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� SR-XRD confirms volume contrac-

tion at the a-Pr (11BH4)3 to r-Pr

(11BH4)3 phase transition.

� Vibrational spectra confirm that B

eH bond length do not change at

this phase transition.

� QENS experiments give the activa-

tion energy for BH4 reorientation.
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a b s t r a c t

Rare earth borohydrides RE (BH4)3 are studied in the context of energy storage, lumines-

cence and magnetic applications. We have investigated the structural behavior of pra-

seodymium borohydride Pr (11BH4)3 containing 11B isotope because of the previously

reported negative thermal expansion. Differential scanning calorimetry (DSC), in-situ var-

iable temperature synchrotron radiation powder X-ray diffraction (SR-PXD) and infrared

studies reveal that Pr (11BH4)3 undergoes to a volume contraction during the phase tran-

sition from alpha a-Pr (11BH4)3 to rhombohedral r-Pr (11BH4)3 phase upon heating to 493 K.

Surprisingly, the phase transition persists upon cooling at room temperature. Vibrational

analysis also shows that the stretching frequency of BH4
� anion does not change upon

heating which indicates that the BeH bond length remains constant during the structural

phase transition from a-Pr (11BH4)3 to r-Pr (11BH4)3 phase. Additionally, the energy barrier of
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QENS
Vibrational spectroscopy
reorientation motion of the BH4
� anion in the a-phase was estimated to be ca 23 kJ/mol by

quasi-elastic neutron scattering (QENS) and Raman spectroscopy.

© 2021 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
are characterized by a volume contraction upon heating.

Introduction

Rare earth borohydrides RE (BH4)3 have found to be promising

materials for a variety of applications. RE (BH4)3 compounds

can be used as phosphor-converted light-emitting diodes (pc-

LEDs) [1e3]. For instance, Eu(BH4)2 (THF)2 shows a broad blue

luminescence (490 nm) with a quantum yield of 75% [1].

Further, Schouwink et al. investigated the luminescence of

Eu2þ in RbEu(BH4)3, CsEu(BH4)3 and CsCa(BH4)3:Eu
2þ occurring

at 500 nm [4]. Recently, Wylezich et al. have found that the

emission of Eu2þ-doped Sr(BH4)2-xClx and ASr(BH4)3-xClx
(A¼K, Rb, Cs) shifts strongly with temperature and could thus

be used as temperature sensors [5]. The RE (BH4)3 materials

have also been studied for magnetocalorimetric applications.

For example, Gd(BH4)3 has a magnetic moment of 7.94mB and

paramagnetic Weiss temperature of �6.8 K, whose values are

similar to the results observed by Schouwink et al. [6,7]. The

lanthanides series of borohydrides have also attracted the

interest as potential hydrogen storage materials due to their

ability to release hydrogen in the temperature range of

473e573 K [6,8e19]. The hydrogen gravimetric density of

Yb(BH4)3 and Y(BH4)3 (5.0 wt% H2 and 9.1 wt% H2 respectively)

led to increasing research activities in these class of com-

pounds [11,20,21]. For instance, it was found that the system

Er(BH4)3eLiBH4eLiH in themolar ratio 1:3:3 can undergo in the

hydrogen release-uptake for three cycles by releasing 4.2, 3.7,

and 3.5 wt% H2 [9,22]. Rare earth borohydrides RE (BH4)x (x ¼ 2

or 3) are also interesting for their crystal structures. The RE

(BH4)3 are found in 3 structurally related (see Fig. S1 in sup-

plementary information) phases [9]: the a phase with space

group Pa-3 for RE ¼ Y, Pr, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, the b

phase with space group Fm-3c or Pm-3m for RE ¼ Y, Pr, Sm, Ho,

Er, Yb and the rhombohedral phase with space group R-3c for

RE¼ La, Ce, Pr. In all of thementioned structures, the RE atoms

are coordinated to six BH4
� anions in an octahedral geometry

and the BH4
� anions are bridging two Re3þ cations [23e25]. The

polymorphs with space group Fm-3c (cubic) have an ideal and

undistorted ReO3 structure, while the polymorphs with Pa-3

(cubic) and R-3c (rhombohedral) space groups assume a dis-

torted ReO3 structure.

