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We have solved and refined the crystal structure of the orthorhombic γ-phase of Ca(BD4)2 by combined
synchrotron X-ray powder diffraction, neutron powder diffraction, and ab initio calculations. Among five
structural candidates giving the same quality of the fit of the diffraction data, the structural model with the
highest symmetry and space group Pbca is the most appropriate. This is supported by the implicit presence
of the Pbca symmetry operations in the low-symmetry space groups in both experimental and DFT calculated
structures. The Ca atoms are surrounded by six BD4 groups that have similar distortions as reported for the
�-phase of Ca(BD4)2. On the basis of the experimental structures, free energies of the R-, �-, and γ-phases
are calculated in the range 300 K < T < 620 K. The phase transitions are observed in the same temperature
range by means of X-ray diffraction on Ca(BD4)2 + MgD2 and pure Ca(BD4)2 samples. According to the ab
initio calculations, the R-phase is the ground state at 0 K. At room temperature, the calculated free energies
of the R-phase, �-phase, and γ-phase were found to be within ∼0.13 eV/f.u., in agreement with the observed
coexistence of these phases. Moreover, calculations provide insight into trends for relative stabilities of R-,
�-, and γ-phases. That is, with increasing temperature, the �-phase becomes more stable, while the metastable
γ-phase becomes more destabilized with respect to the R-phase.

I. Introduction

Alkali and alkaline earth complex hydrides are in the focus
of current research on hydrogen storage, due to their high
hydrogen content.1-4 Besides a high storage capacity, a hydrogen
storage material should allow a reversible and sufficiently fast
hydrogen release and uptake at temperature/pressure conditions
reasonably close to the ambient ones. Ca(BH4)2 with a gravi-
metric hydrogen density of 11.5 mass % and a volumetric

hydrogen density of ∼130 kg m-3 is one of the most promising
alkaline earth complex hydrides for hydrogen storage. It has
the required thermodynamical stability according to ab initio
calculations,5,6 and it is reversible.7,8 However, the main
drawbacks for a technical use of this compound are high
formation/decomposition temperatures and pressures either due
to thermodynamic or kinetic reasons. As a prerequisite to
identify the mechanism of the sorption cycle or to modify the
thermodynamical characteristics, it is mandatory to carefully
characterize these compounds, and to understand its properties.
The determination of the crystal structures and structural phase
transitions are in that view fundamental steps toward a full
characterization of Ca(BH4)2. They provide the ultimate refer-
ence for spectroscopic studies or ab initio density functional
theory (DFT) calculations.
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The Ca(BH4)2 was reported to take at least four structural
polymorphs before the decomposition in a temperature range
from 300 to 650 K.5,9-14 The polymorphs present in the samples
as well as the subtle structural phase transitions between them
depend on the sample synthesis.9-14 According to recent Raman
and infrared spectroscopy measurements,15 no further structural
transition is likely to occur upon cooling down to 80 K. An
orthorhombic structural phase with space group Fddd (no. 70)
named the R-phase9,10 was initially determined.5,12 Recently, a
tetragonal structural phase named the �-phase9,10 was solved12

with space group P42/m (no. 84) and an orthorhombic structural
phase named the γ-phase9,10 with space group Pbca (no. 61)
was indexed12 with unit cell a ) 13.0582(3) Å, b ) 8.3882(5)
Å, and c ) 7.5108(4) Å. A tetragonal structural phase named
the R′-phase14 with space group I4j2d (no. 122) was recently
reported resulting from a second order phase transition observed
between the R-phase and the R′-phase.13,14 Lower-symmetry
structural models, refined with soft restraints on the geometry
of the BH4 tetrahedra, were recently proposed for the R-phase
and �-phase.14

