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The hybrid metal halide [(CH3)zNOH],CoCl, exhibits a first-order phase
transition at T ~ 343 K. Its crystal structure and caloric properties
respond significantly to moderate pressures (1-1000 bar), demonstrat-
ing potential for applications in emerging solid-state refrigeration
technologies.

Hybrid organic-inorganic metal halides have emerged as a versatile
multifunctional material with a wide range of applications, includ-
ing in the fields of photovoltaic energy," light-emitting diodes
(LEDs),? ferroelectricity,® ferroelasticity,* or piezoelectricity,” among
others. A common strategy for the development of new functional
molecular materials is the construction of zero-dimensional (0D)
hybrids combining discrete ionic components.*” These hybrid
materials often involve the use of quasi-spherical organic cations
and tetrahalometallate anions. The 0D nature of these materials
allows for the incorporation of diverse components bonded together
by weak intermolecular interactions. This facilitates solid-solid
phase transitions and makes them well-suited for designing new
multifunctional and multisensitive materials.®®

In recent years, pressure-responsive phase change materials,
such as hybrid perovskites,"™™" plastic crystals,">"* polymers,'* or
metal-organic frameworks'®> among others have exhibited very large
barocaloric effects (pressure-induced thermal changes in terms of
isothermal entropy change AS, or adiabatic temperature change
AT)'*" of interest for gas-free eco-friendly refrigeration.

Nevertheless, only very few recent studies have reported baroca-
loric (BC) effects in hybrid metal-halide compounds.'®*°
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In this work, we focus on a new hybrid tetrahalometallate
material [(CH;3);NOH],[CoCl,], which is formed by the quasi-
spherical N-hydroxyl ammonium cation [(CH;);NOH]" and the
inorganic anion [CoCl,]*". We conducted a comprehensive
structural characterization of the phase transitions using
variable-temperature and pressure synchrotron powder X-ray
diffraction, as well as single-crystal X-ray diffraction. Addition-
ally, we analysed the barocaloric response using two different
methodologies: the quasi-direct method, which relies on iso-
baric differential scanning calorimetry (DSC) measurements
under variable temperature, and the direct method, based on
isothermal DSC under variable pressure.'®'” Furthermore, we
established structure-property relationships to better under-
stand the behaviour of the material.

This compound was synthesized via slow evaporation of
aqueous solution containing the [(CH;);NOH]" cations and
[CoCly*" anions (further details in ESIt). Dark blue powder
and single crystals were obtained and confirmed to be the same
single-phase by comparing experimental powder and single-
crystal X-ray diffraction patterns (see Fig. S1 of ESIT).

Atmospheric pressure DSC experiments reveal that this
compound undergoes a reversible and broad phase transition
above room temperature at 7, ~ 343 K on heating and at T, ~
338 K on cooling (Fig. S2 of ESI{). We obtain that the phase
transition exhibits a relatively large latent heat of AH ~ 33 kJ kg™*
and a thermally-induced entropy change of AS ~ 105 J kg™ * K™%

Single-crystal X-ray diffraction at different temperatures (T =
100 and 355 K) allowed us to determine the crystal structure
above and below the observed phase transition temperature,
which will be hereafter labelled as HT-phase (T > T,) and RT-
phase (T < T) for convenience.

The RT-phase shows a monoclinic symmetry with space
group P2,/n and lattice parameters a ~ 8.5 A, b ~ 12.0 A, ¢
~ 15.0 Aand  ~ 101° at 7= 100 K (see Fig. 1a and Table S1 of
ESIY).

The asymmetric unit consists of one [CoCl,] ™ anion and two
[(CH;3);NOH]" cations. The Co®>" cations adopt a slightly
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(a) Crystal structure of the RT- and HT-phase obtained by SCXRD. (b) Details of the RT-phase asymmetric unit forming trimers, and packing
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(b) Crystallographic details in RT-phase
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arrangement of trimers into chains, and chains into layers. (green dotted lines represent H-bonds). (c) Details of distortions present in the RT-phase in
comparison with the HT-phase, namely, columnar shifts along the c-axis (yellow arrows), cooperative [CoCly]™ tetrahedra rotation (green curved arrows)
and anti-parallel shift [(CHz)sNOHI* cations (red arrows). Note: for simplicity, the [(CHz)sNOH]* cations in Fig. 1c are depicted by their N-atoms only.

distorted tetrahedral geometry, with two Co-Cl bond lengths
around 2.25 A and the other two around 2.30 A.

The Cl-Co-Cl bond angles range between 107.4 and 112.4
degrees, slightly deviating from the ideal angle of 109.5 degrees
(further details in Table S2 and S3 of the ESIf).

Remarkably, the molecular interaction is distinguished by
hydrogen bonding between the -OH groups of the organic
cations and the Cl™ anions. Each [CoCl,]” anion forms two
hydrogen bonds with two different [(CH;);NOH]" cations form-
ing an entity called a trimer, see Fig. 1b. It is worth noting that
the observed distortion in geometry of [CoCl,]” anions is
associated with these H-bonds.

