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We carried out the crossed molecular beam reaction of ground state methylidyne radicals, CH(X?IT),

with acetylene, CZHZ(X'2g+), at a nominal collision energy of 16.8 kJ mol~". Under single collision
conditions, we identified both the atomic and molecular hydrogen loss pathways forming CsH, and C;H
isomers, respectively. A detailed analysis of the experimental data suggested the formation of ¢-C3H,

(31.5 £ 5.0%), HCCCH/H,CCC (59.5 + 5.0%), and I-HCCC (9.0 £ 2.0%). The reaction proceeded indirectly
via complex formation and involved the unimolecular decomposition of long-lived propargyl radicals to form
1-HCCC plus molecular hydrogen and HCCCH/H,CCC plus atomic hydrogen. The formation of c-C3H, was
suggested to be produced via unimolecular decomposition of the cyclopropenyl radical, which in turn could be
accessed via addition of the methylidyne radical to both carbon atoms of the acetylene molecule or after an
initial addition to only one acetylenic carbon atom via ring closure. This investigation brings us closer to

unraveling of the reaction of important combustion radicals—methylidyne—and the connected unimolecular
decomposition of chemically activated propargyl radicals. This also links to the formation of C;H and C3H,

in combustion flames and in the interstellar medium.

1. Introduction

The energetics and dynamics of reactions of resonantly stabilized
free radicals (RSFRs) are of paramount importance in
untangling the formation of soot particles,' polycyclic
aromatic hydrocarbons (PAHs) and their hydrogen deficient
precursors from the ‘bottom up’ in combustion processes.> '
In RSFRs, such as propargyl (C3Hs; X?B)), allyl (C5Hs; X2A,),
1-buten-3-yn-1-yl (C4Hs; X?A’), and the 2,4-pentadiynyl-1
radical (CsHs; X?B,) (Fig. 1), the unpaired electron is delocalized
and spread out over two or more sites in the molecule. This
results in a number of resonant electronic structures of
comparable importance. Owing to the delocalization, resonantly
stabilized free hydrocarbon radicals are more stable than
ordinary radicals'®'® and can reach high concentrations in
flames. These high concentrations make them important
reactants to be involved in the formation of soot and PAHs.
Combustion models suggest that the synthesis of small carbon-
bearing molecules and radicals is linked to the formation of
PAHs and to the production of soot in hydrocarbon
flames.'”?* Reaction mechanisms currently in favor are
thought to involve RSFRs like propargyl.”!*2>° The self-
reaction of propargyl is considered to be one of the most
significant cyclization steps in flames of aliphatic fuels.***°
Electronic structure calculations imply that the acyclic

Department of Chemistry, University of Hawaii at Manoa, Honolulu,
HI 96822, USA. E-mail: ralfk@hawaii.edu

H H

. _ \ -
C—C=C—H —C—C—
% /c C=C—H
H H
propargyl (X’By)
H\ H\ H
c=¢ c—¢
H / \H H // H
el —~C
\ \
H H
allyl (X?A,)
H H
\ .

A(=Cc=C—H — u A —c=c—n

1-buten-3-yn-1-yl (X?A")

H
\C.—C= —C=C—H
/ =

}){/ \
H\ .
C=—C—C—C=C—H

N
/C—C—C—C C H P
H H

H

e~

2,4 pentadiynyl-1 (X?B;)

Fig. 1 Resonant structures of propargyl, allyl, 1-buten-3-yn-1-yl, and
2,4-pentadiynyl-1.
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collision complex(es) initially formed in the recombination of
two propargyl radicals may isomerize ultimately forming
benzene which decomposes to the phenyl radical plus a
hydrogen atom.*”*¥ The models suggest further that consecutive
reactions of the phenyl radical with unsaturated hydrocarbons
can form more complex structures, possibly bicyclic aromatic
hydrocarbon molecules like indene (C9Hg) and naphthalene
(CioHg). ™

Although the propargyl radical represents the most studied
RSFR due to its potential role in the formation of the first
aromatic ring in hydrocarbon flames, its stability and hence
unimolecular decomposition has been poorly understood so
far #24448.53°65 Here  the unimolecular decomposition of
propargyl®® has been suggested to form predominantly C5H,
isomers cyclopropenylidene (c-C3H»; X'A;), propargylene
(HCCCH; X°B), and vinylidene carbene (H,CCC; X'Al)

(@)

(Fig. 2).33%6777 These isomers present also important building
blocks in the formation of PAHs and related molecules due to
the equilibrium reaction with hydrogen atoms, which access
the CsHj; surface via the generic process C;H, + H <
C;H;.”® In this context it is very important to highlight that
Hansen et al. assigned propargylene (HCCCH) and cyclo-
propenylidene (c-C3H,) in cyclopentene flames via photo-
ionization mass spectrometry.” A re-analysis of previous
flame studies®®®* suggested that the nature of the Cs;H,
isomers formed critically depended on the hydrocarbon fuel.

Besides flame studies, the formation of Cs;H, isomers was
also studied experimentally and theoretically by investigating
the unimolecular decomposition of chemically activated Cs3Hj;
molecules formed in the reaction of methylidyne radicals,
CH(X’T), with acetylene, C;H, (X', "), and of ground state
carbon atoms, C(3Pj), with the vinyl radical, C,H; (X?A’).
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Fig. 2 Geometries of C3H, (a) and CsH (b) isomers; singlet and triplet spin states of the C3H, isomers are grouped in the left and right column,
respectively. The enthalpies of formation of the C3H, and CsH isomers are indicated relative to the lowest energy isomers (cyclopropenylidene and

cyclopropynyl). Bond lengths are in angstroms and bond angles in degrees. Geometries and energies are compiled from Mebel ef a

with asterisk (*) are taken from Peeters et al.%®
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Fig. 3 Potential energy diagram of the reaction of methylidyne radicals with acetylene compiled from Mebel et al..*> Goulay et al.”° (values in

round brackets), and Vazquez er al.'*?

