
Identification of the Elusive Methyl-Loss Channel in the Crossed
Molecular Beam Study of Gas-Phase Reaction of Dicarbon Molecules
(C2; X1Σg

+/a3Πu) with 2‑Methyl-1,3-butadiene (C5H8; X1A′)
Published as part of The Journal of Physical Chemistry A special issue “Michael A. Duncan Festschrift”.

Iakov A. Medvedkov, Zhenghai Yang, Shane J. Goettl, and Ralf I. Kaiser*

Cite This: J. Phys. Chem. A 2025, 129, 3280−3288 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The crossed molecular beam technique was utilized
to explore the reaction of dicarbon C2 (X1Σg

+/a3Πu) with 2-methyl-
1,3-butadiene (isoprene, CH2C(CH3)CHCH2; X1A′) at a collision
energy of 28 ± 1 kJ mol−1 using a supersonic dicarbon beam
generated via photolysis (248 nm) of helium-seeded tetrachloro-
ethylene (C2Cl4). Experimental data combined with previous ab
initio calculations provide evidence of the detection of the hitherto
elusive methyl elimination channels leading to acyclic resonantly
stabilized hexatetraenyl radicals: 1,2,4,5-hexatetraen-3-yl
(CH2CC •CHCCH2) and/or 1 ,3 ,4 ,5 -hexa te t r aen -3 -y l
(CH2CHC•CCCH2). These pathways are exclusive to the singlet
potential energy surface, with the reaction initiated by the barrierless
addition of a dicarbon to one of the carbon−carbon double bonds in
the diene. In combustion systems, both hexatetraenyl radicals can isomerize to the phenyl radical (C6H5) through a hydrogen atom-
assisted isomerization�the crucial reaction intermediate and molecular mass growth species step toward the formation of polycyclic
aromatic hydrocarbons and soot.

1. INTRODUCTION
Bare carbon molecules from dicarbon (C2) and tricarbon (C3)
to fullerenes provide fascinating examples of unusual molecular
structures and chemical bonding.1−3 Dicarbon and tricarbon
were initially detected in comets4−7 and continue to be the
subject of extensive research in the fields of astrochemistry,8

combustion,9,10 chemical vapor deposition (CVD),11 and
fundamental organic chemistry. A comprehensive under-
standing of the chemistry of carbon-only molecules is crucial
for elucidating a wide array of carbon-rich systems in the
interstellar medium, as well as for gaining insights into the
principles of chemical bonding and reactivity.12−14

In combustion flames, cold molecular clouds, carbon-rich
stars, and CVD processes, small carbon molecules like
dicarbon represent key structural building blocks and
molecular mass growth species toward larger carbon clusters,
polycyclic aromatic hydrocarbons (PAHs), fullerenes, and
soot.15−18 Extensive experimental and theoretical studies of
dicarbon (X1Σg

+/a3Πu)
14,19−28 with unsaturated hydrocarbons

revealed that these processes form resonantly stabilized free
radicals (RSFR)13�neutral, electron-deficient chemical spe-
cies stabilized by the delocalization of the unpaired electron
over the carbon chain using empty p-orbitals of sp and sp2

carbon atoms (Scheme 1). These RSFRs are vital drivers for

the formation and growth of PAHs and carbonaceous
nanoparticles in combustion and the interstellar medium
(ISM). Considering the delocalization of the unpaired
electron, RSFRs are more stable than nonresonance stabilized
radicals and often exhibit an entrance barrier in the reactions
with closed-shell molecules; this feature allows RSFRs to
accumulate in hydrocarbon-rich reaction systems. These high
concentrations and the relatively fast rates for RSFR self-
reactions such as propargyl (C3H3

•) plus propargyl (C3H3
•)29

or hydrogen-assisted isomerization of the acyclic RSFRs to
aromatic structures make them an indispensable part of
molecular mass growth processes in hydrocarbon-rich environ-
ments.

One of the most remarkable aspects of dicarbon chemistry,
which enables reactions to occur even in energy-deficient
environments, is the lack of an entrance barrier in the reaction
with unsaturated hydrocarbons. Reactions of dicarbon with
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conjugated dienes have even shown the ability to synthesize
aromatic structures such as phenyl (C6H5

•), benzyl
(C6H5CH2

•), and tolyl (•C6H4CH3) radicals24,26,27 via a single
collision (Scheme 1). The initially formed closed-shell
collisional complexes decompose into two radicals via
competing pathways involving C−C or C−H bond scission.
Probing the C−C scission channels in crossed molecular beam
experiments can represent a challenging task considering the
larger recoil circles of the reaction products.20,30−33 Tradition-
ally, for crossed molecular beam reactive scattering studies, a
dicarbon beam has been generated via ablation of a carbon rod
by the focused fourth harmonic of an Nd:YAG laser (266 nm);
this also produces atomic carbon (C) within the supersonic
beam.12,34 The dissociative ionization of products from the
reaction of carbon can hinder the detection of, e.g., the methyl
(CH3)-loss channel in the studies of methyl-substituted
homologues of the unsaturated hydrocarbons in experiments
with electron impact ionization detection.20 In the reactions of
dicarbon (X1Σg

+/a3Πu) with 1,3-dienes from 1,3-butadiene
(CH2CHCHCH2)

24 to 2-methyl-1,3-butadiene (isoprene;
CH2C(CH3)CHCH2)

26 and 1-methyl-1,3-butadiene (1,3-
pentadiene; CH2CHCHCHCH3),

27 according to ab initio
and statistical calculations, the CH3 elimination pathways are
predicted to have significant branching ratios. However, in
experimental studies conducted for these systems under single-
collision conditions,26,27 the methyl elimination channels (1)
were obscured by the atomic carbon reaction (2) due to the
fragmentation of, e.g., C6H7 products in the electron impact
ionizer; hence, potential methyl-loss channels have remained
elusive. A recently developed photodissociation source of
dicarbon from tetrachloroethylene (C2Cl4) does not have the
abovementioned problem of atomic carbon generation and
opened up the detection of the methyl elimination channel in
the reaction with 1-butyne (C2H5CCH; X1A′).20

C C H C H CH2 5 8 6 5 3+ + (1)

C C H C H H5 8 6 7+ + (2)

In this article, we present an experimental investigation of
the reaction of dicarbon (C2; X1Σg

+/a3Πu) with 2-methyl-1,3-

butadiene (isoprene, CH2C(CH3)CHCH2; X1A′) under
single-collision conditions exploiting crossed molecular
beams. Utilizing the photolysis source for dicarbon, we were
able to detect the hitherto elusive methyl-loss pathways that
led to two distinct resonantly stabilized hexatetraenyl radicals:
1,2,4,5-hexatetraen-3-yl (CH2CC•CHCCH2) and 1,3,4,5-hex-
atetraen-3-yl (CH2CHC•CCCH2). In combustion systems,
both acyclic C6H5 radicals can undergo hydrogen-assisted
isomerization leading to the formation of the phenyl radical
(C6H5

