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Gas Phase Synthesis of the Benzyl Radical (C¢HsCH2)**
Beni B. Dangi, Dorian S. N. Parker, Tao Yang, Ralf I. Kaiser*, Alexander M. Mebel*

Abstract: Dicarbon (C;) represents the simplest bare carbon
molecule, which is ubiquitous in the interstellar medium and in
combustion flames. Here, we report on a novel gas phase synthe-
sis of the benzyl radical (CcHsCH») via the crossed molecular
beam reaction of dicarbon, C»(X'E,", a’Il,), with 2-methyl-1,3-
butadiene (isoprene; CsHs; X'A") accessing the triplet and singlet
C7Hs potential energy surfaces (PESs) under single collision
conditions. The experimental data were combined with ab initio
and statistical calculations to reveal the underlying reaction me-
chanism and chemical dynamics. On the singlet and triplet surfa-
ces, the reactions involve indirect scattering dynamics and are
initiated by the barrier-less addition of dicarbon to the carbon—
carbon double bond of the 2-methyl-1,3-butadiene molecule.
These initial addition complexes rearrange via multiple isomeri-
zation steps involving cyclization and hydrogen shifts leading
eventually to the formation of C;H; radical species through
atomic hydrogen elimination. The benzyl radical (C¢HsCH»),
which presents the thermodynamically most stable C;H; isomer,
is determined to be the major product. This reaction demons-
trates the synthesis of the prototype of an aromatic (AR) and
resonantly stabilized free radical (RSFR) - the benzyl radical -
via a previously unknown reaction route involving a single
collision. From synthetic point of view, the formation of a cyclic
product from two acyclic reactants - dicarbon and isoprene -
presents a benchmark system, which opens up future investiga-
tions on this reaction class leading to (substituted) phenyl and
benzyl-type radicals via a single collision event in the gas phase.
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Astrochemical and combustion models on the formation of poly-
cyclic aromatic hydrocarbon (PAH) propose molecular weight
growth processes through sequential reactions of aromatic (AR) and
resonantly stabilized free radicals (RSFR) eventually leading to
carbonaceous nanoparticles."2! Along with acetylene, these path-
ways are considered as the basis for the hydrogen abstraction-
acetylene addition (HACA),"®! phenyl addition-cyclization (PAC),!
ethynyl addition (EA),”) and vinylacetylene addition (VA)©!
mechanisms. Due to their stability even at elevated temperatures of
several thousand Kelvin, RSFRs and ARs can reach high concentra-
tions in flames and in extraterrestrial environments such as in
circumstellar envelopes of carbon stars. These high concentrations
make them important reaction intermediates to be involved in mass
growth processes and hence in the formations of PAHs. During the
last decade, particular focus has been directed to the role of the C7H7
radicals including benzyl (C¢HsCHz), o-, m-, and p-tolyl (2-, 3-, and
4-tolyl) (CsH4CH3), and cycloheptatrienyl (C7H7) radicals (Scheme
1)."-91 Here, benzyl (CsHsCH2) has been proposed to yield indene
(CoHs) upon reaction with acetylene (C>H»).['%'l Indene may
further produce indenyl radical(s). These indenyl radical(s) may
then react with vinylacetylene (C4Ha4) to lead to fluorene, 1H-benz[f]
indene, 1H-benz[e]indene, and/or 1H-phenalene. Due to the
potential key role of the benzyl (CéHsCHz) radical, which is both
aromatic and resonantly stabilized, in the formation of PAHs carry-
ing five membered rings, reaction mechanisms to distinct C7H7
isomers involving the phenyl radical (CsHs), fulvenallene (C7Hs), 1-
ethynyl-cyclopentadiene (C7Hs), and the propargyl radical (C3Hs3)
have been explored computationally.[-® 12131 However, the forma-
tion of C7H7 isomers - among them the thermodynamically most
stable benzyl (CsHsCHz) radical — via the bimolecular reaction of
ubiquitous dicarbon molecules (Cz2) with CsHs isomers such as 2-
methyl-1,3-butadiene (isoprene, CsHs; X'4’) has never been con-
templated. The dicarbon molecule is abundant in hydrocarbon
flames and in the interstellar medium while the 2-methyl-1,3-buta-
diene can be formally derived from 1,3-butadiene (CsHs) by repla-
cing the hydrogen atom at the C2 carbon atom by a methyl group.
The 1,3-butadiene together with its C4aHe isomers 1,2-butadiene, 1-
butyne, and 2-butyne is omnipresent in combustion flames such as
of ethylene and cyclohexane. Further, CsHs isomers have been pro-
bed in hydrocarbon flames, where the benzyl (CsHsCH>) radical is
determined as the major C7H7 species. Because of its resonant and
aromatic stabilization, benzyl reaches significant concentrations in
combustion flames and hence an understanding of its chemistry, in
particular its formation and decomposition processes as well as
bimolecular reactions, is essential for the development of accurate
and predictive combustion engine models. Here, we report the
results of crossed molecular beams reaction of dicarbon with 2-
methyl-1,3-butadiene accessing various chemically activated reac-
tive intermediates on the singlet and triplet C7Hs surfaces, which
then decompose to products including distinct C7H7 isomers. These
systems are also interesting from the viewpoint of a physical-
organic chemist as they represent benchmarks to unravel the
chemical reactivity, bond breaking processes, and the synthesis of
truly combustion and astrochemically relevant cyclic and aromatic
hydrocarbon radicals from acyclic precursors via bimolecular gas
phase reactions in single collision events.
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Scheme 1. Structures of the most common C7H radicals.

