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A B S T R A C T   

In this study, experimental determination and computational prediction are combined to investigate the for-
mation of a mixed amide-hydride solid solution for the CsNH2–CsH system in a wide compositional range. The 
experimentally obtained results strongly indicate that a complete amide-hydride solid solution Cs(NH2)xH1-x with 
a stable cubic structure is achievable when the molar fraction of amide (x) is lower than 0.9. These results 
validate and confirm our data computationally via first-principles calculations, including the simulations of 
infrared (IR) and nuclear magnetic resonance (NMR) spectra for structures of various compositions as well as the 
determination of the dipolar coupling constants. Both the computed vibrational frequencies and 1H chemical 
shifts of CsNH2 and CsH moieties in the Cs(NH2)xH1-x (x = 0.2, 0.5, 0.8, 1) solid solution structures agree with the 
experimental IR and 1H MAS NMR data of the mixed xCsNH2+(1-x)CsH samples, confirming the formation of the 
solid solutions. The closest interproton distance in the homogeneous Cs(NH2)0⋅5H0.5 solid solution is computed to 
be 3.67 Å, which is larger than that of the known Rb(NH2)0⋅5H0.5 solid solution (3.29 Å). This work’s combi-
nation of theoretical research and experimentation provides a suitable framework for the structural analysis and 
property estimation of other M-N-H solid solutions.   

1. Introduction 

In the field of hydrogen research, amide-hydride solid-state materials 
are known as promising candidates to store hydrogen effectively and 
safely. In 2002, Cheng et al. [1] discovered the possibility of reversible 
hydrogen storage in lithium amide-hydride systems, e.g., LiNH2–LiH. 
Since then, metal amide-hydride mixtures such as systems based on Mg 
(NH2)2–2LiH [2–9], KNH2–MgH2 [10], KH–Mg(NH2)2 [10], Mg 
(NH2)2–RbH [11], and LiNH2–LiH [12–16], have been extensively 
investigated as potential hydrogen storage materials for mobile and 
stationary applications due to their high hydrogen storage capacity and 
favorable thermodynamics, which in many cases allow for the reversible 
release of hydrogen at temperatures below 150 ◦C. However, 
amide-hydride systems are currently limited to practical applications 
due to their sluggish dehydrogenation/re-hydrogenation kinetics [4–6, 
17–19]. In this context, a deeper understanding of the existing kinetic 
limitations is crucial for the development of advanced amide-based 

materials. In amide-hydride systems, the interplay between H+ ions of 
the amide phases and the H− ions of the hydride phases promotes the 
formation of intermediate phases. Numerous attempts have been made 
to improve the hydrogen sorption rates of metal amide-hydride systems, 
either by using targeted additives [8,20–28], or via the particle size 
reduction of the material [29–32]. Ionic hydrides, such as KH, RbH, and 
CsH, were found to lower the operating temperature of the system and 
improve the hydrogen sorption rates of the Li–Mg–N–H system [10,20, 
33–38]. These improvements are ascribed to the formation of in-
termediates (MMgNH2NH) resulting from the interaction between Mg 
(NH2)2 and MH (M = K, Rb, Cs) [10,11,34,35]. In addition, it was also 
reported that the crystallographic structure of the intermediates 
KMgNH2NH and RbMgNH2NH in the K–Mg–N–H and the Rb–Mg–N–H 
systems, respectively are similar [10,11]. These intermediate phases 
lower the kinetic barrier of the interfacial reaction between Mg(NH2)2 
and KH, and/or RbH in the KH- and/or RbH-doped Mg(NH2)2– 2LiH 
system. In contrast, for other alkali amide-hydride systems, it was also 
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demonstrated that the extent of amide-hydride or amide-imide incor-
poration leads to a mixed metal amide/imide-hydride solid solution. 
This formation of amide/imide-hydride solid solution is mostly due to 
the partial substitution of anionic species which is well-known as an 
effective approach to enhance the ionic conduction of a material [39, 
40]. The formation of a homogeneous solid solution leads to modified 
structures of the material, resulting in the improvement of the ionic 
conductivity of the host materials [41–43]. Several alkali amide-hydride 
solid solutions have been published so far, for example, Li2-xNH1+x solid 
solutions were independently reported by Makepeace et al. and David 
et al. [16,44,45]. Santoru et al. [11,46] have also observed the forma-
tion of the solid solutions K(NH2)xH1-x and Rb(NH2)xH1-x in KNH2–KH 
and RbNH2–RbH systems, respectively. The authors claimed that K 
(NH2)xH1-x and Rb(NH2)xH1-x solid solutions are formed by the ex-
change of amide/hydride anions at the amide/hydride interface and the 
structural properties of these two solid solutions, i.e. K(NH2)xH1-x and 
Rb(NH2)xH1-x, are analogous. 

Given the chemical similarities of potassium, rubidium, and cesium 
compounds [47,48] and the similar performance of KH, RbH, and CsH as 
additives that can improve the hydrogen storage properties of the 
Li–Mg–N–H system [38,49], the probability of the formation of a 
CsNH2–CsH solid solution is high. 

