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The crossed molecular beams reaction of ground state cyano radicals �CN� with diacetylene
�HCCCCH� was studied in the laboratory under single collision conditions. Combining the derived
center-of-mass translational energy and angular distributions with novel electronic structure
calculations, we show that the linear cyanodiacetylene molecule �HCCCCCN� is the sole reaction
product. Our study provided no substantiation of two alternative products which have been
suggested previously: cyanoacetylene �HCCCN�, speculated to be synthesized via the exchange of
the ethynyl by the cyano group, and the 1,3-butadiynyl radical �HCCCC�, thought to be formed via
hydrogen abstraction. The unambiguous identification of cyanodiacetylene formed in an exoergic,
barrierless bimolecular reaction of the cyano radical with diacetylene strongly suggests that
cyanodiacetylene can be also synthesized via this process in the interstellar medium �cold molecular
clouds� and in hydrocarbon-rich atmospheres of planets and their moons such as Titan. © 2009
American Institute of Physics. �DOI: 10.1063/1.3152714�

I. INTRODUCTION

Closed shell polyynes and cyanopolyynes belong to a
group of organic molecules with alternating single and
triple bonds holding the generic chemical formulas
H– �C�C�m–H and H– �C�C�n–CN.1 They are linear in
structure and belong to the D�h �polyynes� and C�v �cyan-
opolyynes� point groups with 1�g

+ and 1�+ electronic ground
states, respectively. Due to their distinctive molecular and
electronic structures, polyynes and cyanopolyynes together
with their corresponding cations have promising technologi-
cal applications such as building blocks in molecular
nanotechnology,2 intermediates in combustion flames,3 and
in chemical vapor deposition processes4 leading to polycy-
clic aromatic hydrocarbons and ultimately to soot particles.
Note that naturally occurring polyynes are associated with
medicinal properties and often utilized in, for instance, can-
cer research and inhibition of skin infections.5 These are
acetylenic fatty acids extracted from the root bark of the
legume Paramacrolobium caeruleum6 and the pigmant
thiarubrine B �Ref. 7� isolated from the ragweed plant. Like-
wise, the polyynes oplopandiolacetate,8 dihydromatricaria
acid,9 oenanthotoxin,10 cicutoxin,11 and falcarinol12 have
been exploited by native Americans to treat various health
disorders. The synthetic pathways of these naturally occur-
ring polyynes have been studied in depth often utilizing cou-
pling reactions �Cadiot–Chodkiewicz,13 Glaser,14 and Hay15�
and the Eglinton reaction.16 Finally, polyynes and cyanopo-
lyynes have been implicated in the astrochemical evolution
of the interstellar medium17 such as of cold molecular clouds
such as TMC-1, the planetary nebula CRL 618, and the cir-
cumstellar envelope of the carbon star IRC+10216.18 In
cold molecular clouds, all cyanopolyynes up to

H– �C�C�5–CN were detected;19 diacetylene H– �C
�C�2–H �Ref. 20� and triacetylene H– �C�C�3–H �Ref.
20� have been monitored toward CRL 618.

In extraterrestrial environments, photochemical models
predict that these highly unsaturated molecules are also key
building blocks to understand the origin and chemical evo-
lution of hydrocarbon-rich atmospheres of planets and their
satellites such as of Titan.21 Here, Titan presents a natural
laboratory on the planetary scale. Molecular nitrogen and
methane are the main constituents of Titan’s atmosphere fol-
lowed by hydrogen, nitrogen bearing molecules, and
hydrocarbons.22 Even though the unsaturated hydrocarbon
molecules such as acetylene �C2H2�, ethylene �C2H4�, di-
acetylene �C4H2�, and benzene �C6H6� occur only in trace
amounts,23 they are of particular importance because they are
thought to be key intermediates to form Titan’s organic,
aerosol-particle based haze layers. The latter are of basic
significance to Titan’s chemistry and to hydrocarbon-rich at-
mospheres of planets in the outer Solar System in general.
They absorb the destructive ultraviolet �UV� radiation to pro-
tect astrobiologically important molecules from being de-
stroyed in the lower parts of the atmosphere �thus acting as
prebiotic ozone�,24 prevent Titan’s atmosphere from heating
up �temperature inversion at the tropopause�,25 and play a
crucial role in Titan’s radiation and temperature balance in-
cluding Titan’s seasonal weather pattern.26 However, on Ti-
tan, only the simplest members of the polyacetylene and cya-
nopolyyne families have been observed in the gas phase:
diacetylene �HCCCCH� and cyanoacetylene �HCCCN�;27 di-
cyanodiacetylene �NCCCCN� is suggested to exist as a solid
on Titan. Among them, cyanopolyynes, which may act as
precursors to amino acids, received particular attention.28

Specifically the cyanoacetylene molecule is known to bea�Electronic mail: ralfk@hawaii.edu.
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formed in the Miller–Urey experiment—an experiment
which presumably mimics the chemical processing of the
atmosphere of early Earth.29

However, to evaluate the validity of these models which
predict the existence of even higher cyanopolyynes such as
cyanodiacetylene on Titan, it is crucial to understand the for-
mation mechanisms of these molecules in depth. Here, we
report on the gas phase crossed molecular beams reaction of
the cyano radical �CN�X 2�+�� with diacetylene �HCCCCH�
in the hope of synthesizing the next member of the cyano-
polyyne family: cyanodiacetylene. In the laboratory, its
microwave30 and infrared �IR� spectra31 were recorded ac-
companied by electronic structure calculations to predict its
geometry and rotational and vibrational parameters.32 How-
ever, these efforts were hindered by the lack of pure and
isolated cyanodiacetylene samples. This was finally resolved
by Trolez and Guillemin in 2005 �Ref. 33� and paved the
way for high quality spectroscopic and photochemistry stud-
ies. Since then, Benilan et al. measured the gas phase far UV
�Ref. 34� and mid- IR spectra;17 Coupeaud et al. recorded the
UV and IR spectra of cyanodiacetylene isolated in low tem-
perature argon matrices.35 Meanwhile Coupeaud et al. car-
ried out the first photochemical study on this compound;
after irradiating this compound isolated in an argon matrix
with 267 nm light, they found evidence for the formation of
isocyanodiacetylene.35 In a more recent paper they also re-
ported the identification of the anion C5N− and a branched
carbene structure via IR spectroscopy.36 In a related study,
they investigated spectroscopically a mixture of cyanodi-
acetylene with water and combined their findings with theo-
retical calculations. The analysis of their results shows that
cyanodiacetylene is both electrophilic �by its acetylenic hy-
drogen atom� and nucleophilic �by the nitrogen atom of the
cyano group�.37 Further, kinetics studies of the reaction of
cyano radicals with diacetylene at room temperature sug-
gested large rate constants of �4.2�0.2��10−10 cm3 s−1.38