(values in angle brackets).

Most of the attention has been focused on the reaction of the
methylidyne radical; this species presents one of the most
reactive carbon-bearing radicals with unsaturated hydro-
carbons holding rate constants of a few 107'% cm? s71.3485 1t
possesses a Il symmetric vacant, non-bonding molecular
orbital which is localized at the carbon atom directed
perpendicular to the C—H bond. This empty orbital suggests
that the methylidyne radical acts as a Lewis acid in reactions
with unsaturated hydrocarbons such as acetylene. Nevertheless,
no conclusion has been reached on the reaction mechanism of
the methylidyne radical with acetylene to form distinct C3Hj3
isomers. Three entrance channels have been considered
(Fig. 3): (i) an insertion into a carbon—hydrogen bond leading
to the propargyl radical (3), (ii) addition to a single carbon
atom forming 1-propene-1-yl-3-ylidene (1), and (iii) cyclo
addition to the m-electron system leading to cycloprop-2-enyl
(4). The initial collision complexes can undergo multiple
isomerization and fragment via atomic and molecular hydro-
gen loss forming C3H, and Cs;H isomers, respectively. From
the theoretical viewpoint, Peeters et al.%® expanded a theoretical
study by Walch e al. on the C;H; PES® thus providing a
detailed potential energy surface (PES) for the reaction at the
B3LYP-DFT/6-31G** level of theory (Table 1). Accompanied
by RRKM calculations,®® the authors predicted that at
pressures of up to several atmospheres, the initial insertion
and cyclo addition had comparable probabilities, while the
terminal addition pathway was insignificant (<10%). Over
a temperature range from 300 K to 2000 K, the triplet
propargylene radical (HCCCH) was determined to be the
dominant product (90-82%) followed by the thermodynamically
more stable singlet cyclopropenylidene (c-CsH;) isomer
(7-11%). The formation of singlet vinylidene carbene
(H,CCC) was predicted to be only a minor channel (~1%)
similar to the molecular hydrogen loss forming the linear C;H
molecule (propenylidyne; ~2%). The latter pathway was
found to have an exit barrier; the calculations give low yields
of this channel despite the greater exoergicity by about 46 kJ
mol~! to form propargylene (HCCCH) plus atomic hydrogen.
Vereecken and Peeters suggested a tight transition state for the
molecular hydrogen loss, which has a comparable energy to

HCCCH plus atomic hydrogen, in contrast to a very loose
variational transition state for HCCCH plus atomic hydrogen
pathway. An earlier study by Walch ez al.¥’ yielded a similar
hydrogen atom yield of 100%, but predicted exclusively singlet
propargylene (H,CCC) production; however, multiple reaction
pathways were not considered in this study. A third theoretical
study by Mebel er al.® predicted a similar trend as Peeters
et al.; branching ratio of HCCCH + H (84-87%), c-C3H, +
H (10-13%), and H,CCC + H (~1%) were predicted with
the molecular hydrogen elimination to linear tricarbon
hydride isomer of minor importance (~2%). This theoretical
study located a transition state from the cyclic C3;H; isomer to
form ¢-C3;H, + H, which could not be found by Peeters et al.3
The most recent high-level electronic structure and RRKM
calculations predicted higher contributions of the c-C;H,
isomer (27.0%) triplet propargylene (HCCCH;
63.5%) with minor contributions from vinylidenecarbene
(H,CCC) plus atomic hydrogen and linear CsH (HCCC) plus
molecular hydrogen (less than 9.5% combined).*
Experimentally, the unimolecular decomposition of C3;Hj;
radicals can also be studied under molecular beam conditions
via photodissociation of the propargyl radical. Photodissocia-
tion of the propargyl radical in the range of 242 to 248 nm
generates the propargyl radical with a similar energy to that
obtained via chemical activation in the reaction of methylidyne
plus acetylene. Deyerl et al.”! used 242 nm to photodissociate
internally cold propargyl radicals; the hydrogen atom
products were ionized by Lyman-o radiation at 121 nm;
Doppler profiles were analyzed to obtain the center-of-mass
translational energy distribution. The peak close to zero
translational energy suggests that electronic excitation is
followed by internal conversion to the ground state surface
followed by a statistical decay to the products. From the
energetics, the authors concluded that the most likely product
was cyclopropenylidene (c-C3H,). Photodissociation studies of
isotopically substituted propargyl (D,CCCH) radicals showed
complete isotopic scrambling. The authors suggested a
unimolecular decomposition of a C3H,D intermediate formed
via an internal'? hydrogen shift followed by cyclization. In a
more recent study, Butler er al.”> examined the unimolecular

versus
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Table 1 Experimental and theoretical product branching ratios for the reaction of methylidyne radicals with acetylene and photodissociation

studies of the propargyl radical”

Reference

Method

Temperature, pressure

Branching ratio

Walch er al. (1998)%7
Vereecken and Peeters (1999)%8

Mebel et al. (2001)%°

Goulay et al. (2009)*°

Neumark e7 al. (2008)°3

Mebel er al. (2001)%

Boullart et al. (1996)°

McKee e al. (2003)°
Loison and Bergeat (2009)%°

RRKM on internally confined CI PES
RRKM on B3LYP-DFT PES

RRKM on B3LYP and RCCSD(T) PES

RRKM on CBS-APNO PES

Photofragment translational
spectroscopy of propargyl (248 nm)
Theoretical study of photodissociation of
propargyl (193 nm)

Theoretical study of photodissociation of
propargyl (242 nm)

Low pressure acetylene/atomic oxygen
flame (600 K), threshold ionization MS
Helium reaction flow, LIF of H atoms
Helium reaction flow, LIF of H atoms

