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Plastic crystals undergo phase transitions with unusually large volume and entropy changes related to strong molecular orientational disordering. These features have led to a resurgent interest in these materials because recently they have shown great potential in solid-state cooling applications driven by pressure. Here we demonstrate that two plastic crystals derived from adamantane -1-Br-adamantane and 1-Cl-adamantane-undergo colossal reversible barocaloric effects under moderate pressure changes in a wide temperature span near room temperature thanks to a relatively small hysteresis and very high sensitivity of the transition temperature to pressure. In particular, 1-Cl-adamantane displays an optimal operational temperature range covering from ~40 K below and up to room temperature, and under a pressure change of 1 kbar this compound outperforms any other barocaloric material known so far. Our work gives strong support to plastic crystals as best candidates for barocaloric cooling. We also provide insight into the physical origin of the entropy changes through the analysis of the disorder on the involved phases.

Introduction

One of the numerous urgent environmental challenges posed by the global warming is related to the need to replace the widely extended use of vapor compression in billions of air conditioners and refrigerators [1,[START_REF]Energy savings potential and rd&d opportunities for non-vapor-compression hvac technologies[END_REF]. This mature technology shows moderate efficiencies and uses greenhouse fluids that contribute significantly in terms of CO2equivalent emissions. One of the best-positioned alternative methods is based on the exchange of the latent heat at solid-state first-order phase transitions driven by external fields such as magnetic, electric or mechanic, leading to magnetocaloric, electrocaloric and mechanocaloric effects, respectively [START_REF] Mañosa | [END_REF][4][5]. In addition to the use of Global Warming Potential-free refrigerants, these methods may also exhibit additional advantages as higher efficiencies or scalability, allowing other applications such as wearables, solutions for the overheating of electronic elements that restrict their miniaturization, or for heat pumping [6] and energy harvesting and conversion. In the last years, intense research has led to significant advances as for magnetocaloric (MC), electrocaloric (EC) and elastocaloric (eC) materials and prototypes [7]. However, a major limitation for a competitive implementation is given by the available nontoxic materials, which exhibit small refrigerant capacity and may suffer from irreversibility. These issues may be overcome by applying high fields, but this is technologically challenging, energetically costly and may be destructive, leading to mechanical failure and/or dielectric breakdown. Pressure-induced (barocaloric, BC) effects have been less investigated but on the one hand they promise better efficiencies than vapor compression [8] and on the other hand the abundance of potential BC materials [START_REF] Lloveras | Advances and obstacles in pressure-driven solid-state cooling: A review of barocaloric materials[END_REF] has allowed the identification of BC effects that surpass in many aspects best MC, EC and eC effects reported so far.

Recently, plastic crystals have been identified as outstanding barocaloric (BC) agents [10][11][12] because they may display enormous entropy changes related to orientational disorder released across solid-to-solid phase transitions that are sensitive to mechanical stress due to associated large volume changes. In the case of plastic crystal neopentylglycol, it has been shown that, at the atomic scale, a large compressibility facilitates the shortening of the hydrogen bond length by application of pressure, thus leading to an increase of the orientational energy barrier and, therefore, to the stabilization of the ordered phase [13].

While the extremely high fragility of these compounds prevents the cyclic application of uniaxial stress without compromising their mechanical integrity and hinders very much the application of electric fields on their polar molecules, in form of powder plastic crystals can be easily subjected to changes in hydrostatic pressure. Therefore, these compounds may offer opportunities in energy-related applications based on controlling by pressure the absorption and release of large amounts of latent heat associated with their solid-state transitions, such as the mentioned BC effects for cooling or heat pumping.

