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Abstract

Ternary carbodiimides, Ba1-xSrxNCN (x = 0, 0.1, 0.2, 0.5, 0.8, and 1.0) were prepared by an

ammonolysis reaction with a (Ba,Sr)COs precursor obtained by a polymerized complex

method. A new orthorhombic carbodiimide was obtained at x = 0.1. It coexists with STINCN-

type solid solutions between x = 0.2 and 0.5. The crystal structure of Bao.sSro.iNCN was

determined using single-crystal X-ray and powder neutron diffraction data, and was found to

adopt an orthorhombic Pnnm crystal structure. In this structure, both Ba?* and Sr?* cations

are situated in an octahedron of N atoms of NCN? anionic groups, and the (Ba/Sr)Ns

octahedra form a distorted rutile-type structure with C atoms bridging the N atoms.
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Introduction

Metal carbodiimides and cyanamides are interesting solid-state inorganic materials that

exhibit a nitrogen-related pseudo-oxide chemistry, because N=C=N?- carbodiimide and N-

C=N?% cyanamide anionic groups can replace O% anions. Many binary carbodiimides have

been prepared for alkali [1-3], alkaline earth [4,5], main-group metal [6], transition metals [7-

10], and rare-earth metal phases [11,12]. More recently, ternary and higher order compounds

such as AEZn(NCN)2 (AE = Sr?* and Ba?*) and LiSr2M(NCN)s, (M = AI** and Ga®*) have also

been synthesized [13-16]. A limited number of binary cyanamides have also been reported

for HQNCN, PbNCN, AgNCN, and CdNCN [17-20].

Many of the carbodiimides and cyanamides, especially thermally unstable compounds, have

been synthesized by solid state metathesis reactions between metal halides and

carbodiimides. Li2NCN and ZnNCN have been used as NCNZ anion sources and form LiCl

and ZnClz by-products, respectively, after a low-temperature reaction with metal chlorides at

approximately 773 K [9,12]. High-temperature nitridation reactions of metal carbonates under

an ammonia flow have also been applied to synthesize the respective carbodiimides [21,22].

Rhombohedral BaNCN was synthesized by the reaction of BasN2 and melamine under an Ar

flow, while a tetragonal polymorph was recently obtained by the ammonolysis of BaCOs3

[4,23,24].



Transition metal carbodiimides TMNCN (TM = Mn, Fe, Co, Cu, Zn, Ni), have been studied

for their electrochemical activities in Li and Na ion batteries with high reversible capacities

[25-27]. Photochemical activities of cobalt and copper carbodiimides have also been reported,

and the former exhibited high photocatalytic water oxidation activity under irradiation by

visible light [28,29]. Alkaline earth metal and rare-earth metal carbodiimides have also been

applied as host materials for doping of photoluminescence centers such as Eu?*, Eu®*, Ce®*,

and Mn?* [22,23,30-33]. Adivalent Eu-doped tetragonal BaNCN red phosphor exhibits a large

shift in the luminescence wavelength depending on both temperature and applied pressure,

since the tetragonal phase has a flexible framework and the crystal field splitting of the 5d

energy levels of the Eu?* ions varies depending on the bond length [23,34]. Anomalous

thermal and mechanical properties have also been reported for beta-Si(NCN)2 and

TM(NCN)2 (TM = Zr and Hf) which show negative thermal expansion and near-zero thermal

expansion, respectively [35,36].

In the field of metal oxide chemistry, partial substitution of a metal cation with another having

different ionic size is commonplace to prepare solid solutions or intermediate compounds

between the end members. In these compounds, two or more metal cations occupying an

identical position can have varying numbers of neighboring anions, bond lengths and bond

angles from their counterparts in the end members, because of the intermediate size of the



crystallographic site, thus forming a novel crystal structure. This study focusses on the

preparation of ternary carbodiimides between BaNCN and SrNCN via an ammonolysis

reaction of the respective carbonate precursors. The crystal structure of the novel Ba/Sr

carbodiimide was analyzed using both single crystal XRD and powder neutron diffraction.

