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In the current energy transition scenario, refrigeration and cold preservation are critical to reach the

Sustainable Development Goals of the United Nations (SDG-UN). Nowadays, the refrigeration market

pressed by international regulations is seeking new alternatives to hazardous and greenhouse refrigerant

gases to reduce both carbon emissions and energy consumption. From a humanitarian perspective it is

urgent to decrease the annual food losses related to failures in the cold chain, which particularly strains

countries and regions with unreliable access to electrical power grids. In this work, we present a simple,

economic and easy-to-manufacture solid-state thermomaterial ([CH3NH3][BF4]) that presents very large

thermal and caloric properties of interest for multipurpose cold storage (E ∼ 89 J g−1) and barocaloric

refrigeration (ΔS ∼ 175 J K−1 kg−1, ΔT ∼ 13 K), which could be implemented in both on-grid and off-grid

cooling technologies. This material exhibits thermal performance comparable to both commercial cold

storage materials and emerging barocaloric materials combined in the same compound. Furthermore, we

analyse the structural origin of these thermal properties in order to provide insights for the design of

future thermomaterials with enhanced properties.

1. Introduction

In the current energy transition scenario, refrigeration contrib-
utes around 20% of global electricity consumption and 8% of
global carbon emissions.1 In the particular case of commercial
refrigeration for supermarkets and warehouses, refrigeration
demand for cold rooms and display cabinets represents up to
60% of the final energy consumption.2 Meanwhile, the lack of
accurate refrigeration causes annual losses of 13% of all food in
the world.3 It is for this reason that it is necessary to develop
new thermomaterials that can provide more efficient and sus-
tainable refrigeration technologies in order to achieve the
Sustainable Development Goals of the United Nations (SDG-UN).

Two of the main cooling technologies for food preservation
are active refrigeration by vapour compression (requiring elec-

tricity consumption) and passive cold storage (without electri-
city consumption). These technologies use materials that can
absorb large amounts of heat and thus cool the environment.
Active vapour compression systems (refrigerators, freezers, air
conditioners) use materials with liquid–gas phase transitions
in a continuous compression/decompression cycle, taking
advantage of exothermic and endothermic processes.
Meanwhile, passive cold storage systems (temporary storage
and/or transport boxes for food, beverages, or medicines,
among others) generally use materials with endothermic
solid–liquid transitions triggered by an increase in the
ambient temperature.4 In the humanitarian context, energy
access for active vapour-compression systems can be intermit-
tent and/or costly in zones with unreliable access to a centra-
lized electrical power grid. Passive refrigeration solutions are
more affordable, but the cooling performance is generally
poorer and difficult to maintain conservation temperatures
below 10–15 °C for a long time.4 Emerging hybrid active-
passive technologies may thus, be decisive for improving food
preservation while minimizing electric consumption.5

Nevertheless, these two complementary technologies still
present some technological and environmental challenges that
need to be addressed. Liquid/gas refrigerants often cause
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leaks, posing great risks to the environment and to the user as
they contribute greatly to global warming, are toxic, flammable
and/or corrosive.6 In fact, following the Kigali agreement,
current international regulations aim to eliminate up to 80%
of the main commercial standard vapour compression refriger-
ants by 2050, and greatly restrict the use of other harmful
refrigerants.

Over the years, temperature-triggered phase change
materials (PCMs) with solid–liquid (SL) transitions have been
widely used for thermal energy storage technologies, offering
very large thermal energy density associated to the phase tran-
sition latent heat, competitive economic cost, and a wide port-
folio of compounds with different transition temperatures for
each desired application, among other advantages.
Nevertheless, these PCMs still face important challenges,
including liquid leakage as well as supercooling (maintaining
the liquid state below the solidification temperature mainly
due to poor nucleation) and incongruent melting (phase separ-
ation during inhomogeneous melting), which hinder reversibility.7

In recent years, trying to overcome these challenges, great
efforts have been devoted to develop innovative PCMs with
solid–solid (SS) phase transitions for thermally triggered
passive refrigeration,8,9 and also for pressure-driven barocalo-
ric refrigeration (with a similar operating mechanism to
vapour compression systems).10,11 In case of any leak, these
solid compounds would not escape into the atmosphere,
would not be easily inhaled by users and/or would not acciden-
tally be in contact with food. Moreover, they would be much
easier to recover and reuse, thus favouring the circular economy
which enhances sustainability and minimizes humanitarian
risks. However, these SS-PCMs also face important technologi-
cal challenges, such as relatively low thermal energy density,
higher economic cost, relatively complex synthesis schemes,
relatively poor thermal conductivity and/or heat transfer.9

Multi-purpose refrigeration materials that could be used for
both active and passive applications with full or intermittent
access to power are an innovative approach to minimizing the
technological complexity and cost of refrigeration techno-
logies.12 Nevertheless, there are still limited studies on com-
bined cold storage and barocaloric refrigeration on solid–solid
phase change materials. One of the main reasons for this is
that cold storage materials generally present large thermal hys-
teresis – of interest for separating the heat charging and dis-
charging processes, which is a main drawback for barocaloric
materials.12 Additionally, there are still very limited PCMs with
solid–solid phase transitions with relatively large latent heat
(ΔH > 20 J g−1)8,9 adequate for cold storage, and that can
operate in the required temperature range for cold storage
(around 0 °C and below).13 For multi-purpose passive and active
cooling, these thermal parameters should be combined with
significant thermal hysteresis (Th–Tc > 10 °C), large pressure
responsiveness (dTt/dp > 20 K kbar−1) and colossal barocaloric
effects (ΔS > 100 J kg−1 K−1), which further narrows the pool of
available materials for this hybrid active-passive solution.

