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Abstract

Metal hydroborates are versatile materials with interesting properties related to energy storage
and cation conductivity. The hydrides containing BsHg™ (triborane, or octahydrotriborate) ion, have been
at the center of attention for some time as reversible intermediates in the decomposition of BH,~ (3BH4~
< BsHg™ + 2H,), and as conducting media in electrolytes based on boron-hydride cage clusters. We report
here the first observation of two phase transitions in CsBsHs prior to its decomposition above 230 °C. The
previously reported orthorhombic room temperature phase (here named a-CsBsHs) with the space group
Ama2 changes into a new phase with the space group Pnma at 73 °C (here named £-CsBsHsg), and then
into a face-centered cubic phase, here named )~CsBsHs, at 88 °C. These phases are not stable at room
temperature thus requiring in situ measurements for their characterization. The phase transitions and
decomposition pathway of CsBsHg above 230 °C were studied with in situ synchrotron powder X-ray
diffraction (SR-PXD), in situ and ex-situ vibrational spectroscopies (Raman and FTIR), and differential-
scanning calorimetry combined with thermo-gravimetric analysis (DSC-TGA). The structure
determination was validated by vibrational spectroscopy analysis and modeling of the periodic structures
by density functional methods. In y-CsBsHs, a significant disorder in BsHs™ positions and orientations
was found which can potentially benefit cation conducting properties through paddle mechanism.

Keywords: octahydroborate, triborane, borohydride, in situ synchrotron PXRD, in situ Raman,
DFT, CRYSTAL17, solid-state electrolytes, hydrogen storage.

Introduction

Inorganic hydroborates is a very large class of compounds comprising an anion [BxHy]** and a
metal cation. Hydroborates have many uses, for example, in organic synthesis, catalysis, medical
diagnostics, as liquid electrolytes, and as fuels.'* The interest in boron hydride chemistry was strongly
reinforced by search for hydrogen storage materials for hydrogen economy.5” The compounds of the
practical importance have been alkali, alkaline-earth and light transitional metal borohydrides
(M™(BH4)x) with high gravimetric hydrogen densities. Magnesium borohydride Mg(BHa4). is of
particular interest for hydrogen storage. It was suggested to decompose via formation of a BsHs™
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intermediate.® ® On the other hand, it is known that BH,~ salts are the decomposition reaction products of
BsHs™ in the alkali metal salts.’® ** In this respect, the question of pyrolysis of BsHs™ salts is of a
particular interest since, if BsHs~ decomposes to BH,4™, it is unlikely that BH.~ selectively decomposes to
BsHs™. It was in fact recently shown that an additional source of hydrogen is required for the selective
BsHs~ — BH4~ coversion.* In addition to attractive hydrogen-storage properties, high-temperature (HT)
phase polymorphs have shown excellent ion-conducting properties.™® 4 These ion-conducting properties
can be preserved at lower temperatures if the conducting phase is stabilized at RT by, for example, ion
substitution, ™" which paves the way to room-temperature solid state electrolytes with excellent ion
conductivity.'4 18

The rich structural chemistry of inorganic hydroborates containing [BxHy]*" anions was recently
reviewed by Cerny et al.'® The structure, hydrogen uptake, ion conducting properties of NaBsHs 2% and
KB3Hs,!? as well as novel synthesis methods for several octahydroborate salts?® were described. In the
case of KB3Hs (potassium octahydroborate), two new phases were reported in addition to the RT phase'?
and reorientational dynamics of BsHs™ was studied with neutron scattering. 24

Cesium octahydroborate, or triborane, (CsB3Hs), has long been known among other borohydrates
as a starting compound for the synthesis of higher boranes. Pyrolysis of CsBsHg at 230°C under vacuum
affords good yields (60%) of CsBgHs and is accompanied by the formation of CsB1oH10, CsB12H12, CsSBH4
and hydrogen gas {Clark, 1968 #65}. The decomposition pathway was previously established primarily
by mass spectrometry and nuclear magnetic resonance, whereas diffraction studies have not been carried
out so far. Although the RT structure of CsBsHs (referred to as « phase in this work) was reported in 1989
5, no other phases have been observed so far.

In this work, we report on two new high-temperature phases of CsBsHg, here named f-, and y-
CsBsHs, which were observed by calorimetric studies and by in situ synchrotron X-ray diffraction. The
structures of the two new phases, -, and y-CsBsHs, were determined by Rietveld refinement of the
diffraction data. The experimental analysis was supported by periodic Kohn-Sham density functional
(KS-DFT) calculations. The vibrational properties of BsHs~ were analyzed basing on the calculated
spectra and on the crystal field splitting.?® The phase transitions were also characterized by in situ Raman
spectroscopy.

