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ABSTRACT: Crossed molecular beam reactions of p-tolyl (C;H,) plus 1,3-butadiene

about 55 kJ mol ™. 6-Methyl-1,4-dihydronaphthalene was identified as the major reaction

CHj
(C4Hg), p-tolyl (C;H;) plus 1,3-butadiene-ds (C,Dg), and p-tolyl-d, (C,D;) plus 1,3- CHs _
butadiene (C,H) were carried out under single-collision conditions at collision energies of © + /r T> O

product formed at fractions of about 94% with the monocyclic isomer (trans-1-p-tolyl-1,3-

butadiene) contributing only about 6%. The reaction is initiated by barrierless addition of the CzH7 ~ C4Hg

Ci1Hq2

p-tolyl radical to the terminal carbon atom of the 1,3-butadiene via a van der Waals complex.

The collision complex isomerizes via cyclization to a bicyclic intermediate, which then ejects a hydrogen atom from the bridging
carbon to form 6-methyl-1,4-dihydronaphthalene through a tight exit transition state located about 27 kJ mol™" above the
separated products. This is the dominant channel under the present experimental conditions. Alternatively, the collision complex
can also undergo hydrogen ejection to form trans-1-p-tolyl-1,3-butadiene; this is a minor contributor to the present experiment.
The de facto barrierless formation of a methyl-substituted aromatic hydrocarbons by dehydrogenation via a single event
represents an important step in the formation of polycyclic aromatic hydrocarbons (PAHs) and their partially hydrogenated

analogues in combustion flames and the interstellar medium.

1. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are carcinogenic'
and mutagenic® and produced by incomplete combustion of
fossil fuels.>~” The mass growth process via cyclization of
acyclic hydrocarbons to aromatic rings is thermodynamically
driven by low or absent reaction barriers together with
significant reaction exoergicities. '® This chemistry is appli-
cable to carbon-rich circumstellar envelopes like IRC-10216 as
well,"' ~'* where PAHs have been inferred to account for up to
10% of the circumstellar matter. PAHs are also thought to play
an important role in the formation of prebiotic molecules, >
especially with incorporation of nitrogen atoms.'® The
formation mechanisms to PAHs have been studied compre-
hensively within the combustion field, and theories such as the
hydrogen addition acetylene addition (HACA),"~" ethynzl
addition (EA),*® and phenyl addition cyclization (PAC)>"**
predict facile routes to PAHs. Interestingly, the mechanisms to
alkyl-substituted PAHs have not received the same level of
scrutiny as unsubstituted PAHs, while they appear to be
produced in equal or greater proportions in combustion
environments, particularly diesel fuel, and are also equally
toxic.>> Furthermore, the broad 3.4 um (2491 cm™')
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feature®*™*” found in the unidentified infrared emission
(UIE) bands is well explained by aliphatic side groups such
as methyl groups over purely aromatic molecules. Finally,
methyl-substituted PAHs such as methylnaphthalene and
methylphenanthrene have been identified in carbonaceous
chondrites, thus proposing extraterrestrial origins.28_30
Methyl addition reactions to closed shell PAHs possess
reaction energy barriers of about 30 kJ mol ™' and therefore may
not be the dominant route to methyl (M)PAHs in both
combustion and extraterrestrial environments.*' Recent crossed
molecular beam investigations have shown that aromatic radical
(phenyl C¢Hs and p-tolyl C4H,CH,;) reactions with C4
hydrocarbons vinylacetylene (C,H,) and 1,3-butadiene
(C,Hg) form (1) naphthalene,'® (2) 1,4-dihydronaphthalene,*
and (3) 2-methylnaphthalene®® without entrance barriers
(Scheme 1). In this work, we build on the growing body of
evidence that MPAHSs can be formed by facile single-collision
events through reactions of substituted aromatic radicals with
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Scheme 1. Barrierless and Exoergic Reactions of Phenyl-
Type Radicals with C4 Hydrocarbons Vinylacetylene and
1,3-Butadiene Yielding Naphthalene, 1,4-
Dihydronaphthalene, and 2-Methylnaphthalene

O C

phenyl vinylacetylene naphthalene

o O

phenyl 1,3-butadiene 1,4-dihydronaphthalene
(3) N —_—
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para-tolyl vinylacetylene 2-methylnaphthalene

C4 hydrocarbons.®> We present a route to form methyl-
substituted 1,4-dihydronaphthalene via reaction of the p-tolyl
radical (C,H,; C¢H,CH;) with 1,3-butadiene (C,Hj).

