A combined crossed molecular beam and ab initio investigation
of C, and C; elementary reactions with unsaturated
hydrocarbons—pathways to hydrogen deficient hydrocarbon
radicals in combustion flames

Ralf I. Kaiser,”®® Trung N. Le,® Thanh L. Nguyen,® Alexander M. Mebel,*
Nadia Balucani,*® Yuan T. Lee,® Frank Stahl,* Paul v. R. Schleyer®” and
Henry F. Schaefer 11/

“ Department of Chemistry, University of York, York, UK YO10 5DD

b Department of Physics, Technical University Chemnitz-Zwickau, 09107 Chemnitz,
Germany

¢ Institute of Atomic and Molecular Sciences, Academia Sinica, 107 Taipei, T aiwan, ROC

4 Dipartimento di Chimica, Universita di Perugia, 06123 Perugia, Italy

¢ Institut fiir Organische Chemie der Universitit Erlangen-Niirnberg, 91054 Erlangen,
Germany

I Center for Computational Quantum Chemistry, The University of Georgia, Athens, GA,
30602, USA

Received 1st March 2001
First published as an Advance Article on the web 26th September 2001

Crossed molecular beam experiments on dicarbon and tricarbon reactions with
unsaturated hydrocarbons acetylene, methylacetylene, and ethylene were performed to
investigate the dynamics of channels leading to hydrogen-deficient hydrocarbon radicals.
In the light of the results of new ab initio calculations, the experimental data suggest that
these reactions are governed by an initial addition of C,/C; to the ® molecular orbitals
forming highly unsaturated cyclic structures. These intermediates are connected via
various transition states and are suggested to ring open to chain isomers which decompose
predominantly by displacement of atomic hydrogen, forming C,H, CsH, HCCCCCH,,
HCCCCCCH,;, H,CCCCH and H,CCCCCH. The C,(*Z,*) + C,H, reaction has no
entrance barrier and the channel leading to the H,CCCCH product is strongly
exothermic. This is in strong contrast with the C,(*Z,*) + C,H, reaction as this is
characterized by a 26.4 kJ mol ! threshold to form a HCCCCCH, isomer. Analogous to
the behavior with ethylene, preliminary results on the reactions of C, and C; with C,H,
and CH;CCH showed the H-displacement channels of these systems to share many
similarities such as the absence/presence of an entrance barrier and the reaction
mechanism. The explicit identification of the C,/C; vs. hydrogen displacement
demonstrates that hydrogen-deficient hydrocarbon radicals can be formed easily in
environments like those of combustion processes. Our work is a first step towards a
systematic database of the intermediates and the reaction products which are involved in
this important class of reactions. These findings should be included in future models of
PAH and soot formation in combustion flames.
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1. Introduction

Laboratory investigations on the reactions of small carbon molecules, dicarbon, C, and
tricarbon, C;, with hydrocarbons are expected to elucidate possible formation pathways
of hydrogen-deficient carbon chains and soot in a variety of terrestrial and astrophysical
environments: high-temperature combustion flames, chemical vapor deposition (CVD) of
diamond, outflow of asymptotic giant branch (AGB) carbon stars, comets, and interstellar
clouds.! The spectral lines of dicarbon in its 'Z,* electronic ground state were first detected in
comets more then a century ago? and in terrestrial hydrocarbon flames fifty years later.3 In
the decades following it became clear that C,(X'Z,") is ubiquitous in the interstellar medium.*
Transitions were observed towards warm carbons stars like IRC+10126,° post AGB stars such
as HD 56126,° and towards the HII region W40 IRS. The tricarbon molecule was first
assigned at the turn of the 19th century in comets’ prior to an identification in fuel flames,?
explosions,” and during arc vaporization of carbon. Likewise, Hinkle et al. observed
vibration-rotation transitions in the circumstellar shell of the carbon star IRC+ 10216, whereas
Haffner and Meyer!® detected the infrared spectrum of C,(X 'Z,") in the translucent cloud
HD147889.

Since the formation of small carbon clusters is thought to be strongly linked to the synthesis of
polycyclic aromatic hydrocarbons (PAHs) and ultimately soot production in combustion flames,!?
laboratory studies are needed to assess the role of these species and to include them into the
pertinent chemical models. Three kinds of laboratory results are crucial to describe the reactivity
of small carbon clusters, namely the measurement of temperature-dependent rate constants, the
identification of the reaction products, and an assignment of reaction intermediates. The kinetics
of reactions involving the singlet ground state and the electronically excited triplet state of
dicarbon have been extensively investigated!? (recall that the electronically excited triplet state,
a3II,, lies only 718.32 cm ™! above the ground state X 12g+). In these studies, the disappearance
of C, in the two electronic states (X'Z,* and a*I1,) was followed; the reactions of C,(X'Z,")
were found to be quite fast (of the gas kinetic order when the molecular partner is an unsaturated
hydrocarbon) whereas the C,(a II,) reactions were suggested to be systematically slower. Rate
constants of C; reactions with several alkenes, alkynes, and allenes were found to be much smaller
and seldom reached 10~ 12 cm?® s ! range at room temperature.!?

