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The barocaloric effect is a green refrigeration technology, offering a more environmentally friendly
alternative to conventional gas compression refrigeration. The barocaloric effect is induced by pressure
in phase change materials, and in which high entropy change and adiabatic temperature change were
obtained. Here, a colossal barocaloric effect was discovered in solid—liquid transition of fatty acid methyl
esters (FAMEs). In methyl palmitate, the isothermal entropy change can reach as high as 707 J kg™t K™*
under a low pressure of 80 MPa at 311 K; in methyl stearate, the isothermal entropy change can
reach up to 680 J kg‘1 K~! under a pressure of 60 MPa at 308 K. These values are comparable to those
of traditional refrigeration materials, such as R314a. The calculated adiabatic temperature change is 22 K
for methyl palmitate and 13 K for methyl stearate. Raman spectroscopy indicates that unloading pressure
to the liquid phase facilitates the formation of gauche bonds and the formation of solid-liquid phase

Received 15th August 2024,
Accepted 20th November 2024

DOI: 10.1039/d4tc03483j
transformation, which results in a larger configuration entropy change. This work provides a new candi-
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Introduction

Refrigeration technology is becoming an increasingly important
part of our global village, including food manufacture, air con-
ditioning, aerospace, etc.' Due to the increasing demands for
human refrigeration, it is estimated that 20-25% of the world’s
electricity is consumed in refrigeration technology.>”* Nowadays,
thousands of refrigeration applications mainly utilize gas com-
pression refrigeration technology, which brings huge conveni-
ence to our modern life.*> However, this technology has many
drawbacks, for instance, the greenhouse effect and high energy
consumption.®’ Significantly, emissions from gas compression
technology in which hydrochlorofluorocarbons (HCFCs) were
applied as refrigerants are thousands of times more harmful to
the ozone layer than CO,, thus aggravating global warming.®°
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date for solid-liquid transition materials in the practical application of barocaloric effect refrigeration.

Therefore, in order to reduce greenhouse gas emissions and
protect our environment, it is an urgent task to find an envir-
onmentally friendly cooling technology to replace high-emission
technology.’® Luckily, caloric effect refrigeration technology is
developing rapidly, which is the most promising refrigeration
technology to replace traditional ones.”"*>

Caloric effects can be categorized as magnetocaloric effects,
elastocaloric effects,'® electrocaloric effects'”™° and barocaloric
effects (BCEs),”°>* which are driven by a magnetic field, uni-
axial stress field, electric field and hydrostatic pressure, respec-
tively. For the barocaloric effect, temperature change and
entropy change can be obtained during phase transition under
external pressure, which is not system-selective unlike the other
caloric effects.*” So far, BCE has been observed in many kinds of
materials including hybrid organic-inorganic compounds,®®
ferroelectrics,”” ferroelastics,”® thermoelectrics, plastic crystals,
frustrated antiferromagnets, spin-crossover complexes,** and so
forth. Recently, a colossal barocaloric effect was found in plastic
crystals, which was considered as a remarkable milestone in
barocaloric materials because of the increase in entropy change
from dozens of J kg~ * K~ for conventional barocaloric materials
to several hundreds of J kg™ K" in plastic crystals. For instance,
the entropy change of plastic crystal neopentyl glycol (NPG) can
reach 389 J kg~ K, which is approximately one order higher
than conventional barocaloric materials, and even comparable to

13-15

the commercial refrigerants (such as R134a).>' Recently, it was
shown that metal-organic frameworks (MOFs) with breathing
transitions have huge temperature variations under low pressure.
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For example, Zn,(bdc),(bpy) can expand the operating tempera-
ture range from 273 to 333 K under ultra low pressure (26 bar),
and can be explored as a promising material in the future.*?
However, the biggest challenge for most BCE materials is to
overcome the high driving pressure before the real barocaloric
refrigeration application.

