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ABSTRACT

Plastic crystals are currently attracting interest because their solid-state caloric functionality could be used to tackle climate change in two crit-
ical areas: (i) more environmentally friendly cooling and heating driven by pressure and (ii) passive waste heat management. Here, we suggest
that plastic crystals could also be used for active pressure-assisted (i.e., barocaloric) waste heat management. In contrast to the barocaloric
cooling/heating cycle, for active barocaloric waste heat management, the hysteresis may not be a constraint and transition temperatures above
ambient are usually desired. In contrast to passive waste heat management, the application of pressure can be an advantage to actively control
the absorption and delivery of heat by the plastic crystal. Here, we have investigated the pressure-induced caloric response at the first-order
phase transitions occurring above room temperature of three plastic crystals derived from adamantane: 1-adamantanol, 2-adamantanol, and
2-methyl-2-adamantanol. Colossal barocaloric effects have been found for two of them under small pressure changes of 50 MPa. This behav-
ior occurs thanks to a colossal transition entropy change and a large transition sensitivity to pressure, which can simultaneously take place due
to enormous transition volume changes. The balance between configurational and volumic entropy changes at the transition has also been
discussed. For 2-adamantanol, in addition to the transition to the plastic phase, the less energetic triclinic-to-monoclinic transition at lower
temperatures has also been analyzed. The transition temperatures above ambient make these compounds suitable for waste heat management
and, thanks to a small hysteresis, also for industrial cooling and heat pumping.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0127667

I. INTRODUCTION

Plastic crystals can act as solid-state heat sources or sinks due
to the release or absorption of very large latent heat associated
with a first-order phase transition (FOPT) between ordered and ori-
entationally disordered phases.' * Moreover, the phase transition
temperature can be largely tuned by the application of a hydro-
static pressure due to large transition volume changes,“3 which,
along with the large latent heat, gives rise to colossal barocaloric
(BC) effects. These features are currently boosting research in these
materials to cope with climate change and pollution because they
could offer more environmentally friendly cooling and heat pump-
ing techniques as an alternative to appliances based on the vapor

compression cycle that use very high greenhouse hydrofluorocar-
bons (HFCs).° In this technology, used in about 80% of cooling
devices, the direct leakage of HFCs to the atmosphere yields 3.5%
of total CO2-equivalent emissions, whereas the total impact consid-
ering the energy consumption amounts to almost 8% of it. In cooling
cycles, barocaloric materials undergoing a FOPT with low transition
hysteresis are desired because they allow the FOPT to occur back
and forth under relatively small pressure changes and at high fre-
quencies. Additionally, for refrigeration and air conditioning in both
household and transport settings, FOPTs close to or below room
temperature are required, whereas those above ambient could be
appealing for cooling and heating applications not related to human
comfort, as in the industrial sector and/or heat engines.
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On the other hand, for plastic crystals undergoing FOPTs above
ambient, the pressure-assisted caloric functionality could also be
used for the recovery and storage of waste heat, which also rep-
resents a serious environmental thread. It is estimated that about
70% of all energy produced by mankind is dissipated in the form
of heat into the environment, with the corresponding direct warm-
ing impact. In industry, waste heat represents 20%-50% of energy
consumption, and it is estimated that up to 30% of it could be
reused.” '’ Moreover, most of the waste heat is available below
200 °C, whereas most of the conventional heat recovery technologies
require higher temperatures.'' Given the large room for improve-
ment, a number of initiatives to harvest the waste heat from human
origin have arisen, which is viewed as a renewable energy resource.
Here, endothermic FOPTs in plastic crystals occurring well below
200 °C, yet above room temperature and therefore inappropriate for
household cooling, could offer a solution as heat storage media at
such temperatures. The solid-to-solid character of FOPTs in plas-
tic crystals can also be advantageous compared to methods based on
the melting of phase change materials (PCMs) because of avoiding
drawbacks related to leakage and handling that force their encapsu-
lation.'” In this sense, plastic crystals have been proposed as an active
element to obtain shape-stabilized molten PCMs.' "