Despite these extensive kinetic investigation, information on the reaction products and interme-
diates involved is still lacking. In some cases, primary products and reaction mechanisms were
postulated on the basis of the observed temperature dependence of the reactions. For instance,
from the measured removal rate constants of both C,(X 12;) and C,(a3I1,) by ethylene and by
halogen substituted ethylene, the favored approach was suggested to be an addition of the electro-
philic C, (both singlet and triplet states) to the olefinic = bond. Nevertheless, C,(X 'Z,*) reacts
faster than C,(a>I1,) and is quite insensitive to halogen substitution. The reduced reactivity of
C,(a’I1,) with the halogen-substituted ethylene was attributed to the hindrance of the bulky
halogen atoms which hinders the approach to the m system. This implies that CZ(XlEg+) also
reacts through alternative pathways. A few reactions of C, also were investigated at 77 and 10 K
in the condensed phase and ab initio calculations were performed in order to help understand the
reaction mechanism.!?® Interestingly, the reaction products of the reaction of dicarbon with ethyl-
ene have been always assumed to be C,H and C,H; (A,H = —75.5 kJ mol™') or C,H, and
C,H,(A,H = —435.8 kJ mol~!). The formation of complex carbon chains such as HCCCH, and
H, which actually is a strongly exothermic channel for both C, singlet and triplet states (A,H =
—156.3 and —165.5 kJ mol !, respectively), has never been considered before. In contrast with
the reaction of C, with C,H,, the reaction C; with C,H, was found to be slower, since the
disappearance rate of C; resulted to be <107 1% cm® s~ ! at T = 294 K and an estimate of 27 kJ
mol~! for the activation energy was given. The reaction products were not identified in this
reaction either.

A systematic study of the related reactions of atomic carbon, C(*°P,), with some unsaturated
hydrocarbons (acetylene,'* methylacetylene,!® dimethylacetylene,'® propargyl,!” vinyl,2° ethyl-
ene,'® propylene,!® buta-1,2-diene,?° buta-1,3-diene,?! allene,?? and benzene?3) established that a
C/H exchange channel is available in all cases. The reactions occur predominantly through the
formation of a bound intermediate according to the general scheme:
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C(3Pj) + CnHm g [Cn+ 1Hm:|* - Cn+ lefl + H: (1)

Analogously, we expect that C, and C; can react with unsaturated hydrocarbons in a similar way
through bound intermediates:

CZ + CnHm - [Cn+2Hm]* - Cn+2Hm—1 + H> (2)
C3 + CnHm - [Cn+3Hm]* - Cn+3Hm*1 + H. (3)

The occurrence of such reaction channels has been considered recently and investigated in
crossed beam experiments with mass spectrometric detection.?* The aim was to establish whether
the formation of C,,,H,,_; + H and C,,3H,,_; + H is an open reactive channel or not. In order
to elucidate the nature of the primary products, it is important to perform such experiments
under single collision conditions. Thus in a binary reaction C, (k=2, 3)+ CH, —
[C,+:H,.1* = C,H, -, + H, one carbon cluster C, reacts with only one hydrocarbon molecule
C,H,, without collisional stabilization of the [C,, H,,]* complex(es) or successive reaction of the
nascent reaction products. As implied from the general schemes (2) and (3), the primary products
are highly hydrogen-deficient carbon clusters. These are extremely reactive and their spectroscopic
properties are often unknown. Therefore, most of the combustion-relevant radicals are difficult to
probe by optical detection methods. Resorting to a ‘universal’ detector is crucial in experiments
when the nature itself of the product is obscure.

The crossed molecular beam technique with mass spectrometric detection has been established
as a powerful technique to achieve these requirements and to observe radical product formation
under well-characterized experimental conditions in the gas phase. Since investigations are per-
formed at the molecular, microscopic level in a collision free environment—where it is possible to
observe the consequences of a single reactive event—this approach provides a complete insight
into the reaction mechanism as the nature of the primary reaction products can be inferred. When
the products are polyatomic molecules, the crossed beam technique with mass spectrometric
detection has proved to be essential in identifying the relevant reaction pathways.?® In fact, when
distinct structural isomers—molecules with the same chemical formula but different arrangements
of atoms—might be formed, knowledge of chemical reaction dynamics is crucial in order to assign
the isomers produced.

