance compared to the C3 carbon

atom. Note that the calculated barrier for C1 addition is only slightly lower than that for C3
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addition. The non-detection of the methyl loss presents further consequences and narrows down
the feasible reaction product(s), as p3 and p8 can be ruled out. Products p1, p2, p9, and p10 can
be eliminated (or, at least considered as less important) based on the computed reaction energies
of only 13-34 kJ mol !, which are too low to account for the experimental findings (Figure 3).
Therefore, we state that the initial collision complexes il and i3 most likely isomerize to i2 with
the latter yielding p4 via an atomic hydrogen loss. Further, the preferential formation of 2-
phenyl-1,3-butadiene (p4) is also fully supported by our RRKM calculations. The computed
branching ratio of p4 is close to 86%, whereas the branching ratios of indene (p7) and
methylindenes (p5 and p6) are 12% and 1.2%, respectively, with the other products giving very
minor contributions. The branching ratios do not vary significantly in the range of collision
energies from 10 to 156 kJ mol"! (Table 2). The computed branching ratios do not change
dramatically even at the collision energy of 156 kJ mol! except an increase of the yield of the
CHzs loss products p3 (p8) from il (i3) to ~20% in total, which, in comparison with the results of
our previous experimental study,?* points at a non-statistical character of the reaction at the high

collision energy.

To summarize, 2-phenyl-1,3-butadiene (p4) is suggested to be the major product formed in the
reaction of phenyl with 1,2-butadiene under the single collision conditions at a collision energy
of 52 + 3 kJ mol'!. Here, the reaction proceeds via indirect scattering dynamics through complex
formation and is initiated by the phenyl addition to the C1 or C3 carbon atoms of 1,2-butadiene
leading to the initial collision complexes il (i3). The latter isomerizes via a de-facto phenyl
group migration through bicyclic intermediate i5 (i8) yielding i2, which eventually decomposes

via a hydrogen atom loss from the methyl group of the 1,2-butadiene moiety leading to 2-phenyl-

15



1,3-butadiene (p4). From the results of D5-phenyl reaction with 1,2-butadiene, this mechanism

verifies that the emitted hydrogen atom originates from 1,2-butadiene, but not from the phenyl

group.

It is also necessary to compare these findings with the results of the phenyl — 1,2-butadiene
reaction conducted at elevated collision energies of up to 160 kJ mol™!. The previous study found
that the thermodynamically less stable 1-phenyl-3-methylallene (ARG = - 33 + 10 kJ mol!) and
1-phenyl-2-butyne (ARG = - 24 = 10 kJ mol!) are the dominant reaction products formed via
phenyl addition — hydrogen atom elimination pathways.?* The authors proposed that the en-
hanced collision energy of up to 160 kJ mol"! de-facto prohibits isomerization of the initial
collision complex and rather favors a hydrogen atom elimination. However, considering the CM
angular distributions, the reduced collision energy of only about 52 kJ mol! at the present
experiments increases the lifetimes of the initial collision complexes il, i2, and/or i3, so that
isomerization processes (via phenyl group migration) are feasible under the present experimental
conditions. Therefore, we can conclude that the reaction products of the phenyl radical — 1,2-
butadiene system strongly depend on the collision energy, i.e. 1-phenyl-3-methylallene and 1-
phenyl-2-butyne at higher collision energies and 2-phenyl-1,3-butadiene at lower collision
energies. Recall that a similar trend has been observed previously in the reactions of the phenyl —
methylacetylene/allene* and phenyl — 1,3-butadiene reactions.?* At elevated collision energies of
up to 160 kJmol™!, the reactions proceeded via simple phenyl radical addition — hydrogen atom
elimination pathways leading to 1-phenylmethylacetylene (C¢HsCCCHs3) and 1-phenylallene
(CéHsHCCCH») for the phenyl — methylacetylene/allene system, and 1-phenyl-1,3-butadiene

(CéHsCHCHCHCH) for the phenyl — 1,3-butadiene system, respectively. However, as the
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collision energy was lowered to about 45 kJ mol’!, the lifetimes of the initial collision complexes
were found to increase thus enabling successive isomerization steps via hydrogen migration
and/or ring closures eventually resulting in the formation of the aromatic indene?’ and 1,4-

dihydronaphthalene?® via atomic hydrogen loss, respectively.

5. Conclusion

We have explored the crossed molecular beam reactions of phenyl (CsHs; X?A;) and D5-
phenyl (Ce¢Ds; X2A) with 1,2-butadiene (C4He; X'A’) at low collision energies of 52 + 3 kJ mol™!
under single collision conditions. We determined that 2-phenyl-1,3-butadiene (p4) likely
presents the major product. The reaction of phenyl with 1,2-butadiene is initiated by adding the
phenyl radical with its radical center to the m electron density at the C1/C3 carbon atom of 1,2-
butadiene. The initial collision complexes isomerize via a de-facto phenyl group migration from
the C1/C3 to the C2 carbon atom of the 1,2-butadiene moiety. The resulting intermediate
undergoes unimolecular decomposition via hydrogen atom emission from the methyl group of
the 1,2-butadiene moiety through a rather loose exit transition state leading to 2-phenyl-1,3-
butadiene (p4). These results show that a change of collision energy can have a dramatic effect
on the reaction products: 1-phenyl-3-methylallene and 1-phenyl-2-butyne at higher collision
energies of up to 160 kJ mol™! 2* and 2-phenyl-1,3-butadiene at lower collision energies of about
52 kJmol™! as demonstrated in the present study. Further, the replacement of a hydrogen atom in
allene by a methyl group was found to have a dramatic effect on the reactivity. Here, the methyl
group cannot be considered as a spectator, but is actively involved in the chemistry as
demonstrated by the decomposition of intermediate i2 and hydrogen emission from the methyl
group leading to 2-phenyl-1,3-butadiene (p4), which effectively minimizes the yield of the PAH