Materials and Methods

CsB3Hs was purchased from Katchem and stored in Ar-filled glovebox. Synchrotron powder X-
ray diffraction (PXRD) studies were performed at the ESRF-SNBL synchrotron radiation facility, at the
beamline BMO1A using a 0.681630 A wavelength and a 2D Pilatus detector. For the in situ
measurements, as received CsBs;Hgs powder was placed in a 0.5 mm boronglass capillary and heated by an
air blower to 570 °C at the 5 °C/min under a dynamic vacuum. The PXRD patterns were recorded every
10 sec, during which the capillary was rotated by 10°. The temperature of the air blower was calibrated
from the melting points of In, Sn, and Zn standards. Additional data were obtained at selected
temperatures at BMO1B with a CMOS detector using a wavelength of 0.505131A. For these
measurements, the 0.5 mm boronglass capillary was spinning rapidly during data acquisition. The 2D
diffraction images were integrated with Fit2D software, using LaBs powder from NIST as the calibration
standard for the sample-to-detector distance. The patterns were analyzed by simulated annealing and
Rietveld refinements using Topas Academic version 6. 2’

Differential scanning calorimetric combined with thermogravimetric (DSC-TGA)
measurements were performed with a Netzsch STA 449 F3 Jupiter instrument. Samples were measured in



Al,O3 crucibles with pierced lids at a heating rate of 5 °C min in a 50 ml/min Ar flow. CsBsHsg was heated
in the RT — 575 °C range in one study. In the second study, the compound was heated stepwise to 200,
231, 450, and 600 °C. The reaction products after each step were analyzed with SR-PXD, IR, and Raman
spectroscopies.

Raman scattering spectra were obtained with the REINSHAW inVia Raman Microscope. The
spectra of the powders sealed in the glass capillaries were obtained with a 532 nm excitation wavelength
in the 4000-50 cm™ spectral region.

Attenuated total reflection Fourier transformed infrared (ATR FTIR) spectra were measured
with a Bruker Alpha-Platinum infrared spectrometer (internal reflection element in diamond). The spectra
were obtained in the range of 4000-375 cm™ with a resolution of 2 cm™ with 32 scans averaged for each
spectrum and the background. The samples were measured without any dilution. All the IR measurements
were conducted in an argon-filled glove box with exception of the measurements of hydrated samples that
were collected in air. Hydrated samples for the infrared study were obtained by wetting a sample slightly
with distilled water. The subsequent partial dehydration was achieved leaving the sample in a fume hood
at RT in air and taking the spectra during the day. The complete dehydration was achieved after degassing
the sample in dynamic vacuum at 120 °C overnight.

DFT calculations have been performed using the CRYSTAL17 program?® by means of the
Becke’s three-parameters hybrid exchange functional®® supplemented with the Lee, Yang, and Parr’s
gradient-corrected correlation functional® (hereafter B3LYP). All-electron Gaussian type basis sets of
triple- valence quality were adopted for B and H atoms. For the Cs atoms, the ECP46MDF basis set and
the corresponding energy-consistent, relativistic pseudopotentials have been used.®: 32 From the original
ECP46MDF basis set, the two diffuse orbitals have been removed.

Three phases of the CsBsHg have been considered: a, 5, and y. Both lattice parameters and atom
positions were fully optimized, if not otherwise specified, by keeping the initial space group symmetry
fixed. The crystallographic unit cells used in the calculations contain four formula units (CssB12Hs,). For
[ and a phases, the same space group observed experimentally was adopted (Ama2 for & and Pnma for )
and the Rietveld refined structures were used as the starting geometry. Gamma-phase is characterized by
a high symmetric structure with many partly occupied B- and H-sites which represent the average of
different orientations of the [BsHg] units. In the calculations, it was not possible to consider a partial
occupation of crystallographic sites. The input structure was constructed from the experimental one
orienting the [BsHg] present in the cell randomly. This cell contains four formula units and the space
group is P1. It was verified that the initial orientation of the borohydrate units does not influence the final
relaxed structure.

For numerical integration of the exchange-correlation term, a (75 974) pruned grid was adopted.*
The threshold conditions for convergence in self-consistent field (SCF) iterative procedure was set to 108
and 107° hartree for geometry and frequency calculations, respectively. The Pack—Monkhorst/Gilat
shrinking factors for the reciprocal space were set to 8 and 8, corresponding to 260 and 260 points at
which the Hamiltonian matrix was diagonalized. The accuracy of the integral calculations was increased
by setting the tolerances to 7, 7, 7, 7, and 25. To accelerate convergence in the SCF process, a modified
Broyden’s scheme,* following the method proposed by Johnson,* was adopted. The method was applied
after 5 SCF iterations, with 70 % mixing of the Fock/Kohn—Sham (KS) matrices and the Johnson’s
parameter set to 0.05. The above computational parameters ensured full numerical convergence on all
computed properties described herein.



Vibrational frequencies at the I" point and their IR and Raman intensities were calculated on the
optimized geometries by means of a mass-weighed Hessian matrix, obtained by numerical differentiation
of the analytical first derivatives.®® Infrared and Raman intensities were calculated via an entirely
analytical procedure based on a linear response.®” ® A Lorentzian broadening of 5 cm™ was adopted for
Raman spectra while a Gaussian broadening of 5 cm™ was adopted for the IR spectra. No scaling factors
have been applied to the calculated values of the vibrational modes.

Results and Discussion
1. Phase-transitions in CsBsHsg

The DSC-TGA studies of CsBsHs in 22 — 565 °C temperature range showed several temperature-
induced events (Fig. 1a). Below 200 °C, four endothermic peaks (Tons = 74, 102, and a doublet at 140-160
°C) with a total weight loss of 2.60 % were observed. The nature of those peaks was clarified in the
further heating — cooling — heating cyclic studies within the same temperature range (Fig. 1b). Only the
first two peaks at T = 74 - 108 °C were reproducible during all the heating and cooling stages and were
therefore assigned to phase transitions in CsBsHs (Fig. 1b). No weight loss was associated with these
peaks upon heating. The double DSC peak observed at T = 140-160 °C in Fig.1la and the corresponding
weight loss of 2.60 % were assigned to desorption of impurities (most probably, Cs(Bs;O0s)-xH.O as
indicated by pattern library search). The subsequent in situ SR-PXD data, shown in Fig.1lc, clearly
demonstrated two phase transitions before decomposition of the sample above 200 °C and at temperatures
very close to those observed in the DSC experiments. In particular, the diffraction peaks from the RT
phase of CsBsHg disappeared after 75 °C, and a new phase, denoted as phase I, was formed. Phase | was
transformed to phase Il at 109 °C. The weak diffraction peaks assigned to Cs(B3z0s)-xH20 vanished at 144
-168 °C.