Reactive scattering signal from the reactions of dicarbon (Cz; 24
amu) with 2-methyl-1,3-butadiene (CsHs; 68 amu) was observed at
m/z =91 (C7H7"), m/z = 90 (C7He") and m/z = 89 (C7H5") with data
at m/z = 89 depicting the best signal-to-noise. The time-of-flight
(TOF) spectra at these mass-to-charge rations were - after scaling —
superimposable, suggesting that signal at m/z = 90 and 89 originated
from dissociative ionization of the C7H7 product in the electron
impact ionizer of the detector; here, if TOF data at two mass-to-
charge ratios (m/z) are overlapping, data at lower m/z are fragments
from higher m/z. Therefore, our data suggest that only the dicarbon
versus atomic hydrogen exchange channel is open, and that the
molecular hydrogen loss pathways are closed. We would like to
emphasize that in addition to dicarbon, the primary beam also
contains atomic carbon and tricarbon molecules; however, tricarbon
is unreactive with isoprene and hence does not interfere with the
scattering signal obtained at lower mas-to-charge ratios. This is
evident from the lack of any reactive scattering signal at m/z = 103
(CsH7"), 102 (CsHe"), and 101 (CsHs"). Further, signal at m/z = 91,
90, and 89 cannot be fit with a reactant mass combination of 36 amu
(tricarbon) plus 68 amu (isoprene); therefore, this signal does not
originate from dissociative ionization of any reactively scattered
products in the tricarbon - CsHs system. Likewise, ground state
carbon atoms would react with the CsHs isomer to products with
molecular masses of 79 amu and less; therefore, reactions of carbon
does not contribute to scattering signal at m/z = 91 to 89. Figure 1
presents selected TOF spectra recorded at various angles in the
laboratory frame for the most intense fragment ion m/z = 89 (C7Hs").
These TOF spectra can be integrated to derive the laboratory angular
distribution of the C7H7 product(s); this distribution peaks close to
the center-of-mass (CM) angle of 44.1+1.3% and depicts a nearly
forward-backward symmetric distribution extending at least 40° with
the scattering plane defined by both beams. These patterns indicate
indirect scattering dynamics through the formation of C7Hs reaction
intermediates on the singlet and triplet surfaces. In summary, the
interpretation of the TOF data alone suggests the existence of
dicarbon versus hydrogen atom exchange channel(s) and the
formation of C7H7 isomer(s).