The first reactions we have investigated, involved C,/C; and acetylene, C,H,, ethylene, C,H,,
and methylacetylene, CH;CCH. In order to assign the reaction mechanisms and products explic-
itly, the crossed molecular beam experiments were combined with high level ab initio calculations.
The later yield structures and energies of possible intermediate collision complexes as well as
reaction energies.2% In this paper, we present experimental and theoretical results on the reaction
of C,(X'Z,", a*II,) with C,H, and report preliminary results on the reaction of C5(X 'Z,*) with
C,H, . We also discuss other possible formation routes to the tricarbon molecule, i.e. the reaction
of C(*P;) with acetylene, and report on astrophysical and combustion implications of the reactions
investigated.

2. [Experimental and data analysis

All reactive scattering experiments were performed by using the 35” universal crossed molecular
beam apparatus with mass spectrometric detection.?” This machine consists of two source cham-
bers fixed at 90° crossing angle, a stainless steel scattering chamber, and a ultra-high-vacuum
(8 x 1013 mbar) triply differentially pumped quadrupole mass spectrometric detector, cf. Fig. 1.
The scattering chamber is evacuated by two oil free, magnetically suspended turbo pumps to a
pressure in the range of 10”7 mbar. In the primary source, a pulsed supersonic beam of
Cy(X'Z,"/a *I1,) and C4(X 'Z,") is generated by laser ablation of a graphite rod at 266 nm and
subsequent seeding of the liberated species in helium carrier gas.?® Since dicarbon and tricarbon
are simultaneously produced in the primary beam, in principle both species might react. However,
this does not complicate the present experiments since at lower collision energies the reactions of
CX 1Eg+) cannot occur (they are either endothermic or have high entrance barriers, cf. Section
4). Consequently, the observed signals are attributable to C, reactions. On the other hand, when
studying C; reactions, the H-displacement channels lead to products larger by 12 u than those
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Fig. 1 Schematic top view of the 35” crossed molecular beams machine with source chambers, chopper
wheel, and interaction region.

produced by C, reactions. Also, the relative contributions of C, vs. C; can be controlled by
varying the laser output carefully between 20-95 mJ pulse ~!, adjusting the focus diameter, and
changing the delay time between the pulsed valve and the laser trigger. The primary beam passes
through a skimmer into the main chamber. A four-slot chopper wheel is located after the skimmer
and rotates at 240 Hz. It selects a 9 ps slice of well-defined velocity and speed ratio from the
primary beam which reaches the interaction region. At this point, C, and C; collide at a right
angle with the second pulsed beam of the unsaturated hydrocarbon at distinct collision energies
selected between 18 and 120 kJ mol 1.

The reactively scattered species are analyzed at different laboratory angles, ®, and at distinct
mass-to-charge ratios, m/z, in the time-of-flight (TOF) mode. The intensity of an ion is recorded at
a certain m/z vs. the flight time to yield a TOF spectrum at the laboratory angle @; the pulse of a
photodiode attached to the chopper wheel is taken as a well-defined time zero for the experiments.
We can integrate the TOF spectra taken at different laboratory angles and thus obtain the
angular distribution of the product in the laboratory frame (LAB). The detector consists of a
liquid-nitrogen-cooled electron impact ionizer followed by a quadrupole mass selector, and a Daly
type ion detector; the ionizer is located in innermost part of a triply differentially pumped ultra-
high-vacuum chamber. The whole detector unit can be rotated in the collision plane defined by
the two intersecting beams. Despite the triply differential pumping set-up, molecules desorbing
from wall surfaces lying on a straight line to the electron impact ionizer cannot be avoided. Their
mean free path is in the order of 10°> m compared to maximum detector dimensions of about 1 m.
To reduce this background, a copper plate attached to a two stage closed cycle helium refrigerator
is placed right before the collision center and cooled to 4.5 K. Thus the ionizer views a cooled
surface which traps all the species with the exception of molecular hydrogen and helium.