The materials will undergo a significant configurational
change with a tremendous entropy change when their states
were changed, such as from solid state to liquid state. And this
is similar to gas-liquid transition, which has a huge entropy
change.?*** Moreover, the liquid-solid transition (L-S-T) mate-
rials have a giant volume change caused by density variation.
Therefore, the L-S-T materials are sensitive to pressure and
suitable for the barocaloric effect.*>*

Fatty acid methyl esters (FAMEs) as a kind of typical L-S-T
material are commonly applied for phase change energy storage.
Methyl palmitate (MP) and methyl stearate (MS) have many
advantages, including high latent heat of phase transition, strong
chemical stability and low cost. And the high latent heat of the
phase transition means better barocaloric effect. Here, the colossal
barocaloric effect associated with methyl palmitate (MP) and
methyl stearate (MS) was reported. Both of them undergo a
solid-to-liquid phase transition near room temperature. The
maximum entropy changes ASp, _,p are 707 J kg~ K~ ' at 80 MPa
for MP and 680 J kg™ ' K~ ' at 60 MPa for MS, respectively. And an
effective refrigeration capacity of 1921 J kg™ ' for MP and
4760 J kg~ ' for MS can also be obtained. Moreover, these out-
standing BCEs of FAMEs make them excellent candidate materials
for barocaloric refrigeration applications.

Experimental details

The methyl palmitate (MP) (99% purity) and methyl stearate
(MS) (99% purity) fatty acid esters were commercially available
from Aladdin Inc. The raw materials were used as received from
suppliers without any further purification. A high-pressure
differential scanning calorimeter (uDSC7, Setaram) was used
to collect heat flow data as a function of temperature at a
constant hydrostatic pressure. The sample, with a mass of
18.8 mg for methyl palmitate and 12.6 mg for methyl stearate,
respectively, was enclosed in a high-pressure Hastelloy vessel,
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and an empty vessel served as a standard. The heat flow of
FAMEs was measured between 271 K and 333 K for hydrostatic
pressures of 0.1, 20, 40, 60, 80 and 100 MPa. The heating and
cooling rates were set to 1 K min '. The phase transition
temperature was determined as the temperature at which the
heat flow reached its maximum value. Subsequently, the entropy
change at a constant pressure was calculated by integrating the
thermal flow within a specific temperature interval. After subtract-
ing the baseline, the entropy change at constant pressure ASP was
calculated by integrating the thermal flow Q (P, T) within the
temperature interval between T; and T,. The specific heat capacity
data at atmospheric pressure was measured between 270 and
330 K by DSC at a heating rate of 1 K min™". The Cp(7) value at the
corresponding phase transition temperature was used to calculate
the adiabatic temperature.

Raman spectra were acquired utilizing a commercial Raman
system (Horiba Labram HR Evolution) with a helium-neon laser
(4 = 532 nm) incident at a normal angle. The samples were
irradiated by the laser beam through a x50 objective (numer-
ical aperture 0.6), producing a beam diameter of approximately
1 pm. To maintain a controlled temperature environment, the
sample was placed within a continuous-flow liquid-nitrogen
cryostat, and temperature regulation was achieved using a
calibrated Linkam heating-cooling stage equipped with a ther-
mocouple attached to the sample holder. Raman spectra of MP
and MS were measured at different temperatures. The typical
frequency range was 50-3000 cm ™', and LabSpec 5 was used to
analyze all of the raw data.

Results and discussion
High-pressure differential scanning calorimetry

The solid-liquid phase transitions were also investigated by
differential scanning calorimetry, and the heat flow peak
changes were recorded in dQ/dT (Q is heat and T is tempera-
ture) during heating and cooling under ambient pressure. The
heat flow data of MP and MS are plotted in Fig. 1, respectively.
T, is defined as the starting transition temperature. Under
atmospheric pressure, these FAMEs exhibit a solid-liquid tran-
sition at T, = 303 K for MP and at T, = 310 K for MS on heating.
By integrating the DSC curves, the latent heat Q, during the
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Fig. 1 dQ/dT curves of (a) methyl palmitate (MP) and (b) methyl stearate (MS).
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Fig. 2 dQ/dT curves of FAMEs at different pressures P = 0.1, 20, 40, 60, and 80 MPa. (a) Methyl palmitate (MP) and (b) methy! stearate (MS).

heating and cooling process can be determined to be
216 J kg ' K ' and 207 J kg™ ' K" for MP and 206 J kg~ " K"
and 209 J kg~' K~ for MS, respectively. Generally, the tem-
perature of the transition finish on heating and the start and
finish temperature for transition on cooling can be influenced
by the temperature ramp rate. However, the temperature ramp
rate has nominally no effect on the starting transition tempera-
j?d—QdT
1dT

20,23

ture T, on heating and |Qy| = across the solid-liquid

transition (see Fig. S1 in the ESIY).