2. EXPERIMENTAL METHOD AND ANALYSIS

Using the universal crossed molecular beams machine at the
University of Hawaii, reactions of p-tolyl radicals (C4H,CHs;
X?A;) and p-tolyl-d, radical (C4D,CDy; X?A;) with 1,3-
butadiene (C,Hj, XlAg) and deuterated 1,3-butadiene-dg
(CyDg X'A,) were investigated under single-collision con-
ditions.”™ Supersonic molecular beams of the p-tolyl radicals
were generated in the primary source chamber by single-
photon photolysis of the precursor p-chlorotoluene (C,H,Cl,
989%, Aldrich; C,D,Cl, 98%; Bochum group) seeded in helium
(99.9999%; Gaspro) at fractions of 0.2%.>* The gas mixture was
produced by bubbling the helium carrier gas at a pressure of
1300 Torr through liquid p-chlorotoluene in a bubbler at room
temperature. It should be noted that, under our experimental
conditions, using 193 nm output of an excimer at about 12 m],
the isomerization barrier to m- and o-tolyl of 260 kJ mol ™" was
unsurmountable.>® The molecular beam of the helium-seeded
precursor was released into the primary reaction chamber by a
Proch—Trickl pulsed valve operated at 120 Hz and photolyzed
1 mm downstream of the nozzle. The radicals entrained in the
molecular beam entered the reaction chamber through a 1 mm
diameter skimmer, and a portion of the gas pulse was selected
by a four-slit chopper wheel at 1872 us after the pulsed valve
opened. The peak intensity of the gas pulse was selected which
had a peak velocity of typically 1622 + 21 ms™" and speed ratio
of 8.0 & 1.6. Table 1 refers to the full list of molecular beam
characteristics for each experiment conducted. In the

Table 1. Molecular Beam Characteristics: Peak Velocity (v,
(ms™")), Speed Ratio (S), Collision Energy, E_,; (kJ] mol™"),
and Center-of-Mass Angle Oy,

Eq
0, (ms™") S (kJ mol™") Ocm
1,3-butadiene 720 + 20 5.0+ 1.5
p-tolyl 1622 + 21 8.0+ 1.6 52.6 + 3.6 142 + 12
1,3-butadiene-dg 740 + 20 8.0+ 14
p-tolyl 1622 + 21 8.0 + 1.6 585 +3.5 167 £ 1.2
1,3-butadiene 770 + 20 70 + 1.3
p-tolyl-d, 1612 + 8 77 £ 12 524 + 3.6 147 £ 1.2

interaction region the radical beam was bisected at 90° by a
pulsed molecular beam of neat 1,3-butadiene (Table 1) released
by a second pulsed valve with a backing pressure of 550 Torr
and triggered 50 us prior to the primary pulsed valve. The
products were monitored using a triply differentially pumped
quadrupole mass spectrometer in time-of-flight (TOF) mode
after electron-impact ionization of the neutral species with an
electron energy of 80 eV. TOF spectra of the reactively scatted
products were recorded over the full angular range in the plane
defined by the primary and secondary reactant beams.
Integration and normalization of the TOF spectra provided
the product angular distribution in the laboratory frame.
Information on the reaction dynamics was obtained by
transformation of the experimental data into the center-of-
mass (CM) frame through a forward-convolution routine.**%’
Here, the main parameters of the forward-convolution routine
are the angular flux distribution, T(¢), and the translational
energy flux distribution, P(Er), in the center-of-mass system,
which are adjusted to fit the experimental data, TOF spectra,
and the laboratory angular distributions. The angular flux
distribution, T(6), and the translational energy flux distribution,
P(Er), provide information on the reaction dynamics and
reaction energy.

3. COMPUTATIONAL METHODS

Optimized geometries, vibrational frequencies, and zero-point
vibrational energy (ZPE) were obtained using the hybrid
density functional M06-2X>** with the correlation-consistent
cc-pVTZ basis set'*' calculations. Then, these optimized
coordinates of all reactants, intermediates, transition states, and
products were used in single-point coupled cluster CCSD(T)-
F12 calculations™** with the cc-pVDZ basis set. We expect
that our E(CCSD(T)-F12/cc-pvdz//M06-2x/cc-pvtz+ZPE-
(MO06-2x/6-cc-pvtz)) energies should be in the chemical
accuracy range of 0—8 kJ mol™'. Optimized Cartesian
coordinates are given in Table S1, Supporting Information.
The GAUSSIAN 09* and MOLPRO 2012* programs were
employed for the calculations.

