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Abstract. In this work we characterize an initial van der Waals adduct
in the potential energy surface of reaction between cyanoacetylene HC3N
and the cyano radical. The geometry of the CN-HC3N adduct has been
optimized through calculations employing ab initio methods. Results
show that the energy of the adduct lays below the reactants. Additionally,
a saddle point that connects the adduct to an important intermediate
of the PES has been been localized, with energy below the reactants.
Calculations of the intermolecular potential have been performed and
results show that the energy of the van der Waals adduct is higher than
estimated with the ab initio methods.
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1 Introduction

To this date, more than 200 molecular species have been detected in the interstel-
lar medium (ISM) [1]. Among the first observed organic molecules is HC3N, or
cyanoacetylene, identified in the early 1970’s by Turner [2] towards the galactic
radio source SgrB2. In the same decade, new observations have been reported: in
1976 [3] cyanoacetylene has been detected in 17 galactic sources, including dark
clouds and a molecular envelope around a carbon star, while later in 1979 Walm-
sley reported the detection of HC3N in TMC2 [4]. Later, the detection of HC5N,
HC7N, HC9N and HC11N has also been reported [5, 6]. These molecules share
the same characteristics: they are linear, with alternating carbon-carbon single
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and triple bonds and have a cyano group. As a whole, this group of molecules is
addressed as cyanopolyynes and the members of this group have been detected
in a number of environments in the interstellar medium: hot cores, star forming
regions, cold clouds and even solar-type protostars [7–11]. In addition, HC3N
has also been detected in low-mass protostars [12], protoplanetary disks [13] and
on Titan’s atmosphere [14].

It is currently accepted that the synthesis of cyanopolyynes in the ISM is a
result of successive chain-elongation reactions involving cyanoacetylene and C2H
radical [15]. However, when cyanoacetylene collides with a CN radical, the reac-
tion might lead to the formation of dicyanoacetylene (NCCCCN). This prevents
elongation reactions from occurring, therefore the reaction with cyano radical is
considered as a chain-termination reaction. Knowing how effective this reaction
is and how fast it proceeds is important to estimate the distribution of nitrogen
in the insterstellar medium. Yet, the product of the reaction, dicyanoacetylene,
is not detectable in the ISM due to the lack of permanent electric dipole moment.
Therefore, we need to estimate the rate of formation of this molecule through
experiments and using computational tools.

A previous study by Petrie and Osamura [16] reports the results of their
investigation on the HNC + C3N potential energy surface (PES), which share
some points in common with the HC3N + CN PES. At that time they had
optimized the geometries at B3LYP/6-311G** level and computed single-point
energies at CCSD(T)/aug-cc-pVDZ level. They have reported a channel where,
from HNC + C3N, the system has to overcome an energy barrier to form a
linear van der Waals adduct, before dissociating into HC3N and CN. In addition,
another channel shows the formation of NCCCCN from HC3N and CN, but no
van der Waals adduct has been reported for this channel. In this work, we report a
connection between the linear van der Waals and the intermediate of the channel
that forms dicyanoacetylene.

In relation to the kinetics of this reaction, an experimental value and a theo-
retical estimate of the rate coefficient have been reported by Cheikh et al [15]. In
particular, the theoretical estimate was performed employing a two transition-
state model, which implies the formation of a van der Waals adduct. We initially
thought that the linear van der Waals adduct could be involved in the estimate
of the rate coefficient. However, as it will be shown, another approach between
the fragments must be considered. As it will be discussed, the ab initio approach
allows us to locate only one of the van der Waals complexes, while the evaluation
of the intermolecular potential shows the possibility of more. In particular, the
Improved Lennard-Jones (ILJ) [17] function will allow a better description of the
long-range interaction within the intermolecular potential. A correct estimation
of the weak intermolecular interactions is a key point for an accurate estimate of
a reaction rate constant. The ILJ potential can be considered as a refinement of
the classical Lennard-Jones potential, which represents the potential as a func-
tion of the distance between the two interacting fragments. In particular the ILJ
function gives a better reproduction of both the long-range attraction and the
short-range repulsion with a simple formulation.