First, we would like to interpret the experimental data and
present the information, which can be obtained from the crossed
molecular beam experiments. For this, the laboratory data are
converted into the center-of-mass (CM) reference frame to obtain
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the translational energy (P(E7)) and angular (7(6)) distributions as
shown in Figure 2. The P(Er) peaks slightly away from zero
translational energy at around 20-30 kJ mol™!' suggesting that at least
one channel holds a tight exit transition state upon decomposition of
the C7Hg intermediate(s);!'* this process is connected with a
significant electron rearrangement upon the formation of the C7H7
product. Further, the maximum of the translational energy of the
P(ET) resembles the sum of the collision energy plus the reaction
energy for those product molecules without internal excitation.
Therefore, the maximum translational energy releases can be
utilized to extract the reaction energy and hence, upon comparison
with computed reaction energies, also the structural isomer formed.
Considering the maximum translational energy of 525 + 30 kJ mol’!,
the reaction is determined to be exoergic by 482 + 32 kJ mol™! after
subtracting the nominal collision energies (Supporting information).
Recall that the dicarbon beam also holds molecules in its first
electronically excited state a’fl,, which lies higher by 8 kJ mol™!
compared to its X'2y" ground state.['’] Therefore, a subtraction of
this energy indicates that the reaction of dicarbon with 2-methyl-1,3-
butadiene is exoergic by 474 + 32 kJ mol!. Finally, the translational
energy distribution helps to calculate the averaged fraction of
available energy released into the translational degrees of freedom
to be 26 + 5%; this order of magnitude proposes indirect reaction
dynamics.['l The 7(8) distribution is forward-backward symmetric
with respect to 90° and is distributed over the complete angular
range of 0° to 180°. This finding suggests that this reaction follows
indirect scattering dynamics via the formation of C7Hs reaction
intermediate(s). Also, the distribution maximum of the center-of-
mass angular distribution at 90° indicates ‘sideways scattering’, i.e.
the departing atomic hydrogen atom is emitted preferentially
perpendicularly with respect to the rotational plane of the
decomposing complex.l'” This finding is also reflected in the flux
contour map as depicted in the table of contents graphic.
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Figure 1. Time-of-flight data (a) and laboratory angular distribution (b) at m/z =
89 (C7Hs") for the reaction of dicarbon (C2) with isoprene (CsHs) forming C7H7
product(s) at collision energy of 42.7 + 1.5 kJ mol"'. The circles represent the
experimental data, error bars present the standard deviation and the solid lines
represent the fit.
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Figure 2. Center-of-mass translational energy flux distribution (upper) and
angular distribution (lower) for the hydrogen atom loss channel in the reaction of
dicarbon with isoprene leading to C7H7 product(s). Hatched areas indicate the
acceptable upper and lower error limits of the fits and solid red lines define the
best-fit functions.

Second, we also explored the reaction of singlet and triplet
dicarbon with isoprene computationally; the singlet and triplet C7Hs
potential energy surfaces (PESs) are presented in Figures 3 and 4.
Considering the singlet surface, dicarbon can add without entrance
barrier to either the C3-C4 or the C1-C2 carbon-carbon double
bonds of isoprene yielding intermediates sil and si2, respectively.
These collision complexes ring open to si3 and si4, respectively.
Both acyclic intermediates may undergo hydrogen shifts yielding
eventually intermediate si5, which then undergoes a trans-cis
conversion to si6 through a low barrier of only 21 kJ mol!. A
hydrogen shift in the latter yields si7, which subsequently
isomerizes via cis-trans conversion to si8. This intermediate can
undergo ring closure to si9 or sil0, the ring closure to the former is
initiated with a 1,3-H atom shift from the methyl group. Considering
the inherent barriers of 340 and 145 kJ mol’!, the formation of si10
should be preferential. This species depicts a hydrogen shift at the
ring from the para to the meta position to sill, with the latter
isomerizing via yet another hydrogen migration to sil2 (toluene).
Toluene represents the global minimum on the C7Hs potential ener-
gy surface and can undergo unimolecular decomposition involving
atomic hydrogen loss via four simple bond rupture processes. These
form the benzyl radical (C¢HsCH2) and/or o-, m-, and/or p-tolyl
radicals. The benzyl radical is thermodynamically more stable by
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about 94 kJ mol! compared to the tolyl radicals due to resonance
stabilization of the radical center. Note that sil and si2 can also react
to products other than C7H7 (Supporting information Figure S1).