On the other hand, the HT-phase crystallizes in an orthor-
hombic symmetry with space group Pnma and lattice para-
meters a ~ 12.2 A, b ~ 8.7 Aand ¢ ~ 15.4 A at T =355 K (see
Fig. 1 and Table S1 of ESIT). The main difference between both
the RT- and HT-phases lies in an order-disorder process of the
[(CH;);NOH]" cations. These cations are orientationally disor-
dered in the HT-phase with the C and O atoms located in
different crystallographic sites, while the [CoCl,]” anions
remain ordered in both phases. Furthermore, several structural
distortions were observed in the RT-phase compared to the HT-
phase, specifically columnar shifts along the c-axis, which
provoke f > 90°, a cooperative tilting of the [CoCl,]” tetrahe-
dra, and an anti-parallel displacement of [(CH;);NOH]" cations
along the g-axis (see Fig. 1c).

This phase transition can be classified as a ferroelastic
transition according to Aizu notation (mmmF2/m),*® as pre-
viously reported for the analogous Zn compound.**

In order to explore the observed phase transition of this
compound and to analyse its thermomechanical response and
pressure responsiveness, we carried out an in situ study on
variable temperature (VT) and pressure (VP) synchrotron pow-
der X-ray diffraction (SPXRD) experiments.

From the analysis of the VT-SPXRD patterns (see Fig. S3 of
ESIY), the phase transition can be clearly observed at T ~ 330 K
between RT- and HT-phase, which is consistent with our VT-
DSC results. The obtained patterns were successfully refined
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using the Le Bail method, where the lattice parameters and
space group were matched to those obtained by SCXRD.
According to these data, the lattice parameters exhibit a
significant dependence on temperature (see Fig. S3 of the ESIt),
with a singular behaviour that can be followed in 2 different
temperature ranges: (1) upon heating from 260 to 290 K, all
peaks shift to lower 26 values, (2) when increasing the tempera-
ture up from 290 K to 330 K, some of these peaks still shift to
even lower 20 values, although some other peaks exhibit the
opposite trend (see Table S4 of the ESIT). Overall, a conventional
positive thermal expansion was observed for the low temperature
range (T < 290 K). Meanwhile the RT-phase exhibits anomalous
thermal expansion behaviour in the temperature range 290 to
330 K, in which there is a colossal TE in one direction a [201] =
406 (17) 10°° K ' together with negative expansion in the
perpendicular one a [101] = —113 (7) 10~ ° K~ *. We propose that
the anomalous thermal expansion observed is linked to the
presence of the H-bonds and their specific packing arrangement.
Notably, H-bonds are highly temperature-sensitive, weakening upon
heating. As a result, the anomalous thermal expansion is most
prominent just below the phase transition temperature, where these
bonds experience significant weakening. The negative thermal
expansion occurs along a specific direction corresponding to the
chains formed by trimers and cooperative columnar displacement
being the primary distortion responsible for this effect. Thus, we
suggest that H-bonds are primarily responsible for the observed
distortions in the RT-phase and the anomalous thermal expansion.
Additionally, in situ VP-SPXRD patterns were collected under
isothermal conditions above and below the phase transition
temperature and within the pressure range of 120-1000 bar
using a bespoke sapphire capillary cell at the SNBL at ESRF.*?
For T = 347 K, the phase transition is distinctly observed in
the SPXRD patterns around 500 bar, indicating a transition
from HT-phase to RT-phase with the pressure increase (see
Fig. S4 of ESIY).
Moreover, we find a relatively large pressure region (between
300-600 bar) where both phases coexist. Furthermore, the VP-
SPXRD patterns were fitted using the Le Bail method.

This journal is © The Royal Society of Chemistry 2024
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This allowed us to extract valuable information such as the
variation of the lattice parameters and the beta angle in
response to applied pressure (Fig. S4 of ESIt). In this context,
we analysed the obtained data using the web-based tool PASCal
v2 and we estimated the compressibility along the principal
axes and the isothermal bulk modulus By, using third-order
Birch-Murnaghan equations. The calculated bulk modulus B,
was found to be 6.06 (3) GPa for the RT-phase at T = 325 K. This
value is lower than in typical hybrid perovskites,* and compat-
able to values found in metal-organic frameworks (MOFs).>*
The compound exhibits an anisotropic compressibility, with
the largest contraction occurring along the [201] direction and a
smaller contraction (about half) along the [101] direction,
coinciding with the chains formed by the trimers. Therefore,
it seems that H-bonds add stiffness to the crystal structure,
making it difficult for contraction along certain directions
dominated by this intermolecular bonding.

Furthermore, as we observed by VT- and VP-DSC, these
structural transitions and distortions with important contribu-
tions of H-bonds are responsible for significant barocaloric
properties.

Our VT-DSC analysis at different pressures (quasi-direct
methods) shows that the transition temperature shifted up to
larger temperatures when increasing the pressure, which is
indicative of a conventional barocaloric effect (d7,/dP > 0), see
Fig. 2a and b.