In the present work we investigate the initial approach of the cyanoacetylene
and cyano radical at two specific angles. We try to understand how the most
stable intermediate of the potential energy surface is formed. We employ two
different theoretical methods to identify the formation of a van der Waals adduct.
Identifying this type of structure is important for the estimation of the rate
constant.

2 Methods

In this section we present two approaches we have employed in this work: the
ab initio methods and the semi-empirical method.

2.1 Ab Initio Calculations

The open-shell system HC3N-CN has been investigated following a well estab-
lished computational strategy [18–24]. Such strategy consists in performing elec-
tronic structure calculations for the reactants, intermediates and saddle point
on the doublet potential energy surface (PES). Geometry optimizations and
harmonic vibrational frequency analysis have been carried out employing den-
sity functional theory (DFT), with the Becke-3-parameter exchange and Lee-
Yang-Parr correlation (B3LYP) [25, 26]. Harmonic frequency analysis serves to
estimate the zero-point energy correction and to confirm if an optimized struc-
ture is a stationary point. In that case, an optimized geometry is assigned as
a minimum if all the frequencies are real and as a saddle point if one single
frequency is imaginary. For saddle points, Intrinsic Reaction Coordinate (IRC)
calculations [27,28] have also been performed. Frequency analysis were followed
by a single-point calculation performed employing coupled-cluster, including sin-
gle and double excitations as well as perturbative estimate of connected triples
(CCSD(T)) [29–31]. The resulting computed energy is combined with the zero-
point correction from the frequency calculation to correct it to 0 K. Both B3LYP
and CCSD(T) methods have been used along with the correlation consistent va-
lence polarized basis set aug-cc-pVTZ [32]. All electronic structure calculations
were performed using the Gaussian09 software [33]. Data on the geometry was
collected using the open-source software Avogadro [34].

2.2 Intermolecular potential

In addition to the ab initio calculations, a semi-empirical study has been done
on the evolution of the intermolecular interaction energy as the two reactants
approach each other in a specific angle. In the adopted approach, each interact-
ing partner is assumed to be composed by effective atoms distributed on the
molecular frame. Accordingly, the total intermolecular potential Vtotal has been
defined as combination of a non-electrostatic and an electrostatic component:

Vtotal = Vnon−elect + Velect (1)



Table 1: Parameters for the non-electrostatic potential.
Interacting pair rm (�A) ε (meV)

C-CRad 3.80 6.16
N-CRad 3.73 6.07
H-CRad 3.54 2.43
C-NRad 3.71 5.95
N-NRad 3.63 6.07
H-NRad 3.41 2.55

Moreover, each component has been represented as additivity of different atom-
atom interaction pair contributions. In particular, each non-electrostatic atom-
atom contribution has been provided by the ILJ function, formulated as

VILJ(r) = ε

[
m

n(r) −m

(rm
r

)n(r)
− n(r)

n(r) −m

(rm
r

)m]
(2)

where ε is the depth of the potential well, rm is its position and r is the atom-
atom distance. The parameter n(r) was firstly introduced in a 2004 paper by
Pirani et al. [35] as a modification of the Maitland-Smith correction to the
Lennard-Jones model [36]. According to the authors, m assumes the value of 6
for neutral-neutral systems, 4 for ion-induced dipole, 2 for ion-permanent dipole,
and 1 for ion-ion cases.

Eq. 2 is composed by a repulsive term and a term that represents the long-
range attraction, both expressed in function of r. To modulate the decline of the
repulsion and the strength of the attraction, n(r) takes the following form:

n(r) = β + 4.0

(
r

rm

)2

(3)

where β is a parameter attributed to the nature and the hardness of the in-
teracting particles. [35, 37–39]. In the current systems, the value assigned to β
is 7. The values for ε and rm parameters, specific to each atom-atom pair, are
reported in Table 1. They have been obtained exploiting the effective polariz-
ability of various interacting atoms, whose combinations are consistent with the
average polarizability of two molecular partners. Within the same approach, the
electrostatic component Velect is expressed as

Velect(r) =
1

4πε0

5∑
i=1

2∑
j=1

qiqj
rij

(4)

where ε0 is the vacuum permittivity, qi corresponds to the partial charge on
an atom of the cyanoacetylene molecule, qj is the partial charge on an atom
of the cyano radical and rij is the distance between the two atoms involved.
In this work, the electrostatic contribution has been computed with charge val-
ues extracted from the CCSD(T)/aug-cc-pVTZ single-point calculations of the
separated reactants. Those values are reported on Table 2.



