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Traditional refrigeration methods based on vapour compression are environmentally damaging, prompting

a need for greener alternatives. Hybrid ionic plastic crystals that exhibit order–disorder structural phase

transitions around room temperature with large pressure-driven entropy and temperature changes have

been identified as viable solid-state refrigerants. The characteristic dynamic disorder of plastic crystals

complicates experimental structural probes and requires molecular dynamics simulations to gain insight

into the disorder. However, the dynamics of the disordered phase are seldom unambiguously

characterized and rarely linked to how they drive the phase transition. In this work, we investigate the

barocaloric properties of choline-based plastic crystals [choline]2CoCl4 and [choline]2ZnCl4. Through

comprehensive characterization via variable pressure–temperature diffraction and ab initio molecular

dynamics simulations we show that the microscopic mechanism for the observed crystallographic

disorder and entropy changes can be attributed to hydrogen bonding competition in the disordered

orthorhombic (Pmcn) and ordered monoclinic (P21/c) phases. Our study illustrates the potential of

choline-based plastic crystals as viable candidates for barocaloric refrigeration and shows that the

combination of theoretical and experimental approaches presented here provides a comprehensive

insight into the structural dynamics that drive competitive reversible adiabatic temperature and entropy

changes at low working pressures.
1 Introduction

The currently ubiquitous vapour-compression method of refrig-
eration has a signicant downside, namely its reliance on volatile
refrigerants with large global warming potentials.1 In order to
overcome this challenge, alternative solid-state refrigerants
which exhibit similarly large entropy and temperature changes by
the application of external stimuli, the so-called solid-state
caloric effects, have to be identied. An all solid-state approach
avoids the need for volatile refrigerants with large global warm-
ing potentials and promises a higher thermodynamic efficiency.2

The caloric effects are generally classied by their driving elds
into four types: barocaloric (hydrostatic pressure), elastocaloric
(uniaxial stress), magnetocaloric (magnetic eld), and
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electrocaloric (electric eld). These effects can also be combined
in multicaloric materials to achieve enhanced or synergistic
responses.3,4Magnetocalorics typically exhibit entropy changes of
10–40 J K−1 kg−1 and oen require large applied elds created by
superconducting magnets.5 Electrocalorics have shown large
promise in thin lms but suffer from their difficulty to scale.6

Elastocalorics are known to exhibit large caloric responses but
suffer from mechanical fatigue.7 Barocaloric effects stand
out for their exceptionally large entropy changes driven by
pressure-induced phase transitions in bulk materials that can
couple to other order parameters such as magnetic or
polar degrees of freedom.8,9 Thus far, colossal barocaloric effects
(DS$ 100 J K−1 kg−1) on par with commercial hydrouorocarbon
refrigerants such as R134a where DS = 520 J K−1 kg−1 10 have
been observed in solid–solid phase transitions for a variety of
systems such as molecular and (hybrid) ionic plastic crystals,11–19

two-dimensional perovskites,20,21 spin-crossover compounds22–24

and inorganic salts.25 The exceptionally large barocaloric
response found in plastic crystals originates from structural
phase transitions from an orientationally disordered state to an
ordered state,26 characterized by a large isothermal entropy
change, DSit, and large barocaloric coefficient, dT/dP.
J. Mater. Chem. A
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Hydrogen bonding is an important tool in crystal engi-
neering enabling control of inter- or intramolecular interactions
and plays a critical role in the physical properties of many
technologically important material systems such as the stability
and optoelectronic properties of hybrid perovskites.27,28 In the
context of barocalorics, hydrogen bonding has previously been
found to play a central role in the order-disorder structural
phase transitions observed in molecular plastic crystals.29 For
instance, in a combined computational and spectroscopic study
conducted by Li et al. on neopentyl glycol, it was demonstrated
that hydrogen bonds provide stability to the low-temperature
(LT) ordered phase.29 For molecular plastic crystals more
generally, the transition temperature, Tc, increases with
increasing number of hydroxyl groups and therefore increases
with the possible hydrogen bond pathways.29

To further our understanding of the inuence of hydrogen
bonding in order-disorder phase transitions in plastic crystals
and to have control over its barocaloric properties, in this work
we combine the hydrogen bond donor choline with metal
halide hydrogen bond acceptors. The metal halide anions of
choice in this work are CoCl4

2− and ZnCl4
2− which form highly

symmetric tetrahedral complexes that promote plastic crystal
phase formation. Halometallate anions can function as chem-
ically tuneable hydrogen bond acceptors through selection of
the metal centers and halogen. Choline (C5H14NO

+) is
a quaternary ammonium ion that readily forms plastic crystal-
line salts with a variety of counterions due to its globular
shape.30 From a sustainable materials design perspective,
choline is an ideal cation due to its non-toxic nature (essential
human nutrient31) and ability to function as hydrogen bond
donor. Ionic plastic crystals (IPCs) have thus far been explored
mostly as solid-state electrolytes due to the large ionic
conductivity of the plastic crystalline phase.32 In this work, we
seek to understand the barocaloric and structural properties of
[choline]2CoCl4 and [choline]2ZnCl4, which are new additions to
the broader families of hybrid inorganic–organic IPCs and
choline metal halide compounds. Thus far, several choline
metal halides compounds such as [choline]FeCl4,30 [choline]3[-
CuCl4][Cl],33 [choline]4[Cu4Cl10O] 33 and [choline][SnCl3] 34 have
been reported. However, it is apparent that the reported crystal
structures for the known choline metal halide compounds, as
well as for plastic crystals in general, suffer from the presence of
disorder leading to either incomplete descriptions of the crystal
structures33 or the inability to model the structure all
together.17,19,30,35,36 Furthermore, for choline metal halide
compounds, with the exception of [choline]FeCl4, no structural
phase transitions are reported for these suspected plastic crys-
tals. In this work, we present thorough structural analyses of the
phase behavior of choline-based metal halide plastic crystals.

X-ray diffraction techniques are inherently limited in their
ability to probe the ne details of the orientational disorder and
dynamic nature of the plastic crystalline phase due to the
spatial- and time-averaged crystallographic models they
produce. Consequently, for plastic crystals computational
approaches such as ab initio molecular dynamics (MD) have
long been required to gain the atomistic insight needed to
rationalize their observed physical properties. Over the years,
J. Mater. Chem. A
the increase in available computational power has enabled the
simulation of increasingly complex systems which exhibit
plastic crystalline phases, from the earliest examples of MD
simulations on simple systems such as methane,37 SF6 38 and
CCl4 39 to the hybrid inorganic–organic choline metal halide
compounds presented here.

