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Crossed beam reaction of the cyanogen radical, CN (X232 1),
with acetylene, C sz(xlzg): Observation of cyanoacetylene,
HCCCN(X1Z )

L. C. L. Huang,® Y. T. Lee,” and R. I. Kaiser®
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Taiwan, Republic of China
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The chemical dynamics to cyanoacetylene, HCCKRY *), formation via the neutral—neutral
reaction of cyanogen, CX(>S "), with acetylene, gH,(X 1Eg ), is investigated in a crossed
molecular beams experiment at a collision energy of 21.1 kJ‘mdlhe laboratory angular
distribution and time-of-flight spectra of the HCCCN product are recordemt/at=51 and 50.
Forward-convolution fitting of our data reveals that the reaction dynamics are governed by an initial
attack of the CN radical to the electron density of the acetylene molecule to form a HCCHCN
collision complex on the?A’ surface. The four heavy atoms are rotating in plane almost
perpendicular to the total angular momentum ve&around theC axis of the complex which
undergoes C—H bond rupture through a tight transition state to HCCCN and H. The H atom is
emitted almost perpendicular to the HCCCN axis to yield a nearly “sideways” peakifid @&f.

The explicit identification of the cyanoacetylene reaction product represents a solid background for
the title reaction to be included with more confidence in reaction networks modeling the chemistry
in dark, molecular clouds, outflow of dying carbon stars, hot molecular cores, as well as the
atmosphere of hydrocarbon rich planets and satellites such as the Saturnian moon Ti889 ©
American Institute of Physic§S0021-960699)02015-2

I. INTRODUCTION surrounding the carbon star IRC10216% hot molecular

. , . cores? and dark molecular clouds such as TMC-1:
Ever since the very first detection of cyanoacetylene,

HCCCN(X '), in interstellar environments, the synthesis ~ CN(X ")+ C,Hy(X 2 5) —~HCCCNX '3 7)
of highly unsaturated cyanopolyines KG=C),—CN (n 5

=1-5) has been a challenge for astronomers and chehists. FH(S12). ®)

Early models of interstellar cloud chemistry suggest ion—Recent laboratory measurements at ultralow temperatures as
molecule reactions together with a dissociative recombinalow as 20 K show that the reaction rate constant of reaction
tion (1)—(4) as a possible source to form the simplest mem+5) increases as the temperature decreases, reaching a maxi-
ber of this class, cyanoacetylefie: mum of 5x 10 cm®s ™! at 30 K, i.e., in the order of gas
phase collisions. However, these studies can monitor only

C,H; +CN—HC;N " +H, 1 T : :
22 s @) the decay kinetics of the CN radical, and hence reaction
HCN ™ +Hy,—H,C3N ™ +H, (2)  products could not be determined explicitlifhis shortcom-
N . ing clearly reveals that systematic experiments are necessary
CoHy #HCN—HCN" +H, @ 1o probe the detailed chemical dynamics and reaction prod-
H,CaN* + e— HCyN +H. (4)  uct(s) of the title reaction under single collision conditions as

) ) _ presented in this communication.
However, this reaction sequence yields a HCCCN number

density two orders of magnitude less than observed
astronomically? It was therefore suggested that the bimo-Il. EXPERIMENT AND DATA PROCESSING

lecular neutral—neutral r ion of th nogen radical . .
ecular neutral-neutral reaction of the cyanogen radical, The experiments are performed with the” 3Fossed

2y + ; 1y + ;
CN(X®X7), with acetylene, GHy(X 29)’ might produce molecular beams machine. The basic experimental details

cyanoacetylene in the out-flow of the circumstellar envelopeare described in Ref. 7 in detail. A pulsed supersonic cyano-

gen CNX 23 ") radical beam is generated in the primary
“Electronic mail: lorah@sinica.edu.tw sourcein situ via laser ablation of graphite at 266 nm and
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: . = seeding the ablated carbon atoms in neat nitrogen carrier gas
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laser operates at 30 Hz; typically 30 mJ per pulse are focused
onto a rotating graphite rod with a 1500 mm focal length
ultraviolet (UV)-grade fused silica lens to a spot of 0.3-0.5
mm diameter. A chopper wheel mounted 40 mm after the
ablation zone selects a & segment of the CN beam. This
pulsed CN beam has a velocity,=1560+30ms* and
speed ratioS=6.8+0.5. It crosses a second, pulsed acety-
lene beam ,=900+15ms !, S=12.0-0.5, 510 Torr
backing pressujgrerpendicular in the interaction region at a
collision energy of 21.£0.7kJmol . Scattered species
were monitored using a triply differentially pumped detector
consisting of a Brink-type electron-impact ionizer, quadru-
pole mass filter, and a Daly ion detectdn 2.5° steps be-
tween 7.5° and 72.0° with respect to the CN beam. Informa-
tion on the reaction dynamics is extracted from the time-of-
flight (TOF) spectra and the laboratory angular distribution
(LAB) by using a forward-convolution techniqé&This it-
erative approach initially guesses the angular flux-
distribution T(#) and the translational energy flux distribu-
tion P(Et) in the center-of-mas$CM) coordinate system
assuming mutual independence.

The composition of the primary beam is characterized on
axis recording TOF data to probe carbon and carbon—

1.5x10°

Integrated Counts

nitrogen containing species. These measurements show tHdé. 1.

besides CNX ?X "), the beam contains &p;), C(X '2),
Cy(X!'2y), and CN isomers:* The contribution of CNis
very weak. If we compare the integrals of the TOFde
=26 (CN") and m/e=40(CN;) and account for different
ionization cross sections, relative intensities| GN]/[CN,]
=1000-2000 are derived. Further, we calculate number den-
sities of about 2—% 10 cm ™3 CN in the interaction region.
This is about a factor of 50 weaker compared to supersonic
C(3Pj) beams produced in our lab.