However, these kinetics studies were not able to identify the
reaction products. The following reaction pathways were
only suggested �reactions �1�–�3�� and branching ratios could
not be provided:

CN + HCCCCH → HCCCCCN + H, �1�

CN + HCCCCH → HCCCN + CCH, �2�

CN + HCCCCH → HCCCC + HCN. �3�

The failed detection of any reaction products and the
ambiguity of the kinetics results for the primary reaction
processes involved make it clear that the formation pathways
of the cyanodiacetylene molecule are clearly elusive. Since
the macroscopic alteration of Titan’s atmosphere consists of
multiple elementary reactions that are a series of bimolecular
encounters between radicals and molecules, this detailed un-
derstanding of this mechanism involved at the microscopic
level is crucial to unravel the chemical evolution and pro-
cessing of low temperature environments in general. These
are experiments under single collision conditions in which
particles of one supersonic beam �the cyano radical beam�
are made to “collide” only with particles of a second beam

�the diacetylene beam�. This experimental setup is well
suited to study the primary processes involved in the reactiv-
ity of radicals and also the unimolecular decomposition of
chemically activated radical intermediates under collision-
free conditions and absence of any wall effects.1,33 There-
fore, experiments under single collision conditions are im-
perative to unravel the mechanism�s� involved in the
synthesis of cyanodiacetylene and possibly other reaction
products via the bimolecular gas phase reaction of the cyano
radical �CN�X 2�+�� with diacetylene �HCCCCH� utilizing
the crossed molecular beams approach as reported here.

II. EXPERIMENTAL SECTION

The reactive scattering experiments were conducted in a
crossed molecular beams machine under single collision con-
ditions at The University of Hawai’i.39 A pulsed supersonic
beam of cyano radicals in their electronic ground state,
CN�X 2�+�, was generated in situ in the primary source
chamber via laser ablation of graphite at 266 nm and con-
secutive reaction of the ablated species with neat nitrogen
gas �99.9999%; Gaspro�. Nitrogen also acts as a seeding gas
of the cyano radicals.40 The pressure in the source chamber
was maintained at about 10−4 torr. The velocity and speed
ratio of the cyano radical beam were determined after the
beam passed a skimmer and a four slot chopper wheel to be
1690�20 ms−1 and 3.0�0.3, respectively. This part of the
radical beam crossed a pulsed diacetylene beam �99.5%+�
seeded in argon �99.9999%� at fractions of 5%. Diacetylene
was synthesized according to literature.41 The segment of the
diacetylene beam which crossed the cyano radical beam had
a peak velocity and speed ratio of 580�20 ms−1 and
8.0�0.5, respectively. This resulted in a collision energy of
27.3�0.6 kJ mol−1 and a center-of-mass �CM� angle of
33.4�0.5. It is important to outline that the primary reactant
beam also contains carbon atoms as well as dicarbon and
tricarbon molecules. Test experiments showed that tricarbon
molecules have a significant entrance barrier upon reacting
with diacetylene of about 80 kJ mol−1; therefore, under our
experimental conditions, tricarbon does not react with di-
acetylene. The lighter carbon �12 amu� and dicarbon reac-
tants �24 amu� react with diacetylene;41,42 due to the heavier
cyano radical �26 amu�, carbon and dicarbon reactions lead
only to products which are lower in mass by 2 and 14 amu
compared to those formed in the reaction of cyano radicals
with diacetylene. Consequently, neither dicarbon nor carbon
atoms interfered in the present study.

We monitored the reactively scattered products via a
quadrupole mass spectrometric detector operated in the time-
of-flight �TOF� mode at a constant mass-to-charge ratio
�m /z� after electron-impact ionization of the molecules at 80
eV at an emission current of 2 mA. Up to 2.6�106 TOF
spectra were recorded at each angle. The detector is rotatable
within the plane defined by the cyano radical and diacetylene
beams; this allows angularly resolved TOF spectra to be re-
solved and—by integrating the TOF spectra at the laboratory
angles—the laboratory angular distribution to be extracted.
The latter reports the integrated intensity of an ion of distinct
m /z versus the laboratory angle. To gain additional informa-
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tion on the chemical dynamics and underlying reaction
mechanism, the TOF spectra and laboratory angular distribu-
tion were fitted and transformed into the CM reference frame
using a forward-convolution routine.43 This approach ini-
tially presumes the angular flux distribution, T���, and the
translational energy flux distribution, P�ET�, in the CM sys-
tem assuming mutual independence. The laboratory data
�TOF spectra and the laboratory angular distribution� are
then calculated from these T��� and P�ET� and convoluted
over the apparatus functions to obtain a simulation of the
experimental data. The crucial output of this fitting routine is
the product flux contour map, I�� ,u�= P�u��T���, which
plots the intensity of the reactively scattered products �I� as a
function of the CM scattering angle ��� and product velocity
�u�. This plot is called the reactive differential cross section
and can be seen as the image of the chemical reaction.