In the present work, we have solved the crystal structure of
the orthorhombic γ-phase of Ca(BD4)2 by combined X-ray and
neutron powder diffraction on samples synthesized by a wet
chemical method.16 This synthesis method yields pure Ca(BD4)2

samples with the orthorhombic γ-phase present in a large
amount. The structure solution of the γ-phase could be carried
out thanks to the previous structure determination of the R-phase
and �-phase,5,12 both present in a significant amount in the
sample. Among Ca(BH4)2 samples synthesized by solid-gas
mechanochemical or wet chemical methods, the orthorhombic
γ-phase was hitherto the last one to be determined. Thus, we
could use the complete structural information to perform DFT
calculations of the free energy of the R-, �-, and γ-phases of
Ca(BH4)2/Ca(BD4)2 and provide a qualitative picture of the
thermodynamics for temperatures up to 620 K. Calculated free
energies have been compared to phase transitions monitored
by synchrotron radiation X-ray powder diffraction (SR-XPD)
on a Ca(BD4)2 sample synthesized by the wet chemical method,
and by laboratory source X-ray powder diffraction (XPD) on a
Ca(BD4)2 + MgD2 sample synthesized by the solid-gas
mechanochemical reaction.9

II. Methods

A. Experimental Section. For the identification and indexing
of the γ-phase, samples of Ca(BH4)2 and Ca(BD4)2 were
synthesized by wet chemical synthesis16 at the Forschungszen-
trum Karlsruhe GmBH(FZK), Germany. All samples were
handled exclusively in vacuum or in inert gas prior to filling
into glass capillaries or vanadium sample containers used for
the diffraction measurements. Details on the synthesis of the
samples and indexing of the γ-phase of Ca(BH4)2 and Ca(BD4)2

are described elsewhere.12,16,17

For the solution and refinement of the γ-phase, SR-XPD data
was collected on the sample of Ca(BD4)2 at 300 K on the high-
resolution powder diffractometer of the material science (MS)
beamline at the Swiss Light Source (SLS) at the Paul Scherrer
Institute (PSI) in Villigen (Switzerland). The wavelength was
0.954872(2) Å. Neutron powder diffraction (NPD) data was
collected on a Ca(BD4)2 sample of the same batch at 300 K.
The data was collected at the high-resolution powder diffrac-
tometer for thermal neutrons18 (HRPT) at the Swiss spallation
neutron source (SINQ) at the PSI. Diffraction patterns were
recorded with monochromatic neutrons of a wavelength of
1.885(1) Å (see also the Supporting Information).

The space group candidates were determined by a systematic
profile matching of the data with all of the possible orthorhombic
space groups, considering all six permutations of labeling of
the orthorhombic symmetry directions. The profile matching was
carried out using the program FullProf19 (version 4.30). The
structure solution of the γ-phase was performed by the program
FOX20 (version 1.7.6.2) using combined SR-XPD and NPD data
for all of the space group candidates fitting all the indexed
γ-phase peaks in the profile matching. A structure solution was
found by FOX for the space group P212121 (no. 19), for the
three distinct projections of the space group Pca21 (no. 29),
and one of the two distinct projections of the space group Pbca
(no. 61) (see Figure 5 and Table 4 in the Supporting Informa-
tion).

The combined SR-XPD and NPD Rietveld refinement of the
five structural models was carried out using FullProf. The final
refinement of the best γ-phase structural model of Ca(BD4)2

with space group Pbca (see Figure 1 and details of the refined
structural model in Table 1) was performed with in total 107
free parameters (including additional phases). All of the
structural parameters were refined without imposing any re-
straints on bond lengths or angles. Details of the final refinement
are provided in the Supporting Information.

The study of the coexistence and phase transitions of the R-,
�-, and γ-phases of Ca(BD4)2 was carried out by means of X-ray
diffraction data collected at selected temperature steps in the
range 300 K < T < 620 K. We monitored the phase transitions
in a sample of pure Ca(BD4)2 synthesized by wet chemical
synthesis and in a sample of Ca(BD4)2 + MgD2 synthesized by
the solid-gas mechanochemical reaction. A high-resolution
diffractometer was necessary to clearly separate and identify
the diffraction peaks of the R-, �-, and γ-phases in the pure
Ca(BD4)2 sample synthesized by wet chemical synthesis. On
the other hand, an XPD measurement on the Ca(BD4)2 + MgD2