Classical MD has been shown to be a successful approach for
modelling the structural dynamics and estimating the ther-
modynamic properties for a variety of organic ionic plastic
crystals40–45 and promising barocaloric materials such as neo-
pentyl glycol46 andmethylammonium PbI3.47 However, dynamic
disorder in these systems is still usually characterized in terms
of the broadening of radial distribution functions40–42 or the
rapid decay of angular autocorrelation functions.46 As such, the
modes driving the order–disorder phase transition and are
characteristic of the plastic crystalline phase are rarely identi-
ed. Additionally, for the choline-based plastic crystals pre-
sented in this work, force elds that accurately describe the
intermolecular interactions are not available in literature. This
limitation motivates the use of the more rigorous approach of
ab initio molecular dynamics in the present work. As ab initio
MD accounts for the temperature and anharmonic effects
characteristic to plastic crystals, they are a powerful tool in
estimating key thermodynamic quantities, i.e. temperature-
dependent vibrational frequencies, entropy and free ener-
gies.47,48 Although ab initio MD calculations are much more
computationally expensive than static DFT or classical molec-
ular dynamics, they are an essential choice of methodology for
the present work.

In this work, we present a comprehensive study of the bar-
ocaloric properties of [choline]2MCl4 (M = Co, Zn). Combining
pressure- and temperature-variable calorimetry and X-ray
diffraction experiments with ab initio MD simulations
provides an in-depth understanding of the atomic origins of the
order-disorder structural phase transition and the resulting
changes in entropy and temperature. Across the order-disorder
phase transition, both [choline]2CoCl4 and [choline]2ZnCl4
exhibit a maximum reversible isothermal entropy change,
DSit,rev, of 139 J kg−1 K−1 and 128 J kg−1 K−1 respectively for
a change in pressure, DP, of 100 MPa. Additionally, [choline]2-
CoCl4 and [choline]2ZnCl4 show a maximum reversible adia-
batic temperature change, DTad,rev, of 6.1 K for DP = 100 MPa.
Ab initio MD simulations reveal that distinct dynamic behavior
characterizes both the monoclinic and orthorhombic phases.
The results from the MD simulations agree well with, and
inform, the crystallographic models obtained from single
crystal X-ray diffraction experiments. We further provide an
atomic mechanism to rationalize the observed crystallographic
disorder and the large change in isothermal entropy.

2 Methodology
2.1 Experiments

2.1.1 Synthesis. For the synthesis of [choline]2CoCl4 and
[choline]2ZnCl4, choline chloride (2 mmol, 0.2792 g, Toku-e)
was dissolved alongside CoCl2$6H2O (1 mmol, 0.2379 g,
Sigma-Aldrich, reagent grade) or ZnCl2$6H2O (1 mmol,
This journal is © The Royal Society of Chemistry 2025
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0.2379 g, Sigma-Aldrich, reagent grade) in 98% ethanol heated
to its boiling point. Millimeter-sized blue needle-like single
crystals of [choline]2CoCl4 and millimeter-sized white needle-
like single crystals of [choline]2ZnCl4 were obtained by slow
cooling.

2.1.2 Heat capacity. Heat capacity measurements were
conducted using an AK-6-25 adiabatic calorimeter, manufac-
tured by AOZT Termis which provide an accuracy of 0.3%.49 The
experimental data were recorded under ambient pressure
conditions in the temperature range from 250 to 350 K, on bulk
powder samples of [choline]2CoCl4 (55.7 mg) and [choline]2-
ZnCl4 (143.2 mg).

2.1.3 Variable-pressure differential scanning calorimetry.
Variable-pressure differential scanning calorimetry measure-
ments were performed on a rough powder (consisting of
hundreds of as-grown single crystals) of [choline]2CoCl4 (24.9
mg) and [choline]2ZnCl4 (11.8 mg) using a Seteram Microcalvet
calorimeter equipped with Hastelloy high-pressure cells.
Isobaric heat ow measurements were performed between
atmospheric pressure and 100 MPa in 10 MPa pressure steps
using a heating and cooling rate of 1 K min−1 and N2 gas was
used as the pressure transmitting medium. N2 pressures up to
100 MPa were generated using a Teledyne Isco syringe pump.

2.1.4 Calculation of isobaric entropy changes. The isobaric
entropy changes, DSib, were calculated by integrating over the
peaks observed in the heat ow measurements50 aer the
subtraction of a linear background:

DSib ¼
ðTf

Ti

1

T

QðT ;PÞ
T

� dT (1)

Here, Q(T, P) is the isobaric heat ow signal, Ti and Tf corre-
spond the initial and nal temperature of a temperature range
near the transition peak, _T is the scan rate used during the
measurement and T is the temperature. The contribution from
the heat capacity to the isobaric entropy change, Scp, was
calculated through the following equation:21

ScpðTÞ ¼

8>>>>>>>>>><
>>>>>>>>>>:

ScpðT0Þ þ
ðT
T0

cLTp

T
0 dT

0
T0 #T #Ti

ScpðTiÞ þ
ðT
Ti

cp

T
0dT

0
Ti #T #Tf

Scp

�
Tf

�þ
ðT
Tf

cHT
p

T
0 dT

0
Tf #T

(2)

Between the reference temperature, T0 and the starting temper-
ature of the transition, Ti, the contribution from the heat capacity
of the low temperature phase is accounted for. During the phase
transition, between Ti and Tf, the change in heat capacity is
accounted for by dening cp as: cp = (1 − x)cLTp + xcHT

p . Here, x is
obtained by renormalizing the isobaric entropy changes to values
ranging from 0 to 1. Above Tf, the contribution from the heat
capacity of the high temperature phase is accounted for. T0 was
set to 270 K for both [choline]2CoCl4 and [choline]2ZnCl4 and
Scp(T0) = 0. For [choline]2CoCl4, cLTp = 1225(4) J kg−1 K−1

and cHT
p = 1326(4) J kg−1 K−1. For [choline]2ZnCl4,

cLTp = 1181(4) J kg−1 K−1 and cHT
p = 1251(4) J kg−1 K−1.
This journal is © The Royal Society of Chemistry 2025
As the pressure-induced volume change of the material
outside the phase transition region gives rise to an isothermal
change in entropy, Scp is pressure dependent. To account for
this, an elastic heating contribution,51 DS+, can be calculated
using the Maxwell relation (vV/vT)P = −(vS/vP)T:

DSþ
�
Pf � Pi

� ¼ �
ðPf

Pi

�
vV

vT

�
dP (3)

This equation can be simplied by the assuming that the
thermal expansion coefficient, a, is independent of the
pressure:

DS+ = −(vV/vT)P=0$DP = −(V$a)$DP (4)

Here, V is the volume, T is the temperature, DP is the driving
pressure (Pf − Pi) and a is the thermal expansion coefficient at
ambient pressure (a= V−1(vV/vT)P=0). The nal cp adjusted DSib
curves were constructed by the addition of DS+ (using the a of
the LT phase) and Scp to DSib for all pressures.

