Atomic and molecular hydrogen elimination in the crossed beam
reaction of dl-ethinyl radicals C,D(X *Z*) with acetylene,
GCH(X 1):.g“L): Dynamics of d1-diacetylene (HCCCCD) and
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The chemical reaction dynamics to form dl-diacetylene, DCCCCH (X '=7), and the d1-butadiynyl radical,
DCCCC, via the reaction of d1-ethinyl, C;D (X 234, with acetylene, C;H, (X 12g+), are explored in a crossed
molecular beam experiment at an average collision energy of 26.1 kJ mol™!. The experiments show that the
reaction follows indirect scattering dynamics via a C4H,D intermediate. The calculations confirm that the
reaction has no entrance barrier and that it proceeds via an attack of the ethinyl radical on the 7 electron density
of the acetylene molecule. The initially formed trans-1-d-ethinylvinyl-2 (HCCHC,D) intermediate rearranges to
its cis form; the latter is found to fragment predominantly via H atom emission to form dl-diacetylene,
HCCCCD (X 'T%) and H (*S;») (channel 1). A second involves a [1,2]-H shift in trans-HCCHC,D to yield a
1-d-ethinylvinyl-1 radical. The latter channel then shows two fragmentation pathways: a molecular hydrogen
elimination to form the d1-butadiynyl radical (DCCCC) (channel 2) and an atomic hydrogen loss to yield
dl-diacetylene (HCCCCD) (channel 3). Compared to the C4HD/H products (98-99%), the C4D/H, channel
presents only a minor pathway (1-2%). The solid identification of diacetylene under single collision conditions is
the first experimental proof of a long-standing hypothesis that the title reaction can synthesize diacetylene in
dark, molecular clouds, the outflow of dying carbon stars, hot molecular cores, as well as in the atmospheres of

hydrocarbon rich planets and satellites such as the Saturnian moon Titan.

I. Introduction

The diacetylene molecule (HCCCCH, X 12;) is ubiquitous in
the interstellar medium (ISM)' and in the hydrocarbon rich
planetary atmospheres of Saturn and its moon Titan. In plane-
tary environments, diacetylene serves as an ultraviolet radia-
tion shield.> In analogy to ozone protecting Earth from
ultraviolet photons, diacetylene absorbs these destructive
ultraviolet photons to preserve the lower atmospheric layers
and surfaces of planets and their moons. Photochemical
models of Jupiter, Saturn, Uranus, Neptune, Pluto and their
satellites Titan and Triton also predict that diacetylene is the
key intermediate in the synthesis of more complex poly-
ynes such as triacetylene (HCCCCCCH), tetraacetylene
(HCCCCCCCCH), and possibly even the visible haze layers.?

Despite this fundamental role in atmospheric chemistry, the
formation mechanism of diacetylene remains speculative: dia-
cetylene is postulated to result uniquely from the reaction of
the ethinyl radical (C,H, X 3+ with acetylene (CoH,, X
lEg+) as the sole reaction product.* Though this hypothesis
still lacks experimental verification, it manifests the basis for
photochemical models which are in poor quantitative agree-
ment with results from Voyager I/II observations.” Hence,
accurate experimental data are of particular importance to
modelers of planetary chemistry. Furthermore, the Cassini—

i Presented at the XIX International Symposium on Molecular
Beams, Rome, 3-8 June, 2001.
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Huygens mission to Titan is scheduled to arrive in the Satur-
nian system in 2004.° For a meaningful interpretation of the
vast amount of new atmospheric data that will be recorded,
an understanding of the most fundamental processes such as
the formation of diacetylene and the role of the reaction of
ethinyl radicals with acetylene is truly essential.

Recent laboratory kinetics studies on this system at tempera-
tures from 295 K to 15 K demonstrated that the reaction of
ethinyl radicals with acetylene proceeds very rapidly
(k=094—-27x10""" cm® s7"),” which suggests no or only
a minor entrance barrier for this process. The missing informa-
tion from these kinetic studies is the nature of the intermedi-
ates involved and, in particular, the nature of the reaction
products. This lack of detail hampers a refinement of the
photochemical models and calls for a scrutiny of this impor-
tant reaction at the most fundamental, microscopic level. Here,
we report on a crossed molecular beam investigation augmen-
ted by electronic structure calculations on the partially deuter-
ated variant of the ethinyl radical plus acetylene reaction (1)
(3), i.e. d1-ethinyl radicals (C,D) with acetylene (C,H»).® This
system represents the prototype reaction of ubiquitous ethinyl
radicals with the simplest, closed shell unsaturated hydrocar-
bon, acetylene, to form diacetylene and/or its isomer(s) and
potentially butadiynyl radicals in hydrocarbon rich atmo-
spheres of planets and their moons via a single collision event.’
In Saturn’s moon, Titan, for example, short wavelength
photons (4 <200 nm) can penetrate to the stratosphere and
dissociate acetylene to atomic hydrogen plus an ethinyl
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radical.'® The reaction of the ethinyl fragment with undisso-
ciated acetylene to form complex C4 hydrocarbons is expected.