III. THEORETICAL METHODS

The C5NH2 and C5NH potential energy surfaces �PESs�
were optimized via the hybrid density functional B3LYP
method with the 6-311G�� basis set.44 The same method was
utilized to gain vibrational frequencies, molecular structural
parameters, and zero-point energy �ZPE� corrections and to
characterize the stationary points as minima or first-order
saddle points. To obtain more accurate energies, we utilized
the coupled cluster CCSD�T� method45 with Dunning’s
correlation-consistent cc-pVTZ basis set.46 For the reactants
and various products, we performed additional CCSD�T�/cc-
pVDZ, CCSD�T�/cc-pVQZ, and CCSD�T�/cc-pV5Z calcula-
tions to extrapolate their CCSD�T� total energies to the com-
plete basis set �CBS� limit by fitting the following
equation:47 Etot�x�=Etot���+Be−Cx, where x is the cardinal
number of the basis set �2, 3, 4, and 5� and Etot��� is the
CCSD�T�/CBS total energy. It should be noted that the rela-
tive energies obtained at the CCSD�T�/cc-pVTZ and
CCSD�T�/CBS levels agree with each other within
0.5 kJ mol−1. We expect that our CCSD�T� /CBS
+ZPE�B3LYP /6-311G��� relative energies should be accu-
rate within 5 kJ mol−1. We applied the GAUSSIAN98 program
package48 to carry out B3LYP and MP2 calculations and the
MOLPRO 2006 program package49 to conduct calculations of
spin-restricted coupled cluster RCCSD�T� energies. B3LYP
and CCSD�T� calculated total energies at 0 K, ZPE correc-
tions, B3LYP /6-311G�� optimized Cartesian coordinates,
unscaled vibrational frequencies �vi�, moments of inertia �Ii�,
and rotational constants �Bi� of all species involved in the
reaction are given in the supporting information for this pa-
per. Further, relative yields of the products under single col-
lision conditions were evaluated by Rice–Ramsperger–
Kassel–Marcus calculations50 of energy-dependent rate
constants for individual unimolecular steps and of branching
ratios of different channels.51

IV. RESULTS AND DISCUSSION

A. Laboratory data

Signal was monitored for m /z=75, 74, and 51 corre-
sponding to ions with the molecular formulas HC5N+, C5N+,

and HC3N+. After scaling, the TOF spectra recorded at lower
m /z ratios of 74 and 51 show an identical shape to those
recorded at m /z=75. Therefore, we can conclude that a mol-
ecule of the formula HC5N presents the reaction product and
that ions at 74 and 51 are formed via dissociative ionization
of the parent molecule in the electron-impact ionizer. Conse-
quently, the hydrogen exchange pathway is open �reaction
�1��, but the cyano versus ethynyl substitution �reaction �2��
is closed under our experimental conditions. The TOF data
and the corresponding laboratory angular distribution are
shown in Fig. 1. Note that the laboratory angular distribution
is relatively narrow and spreads only over 40° within the
scattering plane. Further, the laboratory angular distribution
peaks close to the CM angle of the system.

B. Center-of-mass translational energy, P„ET…,
and angular distribution, T„�…

As depicted in Fig. 1, a rational fit of the laboratory data
at m /z=75 �HC5N+� could be achieved with one reaction
channel leading to the reaction product�s� of the molecular
formula HC5N and atomic hydrogen. The CM translational
energy distribution, P�ET�, extends up to a maximum trans-
lational energy of 110 kJ mol−1 �Fig. 2�. Adding or subtract-
ing 15 kJ mol−1 does not change the fits significantly. Since
the high energy cutoff corresponds to the sum of the reaction
energy and the collision energy, we can subtract the collision
energy to compute the reaction energy to be
−87�15 kJ mol−1. Second, the P�ET� is relatively broad and
depicts a distribution maximum away from zero translational
energy at about 20 kJ mol−1. This finding indicates that the
exit barrier is likely to be tight and that a significant reorga-
nization of the electron density occurs when the reaction in-
termediate decomposes.52 Finally, by integrating the CM
translational energy distribution and accounting for the avail-
able energy, the average fraction of available energy chan-
neling into the translational degrees of freedom is computed
to be 30��5%�. This order of magnitude likely indicates
indirect scattering dynamics via complex formation. Let us
turn our attention now to a detailed analysis of the CM an-
gular distribution, T���, to gather additional data on the re-
action dynamic. Most important, the angular flux distribution
depicts intensity over the complete angular range from 0° to
180°. This is evident of indirect scattering dynamics and the
involvement of H2C5N collision complex�es�. Within the er-
ror limits, which are depicted as hatched areas, best fits could
be achieved with distributions ranging from isotropic �flat�
up to slightly forward scattered with respect to the cyano
radical beam. A flat distribution indicates that the lifetime of
the decomposing complex is longer than its rotational period;
the intensity of the poles of the slightly forward scattered
distribution proposes that the lifetime of the fragmenting in-
termediate is at least 1.0–1.4 ps, i.e., a time comparable to
the rotational period of the decomposing complex.53 These
findings are compiled in the flux contour plot �Fig. 3�.