sample was sufficient to follow the R-, �-, and γ-phases due to
the largely dominant amount of the R-phase in the sample with
respect to the γ-phase. The γ-phase was exhibiting an isolated
peak in the diffractogram sufficiently strong to reliably track
this phase. Immediately after the measurement at each temper-
ature, the sample was quickly cooled to room temperature by
removing the heating device and a diffractogram was recorded
at room temperature, allowing the reversibility/metastability of
the different structural phases to be followed. XPD data was
collected for the Ca(BD4)2 + MgD2 sample between 300 and
590 K on a Bruker D8 powder diffractometer (Cu KR radiation).
The sample was filled into a 0.7 mm diameter glass capillary,
and the temperature was controlled using an MRI high-
temperature capillary furnace. SR-XPD data was collected with
the same procedure for the pure Ca(BD4)2 sample between 300
and 590 K on the high-resolution powder diffractometer of the
Swiss-Norwegian beamlines (BM01B-SNBL) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble (France).
The sample was filled into a 1.0 mm diameter glass capillary,
the wavelength was 0.51986(2) Å, and the temperature was
controlled using an Oxford Cryostream 600 blower.

B. Theoretical. The structure and the normal-mode analysis
of Ca(BH4)2 were calculated within density functional theory
(DFT).22 The chemical elements were represented by the
projected augmented plane-wave23,24 approach (PAW),25 with
the electronic configuration of 1s1 for H, 2s22p1 for B, and 2s2

for Ca. The calculations were carried out within the generalized
gradient approximation (GGA) and the PW9126 exchange
correlation functional with the kinetic energy cutoff 400 eV.
Thewavefunctionsweresampledaccording toaMonkhorst-Pack
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scheme with a k-points mesh of spacing 0.07 Å-1. The ground
state electronic density was determined by iterative diagonal-
ization of the Kohn-Sham Hamiltonian. All considered struc-
tures were optimized with constrained symmetry and volume
of the unit cell, until the forces exerted on atoms were smaller
than 0.01 eV/Å. Then, the shape and volume of the unit cell
was relaxed and the relaxation procedures were repeated until
self-consistency was achieved. In the last step, the symmetry
constraints were removed and internal atomic positions were
relaxed.

After this step, the normal-mode analysis was performed by
finite displacement of the symmetry inequivalent atoms. Each
ion was displaced by 0.02 Å in two opposite directions along
all crystallographic axes. From the forces obtained via such
calculations, the dynamical matrix was constructed and diago-
nalized. The diagonal elements of such a dynamical matrix
represent normal modes at the gamma point. The zero point
vibration energy and finite temperature properties were calcu-
lated within the harmonic approach; details are presented
elsewhere.27

III. Results and Discussion

In this section, the solution of the structure and the refinement
of the γ-phase is primarly discussed. In the second part, having

the structure of the γ-phase in hand, the coexistence and phase
transitions of the R-, �-, and γ-phases observed in a temperature
range of 300 K < T < 620 K are discussed together with the
calculated free energy of each phase.

A. Orthorhombic γ-Phase Structure of Ca(BD4)2. The
refinements of the orthorhombic structural model candidates
identified for the hitherto unsolved orthorhombic γ structural
phase (with corresponding space groups P212121 (no. 19), Pca21

(no. 29), and Pbca (no. 61)) were carried out in two steps.
Initially, the structural models were refined by imposing

antibump soft restraints on the B-D interatomic distances (1.2
Å) and D-D distances (2.0 Å). These restraints are based on
interatomic distances from structural results reported in the
literature for alkali and alkaline earth tetrahydroborates.12,28-35

In the second step, the structural models were fully released.
An equivalent quality of fit (for both neutron and X-ray pattern)
was obtained for all refined structural models, and they exhibit
an undistinguishable Ca and B network (see Table 4 and
Figure 5 in the Supporting Information). For the refinements
without restraints, in spite of the significant distortion observed
for the BD4 of the space groups P212121 and Pca21, the same
orientation of the BD4 tetrahedra as for the restrained structural
models is preserved for all candidates (see Table 4 and Figure 5
in the Supporting Information).