C,D (X 2Z*) + CH, (X 'Z,%) — DCCCCH (X 'z¥)

H (’S1)), (1)
— H,CCCC (X 'A1) +D (*S;0), 2)
— DCCCC (X *Z7/A M) + H, (X 'Z, ). (3)

II. Experiment and data processing

The experiments are carried out under single collision condi-
tions coupling our dl-ethinyl, C,D (X %), source with the
universal 35" crossed molecular beam machine.!! A pulsed
supersonic ethinyl radical beam, C,D (X ?£), is generated
in situ via laser ablation of graphite at 266 nm'>!'® and seeding
the ablated species in neat deuterium which acts as a reactant
gas as well. This source design leads to a number density of
0.5 x 10" radicals cm~* in the interaction region of the scatter-
ing chamber.'* This beam contains further atomic carbon (C
(*P))), dicarbon (C, (X 'X,")), and (C; (X '=,")). However,
these species do not interfere with the reactive scattering signal
of the CzD/Csz system at m/z = 51 and 50 (IV.A): the C
é P)+CH, (X 'y +) reaction leads to a reactive scatterlng
signal at m/z =37 (C3H+) and 36(C3");" the C, (X 'T.")/
CH, (X 2 T) system gives rise to counts at mass to charge
ratlos not exceedlng m/z =49 (C4 H™);!® the reaction of C3
(X '£,%) with CoH, (X Z, 1) is endoergic by about 86 kJ mol ™'
and hence closed under the present experimental conditions.
The pulsed dl-ethinyl beam passes the skimmer, and a four-
slot chopper wheel mounted after the ablation zone selects a
9.0 us segment of the pulse with a peak velocity v, of
1790430 ms™! and speed ratio S of 7.6+0.2. This beam
crosses an acetylene beam in the main chamber at a collision
energy of 26.1 kI mol™" (v, =900+ 10 m s™', S = 9.0). The
reactively scattered species are probed using a triply differ-
entially pumped detector consisting of a Brink-type elec-
tron-impact-ionizer, quadrupole mass-filter, and a Daly ion
detector'” recording time-of-flight spectra (TOF) at different
laboratory angles at mass to charge ratios m/z = 51
(C4HD™) and 50 (C4H,™, C4D™) under ultrahigh vacuum con-
ditions (<8 x 107"* torr). Integrating these TOFs at each
laboratory angle and correcting for different data accumula-
tion times yields the laboratory angular distribution (LAB).
Data collection times are up to 30 h per angle. Information
on the chemical reaction dynamics was gained by fitting the
TOF spectra and the product angular distribution in the
laboratory frame (LAB) using a forward-convolution rou-
tine.'® This procedure initially assumes an angular distribution
T(0) and a translational energy distribution P(Et) in the cen-
ter-of-mass reference frame (CM). Laboratory TOF spectra
and (the laboratory) angular distributions were then calculated
from 7(0) and P(Et). Best TOF and laboratory angular distri-
butions were achieved by refining adjustable 7(0) and P(ET)
parameters. The final outcome is the generation of a product
flux contour map which reports the differential cross section,
I(0,u) ~ P(u) T(0), as the intensity as a function of angle 0
and product velocity u in the center-of-mass reference frame.
This plot contains all the information on the reactive scattering
process.'®
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III. Electronic structure calculations

All structures were optimized and confirmed as minima or
transition states by frequency analysis at the UB3LYP/6-
3114+G** level of theory as implemented in Gaussian 98."

The structures of the intermediate 1-ethinylvinyl-1 radical were
also optimized at complete active space SCF (CASSCF)/6-
311G* using the GAMESS suite of programs.?’ The chosen
active space included the complete set of m-orbitals and the
c-orbital in which the unpaired electron might be located,
i.e. CASSCF(7,7)/6-311G*. Single point energies for the reac-
tants and products were also computed at CCSD(T)/cc-pVTZ
with the ACES2 program®! and the energies were corrected
with unscaled B3LYP/6-311+G** ZPVEs. Furthermore, the
G2 method?? was applied to achieve chemical accuracy (+5
kJ mol™") for the reaction enthalpies.

IV. Results

A. Reactive scattering signal and laboratory angular
distributions (LAB)

Reactive scattering signal was recorded at mass-to-charge
ratios m/z = 51 (C4HD™) and 50 (C4H, ' /C4D™); due to the
presence of dicarbon in the primary beam, data at m/z = 49
and 48 were not recorded. No signal for the radiative associa-
tion channel to C4H,D was found. At each laboratory angle,
the TOF spectra of both mass to charge ratios differed and
could not be superimposed. This finding alone demonstrates
that at least two distinct products of the gross formula
C4HD (m/z = 51) and C4H,/C4D (m/z = 50) are formed in
the reaction of a d1-ethinyl radical with acetylene (single colli-
sion event, hence, only one C,D). The signal at m/z = 51 can
be attributed to a C,D versus H exchange pathway; TOF spec-
tra at m/z = 50 depict two components: (i) the C4D™ ions aris-
ing from cracking of the C;HD™ parent in the electron impact
ionizer and (ii) a second channel which demonstrates the for-
mation of C4H, (C,D versus D exchange) and/or C4D isomers
(C,D versus H, exchange).