Moreover, in contrast to cyclic cooling, the harvesting and
storage of heat does not require high operational frequencies, and
transition hysteresis can be viewed as a positive feature as it pro-
vides greater stability to the heat-storing phase. Very interestingly,
the temperatures for both the endothermic FOPT (used to store the
heat) and the exothermic FOPT (used for the subsequent delivery
of heat when necessary) can be tuned by the application of pressure
to adapt to the system requirements and enhance the time period
of storage. This method, which has been recently proposed using
other types of materials,'”'® adds flexibility to the conventional
passive method, which has been traditionally proposed commonly
for thermal energy storage.' "’

On the other hand, at least at the theoretical level, it is conceiv-
able that plastic crystals could also be used in the organic Rankine
cycle'® for power production from waste heat as an intermediary
to heat the boiling working fluid and/or as an active part by taking
advantage of the high vapor pressure and relatively easy sublimation
ability."”

Stimulated by these potential applicabilities, in this work, we
analyze the BC response of three plastic crystals derived from
adamantane across their FOPTs. Adamantane [(CH)4(CH,)¢] is
made up by the fusion of four cyclohexane rings that provide the
molecule with a highly symmetrical, rigid cage-like structure. Below
the melting point at 543 K, adamantane crystallizes in the plastic
phase’® with an fcc structure with Z = 4 molecules per unit cell.”!
Upon further cooling, adamantane undergoes a solid-solid FOPT at
208.6 K toward a tetragonal ordered phase. Simple substitutions at
either the 1-(tertiary carbon) or 2-(secondary carbon) positions of
adamantane give rise to a rich panoply of materials with different
solid-state properties and then with a large variety of FOPT tem-
peratures and enthalpy changes,” ”” which can be of interest for
potential applications that aim to take advantage of the transition. In
particular, we study 1-adamantanol, 2-adamantanol, and 2-methyl-
2-adamantanol (named hereafter 1Aol, 2A0l, and 2M2Aol, respec-
tively, for short). 1Aol is obtained through the substitution of an
H atom attached to the tertiary carbon atom by a hydroxyl group.

scitation.org/journal/apm

2Aol and 2M2Aol are obtained by replacing either one of the two H
atoms attached to the secondary carbon atom by a hydroxyl group
(2A0l) or two H atoms by methyl and hydroxyl groups (2M2Aol).
At high temperatures and below the melting point, 1Aol, 2Aol, and
2M2Aol exhibit a plastic face-centered cubic phase (FCC for short).
On cooling, the three compounds undergo a solid-solid transition
toward an orientation-ordered phase, which for 1Aol shows a tetrag-
onal structure (T), for 2Aol a monoclinic structure (M), and for
2M2Aol an orthorhombic structure (O). In addition, 2Aol exhibits
an additional lower temperature triclinic phase (Tr). The structures
of low-temperature ordered phases for 2Aol and 2M2Aol have been
reported very recently, whereas those of 1Aol were published a long
time ago.”® To the best of our knowledge, no structural refinement
of the plastic phases for the three adamantane derivatives has been
reported yet.

Currently, these compounds are used in industry as interme-
diates for the synthesis of other compounds. In particular, they are
used to produce 1,3-adamantanediol,”” which in turn is used as a
raw material to make functional and electronic materials.” In addi-
tion, 1Aol and 2Aol can be used to synthesize compounds that show
analgesic activity and antiviral and antibacterial properties.”” More-
over, 2M2Aol can be used to produce light-resistant polymers for
application in photolithography.’’ In general, adamantane and some
derivatives also present medical applications, such as in prophylaxis,
as an antiviral, and for Parkinson’s treatment.”