Rate constants of individual reaction steps were computed
using the RRKM theory*”~* Rate constant k(E) at an internal
energy E for a unimolecular reaction A* — A* — P can be
expressed as

o WHE - E")

KE) = h o p(E)

where o is the reaction path degeneracy, h is Plank’s constant,
W*(E — E") denotes the total number of states for the
transition state (activated complex) A* with a barrier E*, p(E)
represents the density of states at the internal energy E of the
energized reactant molecule A*, and P is the product or
products. The internal energy was taken as the collision energy,
assuming that all of the collision energy is converted to internal
vibrational energy. The harmonic approximation was employed
to calculate the total number and density of states. Product
branching ratios were calculated by solving first-order kinetic
equations for unimolecular reactions according to the kinetics
schemes devised from the ab initio potential energy diagrams.

4. EXPERIMENTAL RESULTS

To investigate the reaction dynamics of the reaction of p-tolyl
radicals with 1,3-butadiene, three systems were studied: p-tolyl
(C;H;) plus 1,3-butadiene (C,Hy), p-tolyl (C,H,) plus 1,3-
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butadiene-d; (C,Dg), and p-tolyl-d, (C,D,) plus 1,3-butadiene
(C4Hg). In the reaction of p-tolyl (C,H,; 91 u) with 1,3-
butadiene (C,Hg; 54 u), reactive scattering signal was observed
at a mass-to-charge ratio (m/z) of 144 u (C,;Hy,"), indicating
the reaction proceeds through hydrogen atom ejection via a p-
tolyl radical versus a hydrogen atom exchange mechanism. No
adduct was observed at 145 u (C;;H;;"); the signal observed
could be accounted for by *CC,,H,,* formed at levels of about
12%. To corroborate whether hydrogen ejection occurs from
the p-tolyl radical and/or from the 1,3-butadiene molecule, the
reaction was repeated by replacing each reactant individually by
a perdeuterated sample and monitoring products associated
with a hydrogen atom ejection. In the reaction of the p-tolyl
radical with 1,3-butadiene-d; (C,Dg; 60 u) a strong reactive
scattering signal at m/z 150 (C,;HeD4") was observed
indicating a dominant reaction channel involving hydrogen
atom ejection from the p-tolyl reactant. For completeness,
reaction of deuterated p-tolyl-d, radical (C,D;; 98 u) with 1,3-
butadiene was investigated. A weak reactive scattering signal at
m/z 151 (Cy;HD,") with intensity at a level of only 5% was
observed, indicating a second reaction channel is open
involving hydrogen atom ejection from the 1,3-butadiene
reactant. It should be noted that scattering products for all
three reactions were also observed at product masses lower by 1
and 2 u compared to the reactive scattering signal of the parent;
these TOFs were superimposable after scaling with the TOFs
recorded at C,;H;,", C;;HD,", and C;;HD4" and are
therefore assigned to dissociative electron impact ionization
of the products in the ionizer. In the C;H, plus C,Hy reaction
these were 143 (Cy;H;;*) and 142 u (C;;H,,") originating
from the reactive scattering signal at 144 u (C,H,"). For
reaction of p-tolyl (C;H,) plus 1,3-butadiene-dg (C,Dy) signals
at 149 (C,H.D;"/C,;H,D;") and 148 u (C,,H,D¢"/
Cy1H¢Ds") originate from the reactive scattering product at
150 u (C;;H¢Dg"); in the p-tolyl-d, (C,D,) plus 1,3-butadiene
(C,Hg) system, signals at 150 (C;;H,D,"/C;;H,D¢") and 149
u (C{H;D,*/Cy HD¢") originate from the reactive scattering
product at 151 u (C;;H;D,").

Figures 1, 2, and 3 depict selected time-of-flight (TOF)
spectra recorded at m/z 144 (C,;H,,"), 150 (C;;H¢D¢"), and
151 (C{HiD;"), respectively. The fully hydrogenated system
p-tolyl plus 1,3-butadiene shown in Figure 1 was effectively fit
with a single channel. However, the deuterated systems, p-tolyl
plus 1,3-butadiene-ds and p-tolyl-d; plus 1,3-butadiene, had to
be fit with two channels consisting of a nonreactive (fast) and
reactive (slow) scattering signal. The reactive scattering signals
shown in Figures 1, 2, and 3 represent synthesis of a product
with molecular formula C;H,,, C;;H¢Dy, and C;;H;D,,
respectively, formed by reaction of the p-tolyl radical with
1,3-butadiene and ejection of a hydrogen atom. The laboratory
angular distributions for each reaction are shown in Figures 4,
S, and 6, respectively. The red line in each system denotes the
reactive scattering portion of the signal and is symmetric
around the center-of-mass angles of 14.2 + 1.2°, 16.7 + 1.2°,
and 16.7 + 1.2°, respectively, indicative of indirect scattering
dynamics via complex formation (C,;H;3/C,;H,;D4/C;;HsD5).
The nonreactive scattering portion of the signal is shown as the
blue lines in the TOF and laboratory angular distributions for
the p-tolyl plus 1,3-butadiene-ds and p-tolyl-d; plus 1,3-
butadiene reactions shown in Figures 2, S, 3, and 6,
respectively. The nonreactive signal is most likely caused by
the impurities in the primary source starting material that have
a mass or fragment mass of m/z 150 and 151, respectively. To
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Figure 1. Time-of-flight data at various angles recorded at m/z 144 for
reaction of p-tolyl (C,H,) with 1,3-butadiene (C,Hg; X 1Ag) at a
collision energy of 52.6 + 3.6 kJ mol™’. Circles indicate the
experimental data, and solid line indicates the calculated fit.
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Figure 2. Time-of-flight data at various angles recorded at m/z 150 for
reaction of p-tolyl (C;H,) with 1,3-butadiene-dg (C,Dg; X 1Ag) at a
collision energy of 55.5 + 3.5 kJ mol™". Circles indicate the
experimental data, and solid line indicates the calculated fit.

