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Abstract: The stabilization of nitrogen-rich phases
presents a significant chemical challenge due to the
inherent stability of the dinitrogen molecule. This
stabilization can be achieved by utilizing strong covalent
bonds in complex anions with carbon, such as cyanide
CN� and NCN2� carbodiimide, while more nitrogen-rich
carbonitrides are hitherto unknown. Following a rational
chemical design approach, we synthesized antimony
guanidinate SbCN3 at pressures of 32–38 GPa using
various synthetic routes in laser-heated diamond anvil
cells. SbCN3, which is isostructural to calcite CaCO3, can
be recovered under ambient conditions. Its structure
contains the previously elusive guanidinate anion
[CN3]

5� , marking a fundamental milestone in carboni-
tride chemistry. The crystal structure of SbCN3 was
solved and refined from synchrotron single-crystal X-ray
diffraction data and was fully corroborated by theoret-
ical calculations, which also predict that SbCN3 has a
direct band gap with the value of 2.20 eV. This study
opens a straightforward route to the entire new family
of inorganic nitridocarbonates.

The search for novel synthetic routes to solid-state nitrides
is important due to the broad range of potential applications
for these materials.[1,2] However, the synthesis of N-based
materials is challenging due to the stability of dinitrogen
molecule and therefore nitrides are significantly outnum-
bered by other classes of compounds.[3] Among various
synthesis methods, like self-propagating combustion reac-
tions, ammonolysis, solid-state metathesis,[1,2] high-pressure
techniques provide unique opportunity to achieve com-
pounds with very high nitrogen content, as corroborated by
previous studies on polynitrides.[4–11] While high-pressure
synthetic routes to binary nitrides using laser-heated
diamond anvil cells (DACs) are relatively well established,
one of the remaining fundamental challenges of the high-
pressure chemistry is to explore routes to stable ternary
nitrogen-rich nitrides. This challenge can be addressed by
utilizing strong covalent bonding in complex anions with
carbon as well as the diversity of possible hybridizations of
carbon and nitrogen atoms. Ternary compounds containing
carbon and nitrogen such as cyanides [CN]� and carbodii-
mides [CN2]

2� have been known for a long time.[12] Further
extending the series we can envision guanidinates [CN3]

5�

and ortho-nitridocarbonates [CN4]
8� , analogous to carbo-

nates [CO3]
2� and orthocarbonates [CO4]

4� .[13–15]

A straightforward approach to synthesizing guanidi-
nates involves the deprotonation of guanidine, which can
be performed by strong bases like alkali metal hydrides or
amides (Table S1).[16–24] This method allowed achieving
the double-deprotonated guanidinates with the chemical
formula MC(NH)3 (M=Ca, Ba, Sr, Eu, Yb).[17,20,24,25]

However, achieving full deprotonation of guanidine
proves impossible due to guanidine‘s inherent properties
as a very strong base itself.

Recently Dronskowski et al. predicted a synthetic
route to completely deprotonated guanidinates of group 5
metals (VCN3, NbCN3, TaCN3). The metathetic pathway
utilizes reactions between metal pentachlorides (MCl5)
with sodium carbodiimide and high-energy sodium
nitride.[26] These compounds are predicted to be thermo-
dynamically unstable due to the existence of the very
stable metal nitrides like Ta2N3, VN and NbN.[4,27,28]

Although the suggested metathetic route is exothermic
and group 5 guanidinates can therefore be kinetically
stabilized, this synthesis is extremely challenging to realize
at high-pressure conditions in laser-heated diamond anvil
cells due to the small sample size and its inhomogeneity.
The advantage of the DAC method, however, is the
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possibility to study reaction products in situ, i.e., without
pressure quenching and to heat to very high temperature,
therefore allowing to work in the thermodynamically
controlled regime.

A rational approach to stabilize [CN3]
5� anions is to

use counter-cations, which may possess oxidation states
+5 in the absence of stable binary nitrides to favor the
formation of ternary compounds. Following this rational
design, in this work we synthesized antimony guanidinate
SbCN3 in a laser-heated DAC in three independent
experiments in a pressure range 32–38 GPa (Table 1).
Complete experimental details are provided in the
Supporting Information.