Il. MATERIALS AND METHODS

A powdered sample of 1Aol (purity 99%) was purchased from
Fluka and used as such, and 2Aol (97%) and 2M2Aol (97%) were
purchased from Sigma-Aldrich. For both 2Aol and 2M2Aol, addi-
tional purification was performed by two methods: recrystalliza-
tion from ethanol at room temperature and sublimation at 323 K.
The temperature and enthalpy changes related to the III-II and
II-1 transitions in the purified and purchased samples do not dif-
fer significantly. Differential scanning calorimetry measurements
were performed using a Q100 thermal analyzer from TA Instru-
ments at different scanning rates in the range 2-10 K min™" with
~5 mg of sample sealed in hermetic Al pans. High-pressure dif-
ferential thermal analysis measurements were performed using a
bespoke calorimeter consisting of a Bridgman pressure cell. Heating
ramps were performed by means of a resistive heater at 3 K min™"',
whereas cooling ramps were performed in contact with an air
stream at ca. ~—1.5 K min~". A few hundred mg of each sample
was encapsulated inside bespoke tin capsules with a perfluorinated
fluid (Galden Bioblock Scientist) to remove air bubbles. The pres-
sure transmitting liquid used in the pressure circuit was Therm-240
(Lauda).

High-resolution x-ray powder diffraction (XRPD) for the plas-
tic phases of the three compounds under study and for the tetragonal
phase of 1Aol was performed at atmospheric pressure and at differ-
ent temperatures using an INEL transmission diffractometer with a
germanium monochromator, a cylindrical position-sensitive detec-
tor (CPS-120), and the Debye-Scherrer geometry, using Cu-Koy
= 1.54056 A radiation. Powdered samples were introduced into a
Lindemann capillary (0.5 mm in diameter), and the temperature was
varied using a 700 series Oxford Cryostream Cooler. For 1Aol, x-ray
patterns were acquired isothermally between 150 K and 475 K in
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order to determine the lattice parameters as a function of tempera-
ture and the volume variation at the FOPT. The data were analyzed
with Materials Studio software.’ First, a Pawley fit was performed to
find cell parameters, profiles, the zero offset, and asymmetry. Then, a
Rietveld refinement was performed, assuming a rigid body molecule.
For the tetragonal and plastic phases of 1Aol, the intramolecu-
lar distances and angles reported from single crystal diffraction by
Amoureux et al.”® were kept. For the plastic phases of 1Aol and 2Aol,
the energy minimization Materials Studio Forcite module was used
to obtain the intramolecular distances and angles. For the plastic
phase of 2M2Aol, the intramolecular distances and angles were kept
almost identical to the low-temperature phases reported recently.*
The obtained R-factors were Rwp = 5.23% and Rp = 3.68% for the
tetragonal phase of 1Aol, Rwp = 6.36% and Rp = 4.32% for the
plastic phase of 1Aol, Rwp = 5.20% and Rp = 3.90% for the plastic
phase of 2A0l, and Rwp = 5.40% and Rp = 4.00% for the plastic phase
of 2M2Aol.

I1l. RESULTS AND DISCUSSION

A. Characterization of phase transitions
and phase diagrams

Isobaric high-pressure differential thermal analyses at selected
pressures were performed on heating and cooling for the three com-
pounds 1Aol, 2A0l, and 2M2Aol across both endothermic (T — FCC
for 1Aol, Tr - M — FCC for 2Aol, and O — FCC for 2M2Aol) and
the corresponding reversing exothermic phase transitions. The sig-

16
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nals, shown in Figs. 1(a)-1(c), display calorimetric peaks associated
with the aforementioned transitions.

Enthalpy and entropy changes at the transition were calcu-
lated from peak integration after baseline subtraction as AH(p)
= fTTZ 9947 and ASi(p) = fTTZ 1994T [the latter are shown in
Figs. 1(d)-1(f)]. Here, temperatures T; and T, were chosen below
and above the transition to properly define the baseline, and ‘;—? = %
The values obtained for AH; and AS; at atmospheric pressure (see
Table 1I) coincide for 2Aol and 2M2Aol with the data published in
Ref. 35, whereas for 1Aol, they are in very good agreement with the
literature.’® In plastic crystals, these large transition entropy changes
are expected to emerge mainly due to changes in the configurational

entropy AS. and in volumic entropy AS".”"* The latter can be esti-
mated as”"’ ASY ~ %
the isobaric thermal expansion and isothermal compressibility of the
two phases averaged close to the transition, respectively, and AV
is the volume change at the transition. Values for a and AV} can
be found in Tables I and II. As for (x), we do not have our own
data or literature data for these compounds. However, some studies
have reported these data for adamantane’' "’ and its halogen deriva-
tives,** which have been shown to vary little from each other. From
these studies, we have used (x) =~ 0.3 GPa™" for the three compounds
under study.