check the impact of the impurities, we replaced the secondary
beam by neat argon and found a steady decay in intensity of
masses at m/z 150 and 151 with increasing angle from 0° to
20°, confirming them as nonreactively scattered impurities
originating from the primary beam.

Having established that the products formed have the
molecular formula C;;H;, (144 u), C,;;HD4 (150 u), and
Cy,HD; (151 u), we attempt now to elucidate the underlying
reaction dynamics by converting the laboratory data to the
center-of-mass frame. The center-of-mass translational energy
(P(Er)) and angular (T(6)) distribution fits derived from the
experimental laboratory domain data are shown in Figures 7—9.
Fundamentally, the center-of-mass functions in both the fully
hydrogenated p-tolyl plus 1,3-butadiene and p-tolyl plus 1,3-

butadiene-dg reactions show distinct similarities. Here, the
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Figure 3. Time-of-flight data at various angles recorded at m/z 151 for
reaction of p-tolyl-d, (C,D,) with 1,3-butadiene (C,Hg; X 1Ag) at a
collision energy of 524 + 3.6 kJ mol™'. Circles indicate the
experimental data, and solid line indicates the calculated fit.
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Figure 4. Laboratory angular distribution (LAB) of the C;H,,
isomer(s), m/z 144, formed in the reaction of p-tolyl (C;H,) with
1,3-butadiene (C,Hg X 1Ag) at a collision energy of 52.6 + 3.6 kJ
mol . Circles and error bars indicate experimental data, and solid line
indicates the calculated distribution.
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Figure S. Laboratory angular distribution (LAB) of the C;H¢Dg
isomer(s), m/z 150, formed in the reaction of p-tolyl (C,H,) with 1,3-
butadiene (C,Dg; XlAg) at a collision energy of 55.5 + 3.5 kJ mol ™.
Circles and error bars indicate experimental data, and solid line
indicates the calculated distribution.
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Figure 6. Laboratory angular distribution (LAB) of the C,HD,
isomer(s), m/z 151, formed in the reaction of p-tolyl (C,D,) with 1,3-
butadiene (C,Hg; XlAg) at a collision energy of 52.4 + 3.6 kJ mol™.
Circles and error bars indicate experimental data, and solid line
indicates the calculated distribution.
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Figure 7. Center-of-mass translational energy distribution (top) and
center-of-mass angular distribution (bottom) for reaction of p-tolyl
(C,H,) with 1,3-butadiene (C,Hg; X 1Ag) to form C,;H;, and atomic
hydrogen at a collision energy of 52.6 + 3.6 kJ mol™".

translational energy distribution depicts a maximum transla-
tional energy release of 177 + 20 and 171 + 20 kJ mol ™},
respectively. By subtracting the collision energies of 52.6 + 3.6
and 55.5 + 3.5 kJ mol ™!, we obtain reaction exoergicities of 124
+ 30 and 115 =+ 30 kJ mol™ in forming C,;H,, and C,;H¢Ds
isomers plus atomic hydrogen for those products formed
without internal excitation. The p-tolyl plus 1,3-butadiene and
p-tolyl plus 1,3-butadiene-dy reactions center-of-mass transla-
tional energy distributions P(Er) peak at slightly different
energies of about 25—35 and 15—20 kJ mol™’, respectively.
Peaking away from zero translational energy suggests the
existence of an exit barrier and a tight exit transition state to
product formation,*® which is indicative of repulsive carbon—
hydrogen bond ruptures involving a significant electron
rearrangement in forming the final products from the reaction
intermediates. The average amount of energy released into the
translational degrees of freedom of the products are 66 + 20
(37 + 6%) and 53 + 20 k] mol™ (31 + 6%) of the total
available energy, respectively, indicating that at least one
reaction channel to form the C,;H;,/C;;H¢Dg isomer(s) plus
atomic hydrogen has a tight exit transition state and therefore
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Figure 8. Center-of-mass translational energy distribution (top) and
center-of-mass angular distribution (bottom) for reaction of p-tolyl
(C,H,) with 1,3-butadiene-ds (C,Dg; X lAg) to form C,;H(D¢ and
atomic hydrogen at a collision energy of 55.5 + 3.5 kJ mol™".