C. Potential energy surface

To guide the subsequent discussion of the underlying
reaction mechanism and the chemical dynamics, it is useful
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to discuss the computed H2C5N surface �Fig. 4�. This en-
ables us to combine the experimental with the theoretical
data so that a comprehensive picture of the reaction mecha-
nism emerges. The computations reveal the existence of two

low lying closed shell HC5N isomers: the linear, C�v sym-
metric cyanodiacetylene �HCCCCCN; �p1�� and isocyanodi-
acetylene molecules �HCCCCNC; �p2��. The cyanodiacety-
lene structure �p1� is lower in energy by 112�5 kJ mol−1

FIG. 1. �Color online� Top: Selected TOF data recorded at mass to charge �m /z� of 75 �C4HN+� in the reaction of cyano radicals with diacetylene. Bottom:
Corresponding laboratory angular distribution of ion counts recorded at mass to charge �m /z� of 75 �C4HN+�. In both figures, the circles are the experimental
data and the solid lines the fits. CM defines the CM angle.
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compared to �p2�; this energy difference agrees nicely with a
previous study computing 100 kJ mol−1.54 Therefore, the re-
action pathway to �p2� is endoergic by 32 kJ mol−1. Consid-
ering our collision energy of 27.3 kJ mol−1, we conclude
that isomer �p2� can neither be formed in our experiments
nor in low temperature extraterrestrial environments such as
in planetary atmospheres and cold molecular clouds. For
completeness, it should be mentioned that three more iso-
mers exist which are energetically even less favorable: HNC-
CCCC �p3�, CC�H�CCCN �p4�, and CCCC�H�CN �p5� by
255, 209, and 206 kJ mol−1 compared to cyanodiacetylene,

respectively. Hence, the following discussion focuses on the
formation of the cyanodiacetylene molecule via the bimo-
lecular reaction of cyano radicals with diacetylene. Three
entrance channels were identified. The electron-deficient cy-
ano radical can add without entrance barrier to the terminal
carbon atom �C1�, to the center carbon atom �C2�, or to both
C1 and C2 simultaneously. The electrophilic radical addition
to the � system leads to doublet radical intermediates �1�,
�2�, and �3�, respectively. Here, isomer �1� is the lowest in
energy and stabilized by 251 kJ mol−1 with respect to the
separated reactants. The cyclic structure �2� is formally an
intermediate which also can be accessed via the cyano group
migration from C1 �in �1�� via �3� to the C2 atom �in �2��. All
barriers involved are lower in energy than the cyano and
diacetylene reactants. A C1–C2 hydrogen shift in �1� leads to
a fourth H2C5N isomer: structure �4�. Both intermediates �1�
and �4� can emit a hydrogen atom via tight exit transition
states located 20 and 25 kJ mol−1 above the separated prod-
ucts, respectively. Other isomerization channels shown in
Fig. 4 do not compete with the hydrogen loss from �1� and
�4� owing to much higher barriers. For instance, consecutive
1,2-H shifts in �4� in the direction of the terminal CH group
can lead to intermediates �5� and �6�, whereas 1,2-hydrogen
migrations in �1� toward the nitrogen atom can produce �7�
and then �8�. All isomers �5�–�8� can serve as precursors for
the formation of the main reaction product, cycanodiacety-
lene, by hydrogen elimination; however, none of them are
likely to be accessed in this reaction because, at each step,
the hydrogen loss barrier is significantly lower than the bar-
rier for the hydrogen shift. Isomer �3� could rearrange to �5�
via a four-member ring intermediate �9� by ring closure–ring
opening processes, but the corresponding transition states re-
side 21 kJ mol−1 above the initial reactants, rendering such
rearrangement uncompetitive. Note finally that the cyano
versus ethynyl exchange �reaction �2�� and the hydrogen ab-
straction channel �reaction �3�� were found to be endoergic
by 40 and 33 kJ mol−1.

D. Combination of experimental and theoretical data

The combination of the crossed molecular beams data
and the electronic structure calculations provides a compre-
hensive picture of the underlying reaction mechanism. First
of all, let us consider the energetics of the reaction.
The experimentally derived reaction energy of
−87�15 kJ mol−1 agrees very well with the computed data
to form the cyanodiacetylene isomer �p1� plus a hydrogen
atom �−79�5 kJ mol−1�. Based on these energetical con-
straints, the isocyanodiacetylene isomer �p2� cannot be
formed since this reaction would be too endoergic. Conse-
quently, the cyanodiacetylene molecule is the sole molecular
product of the bimolecular gas phase reaction of cyano radi-
cals with diacetylene in our experiment, in hydrocarbon-rich
atmospheres of planets and their satellites, and in the inter-
stellar medium. We would like to propose the following re-
action mechanism to form this important molecule. Dictated
by a barrierless addition with its unpaired electron at the
carbon atom, the cyano radical adds to the carbon-carbon
triple bond of the diacetylene molecule leading to the H2C5N

FIG. 2. CM translational �lower� and angular distributions �upper� of the
cyanodiacetylene �HCCCCCN� product formed in the reaction of cyano
radicals with diacetylene. The hatched areas account for the experimental
error limits of the laboratory angular distribution as well as the peak velocity
and speed ratio. The solid line presents the “best fit.”

FIG. 3. �Color online� CM velocity contour flux map for the reaction of
ground state cyano radicals �left; 0°� with diacetylene �right; 180°� forming
atomic hydrogen plus the cyanodiacetylene molecule. The colors connect
data points with an identical flux and range from highest flux �red� to lowest
flux �yellow�. The units of axis are given in ms−1 �see legend�.
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intermediates �1�, �2�, and/or �3�. The barrierless addition
suggests that large impact parameters dominate the forma-
tion of the reaction intermediate.52 This likely results in a
preferential formation of �1� via addition to the terminal �C1�
carbon atom of the diacetylene molecule. The indirect nature
of this process was verified by the CM angular distribution
and flux contour map �Figs. 2 and 3, respectively� which
depict flux over the complete angular range. Also, the frac-
tion of available energy channeling into the translational de-

grees of freedom of the reaction products of 30��5%� sug-
gested indirect scattering dynamics via reaction
intermediate�s�. What is the fate of these reaction intermedi-
ates? The structure of the cyclic intermediate �2� cannot lead
within one step to the cyanodiacetylene reaction product.
The calculations suggest that �2� isomerizes via ring opening
to �1� and/or �3�. Considering the inherent barriers to rear-
rangement of 23 and 3 kJ mol−1, it is likely that �2� rear-
ranges preferentially to intermediate �1�. Intermediate �3� it-

