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Abstract

The high-pressure behavior of tetragonal barium carbodiimide (BaNCN) was investigated by
in-situ high-pressure X-ray diffraction measurements and first-principles theoretical
calculations. No phase transition or decomposition of tetragonal BaNCN was observed
during compression to 6.0 GPa and subsequent decompression to ambient pressure. The
bulk modulus estimated from the unit cell volume with respect to the applied pressure was

69(2) GPa, which is comparable to that estimated by first-principles calculations. The



theoretical calculations indicate that contraction of the Ba-N bond length has a crucial effect
on the volume change in response to pressure, whereas the C-N bonds in the NCN?- anions

remain robust against the change in pressure.
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Introduction

Metal carbodiimides are interesting inorganic compounds that consist of a dumbbell-like
N=C=N?- anionic group, which can replace oxide anions having the same negative charge.
The two terminal N atoms are bonded with cations via an isolated negative charge on the N
atoms. These compounds have been studied for their electrochemical activities in Li and Na
ion batteries, as photocatalysts for water oxidation, and as phosphor materials when doped
with photoluminescence elements [1-13]. Our group has recently reported the synthesis of
tetragonal BaNCN by the ammonolysis reaction of BaCOs [14]. The crystal structure is
related to the CsCl-type structure for Ba?* and NCN? ions, where Ba?* is coordinated with 8
nitrogen atoms to form a square antiprism polyhedron, as shown in Fig. 1. Divalent Eu-doped
tetragonal BaNCN shows strong red luminescence under blue light irradiation because of the
485d" — 4f7 transition in Eu?*. The peak wavelength is blue-shifted from 680 nm at 80 K to
640 nm at 500 K. The BaNCN host lattice has large thermal expansion coefficients, and the
crystal field splitting of the 5d levels of the Eu?* ions varies depending on the bond length.
Modulation of the crystal field strength by compression of the BaNCN structure has been
studied by photoluminescence (PL) analysis under high static pressures up to 5.34 GPa [15].
The wavelength of the PL was strongly red-shifted at a rate of 19 nm/GPa. This shift rate is
almost 50 times larger than that for the ruby Ri-line, which is used as a pressure sensor in
high-pressure experiments. The high-pressure behavior of tetragonal BaNCN has not been
examined to date, but it is expected to exhibit a small bulk modulus because of the wide
change in the PL wavelength of the BaNCN:Eu?* phosphor under a high static pressure.
The high-pressure behavior of metal cyanamides, which contain asymmetric N-C=N?" anions
characterized by two different N-C bonds [16], has only been reported for PbNCN and
HgNCN [17,18]. Their bulk moduli has been estimated to be 19 GPa and 38.5 GPa,
respectively. Anisotropic compression was investigated in orthorhombic PONCN because of
the dumbbell-like structure of the NCN? anions. The smallest change at pressures less than

6.5 GPa was observed in the lattice parameter, a. The NCN? anions are almost parallel to



the a-axis in PbNCN. Compressibilities approximately 4 times and 9 times larger were
observed along the b- and c-axes, respectively. Large compressibility has also been
suggested by density functional theory (DFT) calculations for Si(CN2)2 containing the NCN#
moiety [19]. Low-compressibility and super-hard properties of C-N binary compounds have
been proposed on the basis of theoretical calculations and experimental studies [20-24]. The
low compressibility of the C-N bond in the NCN? moiety has also been studied for PoNCN
by DFT calculations. Zero linear compressibility of MNCN (M=Ca, Fe, Li2) was suggested
along the crystalline axis parallel to the linear NCN2 anion combined with NMx polyhedra
because of robust C-N bonds and flexible N-M bonds and M-N-M angles estimated for their
theoretical crystal structures [25]. The high-pressure behavior of both metal-N and C-N bonds
should be examined to investigate the high-pressure compressibility of metal carbodiimides.
Therefore, both X-ray diffraction (XRD) measurements and theoretical calculations are
required to investigate the high-pressure behavior of NCN# carbodiimide anions bonding
with Ba?* cations in BaNCN because they have small X-ray scattering factors compared with
that for the heavy Ba cation.

Understanding the relationship between the crystal structure and physical properties is
essential for the successful development of materials. Investigating the pressure-dependent
PL wavelength for the BaNCN:Eu?* phosphor requires detailed knowledge of its local
structure. In the present study, high-pressure synchrotron X-ray diffraction (SXRD)
measurements were performed to study the crystal structure of tetragonal BaNCN under high
pressures. The local structure around the Ba atoms is difficult to analyze using conventional
XRD because of the large contrast in the X-ray scattering factors between heavy Ba and light
C/N elements. The details of the crystal structure under pressure are also discussed with

respect to DFT calculations.