In turn, the configurational entropy change can be calculated

from ASS ;= RM ™' In %) where Nj and N refer to the number
of possible configurations in the initial and final phases involved

AVy, where (a) and () are the averages of
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FIG. 1. (a)—(c) Isobaric calorimetry measurements at selected pressures (values at the top) on heating (positive) and cooling (negative) for (a) 1Aal, (b) 2Aal, and (c)
2M2Aol. (d)-(f) Pressure-dependent transition entropy changes on heating (red data) and cooling (blue data) for (d) 1Aol, (e) 2Aal, and (f) 2M2Aol. Lines are fits to the data.
(9)—(i) Temperature-pressure phase diagram on heating (red data) and cooling (blue data) for (g) 1Aol, (h) 2Aol, and (i) 2M2Aol. The shadowed area is limited by the onset
temperature (thick line) and the peak maximum temperature. The dashed horizontal green line indicates the endothermic transition temperature at atmospheric pressure,
and the dashed vertical line indicates the pressure at which the exothermic transition temperature is equal to the normal pressure endothermic transition temperature, which

is the minimum pressure, p,,, required to obtain reversible barocaloric effects.
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TABLE . Properties of phases at atmospheric pressure for the compounds investigated in this work. Values for ( o7

2Aol, the two values for « in phase M are calculated close to the transitions Tr-M and M-FCC, respectively.

)p and « are calculated in the vicinity of the transition. For

Compound Chemical formula ~ Phase  Space group Z (% )p m’ kg™ K™ oc(-104) K™ References
FCC Fm3m 4 32x1077 3.60 This work
1-A 1 H

damantano C1oH160 T Pdy/n 8 1.6 x 1077 1.89 This work
FCC Fm3m 4 44 %1077 44 This work,’”

2-Adamantanol C10Hi60 M C2/m 12 3.1x1077 3.1-3.2 35

Tr P1 6 27 %1077 2.8 35
FCC Fm3m 4 52x1077 4.09 This work,”

2-Methyl-2-adamantanol Ci1His0 0 Phen 16 19 x 1077 200 35

in the transition. In the plastic phase, the Rietveld refined struc-
tures from XRPD vyielded the Fm3m space group with Z = 4 for
the three compounds under study, in contrast to F43c, F43m and
F43c previously assigned by other works to 1Aol,’® 2A0l,** and
2M2Aol,” respectively. The resulting 48 possible molecular orienta-
tions allowed by this symmetry*® and considering a single molecular
conformation due to the rigid character of the fused rings* give
rise to Nrcc = 48 configurations. In phase O, 2M2Aol is completely
ordered (No = 1), resulting in AS%_ zcc =~ 194 ] K™' kg™ As for
this compound ASy_pcc ~110 J K™! kg™, we obtain ASG_poc
+ASY poc ~ 304 ] K7 kg™, which is below our measured value
(see Table II). This difference may be due to the large uncertainty
involved in the estimation of AS" or to additional contributions
arising, for instance, from non-volumic strains. In any case, it is
apparent that for 2M2Aol, the volumic entropy change is compa-
rable to the configurational entropy change and consistent with the
general trend observed in some plastic crystals, according to which
ASY ~ 0.4A8.."7

For 1Aol, in phase T, the hydrogen of the hydroxyl group is dis-
ordered between two positions,* giving rise to Nt = 2. This results

in a ASG_pcc ~ 174 ] K™ kg™'. Given that for this compound
As‘éﬁpcc ~ 40 ] K! kg_l, the sum of the two entropic contribu-
tions yields ASG_pcc + AS"poc ~ 214K kg™, which is in good
agreement with the measured total entropy change, so that we can
conclude that the main contribution in this case emerges from the
orientational disorder.