For the physical interpretation of the reactive scattering data, it is necessary to transform the
laboratory data into the center-of-mass (CM) system.’® Here, we employ a forward-convolution
routine to fit the TOF spectra N(O,t) at different laboratory angles and the LAB distribution. This
procedure initially guesses the angular flux distribution, T(f), and the translational energy flux
distribution, P(Ey), in the CM frame assuming mutual independence (6 is the scattering angle in
the CM system measured with respect to the primary beam direction taken as § = 0° and Ey is the
CM product translational energy). Then, TOF spectra and LAB distribution are calculated from
these T(f) and P(E;) by a routine which takes into account the velocity and angular spread of
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both beams, the detector acceptance angle, and the ionizer length. Both T(6) and P(E) are refined
until a satisfying fit of the experimental data is achieved.?® The ultimate output data of our
experiments is the generation of a product flux contour map which reports the differential cross
section (the intensity of the reactively scattered products), I(6,u) = P(u) x T(6), as the intensity as a
function of angle 6 and product center-of-mass velocity u. The limiting circle is the maximum
translational energy releases of the fragment if we assume that all the available energy channels
only into the translational degrees of freedom of the products. The contour map serves as an
image of the reaction and contains all the information of the scattering process.

3. The computational approach

All ab initio calculations on the singlet C,H,, triplet C,H, and singlet CsH, PESs were carried
out using the G2M(RCC,MP2) method,3® which approximates the RCCSD(T)/6-311+ G(3df,2p)
energy.3! The geometries of the reactants, reaction intermediates, transition states, and products
were optimized at the density functional BBLYP/6-311G** level.>? Vibrational frequencies calcu-
lated at this level were used for characterization of stationary points as minima and transition
states, for zero-point energy (ZPE) corrections, and for RRKM calculations of reaction rate con-
stants. The GAUSSIAN 94,*3 MOLPRO 98,3* ACES-II,3* and DALTON?3 ab initio program
packages were employed.

Regarding the C,/C,H, system, geometries were optimized at UB3LYP/6-311 + G** using the
GAUSSIAN 98 program.3” Each structure was confirmed as a minimum by frequency calcu-
lations at the same level and the unscaled UB3LYP/6-311+ G** zero-point energies (ZPE) were
used to correct the energies. Single point CCSD(T)/cc-pVTZ energies for the reactants and pro-
ducts were obtained using the ACES II program.>®®

4. Results and discussion
41 The C, + C,H, reaction

We have performed reactive scattering experiments at two different collision energies, E, = 14.7
and 28.9 kJ mol~!, by selecting different slices of the pulsed beams characterized by a peak
velocity of 1200 + 8 m s™! and 1940 + 15 m s~ ! and a speed ratio of 9.0 + 0.3 and 6.2 + 0.2,
respectively. At both collision energies, signals were observed both at m/z = 51 (C,H;*) and
m/z = 50 (C,H,*). However, since the TOF spectra at the two mass-to-charge ratios are superim-
posable, we conclude that under our experimental conditions the only product in this range of
masses is C,H; and that the ion C,H,* is actually formed in the ionizer by dissociative ioniza-
tion. Fig. 2 displays selected TOF spectra recorded at the two collision energies, while Fig. 3
reports the laboratory angular distribution measured at the highest collision energy. The solid
lines superimposed on the experimental distributions are the calculated curves when using the
best-fit CM functions shown in Fig. 4 and 5. At these collision energies, tricarbon does not react
with ethylene (cf. Section 4.2), and therefore cannot contribute to the observed signal. At all the
collision energies investigated, the product CM angular distributions are symmetric with respect
to 0 = 90°; the best-fit angular distributions are reported for the lowest and the highest energy
experiments in Fig. 5. The observed symmetry suggests that the reaction involves bound C,H,
intermediate(s) which has(have) a lifetime longer than its(their) rotational period. Interestingly, if
we examine the product translational energy distributions reported in Fig. 4, we can see how at
the lowest E_ the P(E) peaks very close to zero translational energy, suggesting that the C,H,
complex dissociates to C,H; + H without exit barrier; at the higher collision energy a broad
plateau from 0 to 45.3 kJ mol~* is clearly visible. The dramatic change in shape might well imply
the onset of a second reaction channel with the increase of the available energy. The tails of both
distributions extend up to 159-201 and 151-210 kJ mol !, respectively.

The ab initio electronic structure calculations of the singlet potential energy surface (PES) show
that C,(*Z,*) attacks the n-bond of C,H, without an entrance barrier (Fig. 6), forming a three-
member ring intermediate il. In contrast, the initial addition of C,(*II,) to the m-system of ethyl-
ene on the triplet surface involves a barrier of less then 15.5 kJ mol~! calculated at the
G2M(RCC,MP2) level with MP2/6-311G** optimized geometry (this theoretical value probably is
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Fig. 2 Time-of-flight data of distinct laboratory angles of the reaction of dicarbon with ethylene to

HCCCCH, + H at a collision energy of 28.9 kJ mol~*. The dots indicate the experimental data, the solid lines
the calculated fit.