2.1.5 Calculation of isothermal entropy changes. The
pressure-induced isothermal entropy changes, DSit, were
calculated using the quasi-direct method:50

DSit(P0/P)(T,P) = DSib,cooling(T,P) − DSib,cooling(T,P0) (5)

DSit(P/P0)
(T,P) = DSib,heating(T,P0) − DSib,heating(T,P) (6)

Here, the difference between DSib at ambient (P0) and raised
pressures (P), obtained on cooling and heating, are used to
calculate the DSit on compression and decompression respec-
tively. Reversible isothermal entropy changes, DSit,rev were
determined by the overlap method.51 Here, DSit,rev is taken as
the minimum value of jDSit,coolingj compared to jDSit,heatingj at
a given pressure for all temperatures.

2.1.6 Calculation of adiabatic temperature changes. The
adiabatic temperature changes are determined from the cp
adjusted isobaric entropy curves through the quasi-direct
method.50

DTad(P0/P) = T(S,P)cooling − T(S,P0)cooling (7)

DTad(P/P0)
= T(S,P0)heating − T(S,P)heating (8)

Here, the (irreversible) adiabatic temperature change induced
by the initial compression and decompression, DTad(P0/P) and
DTad(P/P0) respectively, are calculated. The reversible adiabatic
temperature changes, DTad,rev, are calculated by the subtraction
method where the difference is taken of the adiabatic temper-
ature change curves obtained on cooling (at applied pressure)
and on heating (ambient pressure):

DTad,rev = T(S,P)cooling − T(S,P0)heating (9)

In this method DTad,rev is only obtained at pressures high
enough to overcome the thermal hysteresis. Illustrated in
Fig. 1f, under these conditions the difference between the DSib
curves obtained on cooling (at pressure) and heating (at
J. Mater. Chem. A
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ambient) is positive. Physically this implies the subtraction
method only takes into account complete phase transitions21 in
contrast to the overlap method employed for the calculation of
the reversible isothermal entropy changes which takes into
account partial phase transitions as well.

2.1.7 Variable-temperature single crystal X-ray diffraction.
Variable-temperature single crystal X-ray diffraction measure-
ments were performed on cooling using a Bruker D8 Venture
diffractometer equipped with a Photon 100 CMOS detector
operating with Mo Ka radiation between 320 K to 100 K. The
SAINT52 routine as implemented in the Bruker APEX 4 (ref. 53)
soware package was used for data integration. Multi-scan
absorption correction was performed using SADABS54 for the
untwinned data sets and TWINABS55 for twinned data sets (T <
290 K). For [choline]2ZnCl4 (T # 250 K), the nal datasets used
for renement were obtained by merging data from data
collections on two different crystals to obtain properly scaled
strong low-angle reections. Final structure renements and
structure visualization were performed in Olex2.56 For the
monoclinic phase, the atomic displacement parameters (ADPs)
of all non-hydrogen atoms were rened anisotropically. The
ADPs of disordered atoms that are equivalent were restrained to
be equal. For the orthorhombic phase, N–C, C–C and C–O bond
distance restraints and equal ADP constraints were employed.
To maintain a good data/parameter ratio, only the ADPs of the
Co and Cl atoms were rened anisotropically. The X-ray crys-
tallographic coordinates for structures reported in this study
have been deposited at the Cambridge Crystallographic Data
Centre (CCDC), under deposition numbers 2405717–2405731.

2.1.8 Variable-temperature-variable-pressure powder X-ray
diffraction. Variable pressure powder X-ray diffraction experi-
ments were performed up to 100 MPa at the Swiss-Norwegian
BM01 beamline at the ESRF.57 For the experiments at BM01,
a glass capillary (outer diameter of 0.5 mm) was loaded with the
powder sample and subsequently placed in a modied sapphire
capillary cell.58 Fluorinert FC-70 was added as the pressure
transmittingmedium and the sapphire cell was sealed with wax.
A hydraulic pump was used to apply pressures of up to 100 MPa.
A cryostream from Oxford cryosystems was used to vary the
temperature. Due to thermal lag between the temperature of the
cryostream and the temperature inside the capillary, a temper-
ature calibration was performed on Ag powder, whereby the
unit cell parameters were tted to determine the temperature
inside the capillary.59

For the patterns collected at 287.8 K between 10–50 MPa,
Rietveld renements were performed using Jana2020.60 The
remainder of the powder diffraction patterns were rened using
cyclical Le Bail renements in Jana2020.60 The crystal structures
from single crystal X-ray diffraction were used as starting points
for the Rietveld renements of both the monoclinic and
orthorhombic phase. Due to a decrease in the data-to-parameter
ratio compared to the SCXRD experiments, the crystallographic
models were simplied before renement. For the Rietveld
renement of the monoclinic phase, the disordered component
was omitted. For both the orthorhombic and monoclinic phase
the atomic displacement parameters were rened isotropically
and both symmetry inequivalent cholines were rened as rigid
J. Mater. Chem. A
bodies. Additionally, constraints were used to set the ADPs of
atoms of the same type to be identical to each other. Co–Cl and
Cl–Cl bond distance restraints were employed. We note that the
synchrotron radiation induces signicant radiation damage in
the samples and to combat this, the sample was moved between
measurements.
2.2 Computational details

2.2.1 Ab initio molecular dynamics. Ab initio MD simula-
tions were performed to investigate the structural dynamics of
the two phases in [choline]2CoCl4 and [choline]2ZnCl4.
These simulations were conducted under NVT conditions at
T = 250 K and T = 340 K for [choline]2CoCl4 and at T = 250 K
and T = 315 K for [choline]2ZnCl4 to represent the monoclinic
(P21/c) and orthorhombic (Pmcn) phases using the CP2K
package.61 The simulations of the unit cell were performed with
each unit cell comprising of 4 formula units, i.e. 8 cholines and
4 MCl4

2− (M = Co, Zn). The hybrid Gaussian and augmented
plane wave method (GAPW), as implemented in the quickstep
module of the CP2K package, was employed.62 The calculation
of ionic forces were performed using rst-principles density
functional theory. The dispersion interactions were included
using the Grimme's DFT-D3 scheme,63 and the Kohn–Sham
orbitals of valence electrons were expanded in a Gaussian basis
set (DZVP-MOLOPT for Co, Zn, Cl, C, N, O and H).64 The dual-
space GTH pseudopotentials65–67 were used to take into
account the effect of the core electrons. Spin-polarization was
taken into account for Co2+ ions which were initialized in high
spin congurations and collinear spin arrangement. The func-
tional minimization was performed using the orbital trans-
formation method.68,69 A time step of 0.55 fs was employed to
take into account the dynamics of the H atoms. The canonical
sampling through velocity rescaling (CSVR) thermostat70 was
employed, with a small time constant of 10 fs for the initial
equilibration steps for the P21/c phase (∼2000 steps) and the
Pmcn phase (∼3500 steps) for [choline]2CoCl4 and ∼8000 steps
for both the phases of [choline]2ZnCl4. A larger time constant of
100 fs was employed for the thermostat for the rest of the
equilibration and production stages. The production simula-
tions were performed for approximately 60 ps for [choline]2-
CoCl4 (for both phases) and 160 ps for [choline]2ZnCl4 (for both
phases). The input les for the simulations are available in
a public repository.71 The vibrational spectra were calculated
from the ab initio MD trajectories using TRAVIS.72–74