IIl. RESULTS

Reactive scattering signal is observed an/e
=51(CNH") and 50 (GN™), c.f. Fig. 1. TOF spectra for
several scattering angles are shown in Fig. 2. TOF spectra
recorded at both mass to charge ratios reveal identical pat-
terns, and hence/e=51 fragments tan/e=50 in the elec-
tron impact ionizer of the detector. No higher masses were
observed pointing out the reaction of gidomers with GH,
does either not take place, its cross section is too low, or the
signal is too weak. Although éPJ—) reacts with acetylene as
well, the GH reaction product gives/e=37 and 36. There-
fore, this reaction cannot contribute t/e=51 and 50
mol 2, 12

Our LAB distribution of the HCCCN product peaks at
27.0°, slightly forward scattered with respect to the center-
of-mass angle oficy=30.0+1.0°. The distribution is very
broad and extends about 45° in the scattering plane. This
finding implies a large fraction of the total available energy
is released into translational degrees of freedom of the prod-
ucts. Further, the®?(E;) expects to reveal a peaking well

TOF spectra were obtained with(E1)s extending to 100—
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broad plateau between 60° and 95°. Both conclusions sug-
gest the reaction involves indirect scattering dynamics via a
HCCHCN complex whose lifetime is shorter than its rota-
tional period. In addition, the light H atom is expected to be
emitted almost perpendicular to the rotating HCCCN---H
complex to yield a nearly “sideways” peaking af(6).%®

The weakT(#) polarization results suggest a poor coupling
between the initiaL and final orbital angular momentubt
indicating that most of the total angular momentum channels
into rotational excitation of the HCCCN product.

IV. DISCUSSION

The high-energy cutoff of the translational energy distri-
bution is consistent with the formation of the cyanoacetylene
molecule, HCCCN, in itX '3 * electronic ground state. The
experimentally determined reaction enthalpy of 80-110
kdmol ! lies within limits of recentab initio calculations,
i.e., 66—88 kimolll* Based on our data the following
chemical reaction dynamics are likely. The ON ™) radi-
cal attacks ther orbital of the GH, molecule to form a
carbon—carbowr bond and ecis or trans C,H,CN complex
{1} on the®A’ surface, c.f. Fig. 4. Electronic structure calcu-

FIG. 3. Lower: Center-of-mass angular flux distribution for the reactionlations document that this reaction pathway has no entrance

CN(X 22 ")+ CHy(X '2) at a collision energy of 21.1 kJ mdl. Upper:

barrier; {1} belongs to theC, point group €A’ electronic

Center-of-mass translational energy flux distributions for the reactionygye function and is bound by 210-240 kJ mdlwith re-

CN(X 22 ")+ CHy(X '27) at a collision energy of 21.1 kJ mol; both

curves represent best fits within upper and lower error limits.

130 kJmol L. Correcting for the relative collision energy of
21.1 kImol?, the reaction of CNHCCH to form H and
HCCCN is exothermic by about 80—110 kJ mbl Finally,
the P(E7) has a maximum at about 20—35 kJ mb(Fig. 3.

spect to both reactants. Upon complex formation, the four
heavy atoms are rotating in plane almost perpendicular to the
total angular momentum vectdraround theC axis of {1}.

{1} undergoes C—H bond rupture through a tight transition
state to HCCCN and H located 40-50 kJ mobelow the
reactants. The anisotropic exit potential excites the HCCCN
molecule toB like rotations. Since our center-of-mass angu-

This implies that the exit transition state to the H and HC-lar distribution depicts a forward-backward asymmetry as
CCN products is tighfrepulsive carbon—hydrogen bond rup- well as a broad peak between 60° and 95°, the H atom is

ture involving a significant electron rearrangemeRurther,

emitted almost perpendicular to the HCCCN axis to yield a

a large amount of energy on average is released into translaearly sideways peaking df( 6). Recent electronic structure

tional motion of the reactants, here 48—55 kJmolThe
center-of-mass angular flux distributidi{#) is slightly for-

calculations on the exit transition state support these experi-
mental findings. Here, the exit transition state is found to be

ward scattered with respect to the CN beam and peaks ontaht and located between 30 and 50 kJmtohbove the

" CN+HCCH

relative energy, kJmol!
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4 '

: CN !
CN . >:_/ :
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FIG. 4. Schematic energy level dia-
gram for the reaction CN(23™")
+CHy(X 12 ;) adapted from Ref. 14.
Dashed lines; no energetics available.
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products. In addition, the bond distance between the departrame of the NASA-ESA Cassini—Huygens mission to, in-

ing H atom and the C atom is about 182.5 pm, the HCC---Hcluding an orbiteCassinj around Saturn and a proloduy-

angle about 109.8°, and the H---CCN angle circa 92.8°gens probing Titan's atmospher&. Preliminary crossed

Since however th& (#) shows a forward-backward asym- beam experiments of reactidl) identify a H versus CN

metry, the lifetime of the decomposing complex is less thardisplacement. The CN—H exchange channel was discovered

its rotational period. Based on our experimental data alondn reaction(7) as well, but the assignment of the isomer is

we cannot prove or disprove the possibilitf @ H atom  still in progress.

migration from{1} to form {2} (C,%A’) prior to H atom

emission._ Nei_ther the barrier nor any energetics{z_}far_e ACKNOWLEDGMENTS
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