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Based on the density functional theory, the effect of pressure on the structure and electronic properties of

crystalline metal cyanamides Zn(CN2) and NaSc(CN2)2 has been studied. The negative linear compressibility of

Zn(CN2) was revealed and its correlation with microscopic changes in the atomic structure under pressure was

established. It is shown that NaSc(CN2)2 has a low compressibility (0.2 TPa−1) in a direction close to that of

cyanamide anions. Based on the quantum topological analysis of the electron density, interatomic interactions were

studied and it was found that the Zn-N and Sc-N bonds have a partially covalent character. The band gaps of

Zn(CN2) and NaSc(CN2)2 at pressures up to 1GPa have been determined and found to correspond to the UV

range of 224−271 nm.
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1. Introduction

Zinc cyanamide is a component of environmentally-

friendly anticorrosive white pigments [1]. The structure

of crystalline zinc cyanamide (Zn(CN2)) has been defined

fairly recently. The X-ray diffraction method allowed to

find that Zn(CN2) crystal has a tetragonal structure (space
group I-42d) with the number of formula units Z = 8 [1].
Zinc cations are tetrahedrically coordinated by the nitrogen

atoms (ZnN4), and nitrogen is surrounded by two zinc

cations and one carbon atom. Cyanamide anions (CN2)
are almost linear. The first metal cyanamide containing

scandium has been synthesized recently. Scandium sodium

cyanamide (NaSc(CN2)2) has an orthorhombic structure

with symmetry Pbcn and white color [2]. Sodium and

scandium cations have octahedral environment consisting of

nitrogen atoms (NaN6 and ScN6). Anions like in Zn(CN2)
are almost linear and contain two crystallographically non-

equivalent nitrogen atoms.

Eelectronic properties of Zn(CN2) and NaSc(CN2)2 were
studied in [2,3] using theoretical methods (based on the

density functional theory (DFT)) and experimental measure-

ments (UV spectroscopy). NaSc(CN2)2 was found to be a

wide-band semiconductor with a band gap width of ∼ 4 eV.

It is interesting that for hafnium cyanamide (Hf(CN2)2),
negative linear compressibility was detected [4]. At the

same time, the linear compressibility of crystalline Zn(CN2)
and NaSc(CN2)2 has not been investigated. Also, by now

the dependence of the electronic structure of cyanamide on

pressure has not been investigated.

Ab initio calculations are a reliable method of investi-

gation of crystal structure and properties, including high

pressure conditions [5–12]. Results of the ab initio investiga-

tion of compressibility and pressure effect on the electronic

properties of crystalline Zn(CN2) and NaSc(CN2)2 are

described herein.

2. Calculation method

The ab initio calculations of the atomic and electronic

structure were carried out using CRYSTAL software [13].
The calculations used the all-electron pob-TZVP-rev2 atomic

orbital basis sets based on pob-TZVP basis sets corrected

to minimize their superposition error [14]. PBE exchange-

correlation functional was used for geometry optimiza-

tion [15]. For band gap calculation, B3LYP hybrid functional

was used [16], which allows to solve the problem of un-

derestimation existing within the standard functionals. The

ab initio determination of the crystalline structure allowed

the relaxation of all lattice atoms and constant according to

BFGS algorithm [17]. Convergence with respect to energy

was better than 10−7 eV. For elastic constant calculation,

standard ELASTCON procedure [13,18] with default pa-

rameters was used. Dependence of linear compressibility

on direction was visualized using ELATE [19]. Chemical

bonding was studied on the basis of QTAIM quantum

theory [20].

3. Results and discussion

The calculations for Zn(CN2) and NaSc(CN2)2 provided

the lattice constants (Table 1), which differ from the

experimental values [1,2] by less than 1%.
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Figure 1. Zn(CN2) and NaSc(CN2)2 crystal structure.

Crystalline zinc cyanamide and scandium sodium

cyanamide have a framework structure where metal cations

are bound with the nitrogen atoms of adjacent anions

(Figure 1). In NaSc(CN2)2, cyanamide anions are oriented

close to the a axis (angle ∼ 10◦).

To study interatomic interactions, topological quantum

analysis of the electronic density [20–24] in Zn(CN2) and

NaSc(CN2)2 was carried out. Whilst f -functions were

not included in the basis sets. As a result, the presence

of binding interactions Zn-N, Na-N, Sc-N between metal

cations and cyanamide anions as well as C-N bonds inside

anions. Electronic density ρc and Laplacian 1ρc in critical

points of Zn-N bonds were 0.08 and 0.3 a.u., respectively.

Energy density Hc for Zn-N bonds has a negative value

(−0.017 a.u.), which shows that anion-cation interactions

in Zn(CN2) are partially covalent. Interaction energy

Zn-N calculated according to [25] is equal to 144 kJ/mol.