In order to combat this challenge, the scientific community
is performing great efforts to identify and expand the family of

PCMs for active barocaloric refrigeration, highlighting very
promising families of barocaloric materials including in-
organic salts,14–16 spin-crossovers,17,18 hybrid organic–in-
organic perovskites,19–24 metal–organic frameworks,25,26 or
organic plastic crystals,27,28 among others. In fact, recent
studies have put the family of ionic plastic crystals under the
spotlight of barocaloric refrigeration operating well below
ambient temperature.29 Furthermore, some of the most impor-
tant challenges, such as improving thermal conductivity and
heat transfer are being addressed by innovative solutions such
as processing 3D printed heat exchangers encapsulating baro-
caloric materials and thermal conductive additives.30–32

Inspired by these advances and the need to solve the current
food preservation challenges, particularly in humanitarian and
emergency situations, we have identified the simple and low-
cost ionic plastic crystal methylammonium tetrafluoroborate
(see Table S1 of SI) with molecular formula [CH3NH3][BF4], as a
promising candidate. This compound was firstly studied by
Osamu Yamamuro et al. between 1986 and 1996, who reported
the room temperature crystal structure and basic thermal
studies using differential temperature analysis (DTA) upon
heating and at different isobaric conditions of between
500–2000 bar.33–35 These preliminary studies show a transition
temperature (read at the peaks’ maxima) of Tt ∼ 252 K, an
associated latent heat of ΔH ∼ 43.49 J g−1 and a pressure depen-
dence of the transition temperature of dTt/dp ∼ 24.2 K kbar−1.
Therefore, we anticipate that those properties would be of inter-
est for multipurpose cold storage and barocaloric refrigeration.
For that reason, in this work we have deepened into the thermal
and structural characterization of this [CH3NH3][BF4] com-
pound under variable-temperature and variable-pressure con-
ditions to assess its suitability for these thermal management
applications and to identify the origin of such response.

With this work, we demonstrate that the [CH3NH3][BF4], in
addition to previously reported ease of preparation and
minimal material costs, exhibits a very large capacity for cold
storage reaching approximately E ∼ 89 J g−1 within the tempera-
ture range of 235–273 K. Moreover, it shows colossal barocaloric
effects that can be reversibly driven upon pressure cyclation
(defined as ΔSrev) with values of ∼175 J K−1 kg−1 at 260 K under
1000 bar, ranging among the best reported values for barocalo-
ric materials.10 This dual applicability at subzero temperatures
open the doors to the future design of hybrid active-passive
cooling devices combining cold-storage and barocaloric refriger-
ation, whose advance will be propelled in parallel by the
increasing interest on the design and modelling of barocaloric
devices and heat exchangers,36,37 as well as on manufacturing
methods of metallic thin-wall for high-pressure refrigeration.38

2. Methodology
2.1. Materials

Commercially available methylamine solution (33% w/w in
absolute ethanol, Aldrich Chemistry), tetrafluoroboric acid
solution, HBF4 (50% w/w in H2O, Alfa Aesar), absolute ethanol
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(Panreac) and chloroform (≥99.8%, Fisher Chemical) were
used as starting materials without further purification.

2.2. Synthesis of [CH3NH3][BF4]

The preparation of [CH3NH3][BF4] was conducted via neutraliz-
ation of the methylamine solution with an excess of HBF4.
Methylamine solution (2.1 mL) was dispersed in absolute
ethanol (10 mL). After this, HBF4 (in a 5% molar excess) was
added dropwise to the previous solution cooled using an ice-
water bath. The solvent was removed using a rotatory evapor-
ator, obtaining a polycrystalline colourless powder.

To obtain a suitable single crystal for low temperature
studies, a recrystallisation of the synthesized powder was
carried out, similar to the procedure reported by Osamu
Yamamuro et al.33 The compound was dissolved in an
ethanol–chloroform mixture (1 : 1 ratio) and allowed to slowly
evaporate at room temperature.