FIG. 4. �Color online� PES of the reaction of cyano radicals with diacetylene molecules under single collision conditions to form cyanodiacetylene in low
temperature environments computed at the CCSD�T� /cc-pVTZ / /B3LYP /6-311G�� level of theory. Relative energies are given with respect to the separated
reactants in kJ mol−1. Bold numbers show relative energies of the products calculated at the CCSD�T� /CBS /B3LYP /6-311G�� level. The accuracy of all
energies is expected to be �5 kJ mol−1. Also shown are the structures of higher energy isomers of cyanodiacetylene. Bond angles and lengths are given in
degrees and angstrom, respectively, for selected species �Ref. 57�.
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self can either fragment back to the initial reactants or
isomerize to �2� which in turn yields �1�. Since the barrierless
entry channel is far above the barriers to rearrangement from
the intermediates, the hydrogen atom might migrate fairly
freely in the intermediates involved. Nevertheless, all initial
reaction intermediates yield eventually isomer �1�. The latter
can either undergo a hydrogen migration to form �4� or de-
composes via hydrogen elimination. This process involves a
tight exit barrier and a transition state located 20 kJ mol−1

above the final products. The tight nature of an exit transition
state is also supported by the distribution maximum of the
CM translational energy distribution peaking at about
20 kJ mol−1. Therefore, both the electronic structure calcu-
lations and the experiments support the existence of a tight
exit transition state. In other words, the reversed reaction of
an addition of a hydrogen atom to a carbon-carbon triple
bond of a closed shell molecule involves an entrance barrier.
The magnitude of this barrier is close to the one of
18 kJ mol−1 documented in the addition of a hydrogen atom
to acetylene forming the vinyl radical.55 For completeness, it
should be mentioned that �4� could also decompose to the
cyanodiacetylene product. However, �4� can only be formed
via hydrogen shift from �1�. Considering the barriers in-
volved in the hydrogen migration from �1� versus the unimo-
lecular decomposition of �1� to cyanodiacetylene plus a hy-
drogen atom, we expect that �1� fragments preferentially to
cyanodiacetylene. Our statistical calculations confirm this
deduction. 96.7% of cyanodiacetylene was found to be
formed via unimolecular decomposition of intermediate �1�.

V. CONCLUSIONS

We have presented a combined crossed molecular beams
and ab initio study on the bimolecular gas phase reaction of
cyano radicals with diacetylene. A key aspect of this study is
the determination of the reaction mechanism of an open shell
radical reactant and the elucidation of the primary reaction
products under single collision conditions excluding second-
ary wall effects. The reaction was found to be barrierless and
is initiated by an addition of the cyano radical to the carbon-
carbon triple bond of the diacetylene reactant. Some reaction
intermediates isomerize to yield ultimately a Cs symmetric
doublet HCCCCHCN structure. The latter underwent unimo-
lecular decomposition on the ground state surface to form the
linear cyanodiacetylene molecule �HCCCCCN� via a tight
exit transition state. Cyanodiacetylene presented the sole re-
action product. Since the reaction is barrierless and exoergic
�by about 80–90 kJ mol−1� and all involved transition states
are lower in energy than the separated reactants, bimolecular
reactions of cyano radicals with diacetylene can form cyano-
diacetylene in the interstellar medium and in the atmosphere
of Saturn’s moon Titan, thus providing a vital ingredient in
the chemical evolution of Titan’s organic haze layers. The
cyanodiacetylene molecule may react with yet another cyano
radical through a hydrogen replacement mechanism to syn-
thesize dicyanodiacetylene �NCCCCCCN�—a crucial con-
densable species supposed to exist on Titan.56

Supporting information contains B3LYP and CCSD�T�
calculated total energies at 0 K, ZPE corrections,

B3LYP /6-311G�� optimized Cartesian coordinates, unscaled
vibrational frequencies �vi�, moments of inertia �Ii�, and ro-
tational constants �Bi� of all species involved in the reaction
�Table S1�.

ACKNOWLEDGMENTS

This work was supported by the U.S. National Science
Foundation, “Collaborative Research in Chemistry Program”
�NSF-CRC; Grant No. CHE-0627854�.

1 M. B. Smith and J. March, March’s Advanced Organic Chemistry: Re-
actions, Mechanisms, and Structure, 6th ed. �Wiley, New York, 2007�.

2 L. M. Malard, D. Nishide, L. G. Dias, R. B. Capaz, A. P. Gomes, A.
Jorio, C. A. Achete, R. Saito, Y. Achiba, H. Shinohara, and M. A. Pi-
menta, Phys. Rev. B 76, 233412 �2007�; M. Häu�ler, J. W. Y. Lam, R.
Zheng, H. Dong, H. Tong, and B. Z. Tang, J. Inorg. Organomet. Polym.
Mater. 15, 519 �2005�; M. Kijima, D. Fujiya, T. Oda, and M. Ito, J.
Therm. Anal. Calorim. 81, 549 �2005�.

3 P. Botschwina, Mol. Phys. 103, 1441 �2005�; N. Hansen, S. J. Klippen-
stein, P. R. Westmoreland, T. Kasper, K. Kohse-Hoeinghaus, J. Wang,
and T. A. Cool, Phys. Chem. Chem. Phys. 10, 366 �2008�; F. Tao, V. I.
Golovitchev, and J. Chomiak, Combust. Flame 136, 270 �2004�.

4 J. Pola, A. Ouchi, Z. Bastl, K. Vacek, J. Bohacek, and H. Orita, Carbon
42, 2521 �2004�; B. Kleinsorge, A. C. Ferrari, J. Robertson, and W. I.
Milne, J. Appl. Phys. 88, 1149 �2000�.

5 A. L. K. Shi Shun and R. R. Tykwinski, Angew. Chem., Int. Ed. 45, 1034
�2006�.

6 A. D. Patil, J. A. Chan, P. Lois-Flamberg, R. J. Mayer, and J. W. Westley,
J. Nat. Prod. 52, 153 �1989�.

7 J. E. Page, E. Block, and G. H. N. Towers, Photochem. Photobiol. 70,
159 �1999�; J. E. Page, M. A. Huffman, V. Smith, and G. H. N. Towers,
J. Chem. Ecol. 23, 2211 �1997�.

