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The ternary imide Li;Ca(NH), was successfully synthesized by dehydrogenating a mixture of LiNH, and CaH, at
a molar ratio of 2:1 in a stream of purified argon at 300 °C. A powder X-ray diffraction measurement revealed that
Li;Ca(NH), was of the trigonal anti-La;Oj structure (space group P3m1) with lattice constants of a = 3.5664(3)A
and ¢ = 5.9540(8) A. Ca occupied the 1b site (0, 0, 1/2), Li occupied the 2d site (1/3, 2/3, 0.8841(22)), and N
occupied the 2d site (1/3, 2/3, 0.2565(15)). Nuclear magnetic resonance and X-ray absorption fine structure analyses
demonstrated that each Li ion was coordinated with four imide ions and each Ca ion was coordinated with six
imide ions.

Introduction diverse crystal structures and interesting physical propérties.
Recent investigations on synthesis methods, structures, and
properties of ternary and higher nitrides were summarized
by Gregory and Niewa et al., respectivély. However,
research in ternary and higher inorganic imides is rare. It
was only in recent years that ternary imides containing both
an alkaline metal and an alkaline earth metal were synthe-
sized and investigate®f. As an example, .LMg(NH), can
be synthesized by reacting LiNHvith MgH, at elevated
temperatured? Synchrotron X-ray diffraction (XRD) and
neutron diffraction measurements reveal thaMg(NH).
possesses three different crystal structures depending on the
synthesis temperatuteA similar synthetic route was applied
to the Li-Ca—N—H system, but little attention was paid to
its structural identification and chemical propertid$.the
structure of LyCa(NH) is determined, the physical and
chemical properties of this new ternary imide can be well
predicted and understood by theoretical means.
Systematic studies of amides and imides were performed

Binary nitrides, amides, and imides of various metals and
nonmetals have been well studied by Juza and co-workers
since the 19205 These compounds have many interesting
properties that make them attractive for technological ap-
plications. Binary nitrides (e.g., GaN, InN, AIN, BN, and
TiN) have a number of applications in the microelectronic,
optoelectronic, abrasion, and corrosion protection indugtrfes.
Binary amides, such as lithium and sodium amides, are
widely used as deprotonating agents in organic syntResis.
Recently, lithium nitride and lithium imide were found to
exhibit strong affinity to H, which enable them to be
potential candidates for hydrogen stordddrapid growth
in nitride chemistry occurred in the last decades owing to
the improved classification of nitride crystal chemistry and
the development of new synthetic techniques, leading to the
discovery of a wide range of new ternary compounds with
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However, because of the lack of ternary amides, few ternary
imides have been synthesized and reported in the litefdtdfe.
The novel synthetic route involving reaction of a binary
amide with a hydride under appropriate conditions has proven
to be a viable method for making a variety of novel ternary
imides®® In this paper, the synthetic approach mentioned
above was applied to the preparation of the ternary imide of
Li,Ca(NH). The synthesis was carried out at relatively low
temperatures because of the poor thermal stability ef Li
Ca(NH). As a consequence, only microcrystalline imides
may be obtained. Determination of the structure merely by
powder XRD alone may not be sufficiently accurate.
Therefore, combined characterizations by means of XRD,
vibrational spectra, X-ray absorption spectra, and nuclear
magnetic resonance (NMR) were performed to acquire
structural information on both the bulk and the atomic scales
with the intention of obtaining a better understanding of the
composition, structure, and properties ofCa(NH).

Experimental Section

Preparation of Li,Ca(NH),. LiINH, and CaH were synthesized
by reacting metallic Li (99.9%, Aldrich Chemicals) with ammonia
(99.98%, BOC Gases) and by reacting metallic Ca (99.9%, Aldrich
Chemicals) with hydrogen (99.99%, National Oxygen), respectively.
LiNH, and CaH at a molar ratio of 2:1 were thoroughly mixed by
a SPEX 8000M mixer/mill. LiCa(NH), was synthesized by heating
the post-milled mixture in a flow of purified argon from room
temperature to 300C at a ramping rate of 2C/min. Gaseous
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Figure 1. TPD (a) and volumetric release (b) measurements on the post-
milled 2LiNH,—CaH, samples.

and then coated with solid wax in the glovebox to avoid air
contamination during XAFS measurements. The sample thickness
was adjusted to achieve the X-ray absorption edge jump of
approximately one for each sample.

Analysis of the XAFS data followed the standard procedures
using the WINXAS codé® After normalization, transformation
from energy space to momentur) Epace, and extraction of the
background absorption were carried out, &) function was
extracted in the range of 228.2 A~ and weighted by3. Fourier
transform ofk3(k) into R space was performed using the Bessel
function. The data fit of the first coordination shell was performed

products were analyzed by an on-line HPR20 mass spectrometerusing CaNH as the reference.