Experimental procedure

Methods: Tetragonal BaNCN was prepared by the ammonolysis reaction of BaCO3 (99.9%,



Fujifilm Wako Pure Chemical), similar to the preparation reported in our previous work [14].
BaCOs in an alumina boat was nitrided under a 100 mL/min NH3 (99.9%, Sumitomo Seika)
flow at 900 °C for 15 h. After the nitridation reaction, the product was transferred into a glove
box filled with dry Ar. The crystalline phases of the product were evaluated with XRD analysis
(Ultima-IV, Rigaku) using Cu Kea radiation. Powder SXRD experiments under static high
pressures up to 6.0 GPa were performed at room temperature for tetragonal BaNCN using
the NE1A synchrotron beam line of the Photon Factory, Advanced Ring for Pulse X-ray (PF-
AR) at the High Energy Accelerator Research Organization (KEK). A powder sample was
loaded into a 200 um hole of pre-indented rhenium gaskets in a diamond anvil cell (DAC)
with a 600 um culet. Daphne oil 7373 was used as a pressure transmitting medium. The
fluorescence shift of the ruby R1-line was used to calibrate the pressure. Two ruby chips were
placed inside the hole at different distances from the center to estimate the pressure
distribution along the sample. The pressure gradient increased with increasing pressure, but
did not exceed 0.2 GPa at maximum pressure. The incident X-ray beam was
monochromatized to a wavelength of 0.4175 A and collimated to a diameter of approximately
60 um. The SXRD data were analyzed using the RIETAN-FP program to estimate the lattice
parameters [26]. Crystal structure images were drawn using the VESTA program [27].

Computational study: The structural properties of BaNCN were calculated using the DFT
method, as implemented in the Vienna Ab initio Simulation Package (VASP) [28-31]. The
generalized gradient approximation (GGA) of the Perdew—Burke—Ernzerhof (PBE) was used
to describe the exchange-correlation functional [32]. The electron-ion interaction was
described by the projector-augmented-wave (PAW) method with 5s5p6s, 2s2p and 2s2p as
valence electrons for Ba, C, and N, respectively. The smallest allowed spacing between the
k-points in the Brillouin zone was set to be 0.2 A" with a cutoff energy of 600 eV. The
conjugate gradient algorithm, which was implemented in the VASP code, was used to explore
the crystal structure at high pressures [33]. Selected bond lengths were estimated from the

structural parameters reproduced by theoretical calculations for each pressure. The bulk



modulus was then obtained by fitting the total energy and volume data to the third order

Birch-Murnaghan equation of state (EOS) [34].

Results and discussion

Figure 2 shows SXRD patterns for tetragonal BaNCN during compression to 6.0 GPa and
decompression to ambient pressure. No additional peak appeared during the high-pressure
experiment. No decomposition or phase transition was observed in this pressure range. The
SXRD pattern at 0 GPa (ambient pressure) after the compression/decompression
experiment returned to the initial pattern (Fig. S1 in the electronic supplementary information)
observed before the high-pressure experiment [14]. Peak broadening and a change in the
relative intensity of the diffraction lines in response to the change of pressure were caused
by sample displacement or small pressure variation on the sample during the high-pressure
experiment using the DAC technique. The Eu-doped BaNCN phosphor showed a red-shift in
its PL wavelength from 660 nm at ambient pressure to 700 nm at 5.4 GPa. The PL wavelength
returned to the initial wavelength after the compression and decompression experiment.
Good reproducibility of the PL wavelength indicated that the tetragonal BaNCN host lattice
recovered to that at ambient pressure after experiments at pressures as high as 5.4 GPa
[15]. Lattice parameters were estimated from the SXRD patterns; however, because of the
small X-ray scattering factors for C and N compared with that for heavy Ba, and because of
the preferred orientation of the grains used in the SXRD measurement, structural parameters
such as the N position and displacement factors were not analyzed. The estimated lattice
parameters are depicted in Figure 3. The BaNCN sample has lattice parameters of a =
6.0139(5) A and ¢ = 7.1799(7) A at 0 GPa after decompression to ambient pressure. The
values are almost consistent with those reported for tetragonal BaNCN (a = 6.0249(4) A and
¢ =7.1924(5) A) [14]. The lattice parameters for tetragonal BaNCN decreased with increasing
pressure and the lattice compressibilities at pressures up to 6 GPa were approximately 2.0%