•)�a crucial reactant in the formation of PAHs in
competing mechanisms such as Phenyl Addition Dehydro
Cyclization (PAC),35,36 Hydrogen Abstraction�C2H2 (acety-
lene) Addition (HACA),37−40 and Hydrogen Abstraction
Vinylacetylene Addition (HAVA).35,41−44

2. EXPERIMENTAL SECTION
The reaction of dicarbon C2 (X1Σg

+/a3Πu) with 2-methyl-1,3-
butadiene (isoprene, CH2C(CH3)CHCH2; X1A′) was con-
ducted under single-collision conditions, exploiting a crossed
molecular beam machine. The experimental apparatus, data
acquisition scheme, and data analysis have been previously
detailed;12,44−47 here, we will only provide a concise summary.
The crossed beam machine comprises a vacuum chamber
(10−8 Torr) which encloses two source chambers at a crossing
angle of 90° and an ultra-high-vacuum (10−12 Torr), rotatable,
differentially pumped quadrupole mass spectrometry (QMS)
detector. A pulsed (60 Hz) supersonic beam of dicarbon was
prepared by photodissociation of tetrachloroethylene (C2Cl4;
Sigma-Aldrich, ≥99%), purified by multiple freeze−pump−
thaw cycles, seeded in helium (He, 99.9999%, Matheson) at
2.2 atm in a room-temperature (300 K) stainless steel bubbler
using the output of a KrF excimer laser (248 nm; Coherent,
CompEx110; 180 mJ pulse−1; 30 Hz) focused (2 × 6 mm2) at
the exit of the primary pulsed valve 2 mm downstream the exit
of the Proch-Trickl pulsed valve.48 The supersonic beam
containing dicarbon was then collimated by a 1 mm diameter
skimmer before entering the reaction chamber. A four-slot
chopper wheel positioned between the skimmer and the cold
shield selected a segment of the dicarbon beam with a well-
defined peak velocity (vp) and speed ratio (S). On-axis (Θ =
0°) characterization of dicarbon at 34 eV electron energy
reveals a high-intensity beam with a peak velocity vp = 1618 ±
32 m s−1 and speed ratio S = 10.3 ± 1.3. The secondary
molecular beam (60 Hz, vp = 724 ± 17 m s−1, S = 8.3 ± 0.3) of
neat 2-methyl-1,3-butadiene (450 Torr, CH2C(CH3)CHCH2;
Sigma-Aldrich, 99%) was pulsed 57 μs prior to the primary
beam. The two molecular beams intersected at a 90° angle
within the scattering chamber, resulting in a mean collision
energy of EC = 28 ± 1 kJ mol−1.

The products resulting from reactive scattering underwent
ionization by electron ionization at 80 eV (2 mA) at the
entrance of the rotatable detector, separated according to
mass-to-charge ratios (m/z) by the QMS instrument (Extrel,
QC 150; 2.1 MHz), and detected with a Daly-type particle ion
counter.49 The detector can be rotated within the scattering
plane defined by the primary and secondary beams. Angularly
resolved time-of-flight (TOF) spectra were recorded at
discrete laboratory angles between 22.25° and 64.25°. By
operating the laser at 30 Hz and the pulsed valves at 60 Hz,
instant background subtraction (“laser-on” minus “laser-off”)
was possible during the TOF recording.

To obtain insights on the reaction dynamics, TOF spectra
and the laboratory angular distribution (LAD) were fitted with

Scheme 1. Selected Radicals Synthesized via Bimolecular
Reactions of Dicarbon With Unsaturated Hydrocarbons
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the forward-convolution technique.50,51 In this approach, the
trial user-defined angular flux T(θ) and translational energy
P(ET) distributions in the center-of-mass (CM) frame are used
to simulate the laboratory data (TOFs and LAD). The CM
functions were iteratively adjusted until the TOF spectra and
LAD showed the best fit. Together, the CM functions
represent the reactive differential cross section I(θ, u), where
θ and u are the CM angle and velocity, respectively, I(u, θ) ∼
P(u) × T(θ), which is represented as a flux contour map, thus
depicting an overall image of the reaction outcome.

3. RESULTS AND DISCUSSION
3.1. Laboratory Frame. Taking into account previously

studied systems where dicarbon was generated via photo-
dissociation of tetrachloroethylene20 to untangle the exper-
imental results, it was necessary to check reactive scattering not
only at the center-of-mass (CM) angle of the reaction of
dicarbon (C2; 24 amu) with 2-methyl-1,3-butadiene (C5H8, 68
amu) but also for the potential reaction of chloroethynyl
(C2

35Cl, 59 amu) with 2-methyl-1,3-butadiene at its CM angle
(Figure 1). Initially, potential reaction products were

monitored at mass-to-charge ratios (m/z) 89 (C7H5
+), 90

(C7H6
+), 91 (C7H7

+), 92 (C7H8
+), and 77 (C6H5

+) at the CM
for the reaction of dicarbon with 2-methyl-1,3-butadiene at
52°. We were able to collect TOFs for each mass except for m/
z = 92, with the best signal-to-noise ratio for m/z = 89. The
TOFs at m/z = 89−91 are superimposable after scaling, but
the signal at m/z = 77 appears to be wider (Figure 2) and 1
order of magnitude weaker. These findings suggest two distinct
channels: an atomic hydrogen-loss channel (reaction 3) and a
methyl-loss channel (reaction 4), with signals at m/z = 90 and
89 originating from the fragmentation of C7H7

+ in the
detector. Note that the previous study in crossed molecular
beams of dicarbon with 2-methyl-1,3-butadiene26 was able to
observe reactive scattering signal only for the hydrogen-loss
channels, considering the aforementioned experimental
complications.

At the CM of the reaction of C2
35Cl (59 amu) with 2-

methyl-1,3-butadiene at 27°, a signal was observed at m/z =
77, 89, and 92. The signal at m/z = 92 indicates that m/z = 92
originates from the reaction of chloroethynyl (C2Cl) with 2-
methyl-1,3-butadiene (reaction 3). All three TOFs overlap
after scaling (Figure 3), evidencing that signals at m/z = 77

Figure 1. Newton diagram for the atomic hydrogen (solid blue) and
methyl-loss (dashed blue) channels in the reaction of dicarbon (C2)
with 2-methyl-1,3-butadiene (isoprene, C5H8) (blue circles); the
atomic chlorine-loss channel for the C2Cl�2-methyl-1,3-butadiene
reaction is also shown (solid green).