The synthesis of RE (BH4)3 compounds can be achieved

by different methods. A mechanochemically approach with

precursors LiBH4 and RECl3, or by using solution chemistry,

which generates a halide free solvated product, which can

be gently heated under vacuum to obtain the pure RE (BH4)3
[6]. Recently. Payandeh et al. have discovered the negative

thermal expansion [14] in Pr(BH4)3 upon heating in the

temperature range of 463e473 K associated to its structural

phase transitions, which precede the thermal decomposi-

tion and release of hydrogen observed around 523 K [26].

Typically, materials with negative thermal expansion [14]
Some examples of NTE materials are silicates such as b-

eucryptite (LiAlSiO4), which shows a volume contraction of

0.15% upon heating in the temperature range 293e1073 K

[27e29]. Negative thermal expansion was also observed in

ZrP2-xVxO7 in the temperature range 373e1073 K [30]. Mary

et al. found that ZrW2O8 shows the coefficient of linear

thermal expansion aL of �9 � 10�6 K�1 in the temperature

range of 0.3e1050 K with a volume contraction of 2.7% [31].

The NTE expansion of ZrW2O8 was attributed to the network

of rigid units WO4, which are dominated by strong covalent

bonds and they do not expand upon heating. Since the

ZreOeW linkage are soft in ZrW2O8, the transversal oxygen

atoms are displaced upon heating allowing to fill the open

space in the crystal structure of ZrW2O8, which results in its

NTE [31,32]. In the case of Pr(BH4)3, the authors attributed

the NTE to the presence of large voids in the b-Pr(BH4)3
polymorph, which allows the increase in the Pr-B-Pr dis-

tances between Pr(BH4)6 octahedral units and the reduction

of PrePr distances [26]. In order to get more insight in the

NTE of Pr(BH4)3, we have synthesized Pr (11BH4)3 containing
11B isotope to investigate the reason for the peculiar struc-

tural behavior of this compound. Thus, in this study, we

address more details on structural and dynamic properties

of Pr (11BH4)3 by using a combination of synchrotron radia-

tion powder X-ray diffraction (SR-PXD), spectroscopic in-

vestigations (quasi-elastic neutron scattering (QENS)

raman, and infrared (IR) spectroscopy, and differential

thermal calorimetry (DSC) study of Pr (11BH4)3.
Experimental detail

Synthesis of Pr(11BH4)3

Pr (11BH4)3 is synthesized according to recently published

halide-free approaches, starting from metallic Pr. Pr-metal

(99.9%, Alfa Aesar) was hydrogenated to form PrH3 by heat-

ing to T ¼ 673 K with a heating rate of DT/Dt ¼ 5 K/min, in an

applied hydrogen atmosphere p (H2) ¼ 140 bar at room tem-

perature (RT), and subsequently cooled to RT [6,26,33]. The

resulting PrH3 powder was ball milled using a Fritsch Pul-

verisette no.6 to enhance the reactivity. PrH3 was loaded into

an 80 mL tungsten carbide vial together with tungsten car-

bide coated steel balls (diameter 10 mm) in a ball-to-powder

mass ratio of 10:1, and sealed in an argon-filled glovebox

(H2O and O2 < 1 ppm). The ball milling program was

350 revolutions per minute (RPM) for 10min, followed by a

2min break. This sequence was repeated 10times (100min

effective ball-milling time). The resulting powdered PrH3

(1.5 g) was added to a 250mL round-bottomed filter flask with

a valve outlet. Dimethyl sulphide-borane (S(CH3)2$
11BH3,
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10 M, Sigma-Aldrich) was added to the powder in the molar

ratio of 4.5:1 (50% excess of S(CH3)2$
11BH3), and diluted to a

5 M solution using toluene (Sigma-Aldrich, anhydrous). The

reaction mixture was left to stir at 318 K for seven days.