1000 K, 0 Torr
1400 K*, 0 Torr

0 K, 0 Torr

298 K, 0 Torr

0 K, 0 Torr

0K, 0 Torr

0 K, 0 Torr

600 K, 2 Torr

295 K, 25 Torr
295 K, 2 Torr

100% CCCH, + H
86% HCCCH + H

9% C-C3H2 + H

3.3% HCCC + H,
1.7% CCCH, + H
84.5-87% HCCCH + H
10.2-12.8% c-C3H, + H
1.8-1.9% HCCC + H,
0.9% CCCH, + H

27% c-CsH, + H
63.5% HCCCH + H
<9.5% CCCH, + H and CsH + H,
97.6 + 1.2% H loss

2.4 + 1.2% H, loss
86.5% HCCCH + H
3.6% c-C;H, + H

5.5% HCCC + H,
3.5% CCCH, + H
0.9% C,H, + CH
90.2% HCCCH + H
5.1% c-CsH, + H

3% HCCC + H,

1.6% CCCH, + H
0.1% C,H, + CH
8574° H loss

15j195 Hz loss

105 + 9% H loss

90 4+ 9% H loss

Goulay et al. (2009)*° Helium gas flow, tunable VUV

(synchrotron) conformer-specific

298 K, 4 Torr >90% c-CsH, + H

<10% HCCCH + H

ionization of products; time-resoled MS

¢ branching ratios corresponding to our experimental collision energy are only shown

dissociation of propargyl (CsH3) over a wide range of internal
energies. The authors proposed that H,CCC is preferentially
contributing on the fast side of the time-of-flight (TOF)
distribution; ¢-C3H> is likely the dominant isomer formed in
the dissociation of propargyl radicals with energies near the
dissociation threshold. A photodissociation study of propargyl at
248 nm by Neumark et al.®® suggested that the propargyl
radical fragments via atomic and molecular hydrogen loss with
branching ratios of about 97.6 to 2.4. Under these conditions,
theory predicts that only 5% of the atomic hydrogen loss
produces cyclo propenylidene (c-C3H,) with propargylene
(HCCCH) being dominant.”® The P(Er) distribution of the
molecular hydrogen loss leading to the C;H product was
distinct from the atomic hydrogen loss; it peaked away from
zero translational energy at about 76 kJ mol™!, with a high
energy tail extending to about 112 kJ mol~! as characteristic
for the formation of C;H products. This distribution is
indicative of a unimolecular decomposition of a CsHj inter-
mediate via a tight exit transition state. Unfortunately, the
center-of-mass translational energy distribution (P(Et)) of the
C3H, and Cs;H products at m/z = 38 and 37 could not
distinguish well between the isomers, except for the small
amount of signal at m/z = 38 of 4 £ 2% with translational
energy above the maximum for the propargylene (HCCCH)
plus atomic hydrogen products; these were suggested to
originate from the c-C3;H, isomer. A theoretical study
of propargyl photodissociation at 193 and 242 nm by

Mebel er al¥® supports the overall branching ratio of the
atomic versus molecular hydrogen loss (97%/3%) measured
by Neumark et al. at 242 nm and predicts a ~5% contribution
of ¢-C3H, and 1.6% of H,CCC.

Alternatively, the reaction of methylidyne radicals with
acetylene was also investigated in kinetics studies indicating
a barrier-less addition of methylidyne to the acetylene
molecule.****?> Canosa er al.® investigated the temperature
dependence of the global rate constant down to 23 K; their
data supported the absence of any entrance barrier; however,
this work could not determine any reaction product. Kinetic
studies in gas flow tubes presented ambiguous results. For an
elevated temperature of 600 K and 2 Torr, Boullart et al®®
suggested atomic and molecular hydrogen pathways leading to
C;H; and C;H isomers of about 85% and 15%, respectively,
as derived from isothermal discharge flow reactor studies.
However, McKee et al. employing the detection of hydrogen
atoms via laser induced fluorescence (LIF) indicated an
almost exclusive formation of C3H, molecules of unknown
structure.”” On the other hand, Loison and Bergeat reported in
a low-pressure fast flow reactor study that the hydrogen atom
loss channel contributes to only 90%.%5 The most recent
kinetic study by Goulay er al.’® was conducted in a slow flow
reactor at 4 Torr at 293 K coupled with tunable vacuum
ultraviolet (VUV) photoionization and time resolved mass
spectrometry to monitor the products. An analysis of the
photoionization efficiency curve permitted an isomer-specific

This journal is © the Owner Societies 2011
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detection of the reaction products and allowed an estimation
of the reaction product branching ratios. The raw data
suggested a predominant fraction of the cyclic C;H, isomer
(90%) and about 10% propargylene (HCCCH). Electronic
structure calculations on the C;H; and C;H,D surfaces
revealed the presence of facile hydrogen-atom assisted isomer-
ization processes of the nascent C3H, products, in particular
propargylene (HCCCH), to the cyclic C3H, isomer; note that
under these experimental conditions, single collision conditions
do not exist.

Summarized, the previous theoretical and experimental
(kinetics, photodissociation) studies suggest that no complete
picture has emerged on the unimolecular decomposition of
propargyl radicals. Consequently, a high-level experimental
investigation on the unimolecular decomposition of the
propargyl radical is warranted to shed light on this issue.
These are experiments under single collision conditions, in
which particles of one supersonic beam are made to ‘collide’
only with particles of a second beam. The crossed molecular
beam technique represents the most versatile approach in the
elucidation of the energetics, dynamics, and potential energy
surfaces (PES) of elementary reactions under single collision
conditions without successive reactions of the nascent
reaction products.”®'°! Here, we present crossed molecular
beam data on the reaction of ground state methylidyne
radicals with acetylene (CH/C,H,) at a collision energy
of 16.8 kI mol™'. These data are compared then with
previous experimental and theoretical studies of this system
in an attempt to gain a more coherent picture of the reaction
of methylidyne radicals with acetylene. Our results can be
placed in the context of hydrocarbon combustion,'0%!03:104-107
interstellar chemistry'® "% and the chemistry of hydrocarbon
rich atmospheres of planets (Uranus, Neptune)''> and moons
(Titan, Triton)''*!""” where methylidyne reactions with
acetylene are important.