2.3. Single crystal X-ray diffraction (SCXRD)

One selected single crystal was mounted at a MicroMount
(MiTeGen) in a random orientation, covered with perfluori-
nated oil (Fomblin Y) and placed under a stream of N2 gas
using a Oxford Cryostream 1000. Crystallographic data was col-
lected on a Bruker APEX D8 Venture Photon III CCD diffract-
ometer at 298 K and 100 K using a DIAMOND II microfocus
X-ray source of Mo-Kα (λ = 0.71073 Å). Data collection is based
on narrow frame ω and φ scans. The diffraction frames were
integrated using the program SAINT 8.30A39 and the integrated
intensities were corrected for absorption with SADABS40 within
the APEX6 v2024.9-0 software suite.41 The crystal structures
were solved by the dual-space algorithm implemented in
SHELXT2014/5 program42 and were refined by least squares
method on SHELXL2018/3.43 Both software were integrated
into the software Olex2.44

2.4. Powder X-ray diffraction (PXRD)

A Siemens D-500 diffractometer using CuKα radiation (λ =
1.5418 Å), was used to study this compound by PXRD at room
temperature. As presented in Fig. S1, the obtained PXRD
pattern was compared with the profile obtained from pre-
viously reported single crystal structure at room temperature,33

which was generated by using Mercury 4.2.0,45 proving the
purity of the obtained phase.

2.5. Compositional analysis

Elemental analyses for C, N and H content in the obtained
[CH3NH3][BF4] was carried out in an ThermoFinnigan
FlashEA112 elemental analyser using around 3 mg of sample.
The obtained results are in good agreement with both calcu-
lated and previously reported values33 (calcd: %C: 10.09, %H:
5.05, %N: 11.78; found: %C: 9.98, %H: 4.63, %N: 11.18).

2.6. Thermal analysis

Thermogravimetric analysis (TGA) was carried out in a netzsch
STA 499 F3 Jupiter. Approximately 33 mg of powder was heated
at a rate of 10 K min−1 from 298 K to 1268 K for the experi-

ment, using a corundum crucible, under a flow of dry
nitrogen.

Variable temperature differential scanning calorimetry
(VT-DSC) at ambient pressure was conducted in a Setaram
SETLINE DSC in a temperature range from 200 to 300 K. The
experiment was done at ±10 K min−1 heat rate under N2

atmosphere.
Thermal conductivity was estimated in two identical 6 mm

cold-press pellets under ambient conditions using a C-Therm
Trident equipped with a 6 mm flexible Transient Plane Source
(TPS) sensor.

Variable pressure differential scanning calorimetry
(VP-DSC) experiments were performed in a Setaram
MICROCALVET DSC equipped with a SyriXus 65x Isco pump
with nitrogen gas as a pressure transmitting media. The temp-
erature ranges of these experiments were from 235 to 290 K.
Quasi-direct barocaloric measurements were made for ∼20 mg
of sample at ±1 K min−1 heat rate and at different isobaric con-
ditions (from 1 to 1000 bar). Direct measurements were done
with the same amount of sample at ±10 bar min−1 pressure
ramps.

2.7. Variable temperature and variable pressure synchrotron
powder X-ray diffraction (VT-SXPRD and VP-SPXRD)

Synchrotron powder X-ray diffraction (SPXRD) patterns of
[CH3NH3][BF4] were recorded at the BM01 beamline of the
ESRF Synchrotron (Grenoble, France) using a wavelength of
0.72057 Å at room temperature.46 The wavelength was deter-
mined by refining the positions of six individual reflections of
a NIST660 LaB6 standard collected with a Pilatus 2 M detector.
The recorded 2D patterns were integrated into a 1D powder
profile. For this purpose, the sample was enclosed in a glass
capillary (inner diameter ϕ = 0.5 mm) and in continuous
rotation during data collection to improve powder averaging.
The pressure cell system was designed and manufactured by
Dr Charles J. McMonagle.47 It consists of a high-pressure
hydraulic pump to generate the pressure and a sapphire capil-
lary cell that contains the sample to be investigated. The
pressure cell is made from a 100 mm long, open-at-both-ends,
sapphire capillary (α-Al2O3, provided by CRYTUR) with an
outer diameter of 2 mm and an inner diameter of 0.6 mm.
LeBail refinement were carried out using the program
GSAS-II.48 An Oxford Cryosystems Cryostream was used to
control the temperature. The temperature of the sample inside
the cell was calibrated through the unit cell parameters of Ag
powder.49

3. Multipurpose cold storage and
barocaloric properties
3.1. Cold storage studies at ambient pressure under variable
temperature

In order to evaluate the cold storage properties, we performed
variable-temperature differential scanning calorimetry (VT-DSC)
in samples of [CH3NH3][BF4], which were obtained in the form
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of single-phase crystalline powders as confirmed by powder
X-ray diffraction (Fig. S1). The results displayed in Fig. 1a
reveal that [CH3NH3][BF4] undergoes a reversible first-order
phase transition from a low temperature phase (LT-phase) to a
room temperature phase (RT-phase) in the studied tempera-
ture range of 200–300 K, at ambient pressure. The material
exhibits an endothermic peak upon heating at Th ∼ 254 K, in
agreement with the literature.34,35 Moreover, our studies upon
cooling reveal a significant thermal hysteresis of ΔThys = Th −
Tc = 11 K (Tc ∼ 243 K), which is of interest for cold storage and
release. This thermal hysteresis is similar to other commercial
materials for thermal energy storage, such as neopenthylglycol,
even if the transition in this latter compound occurs at much
larger temperatures (Tt ∼ 320 K).50