Two of the three syntheses were performed from
elements. A piece of Sb was placed on a diamond culet
and the sample chamber was filled with nitrogen, which
served as both a pressure medium and a reactant. The
DACs were compressed to target pressures and then the
Sb piece was heated by an infrared laser with an initial
goal to obtain binary Sb nitrides. The heating products
were then studied by means of synchrotron X-ray
diffraction at ESRF (ID15b and ID27) and DESY (P02.2).
Initial heating at �20 GPa did not result in any chemical
reaction. We merely observed the recrystallization of Sb
with the formation of the Sb-III (bcc) phase.[29] Reheating
the sample at 32 GPa resulted in the emergence of sharp
reflections on the X-ray diffraction images originating
from multiple single-crystalline grains of the novel phases.
Single-crystal diffraction datasets were analyzed using the
well-established procedures for the treatment of multi-
grain samples[6,30] with the help of the newly-developed
program, DaFi (Figures S1, S2, Table S2).[31]

The diffraction patterns of several prominent grains
could be indexed with the rhombohedrally-centered hex-
agonal unit cell with a, b=4.6040(3) Å and c=13.9166
(15) Å for one of such grains at 32.7 GPa. Initial structure
solution and refinement revealed the chemical formula of
the new compound as SbN4, which is isostructural to
CaCO3 in the calcite modification (space group No. 167 R
�3c), with Sb occupying the Wyckoff site 6b and N-atoms—
Wyckoff sites 6a and 18e. Consequently, the proposed
structure contained planar NN3 anions. This NN3-star
anion has not yet been detected in a solid phase, but
theoretical calculations predict this anion in several binary
nitrides (ZnN2, MgN2, FeN2).

[32,33]

However, the experiment design does not preclude the
involvement of carbon in the chemical reaction with Sb,
raising the possibility that carbon atoms could reside at
the center of the triagonal planar units. Indeed, the
substitution of the central nitrogen atom of the NN3 unit

by carbon slightly decreases R1 and wR2 in the best crystal
structure refinements (Table S3), thereby suggesting the
chemical formula of the new compound to be SbCN3

(Figure 1). Moreover, guanidinate anion [CN3]
5� perfectly

satisfies the charge balance in SbCN3, where Sb has an
oxidation state of +5.

In order to get a deeper insight into the stability of
SbCN3 we performed theoretical calculations within the
framework of the density functional theory (DFT). The
relative stability of SbCN3 with respect to SbN4 at 32 GPa
was evaluated in the athermal limit by computing the
reaction enthalpy of the reaction SbCN3+1/2 N2=SbN4+

C, where SbCN3 and SbN4 had the calcite structure, C was
in the diamond (Fd�3m) structure and N in the ɛ-phase (R
�3c). The reaction is endothermic with calculated ΔH
�200 kJ/mol. At 32 GPa, SbCN3 is more stable than a
mechanical mixture of Sb (Im�3m), diamond, and ɛ-N2 (R
�3c), while SbN4 is less stable by 67 kJ/mol than a mixture
of Sb and ɛ-N2. Therefore, we conclude that due to the
high thermodynamic stability of SbCN3, carbon from the
diamond anvil served as one of the reagents. Such
synthesis approach appeared to be reproducible. Experi-
ment #2 resulted in the same product, which was again
confirmed by single-crystal X-ray diffraction (Table S2).

To enhance the synthesis strategy, in experiment #3 we
have used cyanuric triazide (C3N12) as a precursor of
carbon and nitrogen for the synthesis of SbCN3. In this
experiment no pressure-transmitting medium was used,
while the Sb piece was positioned between the layers of
C3N12 in a DAC, preventing direct contact between Sb and
the diamond culet.

Caution: Since energetic cyanuric triazide compound is to
some extent unstable against external stimuli, proper safety
precautions should be taken especially when handling the
materials in amounts exceeding those, which are typically
used for an experiment in a DAC. Lab personnel should
wear protective equipment like grounded shoes, leather coat,
Kevlar gloves, ear protection and face shields.

Table 1: Summary of the laser-heating experiments performed in DACs
and their reaction conditions for the synthesis of SbCN3.