Table 2: Parameters for the electrostatic potential.
Atom Mulliken partial charges (CCSD(T))

C1 -1.720
C2 1.762
C3 0.088
N -0.583
H 0.453

CRad 0.152
NRad -0.152

3 Results

In this section we present the results of the ab initio calculations and show how
the intermolecular potential can provide additional insight into the formation of
the van der Waals complex.

3.1 Ab initio Calculations

Fig. 1: Potential energy surface of the cyanoacetylene (HC3N) and cyano radical
(CN) reaction. Energies computed at CCSD(T)/aug-cc-pVTZ level with zero-
point corrections at B3LYP/aug-cc-pVTZ.

The data obtained from electronic structure calculations with the ab initio
method shows the formation of a long-range complex as first step of the reaction
between cyanoacetylene and cyano radical. Figure 1 reports a potential energy



Fig. 2: Structural details of the model representation of cyanoacetylene (HC3N),
cyano radical (CN), the van der Waals complex (MIN1), the saddle point (TS1)
and the bonded intermediate (MIN2) geometries optimized at the B3LYP/aug-
cc-pVTZ level. Bond lengths (black) are shown in �A, while bond angles (blue)
are displayed in degrees. Carbon atoms are represented in grey, nitrogen atoms
in blue and hydrogen atoms in white.

surface depicting the formation of a bonded intermediate, with energy values
relative to the reactants. Four points of the PES were characterized: reactants,
a van der Waals complex (MIN1), a saddle point (TS1) and the bonded in-
termediate (MIN2). The process starts with a barrierless formation of the van
der Waals complex MIN1. The system must then overcome a barrier through
TS1 to form the bonded intermediate MIN2, in which we can notice the for-
mation of chemical bond between carbon atoms. This process is exothermic at
CCSD(T)/aug-cc-pVTZ level of calculation considering geometries optimized at
B3LYP/aug-cc-pVTZ level.

Figure 2 depicts the geometry of the reactants, the van der Waals complex
(MIN1), the saddle point (TS1) and the bonded intermediate (MIN2) with la-
beled atoms, distances in angstroms and angles in degrees. The structure of
MIN1 shows the interaction between the hydrogen atom of cyanoacetylene and
the nitrogen atom of the radical. As it can be observed, the formation of the
complex does not promote significant changes in the bond distances. On the
other hand, the transition state TS1 shows a very different geometry: the CN
fragment appears to rotate in order to form the carbon-carbon bond between
C1 and CRad. At last, MIN2 shows the formed carbon-carbon bond and a loss
of linearity between the atoms from cyanoacetylene.
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Fig. 3: Curve of the intermolecular potential(blue,full line) and curve of the vari-
ational calculation (black, dashed) corresponding to the linear approach between
fragments. Energies of the variational curve were computed at CCSD(T)/aug-
cc-pVTZ level. The intermolecular energy of the van der Waals complex MIN1
is also represented (red dot).

3.2 Intermolecular potential

As it has been discussed in the methods section, the intermolecular potential
expression can be decomposed into repulsion and attraction contribution terms.
In this section we compare the evolution of the intermolecular potential with
variational calculations performed with the ab initio methods when the two
reactants approach each other.