To date, among plastic crystals only neopentane derivatives [10][11][12] and C60 [14] have been analyzed for BC applications and so there are still many compounds of this kind that remain unexplored. In this work we open up the BC analysis to two plastic crystals derived from adamantane (C10H16): 1-bromoadamantane (C10H15Br, 1-Br-ada for short) and 1-chloroadamantane (C10H15Cl, 1-Cl-ada for short). 1-Br-ada and 1-Cl-ada are obtained via substitution of an H atom linked to a 3-coordinated carbon site by a Br or Cl atom, respectively [15]. They are widely used as precursors in the synthesis of other adamantane derivatives used in pharmaceutical industry as antiviral drugs and also for the synthesis of polymers and other materials [16,17]. At low temperatures both 1-Br-ada and 1-Cl-ada are isostructural and exhibit a fully ordered monoclinic (M) structure (𝑃𝑃2 1 /𝑐𝑐, Z=4) [18]. At high temperatures, they are also isostructural, arranging in an FCC lattice (𝐹𝐹𝐹𝐹3 � 𝐹𝐹, Z=4) with orientational disorder that has been suggested to consist of quasi-free rotation [19]. In 1-Cl-ada, the orientational disorder fully develops in a single M→FCC transition that displays a giant entropy change ∆𝑆𝑆 𝑀𝑀→𝐹𝐹𝐹𝐹𝐹𝐹 = 135 J K -1 kg -1 and volume change ∆𝑉𝑉 𝑀𝑀→𝐹𝐹𝐹𝐹𝐹𝐹 ~ 47 • 10 -6 m 3 kg -1 (corresponding to a relative volume change . These giant values from literature for the transition entropy change and 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 at the M → FCC transition for 1-Cl-ada and at the O → FCC transition for 1-Br-ada suggest an excellent BC potential for these two transitions, but the transition hysteresis and highpressure transition properties in and out of thermodynamic equilibrium, which remain unknown, could confute this supposition. In this work we study these features and find colossal BC effects well above a hundred J K -1 kg -1 for the two transitions, that are reversible at moderate pressures and span over few tens of K near room temperature. We also calculate the refrigerant capacity and the coefficient of refrigerant performance, confirming the great potential of these materials in pressure-driven heat exchange. Our method combines variable-pressure quasi-direct isobaric heat flow measurements across the temperature-induced transition and indirect estimation of thermal expansion-related BC effects from x-ray measurements. We also report the unknown structure of the O phase of 1-Br-ada, that confirms its partial orientational disorder.

Experimental details

Powdered samples of 1-Br-ada (99 wt\% purity) and 1-Cl-ada (98 wt\%) were purchased from Sigma-Aldrich and used as received. Experimental details of high-resolution X-ray powder diffraction measurements can be found in Ref. [15]. Molecular energy minimization with the Forcite module using the Dreiding forcefield available in Materials Studio Program [20] has been used to build up a rigid body molecule. It is well-known that molecular parameters of adamantane derivatives, in particular those consisting in 1-X-or 2-X-adamantane derivatives, are virtually the same [21][22][23][24][25][26][27]. For the final structural solution, rigid molecules were placed in a randomly oriented general position and through Powder Solve using Monte-Carlo approach, both the position and orientation of molecules within the unit lattice were refined. The ultimate structural solution was obtained by means of Rietveld refinement [28], in which the position and orientation of the molecule, within the rigid-body constraint, with a single overall isotropic displacement parameter and the preferred orientation (using the Rietveld-Toraya function [29]) were refined. The obtained R factors were 𝑅𝑅 𝑤𝑤𝑑𝑑 = 8.11%, 𝑅𝑅 𝑑𝑑 = 5.61% for the O phase of 1-Br-ada. To ensure the robustness of the structural refinement of the orthorhombic phase we have applied the same method and experimental conditions to the low-temperature monoclinic phase, previously reported from a study of single-crystal Xray diffraction [18]. By doing so, the obtained structure for this monoclinic phase is virtually the same and the aforementioned quality factors being 𝑅𝑅 𝑤𝑤𝑑𝑑 = 8.53%, 𝑅𝑅 𝑑𝑑 = 6.18%, very close to those of the O phase.

Calorimetry at normal pressure was carried out using a conventional Differential Scanning Calorimeter Q100 from TA Instruments. Pressure-dependent differential thermal analysis was performed using two homemade high-pressure cells that operate in a pressure range up to 3 kbar and use Bridgman K-type thermocouples (cromel-alumel, ±2.2 K of tolerance, from Pyromation) as thermal sensors for both temperature and heat flow measurements. For 1-Br-ada, the used cell works within a temperature range from room-temperature to 473 K controlled by a resistive heater. Heating ramps were carried out at 3 K min -1 and coolings were performed with an air stream system at an average rate of ~-2.5 K min -1 . For 1-Cl-ada the used cell works within a temperature range from 200 K to 393 K controlled by an external thermal bath (Lauda Proline 1290). Heating and cooling ramps were performed at ~4 K min -1 and ~-2 K min -1 , respectively. A Pt-100 thermometer (RS components; accuracy ±0.30 K at 273.15 K, ±0.80 at 373.15 K) was used to monitor the temperature ramps by means of a temperature controller. In both cells, few hundreds of mg of each sample were encapsulated in tin capsules along with a perfluorinated inert fluid (Galden Bioblock Scientist) to remove air. It was checked that this fluid does not affect the thermodynamic transition properties of the sample. A hole was drilled in the tin capsules to insert the Bridgman thermocouples. The pressuretransmitting fluid used in the pressure circuit was DW-Therm M90.200.02 (Huber). A high-pressure transducer Model HP from Honeywell (range 0-5.2 kbar, 0.5% accuracy) was used as pressure sensor. A manual pressure pump was used to change pressure. Calorimetric signals were recorded under nearly isobaric conditions using a custom-built software.