The important laboratory angular distribution (LAB) of the
C,D (X =% + C,H, (X 'E, ") reaction at m/z = 50 is shown
in Fig. 1 together with the calculated curves using the center-
of-mass best fit functions at a collision energy of 26.1 kJ mol~".
. The signal at m/z = 51 was fit with only one channel corre-
sponding to the C4HD product. However, applying this cen-
ter-of-mass function to fit also the data at m/z = 50 clearly
indicates that a second channel accounting for the fast part
of the TOF spectra is missing (Fig. 2). The LAB distributions
of both channels peaks at 27.0° close to the center-of-mass
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Fig. 1 Laboratory angular distribution of m/z = 50 for the C,D(X
)+ CH(X 'Z *) reaction. Circles and lo error bars indicate
experimental data, the dashed lines the calculated distribution for
dl-diacetylene product (DCCCCH; channel 1), the dashed-dotted line
the calculated distribution for the dl-butadiynyl product (DCCCC;
channel 2), and the solid line the sum. C.M. designates the center-of-
mass angle.
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Fig. 2 Time-of-flight data of the C,D(X *£1) 4 C,Hy(X 'Z,") reac-
tion of m/z = 50 at three laboratory angles. The circles indicates the
experimental data, the thin lines the calculated distribution for d1-dia-
cetylene product (DCCCCH; channel 1), the thick lines the calculated
distribution for the d1-butadiynyl product (DCCCC; channel 2), and
the dashed lines the sum.

angle of 26.7+0.6°, and the reactive scattering products are
spread within 25° (fragmentation from m/z = 51) and 35° in
the plane defined by both beams.

B. Center-of-mass flux contour maps, 1(0,u)

Best fits of data at m/z = 51 were obtained with a single cen-
ter-of-mass translational energy and angular distribution cor-
responding to the reaction C,D (X 22+ C,H, (X 1Z)g*)—>
CsHD+H (281/2). Data at m/z = 50 required a fit with two
reaction channels, ie. fragmentation of the C4;HD product
and a second pathway C,D (X *TH)+CH, (X 'E,M)—
C,.D+H, X 12;). The underlying flux contour plots are
shown in Fig. 3. Inspection of the center-of-mass velocity u
of the products provides further insight into the energetics of
both reaction channels. All the information included in u
translates into information on the translational energy of the
products and, hence, the center-of-mass translational energy
distribution P(E1). The maximum translational energy E..
can be used to identify the nature of the products. E,,y is sim-
ply the sum of the reaction exothermicity obtained either from
electronic structure calculations or by comparison with litera-
ture data and the collision energy in our experiments. There-
fore, reaction channel 1 with an experimentally determined
Epax: 136-146 kJ mol™! and a collision energy of 26 kJ mol™!,
, is exothermic by 110-120 kJ mol~'. The situation of the mole-
cular hydrogen loss (channel 2) is more complicated. Within
our experimental error limits (Epax : 20-30 kJ mol™!), we can-
not determine if the reaction is thermoneutral, slightly exother-
mic (-6 kJ mol™!), or endothermic (+4 kJ mol™).
Information about the energy of the exit transition state can
be deduced from the distribution maximum of the relative
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Fig. 3 Center-of-mass velocity flux contour maps for the C,D(X
257 + CHH(X "2, ") reaction. Top: DCCCC + H, channel; bottom:
DCCCCH + H channel. The contour lines connect points of constant
intensities; light gray: minimum intensity; dark: maximum intensity;
the direction of the C,D beam is defined as 0° and of the acetylene
beam as 180°.

velocity part of the contour plot. The atomic hydrogen loss
was found to have a distribution maximum around 30-45 kJ
mol~!. This indicates that the exit transition state is rather
tight. Channel 2 peaks at 3-5 kJ mol~', very close to zero
translational energy, suggesting that the molecular hydrogen
loss proceeds via a loose, product-like transition state. Finally
the average energy released into the translational degrees of
freedom was found to be 50-60 kJ mol~! (channel 1) and
15-20 kJ mol~! (channel 2).

The angular part of the flux contour plot supplies important
information on the reaction dynamics involved. Here, both
1(0,u)’s are forward-backward symmetric, suggesting that the
reaction to form dl-diacetylene and dl-butadiynyl follows
indirect scattering dynamics via bound C,H,D intermediate(s)
which decompose(s) to DCCCCH+H (channel 1) and
DCCCC + H,; (channel 2). This symmetry documents further
that the lifetimes of the fragmenting complex(es) are longer
than the rotational period(s). However, the detailed shape of
both 1(0,u) differs strongly. Whereas the flux contour map of
channel 2 peaks at 90° with 1(90°)/1(0°) = 1.5-1.4 (‘sideways
scattering’), channel 1 shows pronounced maxima at the poles
(0° and 180°) and a minimum at 6 =90° (I(180°)/
1(90°) = 1.6-1.5). The distinct shapes of the angular parts of
both contour plots are dictated by the disposal of the total
angular momentum J and are the result of geometrical con-
straints of the direction of the H/H, emission in the fragment-
ing C4H,D intermediate(s), ¢f. Section V.B. Based on these
data and the fitting program,'® the C,HD/H pathways
accounts for about 98-99%, whereas the C4,D/H, channel pre-
sents only a minor (1-2%) contribution at a collision energy of
26.1 kJ mol .
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Fig. 4 Schematic representation of the C4;H,D potential energy surface (UB3LYP/6-311+G** + ZPVE). Computational details are given in the

text.