From the calorimetric data, we also calculate the latent
heat and entropy change associated to the thermally induced
phase transition, which exhibit values as large as ΔH ∼ 42 J
g−1, ΔS ∼ 167 J K−1 g−1, respectively – in agreement with the
literature.34,35 This enthalpy change is already similar to
solid–solid PCMs for thermal energy storage applications
above room temperature.8 Furthermore, the low transition
temperature of this material allows to store thermal energy
below the freezing point of water for cold storage appli-
cations. Meanwhile, most PCMs operating in this tempera-
ture range normally display solid–liquid transitions (for
instance paraffin, eutectic mixtures and/or metal hydrates)
that – even if displaying larger thermal changes – still present
some drawbacks as leaks, supercooling and/or incongruent
melting.7,51,52 On the contrary, examples of cold-storage
materials with solid–solid phase transitions – either commer-

cially available53 and/or reported in the scientific literature9 –
still remain very scarce.

The energy density for thermal energy storage (E) of
[CH3NH3][BF4] is calculated following eqn (1):

E ¼ m
ðTt

T1

CLT
p dT

� �
þ ΔH þ

ðT2
Tt

CRT
p dT

� �� �
ð1Þ

where m is the mass of the sample, Cp is the specific heat
capacity as a function of temperature at ambient temperature
reported in the literature for both phases34 (CLT

p for the LT-
phase and CRT

p for the RT-phase) and ΔH is the latent heat of
the phase transition.

The obtained data show that [CH3NH3][BF4] exhibits an
energy density as large as E ∼ 89 J g−1 in the temperature
range from 235 to 273 K (see Fig. 1b). In this temperature
range of particular interest for cold storage, the [CH3NH3][BF4]
already exhibits a larger energy density than ice (which under
273 K only relies on the sensible heat storage, reaching a value
of E ∼ 74.6 J g−1).54 Although it should be noted that for
higher temperatures, ice will significantly increase its energy
density during melting due to its large enthalpy change (ΔH ∼
330 J g−1). Therefore, [CH3NH3][BF4] could be a promising
material to operate in tandem with ice cold storage.

In the same line, the thermal conductivity (κ) of
[CH3NH3][BF4] exhibits values of κ ∼ 0.3 W m−1 K−1, similar to
reported plastic crystals and also to commercial cold storage
materials.12,55–58 Furthermore, according to TGA results, the
[CH3NH3][BF4] shows a rather large thermal stability up to
∼400 K (Fig. S2 of SI), again similar to commercial PCMs.59

Fig. 1 (a) VT-DSC thermogram of [CH3NH3][BF4] from 210 K to 290 K at ambient pressure, obtained by heating and cooling the sample at rate of
±10 K min−1. (b) Energy density stored in the temperature range of 235–273 K for [CH3NH3][BF4] in comparison with solid ice. (c) VT-DSC thermo-
grams of [CH3NH3][BF4] under different isobaric conditions from 1 to 1000 bar. (d) VP-DSC curves of heat flow dQ/|dp| on compression (1 bar → p)
and decompression (p → 1 bar) cycles at different temperatures for the [CH3NH3][BF4] compound.

Research Article Inorganic Chemistry Frontiers

Inorg. Chem. Front. This journal is © the Partner Organisations 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/2

1/
20

26
 8

:1
0:

23
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6qi00156d


3.2. Barocaloric studies under variable temperature and
variable pressure conditions

The barocaloric properties of [CH3NH3][BF4] were studied
using high pressure differential scanning calorimetry
(HP-DSC) following quasi-direct methods (VT-DSC at different
isobaric conditions) as well as direct methods (VP-DSC at
different isothermal conditions),11,60 see Fig. 1c and d. The
quasi-direct measurements of entropy changes at different
isobaric conditions are widely used in the field, due to a
higher technical accessibility, which enables an easier com-
parison within reported materials. On the other hand, direct
measurements are more technically complex but provides
direct values of entropy changes under variable pressure
without further data processing or calculations, while these
measurement conditions are also closer to real devices oper-
ating conditions.11,30 In this work, we combine both types
measurements for further verification, showing a good agree-
ment between them.

VT-DSC curves show a systematic increase of the transition
temperature for higher values of applied pressure (Fig. 1c),
which reveal a conventional barocaloric effect for the studied
compound. This agrees with the VP-DSC results, which also
show an increase in transition pressure when increasing the
temperature of the isothermal conditions (Fig. 1d).