(MS) in tandem with a gas chromatograph (GC). For the quantitative
analysis of ammonia, gaseous products were slowly introduced to
distilled water. A Metrohm 781 pH/ion meter equipped with an

NHs-selective electrode was used to detect the concentration of
ammonia in distilled water. A quantitative measurement of hydrogen

6Li magic-angle spinning (MAS) NMR measurements were
carried out at room temperature in a Bruker Advance 400
spectrometer wit a 4 mmbroadband cross-polarization (CP)/MAS
probe operating at &.i frequency of 58.8 MHz. Each sample was
packed in a zirconia rotor with a Kel-F cap and rotated at a rotor-

desorption was conducted in a commercial pressure compositionspinning rate of 10 kHz. Chemical shifts were reported with respect

isotherm (PCI) unit from Advanced Materials Corporation.

Structure Determination. XRD data were collected using a
BRUKER D8 Advance X-ray diffractometer with Cudkradiation
at a power of 40 kV 40 mA. Stepwise scans were performed in
the 29 range of 16-90° at steps of 0.05 The obtained data were
indexed using the TREOR or DICVOL program. Lattice parameters
were refined by a least-squares refinement method using the
CELREF program. Rietveld refinement structural analyses were
performed using the Rietica progrdfh.

N—H vibration was recorded using a Perkin-Elmer Fourier
transform infrared (FTIR) spectroscopy 2000 spectrometer equipped
with a diffuse reflectance infrared Fourier transform (DRIFT) cell.
The scan range was 46@000 cn1?, and the resolution was 4 crh

Transmission X-ray absorption fine structure (XAFS) spectra

to a 1 MLICl aqueous solution. The peaks in the NMR spectra
were fitted to obtain the values of the full width at half-maximum
and chemical shift.

As the starting materials and products were sensitive to air, all
sample loadings were performed in an MBRAUN glovebox. The
glovebox was filled with purified argon gas. Water and oxygen
concentrations were below 10 ppm.

Results and Discussion

Temperature programmed desorption (TPD) of the post-
milled 2LiINH, + CaH, sample was performed by using
purified argon as a carrier gas. The temperature was raised
from room temperature to 300C at a ramping rate of

were collected in the vicinity of the Ca K edge (4.038 keV) at 1 °C/min. The sample (100.2 mg) was loaded, and plots of
room temperature at the XDD beamline of the Singapore Synchro- temperature versus the mass spectrometer signals of the outlet
tron Light Source (SSLS, Singapofé)Each sample was ground  gas were obtained (Figure 1a). Ammonia was undetectable
and mixed with LiF powder (99%, Fluka) at a weight ratio of 1:10. by MS during the whole testing period, indicating that the
The mixture was pressed into a pellet under a pressure of 2.5 tonsamount of coproduced ammonia was negligible. Notably, the
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15000 Table 1. Li,Ca(NH) Crystallographic Data
space group P3m1
unit cell dimensions a= 3.5664(3) Ac=5.9540(8) A
10000 cell volume V= 65.585(11) &
2 Z, density Z=1,d=2.126 g/c
=
o
= atom position X y z
2
g 0004 Ca 1b 0 0 0.5
2 Li 2d 1/3 213 0.8841(22)
N 2d 1/3 213 0.2565(15)
0 H not included
[N [ (BN na (|1} o Interatomic Distances
A : . . Ca-N  2518Ax6 Li-N  2223Ax3 2217Ax1
20 30 40 50 60 70 80 90 Li—Li 2.479 A Ca-Ca  3.566 A
20 (degrees) Li-Ca 3.077A
Figure 2. XRD patterns of the ternary imide iGa(NH). Legend: +, 2Ry = 7.37%,Rwp = 9.54%.
observed:—, calculated; bottom line, the difference; and vertical tick, Bragg
peak positions. Because the scattering factor of hydrogen is very small

