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Colossal Reversible Barocaloric Effects in Layered Hybrid 
Perovskite (C10H21NH3)2MnCl4 under Low Pressure Near 
Room Temperature

Junning Li,* María Barrio, David J. Dunstan, Richard Dixey, Xiaojie Lou, 
Josep-Lluís Tamarit, Anthony E. Phillips, and Pol Lloveras*

Barocaloric effects in a layered hybrid organic–inorganic compound, 
(C10H21NH3)2MnCl4, that are reversible and colossal under pressure changes 
below 0.1 GPa are reported. This barocaloric performance originates in a 
phase transition characterized by different features: A strong disordering of 
the organic chains, a very large volume change, a very large sensitivity of 
the transition temperature to pressure and a small hysteresis. The obtained 
values are unprecedented among solid-state cooling materials at such low 
pressure changes and demonstrate that colossal effects can be obtained in 
compounds other than plastic crystals. The temperature-pressure phase dia-
gram displays a triple point indicating enantiotropy at high pressure.
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recently been achieved by the discovery of 
colossal barocaloric (BC) effects in plastic 
crystals.[3,4] While these materials seem to 
represent an upper limit for the isothermal 
entropy changes, there is still room for 
improvement in terms of reducing the 
required pressure changes to obtain 
reversible barocaloric effects useful for 
real devices. Other systems such as hybrid 
organic–inorganic perovskites (HOIPs)[5,6] 
and spin-crossover compounds[7] have 
revealed large reversible adiabatic temper-
ature changes at moderate pressures along 
with giant isothermal entropy changes 
within large temperature spans, yielding 

excellent performance as BC agents thanks to phase transitions 
with small hysteresis and extreme sensitivity to pressure.

The extraordinary chemical flexibility in HOIPs allows a diver-
sity of combinations that can be explored to tune their proper-
ties, seek optimal operational regimes and maximize perfor-
mance. Indeed, HOIPs have raised great expectations in diverse 
areas of materials science due to their multifunctional proper-
ties, as used in photovoltaic technologies and optoelectronics.[8] 
Within such rich compositional and structural variety, an HOIP 
subfamily with the chemical formula (CnH2n+1NH3)2MCl4  
(n = 1, 2, 3, ...), with M being a divalent metal, attracted particular 
interest in the 1970’s[9] as phase change materials for thermal 
energy storage applications. As in the case of plastic crystals,[10] 
this functionality emerges due to the occurrence of highly ener-
getic, fully reversible first-order phase transitions with suitable 
transition temperatures. This feature, along with a large transi-
tion volume change, suggests that these compounds could be 
very suitable as barocaloric agents, as plastic crystals have already 
shown. Compounds with M = Mn, Fe (and other very similar 
compounds), awakened further interest due to their low-dimen-
sional magnetic properties[11–14] whereas other layered HOIPs are 
being investigated for photoluminescence properties.[15–17]

As in plastic crystals, the huge latent heat originates in the 
dynamic structural disorder released across the transition. How-
ever, in contrast to the orientational disorder facilitated by glob-
ular or small molecules in plastic crystals, (CnH2n+1NH3)2MCl4  
compounds exhibit more complex structure and dynamical dis-
order. In particular, their structure has a 2D layered symmetry 
similar to lipid bilayers, displaying a perovskite-like structure of 
reduced dimensionality with MCl6 octahedra sharing their cor-
ners only between neighbors in the (ab) planes. Between these 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202105154.

1. Introduction

In recent years, research on caloric effects induced by 
changes in applied hydrostatic pressure has experienced a 
significant growth,[1] boosted by the urgent need of replacing 
hydrofluorocarbon-based devices that currently cause around 
≈8% of global greenhouse emissions.[2] A milestone has 
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planes there are two chains of alkylammonium CnH2n+1NH3
+  

cations arranged along the c direction, whose length pre-
vents the 3D corner-sharing along this axis between octa-
hedra belonging to different layers, as it does occur in true 
perovskites.[18,19] These chains are linked at the ammonium 
end to the inorganic octahedra by electrostatic interactions and 
hydrogen bonds. The organic chain tails facing each other are 
stabilized by their van der Waals interactions.[20,21]