+16666.7 ps
|

2. Experimental

The crossed beam reactions of methylidyne, CH(X>IT), with
acetylene, C2H2(X12g+), were conducted in a universal
crossed molecular beams machine under single collision
conditions.''® 12! We generated a pulsed supersonic beam of
ground state methylidyne radicals, CH(X>IT), via photolysis of
helium-seeded bromoform (CHBr3;). Helium gas (99.9999%;
Gaspro) at a pressure of 2.2 atm was bubbled through a
stainless steel container, which acted as a reservoir for the
bromoform held at a temperature of 283 K. This resulted in
seeding fractions of 0.12% bromoform in helium. This mixture
was introduced into a pulsed piezoelectric valve operated at a
repetition rate of 60 Hz, pulse widths of 80 us, and a peak
voltage of —400 to —450 V. The output of an excimer laser
(KrF, 248 nm, 60 mJ per pulse) was focused with a 1 meter lens
downstream of the nozzle to an area of about 4 mm by
0.7 mm. Based on calibration with noble gases, we estimated
that a few 10'? radicals cm ™ can be formed in the interaction
region of the scattering chamber. Metastable species formed
from the tight focus conditions during the photolysis with the
248 nm laser beam are one potential source of background
interference. These neutral electronically highly excited species
can travel within the beam and pass the QMS filter; they get
field ionized by the high voltage doorknob target held at
—22.5 kV in the detector. In order to eliminate them, we
introduced an electrostatic plate in the region between the
pulsed valve nozzle and the skimmer operated at —2000 V.
The pulsed beam of the methylidyne radicals pass through a
skimmer; a four-slit chopper wheel selects a part of this beam
with a well-defined velocity. In the interaction region, this
section of the pulse intercepts the most intense section of a
pulsed acetylene beam perpendicularly. The peak velocities
(vp) and speed ratios (S) of the segments of the interacting
beams together with corresponding collision energies and

PDG I
MCS

+152 us Excimer (KrF) laser

i 30 Hz
| PDG I
+1926 ps
8 60 Hz l
Reaction
480 Hz delay (
Photodiode
on 4-slit
chopper wheel
@ 120 Hz €0 s
Amplifier
l Pulsed valve | H Pulsed valve Il }

PDG = pulse-delay generator
MCS = multi-channel scaler
LIF = laser-induced fluorescence

1
13 LIF laser
|10 Hz

PDG Il

-6 s ~—-‘ Flash lamps Nd:YAG laser Il ]
|

+186 s —-l

Q-switch Nd:YAG laser Il
(LIF dye laser pulse)

Fig. 4 Time sequence of the crossed beam experiments and LIF detection. The delay generator PDG I defines the time delay between the
photodiode (time zero) and the pulsed valves; this delay generator triggers PDG II at a rate of 30 Hz. PDG 11 sets the delay for the excimer laser
and—after division by three—triggers PDG III at 10 Hz; the latter triggers the Q-switch of the Nd:YAG laser utilized to pump the dye laser of the

LIF laser system.
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center-of-mass angles are 1747 + 17 ms~! and 17 + 3 for
methylidyne and 902 &+ 20 ms™' and 16 + 1 for acetylene,
respectively. This results in a nominal collision energy of
16.8 + 0.4 kJ mol ! and a center-of-mass angle of 45.9 & 0.9°.
The time sequence of the experiment is shown in Fig. 4. Note
that we determined the velocity and the speed ratio of the
methylidyne radical beam on-axis in the TOF mode. Since
signal at m/z = 13 (CH") also originates from dissociative
ionization of non-photolyzed bromoform in the ionizer, even a
laser on minus laser off subtraction cannot eliminate this
contribution. Therefore, we utilized the electron impact ionizer
in the soft ionization mode at an electron energy which still
allowed sufficient signal from ionization of the methylidyne
radical, but a significantly reduced signal from dissociative
ionization of the bromoform precursor. The TOF spectra of
the methylidyne beam were obtained at electron energy of
34 eV. Note that the photodissociation of bromoform is a
multiphoton process initiated by the cleavage of the
carbon-bromine bond to yield CHBr, + Br!?>123
(0(248 nm) = 1.9 x 10~'® cm?).'** Utilizing photoionization
photofragment translational spectroscopy, North er al.
observed also CHBr, CBr, HBr, and Br, fragments which
were attributed to higher-order photodissociation processes of
CHBr, and CHBr. Mebel computed the photodissociation
cross sections of CHBr, and CHBr at 248 nm to form the
methylidyne radical plus molecular and atomic bromine to be
1.6 £ 0.4 x 107" and 2.0 + 0.3 x 107" cm?, respectively.'?’
Therefore, the photodissociation of bromoform produces
apart from methylidyne radical possibly the reactive
species CHBr,, CHBr, and CBr. When crossing with
the acetylene beam, these systems have considerably lower
center-of-mass angles due to the heavy bromine atom.
For example, the CHBr fragment travelling with the same
velocity as the methylidyne radical has a center-of-mass
angle of only 8° compared to 45.9° in the methylidyne—
acetylene system. Hence, the dynamics of bromine-containing
radicals can be distinguished from those of the methylidyne
reactions based on the distinct scattering angular ranges
of the products and also by the different masses of the
products.