Figure 1. Result of combined NPD (a) and SR-XPD (b) Rietveld refinement of the Ca(BD4)2 γ-phase using diffraction patterns measured on
Ca(BD4)2 at 300 K. Rows of Bragg-peak positions follow the order of the legend in part a.
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In order to quantitatively estimate the deviation of the low-
symmetry models from the Pbca symmetry (see the Supporting
Information), the symmetry determination algorithm of the
software Superflip21,39 was applied on the refined low-symmetry
structural models (P212121 and Pca21). This algorithm analyses
the scattering density for given symmetries, and provides a
symmetry agreement factor for each symmetry operation
compatible with the crystal lattice.40 All of the symmetry
operations of the Pbca space group were found in the P212121

and Pca21 restrained structures with the symmetry agreement
factors smaller than 8% (see the Supporting Information). This
is an indication that the Pbca symmetry is the appropriate one.
Subsequently the same test was performed on the fully released
structures. In spite of the distorsions of the BD4 geometry in
the structural models with P212121 and Pca21 space groups (see
Table 4 and Figure 5 in the Supporting Information), the
symmetry operations of the space group Pbca all yield agree-
ment factors lower than 14%, a value that still indicates a strong
probability of their presence in the structure. Other symmetry
operations compatible with the orthorhombic symmetry yielded
agreement factors larger than 40%, showing thus clearly their
absence in the structure.

A further check was obtained by a series of ab initio
calculations of the electronic contribution to the formation
energy of the γ-phase candidates. The normal-mode frequencies
calculated for all of the structural models are real, indicating
their stability at finite temperatures. The optimization of
structural parameters of the P212121 and Pca21 structural models
resulted in Pbca symmetry with negligible energy differences
of ∼3 meV/f.u. dictated by the accuracy of the calculations.
This corroborates the experimental results by emphasizing that
almost no difference has to be expected for this structure,
whatever P212121, Pca21, or Pbca symmetry is used for its
representation.

We propose the structural candidate with the Pbca space
group presented in Table 1 to be the final model. Our choice is
based on the higher symmetry of the space group Pbca, the
more regular refined BD4 tetrahedra with appropriate B-D and
D-D interatomic distances in this symmetry, and both experi-
mental and theoretical strong indications that the Pbca symmetry
is embedded in the lower-symmetry structural candidates.

By comparison with previous displacement parameters re-
ported in the literature29,33,36-38 for LiBH4 and LiBD4, the atomic
displacement parameters lower than Biso ) 5 Å2 indicate that
very little disorder is expected for this structure, especially for
the BD4 reorientations. Even though the peak overlap in the
diffraction data resulting from the coexistence of the three phases
of Ca(BD4)2 induces some additional distortion of the refined
structural models in the present work (especially for the R- and
�-phases both having little weight fractions in the sample; see
Table 2), the BD4 tetrahedra in the γ-phase exhibit similar
distortions as reported in the literature12 for the �-phase of
Ca(BD4)2 (see Table 2). The difference between the shortest
and the longest interatomic distance within a tetrahedron is less
than 14.5% for the B-D distances (for the two indipendent
tetrahedra: 1.06(3)-1.24(3) Å and 1.17(3)-1.33(3) Å), and less
than 10.8% for D-D distances (for the two indipendent
tetrahedra: 1.86(4)-1.95(4) Å and 1.90(4)-2.13(4) Å). Like
for the R- and �-phases of Ca(BD4)2, in the γ-phase, the Ca
atoms are surrounded by six BD4 groups. Figure 2 illustrates
the local octahedral BD4 coordination of Ca for the R-, �-, and
γ-phases of Ca(BD4)2. The local environments of the Ca atoms
differ between the three phases by different BD4 orientations
and deformation of the BD4 octahedral coordination (see Figure
2). The R- and γ-phases exhibit somewhat more distorted
octahedra with respect to the more regular and higher-symmetry
�-phase. This can be seen in differences between the shortest
and longest B-B interatomic distances between the BD4 groups
surrounding the Ca atoms. These differences are of 11%
(3.91(2)-4.366(1)Å)for the�-phaseand14%(3.807(7)-4.442(2)
Å) to 17% (3.82(2)-4.618(19) Å) for the R- and γ-phases.
Figure 2 provides a further illustration of the highest symmetry
of the local environment of the Ca atoms in the �-phase, where
the B atoms of the BD4 groups labeled I-IV in Figure 2 lie in
a plane containing the Ca atom. By contrast, for the R- and
γ-phases, the B atoms of the BD4 groups labeled I-IV are not
contained in a single plane. The overall similar octahedral BD4

coordination of Ca is reflected by the little differences between
the calculated free energies of the three phases discussed below
(see Figure 4). However, it is worth noting that, in spite of these
similarities in coordination and calculated formation energy,
differences in densities can be as large as ∼4% between the
density of the R-phase and the densities of the �-phase and
γ-phase (the density of the �-phase and γ-phase are almost
identical; see Table 3).

