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Abstract

The reaction dynamics of C; in the ground (lZg+ ) and first electronically excited (*[.) states with the simplest alkyne,
acetylene CZHZ(XIEQ), were investigated in a crossed molecular beam setup at a nominal collision energy of 24.1 kJ
mol~!. The experimental data expose the existence of a C,/H exchange pathway to form C4H + H. The experimental
results were combined with electronic structure calculations on the singlet and triplet C4H, surfaces. The reaction of
Cy(X'Z]) was found to proceed via indirect scattering dynamics through addition of C, to the carbon—carbon triple
bond. On the triplet surface, C,(a*].) adds also to the acetylenic triple bond. Dominated by large impact parameters,
this process favors the formation of two short lived chain-like triplet C4H, isomers. For both reactions, the identifi-
cation of the butadiynyl radical as a relevant product presents an important step to refine the networks of reactions for
the modeling of polycyclic aromatic hydrocarbons formation together with that of their hydrogen deficient precursors
in the interstellar medium, in carbon-rich circumstellar envelopes and pre-planetary nebula, and in combustion flames.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Gas phase reactions of the dicarbon molecule,
C,, are believed to be relevant in a variety of
environments, where such a species has been
detected, e.g., in hydrocarbon flames or chemical
vapor deposition of diamond [1,2]. Of great interest
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is certainly the potential role of gas phase C, re-
actions in some celestial bodies, such as the comets
where the spectral lines of C, in its 12; electronic
ground state were detected more than a century
ago [3-5] and in the interstellar medium. CQ(X‘Z;“)
transitions were, in fact, observed towards warm
carbon stars like IRC + 10216 [6] and post asymp-
totic giant branch (AGB) stars such as HD 56126
[7]. Due to their importance, the kinetics of reac-
tions involving the ground state and also the elec-
tronically excited a 3], state (lying only 718.32
cm~! above the ground state) have been widely
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investigated by following the Cy(X'X;, a’[[.) dis-
appearance in the presence of various collision
partners. Interestingly, the reactions of CZ(X'Z;)
were found to be of the gas kinetic order when the
molecular partner is an unsaturated hydrocarbon,
while the Cy(a*]],) reactions were suggested to be
systematically slower [8].

Despite this extensive kinetic investigation, in-
formation on the reaction products and involved
intermediates is still lacking. In some cases, pri-
mary products and reaction mechanisms were
speculated on the basis of the observed tempera-
ture dependence of the reactions. However, only
experiments performed under single collision
conditions can elucidate the reaction mechanism at
the microscopic level and identify the primary
products without the occurrence of collisional
stabilization of the involved complexes or succes-
sive reaction of the nascent reaction products. The
veracity of this statement has been demonstrated
with the case of the dicarbon reaction with ethyl-
ene, for which a molecular beam study combined
with electronic structure calculations of the rele-
vant potential energy surface has revealed that at
least the formation of the n-C4H; (and isomers)
plus atomic hydrogen is an important reaction
pathway [9,10]. Interestingly, this channel was
never considered before, while the previously
alleged main reaction products, C,H+ C,H;
(ArH =-755Kk] mol’]) or CH, + C;H, (ArH =
435.8 kJ mol™!), were not found to be easily
accessible by the system [11].

In this Letter, we expand our studies of dicarbon
systems and investigate the reaction of C,(X'Z+,
a’[].) with acetylene in a molecular beams setup.
We recall that, because of the simultaneous pres-
ence of dicarbon and acetylene in many combus-
tion processes and extraterrestial environments, the
study of their reaction at a detailed microscopic
level is expected to greatly help in the chemical
modeling of those complex systems.

2. Experimental
The crossed beam experiment was conducted at

a collision energy, E., of 24.1 kJ mol~! by using a
universal crossed molecular beam apparatus