8 USDA.
9 T. Eisner, D. Hill, M. Goetz, S. Jain, D. Alsop, S. Camazine, and J.
Meinwald, J. Chem. Ecol. 7, 1149 �1981�; J. Meinwald, Y. C. Meinwald,
A. M. Chalmers, and T. Eisner, Science 160, 890 �1968�.

10 B. Del Castillo, A. Garcia de Marina, and M. P. Martinez-Honduvilla,
Ital. J. Biochem. 29, 233 �1980�; B. Lorenzo-Velazquez, F. Sanz
Sanchez, E. Ballesteros, R. Jurado, and J. Frias, Arch. Inst. Farmacol
Exp. �Madr� 18, 1 �1966�.

11 K. B. Heath, 2001; M. Fujii, Ryoikibetsu Shokogun Shirizu 27, 682
�1999�.

12 M. Kobaisy, Z. Abramowski, L. Lermer, G. Saxena, R. E. W. Hancock,
G. H. N. Towers, D. Doxsee, and R. W. Stokes, J. Nat. Prod. 60, 1210
�1997�; M. Baranska, H. Schulz, and P. Christensen Lars, J. Agric. Food
Chem. 54, 3629 �2006�.

13 K. Osowska and S. Szafert, Wiad. Chem. 62, 479 �2008�; N. F. Utesch
and F. Diederich, Org. Biomol. Chem. 1, 237 �2003�; F. Bohlmann and
R. Weber, Chem. Ber. 105, 3036 �1972�.

14 Polyynes: Synthesis, Properties, and Application, edited by F. Cataldo
�CRS Press, New York, 2006�; F. Cataldo, Eur. J. Solid State Inorg.
Chem. 34, 53 �1997�.

15 J. Kendall, R. McDonald, M. J. Ferguson, and R. R. Tykwinski, Org.
Lett. 10, 2163 �2008�; T. R. Johnson and D. R. M. Walton, Tetrahedron
28, 5221 �1972�.

16 J. Yang, L. A. Emmert, J. M. Cox, J. A. Brozik, and A. P. Shreve,
Abstracts of the 19th Rocky Mountain Regional Meeting of the American
Chemical Society, Tucson, AZ, 14–18 October, 2006 �unpublished�;
G.-L. Xu, G. Zou, Y.-H. Ni, M. C. DeRosa, R. J. Crutchley, and T. Ren,
J. Am. Chem. Soc. 125, 10057 �2003�.

17 Y. Benilan, A. Jolly, Y. Trolez, F. Raulin, and J.-C. Guillemin, J. Mol.
Spectrosc. 245, 109 �2007�.

18 G. Winnewisser and C. M. Walmsley, Astron. Astrophys. 70, L37
�1978�.

19 M. B. Bell, P. A. Feldman, M. J. Travers, M. C. McCarthy, C. A. Gott-
lieb, and P. Thaddeus, Astrophys. J. 483, L61 �1997�; A. Arnau, I.
Tunon, E. Silla, and J. M. Andres, J. Chem. Educ. 67, 905 �1990�.

20 J. Cernicharo, A. M. Heras, A. G. G. M. Tielens, J. R. Pardo, F. Herpin,
M. Guelin, and L. B. F. M. Waters, Astrophys. J. 546, L123 �2001�.

21 I. Couturier-Tamburelli, A. Coupeaud, Z. Guennoun, N. Pietri, and J.-P.
Aycard, Actual. Chim. 315, 15 �2008�; F. Raulin, P. Coll, N. Smith, Y.

234308-7 The synthesis of cyanodiacetylene J. Chem. Phys. 130, 234308 �2009�

Downloaded 30 Jun 2009 to 128.171.57.189. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1103/PhysRevB.76.233412
http://dx.doi.org/10.1007/s10904-006-9006-2
http://dx.doi.org/10.1007/s10904-006-9006-2
http://dx.doi.org/10.1007/s10973-005-0821-4
http://dx.doi.org/10.1007/s10973-005-0821-4
http://dx.doi.org/10.1080/00268970500070116
http://dx.doi.org/10.1039/b711578d
http://dx.doi.org/10.1016/j.combustflame.2003.11.001
http://dx.doi.org/10.1016/j.carbon.2004.05.021
http://dx.doi.org/10.1063/1.373790
http://dx.doi.org/10.1002/anie.200502071
http://dx.doi.org/10.1021/np50061a020
http://dx.doi.org/10.1111/j.1751-1097.1999.tb07984.x
http://dx.doi.org/10.1023/B:JOEC.0000006440.57230.a9
http://dx.doi.org/10.1007/BF00987634
http://dx.doi.org/10.1126/science.160.3830.890
http://dx.doi.org/10.1021/np970182j
http://dx.doi.org/10.1021/jf060422d
http://dx.doi.org/10.1021/jf060422d
http://dx.doi.org/10.1039/b210184j
http://dx.doi.org/10.1002/cber.19721050925
http://dx.doi.org/10.1021/ol800583r
http://dx.doi.org/10.1021/ol800583r
http://dx.doi.org/10.1016/S0040-4020(01)88941-9
http://dx.doi.org/10.1021/ja035434j
http://dx.doi.org/10.1016/j.jms.2007.07.006
http://dx.doi.org/10.1016/j.jms.2007.07.006
http://dx.doi.org/10.1086/310732
http://dx.doi.org/10.1086/318871


Benilan, P. Bruston, and M. C. Gazeau, Adv. Space Res. 24, 453 �1999�.
22 Y. L. Yung, M. Allen, and J. P. Pinto, Astrophys. J., Suppl. Ser. 55, 465

�1984�; B. Letourneur and A. Coustenis, Planet. Space Aci. 41, 593
�1993�; T. Hidayat, A. Marten, B. Bezard, D. Gautier, T. Owen, H. E.
Matthews, and G. Paubert, Icarus 133, 109 �1998�; R. A. Marcus, J.
Chem. Phys. 121, 8201 �2004�; D. W. Clarke and J. P. Ferris, Icarus 127,
158 �1997�; T. Hidayat, A. Marten, B. Bezard, D. Gautier, T. Owen, H. E.
Matthews, and G. Paubert, ibid. 126, 170 �1997�; J. I. Lunine, Y. L.
Yung, and R. D. Lorenz, Planet. Space Sci. 47, 1291 �1999�; M. A.
Gurwell, Astrophys. J. 616, L7 �2004�; A.-S. Wong, C. G. Morgan, Y. L.
Yung, and T. Owen, Icarus 155, 382 �2002�.