Often, these compounds show rich polymorphism already 
at atmospheric pressure, typically displaying a sequence of two 
(sometimes more) transitions, one being significantly more 
energetic.[9,22,23] At this major transition, while the organic 
chain remains ionically bonded to the inorganic part,[24] some 
gauche conformations arise in the alkyl bonds, which show 
dynamic mobility along the chain. This so-called chain-melting 
process is at the origin of the huge entropy changes at the tran-
sition. The emergence of the gauche conformations causes the 
chains to shorten. However, this is more than compensated 
by the increase of the distance between the ends of the facing 
chains, leading to a significant positive net volume change. 
The minor transition is order–disorder, where the disorder was 
concluded to consist of the rigid chains rotating around the 
longitudinal chain axis between two equivalent orientations 
separated by 90°, and with neighboring chains rotating in oppo-
site directions. While not as enormous as the major transition 
entropy change, the entropy change at the minor transition is 
still giant. The sequence of these transitions is not unique; it 
may vary from one composition to another. The transition tem-
peratures increase with increasing n, which is consistent with 
the enhancement of the stability regime of the ordered phase 
with the increasing chain length that will be more difficult to 
destabilize. From n  = 9 to n  = 17 the transition temperature 
varies from 287 to 373 K, thus offering a range of compositions 
with caloric effects near room temperature.

Here we choose the compound (C10H21NH3)2MnCl4  
(n  = 10, 10-bis(alkylammonium) tetrachloromanganate(II), 
C10Mn for short) because in this material the disorder fully 
develops across a single phase transition and near room temper-
ature and therefore exhibits a larger transition entropy change 
than compounds with larger n values. Using pressure-dependent 
calorimetry and X-ray diffraction, we demonstrate not only that 
colossal barocaloric effects can be obtained in compounds other 
than plastic crystals, such as this layered HOIP family, but also 
that an improved BC performance can be obtained at lower pres-
sure than those reported so far in plastic crystals, due to a very 
small hysteresis and a very large sensitivity of the transition 
temperature to pressure. Raman scattering experiments explore 
changes in structure and dynamics across the transition.

2. Results and Discussion

2.1. Structural and Thermodynamic Properties at Atmospheric 
Pressure

The structure of C10Mn was characterized using X-ray powder 
diffraction (XRPD) measurements at atmospheric pressure and 
at temperatures around its solid-to-solid first-order phase tran-
sition. The diffraction patterns of the low-temperature phase at 

295 K and of the high-temperature phase at 330 K were refined 
by means of a Rietveld refinement procedure[25] using TOPAS-
Academic v.7.[26] At low temperatures, a P21/a structure (cif 
number: CCDC 2096682) was obtained, consistent with that 
reported in ref. [27], and in disagreement with the orthorhombic 
structure reported in ref. [21]. For the high-temperature phase, 
which was previously undetermined, a C2/m structure was 
obtained (cif number: CCDC 2096683). From these refine-
ments, pattern matching of the temperature dependent XRPD 
patterns was performed, to obtain the unit cell volume as a 
function of temperature V(T) (see Figure  1a). This revealed a 
very large increase in volume at the endothermic transition of 

V V/ 7%t II∆ ≈ . A thorough explanation of the refinement details, 
the crystallographic structures of the unit cell in the two phases 
and the dependence of the patterns and the lattice parameters 
on temperature can be found in the Supporting Information.

Isobaric temperature-dependent calorimetry at atmospheric 
pressure yielded positive and negative peaks in dQ/|dT| asso-
ciated with endothermic and exothermic first-order phase 
transitions, respectively (see Figure  1b). The maxima of the 
peaks were obtained at TII→I  = 312 ± 1 K and TI→II  = 303 ± 
1 K, whereas the onsets of the peaks at TII→I = 309 ± 1 K and  
TI→II = 306 ± 1 K. This shows a hysteresis of ≈9 K as defined 

Figure 1. a) Unit cell volume, b) heat flow in temperature (exo down), 
c) specific heat, and d) isobaric entropy as a function of temperature at 
atmospheric pressure. Red and blue curves correspond to data obtained 
on heating and on cooling, respectively.
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from the peak maxima, and ≈3 K as defined from the peak 
onsets, which are both small. Integration over tempera-
ture of dQ/|dT| and (1/T)dQ/|dT| after baseline subtraction 
yielded transition enthalpy changes ΔHII→I  = 76 ± 4 J g−1 and  
ΔHI→II  = 79 ± 4 J g−1 and transition entropy changes  
ΔSII→I  = 241 ± 12 J K−1 kg−1 and ΔSI→II  = 261 ± 13 J K−1 kg−1, 
in very good agreement with the literature.[27,28] The integrated 
curve for ΔSt was used with the temperature-dependent heat 
capacity Cp obtained from modulated calorimetry (see Figure 1c) 
to calculate the temperature-dependent entropy with respect to 
a reference temperature T0  = 213 K (chosen arbitrarily below 

the transition) as S T p S T p
T

C Q T T
T

T

p( , ) ( , )
1

( d /d )datm 0 atm

0

∫− = +  

(see Figure 1d).