Results and discussion

Characterization of the phase transitions

Figure 1a shows the Rietveld refinement of the 1-Br-ada O phase in which all H atoms and all but one C atom exhibit an occupancy of 50%, due to 

= 𝑅𝑅𝑀𝑀 -1 ln(𝑁𝑁 𝑂𝑂 /𝑁𝑁 𝑀𝑀 ) = 𝑅𝑅𝑀𝑀 -1 ln 2 ~27 J K -1 kg - 1 .
This value is of the order of the aforementioned total transition entropy change ∆𝑆𝑆 𝑀𝑀→𝑂𝑂 ~ 21 J K -1 kg -1 [15], which indicates that there are no other significant contributions to the latter, such as the entropic contribution concerning the volume change.

Calorimetry measurements at constant pressure, as shown in Fig. 2a for 1-Cl-ada and Fig. 2b for 1-Br-ada, yielded positive and negative 𝑑𝑑𝑑𝑑 |𝑑𝑑𝑇𝑇| ≡ 𝑑𝑑𝑄𝑄 ̇/|𝑑𝑑𝑑𝑑 ̇| peaks in temperature corresponding to endothermic and exothermic phase transitions, respectively. Transition enthalpy changes ∆𝐻𝐻 𝐼𝐼𝐼𝐼→𝐼𝐼 and ∆𝐻𝐻 𝐼𝐼→𝐼𝐼𝐼𝐼 , and transition entropy changes ∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 and ∆𝑆𝑆 𝐼𝐼→𝐼𝐼𝐼𝐼 , were determined from integrations in 𝑑𝑑 of 𝑑𝑑𝑄𝑄/|𝑑𝑑𝑑𝑑| and of � 1 𝑇𝑇 � 𝑑𝑑𝑑𝑑 |𝑑𝑑𝑇𝑇| peaks after baseline subtraction, respectively. Here, II stands for the M phase for 1-Cl-ada and for the O phase for 1-Br-ada, whereas I stands for the FCC phase for the two compounds. At atmospheric pressure, for 1-Cl-ada we found ∆𝐻𝐻 𝐼𝐼𝐼𝐼→𝐼𝐼 = 32 ± 1 kJ kg -1 , ∆𝐻𝐻 𝐼𝐼→𝐼𝐼𝐼𝐼 = 31.5 ± 1.0 kJ kg -1 , ∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 = 132 ± 4 J K -1 kg -1 and ∆𝑆𝑆 𝐼𝐼→𝐼𝐼𝐼𝐼 = 136 ± 4 J K -1 kg -1 whereas for 1-Br-ada, we found ∆𝐻𝐻 𝐼𝐼𝐼𝐼→𝐼𝐼 = 32 ± 1 kJ kg -1 , ∆𝐻𝐻 𝐼𝐼→𝐼𝐼𝐼𝐼 = 31 ± 1 kJ kg -1 , ∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 = 102 ± 3 J K -1 kg -1 and ∆𝑆𝑆 𝐼𝐼→𝐼𝐼𝐼𝐼 = 104 ± 3 J K -1 kg -1 .

For the two compounds under study, sources for these very large entropy changes ∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 can be found in the configurational entropy change ∆𝑆𝑆 𝑐𝑐 associated with the release of molecular orientational degrees of freedom and in lattice strain at the transition. The latter can be decomposed in a volumic entropy change ∆𝑆𝑆 𝑉𝑉 associated with the huge expansion occurring across the transition, and in a nonvolumic strain entropy change. The latter cannot be calculated due to the lack of data on temperature-dependent elastic constants (which are difficult to measure due to the brittleness of the compounds) and the reconstructive nature of the transition, but it is expected to be small [12]. Therefore, the nonvolumic strain contribution to the total entropy change will be negligible compared to the volume contribution and thus not be considered in the following discussion.