1.0
0.8
w06
& 04
0.2
0.0

100 150 200
Product Translational Energy (E , kJ mol")
1 5 T T T T T

\O—=22777 7

T(®)

051 8

0'0 1 1 1 1 1
0 30 60 90 120 150 180

Center of Mass Angle, 6 (degree)

Figure 9. Center-of-mass translational energy distribution (top) and
center-of-mass angular distribution (bottom) for reaction of p-tolyl-d,
(C,D,) with 1,3-butadiene (C,Hg X 1Ag) to form C;;H;D, and
atomic hydrogen at a collision energy of 52.4 + 3.6 k] mol .

suggests repulsive carbon—hydrogen bond rupture. Conversely,
the p-tolyl-d, plus 1,3-butadiene reaction shows a markedly
different maximum translational energy release of the transla-
tional energy distribution of only 75 kJ mol™', which after
subtraction of the collision energy of 52.4 + 3.6 kJ mol™ gives
a low reaction energy of 22 + 30 kJ mol™" in forming the
product C;;H;D; isomers plus atomic hydrogen. Here, peaking
of the translational energy distribution occurs close to zero
translational energy at about S kJ mol ™", which is indicative of a
rather loose exit transition state.

The center-of-mass angular distributions, T(6), shown in the
bottom of Figures 7—9 are identical for all three systems and
show intensity over the full angular range, indicating indirect
complex forming reaction mechanisms forming C,/H,;/
C,H,D¢/C, H¢D, intermediates.*® Best fits yield isotropic
(flat), forward—backward distributions, indicating that the
lifetime of the decomposing complex is longer than its

rotational period.*® The isotropy of the center-of-mass angular
distributions, T(0), is indicative of a weakly polarized system in
which the initial orbital angular momentum does not couple
well with the final orbital angular momentum due to the light
mass of the departing hydrogen atom. Considering angular
momentum conservation, the initial angular momentum is
channeled preferentially into the rotational degrees of freedom
of the C,;H;,/C;;HsDs/C,;HD, product(s). In summary, we
consider that within the error boundaries of the experiments,
both the p-tolyl plus 1,3-butadiene and p-tolyl plus 1,3-
butadiene-dy reactions display the same reaction dynamics and
therefore represent the same reaction channel(s), while the p-
tolyl plus 1,3-butadiene-dy reaction displays markedly different
reaction dynamics and therefore possibly distinct reaction
products and dynamics.

5. THEORETICAL RESULTS

The mechanisms and products formed in the reaction of p-tolyl
radical (C,H,; X *A;) with 1,3-butadiene (X 'A’) are also
predicted based on ab initio calculations of the C, H,; potential
energy surface (PES). It should be noted here that use of
deuterated reactants alters vibrational and rotational energies
and changes the effective barriers and exoergicities from those
of fully hydrogenated systems by only S kJ mol™" on average
and never more than 10 k] mol™'; these values were previously
recognized in reactions leading to indene (CoHy/ CoDy)’ or 2-
methylnaphthalene (C,;H,o/C;;H;D,)** formation in which
both hydrogenated and deuterated species were calculated. The
small discrepancy in calculated energies is below one-half of the
experimental error of the reaction energies and therefore bares
no influence on the interpretation of the data. Therefore, we
used the values calculated for the fully hydrogenated C, H;
species for interpretation of the energetics in all three reactions
conducted experimentally. We present figures of the potential
energy surfaces with zero-point energy correction for reactions
starting from p-tolyl (C;H,) plus 1,3-butadiene-ds (C,Dg) in
order to identify origins of hydrogen/deuterium atoms.

p-Tolyl addition can occur barrierlessly to the terminal CH,
sp” carbon of 1,3-butadiene (Figure 10) or to the central CH
sp” carbon with an entrance barrier (Figure 11). For addition to
the terminal carbon atoms of 1,3-butadiene, a potential energy
scan (Figure S1, Supporting Information) calculated at the
MO06-2x/cc-pvtz level of theory varying the C—C bond distance
of the para carbon atom of p-tolyl with the terminal carbon
atom of 1,3-butadiene along the minimum energy path shows
an attractive character as the C—C bond length decreases to 2.4
A until a van der Waals complex forms with an energy 7 kJ
mol ™" below the reactants. A slight structural rearrangement of
the van der Waals complex over a barrier of 2 k] mol™" leads to
the initial intermediate 1. Formation of a collision complex 1
through formation of a van der Waals complex below the
energy of the reactants means the reaction is de facto barrierless
and can occur at very low temperatures, such as about 10 K as
present in cold molecular clouds.

