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Reversible and irreversible colossal barocaloric ef-
fects in plastic crystals

Araceli Aznar,* Pol Lloveras,** Maria Barrio,“ Philippe Negrier,” Antoni Planes,® Lluis
Mariosa,® Neil D. Mathur,? Xavier Moya,? and Josep-Lluis Tamarit®

The extremely large latent heats exchanged in phase transitions involving strong molecular ori-
entational disordering have recently led to propose plastic crystals as a feasible solution for solid-
state barocaloric eco-friendly cooling technologies. Here we determine the reversible barocaloric
response of four plastic crystals derived from neopentane [C(CH3)4]: (NH,)C(CH,OH); (TRIS
for short), (NH,)(CH3)C(CH,0OH), (AMP), (CH3)C(CH,0H); (PG) and (CH3)3C(CH,OH) (NPA).
All of them display colossal entropy changes at their ordered-plastic phase transition, which is a
primal requirement for competitive barocaloric materials. However, we show that it is also impor-
tant to verify that the large barocaloric effects can be achieved using pressures that, while being
moderate, are large enough to overcome the pressure-dependent hysteresis. From this quantity
and using the quasi-direct method, we determine the minimum pressure needed to achieve re-
versible barocaloric effects, prev, for each compound. Specifically, we find a small and moderate
prev for PG and NPA, respectively, which therefore display colossal reversible barocaloric effects
comparable to harmful fluids used in current refrigerators and thus confirm the potential of plastic
crystals as excellent alternatives. Instead, in TRIS and AMP, the obtained prey is excessive to
yield reversible barocaloric effects useful for cyclic applications.

1 Introduction

Caloric effects across solid-state first-order phase transitions of-
fer the possibility of controlling the exchange of latent heat by
means of an external field. In view of the climate change emer-
gency, caloric effects are being investigated for cooling applica-
tions as an alternative to replace current compressors that use
greenhouse gases'l. Most likely, finding appropriate solid materi-
als has become the major hindrance for a commercial implemen-
tation. In addition to problems such as cost and toxicity, other
more fundamental problems are encountered when looking for
good caloric materials. Generally, this rational search is based
on the knowledge of few requirements that are often accessi-
ble using widely extended conventional experimental techniques
and/or available in the literature, that are a phase transition with
large latent heat close to a desired operational temperature and
a high sensitivity of the phase transition with the applied field %',
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Despite caloric prototypes are showing high efficiencies# the
relatively small latent heats in most solid-solid transitions can-
not compete against those exchanged in liquid-vapor transitions
used in current compressors, which results in a refrigeration ca-
pacity significantly smaller. However, this paradigm could change
due to the recent identification®!® of a family of materials named
plastic crystals. Some compounds in this family undergo first-
order phase transitions with enormous latent heat mainly due to
an unusual strong molecular orientational disordering, for which
they have traditionally attracted interest for passive thermal en-
ergy storage applicationsZ®. On the other hand, their strongly
non-isochoric transitional character makes the associated huge
enthalpy changes be easily driven by pressure and therefore they
have now been proposed for barocaloric (BC) effects. Following
this advance, a list with a number of plastic crystals with similar
nominal characteristics has been suggested as potential excellent
BC candidates®. However, while the criteria of large latent heat
and sensitivity with the applied field are a necessary filter to dis-
card useless materials, they are not sufficient to determine appro-
priate compounds. Other not less important conditions must be
fulfilled by the candidates in order to exhibit a good caloric per-
formance as, for instance, good reversibility and maintenance of
proper thermodynamic transition properties (i.e. large transition
entropy and volume changes and sharp transition) at high applied
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fields.

Since cooling devices operate cyclically, the caloric effects used
therein must be driven reversibly upon an indefinite sequence of
application and removal of the external field, and therefore they
may be dramatically affected by hysteresis. Near first-order phase
transitions, the transition hysteresis introduces a history depen-
dence in the system response to external stimuli such that caloric
effects associated with the transition are irreversible below a cer-
tain threshold for the external field. Consequently, the necessary
input work is increased and the temperature range of operation
decreases so that the actual material performance decreases with
respect to the ideal non-hysteretic frame. Although the key role of
hysteresis for reversibility was well established almost one decade
ago?™ a significant number of studies on caloric effects do not
address this issue yet. Promising materials have been declared
without revealing the hysteresis width®12414 or reporting hys-
teresis widths that would entail manifestly excessive fields for
a practical implementation1315H17  While these considerations
do not invalidate previous works, it is undoubtedly important to
have information about such features whenever possible for the
purpose of practical applications.