Subsequently, the powder was dried under dynamic vacuum

for 1 h at 318 K, after which the powder was washed twice

with toluene (2 � 20mL) and dried for 1 h under dynamic

vacuum at RT. Dimethyl sulfide (S(CH3)2) was added (80 mL)

and the solution was left to stir for one day at RT, resulting in

a light green solution. The reaction mixture was filtered. The

filtrate was dried in vacuo using a rotary evaporator and

subsequently dried at RT at the Schlenk line. The dry powder

was transferred to Schlenk tubes and heated to 413 K for 2 h

in an argon atmosphere followed by 2 h under a dynamic

vacuum. This resulted in pure a-Pr (11BH4)3, confirmed by

powder X-ray diffraction.

In-situ synchrotron radiation x-ray powder diffraction (SR-
PXD) and structure refinement

In-situ synchrotron radiation powder X-ray diffraction pattern

(SR-PXD) of the samples were recorded at the X04SA beamline

at the Swiss Light Source (SLS), Villigen, Switzerland by using

a Mythen detector and a wavelength of 0.7095 �A [34]. The

samples were mounted in boron silicate capillaries (o.d.

0.5e0.7mm) and sealed with glue. The structures were refined

with the Rietveldmethod using FullProf [35]. The backgrounds

were defined based on a linear interpolation between selected

points (Fig. S2) Unit cell parameters, scale factors, zero point,

peak shape mixing parameters (pseudo-Voigt function), and

three profile parameters (U,V,W) were refined. Fixed atomic

positions and occupancies were used for the refinement.

Differential scanning calorimetry (DSC)

The phase transitions of the samples were investigated by

differential scanning calorimetry (DSC) using a Netzsch

STA449 F3 Jupiter instrument. The samples (5e10 mg) were

packed in sealed Al crucibles and the measurements were

conducted with a heating ramp of 5 K/min under an argon

flow of 20 mL/min.

Vibrational spectroscopy (IR and Raman)

Ex-situ Raman experiments of Pr (11BH4)3 were conducted with

LabRAMHR equipped with a confocal RamanMicroscope. The

Raman spectra weremeasured using 532 nm excitation with a

CCD camera. The spectral resolutionwas set to 3~4 cm�1, with

an acquisition range of 120e3300 cm�1. The Pr (11BH4)3 sam-

ples were filled in quartz capillaries (80 � 1.0 mm) in the

nitrogen-filled glovebox (H2O and O2 < 1 ppm) and sealed with

glue. The Raman spectra were collected at 303 K. Before per-

forming the Raman experiments of Pr (11BH4)3, two quartz

capillaries were heated up to 483 K and 493 K respectivelywith

a heating rate of 10 K/min in a Buchi Melting Point M � 565

instrument. Then, the samples were cooled to 303 K to

perform ex-situ Raman experiments. In-situ variable temper-

ature Infrared (IR) experiments of Pr (11BH4)3 were performed

with a Biorad Excalibur Instrument equipped with a portable

Specac Golden Gate heatable ATR setup allowing to prepare
samples in the nitrogen-filled glovebox (H2O, O2 < 1 ppm). The

spectra were recorded with a spectral resolution of 2 cm�1,

with 30scans in the range of 600e4000 cm�1. The sample was

loaded in the glovebox. The Infrared spectrum of Pr (11BH4)3
was collected at 303 K. Then, the sample was heated to 423 K,

443 K, 473 K, and 483 K to collect the IR spectra. Finally, the

sample was cooled from 483e303 K to observe the spectra at

433 K, 423 K, 403 K, 363 K, and 303 K.

Quasielastic neutron scattering (QENS)