Experiment Reagents Pressure (GPa)

1st Sb+N2+CDia 32.8
2nd Sb+N2+CDia 32.7
3rd Sb+C3N12 38.0

Figure 1. (a) Crystal structure of rhombohedral R�3c calcite-type SbCN3

at ambient pressure (0.0001 GPa). (b) The repeating [SbN6]—octahe-
dral units share one corner N - atom with planar triangular [CN3]

5�

units. Sb, C and N atoms are shown in orange, brown and blue
respectively.
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Laser-heating at 38 GPa again resulted in the forma-
tion of SbCN3 as evidenced by single-crystal and powder
X-ray diffraction (Table S2, Figure S3). In this experiment
we were able to decompress the DAC to ambient
conditions and perform single-crystal X-ray diffraction
data collection on the sample at 0.0001 GPa (Figure 2, S1,
S2). To the best of our knowledge, SbCN3 is the first
example of a fully deprotonated guanidinate ever synthe-
sized.

As at higher pressures, at 1 bar SbCN3 is isostructural
to calcite with a=4.7305(3), c=14.8134(13) Å.[34] The
structure consists of planar triangular [CN3]

5� units
coordinated to Sb cations via N atoms, forming slightly
distorted SbN6 octahedra (Figure 1). All direct Sb� N
distances are 2.104(3) Å and covalent C� N bonds are

1.347(5) Å. In addition, all the N� C� N angles of the
[CN3]

5� unit are 120° and the angles of N� Sb� N are close
those of a regular octahedron. The distances are in a good
agreement with theoretical calculations for [CN3]

5�

units[26] as well as for Sb� N distances in octahedral
coordination.[35]

The experimental lattice parameters show very close
agreement with our DFT calculations performed by using
various levels of generalized gradient approximations
(GGA) functionals, as shown in Table S5 (all details on
theoretical calculations are provided in the Supporting
Information). The experimentally generated and calcu-
lated pressure-volume data were used to determine the
parameters of the 3rd-order Birch-Murnaghan equation of
state.[36] The resulting equilibrium cell volume V0=287.95,
bulk modulus K0=213.56 GPa, and its derivative with
respect to pressure K0’=4.63 are shown in Figure 2b. Due
to higher formal ionic charges and, therefore, stronger
bonding, the material is significantly more incompressible
than isostructural carbonates.[37] The compressional be-
havior of SbCN3 is anisotropic (Figure S4), which is also
typical for rhombohedral carbonates due to quasi-layered
structure.[37] The calculated elastic stiffness tensor demon-
strates mechanical stability of SbCN3 with c11=442(3),
c33=260.6(8), c44=112.8(12), c12=114.5(17), c13=79.96
(40), c14=18.4(4) GPa (Table S6). The phonon dispersion
relations calculated in the harmonic approximation using
DFT calculations confirm the dynamic stability of SbCN3

both at ambient pressure, 0.0001 GPa, and at its synthesis
pressures, 38 GPa, respectively, as shown in Figure S5.

Figure 3 shows the view of the electron localization
function (ELF) by taking a slice through the planar [CN3]
triangular units from the total ELF. The ELF shows that
electron density in SbCN3 is mainly localized on the N
atoms. Bader charge analysis[38] (Table S7) shows that the
Sb atoms act as a source of electrons for the N atoms in
SbCN3 with a substantial positive charge of +2.80 je j on
Sb atoms, and � 1.35 je j on N atoms, respectively, while a
positive charge of +1.27 je j on C atoms at ambient
pressure.

Figure 2. (a) Azimuthal integrated X-ray diffraction scan, powder
diffraction pattern, and Le Bail fit from multigrain SbCN3 at ambient
pressure. (b) Calculated equation of state compared to the experimen-
tal unit cell volumes of SbCN3. Experimental data can be used to
determine the parameters of the second order Birch-Murnaghan
equation of state with V0=287.5(11) Å3, K0=228(10) GPa, K’=4
(fixed).