Both quasi-direct and direct measurements show a similar
barocaloric coefficient of dTt/dp ∼ 25 K kbar−1 (Fig. 2a), in
agreement with previous data reported for high pressure differ-
ential temperature analysis (DTA)35 and ranging among the
largest barocaloric coefficients reported in the literature.10

From the VT-DSC data, we can calculate the barocaloric
effects in terms of isothermal entropy change (ΔSit) following
eqn (2) and (3):11

ΔSit ¼ ΔSibðp = 1;TÞ � ΔSibðp ¼ 1;TÞ ð2Þ

ΔSib ¼
ðT2
T1

1
T

Cp T ; patmð Þ þ dQ
dT

T ; pð Þ
� �

dT ð3Þ

where ΔSib is the entropy change as a function of temperature
at different isobaric conditions (see Fig. 2b and S3 of SI), T1
and T2 indicate the initial and final temperatures selected for
the integration range (in this case: T1 = 235 K, T2 = 290 K), Cp

is the reported heat capacity of the material as a function of
temperature at ambient pressure (patm)

34 and dQ/dT is the
heat flow as a function of temperature at the selected isobaric
condition. It should be noted that the temperature depen-
dence of the unit cell volume is linear for both polymorphs, as
later discussed in section 4.2. Therefore, for these calculations,
Cp can be considered pressure-independent as reported else-
where.61 Furthermore, additional entropy changes from the
elastic contribution away from the phase transition (ΔSV(el))
where calculated as reported elsewhere,11 according to eqn (4):

ΔSV elð Þ ¼ � dV
dT

� �
� Δp ð4Þ

where (dV/dT ) is the thermal expansion at ambient pressure
obtained for the studied compound by synchrotron powder
X-ray diffraction (SPXRD) data, as further detailed below, and
Δp is the applied pressure for each VT-DSC curve.

Fig. 2 (a) Comparison of Tt versus p graphs obtained by direct and quasi-direct methods. (b) Isobaric entropy changes (ΔSib) during heating (red
arrows) and cooling (blue arrows) at ambient pressure and 1000 bar. The area between ΔSib(1 bar)heating and ΔSib(1 bar)cooling curves displays how
ΔTrev and ΔSrev are calculated as reported elsewhere.11 (c) Reversible isothermal entropy changes on compression (1 bar → p) and decompression (p
→ 1 bar). Also, the Tspan to obtain a ΔSrev ≥ 100 J K−1 kg−1 at 1000 bar is displayed with arrows (d) Reversible adiabatic temperature changes versus T
on applying (1 bar → p) and removing (p → 1 bar) pressure at different operating pressures.
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The isothermal entropy change that could be reversibly
reached upon pressurization cycles – considering thermal
losses due to the thermal hysteresis –11 exhibit values of ΔSrev
∼ 106 J K−1 kg−1 under the application of 500 bar, increasing
up to ΔSrev ∼ 175 J K−1 kg−1 when applying 1000 bar (see
Fig. 2b, c and S4 of SI) with a temperature span (operating
temperature range) as large as Tspan ∼ 14 K. These values are
in agreement with the direct measurements of the entropy
change under real isothermal conditions when subjected to
pressurization/depressurization cycles (Fig. 1d). In fact, the
direct methods show that it is possible to reach the maximum
isothermal entropy change in a reversible manner (|ΔSit,direct|
∼ 168 J K−1 kg−1) already under the application of only 500 bar
in a temperature span of at least ∼8 K (from 258 K to 266 K),
in agreement with quasi-direct methods.

The barocaloric effect of the material was also estimated
using the quasi-direct methods, in terms of reversible adia-
batic temperature change (ΔTrev) according to eqn (5):

jΔT revðS; patm $ pÞj ¼ jTCðS; pÞ � THðS; patmÞj ð5Þ
where TC(S, p) is each temperature of the cooling isobaric
entropy change at a high pressure and TH(S, patm) is each
temperature of the heating isobaric entropy change at ambient
pressure. This operation is displayed graphically in Fig. 2b.

[CH3NH3][BF4] shows reversible adiabatic temperature
change of ΔTrev ∼ 13 K on applying compression–decompres-
sion cycles of 1000 bar (Fig. 2b–d and S5 of SI). The large
values obtained for ΔTrev can be rationalized from the combi-
nation of three main factors: the large entropy change, the low
heat capacity and the large barocaloric coefficient.

In summary, this material has demonstrated an energy
density for cold storage and thermal conductivity similar to
commercial PCMs combined with very large barocaloric effects
in an operating temperature range from ∼252 K to 273 K, ade-
quate for freezing and cold preservation applications.

4. Structural origin of the observed
behaviour

In order to identify the structural origin of this large thermal
storage capacity and barocaloric effects, we have used different
complementary structural characterization techniques to
provide useful insights into the phase transition and the two
different polymorphs above and below Tt, namely LT-phase (T
< Tt) and RT-phase (T > Tt).

4.1. Single crystal X-ray diffraction at different temperatures

We studied the crystal structure of [CH3NH3][BF4] using single-
crystal X-ray diffraction (SCXRD) at 298 and 100 K to compare
the room temperature RT-phase, which had already been
reported,33 and with the LT-phase that had remained elusive
probably due to the difficulty related to the breakage of crystals
upon cooling, and is described for the first time in this work.
The obtained structures for both polymorphs are presented in
Fig. 3a.