Quasielastic Neutron Scattering (QENS) measurements were

performed on the cold-neutron time-of-flight spectrometer

FOCUS at Paul Scherrer Institute (PSI) in Switzerland with the

wavelength of incident neutrons l ¼ 4.0 �A [36]. This experi-

mental setup provided an energy resolution of 0.220 meV full

width half maximum (FWHM) and the accessible Q-range of

0.5e2.5 �A�1. 11B enriched samples were used for the mea-

surements to prevent strong neutron absorption by the 10B

isotope in natural boron. The sample containers used on

FOCUS had a flat slab geometry. To minimize spectra distor-

tion due to multiple scattering, thickness of the sample was

adjusted with Al-spacers so that the sample transmission was

larger than 0.90. Additional runs with a vanadium standard

and an empty sample container were carried out to perform

typical corrections for experimental distortions. The proced-

ure included vanadium normalization, detector efficiency

correction, and background subtraction. The sample attenu-

ation and self-shielding factors were calculated with respect

to the geometry of the experiment. The DAVE program was

used for both the data reduction of the FOCUS spectra and the

preliminary examination of all the data sets at individual Q-

groups [37]. As the next step QENS spectra were treated in a

program module, which performs two-dimensional surface

fits. This approach allows for obtaining more stable and

consistent results, as simultaneous fits with both E and Q

being independent variables reduce the total number of free

parameters to be adjusted. The summary of the studied spe-

cies neutron cross-sections is provided in Table S4 in the

supplementary information (SI).
Results and discussion

Differential scanning calorimetry (DSC) and in-situ
synchrotron radiation X-ray powder diffraction (SR-PXD)
study

Differential scanning calorimetry DSC measurements were

performed to investigate the reversibility of the phase tran-

sition of Pr (11BH4)3. The DSC results are shown in Fig. 1. Two

sets of experiments were performed. In the first measure-

ment, the Pr (11BH4)3 was heated from 273e483 K (Fig. 1a),

while the second measurement was performed up to 493 K

(Fig. 1b). In both cases, endothermic peaks were observed in

the temperature range of 463e483 K due to the phase transi-

tion of alpha a-Pr (11BH4)3 to rhombohedral r-Pr (11BH4)3. Upon

cooling, exothermic signals were detected in the range

413e373 K, which were attributed to the phase transition back

from rhombohedral phase r-Pr (11BH4)3 to alpha phase a-Pr

https://doi.org/10.1016/j.ijhydene.2021.06.232
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Fig. 1 e DSC data for Pr (11BH4)3 heated and cooled from 273~483 K and b) 273~493 K for three cycles. Measurements were

performed under helium flow with DT/Dt ¼ 5 K/min.

Fig. 2 e a) In-situ SR-PXD data of Pr (11BH4)3. Symbols: a-Pr

(11BH4)3 Pa-3 and7 r-Pr (11BH4)3 R-3c with DT/Dt ¼ 5 K/min

(l ¼ 0.7095 �A) and b) V/Z (�A3) evolution of Pr (11BH4)3 from

sequential refinements of the data. c) and d) crystal

structures of a and r-Pr (11BH4)3, with space groups Pa-3

and R-3c respectively. Both structures have the rhenium

(vi) trioxide, ReO3, structure type, and H atoms are removed

for clarity. At higher temperatures, the structure is more

deformed and causes the collapse of the unit cell volume.

Pr, and B atoms are represented in blue in and red, and H

atoms are removed for clarity. (For interpretation of the

references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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(11BH4)3. In the DSC experiment performed up to 483 K (Fig. 1a),

the exothermic peaks were present in all three cycles of

cooling indicative of a reversible phase transition. This is also

in line with the previous reports on Pr(BH4)3 [26]. However,

when Pr (11BH4)3 was treated up to a slightly higher tempera-

ture of 493 K (Fig. 1b), the exothermic peaks disappeared in the

3rd cooling cycle indicating of stabilization of the r-Pr

(11BH4)3 at room temperature (RT) and the irreversible phase

transition. The irreversible phase transition was also recently

observed in NTE Materials such as Guanidinium Magnesium-

Hypophosphite Mg(H2POO)3] (Gua ¼ guanidinium, C(NH2)3
þ)

[38,39]. Therefore, the reversibility of the phase transition

from r-Pr (11BH4)3 to a-Pr (11BH4)3 may be related to the history

and maximum temperature achieved. The highest tempera-

ture reached (e.g. 493 K vs. 483 K), as well as a longer residence

time at high temperature, tends to make this transition less

reversible.