This carbodiimide crystallized in an orthorhombic lattice, with a statistical distribution of Ba%*

and Sr?* forming a rutile-like (Ba/Sr)Nes polyhedral network bridged by NCN?" anions.

Experimental

Synthesis

Ba1xSrxNCN (x = 0, 0.1, 0.2, 0.4, 0.5, 0.8, and 1.0) were obtained by nitridation of (Ba-

xSrx)COs3 precursors prepared by a polymerized complex method starting from BaCOs

(99.9 % purity, FUJIFILM Wako Pure Chemical Co.), SrCOs (99.9% purity, FUJIFILM Wako

Pure Chemical Co.), citric acid (>98.0 % purity, FUJIFILM Wako Pure Chemical Co.) and

propylene glycol (>98.0 %, FUJIFILM Wako Pure Chemical Co.) [37,38]. The carbonate

precursors were nitrided under 100 mL/min NHs flow at 1173 K for 15 h. The nitrided products

were air-sensitive, so the characterization described below was performed under either a dry

N2 or Ar atmosphere.

Characterization



Crystalline phases were characterized using powder X-ray diffraction (XRD: Rigaku, Ultima

IV) with Cu-Ka radiation. The products were contained in an air tight sample holder filled with

dry Ar. The crystal structure of Ba1xSrNCN at x = 0.1 was investigated by the single-crystal

XRD technique using a Rigaku XtaLAB Pro diffractometer (Mo-Ka radiation). The single

crystal was protected by oil from atmospheric moisture and measurement was performed at

123 K to avoid a degradation. Atomic positions were determined by the charge flipping

method using SuperFlip [39] followed by structure refinements using SHELXL-2018 [40]. The

crystal structures were drawn using the VESTA program [41]. Neutron diffraction (ND) data

were collected at the BLO9 (SPICA) beamline of the Japan Proton Accelerator Research

Complex (J-PARC) at 298 K and analyzed with the software Z-Rietveld (Windows ver.

1.1.1.0914) [42]. The temperature dependence of the lattice parameters was also

investigated using synchrotron powder XRD (SXRD) data of Bao.eSro.itNCN powder at the

BL02B2 beam-line of SPring-8 over the temperature range from 90 K to 300 K. The

wavelength of the incident X-ray used for the refinements was 0.0496353 nm. The X-ray

diffraction data were analyzed by the Rietveld method using RIETAN-FP [43].

The Ba and Sr contents in the product prepared at x = 0.1 were determined by inductively

coupled plasma-atomic emission spectroscopy (ICP-AES: Shimadzu, ICPE-9000) after

dissolving a 10 mg sample in dilute nitric acid. The C, H, and N contents were assessed via



C/H/N analysis (Exeter Analytical, Inc., CE440). Fourier transform infrared spectroscopy (FT-

IR) was performed with an FT-IR/4700 spectrometer (Jasco). The test specimens were

prepared by sandwiching the powder product between KBr plates and pressing the sample

into a pellet under a dry Ar atmosphere.

Result and discussion

A nitridation reaction under flowing NH3s was performed with the carbonate precursors Bas-

xSrxCOs. The powder XRD patterns of the nitrided products are shown in Fig. 1. The pattern

of tetragonal BaNCN and orthorhombic SINCN are observed for the products at x = 0 and

1.0, respectively. The tetragonal BaNCN was contaminated with a small amount of new

orthorhombic phase as mentioned later. The diffraction angles of the orthorhombic SINCN

shifted toward lower angle on incorporation of Ba at x = 0.8, implying the formation of an

orthorhombic type carbodiimide solid solution. A new orthorhombic crystalline phase which

cannot be indexed by the above mentioned tetragonal and orthorhombic phases appears at

x = 0.1. It coexists with the orthorhombic solid solutions from x = 0.2 to 0.5. The chemical

composition of the nitrided product at x = 0.1 was analyzed by combination of ICP-AES and