From these data, we can obtain a pressure responsiveness
(barocaloric coefficient) of (dT/dp) ~ 15.6 K kbar ', which is
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This barocaloric coefficient is in agreement to that esti-
mated by the Clausius-Clapeyron equation (dT/dp) = (AS/AV)
~ 15.9 K kbar ™!, where AS is the entropy change of the phase
transition and AV is the volume change of the transition as
obtained from SPXRD (Fig. 2c¢).

In addition, we calculated the barocaloric effects in terms of
isothermal entropy change (AS;) by using quasi-direct meth-
ods, as reported elsewhere,'®"” see Fig. 2d:

ASi. = ASip (p # 1,T) — ASip (p = 1,7) (1)
where ASj, is the entropy change under different isobaric
conditions, as calculated in Fig. S5 of the ESL{

Since this compound exhibits a first-order phase transition
with hysteresis under the application and removal of external
stimuli, overcoming the transition hysteresis requires addi-
tional energy (pressure) that must be considered. Therefore,
we determined the isothermally reversible entropy change
(ASiey) that can be fully obtained under pressurization and
depressurization cycles (see Fig. 2d). Interestingly, we found
reversible barocaloric effects as large as AS;e, ~ 90J K ' kg™ ' at
T = 346 K under 1000 bar, a value which is similar or even
slightly higher than those previously reported for related hybrid
organic-inorganic plastic crystals, such as tetramethylammo-
nium tetrachloroferrate [(CHs),N][FeCl,] (AS;ey ~ 81 J K " kg™
under Ap = 900 bar),"® quinuclidinium perrhenate [C;H4N]-
[ReO4] (ASiey ~ 60 J K" kg™ under Ap = 1000 bar),"® [(CH;)s-
(CH,CI)N][FeCl,] and [(CH;);S][FeCly] (ASrey ~ 120 J K™ " kg ™"

P . s 1. 16,17 _ 19
similar to that of the best reported barocaloric hybrids.™™ under p = 1000 bar).
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Fig. 2

(a) [dQ/dT]| versus T curves at different pressures, where peaks represent the heat flow of the phase transition. (b) T-p phase diagram built with the

peak maximum observed by DSC on heating (red curve) and cooling (blue curve). (c) Volume change calculated by Le Bail fitting of the SPXRD patterns.
(d) Barocaloric effects in term of isothermal entropy change AS;; (coloured lines) and the reversible region AS,., (shaded areas) as obtained by quasi-direct
methods. (e) Barocaloric effects in terms of reversible adiabatic temperature changes on applying (1 — p) and removing (p — 1) pressure. (f) Heat flow
curves obtained by direct methods under isothermal conditions and under pressure ramps.
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The calculated bulk moduli allowed us to estimate that the
volumetric entropy change (AS,)* is roughly one-third of the total
entropy change, which suggests that the main contributions are
related to additional factors, such as order-disorder processes
and hydrogen bond cleavage and formation (see details in the
ESIT).

In addition, we also calculated the adiabatic tempera-
ture change (ATy.,) that can be reversibly obtained under
pressure, which is as large as AT, ~ 8 K under 1000 bar,
see Fig. 2e.

Additionally, we fully corroborate these results by perform-
ing direct calorimetric methods that are more precise although
still scarce in the literature due to instrumental complexity. In
this context, we carried out isothermal VP-DSC measurements
during pressurization and depressurization cycles from 100-
1000 bar with a rate of 10 bar min ' and at different isothermal
conditions of T = 346 K, 348 K and 350 K (Fig. 2f). The results
reveal broad peaks associated with the phase transition
induced by the applied pressure during both compression
and decompression scans, which slightly decrease the observed
entropy change with values of ASgjrece ~ 75 J K~* kg™ '. This
observation is consistent with the in situ SPXRD patterns, which
demonstrates that the pressure-driven phase transition occurs
over a broad pressure range, where both phases coexist. It is
noteworthy that within the studied pressure and temperature
range, the phase transition exhibits full reversibility.

It is worth highlighting that the entropy value during the
phase transition of this compound is comparable to that of
other hybrid organic-inorganic plastic crystals, even if the latter
experience severe orientational disorder. Meanwhile, the
[(CH;3);NOH],[CoCl,] compound exhibits less structural disor-
der during the phase transition, as only the organic cations
become disordered while the inorganic anions remain ordered.
We suggest that the presence of H-bonds between both organic
cations and inorganic anions in [(CH;);NOH],[CoCl,] is par-
tially responsible for the relatively large entropy values, despite
showing a comparatively lower structural disorder. Even more,
such characteristics facilitate the reversibility of the phase
transition and enhance the long-term stability of the material,
making it suitable for practical applications in future solid
cooling devices. For further insights, we have performed simi-
lar studies on the [(CH;);NOH],[ZnCl,] compound, which
reveal a similar barocaloric performance to the Co-compound
(see Fig. S6 and Table S5 of ESIT).
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Therefore, these findings will inspire the design and study of
new barocaloric materials based on hybrid molecular com-
pounds with this type of intermolecular bonding.
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