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Abstract The interstellar medium, filling the vast space betweerssisa rich reser-
voir of molecular material ranging from simple diatomic malles to more com-
plex, astrobiologically important molecules such as wigghide, methylcyanodiac-
cetylene, cyanoallene, etc. Interstellar molecular cg#lene is one of the most stable
isomers of methylcynoacetylene. An attempt has been maekgptore the possibility
of forming cyanoallene in interstellar space by radicalical and radical-molecule
interaction schemes in the gaseous phase. The formatigranballene starting from
some simple, neutral interstellar molecules and radicddieen studied using density
functional theory. The reaction energies and structurghefeactants and products
show that the formation of cyanoallene is possible in theegas phase. Both of the
considered reaction paths are totally exothermic anddréess, thus giving rise to a
high probability of occurrence. Rate constants for eacp istehe formation process
of cyanoallene in both the reaction paths are estimated.llAvitorational analysis
has been attempted for cyanoallene in the harmonic and moiné approximations.
Anharmonic spectroscopic parameters such as rotationatats, rotation-vibration
coupling constants and centrifugal distortion constaatelbeen calculated.
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1 INTRODUCTION

Interstellar cyanoallenel(Ho,CCHCN) has been detected with the 100m Green Bank Telescope
in the dark Taurus molecular cloud (TMC-1) (Lovas et al. 2806 hin et al. (2006) have also
identified the existence of cyanoalle@@H,CCHCN) and methylcyanoacetylef€H; CCCN),

with the use of the 100 m Effelsberg telescope. However, agbene was found to be a more
abundant species than methylcyanoacetylene (Lovas e0@6b?. Cyanoallene is an eight atom
molecule, composed of some of the most abundant intenséétlens, hydrogen, carbon and nitrogen.

It is a larger member of the vinyl type molecular series, anohbitained by adding one carbon atom
to vinylcyanide(CH,CHCN), which has been detected in Sgr B2 (Schwahn et al. 1986a).
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Schwahn et al. (1986b) reported highly precise frequenegiptions for cyanoallene in the
80 GHz region based on microwave and suggested an ion-neggthesis starting with the forma-
tion of protonated methylcyanoacetylene via the radiasaociation of CH ) and cyanoacetylene
(HCCCN), and the subsequent formation of methylcyanoacetyl€fie; CCCN) and cyanoallene
(CH,CCHCN) by dissociative recombination with electrons. Balucarilef2002) showed that the
neutral-radical reactions betweétsH,), in its isomeric forms of allenéH, CCCH;) and methy-
lacetylene(CH3CCH), and the CN radical react to produce all three isomers of ayapyne
(C4H;3N), which are methylcyanoacetylerf€ H; CCCN), cyanoallene(CH,CCHCN), and 3-
cyanomethylacetylenélCCCH3CN) using a crossed molecular beam as well as ab initio methods.
Quan & Herbst (2007) studied the formation mechanism of gieylanoacetylene and cyanoallene
by the neutral-radical reactions involving the radical @)drocarbons methylacetylef@H; CCH)
and allene using a gas phase chemical reaction network.

In the present work, two totally new exothermic and bareigslreaction paths are considered for
the formation of cyanoallene in the interstellar mediunM)Starting from some simple molecules,
ethyne radical, cyanocarbene, propyne carbene and a eyaiital, all of which have been detected
in interstellar space. These precursors may also lead tmth®tion of organic macromolecules in
the ISM. The general problem is finding a viable, thermodyicatty feasible mechanism that can
account for the formation of such molecules in the ISM. Quanthemical calculations provide a
direct tool for the understanding of systems that are tooptexto be observed experimentally and
it gives a detailed view of all geometries essential for priny the mechanisms of organic chem-
ical reactions. Radical-radical and radical-moleculerattion schemes are involved in both of the
proposed pathways. A full vibrational analysis is alsorafieed for cyanoallene in the harmonic
and anharmonic approximations and vibro-rotational spscbpic constants are calculated using
B3LYP/aug-cc-pVTZ theory. The value of rate constants aratheermicity of these barrierless re-
actions raise the possibility of forming cyanoallene in iB®, a step towards carbon and nitrogen
based extraterrestrial life.