overestimated since an activation barrier <4 kJ mol~! has been estimated from kinetic
measurements). This result is in contrast with earlier lower level HF/3-21G calculations which
indicated that the addition of C,(*I1,) to ethylene occurs without a barrier. The singlet C,H, PES
reveals how the initially formed il complex (bound by 359 kJ mol~! with respect to the reactants)
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Fig. 3 Laboratory angular distribution of product channel at m/z = 50. Circles and 1o error bars indicate
experimental data, the solid lines the calculated distributions.
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Fig. 4 Center-of-mass translational energy flux distributions at 14.7 kJ mol~! (top) and 28.9 kJ mol~*
(bottom) of the reaction of C, with ethylene to C,H; and atomic hydrogen.

might lose a hydrogen atom to p4 or isomerizes to butatriene i2. The il — i2 isomerization has a
relatively low 59.5 kJ mol ™! barrier and is exothermic by 197 kJ mol ~!. Intrinsic reaction coordi-
nate (IRC) calculations at the B3LYP/6-311G** level confirmed that the transition state actually
connects il and i2. Butatriene can eliminate a H atom to form the major reaction products, the
HCCCCH,, radical (p1) + H, without an exit barrier. The total reaction exothermicity to form
pl + H from the reactants is calculated to be 156.3 kJ mol 1.

The reaction of the C, triplet with ethylene is quite complex (Fig. 7). The addition of C,(*I1,) to
the ethylene n-system forms intermediate il bound by 127 kJ mol~! with respect to the reactants.
The initial intermediate can undergo ring closure to form a three-member ring species i2, which in
turn would rearrange to a branched isomer i4, and then to another three-member cyclic interme-
diate, i5. Ring-opening of i5 gives a linear triplet butatriene i6 (391 kJ mol ~! below the reactants).
i6 loses a hydrogen atom to produce n-C,H; pl with an overall exothermicity of 165 kJ mol 1.
The highest barrier on this pathway is located between i2 and i4 at 94 kJ mol ! above i2 and 33
kJ mol ™! below the reactants. A second route from il to i6 involves the four-member ring isomer
i3, triplet cyclobutyne. The ring closure from il to i3 is characterized by a barrier of 63 kJ mol !
and the corresponding transition state is 63.7 kJ mol ! lower in energy than the reactants. Subse-
quently, i3 undergoes ring opening along the CH,—~CH, bond to yield i6 with a barrier of 86 kJ
mol 1. Both pathways leading from il to i6 are expected to compete. Therefore, we conclude that
like C,(X'%,*) + C,H,, n-C,H; (pl) is the major C,H; product also for the C,(*I1,) + C,H,
reaction.

The trend of our experimental data with increasing collision energy provides clear evidence of
the involvement of a second reaction mechanism. Even though a spectroscopic characterization of
the beam is needed in order to establish its exact ratio of triplet vs. singlet dicarbon, we expect
that both the ground and the first electronically excited states of C, are present in the fast part
of the beam because of the very small energy of the excited state. Therefore we can rationalize
our observations in the light of the ab initio calculations of the singlet and triplet PES assuming
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Fig. 5 Center-of-mass angular distributions at 14.7 kJ mol ! (top) and 28.9 kJ mol ! (bottom) of the reac-
tion of C, with ethylene to C,H; and atomic hydrogen.

that (i) at the lower collision energy we have a contribution to the recorded signal only from
the C2(12g+) reaction and that (ii) an appreciable contribution from the triplet state reaction
becomes evident only at the higher collision energy. In fact, although at this stage we do not know
the exact barrier height for the triplet reaction, we expect an appreciable contribution from the
triplet state reaction only when the collision energy is significantly larger than the reaction barrier.
Hence, we can claim that the results of the low energy experiment are attributable for the most

94/ 56.5
Cy('2,)+CH,
p3

0.0

22929 2937

Relative energy/kJ mol ™!

-554.4

Fig. 6 Potential energy surface involved in the reaction of C,(X 12g+) with ethylene.
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Fig. 7 Potential energy surface involved in the reaction of C,(a 3I1,) with ethylene.