On the one hand, the configurational entropy change can be calculated from the ratio between the number of accessible configurations in the high-and low-temperature phases (𝑁𝑁 𝐼𝐼 and 𝑁𝑁 𝐼𝐼𝐼𝐼 , respectively) as ∆𝑆𝑆 𝑐𝑐 = 𝑅𝑅𝑀𝑀 -1 ln � 𝑁𝑁 𝐼𝐼 𝑁𝑁 𝐼𝐼𝐼𝐼 �. For the two compounds, the tetrahedral molecular symmetry along with the lattice symmetry in the plastic phase enables 2 and 8 nonequivalent orientations associated with the point group Td and subgroup C3v, respectively. Then, taking into account that there is a single conformation for each compound due to their rigid molecular character, 10 possible configurations are obtained [30]. As for the low-temperature phase, for 1-Cl-ada M phase is completely ordered and therefore 𝑁𝑁 𝐼𝐼𝐼𝐼 = 1 whereas for 1-Br-ada 𝑁𝑁 𝐼𝐼𝐼𝐼 = 2 as discussed previously. This yields a configurational entropy change ∆𝑆𝑆 𝑐𝑐 = 112.1 J K -1 kg -1 for 1-Cl-ada and ∆𝑆𝑆 𝑐𝑐 = 62.2 J K -1 kg -1 for 1-Br-ada. On the other hand, the volume entropy change can be estimated as [31] ∆𝑆𝑆

𝑉𝑉 = 𝛼𝛼 � 𝜒𝜒 � ∆𝑉𝑉 𝐼𝐼𝐼𝐼→𝐼𝐼 (1) 
where 𝛼𝛼 � and 𝜒𝜒̅ are the thermal expansion and isothermal compressibility averaged over the two phases close to the transition. For 1-Cl-ada, 𝛼𝛼 � = 3.7 • 10 -4 K -1 and for 1-Br-ada 𝛼𝛼 � = 5.9 • 10 -4 K -1 [15], whereas 𝜒𝜒̅ = 0.31 GPa -1 [32][33][34] is used for the two compounds. This yields ∆𝑆𝑆 𝑉𝑉 ~ 51 J K -1 kg -1 for 1-Cl-ada and ∆𝑆𝑆 𝑉𝑉 ∼ 76 J K -1 kg -1 for 1-Br-ada. Alternatively, assuming a harmonic elastic Helmholtz free energy for the volume change, ∆𝑆𝑆 𝑉𝑉 can also be estimated by using the expression

∆𝑆𝑆 𝑉𝑉 ≃ 1 2𝑉𝑉 〈 𝜕𝜕𝜕𝜕 𝜕𝜕𝑇𝑇 〉 ∆𝑉𝑉 𝐼𝐼𝐼𝐼→𝐼𝐼 2 ( 2 
)
where 𝐾𝐾 is the bulk modulus and the average is taken over the two phases close to the transition. Using 〈 𝜕𝜕𝜕𝜕 𝜕𝜕𝑇𝑇 〉 ≃ 3.2 • 10 7 Pa K -1 for 1-Cl-Ada calculated from literature data [32], we obtain ∆𝑆𝑆 𝑉𝑉 ≃ 44 J K -1 kg -1 which is in good agreement with the value obtained previously.

While these values are intended to give only a rough estimate (notice that we obtain ∆𝑆𝑆 𝑐𝑐 + ∆𝑆𝑆 𝑉𝑉 > ∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 ), they indicate that for these materials ∆𝑆𝑆 𝑉𝑉 and ∆𝑆𝑆 𝑐𝑐 are of the same order and that vibrational entropy changes at the transition are mainly contributed by volume changes, whereas other contributions are minor. On the other hand, these values are consistent with the suggested trend for adamantane derivatives and observed in some cyclohexanes according to which ∆𝑆𝑆 𝑐𝑐 ~ 0.6∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 [19,[35][36][37]. For 1-Br-ada, the relative contribution of ∆𝑆𝑆 𝑐𝑐 compared to ∆𝑆𝑆 𝑉𝑉 is minor due to the partial disorder surviving in the O phase. On the other hand, this set of values for ∆𝑆𝑆 𝑐𝑐 and ∆𝑆𝑆 𝑉𝑉 could be also a signature that the orientational disorder in the plastic phase is actually restricted to a smaller number of configurations than the 10 that are nominally achievable for the specific symmetries of these materials. It is worth mentioning here that vibrational entropy changes outside the transition, contributing to changes in the heat capacity (i.e. not associated with the transition latent heat), were analyzed in detail in Ref. [19].