The LT-phase exhibits monoclinic symmetry with space
group P21/n and lattice parameters a ∼ 10.5 Å, b ∼ 7.3 Å, c ∼
12.3 Å and β ∼ 100.5° at T = 100 K, see more detail at Table S2
of SI. The asymmetric units consist of two [BF4]

− anions and
two [CH3NH3]

+ cations. The cations are arranged antiparallel
to each other, with the C–N bonding axis almost aligned along
the [1̄01] direction.

The two [BF4]
− anions of the asymmetric unit adopt slightly

distorted tetrahedral geometries, with four different B–F bond
lengths ranging from 1.38 to 1.42 Å and the F–B–F bond
angles between 107.4 degrees and 111.2 degrees, slightly
deviating from the ideal angle of 109.5 degrees, see more
details in Tables S3 and S4 of SI. This distortion is associated
with hydrogen bonding interactions between the fluoride
anions and the hydrogen atoms of the ammonium groups in
the cations. Additionally, the two tetrahedral [BF4]

− anions in
the asymmetric unit are rotated 90° relative to each other.

The intermolecular interactions between cations and
anions were studied using Hirshfeld surface analysis,
implemented in the CrystalExplorer software.62 Notably, the
molecular interactions are predominantly governed by hydro-
gen bonding. The [BF4]

− anions form hydrogen bonds with
five methylammonium cations (see Fig. 3b). From the analysis
of the fingerprint plot (see Fig. 3b), we determine that approxi-
mately 90% of the close contacts involve interactions between
the fluorine atoms of the anion and the hydrogen atoms of the
cations.

Similarly, the hydrogen atoms of the ammonium group in
the [CH3NH3]

+ cations participate in H-bonding with six [BF4]
−

anions (see Fig. S6a of SI), where the fingerprint plot analysis
(see Fig. S6b of SI) further reveals that 76% of the close con-

Fig. 3 (a) Crystal structure of the LT- and the RT-phase obtained by
SCXRD for the [CH3NH3][BF4] compound. (b) Hirshfeld surface analysis
of [BF4]

− anions showing the dnorm surface (left) and 2D fingerprint plot
showing the F⋯H interactions (right).
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tacts correspond to F⋯H interactions between the anions and
cations and 24% of the close contacts correspond to H⋯H
interactions between the methyl group of the cations.

When undergoing the phase transition, the RT-phase exhi-
bits a tetragonal symmetry with space group P4/nmm and
lattice parameters a ∼ 5.3 Å and c ∼ 9.2 Å at T = 298 K (further
details in Table S2 of SI). The asymmetric units consist of one
[BF4]

− anions and one [CH3NH3]
+ cations. A notable feature of

the RT-phase is the significant disorder exhibited by the [BF4]
−

anions, where the fluorine atoms are distributed across mul-
tiple positions around a single boron atom, suggesting orienta-
tional disorder. The cations are arranged in an antiparallel
manner, with their C–N bonding axes aligned along the c-axis.
It should also be noted that while the carbon and nitrogen
atoms are ordered, the hydrogen atoms could not be located,
indicating that the cations may undergo rotational motion
around their C–N axis, as previously reported.33

Therefore, the cold storage and barocaloric properties are
directly related to a first-order phase transition involving
order–disorder processes of the [BF4]

− anions and H-bond for-
mation/breakage, where the phase transition could be classi-
fied as a ferroelastic transition attending to the Aizu notation
4/mmmF2/m.63

4.2. Variable-temperature synchrotron X-ray powder diffraction

To further evaluate the thermally induced response of this
compound, we conducted a detailed study of the lattice para-
meters as a function of temperature by using variable-tempera-
ture synchrotron powder X-ray diffraction (SPXRD).

The obtained data confirm that the phase transition occurs
at 258 K upon heating (see Fig. 4a), consistent with our DSC

results. Le Bail fittings (see Fig. S7 and S8 of SI) also confirm
that the RT-phase exhibit a tetragonal symmetry (S.G: P4/nmm,
a ∼ 5.3 Å, c ∼ 9.2 Å) and that LT-phase shows a monoclinic
symmetry (S.G: P21/n, a ∼ 12.4 Å, b ∼ 7.4 Å and c ∼ 10.5 Å, β ∼
100.5°), which is consistent with our SCXRD results.

Furthermore, the temperature-evolution of the lattice para-
meters and cell volume reveal that the phase transition is
associated to a very large volume change, with an increase of
7.5% when undergoing from LT-phase to RT-phase (see
Fig. 4b and Fig. S9 of SI). It should be noted that, even
though the order–disorder process is relatively small and
mainly related to [BF4]

− anions, the volume change is larger
than those observed in similar barocaloric and thermal
energy storage plastic crystals and even comparable to that
experienced by materials with long alkylammonium chains
(see Table 1).