C. The ab initio doublet C4H,D potential energy surface
(PES)

The computations reveal two possible entry channels for the
reaction of the ethinyl radical (1) with acetylene (2). An attack
of the terminal carbon atom of 1, which holds the radical cen-
ter, to the m-electron density of 2 proceeds without barrier and
yields the trans-1-d-ethinylvinyl-2 radical (3) in a highly
exothermic reaction (—262.3 kJ mol~', Figs. 4 and 5). A cis—
trans isomerization from 3 to 4 progresses via a low barrier
(3,4_TS) of only 14.1 kJ mol ! (Figs. 4-6); hence, an ultrafast
rearrangement with a near equal distribution of 3 and 4 is
anticipated. The alternate entrance channel, in which the ethi-
nyl radical (1) attacks acetylene (2) with the central carbon
(1,2,5_TS), involves a barrier of 8.1 kJ mol~!' at UB3LYP/6-
3114+G**. Ceursters et al. have reported a similar value for
this barrier (8.5 kJ mol™! at UB3LYP/6-3114+G**).%* These
authors further suggested that the height of the barrier is sig-
nificantly increased (32 kJ mol™') when evaluated by
CCSD(T)/6-311++G** single point energy computations.
We have shown previously®* that coupled cluster single point
energies for related systems are highly dependent on the size
of the basis set and, indeed, a single point energy computation
with a larger basis set for 1,2,5 TS at CCSD(T)/cc-pVTZ
reproduces the DFT energy satisfyingly (8.6 kJ mol™!). The
initial intermediate for this reaction channel is the carbene-
radical species 5. Note that the two hydrogen atoms of the
acetylene moiety are oriented trans to each other. This result
is in disagreement with Ceurters et al. as they connected the
cis isomer with the reactants 1 and 2. It is not surprising that
the resulting species 5 is highly unstable with respect to a
1,2-deuterium shift that yields 3. Ceursters et al.>> were unable
to optimize the transition state for this process at the B3LYP/
6-311++G** level and concluded on the basis of coupled clus-
ter single point computations on a UHF optimized geometry
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1.062 1232

converge:s to Cyy 7
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CASSCF(7,7)/6-311G*

Fig. 5 Optimized geometries (UB3LYP/6-311+G**) of reactants,
intermediates, and potential products on the C4H,D potential energy
surface. Bond distances in A and bond angles in degrees.
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Fig. 6 Optimized geometries (UB3LYP/6-311+G**) of transition states on the C4H,D potential energy surface. Bond distances in A and bond
angles in degrees. The main rotational axes are indicated for relevant exit transition states to the products.

that the transition state 3,5_TS lies only a few kJ mol™! above
5. We succeeded in optimizing this transition state at B3LYP/
6-311+G**. Without considering the zero-point vibrational
energy (ZPVE) correction, this structure is 3.5 kJ mol ' higher
in energy than 5. Inclusion of ZPVE, however, leads to an
energy below that of 5. Hence, the transition state and the
minimum 5 itself are artifacts of computing static points on
a potential energy surface. A shallow minimum such as 5
might no longer exist under consideration of the zero-point
vibrational energy (ZPVE). Therefore, attack of the ethynyl
radical (1) to acetylene (2) via transition state 1,2,5_TS yields
intermediate 3 instantly. A cis—trans isomerization of the term-
inal hydrogen in 5 to yield 6 via 5,6_TS is not a relevant reac-
tion path, but is only included for completeness.

Besides cis—trans isomerization to 4, 3 can undergo a [1,2]-
hydrogen shift (3,7_TS) via a relatively high barrier of 162.6
kJ mol™! to the global minimum of the C4H,D PES, the 1-
d-ethinylvinyl-1 radical (7). The B3LYP/6-311+G** opti-
mized geometry of 7 shows a linear arrangement of the carbon
atoms (though optimized in C;) and the lowest harmonic
vibrational frequency, 86 cm~' (A’), corresponds to the bend-
ing of the ethinyl substituent. At CASSCF(11,12)/6-311G* the
structure is bent with a bonding angle of 142.3° of the C,D
substituent to the vinyl moiety. Therefore, all intermediates
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3, 4, and 7 are Cs-symmetric doublet radicals with A’ ground
states. Both 3 ensuing intermediates, 4 and 7, can decompose
to dl-diacetylene (8) under hydrogen atom emission via exit
transition states 4,8_TS and 7,8 TS. The overall reaction
exothermicity to form this product is computed to be —130
kJ mol™' at UB3LYP/6-311+G**. This is matched satisfy-
ingly by G2 (—115.1 kJ mol™") and CCSD(T)/cc-pVTZ single
point energy (—128.2 kJ mol™!) computations.