2.2.2 Hydrogen bonding analysis. The two distinct
hydrogen bonding interactions present in this system, OH/Cl
(choline-metallate) and OH/O (inter-choline) were modelled
by dening a bond cutoff (∼2.5 Å for OH/Cl bond and 2.792 Å
for OH/O bond) and an angular cutoff to take into account the
directionality of hydrogen bond (:OHCl > 140° and :OHO >
110° (ref. 75 and 76)). The cutoffs applied here are relaxed
compared to the rigid hydrogen bonding distances and angles
in order to capture the dynamic hydrogen bonding present in
this system.

2.2.3 Vibrational entropy. The long ab initio MD trajecto-
ries allow us to calculate the thermodynamic properties, such as
This journal is © The Royal Society of Chemistry 2025
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vibrational contribution to entropy change. The vibrational
density of states (VDOS) can be calculated from the MD simu-
lations using TRAVIS.72–74 VDOS can be computed from the
Fourier transform of the atomic velocity autocorrelation func-
tion (VACF). The VACF is dened as:

VACFðtÞ ¼ 1

N

XN
i¼1

hviðtÞ$viðtþ sÞi (10)

where vi(t) is the velocity of atom i at time t, vi(t + s) is the velocity
of atom i at a later time t + s and h.i is the statistical average in
the NVT ensemble. The VDOS is expressed as:

gðnÞ ¼
ðN

0

VACFðtÞeintdt (11)

and is renormalized to 3N, N being the number of atoms.ðN
0

gðnÞdn ¼ 3N (12)

The vibrational contribution to the entropy change is
calculated as:

SðnÞ ¼ �kB
Xnmax

n¼0

�
gðnÞ�ln�1� ehn=kBT

��þ hn

kBT

1

ð1� ehn=kBT Þ
�

(13)

where g(n) is the VDOS at frequency n, kB is Boltzmann constant,
h being Planck constant and T is the temperature of the simu-
lation. The vibrational contributions to entropy change are
inherently inclusive of the temperature and anharmonic effects,
which are vital to hybrid systems and determine the relative
phase stability.47,77
3 Results and discussion
3.1 Barocaloric properties

The barocaloric effect is characterized by the isothermal entropy
change, DSit, and adiabatic temperature change, DTad, of
a material under an applied pressure. To determine the bar-
ocaloric properties of [choline]2CoCl4 (Fig. 1a), differential
scanning calorimetry (DSC) measurements are performed
under applied pressures of 0.1–100 MPa around room temper-
ature (277–323 K). Fig. 1b shows isobaric DSC traces of
[choline]2CoCl4 collected on heating (positive heat ow) and
cooling (negative heat ow). A single exothermic and endo-
thermic peak is observed at T = 287 K and T = 292 K on cooling
and heating respectively, which is indicative of a phase transi-
tion. The presence of thermal hysteresis with a width of ∼1 K
(temperature difference between the onsets of the two phases) is
consistent with a rst-order phase transition. Shown in SI
Fig. S1a and b, for [choline]2CoCl4 the isobaric entropy change
associated with the phase transition, DSib, remains within 99%
of the original value under applied pressures. For [choline]2-
ZnCl4 an increase of the DSib by 7% is observed from 0.1 MPa to
100 MPa (SI Fig. S2a and b). The evolution of DSit with applied
pressure is shown in Fig. 1c. The magnitude of DSit
increases with applied pressure, reaching a maximum value of
145 J kg−1 K−1 for DP = 100 MPa. See methods section 2.1.5 for
This journal is © The Royal Society of Chemistry 2025
details on the determination of DSit, which includes both
ambient-pressure heat capacities (SI Fig. S3a and b) and elastic
heating contributions. From the overlap of the compression
and decompression isothermal entropy curves, we
determine the reversible isothermal entropy change, DSit,rev.
From Fig. 1d it is apparent that with increasing pressure
the DSit,rev initially increases rapidly up to 60 MPa. Values of
DSit,rev $ 100 J kg−1 K−1 are reached for DP $ 60 MPa. DSit,rev
increases more slowly from 60 to 100 MPa and reaches
a maximum value of 139 J kg−1 K−1 (DP = 100 MPa). This
behavior is reected in the pressure dependence of the bar-
ocaloric strength, which is dened as the maximum entropy
change normalized to the change in pressure.50 Shown in SI
Fig. S4, DSit,rev/DP shows a maximum of 1.73 J kg−1 K−1 MPa−1

for DP = 60 MPa, which is comparable to some of the highest
values for the barocaloric strength reported in the literature up
to now.78

Using sufficiently long ab initioMD atomic trajectories (∼160
ps), the vibrational density of states (VDOS) were calculated for
the monoclinic and orthorhombic phase of [choline]2ZnCl4 (SI
Fig. S5). From the VDOS, the vibrational contribution to the
entropy change was determined as DSvib = Svib,315K − Svib,250K =

155(8) J kg−1 K−1 over a temperature difference of 65 K. This is
in qualitative agreement with the experimental value for DSit.
See SI Note 1 and Fig. S7 for details of vibrational entropy
calculation and error estimation. The vibrational contribution
to the entropy change is dominated by the weak intermolecular
interactions, such as hydrogen bonding interactions. As they
are less stiff than purely ionic or covalent interactions they
contribute to the plastic-like mechanical properties of the
material.

