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First-principles simulation of cyanogen under high pressure:
Formation of paracyanogen and an insulating carbon nitride solid
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Using a set of first-principles calculations, we have studied the phase transitions of cyanogen molecules (C2N2)
under high pressure. We obtained that at high pressure, cyanogen is transformed to a planar graphitelike structure
with metallic property, which is experimentally known as paracyanogen. By increasing pressure, paracyanogen is
transformed to an insulator carbon-nitrogen solid with an indirect band gap of 3.2 eV. Both above-mentioned phase
transitions are first order and occur simultaneously with significant reduction in volumes. From our calculations,
it is found that the planar structure of paracyanogen is made of ten-membered rings consisting of two C−C,
four C−N, and four C=N bonds, while each carbon atom has sp2-like hybridization. In the new-formed solid,
all the carbon atoms have sp3-like hybridization and all the nitrogen atoms have sp2-like hybridizations with
their nearest-neighboring C and N atoms. Our optical calculations show that cyanogen, which is a colorless gas,
after above transitions turns to black paracyanogen polymer and then to a transparent solid. We have also used
phonon dispersion calculation to show the stability of our predicted three-dimensional carbon-nitrogen system.
Furthermore, it turns out that the predicted CN solid with stoichiometry 1:1 has also a good elastic property and
a high bulk modulus of 330 GPa.
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I. INTRODUCTION

Since after the theoretical prediction of Liu and Co-
hen for possible new hard materials based on carbon and
nitrogen elements,1 a lot of experimental and theoretical
studies were devoted to the synthesis, characterization, mod-
eling, and prediction of new crystalline, polymeric, and
amorphous phases of carbon nitride, with different stoi-
chiometries, C1N1,2–7 C3N,5,7,8 C3N4.1,9–19 Experimentally,
carbon-nitride samples are synthesized using various carbon-
nitrogen rich compounds, e.g., tetracyanoethylene, 1,3,5-
tetriazine, paracyanogen,20–22 and using various techniques
such as high pressure, chemical vapor deposition, reactive
sputtering, and laser ablation.17,21,23,24 Theoretically, there
are also several approaches for predicting new crystals or
nanoclusters of carbon nitrides.2,5,25,26 For example, some
of the predictions are based on the previous known crystal
structures. For instance, Côté and Cohen examined the
existence of different crystal structures of carbon nitrides
with stoichiometry 1:1 based on the crystal structures of
GeP, β-InS, and GaSe.2 As another way of prediction, the
carbon atoms in the graphite structures are substituted with
nitrogen atoms to reach particular CxNy compositions,8 or
the known inorganic compounds with rich nitrogen contents,
such as paracyanogen, and tri-s-triazine,5,25,27 are used as
preliminary models. The hardness of the preliminary models
can be further improved by applying external pressure or
temperature5 since it has already been demonstrated that
high-pressure and -temperature techniques can represent an
alternative approach to the synthesis of new polymers or solid
systems.28–35

To search for new hard materials based on carbon and
nitrogen elements, we previously studied the phase transitions
of HCN molecules under high pressure, as it has experimen-
tally been observed that HCN molecules are polymerized at
high pressures.36 From our calculations at high pressures, we

discovered several polymeric and layerlike structures of HCN,
but not any with three-dimensional networks. This is due to
the existing hydrogen element in our compound. We observed
that hydrogen atoms always combine with available nitrogen
and/or carbon atoms and prevent connection between the
interlayers.37 From the above calculations we obtained that for
designing new carbon-nitride systems with three-dimensional
networks, it is better to look for another inorganic compound,
which includes only carbon and nitrogen atoms. In this regard,
paracyanogen can be an ideal material. Therefore we decided
to work on modification of paracyanogen by applying external
pressure.

Concerning the crystal structure of paracyanogen, several
suggested models are available,38–40 shown in Fig. 1. All
the experimental evidences support that paracyanogen has a
planar lattice with very weak interlayer bonding and metallic
behavior. However, unlike the graphite, it does not seem
to have an extended delocalized π electron system.39 To
proceed our study, we have to know which of the structures in
Fig. 1 can represent the real crystal structure of paracyanogen,
although in many of the papers structure II has been assumed
as a possible configuration for it.5 To answer this question, we
tried to analyze some of the available experimental data for
the formation mechanism of paracyanogen. Experimentally,
paracyanogen can be formed at high pressure from the
cyanogen molecules. Yoo and Nicole suggested that at high
pressure, initially the cyanogen molecules form a linear chain
species, poly(2,3-diiminosuccinonitrile), which is very similar
to structure I in Fig. 1, then the chain structures are connected
and form paracyanogen polymers, structure II.41,42

To examine the procedure of phase transformation of
cyanogen to paracyanogen at high pressure and to consider
how by increasing pressure the planar structure of para-
cyanogen can be possibly transformed to a three-dimensional
structure of carbon nitride, we have performed a set of
first-principles calculations.