for the a-axis and 3.4% for the c-axis (Fig. 4(a)). Preferred compression along the c-axis was



also observed in the temperature dependence of the lattice parameters [14]. The thermal
expansion coefficient for the c-axis was ac = 2.3x10° K-!, which was larger than that for the
a-axis, da = 1.5x10°° K-'. The preferred shrinkage along the c-axis, both at high pressure and
at low temperature, may be closely related to the stacking structure of Ba?* and NCN?% ions
along the c-axis. NCN? ions align perpendicular to the c-axis and stack alternately with the
Ba?* layers, as shown in Fig. 1(a). Anisotropic compression was also observed in PbNCN
[17].

The bulk modulus for the BaNCN was estimated to be 69(2) GPa by Birch-Murnaghan fitting
of the lattice volume dependence on the pressure [35]. This value is much lower than that for
Ba-related compounds such as BaTiOs (bulk modulus: 135 GPa) and BaSiOs (200 GPa), and
those for traditional ceramics such as a-Al203 (253 GPa) and SisN4 (228 GPa) [36-39] but is
comparable to that for the the binary barium oxide BaO (77.5 GPa) with a rock-salt type
structure [40]. Metal carbodiimides and cyanamides have been reported to exhibit large
compressibility. The high-pressure behavior of metal cyanamide containing N-C=N?" anions
has been studied for PONCN and HgNCN, and their bulk moduli were found to be 19 GPa
and 38.5 GPa, respectively [17,18]. Anisotropic compressibility was observed in PONCN. The
compressibility perpendicular to the NCN? moieties was several times larger than that
parallel to the dumbbell-like anions.

DFT calculations were performed to investigate the pressure dependence of the tetragonal
BaNCN crystal structure. The calculated lattice parameters were normalized with respect to
the values at 0 GPa, and the results are shown in Fig. 4(b). The lattice compressibility up to
6 GPa agreed well with the observed values shown in Fig. 4(a) and Table 1. The differences
between the experimental and theoretical lattice parameters are below the typical errors of
1-2% using the GGA-PBE functional [41]. The preferred shrinkage along the c-axis compared
with that along the a-axis and the compressibility at pressures up to 6 GPa were reproduced
well by the DFT calculations. The dependence of the total energy of the tetragonal BaNCN

on the unit cell volume was fitted with the third order Birch-Murnaghan EOS, as shown in Fig.



5, and the bulk modulus was estimated to be 68 GPa, in good agreement with the
experimental value determined from the high-pressure SXRD patterns.

Details of the calculated crystal structure are summarized in Table 1. The bond lengths for
Ba-N and C-N at 0 GPa were 2.936 A and 1.242 A, respectively, which agree well with the
reported values shown in Table 1. The C-N bond lengths are almost consistent with the C-N
double bond in metal carbodiimides, i.e., 1.19-1.24 A [42]. In the DFT calculation, the bonding
nature between C and N in the NCN? moiety was restricted to a symmetrical and straight tri-
atomic molecular anion, N=C=N?%. Asymmetric bonds consisting of single and triple bonds
that appear in a cyanamide anion N-C=N% were not considered in this research. The energy
difference between N=C=N? and N-C=N?- triatomic anions is considered to be small and the
difference in their stiffness was excluded in Ref. 17. Fourier transform infrared (FT-IR)
spectroscopy of the BaNCN under high pressure will facilitate understanding of the high-
pressure behavior of the anions.

Figure 6 shows that the compressibility of the Ba-N bond was 3.2% at a pressure of 6 GPa,
whereas that of the C-N bond was 0.4%. The bond angles around the Ba? and NCN? anions
changed within 1° when BaNCN was compressed from 0 to 6 GPa. The Ba-Ns square
antiprism polyhedron was substantially compressed but not distorted with increasing
pressure, whereas the NCN anion was not. The stiffness of the C-N bond has been reported
for PbNCN [17] and theoretical MNCN structures [25].