The reactively scattered species were mass-filtered using a
quadrupole mass spectrometric detector in the time-of-flight
(TOF) mode after electron-impact ionization of the neutral
molecules at 80 eV electron energy. The detector can be
rotated within the plane defined by the primary and the
secondary reactant beams to allow taking angular resolved
TOF spectra. At each angle, up to 70000 TOF spectra were
accumulated to obtain good signal-to-noise ratios. The
recorded TOF spectra were then integrated and normalized
to extract the product angular distribution in the laboratory
frame (LAB). In order to acquire information on the scattering
dynamics, the laboratory data (TOF, LAB) were transformed
into the center-of-mass reference frame utilizing a forward-
convolution routine.'**'?” This iterative method employs
a parametrized or point-form angular flux distribution,
T(0), and translational energy flux distribution, P(ET),
in the center-of-mass system (CM). Laboratory TOF spectra
and the laboratory angular distributions (LAB) are calculated
from the 7(0) and P(Et) functions and are averaged

over a grid of Newton diagrams accounting for the apparatus
functions, beam divergences, and velocity spreads.

Only methylidyne radicals in the *IT ground electronic state
participate in the reaction. The A and B states that might be
populated in photolysis process have lifetimes of 440 4+ 20 ns
and 470 + 20 ns'*® and hence relax to the ground state before
they reach the collision center. We characterized the rotational
and vibrational modes of the methylidyne radical CH(X?II) in
the interaction region of the scattering chamber utilizing laser
induced fluorescence (LIF). Methylidyne radicals are detected
using A’A-X>IT transitions: (0,0) vibrational band for excitation
near 431 nm and (0,1) band for detection near 490 nm. Laser
light was produced by Lambda Physics Scanmate dye laser
using Stilbene 420 dye pumped by the third harmonic (355 nm)
of an integrated neodymium-doped yttrium aluminium garnet
(Nd:YAG) laser. The output was attenuated to ~10 pJ to
avoid saturation of the electronic transition. The interference
filter (Andover corp., centered at 490 nm, 10 nm bandwidth) in
front of the photomultiplier tube (PMT, Hamamatsu R955)
discriminated against scattered laser light. The incoming
detection laser beam is mainly absorbed by a piece of polished
black glass (ThorLabs, neutral density filter, 40-20 surface
quality), and the reflected part travels back into the baffles
tube. The fluorescence spot in the interaction region is
projected by a 35 mm focus lens onto the center of the iris
in front of the PMT which is mounted on top and centered at
the axis of QMS detector rotation. This vertical orientation of
light detector minimizes the collection of Rayleigh scattered
light of vertically polarized laser on the atoms and molecules
in the beam. Another piece of polished black glass is placed
under the interaction region onto the mount for the cold shield
to minimize the propagation of scattered laser light in the light
collection cone. The fluorescence signal detected by the
PMT was then amplified by a built-in preamplifier of the
Hamamatsu C7247 PMT socket assembly prior to feeding
into a digital oscilloscope. Typically, 16 laser shots were
averaged for each data point and sent to a computer via GPIB
interface. An actual LIF spectrum of supersonic jet cooled
methylidyne radicals is shown in Fig. 5. The spectrum was
analyzed utilizing a LIFBASE database and spectral
simulation for diatomic molecules by Jorge Luque.'?’ Best fits
were achieved with a rotational temperature of 14 K; the
relative populations of the first vibrationally excited level
(v = 1) was estimated to be less than 6% based on the (1,1),
Ry(1) peak. Note that we cannot distinguish between
different spin—orbit states of methylidyne radical (Q = 1/2
vs. Q = 3/2) because for the observed transitions, the largest
spectroscopic splitting (0.11 cm™! for R,(1) transition) would
be still smaller than the line width of the detection laser
of 0.15 cm™ .

3. Results

Scattering signal for the reaction of methylidyne with
acetylene was monitored at mass-to-charge ratios (m/z) of 38
(C3H,7), 37 (C3H™), and 36 (C3™); the time-of-flight (TOF)
spectra and the corresponding laboratory angular distributions
are shown in Fig. 6 and 7, respectively. Signal at m/z = 38
(C3H,™) originates from the atomic hydrogen loss channel
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Fig. 5 LIF spectrum of methylidyne radicals in a supersonic helium
beam (bottom) and the best-fit simulation (top). The simulation
suggests a rotational temperature of 14 K; the relative populations
of the first vibrationally excited level is less than 6%.

forming CsH, isomers. The TOF and laboratory angular
distribution for this channel could not be fit with a single
channel, parametrized center-of-mass translational energy
distribution (P(ET)). However, a one channel fit could be
achieved by successfully utilizing a P(Et) in point form and
a parametrized center-of-mass angular distribution (71(0)). The
TOF spectra at m/z = 37 (C3H™") are very interesting and
after scaling—do not overlap with those obtained at m/z = 38.
This finding alone suggests that signal at m/z = 37 does not
only originate from dissociative electron impact ionization of
the C3H, parent molecules. In order to fit the laboratory data
at m/z = 37 (C3H"), it was necessary to include two
additional channels with the mass combination 37 amu
(C5H) plus 2 amu (H,) from the methylidyne plus acetylene
reactants and a second pathway with the mass combination
37 amu (C3H) plus 1 amu (H). These findings deserve some
comments. First, the need to incorporate the channel with the
mass combination 37 amu plus 2 amu indicates that besides
the methylidyne versus atomic hydrogen exchange pathway
leading to molecules of the generic formula CsH,, a second
reaction channel to form C;H isomer(s) via molecular hydrogen
loss is also open. Secondly, it was imperative to include a
reaction channel with the mass combination 37 amu plus
1 amu originating from reaction of ground state carbon atoms
with acetylene to fit the data. Since the reaction dynamics
of this system were studied in our group over a broad range of
collision energies from 8 to 31 kJ mol~"',%” the incorporation of
this reaction channel does not present a complication. Note
that due to the required tight laser focus necessary to generate
methylidyne radicals in the primary source via multi photon
dissociation of bromoform in the primary source chamber,
this tight laser focus likely induced a photolysis of a fraction of
the methylidyne radicals to generate ground state carbon
atoms plus atomic hydrogen as well. Finally, let us have a
look at the TOF data and laboratory angular distributions of
mjz = 36 (C3"). It is obvious that neither the TOF nor the