134111-11098-0121/2011/83(13)/134111(8) ©2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.83.134111


KHAZAEI, TRIPATHI, AND KAWAZOE PHYSICAL REVIEW B 83, 134111 (2011)

FIG. 1. Suggested crystal structures for paracyanogen in litera-
ture (Refs. 38–40).

II. COMPUTATIONAL DETAIL

Cyanogen (C2N2), N≡C−C≡N, is a colorless gas.38 Its
molecular crystal structure has already been determined
experimentally at −95 ◦C. It is an orthorhombic structure with
P cab space group and lattice parameters of a = 6.31, b = 7.08,
and c = 6.19 Å,43 as shown in Fig. 2. Our calculations show
that the crystal structures of cyanogen with P cab and P bca

crystallographic group symmetries result in the same crystal
structures with the same ground-state energies for cyanogen,
but in different orientations. Since P bca is the standard group
space symmetry (no. 61), the sequence of lattice parameters in
this paper are presented regarding this symmetry.

All the exploratory calculations are carried out within
the context of density-functional theory (DFT) using
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional,44 with the split valence double-ζ plus polarization
orbitals basis set, and norm-conservative Troullier-Martins
pseudopotential45 as implemented in the SIESTA package
program.46–48 A real grid mesh with cutoff energy of 500
Ry is used to construct the electronic wave functions. The
corresponding Brillouin zone is sampled by a set of 6 × 6 × 6
Monkhorst-Pack k points.49 For structural optimizations, a
variable-cell-shape conjugate gradient method under constant
pressure is used without any constraint on symmetry. For
finding the transitional structures, cell shape, volume, and
atomic positions are optimized at the given pressure until
the magnitude of force on each atom becomes smaller than
0.005 eV/Å. The stress tolerance is 1.0 GPa.

For the sake of assurance, we have examined the stability of
the predicted structure at zero pressure by phonon dispersion
calculation. The phonon frequencies are obtained by VIBRA,
which is one of the utility packages of the SIESTA code. It
calculates phonon frequencies and eigenmodes in a crystal,
using the method of frozen phonons. To further examine the
accuracy of the geometrical structures obtained from SIESTA

calculations at ambient condition, we use a projected aug-
mented wave (PAW) method at the same level of DFT theory

FIG. 2. (Color online) Unit cell of cyanogen with P bca space
group. a, b, and c represent the lattice parameters. (a) and (b) show
the ab and ac side views of the molecular crystal.

(PBE) using the VASP program.50 For the PAW calculations,
we have utilized a plane-wave cutoff energy of 520 eV.

Elastic constants are obtained based on the method pro-
posed by Ravindran et al. for orthorhombic crystals.51 For the
elastic simulations, the necessary total-energy calculations are
performed by VASP software. The bulk modulus is estimated
by fitting of the curve of total energy versus volume to the
third-order Brich-Murnaghan equation of states.52

The optical parameters are obtained from VASP calculations.
In this regard, the real part of the dielectric function ε1(ω)
is calculated using the Kramers-Kronig transformation and
the imaginary part of the optical dielectric function ε2(ω) by
summing the interband transitions from occupied to unoccu-
pied states. Having obtained ε1(ω) and ε2(ω), from complex
dielectric function ε(ω) = ε1(ω) + iε2(ω), the transmittance
T is then53,54 computed with

T (ω) = [1 − R(ω)]e[−α(ω)t], (1)

where, t is the thickness of the sample (in this study 150 nm).
The reflection R(ω) and absorption coefficient α(ω) are given
by

R(ω) =
∣∣∣∣
√

ε(ω) − 1√
ε(ω) + 1

∣∣∣∣
2

, (2)
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III. RESULTS AND DISCUSSION