This volume change is responsible for the large barocaloric
coefficient as observed by using Clausius–Clapeyron calcu-
lations according to eqn (6):11,60

dTt

dp
¼ ΔV=ΔSt ð6Þ

where Tt is the transition temperature (read at the peak’s
maximum) and p is the applied pressure as previously defined,
ΔV is the volume change in the cell during the phase tran-
sition and ΔSt is the thermally induced entropy change
involved in the phase transition.

Thus, we obtained a theoretical value of dTt/dp ∼ 27.9 K
kbar−1, which is in good agreement with the value calculated
by VT-DSC and VP-DSC. Furthermore, the [CH3NH3][BF4] com-

Fig. 4 (a) Contour plot of synchrotron powder X-ray diffraction (SPXRD) patterns as a function of temperature at atmospheric pressure. (b) Cell
volume of [CH3NH3][BF4] as a function of temperature. (c) Contour plot of SPXRD patterns under compression at T = 264 K. (d) Cell volume of
[CH3NH3][BF4] under compression at different isothermal conditions.
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pound also exhibits a thermal expansion coefficient of 2.46(2)
× 10−4 K−1 and 2.65(2) × 10−4 K−1 for the LT- and RT-phases as
calculated using PASCal v2,64 which has to be taken into
account – together with the volume change – to avoid mechan-
ical stress when integrating in devices.

4.3. Variable-pressure synchrotron X-ray powder diffraction

Additional studies of the crystal structure evolution under
applied pressure were performed using in situ variable-
pressure synchrotron powder X-ray diffraction (SPXRD) under
different isothermal conditions upon compression/decompres-
sion cycles from 100 to 1000 bar.

Above the transition temperature (at T = 290 K), the patterns
correspond to the RT-phase throughout the entire pressure
range. Meanwhile, for T = 264 K we observe the pressure-
driven phase transition upon compression and decompres-
sion, as presented in Fig. 4c and Fig. S10 of SI. These data
show a pressure hysteresis of ∼340 bar, which justify the hys-
teresis previously observed in our VP-DSC data.

The Le Bail fitting (see Fig. S11 and S12) of the obtained
patterns reveals a large pressure-dependence of the cell
volume (Fig. 4d and Fig. S13 of the SI), which upon com-
pression decreases sharply by ∼7%, a change similar to that
observed at atmospheric pressure in the thermally-induced
phase transition. We also found that the pressure required to
induce the phase transition increases when increasing the
temperature of the isothermal conditions (Fig. 4d).

In addition, the PASCal v2 tool64 was used to estimate the
compressibility along the principal axes and the cell volumes
were fitted using second-order Birch–Murnaghan equations of
state to estimate the isothermal bulk modulus (Fig. S14 of SI).
Interestingly, we observe values of B0 ∼ 6.85(6) GPa, similar to
values reported for soft hybrid organic–inorganic
materials.65,67–69

These data allow the identification the volumetric contri-
butions to the entropy changes associated with both the
volume change of the phase transition (ΔSV(tr)) and the elastic
deformation (ΔSV(el)). For order–disorder transitions in organic
plastic crystals, the entropy increase associated to the volume
expansion is often approximated using eqn (7):11

ΔSVðtrÞ ¼ αB0 � ΔV tr ð7Þ
where α is the isobaric thermal expansivity (averaged over the
two phases, which show very similar values), B0 is the isother-

mal bulk modulus of the RT-phase (with more extensive
experimental data and – in turn – lower uncertainty), and ΔVtr
is the specific volume change at the transition. It should be
noted that this approximation is valid when the bulk moduli
of both phases are comparable and the transition is of first
order, both conditions being satisfied in the present
compound.70

Meanwhile, the elastic entropy change due to the lattice
shrinkage on either side of from the phase transition is calcu-
lated according to the previous eqn (4), ΔSV(el) = −(δV/
δT )·Δp.11 Using these expressions we have estimated the
different volumetric entropy changes exhibited by
[CH3NH3][BF4] compound at T = 264 K under compression
from atmospheric pressure to 1000 bar, see Fig. S15 of SI.
From these estimations, we obtain values of ΔSV(tr) ∼ 80 J K−1

kg−1 and ΔSV(el) ∼ 15 J K−1 kg−1, which accounts for ∼50% of
the total entropy changes obtained by our HP-DSC results.
Meanwhile, the additional entropy changes can be attributed
to orientational disorder from the ions and the breakage of
hydrogen bonds.

5. Evaluation of the thermal and
caloric performance in comparison
with state-of-the-art cold storage and
barocaloric materials

The studied [CH3NH3][BF4] thermomaterial has revealed both
thermal and caloric properties of interest for multipurpose
cold storage and barocaloric refrigeration applications, with
significantly large performance when compared to state-of-the-
art commercial and emerging materials.

In the field of thermal energy storage, most PCMs with
solid–solid phase transitions operate above room temperature,
such as polyalcohols, 2D hybrid perovskites or organic poly-
mers, see Fig. 5a. Meanwhile, cold storage mostly relies on
PCMs with solid–liquid phase transitions (salt hydrates,
paraffins, fatty acids, or eutectic mixtures of organic and non-
organic components) with drawbacks related to leakages,
supercooling and/or incongruent melting. The [CH3NH3][BF4]
shows enthalpy change values similar to solid–solid PCMs
while operating under sub-zero conditions like commercial
solid–liquid PCMs (see Fig. 5a and Table S5), thus combining
two advantageous features of both material classes.