In the frame of this work, we have carried out a systematic study on 
the CsNH2–CsH system as a function of the CsNH2/CsH ratio by 
combining experimental evidence (e.g. ex-situ and in-situ XRD, IR, NMR) 
and theoretical calculations (e.g. first-principles calculations for struc-
tures of solid solution, IR/NMR spectra simulations), the focus being on 
investigating the formation of Cs–N–H solid solutions. The obtained 
results are described and discussed in the following sections. With this 
study, we aim to create an accessible library of Cs–N–H materials that 
can be further investigated for their functional properties as catalysts, 
additives, or ionic conductors as well as to provide a reliable method 
with controlled stoichiometry for synthesizing other functional M-N-H 
solid solutions. 

2. Experimental method 

2.1. Sample preparation 

Cesium hydride (CsH) was synthesized by ball-milling metallic ce-
sium (Alfa Aesar, 99.8%) in 50 bar of hydrogen (H2) at 500 rpm for 13 h, 
using a ball-to-powder ratio (BPR) of 60:1. To obtain CsH powder as a 
final product, the milled material was subsequently annealed at 160 ◦C 
under 70 bar of H2 for 3 h. Cesium amide (CsNH2) was prepared by ball- 
milling the synthesized CsH at 500 rpm with a BPR of 20:1 under an 
ammonia (NH3) atmosphere of 7 bar. The overall milling time was 4 h, 
divided into 2 cycles of 2 h milling and a pause of 30 min in between. 
This was repeated four times reaching an overall milling time of 16 h. 
Between each repetition, the milling vial was evacuated and refilled 
with fresh NH3. To avoid detrimental atmospheric contaminations, all 
samples were prepared in an argon-filled glovebox (MBraun, Germany) 
with oxygen and moisture concentration ≤1 ppm. Mixtures of CsNH2 
and CsH were prepared at different stoichiometric ratios according to 
the following reaction: 

CsNH2 +(1+ x)CsH→Cs(NH2)xH(1− x) (1)  

where x is the molar fraction of CsNH2, and x = {0, 0.1, 0.2, 0.3, 0.5, 0.7, 
0.8, 0.9, 1}. The material mixtures were prepared by hand-grinding 
using an agate mortar. The annealing process was carried out by heat-
ing the materials from room temperature (RT) to 140 ◦C and keeping 
them at 140 ◦C for 3 h. For the ball-milled samples, the material mixtures 
were milled in an 8000 M Mixer/Mill® High-Energy Ball Mill (SPEX 
SamplePrep LLC, Metuchen, NJ, USA) for 10 min using a stainless steel 
vial and stainless steel balls with a BPR of 10:1. 

2.2. Material characterization 

Ex-situ powder X-ray diffraction (XRD) experiments were performed 
using a D8 Discover diffractometer (Bruker AXS GmbH, Karlsruhe, 
Germany) equipped with a Cu Kα radiation (λ = 1.54184 Å) and 2D 
VANTEC detector. The diffractograms were acquired in the 2θ range 
from 10◦ to 90◦, in nine steps with an exposure time of 300 s per step. In 
an argon (Ar)-filled glovebox (oxygen and moisture concentration ≤1 
ppm), a small amount of sample was placed onto a flat commercial 
sample holder and sealed with an airtight lid made of poly(methyl-
methacrylate) which is used to prevent air contamination of the sample. 

In-situ Synchrotron Powder X-ray diffraction (in-situ SR-PXD) ex-
periments were carried out at the diffraction beamline (P02.1) of Petra 
III (Desy Hamburg, Germany) [50] using a monochromatic X-ray beam 
(λ = 0.20761 Å). The diffracted patterns were collected by a Perki-
nElmer XRD 1621 2D detector with an array of 2048 × 2048 pixels and a 
pixel size of 200 μm × 200 μm, using an exposure time of 10 s per scan. 
The samples were loaded under a purified argon atmosphere in sapphire 
capillaries and then mounted on an in-house developed in-situ cell, in 
which operating temperatures and pressures can be controlled [51,52]. 
All measurements were carried out under 1 bar of Ar, the sample was 
heated up from RT to 140 ◦C with a heating rate of 5 ◦C⋅min− 1, kept 
isothermally at 140 ◦C for 10 min, and after that cooled to RT. The 2D 
diffraction images were integrated into 1D diffractograms via the FIT2D 
software and the quantitative analyses were performed by the Rietveld 
refinement method using the MAUD software (Material Analysis Using 
Diffraction) [53]. Structural information of known phases was obtained 
from the Inorganic Crystal Structure Database (ICSD) via the software 
ICSD-Desktop. 

The pristine and mixture samples were characterized by the FT-IR 
technique (Cary 630 FT-IR spectrometer, Agilent Technologies 
Deutschland GmbH, Waldbronn, Germany). The FT-IR spectrometer was 
placed inside an argon circulation glovebox with concentrations of ox-
ygen and moisture lower than 5 ppm. The background was calibrated for 
each measurement. For each measurement, a small amount of material 
was placed on the diamond ATR top plate, and the FT-IR spectrum was 
acquired at RT in a full frequency range of 4000–650 cm− 1 with a 
spectral resolution of 4 cm− 1 and a number of scans of 300. 