As verified experimentally (c¢f. Section V.), the d1-butadiynyl
(DCCCC, (11)) radical presents a second reaction product
which is formed via molecular hydrogen elimination. Therefore
we investigated this pathway computationally as well. The cal-
culated endothermicity for this product are 5.6 kJ mol™! at
UB3LYP/6-311+G**, 17.1 kJ mol~" at CCSD(T)/cc-pVTZ//
UB3LYP/6-311+G**, and 21.3 kJ mol~! at G2. The compre-
hensible precursor for this process is intermediate 7 for which
we optimized the geometry also at CASSCF(7,7)/6-311G*. All
attempts to locate a transition state for an Hj-loss using DFT
or CASSCF computations to form DCCCC (X *27) failed. In
the B3LYP optimized geometry of 7 the d-ethinyl moiety is
almost collinear with the ethenyl moiety and the lowest harmo-
nic vibrational frequency, 86 cm ™!, corresponds to the bending
of the ethinyl substituent. It is important to note that butadiy-
nyl marks the turning point within the series of C,H radicals



(n =2, 4, 6) from a *X ground state in C,H to a Il ground
state in CgH.?> The ground state of 11 is >Z", but the first
excited state 21 is virtually isoenergetic.2® This special feature
might be the reason for this unexpected reaction channel and
two potential energy surfaces that conically intersect or avoid
crossing might be involved. We were, however, unable to
locate such an intersection and a different explanation appears
more attractive. Due to the computed low bending frequency,
7 might emit molecular hydrogen in a least-motion process
without an exit-barrier in a (near-) linear conformation analo-
gous to the DFT optimized structure. Further investigations
are clearly necessary to resolve this molecular hydrogen elimi-
nation pathway.

Finally, we investigated all cyclic intermediates and alterna-
tive reaction products, which are higher in energy than 8. Alter-
nate pathways from 4 include cyclization reactions to 9 and 10
through high lying transition states 4,9_TS and 4,10_TS. The
overall reaction energies of hypothetical deuterium atom losses
to form products 14 and 15 are highly endothermic by 171.9
and 187.2 kJ mol ™!, respectively, and, hence, these paths are
closed considering our experimental collision energy of 26.1
kJ mol™!. Therefore, 9 and 10, if formed at all can only react
back to 4. Note that the reaction sequence 4 — 9 — 4 presents
formally a migration of the ethinyl group from the Cl atom
of acetylene to the C2 atom. Comparing the energies of
4,10_TS with 4,9_TS suggests that 10 should not be formed.
An alternate product, the C,, 'A, butatrienylidene 12 is
175.0 kJ mol™" less stable than diacetylene and is therefore
located above the energy of the separated reactants. The reac-
tion energy to give 12 was calculated to be +45.0 kJ mol~!. A
carbene-type isomer, ethinylvinylidene (Cs, 'A;, 13) exists as
well. This structure can only be formed in a highly endother-
mic reaction (+112.6 kJ mol™}).

V. Discussion

A. Energetic considerations

In this section we compare experimentally obtained reaction
energies of the molecular and atomic hydrogen elimination
pathways with data derived from our electronic structure cal-
culations to assign the reaction products. The situation of
channel 1, i.e. the assignment of the C,D versus H exchange
pathway to form a C4HD isomer, is straightforward, because
8 and 13 are the only feasible C4HD isomer products. The elec-
tronic structure calculations predict reaction energies of
—130.0 kJ mol™" and +112.6 kJ mol™" for diacetylene (8)
and singlet ethinylvinylidene (13), respectively. Therefore, with
only a collision energy of 26.1 kJ mol ! at disposal, formation
of 13 can be excluded. However, the experimentally derived
reaction energy to form dl-diacetylene of —110 to —120 kJ
mol ™! correlates very nicely with our theoretical data.
Channel 2 was fit with a C4D + H, pathway. Based on our
computations, the reaction to form butadiynyl DCCCC (X
25+) 11 plus molecular hydrogen was found to be slightly
endothermic by 5.6 kJ mol~!, whereas our experiments depict
reaction energies between +4 kJ mol~' and —6 kJ mol™!. The
first electronically excited state (2II) of butadiynyl is only 2.9—
3.4 kJ mol™' higher in energy®’ and could account for this
channel as well within our error limits. We would like to recall
that in principle a molecule with the gross formula C4H, also
could contribute to m/z = 50. The electronic structure calcula-
tions, however, demonstrate explicitly that the C4H, isomers
12, 14, and 15 are endothermic by +45.0 kJ mol™!, +171.9
kJ mol™!, and +187.2 kJ mol™", respectively. Since the colli-
sion energy in our experiments was only 26.1 kJ mol~", these
products cannot be formed under our experimental conditions.
Therefore we conclude, that the butadiynyl radical (11) in its
23" and/or °I1 state is formed. To summarize, our high-energy

cutoffs establish two reaction products, d1-diacetylene (8) and
the butadiynyl radical (11).