Figure 4 shows the reaction paths for addition of triplet
dicarbon to the isoprene. The triplet dicarbon can add without
entrance barrier to the C4 and C1 carbon atoms of isoprene yielding
intermediates til and ti2, respectively, which are bound by 180 and
190 kJ mol!' with respect to the separated reactants. These
intermediates isomerize via hydrogen shifts and ring closures
involving ti3, ti6, till, til2, and til3 to eventually form the cyclic
structures ti4, ti7, ti8, and til0. Considering the inherent barriers to
isomerization, all isomerization pathways involving ti3 and til2
yield ti4, with ti7 leading to til0 and ti8. What is the fate of these
cyclic intermediates? Intermediate ti4 isomerizes via hydrogen shift
to ti5, which then decomposes to the benzyl radical through a tight
exit transition state located 16 kJmol™! above the separated products.
ti8 and til0 preferentially decompose by atomic hydrogen losses
yielding m- and p-tolyl radicals, respectively, or undergo distinct
hydrogen shifts (via ti9) and then dissociate to the benzyl radical
(CsHsCHz) and/or o-, m-, and/or p-tolyl radicals, or phenyl plus the
methyl radical (CHs). Note that with the exception of the
decomposition of ti9 to the benzyl radical, all exit transition states
are tight. Intermediates til and ti2 can also decompose to acyclic
products (Supporting information Figures S1, however, these
pathways are energetically not favorable.

Having interpreted the experimental data and the potential
energy surfaces, we are merging now the experimental findings
(reaction energies, exit barriers, indirect nature of the reaction
mechanism, and geometry of the exit transition state) with the
computational data. A comparison of the experimentally deter-
mined exoergicity of the reaction of dicarbon with 2-methyl-1,3-
butadiene of 474 + 32 kJ mol! with the computed reaction energies
477 + 10 KkJ) suggests the formation of at least the
thermodynamically most stable C7H7 isomer: the benzyl radical
(C6¢Hs CHaz). Considering that the experimentally determined off-
zero peaking at 20 to 30 kJ mol™! of the center-of-mass translational
energy distribution suggests a tight exit transition state, the
computational data propose that at least one decomposition pathway
involves ti5. Here, ti5 undergoes hydrogen loss via a barrier located
16 kJmol! above the separated products; the unimolecular decom-
position of ti9 is barrier-less and hence not expected to result in an
off-zero peaking of the center-of-mass translational energy
distribution. How can ti5 be formed? Considering the triplet surface,
tiS is most likely reached from til via ti3 and ti4 or from ti2 via till,
til2, and ti4 involving hydrogen migrations and cyclization. Based
on these considerations, we can conclude that on the triplet surface,
triplet dicarbon adds to the C4 or C1 carbon atom of 2-methyl-1,3-
butadiene yielding intermediates til and ti2, respectively. Intermedi-
ate til undergoes hydrogen migration to form ti3, which then ring
closures to ti4. Alternatively, ti2 features a hydrogen shift to till
followed by rotation around a C-C bond (to til2) and a ring closure
to ti4. This intermediate undergoes yet another hydrogen migration
to tiS, which ultimately eliminates atomic hydrogen to form the
benzyl radical. These indirect scattering dynamics were also
predicted based on the center-of-mass angular distribution. Finally,
recall that based on the center-of-mass angular distribution, the exit
transition state was suggested to hold geometrical constraints
depicting a hydrogen atom loss almost perpendicularly to the rota-
ting plane of the decomposing complex. This finding was also
confirmed computationally predicting an angle of the hydrogen
elimination of 81.3° (Figure 5). Note that based on the
experimentally derived energetics alone, we cannot rule out the
formation of thermodynamically less stable C7H7 radicals. Our
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statistical RRKM calculations predict that upon dicarbon addition to
C1 under our experimental conditions, the benzyl radical dominates
and is formed at fractions of about 61% with tolyl radicals con-
tributing to about 37% with nearly equal contributions of m- and p-
tolyl; further, non-aromatic products are minor and contribute only
2%. Adding dicarbon to C4 produces about 25% benzyl and 75% m-
and p-tolyl. The higher yield of benzyl computed for the C1 addition
is determined by the fact that the barrier for the ti2 — till isomeri-
zation eventually leading to ti4 is 20 kJ mol™! lower than that for the
competing ti2 — til3 process, whereas the barriers for til — ti3 on
the path to ti4 and til — ti6 are nearly equal. If the C1 and C4 addi-
tions are equally split, we expect about 43% of benzyl.