B. Phase Coexistence and Structural Phase Transitions
of Ca(BD4)2. The coexistence of the R-, �-, and γ-phases as
well as the kinetics of the phase transitions between these phases
are very much dependent on the synthesis method of the
samples.9,10 Therefore, the phase transitions in a Ca(BD4)2 +
MgD2 sample synthesized by mechanochemical reaction and
in a pure Ca(BD4)2 sample synthesized by wet chemical
synthesis were investigated. Calculated free energies including
vibrational entropy in a quasiharmonic approximation were
computed for the R-, �-, and γ-phases in the same temperature
range.

At room temperature, as can be seen in Figure 3, the R-phase
and γ-phase are present in different ratios in both samples. The

TABLE 1: Refined and Calculated Structural Parameters
for the Ca(BD4)2 γ-Phase (Space Group Pbca (no. 61); Z )
8)

Experimental; T ) 300 K; a ) 13.0584(8) Å, b ) 8.3881(4) Å,
c ) 7.5107(4) Å

site x/a y/b z/c Biso (Å2)

Ca/8c 0.6276(7) 0.379(1) 0.366(1) 2.7(2)
B1/8c 0.225(4) 0.410(6) 0.480(5) 1.6(7)
D11/8c 0.264(7) 0.344(10) 0.348(12) 4.9(7)
D12/8c 0.265(6) 0.347(12) 0.596(12) 4.9(7)
D13/8c 0.237(6) 0.535(9) 0.473(13) 4.9(7)
D14/8c 0.136(7) 0.368(10) 0.480(10) 4.9(7)
B2/8c 0.503(3) 0.842(5) 0.817(6) 1.6(7)
D21/8c 0.524(6) 0.688(9) 0.798(11) 4.9(7)
D22/8c 0.409(6) 0.867(13) 0.814(12) 4.9(7)
D23/8c 0.542(6) 0.862(10) 0.956(12) 4.9(7)
D24/8c 0.542(7) 0.921(10) 0.708(12) 4.9(7)

Calculated; a ) 12.7709 Å, b ) 8.1738 Å, c ) 7.3328 Å

site x/a y/b z/c

Ca/8c 0.6281 0.3763 0.3660
B1/8c 0.2260 0.4106 0.4687
D11/8c 0.2710 0.3536 0.3359
D12/8c 0.2676 0.3565 0.6062
D13/8c 0.2270 0.5598 0.4628
D14/8c 0.1326 0.3773 0.4699
B2/8c 0.5033 0.8411 0.8159
D21/8c 0.5231 0.6981 0.7854
D22/8c 0.4089 0.8717 0.8090
D23/8c 0.5371 0.8687 0.9689
D24/8c 0.5448 0.9245 0.6992
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�-phase is only observed in the pure Ca(BD4)2 sample. The
calculated free energy difference between P42/m and Fddd
phases is within 0.13 eV/f.u. at room temperature (see Figure
4). This brackets the upper boundary of the interphase energy
separation. Accounting for the configurational entropy of the
�-phase (discussed below) reduces further the free energy
difference between the phases, and it is compatible with the
observed phase coexistence.43 At room temperature, the R-phase
has the lowest quasiharmonic free energy (the R-phase is in
fact the ground state of Ca(BD4)2) and the �-phase the highest.
The calculated free energy of the γ-phase is only ∼0.08 eV/
f.u. higher than the free energy of the R-phase, still lower than
the free energy of the �-phase (see Figure 4).