We further calculate the orientational contribution to the
entropy change arising from the reorientations of the choline
cations in the monoclinic and orthorhombic phases of
[choline]2ZnCl4 to be DSori= Sori,315K− Sori,250K= 3.4 J K−1 kg−1.
DSori is an order of magnitude smaller than the DSvib (∼2% of
the vibrational entropy change), indicating that dominant
contribution to the total entropy change is the DSvib. See SI Note
2 and Fig. S9 for details of orientational entropy change calcu-
lations. We note that this value is comparable to the value re-
ported for methylammonium PbI3.47

From a materials design perspective, it is important that
both the choline cations and the comparatively heavy MCl4

2−

anions contribute to the vibrational entropy change. A key
parameter governing the maximum temperature change
accessible under a pressure swing is the ratio of the heat
exchanged, Q, to the material's heat capacity, cp (Q/cp). This
ratio is maximized by maximizing Q while minimizing cp.
Consequently, heavy ions such as MCl4

2−, which signicantly
increase cp, must not act as inert or “dead” thermal mass.
Instead, both ions need to contribute actively to Q (proportional
to DSit) in order to maintain high cooling efficiency at the
system level. The ion-decomposed VDOS for [choline]2CoCl4
and [choline]2ZnCl4 (SI Fig. S5) shows that the inorganic MCl4

2−

(M = Co, Zn) anion contributes to the low frequency modes due
to their relatively high atomic masses. The slow choline vibra-
tions are spread throughout the spectrum, with the frequencies,
J. Mater. Chem. A
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Fig. 1 Overview barocaloric properties [choline]2CoCl4. (a) Chemical structure of the MCl4
2− and choline ions. (b) Isobaric DSC traces of

[choline]2CoCl4 collected on heating (negative heat flow) and cooling (positive heat flow). (c) Pressure-induced isothermal entropy changes
(DSit) for changes in pressures of 10 MPa to 100 MPa. (d) Reversible isothermal entropy changes (DSit,rev) for changes in pressures of 10 MPa to
100 MPa. (e) The evolution of the transition temperature (Tc is taken as the peak temperatures of (b)) against the applied pressure in MPa. The
dashed lines correspond to linear fits of the data. The barocaloric coefficient (dTc/dP) is denoted next to the data. (f) Heat capacity and elastic
heating adjusted isobaric entropy changes (DSib) on heating and cooling determined for P = 0.1 MPa and 100 MPa. Here, the reversible adiabatic
temperature change (DTad,rev) is highlighted. (g) Adiabatic temperature changes (DTad) for changes in pressures of 10 MPa to 100 MPa. (h)
Reversible adiabatic temperature changes (DTad,rev) for changes in pressures of 10 MPa to 100 MPa.

J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Hydrogen bonding in the monoclinic phase. (a) Schematic of the hydrogen bonding and disorder present in the asymmetric unit of the
monoclinic phase of [choline]2CoCl4 at 100 K. The thick dashed lines represent the bonds of the disordered parts and the dot-dashed lines
represent the hydrogen bonds. The refined occupancies of the disordered parts are denoted below the corresponding atom label. The number in
parentheses represents the estimated standard deviation. (b–e) Combined distribution functions of possible hydrogen bonds in the monoclinic
phase that satisfy the geometric criteria of a hydrogen bond. The areas of high probability of hydrogen bonding are colored orange and areas of
low probability, that do not satisfy the geometric criteria, are colored blue. The alternate axes show the distribution of the bonded and non
bonded probabilities with orange and blue lines respectively. (b) Distribution of choline-CoCl4

2− (OH/Cl) hydrogen bonds involving choline 1.
(c) Distribution of inter-choline (OH/O) hydrogen bonds between choline 1 (donor) and choline 2 (acceptor). (d) Distribution of choline-
CoCl4

2− (OH/Cl) hydrogen bonds involving choline 2. (e) Distribution of inter-choline (OH/O) hydrogen bonds between choline 2 (donor) and
choline 1 (acceptor).
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n < 300 cm−1, contributing to weak dispersion interactions
between the choline and MCl4

2− (M = Co, Zn). Such somodes
persist in other hybrid materials such as CH3NH3PbI3 and are
responsible for the phase stability at high temperatures.77 The
vibrational contribution to the entropy change determined
from the VDOS requires calculating ensemble averages over
long simulation timescales, as the so phonons (n < 300 cm−1)
present in [choline]2ZnCl4 struggle to converge at small simu-
lation timescales (see SI Fig. S6–S8 and Note 1 for further
details).

As expected for a conventional barocaloric, with increasing
pressure the transition temperature, Tc (taken as the peak
temperatures of Fig. 1b), shis to higher temperatures. Shown
in Fig. 1e, the barocaloric coefficient (dTc/dP) can be extracted
from the shi of Tc with pressure. Here, dTc/dP has an average
value of 0.119 K MPa−1. The barocaloric coefficient illustrates
the sensitivity of the transition to the applied pressure and in
the case of [choline]2CoCl4 falls within the range typically
observed for plastic crystals.15,16,18 The construction of the DSib
curves, shown for 0.1 and 100 MPa in Fig. 1f, allow for the
determination of the expected (reversible) DTad with applied
pressure. The pressure-induced DTad, shown in Fig. 1g shows
a maximum of 11.6 K for DP = 100 MPa. A maximum expected
DTad,max of 33.5 K can be indirectly calculated through, DTad =

−TDSit/cp. Through the subtraction method detailed in the
This journal is © The Royal Society of Chemistry 2025
methods section, we determine the reversible adiabatic
temperature change, DTad,rev. Shown in Fig. 1h, DTad is fully
reversible above DP > 60 MPa and DTad,rev reaches a maximum
of 6.1 K for DP = 100 MPa. The DTad,rev is approximately half of
the irreversible DTad and represents the magnitude of the
temperature change one can expect in a refrigeration cycle.

In Fig. S10 of the SI an overview is given of the barocaloric
properties of [choline]2ZnCl4. Compared to [choline]2CoCl4
smaller but comparable maximum values for DSit and DSit,rev of
130 J kg−1 K−1 and 128 J kg−1 K−1 are determined respectively
for DP = 100 MPa. Additionally, comparable maximum values
for DTad and DTad,rev of 10.8 K and 6.1 K are determined
respectively for DP = 100 MPa. Near identical barocaloric coef-
cients of 0.117 K MPa−1 (heating) and 0.120 K MPa−1 (cooling)
are determined for [choline]2ZnCl4.

The barocaloric properties of [choline]2CoCl4 and
[choline]2ZnCl4 are tabulated in SI Table S1 alongside several
best performing barocaloric materials from different material
classes for DP # 100 MPa. From SI Table S1 it is apparent that
the DSit,rev and DTad,rev of [choline]2CoCl4 and [choline]2ZnCl4
are competitive with other best-in-class hybrid ionic plastic
crystals and perovskites. For DP # 100 MPa, the classes of
molecular plastic crystals and inorganic salts oen exhibit no
reversible entropy or temperature changes. Notable exceptions
are C60 (DTad,rev = 9 K, DSit,rev = 32 J kg−1 K−1 (ref. 16)) and 1-Br-
J. Mater. Chem. A
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adamantane (DTad,rev = 20 K, DSit,rev = 150 J kg−1 K−1 (ref. 79)).
Summarising, in a pressure range most crucial for future
applications (DP # 100 MPa), the barocaloric properties of
[choline]2CoCl4 and [choline]2ZnCl4 are commensurate with
other best-in-class barocaloric materials that exhibit structural
order–disorder phase transitions.
3.2 Structural properties