products indene and methylindenes in the phenyl + 1,2-butadiene reaction.
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Table 1. Primary and secondary beam peak velocities (v,), speed ratios (§), collision energies
(E.) and center-of-mass angles (@ cu) for the reactions of the phenyl (CsHs; X?A1) and D5-phenyl

radical (CsHs; X2A1) with 1,2-butadiene (C4Hg; X'A")

beam vp (ms™) S E. (kJ mol™) Ocu
CeHs(X?A1) 1634 + 15 9.8+0.8 52+3 18.6 £ 0.5
CeDs(X?A1) 1631 + 15 145+0.9 53+3 17.6 +0.5
1,2-C4sHe(X'A") 785+ 18 8.7+0.5

Table 2. Product branching ratios computed using RRKM rate constants at various collision

energies.
Products Collision Energy, kJ mol’!
1046 2092 3138 41.84 52.00 62.76 156.00
H loss
pl 0.00 0.00 0.00  0.01 0.01 0.03 0.46
p2 0.00 0.00 0.00  0.01 0.03 0.06 1.68
p4 87.44 87.06 86.69 8623 8572 8497  66.56
p5 0.39 0.42 045 048 0.50 0.52 0.52
po6 0.52 0.58 0.64 0.70 0.75 0.80 0.92
p9 0.00 0.00 0.00  0.00 0.01 0.01 0.23
p10 0.00 0.00 0.00  0.01 0.01 0.03 0.84
CH3 loss
indene(p7) | 11.63  11.88 12.05 1220 12.24 12.26 9.00
p3 0.01 0.04 0.12  0.25 0.48 0.88 13.19
p8 0.00 0.02 0.05 0.12 0.24 0.44 6.60
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Figure 1. Reaction products of the phenyl radical with four C4Hs isomers (1,3-butadiene, 1,2-
butadiene, 1-butyne, 2-butyne) under single collision conditions obtained in a crossed molecular

beam machine (left) and under combustion-like conditions within a chemical reactor (right).
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Figure 2. Selected time-of-flight (TOF) spectra at mass-to-charge (m/z) ratios of 130 (CioHio",
left) and 135 (C10DsHs", right) for the reactions of the phenyl radical (C¢Hs; X?A1) and the D5-
phenyl radical (C¢Ds; X?A1) with 1,2-butadiene (C4Hg; X'A") at low reaction exoergicity of 75 kJ
mol™! (upper) and at high reaction exoergicity of 158 kJ mol! (lower), respectively. The circles
represent the experimental data points, while the solid lines represent the fits using the forward-

convolution routine.
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Figure 3. Laboratory (LAB) angular distributions of signal at m/z of 130 (CioHio", left) and 135
(C10DsHs", right), for the reactions of the phenyl radical (CsHs; X?A1) and D5-phenyl radical
(CsDs; X2A1) with 1,2-butadiene (C4He; X'A’) at low reaction exoergicity of 75 kJ mol™ (upper)
and at high reaction exoergicity of 158 kJ mol™! (lower), respectively. The solid circles depict the
experimental data and the red solid lines represent the calculated best fits. For comparison, the

blue lines represent the calculated distribution assuming a reaction exoergicity of only 30 kJ mol
1
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Figure 4. Center-of-mass translational energy distributions (left) and angular distributions (right)

exploited to fit the laboratory data of the phenyl/D5-phenyl with 1,2-butadiene reactions via a

single channel reaction leading to CioHio and CioHsDs isomers via atomic hydrogen losses, at

low reaction exoergicity of 75 kJ mol! (upper) and at high reaction exoergicity of 158 kJ mol’!

(lower), respectively. The hatched areas represent the experimental error limits.
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Figure 5. Newton diagram and center-of-mass flux contour map for the reaction of the phenyl

with 1,2-butadiene leading to CioHio via atomic hydrogen loss.
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Figure 6. Potential energy surface for the reaction of the phenyl radical addition to the C1 and
C2 carbon atoms of 1,2-butadiene calculated at the G3(MP2,CC)//B3LYP/6-311G** level of

theory. All relative energies are given in kJ mol™.

28



CgHs + 1,2-butadiene

Figure 7. Potential energy surface for the reaction of the phenyl radical addition to the C3
carbon atom of 1,2-butadiene calculated at the G3(MP2,CC)//B3LYP/6-311G** level of theory.

All relative energies are given in kJ mol ™.
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Figure TOC. Flux contour map for the reaction of the phenyl radical (C¢Hs; X?A1) with 1,2-

butadiene (C4Hg; X'A") at collision energies of 52 = 3 kJ mol ™.
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