To understand the origin of such large entropy changes at 
the transition, we investigated the molecular disordering pro-
cess by temperature-dependent Raman scattering in both low 
and high wavenumbers. Previous Raman studies on organic 
chains have described a peak at low frequency as corresponding 
to an accordion-like longitudinal acoustic mode (LAM).[29–31] 
In our measurements, such a peak is obtained in the low 

Figure 2. a–d) Temperature dependence of the Raman spectrum of (C10H21NH3)2MnCl4 at different wave number intervals. e,f) Schematic diagram 
for the probable conformation of the decylammonium chain under low and high temperature respectively, along with Newman projections for trans 
(T) and gauche (G) conformations corresponding to the positions indicated by numbers 1 and 2. R1 stands for -CH2-CH2-CH2-CH2-CH2-CH2-CH3. R2 
stands for -CH2-CH2-CH2-CH2-CH2-CH2-NH3

+. R’ stands for -CH2-CH3.
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temperature phase near 235 cm−1 (see Figure 2a). In particular, 
this is higher than the value for all-trans (T) chain (209 cm−1) 
or for chains of the same length engaged in hydrogen bonds, 
such as n-decylamine (213 cm−1) or decylammonium chloride 
(217 cm−1),[32] and corresponds to a conformational effect and 
the existence of a gauche (G) conformation near the NH3 polar 
head. In Figure 2b, the characteristic bands of the trans planar 
chains are observed at 1065, 1109, 1146 and 1174 cm−1. This indi-
cates that the most intense bands in the Raman spectrum of 
the long alkyl chains correspond to the limiting k = 0 modes of 
an infinite chain.[33] Figure 2c,d shows the characteristic bands 
of the C–H twisting (1300 cm−1), bending (1420–1480 cm−1) and 
stretching (2830–3000 cm−1) mode. It is worth noting that the 
scattering wing on the 2846 cm−1 line is due to intermolecular 
forces.[33] Moreover, the Mn–Cl stretching mode band can be 
found at 186 and 236 cm−1 (overlapped with LAM at 235 cm−1) 
and wavenumbers 300, 1040, and 1080 cm−1 correspond to the 
NH3 torsional band (overlapped with the trans bond stretching 
at 300 cm−1).[34,35] Overall, the low-temperature study of these 
spectral regions indicates a typical ordered state of the low-
temperature phase and gives further evidence for the existence 
of inter- and intramolecular coupling in an almost completely 
extended chain. In the high-temperature phase, the Raman 
spectra indicate the emergence of disorder. First, the LAM 
mode and the limiting k = 0 mode bands disappear and only a 
broad and weak band is observed near 247 cm−1, which means 
the conformation of the long trans planar chains is changed. 
Further evidence of appearing of the gauche bond structure 

can be found in the decrease of the 1465 cm−1 shoulder, which 
is due to intramolecular coupling of trans structures.[33,35] In 
order to fully understand the structure of the organic part, we 
schematically show the probable conformation of the decylam-
monium chain as reported in the literature from infrared 
spectra[27] and incoherent neutron scattering.[36] In Figure  2e,f 
we can see that the conformation for low temperature is T-G-T-
T-T-T-T-T while the high temperature becomes T-T-T-T-G-T-G’-
T. As discussed previously, it is believed that the reorientation 
of the whole chain and the disorder of the hydrocarbon parts 
come from the increase of the G and G’ conformations which 
is regarded as conformational disorder and contributes a large 
latent heat in the order–disorder first-order phase transition. 
Furthermore, the C–H stretching mode bands at 2870, 2883, 
and 2930 cm−1 merge into a broad scattering peak, indicating 
that the intermolecular forces were greatly changed. Finally, the 
Mn–Cl stretching mode bands become weak and broad at high 
temperature with the disappearing of the NH3 torsional mode 
band. This means a dramatic change for the layer, which is con-
sistent with the increase of the c-axis length from the XRPD 
data (see Figure S4, Supporting Information).