As shown in Fig. 2, according to the determination of dQ/dT
at different pressures, the transition temperatures of both
FAMEs obviously shifted to higher temperatures with the
increase of pressures. The phase transition temperature can
be elevated by 10-15 K when the pressure reaches 100 MPa for
MP and MS.

Barocaloric effect in fatty acid methyl esters

The entropy change of solid-liquid phase transitions of MP and
MS under different pressures was obtained by eqn (S1) in the
ESL.{ Fig. 3 gives the entropy changes AS;s in L-S-T during
heating and cooling at P= 0.1, 20, 40, 60, 80 and 100 MPa. It can
be seen in Fig. 3a and c that during the heating process both
FAMEs showed a tendency of maximum entropy change AS;s as
the pressure increased, except MP at 20 MPa. It can be seen that
the maximum entropy changes are about 726 J kg~" K" and
714 J kg ' K" for MP and MS under 100 MPa, respectively.
For the cooling process in Fig. 3b and d, the maximum entropy
change AS;s also increases with the increase of applied pressure.
The maximum entropy changes are about 736 J kg”' K* and
708 J kg™' K~* for MP and MS under 100 MPa, respectively. In
contrast, entropy change was suppressed by pressure in other
materials, which might contribute to the weak compressibility of
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Fig. 3 Entropy changes AS,sin L-S-T during heating and cooling processes at P = 0.1, 20, 40, 60, 80 and 100 MPa. (a) and (b) Methyl palmitate (MP) and

(c) and (d) methyl stearate (MS).
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Fig. 4 Isothermal entropy changes ASPOﬂp from P = 0.1 MPa to 20, 40, 60, 80 and 100 MPa and reversible entropy change AS, (shaded part) at 100 MPa
and isothermal entropy change peak |ASpea| With pressure. (a) and (b) for MP; (c) and (d) for MS.

the FAMEs. As usual, the transition temperature shifts to higher
temperature with the increase of pressure.

The isothermal entropy change at different pressures can be
calculated by eqn (S2) in the ESLt The pressure-induced entropy
changes (ASp, _, p) are shown in Fig. 4 under different pressures. For
MP, the maximum value of ASp, _,» at 80 MPa is 707 J kg ™' K ' at
around 311 K for the loading pressure process and 694 J kg™ " K"
at around 300 K for the unloading pressure process. For MS, the
maximum value of ASp _, » at 60 MPa is 680 J kg~ ' K at around
308 K for the loading pressure process and 658 J kg™ ' K ' at
around 317 K for the unloading pressure process, respectively.
Reversible isothermal entropy change (AS..,) is defined as the
overlap of the ASp _, » curves during cooling and heating. As shown
in Fig. 4, the maxima of AS;., are about 641 ] kg~ ' K" for MP and
680 J kg ' K" for MS under a pressure of 100 MPa.

Meanwhile, the peak of the isothermal entropy ASpcak is
shown in Fig. 4b and d and it shows a positive tendency with
pressure increasing. With the increase of pressure, the isothermal
entropy ASpeak also increases and approaches saturation under a
pressure of 80 MPa and 60 MPa for MP and MS, respectively.