The phase transition of Pr (11BH4)3 was also studied by in-

situ synchrotron powder X-ray diffraction (SP-XRD). The XRD

diffraction patterns and the V/Z of Pr (11BH4)3 from sequential

refinements of the data are shown in Fig. 2. The Rietveld re-

finements of Pr (11BH4)3 are reported in Fig. S2 in the supple-

mentary information (SI). The XRD diffraction patterns of Pr

(11BH4)3 were collected during heating to 473 K and cooling to

room temperature (RT). Fig. 2a reveals that the phase transi-

tion from cubic a-Pr (11BH4)3 Pa-3 to rhombohedral r-Pr (11BH4)3
R-3c phase occurs at ~458 K with the contraction of the unit

cell volume (Fig. 2b). Unlike the one-step phase transition

observed here, previous structural studies of Pr(BH4)3 showed

a stepwise phase transition from a-phase to r-phase [26]. This

negative stepwise thermal expansion passed through three

cubic structures with Fm-3m space group labeled as b, b0, and
b". However, in this study, no formation of cubic Pr(BH4)3 with

Fm-3m space group is observed in the in-situ XRD, which is

likely related to the physical conditions applied during S(CH3)2
removal. Moreover, unlike the former study on Pr(BH4)3 which

showed a reversible phase transition, no phase transition

back from r-phase (R-3c) to a-phase (Pa-3) is observed upon

cooling of the sample [26]. Several reasons could be
responsible for the irreversible phase transition. One expla-

nation is the overheating of the sample, which was observed

in the DSC study of Pr (11BH4)3 (Fig. 1). Secondly, the presence

of 11B isotope in Pr (11BH4)3 may induce a shift in the phase

transition closer to the decomposition and in most of the

https://doi.org/10.1016/j.ijhydene.2021.06.232
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cases, when the sample is over heated, it is decomposed

leading to a non-reversible phase transition. The XRD of the

sample before heating shows a flat background and very sharp

reflections (Fig. S2a), but the reduced intensities of the XRD

pattern after heating and the modulated background, suggest

an amorphous phase as the decomposition product (Fig. S2b).

Infrared (IR) and Raman study

Fig. 3a shows the room temperature (RT) infrared spectrum

(black spectrum) and Raman spectrum (red spectrum) of the

a-Pr (11BH4)3 phase. The room temperature IR spectrum shows

two BH4
� deformation bands at 1119 and 1168 cm�1 (total

splitting 49 cm�1), and a single BeH stretching mode centered

at 2250 cm�1 as shown in the black spectrum in Fig. 3a. The

room temperature IR and Raman spectra of a-Pr (11BH4)3 in the

Pa-3 phase resemble to those reported previously for Y(BH4)3
[21]. The Raman spectrum reveals a significant splitting of the

BeH stretching modes around 2300 cm�1, which reflect the

presence of significant Fermi resonances (red spectrum in

Fig. 3a) [40]. In the bending mode region, the modes origi-

nating from the n2 mode with E symmetry (around 1300 cm�1)

for the perfect tetrahedron are extremely weak in the IR

spectrum, confirming that the BH4
� ions are isolated and do

not act as complexing ions for the Pr3þ ion [41,42].