[12,13]. Briefly, the dicarbon beam of CQ(XIZ;'/
a’[],) was prepared via laser ablation of graphite
and seeding the ablated species in helium carrier
gas [14]. After the beam passed a skimmer, the
chopper wheel, which was located after the abla-
tion zone, selected a slice of the pulsed beam with a
peak velocity, v,, of 1800+ 10 ms~' and a speed
ratio, S, of 6.3 +£0.2. At this collision energy, the
beam contained both ground state and electroni-
cally excited dicarbon [9,10] The pulsed dicarbon
beam crossed the acetylene beam (v, =900+ 5
ms~!; § =12.1 £0.3) at 90° in the interaction re-
gion of the scattering chamber held at about
1 x 10 E~7 mbar during the experiment. The re-
action products were detected via a rotating
quadrupole mass spectrometer, preceded by an
electron impact ionizer; the whole detector unit
was placed in a rotatable ultra-high-vacuum
chamber at pressures of 8 x 1073 mbar. By em-
ploying the time-of-flight (TOF) technique, the
product velocity distribution of the reaction
product was measured at different laboratory
scattering angles and for distinct mass-to-charge
ratios (m/e). To extract information on the chem-
ical dynamics, a transformation of coordinates
from the laboratory system to the center-of-mass
(CM) reference frame is employed [12,13]. This
was achieved by forward-convoluting trial CM
functions — the product angular, 7(6), and trans-
lational energy, P(ET), flux distributions — until the
best-fit of the laboratory data was obtained.

3. The computational approach

The reactants, products, various intermediates,
and transitions states on the potential energy sur-
faces for the Cy('Z)/C,('II,)+C,H, reactions
have been optimized using the hybrid density
functional B3LYP method [15,16] with the
6-311G(d,p) basis set. Vibrational frequencies have
been also calculated at the B3LYP/6-311G(d,p) le-
vel for characterization of stationary points (num-
ber of maginary frequencies NIMAG =0 and 1 for
local minima and transition states, respectively)
and to obtain zero-point energy (ZPE) corrections.
The energies were then refined by single-point
coupled cluster [17] CCSD(T)/6-311+ G(3df,2p)
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calculations, so that the overall theoretical level can
be written as CCSD(T)/6-311 + G(3df,2p)//B3LYP/
6-311G(d,p) + ZPE[B3LYP/6-311G(d,p)]. All cal-
culations were carried out using the GAUSSIAN 98
[18] and MovrpProO 2000 [19] programs.

4. Results

Reactive scattering signal is observed at mass-
to-charge ratio, m/e, of 49 (C,H") and 48 (C;).
Since the TOF spectra recorded at both mass-to-
charge ratios are superimposable, we conclude that
under our experimental conditions the only prod-
uct in this range of masses has the molecular for-
mula C4H; the C} ion actually originates from
dissociative ionization of the parent molecule in
the ionizer. Note that the ablation beam contains
also tricarbon molecules C3(X12g) [15] which
could react in principle with acetylene to form
-CsH (X*[]o) +HCS12), Cs(X'Z)) + Hy(X'E)),
C4H2(X12§) +C (°P), and C4H(X*T")+CH
(X*[Ta)- However, test experiments showed ex-
plicitly that the CsH + H channel is only open at
collision energies larger than 86 kJ mol™!; the
Cs+H, pathway was unobservable. Both alter-
native reaction channels in the tricarbon-acetylene
reaction to give C,Hy(X'Y))+C(CP) and
C,H(X?T) + CH(X?[ ] ) are endoergic by 133 and
261 kJ mol~! and hence closed, too. Therefore we
can safely presume that although tricarbon mole-
cules are in the primary beam, no reaction with the
acetylene takes place under our experimental
conditions.

Figs. 1 and 2 display the laboratory angular
distribution and selected TOF spectra recorded at
m/e =49 (C4H'). The laboratory angular distri-
bution is relatively narrow and extends over 30° in
the scattering plane as defined by both beams. This
suggests that the total available energy released
into the translational degrees of freedom of the
reaction products is relatively small. In addition,
the laboratory distribution peaks close to the
center-of-mass angle of 28.540.5°, but is slightly
forward scattered with respect to the dicarbon
beam. Both figures do not depict solely the raw
data, but also the computed curves. These are
superimposed as solid lines and represent the best-

LI LI | LI T T 1 T 17T LU
12000 ! ! ! I ! ] —
® m/e=49 B
» —— best-fit
k=
3 ' -
Q
o
g 6000 — —
®
> - 4
= i C. CcM ]
0 T 11 1 I I'| 1 | 11 lTI L1 1 l I=I 1 | 11 1

0 10 20 30 40 50 60
Lab scattering angle, ® (deg)

Fig. 1. Laboratory angular distribution of the C,H product
measured at m/e =49 at a collision energy of 24.1 kJ mol~'.
Filled dots and error bars indicate the experimental data and
the solid lines the calculated distribution with the best-fit center-
of-mass functions.
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Fig. 2. Selected time-of-flight spectra (m/e =49) at distinct
laboratory angles for the C4H reaction product at a collision
energy of 24.1 kJ mol~!. The open circles represent the exper-
imental data, the solid lines the calculated fit.

fit achieved using the CM functions 7(6) and
P(EY}) reported in Fig. 3.