Variable-temperature single crystal X-ray diffraction (VT-
SCXRD) was performed between 100 K and 320 K to deter-
mine the crystal structures of [choline]2CoCl4 and [choline]2-
ZnCl4 and to follow their structural evolution with temperature.
A structural phase transition is observed from a high-
temperature orthorhombic phase (space group Pmcn) to a low-
temperature monoclinic phase (space group P21/c) upon cool-
ing below 290 K for both [choline]2CoCl4 and [choline]2ZnCl4.
The phase transition coincides with the observed peak from the
calorimetry measurements shown in Fig. 1b and SI S10a. The
h0l precession images that are constructed from data sets
collected at 280 K and 290 K on [choline]2CoCl4 (shown in SI
Fig. S11) clearly illustrate the change of crystal system over the
phase transition. Note that [choline]2CoCl4 and [choline]2ZnCl4
are isostructural and therefore the following discussion on the
structural properties of [choline]2CoCl4 is applicable to
[choline]2ZnCl4 as well. The evolution of the (normalized) lattice
parameters of [choline]2CoCl4 with temperature is plotted in SI
Fig. S12. For both phases the thermal expansion is anisotropic.
For P21/c, between 100–280 K, the b-axis expands by ∼3% and is
the largest contributor to the thermal expansion as the a- and c-
axes only expand by roughly 1%. For Pmcn, between 290–320 K,
the c-axis expands by 0.9% and is the dominant factor in the
thermal expansion. On going through the phase transition, the
unit cell volume increases by 2.4% (DV = 1.69 × 10−5 m3 kg−1)
discontinuously. The a-axis shrinks by 5.3% while the c- and b-
axis expand by 6.3% and 0.4% respectively.

Besides the change in lattice symmetry, the precession
images shown in SI Fig. S11 show that the phase transition is
accompanied by non-merohedral twinning and the formation
of two twin domains related by a 180° rotation around the [001]
reciprocal lattice direction. Additionally, the resolution of the
diffraction is signicantly lower in the orthorhombic phase
than in the monoclinic phase, consistent with the presence of
structural disorder. Renement of the phase fraction of the twin
domains at 100 K yields a value of 0.3822(9) for the fraction of
the second domain. The structure renement parameters of the
crystal structures of [choline]2CoCl4 and [choline]2ZnCl4 are
detailed in SI Tables S2 and S3 for all temperatures. The frac-
tional coordinates, equivalent isotropic displacement parame-
ters, bond lengths, bond angles and rened atomic occupancies
for the monoclinic (100 K) and orthorhombic (290 K) phases of
[choline]2CoCl4 are tabulated in Tables S4–S11 in the SI.

The monoclinic and orthorhombic crystal structures are
shown in SI Fig. S13a and S13b along the c-axis and a-axis
respectively. The asymmetric unit and the hydrogen bonds
involved in the monoclinic structure are highlighted in Fig. 2a.
Two crystallographically distinct choline ions are identied. For
J. Mater. Chem. A
both ions, signs of disorder were apparent from the Fourier
difference map and large oxygen ADPs. For choline 1, a second
orientation of the ion is identied (rened occupancy of
0.190(5) at 100 K). For choline 2, the C atoms involved with the
C–C bond are disordered (rened occupancy of 0.119(7) at 100
K). Furthermore, three of the four Cl atoms are also found to be
disordered with their second sites close to the original position
(rened occupancy of 0.124(3) at 100 K). For both orientations
of choline 1, the O–Cl1 distances are similar (O1–Cl1 = 3.537(6)
Å and O1A–Cl1 = 3.51(2) Å) to the O8–Cl1 distance (3.481(4) Å)
of choline 2. The interatomic distances are slightly larger than
the typical Csp3–OH/Cl hydrogen bond length of 3.10 Å.75

Additionally, the O–Cl2A distances for choline 2 and the main
orientation of choline 1, O8–Cl2A = 2.971(11) Å and O1–Cl2A =

3.482(12) Å respectively, are close to the typical hydrogen bond
length. This is in sharp contrast to the O1A–Cl2A distance of
3.78(2) Å for the second orientation of choline 1. Besides OH/
Cl hydrogen bonding, possible inter-choline OH/O hydrogen
bonding has to be taken into account. The inter-choline oxygen
distance for the second orientation of choline 1, O1A–O8 =

2.79(2) Å, is signicantly shorter than the inter-choline oxygen
distance of the main orientation, O1–O8= 3.356(7) Å. Themean
distance for Csp3–OH/Csp3–OH hydrogen bonds is 2.792(2) Å76

and is in excellent agreement with the observed O1A–O8
distance. The interatomic distances suggest that the main
orientations of choline 1 and choline 2 are able to form
hydrogen bonds with either Cl1 or Cl2A while the second
orientation of choline 1 is able to effectively form hydrogen
bonds with choline 2.

Using ab initioMD, we interpret the disorder observed in the
crystallographic model of the monoclinic phase by analyzing
the choline-metallate (OH/Cl) and inter-choline (OH/O)
hydrogen bonds that are formed. The MD trajectories of the
monoclinic phase (see SI Video, monoclinic.mpg in ref. 71)
show two distinct choline ions, 1 and 2, with different dynamic
behaviors. The combined distribution plots (Fig. 2b–e) show
areas of high and low probability of hydrogen bond formation,
referred to as bonded and non bonded respectively. Choline 1 is
able to form both inter-choline and choline-metallate hydrogen
bonds (Fig. 2b and c), whereas choline 2 only forms choline-
metallate hydrogen bonds (Fig. 2d and e). The OH/Cl bond
formed by choline 1 is relatively weaker than the OH/Cl bond
formed by choline 2. Evidence for this is found in Fig. 2d, where
a signicantly higher probability, P, is observed for choline 2
compared to choline 1 (i.e. Pbonded

choline2=P
bonded
choline1 � 6). This means

choline 2 spends signicantly more time in orientations where
it is able to form hydrogen bonds to CoCl4

2− than choline 1. The
hydrogen bonding analysis is consistent with the two distinct
cholines identied experimentally for the monoclinic phase.
Additionally, the disorder observed experimentally can be
interpreted as dynamic disorder where choline 1 dynamically
switches between inter-choline and choline-metallate hydrogen
bonds while choline 2 only forms choline-metallate hydrogen
bonds.