Further, the analysis of ex-situ XRD and FTIR data of the samples heated up to 200 °C (Fig. 2)
showed that:

i) the FTIR spectrum (Fig. 2a) and XRD pattern (Fig. 2b) of the sample heated in Ar until 200 °C,
both recorded ex-situ and at room temperature, were very similar to those measured on the as-received
sample with the exception of a decrease of intensity of the broad peaks around 3500 and 1500 cm™ in
FTIR spectra and of the weak peaks due to the impurities in the XRD patterns. This clearly indicated that
phase Il reverted to the RT-modification on cooling. This is also confirmed by different XRD patterns
obtained in situ at 200 °C (Fig. 2¢) and ex-situ after heating to 200 °C (Fig. 2b).

ii) The ex-situ FTIR spectra and XRD patterns of the samples resulting from thermolysis at 253-
450, and 575 °C were significantly different from those of the as received sample and the one obtained
after thermolysis at 200 °C indicating at least two-steps in the decomposition of CsBsHs: at ca. 250 and
570 °C.

iii) The XRD pattern of the sample after thermolysis at 575 °C shown in on the Fig. 2b differs
from the one obtained at 570 °C in situ (see Fig. 2c). This can be explained by phase-transitions occurring
in the decomposition phases, different decomposition pathways depending on the condition of
decomposition reactions (in this case, in Ar and in dynamic vacuum for the ex-situ and in situ
measurements, respectively), or additional decomposition steps around that temperature not captured in
one of the experiments.



Additional FTIR study, presented in the SI (Fig. S1), shows the correlation of the FTIR peaks
around 3500 and 1500 cm™ with water content in the sample. This study was carried out with the purpose
to identify the water-related products in the FTIR spectra. Notably, water can be removed from the
CsBsHs upon heating in air and eventually in vacuum at 120 °C.

Thus, two new modifications of CsBsHs were observed in in situ SR-PXRD and DCS-TGA
measurements, and both the ex-situ XRD patterns and FTIR spectra indicated that these high temperature
polymorphs were not preserved upon cooling to RT.

2. Decomposition of CsBsHs

Decomposition of CsBsHg was observed in the TGA-DSC data as a strong exothermic peak and a
1.88% weight loss in the 212-244 °C temperature range (Fig. 1a). The initial decomposition products
were stable up to 490 °C, after which they further decomposed with a weight loss of ca. 5 wt%. The FTIR
spectra and XRD patterns of the reaction products, obtained ex-situ after each reaction steps, confirmed
the formation of new phases. The in situ SR-XRD patterns recorded above 203 ‘C also confirmed the
changes in the crystalline phase composition of the sample. In particular, phase Il disappeared in favor of
several new phases. One of them, phase 11, was stable up to 460 °C, and subsequently transformed into
another crystalline compound(s), phase IV. Another phase, V, formed at/above 203 °C was stable up until
the end of the measurement at 570 °C.

Hydrogen comprises 4.6 wt% of pure CsBsHs. Disregarding the initial 2.6 wt% weight loss as
release of impurities, it can be inferred that the weight loss during the first decomposition step was 1.9
wt%. Desorption of diborane B;Hs during the first step can be ruled out as this would had resulted in a
weight loss of almost 16 wt% with respect to pure CsBsHs. Thus, it can be concluded that the main
gaseous product of the first decomposition reaction is H,. The second decomposition step resulted in at
least 5 % weight loss thus suggesting the desorption of volatile reaction products other than H,.

3. Crystal structure of polymorphs
3.1 SR-PXD

The SR-PXD data collected at SNBL BMO1 with a Pilatus detector had clearly issues with
preferred orientation due to the small rotation of the capillary during data acquisition, and structure
analyses were therefore performed with data collected from spinning capillaries with the CMOS detector
at SNBL BMO1B.

The Rietveld refinement of the RT phase of CsBsHs is shown in the ESI, Fig. S2, and the phase |
and phase Il are depicted in the Fig. 3. Rietveld refinement of the RT phase was performed with the
previously reported structure as a starting point. Soft constraints were put on bond-distances and angles in
the BsHs unit and weighted so that the distances agreed within 0.02 A and angles within 5° of those found
by DFT. An excellent fit was obtained with minor changes in the structure model compared to the
previous report (Fig. S2).%

The structures of the high-temperature phases were solved ab-initio. Indexing in Topas indicated
an orthorhombic unit cell for the phase | and systematic extinctions suggested Pnma space group
symmetry. Structure solution was performed with simulated annealing in Topas where the BsHs unit was
treated as a rigid body. Subsequent Rietveld refinement was performed with soft constraints, similar to
the RT-refinement, rather than rigid body description of BsHs. The final fit to the experimental data is
shown in Fig. 3a.