To simulate the phase transitions of the molecular struc-
ture of cyanogen under high pressure, we have used an
orthorhombic structure with four cyanogen molecules per
unit cell as experimentalists proposed it.43 Table I shows
the lattice and bond parameters of the optimized structure of
cyanogen at ambient pressure (zero pressure) using SIESTA and
VASP software in the same level of theory [DFT, generalized
gradient approximation (GGA) with PBE functional] but with
different basis sets, localized and plane wave. It is observed
that SIESTA (VASP) under(over)estimates the lattice parameters.
In both codes, at their present commercialized versions, the
van der Waals interactions are neglected. This is one of
the main reasons to justify the discrepancy of the obtained
results from these first-principles codes in comparison with
the experimental results at zero pressure. At higher pressures
van der Waals interactions become less important, because
the interactions are mainly chemical. However, VASP software
gives better results for the bond distances and angles in
comparison to SIESTA. Therefore first we have done all the
exploratory calculations using SIESTA, which is due to having
an efficient variable-cell-shape conjugate gradient algorithm
for optimization under constant pressure, but when we want
to discuss the electronic structure, optical properties, or elastic
properties of the predicted structures, we have re-optimized the
structures with VASP and present the results using this software.
It should be noted that there is no significant difference
between the electronic structure results obtained from SIESTA

and VASP codes.
Figure 3 shows the pressure dependence of enthalpy,

volume, and lattice parameters of the molecular crystal of
cyanogen at zero temperature when external pressure changes
from zero to 80 GPa. Enthalpy is defined as H = Etot + PV ,
where Etot, P, and V are the total energy, pressure, and volume
of the unit cell, respectively. It is observed that as the pressure
increases two first-order phase transitions at 34 and 49 GPa
occur, which are accompanied by heat releases, large volume
reductions, and big changes in the lattice parameters.

TABLE I. Geometrical information of optimized structures
using SIESTA and VASP software at ambient pressure in comparison
to experimental results. All the distances are in Å and angles are
in degrees.

Parameters Experiment SIESTA VASP

a 7.08 ± 0.03 6.522 7.44
b 6.31 ± 0.03 5.596 6.82
c 6.19 ± 0.03 5.632 6.50
C−C 1.371 ± 0.009 1.394 1.373
C≡N 1.131 ± 0.015 1.177 1.168
C−C≡N 179.63 ± 0.3 177.9 179.92
botrule
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FIG. 3. (Color online) Pressure dependence of enthalpy (a),
volume (b) and lattice parameters (c) unit cell of cyanogen with
four molecules.

Figure 4 shows the geometrical structure of molecular
crystal of cyanogen and the formed transitional structures at
pressures 34 and 49 GPa. Our calculations show that after the
first-order transitions the structural changes are irreversible
and the transitional structures keep their shape at ambient
pressure. As shown in Fig. 4, at 34 GPa the molecular structure
of cyanogen is transformed to a planar graphitelike structure.
At ambient condition, the distance between each two nearest
carbon-nitride planes of the predicted structure is around
3.49 Å, which is very similar to interlayer distances,
3.35 ± 0.015 Å,55 between the carbon planes in graphite
structure. However, in contrast to graphite with hexagonal
carbon rings, our planar structure has ten-membered rings
consisting of two C−C, four C−N, and four C=N bonds.
All the carbon atoms have sp2-like hybridizations with their
nearest-neighboring atoms, one carbon and two nitrogen. The
bond distances of C−C, C−N, and C=N are 1.49, 1.36, and
1.32 Å, respectively. All the nitrogen atoms have two carbon
neighbors. The distance between the N−N lone pairs are
2.38 Å. The predicted structure has a P bca space-group
symmetry similar to the cyanogen molecular crystal.

In order to understand how the ten-membered rings with
such particular compositions of carbon and nitrogen bonds
are formed, see the side views of molecular crystal of
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FIG. 4. (Color online) The columns show different side views (ab, bc, and ac) of the optimized structures at zero pressure for (a) molecular
crystal of cyanogen, (b) the planar structure of paracyanogen formed at 34 GPa, and (c) the CN solid formed at 49 GPa. The dotted lines in (a)
show schematically how the cyanogen molecules are interconnected to make the parayanogen planes with ten-membered rings.

cyanogen shown in Fig. 4. It is observed that cyanogen has a
layeredlike molecular crystal. As shown by dotted lines, under
pressure each four cyanogen molecules on the same layer
are combined together such that the ten-membered rings are
formed. We believe that the predicted planar structure with ten-
membered rings is probably the real structural configuration
of paracyanogen. Our prediction is in agreement with the
previously suggested model, structure IV shown in Fig. 1,
by Bircumshaw et al. for paracyanogen.40 More evidences are
given below.