C/H/N analysis. The Ba and Sr concentrations in the product were found to be 69.8(8) and

4.9(1) wt%, respectively, while the C, H, and N contents were 6.9(3), <0.3, and 15.8(3) wt%,



respectively. The H content was below the detection limit of the C/H/N analysis. From these

data, the chemical formula of the compound at x = 0.1 was determined to be

Bao.go(1)Sro.099(1)C1.01(4)N1.99(4), which agrees well with the nominal composition Bao.oSro.1NCN.
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Figure 1 XRD patterns of nitrided products obtained from (Ba1-xSrx)CQOs precursors with x =
0~1. Diffraction lines marked with blue diamonds, red triangles, filled circles and open circles
indicate tetragonal BaNCN, the novel crystalline phase, orthorhombic SINCN and SrO,

respectively.

The crystal structure of Bao.eSro.1NCN was analyzed by single-crystal XRD at 123 K. The

structure was refined in the orthorhombic space group Pnnm (no. 58) with a = 0.55224(7)



nm, b = 0.64455(8) nm and ¢ = 0.42411(6) nm, and Z = 2, as summarized in Table 1. Atomic

coordinates are given in Table 2. Anisotropic displacement parameters (ADPs) were only

adopted for Ba/Sr and N atoms. The ADPs of C atoms was analyzed to be negative values,

maybe due to the poor quality of the diffraction data resulting from small crystal size and/or

instability of the carbodiimide during the measurement. Therefore, isotropic displacement

parameter for the C atom was only analyzed and the value is listed in Table 2. Ba?* and Sr?*

cations are situated at the 2a site. The Ba/Sr and NCN? are three-dimensionally arranged in

this structure similar to the configuration in tetragonal and rhombohedral BaNCN, while

SrNCN and CaNCN adopt a layer structure of alkaline earth metal cations and NCN?- anions.

A view of the structure is depicted in Fig. 2. The NCN? anions are parallel to the a-b plane

and directed alternately toward <1-10> and <110> as shown in Fig. 2(c). Ba/Sr cations are

coordinated with six N atoms belonging to the NCN? anions to form a (Ba/Sr)Ne octahedron

as shown in Fig. 3(a). The octahedra are connected via edge-sharing along the c-axis and

corner-sharing in the a-b plane. The NCN? anion is in an octahedral site surrounded by Ba/Sr

cations (Fig. 3(b)). The ordered arrangement of the NCN? anions was also confirmed by

structure refinement based on the powder ND data collected at 298 K. The ND profile and

refined structural parameters are shown in Fig. S1 and Table S1 in the electronic

supplementary information (ESI) respectively. The experimental diffraction profile is in good



agreement with the calculated pattern, although a minor quantity of tetragonal BaNCN

coexists with the orthorhombic phase. By virtue of the scattering contrast between the

elements attained in neutron experiments, we were able to confirm the ordering of the NCN#

orientation. Nitrogen site splitting model similar to the La2O2NCN [44], which is difficult to be

distinguished from the ordered arrangement by using XRD, was successfully excluded by

the refinement using ND data. The C-N bond length estimated using the ND data observed

at room temperature is 0.12230(3) nm, which is close to values reported for C-N double

bonds in metal carbodiimides [4]. The FT-IR spectrum of this product exhibits an asymmetric

stretch peak (vas) at 1950 cm™' and deformation peaks (3) at 655 and 675 cm* (see Fig. S2).