Differential thermal analysis (DTA) investigations were carried out 
using a Netzsch STA 409 calorimeter. The sample (~20 mg) was heated 
from RT to 140 ◦C with a heating rate of 5 ◦C⋅min− 1, under an argon flow 
of 50 mL min− 1. 

Solid-state NMR experiments were run on a Bruker AVANCE II 400 
instrument operating at 400.23 MHz for 1H and equipped with a 2.5 mm 
probe. Rotors were packed inside a glovebox to prevent sample 
decomposition. The 1H MAS spectra were acquired at the spinning speed 
of 32 kHz with the DEPTH sequence (π/2–π–π) for the suppression of the 
probe background signal (1H 90◦ = 2.5 μs; 16 scans; relaxation delay 
equal to 131.5 s, corresponding to 5⋅T1). 2D 1H double-quantum (DQ) 
MAS experiments were performed at 32 kHz using the back-to-back 
(BABA) recoupling pulse sequence with excitation time equal to the 
period of the rotor (1H 90◦ = 2.5 μs; 32 scans; t1 increments = 46; 
relaxation delays equal 33.4 s, corresponding to 1.27⋅T1). 1H scale was 
calibrated with adamantane (1H signal at 1.87 ppm with respect to TMS - 
tetramethylsilane) as external standard. 

2.3. Computational methodology 

The experimental findings on the formation of the amide-hydride 
solid solution were evaluated with first-principles calculations. Guess 
structures for the Cs(NH2)xH(1-x) with x = {0.2, 0.5, 0.8} were generated 
with the structure transformation module implemented in the Python 
Materials Genomics (pymatgen) library [54]. The selection of the 
structures for this study took into account the different orientations of 
the amide and hydride moieties, the lattice parameters obtained from 
the Rietveld refinement of XRD patterns, and the calculated total 
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energies. Accordingly, the best appropriate structural models for Cs 
(NH2)xH1-x with x = {0.2, 0.5, 0.8} is illustrated in ESI-Fig. S1. 

Density functional theory (DFT) calculations of the structural and 
vibrational properties were performed with the Vienna ab initio simu-
lation package (VASP) version 5.4.4 [55,56] using the projected 
augmented-wave (PAW) method [57,58]. The exchange and correlation 
effects were described within the generalized gradient approximation 
(GGA) of the Perdew-Burke-Ernzerhof functional for solids and surfaces 
(PBEsol) [59]. All structural relaxations were carried out with an energy 
and force convergence criteria of at least 10− 5 eV/unit and 10− 2 eV/a-
tom, respectively, with a tested plane-wave kinetic energy cut-off of 480 
eV. A k-point sampling grid corresponding to a k-spacing of 0.4 Å− 1 was 
used. Only the ionic positions were allowed to fully relax and the 
long-range dispersive interactions were taken into account by using the 
DFT-D3 dispersion correction with Becke-Johnson damping [60,61]. 

Simulated IR spectra: The force constant matrices required to deter-
mine the phonon frequencies of the optimized Cs(NH2)xH1-x with x =
{0.2, 0.5, 0.8, 1} structures were computed with density functional 
perturbation theory (DFPT) [62,63] in the harmonic approximation. The 
Phonopy package version 2.10.0 [64] in combination with 
Phonopy-Spectroscopy [65] was then used to simulate the IR spectra. 

Simulated NMR spectra: NMR parameters were calculated with the 
gauge-including projector-augmented wave (GIPAW) [66] approach 
implemented in the Cambridge serial total energy package (CASTEP) 
[67] version 20.11. “On-the-fly” generated ultrasoft pseudopotentials 
[68] necessary for the NMR calculations were also employed for the 
prior structural relaxations with CASTEP with a plane-wave energy 
cut-off of 840 eV. Relativistic effects were included with the 
zeroth-order regular approximation (ZORA) [69] to the Dirac equation. 
The charge-density dependent Tkatchenko-Scheffler (TS) [70] correc-
tion was applied to include dispersion effects taking into account the 
local chemical environment of the atoms. The reference chemical shift 
was set at 30.31 ppm by comparing the computed shift tensors with 
experimental chemical shielding values while maintaining the relative 
chemical shift differences. Out of at least 30 different structures gener-
ated for all the compositions, six distinct configurations of the 1:1 
composition were selected to obtain the shift tensors. Their chemical 
shift values were then compared to the experimental data to obtain the 
model configuration. The dipolar coupling was also calculated with 
CASTEP by the method developed by Joyce et al. [71] using DFPT. The 
model structure was used to study the dipolar constant and the corre-
lation between the amide and hydride 1H in the solid solution. An 
open-source program, i.e., MagresView [72], was used to visualize the 
computed spectrum and NMR parameters. The structural models were 
visualized with Chemcraft 1.8. 