LAB distribution of m/z = 36 overlaps with those obtained at
m/z = 37 or 38. Therefore, we have to conclude that the signal
at m/z = 36 does not originate solely from dissociative
ionization of the C3H, and C3;H parent molecules. A closer
look at the TOF spectra depicts pronounced shoulders from
about 200 to 250 ps; these shoulders are also reflected in
enhanced signal at the laboratory angular distribution of
m/z = 36. This fast component could be fit with a product mass
combination of 36 amu (C3) plus 2 amu (H,) originating from
the reaction of ground state carbon atoms with acetylene.
Recall the molecular hydrogen plus tricarbon channel was also
observed previously in our group during the dynamics studies
of the reaction of ground state carbon atoms plus acetylene.
Therefore, the center-of-mass functions of this pathway were
extracted from ref. 57 to adequately fit the laboratory data.

We would like to point out that although the laboratory
data at m/z = 38 (C3H, ™) were nicely fit with a single channel
utilizing center-of-mass translational energy and angular
distributions in point and parameter form, respectively, we
also investigated if a two-channel fit using all center-of-mass
functions in parameter form could lead to an acceptable fit.
This approach was guided by the results of the electronic
structure calculations as compiled in Fig. 2 and the computed
reaction energies to form the c-C3H, isomer (exoergicity:
105-128 kJ mol™!) and the HCCCH/H,CCC isomers
(exoergicity: 48-57 kJ mol™'). The results of the fits are
overlaid in Fig. 6 and 7. The data at m/z = 38 could be nicely
fit with a two-channel system accounting for the formation of
¢-C3H, and HCCCH/H,CCC; the corresponding center-
of-mass functions are discussed below.

To summarize these findings, the laboratory data suggest
that the reaction of methylidyne radicals with acetylene
involves atomic and molecular hydrogen loss pathways
leading to C3H, and C3;H isomers as detected via m/z = 38
and 37. The scattering signal at m/z = 38 could be also fit with
two channels representing the formation of two classes of
isomers: ¢c-CsH, and HCCCH/H,CCC. Following the proce-
dure as outlined in ref. 57 we extracted the branching ratios of
the products formed under single collision conditions in the
reaction of methylidyne radicals plus acetylene to be as
follows: c-C3H»: 31.5 + 5.0%, HCCCH/H,CCC: 59.5 + 5.0%,
and HCCC: 9.0 & 2.0%.

4. Discussion

To provide information on the reaction dynamics, we have to
analyze the derived center-of-mass functions as compiled in
Fig. 8. Please note that we discuss only those functions
relevant to the reaction of methylidyne radicals with acetylene;
the atomic carbon—acetylene system, whose center-of-mass
functions were necessary to fit data at m/z = 37 and 36, was
disseminated previously and the reader is referred to the
original literature.’’ Let us investigate the center-of-mass
translational energy distributions first. The P(Er) of the
one-channel depicts a high energy cutoff at 118 & 8 kJ mol~".
For those molecules born with no internal excitation, the
maximum translational energy allowed presents the arithmetic
sum of the collision energy and the absolute of the reaction
exoergicity. Accordingly, the reaction exoergicity can be
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determined by subtracting the collision energy from the max-
imum translational energy observed to be 101 + 8 kJ mol™!. A
comparison of this value with those computed for distinct
C5H, isomers suggests the formation of at least the thermo-
dynamically most stable c-C3H, molecule. Further, the P(ET)
peaks away from zero translational energy; no acceptable fits
were achieved with monotonically decreasing functions
peaking at zero translational energy. This pattern suggests
the existence of a tight exit transition state upon formation of
c-C3H, plus atomic hydrogen or alternatively dynamical
effects as the consequence of the gas phase bimolecular
collision. Recall that we were able to split up the one-channel
fit into two channels (Fig. 8, center column). As evident from
the fits of the laboratory data, both the one and the two
channel fits nicely replicate the experimental data. The corres-
ponding two channel fit was achieved with P(Ey)s extending to
maxima of 73 £+ 7 kJ mol™' and 120 + 10 kJ mol™"'.
A subtraction of the collision energy leads to reaction
exoergicities of 56 + 7 kJ mol™! and 103 + 10 kJ mol™!,
respectively. These values are in good agreement with those
attributable to the formation of the HCCCH/H,CCC
(channel 1) and the c-C3H, isomers (channel 2) by comparison
with the computed exoergicities of 48-57 kJ mol™' and
105-128 kJ mol~", respectively. Note that within the error
limits, we cannot discriminate between the HCCCH and
H,CCC isomers, with the Ilatter energetically slightly
unfavorable. It is also important to indicate that the P(Et)
related to the formation of the HCCCH/H,CCC isomer(s)
peaks closer to zero at 10-20 kJ mol™! than the function
accounting for the c-C3H, molecule which shows a distribution
maximum at about 35-50 kJ mol~!. Therefore, either the
transition state leading to c-C3H, is tighter compared to those
leading to HCCCH/H,CCC or dynamical effects are more
pronounced in the formation of the c-C3H, isomer. Having
accounted for the atomic hydrogen channel, we are turning
our attention now to the molecular hydrogen loss pathway.
Here, the P(E7) extends to translational energies of
115 + 8 kJ mol™'; a subtraction of the collision energy results
in an exoergicity of 98 + 8 kJ mol~', to form the linear CsH
isomer, which is in close agreement with the theoretically
predicted value of 103 kJ mol™' (Fig. 3). Likewise, this
distribution peaks well away from zero translational energy
at about 25-30 kJ mol~! indicating a tight exit transition state
involved in the formation of 1-C3H plus molecular hydrogen.
Note that the calculations suggest that the cyclic C3H isomer
cannot be formed in the reaction of methylidene with
acetylene. The translational energy distributions also allow
for the determination of the percentage of available energy
partitioned into the translational degrees of freedom. These
values were determined to be 39 + 5% for ¢-C3zH,, 30 £+ 3%
for HCCCH/H,CCC, and 35 + 3% for the linear CsH
isomer—fractions which indicate indirect scattering dynamics
involving collision complexes.'*