The aim of the present study is to check these important fea-
tures in four plastic crystals that were enumerated in the afore-
mentioned published list of excellent BC candidates®, where re-
versibility and high-pressure properties were not taken into ac-
count. We show that, despite all of them exhibit nominal out-
standing transition characteristics, two of them do not meet the
expectations and do not demonstrate aptitude for BC applica-
tions. Our selected compounds belong to the family of neopen-
tane [C(CH3)4] derivatives for which the methyl groups have
been substituted by amino (NH;) or hydroxymethyl (CH,OH)
groups: (NH,)C(CH,OH)3 [2-amino-2-(hydroxymethyl) propane-
1,3-diol, TRIS], (NH;)(CH3)C(CH,OH), [2-amino-2-methyl-
1,3-propanediol, AMP], (CH3)C(CH,OH)3 [2-hydroxymethyl-
2-methyl-1,3-propanediol, PG] and (CH3)3C(CH,OH), [2,2-
dimethyl-1-propanol, NPA]. Below the melting, at high temper-
ature these molecules arrange in a cubic lattice: bee (Im3m) for
those containing amino groups, otherwise fcc (Fm3m), hereafter
referred to as phase I, and exhibit dynamically disordered molec-
ular orientations. On cooling across a first-order phase transition,
they order completely accompanied by a symmetry reduction and
a significant finite volume decrease. In particular, AMP, TRIS,
NPA and PG adopt monoclinicl® (space group undetermined),
orthorhombic (Pra2)12, triclinic?? (space group undetermined)
and tetragonal (bet, /4)18 structures respectively, hereafter re-
ferred to as phase II. This chemical and structural information is
summarized in table

All these transitions show entropy changes of hundreds of J
K~ ! kg~! and large volume changes, which clearly point them as
candidates for BC applications. However, our analysis reveals that
both TRIS and AMP are unfeasible due to an insourmountable
hysteresis at reasonable pressures, whereas instead PG and NPA
demonstrate an excellent BC performance.
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2 Experimental

Powdered samples of TRIS (>99.8% purity), PG (99%) and NPA
(99%) were purchased from Sigma-Aldrich and AMP (>99.5%)
was purchased from Fluka and used as received. Calorimetry at
normal pressure was carried out using a conventional Differen-
tial Scanning Calorimeter Q100 from TA Instruments. Pressure-
dependent calorimetry was performed on two different high-
pressure differential thermal analyzers. One high-pressure cell
is a custom-built irimo block that uses Bridgman thermal sen-
sors and operates up to 3 kbar within a temperature range from
room-temperature to 473 K controlled by a resistive heater. The
other one is a high-pressure Cu-Be cell from Unipress (Poland)
that uses Peltier Modules as thermal sensors and operates up to
6 kbar within a temperature range from 200 K to 393 K con-
trolled by an external thermal bath. In both cells, few hun-
dreds of mg of each sample were mixed with a perfluorinated
inert fluid (Galden Bioblock Scientist) to remove air and encap-
sulated in tin capsules. The pressure-transmitting fluid was DW-
Therm M90.200.02 (Huber). Calorimetry measurements coher-
ently yielded positive dQ/|dT| = Q/|T| peaks corresponding to
the endothermic (II—I) transitions and negative dQ/|dT| peaks
corresponding to the exothermic (I—II) transitions. The respec-
tive transition temperatures, Ty ,; and Tj_.j, were determined
from the onset of the calorimetric peaks. Transition enthalpy
changes AHy_,; and AHy_,, and transition entropy changes ASy;_;
and ASy_,j;, were determined from integrations of dQ/d|T| and of
(1/T)dQ/d|T| peaks after baseline subtraction, respectively.

3 General aspects on reversibility and hys-
teresis

For a reliable estimation of reversible caloric effects, direct and
quasi-direct methods are normally preferable over indirect mea-
surements? as the use of the thermodynamic Maxwell rela-
tion may fail due to misleading protocols?l’22 or strong out-of-
equilibrium dynamics23"22, While direct methods naturally yield
reversible effects because they involve the same changing-field
dynamics, quasi-direct methods are carried out by changing tem-
perature at constant applied fields so that in these cases the de-
termination of reversible effects needs transferring the measured
isofield thermally-driven hysteretic effects to isothermal field-
driven hysteretic effects via calculations. In this respect, compari-
son between direct and quasi-direct experimental data has shown
that reversible isothermal entropy changes ASrey can be obtained
from the overlapping between isothermal entropy changes AS de-
rived from isofield measurements performed on heating and on
cooling independently™28l (see Fig. [1h,c). For materials display-
ing conventional BC effects (dTji.,1/dp(p) > 0, where II+>I means
the set of [I—I and I—1I), and assuming hereafter that BC effects
will take place always with the lower pressure being atmospheric
pressure, pamm, the overlapping condition entails that the min-
imum pressure, prey, to achieve nonzero ASrey is given by the
value at which the exothermic transition temperature equals the
endothermic transition temperature at atmospheric pressure, i.e.,



Table 1 Chemical and structural details for the plastic crystals under study.