Experimentally paracyanogen can be formed at high pres-
sure from cyanogen molecules41,42 and has a planar lattice
with very weak interlayer bonding but very strong interatomic
bonding between the species on the same layer where carbon
atoms have sp2-like hybridization with other neighboring
atoms. It can be seen that the predicted structure in this
study has all above experimental signs of paracyanogen, i.e.,
it has been formed under high pressure and it has a planar

graphitelike structure (for further structural investigations,
readers can find the xyz coordinate of our predicted structures
in the supporting information file56). Experimentally, it was
also indicated that paracyanogen is a metallic structure while
unlike the graphite, it does not seem to have an extended
delocalized π electron system.39 In this regard, we have
investigated the electronic structure of cyanogen molecules
under pressure. Our calculations show that the molecular
crystal of cyanogen has a very large energy gap 4.7 eV [see
Fig. 5(a)], which by increasing pressure the energy gap
decreases and at 34 GPa becomes a new metallic structure.
Figure 5(b) shows the density of states of our predicted
planar structure at ambient pressure. It is observed that it is
a metallic structure as also experimentally found. All above
evidences indicate that structure IV with ten-membered rings
should be considered as one of the most likely candidates
for the paracyanogen structure. It is worth mentioning that
at ambient pressure our predicted paracyanogen structure is
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FIG. 5. (Color online) Total density of states for (a) cyangoen
molecular crystal, (b) the predicted planar crystal (paracyanogen), and
(c) the predicted three-dimensional CN-solid system at zero pressure.
Fermi energy is at zero.

−0.407 eV/C2N2 more stable than the molecular crystal of
cyanogen.

To investigate the possibility of transformation of the
planar structure of paracyanogen to a three-dimensional
configuration, we applied higher external pressures. We found
that under higher pressures, the planar layers of paracyanogen
get close to each other such that at 49 GPa each carbon atom on

a plane makes a new bond with a nitrogen atom from the upper
or lower plane. The new-formed three-dimensional CN solid
is stable even if the external pressure is removed. It indicates
that the transformation from paracyanogen to this CN solid is
irreversible. The predicted CN solid has a P bca space-group
symmetry similar to paracyanogen and cyanogen molecular
crystals. The mechanism of transformation of paracyanogen
to the new CN crystal is very similar to the transforma-
tion mechanism of carbon graphite to hexagonal diamond
structure.57 In our predicted solid, all the carbon atoms have
sp3-like hybridization with their nearest-neighboring atoms,
three nitrogen and one carbon atoms (the C−C and C−N bond
distances are 1.68 and ∼1.455 Å, respectively), while all the
nitrogen atoms have sp2-like hybridization with their three
nearest-neighboring carbon atoms. The performed phonon
dispersion calculation (see the supplemental material56) shows
that all the phonon frequencies are positive, which indicates
that at ambient condition the predicted CN structure is stable
and can exist. Also the total energy calculations show that our
three-dimensional structure is energetically −0.374 eV/C2N2

more stable than cyanogen molecules. By comparing the
stability of paracyanogen at ambient pressure with the formed
three-dimensional CN system, it is seen that the CN solid is
0.033 eV/C2N2 less stable than the paracyanogen structure.
Therefore this might be expected that at very high temperature
this CN solid turns to paracyanogen with graphitelike structure.

Table II shows the calculated elastic constants and bulk
modulus of the designed CN solid in comparison to diamond.
As a test calculation for our method, we have estimated
the mechanical parameters of diamond in GGA and local-
density approximation (LDA) and compared them to previous
calculations and experimental results. The calculated param-
eters for diamond are in good agreement with the previous
calculations.58,59 By comparing the obtained parameters from
calculations to the experimental ones,60,61 it is found that
GGA (LDA) functionals under(over)estimate the mechanical
parameters. Hence in Table II the mechanical parameters
of our CN solid are reported in both GGA and LDA. It
is found that in our CN solid C22 and C33 are larger than
C22 and C33 of carbon diamond, but its C11 is less. The
above behavior can be attributed to the shorter covalent C−N
bond distances (which are mainly oriented along the 010 and
001 directions) and the longer covalent C−C bond distances

TABLE II. Calculated elastic constants Cij (GPa) and bulk modulus B (GPa) for diamond and our predicted three-dimensional CN solid.
T. and P. stand for this and previous studies. In diamond due to symmetries C22 and C33 are equal with C11· C13 and C23 are equal with C12.