Electronic density ρc and energy for Sc-N bonds also

have distinctive values 0.06 a.u. and 91 kJ/mol, respectively.

Negative energy density (−0.008 a.u.) suggests the presence

of a covalent component for Sc-N bonds. For Na-N bonds,

the electronic density ρc (0.015 a.u.) and energy (15 kJ/mol)
are comparatively low. However, the energy density Hc

for Na-N bonds is positive (0.004 a.u.) indicating their

electrostatic nature (closed shell type interactions). Instead,
for C-N bonds, the electronic density in the critical points is

relatively high (∼ 0.4 a.u.), and Laplacian 1ρc is negative

(−1.2 a.u.). Thus, in anions between the carbon and

nitrogen atoms, covalent bonds exist, which explains low

deformation of anions in compression (lower than 0.1%).

Figure 2 demonstrates the calculated dependences on

pressure for lattice constants and cell volume of Zn(CN2)
and NaSc(CN2)2. It can be seen that for zinc cyanamide

with the increasing external pressure, a decreases, while

the negative linear compressibility takes place along the c
axis. Also, it can be seen that NaSc(CN2)2 in the a axis

direction is almost incompressible. This may be associated

Table 1. The calculated and experimental lattice constants

a, b, c (Å) and the lattice cell volume V (Å3) of metal cyanamides

Cyanamide Method a b c V

Zn(CN2)
Calculation 8.883 8.883 5.463 431.1

exp. [1] 8.805 8.805 5.433 421.2

NaSc(CN2)2
Calculation 9.728 7.160 5.970 415.8

exp. [2] 9.631 7.103 5.952 407.2

with the fact that the a axis direction is close to the

orientation of cyanamide anions, thus, to the direction of

strong bonds C-N.

Instead, in the b and c axes, distinctive compressibility of

NaSc(CN2)2 takes place. Thus, Zn(CN2) and NaSc(CN2)2
exhibit strong compressibility anisotropy.

To explore the nature of the negative linear compressibil-

ity of Zn(CN2), baric dependences of the angle ϕ between

anions and cations (∠(N-Zn-N)) and of the angle α between

anions and the c axis were calculated (Figure 3).

As can be seen on Figure 3, the angle ϕ increases by

∼ 1.6◦, while the angle α decreases by ∼ 0.5◦ , when

the pressure increases by 1GPa. As a result, the distances

between the anions and their dimensions along the c axis

increase by 0.02 Å and 0.005 Å, respectively. Thus, the

negative compressibility occurs in the c axis direction.

Next, elastic constants of Zn(CN2) and NaSc(CN2)2
(in brackets) were calculated herein: C11 = 76.8 (270),
C22 = 76.8 (80.9), C33 = 243 (98.6), C44 = 23.0 (30.4),
C55 = 23.0 (20.8), C66=22.6 (17.9), C12=46.9 (62.2),
C13=93.3 (56.2), C23 = 93.3 (36.8)GPa. Mechanical sta-

bility criteria (Born criteria) [26] are met for Zn(CN2) and

NaSc(CN2)2 crystals.

Figure 4 shows dependences of linear compressibility on

direction for Zn(CN2) and NaSc(CN2)2.
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Figure 2. Baric dependences of relative volume V/V0 and lattice constants l/l0 for Zn(CN2) and NaSc(CN2)2.

Linear compressibilities of Zn(CN2) and NaSc(CN2)2
along the crystallographic axes calculated using the elastic

constants are listed in Table 2.

Strong compressibility anisotropy of Zn(CN2) and

NaSc(CN2)2 (in brackets) quantitatively characterizes the

relations between compressibilities along the crystallo-

graphic axes which have the following values:

βc/βb = −0.4(0.7), βc/βa = −0.4(33),

βb/βa = 1.0(46).

Moreover, Table 2 shows the compression bulk modu-

lus, Young’s modulus, shear modulus and Poison’s ratio

Table 2. Linear compressibilities βl (TPa−1), bulk modulus B ,

Young’s modulus E, shear modulus G (inGPa) and Poison’s

ratio µ for Zn(CN2) and NaSc(CN2)2

Cyanamide βa βb βc B E G µ

Zn(CN2) 11.8 11.8 −5.0 74.7 61.5 22.6 0.36

NaSc(CN2)2 0.2 9.2 6.6 73.5 78.2 29.6 0.32

calculated in the Voigt−Reuss−Hill approximation [27].

The plastic behavior of crystals is known to be observed
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Figure 3. Projection of Zn(CN2) structure fragment and dependences of angles α and ϕ on pressure.
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Figure 4. Dependences on direction for linear compressibility of Zn(CN2) (upper part of the illustration) and NaSc(CN2)2 (lower part
of the illustration) in various planes.
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Figure 5. Zn(CN2) and NaSc(CN2)2 band structure.
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Figure 6. Baric dependences on the band gap of Zn(CN2) and NaSc(CN2)2.

when B/G > 1.75 [28,29]. For Zn(CN2) and NaSc(CN2)2,
the relation between the compression and shear moduli

B/G = 3.3 (2.5) indicates their plasticity.