In the present paper Section 2 provides detailed informadimout the methodology used in
calculations. Section 3 gives a detailed discussion ofti@aenechanisms for both reaction paths
and reactions involved in the formation of cyanoalllenehie tSM while Section 4 is about the
structural study of cyanoallene. In Sections 5 and 6 we disthe full vibrational analysis and
spectroscopic constants respectively. The conclusiowéngn Section 7.

2 COMPUTATIONAL DETAILS

Computations were performed using B3LYP density functioimeory with the 6-31G** basis set.
The 6-31G** basis set is widely used in chemistry becausedtseds in reproducing experimental
data with high reliability (Cramer 2005). All calculatiomgere carried out with the Gaussian 03W
program. Total energies, zero point vibrational energyMEJPand electronic energies (EE) of all
the molecules/radicals formed during the reaction patratda/the formation of cyanoallene were
calculated at 10K. All the energies of molecules/ions iwedlin reactions are given in Table 1. For
a theoretical study of cyanoallene formation in the ISM we thhee Gaussian 03W program (Frisch
et al. 2003). However, rate constants were calculated mgussemiempirical formula developed by
Bates (1983) for values of rate constants at very low tentpegs (at approximately 10-30 K temp).
These values of the rate constants at temperatures closetu@ physical conditions are calculated
in the manuscript. Hence, results obtained under theselatif;ns are favorable in conditions of a
cold cloud like temperature of 10—-30 K and pressure of 1 apmeie. Rate constants calculated in
this paper demonstrate that the reactions are feasibleniditians of a cold cloud (Bates 1983). In
our earlier work, these equations were also used for estmat rate constants at lower temperatures
(Gupta et al. 2011).
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Tablel EE, ZPVE and total energies of molecules and radicals indlsgpbase based on B3LYP/6-
31G (d, p) calculations (energies in a.u.) at 10K.

Reaction Path 1 | Reaction Path 2
Molecules/Radicals EE ZPVE  Total Energfmlecules/Radicals EE ZPVE  Total Energies
H —0.500273 0.000000 —0.500273 |H —0.500273 0.000000 —0.500273
CoH —76.6060893 0.012661 —76.593428C3H —114.6789148 0.017266 —114.661649
HCCN —131.3969726 0.018159 -131.3788[1G3H+H —115.1791878 0.017266 —115.161922
HCCN+GH —208.003062 0.030820 —207.97224HCCCH —115.3187889 0.028295 —115.290493
CHCCHCN —208.2510061 0.041493 —208.209513N —92.71174734 0.004922 -92.706825
CHCCHCN+H —208.7512791 0.041493 —208.709786CCCH+CN —208.0305362 0.032470 —207.997318
CH2CCHCN —208.9030108 0.054984 —208.8480@6CCCHCN —208.2510060 0.041493 —208.209513
HCCCHCN+H —208.7512790 0.041493 —208.709786
CH2CCHCN —208.9030106 0.054983 —208.848027

Harmonic frequency calculations were conducted at the daweéfor the molecule to test the
stability of its molecular structure. Positive wavenungbeonfirmed the stability of the molecular
structure at minimum energy. We have also estimated theoatgtant of every step for both the reac
tion paths. A complete vibrational assignment was also aotadl for the title compound. Potential
energy distributions (PEDs) along internal coordinatesewgalculated by the software Gar2ped.
By combining the results of the GaussView program with symmyneonsiderations, vibrational
wavenumber assignments were made with a high degree ofaagcUrhere is always some am-
biguity in defining internal coordinates. The normal modalgsis was performed and the PED was
calculated along the internal coordinates using localsedmetry. A full vibrational analysis was
also attempted for cyanoallene in the harmonic and anhdmapproximations and vibro-rotational
spectroscopic constants were calculated using B3LYPéatvTZ theory.