Material Method C11 C12 C13 C22 C23 C33 C44 C55 C66 B

C-diamond T. GGA 1052.5 126.0 563.8 434.1
T. LDA 1109.3 144.6 608.2 465.9
P. GGA 1053a 127.0a 565.0b 424.0b

P. LD 1106.0a 151.0a 604.0a 458.0a

Expt. 1076.4 ± 0.2c 125.2 ± 2.3c 577.4 ± 1.4c 443.0d

CN T. GGA 543.2 161.8 134.5 1089.0 125.8 1165.5 472.4 369.6 308.7 330.4
T. LDA 617.2 186.5 143.0 1200.9 141.5 1273.6 517.5 392.0 336.4 375.7

aReference 58.
bReference 59.
cReference 60.
dReference 61.
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(which are mainly oriented along the 100 direction) in our
predicted solid than the C−C bonds (1.57 Å) in diamond. It is
worth mentioning that Cohen predicted that materials which
are made of carbon and nitrogen exhibit a bulk modulus higher
than diamond due to the short length of the C−N bond.62 In
this regard, we have calculated the bulk modulus (330 GPa)
of our three-dimensional solid. It is found that our designed
CN solid due to having C−C bonds, which are longer than
the C−C bonds in diamond, cannot be harder than diamond
structure, but still it has better/comparable elastic constants
and bulk modulus than/with many of the other predicted
carbon-nitrogen crystals.2–4

Figure 5(c) shows the density of states of the predicted
CN system. The electronic structure calculations indicate that
our CN solid is an insulator with an indirect band gap of
3.2 eV (see the band structure in the supplemental
material56). It is known that DFT/GGA calculations under-
estimate the band gap. Therefore it is expected that the
experimental value for the band gap will be larger by several
eV. For β-C3N4 structure, it has also been reported that it has
a very large indirect band gap, 6.75 eV, estimated by GW
approximation.63 It is also worth mentioning that among the
CN solids with the same stoichiometry 1:1 (whose electronic
structures have already been reported in the literature), our
CN solid has the largest band gap. Most of the other predicted
CN solids are metallic2,3 or they are semiconductors with very
small band gaps.4

In order to investigate the pressure dependence of optical
properties of cyanogen molecules and the related transitional
configurations, we have calculated the transmittance curves
of our structures under different pressures, shown in Fig. 6.
It is observed that by increasing the applied pressure, the
transmittance of the molecular crystal of cyanogen decreases
and when the metallic paracyanogen is formed, the transmit-
tance becomes almost zero in the visible wavelength region,
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FIG. 6. (Color online) Pressure dependence of transmittance. The
dotted lines indicate the visible optical window between 380 and
750 nm with mixture of blue, green, and red colors. The inset shows
how under pressure <34 GPa, the color of molecular crystal of
cyanogen changes from colorless to brownlike. At pressures between
34 and 50 GPa, the material is completely black. At pressures
�50 GPa, it is completely transparent.

shown by dotted lines. In Fig. 6 it is also shown how the
color of cyanogen changes under pressure. The colors are
approximately calculated from the mixture of the average of
the transmittance in the blue, green, and red regions. It is
observed that cyanogen at ambient condition is a colorless
gas but by applying external pressure, it becomes brownish
and when the paracyanogen is formed, it becomes completely
black. Our calculated optical spectra is in accordance to the
experimental observations that at pressures above 6 GPa, the
cyanogen sample develops a deep yellow-brown hue which
deepens slowly with increasing pressure until 10 GPa, where
the samples turn black rapidly. At pressures above 10 GPa,
cyanogen molecules are transformed to a black polymer, which
is chemically and thermally stable (paracyanogen).41 More-
over, our optical calculations show that when by increasing
pressure the two-dimensional structure of paracyanogen is
transformed to a three-dimensional CN system, the resultant
CN solid is completely transparent due to its very large bang
gap.

In order to consider the effect of supercell size in the
simulations, we have repeated the calculations at near tran-
sition pressures by using supercells consisting of 32 cyanogen
molecules, which are eight times larger than the initial unit
cell that was used at the beginning. However, from the above
calculations we could not find any new phase transition except
those phases that we have already discussed.