For the orthorhombic phase, SCXRD reveals that two crys-
tallographically inequivalent choline cations can be distin-
guished which are both found to be disordered across a mirror
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Hydrogen bond dynamics in the orthorhombic phase. (a) Schematic of the crystallographic disorder present in the orthorhombic phase of
[choline]2CoCl4 at 300 K. The dashed lines represent the bonds of the disordered parts. The refined occupancies of the disordered chlorine
atoms are denoted below the corresponding atom label. The number in parentheses represents the estimated standard deviation. (b–d) Choline
dynamics in the orthorhombic phase from ab initio MD simulations. (b) The OH/Cl hydrogen bond formed by choline switches between two
inequivalent CoCl4

2− tetrahedra indicated by I and II. (c) Switching of the OH/Cl hydrogen bond between the chlorines of the same cobalt
center (II) resulting in the configuration depicted in (d).
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plane that lies in the ac-plane (Fig. 3a). Furthermore, the
CoCl4

2− tetrahedron is found be to disordered as well. A single
chlorine atom (Cl1 onWyckoff site 4c) shows no sign of disorder
suggesting the motion of the CoCl4

2− tetrahedron is not
isotropic. The nature of the disorder for CoCl4

2− is highlighted
in Fig. 3a. Here, it can be seen that the rened anisotropic
displacement parameters for the chlorine atoms are large and
the occupancy factors rene to a value of 0.851(10). X-ray
diffraction yields a time and space average of the crystal struc-
ture and therefore the question whether the observed disorder
in the orthorhombic structure is static or dynamic in nature
requires an alternate approach.

Ab initioMD is used to interpret the hydrogen bonding which
characterizes the orthorhombic phase. Compared to the
monoclinic phase, choline-metallate hydrogen bonds are more
prominent than the inter-choline hydrogen bonds. Two distinct
types of dynamic behavior are observed for the set of choline-
metallate (OH/Cl) interactions present in the orthorhombic
phase: (a) inter-chloro metallate dynamics, where the OH/Cl
bond switches between chlorine ions bonded to different metal
centers (Fig. 3b) and (b) intra-chloro metallate dynamics, where
the OH/Cl bond switches between chlorine ions bonded to the
same metal centers (Fig. 3c and d). The inter-chloro metallate
switching (Fig. 3b) is less probable than the intra-chloro meta-
llate switching (Fig. 3c and d). This can be seen in the SI Video
orthorhombic.mpg provided in the data repository.71 For
[choline]CoCl4, inter-chloro metallate switching occurs roughly
every ∼40–50 ps and is observed only for a subset of cholines.
For [choline]ZnCl4 however, most cholines show inter-chloro
metallate switching which may indicate that [choline]ZnCl4
exhibits a higher degree of dynamic disorder than [choline]
CoCl4. The large reorientations of the choline cations are
consistent with the apparent disorder over a mirror plane seen
in the crystallographic model.
This journal is © The Royal Society of Chemistry 2025
We further calculate angular probability density functions
describing the reorientations f(q, f) of the choline cations. f(q, f)
is calculated from the time evolution of the polar (q) and
azimuthal (f) angles with respect to the O–N vector of the choline
ion. In the monoclinic phase (SI Fig. S9a), localized regions of
high probability density (green color) are observed. This reects
the mostly static nature of the choline ions in the monoclinic
phase and the absence of any large reorientations. In contrast, for
the orthorhombic phase (SI Fig. S9b) the angular probability
density is characterized by large diffuse regions with fewer
localized regions of high probability density. This is consistent
with the large reorientations exhibited by the choline cations in
the orthorhombic phase.
3.3 Variable-pressure powder X-ray diffraction

To follow the evolution of the structure of [choline]2CoCl4 with
applied pressure and to map its P–T phase diagram, isothermal
powder X-ray diffraction experiments up to 100 MPa were per-
formed at the Swiss-Norwegian BM01 beamline at the ESRF57

between ∼287 K and ∼296 K with 2 MPa steps. Various heating
and cooling protocols detailed in the methods section were
employed to access different parts of the P–T phase space.

The evolution of the normalized lattice parameters with
applied pressure are shown in Fig. 4a and b for the monoclinic
(290 K) and orthorhombic (292.9 K) phase respectively. Addi-
tionally, the evolution of the lattice parameters with applied
pressure are shown for the orthorhombic phase in SI Fig. S14
and the monoclinic phase in SI Fig. S15. Both phases exhibit
a monotonic decrease of the unit cell lengths with increasing
pressure. Over the 100 MPa pressure range their respective
volumes change on the order of 1%. The pressure-induced
changes in the lattice parameters shows that the compression
is approximately isotropic, although a slight anisotropy is
J. Mater. Chem. A
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Fig. 4 Variable-pressure powder X-ray diffraction on [choline]2CoCl4. (a) Normalized lattice parameters for themonoclinic phase obtained from
isothermal PXRD measurements performed at 290 K on compression (solid symbols) and decompression (open symbols) between 10 MPa and
100MPa. (b) Normalized lattice parameters for the orthorhombic phase obtained from isothermal PXRDmeasurements performed at 292.9 K on
compression (solid symbols) and decompression (open symbols) between 10 MPa and 100 MPa. (c and d) Waterfall plots of the isothermal PXRD
measurements performed at 293.7 K (l = 0.66627 Å) on decompression (c) and subsequent compression (d) between 10 MPa and 100 MPa. The
intensities are colored according to the color bar next to the waterfall plots. The dashed lines indicate the onset of the phase transition and the
solid lines indicate the completion of the phase transition. (e) Temperature–pressure phase diagram constructed from the onset and completion
pressures of the phase transition determined from the isothermal PXRD measurements. The solid and open symbols represent the onset and
completion pressures of the corresponding phase transition respectively. The solid and dashed lines indicate the linear fits to the onset and
completion pressures of the corresponding phase transition respectively.
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observed for the compression and decompression of the
orthorhombic phase where the c-axis exhibits a larger
maximum change (0.6%) compared to the other axes (0.4%).
Visible more clearly in SI Fig. S14, a change in the slope is
observed for the evolution of the a- and c-axis for the ortho-
rhombic phase around 60 MPa, indicating a change of struc-
tural distortion mechanism. This behavior may originate from
the anisotropic shape of the void space in the structure that is
shown in SI Fig. S16. Shown in SI Fig. S17, isothermal bulk
moduli of 5.783(16) GPa (Pmcn) and 7.497(18) GPa (P21/c) are
determined from ts of pressure–volume data collected at 298 K
and 290 K respectively, to second order Birch–Murnaghan
equations of state.80,81 The reduction of the bulk modulus on
entering the Pmcn phase is consistent with the typical so
J. Mater. Chem. A
mechanical properties of plastic crystalline phases that emerge
from high degrees of dynamic structural disorder.82