Stepwise heating of the sample shows that the R-phase starts
to transform to the �-phase at a slightly lower temperature than
the γ-phase. This is emphasized for Ca(BD4)2 by the decrease
of the R diffraction peak measured at room temperature after
subsequent heating at 440 and 490 K in Figure 3d, while the γ
diffraction peak remains unchanged. The same behavior was
observed for Ca(BD4)2 + MgD2 in Figure 3a, where at 440 K
the decreasing of the R diffraction peak corresponds to an
increase of the � diffraction peak, while the γ diffraction peak
remains unchanged. For Ca(BD4)2 + MgD2, as can be seen by
comparing the diffraction data at 440 K in Figure 3a and at
room temperature after heating at 440 K in Figure 3b, the
R-phase reversibly transforms to the �-phase in a narrow

TABLE 2: Comparison of Selected Interatomic Distance Ranges of BD4 Tetrahedra and Ca-BD4 Octahedra, for the Three
Phases of Ca(BD4)2

a

phase T (K) B-D (Å)/Δ (%) Ca-B (Å)/Δ (%) B-B (Å)/Δ (%)

R12 300 1.164(11)-1.174(11)/0.9 2.885(8)-2.901(1)/0.6 3.807(7)-4.442(2)/14.3
R5 b 300 1.107(30)-1.124(37)/1.5 2.905(2)-2.982(23)/2.6 3.798(6)-4.437(5)/14.4
Rc 300 1.071(17)-1.123(17)/4.6 2.900(1)-2.921(10)/0.7 3.799(3)-4.439(2)/14.4
R5 d 1.229-1.240/0.9 2.910-2.914/0.1 3.822-4.474/14.6
Rc,d 1.222-1.232/0.8 2.899-2.938/1.3 3.798-4.434/14.3
�12 480 1.02(3)-1.16(3)/12.1 2.930(9)-2.957(14)/0.9 3.91(2)-4.366(1)/10.4
�c 300 0.96(3)-1.48(6)/35.1 2.90(2)-2.950(14)/1.7 3.88(2)-4.37(3)/11.2
�12 d 1.217-1.227/0.8 2.797-2.869/2.5 3.794-4.303/11.8
γc 300 1.06(3)-1.24(3)/14.5e 2.861(13)-2.972(16)/3.7 3.82(2)-4.618(19)/17.3

1.17(3)-1.33(3)/12.0e

γc,d 1.220-1.224/0.3e 2.769-2.921/5.2 3.748-4.509/16.9
1.216-1.232/1.3e

a The difference between the two extreme values of each considered range Δ (%) is indicated. b Ca(BH4)2 sample. c This work (R- and
�-phases only indicative due to their little weight fraction in the studied samples). d Calculated. e Interatomic distance of the two unequivalent
BD4 tetrahedra in the structure.

Figure 2. BD4 coordination of Ca atoms for the experimental R-phase,12 �-phase,12 and γ-phase of Ca(BD4)2. Directions of observation are indicated
by the numbered arrows; BD4 groups labeled I-IV lie in a plane containing the Ca atom in the �-phase but not in the R-phase and γ-phase.

TABLE 3: Unit Cell Volume and Density of the r-, �-, and γ-Phases of Ca(BD4)2

sample T (K) VR/FR [Å3/(g/cm3)] V�/F� [Å3/(g/cm3)] Vγ/Fγ [Å3/(g/cm3)]

Ca(BD4)2 300 857.1(1)/1.2060(1) 206.36(2)/1.2523(1) 822.7(1)/1.2565(2)
Ca(11BD4)2 + MgD2

a 300 855.0(1)/1.2090(1) 824.1(5)/1.2544(8)
480 210.69(1)/1.2266(1) 850.9(9)/1.215(1)

a Only Ca(11BD4)2 is considered,12 with the atomic mass of natural boron.
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temperature range roughly between 410 and 470 K (unfortu-
nately the same behavior could hardly be seen in the data
measured on the pure Ca(BD4)2 sample). Above ∼470 K (see
Figure 3a), the �-phase becomes metastable upon cooling; i.e.,
when the sample is cooled down to room temperature after
heating, only a part of the �-phase is transformed back to the

energetically more favorable R-phase. Above ∼530 K, R- and
γ-phases are transformed into the �-phase. For pure Ca(BD4)2,
the same phase transition of the R- and γ-phases into the �-phase
is observed up to ∼590 K, where the whole sample is
transformed into the �-phase. By contrast to the sample
synthesized by mechanochemical reaction, the metastable
�-phase transforms only very slowly to the R-phase upon
cooling. This is illustrated in Figure 3e for diffraction data of
Ca(BD4)2 heated to 620 K and subsequently cooled down to
300 K. Immediately after having reached 300 K (the cooling
rate is 0.5 K/min), no diffraction peak from the R-phase could
be observed; however, subsequently keeping the sample at 300
K for 1 h allowed a tiny peak corresponding to the R-phase to
be measured.