Figure 2. Time-of-flight (TOF) spectra recorded at different m/z, with the detector positioned at the center-of-mass angle (52°) of the reaction of
dicarbon C2 (X1Σg

+/a3Πu) with 2-methyl-1,3-butadiene (isoprene, CH2C(CH3)CHCH2; X1A′).

Figure 3. Time-of-flight (TOF) spectra recorded at different m/z at
the center-of-mass (27°) of the reaction chloroethynyl (C2Cl) with 2-
methyl-1,3-butadiene (CH2C(CH3)CHCH2).
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and 89 likely occur from a combination of dissociative electron
impact ionization of the product detected at m/z = 92 and
from reaction channels (3) and (4), respectively.

C (24 amu) CH C(CH )CHCH (68 amu)

C H (91 amu) H (1 amu)
2 2 3 2

7 7

+

+ (3)

C (24 amu) CH C(CH )CHCH (68 amu)

C H (77 amu) CH (15 amu)
2 2 3 2

6 5 3

+

+ (4)

C Cl (59 amu) CH C(CH )CHCH (68 amu)

C H (92 amu) Cl (35 amu)
2
35

2 3 2

7 8

+

+ (5)

To unravel the signal origin in this system, the
corresponding LADs were recorded for m/z = 77, 89, and
92 (Figure 4). While all LADs have one common feature�a

symmetric peak at 27°�their behavior around 52° is different,
indicating that they represent the combinations of distin-
guished reaction channels. The LAD for m/z = 92 shows
almost no intensity at 52°; the LAD at m/z = 89 has a
symmetric peak around this angle and reflects a forward−
backward symmetry, while the LAD at m/z = 77 depicts a
higher flux in the backward hemisphere with respect to 52°.
These findings support that the signal at m/z = 92 originates
solely from atomic chlorine loss in reaction (3); however, due
to the dissociative fragmentation of C7H8 in the ionizer, the
LADs for m/z = 89 and 77 are composed of a combination of
atomic hydrogen-loss channel (3) with reaction (5) and
methyl-loss channel (4) with reaction (5), respectively.

3.2. Center-of-Mass Frame. To extract information on
the reaction mechanisms, a forward convolution routine was
utilized to convert the laboratory data (TOFs and LADs) for
each m/z = 77, 89, and 92 into the center-of-mass (CM)
reference frame.50,51

3.2.1. Data for m/z = 92. First, data for m/z = 92 were fit
with a single reaction channel (reaction 5). The best-fit LAD
and TOF are depicted in Figure 5. The extracted CM functions
(T(θ), P(ET); Figure S1) were then used as a second channel
in the forward convolution routines for m/z = 77 and 89. A

detailed discussion and investigation of chloroethynyl chem-
istry are beyond the scope of this manuscript.

3.2.2. Data for m/z = 89. We were able to fit data for m/z =
89 (Figure 6) using a two-channel fit combining reactions (3)

and (5), with the relative ratios of the channels of 1:1.15,
respectively. CM functions (Figure S2) for the reaction
channel (1) were originally taken from work26 where dicarbon
was generated via an ablation source. However, due to the
better signal-to-noise ratio of our data after a small tuning of
original CM functions, we were able to archive a slightly better
agreement of the experimentally determined reaction energy
(from 474 ± 32 to 463 ± 34 kJ mol−1) compared to the
calculated 468 kJ mol−1. In summary, we were able to verify

Figure 4. Comparison of the recorded LADs taken at 77 m/z (blue),
89 m/z (red), and 92 m/z (green) produced from the scattering of
dicarbon (C2) and chloroethynyl (C2Cl) with 2-methyl-1,3-butadiene
(CH2C(CH3)CHCH2). LADs with error bars are displayed in Figures
5, 6, and 7, respectively.

Figure 5. LAD and time-of-flight (TOF) spectra recorded at m/z =
92 for the reaction of the chloroethynyl radical with 2-methyl-1,3-
butadiene at a collision energy of 28 ± 1 kJ mol−1. The circles
represent the experimental data and the solid lines the best fits. The
time-of-flight spectrum recorded at the center-of-mass angle of this
reaction (27°) is shown as an inset (open circles�experimental data;
solid line�best fit from the center-of-mass functions). The
corresponding center-of-mass functions used for the simulation are
presented in the Supporting Information.

Figure 6. LAD recorded at a mass-to-charge ratio (m/z) 89 produced
from the scattering of dicarbon (C2) and chloroethynyl (C2Cl) with
2-methyl-1,3-butadiene (C5H8). The time-of-flight spectrum recorded
at 52° is shown as an inset (open circles�experimental data; solid
line�fit from the center-of-mass functions). On both, experimental
data are indicated by dots, and the two-channel simulations are
represented by a red curve; contributions originating from dicarbon
(C2) and chloroethynyl (C2Cl) channels are indicated by black and
green curves, respectively. CM defines the center of mass. The
corresponding center-of-mass functions used for the fit are presented
in the Supporting Information.
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the same reaction channel that was reported in ref 26 without
any significant changes.
3.2.3. Data for m/z = 77. The laboratory data for m/z = 77

(Figure 7) could be fit with the two reaction channels (4) and
(5), with the relative ratios of the channels 2:1, respectively.
The resultant CM functions (Figure 8) for the reaction
channel (2) hold critical insights into the chemical dynamics of
the methyl-loss pathway in the reaction of dicarbon with 2-
methyl-1,3-butadiene. Energy conservation dictates that the
maximum (Emax) on the distribution of translational energy
P(ET) resembles the sum of the collision energy (EC) plus the
reaction energy release (−ΔrG) for the product molecules that
were formed without internal excitation. The assessed P(ET)
holds an Emax value of 247 ± 46 kJ mol−1; taking into account,
EC of 28 ± 1 kJ mol−1, the reaction energy was determined to
be −219 ± 47 kJ mol−1 for CH3 loss. The dicarbon beam holds
molecules in their first electronically excited state a3Πu which
lies higher by 8 kJ mol−1 above the ground singlet state X1Σg

+,52

which can correct the reaction energy to be −211 ± 47 kJ
mol−1; however, as we will show hereinafter, methyl
elimination channels come solely from the singlet surface,
and this correlation is unnecessary. In addition, the P(ET)
reveals pronounced distribution maxima peaking close to zero
of translational energy at 5 ± 1 kJ mol−1 indicating the simple
bond rupture process that has either no or only a small exit
barrier (loose exit transition state).53,54 The center-of-mass
angular flux distribution T(θ) illustrates a pronounced
backward scattering relative to the dicarbon radical beam,
suggesting that at least one of the possible methyl-loss reaction
channels proceeds via a direct “rebound mechanism”46,55,56

and/or an extremely short-lived C7H9 reaction intermediate
that ejects the methyl radical. These findings are also
supported by the flux contour map (Figure 8c), which depicts
an overall image of the reaction and scattering processes.