These peak positions are in good agreement with those reported for both rhombohedral and

tetragonal BaNCN, which are metal carbodiimides having symmetric N=C=N double bonds

[4,22]. The Ba/Sr-N bond lengths in the orthorhombic carbodiimide are 0.280175(11) and

0.27983(2) nm, which are shorter than the values reported for tetragonal BaNCN with square

antiprism coordinated Ba?* cations (0.2928 nm) and longer than the Sr-N bond lengths in

orthorhombic SrNCN (ca. 0.2628 nm) with octahedral coordination around Sr?*. The shorter

bond lengths and smaller coordination number around the Ba/Sr site than those of tetragonal

BaNCN are attributed to the substitution of the smaller Sr2* ion for Ba2* on the site. Ba/Sr¢*

cations and NCN?% anions form a distorted rock-salt like arrangement in the orthorhombic

10



Bao.9Sro.1NCN. Orthorhombic SrNCN has also a rock-salt like distribution, in which octahedra

around Sr?* cations are more distorted than that in the orthorhombic Bao.eSro.1tNCN. On the

other hand, CsCl like configuration of Ba?* and NCN? is found in the tetragonal BaNCN. The

NCN? anions in the Bao.eSro.tNCN and tetragonal BaNCN are parallel to the ab-plane and

stacked with Ba/Sr and Ba cation along the c-axis, respectively. Bao.oSro.1NCN represents

the first example of a ternary carbodiimide consisting of two kinds of alkaline earth metals. In

the structure, both Ba?* and Sr?* cations occupy the same crystallographic site, with bond

lengths and local coordination around the cation site intermediate between those of the end

members, similar to ternary oxide chemistry.

11



Table 1 Crystal data and refinement result at 123 K for Bao.sSro.iNCN obtained by

ammonolysis reaction of Bao.oSro.1COs3 precursor.

Chemical formula Bao.oSro.1NCN
Formula weight, M: (g mol) 172.40
Crystal form, color platelet, colorless
Crystal size, mm3 0.015x0.010x0.005
Radiation wavelength, A (nm) 0.71073
Temperature, T (K) 123
Crystal system Orthorhombic
Space group Pnnm (No. 58)
Unit cell dimensions, a (nm) 0.55224(7)

b (nm) 0.64455(8)

¢ (nm) 0.42411(6)
Unit cell volume, V (nm?) 0.15096(3)
V4 2
Calculated density, Dcal (Mg m™3) 3.793
Absorption coefficient, y (mm-") 13.322
Absorption correction Multi-scan
Limiting Indices -6<h<6

-8<k<8
-5</<5

Number of reflections 203
Weight parameters, a, b 0.1035, 1.369
Goodness-of-fit on F2, S 1.208
R1, wR2 (I > 20(])) 0.0612, 0.1539
R1, wR2 (all data) 0.0930, 0.1646

R1 = Z||Fo| - |Fc||/Z|Fo|. wR2 = [EW(Fo? — F2)2/Z(WFo?)?]"2, w = 1/[0?(Fo?) + (aP)? + bP], where
Fo is the observed structure factor, Fc is the calculated structure factor, o is the standard
derivation of Fo?, and P = (Fo? + 2F:2)/3. S = [Zw(Fo? — Fc2)?/(n — p)]'’2, where n is the number

of reflections and p is the total number of parameters refined.

12



Table 2 Atomic coordinates for Bao.oSro.1iNCN at 123 K.

Atom Site Occ. X y z Usso (A?)
Ba/Sr 2a 0.9/0.1 0 0 0 0.0164(7)
C 2¢ 1 05 0 0.5 0.011(5)
N 4g 1 0.193(4) |0.397(3) |0 0.017(4)

0>Z<4

Figure 2 Images of the crystal structure orthorhombic Bao.9Sro.1NCN along (a) a-, (b) b-, and

(c) c-axis. Green, brown, and grey spheres correspond to Ba/Sr, C and N, respectively.

13
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Figure 3 Coordination around (a) (Bao.sSro.1) site and (b) NCN?- anion.