B. Center-of-mass angular distribution considerations and
exit transition states

The detailed shape of the angular part of the center-of-mass
flux contour map is directed by the disposal of the total
angular momentum J. In our crossed beam experiment, each
reactant undergoes a supersonic expansion and rotational
cooling occurs. Hence the total angular momentum is present
initial as orbital angular momentum L. The polyatomic pro-
ducts of channel 1 and 2 can be rotationally excited giving
rise to a rotational angular momentum j'. Denoting the final
orbital angular momentum as L', angular momentum conser-
vation dictates J~ L~ L’ +j. The final recoil velocity vector,
v, is in a plane perpendicular to L’ and therefore, when the
rotational excitation of products is significant, v’ is not in a
plane perpendicular to J. When j is not zero, the probability
distribution for the scattering angle 6, which is the center-of-
mass angle between the initial relative velocity v and v,
depends on the values of J, M and M’ where M and M’
are the projections of J on the initial and final relative velo-
city, respectively. For instance, if the complex dissociates pre-
ferentially with low M’ values, the final velocity v' is almost
perpendicular to J and therefore v and v are almost parallel;
in this case, the product intensity will be mainly confined to
the poles, 0 = 0° and 0 = 180°, similar to the case of no pro-
duct rotational excitation. On the contrary, when the colli-
sion complex dissociates mainly with high M’ values, the
final relative velocity will be almost parallel to J and perpen-
dicular to v and the products will be preferentially scattered
at 0 = 90°.

In the case of channel 1 (H atom loss), the angular part of
the flux contour peaks at § = 90° (‘sideways scattering’). This
finding documents that the most probable direction of the H
atom release is parallel to J as found previously in the systems
F+C¢Ds— CsDsF+D,®  CN+ C4Dgs— C¢DsCN +D,”
CN+C,H, ~HCCCN+H,** and C,D+CH;CCH—
CD;CCCCD + H.?! On the other hand, the molecular hydro-
gen (channel 2) is released predominantly perpendicular to the
total angular momentum vector and, hence, in the plane of the
fragmenting C4H,D complex. Therefore, the theoretically
investigated exit transition state(s) from the decomposing com-
plex(es) to the products must account for this experimental
finding.

Figure 6 shows the computed structures of two exit transi-
tion states of the H atom loss pathway connecting the inter-
mediates 4 and 7 with the DCCCCH + H products. Based
on these considerations, 4,8 TS can account for the experi-
mentally found sideways peaking of the flux contour plot.
Here, the electronic structure calculations predict an angle
between the C axis (which in turn is parallel to J) and the direc-
tion of the leaving hydrogen atom of 0.4°; this matches the pre-
dicted value of 0° which arises from a H loss strictly parallel to
J, perfectly. Therefore, we can conclude that the H atom is
emitted parallel to J and almost perpendicular to the plane
defined by the four heavy carbon atoms documenting that
3—4— 8+ H should be the dominant reaction pathway com-
pared to 3 —7 — 8 + H. Further evidence for this conclusion is
provided by the distribution maximum of the relative velocity
part of the contour plot (cf. section I'V. B) that suggests an exit
transition state for this process locate 30-45 kJ mol~! above
the product (8). This order of magnitude is in reasonable
agreement with the computed value of 23.3 kJ mol~! for
4,8 TS. The alternate exit transition state 7,8_TS lies only
4.3 kJ mol™! above the product 8. Furthermore, it does not
emit the hydrogen atom parallel to J but rather at an angle
of 16.2°.
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C. The actual reaction pathway

The identification of two reaction products (d1-diacetylene and
d1-butadiynyl), the assignment of indirect reactive scattering
dynamics, the calculated geometry of the exit transition
state(s), and the calculated potential energy surface untangle
finally the underlying reaction dynamics of the C,D (X 2Z%)
+CH, (X 1Zg+) reaction. The dl-ethinyl radical adds to
the 7 electron density of the carbon-carbon triple bond of
the acetylene molecule without entrance barrier. This forms a
trans 1-d-ethinylvinyl-2 collision complex 3 which isomerizes
rapidly to its cis form 4 on the *A’ surface; both structures
are stabilized by 262 kJ mol~! and 265 kJ mol ™! with respect
to the separated reactants. Since the barrier of a cis—trans con-
version ranges well below the total available energy, we can
expect an ultrafast isomerization process as well as an equal
concentration of 3 versus 4. Both l-ethinylvinyl-2 radicals
resemble prolate asymmetric top molecules, and the heavy
atoms are expected to rotate nearly in a molecular plane per-
pendicular to the total angular momentum vector J. In plane-
tary atmospheres and in molecular clouds, where average
translational temperatures are between 10 and 100 K, an alter-
native entrance channel via 1,2,5_TS via an entrance barrier of
8.1 kJ mol~! is certainly closed.

The intermediates 3 and 4 were found to undergo three dis-
tinct reaction channels. First, 4 decomposes via a hydrogen
atom emission to form d1-diacetylene (DCCCCH(X '=%)) via
a tight exit transition state located 23.7 kJ mol ! above the pro-
ducts (channel 1). The latter is confirmed experimentally since
the flux contour map shows a distribution maximum which cor-
responds to 30-40 kJ mol™ ! Therefore, the reverse reaction, i.e.
addition of a hydrogen atom to the carbon—carbon triple bond
of the dl-diacetylene molecule involves a significant entrance
barrier (c¢f- section V.D). As verified experimentally (‘sideways
scattering’) and by our electronic structure calculations, the H
atom loss proceeds almost parallel to the total angular momen-
tum vector J and, hence, perpendicular to the molecular plane
of the decomposing complex 4. This leaves the d1-diacetylene
molecule highly rotationally excited (B-like rotations). The cal-
culated well depth of 265 kJ mol~! of 3 and 4 can account for
the observed forward-backward symmetric contour plot.