part to the C2(12g+) reaction. This assumption is supported strongly by our experimental data
and ab initio calculations. As visible in Fig. 4, the P(E;) peaks at values of translational energy
close to zero, thus mirroring the absence of any exit barrier as predicted by the calculations. Also,
if we subtract the collision energy from the P(Ey) energy maximum, we derive an exothermicity of
138-180 kJ mol !, which conforms with the ab initio value computed for this reaction channel. In
addition, the decomposing butatriene complex resides in a deep potential energy well; this can
well account for the observation of a backward—forward symmetric CM angular distribution. Also
the assumption that the second mechanism is attributable to the C,(’Il,) reaction gains full
support from the comparison of experimental results and theoretical calculations. That the second
mechanism leading to C,H; product has about the same reaction exothermicity as the first one,
definitely rules out the occurrence of reaction channels leading to other isomers from the C,(*Z,*)
reactions: the reaction enthalpies of the channels leading to p2, p3 and p4 are very different, see
Fig. 6. Also, the peak of the translational energy distribution is quite broad and extends to 46 kJ
mol ! for the higher energy experiment, while in the lower energy experiment the peak is close to
0 kJ mol~!. This change in the peak shape can be rationalized if the second channel has a
(modest) exit barrier, as appears to be the case for the triplet reaction (see Fig. 7). In conclusion,
the C,(3I1,) reaction on the triplet surface at high collision energy can well account for all the
experimental facts.

4.2 The C;—C,H, system

The experimental data analysis is still in progress and only some findings are presented. Inter-
estingly, the C;—H exchange channel which forms products of m/z = 63 (CsH;*) was found to
occur, but was open only at collision energies larger than 40-42 kJ mol~! in strong contrast to
the C, + C,H, reaction (which yields the products C,H; + H at lower collision energies). It is
interesting to compare these results with the potential energy surface involved, ¢f. Fig. 8, as
derived from our ab initio calculations. Similarly to the reaction of dicarbon with ethylene, the
tricarbon molecule attacks the mn-bond of the olefin to form a three-membered (il) or a five-
membered ring i3 via addition of one or two terminal carbon atoms, respectively. Both structures
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are stabilized by 185.7 and 61 kJ mol ™!, respectively, and are connected through a bicyclic CsH,
isomer i2; the latter resides in a potential energy well of 116.5 kJ mol~!. However, in strong
contrast to the C, reaction, the C; addition involves entrance barriers of 26.4 and 48.2 kJ mol !
to form il and i3, respectively, as both processes are formally symmetry forbidden. This symmetry-
imposed barrier was verified in previous bulk experiments which derived a value of 26.6 kJ
mol .12 Interestingly, TOF and angular distributions measured at m/z = 63 and 62 are slightly
different and that seems to imply that an H, elimination channel leading to CsH, isomer(s) is
open. A more accurate analysis of the raw data will shed light on this suggestion.

43 The C,-C,H,, C;-C,H,, C,~C;H, and C,—C;H, systems

The data analysis and electronic structure calculations of these reactions are still ongoing. We
report only some observations here. Crossed beam experiments of C, with acetylene and with
methylacetylene have resulted in the observation of the C, vs. H atom exchange pathway (forming
C,H (m/z = 49) and CsH; (m/z = 63)) at collision energies as low as 8 kJ mol~! and as high as 39
kJ mol~!. A detailed study of the reaction with partially deuterated CD,CCH showed that only
the D atom is released (signal at m/z = 65, CsD,H"); no H atom elimination at m/z = 66 (CsD; ™)
could be detected. Both C; systems show reactive scattering signal of the C; vs. H atom exchange
yielding CsH (m/z = 61) and C¢H; (m/z = 75), only when the collision energy was higher than
80 + 9 kJ mol~! (C;-C,H,) and 45 + 5 kJ mol~! (C,-C;H,). Like the C, + CH,CCH system,
the hydrogen atom was only emitted from the methyl group as in the C; + CH;CCH reaction.
These findings, at this stage, suggest the possible reaction pathways sketched in Figs. 9 and 10, but
these mechanisms are subject to further investigations.
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Fig. 9 Schematic pathways involved in the reaction of dicarbon with acetylene and methylacetylene. Energies
for the C,—C,H, system are given with respect to the separated reactants.

44 The C(°P;)-C,H, system

The reaction between ground state carbon atoms, C(*P)), and acetylene, C,H,(X'Z,"), was
studied previously at three collision energies between 8.8 and 45.0 kJ mol~! using the crossed
molecular beams technique. Product angular distributions and time-of-flight spectra of C;H at
m/z = 37 and 36 were recorded. Reaction dynamics inferred from the experimental data and ab
initio calculations on the triplet C;H, and doublet C;H potential energy surface suggest two
microchannels initiated by addition of C(’P))either to one acetylenic carbon to form s-trans-
propenediylidene or to two carbon atoms to yield triplet cyclopropenylidene via loose transition
states located at their centrifugal barriers. Propenediylidene rotates around its B/C axis and a
[2,3]-H-migration leads to propargylene. This is followed by C-H-bond cleavage via a symmetric