3. Results 

3.1. XRD analyses 

The initial reactants, i.e., CsNH2 and CsH, were first investigated 
using ex-situ XRD technique. The obtained and expected diffraction 
patterns are shown in Fig. 1. The diffraction peaks of the synthesized 
CsH are located at the same position as those of the standard CsH pattern 
(ICSD#53236). No additional peaks are detected. Similarly, the 
diffraction pattern of the synthesized CsNH2 shows the typical peaks of 
the CsNH2 phase in agreement with the standard CsNH2 pattern 
(ICSD#25564). Also, in this case, no additional phases are observed. The 
cell structures at RT of CsH and CsNH2 are cubic (Fm3m) and tetragonal 
(P4/nmm), respectively. 

The hand-ground mixtures of CsNH2 and CsH in different stoichio-
metric ratios, i.e., xCsNH2+(1-x)CsH, and x = {0, 0.1, 0.3, 0.5, 0.7, 0.9, 

Fig. 1. Room temperature XRD patterns of synthesized CsH (a) and synthesized CsNH2 samples (b). λ = 1.54184 Å.  

Fig. 2. Room temperature XRD diffractograms on xCsNH2+(1-x)CsH collected 
after the hand-grinding. ♣ = CsH (Fm3m), ο = CsNH2 (P4/nmm), ♠ =
CsNH2 (Fm3m). 
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1}, were characterized by ex-situ XRD and the results of this investiga-
tion are shown in Fig. 2. It can be seen that the diffraction peaks of the 
RT-structure of CsNH2 (tetragonal, s.g. P4/nmm), and RT-structure of 
CsH (cubic, s.g. Fm3m) are still observed for all investigated composi-
tions. In addition, the diffraction peaks belonging to the high- 
temperature (HT) structure of CsNH2 (Fm3m) are identified for the 
compositions x = {0.3, 0.5, 0.7}. 

In order to find out whether the conversion of the starting reactants 
into their solid solutions is possible, a part of the prepared mixtures of 
CsNH2 and CsH was ball-milled and another part was thermally treated 
at 140 ◦C. The XRD diffractograms acquired at RT for the ball-milled and 
thermally treated samples are presented in Fig. 3a and b, respectively. As 
illustrated in Fig. 3a for the ball-milled samples, the tetragonal structure 
of CsNH2 (P4/nmm) and cubic structure of CsH (Fm3m) are not visible, 
but a newly developed cubic Fm3m structure, Cs(NH2)xH1-x, is observed 
for the compositions with x = {0.1, 0.3, 0.5, 0.7}. Additionally, the 
presence of HT-modifications of CsNH2, i.e., cubic structures Pm3m, and 
Fm3m, is detected for the samples with x = {0.1, 0.5}. In particular, the 
appearance of tetragonal CsNH2 (P4/nmm) is noticed next to the new 
cubic Cs(NH2)xH1-x (Fm3m) phase in the sample with x = 0.9, indicating 
either the disproportionation of the Cs(NH2)xH1-x solid solution or the 
incomplete reaction between the amide and the hydride phases. This 
point is discussed in more detail in the section related to the in-situ SR- 
PXD characterization. However, it is assumed that the mutual solubility 
of CsNH2 and CsH leads to the formation of a new cubic structure Cs 
(NH2)xH1-x, in all ball-milled samples. Due to the limited milling time, i. 
e., 10 min, only partial solubility is achieved. Moreover, it is clear at this 
point that the degree of inter-solubility strongly depends on the stoi-
chiometric ratio of amide and hydride in the mixture. Similarly, XRD 
patterns at RT of mixed samples treated thermally were recorded, as 
shown in Fig. 3b. The data from this figure show that the reflections of 
the tetragonal P4/nmm structure of CsNH2 and cubic Fm3m structure of 
CsH are not detected, whereas the single cubic Fm3m phase Cs(NH2)xH1- 

x is observed for all compositions with x = {0.1, 0.3, 0.5, 0.7}, con-
firming the formation of the solid solution. For the samples with x = 0.9 
prepared by ball-milling and by thermal treatment, the diffraction pat-
terns show the presence of the tetragonal CsNH2 (P4/nmm) and the 
cubic Cs(NH2)xH1-x (Fm3m), thus indicating an incomplete conversion 
or instability of the solid solution for this composition. Comparing the 
results of the annealed samples with those of the ball-milled samples, it 
is evident that the temperature promotes the formation of the solid so-
lution as it has already been reported in the literature for the potassium- 
and rubidium-based systems [11,46]. 