From integration of the calorimetric peaks at high pressures, we obtained that the transition entropy change decreases with pressure for the two compounds (see Fig. 2d,f), which is a behavior observed in other substituted adamantanes [38]. In particular, we obtain

𝑑𝑑|∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 | 𝑑𝑑𝑑𝑑 = -13 ± 2 J K -1 kg -1 kbar -1 and
𝑑𝑑|∆𝑆𝑆 𝐼𝐼→𝐼𝐼𝐼𝐼 | 𝑑𝑑𝑑𝑑 = -14 ± 2 J K -1 kg -1 kbar -1 for
1-Cl-ada and

𝑑𝑑|∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 | 𝑑𝑑𝑑𝑑 = 𝑑𝑑|∆𝑆𝑆 𝐼𝐼→𝐼𝐼𝐼𝐼 | 𝑑𝑑𝑑𝑑
= -14 ± 2 J K -1 kg -1 kbar -1 for 1-Br-ada. Taking into account the decrease of ∆𝑆𝑆 𝐼𝐼𝐼𝐼→𝐼𝐼 with pressure and the constant 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 in the Clausius-Clapeyron equation, we obtained that the transition volume change also decreases with pressure, which is also a common behavior observed in plastic crystals in general [37,39,40], and in adamantane in particular [26,41].

Endothermic and exothermic transition temperatures, 𝑑𝑑 𝐼𝐼𝐼𝐼→𝐼𝐼 and 𝑑𝑑 𝐼𝐼→𝐼𝐼𝐼𝐼 , respectively, were determined from the position of the maximum of the calorimetric peaks. Transition temperatures as a function of pressure are displayed in Fig. 2(c) and (e) for 1-Cl-ada and 1-Br-ada, respectively. The shadowed area indicates the transition peak width, which is narrower for the exothermic transitions because their out of stable equilibrium behavior triggers the transitions abruptly. For 1-Cl-ada, at atmospheric pressure, 𝑑𝑑 𝐼𝐼𝐼𝐼→𝐼𝐼 = 254 ± 1 K and 𝑑𝑑 𝐼𝐼→𝐼𝐼𝐼𝐼 = 245 ± 1 K, which renders a hysteresis Δ𝑑𝑑 𝐼𝐼𝐼𝐼→𝐼𝐼 ~ 9 K that is maintained at high pressure because endothermic and exothermic transition temperatures shift similarly with pressure: 

𝑑𝑑 𝑟𝑟𝑟𝑟𝑟𝑟 ≃ ∆𝑑𝑑 𝐼𝐼𝐼𝐼↔𝐼𝐼 � 𝑑𝑑𝑇𝑇 𝐼𝐼→𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑 � -1 , (3) 
which yields values as small as ~0.3 and ~0.35 kbar for 1-Cl-ada and 1-Br-ada, respectively. The aforementioned transition thermodynamic data obtained from variablepressure calorimetry are summarized in Table 1.

Determination of pressure-and temperature-dependent entropy

Temperature-and pressure-dependent entropy 𝑆𝑆(𝑑𝑑, 𝑑𝑑) is constructed with respect to a reference entropy 𝑆𝑆 0 ≡ 𝑆𝑆(𝑑𝑑 0 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) where 𝑑𝑑 0 is a reference temperature chosen below but close to the transition temperature at atmospheric pressure. In particular, 𝑑𝑑 0 is set to 290 K for 1-Br-ada and 220 K for 1-Cl-ada. At 𝑑𝑑 0 , 𝑆𝑆(𝑑𝑑 0 , 𝑑𝑑) is determined as

𝑆𝑆(𝑑𝑑 0 , 𝑑𝑑) -𝑆𝑆(𝑑𝑑 0 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) = -∫ � 𝜕𝜕𝑉𝑉 𝐼𝐼𝐼𝐼 𝜕𝜕𝑇𝑇 � 𝑑𝑑 𝑑𝑑𝑑𝑑 𝑑𝑑 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ≃ -� 𝜕𝜕𝑉𝑉 𝐼𝐼𝐼𝐼 𝜕𝜕𝑇𝑇 � 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ∆𝑑𝑑, (4) 
where we have assumed that � = (2.63 ± 0.04) m 3 K -1 kg -1 are taken from literature [16]). This assumption is reasonable given the data provided by similar compounds in Ref. [39]. Notice that this procedure corresponds to an indirect method [4] of calculation of BC effects at 𝑑𝑑 = 𝑑𝑑 0 .