Sato et al. have also studied theoretically the structures and

vibrational spectra of M(BH4)3 (M ¼ Y, Dy and Gd) in the Pa-3

phase [44]. The Raman spectrum of Pr (11BH4)3 is similar to

the calculated Raman active vibrations for Gd(BH4)3 which are

shown in Table S1 in the SI. The symmetry analysis of the vi-

brations of a-Pr (11BH4)3 in the Pa-3 phase are reported in Table

S2 of the SI. The calculated stretching Raman frequencies (in

the harmonic approximation) are all centered close to

2280 cm�1, confirming that all BeH bond lengths have practi-

cally the same value as shown in Fig. S3 in the SI. On the other

side, the frequencies of the n2 and n4 deformation modes are

spread over a wide range. This indicates a low local symmetry

for Pr (11BH4)3. Sato et al. report calculated HeBeH angles
Fig. 3 e a) IR (black) and Raman (red) spectra of a-Pr (11BH4)3 at 30

b) Ex-situ Raman spectra of Pr (11BH4)3 at 303 K before heating [

(green). c) In-situ variable temperature IR spectra of Pr (11BH4)3. S

stretching modes, Raman librational mode. (For interpretation

is referred to the Web version of this article.)
ranging from 107� to 113� for Gd(BH4)3. The spread of the

calculated vibrational frequencies of the n2 and n4 deformation

modes also reveal the presence of significant factor group

splitting (e.g. coupling of vibrations of adjacent BH4
� ions). The

highest frequency lattice mode is observed at 603 cm�1 in the

RT Raman spectrum of Pr (11BH4)3 (red spectrum in Fig. 3b),

which corresponds to the highest energy librational mode of

the BH4
� anion. Typically, the frequencies of the librational

modes are higher than the translational latticemodes, however

couplingsmay occur. Fig. 3 indicates that the librational modes

are mostly located between 359 and 603 cm�1, which is also

comparablewith the calculated vibrational spectra for Gd(BH4)3
[44]. The frequency of librational modes can be related to the

barrier of reorientation using the approximation of theMathieu

equation. The energy barrier of reorientationmotion of the BH4
�

anion ‘Vʼ can be obtained according to Equation (1) [45,46]:

V¼p2,I,n2

2

�
1þ h

2,p2,I,n

�2

(1)

where: n is the frequency of the librational mode associated to

BH4 and I is the moment of inertia of BH4
�. (I is fixed and given

by the BeH bond length, h is the Planck constant). For

n¼ 603 cm�1 and n¼ 359 cm�1, energy barriers of V¼ 65 kJ/mol

and V ¼ 23 kJ/mol can be estimated respectively, using a BeH

bond length of 1.22 �A. For a better understanding of the effect

of the heating on the vibrational modes of BH4
� anion, we have

performed ex-situ Raman experiments at 303 K in the range of

120-3300 cm�1 (see Fig. 3b). Two quartz capillaries containing

Pr (11BH4)3 were subjected to two different experiments. One

capillary was heated to 483 K and a second capillary up to

493 K in a melting point machine with a heating rate of 10 K/

min. Then, the samples were cooled down at 303 K to collect

ex-situ Raman spectra The low-frequency spectra (below

700 cm�1) show different features when Pr (11BH4)3 is cooled

from 493 K to 483e303 K (Fig. 3b). Thus, this may suggest that

the irreversibility of the phase transition upon cooling of Pr

(11BH4)3 as also observed in DSC and SR-PXD experiments.

Group theory predicts much fewer Raman active modes on
3 K. b) In-situ variable temperature IR spectra of Pr (11BH4)3.

43], after heating at 483 K (purple), after heating at 493 K

ymbols: IR and Raman bending modes, IR and Raman

of the references to colour in this figure legend, the reader

https://doi.org/10.1016/j.ijhydene.2021.06.232
https://doi.org/10.1016/j.ijhydene.2021.06.232


Fig. 5 e Temperature dependence of the mean square

displacement (msd) associated with the low-frequency

vibrational modes (overdamped librations, vibrations). A

rapid increase in the msd starting at 480 K is due to the

broadening and the shift of the inelastic feature at 7.5 meV

in Fig. 4. The disorder induced by the phase transition is

preserved on cooling leading to larger msd-values on

cooling as compared to the heating cycle.
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this spectral region for the r-Pr (11BH4)3 phase (R-3c) (see Table