Carbodiimide (NCN?%) anions are pseudo-oxide anions, because they can replace O*
anions having same negative charge. Rock-salt type BaO exhibits relatively high
compressibility and a bulk modulus of 77.5 GPa. Analogous with BaO, BaNCN exhibits high
compressibility that originates from contraction of the Ba-N bond with increasing pressure,
although the NCN# anion is rigid, similar to PoNCN. The red-shift in the PL wavelength of
the BaNCN:Eu?* phosphor under increasing pressure is attributed to the large contraction of
the bond around Ba?*, which is partially occupied with doped Eu?*. The crystal field strength

is proportional to R, where R is the bond length [43]. Downward of the 5d states, a change



in the 4f5d! > 4f7 transition occurs, which results in a substantial red-shift of the PL

wavelength.

Conclusion

The high compressibility of tetragonal BaNCN was examined by in situ high pressure SXRD
and DFT calculations. Tetragonal BaNCN has a bulk modulus of 69(2) GPa, which is similar
to that for rock-salt type BaO. DFT calculations showed a large contribution of Ba-N bond
contraction to the lattice volume compression and rigid NCN anionic groups in the BaNCN
lattice. Metal carbodiimides can have both soft chemical bonds around the metal cations and
rigid NCN?- anions under high pressure, leasing to the possibility of new and unique high-

pressure chemistry.
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Figure captions

Figure 1, Crystal structure of tetragonal barium cyanamide (BaNCN) viewed along (a) the a-
axis, (b) the c-axis, and (c) a Ba(NCN)s polyhedron. Green, brown, and gray spheres
correspond to Ba, C and N, respectively.

Figure 2, XRD patterns for tetragonal BaNCN during compression and decompression.
Figure 3, Pressure dependence of lattice parameters and unit cell volume for tetragonal
BaNCN. The filled red triangles and blue circles indicate the a-axis and c-axis lattice
parameters, respectively, observed during the compression. The open symbols indicate the
values obtained during the decompression. The reference values reported in our previous
paper [14] are shown as red, blue, and black squares for a-axis, c-axis, and cell volume,
respectively.

Figure 4, (a) Normalized lattice parameters estimated from the SXRD patterns and (b)
dependence of the calculated lattice parameters on the pressure. The values are normalized
with respect to those at ambient pressure (0 GPa). Red triangles and blue circles correspond
to the a-axis and c-axis lattice parameters, respectively.

Figure 5, Birch-Murnaghan EOS fitting (broken line) for the calculated lattice energy (red
circles) as a function of the unit cell volume.

Figure 6, (a) Theoretical bond distances and (b) the normalized bond lengths. The blue

circles and red triangles correspond to the bond distances of Ba-N and C-N, respectively.
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Figure 1, Crystal structure of tetragonal barium cyanamide (BaNCN) viewed along (a) the a-
axis, (b) the c-axis, and (c) a Ba(NCN)s polyhedron. Green, brown, and gray spheres

correspond to Ba, C and N, respectively.
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Figure 2, XRD patterns for tetragonal BaNCN during compression and decompression.
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Figure 3, Pressure dependence of lattice parameters and unit cell volume for tetragonal
BaNCN. The filled red triangles and blue circles indicate the a-axis and c-axis lattice
parameters, respectively, observed during the compression. The open symbols indicate the
values obtained during the decompression. The reference values reported in our previous

paper [14] are shown as red, blue, and black squares for a-axis, c-axis, and cell volume,

respectively.
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Figure 4, (a) Normalized lattice parameters estimated from the SXRD patterns and (b)
dependence of the calculated lattice parameters on the pressure. The values are normalized
with respect to those at ambient pressure (0 GPa). Red triangles and blue circles correspond

to the a-axis and c-axis lattice parameters, respectively.
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Figure 5, Birch-Murnaghan EOS fitting (broken line) for the calculated lattice energy (red

circles) as a function of the unit cell volume.
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Figure 6, (a) Theoretical bond distances and (b) the normalized bond lengths. The blue

circles and red triangles correspond to the bond distances of Ba-N and C-N, respectively.
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Table 1 Experimental lattice parameters estimated from SXRD patterns at 0 and 6 GPa, and
theoretical lattice parameters. The reference values were obtained from the single crystal
XRD data reported in Ref. 14.

Experimental Theoretical
Parameters Ref. [14]
0 GPa 6 GPa 0 GPa 6 GPa

alA 6.0139(5) | 5.8876(6) 6.08815 5.9317 6.0249(4)

cl/A 7.1799(7) | 6.9479(8) 7.28923 7.0351 7.1924(5)
Volume, V /

A 259.68(4) | 240.84(5) 270.2 247.5 261.08(4)

deaN /A - - 2.9636 2.8690 2.928(5)

den/A - - 1.2420 1.2380 1.233(7)