According to the heat flow data, phase diagrams can be
constructed, which were given in Fig. 5. d7T/dP is defined as the
phase boundary’s slope.>” Meanwhile, it’s also an important
indicator of barocaloric refrigerant materials. For MP, the
dT/dPis 0.13 K MPa ' on heating and 0.11 K MPa™ ' on cooling
within a pressure range of 0.1-100 MPa. Because of the larger
slope while heating, the thermal hysteresis of MP is increased
from 6 K at atmospheric pressure to 8 K at 100 MPa. Similarly,
for MS, the d7/dP is 0.13 K MPa ' on both heating and cooling
when the pressure changes between 0.1 and 100 MPa, and its
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Fig. 5 Temperature-pressure diagram of L—S-T. (a) Methyl palmitate (MP) and (b) methyl stearate (MS).
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Table 1 Comparison of the barocaloric performances of some classical barocaloric materials

Material T (K) AP (MPa) dT/dP(KMPa™") ASp™,(Jkg™' K') AT (K) Thys(K) Ref.
NPG (CHj;),C(CH,0H), 300 91 0.13 384 16 14 2
TRIS (NH,)C(CH,0H); 331 250 0.015 600 8 75 38
PG (CH3)C(CH,OH); 350 240 0.094 490¢ 10 4 38
NPA (CH;);C(CH,OH) 211 260 0.12 290“ 16“ 20 38
Ci6Hzy 295 400 0.14 7307 58 — 33
CygHag 305 450 0.14 700% 50 — 33
Ortho-carborane 269 30 0.13 88 — 8 37
Meta-carborane 277 30 0.09 80.9 — 9 37
Para-carborane 297 30 0.17 106.2 — 11 37
Agl 407 250 0.14 60° 18 25 39
(CH3—(CHy,)o),NH,Cl 316 100 0.19 400° 9.4 8 40
FAI 339 100 0.097 49.9¢ 241 5 41
Fe;(pz),(BH;CN), 318 100 0.2 200 — 47 30
[Fe(L),](BF,4),/PVC [L = 2,6 di(pyrazol-1-yl)pyridine] 255 450 0.1 168 49 — 42
(CH3—(CH,)s-NH;),MnCl, 289 100 0.17 212¢ 10° 5.2 26
(CH3~(CH,)o-NH3),MnCl, 306 100 — 2507 12° 9 26
(DA),MnCl, (DA = decylammonium) 308 50 0.225 248¢ 7¢ 1.4 43
(NA),CuBr, (NA = nonylammonium) 303.5 50 0.267 91.3¢ 9.4¢ 0.4 43
Cy,H,60 292 80 0.14 7487 22 6.6 21
Ceo 257 410 0.172 42 16 2 44
C10H00; 296 300 0.2 600° 50 5 45
C1,H,,0, 310 300 0.2 600° 50 4 45
C14H,50, 321 300 0.2 600° 50 3 45
Fe(L)(NCS), 266 100 0.18 114¢ 15.9 1.5 46
MnFeg g.,Niy 5 ,SiGe 5 310 100 — 43.72 — 19 47
R134a 310 1 — 520° - — 31
CH3(CH,);4C0,CH; 299 100 0.13 707 225 6 This work
CH3(CH,);6C0O,CH; 307 100 0.13 680 13 5 This work

“ Is reversible value and esti is the estimated value. Note: Tt is the transition temperature for cooling, AP is the applied pressure, Ty is the thermal

hysteresis at atmospheric pressure

hysteresis is kept at 5 K. A few parameters of barocaloric
performances of the typical BCE materials are listed in
Table 1, including T;, dT,/dP, AS‘}?O*ILP, ATy, etc. In summary,
both MP and MS have a huge entropy change and a good
pressure sensitivity compared with other typical BCE materials,
which indicated that they are promising candidate materials
for barocaloric refrigeration applications.

The adiabatic temperature is an important indicator of
barocaloric materials, which can be estimated from isothermal
entropy change by an indirect method as follows:

|AS| T,

p

AT,y = (1)

where Cj, is the specific heat capacity at atmospheric pressure.
For MP, the maximum value of ASp _,pis 707 J kg™' K™ at
80 MPa, the transition temperature T, is about 305 K, heat
capacity is about 9619 J kg™ K ' (see Fig. S2(a) in the ESIY),
and the approximately calculated adiabatic temperature change
AT,q according to eqn (1) is 22 K. Similarly, for MS, the maximum
value of ASp _pis 680 J kg~* K~ ' at 60 MPa, the transition tem-
perature T; is about 312 K, heat capacity is about 16313 J kg™ " K"
(see Fig. S2(b) in the ESIT), and the approximately calculated
AT,q by eqn (1) is 13 K.** Because the specific heat capacity was
measured by DSC at atmospheric pressure, and not under the
corresponding high pressures, there should be a certain differ-
ence deviated from the actual adiabatic temperature values.
Besides ASp . p and AT,q, another important parameter for