3.3. Reaction Mechanism. For complex polyatomic
systems, it is advantageous to integrate our experimental
results with electronic structure and statistical calculations.
This approach allowed us to elucidate the underlying reaction
mechanisms and the nature of the isomer(s) formed. The
detailed potential energy surface for the reaction of C2(X1Σg

+/
a3Πu) with 2-methyl-1,3-butadiene (CH2C(CH3)CHCH2;
X1A′) together with the Rice−Ramsperger−Kassel−Marcus
(RRKM) calculations is present elsewhere.26 In this paper, the
authors scrutinized hydrogen atom elimination channels, and
here, we will only focus on methyl-loss channels. The energies
for the stationary points were calculated using the CCSD(T)/

CBS(dt)//B3LYP/6311G** + ZPE(B3LYP/6-311G**)
(plain numbers) method, and for some products, energy was
refined using the CCSD(T)/CBS(dtq)//B3LYP/6-311G** +

Figure 7. (a) LAD and (b) time-of-flight spectra recorded at a mass-to-charge ratio (m/z) 77 produced from the scattering of dicarbon (C2) and
chloroethynyl (C2Cl) with 2-methyl-1,3-butadiene (C5H8). On both, experimental data are indicated by dots, and the two-channel simulations are
represented by a red curve; contributions originating from the dicarbon (C2) and chloroethynyl (C2Cl) channels are indicated by blue and green
curves, respectively. CM defines the center of mass.

Figure 8. (a) Center-of-mass translational energy P(ET), (b) angular
T(θ) flux distributions, and (c) flux contour map for the CH3-loss
channel in the reaction of the dicarbon radical with 2-methyl-1,3-
butadiene. The solid lines represent the best fit, while the shaded
areas indicate the error limits. For T(θ), the direction of the dicarbon
beam is defined as 0° and of the 2-methyl-1,3-butadiene as 180°.
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ZPE(B3LYP/6-311G**) (bold numbers) level of theory
(Figure 9), with the expected accuracy within ±15 and ±10
kJ mol−1, respectively. The singlet (X1Σg

+) and triplet (a3Πu)
potential energy surfaces (PES) for the dicarbon reaction with
2-methyl-1,3-butadiene contain methyl radical-loss reaction
pathways which possibly lead to a phenyl radical (−419/−416
kJ mol−1) or two acyclic resonantly stabilized hexatetraenyl
isomers p1 (1,2,4,5-hexatetraen-3-yl, −217/−213 kJ mol−1)
and p2 (1,3,4,5-hexatetraen-3-yl, −231/−215 kJ mol−1). The
computations predict that on the singlet and triplet surfaces,
after a barrierless addition of dicarbon to the C3�C4 and
C1�C2 double bonds in 2-methyl-1,3-butadiene, a phenyl
radical can only be yielded via a multistep isomerization
sequence involving successive hydrogen shifts.26 Considering
our experimental results which predict the reaction energy to
be −219 ± 47 kJ mol−1, we can verify the formation of only
acyclic products p1 and p2, but not a phenyl radical. Only the
singlet surface includes two reaction channels that after
dicarbon cluster insertion to the double bond lead to p1 and
p2 (Figure 9).

These reaction pathways start with the barrierless addition of
dicarbon C2(X1Σg

+) to either the C3�C4 or the C1�C2

carbon−carbon double bonds of diene, yielding si1/si2
complexes, respectively. In both intermediates, the new
tricarbon ring is formed in the plane perpendicular to the
carbon chain of the 2-methyl-1,3-butadiene moiety. In the next
step, these collision complexes undergo ring opening to si3/si4
via a barrier of 50/46 kJ mol−1, ultimately leading to defacto
dicarbon insertion into the originally attacked double bond. In
the last step, si3/si4 forms p1/p2 via the methyl-loss channel
through the simple bond-rupture process. The absence of an
exit barrier is also supported by experimental findings based on
P(ET) analysis. For the singlet surface, RRKM calculations
were not completed. However, based on the PES analysis,26 it
was predicted that in the case of C2(X1Σg

+) addition to the
C3�C4 double bond in 2-methyl-1,3-butadiene, product p1
should hold the highest branching ratio among all channels on
the PES, since energetically it is the most competitive pathway.
In the case of C2(X1Σg

+) addition to C1�C2, the presence of
the hydrogen shift channel from si4 to 3-methyl-1,2,4,5-
hexatetraene is 36 kJ mol−1 lower than the energy required for
methyl elimination resulting in p2. Taking into account the
collisional energy, that all barriers in this reaction are
submerged, and the expected accuracy within ±15 kJ mol−1

Figure 9. Reaction paths leading to the acyclic products in the dicarbon 2-methyl-1,3-butadiene reaction, based on the full potential energy surface
presented in ref 26 Intermediates are labeled as si along with the energies relative to the separated reactants and barrier heights, where applicable, in
kJ mol−1, as calculated at the CCSD(T)/CBS(dt)//B3LYP/6311G** + ZPE (B3LYP/6-311G**) (plain numbers) and CCSD(T)/CBS(dtq)//
B3LYP/6-311G** + ZPE(B3LYP/6-311G**) (bold numbers) levels of theory.
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for the energies of the intermediates on the PES, we can
conclude that p2 can still hold a significant branching ratio on
this part of the PES. In summary, we were able to
experimentally observe the “state-specific” methyl elimination
reaction channels (6). Based on ab initio and statistical
calculations, the same active involvement of the methyl group
was predicted for dicarbon C2(X1Σg

+/a3Πu) reactions with the
1-substituted diene (1,3-pentadiene),27 where RRKM results
estimate the branching ratios for CH3-loss channels to be 20−
30%. However, these channels were not identified in the
experiment due to interference with the products of the C(3P)
+ 1,3-pentadiene reaction.

p1 p2C (X ) CH C(CH )CHCH (X A) / CH2
1

g 2 3 2
1

3+ ++

(6)