For the investigated systems, the phase formation and structural 
changes which occur during the heating and cooling process can be 
assessed by in-situ SR-PXD investigations. Fig. 4 presents the in-situ SR- 
PXD data collected for the ground 0.7CsNH2+0.3CsH composite. At 
the beginning of the heating period (T ~ 26 ◦C), it is possible to notice 
the reflections of the starting reactants, i.e., cubic CsH (Fm3m) and 
tetragonal CsNH2 (P4/nmm). Besides, diffraction peaks of the cubic 
CsNH2 (Fm3m) are also observed, indicating a partial phase trans-
formation of CsNH2 from tetragonal to cubic during hand-grinding. At T 
~35 ◦C, the transition of the remaining tetragonal CsNH2 to the cubic 
polymorph starts, in agreement with DTA observations (ESI-Fig. S2), 
and as was reported in Ref. [47]. With a further increase in temperature, 
the conversion of CsNH2 from the tetragonal (P4/nmm) to the cubic 
polymorph is complete and another cubic Fm3m structure is also 
noticed, i.e., Pm3m at T ~ 35 ◦C and from Pm3m to Fm3m at T ~ 55 ◦C. 
These phase transformations are also visible in the in-situ SR-PXD 
pattern of the pristine CsNH2 (Fig. 5), as discussed later. In addition, 
the diffraction peaks of CsH slightly shift to lower Q-values. The further 
increase of the temperature leads to the shift of the CsNH2 (Fm3m) re-
flections in the direction of higher Q-values and the CsH reflections to-
ward lower Q-values. This process takes place until the diffraction peaks 
of these two phases merge to form a cubic (Fm3m) solid solution, Cs 
(NH2)xH1-x. At T ~140 ◦C (Fig. 4a and 4b), the transformation is nearly 

Fig. 3. Room temperature XRD diffractograms on xCsNH2+(1-x)CsH collected after the ball milling (a) and after the heat treatment at 140 ◦C (b). ♣ = CsH (Fm3m), ο 
= CsNH2 (P4/nmm), ◆ = CsNH2 (Pm3m), ♠ = CsNH2 (Fm3m), Φ = Cs(NH2)xH1-x (Fm3m). λ = 1.54184 Å. 
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finished and the growth of the single cubic solid solution Cs(NH2)xH1-x 

(Fm3m) stops. During the cooling process, no phase changes are 
observed; however, the diffraction peaks of the Cs(NH2)xH1-x (Fm3m), as 
expected, shift toward high Q-values due to the cell contraction. It 
should be noted that the XRD data of the heated sample shown in 
Figs. 3b and 4 do not match perfectly. This is most likely due to the 
different durations of the heat treatment for the two X-ray diffraction 
experiments (i.e., the investigated samples were kept isothermally for 3 
h before acquiring ex-situ XRD in Fig. 3b, whereas this value is only 10 
min in the in-situ SR-PXD experiments in Fig. 4). 

In order to have a complete overview of the dependence of the solid 
solution formation on temperature and composition, the in-situ SR-PXD 
characterization of the samples xCsNH2+(1-x)CsH with x = {0.1, 0.3, 
0.5, 0.9}, plus the pristine reactants (CsH and CsNH2) was also carried 
out and the results are displayed in Fig. 5. It can be seen that for the 
investigated temperature range, no phase transformations occur for the 
pristine CsH (x = 0), whereas for the pristine CsNH2 (x = 1) the phase 
transformation from the tetragonal P4/nmm structure to the cubic Pm3m 
structure takes place at a temperature around 35 ◦C and then Pm3m to 
Fm3m at about 55 ◦C, along with the intensity decrement of the cubic 
Pm3m. During cooling, the HT cubic structure of CsNH2 reverts to 
tetragonal geometry. In particular, similarly to the sample with x = 0.7, 
the partial phase transformation of CsNH2 already started during the 
hand-grinding for the sample with x = {0.1, 0.3, 0.5}, while it is not 
observed for the other compositions with x = 0.9. As the temperature 
increases, for all investigated samples with x = {0.1, 0.3, 0.5, 0.9}, 
diffraction reflections of the CsNH2 (Fm3m) and the CsH (Fm3m) shift 
towards each other to eventually form a new cubic Fm3m phase Cs 
(NH2)xH1-x, which is stable over the cooling step. At the end of in-situ SR- 
PXD experiments, clear differences in the X-ray diffraction patterns are 
noticed. For the samples with x = {0.1, 0.3, 0.5}, diffraction peaks of the 
cubic solid solution Cs(NH2)xH1-x (Fm3m) are observed, suggesting the 
inter-solubility of CsNH2 and CsH. On the contrary, for the sample with 
x = 0.9, the phase transformation of the cubic CsNH2 to the tetragonal 
structure occurs at a temperature below 60 ◦C (during cooling), 
accompanying the presence of the solid solution Cs(NH2)xH1-x (Fm3m). 
At the same time, no intensity decrement of the solid solution Cs 
(NH2)xH1-x (Fm3m) is detected. This implies that the phase transition of 
CsNH2 mentioned above for the sample with x = 0.9 is not related to the 
solid solution disproportionation, but to a lack of inter-solubility (at the 
investigated conditions). In other words, full solubility into the cubic 
phase cannot be attainable as the content of the amide phase is too high 
(≥0.9). 