Zn(CN2) and NaSc(CN2)2 band structures are shown

in Figure 5. High symmetry points of the Brillouin band

have the following coordinates in terms of reciprocal

lattice vectors: Ŵ (0, 0, 0), N (0, 0.5, 0), T (0, 0, 0.5),
Z (−0.5, 0.5, 0.5), P (0.25, 0.25, 0.25), Y (0, 0.5, 0),
S (0.5, 0.5, 0) and X (0.5, 0, 0). The energy of the highest

occupied states is set to zero.

The top of Zn(CN2) valence band is implemented in

point N, while the conduction band bottom corresponds

to point Ŵ. On the other hand, the maximum of

NaSc(CN2)2 valence band is implemented in point Ŵ.

The bottom unoccupied states correspond to the point

on Ŵ-X line and competing minima are implemented in

points S and X. Thus, the band gap of Zn(CN2) (5.53 eV)
and NaSc(CN2)2 (4.57 eV) is indirect and the absorption

edge is defined by indirect transitions. The band gap of

NaSc(CN2)2 calculated herein agrees with its white color

and experimental value 4.2 eV [2], which characterizes this

material as a wide-band semiconductor. The upper valence

bands of Zn(CN2) and NaSc(CN2)2correspond primarily

to the nitrogen electron states. Bottom unoccupied bands

of Zn(CN2) are formed as a result of hybridization of

electronic states of carbon and nitrogen atoms, while

bottom unoccupied bands of NaSc(CN2)2 correspond to the

scandium cation states.
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The external pressure is an important tool for modifica-

tion of the electronic properties of materials [30]. Since

crystals with low and negative linear compressibility may be

potentially used in highly sensitive optical pressure sensors,

it is important to study the baric dependence of the band

gap of Zn(CN2) and NaSc(CN2)2 (Figure 6).
For Zn(CN2), the band gap width grows by 0.023 eV

(0.4%), while for NaSc(CN2)2, it declines by 0.01 eV

(0.2%) with the increasing external pressure from 0 to

1GPa. Thus, displacement of the absorption edge of

Zn(CN2) and NaSc(CN2)2 with the growing pressure

towards higher and lower energies, respectively, may be

predicted. At the same time, the band gap width of Eg

remains indirect and allows optical transparency of Zn(CN2)
and NaSc(CN2)2 in the visible range (1.6−3.2 eV). Energy
of Zn-N (Sc-N) bonds and electronic density in the critical

points increase by 3.8 (2.4) and 2.4 (1.7)%, respectively,

when the pressure increases up to 1GPa. The electronic

density ρc for C-N bonds increases by 0.25%.

4. Conclusion

Results of the ab initio investigation of compressibility

anisotropy and pressure effect on the electronic properties

of crystalline Zn(CN2) and NaSc(CN2)2 are described

herein. Deviations of calculated lattice constants from

experimental ones were lower than 1%. Elastic constants,

band structures, moduli of elasticity, baric dependences of

structural parameters and band gaps of cyanamides were

calculated.

Negative linear compressibility Zn(CN2) was revealed

for the axis along which the distance between anions

and anion sizes increase due to the increasing angle

between anions and cation (∠(N-Zn-N)) and by anion

rotation with the growing pressure. Dependences of linear

compressibility on direction were plotted for thee first time

and linear compressibilities were also determined along the

crystallographic axes of Zn(CN2) and NaSc(CN2)2. It was
shown that NaSc(CN2)2 is almost incompressible in the

direction close to the direction of C-N bonds in anions.

Interatomic interactions in Zn(CN2) and NaSc(CN2)2
were studied by the topological quantum analysis of the

electronic density. Energies of the binding interactions

Zn-N, Na-N, Sc-N between metal cations and cyanamide

anions were calculated. Zn-N and Sc-N bonds are of

partially covalent nature, while Na-N bonds are associated

with the closed shell type electrostatic interactions. In the

anions between carbon and nitrogen atoms, covalent bonds

exist. The energy of Zn-N, Sc-N bonds and the electronic

density in the critical points of Zn-N, Sc-N and C-N bonds

increase with the increasing external pressure.

Band gap widths of Zn(CN2) and NaSc(CN2)2 are

indirect and meet the range 4.57−5.53 eV (224−271 nm)
that corresponds to wide-band semiconductors. Upper

valence and lower unoccupied bands of zinc cyanamide

correspond to the anionic states, while the lower unoccupied

bands of NaSc(CN2)2 correspond to the scandium cation

states. Calculations using the hybrid functional showed that

the band gap of Zn(CN2) increases with the increasing

external pressure. For NaSc(CN2)2,, instead, the external

pressure causes a decrease in the band gap.
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