The chemical analysis calculates the energy requiremehtfpaths. The results also showed
that the proposed reactions, which are feasible and exutbat this temperature and pressure, can
also have a high probability of occurrence in interstelfzace, i.e. in the regions of a cold cloud.
Although the results depend on the conditions of the enwiramt such as radiation field, temperature
and pressure, our study gives qualitative indicators attmuformation of cyanoallene in the ISM.
The most suitable reaction pathway is exothermic. All trectiens involved in the present study
are exothermic and barrierless, and as such do not followettmperature dependent Arrhenius
expression (Bates 1983). Hence, an estimation of the ratgtaot at 10—30 K can be made on the
basis of the semiempirical relationship developed by BEit883)

K=1x10"2A4,(6E) + N —2)3""7/(3N —7)! cm®s7L. 1)

HereE) is the association energy in eV, is the number of nuclei in the complex add is the tran-
sition probability in s, which is taken as 100 as suggested by Bates (1983). In oaititavalues
calculated using Equation (1) exceed the limit set by thiefahg equation and so Equation (2) is
used to calculate the values of the rate constant in the mafitgenperature 10-30 K

K =741 x10"%a2(10/p)/? em®s71, (2)

where« is the polarizability inA3 and y is the reduced mass of the reactants on '@ amu

scale, as suggested by Bates (1983). In our earlier worketbguations are also used for estimation
of the rate constants at lower temperatures (Gupta et all)20he methods that are used for the
calculation of rate constants are mainly based on the thebBates (1983) and capture theory
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(Su & Chesnavich 1982). These theories were used earlieewsral authors for calculating the
temperature dependence of rate constants (Majumdar e0B2; 2Voon & Herbst 2009; Herbst
& Leung 1986; Su & Chesnavich 1982; Herbst 2013; Das et al3R200he “Multiwell program”
was also used for calculating the temperature and presspendence of reaction rates (Woon &
Park 2009; Woon 2006). Their results also indicate that thgmitude of the rate constant is not
affected much by temperature variations in the range 10&30@wever, in the present study we
have calculated rate constants using Equation (2), i.€Ltnegevin Equation” which is independent
of temperature (Herbst 2001; Su & Chesnavich 1982). He&#¥)1) demonstrated that the results
obtained from this equation agree well with the experimlergsults from room temperature and
above, down to temperatures below 10 K. It was also repoezkberal researchers (Bates 1983;
Majumdar et al. 2012; Gupta et al. 2011) that if Equation €BYls to the result exceeding the limits
set by Equation (2), then the limit should be adopted. Equd#) should be used for calculating rate
constants in our case. The results obtained by using Equi@)aare given in Table 2 at 10K. The
estimated rate constants are calculated for gas phas@readto studies related to radical-radical
or radical-molecule interactions have been reported sfofahe formation of cyanoallene.

Table 2 Computed reaction energies and estimated rate constaritseféor-
mation of Cyanoallene.

Reaction steps Reaction Energies with ZPVE Rate Constant
(kcal mot~1) (Gas phase) (chhs™1)

Reaction Path 1

HCCN+G,H—Moleculel -148.89 15109

Moleculel+H— Cyanoallene -86.74 6:210~7

Reaction Path 2

C3H+H—Moleculel -76.10 5010~°
Molecule1+CN-Molecule2 -133.15 151077
Moleculel+H— Cyanoallene -86.75 61107

3 RESULTSAND DISCUSSION
3.1 Reaction Pathways

Our study examined two reaction pathways. Both pathwayshied radical-neutral molecule in-
teractions and are barrierless. These proposed reacdiadmy to the formation of cyanoallene in
interstellar space involve several simple neutral inéiest molecules and radicals such as HCC,
HCCN, HCCC and CN (Fuente et al. 2005; Ziurys 2006; Guelin &@saro 1991; Mangum &
Wootten 1990; Saito et al. 1984). The mechanism of formatiocyanoallene will be considered
under the following headings.