The center-of-mass angular distributions reveal important
additional information on the reaction dynamics. Upon first
inspection, we notice that for all channels, intensity of the
center-mass angular distributions is always greater than zero
for all angles. This finding implies rather indirect scattering
dynamics involving CsHj3 intermediates. Secondly, the angular

distributions leading to HCCCH/H,CCC and I-C3H are
forward—backward symmetric about 90°. The symmetry
suggests that the intermediate has a lifetime longer than the
rotational period of the decomposing complex.'*® Most
importantly, data for the molecular elimination channel
leading to 1-CsH could be only fit with a 7(0) with a minimum
at 90°. This indicates geometrical constraint upon complex
decomposition with the molecular hydrogen being emitted
preferentially within the rotation plane of the decomposing
C;Hj; intermediate almost perpendicularly to the total angular
momentum vector.'*® The channel leading to HCCCH/
H,CCC involved isotropic or slightly peaking center-of-mass
angular distributions. However, the 7(0) leading to c-CsH,
plus atomic hydrogen is distinct from the previously discussed
functions as it shows a slight forward peaking. Ratios of the
flux intensities at the respective maxima and minima,
1(0°)/1(180°), were found to be 1.3 + 0.2 indicating the possible
existence of an osculating complex which decomposes to
c-C3H, plus atomic hydrogen. Further, the incorporated
methylidyne radical and the leaving hydrogen atom have to
be located on opposite sides of the rotational axis to account
for this forward scattering.

Having analyzed the derived center-of-mass functions, we
are proposing now the underlying chemical dynamics leading
to the formation of ¢c-C3H,, HCCCH/H,CCC, and 1-C3;H by
combining our results with those obtained from recent
electronic structure calculations as compiled in Fig. 3. For
this, we are correlating the structures of the reaction products
with the intermediates involved and also with the experimentally
found dynamics. The results suggest that the propargyl radical
intermediate (3) presents the central decomposing intermediate
forming HCCCH/H,CCC plus atomic and 1-C;H plus molecular
hydrogen via a complex-forming reaction mechanism (indirect
scattering dynamics as predicted by the center-of-mass angular
distributions). Here, propargyl can undergo unimolecular
decomposition via molecular hydrogen loss leading to the
1-CsH isomer plus molecular hydrogen through a tight exit
transition state located about 43 kJ mol™! above the energy of
the separated reactants. The computed geometry of the exit
transition state®® suggests that molecular hydrogen is ejected
almost in the plane of the decomposing intermediate. Here,
one hydrogen atom of the leaving molecular hydrogen was
calculated to depart at an angle of about 1.1° below and the
second hydrogen atom 7.4° above the molecular plane. This
theoretical prediction is fully supported by our experimental
finding of a 7(#) holding a minimum at 90°, i.e. a preferential
emission of molecular hydrogen within the plane of the
decomposing complex. Note that based on the PES, an
alternative pathway connects intermediate CH3CC (6) to
1-C3H plus molecular hydrogen. This mechanism would also
involve a tight exit transition state, which is located 95 kJ
mol~! above the separated reactants. However, the computed
geometry of the transition state connecting intermediate (6)
and 1-C;H indicates that molecular hydrogen is lost
perpendicularly to the rotational plane at an angle of about
86.7°. This clearly contradicts our experimental finding, and
we can dismiss that intermediate (6) plays a role in
the chemical dynamics of this channel. Therefore, we can
conclude that the 1-CsH plus molecular hydrogen are formed
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via unimolecular decomposition of the propargyl radical, but
not from intermediate (6). Recall further that the 7(0) of this
channel is indicative of a long-lived complex; this can be
rationalized by the deep potential energy well of 454 to
495 kJ mol~', in which the propargyl radical intermediate
resides. To summarize, the existence of the propargyl radical
(3), decomposing to 1-C3H plus molecular hydrogen, can
account for the experimental findings of a forward-backward
symmetric center-of-mass angular distribution, an experi-
mentally predicted tight exit transition state (recall that the
P(ET) of this channel was found to peak away from zero
translational energy in the range of 25-30 kJ mol "), and the
in-plane emission of molecular hydrogen.

A closer look at the pertinent PES indicates that the
propargyl radical (6) can—besides molecular hydrogen
emission to form 1-CsH—also fragment via atomic hydrogen
elimination to H,CCC and/or HCCCH via loose transition
states. Since the transition state connecting (6) with 1-C3H plus
molecular hydrogen is almost isoenergetic with the energies of
H,CCC and/or HCCCH, but of tight nature compared to the
loose transition states from propargyl via atomic hydrogen
loss, we expect that the atomic hydrogen loss to H,CCC
and/or HCCCH dominates over the molecular hydrogen loss
channel. This is confirmed by our experimental findings
suggesting fractions of 59.5 + 5.0% for HCCCH/H,CCC,
but only 9.0 + 2.0% for I-HCCC. Further, the inherent
center-of-mass angular distribution for the hydrogen atom
loss channel leading to HCCCH/H,CCC suggested the
existence of a long-lived reaction intermediate. Consequently,
we can conclude that a long-lived propargyl radical presents a
common reaction intermediate; its unimolecular decay leads
predominantly to HCCCH/H,CCC via atomic and to a lesser
amount to I-HCCC via molecular hydrogen loss pathways.
However, we should point out that the P(ET) of the atomic
hydrogen loss channel was found to peak at 1020 kJ mol~'. A
long-lived complex behavior should be reflected in a P(ET)
peaking at zero translational energy. Could other reaction
intermediates also contribute to the atomic hydrogen loss and
inherent formation of HCCCH/H,CCC? Based on the PES,
intermediate (1) could in principle decay to HCCCH plus
atomic hydrogen. However, the inherent barrier of 155 kJ mol ™!
cannot be verified experimentally. Likewise, if (1) is formed, it
rather isomerizes to the propargyl intermediate (3) via a
barrier of only 44 kJ mol~!. Hence, we can exclude intermediate
(1) as a source of HCCCH plus atomic hydrogen. On the other
hand, intermediate (2), which could be formed via isomerization
of (3) and/or (3) —» (5) — (2) can connect to H,CCC plus
atomic hydrogen via a barrier located 9 to 14 kJ mol~! above
the energy of the separated products. Therefore, at the present
stage, we cannot disregard that the decomposition of inter-
mediate (2), which is formed from the already identified
propargyl radical intermediate (3) via isomerization leads to
H,CCC plus atomic hydrogen.