2.2. Thermodynamic Properties at High Pressure

Isobaric temperature-dependent calorimetry performed at 
selected pressures (see Figure 3a; Figure S5, Supporting Infor-
mation) below 0.1 GPa reveals single peaks associated with 

Figure 3. a) Isobaric heat flow dQ/|dT| as a function of temperature at different applied pressures on heating (positive peaks) and on cooling (nega-
tive peaks). b–d) Transition temperatures as a function of pressure determined as the maximum of the peaks. For the sake of clarity, endothermic (b) 
and exothermic (c) data are shown separately. Panel (d) shows the fits for both endothermic and exothermic transitions. Shadowed areas show the 
equilibrium region for phase III. e) Transition entropy change as a function of the applied pressure, for the endothermic (red) and exothermic (blue) 
transitions. Filled symbols, top-half filled symbols and bottom-half filled symbols stand for II↔I, III↔I and II↔III transitions, respectively. Lines are 
fits to data.
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the II↔I transition, that shift strongly to higher temperatures 
with increasing pressure (see Figure  3b–d). This shift can be 
fitted by slightly convex second-order polynomials, yielding 
dT

dp
250 6II I = ±→  K GPa−1 and 

dT

dp
280 20I II = ±→  K GPa−1 for  

the endothermic and exothermic transitions, respectively, at 
atmospheric pressure. Above 0.15 GPa, the endothermic calori-
metric signals clearly exhibit two consecutive peaks which indicate 
the appearance of a new phase (III) between the two peaks. The 
larger peak corresponds to the transition II→III and is followed 
by the smaller peak corresponding to the III→I. The exothermic 
transitions show the peak splitting at lower pressures. Two pos-
sible causes are, i) the occurrence of transitions between equilib-
rium phases, I-III-II, but with different hysteresis (i.e., a larger 
thermal hysteresis of the transition III→II than that of the transi-
tion I→II), for which the peak splitting can be more easily identi-
fied in exothermic peaks than in endothermic peaks because in the 
latter the overlap of the very close peaks prevents distinguishing 
them; ii) the occurrence of a metastable phase transition from the 
equilibrium phase I to the metastable phase III at temperatures 
and pressures below the triple point in equilibrium, followed by 
a phase transition from the metastable phase III to the stable 
phase II. Or a combination of (i) and (ii) is possible. The striking 

similarity between the 
T

p

d

d
 values of the different coexistence  

lines (
T

p

d
d

180 1II III = ±→  K GPa−1, 
T

p

d
d

161 2III II = ±→  K GPa−1,  

T

p

d
d

170 2III I = ±→  K GPa−1, 
T

p

d
d

160 3I III = ±→  K GPa−1) makes it 

even more difficult to determine the actual cause. Moreover, 
this behavior prevents an accurate determination of the coor-
dinates of the triple point where phases I, II, and III coexist in 
equilibrium, (Ttp, ptp), as cause (i) would lead the triple point 
to be at (≈330 K, ≈0.12 GPa) whereas cause (ii) would lead the 
triple point to be closer to (≈337 K, ≈0.14 GPa). On the other 
hand, notice that at the highest applied pressure p = 0.36 GPa 
the exothermic peaks are observed in the inverse order, with 
first the larger peak followed by the smaller peak. This behavior 
can only be explained if part of the material undergoes a phase 
transition from stable phase I toward a metastable phase II, 
which on further cooling becomes stable, while the rest of the 
material undergoes the transition sequence between stable 
phases I→III→II.

Integration of the peaks in (1/T)(dQ/|dT|) at different pres-
sures reveals that the transition entropy change decays sig-
nificantly with increasing pressure, at a rate of ≈−1.1· 103 
J K−1 kg−1 GPa−1 (see Figure  3e). Close to the triple point, we 
obtained ΔSII→I(p ≈ ~0.15 GPa) = 144 ± 14 J K−1 kg−1, ΔSII→III = 
102 ± 10 J K−1 kg−1 and ΔSIII→I  = 32 ± 4 J K−1 kg−1. For the 
exothermic transitions we obtained ΔSII→I(p  ≈ 0.15 GPa) = 
196 ± 20 J K−1 kg−1, ΔSII→III = 134 ± 14 J K−1 kg−1 and ΔSIII→I =  
60 ± 6 J K−1 kg−1. Notice that these values are consistent with 
the thermodynamic requirement at the triple point ΔSII→I  ≈   
ΔSII→III + ΔSIII→I. By comparison with the transition sequence 
exhibited by other compounds of the same family at atmos-
pheric pressure,[9,22,23] and given that ΔSII→III is significantly 
larger than ΔSIII→I, we expect that above the triple point the 
II→III transition is the major transition involving the chain 
melting whereas the III→I transition corresponds to the minor 