The nitrogen atoms form hexagonal packing along the a-axis. Half of the octahedral holes
are occupied by Ba/Sr cations, forming (Ba/Sr)Ne octahedra. The (Ba/Sr)Nes octahedra have
a network structure analogous to the rutile-type TiOz2 structure, as shown in Fig. 4. (Ba/Sr)Ns
octahedra connect via edge-sharing along the c-axis to form octahedral chains, which are
linked by sharing the N vertices in the a-b plane similar to the arrangement in rutile-type TiO2.
Distortion from the rutile-type structure situating the cation site in Wyckoff position in 2a and
nitrogen in position 4g, indicates that the crystal structure of Bao.eSro.1NCN is categorized
into a distorted rutile-type structure CaClz as following the definition by Baur [45]. The
coordination octahedra (Ba/Sr)Ns are considerably more rotated rather than in CaClz. Carbon
atoms occupy the vacant octahedral holes of hexagonal N packing and bridge the two N
atoms, forming a N=C=N? anion. The N=C=N? anions tilt the (Ba/Sr)Ns octahedral chains

around the c-axis (Fig. 4). Additional bond bridging two octahedra in the rutile-type derivatives

14



appears in marcatise, FeSz, in which the S-S bond distorts the octahedral chains as shown

in Fig. 4(d). Each N atoms in Bao.eSro.1NCN is bonded to three Ba/Sr atoms and one C atom,

similar to a coordination around S atoms in FeSz. This similarity suggests that the

orthorhombic Bao.oSro.1NCN is one of the marcasite derivatives, which has close relation with

distorted rutile-type structure. Hydrogen bond between OH groups and oxygen has also been

reported in anion ordered rutile-type metal oxyhydroxides resulting in an octahedral distortion

[45,46].

Figure 4 Octahedral networks viewed along c-axis for (a) orthorhombic Bao.eSro.tNCN, (b)

tetragonal rutile-type TiOz2, (c) distorted rutile-type CaClz, and (d) marcasite, FeSo.

The temperature dependence of the lattice parameters of Bao.oSro.fNCN was examined

between 90 K and 300 K based on the SXRD data. No phase transition for the orthorhombic
15



phase was observed in the SXRD data. The normalized lattice parameters are plotted in Fig.

5. The lattice shrinkage along the c-axis was estimated to be 0.2% over the temperature

range, which was two and four times larger than those along the a-axis and b-axis,

respectively. The linear thermal expansion coefficients (TECs) of the orthorhombic phase

were estimated to be da = 9.0x108 K, ap = 2.6x10° K, and ac = 1.4x10°% K at 290K.

Preferential shrinkage along the c-axis was also observed in tetragonal BaNCN [22]. The

TECs of the tetragonal phase are 0a = 1.5x10° K' and ac = 2.3x10% K' at 290K. Both

structures exhibit stacking of Ba/Sr cations and NCN? anions along the c-axis, and the large

TEC is observed perpendicular to the NCN? anion. Highly anisotropic thermal expansion

was reported for H(NCN)2 and SnNCN. In the former structure, negative thermal expansion

along the a-axis and positive thermal expansion along the b- and c-axes were predicted

based on DFT calculations [36,47]. Their anisotropic expansion can be related to the wine-

rack-like open channel structure. In orthorhombic Bao.9Sro.sNCN, all of the octahedral sites

in the hexagonal packing of N atoms are occupied by Ba/Sr and C alternatively. NCN?- anions

aligned in the a-b plane might suppress the thermal expansion along the a- and b-axes.

16
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Figure 5 Temperature dependence of the normalized lattice parameters of orthorhombic

Bao.9Sro.1NCN.

Conclusion

A new ternary carbodiimide with an orthorhombic structure, Bao.oSro.1NCN, was prepared by
nitridation of a (Ba1-xSrx)COs precursor at x = 0.1 under an NHs flow. The crystal structure is
analogous to that of distorted rutile-type derivative, in which (Ba/Sr)Ne octahedra are edge-
shared along the c-axis and corner shared in the a-b plane, and C atoms bridge two N atoms
to form N=C=N? anions. This is the first report of a ternary carbodiimide containing two
alkaline earth metals on the same crystallographic site and demonstrates that the crystal
structure can be varied via tuning of the cation size in a ternary carbodiimide, as in a ternary

oxide. This work will open a new way for the preparation of novel carbodiimide compounds.
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