NH; concentration in the desorbed hydrogen was below 100 compared to those of the other elements, hydrogen has little
ppm according to the amount of ammonia detected by the effect on XRD and can therefore be neglected. In order to
Metrohm 781 pH/ion meter. Hydrogen appeared at temper-locate hydrogen, neutron diffraction of a deuterium-
atures above 56C and peaked at 14 and 206°C. After substituted sample should be performed., [G&", and N~
the dehydrogenation, 95.7 mg of the solid residue was positions in the initial model for Rietveld refinement were
obtained, indicating a release of 4.5 mg of hydrogen which derived from published structures of ternary nitrides. Ternary
was equivalent to~4.0 H atoms per 2LiNH + CaH,. lithium nitrides can be divided mainly into two groups, that
Volumetric measurement of the amount of hydrogen des- is, those with anti-fluorite type crystal structures represented
orbed during the thermal treatment also gave a similar result.by a general formula ki-sM""Ny-; (n = 2) and those with
As shown in Figure 1b, about 4.3 wt % of hydrogen was the anti-LaO; type structure represented by a general formula
released from the starting materials, which was equivalent Li,MN,.? As evidenced by the indexing result of the TREOR
to 3.8 H atoms per 2LiINKH+ CaH,. The slight difference  program, LyCa(NH), should possess the anti4Gy type
between the results from these two aforementioned methodsstructure, which belongs to the hexagonal structure. Ghivlg
may be due to differences in the hydrogen pressure in the(JCPDS-ICDD card no. 830042%! has the anti-LgDs type
two testing systems. In the TPD measurement, the partial structure with lattice constants af = 3.5405 A andc =
pressure of Hin the gaseous phase was negligible. However, 6.0908 A. Since the ionic radii of liand Mg* are almost
in the volumetric release measurement, hydrogen wasidentical (0.68 and 0.67 A% the structure of CaMgN, was
gradually accumulated in the sample chamber, reaching 0.3adopted as the starting model to studyGa(NH), wherein
bar at the end of the test. Part of the hydrogen could not be Mg?* was substituted by I'i The experimental powder XRD
released because of the reaction equilibrium limit. On the pattern of LiCa(NH), was in excellent agreement with the
basis of the amount of hydrogen detached from the startingcalculated pattern derived from the starting model (Figure
chemicals, the chemical composition of the dehydrogenated?), which implied that the structural model adopted in the
solid product should be k€aN:H,. The rehydrogenation of  present simulation was reasonable and acceptable. A series
the solid residue was achieved when applying 80 bar of of parameters, including background, zero shift, scale, lattice
hydrogen to the sample in the temperature range of 20 toparameter, graphic parameter (U, V, W), and Li and N
200°C3 coordinates, were refined by the Rietica program (Table 1).
The dehydrogenated solid product was characterized byLi,Ca(NH) belongs to the space grol8ml with lattice
XRD and identified by searching and matching the JCPDS- constants ofa = 3.5664(4)A andc = 5.9540(8) A. Ca
ICDD cards. The characteristic diffraction peaks of the occupies the 1b site (0, 0, 1/2), Li occupies the 2d site (1/3,
starting amide and hydride disappeared (Figure 2). Instead,2/3, 0.8841(22)), and N occupies the 2d site (1/3, 2/3, 0.2565-
a new set of peaks positioned at 32.82.1°, 51.1°, and so (15)). The regular octahedral and tetrahedral holes of the
forth emerged, which could not be matched with any known approximately cubic closed-packed matrix of nitrogen in the
compounds containing Li, Ca, N, and H eleméh#siter Li,Ca(NH), lattice (Figure 3) are the occupation sites for
indexing with the TREOR program, the XRD pattern of the Ca and Li, respectively.
solid product matched well with a single phase having the  High-resolution®Li MAS NMR was employed to study
hexagonal structure with lattice constantsaof= 3.566 A the chemical environment of Li in the ternary imide. The
andc = 5.954 A. To be a neutral molecule, H in thexLi  chemical shift values are directly related to the shielding of
CaN;H; phase should be positively charged and bond with the nucleus by the electronic structure of its local environ-
N. Therefore, this newly developed compound is a new

ternary imide, represented by,0a(NH). (21) Schultz-Coulon, V.; Schnick, W Naturforsch., B: Chem. Sdi995
: . 50, 619-622.

R'etveld refinement of the XRD data_ was performEd by (22) Juza, R.; Langer K.; von Benda, Kngew. Chem., Int. Ed. Endl968
using a structure model containing *L.iC&", and N-. 7, 360-370.
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Figure 3. Crystal structure of the ternary imideJda(NH). Li, green g
spheres; Ca, blue spheres; N, purple spheres. The unit cell is delineated by 1
the dark yellow line. Li and Ca are linked to N coordinates by black sticks.
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Figure 5. XANES transmission spectra at the Ca K edge of theNga
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Figure 4. Solid state®Li MAS NMR spectra of LiCa(NH), LioNH, =}
LiNH, and LiN. G
=~ 0.034
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ment?3 For example, there is a proportional correlation mf
between théLi chemical shifts and the oxygen coordination 5 00
number in lithium silicaté® As shown in Figure 4, Li in » 001
Li,Ca(NH), Li,NH, LisN, and LiNH; has the chemical shifts ’
of 3.433, 3.455, 7.493, and 2.748 ppm, respectively. Similar 0.00 N SN
chemical shifts of Li in LiCa(NH), and LLNH indicate the o 1 2 3 4 5 6 7 8
identical chemical environment of Li in these two com- R (Angstrom)

pounds. LiNH has a simple face-centered cubic (fcc) Figure 6. Fourier transforms of the EXAFS spectra of ternary imidg Li
structure withFm3m symmetry!3 Each lithium cation in Li- Ca(NHp.