Phase Il was indexed according to a face-centered cubic unit cell. Rietveld refinements were
performed assuming a NaCl-type structure (space group Fm-3m) with Cs in one site (4a) and
orientationally disordered BsHs on the other site (4b), similar to HT-KB3Hs.1® A non-scattering reference
atom was placed in the 4b site and B, H1, and H2 were placed in general positions (1921) 1.05 A, 1.55 A
and 1.96 A from the reference atom, corresponding to the distances from the center of the Bs-triangle to
the three B, the two bridging H atoms and the six terminal H atoms, respectively. The occupancies were
adjusted to get 12 boron atoms in the B site, 8 H atoms in the H1 site and 24 H atoms in the H2 sites. The
distances where soft constrained to not change more than +0.02 A. During Rietveld refinements, the B
atom moved very close to a 48i position while both H atoms moved close to 96k positions. The atoms
where thus put in these positions and the occupancies were adjusted accordingly. The Cs atom got at very
high displacement factor (Bis, = 21 A®), similar to what Griderslev et al. reported for the HT-structure of
KB3Hs.X° They revised their structure based on quasi-elastic neutron scattering data, and moved the K*
slightly away from 4a to a partly occupied general site.* The same approach was adopted in this work for
the refinement of the phase Il which led to a better fit (Fig. 3b) and a more sensible displacement
parameter for Cs*. The cation moved close to a 96k position, where it was placed in the final refinement.

The RT phase of CsBsHg and the phases I and Il were thus named o-, -, and y-CsBsHs,
respectively.

3.2 Periodic DFT calculations.

The DFT calculations provided the order of stability expected based on the different temperature
at which each phase was observed: o resulted the most stable phase, while £ and y appeared to be higher
in energy of 0.7 and 9.9 kJ mol per formula unit, respectively.

A very good agreement between the experimental and the DFT optimized cell parameters was
obtained for a- and $-CsBsHs, as shown in the Table 1. The calculated RT structure agrees with the
experimental structure also with respect to the atomic positions. The optimization starting from the
experimental atomic positions ended up in a structure where the BsHg units were restored. A good
agreement was also obtained for the calculated Raman and IR spectra frequencies (see Section 3.3 and
Fig. S3).

The direct comparison between DFT and experiment for y-CsBsHs is make difficult by the
difference between the model and the real system (see Materials and Methods). An optimization allowing
a full relaxation of both the lattice parameters and the atom positions ended up in a unit cell having
parameters significantly different from the experimental ones (a = 8.905, b = 7.340, ¢ = 9.137 A versus a
=b =c=8.44 A, respectively). This was due to the preferential alignment of all the BsHg™ units in the xz
plane in the calculated structure, instead to be averaged equally among four directions as in the
experiments (and none of them coincident with the xz plane). The density of the calculated structure was
essentially coincident with the experimental density. This theoretical structure has a simulated XRD
pattern significantly different from that of the experimental one. The optimization was then performed by
keeping the unit cell parameters fixed to the experimental values. The increase in energy of the RT
structure so optimized with respect to the fully relaxed one was very small (5.3 kJ mol per formula unit).
In this case, the simulated XRD pattern agree with the experimental one, while the theoretical Raman and
IR spectra are showing a significant larger number of peaks than the experimental spectra, due to the
lower symmetry of the model (Fm-3m versus P1: see Section 3.3 and Fig. S3).



3.3. Vibrational properties of CsBsHg phases

Raman, FTIR, and inelastic neutron scattering spectra of CsBsHg were reported and tentatively
assigned before by Tomkinson et al.,?® however, without taking into consideration the crystal field
splitting in then unknown crystal structure. Here we present the analysis of the vibrational properties of
CsBsHg in Ama2 (C,,,) crystal field. The calculations of vibrational frequencies were performed on the
primitive cell with Z=2.

Molecular ion BsHs™ has Cp symmetry®® and 27 normal modes of vibrations. These can be
represented as I 9%s = 9A; + 5A; + 6By + 7B,.%° In the CsBsHs, the site symmetry of BsHs™ is reduced to
Cs. Crystal field splitting (C,,,) in the primitive cell with Z = 2 gives rise to total of 54 vibrations
of BsHs™ excluding the rotational and translational modes. These are transformed, according to the
correlation rules shown in the Table 2, as Iyane = 15A:1+ 12A,+ 15B; + 12B,. The total reducible
representation for the unit cell of a-CsBsHs, including translations of Cs atoms, is expressed as ol =
20A; + 16A; + 16B; + 20B,. Out of these, A; + B; + B, represent acoustic modes.** Thus, the lattice modes
(rotations and translations of the two BsHs™ = 12 modes, translations of Cs = 3 modes) can be written as
Datice = 4A1 + 4A2 + 7B,. All the modes are fundamentally Raman-active, those with A; symmetry are
silent in infrared.

Fig. 4 shows the comparison of the experimental and calculated B-H stretching region for the a-
CsBsHs, Peak assignment is summarized in the Table 3. The modes are numbered according to the
calculated peak positions. The DFT calculations significantly overestimate
the energy of B-H stretching vibrations whereas the computed bending modes are in a much better
agreement (Fig. 5). This is a common trend in H-containing molecular solids, and it is associated to the
larger anharmonic character of stretching than bending modes (for examples on borohydrides, see Refs. 4%
17, 43)