3.2. Experimental and simulated FT-IR analyses 

The vibrational frequencies of the amide group of the pristine CsNH2 
and the annealed sample with x = 0.5 were characterized by the FT-IR 
technique and then compared with the theoretically calculated spectra 
(Fig. 6a and b, respectively). As seen in Fig. 6a, the stretching vibrational 
signals of the N–H bonds in CsNH2 are observed at 3181 cm− 1 and 3237 
cm− 1 while the N–H bending mode is detected at 1515 cm− 1. Similarly, 
the measured IR spectrum of the sample with x = 0.5 also shows the two 
stretching bands of the N–H bonds at wavenumbers of 3181 cm− 1 and 
3240 cm− 1, and the N–H bending vibrational band at 1515 cm− 1. The 
simulated IR spectra (Fig. 6b) show high-intensity modes for the CsNH2, 
near 3261 cm− 1 and 3340 cm− 1 corresponding to the N–H stretching 
bands and at 1530 cm− 1 for the N–H bending signal, whereas, for the x 
= 0.5 composition for which the solid solution structure of Cs 
(NH2)0⋅5H0.5 was considered (ESI-Fig. S1), these two stretching signals at 
3254 cm− 1 and 3340 cm− 1 and a bending mode at 1501 cm− 1 were 
calculated. Comparing these results with the ones obtained experimen-
tally, it is apparent that in both cases the strength of the bands of the x =
0.5 sample is weaker than those of pristine CsNH2. Similar behavior is 
also observed for the other compositions with x = {0.2, 0.8} (ESI- 
Fig. S3), in which the strength of the vibrational modes is reduced 
corresponding to the reduction of amide content in the Cs(NH2)xH1-x 
mixtures. This is most likely due to the decrease of dipole moment 
caused by the reduction of negative charge on the nitrogen atom 
induced by the substituent (i.e., H), similar to the case of C–H bonds [73, 
74]. The results of the infrared analysis show a good agreement between 
the simulated and the experimental data, especially for the main 
vibrational bands (ESI-Table S1), without applying a correction factor. A 
good agreement was obtained for the main stretching and bending vi-
brations, but the low frequencies were more difficult to match with the 
experimental data. It is also noticed that all the IR intensity calculations 
were made for periodic solid structures and the harmonic approximation 
was considered in the model structure for the IR vibrational calculations: 
this might lead to the remaining small discrepancies between the 
measured and the calculated vibrational spectra. 

3.3. Experimental and simulated 1H MAS NMR analyses 

The formation of solid solutions under the interaction between 
CsNH2 and CsH was further investigated by employing the 1H MAS solid- 
state NMR technique along with computational NMR investigations. 
Fig. 7a shows the measured 1H MAS NMR spectra of the starting mate-
rials and the x = 0.2, 0.5 and 0.8 samples. The chemical shift (δ) of amide 

Fig. 4. In-situ SR-PXD measurement performed on the mixture 0.7CsNH2+0.3CsH, at Petra III (P02.1), Desy (λ = 0.20761 Å). (a) Contour plot of in-situ SR-PXD and 
(b) Corresponding diffraction patterns collected at 26 ◦C, 140 ◦C, and 28 ◦C after cooling. ♣ = CsH (Fm3m), ο = CsNH2 (P4/nmm), ◆ = CsNH2 (Pm3m), ♠ = Cs(NH2) 
(Fm3m), Φ = Cs(NH2)xH1-x (Fm3m). 
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and hydride in the pure samples is found at − 2.7 ppm and 8.8 ppm, 
respectively. For the x = 0.5 sample, the integrals of two signals flaw-
lessly reflect the nominal relative amount of the solid solution, and no 
significant shift of the amide is observed, while the hydride signal 
slightly moves toward a higher frequency (δ = 9.9 ppm). In the simu-
lated 1H MAS NMR spectra (Fig. 7b), the chemical shifts (δiso, ppm) of 
hydride (Ha) and amide (Hb) are obtained at 8.0 ppm and − 1.6 ppm, 
respectively. These signals are distinguishable in the Cs(NH2)xH1-x 
samples. The GIPAW calculated isotropic chemical shift (δiso, ppm) data 
for the hydride (Ha) and amide (Hb) 1H in the CsNH2, CsH, and Cs 
(NH2)xH1-x solid solutions are given in Table 1. Comparing these 

calculated values with those of the measured NMR data, it is obvious 
that the Ha and Hb peaks are distinct in the simulated NMR spectra, 
endorsing the assigned peak positions determined experimentally (Fig. 7 
and Table 1) within a reasonable ~ 1–2 ppm chemical shift difference. 
This also validates the reliability of the selected model structure for 
comparison with the experimental studies. 

3.4. 2D 1H DQ MAS NMR analyses 

The proximity between CsNH2 and CsH is directly evaluated by the 
2D 1H DQ MAS NMR spectrum. Fig. 8 shows the 2D DQ experiment of 

Fig. 5. In-situ SR-PXD measurement performed on xCsNH2+(1-x)CsH samples, x = {0, 0.1, 0.3, 0.5, 0.9, 1}at Petra III, Desy (λ = 0.20761 Å). ♣ = CsH (Fm3m), ο =
CsNH2 (P4/nmm), ◆ = CsNH2 (Pm3m), ♠ = Cs(NH2) (Fm3m), Φ = Cs(NH2)xH1-x (Fm3m). 
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Fig. 6. (a) Experimental and (b) simulated IR spectra of the annealed CsNH2 and Cs(NH2)0⋅5H0.5.  