The computations predict further that on the singlet surface,
the addition to the C3-C4 and C1-C2 may yield — via the collision
complexes sil and si2 - eventually si8 via a multi-step isomerization
sequence involving successive hydrogen shifts. Considering the
barrier to isomerization, intermediate si8 is expected to rearrange to
sil0, which eventually yields singlet toluene (sil2). The latter is ex-
pected to decompose via lose exit transition states to the benzyl as
well as tolyl radicals with benzyl being formed preferentially.
However, before intermediate si8 can be even formed, the reaction
can alternatively proceed by numerous fragmentation channels
involving H, CH3, and C3H3 elimination and the production of non-
aromatic radicals (Supporting information Figure S1). We conclude
therefore that the addition of singlet dicarbon to the C3-C4 bond of
2-methyl-1,3-butadiene  most  likely = forms non-aromatic
CH2CCCHCCH: plus methyl and sp2-sp4 plus atomic hydrogen
and the pathway from si3 to the aromatic products is effectively
closed. For si4, the barrier for the H shift to form si5 is 292 kJ mol’!,
46 and 54 kJ mol"!' lower than the energies required for the CHs loss
leading to CH2CHCCCCH: and for the hydrogen loss producing
spll. Hence, the channel from si4 to si5 and then to si8 and to
benzyl can be in principle competitive. Nevertheless, we do not
expect a high yield of benzyl from the singlet Cz addition to the C1-
C2 bond of 2-methyl-1,3-butadiene either. Our consideration is
based on the comparison with the reaction of dicarbon with 1,3-
butadiene earlier studied by us.'8! Computationally, the RRKM
computed branching ratios were 44% for non-aromatic CeHs
radicals from the intermediate analogous to si4, 35% for propargyl
plus propargyl (from the intermediate analogous to si5), and only
21% for the phenyl radical. The PES calculated for dicarbon plus 2-
methyl-1,3-butadiene, from si2 to si4 and eventually to sil2, is
similar to that for dicarbon plus 1,3-butadiene, with methyl being
merely a spectator group until sil2 is formed. Moreover, while the
relative energy of the sid-si5 transition state, which represents the
bottleneck on the pathway to the aromatic products, is similar to that
for its analogue in the dicarbon — 1,3-butadiene reaction, the most
favorable non-aromatic fragmentation products of si4 reside 35-50
kJ mol"!' lower in energy than their counterparts in the dicarbon —
1,3-butadiene system and therefore the fragmentation processes of
si4 competing with its isomerization to si5 should be relatively
faster than for its analogue. In addition, si4 can isomerize to sil5 via
a barrier 7 kJ mol!' lower than that for si4 — si5 and sil5 can
decompose to CH:CHCCH: plus C3Hs or spll plus atomic
hydrogen further reducing the reaction flow to siS and eventually to
sil2. Hence, we can suggest that the yield of benzyl radical from
dicarbon addition to the C1-C2 bond of 2-methyl-1,3-butadiene
should be less than 21%.

In summary, by merging the experimental and computational
data, we provided compelling evidence that on the triplet surface the
thermodynamically most stable aromatic and resonantly stabilized

free radical benzyl is formed preferentially. This reaction provides a

barrier-less and hitherto overlooked reaction pathway via a single
collision event from acyclic, non-aromatic reactants. Since the
reaction has no entrance barrier, is exoergic, and all transition states
involved are located below the energy of the separated reactants, the
reaction of triplet dicarbon with isoprene may form benzyl radical
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not only in high temperature combustion flames, but also in low
temperature astrochemical environments. On the other hand, on the
singlet surface, the benzyl radical is expected to be of minor
importance. Further, the replacement of a hydrogen atom by a
methyl group in the 1,3-butadiene reactant leads to an active par-
ticipation of the methyl group in the reaction dynamics to form the
benzyl radical and not just purely a spectator. Therefore, reactions of
simple C1 to C3 combustion relevant radicals are expected to follow
a unique chemistry once reacting with methyl- and even alkyl-
substituted reactants, which is anticipated to be remarkably distinct
from their non-alkyl substituted counterparts.
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Figure 3. Low energy paths for the reaction of singlet dicarbon with isoprene
leading to benzyl and tolyl products. Intermediates are labeled as si along with
the energies relative to separated reactants and barrier heights, where applica-
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Crossed molecular beam experiments
and ab initio electronic structure
calculations on the reaction of dicarbon
with isoprene are presented. The picture
shows a flux contour map of the reaction
of dicarbon with isoprene forming benzyl
radical and atomic hydrogen at a
collision energy of 43 kJ mol'.
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Materials and Methods