To a minor amount, 3 undergoes a [1,2]-hydrogen shift to
the thermodynamically more stable 1-d-ethinylvinyl-1 radical
7. The latter is the global minimum of the C4H,>D potential
energy surface and is stabilized by 332.7 kJ mol~! with respect
to the reactants. The lowest bending frequencies of only 86 and
232 em ™! verify the extreme floppiness of this structure. Inter-
mediate 7 fragments via molecular hydrogen loss to the buta-
diynyl radical via molecular hydrogen loss (channel 2); this
H, elimination occurs in the molecular plane of the decompos-
ing complex. Similar to channel 1, the decomposing complex
resides in a deep potential energy well; this is well reflected
in the forward-backward symmetric contour plot of channel
2. The experiments suggest a loose exit transition state with
a very low, probably no, exit barrier. Since the long-lived com-
plex 7 fragments to DCCCC + H,, we have to concede that
the thermodynamically more favorable pathway via an atomic
hydrogen elimination from 7 to DCCCCH + H should be open
as well (channel 3). However, based on the shape of contour
plots and the experimentally found sideways peaking, this
pathway is expected to be less prominent compared to channel
1. Finally, we would like to stress that no other isomers were
formed. However, although the three-membered ring structure
9 plays no role in the active chemistry, the existence of this
intermediate might increase the lifetime of the decomposing
complex 4 and could favor an energy randomization.

D. Comparison with the reverse reaction of C4H,+H

It is interesting to compare the reaction mechanism in the
C,D/C,H, system we have elucidated with the reaction of
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atomic hydrogen plus diacetylene. The calculations and, to
some extent, the release of translational energy to the C4HD
plus H products leads to the inference of an exit channel bar-
rier (4,8_TS) of 23 kJ mol~!. Kinetic studies of the reversed
reaction suggest activation energy for addition of atomic
hydrogen to C4H, between 4.2 kJ mol~ 32 and 9.8 kJ mol "33
At first glance, these data seem to contradict each other. How-
ever, a closer look at the pertinent potential energy surface
(Fig. 4) resolves this issue. Here, the hydrogen atom reacts
with the diacetylene molecule preferentially via transition state
7,8_TS to 7 rather through 4,8 TS to form 4, since the barrier
of the latter transition state is 19.0 kJ mol~! higher than
7,8_TS. The computed entrance barrier of only 4.3 kJ mol ™!
shows a similar order of magnitude as the activation barrier
determined from kinetic studies. This suggests that the addi-
tion of a hydrogen atom to diacetylene may indeed occur via
transition state 7,8_TS.

E. Comparison with the reaction of CN(X 3%+ C,H,

Reactions of the linear C,D and the CN radicals exhibit strik-
ing similarities, but also significant differences. Firstly, the two
species are isoelectronic with 2% ground states. Initial attack
of the C,D/CN radical on acetylene forms Cg symmetric cis/
trans C,H,X (X = C,D, CN) complexes on the 2A’ surface
which are stabilized by 240-270 kJ mol~' which account for
the indirect scattering dynamics found in both systems. Sec-
ondly, the collision complexes can undergo [1,2]-H migration
to form thermodynamically more stable XCCH, radicals,
which are bound by 290-330 kJ mol ™. Thirdly, an H atom
elimination pathway from C,H,X via a tight (22-24 kJ mol™!
above the reaction product) exit transition state dominates the
reaction. In both cases, the H atom is emitted almost parallel
to the total angular momentum vector and, hence, perpendicu-
lar to the plane of the decomposing complex. The competing
atomic hydrogen elimination from C,H,X via a loose, pro-
duct-like (47 kJ mol™!) exit transition state is found to be a
less important channel. Finally, the exothermicities of the for-
mation of the main reaction products are comparable (90-120
kJ mol ™).

Whereas the CN/C,H, system goes through an osculating
complex at a collision energy of 27.0 kJ mol~', the reaction
of C,D with C,H, involves long-lived complexes. Two effects
are responsible for this difference. Firstly, the additional atom
of the C,D versus the CN reactant increases the number of
vibration modes by three. Secondly, the low frequency wag-
ging/bending modes of the C-D group might increase the life-
time even further. This is well reflected in an enhanced fraction
of energy channeling into the translational motion. Finally, we
were not able to detect a molecular hydrogen loss pathway in
the CN/C,H, reaction. This pathway is endothermic by about
35 kJ mol™! in the CN/C,H, system and, hence, could not
occur at a maximum collision energy of 27.0 kJ mol~'.3*

Most important, the elucidated reaction dynamics can con-
firm recent kinetic investigations of the ethinyl and cyano radi-
cal reactions with acetylene. Employing the CRESU
(Cinetique de Reaction en Ecoulement Supersonique Uni-
forme) apparatus in Birmingham, rate constants of 2.27+
0.29x 1071 em® s7! (T'= 15 K) and 4.60 £0.25 x 107'° cm?
s~! (T = 25 K) have been measured at similarly low tempera-
tures for the C,H/C,H,” and CN/C,H, reactions, respec-
tively.>> As the authors pointed out, the rate constants of the
ethinyl radical reactions are systematically lower by a factor
of two compared to the cyano radical systems. Crossed beam
studies combined with electronic structure calculations demon-
strated that the cyano radical can add to the unsaturated
bond with the carbon and nitrogen atom, thus forming a
cyano- or isocyano intermediate,® ¢/ Fig. 7. Since the forma-
tion of isonitriles is forbidden energetically, those isocyano
intermediates were found to rearrange to the corresponding
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Fig. 7 Schematic presentation of the most important reaction path-
ways in the reactions of cyano and ethinyl radicals with acetylene;
pathways which are closed are crossed out.