Sixteen B-H stretching modes can be expected: vi — vis. They are clearly divided into two regions
separated by about 200-300 cm™*: the twelve modes due to the stretching of the terminal (BH:wrm) and four
modes due to the two bridging (BHw) H atoms in the 2540 — 2250 and 2190 and 1990 cm™?, respectively
(experimental data). In BsHs™, there are two types of terminal hydrogens: those at B1 (4 H atoms) and at
the B2 (2 H atoms) (Fig. 4 and Table 3). All the terminal H are located out of the B-B-B plane. Two
stretching modes are expected for the B2-Hem (Symmetric, Ai, asymmetric, B1), and the crystal field
splitting results in four of those modes ((A: + B1) and (A1 + B1)). For the B1-Hwm group, one in-phase
symmetric stretching, vs.in, (A1), One out-of-phase symmetric, vsou, (B2), one in-phase asymmetric, vas-in,
(B1), and one out-of-phase asymmetric, vas-out, (A2), modes are expected each split into two due to the
crystal field. In the solids containing BH4 ions, the totally symmetric stretching of terminal H atoms has a
lower energy than the asymmetric stretching.” 4> 4 44 A similar trend can be seen here according to the
calculations: vas (B2-Herm) shifted by 30 cm™ to the higher frequencies compared to the vs (B2-Herm) and
the symmetric and asymmetric modes for B2-Heem stretching demonstrate the same trend. The BH, modes
represent in-phase and out-of-phase stretching of the two B2-H-B1 groups as shown in Fig. 4 with black
and red arrows, respectively. Here, the in-phase stretching is larger in energy than the out-of-phase
motion by almost 40 cm™. The computed crystal field splitting is small for the BH stretching modes
reaching at most 10 cm™. Besides, there is a significant out-of-phase coupling between vs.in (B1-Hierm) and
vs (B2-Hierm).

In the IR spectrum, the most intense feature in the higher-energy region is found at 2467 cm™ and
can be assigned to the asymmetric stretching (B1) of B2-Hem (v2) by comparison with the computed

7



infrared intensities. In the Raman spectrum, its counterpart could be suggested at the same position, 2467
cmt having the A; symmetry (v1). In the following, the peaks in the Raman spectrum are assigned mostly
to the symmetric modes whereas those in the FTIR spectrum are assigned to the asymmetric modes. The
most intense Raman peak at 2454 cm™* was assigned to the symmetric, A1, B2-Hem Stretching. It has also
the highest intensity in the calculated spectra (v4 at 2541 cm™) and does not have a distinguishable
counterpart in FTIR. The By component of this vibration (vs3) is thus considered to be too weak both in
Raman and IR. The asymmetric stretching modes of B1-Hwem groups are grouped around a shoulder at
2530 cm™. The vasout (B1-Heerm) has a very low calculated FTIR intensity for the B, component whereas
the A, component is IR-inactive. At the same time, the vas.in (B1-Hwem) has a very high predicted IR
intensity. In the experimental Raman spectra, a doublet can be observed at 2416 and 2406 cm™ whereas
only one peak is observed in this area in the IR. Thus, the Raman doublet is assigned to the vas.in (B1-
Hterm) and vas-out (B1-Hwerm), Whereas the singlet at 2405 in the FTIR spectra is assigned to the vas.in (B1-
Hwerm). The remaining peaks in the spectra were assigned to the symmetric stretching of the B1-Hem and
in-phase and out-of-phase B2-H-B1 groups.

In the experimental Raman spectrum, a weak feature, which is marked with an asterisk in the Fig.
4, is visible at 2226 cm between regions for terminal (BHrm) and bridging (BHyr) H atoms. In the earlier
work,? this peak was assigned to the vs (A2) fundamental. In our calculated spectra, however, there are no
features between the BHwem and bridging BHy, regions. Therefore, we suggest to re-assign this feature to
an overtone of a bending mode. The position of this overtone at 2226 cm™! matches well with the peak of
a fundamental mode at 1111 cm™. Thus, about half of the predicted frequencies were observed in the
experimental spectra in accordance with the calculated very small crystal filed splitting. In this analysis,
The B1°-B!! splitting was not taken into consideration due to the rather broad experimental peaks. The
isotopic splitting mostly affects the modes involving large displacements of boron atoms. The
anharmonicity and Fermi resonance are known to add to the complexity of the experimental spectra of
borohydrides (containing BHs cm™ ions),*? and cannot be fully ruled out here.

Most of the spectral features in the low-frequency region, shown in Fig. 5, involve motions of
most atoms in the BsHg™ anions. The calculated IR and Raman spectra represent the experimental spectra
very well and thus the features were assigned by direct comparison of the computed and experimental
intensities. In the experimental Raman spectrum, the most distinguishable features are assigned to the
symmetric stretching of the B-B-B rings at ca. 800 cm™. This mode has a very weak intensity in the IR.
The intensity of the asymmetric stretching mode both in IR and Raman is very weak. The motions
involving the librations of the whole BsHs anions were computed below 185 cm™, and those involving
Cs and BsHs™ translations were predicted below 100 cm™. A full list of the modes and of their assignment
to atomic displacement is reported in Table 3.