All the calculations in this study were carried out at zero
temperature, which results in overestimation of transitional
pressures in our simulation in comparison to experiment.
For example, in our calculations paracyanogen is formed
at 34 GPa, while Yoo and Nicole observed it at pressures
above 10 GPa at their experiments. To understand the
reason why phase transition pressures are overestimated in
the first-principles simulations, both experimental conditions
and theoretical limitations should be taken into account. It
is seen that in the experiments, the cyanogen samples are
kept at the above-mentioned pressure and at 297 K for
several hours.41,42 Therefore the kinetics of phase formations
become an important issue, which is not treated well in
the first-principles simulations. This is because performing
molecular-dynamics simulations as for as long a time as the
time scales of experiments using first-principles approaches
is very expensive and practically impossible. Another reason
concerning why the transition pressures are overestimated in
the typical constant-pressure ab initio simulations is that in
these simulations the structural phase transformations do not
proceed by nucleation and growth, but instead they occur
across the entire simulation cell. As a result, systems have
to cross a significant energy barrier to transform from one
phase to another and hence the simulation box has to be
overpressurized in order to obtain a phase transition.64,65

Overestimation of pressure in first-principles simulations
might also be expected due to some intrinsic problems of
DFT. In this regard, we can point to the inaccuracy of DFT in
evaluation of energy barriers for bond formations or π → σ

transformations.66–68 In typical conjugated systems, DFT also
overestimates the torsional energy barriers.69,70

It should be noted that experimentally it was found that
before the formation of paracyanogen, cyanogen molecules re-
versibly convert to a linear chain of dimers, (−(C2N2)2−)m,41
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which was not observed in our simulations. We cannot exclude
the possibility of existence of this phase in the experiment,
because in our simulations the effects of time and temperature
have not been included. In the range of pressures <80 GPa
applied in this study, we have not seen any other phase
transition. However, at very extreme pressure conditions new
phase transitions might be possible. In this regard, Sun et al.
have shown that there is a structural transformation for even
diamond at pressures around 2.5 TPa.71

In the literature, there are many suggested crystal structures
for carbon nitride systems. Recently Hart et al. have performed
an extensive study on relative stabilities of different phases of
carbon nitride systems with the same stoichiometries.5 They
have predicted two CN structures with lowest energies with
stoichiometry 1:1, labeled structures B and D in their paper.5

Structure D is a planar-ribbon-like configuration and structure
B is a three-dimensional carbon nitride system (β-InS-like).
In order to compare the relative stabilities of our designed
structures, we have compared the total energy of our structures
with energies of structures B and D. It is observed that
structure D (0.0 eV/atom) < structure B (0.12 eV/atom)
< the planar paracyanogen (0.29 eV/atom) < the three-
dimensional CN (0.30 eV/atom). It is seen that our structures
are not the most stable phases of the carbon nitrides. This
calculation also shows that the planar-ribbon-like structure D,
is more stable than the three-dimensional structure B, which
is consistent with our observation as discussed earlier, that
paracyanogen with planar structure is more stable than that
of the three-dimensional system. Furthermore, similarly it has
been reported that graphite is slightly (−2.9 KJ/mol) more
stable than diamond.15

In addition to cyanogen, there are several studies on the
effect of high pressure on other types of inorganic molecules
which consist of carbon and nitrogen atoms so as to synthesize
crystalline carbon nitride solids.72–80 For example, Aoki et al.
have reported the polymerization of cyanoacetylene under

pressures above 1.5 GPa.72 Nesting and Badding have reported
the synthesis of amorphous sp2-bonded and crystalline sp3-
bonded carbon nitrides from tetracyanoethylene in a diamond-
anvil cell.76

IV. CONCLUSION

In the present first-principles study, we have considered the
high-pressure phases of cyanogen molecules. It is found that by
increasing pressure, the cyanogen molecules are transformed
to a metallic graphiticlike structure (paracyanogen) and at
higher pressures, paracyanogen is transformed to an insulator
with three-dimensional C−C and C−N networks. It is ob-
served that the structural planar configuration of paracyanogen
is made of ten-membered rings consisting of two C−C, four
C−N, and four C=N bonds while all the carbon atoms have
sp2-like hybridization. In the predicted CN solid, all the carbon
and nitrogen atoms have sp3- and sp2-like hybridization with
other neighboring carbon and nitrogen atoms, respectively.
From our optical calculations, it is found that paracyanogen is
a black material, while the CN solid is completely transparent.
The latter structure has also a very good elastic property
and high bulk modulus in comparison to other predicted
carbon-nitride solids.
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