Abbreviation Chemical formula Amino group Structure of phase I Structure of phase II
TRIS (NH,)C(CH,0H)3 yes bee (Im3m) orthorhombic (Pna2,)
PG (CH3)C(CH,0H)3 no fec (Fm3m) tetragonal (bct, 14)
AMP (NH,) (CH3)C(CH,0H), yes bee (Im3m) monoclinic

NPA (CH3)3C(CH,0H) no fec (Fm3m) triclinic

Ti11(prev) = Tiis1(patm ). From this equality, we can write

T >I(pa[m) dT; -1
Prev :/ ( IﬁH) dT. D
TIHII(Pa[m) dp

-1
If (ﬁ—;“) is constant, then prey = (lei‘;“) ATire1(patm) where
ATie.1(pamm) is the thermal hysteresis at atmospheric pressure de-
fined as ATjio1(patm) = Tis1(Patm) — Tisu(pamm). Instead, the
minimum pressure to obtain reversible adiabatic temperature
changes AT;ey is usually higher than prey. In particular,

Ti1(Patm) dTq -1

AT I-11

PAT = / (7) aT. @
rev T[’in (Palm) dp

where we denote as TIJ;H (patm) the finishing temperature on cool-
ing across the transition I—1I (see Fig. ,d). Notice that for ideal
perfectly isothermal transitions, the ranges for ATrey and ASyey are
the same because TI’;H =Ti_1-

Therefore, ATj..1(p) and dTi_,11/dp(p) represent key proper-
ties in the study of the viability of BC materials, which can be
generalized to any other caloric effect. Moreover, if cycles in-
volving lowest pressures above normal pressure are considered,
then the knowledge of dTy;_,;/dp(p) is also required. It is worth
pointing out here that for materials exhibiting inverse behavior
(dTin/dp(p) < 0) the same quantities need to be evaluated for
the inverse transitions.

In addition, establishing the dependence of the transition ther-
modynamic quantities on the applied pressure?Z has been shown
to become important because a possible but a priori unknown
decrease of the transition entropy change with pressure might
reduce substantially the caloric performance. This has been ob-
served to occur, for instance, in some magnetostructural®822
ferroelectric2%31! and hybrid organic-inorganic systems=2. Oth-
erwise, omitting this feature may lead to large uncertainties or
inexact conclusions such as a systematic overestimation of the
caloric effects or false expectations.

4 Results and discussion

Calorimetry measurements performed at atmospheric pressure
carried out for all compounds (not shown) yield endothermic
(II—-I) and exothermic (I—II) transition properties listed in Ta-
ble [2| The endothermic values are in overall agreement with re-
ported literature datal?33 and confirm their colossal transition
entropy changes. The exothermic values have not been reported
so far and the differences from endothermic values arise due to
the transition hysteresis.

4.1 Contributions to the transition entropy change

In the compounds under study, the total entropy change can be di-
vided into two contributions: ASy_,; = ASf_,; 4+ ASf;_,; where the
first term arises from the lattice distortion whereas the second
term originates in the release of different orientational conforma-
tions.