The forward and reverse RRKM rate constants of all
individual reaction steps of p-tolyl addition to the terminal CH,
sp> carbon of 1,3-butadiene are given in Table S1, Supporting
Information. Product branching ratios are calculated at the 0—
60 kJ mol ™" collision energy in 5 kJ mol™" increments and given
in Table S2, Supporting Information.

5.1. Addtion of p-Tolyl to the Terminal Carbon of 1,3-
Butadiene. Addition of p-tolyl to the terminal carbon of 1,3-
butadiene occurs barrierlessly, leading to the initial intermediate
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Figure 11. Potential energy diagram for central addition of p-tolyl to 1,3-butadiene-dy. Energies for intermediates, transition states, and products are
given relative to the reactants energy (in kJ mol™") at the E(CCSD(T)-F12/cc-pvdz//M06-2x/cc-pvtz+ZPE(M06-2x/6-cc-pvtz)) level of theory.

1 stabilized by 207 kJ mol™' with respect to the separated
reactants. Then 1 can eject a deuterium atom to form trans-1-p-

tolyl-1,3-butadiene (p1) with an exoergicity of 22 k] mol™" and
a loose exit transition state with a reverse barrier of only 5 kJ
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mol~". However, a more energetically favorable channel for 1 is
a rotation around a single bond to lead to 2 through a barrier of
65 kJ mol™". Intermediate 2 can eject a deuterium atom, leading
to cis-1-p-tolyl-1,3-butadiene (p2) with an overall exoergicity of
7 kJ mol™". Deuterium ejection is achieved through a loose exit
transition state 14 kJ mol ™" above the products. Alternatively, 2
can cyclize forming 3 over a barrier of 86 kJ mol™".
Intermediate 3 can then eject an hydrogen atom through an
exit transition state residing 27 kJ mol ' above the separated
products, leading to the product 6-methyl-1,4-dihydronaph-
thalene (p3) with an overall exoergicity of 115 kJ mol ™. From
intermediate 1, an alternative transition state exists, leading to
2, the initial intermediate of the central carbon addition (to be
discussed in the next section), via a tricarbon cyclic TS
structure over a 153 k] mol™" energy barrier. Product branching
ratios (Table S2, Supporting Information) show that the
reaction channel leading to 6-methyl-1,4-dihydronaphthalene
(p3) plus atomic hydrogen is the dominant product channel,
with a product branching ratio of 100% at 0 kJ mol™" collision
energy, lowering to 93% at 60 k] mol™" collision energy. The
remaining competing product forming channel is to trans-1-p-
tolyl-1,3-butadiene (p1) plus atomic deuterium.

5.2. Addition of p-Tolyl to the Central Carbon of 1,3-
Butadiene. Addition of p-tolyl to the central carbon of 1,3-
butadiene has to overcome a 15 kJ mol™" entrance barrier that
leads to 4. Intermediate 4 can go through three possible
fragmentation or ejection channels to give different products or
three isomerization channels to give alternative intermediates.
Products can be formed by either deuterium ejection from the
central bonding carbon of 1,3-butadiene to form p4 plus atomic
deuterium with a barrier at +7 kJ mol™" above the reactants and
an exoergicity of 6 k] mol™" or vinyl (C,D;) radical ejection by
cleavage of the central C—C bond on the 1,3-butadiene
fragment leading to p-tolyl-styrene (pS) with a barrier at +11 kJ
mol™" above the reactants and an exoergicity of 6 kJ mol™".
Alternatively, 4 can eject an ethylene (C,D,) molecule to form
p-tolyl-styrene radical (p7) through a tight exit transition state
at —9 kJ mol™' with an exoergicity of 41 kJ mol™".
Isomerizations available for 4 can be either to the terminal
addition intermediate 1 (Figure 10) over a large barrier of 83 kJ
mol™' via a tricyclic intermediate or to 5 over a 56 kJ mol™!
barrier by cyclization. The latter is followed by ejection of a
hydrogen atom, leading to the dimethyl-substituted indene
product p6 with a reaction exoergicity of 111 k] mol™" through
a very tight exit transition state of 61 kJ mol™". The remaining
option for 4 is to undergo a 1—4 hydrogen shift over a 30 kJ
mol ™" barrier, leading to 6 with subsequent cyclization over a
barrier of 51 kJ mol™!, leading to 7. From 7 deuterium ejection
over a barrier of 152 kJ mol™" and through a tight exit transition
state leads to the product p8 with an exoergicity of 111 kJ
mol ™.,