The phase transitions in CsBsHs were followed by in situ Raman spectroscopy. During phase
transitions, the changes in geometry and local environment of BsHs™ should be reflected in the vibrational
spectra. Indeed, substantial changes were observed in the B-Hwm Stretching region (Fig. 6). Here, apart
from the temperature-related broadening of the peaks, which was also characteristic for the rest of the
spectra, we observed the rapid decrease in intensity of the peaks centered around 2412 cm™ and assigned
to the asymmetric stretching of Bl-Hem. This was accompanied by decrease in the intensity of the
bending modes of this group, in particular the v, at 1214 cm™. Thus, a considerable contribution of the
overtones of the bending modes in the stretching region at ca. 2410 cm™ is plausible. The v4 and vz,
modes, assigned to symmetric stretching and bending of terminal H atoms at B2, were observed to shift to
lower energies, i.e., 2453—2442—2431 for v4and 1214—1208—1201 cm* for v, at RT, 88 and 111 °C,



respectively, indicating changes in the geometry of this group (e.g, bond elongation). According to the
refined experimental structures, the B2-H4 bonds are the only ones that underwent slight elongation upon
the first phase transition (Table 4). Thus, we suggest that this can be associated with the red shift in the va
and vz modes assigned to the groups containing this bond. However, these differences, should be
interpreted with caution due to the weak scattering from hydrogen and the elongation within the
uncertainties. The position of the v,7, associated mostly with bending of bridged hydrogen atoms duwist (B-
Hwerm + BHpr) and some contribution from the B-Heem, along with the stretching modes for the bridged B-
H-B groups, did not change the position during the phase transitions. In addition, the intensity of the v
decreased in accordance with the intensity of the peak at 2226 cm™, earlier assigned to 2v,7, as expected.
The relative intensity in the vz mode associated with B-B-B ring asymmetric deformation, significantly
decreased already in f-phase. Besides, a significant broadening upon phase transition was observed in the
peak at 133 cm™. This could be explained if the peak is assigned to BsHs libration modes (computed
below 185 cm™) and orientational disorder of the BsHs anions in the HT phases.

As mentioned above, the B3LYP structure for the y-phase is significantly different from the
experimental one. The calculated structure has a lower symmetry (P1 vs. Fm-3m) and a different
orientation of the BsHs units, which is along the xz plane in the calculated structure, whereas the
orientation of the BsHs units is thermally averaged in all directions in the experimental structure. The y-
phase is in fact a high symmetric structure where both H and B positions have an occupancy < 0.25. This
is likely associated with the high temperature (111 °C) that increases the thermal energy of the atoms,
resulting in orientation disorder of the BsHs units in the y phase. The calculated spectrum for the y-phase
is significantly different from the experimental one (see Fig. S3a) and, as expected from the low
symmetry of the calculated structure, shows a larger number of bands.

Calculated IR spectra have been obtained to help further investigation on the phase transitions in
CsBsHs. The calculated IR spectra are reported in Fig. S3a. Interestingly, IR spectra for a-CsBsz;Hg and #-
CsBsHs phases are significantly different, both in the mid-IR and in the far-IR. Based on these results, IR
spectroscopy is suggested as the most suitable spectroscopic technique to study in situ phase transitions in
CSBng.

3.4 Decomposition products

Fig. 2c demonstrates that CsBsHg decompose at ca. 203 °C and, after this event, the phase
composition is unchanged up to 460 °C (phase(s) Ill). It was reported {Clark, 1968 #65} that
decomposition of CsBsHs at 230°C under vacuum yields 60% of CsBgHg accompanied by some CsBigHio,
CsB12H12 and CsBHa4. CsB1gHag is stable up to 600°C, and CsB12H12 at 810°C. CsB11H1. is converted to an
equimolar mixture of Cs;BioHio and Cs;BizHiz. In an alternative decomposition pathway, CsBH, +
CsBgHs + H2 were suggested to form. # 4 The other octohydroborates of alkali metals were reported to
follow the decomposition reactions:

NaBsHs — NaBHs + Na:B12H1, + NazB1oH10 + impurities (stoichiometry not given )

5KB3;Hs — 3KBH4 + KoB1oH12 + 8H, , where the solid products of the reaction further reacts to
form K3(BH4)(512H12) 10



Interestingly, the experimental PXRD patterns did not match with the available structures of the
Cs hydroborates, i.e, Cs:BgHs, and Cs;B12H12, CsBgH14 as summarized by Cerny et al.(ref) No similarities
where also found with the patterns of RbB1oH10. The most suitable reference compounds were found to be
CsBH, and c-K3BH4B12H12 in the both in situ and ex-situ data obtained at 245 °C and after decomposition
at 450 °C. In fact, most of the peaks in the experimental patterns could be explained by the two phases
(see Fig. S4). Given the smaller size of the K cations, it could be suggested that the Cs hydroborate in
question should contain a smaller closoborane ion, perhaps BsHg> or BioHio?>~. On the contrary, the ex-
situ PXD pattern recorded on the sample decomposed at 253 °C as well as both the in situ and ex-situ
patterns of the sample decomposed at and after 575 °C contain unknown peaks and call for further
investigation.