The strain entropy change can be calculated with respect to the
unstrained cubic phase in therms of the Helmholtz free energy
F¢as ASf; | = S¢(I) = S¢(II) = —s¢(II) = (%) , where e refers to
the strain. In the cubic system, F¢ can be written up to the har-
monic approximation as F¢ = Ke? +C'(e3 +€3) + Cua(e3 +e2 +¢2).
Here, K = C”%ZCZ' and C' = % are the bulk and deviatoric
moduli respectively, with C;; being components of the stiffness
tensor, and e; are the symmetry-adapted strains®# of the cubic
system corresponding to volumic (e;), deviatoric (e, and e3) and
shear strains (e4, €5 and eg). On the other hand, the experimental
measurement of elastic constants in plastic crystals is hard due
to the difficulty in growing large single crystals, and available
literature data are absent for the compounds under study. To es-
timate the order of magnitude, we have used elastic constants as
a function of temperature for plastic crystal fullerene Cgy which,
averaged over the full reported®> temperature range in the or-
dered phase, yield g—’; ~ —3.8-107 GPaK!, % ~ —4.7-10° GPa
K~! and % ~ —2.0-107 GPa K~!. For PG, the lattice parame-
ters near the fee-bet deformation2? are a; = 8.876 A, ajy = 6.052 A
and cj = 8.872 A, which correspond to=¢ the symmetry-adapted
strains e; = —0.046, e3 = 0.032 and ey = e4 = e5 = ¢ = 0. There-
fore, taking a density of p = 1.23 g cm ™3, we obtain an entropy
change associated with the deviatoric strain ASﬁ g~ 4J K-!
kg~! and an entropy change associated with the volume change
ASY ;~67 JK~! kg™!, which are significantly smaller than the
total entropy change, ASy_; ~ 485 J K~! kg~!
ing compounds, the reconstructive nature of the analyzed phase
transitions in those cases prevents establishing a correspondence
between the unstrained and the strained lattices and therefore
the strain entropy change has no meaning.

. For the remain-

Alternatively, the volumic entropy change can be approxi-
mately estimated as AS}; ,; = ((a) /(B)) AVii_,1, where (a) and
(B) correspond to the thermal expansion and the isothermal com-
pressibility, respectively, averaged over the two phases close to
the phase transition®Z8, Using dilatometry and x-ray diffrac-
tion data for NPA from Refs2240 we find ASKHI ~52+10J
K~ ! kg~!, which is considerably smaller than the total entropy
change, ASy_ ~ 200 J K~! kg~!. Although a complete set of
data is not available in the literature for any of the remaining
compounds, existing datal24142 strongly indicate that for PG
ASY 1 ~80+40 J K~! kg~! (which is consistent with the cal-
culation carried out above), for TRIS AS}; ,; ~90+50 J K~! kg~!
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Fig. 1 Schematic representations of isobaric entropy-temperature curves
and conventional BC effects to evaluate reversibility. (a,b) Isobaric en-
tropies at different values of pressure py (black), p; > po (red), p» > pi
(green) and p3 > p, (blue) on heating (continuous lines) and on cooling
(dashed lines) as indicated by the small arrows. In both panels, black
filled circles denote the onset of the endothermic transition at pressure
po [Ti—1(po)]- In panel (a) the green filled circle denotes the onset of the
exothermic transition at p,, 7i_,i(p2). In panel (b) the blue empty circle
denotes the finishing temperature of the transition on cooling at pressure
P3, 7"||j;|(p3). In panel (a), the red vertical downward (upward) arrow in-
dicates the thermodynamic path used to calculate irreversible isothermal
entropy changes AS on compression (decompression). In panel (b), the
horizontal rightward (leftward) arrows indicate the thermodynamic paths
used to calculate irreversible adiabatic temperature changes AT on com-
pression (decompression). The left-right yellow arrow indicates the ther-
modynamic path used to calculate reversible AT. (c) Irreversible AS ob-
tained under a pressure increase of p; — py (red, dashed), under an in-
crease of p, — py (green, dashed), under a decrease of py — p; (red, con-
tinuous) and under a decrease of py — p» (green, continuous). The green
colored area indicates the reversible AS obtained from overlapping the
curves obtained on increasing and decreasing the field. (d) Irreversible
AT obtained under a pressure increase of p, — py (green, dashed), under
an increase of p3 — pg (blue, dashed), under a decrease of py— p, (green,
continuous) and under a decrease of py — p3 (blue, continuous). The
dark yellow line indicates the reversible AT. Notice that AT are plotted as
a function of the starting temperature because the system temperature
changes along the adiabatic path.

and for AMP AS}; ,; ~ 100+50 J K~ ! kg~!. These numbers for
AS}{ _,1» €ven with such a prudent interval of uncertainty, lie in all
cases well below half the corresponding total transition entropy
changes ASy;_,;, which means that for all compounds the major
contribution to ASy;_,; emerges from the orientational disordering
at the II—1 transition, ASf_,.