This journal is © The Royal Society of Chemistry 2025

barocaloric refrigerant materials is the refrigerant capacity (RC),
which can be obtained by two methods in the ESL{ In order to
calculate the effective cooling capacity by Wood and Potter’s
method, the reversible isothermal entropy change (AS,) and its
STrwrm are used. In a given caloric effect system, the reversibility
is confined to a certain temperature range, which relies heavily
on the variation of the applied external field. As usual, the bigger
the applied external field, the bigger the reversible entropy
change and its full width at half-maximum. These regions can
be determined by the overlap of the temperature spans during
the cooling and heating processes. In this work, the RC value up
to 1921 J kg~' could be obtained by incorporating AS, of
641 J kg ' K ! and the corresponding 8Tmyim Of 3 K at 100 MPa
into eqn (S4) (ESIT) for MP. Similarly, the RC value could be up to
4760 ] kg~ " obtained by incorporating AS; of 680 J kg™ " K" and the
corresponding 8Tewiv Of 7 K at 100 MPa into eqn (S4) (ESIT)
for MS.

The other method to obtain RC is called the integration
method or Gschneidner method, in which the upper and lower
limit of the integration are the temperatures at the half-
maximum of AS,. Therefore, the RC values of MP and MS are
1442 J kg~ " and 4277 J kg~ ', respectively.

Raman spectra measurement under different pressures. To
investigate the phase transition of the FAMEs, Raman spectro-
scopy was applied as a function of pressure and temperature.
Fig. 6a and d shows the Raman spectra of the low-temperature
phases and the high-temperature phases for MP and MS,
respectively. It can be seen that strong peaks can be observed

J. Mater. Chem. C, 2025,13, 2229-2237 | 2233
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Fig. 6 Raman spectra of FAMEs in the solid phase at low temperatures and liquid phase at high temperatures. (a) For MP and (d) for MS. Temperature-
dependent Raman spectra for MP in the range Raman shift < 200 cm™ (b), and 1000 < Raman shift < 1500 cm™ (c). For MS, Raman shift < 200 cm™*

(e), and 1000 < Raman shift < 1500 cm™* (f).

at low frequency modes (below 200 cm™ ') and high frequency
modes (1000-1500 cm '), which are corresponding to intermole-
cular interactions, C-C stretching and CH, scissor vibrations,
respectively.***® For low frequency modes (below 200 cm™ ), the
peaks are relevant to intermolecular interactions. It can be seen in
Fig. 6b and e that MP has two bands at 56 and 113 cm™ ' and MS
has two bands at 60 and 126 cm™ ', respectively for the low
temperature phase (solid state phase here). With the increase of
temperature, the bands disappear for both MP and MS, which
means solid-liquid transition has happened, and the materials
become a liquid phase. For the high-frequency mode (1000-
1500 cm '), it can be seen in Fig. 6¢ and f that the bands at
1061 cm ™" (out-of-phase aliphatic C-C stretch all-trans, 1{C-C)op)
and 1129 cm ™" (in-phase aliphatic C-C stretch all-trans, 1{C-C);p)
of both MP and MS are weaker and broader with the increase of

temperature. Similarly, as the temperature increases, the band at
1104 cm ™" (aliphatic C-C stretch all-trans, 1{C~C) solid) for MP and
the band at 1099 cm ™' (aliphatic C-C stretch all-trans, 1{C-C)
solid) for MS disappeared, respectively. In contrast, the band at
1080 cm ™ (aliphatic C-C stretch of the gauche segment, ¥(C-C)g)
appears at high temperatures, which couldn’t be observed at low
temperatures. Also, wave numbers 1417 and 1441 cm ™' in Fig. 6¢
and 1416 and 1441 cm™ " in Fig. 6f correspond to scissor deforma-
tions (6(CH,)s.) for MP and MS, respectively, which become
broader with the increase of temperature. Therefore, it can be
judged from the Raman spectra shown in Fig. 6 that the ¢rans
bond in the solid and gauche bond in the liquid phase are the most
obviously different structures between these two states.