The best fit CM angular distribution (Fig. 3,
top) holds an intensity over the complete angular
range and is forward scattered with respect to the
primary beam; the intensity ratio at the poles was
found to be [7(0°)/1(180°)=2.0+0.2. If we
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Fig. 3. Center-of-mass angular flux (top) and energy (bottom)
distributions for the reaction of dicarbon with acetylene to form
the butadiynyl isomer plus atomic hydrogen.

examine now the product translational energy
distributions, we can see no clear peaking of the
P(EL), but rather a broad plateau from 4 to 12 kJ
mol~!. The fit is insensitive to the low energy
range; hence the plateau can be extended to zero
translational energy without changing the fit at all.
This shape suggests that multiple reaction path-
ways in which C4H, intermediates decompose
without an exit barrier or with a moderate one.
The best fit high energy cut-off of the distributions
extend up to 75 kJ mol~!; this energy limit can be
cut by up to 10 kJ mol~! without changing the fit
significantly.

5. Discussion
In case of polyatomic systems it is always ben-

eficial to combine the crossed beam data with
electronic structure calculations on the potential

energy surfaces [20]. We would like to stress that
potential energy surfaces alone cannot predict, for
example, if the actual reaction is direct or indirect
or the extent to which excited surfaces are in-
volved. On the other hand, electronic structure
calculations provide guidance for those systems in
which experimental enthalpies of formation of
products — often open shell species or labile mol-
ecules — are missing. Therefore, the present crossed
beam experiment and the computations of the
pertinent singlet and triplet C4H, potential energy
surfaces (Fig. 4) are highly complementary to ex-
pose the reaction dynamics of such complicated,
multiatomic reactions.

First, we can inspect closer the CM transla-
tional energy distribution. The maximum transla-
tion energy (Ema = 65-75 kJ mol™') can be
utilized to identify the nature of the products.
Here, E..x is simply the sum of the reaction
exoergicity plus the collision energy. Therefore, if
we subtract the latter from E,,,, the exoergicities
of the reactions of ground state and excited state
dicarbon molecules with acetylene reaction to
form the C4H isomer plus atomic hydrogen are
calculated to be 45+5 and 5345 kJ mol !,
respectively. A comparison with the data from the
NIST database to form the linear HCCCC isomer
p1 provides energies of 55+ 8 and 63 & 8 kJ mol !,
respectively [21]. Therefore, the high energy cutoffs
of the center-of-mass translation energy distribu-
tion suggest the formation of the butadiynyl rad-
ical, HCCCC. The formation of the cyclic C4H
isomers p2 and p3 can be safely excluded since the
reaction endoergicities of 114.8 and 164.6 kJ mol™!
cannot be achieved considering a collision energy
of 24.1 kJ mol™'.

We try to address now the underlying reaction
dynamics to form the butadiynyl radical on the
singlet and triplet surfaces, respectively, and in-
spect the center-of-mass angular flux distribution
T(0) closer. This distribution shows intensity over
the complete angular range suggesting that at least
one reaction and/or one reaction micro channel
follows indirect scattering dynamics. Keeping in
mind that the reaction of CZ(IZ;) with acetylene
was found to occur and to be fast, an inspection of
the computed singlet surface (Fig. 4) comes to help
in shedding light on the underlying mechanism.
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Fig. 4. Potential energy surface involved in the reactions of C,(X! %) (bottom) and C,(a*T].) (top) with acetylene. Point groups of the
reactants, intermediates, and products are also included.