Since addition of p-tolyl to the central carbon of 1,3-
butadiene has an entrance barrier of 15 k] mol™', RRKM theory
was not applied and the reaction is concluded to be less feasible
at the present low collision energy.

We also considered deuterium atom abstractions of 1,3-
butadiene from p-tolyl, leading to toluene and a 1,3-butadiene
radical. There are two possible deuterium atom abstractions
that can occur: one from the terminal carbon of 1,3-butadiene
or one from the central carbon of 1,3-butadiene. As shown in
Figure S2, Supporting Information, both deuterium atom
abstraction channels have entrance barriers of 38 and 28 kJ
mol ™" relative to the energy of the reactants, respectively, and

can be ignored completely under the present experimental
conditions. The former D-abstraction channel leads to toluene
plus CD=CD—C=CD, (#-C,Dy) at an overall exoergicity of
3 kJ mol™" relative to the energy of the reactants, while the
latter leads to toluene plus CD,=C—CD=CD, (i-C,D;) at
an overall exoergicity of 15 kJ mol™" relative to the energy of
the reactants.

6. DISCUSSION

Having presented the potential energy surfaces, we shall now
interpret the experimental reaction dynamics accordingly to
ascertain the actual reaction mechanism taken and products
formed in the experiment. First, let us inspect the reaction
products formed. Here, the experimentally determined reaction
energy of the high-energy and dominant reaction channel
forming C,;H;,/C,;H¢D;, isomer(s) plus atomic hydrogen is
about 120 + 30 kJ mol™. This value matches well those
calculated for formation of 6-methyl-1,4-dihydronaphthalene
plus atomic hydrogen of 115 kJ mol™" and formation of p8 plus
atomic hydrogen of 111 kJ mol™". The difference between the
formation of 6-methyl-1,4-dihydronaphthalene and p8 is that
the former ejects a hydrogen atom from p-tolyl and the latter
from 1,3-butadiene. Therefore, we can conclude the dominant
reaction channel in p-tolyl radical plus 1,3-butadiene leads to
formation of 6-methyl-1,4-dihydronaphthalene plus atomic
hydrogen. The reaction is initiated by addition to the Cl1
carbon of 1,3-butadiene barrierlessly via a van der Waals
complex to reach intermediate 1, which isomerizes to 2
followed by cyclization to 3 and hydrogen ejection over a tight
exit transition state of 27 kJ mol™' to yield 6-methyl-1,4-
dihydronaphthalene. It should be noted that at our collision
energy of about SO kJ mol™' addition to the central carbon
atom is possible by overcoming the 15 kJ mol™" energy barrier
to form intermediate 4 from where isomerization can lead to
intermediate 1 via a tricyclic transition state. However, we
anticipate this route to not be the dominant route due to the
entrance barrier.

The off zero peaking of the center-of-mass translational
energy distribution for both p-tolyl plus 1,3-butadiene and p-
tolyl plus 1,3-butadiene-ds reactions of 15—35 kJ mol™" is
indicative of a tight exit transition state, matching well that
calculated for 6-methyl-1,4-dihydronaphthalene formation. The
center-of-mass angular distribution in both reactions is
isotropic, not yielding any additional insight into the reaction
dynamics taken in this instance. However, it should be noted
that hydrogen ejection in the direction perpendicular to the
plane of the molecule and parallel to the principal rotation axis
could result in a preferential ejection direction and cause a
peaked angular distribution. In the reaction of phenyl plus
vinylacetylene'® strong peaking was observed, while in the
reaction of phenyl plus 1,3-butadiene® peaking was less
pronounced. This suggests that as the molecule becomes
more saturated less peaking in the angular distribution might be
expected, resulting from a reduced rigidity of the C,H¢ moiety
compared to the C,H, moiety and therefore a greater scope of
angles for hydrogen ejection to occur from, blurring any
preferentiality relative to the principal rotation axis. If we
couple this with the fact that in the reaction of p-tolyl plus
vinylacetylene®® the peaking was already mild due to the
influence of the methyl group we can anticipate weak if any
peaking of the center-of-mass angular distribution.