cyano intermediates via a three-membered ring transition state
to the nitrile isomer which in turn loses an H atom. However,
the ethinyl radical can add to the n-bond without barrier only
with the terminal carbon atom, addition of the HC-group
involves transition state 1,2,5_TS and, hence, a barrier of 8.1
kJ mol~! which cannot be overcome in the low temperature
CRESU experiments. Therefore, a simple explanation for the
observed lower rate constants of the C,H compared to the
CN reaction might be that only half of the collisions of
the ethinyl radical are reactive.

VI. Conclusions

The chemical reaction dynamics of the reaction of d1-ethinyl
C,D (X °X™), with acetylene, CoH, (X 'E,"), are investigated
in a crossed beam experiment forming dl-diacetylene,
DCCCCH (X '=%), and the d1-butadiynyl radical, DCCCC
following atomic and molecular hydrogen emission, respec-
tively. Three reaction channels were observed. Our data reveal
that the reaction has no entrance barrier, follows indirect scat-
tering dynamics via complex formation, and is initiated by an
attack of the C,D (X 227) radical to the carbon—carbon triple
bond of the acetylene molecule. This forms a C, symmetric >A’
trans-1-d-ethinylvinyl-2 (HCCHGC,D, 3) collision complex
which rearranges rapidly to the cis form 4. The four heavy
atoms are rotating in a plane almost perpendicular to the total
angular momentum vector J around the C axis of the complex.
The cis-HCCHC,D intermediate 3 fragments predominantly
via H atom emission through a tight exit transition state
located 23 kJ mol~! above the dl-diacetylene, HCCCCD
(X '=%) and HS, /2) products (channel 1). To a minor extent,
the 1-d-ethinylvinyl-1 radical (7), which was formed upon a
[1,2]-H shift of the initial intermediate 3, was found to emit
molecular hydrogen forming the dl-butadiynyl radical
(DCCCC) (channel 2). Channel 3 results from an H atom loss
of H,CCCCD (7) via a loose exit transition state located only 4
kJ mol~! above the products. Further studies of this reaction
should focus on the exact reaction energy of the molecular
hydrogen loss pathway. Likewise, the location of the exit tran-
sition state, if one exists, and the role of an excited surface
remain to be solved.

The explicit identification of two reaction products, diacety-
lene (8) and the butadiynyl radical (11), demonstrate that the
neutral-neutral reaction of ethinyl radicals with acetylene
represents an efficient pathway to produce diacetylene mole-
cules in planetary atmospheres in those regions where density

profiles of photolytically generated ethinyl radicals and acety-
lene molecules overlap. In contradiction to earlier assump-
tions, our investigations suggest the formation of a second
product, the butadiynyl radical. Previously, this pathway has
not been considered in photochemical models of hydrocarbon
rich atmospheres since the synthetic route to butadiynyl was
postulated to proceed solely via photodissociation of diacety-
lene. The reaction to form butadiynyl could be slightly
endothermic. If so, only the species in the long tail of the Max-
well-Boltzmann distribution could react to give butadiynyl in
planetary atmospheres. Alternatively, photodissociation of
acetylene yields vibrationally excited ethinyl radicals.’” This
vibrational excitation can be incorporated into the reaction
coordinate to form butadiynyl. However, if the reaction to
form the butadiynyl turns out to be slightly endothermic, it
is inhibited in cold molecular clouds as translational tempera-
tures of only 10 K prevail. Nevertheless, our finding might
have significant implications for the understanding and quan-
tification of the atmospheric diacetylene balance in hydrocar-
bon rich planetary atmospheres. Once implemented into
atmospheric models, this second pathway will reduce the dia-
cetylene production rate of the C;H/C,H, system. Further,
butadiynyl can react with diacetylene to yield tetraacetylene
(CgH,) thus offering an additional diacetylene sink. Both
effects together can refine recent models of Titan’s atmosphere
which predict a fivefold larger amount of diacetylene than that
actually observed by Voyager. Future chemical models must
take this one-step synthetic route to C4H into account as an
important alternative to multiple reaction sequences via
C4H, . Last but not least, we identified four radical intermedi-
ates 3, 4, 7, and 9. Under our single collision conditions, these
species are formed with extremely high internal excitation, and
their lifetimes are of the order of a few picoseconds. Hence,
they fragment before reaching the detector. However, in the
denser atmospheres of Titan and Saturn, ternary collisions
may have a significant impact on the chemistry and can divert
the internal energy. This will stabilize those intermediates.
Most importantly, these radicals can undergo subsequent reac-
tions with C,H,, C,H, or C4H, to form even more complex
molecules such as CcHs, CcHy, C¢Hs, CgHs, and CgHy iso-
mers, extremely unstable species which have been only partly
included into chemical reaction networks of these solar system
environments.
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