In order to compare the performance within state-of-the-art
barocaloric materials, we have compiled different barocalorics
that can operate at low temperatures and we have classified
them into three main groups, namely, sub-zero temperatures
(200 K < Tt < 273 K), cold temperatures (273 K < Tt < 283 K)
and warm temperatures (283 K < Tt < 298 K), see Fig. 5b.
Remarkably, besides its significant cold storage capacity, the
[CH3NH3][BF4] is also one of the few materials that present
colossal barocaloric effects (ΔS ≥ 100 J K−1 kg−1) in the sub-
zero region, only comparable to 1-Cl-adamantane71 and
[DBA][BF4]12 (see Fig. 5b and Table S6).

Table 1 Selected volume changes (ΔV) of reported barocaloric and
thermal energy storage materials

Compound Tt (K) ΔV (%) Ref.

[(CH3)3NOH]2[CoCl4] ∼343 ∼2.6 65
[C7H14N][ReO4] ∼340 ∼2.7 55
(CH3)2C(CH2OH)2 ∼314 ∼4.9 50
[CH3NH3][BF4] ∼258 ∼7.5 This work
(C6H13)2NH2I ∼286 ∼7.8 66
(C10H21NH3)2MnCl4 ∼312 ∼7–8 22 and 23
[DBA][BF4] ∼269 ∼8.4 12
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Furthermore, analysing the recent reports on organic ionic
plastic crystals with barocaloric effects,29 we also identify that
the family of [C2mmor][FSI], [N2222][TFSI], and [Ci3mpyr][FSI]
(C2mmor: 4-ethyl-4-methylmorpholinium, FSI: bis(fluorosulfo-
nyl)imide, N2222: tetraethylammonium, TFSI: bis(trifluoro-
methanesulfonyl)imide and Ci3mpyr: N-methyl-N-isopropyl-
pyrrolidinium) are also promising solid–solid PCMs for multi-
purpose cold storage and barocaloric refrigeration operating at
temperatures slightly higher than the here studied
[CH3NH3][BF4] (see Fig. 5).

6. Conclusions

Combining variable-temperature and variable-pressures
studies by differential scanning calorimetry, single crystal
X-ray diffraction and synchrotron X-ray diffraction, we have
identified a simple, economic and easy-to-manufacture solid
compound –[CH3NH3][BF4]– with thermal and caloric pro-
perties adequate for both cold storage and barocaloric
thermal management. This material can operate under sub-
zero temperatures in a similar way to commercial solid–
liquid PCMs, showing a thermal energy storage capacity (ΔH
∼ 42 J g−1, E ∼ 89 J g−1) similar to solid–solid PCMs that gen-
erally operate above ambient temperatures. This material also
combines colossal barocaloric effects (ΔS ∼ 175 J K−1 kg−1,
ΔT ∼ 13 K) comparable to emerging barocaloric materials,
while operating at much lower temperatures, meaning that
this material has potential for implementation in on-grid
(with power supply) and off-grid (without power supply)
cooling technologies of great interest for cold preservation in

the temperature range from 273 K down to 235 K, especially
in emergency situations and/or humanitarian areas. The
compound –[CH3NH3][BF4]– combines large cold storage
capacity and colossal barocaloric effects in a sub-zero temp-
erature range, where examples of solid–solid PCMs with
either cold storage properties or barocaloric effects are very
scarce, not to mention materials with both simultaneous
thermal management properties. Contrary to most state-of-
the-art thermomaterials, we obtain very large values of
enthalpy, entropy and volume changes without using long-
chain building blocks, which we attribute to H-bonding con-
tributions between the small-size CH3NH3

+ and BF− ions.
Therefore, these findings reveal that materials with low
molecular weight can present thermal performances as
good as those based on long alkyl-like chains provided
that the number of H-bonds are adequately increased, which
is a promising additional tool for the optimization of
thermomaterials.
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Fig. 5 (a) Schematic diagram of enthalpy change (ΔH) versus transition temperature (Tt) for different families of low-temperature thermal energy
storage materials with solid–solid (1–3) and solid–liquid phase transitions (4–6), namely: polyalcohols (1), 2D hybrid perovskites (2), organic poly-
mers (3), salt hydrates (4), paraffins and fatty acids (5), and eutectic mixtures of organic and non-organic components (6), compared with state-of-
the-art sub-zero SS-PCMs (a-e) and the here reported [CH3NH3][BF4] compound.8,12,27,38,39 (b) Reversible entropy change (ΔSrev) and transition
temperature (Tt) for state-of-the-art barocaloric materials that can operate at low temperatures from 250 K to 298 K, sorted by their Tt. Note:
further details can be found in Tables S5 and S6.
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