In the reaction of p-tolyl-d, plus 1,3-butadiene through
hydrogen atom loss we observed a low yield and low reaction
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energy reaction channel. Here, the reaction energy is about 22
+ 30 kJ mol™" when forming C,;H;D, isomer(s) plus atomic
hydrogen (Figure 9). Computations predict formation of trans-
1-p-tolyl-butadiene and p-tolyl-propenyl-a-methylene (p4) with
reaction exoergicities of 22 + 8 (Figure 10) and 25 + 8 kJ
mol ™" (Figure 11) that are produced from hydrogen ejection
from the 1,3-butadiene moiety. The reactions both proceed
through a p-tolyl addition—hydrogen atom elimination
mechanism at the C1 and C2 carbon atoms of 1,3-butadiene
via intermediates 1 and 4, respectively. Which is the dominant
product? Formation of p4 is expected to be less favorable due
to the 15 kJ mol™ entrance barrier necessary to add p-tolyl to
the C2 carbon of 1,3-butadiene. The center-of-mass transla-
tional energy distribution indicates a low exit barrier of about 5
kJ mol™" which is identical to that calculated for trans-1-p-tolyl-
butadiene plus atomic hydrogen formation. The center-of-mass
angular distribution is isotropic, indicating formation of a
product without a preferential hydrogen ejection direction
relative to the principal rotation axis as found in hydrogen
ejection from the C1 carbon of intermediate 1. Furthermore,
RRKM theory predicts a branching ratio of only 6% of trans-1-
p-tolyl-butadiene, which matches qualitatively the branching
ratio between both channels.

In summary, under our experimental conditions p-tolyl likely
adds to 1,3-butadiene at the C1 position in an overall barrierless
addition via a van der Waals complex, which after isomerization
leads to formation of 6-methyl-1,4-dihydronaphthalene through
hydrogen atom ejection. To a minor extent the reaction
undergoes hydrogen atom ejection immediately after radical
addition from the C1 position of 1,3-butadiene to form the
monocyclic hydrocarbon trans-1-p-tolyl-1,3-butadiene. The
barrierless nature of this reaction implies that it could occur
at temperatures as low as 10 K, as prevalent in cold molecular
clouds. This mechanism adds to the increasing catalog of
aromatic radical reactions with C,H, (x = 4, 6) hydro-
carbons'®*** (Scheme 1) that lead to facile PAH formation at
low temperatures. PAH formation at low temperatures has
implications for the chemistry of hydrocarbon-rich atmospheres
of planets and their moons in the outer Solar System such as on
Titan. It should be noted that under our experimental
conditions p-tolyl could bind to the C2 position of 1,3-
butadiene and produce a second monocyclic hydrocarbon p4
through a radical addition—hydrogen atom elimination
mechanism. Finally, it is important to address reaction
pathways involving hydrogen atom abstraction from the Cl1
and C2 carbon atoms forming toluene and i-C,H; and n-C,Hj,
respectively (Figure S2, Supporting Information). These
hydrogen atom abstraction pathways have barriers of 28 and
38 kJ mol™" and are exoergic by 15 and 3 kJ mol ™', respectively.
These high entrance barriers imply that these pathways cannot
compete in cold environments like in cold molecular clouds;
however, they might be open in combustion flames.

7. CONCLUSION

We conducted crossed molecular beam experiments of p-tolyl
plus 1,3-butadiene, p-tolyl plus 1,3-butadiene-dy, and p-tolyl-d,
plus 1,3-butadiene at collision energies of 52.6, 55.5, and 52.4
k] mol™". These experiments were combined with electronic
structure and RRKM calculations of the C,H;; potential
energy surface. Our investigations show that 6-methyl-1,4-
dihydronaphthalene is formed via indirect scattering dynamics
through a bimolecular collision of two non-PAH reactants: the
p-tolyl radical and 1,3-butadiene. To a lesser extent, trans-1-p-

tolyl-butadiene is also formed. This reaction is initiated by
addition of the p-tolyl radical to the terminal (C1/C4) carbon,
followed by hydrogen atom ejection or isomerization and
cyclization of the doublet radical intermediates to reach the
alkylated substituted-PAH. Addition at the vinyl group C1 was
found to be barrierless, proceeding through a van der Waals
complex. The barrierless route to 6-methyl-1,4-dihydronaph-
thalene means it can occur at ultralow temperatures of the ISM
of 10 K as well as hydrocarbon-rich atmospheres of planets and
their moons in the outer Solar System. Facile synthetic
pathways to MPAHs in cold molecular clouds even at
temperatures as low as 10 K could be the source of material
responsible for the broad 3.4 um feature in the UIEs.
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