4. CONCLUSIONS
The crossed molecular beam reactions of dicarbon C2 (X1Σg

+/
a3Πu) with 2-methyl-1,3-butadiene (isoprene, CH2C(CH3)-
CHCH2; X1A′) were conducted at a collision energy of 28 ± 1
kJ mol−1 under single-collision conditions utilizing a super-
sonic dicarbon beam generated via the photolysis of helium-
seeded tetrachloroethylene (C2Cl4; X1Ag). The experimental
data were combined with previously made ab initio calculations
and crossed molecular beam experiment26 where a dicarbon
beam was generated via ablation of a carbon rod. Our data
show evidence for the presence of a previously elusive methyl
elimination channel leading to acyclic products. Although on
full singlet and triplet PESs exist the CH3-loss channels that
theoretically can yield phenyl radicals, the formation of
aromatic structures in the methyl elimination process is not
supported by our results. While hydrogen-loss pathways are
active on both the triplet and singlet PESs, under our
experimental conditions, the methyl elimination pathways are
only active on the singlet surface. On the singlet surface, the
reaction is initiated by a barrierless addition of the dicarbon
reactant to the C3�C4 and/or C1�C2 carbon−carbon
double bonds of 2-methyl-1,3-butadiene, ultimately leading to
dicarbon insertion into one of the double bonds of the diene
before forming one of the resonantly stabilized hexatetraenyl
radical p1 or p2, respectively. The methyl radical elimination
step proceeds via a simple bond rupture. In our study, we
experimentally verified that in dicarbon chemistry with the
methyl 2-substituted diene, the methyl group is not merely a
passive spectator but can actively participate in the reaction
mechanism. Specifically, in the case of C3�C4 addition,
methyl-loss channels can predominate over hydrogen elimi-
nation pathways in reactions with ground-state dicarbon. The
previous experimental study26 of the reaction of C2(X1Σg

+/
a3Πu) with 2-methyl-1,3-butadiene (X1A′) has failed to detect
methyl elimination channels. Thus, our results eloquently
highlight the major advantage of the photolytic sources for
generating dicarbon supersonic beams for reactive scattering
studies over ablation sources: the absence of carbon atom
coreactants that hinder the detection of methyl-loss channels.
The studied reaction results in the formation of at least two
distinct C6H5 RSFRs: 1,2,4,5-hexatetraen-3-yl and 1,3,4,5-
hexatetraen-3-yl. In hydrocarbon-rich combustion flames, both
radical isomers can undergo a hydrogen atom-assisted
isomerization, yielding the thermodynamically most stable
C6H5 isomer, the phenyl radical, a key first step on the way to
PAHs and soot.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpca.5c00639.

Center-of-mass translational energy P(ET) and angular
T(θ) flux distributions for the atomic chlorine-loss
channel in the reaction of the chloroethynyl radical
(C2Cl) with 2-methyl-1,3-butadiene (C5H8) and for the
atomic hydrogen-loss channel in the reaction of
dicarbon C2 with 2-methyl-1,3-butadiene (C5H8)
(PDF)

■ AUTHOR INFORMATION
Corresponding Author

Ralf I. Kaiser − Department of Chemistry, University of
Hawai‘i at Manoa, Honolulu, Hawaii 96822, United States;
orcid.org/0000-0002-7233-7206; Email: ralfk@

hawaii.edu

Authors
Iakov A. Medvedkov − Department of Chemistry, University

of Hawai‘i at Manoa, Honolulu, Hawaii 96822, United
States; orcid.org/0000-0003-0672-2090

Zhenghai Yang − Department of Chemistry, University of
Hawai‘i at Manoa, Honolulu, Hawaii 96822, United States

Shane J. Goettl − Department of Chemistry, University of
Hawai‘i at Manoa, Honolulu, Hawaii 96822, United States;
orcid.org/0000-0003-1796-5725

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpca.5c00639

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The experimental studies at the University of Hawaii were
supported by the US Department of Energy, Basic Energy
Sciences DE-FG02-03ER15411.

■ REFERENCES
(1) Zhang, Q. L.; O’Brien, S. C.; Heath, J. R.; Liu, Y.; Curl, R. F.;

Kroto, H. W.; Smalley, R. E. Reactivity of Large Carbon Clusters:
Spheroidal Carbon Shells and Their Possible Relevance to the
Formation and Morphology of Soot. J. Phys. Chem. 1986, 90 (4),
525−528.
(2) Van Orden, A.; Saykally, R. J. Small Carbon Clusters:

Spectroscopy, Structure, and Energetics. Chem. Rev. 1998, 98 (6),
2313−2358.
(3) Weltner, W.; Van Zee, R. J. Carbon Molecules, Ions, and

Clusters. Chem. Rev. 1989, 89 (8), 1713−1747.
(4) Huggins, W. On the Spectrum of Comet II., 1868. Proc. R. Soc.

London 1997, 16, 481−482.
(5) Fowler, A. Investigations Relating to the Spectra of Comets.:

(Plate 14.). Mon. Not. R. Astron. Soc. 1910, 70 (6), 484−490.
(6) Souza, S. P.; Lutz, B. L. Detection of C2 in the Interstellar

Spectrum of Cygnus OB2 Number 12 (IV Cygni Number 12).
Astrophys. J. 1977, 216, L49−L51.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.5c00639
J. Phys. Chem. A 2025, 129, 3280−3288

3286

https://pubs.acs.org/doi/10.1021/acs.jpca.5c00639?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpca.5c00639/suppl_file/jp5c00639_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralf+I.+Kaiser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7233-7206
https://orcid.org/0000-0002-7233-7206
mailto:ralfk@hawaii.edu
mailto:ralfk@hawaii.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iakov+A.+Medvedkov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0672-2090
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenghai+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shane+J.+Goettl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1796-5725
https://orcid.org/0000-0003-1796-5725
https://pubs.acs.org/doi/10.1021/acs.jpca.5c00639?ref=pdf
https://doi.org/10.1021/j100276a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100276a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100276a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970086n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970086n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00098a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00098a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1098/rspl.1867.0109
https://doi.org/10.1093/mnras/70.6.484
https://doi.org/10.1093/mnras/70.6.484
https://doi.org/10.1086/182507
https://doi.org/10.1086/182507
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c00639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(7) Lambert, D. L.; Sheffer, Y.; Federman, S. R. Hubble Space
Telescope Observations of C2 Molecules in Diffuse Interstellar
Clouds. Astrophys. J. 1995, 438, 740.
(8) Schmidt, T. W. The Spectroscopy of C2: A Cosmic Beacon. Acc.

Chem. Res. 2021, 54 (3), 481−489.
(9) Gueniche, H. A.; Glaude, P. A.; Fournet, R.; Battin-Leclerc, F.

Rich Premixed Laminar Methane Flames Doped by Light
Unsaturated Hydrocarbons: II. 1,3-Butadiene. Combust. Flame 2007,
151 (1), 245−261.
(10) Smith, G. P.; Park, C.; Schneiderman, J.; Luque, J. C2 Swan

Band Laser-Induced Fluorescence and Chemiluminescence in Low-
Pressure Hydrocarbon Flames. Combust. Flame 2005, 141 (1), 66−77.
(11) Shiomi, T.; Nagai, H.; Kato, K.; Hiramatsu, M.; Nawata, M.