In 2Aol, the configurational disorder emerges progressively
across a series of phase transitions (see Sec. I). In phase Tr, the dis-
order of H atoms between two different positions yields Nt = 2,
whereas in phase M, the additional disorder in O atoms, also
between two possible sites,” yields Ny = 4. This results in ASt,_
~38JK ' kg™'. This is much higher than our measured total entropy
change, which can be ascribed to the fact that the mentioned dis-
order can arise progressively in temperature within the phases and
not strictly at the phase transitions, in accordance with the evident
pre-transitional effects reflected in a strong increase in the specific
heat around 30 K before the Tr — M transition.’® In turn, we esti-
mate a small ASY. ,; ~3JK! kg_l. As for the M — FCC transition,
from the above considerations we obtain ASK,HFCC ~136JK ! kg_l,
which is one order of magnitude higher than our measured total

TABLE II. Thermodynamic properties at the endothermic and exothermic phase transitions under study. Values for d(gps‘) correspond to the endothermic transition in all cases.
AV stands for volume changes at the transition determined from x-ray diffraction, whereas Avfc refers to values calculated using the Clausius—-Clapeyron equation at the
endothermic transition.
1Aol 2Ao0l 2M2Aol

T - FCC FCC—->T Tr-M M- Tr M — FCC FCC-M O - FCC FCC—- 0O
To (K) 360 + 1 348 + 1 3251 327 +1 389 +1 389 +1 371 £ 1 367 +1
T (K) 361 +1 346 + 1 3261 324 +1 390 £1 389 +1 375+1 364 + 1
% (KGPa™) 179 £ 5 154 £ 5 210+ 10 207 £ 8 48 +1 53+1 241 + 1 222 +1
AH; (k] kg’l) 754+ 1 709 £ 1 42+0.3 6.2+04 259+ 1.5 262+ 1.5 137+ 6 127 £ 6
AS K™ kg’l) 210 + 10 207 £ 10 1291 195+1 66.5 + 4 66.7 + 4 371+ 13 357 + 10
d(AS)/dp (J K kgfl) -0.25+0.01 0.017 + 0.004 -0.11 £ 0.01 —-0.15 + 0.08

(4.5 + 0.5)-1072
(3.8 + 0.5)-1072

AV (cm® g_l)
AVES (em® g_l)

(0.27 + 0.04)-1072
(0.27 £ 0.05)-1072

(8.8 + 0.9)-1072
(8.4 + 0.8)-1072

(0.54 + 0.14)-1072
(0.32 £ 0.06)-1072
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entropy change. The origin of such a huge discrepancy must have
its origin in the partial activation of the orientational degrees of
freedom at the M — FCC phase transition. Actually, our Rietveld
refinement is also consistent with Nrcc = 24 configurations, which
would yield a value of ASS;_rcc = 98 J K™! kg™, still higher but
closer to the measured one. In turn, the volumic entropy change is
estimated to be small, ASY;_pcc ~7J K™ kg™,

We now turn to analyzing the dependence of the thermo-
dynamic properties on pressure [see Figs. 1(d)-1(f) and Table I].
When increasing pressure, a clear decrease of AS; was obtained
for the T <+ FCC and M <« FCC transitions in 1Aol and 2Aol,
respectively, which is a behavior obtained in other ordered-to-
plastic crystal transitions.”"* For the O-FCC transition in 2M2Aol, a
large dispersion for AS; was obtained, resulting in a slight depen-
dence on pressure on average. For the Tr-M transition in 2Aol,
the AS; was obtained to be nearly independent of pressure within
the pressure range under study. This overall behavior could be
ascribed to the high compressibility of plastic phases as suggested by
Li et al.,* which would make the transition volume change decrease
at higher pressure, with a consequent reduction of the volumic
entropy change. As in any case, the volumic entropy change is
insignificant for the Tr-M transition in 2Aol, AS; for this transition
is unaffected by pressure.