Figure 3. Electron localization function (ELF) demonstrates the local-
ization of the electron density mainly around the N-atoms. On the left
shown is the view of ELF sliced through the [CN3] units. Sb, C and N
atoms are shown in orange, brown and light blue respectively.
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Figure 4a shows the band structure of SbCN3 at
ambient pressure calculated using the GGA PBESOL+

D3 functional. A direct band gap (Eg=0.94 eV) occurs at
the Γ—point of the Brillouin zone (BZ). As GGA func-
tionals are known to underestimate the band gap in
semiconductors, we also calculated the band gap using
hybrid HSEsol functional and found it to be direct at the
Γ—point of the BZ with the value Eg=2.20 eV. Figure 4b
shows the orbital-projected electronic density of states
(eDOS). The occupied states are mainly from the N p-
orbitals, whereas the unoccupied states are mainly domi-
nated by the Sb s-orbitals. The valence band maximum
(VBM) around the Γ—point is consisting of two-hole
bands: heavy-hole (HH), and light-hole (LH), whereas the
conduction band minimum (CBM) comprises of a sharp
parabolic dispersion of electron band. Table S8 summa-
rizes the calculated band gap values using the GGA and
hybrid (HSEsol) functionals together with the effective
mass of electron/hole states along different reciprocal
direction of the crystal momentum in the BZ.

The occurrence of a direct semiconducting band gap
certainly makes this material interesting for its potential
use in optical and electronic devices. Therefore, we
calculated the lowest-energy exciton binding energy of
SbCN3 in the context of semiclassical Mott-Wannier
(MW) hydrogenic model.[39] In this model the exciton
binding energy for a hydrogen-like state in a bulk semi-
conductor is expressed by the relation
E3D

b ¼ Ry Hð Þ:mex=m0e
2, where Ry(H)=Rydberg constant=

13.6 eV is the ground state energy of a hydrogen atom,
mex ¼ memh=ðme þmhÞ is the exciton reduced mass, m0 is
the rest mass of electron, and e is the relative static
dielectric constant. For simplicity, here we use the average
effective hole mass for the light-holes (LH), 0.56 m0 and
the corresponding heavy-holes (HH), 1.32 m0 from the
Table S8 calculated from the curvatures of the energy

bands. The static dielectric constant is given by
e ¼

2
3 e11 þ

1
3 e33, where the transverse (e11 ¼ e22) and lateral

(e33) component of the macroscopic static dielectric
tensors for SbCN3 at ambient pressure were calculated
using the density functional perturbation theory, including
the local field effects in DFT using VASP, and found to
be e11 ¼ 8:52e0 and e33 ¼ 5:66e0, respectively. The exciton
binding energy calculated using the MW-model is found
to be 46.48 meV using the average effective LH mass, and
58.06 meV using the average HH mass, respectively.

The exciton binding energy of SbCN3 is comparatively
higher than that of common semiconductors like bulk Si
(14.3 meV)[40], and GaN (28 meV).[41] Therefore, a rela-
tively high value of exciton binding energy in SbCN3 is
promising for enhanced electron-hole interactions that
can lead to strongly coupled excitons which are useful for
efficient excitonic emissions.

Figure S9a shows the optical absorption spectra as a
function of incident photon energy in SbCN3 at ambient
pressure. A strong optical absorption in the visible part of
the electro-magnetic spectrum (1.6–3.1 eV) makes this
material interesting for light emitting diode, semiconduc-
tor laser, and solar cell applications. One can also expect a
high charge-carrier mobility in this system owing to its
small effective carrier masses at the CBM/VBM band
edges near the Γ—point of the BZ.

To conclude, with this experiment we have resolved
one of the long-standing chemical challenges—synthesis
of fully deprotonated guanidinate anion [CN3]

5� . This
opens a route to the entire new family of inorganic
carbonitrides. We can speculate that similar synthesis
strategy and rational design may be applicable to the
synthesis of orthonitridocarbonates [CN4]

8� , analogous to
orthocarbonates like M2CO4 (M=Mg, Ca, Sr, Ba).[13–15]

During the preparation and production of this manuscript
we became aware of the similar synthesis of oxoguanidi-
nates of f-block metals,[42] which demonstrates the univer-
sality of high-pressure approach for the preparation of
novel nitridocarbonates.
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