Detection of C2 Radicals in Low-Pressure Inductively Coupled Plasma
Source for Diamond Chemical Vapor Deposition. Diamond Relat.
Mater. 2001, 10 (3), 388−392.
(12) Kaiser, R. I. Experimental Investigation on the Formation of

Carbon-Bearing Molecules in the Interstellar Medium via Neutral−
Neutral Reactions. Chem. Rev. 2002, 102 (5), 1309−1358.
(13) Mebel, A. M.; Kaiser, R. I. Formation of Resonantly Stabilised

Free Radicals via the Reactions of Atomic Carbon, Dicarbon, and
Tricarbon with Unsaturated Hydrocarbons: Theory and Crossed
Molecular Beams Experiments. Int. Rev. Phys. Chem. 2015, 34 (4),
461−514.
(14) Gu, X.; Guo, Y.; Zhang, F.; Mebel, A. M.; Kaiser, R. I. Reaction

Dynamics of Carbon-Bearing Radicals in Circumstellar Envelopes of
Carbon Stars. Faraday Discuss. 2006, 133, 245.
(15) Kaiser, R. I.; Le, T. N.; Nguyen, T. L.; Mebel, A. M.; Balucani,

N.; Lee, Y. T.; Stahl, F.; Schleyer, P. v R.; Schaefer, H. F. A Combined
Crossed Molecular Beam and Ab Initio Investigation of C2 and C3
Elementary Reactions with Unsaturated Hydrocarbons�Pathways to
Hydrogen Deficient Hydrocarbon Radicals in Combustion Flames.
Faraday Discuss. 2001, 119 (1), 51−66.
(16) Kern, R. D.; Xie, K.; Chen, H. A Shock Tube Study of

Chlorobenzene Pyrolysis. Combust. Sci. Technol. 1992, 85 (1−6), 77−
86.
(17) Kazakov, A.; Frenklach, M. Dynamic Modeling of Soot Particle

Coagulation and Aggregation: Implementation With the Method of
Moments and Application to High-Pressure Laminar Premixed
Flames. Combust. Flame 1998, 114 (3), 484−501.
(18) Ehrenfreund, P.; Charnley, S. B. Organic Molecules in the

Interstellar Medium, Comets, and Meteorites: A Voyage from Dark
Clouds to the Early Earth. Annu. Rev. Astron. Astrophys. 2000, 38 (38),
427−483.
(19) Páramo, A.; Canosa, A.; Le Picard, S. D.; Sims, I. R. Rate

Coefficients for the Reactions of C2(a3Πu) and C2(X1Σg
+) with

Various Hydrocarbons (CH4, C2H2, C2H4, C2H6, and C3H8): A Gas-
Phase Experimental Study over the Temperature Range 24−300 K. J.
Phys. Chem. A 2008, 112 (39), 9591−9600.
(20) Thomas, A. M.; Lucas, M.; Zhao, L.; Liddiard, J.; Kaiser, R. I.;

Mebel, A. M. A Combined Crossed Molecular Beams and
Computational Study on the Formation of Distinct Resonantly
Stabilized C5H3 Radicals via Chemically Activated C5H4 and C6H6
Intermediates. Phys. Chem. Chem. Phys. 2018, 20 (16), 10906−10925.
(21) Dangi, B. B.; Maity, S.; Kaiser, R. I.; Mebel, A. M. A Combined

Crossed Beam and Ab Initio Investigation of the Gas Phase Reaction
of Dicarbon Molecules (C2; X1Σ g

+/a 3Πu) with Propene (C3H6;
X1A′): Identification of the Resonantly Stabilized Free Radicals 1- and
3-Vinylpropargyl. J. Phys. Chem. A 2013, 117 (46), 11783−11793.
(22) Zhang, F.; Kim, S.; Kaiser, R. I.; Mebel, A. M. Formation of the

1,3,5-Hexatriynyl Radical (C6H(X2Π)) via the Crossed Beams
Reaction of Dicarbon (C2(X1Σg

+/a3Πu)), with Diacetylene
(C4H2(X1Σg

+)). J. Phys. Chem. A 2009, 113 (7), 1210−1217.
(23) Kaiser, R. I.; Goswami, M.; Maksyutenko, P.; Zhang, F.; Kim, Y.

S.; Landera, A.; Mebel, A. M. A Crossed Molecular Beams and Ab
Initio Study on the Formation of C 6H3 Radicals. An Interface
between Resonantly Stabilized and Aromatic Radicals. J. Phys. Chem.
A 2011, 115 (37), 10251−10258.

(24) Zhang, F.; Jones, B.; Maksyutenko, P.; Kaiser, R. I.; Chin, C.;
Kislov, V. V.; Mebel, A. M. Formation of the Phenyl Radical
[C6H5(X2A1)] under Single Collision Conditions: A Crossed
Molecular Beam and Ab Initio Study. J. Am. Chem. Soc. 2010, 132
(8), 2672−2683.
(25) Parker, D. S. N.; Maity, S.; Dangi, B. B.; Kaiser, R. I.; Landera,

A.; Mebel, A. M. Understanding the Chemical Dynamics of the
Reactions of Dicarbon with 1-Butyne, 2-Butyne, and 1,2-Butadiene −
toward the Formation of Resonantly Stabilized Free Radicals. Phys.
Chem. Chem. Phys. 2014, 16 (24), 12150−12163.
(26) Dangi, B. B.; Parker, D. S. N.; Yang, T.; Kaiser, R. I.; Mebel, A.

M. Gas-Phase Synthesis of the Benzyl Radical (C6H5CH2). Angew.
Chem., Int. Ed. 2014, 53 (18), 4608−4613.
(27) Dangi, B. B.; Parker, D. S. N.; Kaiser, R. I.; Belisario-Lara, D.;

Mebel, A. M. An Experimental and Theoretical Investigation of the
Formation of C7H7 Isomers in the Bimolecular Reaction of Dicarbon
Molecules with 1,3-Pentadiene. Chem. Phys. Lett. 2014, 607, 92−99.
(28) Gu, X.; Guo, Y.; Zhang, F.; Mebel, A. M.; Kaiser, R. I. A

Crossed Molecular Beams Study of the Reaction of Dicarbon
Molecules with Benzene. Chem. Phys. Lett. 2007, 436 (1−3), 7−14.
(29) Zhao, L.; Lu, W.; Ahmed, M.; Zagidullin, M. V.; Azyazov, V.

N.; Morozov, A. N.; Mebel, A. M.; Kaiser, R. I. Gas-Phase Synthesis of
Benzene via the Propargyl Radical Self-Reaction. Sci. Adv. 2021, 7
(21), No. eabf0360.
(30) Medvedkov, I. A.; Nikolayev, A. A.; He, C.; Yang, Z.; Mebel, A.