transition of the order–disorder type. On the other hand, given 
the inverse transition order obtained on cooling in a very few 
cases, to avoid any inconsistency in the determination of ΔSI→III 
and ΔSIII→II, we have omitted the integration values at high pres-
sure when performing the fits to the data displayed in Figure 3e 
and when determining the BC effects. Also, it is worth noticing 
that the joint integration of the two peaks shows a smooth and 
monotonic behavior regardless of the transition order (see 
Figure S6, Supporting Information). This strongly indicates that 
the transitions order does not affect the thermodynamic proper-
ties associated with the overall transition path I→II.

2.3. Determination of Entropy as a Function of Temperature  
and Pressure

To calculate the barocaloric effect via the quasi-direct method, 
the isobaric entropy as a function of temperature and for dif-
ferent pressures, S(T,p) was obtained with respect to a refer-
ence taken at temperature T0 and atmospheric pressure. The 
procedure to obtain S(T,p) consisted of integration of a TdS 
equation for an homogeneous system, extended to include a 
phase transition contribution, which can be expressed math-
ematically as:

S T p S T p
V

T
p

T
C T p

Q

T
T p T

p

p

p T

T

p( , ) ( , ) d
1

( , )
d

d
( , ) d0 atm

atm 0

∫ ∫= − ∂
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′
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At T  = T0, the integral over temperature vanishes and we 
obtained S(T0,p) through an isothermal path from S(T0,patm) 
via the integral over pressure in Equation (1), which was 

approximated to 
V

T
p

patm



∂
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 . Above T0, S(T,p) was calculated 

through the integral over temperature. There, Q

T
T p

d

d
( , )

′
′  is 

the temperature- and pressure-dependent transition heat flow 
shown in Figure  3a and Cp(T′,p) accounts for the isobaric 
heat capacity (shown in Figure S7, Supporting Information). 
The temperature dependence of Cp in the transition tempera-
ture interval was estimated as a weighted average of the two 
phases I and II, that is C T p x C T p xC T pp p p( , ) (1 ) ( , ) ( , )II I′ = − ′ + ′ ,  
where x(T,p) is the fraction of the system in phase I and is com-
puted using the normalized cumulative integral for the tran-
sition entropy change. The former expression is also used for 
pressures above the triple point, where the Cp of phase III is 
experimentally unaccessible. However, given the very narrow 
temperature range of stability of this phase, the error intro-
duced in the entropy due to this approximation is expected to 
be insignificant.

The pressure dependence of Cp was evaluated from the tem-
perature dependence of the volume by means of the thermo-

dynamic relation 
C

p
T

V

T
p

T p

2

2

∂
∂







= − ∂
∂







. According to our data, 

V(T) is approximately linear in phase II below ≈295 K and in 
phase I in the measured interval (see red linear fit in Figure 1a), 
indicating that Cp is independent of pressure in these tempera-
ture intervals (red and blue lines in Figure  1c). Instead, V(T) 
is nonlinear in the temperature interval (295 − 310) K (see 
dashed line in Figure 1a), indicating a pressure dependence of 
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Cp in this temperature interval (see dashed lines in Figure 1c). 
Moreover, as the transition temperature increases with pres-
sure, these Cp features must be translated to higher tempera-
tures with increasing pressure an amount (dT/dp)(p  − patm). 
Calculated Cp(T,p) curves are shown in Figure S8, Supporting 
Information. A very detailed explanation of the procedure for 
the construction of the Cp(T, p) curves can be found in ref. [37].  
The resulting functions S(T,p) − S(T0,patm) are shown in 
Figure 4a,b for selected pressures.