Onset and peak maximum temperatures were determined from
the peak positions, and their dependence on pressure enabled to
determine the phase diagram and the slope of the transition line
% [see Figs. 1(g)-1(i) and Table II] for both the endothermic
(in equilibrium) and exothermic (out of equilibrium) transitions. In
the case of 2A0l, the fact that dT;%M > dT"fdi;m atany pressure within

the range under analysis points toward the existence of a triple
point Tr-M-FCC, beyond which phase M becomes metastable. Per-
forming a second-order polynomial fit to the T(p) data for the
two transitions, the coordinates of the triple point are estimated as
(T.P) 1 ai_rcc ~ (410K, 490 MPa).

As discussed in the introduction, determining the transition
hysteresis, i.e., differences between endothermic and exothermic

ARTICLE scitation.org/journal/apm

transition temperatures, may be key for applications, either as a
drawback or as an advantage. For BC cooling or heat pumping
cycles, it has been shown that the hysteresis introduces a minimum
pressure threshold, p,.., required to obtain reversible adiabatic tem-
perature changes, ATrey. The value for p . can be determined as
the value for which the exothermic transition temperature equals
the endothermic transition temperature at atmospheric pressure.”
Values are indicated in Figs. 1(g)-1(i).

It is therefore clear that, given a certain thermal hysteresis, the
larger the ‘;—; the lower the p, . Moreover, a large ‘;—; is also desirable
because it enhances the adiabatic temperature changes AT. Never-
theless, the value for ‘2—; is inversely proportional to the value for

AS; as required by the Clausius-Clapeyron (CC) equation, ’fi—z = i—‘s/:,

and AS; is also desired to be large to obtain large isothermal entropy
changes AS. As both quantities AT and AS are the key quantities for
BC cooling or heat pumping, a trade-off is sought. Interestingly, for
1Aol and 2M2Aol both AS; and “% displayed for the III transitions
between a (semi)ordered and the plastic phases are simultaneously
large. This win-win situation is due to the huge transition volume
changes AV, as linked by the same CC equation. In fact, the CC
equation was used to estimate the transition volume changes, which
were found to be in reasonable agreement with the experimental
value obtained in this work for 1Aol and experimental values avail-
able in the literature® for 2Aol and 2M2Aol, except for the M — FCC
transition in 2Ao0l (see Table IT and the supplementary material).

B. Determination of barocaloric responses

Our isobaric high-pressure calorimetry measurements allowed
us to calculate the BC effects using the quasi-direct method.”’
Accordingly, the isobaric temperature-dependent entropy S(T,p)
is calculated with respect to a reference temperature Ty and atmo-
spheric pressure, S(To,p,,.), using a TdS equation extended to
include the heat flow contribution arising from the first-order phase
transition,

MPa 0 50 100 540/ MPa 05080 130 160 1000} MPa 060 150
600} 160 200 260 260 180 250
800
480 360 600
~ 360 180 400
K a) 1A0l 2A0l e) 2M2Aol .
2 (@ 1/ ©) 2A0 200 (e) 2! FIG. 2. Isobaric entropy curves at
< 240 Heating Heating Heating A
& 0 0 selected pressures with respect to a ref-
2 325 350 375 400 425 325 350 375 400 360 390 420 450 erence value Sy = S(To, P,y ), ON heat-
“ ing (top panels) and cooling (bottom
s 540 800 panels) for (a), (b) 1Aal, (c), (d) 2Aal,
& 600 and (e), (f) 2M2Aol. The color legend for
480 360 600 pressure values in the_top panels is also
valid in the corresponding bottom panels.
360 400
180
240 (b) 1Al d) 20l 200 () 2M2Aol
Cooling Cooling Cooling
120 0 0
325 350 375 400 425 325 350 375 400 360 390 420 450
T(K)
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considered independent of pressure within error as entailed by the
linear temperature dependence of volume (see the supplementary
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lower-temperature dependence of C, causes the entropy of each
phase to depend on pressure at higher temperatures, and in partic-
ular within the temperature ranges of interest for this work. This
dependence of the entropy is reflected by the existence of the term

containing (%)P in the previous equation. In turn, we assume

that (%)P is independent of pressure so that fp‘: ‘m(aV/BT)pdp

= (% ) ) (p — patm)- This assumption has been found to be reason-

able for other plastic crystals." For 1Aol, this term was calculated
from V(T) data obtained from temperature-dependent XRPD mea-
surements (see Figs. S4 and S5). For 2Aol and 2M2Aol, (%)p