In first approximation (configurational entropy is not included
in the quasiharmonic approach), calculations of the free energy
of the phases draw partly a different equilibrium thermodynamic
picture than experimentally observed. That is for temperatures
below the decomposition of Ca(BD4)2 the R-phase has the lowest
free energy and the �-phase the highest. However, in Figure 4,
the plots of the difference of the quasiharmonic free energy with
respect to the R-phase indicate that, with increasing temperature,

Figure 3. XPD data from Ca(BD4)2 + MgD2 (top): (a) at increasing temperature steps; (b) at room temperature after heating at the temperature
steps in opposite on part a; The background of parts a and b differs due to the use of a furnace for part a. SR-XPD data from Ca(BD4)2 (bottom):
(c) at increasing temperature steps; (d) at room temperature after heating at the temperature steps in opposite on part c; (e) at 620 K and at room
temperature immediately after cooling from 620 K (thin line) and 1 h after cooling from 620 K (thick line).

Figure 4. Calculated free energy difference as a function of the
temperature. Solid line: difference between the �-phase (space group
P42/m) and R-phase (space group Fddd). Dashed line: difference
between the γ-phase (space group Pbca) and R-phase (space group
Fddd).
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the �-phase becomes more stable with respect to the R-phase,
while the γ-phase becomes less stable with respect to the
R-phase. A direct consequence of this result is that the γ-phase
is metastable at any temperature below the decomposition
temperature of Ca(BD4)2.

For further discussion of the phase transitions, we consider
the Helmoltz free energy F, expressed as

where U is the internal energy of the system and T is the
temperature. The entropy S can be divided into harmonic Sh(ω),
anharmonic Sa(ω,T), and configurational Sc(�,T) contributions:

One has to keep in mind that the quasiharmonic approach
considers only the harmonic term of the entropy Sh(ω); the terms
accounting for anharmonicities Sa(ω,T) and configurational
disorder Sc(�,T) are not taken into account.

As recently reported38 for LiBH4 and LiBD4, DFT calculations
in the quasiharmonic approximation can quantitatively describe
the structure of light complex hydrides, provided that no
significant disorder is involved (i.e., negligible Sa(ω,T) and
Sc(�,T) terms). For the R-phase, the distortion of the BD4 groups
(see Table 4 in the Supporting Information) is comparable with
previously reported calculations for the BD4 groups in LiBD4.33,38

This indicates that in the R-phase the Sa(ω,T) and Sc(�,T) terms
are expected to be small, in agreement with the small displace-
ment parameters reported for this phase12 at room temperature.
Unlike calculated regular BD4 geometry (see Table 4 in the
Supporting Information), distorsions of the BD4 groups are
reported experimentally for the γ-phase and �-phase (combined
X-ray and neutron Rietveld refinement of models without any
geometrical restraints). For the γ-phase, the larger distortions
of the BD4 groups reported experimentally in the present work
suggest a larger nonharmonic part of entropy Sa(ω,T) than for
the R-phase. The anharmonic part results from anharmonicities
of the local potential for the BD4 groups. However, no significant
disorder is expected in this phase, since the atomic displacement
parameters of the hydrogen atoms are comparable with the ones
of the R-phase. Therefore, for the γ-phase, the configurational
entropy Sc(�,T) is likely to be negligible. The large atomic
displacement parameters of the hydrogen atoms in the �-phase
suggest possible disorder of the BH4 orientations.12 For this
phase, neglecting the Sc(�,T) term (i.e., configurational entropy)
may result in a significant underestimation of the entropy
contribution, preventing any quantitative thermodynamical
analysis involving the �-phase. Nevertheless, all phases can be
qualitatively described in quasiharmonic approximation,41,42 and
the description will underestimate the entropy of the γ-phase
and especially the �-phase.