Fig. 7. (a) Experimental 1H MAS NMR spectra of xCsNH2+(1-x)CsH samples and (b) corresponding simulated 1H MAS NMR spectra of all compositions for which the 
solid solution structure of Cs(NH2)xH1-x was considered. 
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the Cs(NH2)0⋅5H0.5 sample, recorded at a spinning speed of 32 kHz. As 
presented in this figure, a single correlation that corresponds to an 
autopeak for the protons of CsNH2 can be observed, while the auto-
correlation signal for the protons of CsH is too weak to be seen in the 1H 
DQ NMR spectrum. The latter signal, as well as any correlation peak 
between hydride and amide protons, was not observed either in the Cs 
(NH2)0⋅2H0.8 sample or using a longer recoupling time (62.4 μs, equal to 
two rotor periods, instead of 31.2 μs, equal to one rotor period, 
commonly used for strong dipolar coupling). Two hypotheses related to 
the absence of H–H autopeaks and H–NH2 correlations might be 
addressed: (i) the solid solution might not be well-achieved, or (ii) the 
unit cell of Cs(NH2)0⋅5H0.5 is so large to strongly reduce, due to the 1/r3 

dependence, the dipolar interaction between CsH and CsNH2 or other 
CsH protons. In other words, the distance between CsH units and that 
between CsH and CsNH2 units are larger than 3.5 Å [75–78]. Indeed, in 
the DQ experiments under fast MAS with spinning frequencies up to 35 
kHz, the DQ coherences can usually be generated only between 
hydrogen atoms with interproton distances up to 3.5 Å [77,78]. 

4. Discussion 

4.1. Anionic substitution and cell expansion 

The XRD diffraction analyses reported in Figs. 3–5 indicate that the 
formation of a mixed cesium amide-hydride solid solution is possible 
over the whole compositional range and that the quantitative formation 
of a solid solution with a stable structure at RT is considerably influ-
enced by the amide-hydride ratio. In this study, a complete conversion of 
the starting CsNH2 and CsH into the Cs(NH2)xH1-x solid solution is only 
observed for the samples with x = {0.1, 0.3, 0.5, 0.7}. In addition, a clear 

shift of Cs(NH2)xH1-x diffraction peaks towards low Q-values with an 
increase of CsNH2 content is noticed (see Fig. 3b), indicating the 
occurring ionic substitution of NH2

− /H− due to the different ionic radii 
between the NH2

− (rion = 1.73 Å) and H− (rion = 1.53 Å) anions. The 
formation of the cubic solid solution Cs(NH2)xH1-x (Fm3m) suggests the 
full solubility of the two reacting species via the substitution of NH2

− with 
H− occurring upon heating. This is visible in the graph presented in 
Fig. 9, where the unit cell parameters of the cubic Cs(NH2)xH1-x solid 
solution (determined by Vegard’s law and by the Rietveld refinement 
method) are plotted as the function of the amide molar fraction. Obvi-
ously, the unit cell of the solid solution is expanded with the increase of 
amide amount. This graph shows an excellent agreement between the 
cell parameters foreseen by Vegard’s law and those obtained experi-
mentally by Rietveld refinement. 

4.2. Calculation of dipolar couplings 

It is noticed that, as previously shown in Fig. 9, the obtained unit cell 
parameter of the Cs(NH2)0⋅5H0.5 solid solution is as large as 6.560 Å, 
possibly due to the large size of elemental Cs (ionic radius rion = 181 p. 
m.), which reduced the dipolar couplings of distinct 1H pairs in the solid 
solution. To examine these assumptions and to evaluate the experi-
mental results regarding the formation of the solid solutions, the dipolar 
coupling, R(DD), between the protons of amide and hydride in the Cs 
(NH2)0⋅5H0.5 solid solution was visualized with MagresView [72]. For 
comparison, the dipolar coupling was also computed for the homologous 
Rb(NH2)0⋅5H0.5 solid solution for which the 2D 1H DQ MAS NMR spec-
trum was previously reported [11]. As expected, the data presented in 
Table 2 show that the R(DD) values decrease as the distance between the 
protons, r, increases (1/r3 dependence): despite being similar to the Rb 
system, the 1H–1H dipolar coupling is weaker in Cs(NH2)0⋅5H0.5 due to 
the larger 1H–1H distance. 

This can be better illustrated by showing the dipolar coupling be-
tween distinct H–H pairs on the respective models for the 1:1 compo-
sition of Cs and Rb solid solutions, as shown in Fig. 10. This figure shows 
that the closest interproton distance is 3.67 Å, with the respective 
dipolar coupling of ~2.44 kHz in the Cs system. At the same time, this 
value is smaller in the Rb system, i.e., the shortest interproton distance is 
about 3.29 Å, corresponding to a dipolar interaction of ~3.38 kHz. This 
could be caused by the fact that the larger Cs + cations (rion = 181 p.m.) 
versus Rb+ ions (rion = 166 p.m.) also increase the range of interproton 
distances. This provides a clear insight into why the 1H–1H correlation 

Table 1 
Calculated and experimental 1H SSNMR chemical shift of CsH, CsNH2 and the Cs 
(NH2)xH1-x.  