3.1.1 Reaction Path 1

a. Formation of But-3-ynenitrile

The cyanoallene may be formed in interstellar space threugérrierless exothermic reaction
between the ethyne radical (HCC) (Fig. 1(a)) and cyanocerfildCCN) (Fig. 1(b)). Hyanocarbene
is known to exist in high concentrations in space (Guelin &zharo 1991). The HCCN molecule
can have two possible geometries, a linear equilibrium gegnfor the triplet electronic ground
state and a bent structure consistent with the accepted ttgargocarbene.’” While initial studies
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on this molecule show the linear geometry to be the most flkustructure (Saito et al. 1984),
theoretical studies by Kim et al. (1983) have suggestedttizabent equilibrium geometry is more
stable than the linear geometry by about 2.5 kcalThoFinally it has been confirmed by Rice and
Schaefer on the basis of MCSCF studies using DZP and TZ2B bets that the bent structure lies
below the linear conformation by 6.2 and 5.7 kcal miglrespectively. Our study involves a bent
shaped structure (Rice & Schaefer 1987). The highly reacid@rbene structure reacts with HCC to
give rise to But-3-ynenitrile having an optimized geometsyshown in Figure 1(c) with a reaction
energy of about-148.89 kcal mol~! with ZPVE. The rate constant for this step is estimated to be
1.5 x 1072 cm® s~ in the gas phase (Table 2).

b. Formation of cyanoallene

In an exothermic addition reaction, atom C5 of Buta-3-ytrdaigets an attached hydrogen
atom, leading to the formation of cyanoallene as shown iniféid.(d). Hydrogen atoms are known
to exist in high concentrations in space. The reaction gnfengthis process is —86.74 kcal mdl
with ZPVE in the gas phase. The rate constant is estimateé t2b< 10~ cm? s~ in the gas
phase (Table 2).

3.1.2 Reaction Path 2

a. Formation of propa-1, 2-diene

Cyanoallene may be formed in interstellar space throughrideblass exothermic reaction be-
tween propyne carbene (HCCC) and a hydrogen atom (H), batiich are known to exist in high
concentrations in space. The highly reactive carbenetstei¢propyne carbene) has an optimized
geometry as shown in Figure 2(a). In this process, the caabmn C4 (charge —0.121) of HCCC
(Fig. 2(a)) gets attached to the hydrogen atom to give risegmpa-1, 2-diene radical as shown in
Figure 2(b). This process has a reaction energy of aboui9#&al mot . For this step, the rate
constant is estimated to BeD x 10~ cm?® s~! in the gas phase (Table 2).

b. Formation of buta-2, 3-dienenitrileradical

In this process, the carbon atom C2 (charge —0.261) of HCGi 2(b)) gets attached to the
carbon atom C2 (charge +0.226) of the CN radical having twe &lectrons on the carbon atom
(Fig. 2(c)) and giving rise to the formation of the buta-2dignenitrile radical. The rate constant
of the reaction for this step may be estimated @sx 10~? cm?® s~! (Table 2) while the reaction
energy for this process is —133.15 kcal mbin the gas phase.

c¢. Formation of cyanoallene

In the last step of this reaction path, the buta-2, 3-dignnradical picks up a hydrogen atom
which leads to the formation of cyanoallene (Fig. 2(e)) wighction energy of about —86.75 kcal
mol~!. The addition of a hydrogen atom in this step has a rate constabout.1 x 102 cm? s~*
in the gas phase (Table 2).

All the calculations related to structural optimizatiordamnergy for both reaction paths are per-
formed at different temperatures and no significant changaergies or other parameters has been
observed. There is consequently no effective change ircaatstant with a change in temperature.
Only the values of energies and rate constant at 10 K aretegpior Table 1 and Table 2 respectively.

4 STRUCTURAL STUDIES

Cyanoallene exists in isomeric forms in interstellar cleudethylcynoacetylene has two isomers,
cyanoallene and propargycynide, both of which can be pegpiara pure state, but are equilibrated
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under basic conditions. Landor (1982) has shown that cyemeeis the most stable isomer in so-
lution. The structure of cyanoallene is given in Figure 1Hdyl Figure 2(e) by adopting a number-
ing scheme. All the bond angles and bond lengths reproductetiquantum chemical calculation
agreed with the bond angles and bond lengths of other welwkremmpounds.