Accounting for the anharmonic and configurational terms will
shift the free energy of the �-phase to lower values. This
indicates that, upon heating, the trend (see Figure 4) between
phase stabilities seen by quasiharmonic results will be enhanced,
and the �-phase may eventually become more stable than the
R-phase. This would be in good agreement with the phase
transition observed from the R-phase to the �-phase. On the
other hand, the free energy of γ- and �-phases may equalize
upon heating (corresponding to the crossing of the two difference
plots in Figure 4). This suggests that, at a certain temperature,
the relative stability between the γ- and �-phases may swap,

and the γ-phase becomes the least stable of the three phases.
This last result explains that, once the sample is heated above
the temperature of the γ-� phase transition, the γ-phase never
appears again upon cooling. Finally, it has to be mentioned that
the time-scale difference observed for the kinetics of the �-R
phase transition upon cooling between the two samples may be
due to the different barriers between the energy levels of the
R-phase and �-phase. It is at the moment not possible for us to
conclude if this is due to the presence of MgD2 or Mg3Ca4D14

in the sample synthesized by mechanochemical reaction12 or if
this is related to particle size effects. Kinetics effects associated
to energy barriers between the metastable γ-phase and the R-
and �-phase are also likely to be responsible for the R-� phase
transition occurring at a lower temperature than the γ-� phase
transition.

IV. Conclusion

We report on the solution and refinement of the orthorhombic
γ-phase crystal structure of Ca(BD4)2 in the Pbca symmetry,
determined by combined X-ray and neutron diffraction, and
supported by ab initio calculations. Diffraction data were
measured on a Ca(BD4)2 sample synthesized by the wet chemical
method where the orthorhombic γ-phase is predominant. Five
structural model candidates have been identified (in P212121

symmetry, three distinct projections of the Pca21 symmetry, and
Pbca symmetry) all equivalently fitting both neutron and X-ray
diffraction data. All five structural models were found very
similar; quantitative tests of the true symmetry of the low-
symmetry models revealed that all structural models were very
close to the symmetry Pbca, and therefore, the refinement in
Pbca was considered to be the most appropriate one. Moreover,
the structural model in space group Pbca is among the
candidates the one exhibiting the most appropriate size and
geomery of the BD4 tetrahedra.

The free energy difference of the three phases calculated
within DFT quasiharmonic formalism is of the order of ∼0.13
eV/f.u. at room temperature, which is compatible with the
observed phase coexistence (the R-phase is the ground state,
and the �-phase the highest energy state). The temperature-
dependent free energy of the R-, �-, and γ-phases is presented
together with the coexistence and phase transitions of the R-,
�-, and γ-phase monitored at selected temperature steps by X-ray
diffraction in a temperature range of 300 K < T < 620 K.
Ca(BD4)2 + MgD2 synthesized by solid-gas mechanochemical
reaction and pure Ca(BD4)2 synthesized by the wet chemical
method were investigated, since they exhibit a different kinetics
of the phase transitions. Considering that configurational entropy
is neglected, the thermodynamic picture obtained from the
calculation of free energies is limited to trends on relative
stabilities of the structural phases. According to ab initio
calculations, with increasing temperature, the �-phase becomes
more stable with respect to the R-phase. By contrast, with
increasing temperature, the γ-phase is predicted to become less
stable with respect to the R-phase. This trend provides insight
on thesexperimentally observedsmetastability of the γ-phase,
which is moreover never the most favorable structure (i.e., with
the lowest free energy among the three phases) at any temper-
ature. The observed phase coexistence also indicates the first
order transformation between phases, where nonharmonic effects
are crucial. The γ-phase is most probably stabilized by an energy
barrier between the γ-phase and �-phase free energy levels. This
barrier is possibly responsible also for the apparently kinetically
hindered γ-� phase transition occurring at a slightly higher
temperature than the R-� phase transition. A more quantitative

F ) U - TS (1)

S ) Sh(ω) + Sa(ω, T) + Sc(�, T) (2)
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theoretical study of the coexistence and phase transitions of the
R-, �-, and γ-phases should in the future account for nonhar-
monic effects, in particular for the �-phase.
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Chem. ReV. 2007, 107, 4111.
(4) Grochala, W.; Edwards, P. Chem. ReV. 2004, 104, 1283.
(5) Miwa, K.; Aoki, M.; Noritake, T.; Ohba, N.; Nakamori, Y.; Towata,
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