M.; Kaiser, R. I. One Collision�Two Substituents: Gas-Phase
Preparation of Xylenes under Single-Collision Conditions. Angew.
Chem., Int. Ed. 2024, 63 (5), No. e202315147.
(31) Kaiser, R. I.; Parker, D. S. N.; Goswami, M.; Zhang, F.; Kislov,

V. V.; Mebel, A. M.; Aguilera-Iparraguirre, J.; Green, W. H. Crossed
Beam Reaction of Phenyl and D5-Phenyl Radicals with Propene and
Deuterated Counterparts�Competing Atomic Hydrogen and Methyl
Loss Pathways. Phys. Chem. Chem. Phys. 2012, 14 (2), 720−729.
(32) Maity, S.; Parker, D. S. N.; Dangi, B. B.; Kaiser, R. I.; Fau, S.;

Perera, A.; Bartlett, R. J. A Crossed Molecular Beam and Ab-Initio
Investigation of the Reaction of Boron Monoxide (BO; X2Σ+) with
Methylacetylene (CH3CCH; X1A1): Competing Atomic Hydrogen
and Methyl Loss Pathways. J. Phys. Chem. A 2013, 117 (46), 11794−
11807.
(33) Kaiser, R. I.; Maity, S.; Dangi, B. B.; Su, Y.-S.; Sun, B. J.; Chang,

A. H. H. A Crossed Molecular Beam and Ab Initio Investigation of
the Exclusive Methyl Loss Pathway in the Gas Phase Reaction of
Boron Monoxide (BO; X2Σ+) with Dimethylacetylene (CH3CCCH3;
X1A1

g). Phys. Chem. Chem. Phys. 2014, 16 (3), 989−997.
(34) Gu, X.; Kaiser, R. I.; Mebel, A. M. Chemistry of Energetically

Activated Cumulenes�From Allene (H2CCCH2) to Hexapentaene
(H2CCCCCCH2). ChemPhysChem 2008, 9 (3), 350−369.
(35) Kaiser, R. I.; Hansen, N. An Aromatic Universe − A Physical

Chemistry Perspective. J. Phys. Chem. A 2021, 125 (18), 3826−3840.
(36) Zhao, L.; Prendergast, M. B.; Kaiser, R. I.; Xu, B.; Ablikim, U.;

Ahmed, M.; Sun, B.; Chen, Y.; Chang, A. H. H.; Mohamed, R. K.;
et al. Synthesis of Polycyclic Aromatic Hydrocarbons by Phenyl
Addition−Dehydrocyclization: The Third Way. Angew. Chem., Int. Ed.
2019, 58 (48), 17442−17450.
(37) Parker, D. S. N.; Kaiser, R. I.; Troy, T. P.; Ahmed, M.

Hydrogen Abstraction/Acetylene Addition Revealed. Angew. Chem.,
Int. Ed. 2014, 53 (30), 7740−7744.
(38) Yang, T.; Troy, T. P.; Xu, B.; Kostko, O.; Ahmed, M.; Mebel, A.

M.; Kaiser, R. I. Hydrogen-Abstraction/Acetylene-Addition Exposed.
Angew. Chem., Int. Ed. 2016, 55 (48), 14983−14987.
(39) Yang, T.; Kaiser, R. I.; Troy, T. P.; Xu, B.; Kostko, O.; Ahmed,

M.; Mebel, A. M.; Zagidullin, M. V.; Azyazov, V. N. HACA’s
Heritage: A Free-Radical Pathway to Phenanthrene in Circumstellar
Envelopes of Asymptotic Giant Branch Stars. Angew. Chem., Int. Ed.
2017, 56 (16), 4515−4519.
(40) Zhao, L.; Kaiser, R. I.; Xu, B.; Ablikim, U.; Ahmed, M.; Joshi,

D.; Veber, G.; Fischer, F. R.; Mebel, A. M. Pyrene Synthesis in
Circumstellar Envelopes and Its Role in the Formation of 2D
Nanostructures. Nat. Astron 2018, 2 (5), 413−419.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.5c00639
J. Phys. Chem. A 2025, 129, 3280−3288

3287

https://doi.org/10.1086/175119
https://doi.org/10.1086/175119
https://doi.org/10.1086/175119
https://doi.org/10.1021/acs.accounts.0c00703?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.combustflame.2007.05.007
https://doi.org/10.1016/j.combustflame.2007.05.007
https://doi.org/10.1016/j.combustflame.2004.12.010
https://doi.org/10.1016/j.combustflame.2004.12.010
https://doi.org/10.1016/j.combustflame.2004.12.010
https://doi.org/10.1016/S0925-9635(00)00420-9
https://doi.org/10.1016/S0925-9635(00)00420-9
https://doi.org/10.1021/cr970004v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970004v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr970004v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/0144235X.2015.1075280
https://doi.org/10.1080/0144235X.2015.1075280
https://doi.org/10.1080/0144235X.2015.1075280
https://doi.org/10.1080/0144235X.2015.1075280
https://doi.org/10.1039/b516457e
https://doi.org/10.1039/b516457e
https://doi.org/10.1039/b516457e
https://doi.org/10.1039/B101967H
https://doi.org/10.1039/B101967H
https://doi.org/10.1039/B101967H
https://doi.org/10.1039/B101967H
https://doi.org/10.1080/00102209208947160
https://doi.org/10.1080/00102209208947160
https://doi.org/10.1016/S0010-2180(97)00322-2
https://doi.org/10.1016/S0010-2180(97)00322-2
https://doi.org/10.1016/S0010-2180(97)00322-2
https://doi.org/10.1016/S0010-2180(97)00322-2
https://doi.org/10.1146/annurev.astro.38.1.427
https://doi.org/10.1146/annurev.astro.38.1.427
https://doi.org/10.1146/annurev.astro.38.1.427
https://doi.org/10.1021/jp8025336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8025336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8025336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp8025336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CP00357B
https://doi.org/10.1039/C8CP00357B
https://doi.org/10.1039/C8CP00357B
https://doi.org/10.1039/C8CP00357B
https://doi.org/10.1021/jp402700j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402700j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402700j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402700j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402700j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp807685v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp205795h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp205795h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp205795h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja908559v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja908559v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja908559v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4CP00639A
https://doi.org/10.1039/C4CP00639A
https://doi.org/10.1039/C4CP00639A
https://doi.org/10.1002/anie.201310612
https://doi.org/10.1016/j.cplett.2014.05.058
https://doi.org/10.1016/j.cplett.2014.05.058
https://doi.org/10.1016/j.cplett.2014.05.058
https://doi.org/10.1016/j.cplett.2006.12.094
https://doi.org/10.1016/j.cplett.2006.12.094
https://doi.org/10.1016/j.cplett.2006.12.094
https://doi.org/10.1126/sciadv.abf0360
https://doi.org/10.1126/sciadv.abf0360
https://doi.org/10.1002/anie.202315147
https://doi.org/10.1002/anie.202315147
https://doi.org/10.1039/C1CP22758K
https://doi.org/10.1039/C1CP22758K
https://doi.org/10.1039/C1CP22758K
https://doi.org/10.1039/C1CP22758K
https://doi.org/10.1021/jp402743y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402743y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402743y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp402743y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3CP53930J
https://doi.org/10.1039/C3CP53930J
https://doi.org/10.1039/C3CP53930J
https://doi.org/10.1039/C3CP53930J
https://doi.org/10.1002/cphc.200700609
https://doi.org/10.1002/cphc.200700609
https://doi.org/10.1002/cphc.200700609
https://doi.org/10.1021/acs.jpca.1c00606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c00606?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201909876
https://doi.org/10.1002/anie.201909876
https://doi.org/10.1002/anie.201404537
https://doi.org/10.1002/anie.201607509
https://doi.org/10.1002/anie.201701259
https://doi.org/10.1002/anie.201701259
https://doi.org/10.1002/anie.201701259
https://doi.org/10.1038/s41550-018-0399-y
https://doi.org/10.1038/s41550-018-0399-y
https://doi.org/10.1038/s41550-018-0399-y
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c00639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(41) Shukla, B.; Koshi, M. A Novel Route for PAH Growth in
HACA Based Mechanisms. Combust. Flame 2012, 159 (12), 3589−
3596.
(42) Parker, D. S. N.; Zhang, F.; Kim, Y. S.; Kaiser, R. I.; Landera,