23 J. H. Waite, T. E. Cravens, W. Ip, W. Kaspizak, J. Luhmann, R. McNutt,
H. Niemann, R. Yelle, I. Wordag-Muller, S. Ledvina, and V. D. Haye,
Proceedings of the 36th DPS Meeting, 2004 �unpublished�, Vol. 1068, p.
36.

24 F. Raulin, P. Coll, Y. Benilan, P. Bruston, M. C. Gazeau, P. Paillous, N.
Smith, R. Sternberg, D. Coscia, and G. Israel, Proceedings of the Fifth
Trieste Conference on Chemical Evolution, Trieste, Italy, 22–26 Septem-
ber 1997 �unpublished�, p. 301.

25 S. Rodriguez, P. Paillou, M. Dobrijevic, G. Ruffie, P. Coll, J. M. Bernard,
and P. Encrenaz, Icarus 164, 213 �2003�.

26 C. P. McKay, A. Coustenis, R. E. Samuelson, M. T. Lemmon, R. D.
Lorenz, M. Cabane, P. Rannou, and P. Drossart, Planet. Space Sci. 49, 79
�2001�.

27 G. Paubert, D. Gautier, and R. Courtin, Icarus 60, 599 �1984�; V. G.
Kunde, A. C. Aikin, R. A. Hanel, D. E. Jennings, W. C. Maguire, and R.
E. Samuelson, Nature �London� 292, 686 �1981�.

28 A. Coupeaud, R. Kolos, I. Couturier-Tamburelli, J. P. Aycard, and N.
Pietri, J. Phys. Chem. A 110, 2371 �2006�; A. Coupeaud, N. Pietri, A.
Allouche, J.-P. Aycard, and I. Couturier-Tamburelli, ibid. 112, 8024
�2008�.

29 R. Mukhopadhyay, Anal. Chem. 81, 6 �2009�; W. Paneral, B. Leslie, D.
Lovingood, R. Stapleton, M. Anderson, A. McRae, L. Atwater, T. Man-
ning, and D. Phillips, Chem. Educ. 7, 149 �2002�.

30 A. J. Alexander, H. W. Kroto, and D. R. M. Walton, J. Mol. Spectrosc.
62, 175 �1976�.

31 S. Haas, G. Winnewisser, and K. M. T. Yamada, Can. J. Phys. 72, 1165
�1994�; K. Yamada and G. Winnewisser, Z. Naturforsch., A: Phys. Sci.
36A, 1052 �1981�.

32 P. Botschwina, A. Heyl, M. Oswald, and T. Hirano, Spectrochim. Acta,
Part A 53, 1079 �1997�; C. Degli Esposti, L. Bizzocchi, P. Botschwina,
K. M. T. Yamada, G. Winnewisser, S. Thorwirth, and P. Foerster, J. Mol.
Spectrosc. 230, 185 �2005�.

33 Y. Trolez and J.-C. Guillemin, Angew. Chem., Int. Ed. 44, 7224 �2005�.
34 Y. Benilan, T. Ferraday, N. Fray, A. Jolly, F. Raulin, and J.-C. Guillemin,

Bull. Am. Astron. Soc. 37, 717 �2005�.
35 A. Coupeaud, M. Turowski, M. Gronowski, N. Pietri, I. Couturier-

Tamburelli, R. Kolos, and J.-P. Aycard, J. Chem. Phys. 126, 164301
�2007�.

36 A. Coupeaud, M. Turowski, M. Gronowski, N. Pietri, I. Couturier-
Tamburelli, R. Kolos, and J.-P. Aycard, J. Chem. Phys. 128, 154303

�2008�.
37 A. Coupeaud, N. Pietri, J.-P. Aycard, and I. Couturier-Tamburelli, Phys.

Chem. Chem. Phys. 9, 3985 �2007�.
38 K. Seki, M. Yagi, M. He, J. B. Halpern, and H. Okabe, Chem. Phys. Lett.

258, 657 �1996�.
39 X. Gu, Y. Guo, F. Zhang, A. M. Mebel, and R. I. Kaiser, Faraday Discuss.

133, 245 �2006�.
40 R. I. Kaiser, J. W. Ting, L. C. L. Huang, N. Balucani, O. Asvany, Y. T.

Lee, H. Chan, D. Stranges, and D. Gee, Rev. Sci. Instrum. 70, 4185
�1999�.

41 F. Zhang, S. Kim, R. I. Kaiser, and A. M. Mebel, J. Phys. Chem. A 113,
1210 �2009�.

42 F. Zhang, S. Kim Yong, L. Zhou, H. H. Chang Agnes, and I. Kaiser Ralf,
J. Chem. Phys. 129, 134313 �2008�.

43 M. Vernon, Ph.D. thesis, University of California, Berkeley, 1981; M. S.
Weiss, Ph.D. thesis, University Of California, Berkeley, 1986�.

44 S. M. Beck, D. E. Powers, J. B. Hopkins, and R. E. Smalley, J. Chem.
Phys. 73, 2019 �1980�; C. Lee, W. Yang, and R. G. Parr, Phys. Rev. B
37, 785 �1988�.