NH is coordinated with four imide anions. It is likely that
the coordination number of the lithium cation innCa(NH)

is the same as that in iNH, in agreement with the XRD
results.

X-ray absorption near-edge structure (XANES) spectros-
copy is a powerful technique in determining metal atom/ion
coordination _number, es_pecially w_hen_ an appropria_te mo_del intensity of the peak at 4.038 keV is much higher for Ca in
compound with \_/vell-defmed coordination structure is avail- the tetrahedral site than that in the octahedral site. Similar
able for comparison. In th_e present studyalﬂ:zayvas used to that of CaNH, the intensity of the peak at 4.038 keV for
as the reference for Ca in tetrahedral coord!na%i'oand Li,Ca(NH}, is very weak, indicating an octahedral coordina-
CaNH was used as the reference for Ca in octahedral tion.
coordinatiori:t# Figqre 5 shows the XANES spectra of The Fourier transform of the extended XAFS (EXAFS)
Ca,, CaNH, and Lica.(NH)Z §amples at the Ca K edge. spectrum for LiCa(NHY), is presented in Figure 6. The peak
The pgak at 4.050 keV'is ascnbeq to the Ca 1s to 4p d.' pole at the radial distance of about 2.0 A corresponds to the above-
transition. The peak at 4.038 keV is the pre-edge transition, mentioned CaN coordination of the first shell. For the data

evaluation, the peak betwed A and 2.5 A was isolated by

which is related to the direct 1s to 3d quadrupole transition
or the dipole transitions due to the-g mixing between the

3d orbitals and the 4p orbitals of the central atom or
neighboring atom&?” Therefore, the intensities of the pre-
edge features are sensitive to the local coordination geometry
of the metal atoni®?” It can be seen in Figure 5 that the

(23) Xu, Z.; Stebbins, J. FSolid State Nucl. Magn. Resatf95 5, 103—

112.
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Chem.1998 137, 33—41. Phys. Chem. R002 106, 8539-8546.
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Figure 7. FTIR spectra of the ternary imide 4Ga(NH).
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means of a filter function, and fitted with the amplitude
reduction factor o5? = 0.73. The value of 0.73 is derived
from the fitting results of the EXAFS data of CaNH using
the coordination number and distance of the first shell from
crystallographic dat#-?®> The coordination number of Ca
obtained from the EXAFS data of iGa(NH), is 6.3, which
indicates that each Ca is coordinated with six N, in good
agreement with the XRD results.

To investigate the position of H in the lattice and the nature
of the N—H bond, LCa(NH), was further analyzed by FTIR
spectroscopy. A broad absorbance in the range of 30560 cm
to 3200 cm! was detected (Figure 7), which correlates with
the stretch of the NH bond in imide iong:?® For example,
N—H stretches in LNH and CaNH are 3160 cmhand 3183
cm1, respectively:?® The broad peak is characteristic of
imide ions, which may be the result of dynamic or static

randomized over the 192| sites above that temper&ture.
According to thetH NMR measurement result of the solid
lithium imide, the N-H vector is oriented to the middle point
of two adjacent lithium site&. The first-principles calcula-
tions based on the density functional theory (DFT) were used
to identify H positions in LiCa(NH), (details in Supporting
Information). Our detailed DFT calculations onpCa(NH),
reveal that H atoms may distribute over the 6i equivalent
sites (0.1838, 0.8162, 0.1723) around nitrogen atoms, and
the N—H vector orients toward the middle point of two
adjacent lithium sites (LiLi distance 3.566 A). Further
investigations by neutron powder diffraction, NMR, and
neutron inelastic scattering are needed to provide more
information on the position and dynamics of hydrogen in

Conclusions

Thermal dehydrogenation of a mixture of LiNEnd CaH
at a molar ratio of 2:1 led to the formation of a new ternary
imide Li;Ca(NH). The crystal structure of kCa(NH) was
determined by powder XRD. It adopts the trigonal antia
structure (space grol®8mil). The cell parameters and atomic
fractional coordinates were refined by the Rietveld method.
Furthermore, local coordination states around Li and Ca in
the LioCa(NH), crystal were investigated B{i MAS NMR
and by XAFS at the Ca K edge, respectively, and the results
were in good agreement with the results of the XRD
measurement.
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