A.; Kislov, V. V.; Mebel, A. M.; Tielens, A. G. G. M. Low
Temperature Formation of Naphthalene and Its Role in the Synthesis
of PAHs (Polycyclic Aromatic Hydrocarbons) in the Interstellar
Medium. Proc. Natl. Acad. Sci. U.S.A. 2012, 109 (1), 53−58.
(43) Yang, T.; Muzangwa, L.; Kaiser, R. I.; Jamal, A.; Morokuma, K.

A Combined Crossed Molecular Beam and Theoretical Investigation
of the Reaction of the Meta-Tolyl Radical with Vinylacetylene −
toward the Formation of Methylnaphthalenes. Phys. Chem. Chem.
Phys. 2015, 17 (33), 21564−21575.
(44) Kaiser, R. I.; Parker, D. S. N.; Mebel, A. M. Reaction Dynamics

in Astrochemistry: Low-Temperature Pathways to Polycyclic
Aromatic Hydrocarbons in the Interstellar Medium. Annu. Rev.
Phys. Chem. 2015, 66 (1), 43−67.
(45) Lee, Y. T. Molecular Beam Studies of Elementary Chemical

Processes. Science 1987, 236 (4803), 793−798.
(46) Herschbach, D. R. Molecular Dynamics of Elementary

Chemical Reactions (Nobel Lecture). Angew. Chem., Int. Ed. Engl.
1987, 26 (12), 1221−1243.
(47) Medvedkov, I. A.; Yang, Z.; Nikolayev, A. A.; Goettl, S. J.;

Eckhardt, A. K.; Mebel, A. M.; Kaiser, R. I. Binding the Power of
Cycloaddition and Cross-Coupling in a Single Mechanism: An
Unexpected Bending Journey to Radical Chemistry of Butadiynyl with
Conjugated Dienes. J. Phys. Chem. Lett. 2025, 16 (2), 658−666.
(48) Proch, D.; Trickl, T. A. High-intensity Multi-purpose

Piezoelectric Pulsed Molecular Beam Source. Rev. Sci. Instrum.
1989, 60 (4), 713−716.
(49) Daly, N. R. Scintillation Type Mass Spectrometer Ion Detector.

Rev. Sci. Instrum. 1960, 31 (3), 264−267.
(50) Vernon, M. F. Molecular Beam Scattering. Ph.D. Dissertation,

University of California, Berkeley, CA, 1983.
(51) Weiss, P. S. Reaction Dynamics of Electronically Excited Alkali

Atoms with Simple Molecules. Ph.D. Dissertation, University of
California, Berkeley, CA, 1986.
(52) Kaiser, R. I.; Maksyutenko, P.; Ennis, C.; Zhang, F.; Gu, X.;

Krishtal, S. P.; Mebel, A. M.; Kostko, O.; Ahmed, M. Untangling the
Chemical Evolution of Titan’s Atmosphere and Surface−from
Homogeneous to Heterogeneous Chemistry. Faraday Discuss. 2010,
147, 429−478.
(53) Levine, R. D. Molecular Reaction Dynamics; Cambridge

University Press: Cambridge, UK, 2005.
(54) Laskin, J.; Lifshitz, C. Kinetic Energy Release Distributions in

Mass Spectrometry. J. Mass Spectrom. 2001, 36 (5), 459−478.
(55) Lee, Y. T. Molecular Beam Studies of Elementary Chemical

Processes(Nobel Lecture). Angew. Chem., Int. Ed. Engl. 1987, 26 (10),
939−951.
(56) Miller, W. B.; Safron, S. A.; Herschbach, D. R. Molecular Beam

Kinetics: Four-Atom Collision Complexes in Exchange Reactions of
CsCl with KCl and KI. J. Chem. Phys. 1972, 56 (7), 3581−3592.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.5c00639
J. Phys. Chem. A 2025, 129, 3280−3288

3288

https://doi.org/10.1016/j.combustflame.2012.08.007
https://doi.org/10.1016/j.combustflame.2012.08.007
https://doi.org/10.1073/pnas.1113827108
https://doi.org/10.1073/pnas.1113827108
https://doi.org/10.1073/pnas.1113827108
https://doi.org/10.1073/pnas.1113827108
https://doi.org/10.1039/C5CP03285G
https://doi.org/10.1039/C5CP03285G
https://doi.org/10.1039/C5CP03285G
https://doi.org/10.1146/annurev-physchem-040214-121502
https://doi.org/10.1146/annurev-physchem-040214-121502
https://doi.org/10.1146/annurev-physchem-040214-121502
https://doi.org/10.1126/science.236.4803.793
https://doi.org/10.1126/science.236.4803.793
https://doi.org/10.1002/anie.198712211
https://doi.org/10.1002/anie.198712211
https://doi.org/10.1021/acs.jpclett.4c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.4c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1141006
https://doi.org/10.1063/1.1141006
https://doi.org/10.1063/1.1716953
https://doi.org/10.1039/c003599h
https://doi.org/10.1039/c003599h
https://doi.org/10.1039/c003599h
https://doi.org/10.1002/jms.164
https://doi.org/10.1002/jms.164
https://doi.org/10.1002/anie.198709393
https://doi.org/10.1002/anie.198709393
https://doi.org/10.1063/1.1677734
https://doi.org/10.1063/1.1677734
https://doi.org/10.1063/1.1677734
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.5c00639?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