45 G. D. Purvis III and R. J. Bartlett, J. Chem. Phys. 76, 1910 �1982�; J. A.
Pople, M. Head-Gordon, and K. Raghavachari, ibid. 87, 5968 �1987�; G.
E. Scuseria, C. L. Janssen, and H. F. Schaefer III, ibid. 89, 7382 �1988�;
G. E. Scuseria and H. F. Schaefer III, ibid. 90, 3700 �1989�.

46 T. H. Dunning, Jr., J. Chem. Phys. 90, 1007 �1989�.
47 K. A. Peterson and T. H. Dunning, Jr., J. Phys. Chem. 99, 3898 �1995�.
48 M. J. Frisch, G. W. Trucks, H. B. Schlegel et al., GAUSSIAN 98, Revision

A5, Gaussian, Inc., Pittsburgh, PA, 1998.
49 MOLPRO, Version 2006.1, a package of ab initio programs, written by

H.-J. Werner, P. J. Knowles, R. Lindh et al., see http://www.molpro.net.
50 H. Eyring, S. H. Lin, and S. M. Lin, Basic Chemical Kinetics �Wiley,

New York, 1980�; P. J. Robinson and K. A. Holbrook, Unimolecular
Reactions �Wiley, New York, 1972�; J. I. Steinfeld, J. S. Francisco, and
W. L. Hase, Chemical Kinetics Dynamics, 2nd ed. �Prentice Hall, Engle-
wood Cliffs, 1999�.

51 V. V. Kislov, T. L. Nguyen, A. M. Mebel, S. H. Lin, and S. C. Smith, J.
Chem. Phys. 120, 7008 �2004�; A. M. Mebel, V. V. Kislov, and R. I.
Kaiser, J. Phys. Chem. A 110, 2421 �2006�.

52 R. D. Levine, Molecular Reaction Dynamics �Cambridge University
Press, Cambridge, UK, 2005�.

53 W. B. Miller, S. A. Safron, and D. R. Herschbach, Discuss. Faraday Soc.
44, 108 �1967�.

54 M. Gronowski and R. Kolos, Chem. Phys. Lett. 428, 245 �2006�.
55 J. A. Miller and S. J. Klippenstein, Phys. Chem. Chem. Phys. 6, 1192

�2004�; J. V. Michael, M. C. Su, J. W. Sutherland, L. B. Harding, and A.
F. Wagner, J. Phys. Chem. A 107, 10533 �2003�.

56 M.-C. Liang, Y. L. Yung, and D. E. Shemansky, Astrophys. J. 661, L199
�2007�; K. Seki, M. He, R. Liu, and H. Okabe, J. Phys. Chem. 100, 5349
�1996�.

57 See EPAPS Document No. E-JCPSA6-130-033924 for geometric param-
eters of all isomers and transition states. For more information on EPAPS,
see http://www.aip.org/pubservs/epaps.html.

234308-8 Zhang et al. J. Chem. Phys. 130, 234308 �2009�

Downloaded 30 Jun 2009 to 128.171.57.189. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1016/S0273-1177(99)00087-3
http://dx.doi.org/10.1086/190963
http://dx.doi.org/10.1016/0032-0633(93)90079-H
http://dx.doi.org/10.1006/icar.1998.5908
http://dx.doi.org/10.1063/1.1803507
http://dx.doi.org/10.1063/1.1803507
http://dx.doi.org/10.1006/icar.1996.5667
http://dx.doi.org/10.1006/icar.1996.5640
http://dx.doi.org/10.1016/S0032-0633(99)00052-5
http://dx.doi.org/10.1086/423954
http://dx.doi.org/10.1006/icar.2001.6720
http://dx.doi.org/10.1016/S0019-1035(03)00125-8
http://dx.doi.org/10.1016/S0032-0633(00)00051-9
http://dx.doi.org/10.1016/0019-1035(84)90167-2
http://dx.doi.org/10.1038/292686a0
http://dx.doi.org/10.1021/jp055582r
http://dx.doi.org/10.1021/jp803524q
http://dx.doi.org/10.1021/ac8023922
http://dx.doi.org/10.1007/s00897020563a
http://dx.doi.org/10.1016/0022-2852(76)90347-7
http://dx.doi.org/10.1016/S1386-1425(97)00018-8
http://dx.doi.org/10.1016/S1386-1425(97)00018-8
http://dx.doi.org/10.1016/j.jms.2004.11.010
http://dx.doi.org/10.1016/j.jms.2004.11.010
http://dx.doi.org/10.1002/anie.200502122
http://dx.doi.org/10.1063/1.2720842
http://dx.doi.org/10.1063/1.2894875
http://dx.doi.org/10.1039/b703402d
http://dx.doi.org/10.1039/b703402d
http://dx.doi.org/10.1016/0009-2614(96)00697-5
http://dx.doi.org/10.1039/b516457e
http://dx.doi.org/10.1063/1.1150050
http://dx.doi.org/10.1063/1.2987366
http://dx.doi.org/10.1063/1.440421
http://dx.doi.org/10.1063/1.440421
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.443164
http://dx.doi.org/10.1063/1.453520
http://dx.doi.org/10.1063/1.455269
http://dx.doi.org/10.1063/1.455827
http://dx.doi.org/10.1063/1.456153
http://dx.doi.org/10.1021/j100012a005
http://www.molpro.net
http://dx.doi.org/10.1063/1.1676275
http://dx.doi.org/10.1063/1.1676275
http://dx.doi.org/10.1021/jp054309m
http://dx.doi.org/10.1039/df9674400108
http://dx.doi.org/10.1016/j.cplett.2006.07.041
http://dx.doi.org/10.1039/b313645k
http://dx.doi.org/10.1021/jp035170n
http://dx.doi.org/10.1086/518785
http://dx.doi.org/10.1021/jp952787z
http://www.aip.org/pubservs/epaps.html