Above 𝑑𝑑 0 , 𝑆𝑆(𝑑𝑑, 𝑑𝑑) -𝑆𝑆(𝑑𝑑 0 , 𝑑𝑑) is calculated following the quasi-direct method, using our measured variable-pressure isobaric heat flow across the temperature-induced transition and heat capacity data 𝐶𝐶 𝑑𝑑 (𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) at atmospheric pressure from literature (ref. [42] for 1-Cl-ada and Ref. [19] for 1-Br-ada) for the involved phases. Mathematical details can be found elsewhere [10] and entail that outside the transition regions, 𝐶𝐶 𝑑𝑑 (𝑑𝑑, 𝑑𝑑) ≃ 𝐶𝐶 𝑑𝑑 (𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) within the narrow pressure range under study. Notice that this relation is valid to a very good approximation because the linear dependence of volume on temperature for both 1-Br-ada and 1-Cl-ada relatively close to the transition [15] entails that 𝐶𝐶 𝑑𝑑 (𝑑𝑑, 𝑑𝑑) is independent of pressure due to the thermodynamic relation

� 𝜕𝜕𝐹𝐹 𝑝𝑝 𝜕𝜕𝑑𝑑 � 𝑇𝑇 = -𝑑𝑑 � 𝜕𝜕𝑉𝑉 2 𝜕𝜕 2 𝑇𝑇 � 𝑑𝑑 = 0. (5) 
This is further supported by pressure-dependent measurements of heat capacity for adamantane [43], which shows that for this compound 𝐶𝐶 𝑑𝑑 is approximately independent or very weakly dependent on pressure in the pressure range under study. It is worth mentioning here that the linear 𝑉𝑉 -𝑑𝑑 behavior is commonly observed among organic crystals [35].

To combine the pressure independence of 𝐶𝐶 𝑑𝑑 with the temperature shift of the transition temperature with pressure, 𝐶𝐶 𝑑𝑑 of phase II is extrapolated towards the pressure-dependent transition temperature 𝑑𝑑(𝑑𝑑). The resulting 𝑆𝑆(𝑑𝑑, 𝑑𝑑) 𝐻𝐻,𝐹𝐹 -𝑆𝑆 0 functions are shown in Fig. 3, where the subscripts H and C stand for curves obtained on heating and on cooling, respectively.

Once the entropy curves are determined, we can obtain insight about their reliability by using two different methods to calculate the isothermal difference between the entropy curves at different pressures at the high temperature phase, 𝑆𝑆(𝑑𝑑, 𝑑𝑑) -𝑆𝑆(𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ), and compare the obtained results. On the one hand, method 1 consists of directly subtracting the curves. On the other hand, method 2 consists of applying the thermodynamic equation used previously to determine 𝑆𝑆(𝑑𝑑 0 , 𝑑𝑑) -𝑆𝑆(𝑑𝑑 0 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) but after replacing 𝑑𝑑 0 by 𝑑𝑑 [> 𝑑𝑑 𝐼𝐼𝐼𝐼→𝐼𝐼 (𝑑𝑑)] and 𝑉𝑉 𝐼𝐼𝐼𝐼 by 𝑉𝑉 𝐼𝐼 , so that we can write 𝑆𝑆(𝑑𝑑, 𝑑𝑑) -𝑆𝑆(𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) = ∫ � = (5.66 ± 0.09) • 10 -4 cm 3 K -1 g -1 for 1-Br-ada). For 1-Cl-ada, under ~1 kbar (~2 kbar), method 1 yields ~46 J K -1 kg -1 (~90 J K -1 kg -1 ) and method 2 yields ~42 J K -1 kg -1 (~99 J K -1 kg -1 ). For 1-Br-ada, under ~1 kbar (~2 kbar), method 1 yields ~58 J K -1 kg -1 (~134 J K -1 kg -1 ) and method 2 yields ~62 J K -1 kg -1 (~153 J K -1 kg -1 ). Therefore, we obtain values that are in agreement within a relative error of ~10%, which contributes to an error over the total BC entropy changes (see next section) of ~3% at ~1 kbar and ~5-8% at 2 kbar. Notice that, as such, these isothermal entropy changes correspond to the BC effects arising outside the transition in the plastic phase, and confirm that their magnitude is typically very large in plastic crystals [10,12].