2.4. Barocaloric Effects and Performance

BC effects were calculated from or to atmospheric pressure so 
that pressure changes will be approximated to |Δp| ≈ p. For phase 
transitions with dT/dp > 0, transitions on decompression (com-
pression) are endothermic (exothermic) and therefore BC effects, 
ΔS and ΔT, on first decompression (compression) must be 
computed from isobaric entropy functions on heating [SH(T;p)]  
(cooling, [SC(T;p)]), as displayed in Figure  4c,d. More impor-
tantly, this feature entails that the reversible ΔT usable in cooling 
devices that work in sequential compression–decompression 
cycles, are given by |ΔTrev(S;patm↔p)|  =  |TC(S;p) − TH(S;patm)|.  

In turn, ΔSrev can be determined as the overlapping between 
ΔS(T;patm→p) and ΔS(T;p→patm). The obtained results 
(shown in Figure  5a,b) reveal reversible values for ΔSrev 
that exceed 100 J K−1 kg−1 under pressure changes as low as  
0.03 GPa, and are colossal (≈230 J K−1 kg−1) under p ≈ 0.05 GPa.  
Under p  ≈ 0.1 GPa, we obtain colossal BC effects of  
ΔSrev ≈ 250 J K−1 kg−1 and ΔTrev ≈ 12 K, with a refrigerant capacity 
RC ≡ ∫ΔSrevdT ≈ 3.5 kJ kg−1 (see Figure 5c). Joint values for ΔSrev 
and ΔTrev are plotted in Figure 6a for different applied pressure 
changes as a function of temperature. The temperature span 
where these effects occur near room temperature are plotted as 
a function of the applied pressure change p in Figure 6b,c for 
ΔSrev and ΔTrev, respectively. For instance, at p ≈ 0.1 GPa, at least 
ΔS ≈ 100 J K−1 kg−1 are obtained within an interval of ≈13 K.

Finally, we calculate the coefficient of refrigerant perfor-
mance (CRP)[38,39] for comparison with other BC materials 
(see Figure 7). The set of values for this compound are com-
parable to or better than the best reversible BC effects reported 
so far (e.g., 1-Br-ada and 1-Cl-ada[1,40]). Particularly interesting is 
the low pressure change for which these excellent values are 
obtained, which brings BC materials closer to real applications, 
such as solid-state cooling or heat pumping. Our study paves 
the way for finding colossal BC effects in compounds beyond 

Figure 5. Reversible a) isothermal entropy changes and b) adiabatic temperature changes upon application and removal of pressure changes from or 
to atmospheric pressure, as a function of temperature. c) Reversible refrigerant capacity as a function of pressure change.

Figure 4. Isobaric entropy as a function of temperature for different values of applied pressure, a) on heating and b) on cooling. c) Isothermal entropy 
changes as a function of temperature and d) adiabatic temperature changes as a function of the starting temperature, for different values of pressure 
changes on first compression and on first decompression.
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plastic crystals, thus widening the range of suitable materials 
and stimulating the research in similar compounds. This is 
especially appealing in this family of compounds because 
material properties can be sensitively tuned to match desired 
features by changing the chain length and/or by chemical 
substitution of the cation.

3. Conclusions

In this work we have demonstrated colossal barocaloric effects 
in a hitherto unexplored material family, the hybrid organic–
inorganic layered perovskites. In particular, (C10H21NH3)2MnCl4 

undergoes reversible isothermal entropy changes of  
≈230 J K−1 kg−1 under low pressure changes of 0.05 GPa, and 
reversible adiabatic temperature changes of ≈10 K under pres-
sure changes of 0.08 GPa near room temperature, which are 
outstanding compared to other solid-state materials. The origin 
of this extremely good response is a very large increase in 
entropy and volume associated with the melting of the organic 
chain across a sharp and low-hysteresis first-order solid–solid 
phase transition. This compound not only widens the horizons 
for colossal barocaloric materials to include other compounds 
beyond the canonical plastic crystals but it also expands the 
limits for the barocaloric performance in solid-state materials. 
Our results suggest that this compound is among the best can-
didates to be exploited as a barocaloric agent in pressure-driven 
solid-state cooling.