The contribution of the orientational disordering to these total
entropy changes can be calculated as AS§ ,; = (RM~1)in(Ny/Ny),
where R is the universal gas constant, M is the molar mass and
Np and Nyp are the number of possible molecular conformations in
phases I and II, respectively. While in general in plastic crystals
phase 1II can still exhibit some disorder (i.e. Ny > 1)43747 for all
the compounds here studied Ny = 1 can be reasonably assumed
because hydrogen bonds do not permit any molecular disorder®.
Notice, however, that in other cases the presence of hydrogen
bonds may not be a sufficient condition either to have Ny = 142,
With respect to the disordered phase, for those compounds with
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an fcc unit cell (PG and NPA, point group T, subgroup Cs,) there
are 10 possible orientations whereas those with a bec unit cell
(AMP and TRIS, point group D,,) there are 6 possible orienta-
tions®?. For each orientation, PG, NPA, AMP and TRIS have 11,
3, 9 and 11 different conformations, respectively. Therefore, we
obtain the following nominal values: For NPA, ASf;_,; =321J K!
kg~!; for PG, ASG ,; =325 J K ! kg~!; for TRIS, AS§, ,; =287 J
K~ ! kg~!; for AMP ASf_=315J K~ ! kg~!. As expected, these
values are substantially larger than the values obtained for the
corresponding ASy; ,; but they are inconsistent with the values
obtained for the total entropy change ASy_,;. This means that the
information for ASf; | is incomplete. For instance, for NPA not
all theoretically possible conformations are observed via Raman
spectroscopy>L, which explains the overestimation of the afore-
given value for ASf;_.;. In turn, for TRIS and AMP, additional /2
rotations of the amino groups could take place, increasing the re-
sulting ASf;_,;. It is thus clear that an accurate determination for
ASf,_,; requires further investigation and lies beyond the scope of
this work.

4.2 Evaluation of barocaloric reversible ranges

To evaluate the minimum pressure prey above which AS;ey be-
comes nonzero, the use of eq. requires the knowledge of
dTi_qu/dp(p) and ATjre1(parm)- In the following we analyze these
two quantities and estimate pyey for the compounds under study.

Values for ATji.,1(pamm) can be directly obtained from Table
With respect to dTj_;1/dp(p), its determination via the Clausius-
Clapeyron (CC) equation, dg—;j”(p) = %, may be not reliable
because (i) it is based on equilibrium conditions (i.e. endother-
mic, I[I-1 transition) and (ii) ASy_,; and AVy;_,; are usually avail-
able only at normal pressure. Consequently, significant differ-
ences between d7Tj;_1/dp at normal pressure, dTj;_1/dp(pam), (as
derived from CC) and dTi_1/dp(p) at high pressure can arise.
In summary, atmospheric-pressure data can be used as a rough
estimate only as they may lead to large uncertainties or incor-
rect conclusions. Therefore, to rigorously determine the actual
reversible ranges of pressure via the quasi-direct method, the
knowledge of the exothermic transition temperatures as a func-
tion of pressure, 7_,1(p), is imperative. To derive these values we
perform pressure-dependent isobaric calorimetry on heating and
cooling across the 11«41 transition at temperature rates |T| ~2 —4
K min—! (see Fig. —d). The pressure-dependent transition tem-
peratures determined from the peak onsets (see Fig. 2p-h) con-
firm the aforementioned discrepancies between d7j;_/dp at patm
and at p > pamm and d7Ti_,y1/dp for all pressures. For TRIS (see
Fig. ) the hysteresis ATj..1(p) increases with increasing pres-
sure because for all pressures we obtain dTj ,;/dp =3.7£0.2 K
kbar~! > dTi_,i/dp = 1.54+0.6 K kbar~!. The latter magnitude
is clearly insufficient to overcome ATjy..;(pam) ~ 75 K at reason-
able pressures, as eq. renders prey ~ 50 kbar. For PG (see
Fig. the hysteresis ATio1(pam) ~ 3.7 K can be easily over-
come given the magnitude for dTj_y/dp = 9.4 +0.3 K kbar~!,
which yields a low reversible threshold prey ~ 0.4 kbar. In this
case, ATi.,1(p) decreases with increasing pressure because for all
pressures dTi_y/dp = 9.4+0.3 K kbar~! > dTy_1/dp =7.940.3
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Fig. 2 (a-d): Isobaric calorimetry at selected pressures on heating (positive) and cooling (negative) for (a) TRIS, (b) PG, (c) AMP and (d) NPA. (e-h):
Temperature-pressure phase diagram on heating (red data) and on cooling (blue data) for (e) TRIS, (f) PG, (g) AMP and (h) NPA. (i-l): Pressure-
dependent transition entropy changes on heating (7j;_,(p), red data) and on cooling (7i_.;(p), blue data) for (i) TRIS, (j) PG, (k) AMP and (I) NPA. Lines
are fits to the data. Dashed horizontal purple line indicates the endothermic transition temperature and dashed vertical line indicates the pressure at
which the exothermic transition temperature is equal to the endothermic transition temperature at normal pressure, which is the minimum pressure,

Prev, required to obtain reversible barocaloric effects.