Some of the decomposition products for CsBsHs are obviously crystalline (Fig. 2c), but some can
be amorphous, as can be seen from elevated background on the Fig. 2b,c, and thus were also analyzed by
FTIR (Fig. 7a). The broad absorption in the 2440 — 2540 cm™ region can correspond to any of the BnHn>"
(n =6,8,9,10,11,12) anions.*” Cs,BgHy Was observed to produce four peaks in the IR in the B-H stretching
region at liquid nitrogen temperature, namely at 2529, 2450, and 2415 cm 1.4’ At room temperature we
would expect the peaks to broaden. Fig. 7a shows that although the two latter peaks can be inferred from
the broad absorption at ca. 2450 cm™, the presence of the first peak as 2529 is not that obvious,
questioning the presence of BgHg 2~ anions in the sample. The FTIR fingerprint for B12H1,~ anions consists
of the features at 2485 (strong, s), 1071 (m), and 719 (m) cm 1.8 Out of these, the first and the last peaks
with low intensity can be clearly observed in the pattern obtained after thermolysis at 575 ¢, whereas the
peak at 1071 cm can be part of the complex absorption region at 1200 — 1000 cm™. Thus, it can be
suggested that Cs;B12H1, was formed at the decomposition step above 500 “° and forms a part of phases
IV, as described in Chapter 2. The weak reflections of the Cs,B12H1, were found also in the correspondent
PXD patterns as discussed above. Infrared spectra of BioH10?™ salts have a very strong absorption at 2470
cm?t (equatorial B-H stretch) with a shoulder at 2530 cm™ (apical B-H stretch). A strong absorption at
1015 cm™* and a weaker one at 1070 cm™* were attributed to cage deformational modes {Clark, 1968
#65}. The peak at 1015 cm™ can be clearly observed in the spectra of the sample obtained below 575 °C
whereas the other peaks coincide with those of Bi2H12?". This peak at 1015 cm™ disappeared at the second
decomposition step. Closo-boranes B,H:*" (n = 6,8,9,10,11,12) do not have peaks in the region 1200 and
2500 cm™,*7 thus, those features in the IR spectra, especially pronounced in the spectrum of the sample
treated at 575 ", might be explained by other classes of boranes. Characteristic modes of BsHs™ could be
observed in the spectra of all decomposed samples (Fi, modes at 2432, 1051, and 731 cm™* in ref. * and
at 2432, 1058-1048, and 734 cm ™ as shown on Fig.7a). Thus the FTIR data seem to indicate that the Cs
compound in the samples after the first decomposition step contain both BsHs> or BioH10%".

The FTIR spectrum obtained for the compound heated to 450 °C clearly showed the peaks due to
CsBH, (peaks 2332, 2244, 2197, 2179, 1111, 1094 cm™1)* in addition to other phases. Crystalline CsBH,4
was also identified in the XRD patterns and was stable up to 460 °C as indicated by the in situ PXD. The
origin of the pronounced features in the broad region 1600 — 1100 cm™* most evident in the spectrum of
the sample decomposed at 575 °C remains unknown. It may indicate the presence of the B-O groups.(ref)

Various gaseous boranes were detected in the decomposition of NaBzHs 2! in addition to BH4~ and
B12H12~ solid-state species. In these experiments, however, the insignificant weight loss did not indicate
the release of gaseous boranes in stochiometric quantities although the weight loss was higher than that
expected from the release of pure H». It might be suggested that the gaseous boranes reacted immediately
with the solid reaction products to form other hydroborates.

10



In situ PXRD and Raman experiments indicated a slightly lower decomposition temperature, as
crystalline CsBH4 was observed already around 200 . The in situ Raman spectra have registered
numerous new phases that were formed already at 190 °° and existed only for 20 minutes (Fig. 7b) at the
constant temperature before changing into the mixture containing CsBHas. The difference in the
decomposition temperatures can be explained by temperature calibration of the Raman set-up and kinetics
of the decomposition reaction as the phase-transition temperatures in PXRD and DSC experiments were
very close.

Thus, we suggest summarizing the thermally induced reactions in CsBsHs as follows (non-
stoichiometrical):

74 °C 102 °C — 202°C
a-CsBsHs (Ama2) — FCsBsHs (Pnma) —— »-CsBsHs (Fm3m) —— Hzt + CsBH4 (XRD,
520°C
FTIR)...+ CsxBH4B1oH10and/or CsxBH4BsHs (?, FTIR, PXRD) —— gaseous boranes? + Cs;Bi2H1 + 2.

Conclusions

In this work, we have studied two new high-temperature phases of CsBsHs, here named f-, and y-
CsBsHs. The new phases were observed by TGA-DSC measurements and in situ synchrotron X-ray
diffraction. The structures of the two new phases, -, and y-CsBsHs, were determined by Rietveld
refinement of the diffraction data as Pnma and Fm-3m. Structure refinement was supported by periodic
Kohn-Sham density functional (KS-DFT) calculations. The vibrational properties of BsHs™ were analyzed
basing on the calculated spectra and on the crystal field splitting. We have found that the effect of crystal
field splitting is very low but that anharmonicity and Fermi resonance effects might affect the spectra of
a-CsB3Hs. In situ Raman spectroscopy has demonstrated simplification of the Raman profiles. The two
new phases, and in particular the y-phase are characterized by a significant motion of the BsHs ™ units that
can be of interest for solid-state ionic conductivity. The disordered motion of BsHs™ ions was also
reflected in the broadening of librational modes in the in situ Raman spectra.

It was confirmed, that CsBsHs decomposes at 234°C (Tons = 212 °C) with the formation of
crystalline CsBHs, and higher boranes that at present remain unknown calling for further studies. PXRD
patterns indicate the phases similar to c-K3sBH4B12H1, but with a smaller closoborane anion whereas the
FTIR data suggest the presence of BgHg*>~ and/or BioH:o®~ after the first decomposition step. FTIR spectra
indicated that Cs,B12H12 was formed only after decomposition at above 575 °C. PXRD data contain very
weak peaks that could be assigned to Cs,B12H1» suggesting a more complex phase composition. Both the
FTIR and PXRD data contain unassigned peaks calling for further investigations.

We have also shown by the FTIR dehydration study that water can be removed from hydrated
CsBsHs upon heating below 200 °C in dynamic vacuum while cesium borates impurities decomposed at
ca. 150°C °C.
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TABLES

Table 1 Crystallographic data for CsBsHs obtained by Rietveld refinement of HR-SR-PXRD
data and by optimization of periodic models at the B3LYP level.

Phase data

300 K (a-CsB3Hs)

This work, exp.