In Figure 3 are displayed the curve of the intermolecular potential in blue
and the curve of the variational calculation in black. In the x-axis we chose to
represent the distance between carbons C1 and CRad since it is the most rel-
evant distance involved in the formation of intermediate MIN2. The curve of
the intermolecular potential was built by taking the separate geometries of the
reactants and approaching them in a linear way to form MIN1. In every point of
the curve, the atom-atom pair distances were calculated and were employed to
estimate the non-electrostatic and the electrostatic potential energies using the
parameters in tables 1 and 2 respectively. The sum of both terms results in a to-
tal intermolecular energy in meV, then converted into kJ/mol after multiplying
it by a factor of 0.096487. The variational curve is the results of the variational



−10.0
−9.0
−8.0
−7.0
−6.0
−5.0
−4.0
−3.0
−2.0
−1.0

0.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0

10.0

2.0 2.5 3.0 3.5 4.0 4.5 5.0

V
 (

kJ
/m

ol
)

C1−CRad distance (Å)

Fig. 4: Curve of the intermolecular potential (blue,full line) and curve of the
variational calculation (black, dashed) corresponding to the orthogonal ap-
proach between fragments. Energies of the variational curve were computed at
CCSD(T)/aug-cc-pVTZ level.

calculation. Each point of the curve corresponds to an optimized geometry at
a fixed C1-CRad distance. This was possible by using the keyword ”Modredun-
dant” in the G09 code. The energies reported in the graph were obtained at
CCSD(T)/aug-cc-pVTZ level and were not corrected at 0K. Here, the energy of
the separated reactants is set to zero and all other energies are relative to this
energy.

Three aspects of this graph must be discussed. First, at long range, the values
of the ab initio calculations are underestimated. They are expected to be closer
to zero in a similar manner as the interatomic potential. This implies that the
long-range interaction is not well described by this approach. Second, the well
in both curves are located at different distances and have different depths. For
the intermolecular potential, the point of the lowest energy value was located
at 5.3 �A and had a correspondent V = -1.123 kJ/mol. For the curve of the
variational calculation, the geometry with the lowest energy was close to the
MIN1 geometry, or at dC1−CRad

= 4.5 �A and V = -12.03 kJ/mol. If we take the
geometry of MIN1 and compute it with the intermolecular potential (red dot on
the blue curve), the correspondent energy value is +3.88 kJ/mol. This means
that relative to the intermolecular potential, the ab initio calculation seems to
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Fig. 5: Linear interpolation (red,dashed) between the curve of the intermolecular
potential and curve of the variational calculation corresponding to the orthogonal
approach between fragments. The points of the original curves are represented
as blue dots.

be underestimating the effects of the repulsion. At last, in the intermolecular
potential curve, the energy grows exponentially for distances shorter than 4.9 �A,
due to the repulsion. In the variational calculation, for distances shorter than 4.4
�A we notice a change in the fragments approach. The fragments starts to rotate
in order to form the MIN2, and most points in this part of the curve shows a
geometry closer to TS1.

Figure 4, following the same scheme as figure 3, corresponds to an attack of
90° degrees between fragments. Contrary to the linear approach, the correspond-
ing van der Waals adduct could not be located through calculations employing ab
initio methods. Attempts to find this geometry usually ended with the formation
of MIN2. However, the curve corresponding to the variational approach shows
the formation of a minimum around 3.0 �A. In a similar manner, the intermolec-
ular potential curve shows the existence of a minimum around 3.5 �A, with V =
-1.52 kJ/mol. At shorter distances, around 2.5 �A, the variational curve shows
the presence of a transition state, which also could not be located with ab initio



calculations. The subsequent decrease in energy corresponds to the formation
of the MIN2. The intermolecular curve shows only an increase in energy since,
contrary to the variational calculations, the reactants geometries are frozen.

In figure 5, a linear interpolation between the two curves was made consider-
ing values from 2.40 to 2.66 �A of the variational curve and values from 3.3 and
5.2 �A of the intermolecular potential curve. The resulting graph represents the
formation of the van der Waals adduct from an attack at 90° degrees and the
presence of a barrier that must be overcome to form MIN2.

4 Conclusions

Though a linear van der Waals adduct has been optimized through ab initio cal-
culations, we cannot conclude with ab initio method alone that this corresponds
to the path of formation of the most stable intermediate i.e MIN2. The approach
of the two fragments at an angle of 90° degrees was taken into consideration.
The calculations performed employing the semi-empirical method showed that
another van der Waals structure can be localised at 3.5 �A. Variational calcula-
tions, which employed ab initio methods, shows the presence of a barrier around
2.5 �A. These results characterise better the formation of MIN2.
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