K kbar~!. Notice that the improper use of the latter value in eq.
would give rise to the overestimated value prey ~ 0.5 kbar. As for
AMP (see Fig. ), exothermic transitions are obtained with large
hysteresis close to normal pressures (ATj.1(p ~ 0.5 kbar) ~ 50
K), slightly decreasing with increasing pressure because for all
pressures dTi_,;/dp = 6.4+0.2 K kbar™! < dTj_y/dp =8.540.7
K kbar~!, but still too large to be overcome by moderate pres-
sures given the relatively small d7i.,1;1/dp. In particular we ob-
tain prey ~ 6 kbar. Concerning NPA, it exhibits dTj;_,1/dp(patm) =
2241 K kbar~! but dTj;_;/dp(p ~ 6 kbar) = 742 K kbar~! and,
more importantly, dTj_y/dp = 11.9+£0.2 K kbar~! for all pres-
sures. Given these values (and using ATj1(patm) ~ 23 K), we
obtain prey ~ 1.9 kbar which in this case is twice larger than that
expected from endothermic data or CC equation at atmospheric
pressure. In fact, the out-of-equilibrium 7 — p diagrams shown
in Figs[2p-h permit to establish graphically the reversible thresh-
old prey as indicated by the dashed purple lines according to the
aforementioned condition Ti_,1i(prev) = Ti11(pamm). A summary
of the transition characteristics at atmospheric pressure and val-
ues for prey is given in Table

4.3 Construction of isobaric entropy curves

To calculate the BC effects using the quasi-direct method, we
have computed the isobaric entropy curves §'(7T,p) at different
pressures with respect to a reference value taken at normal pres-
sure and at a temperature 7 arbitrarily chosen well below the
I—1I transition temperature for each compound (see Fig. so
that S'(T, p) = S(T, p) — S(Ty, patm)- For this purpose we have fol-
lowed the procedure described in Refs®2223 according to which
we need integration of our pressure-dependent calorimetric peaks
after baseline subtraction and temperature-dependent heat ca-
pacity C,, from literature (NPA: >4, AMP:23: pG:50: TRIS:57I58)),
The fact that C, data is available only at normal pressure pre-
vents us to determine the pressure dependence of the isobaric
entropy in each phase directly from this quantity. However, this
lack can be compensated by the use of the Maxwell relation
AS4 (patm — p1) = — p”a‘tm(av/aT)pdp, which establishes the en-
tropy change when a pressure is applied in isothermal conditions
outside the transition. In particular, given the conventional char-
acter of our materials, we include AS, in phase II3%. To calcu-
late AS., (dV/dT), is taken from literature (NPA:3?, AMP:>%
TRIS:#2: pG:©0) and assumed to be independent of pressure
within the range under study, which is a reasonable assumption
as derived from Refs®041 Nonetheless, it can be estimated that
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Table 2 Thermodynamic properties for both endothermic (lI—I) and exothermic (I—1l) transitions measured at atmospheric pressure.

Compd T Tin &I;I %;H AHy 1 AH1 1 AS111 AS1n Prev
K K K kbar~! K kbar~! Jg! Jg! JK T kg! JK kg! kbar
TRIS 406.8 + 0.5 331.2+ 0.5 3.7+0.2 1.5+0.6 280 + 5 203 +£5 682 + 13 599 + 12 ~50
PG 354.2+ 0.5 350.5+ 0.5 7.9 4+0.2 9.4+0.3 176 + 4 164 + 4 485 + 10 479 £ 10 ~0.4
AMP 352.7+ 0.5 - 6.4+ 0.4 8.5+ 0.7 224 + 5 - 632 + 13 - ~6
NPA 231.6 +£ 0.5 211.3 + 0.5 22 +1 11.9+ 0.2 48.2 + 2.0 40.4 £ 2.0 204 £+ 5 197 £5 ~1.8
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Fig. 3 Isobaric entropy curves at selected pressures with respect to a reference value taken at atmospheric pressure, on heating (top panels)
and cooling (bottom panels) for (a,b) NPA, (c, d) AMP, (e,f) PG and (g,h) TRIS. Color legend for pressure values in top panels are also valid in
the corresponding bottom panels. The isothermal distance between isobaric entropy curves in panels (a,b) originates from the relatively significant

contribution of AS.; in each side of the transition for NPA.

an uncertainty of 20% in (dV /dT), would yield an error of ~ 3%
in the BC effects obtained across the transition, which is smaller
than the uncertainty interval of our results.