Experimental: The experrments were conducted under srngle collision conditions utilizing a universal crossed
molecular beam machine.™ The dicarbon beam, C,(X* 2y, a’I1,), was generated via laser ablation of graphite by
seeding the ablation species in helium gas. The molecular beam passed a skimmer and a four-slot chopper wheel,
which selected a segment of the pulsed dicarbon beam with a well-defined peak velocity of 2077+50 ms ™ and speed
ratio 2.0+0.4. The segment of the pulsed dicarbon beam then crossed a pulsed 2-methyl-1,3-butadiene beam
perpendicularly in the interaction region. The 2-methyl- 1 3-butadiene peak velocity of 720+10 ms™ and speed ratio
8.3+0.2 results in a collision energy of 42.7+1.5 kJ mol™ and center-of-mass angle 44.1+1.3°. The neutral reaction
products were analyzed by a triply differentially pumped rotatable mass spectrometer operated in time-of-flight
(TOF) mode and ionized by electron impact at 80 eV, which then passed through a quadrupole mass filter and
reached a Daly type ion detector. The TOF spectra were recorded at multiple angles and then integrated to obtain the
angular distribution of the product(s). A forward convolution routme[zl was used to fit the experimental data. The ro-
vibrational distributions of the singlet (Xt 24" and triplet (a®1,) electronic states of the dicarbon beam were
characterized spectroscopically in situ via Iaser induced fluorescence (LIF).™

Theoretlcal Stationary points on the singlet and triplet C;Hg PES accessed by the reaction of dicarbon,
C(X* 24 WEN H) with 2-methyl-1,3-butadiene, including intermediates, transition states, and possible products, were
optrmlzed at the hybrid density functional B3LYP level of theory with the 6-311G** basis set. Vibrational
frequencies were computed using the same B3LYP/6-311G** method and were used to obtain zero-point vibrational
energy (ZPE) corrections. Relative energies of various species were refined employing the coupled cluster CCSD(T)
method with Dunning’s correlation-consistent cc-pVDZ and cc-pVTZ basis sets. The total energies were
extrapolated tg the complete basrs set (CBS) limit using the equation E (CBS) = (Eu(VTZ)-
Ewow(VDZ)x2.5%/3.5%)/(1-2.5%3.5%).5 For selected reaction products, we carried out CCSD(T)/cc- pVQZ calculations
and extrapolated CCSD(T)/CBS total energies using the following formula, Ei(X) = Ey(0) + Be , Where x is the
cardinal number of the basis set (2, 3, and 4) and Ey(x) is the CCSD(T)/CBS total energy.t Relative energies
discussed in the paper are thus computed at the CCSD(T)/CBS//B3LYP/6-311G** + ZPE(B3LYP/6-311G**) level
of theory with two -point (dt) and three-point (dtq) CBS extrapolations and are expected to be accurate within +15
and +10 kJ mol ™, respectively. The B3LYP and CCSD(T) quantum chemical calculations were performed using  the
GAUSSIAN 09 and MOLPRO 20101 program packages. Unimolecular rate constants were computed using Rice-
Ramsperger-Kassel-Marcus (RRKM) theory,”) the rate constants were then utilized to calculate product branching
ratios by solving first-order kinetic equations within steady-state approximation.
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Figure S1: Reaction paths leading to the acyclic or tricyclic products in the dicarbon isoprene reaction. t, s, i and p
represent the triplet, singlet, intermediate and product, respectively. Corresponding total energies with respect to the
reactants and barrier heights (where applicable) are also shown in the units of kJ mol™ as calculated at the
CCSD(T)/CBS(dt)//B3LYP/6-311G** + ZPE(B3LYP/6-311G**) (plain numbers) and
CCSD(T)/CBS(dtq)//B3LYP/6-311G** + ZPE(B3LYP/6-311G**) (bold numbers) levels of theory. Hydrogen shifts

and isomerization via ring closure/opening are presented via blue and red arrows, respectively. For clarification, the
carbon atoms in isoprene are labeled as C1 to C4.
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