HC
~ l>c=c=c HC=Cc=C=C=C
7 HCTT /c\ .
/4’ \\‘\
Cy+ HC=CH .- SO ' _H
™ | ;
. 4227 HC=CH ;
AN C// \\C‘
\ LT T » HC=C=C=C=CH
HC=CH
HC
I>c=c=c
o C A~
T c H,C=C=C=C=C=CH
— e ch So //\
Cs+ HC=C—CHy ANAA\ A
: e =
i HC=C_ ;T
) CHs !
L
" 0 = H;C—C=C=C=C=CH
HC=C
\

Fig. 10 Schematic pathways involved in the reaction of tricarbon with acetylene and methylacetylene.
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exit transition state to give I-C;H(X2IT) and H. Direct stripping dynamics contribute to the
forward-scattered, second microchannel to yield ¢-C;H(X2B,) and H. This contribution is
quenched with rising collision energy. TOFs of reactively scattered signal at m/z = 36 were found
to be superimposable with those recorded at m/z = 37 suggesting that signal at m/z = 36 orig-
inates from cracking of m/z = 37 in the ionizer. However, the performance and signal to noise
ratio of this experimental set-up was limited by the fact that diffusion pumps and oil lubricated
roughing pumps were employed. Casavecchia et al.3° suggested that C; might be an additional
product of the C(*P)) + C,H, reaction. However, their experiments employ continuous carbon
beams which contain ground state and electronically excited C(!D). Since multiple channel fits to
one m/z ratio are not always ‘unique’, the need to reinvestigate the potential C5(*X,*) + H,('Z, )
pathway with the improved, 35” crossed beams machine was stressed.?”

This experiment was repeated at a collision energy of 16.6 kJ mol ™!, under conditions where
the beam contains only ground state carbon atoms. TOF spectra were recorded at m/z = 37 and
m/z = 36 at angles between 12° and 72° with respect to the primary beam.*® Fig. 11 shows the
TOF recorded at the center-of-mass angle at 47° at m/z = 36; the data accumulation time was 120
min. Two components are clearly visible, i.e. a slow peak which arises from fragmentation of
m/z = 37, and a fast contribution which could not be fit with the CM functions employed for the
forward-convolution of the m/z = 37 data. The best fit CM translational energy distributions of
the fast contribution is shown in Fig. 12, incorporating products of 36 and 2 u, i.e. the channel
Cy('Z, ) + Hy('Z, "), in the fitting routine. The TOFs were fit with a symmetric, slightly sideways
peaking T(6). Within the error limits, acceptable fits were achieved with intensity ratios 1(90°)/
I(0°) = 1.3—1.1; an isotropic distribution yields a slightly worse fit. These findings suggest that the
decomposing complex is either long-lived or ‘symmetric’. Further, the P(E;) peaks between 70 and
100 kJ mol ! indicating that the reaction involves a tight exit transition state. If we subtract the
collision energy from the high energy cut-off of the P(E;) within the error limits, the reaction is
found to be exothermic by 140-150 kJ mol~*. These data are in good agreement with a reaction
energy of 130-135 kJ mol~! calculated from thermodynamical data.*! The reaction from the
triplet manifold to form C3(1Zg+) and molecular hydrogen is spin-forbidden, and intersystem
crossing (ISC) from the singlet manifold is involved. A recent investigation of C;H, isomers sug-
gested that triplet propargylene, HCCCH, can indeed undergo ISC to the singlet surface,*? fol-
lowed by loss of molecular hydrogen from singlet propargylene or—after isomerization—from
vinylidenecarbene via exit transition states well above the separated products.*?® This finding of a
tight exit transition state correlates nicely with the translational energy distribution peaking well
away from zero. Summarizing, we conclude that the C5('Z,*) + H,('Z, ") pathway is open.
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Fig. 11 Time-of-flight data at m/z = 36 of the reaction of atomic carbon with acetylene recorded at a labor-
atory angle of 47°. The smooth line represents the best fit.
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Fig. 12 Center-of-mass translational energy distribution of the reaction C(*P)) + C,H,(*Z,") - C5('Z, ™)
+H,('Z,").

This finding of an ISC to the singlet surface has far reaching consequences for the C(*P)-C,H,
system as our previous interpretation focused solely on the triplet surface. Therefore, a more
detailed interpretation of the experimental data including ISC is necessary. Further, this finding
makes it interesting to investigate similar, substituted triplet propargylene systems, cf. Fig. 13. As
triplet methylpropargylene and dimethylpropargylene were found to be the decomposing com-
plexes in the reactions of atomic carbon with methylacetylene and dimethylacetylene, respectively,
a possible ISC might be followed by CH, and C,H, elimination via five-membered ring transition
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Fig. 13 Triplet (right) and singlet (left) structures of propargylene (top), methylpropargylene (middle) and
dimethylpropargylene (bottom).
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states from singlet methylpropargylene and dimethylpropargylene. Interestingly, all triplet propar-
gylene structures were found to be lower in energy than the singlet species, and the singlet—triplet
splitting was found to be 52.8 kJ mol ™! (progargylene), 33.5 kJ mol ™! (methylpropargylene), and
38.1 kJ mol~! (dimethylpropargylene). The pathways of a potential methane and ethane elimi-
nation are subject to further investigations.