Although in some materials such as metallic alloys neglecting
AS. may be irrelevant because (dV /dT)p,,, is small, in other ma-
terials AS; can influence substantially the resulting BC effects
and therefore this contribution cannot be left out. For instance,
AS accounts for a large decrease of the BC effects in ammo-
nium sulphate®? whereas, more interestingly, it has been demon-
strated that neglecting AS. in the plastic crystal Neopentylglycol
([(CH3),C(CH,0H),]1, NPG) as done elsewhere® would omit a
25% increase in AS at 5 kbar=. In the compounds analyzed here,
AS. becomes particularly significant for NPA, as shown in Fig.
Bka,b).

On the other hand, it is worth noticing here that AS included
in phase II, together with the knowledge of the transition entropy
change ASy.,; (shown in Figs —1) and C,, determines univocally
AS. in phase I. Therefore, the experimental determination of AS+
in phase I can be used to ascertain the consistency and uncertainty
of different types of measurements. All the compounds studied
here show*% (9V/9T),..(1) > (9V/IT),. (1), from which we
can deduce that AS, (I) > AS (II). This inequality, along with the
fact that in both phases the entropy varies with temperature sim-
ilarly, mathematically imposes ASy,,; to be roughly constant or
to decrease when increasing pressure. Indeed, this is consistent
with pressure-dependent transition entropy change for the en-
dothermic (ASy_,;) and exothermic (AS;_y) transitions (see Fig.
2J-D) derived from integration of (1/T)dQ/|dT|. In particular, we
find that ASy.,; for PG and AMP, and ASy;_.; for TRIS are roughly

6| Journal Name, [year], [vol.],1-|§|

independent of pressure, but for TRIS AS;_,;; decreases accord-
ing to dASi_y;/dp = —19+6 J K~ kg~! kbar~! whereas for NPA
dASy_1/dp=—4+2JK ' kg~! kbar~! and dAS;_,;1/dp=—10£2
JK kg~ ! kbar .

4.4 Barocaloric response

By subtracting isobaric entropies at different pressures follow-
ing adiabatic and isothermal paths, we have obtained the ir-
reversible isothermal entropy changes AS(py — p2) = S(T,p2) —
S(T,p1) =S (T, p2) —S'(T, p1) and adiabatic temperature changes
AT(p1 — p2) = T(S,p2) = T(S,p1) = T(S',p2) — T(S',p1) where
the lower pressure will be taken always as atmospheric pres-
sure pamm. In materials displaying conventional BC effects,
dTi,1/dp > 0 entails that compression-induced transitions are
exothermic whereas decompression-induced transitions are en-
dothermic. Therefore, BC effects on compression are computed
from cooling runs and BC effects on decompression from heating
runs (see Fig. . Irreversible AS achieves colossal values in all
cases at small pressures, reaching on average over compression
and decompression up to 600 & 60 J K~ ! kg~! and 8 + 2 K un-
der 2.5 kbar for TRIS, 510 + 50 J K~! kg~! and 22 + 2 K under
2.5 kbar for PG, 690 + 70 J K~! kg~! and 15.5 + 2.0 K under
2.5 kbar for AMP and 330 & 30 J K~! kg~! and 35 + 5 K under
2.7 kbar for NPA, that increase up to 500 + 50 J K~! kg~! and
62 + 6 K under 5.9 kbar. Although these values are impressive,
they are unuseful to determine the adequacy of a material for im-
plementation in a real device because they cannot be reproduced
cyclically after the first pressure change.
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Fig. 4 (a-d) Isothermal entropy changes as a function of temperature
and (e-h) adiabatic temperature changes as a function of the starting
temperature Ty, under application and removal of selected pressures in
(a,e) TRIS, (b,f) PG, (c,g) AMP and (d,h) NPA.