5 HARMONIC AND ANHARMONIC VIBRATIONAL ANALYSIS

Cyanoallene has C1 symmetry and its 18 normal modes can idedimto14A’ +4A”. A complete
vibrational analysis for the molecule has been attempteithemasis of harmonic and anharmonic
frequency calculations using the B3LYP/aug-cc-pVTZ tlyedlo scaling is needed for the anhar-
monic frequencies. Vibrational frequencies were scaléuube relationship (Yoshida et al. 2002)

Vobs = Veale(1.0087(9) — 0.0000163(6)veare) cm ™. 3)

The calculated values have been compared with the expemm&equencies of 3-methyl-2-
butenenitrile and 3-methyl-3-butene nitrile (Compton letl@81). Assignments of the vibrational
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Table 3 “Proposed assignments and potential energy distributi@&D)Ror vibrational normal
modes of cyanoallene (contributibri0). Types of vibration, stretchingy, deformation (bending),
scissoring; oop, out-of-plane bending, wagging;y, twisting; p, rocking; r, torsion.

Exp IR CalculatedAnharmonic IR “Potential Energy Distribution (%)
Fregs. Fregs. Intensity
(Scaled)
146 144 2.90 6[(C2H1C3)+(C2H1C7)](72)+LIN1[N4C2C3H1](15)
317 313 2.10 T[C7C2](50)+r[C7C5](50)
380 377 5.93 7[C7C5](50)+[C7C2](50)
385 381 5.25 LIN1[N4C2C3H1](93)
619 613 2.65 S[(C2H1C3)+(C2H1C7)](58)+LIN1[N4AC2C3H1](14)}4C2C3](11)
655 649 3.46 T[C3H2](51)+r[C3C6](48)
800 883 875 22.69 T[C7C2](55)+r[C7H5](44)
890 906 898 45.43 w[C6H5CBC7](98)
675 959 950 7.47 5[(C2H1C3)+(C2H1C7)](46) #,[C2C3](31)
1008 999 0.01 7[C7C2)(50)+r [CTH5](50)
1072 1147 1137 0.07 p[(C2H1C3)+(C2H1C7)(51)»[C2C7](14)+/[C5C7](14)
1362 1350 1.03 pl(C2H1C3)+(C2H1C7)(57)
1476 1464 3.90 p[(C5H6C7)+(C6HBC7)](43)¥, [C2C7](15)+,[C5CT7](14)4p[(C2H1C3)+(C2H1C7)](11)
2097 2058 2041 92.24 v[C5C7](50)+/[C2C7](47)
2255 2354 2334 23.59 v[C3N4](87)+/,[C2C3](12)
2953, 3057 3151 3123 0.96 v[CBH5](47)+/[C5HB6]1(47)
3169 3141 2.18 V[C5H8](84)+p[(C2H1C3)+(C2H1C7)(11)
3226 3197 0.60 7[C2C3](38)+r[C5C7](38)+/[C5H6](11)+, [C5H6](11)

Table 4 Rotational constants (cm) including terms due to the quartic centrifugal distor-
tion constant and Nielsen’s and Wilson’s centrifugal digtm constants(0~° cm ™) of
cyanoallene using B3LYP/aug-cc-pVTZ theory.

Rotational constants Neilson’s constant Wilson’s cortstan
Ac 0.89804 DJ 0.037294 0.205354
Be 0.08954 DJK —-2.707929 0.026254
Ce 0.08281 DK 65.148436 0.009686
Ao 0.90628 R5 0.190921 -
Bo 0.08927 |R6|x10~6 0.000605 -
Co 0.08253 AJx10-6 0.008984 -

modes have been made on the basis of the PED over internalicatas for the rb3lyp/aug-cc-
pVTZ method. The PED is calculated by using the software GRARR (Martin & Van Alsenoy
1995). The results are given in Table 3.