was calculated from V(T) literature data.”® The corresponding val-
ues are included in Table 1. On the other hand, obtaining these
data at high pressure is experimentally difficult and overall intro-
duces only small errors in the calculation of the entropy curves and
the subsequent barocaloric effects within the pressure range consid-
ered in this work. In particular, an uncertainty of about 20% in the
value of (%)P entails an uncertainty of <2% of the maximum AS

and <1% of the maximum AT for a pressure change of 105 MPa

ARTICLE scitation.org/journal/apm

in 1Aol, of ~9% of the maximum AS and <18% of the maximum
AT for a pressure change of 150 MPa in 2Aol and of ~1.3% of the
maximum AS and <0.5% of the maximum AT for a pressure change
of 110 MPa in 2M2Aol. The resulting entropy functions are shown
in Fig. 2.

Subsequently, BC effects were determined by subtracting the
entropy curves following the procedure explained in Ref. 38. First,
we calculated the isothermal entropy changes AS and adiabatic
temperature changes AT that can be obtained on the first applica-
tion or removal of pressure (see Fig. 3). Despite the fact that these
effects are irreversible when the pressure change is directly reversed,
they could be used for applications for pressure-driven waste heat
management, as discussed in the introduction. The obtained results
reveal colossal values at moderate pressure changes for all of them,
as previously obtained for other plastic crystals.””****’ It is remark-
able that 1Aol exhibits AS ~ 220 J K™! kg™ and AT ~10 K under
small pressure changes of 50 MPa that increase up to 300 ] K™* kg™
and AT ~ 40 K under pressure changes of 250 MPa; 2M2Aol displays
AS ~ 360 JK ' kg™ and AT ~ 10 K under small pressure changes of
60 MPa that increase up to 450 ] K™! kg™ and AT ~ 40 K under
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FIG. 5. Maximum isothermal entropy changes (a), (d), () per unit mass (left axis) and per unit volume (right axis), adiabatic temperature changes (b), (e), (h) and refrigerant
capacity (c), (f), (i) for 1Aol (a)—(c), 2Aal (d)—(f), and 2M2Aol (g)—(i) upon first application (blue) and removal (red) of pressure and upon reversible pressure changes (green)
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transition for 2Aol (empty symbols).
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pressure changes of 250 MPa; 2Aol reaches AS ~ 100 ] K™ kg™
and AT ~ 10 K at 140 MPa, which are smaller values compared to
1Aol and 2M2Aol. However, the two transitions Tr - M and M
— FCC in 2Aol each provide a temperature window where

significant BC effects are obtained, thus resulting in two temper-
ature intervals of operation. It is worth noting here that, for this
compound, the contribution of the thermal expansion to AS has
a significant relative weight, amounting to ~50% of the total AS

TABLE Ill. Summary of barocaloric properties of 1Aol, 2Aol, and 2M2Aol and comparison with other colossal BC materials near pressure changes Ap for which ASrey
2100 J K=" kg~ are reported. «Values obtained at a melting transition. Values for irreversible AS have been averaged over the application and removal of pressure.

ASTK 'kg™! Ap MPa ASrey JK™ kg™ ATy K Ap MPa References
1-Adamantanol 220 50 175 11 160 This work
2-Adamantanol 100 120 ~100 8 185 This work
2-Methyl-2-adamantanol 360 60 300 7 80 This work
(CH3),C(CH,0H), 370 50 421 7.5 250 5
(CH3)C(CH,0H); 300 40 490 10 240 38
(CH3)3C(CH,0H) 250 100 293 16 260 38
(NH,)C(CH,OH); 330 50 - e e 38
CioH;5Cl 140 20 115 5 50 48
C10H15BI‘ 120 50 110 7 50 48
Acetoxy silicone rubber 150 87 182 21 173 51
Fes(bntrz)s(tcnset)s 80 33 100 ~22 120 52
Fe[HB(tz);]> 75 4 89 1.7 12 53
(C10H21NH3)2M1’1C14 250 30 230 5 50 54
CyBioHiz 100 30 ~100 . 50 55
MIL-53(Al) . - 311 - 1.6 56
CieHzs™ 600 22 ~700 8 50 57