5 Conclusions

Our combined crossed molecular beam experiments and ab initio calculations on the reactions of
dicarbon and tricarbon molecules with three unsaturated hydrocarbons, acetylene, methyl-
acetylene, and ethylene, are governed by an initial addition of C,/C; to the © bonds. Under single
collision condition, highly unsaturated cyclic structures are formed. These intermediates are inter-
connected via various transition states and are suggested to ring open to HCCCCH (C, + C,H,),
HCCCCCH (C; + C,H,), HCCCCCH; (C, + CH;CCH), HCCCCCCH; (C; + CH;CCH),
H,CCCCH, (C, + C,H,) and H,CCCCCH, (C; + C,H,). The chain isomers were found to
decompose predominantly by atomic hydrogen loss yielding C,H, Cs;H, HCCCCCH,,
HCCCCCCH;, H,CCCCH and H,CCCCCH. The role of possible cyclic reaction products and
potential H, elimination pathways are currently under investigation. Our preliminary data
suggest further that all reactions of C,(*Z,") most likely have no entrance barriers and are exo-
thermic. This is in strong contrast to bimolecular reactions of the tricarbon molecule C5('Z,*) as
these reactions have characteristic thresholds between 40 and 85 kJ mol ~ 1.

These findings have strong implications with respect to combustion processes. First, the explicit
identification of the hydrogen replacement by C,/C; demonstrates that hydrogen-deficient hydro-
carbon molecules can be formed in combustion environments. We identified at least six distinct
reaction products and more than 24 potential reaction intermediates. Although under our experi-
mental single collision conditions the intermediates involved cannot be stabilized via a third body
reaction, the conditions are more complex in actual combustion processes. Here, number densities
are typically in the order of 10'7 cm™3 at temperatures between 1000 and 2000 K, and ternary
reactions might stabilized the reaction intermediates. The elevated temperatures open further reac-
tion pathways which, like the elementary reactions of Cs('Z,"), either are endothermic and/or
involve a significant entrance barrier. Although the full data analyses are still continuing, our
investigations demonstrated the capability of reactions of small carbon molecules with unsatu-
rated hydrocarbons to synthesize hydrogen-deficient molecules in combustion flames. This is a
first step towards building a systematic database of intermediates and reaction products involved
in this important reaction class. These should be included in future models of combustion flames
as well as PAH and soot formation.

Although this Faraday Discussion focuses on combustion processes, we wish to briefly address
the astrophysical implications of this research. In fact, more than once, combustion chemists and
astrophysicists have employed similar reaction networks to explain the chemistry of these environ-
ments; multi-component models of carbon cluster growth and the correlation with PAH and soot
formation are examples.** Several isomers of the carbon chain radicals with the general formula
C,H have been detected in the interstellar medium.*> Therefore, our experimental and theoretical
findings can help in explaining the formation of the C;H and C H radicals as detected towards
the cold molecular clouds TMC-1 and the carbon star IRC+ 10126, respectively. To our best
knowledge, no ion—molecule reaction network can explain the formation of these isomers satisfac-
torily, and the crossed beam results present compelling evidence that neutral-neutral reactions
might produce C,H and CsH via reactions of small carbon clusters with acetylene. While the
average translation temperature of species in cold molecular clouds is typically 10 K, the tem-
peratures rise up to 4000 K close to the photosphere of carbon stars. Based on these consider-
ations, reactions of C;('Z,*) are prohibited in interstellar dark clouds since the average
translational energy cannot overcome the experimentally-determined entrance barriers and/or
endothermicities. However, these elementary processes are open in the outflows of carbon stars
because of the elevated temperature. In contrast, C, reactions were found to be exothermic and
barrier-less and should occur even at temperatures as low as 10 K. Our preliminary data on the
C,/C, reactions with acetylene suggest that the alternating C,H and C,H (n = even, m = odd)
abundance in interstellar environments might be a result of distinct chemical reactivity and exo-
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thermicity; clearly, more experimental data—especially reactions of small carbon clusters with
diacetylene and larger clusters with acetylene and diacetylene—are crucial to obtain more
detailed, systematic correlations.
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