S3 in SI). To get information about the reversibility of the

phase transition of Pr (11BH4)3 upon cooling, in-situ variable

temperature IR experiments were performed, and the results

are shown in Fig. 3c. During heating, the phase transition from

a-Pr (11BH4)3 to r-Pr (11BH4)3 phase is observed at 473 K, and it

appears irreversible upon cooling as shown in Fig. 3c. In the r-

Pr (11BH4)3, the splitting of the n4 deformation band increases

to 63 cm�1 (vs. 49 cm�1 in the a-Pr (11BH4)3 phase as previously

discussed in this section), suggesting an increased angular

deformation [41]. The RE (BH4)3 compounds can crystallize in

ReO3 type structure [23], few compounds based on ReO3 type

structure show negative thermal expansion upon heating [25].

Literature results show that for this type of compounds, the

frequencies of the longitudinal vibrations increase during the

heating while the frequencies of the transverse vibrations

perpendicular to the direction of the atom chain decrease

upon heating. This phenomenon is associated to the volume

contraction and therefore to the NTE in which the MO4

tetrahedra remain rigid and they are connected by cover

sharing the oxygen atoms [25,47e49]. In the case of Pr (11BH4)3,

the stretching frequency of BH4
� remains almost constant,

implying that the BeH bond length has not changed signifi-

cantly by the structural phase transition from a-Pr (11BH4)3 to

r-Pr (11BH4)3 phase despite the significant lattice contraction

observed by SR-PXD experiment previously discussed. Addi-

tionally, the increased splitting of the n4 band suggests a

stronger deformation of the BH4
� ion in the r-Pr (11BH4)3 phase.

Quasielastic neutron scattering (QENS) study

Temperature-dependent quasielastic neutron scattering

(QENS) experiments of Pr (11BH4)3 were performed upon

heating and cooling. The scattering intensity of Pr (11BH4)3 is

dominated by the incoherent component associated with

single-particle dynamics of the borohydride units, as shown

in Table S4 in the SI. The analysis is described in SI (Equations

S1 to S3) and the results of the analysis is presented in Figs.

5e7. Each spectrum has been fitted with Equations

(S15S3)5R (Q,E) (5 denotes convolution) taking into ac-

count the instrumental resolution R (Q,E). From the Q-

dependence we determined the mean-square displacement

(msd), the residence time of the reorientational motion and
Fig. 4 e Experimental spectra of Pr(BH4)3 at selected Q-values an

rotational contribution (green), and low-energy inelastic contribu

difference between the measured data and the fit function. (For

legend, the reader is referred to the Web version of this article.
the linewidth of the overdamped vibrational dynamics for a

given (fixed) temperature. The fit-function has been chosen to

describe the possible dynamical processes compatible with

the geometry of the corresponding molecules. Assuming that

the energy scale for rotations and vibrations differs signifi-

cantly, the dynamic structure factor SBH4(Q,E) can be defined

as a convolution of two individual scattering functions, rep-

resenting vibrational and stochastic localized motions as

shown in SI. The spectra in the quasielastic energy range and

the fits to the model function are presented in Fig. 4. It is

necessary to mention that the rotational component's line-

widths are quite narrow ~20 meV at T ¼ 430 K relatively to the

resolution function (HWHM ¼ 110 meV), and the exact geom-

etry of reorientations is challenging to infer. The temperature

dependence of the fit parameters is displayed in Figs. 4e7.

Fig. 5 shows the temperature dependence of the mean

square displacement (msd) associatedwith the low-frequency

vibrationalmodes (overdamped librations, vibrations). A rapid

increase in the msd starting at 480 K is due to the broadening

and the shift of the inelastic feature at 7.5 meV seen in Fig. S4
d T ¼ 430 K. The lines in the plots are the total fit curve [43],

tion (blue). The solid black dots present the residuals of the

interpretation of the references to colour in this figure

)
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Fig. 6 e Linewidths of the overdamped vibrational

component as a function of the temperature. On heating,

the temperature dependence demonstrates an Arrhenius

behavior with the activation energy of 1.9 ± 0.3 kJ/mol. The

disorder induced by the phase transition is preserved on

cooling leading to broader quasielastic lines at the same

temperatures as compared to the heating cycle.