R.I Kaiser et al. | Chemical Physics Letters 382 (2003) 112-119 117

The butadiynyl isomer p1 has been identified as the
reaction product and, therefore, the decomposing
singlet C4;H, intermediate must connect to p1 + H.
This condition is fulfilled only for s-INT5 (but-
adienylidene) and s-INT3 (diacetylene). The latter
can be formed via addition of the singlet dicarbon
molecule to the carbon—carbon triple bond of the
acetylene molecule giving the cyclic intermediate
s-INT1 which rearranges via ring extension to
s-INT2. This intermediate rearranges via ring
opening to the diacetylene (s-INT3) species. An
alternative pathway via s-INT5 also follows
through s-INT1, but then follows a hydrogen
migration to form s-INT4 and — after ring opening —
s-INTS. Due to the barrier heights involved in
the isomerization of s-INT1 to s-INT4 (+224.1 kJ
mol!) and to s-INT2 (+65.4 kJ mol~!), we can
conclude that the most favorable pathway involves
formation of s-INT1 from the separated reactants,
followed by isomerization to s-INT2, ring opening
to s-INT3, and emission of a hydrogen atom
forming pl. What is the effect of intermediate
s-INT3 on the shape of the center-of-mass angular
distribution? First, s-INT3 is linear. This dictates
that the diacetylene molecule as well as the linear
butadiynyl product must be excited to B-like ro-
tations. However, a ‘symmetric’ reaction interme-
diates such as the linear diacetylene molecule ejects
a hydrogen atom with equal probability from the
HCCCCH and HCCCCH positions into 6 and
0 — . Therefore, the formation of the butadiynyl
radical via the decomposition of the diacetylene
intermediate s-INT3 on the singlet surface results
necessarily in a forward-backward symmetric
angular flux distribution from this microchannel.

However, the total center-of-mass angular
distribution shows a pronounced forward scatter-
ing which cannot be explained solely by the
contribution of the C(X'E])+CHy(X'Z))—
HCCCC+H pathway (forward-backward
symmetry). Therefore, at least one additional
microchannel must exist; the latter must involve a
‘non-symmetric’ intermediate to account for a
‘non-symmetrical’, forward-scattered contribution
to the CM angular distribution. This intermediate
does not exist on the singlet surface. The only
option would be the involvement of s-INT5; but
our previous argumentation dismissed this contri-

bution of this structure to form the butadiynyl
radical. Based on these considerations, the non-
symmetric intermediate likely arises from the
triplet C4H, surface (Fig. 4). In the following
sections, we discuss the potential involvement of
several triplet intermediates successively. Due to
the significant barriers of atomic hydrogen mi-
gration of 137 and 167 kJ mol~! involved in the
isomerization of t-INT3 — t-INT8 and t-INT3 —
t-INT9 compared to the t-INT2 — t-INT3 process
(16.6 kJ mol™"), t-INT8 and t-INT9 likely do not
play an important role in the underlying mecha-
nism to form the butadiynyl radical. t-INT6 and
t-INT7 cannot account for the forward scattering
either. Further, since the reaction product pl has
to rotate around the B axis, angular momentum
conservation dictates that t-INT6 and t-INT7 have
to be excited to B-like rotations. As a matter of
fact, both structures are symmetric and may
account solely for a forward-backward symmetric
CM angular distribution, but not for a forward
scattered ones. However, at the present point we
have no possibility to verify or to dismiss the
contribution of t-INT6 and/or t-INT7. This leaves
us with t-INT1-5 as potential candidates for the
forward scattered microchannel. t-INT4 is only
important in the isomerization to INT6 and INT7
via INT 5, but cannot decompose to HCCCC + H.
Hence t-INT4 and also t-INT5 can be ruled out as
the decomposing complexes. Therefore, only
t-INT1-3 remains. Even if t-INT2 is formed, it
cannot fragment to HCCCC plus atomic hydrogen
but rearranges to t-INT1 and/or t-INT3. There-
fore, the fragmenting intermediate leading to the
forward scattered contribution must be either
t-INT1 or t-INT3. t-INT1 can be excluded as well:
it cannot decompose to the butadiynyl radical but
can isomerize solely to t-INT4 and back to INT2;
note, however, that INT 4 was already dismissed.
Henceforth, t-INT3 is the only remaining inter-
mediate. This structure fulfills all the necessary
requirements to explain the experimentally found
features. Firstly, the incorporated dicarbon unit
and the leaving H atom are located on different
sites of the rotation axis of t-INT3; this is crucial
to account for the forward-scattered microchan-
nel. Secondly, t-INT3 can be formed via large
impact parameter collisions; this is indicative for
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dynamics of a reaction without entrance barrier as
confirmed in our calculations. Finally, the short-
lived t-INT3 decomposes via an exit barrier; this is
reflected also in this part of the CM translational
energy distribution which peaks away from zero.
On the other hand, the singlet diacetylene inter-
mediate fragments without exit barrier, and
therefore, can account for the part of the P(E})
which peaks close to zero translational energy. In
summary, both microchannels arising from t-INT3
and s-INT3 can well result in a broad translational
energy distribution, which has been observed ex-
perimentally. We would like to stress that both
microchannels form, indeed distinct butadiynyl
products (Fig. 4). On the singlet surface, the at-
tacking dicarbon unit as denoted in bold is incor-
porated between both carbon atoms which
belonged to the acetylene molecule to form a
HCCCC isomer. However, the dicarbon molecule
adds to the acetylene molecule at the terminal
carbon atom which results in an HCCCC isomer
after hydrogen ejection. Although our investiga-
tions cannot unravel at the present stage the actual
contribution of the initial collision complexes
t-INT1 vs t-INT2 and t-INT3, the latter has been
clearly identified as the fragmenting intermediate
which accounts for the forward scattered micro-
channel; t-INT1, which can be formed by smaller
impact parameter collisions, and t-INT2 both re-
arrange finally to t-INT3. Also, the actual in-
volvement of t-INT6 and t-INT7 remains subject
to further studies.