As shown in Fig. 7, it can be seen that the Raman spectra of
both MP and MS are similar and both were accompanied by an

(a) MP
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320 K&380 MPa|

300 K&380 MPa|
300 K&0.1 MPa

Intensity (a.u.)

(b)y MS
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290 K&430 MPa
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Raman shift (cm'l)

60 80 100 120 140 160 180 200
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Fig. 7 Pressure-dependent Raman spectra of MP at 300 and 320 K (a) and 290 K and 310 K for MS (b).
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Fig. 8 Schematic diagram of the structures of (a) methyl palmitate (MP)
and (b) methyl stearate (MS).

obvious pressure-induced blue shift of peak positions. And the
peak located at 126 cm ' will be split into two superposed
peaks (124.5 and 133.5 cm ™) for the solid state phase of MS at
298 K when the pressure was increased to 430 MPa, indicative
of the phase transition in the solid state.>® Also, for the liquid
phase at 310 K, well-defined peaks out of the featureless
spectrum under ambient pressure will be induced at a certain
external pressure just as shown in Fig. 7b, as a verification of
the pressure induced phase transitions from liquid state to
solid state. This also indicates that the phase transitions can be
tuned by both temperature and pressure.

Fig. 8 is the schematic structure of MP and MS under
atmospheric pressure. It can be seen that both of them are
connected by all-trans bonds. When the temperature increases,
trans bonds are converted into gauche bonds. This process does
not cause the C-C-C bond to change, but brings about rota-
tions of the C-C bond, resulting in an increase in configura-
tional entropy. In general, the increase of pressure will limit the
rotation angles, which will affect the number of gauche bonds
and the configuration entropy.

Fig. 9 is the schematic structure of MP in the liquid state. It
can be seen that it is connected by gauche bonds. When the
temperature decreases, the gauche bonds are converted into
trans bonds. This process does not cause the C-C-C bond to
change, but brings about rotation of the C-C bond, resulting in
an decrease in configurational entropy. In organic molecules,
the conformations are recorded as innumerable specific images

Liquid state

/( -
L
@@
"
1'.
{

Y
.
b loading pressure g
) ) 9]
e N

4 ~.

gauche bond

rotation rule

Fig. 9 Schematic diagram of the structure of the methyl palmitate in the
liquid state and the rotation rules for the trans bond and gauche bond
under loading pressure.
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of atoms or groups arranged in space generated by the rotation
of single C-C bonds. A complete rotation of a single C-C bond
has three potential minima which are a ¢rans form and two
gauche forms obtainable from the trans form by internal rota-
tion of £120°. As usual, the gauche bonds have a higher energy
than the trans bond. In general, the increase of pressure will
limit the rotation angles, which will affect the number of gauche
bonds and the configuration entropy. As shown in Fig. 8, it can
be seen that gauche bonds are decreased when pressure
increases for the high-temperature phase, which is similar to
the situation in pressure-induced liquid-solid phase transition.

Conclusions

The barocaloric effect of MP and MS has been discovered,
revealing a dramatic impact with a maximum isothermal
entropy change of up to 707 J kg™' K at 80 MPa for MP,
and 680 ] kg ' K" at 60 MPa for MS, respectively. Both MP and
MS exhibit reversible entropy changes of 641 J kg™ K™ * and
680 J kg™ ' K. Raman spectroscopy has confirmed the solid-to-
liquid transitions induced by temperature and pressure at
transition temperatures. The barocaloric effect, pressure sensi-
tivity, large refrigeration capacity, and minimal thermal hyster-
esis of a few kelvin position FAMEs as strong contenders for
room-temperature barocaloric refrigeration.
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