In particular, the strong band in the spectrum of methyligehenitrile and 3-methyl-3-butene
nitrile is observed at 2255n !, which is due toC' = N stretching (Compton et al. 1981) modes.
In the case of cyanoallene, this mode is calculated at 2854 and 2334m~"' by harmonic and
anharmonic calculations, respectively. The lowering dfaamonic frequency by 26n~" from the
harmonic one is due to the uneven spacing of the overtonkslef/éhe different normal modes and
the splitting of levels that are degenerate in the harmostillator approximation (Table 3). C5H8
stretching is calculated at 3168 ~!. A strong band is calculated near 986! which is due to
the out of plane wagging of the double bonded hydrogen. Thidenhas a well correlated group fre-
quency (Belumy 1954) that normally gives rise to a very gjroand in the IR spectrum (88th ).
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Table 5 Rotational-vibrational coupling constants of
cyanoallene using B3LYP/aug-cc-pVTZ theory.

Rotational - vibrational coupling constants)("* cm~1)

a b c
[e%1 10.2 0.4 0.3
g -86.2 3.3 2.1
as 14.3 0.4 0.3
ay 30.1 2.3 2.2
as 46.6 2.6 2.6
ag 21.2 0.0 -0.1
ar 39.7 -1.1 -0.2
asg 122.9 -2.9 -1.4
ag -88.4 -0.1 -0.6
a1p -100.0 35 3.0
a1 71.4 -0.1 0.2
a2 34.2 -0.1 -0.2
ais —69.0 -1.0 -0.5
a4 —27.6 3.0 1.7
als -4615.1 2.7 -1.3
a6 4639.0 -1.3 -1.8
alr —-90.5 2.6 0.8
a1g 1175 -3.7 -1.7

However, the strong band observed at 860 ' may arise from the corresponding wagging of a lone
hydrogen on a tetrasubstituted double bond. In the caseanio@tlene, the calculated band observed
at 883cm ! may be assigned to torsion around the bond C2C7 mixed withi7CS@lculated strong
absorption bands observed at 2058™! may be assigned to the C5C7 stretching coupled with C5—
C4 stretching. The bands at 380 and 649 may be assigned to the linear bending, LIN1 of the
CCN group.

6 ANHARMONIC SPECTROSCOPIC CONSTANTS

The rotational constants of cyanoallene at the same ordéreatheory are given in Table 4. The
constantsdy, By andC for the ground vibrational state include the effects dueemzpoint vi-
brations and centrifugal distortions. The rotational ¢ants at the equilibrium geometry of the
molecule were calculated by B3LYP/aug-cc-pVTZ. WilsonfedaNielsen’s centrifugal distortion
constants for cyanoallene are also given Table 4. The ootatibration coupling constants based on
the B3LYP/aug-cc-pVTZ vibrational treatment using denfiinctional theory are given in Table 5.
Very small magnitudes of the rotation-vibration couplirmpstants and Wilson’s and Nielsen’s cen-
trifugal distortion constants show that the molecular @itins of cyanoallene are almost harmonic
in nature.

7 CONCLUSIONS

The possibility of forming cyanoallene from some simpletenstellar molecules like HCCN,
HCC, H and CN has been explored using quantum chemical methiadradical-radical and
radical-molecule interaction schemes, in the gas phagdel &oergies, ZPVEs and EEs of all the
molecules/radicals formed during the reaction pathwag<alculated. Molecular geometries of the
reactants and products have been optimized and harmogicefneies are calculated to identify the
stable states. The study of reaction energies and strgatfitiee reactants and products show that the
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formation of cyanoallene is possible in the gas phase. Afeforming the calculations we observe
that there is approximately no effect of temperature chamgéhe energy of the molecules, ions
involved in the reactions and rate constants. Both the i@apaths in the gaseous phase are totally
exothermic and do not involve potential barriers, whichegige to a high probability of occurrence
for the reactions under the conditions of interstellar sp&yanoallene is found to hatg symme-

try. A complete assignment has been provided to the fundaiwhbrational modes of cyanoallene
on the basis of harmonic and anharmonic frequency calounktiising the B3LYP/aug-cc-pVTZ
theory and a comparison made with the experimental valuégqfiencies. Anharmonic spectro-
scopic parameters such as rotational constants, rotaifiwation coupling constants and centrifugal
distortion constants have been also calculated.
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