Finally, we would like to address briefly alter-
native exit channels. Our experiments indicated
the absence of the thermodynamically open
Cy(X’Z,) + Hy(X'E)) pathway. This is supported
by our electronic structure calculations since no
exit transition state from any triplet C4H, inter-
mediate to Cy(X°Z,)+H, (X'Z)) was located.
The alternative exit channels to form
c-C3Hy(X'A 1) + C(CP)), c-C3H(X?B;) + CH(X?T o),
CH,(X®B))+ C3(X12g+), or CH(X?*")+C,H(X?ZH)
are all endoergic by 152, 246, 142, and 68 kJ
mol~!, respectively. Considering our collision en-
ergy of 24.1 kJ mol~!, these channels are therefore
closed at the collision energy utilized in the present
experiment. Based on these considerations we can
conclude that the butadiynyl radical and atomic

hydrogen are the sole products of the reactions of
ground and excited state dicarbon molecules with
acetylene in our experiment.

6. Conclusion

Our combined experimental and theoretical in-
vestigations on the reactions of ground state and
electronically excited dicarbon molecules with
acetylene suggest that only one channel, i.e., the
formation of butadiynyl plus atomic hydrogen, is
open in both cases. The reaction on the singlet
surface has no entrance barrier, is indirect, and
proceeds via addition of the dicarbon species to
the carbon-carbon triple bond of the acetylene
molecule. The cyclic C4;H, intermediate s-INT1
rearranges to s-INT2 which undergoes ring open-
ing to form the diacetylene structure INT3. The
latter decomposes without an exit barrier to the
observed butadiynyl radical plus atomic hydrogen;
angular momentum conservation dictates that the
diacetylene intermediate as well as the radical
product must be excited to B-like rotations. The
fragmentation of this symmetric intermediate
results in a forward—backward symmetric center-
of-mass angular flux distribution. On the triplet
surface, at least one additional microchannel
leading to butadiynyl has been identified. The re-
action starts also with an addition of dicarbon to
the acetylenic bond, but this time only to the ter-
minal carbon atom of the acetylene molecule to
give t-INT3. This intermediate is short lived and
fragments with an exit barrier of about 26 kJ
mol~' to the products. Hence the underlying
dynamics of this microchannel account for the
forward-scattered center-of-mass angular distri-
bution. Note that t-INT1 and t-INT2 are also
alternative entrance channels to the reaction;
however both intermediates rearrange solely to
t-INT3. Also, at the present stage we cannot
quantify the contribution of the t-INT6 and
t-INT7 structures.

Our studies allowed us also to extract for the
first time the underlying reaction micro mecha-
nisms of a dicarbon reaction with an alkyne on the
molecular level and permit us now to include not
only the rate constants of this important dicarbon
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molecule reaction, but also the actual reaction
products into pertinent kinetic models of com-
bustion flames and of extraterrestrial environ-
ments. The butadiynyl radical has been observed
widely in cold molecular clouds and also in cir-
cumstellar envelopes of carbon rich stars. Since the
reaction of dicarbon has no barrier, the astro-
nomically observed butadiynyl can be formed even
in cold molecular clouds holding averaged trans-
lation temperatures of the reactants of 10 K. Fi-
nally, we did not only identify the reaction
products, but proposed further the existence of the
highly unstable cyclic intermediates. Since both
dicarbon and acetylene are present in oxygen poor
hydrocarbon flames, our results suggest that a la-
ser based detection of these important reaction
intermediates could be feasible.
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