This work, DFT

Ref. %

Crystal system

Orthorhombic

Orthorhombic

Orthorhombic

Space group Amaz2 (no. 40) Ama2 Ama2

Cell parameters (A), (%) a=8.86567(14) a=8.9881 a=8.8723(7)
b = 8.66340(14) b =8.7653 b =8.6692(7)
€ =7.42725(13) € =7.4220 € =7.4299(25)
a=B=y=90 a=pf=y=90 a=pf=y=90

Cell volume (A3) 570.464(16) 584.7303 571.48

Z 4 4 4

phase | (5-CsBsHs)

Crystal system Orthorhombic Orthorhombic n/a

Space group Pnma (no. 62) Pnma (no. 62)

Cell parameters (A), (%) a=11.4197(2) a=11.34297
b =8.87676(16) b =9.03894
¢ = 5.80554(11) ¢ =5.75032
a=B=y=90 a=pB=y=90

Cell volume (A3) 588.505(19) 589.571

Z 4 4

phase 1 (y-CsB3zHs)

Crystal system cubic cubic n/a

Space group Fm-3m (no. 225) Fm-3m (no. 225)

Cell parameters (A), (%) a=8.44149(19) a=8.44100
a=B=y=90 a=pf=y=90

Cell volume (A3) 601.53(4) 601.43

Z 4 4
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Table 2 Correlation table for the normal
modes of BsHs™ in Cy crystal fields
assuming C; site symmetry

Free ion Site symmetry, Crystal field
symmetry, Cov  Cs(X2) splitting, C2$
A1 N A' -  A1+B:1
Az - A" - A+B:
B1 - A - Ai1+B:
B2 - A" - A2+B2
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Table 3 Peak assignment of the experimental Raman and FTIR spectra of a-CsBs;Hs based
on the spectra calculated on the B3LYP optimized structure. All the frequencies are
reported in cm™.

DFT Experiment Assignment
Vi Energy, Symmet  Raman FTIR
cm™ ry
species
B-H stretching
1,2 2581,2579  A1+B: 2466 (v1) 2467 (v2) vas (B2-Hterm)
3.4 2543, 2541 Bi+A1 2454 (v4) vs (B2-Hterm)
5,6 2534, 2526 Bi+A1 2405 (ve) 2405 (vs) Vas-in (B1-Hterm)
7,8 2529, 2519 B2+A2 2416 (VB) Vas-out (Bl-Hterm)
9,10 2490, 2487  A1+B: 2360 (vo) 2360 (v10) Vein (B1-Hterm)
11,12 2486, 2477  AxtB: 2330 (v11) 2325 (v12) vs-out (B1-Hterm)
13-14 2266, 2265 Bi+A1 2126 (v14) 2120 (v13) vs (BHor)
15-16  2223,2218 A+B2 2086 (vis) 2080 (vi6) vas (BHur)
B-H-B bending and B-B stretching
17-18  1418,1417 A1+B1 Jsci-in (B-Hterm + BHor)
19-20 1273,1271 A2 +B2 ~1210 (v20) Jsci-out (B-Hterm + BHor)
21-22  1264,1263 Bi+A1 1214 (v22) dsci (B-Hterm)
23-24  1232,1232 Bi+A1 1181 (v24) 1180sh (v23)  dsci (B-Hterm)
25-26  1230,1222 B2+A2 1168 (v25) dwag(B1l-Hterm ) + 8sci (B2-Hor) + 8(BHbr)
27-28 11711171 Ax+B2 1111 (v27) Stwist (B-Hterm + BHor)
29-30 1098,1096 A1+Ba1 1047 (va9) Stwist (B2-Hterm)
31-32 1067,1054 A2+ B2 1000 (V32) Swag (BZ-Hterm) + Swag(Bl-Hterm)
33-34 1002,1002 A2+ B2 Stwist (B-Hterm)
35-36 928,928 Bi+A1 Srock (B-Hterm)
37-38 850,849 Bi+A1 802(A1, 1°B), 802(vs7), vs (B-B-B), ring “breathing”
790 (A1) (vss)
39-40 843,843 B2+A2 782(v39) Srock (B1-Hterm) + Stwist (B1-Hterm)
41-42 821,818 A2+B2 739 (va1) 735 (va2) vas (B-B-B)
43-44 751,750 Bi+A1
45-46 731,731 A1+B1
47-48 561,560 Bi+A1 550 (vas) B-B-B ring deformation
49-50 521,490 A2+ B2 468 (va) B-B-B ring deformation
51-52 472,470 rock (Bl-Hterm)
53-54 249,229 drock (B1-Hterm) + Stwist (B1-Hterm)
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Table 4 Selected experimental bond
distances and angles for CsBsHs

a-CsBsHg  B-CsBsHg

bond distance (A)

B(1)- B(2) 1.779(15)  1.78(3)
B(1) - B(1) 1.807(18)  1.77(3)
B(1) - H(11) 1.22(8) 1.22(8)
B(1) - H(12) 1.23(6) 1.21(10)
B(1) - H(15) 1.27(4) 1.25(10)

B(2) - H(23) 1.24(10)  1.21(11)
B(2) - H(24) 1.20(12)  1.23(9)
B(2) - H(25) 1.44(4) 1.44(8)

bond angle (deg)

B(2) B(1) B(1) 59.5(4) 60.1(1)
B(1)-B(2)-B(1) 61.0(8) 59.7(13)

H(11)-B(1)- 111(5) 117(5)
H(12)
H(24)-B2-H(23)  108(8) 108(7)
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