APL Mater. 10, 111117 (2022); doi: 10.1063/5.0127667 10, 1111178

© Author(s) 2022


https://scitation.org/journal/apm

APL Materials ARTICLE

at 200 MPa. Finally, we calculated the reversible BC effects that
are obtained upon cyclic application and removal of pressure (see
Fig. 4). Maximum values as a function of pressure for both irre-
versible and reversible effects along with refrigerant capacity*® (RC)
are shown in Fig. 5, and joint values for AS;ey and ATy are plot-
ted in Fig. 6 for different applied pressure changes as a function
of temperature. Consistently with the values previously calculated
for p,., from the endothermic and exothermic transition lines T(p),
our results reveal that 1Aol exhibits non-zero AS;ey from ~130 MPa,
which becomes colossal around 150 MPa. 2Ao0l exhibits reversible
BC effects from ~60 MPa at the Tr-M transition and from ~140 MPa
at the M-C transition and becomes colossal under higher pressure
changes of ~185 MPa. Again, 2M2Aol outperforms 1Aol and 2Aol,
displaying colossal AS;ey ~ 300 K! kg71 and ATrey ~ 7 Kupon pres-
sure changes of 80 MPa. A comparison of the BC response for 1Aol,
2Aol, and 2M2Aol along with other solid-state materials exhibiting
colossal BC effects is shown in Table I11. Irreversible AT values are
not included because they are not figures of merit for waste heat
management.

IV. CONCLUSIONS

In this work, we have characterized the barocaloric response
of three plastic crystals formed by hydroxyl derivatives of adaman-
tane across their solid-solid first-order phase transitions. For this
purpose, we have performed x-ray powder diffraction and custom-
built pressure-dependent calorimetry, with which we have deter-
mined the pressure dependence of thermodynamic properties at
the endothermic and exothermic transitions. Based on calculated
isobaric temperature-dependent entropy at different pressures, the
barocaloric effects have been calculated using the quasi-direct
method. Overall, we found that colossal isothermal entropy changes
well above 100 ] K™' kg™ can be obtained irreversibly under mod-
erate pressure changes of 60-150 MPa and reversibly upon pressure
changes of ~100-200 MPa, depending on the compound. In partic-
ular, it is worth emphasizing that 2-methyl-2-adamantanol reaches
irreversible effects of 360 J K™ kg™ under 60 MPa pressure changes
and reversible effects of 300 ] K™ k{l and 7 K under 80 MPa
pressure changes, and 430 J K™' kg™ and 40 K under 250 MPa.
The origin for this colossal barocaloric response for this compound
relies on the release of the orientational degrees of freedom and a
very large volume change at the transition, contributing with the
same order of magnitude to the total transition entropy change
AS;. For the other compounds, it is estimated that at the transition,
the contribution of the orientational disordering is dominant over
the purely volumic entropy change. Moreover, for 1-adamantanol
and 2-methyl-2-adamantanol, the very large volume change permits
both AS and AT be simultaneously large, despite the counteraction
of their main contributions (AS; and ‘%) in the Clausius-Clapeyron
equation.

This work expands the library of colossal barocaloric plastic
crystals. The transition temperatures lying above room tempera-
ture make these materials unsuited for household applications but
could be suited for pressure-assisted thermal energy storage as well
as in the industrial sector for heat pumping and high-temperature
cooling.

scitation.org/journal/apm

SUPPLEMENTARY MATERIAL

See the supplementary material file for the XRPD patterns of
the plastic phases of 1A0l, 2A0l, and 2M2Aol, ordered phase of 1Aol,
with tables containing the experimental angular positions obtained
for the Bragg peaks from Rietveld refinement, refined crystal struc-
ture for the ordered phase of 1Aol, temperature-dependent XRPD
patterns, lattice parameters, and unit-cell volume for 1Aol.
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