As discussed previously, reversible entropy changes, AS;ey, are
computed quasi-directly as the overlapping between AS obtained
on compression and decompression!' whereas reversible adia-
batic temperature changes, ATrey are determined from adiabatic
differences between T'(S, patm) on heating and 7'(S,p) on cool-
ing®?. The corresponding results confirm the aforementioned
conclusions: BC effects in AMP and TRIS are irreversible within
the whole pressure range analyzed here. Instead, for PG re-
versible effects (see ,c) are found above prey ~ 0.4 kbar, display-
ing ASrey =490450 J K~ kg~ ! and ATyey = 10+ 1 K under p ~ 2.4
kbar. In turn, reversible effects (see Fig. ,d) are found above
Prev ~ 1.9 kbar in NPA, displaying ASrey = 290+30 JK~! kg~! and
ATyey = 16 £2 K under p ~ 2.6 kbar, and ASpey = 470 £50 J K~
kg~! and ATjey = 42 +4 K under p ~ 5.8 kbar.

Figure [6] shows a summary of the maximum absolute irre-
versible (panels a-c) and reversible (d-f) BC effects as a function
of the applied pressure for the compounds under study. Data for
NPG" belonging to the same plastic crystal family, are also dis-
played for comparison.

The reversible values obtained for NPA and PG are comparable
to the thermal response of harmful fluids used in current refrig-
erators®l yet generated by greenhouse emission-free materials.
Therefore, they are excellent candidates to be employed in future

600 15
(2) PG p (kbar) ot =0 p (kbar)
300tp - 0 0.5 st 0.5
1.0 7T~ 1.0
0 1.5 or = 15
0-p S5H0 - p
~ -300 2.4  -10 "(© PG 2.4
. ) c
2 600 ‘ : . -15 ‘ :
u 360 370 380 F 360 370 380
=600 < 50
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9 3oofp »50 257: %Z
0 L(kbar) 2.7,3.3,4.1,5.1,5.9 or~ _ 41
0 -~ 5.1
300} %ﬁ [ f P 250 0-p — 5.9
()N (d) NPA -
-600 ‘ ) -50 ‘ ]
240 260 280 240 260 280
T (K) T (K)

Fig. 5 (a,b) Reversible isothermal entropy changes as a function of tem-
perature and (c,d) reversible adiabatic temperature changes as a function
of the starting temperature 75, under application and removal selected
pressures in (a,c) PG and (b,d) NPA. For NPA, ATey, is shown only within
the temperature interval where the adiabatic path starts and finishes at
the transition.

more sustainable cooling devices. The low thermal conductiv-
ity of our compounds can be palliated by an appropriate design
that maximizes the surface-to-volume ratio such as powdered ma-
terial embedded into graphite matrices®2
high thermal conductive nanoparticles®. It must be noted here
that, in terms of safety, NPA is classified®4 as a flammable solid
(flash point of 301 K), which should be taken into account for
applications at room temperature. Instead, for PG> (and AMP©®
and TRIS®?) no relevant hazards are identified.

or the introduction of

5 Conclusions

We have studied the barocaloric response of four plastic crystals
derived from neopentane across their ordered-orientationally dis-
ordered solid-state phase transition. For this purpose we have
constructed isobaric entropy-temperature curves below, across
and above the transition using our high-pressure calorimetry, and
temperature-dependent heat capacity and volume from literature.
The latter accounts for additional entropy changes due to thermal
expansion of each phase, which appears to be important for NPA
and negligible within error for the remaining compounds.

We have shown that to provide useful information for tech-
nological applications, the characterization of the reversible BC
effects from high-pressure properties must be carried out. As a
result, while all compounds studied here show outstanding BC
properties upon the first application or removal of pressure, those
plastic crystals having a bce structure (AMP and TRIS) display
too large hysteresis to be overcome by application of reasonable
pressures and therefore they can be discarded as promising BC
materials. Instead, those plastic crystals with an fcc structure
(PG and NPA) transform more easily to the ordered phase, and
therefore do show colossal reversible effects at moderate pres-
sures. Our study reinforces the recently demonstrated great re-
versible BC potential of some plastic crystals for future cooling
devices and should incite future works on caloric compounds to
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Fig. 6 (a) Maximum isothermal entropy changes, (b) maximum adia-
batic temperature changes, and (c) refrigerant capacity as a function of
pressure, fitted on joint data under first removal and application of pres-
sure. (d) Maximum isothermal entropy changes, (€) maximum adiabatic
temperature changes, and (f) refrigerant capacity as a function of pres-
sure for reversible cycles. NPG stands for neopentylglycol and the corre-
sponding data, calculated from Ref.”, haven been included for complete-
ness and comparison.

systematically provide reversible values as a way to accelerate the
development of advanced materials for environmentally-friendly
solid-state refrigeration.
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