Fig. 7 e Residence time of the C2/C3 reorientational motion

of the borohydride units as a function of temperature. On

average the temperature dependence follows the law of

Arrhenius with the activation energy of 23.5 ± 0.5 kJ/mol.

An enhancement of rotational dynamics at 480 K

concurrent with the enhancement of the vibrational

components is hard to detect due to the narrow linewidths.

The residence times at low temperatures are estimated

with big errors and not reliable. Here there might be a

change in activation energy between 460 and 480 K (see

figure below). Measurement with a finer resolution

function are necessary to prove this.
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in SI. The disorder induced by the phase transition is pre-

served on cooling leading to larger msd-values on cooling as

compared to the heating cycle. Fig. 6 represents the linewidths

of the overdamped vibrational component as a function of

temperature. On heating, the temperature dependence dem-

onstrates an Arrhenius behavior with the activation energy of

1.9 ± 0.3 kJ/mol according to Equation (2):
G

G0
¼ exp

�
� Ea

kBT

�
(2)

where G is the linewidths of the overdamped vibrational

component. G0 is a prefactor. Ea is the activation energy. kB is

the Boltzmann constant and T is the temperature. The disor-

der induced by the phase transition is preserved on cooling

leading to broader quasielastic lines at the same temperatures

as compared to the heating cycle. Fig. 7 represents the resi-

dence time of the C2/C3 reorientational motion of the boro-

hydride units as a temperature function. On average, the

temperature dependence follows Arrhenius' law according to

Equation (3) with the activation energy of 23.5 ± 0.5 kJ/mol as

shown in Fig. 7.

t

t0
¼ exp

�
� Ea

kBT

�
(3)

where t is the residence time of the C2/C3 reorientational

motion of the borohydride units. t0 is a prefactor. Ea is the

activation energy. kB is the Boltzmann constant and T is the

temperature. For Y(BH4)3, NMR studies have revealed two

jump processes for the BH4
� group in the a phase with acti-

vation energies of 32.5 and 19.3 kJ/mol, respectively [50].

Considering the significantly smaller unit cell of Y(BH4)3
compared to Pr(BH4)3, the motion corresponding to the value

of EA ¼ 32.5 kJ/mol for Y(BH4)3 could correspond to the value of

EA ¼ 23.5 kJ/mol obtained here for Pr (11BH4)3. Further, the

activation energy obtained from Arrhenius law is in agree-

ment with the energy barrier previously discussed in the

vibrational section. Therefore, in the significantly smaller

rhombohedral phase, at least one re-orientational barrier for

the BH4
� ion becomes much lower. The associated gain in

entropy might be the driving force for the collapse of the

structure and the negative thermal expansion.
Conclusions

The new studies with 11B labeled Pr(BH4)3 did not allow to

reproduce the unique negative thermal expansion of successive

b phases observed in our first study. The in-situ IR experiments

show that the BeH bond length remains practically unchanged

from the cubic a to the rhombohedral phase, despite the sig-

nificant lattice contraction. The increased splitting of the n4 band

suggests a stronger deformation of the BH4
� ion in the rhombo-

hedral phase. Finally, the QENS data show for the a phase a BH4

reorientational barrier of ca 23.5 kJ/mol. The surprising result is

thus that in the significantly smaller rhombohedral phase, at

least one reorientational barrier for the BH4
� ion becomes much

lower, while the size of this ion remains practically unchanged

between the a and the rhombohedral phase. Whether this mo-

tion is associated to the decomposition and hydrogen release

observed at 523 K remains to be established.
Supplementary information

Supporting characterization data are provided: SR-PXD, IR,

Raman, QENS.
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