System/Composition Calculated 1H δiso (ppm) Experimental 1H δiso (ppm) 

CsNH2 Ha: 1.6 − 2.7 
CsH Hb: 8.0 8.8 
Cs(NH2)0⋅2H0.8 Ha: 0.0 

Hb: 8.3 
− 3.0 
8.8 

Cs(NH2)0⋅5H0.5 Ha: 1.0 
Hb: 8.4 

− 3.1 
9.9 

Cs(NH2)0⋅8H0.2 Ha: 0.8 
Hb: 8.3 

− 3.0 
10.3  

Fig. 8. 2D 1H DQ MAS NMR spectrum of the Cs(NH2)xH(1-x)sample, recorded at 
a spinning speed of 32 kHz. 

Fig. 9. Unit cell parameters of the Cs(NH2)xH1-x solid solution as a function of 
the amide fraction obtained from Rietveld refinement of the XRD data acquired 
after annealing and Vegard’s law. 
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peak between amide and hydride and hydride autocorrelation is not 
visible in the DQ experimental spectra (Fig. 9). 

Verbraeken et al. [79] showed that BaH2 exhibits hydride ionic 
conductivity rivaling that of the best-known proton conductors, which 
are generally considered the most promising ion conductors in the solid 
state. Rowberg et al. [80] demonstrated intensive studies on defect 
chemistry and ionic conduction in alkaline-earth hydrides (CaH2, SrH2, 
and BaH2). The authors showed that ionic transport is mediated by 
hydrogen vacancies; their low formation energy and small migration 
barrier result in low overall activation energies for ionic conductivity. 
The extension of the high ionic conductivity of these metal hydrides can 
be obtained by doping impurities such as Na, K, Rb, and Cs. The Group 1 
cations have only one valence electron compared to two for the 
alkaline-earth cations, and thus result in the reduced formation energy 
of hydrogen vacancies (VH

+) and increased defect concentrations in the 
compound. For complex hydrides (e.g. amides, borohydrides, alanates), 
the partial ionic substitution, in which cations or anions in the solid-state 
lattice are partially replaced by other ions having a different ionic 
radius, is one of the common ways to improve the ionic conductivity of a 
material. The ionic substitution leads to the formation of either a double 
anion compound or a homogenous solid solution with different crys-
tallographic structures, which affects the structural disorder of a mate-
rial [81]. According to the observed results in this present work, it is also 
expected that the substitution of NH2

− /H− anionic species between 
amide and hydride could affect the disorder of structural lattices (or 
polarized anion sublattices) because of the different ionic sizes of [NH2]- 

(rion = 1.73 Å) versus [H]- (rion = 1.53 Å), and subsequently change the 
functional properties of target materials (i.e., ionic conductivities), 

similar to the already known ionic conduction systems such as LiBH4-LiX 
(X = Cl− , Br− , and I− ) [41,43] and NaBH4–NaI [82]. Indeed, the lattice 
expansion associated with the dissolution of [NH2]- into the CsH struc-
ture is observed, as shown in Fig. 9. Moreover, comparing the atomic 
radii of K, Rb, and Cs, their relative radii difference between them is less 
than 15%, which allows forming solid solutions according to 
Hume-Rothery rules. For these reasons, it is worth investigating the 
ionic conductivity of the alkali amide-hydride systems: MNH2-MH (M =
K, Rb, Cs) and their combinations. Further investigations on the ionic 
conduction of these mixed amide-hydride solid solutions within the 
compositional variation are ongoing in a following up research. 

5. Conclusions 

In this work, the formation of amide-hydride solid solutions for the 
CsNH2–CsH system was thoroughly investigated by combining experi-
mental determination and first-principles computational prediction. 
Within the scope of this study, the following results were obtained.  

• A mixed cesium amide-hydride solid solution within the entire 
compositional range is formed via the NH2

− /H− anionic substitution.  
• Full solubility into the cubic structure seems to be achievable, except 

when the content of the amide phase is too high (x ≥ 0.9).  
• The agreement between the experimental and computed data further 

reveals the further reveals the interaction of amide and hydride in 
their solid solution and confirms the formation of the solid solutions. 

This work will be the base for further studies on the ionic conduc-
tivity of the mixed alkali amide-hydride solid solutions. 
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Table 2 
Calculated dipolar coupling values in Cs(NH2)0⋅5H0.5 and Rb(NH2)0⋅5H0.5to-
gether with the distances r[Ha-Hb] between the respective protons.  

System r[Ha – Hb] (Å) R(DD) (kHz) 

Cs(NH2)0⋅5H0.5 3.66576 − 2.44 
3.77645 − 2.23 
3.81053 − 2.17 
4.37055 − 1.47 

Rb(NH2)0⋅5H0.5 3.22851 − 3.57 
3.28928 − 3.38 
4.52258 − 1.30  

Fig. 10. Dipolar coupling constants between a selected 1H in amide and 1H in hydride, visualized for the model system of (a) Cs(NH2)0⋅5H0.5 and (b) Rb(NH2)0⋅5H0.5 
systems. Green, purple, blue, and white corresponds to Cs, Rb, N, and H in the given order. 
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