4. Experimental Section
Preparation of the Sample: The (C10H21NH3)2MnCl4 sample was 

prepared by using a two-step reaction method. Manganese(II) chloride 
tetrahydrate (MnCl2·4H2O, 99%, Sigma-Aldrich) was added into 
hydrochloric acid (HCl, 36.5–38.0%, Baker Analyzed) with magnetic 
stirring until MnCl2·4H2O was fully dissolved. Then, n-decylamine 
(C10H21NH2, 99%, ACROS Organics) was added into this mixed solution 
with magnetic stirring for 3 h. Then, (C10H21NH3)2MnCl4 powder was 
obtained by precipitation and washed with ethanol twice. The total yield 
of the compound is ≃72%.

X-Ray Diffraction: X-ray diffraction patterns were obtained using two 
diffractometers. A Siemens D5000 X-ray powder diffractometer using 
monochromatic Cu-Kα1 radiation was employed to check the purity 
of the synthesized samples because impurities had been reported 
to modify thermodynamic transition data.[22] An INEL diffractometer 
with Cu-Kα1  = 1.5406 Å radiation, a curved position-sensitive detector 
(CPS120), a 0.5-mm-diameter Lindemann capillary and a 700 series 
Oxford Cryostream Cooler to control the temperature were used to 
perform temperature-dependent high-resolution X-ray powder diffraction 
measurements at atmospheric pressure and different temperatures.

Raman Spectroscopy: Raman spectra were obtained using an IK 
Series Raman spectroscopy system. A 532 nm He–Cd laser was used 
for excitation. A calibrated Linkam heating–cooling stage was utilized 
to control sample temperature, via a thermocouple attached to the 
sample holder.

Differential Scanning Calorimetry: Differential scanning calorimetry 
(DSC) at atmospheric pressure was performed using a Q100 DSC from 
TA Instruments. A few mg were hermetically encapsulated into the Al 
capsule sample-holders. Heating and cooling ramps were performed 
at ±2 K min−1. Measurements of specific heat Cp were performed at 
atmospheric pressure in a commercial DSC (TA Q2000), at 5 K min−1, 

Figure 6. a) Reversible adiabatic temperature changes and isothermal entropy changes that can be obtained at different applied pressures changes, 
occurring at temperatures indicated by the color code. Temperature span where a range of b) isothermal entropy changes and c) adiabatic temperature 
changes take place, as a function of the required pressure change.

Figure 7. Coefficient of refrigerant performance, reversible adiabatic tem-
perature changes, and reversible isothermal entropy changes for different 
materials reported in literature.[1] Label 1 corresponds to MnCoGeB0.03, 
2 to Co50Fe2.5V31.5Ga16, 3 to Fe49Rh51, 4 to Ni35.5Co14.5Mn35Ti15, and 5 
to MnNiSi0.61FeCoGe0.39. Color bars stand for different types of transi-
tions: Black refer to ferromagnetic or metamagnetic systems, cyan to 
spin-crossover compounds, magenta to superionic conductors, red 
to ferroelectric inorganic salts, blue to plastic crystals, green to hybrid 
organic–inorganic perovskites and orange to the hybrid compound 
studied in this work. *The value of ΔT used for (CH3)2NH2Mg(HCOO)3 
is irreversible.
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using ≈5 mg samples of (C10H21NH3)2MnCl4. The amplitude was 0.5 K 
and period was 60 s. The heating and cooling rate were 2 K min−1.

High-Pressure Differential Thermal Analysis: High-pressure differential 
thermal analysis was performed using three different bespoke variable-
pressure calorimeters A, B, and C. Calorimeters A and B operated 
between atmospheric pressure and 0.3 GPa and use Bridgman 
thermocouples as thermal sensors. Calorimeter C operated up to 
0.6 GPa and used Peltier modules as thermal sensors. In calorimeter A, 
heating ramps within the temperature range from room temperature to 
473 K were performed at 2 K min−1 using a resistive heater and cooling 
ramps were performed on average at −1 K min−1 with an air stream 
system. In calorimeters B and C, the temperature was controlled by a 
thermal jacket connected to an external thermal bath (Lauda Proline 
1290), within the range 200 − 393 K, with temperature rate on heating 
of ≈2 K min−1 and on cooling of ≈−2 K min−1. The sample was mixed 
in powder form with an inert fluid (Galden Bioblock Scientist) to 
remove air and encapsulated inside tin capsules that were attached 
to the thermal sensors. The pressure transmitting fluid was DW-Term 
M90.200.02 (Huber) and the pressure was measured using a high-
pressure transducer Model HP from Honeywell (0.5% accuracy).
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from the author.
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