The isothermal evolution of the diffraction patterns collected
on cycling the applied pressure from 100 MPa to 10 MPa and
back from 10 MPa to 100 MPa at 293.7 K is illustrated in Fig. 4c
and d respectively. The sharp change of the diffraction patterns
on both decompression and compression illustrates that the
phase transition between the monoclinic (P21/c) and ortho-
rhombic (Pmcn) phase can be driven reversibly with pressure.
The phase coexistence region is highlighted with white lines in
the gure. On decompression and compression, phase coexis-
tence is observed over a 10 MPa and 18 MPa range respectively.
Diffraction patterns inside and outside the phase coexistence
region can be successfully rened using the Rietveld method,
yielding good ts to the experimental data. SI Fig. S18 shows
This journal is © The Royal Society of Chemistry 2025
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typical examples of Rietveld rened single-phase orthorhombic,
mixed phase and single-phase monoclinic patterns collected at
10, 18 and 50 MPa (287.8 K) respectively alongside their statis-
tical t factors. The unit cell parameters for the remaining
pressure and temperature points were determined by Le Bail
prole tting of the powder patterns. Overviews of the resulting
pressure–volume plots and statistical t factors are given in SI
Fig. S19–S21. How the phase transition proceeds with pressure
was monitored by Rietveld renement for T x 288 K and by
integration of the −111 and 111 reections for the monoclinic
and orthorhombic phase respectively against the applied pres-
sure (for T x 288 K and all other temperatures). In SI Fig. S22
the quantitative phase fraction (from Rietveld) is superimposed
on the integrated intensities. Generally an excellent agreement
is observed between the two methods of following the phase
transition with pressure. The onset of the monoclinic phase
occurs at 12 MPa. Roughly 95% of the maximum intensity is
reached at 24 MPa. The transition is completed, i.e. no intensity
is observed for the orthorhombic phase, at 52 MPa. The onset
and completion pressures of the phase transition were deter-
mined for all isothermal measurements and are summarized in
the phase diagram shown in Fig. 4e. The phase diagram indi-
cates that a pressure of 60MPa is required around 290 K to drive
the phase transition to completion. This is in excellent agree-
ment with the 60 MPa required to obtain a fully reversible
adiabatic temperature change (Fig. 1h). We note however that as
95% of the transition can be driven by roughly half the pressure
required to drive the full transition, the majority of the entropy
change will occur in this region. Therefore, the practical pres-
sure region of interest might be smaller than what is suggested
by the phase diagram. An overview of the normalized integrated
intensity plots against pressure are given for all temperatures in
SI Fig. S23. Linear ts were performed on the onset and
completion pressures of the phase transition on compression
and decompression. An average barocaloric coefficient dT/dP of
0.126 ± 0.013 K MPa−1 is determined, 6% larger than the bar-
ocaloric coefficient determined through calorimetry. The Clau-
sius–Clapeyron relation, dT/dP= DVtr/DS, predicts a barocaloric
coefficient of 0.117 K MPa−1, using DS = 145.3 J kg−1 K−1 and
DVtr = 1.69 × 10−5 m3 kg−1. Additionally, from the
average barocaloric coefficient determined from calorimetry of
0.119 K MPa−1, an DS of 141.2 J kg−1 K−1 is predicted. The
predicted values for the barocaloric coefficient and DS from the
Clausius–Clapeyron relation are within 3% of the values deter-
mined from calorimetry.

Additionally, the variable-pressure powder and variable-
temperature single crystal diffraction experiments presented
above allow for the estimation of the volumetric contribution to
the entropy change for[choline]2CoCl4 using DSV = (a/k)$DVtr.
Here, a is the thermal expansion coefficient at ambient pressure, k
is the isothermal compressibility andDVtr is the change in specic
volume over the phase transition at ambient pressure.
The isothermal compressibility of the monoclinic phase at 290 K,
k = V−1(dV/dP)T = 130.275 ± 0.446 TPa−1 and the thermal
expansion coefficient at ambient pressure, a = V−1(dV/dT)P =

213.609 ± 8.092 MK−1, were calculated using the PASCal tool.83

WithDVtr= 1.69× 10−5m3 kg−1, anDSV of 27.77± 1.06 J kg−1 K−1
This journal is © The Royal Society of Chemistry 2025
is estimated. The volumetric contribution to the entropy change
accounts for ∼19% of the total DSit. Although this is a signicant
contribution it is apparent that the vibrational component to DSit
is the major driving force behind the barocaloric response of
[choline]2CoCl4. This is consistent with the calculation of DSvib
from the ab initio MD simulations.

4 Conclusion and outlook

In this work, we present a thorough experimental and theoret-
ical investigation into the barocaloric and structural properties
of two isostructural members of the choline-based hybrid IPCs,
[choline]2CoCl4 and [choline]2ZnCl4. Pressure-variable calo-
rimetry measurements reveal a DSit,rev around room tempera-
ture of 139 J kg−1 K−1 and 128 J kg−1 K−1 for [choline]2CoCl4 and
[choline]2ZnCl4 respectively, for DP = 100 MPa. Additionally,
[choline]2CoCl4 and [choline]2ZnCl4 show a maximum revers-
ible adiabatic temperature change, DTad,rev, of 6.1 K for DP =

100 MPa. For relatively small changes in pressure of DP #

100 MPa, the barocaloric properties of [choline]2CoCl4 and
[choline]2ZnCl4 are commensurate with other best-in-class
barocaloric materials. The barocaloric response in this system
originates mainly from the change in vibrational entropy across
the order-disorder structural phase transition. This is evidenced
by the calculated DSvib from the estimated VDOS (DSvib = 155(8)
J kg−1 K−1 over the temperature range of 65 K), which is in
qualitative agreement with the experimentally determined DSit.
Additionally, the estimated DSV from X-ray diffraction experi-
ments is ∼19% of the total DSit.

The microscopic mechanism of the entropy change and the
role of the choline ions herein are studied via a combination of
SCXRD experiments and ab initio MD simulations. Ab initio MD
and SCXRD experiments show that the ordered monoclinic
phase is characterized by hydrogen bond frustration-driven
dynamic disorder through the presence of various possible
inter-choline and choline-CoCl4

2− hydrogen bond pathways.
The heavy disorder observed experimentally in the disordered
orthorhombic phase is also found to be dynamic in nature and
manifests itself in the form of large reorientations of the choline
ions, which form hydrogen bonds with different, spatially well
separated, CoCl4

2− tetrahedra. The ion-decomposed VDOS
shows that both choline and MCl4

2− ions contribute to the
vibrational entropy change. Via pressure- and temperature-
variable PXRD, the evolution of the phase transition in
[choline]2CoCl4 is followed and a phase diagram is constructed.
A good agreement is observed between the two experimental
techniques which is reected by the excellent agreement
between the barocaloric coefficients determined through either
technique. The excellent barocaloric properties of choline-
based IPCs and the central role hydrogen bonding plays
herein provides great promise for future studies. Taking inspi-
ration from the known literature,84–87 as the Zn and Co-based
crystals are shown to be isostructural with near-identical bar-
ocaloric responses, this system will provide a fruitful platform
to systematically explore the effect of halide substitution with
Br− or I− on the barocaloric properties. Fundamentally weak-
ening the hydrogen bond and introducing compositional
J. Mater. Chem. A
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disorder may offer an effective route to tune the transition
entropies, phase transition temperatures and the magnitude of
the thermal hysteresis. As a result, a ner understanding of
what drives the barocaloric properties of hybrid IPCs can be
gained, leading to an understanding of how the barocaloric
response can be tuned.
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