Finally, we are addressing the possible dynamics to form the
c-C;H, molecule. The PES offers two possible routes. The first
pathway proceeds via addition of the methylidyne radical to
the carbon—carbon triple bond of the acetylene molecule
forming a cyclic intermediate (4) which decomposes through
a loose exit transition state. The second mechanism would

involve a decomposing intermediate (5), which is formed via
isomerization of the propargyl radical. Recall that the
propargyl radical was found to be long-lived with respect to
its rotational period. On the other hand, the 7(0) is slightly
forward-scattered and indicative of an osculating complex.
Therefore, if ¢c-C5H, is formed from (5), and the latter from
(3), we expect a forward—backward symmetric center-of-mass
angular distribution. Therefore, we can conclude that inter-
mediate (4) decomposed preferentially to c-C3H,. However,
does the experimentally found off-zero-peaking of the
corresponding P(Et) contradict the loose transition state
predicted from calculations? It should be recalled that
dynamical factor can lead to center-of-mass translational
energy distributions peaking well away from zero translational
energy. This was observed previously in the forward scattered
channels involved in the formation of c-CsH and the propargyl
isomer (CsHj3) plus a light hydrogen atom co-fragment as
observed in the crossed beam reaction of ground state carbon
atoms with acetylene®” and ethylene'! studied earlier. The
off-zero peaking micro channels were also correlated with
slightly forward-peaking center-of-mass angular distributions.
Therefore, a comparison of the presently observed dynamics
with those extracted for the c-C3H + H and C3;H; + H
channels in the CCP)/CoH, and C(°P)/C,H, reactions
indicates that in the CH/C,H, system, the c-C3;H, is likely
formed via a cyclic intermediate (4), which in turn is accessed
via addition of the methylidyne radical to the carbon—carbon
triple bond of the acetylene reactant. An analysis of the
possible rotational axes of (4) suggests that a rotation around
A/B axes can account for the forward scattering since in this
case, the incorporated methylidyne reactant and the leaving
hydrogen atom are located on opposite sides of the
rotational axis.

How do our results of c-CsH, (31.5 £ 5.0%), HCCCH/
H,CCC (59.5 £ 5.0%), and HCCC (9.0 £ 2.0%) compare with
previous experiments and calculations as compiled in Table 1?
It is important to note that none of the prior experiments was
conducted under single collision conditions. Nevertheless, the
preceding experiments by Boullart et al., McKee ef al., Loison
et al., and Goulay et al. agree with our finding that the atomic
hydrogen loss channel (105 &+ 9%-85 4+ 15%) dominates over
the molecular hydrogen loss. Previous works suggested upper
limits of about 10% by predominantly monitoring the hydrogen
atom yield quantitatively with respect to a well-known
reference system. Our crossed beam experiments, on the other
hand, were able to explicitly verify the molecular hydrogen
loss pathway directly by monitoring TOF spectra at m/z = 37
and by a comparison of their patterns and fits with those
of m/z = 38 and 36. Based on the two channel fit, we were also
able to estimate the branching ratios of the cyclic versus
non-cyclic C3H, isomers to be about 2:3. It should be
recalled that based on our experimental data, we cannot
discriminate between the HCCCH and H,CCC isomers.

5. Summary and conclusion

We conducted the crossed molecular beam reaction of ground
state methylidyne radicals, CH(X?I), with acetylene,
C2H2(X12g+), at a collision energy of 16.8 kJ mol~!. Under
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single collision conditions, we identified both the atomic and
molecular hydrogen loss pathways leading to C3H, and C3H
isomers, respectively. A detailed analysis of the experimental
data suggested the formation of c-C3H, (31.5 £+ 5.0%),
HCCCH/H,CCC (59.5 + 5.0%), and I-HCCC (9.0 + 2.0%)
and identified for the first time the formation of C3H, and CsH
isomers under single collision conditions. The reaction
proceeds indirectly via complex formation and proceeds via
unimolecular decomposition of long-lived propargyl radicals
(3) to form I-HCCC plus molecular hydrogen and HCCCH/
H,CCC plus atomic hydrogen. The involvement of two higher
energy, CsHj; intermediates (5) and (2) formed via isomerization
of propargyl (3) cannot be discounted at the present stage. On
the other hand, the c-C5H, was suggested to be produced via
unimolecular decomposition of the cyclopropenyl radical (4),
which in turn can be accessed via addition of the methylidyne
radical to both carbon atoms of the acetylene molecule or after
an initial addition to only one acetylenic carbon atom via ring
closure. Future studies will investigate the CH/C,D, and
CD/C,H, systems to answer the remaining questions, such
as the determination of an explicit branching ratio of HCCCH
versus HyCCC and the role of higher energy C3Hj3 isomers (5)
and (2). Nevertheless, our present studies bring us closer to the
understanding of the reaction of important combustion
radicals—methylidyne—and the connected unimolecular
decomposition of chemically activated propargyl radicals. This
also links to the formation of C3H and C3;H, in combustion
flames and in the interstellar medium.
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