Barocaloric effects and performance

To determine the BC effects, we use the quasi-direct method for which ∆𝑆𝑆 and ∆𝑑𝑑 are determined as differences between entropy curves at different pressures following isothermal and adiabatic paths, respectively [4]. Since the compounds under study exhibit positive 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑, endothermic transitions occur on heating or decreasing pressure while exothermic transitions occur on both cooling or increasing pressure. This entails that irreversible isothermal entropy changes occurring when changing pressure between atmospheric pressure 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 and a given pressure 𝑑𝑑 > 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 , are calculated as

∆𝑆𝑆(𝑑𝑑, 𝑑𝑑 → 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) = 𝑆𝑆 𝐻𝐻 (𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) -𝑆𝑆 𝐻𝐻 (𝑑𝑑, 𝑑𝑑) (6a) ∆𝑆𝑆(𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 → 𝑑𝑑) = 𝑆𝑆 𝐹𝐹 (𝑑𝑑, 𝑑𝑑) -𝑆𝑆 𝐹𝐹 (𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) (6b) 
(see Fig. 4a,c for 1-Cl-ada and 1-Br-ada, respectively). In turn, irreversible adiabatic temperature changes are obtained as

∆𝑑𝑑(𝑑𝑑 𝑠𝑠 , 𝑑𝑑 → 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) = 𝑑𝑑(𝑆𝑆 𝐻𝐻 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) -𝑑𝑑 𝑠𝑠 (𝑆𝑆 𝐻𝐻 , 𝑑𝑑) (7a) ∆𝑑𝑑(𝑑𝑑 𝑠𝑠 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 → 𝑑𝑑) = 𝑑𝑑(𝑆𝑆 𝐹𝐹 , 𝑑𝑑) -𝑑𝑑 𝑠𝑠 (𝑆𝑆 𝐹𝐹 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ), ( 7b 
)
where ∆𝑑𝑑 is conveniently plotted as a function of the starting temperature 𝑑𝑑 𝑠𝑠 of the compression or decompression process (see Fig. 4b,d for 1-Cl-ada and 1-Br-ada, respectively).

Reversible ∆𝑆𝑆(𝑑𝑑) [∆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟 (𝑑𝑑)] are obtained as the overlap between |∆𝑆𝑆(𝑑𝑑, 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 → 𝑑𝑑)| and |∆𝑆𝑆(𝑑𝑑, 𝑑𝑑 → 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 )| whereas reversible ∆𝑑𝑑 are obtained as

∆𝑑𝑑 𝑟𝑟𝑟𝑟𝑟𝑟 (𝑑𝑑 𝑠𝑠 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 → 𝑑𝑑) = 𝑑𝑑(𝑆𝑆 𝐹𝐹 , 𝑑𝑑) -𝑑𝑑 𝑠𝑠 (𝑆𝑆 𝐻𝐻 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) (8a) ∆𝑑𝑑 𝑟𝑟𝑟𝑟𝑟𝑟 (𝑑𝑑 𝑠𝑠 , 𝑑𝑑 → 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) = 𝑑𝑑(𝑆𝑆 𝐻𝐻 , 𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) -𝑑𝑑 𝑠𝑠 (𝑆𝑆 𝐹𝐹 , 𝑑𝑑). (8b) 
Results are shown in Fig. 5. Maximum values for irreversibe and reversible BC effects are plotted in Fig. 6.

In addition to ∆𝑆𝑆 and ∆𝑑𝑑, we calculate two parameters for comparison between different materials. On the one hand, the refrigerant capacity (RC) (see Figs 6c,g), which gives an estimation of the transferable heat between hot and cold reservoirs and corresponds to the area beneath the ∆𝑆𝑆 vs. 𝑑𝑑 peaks displayed in Figs 4(a,c) and 5(a,c). On the other hand, the coefficient of refrigerant performance (CRP) is approximately defined for BC materials as

𝐶𝐶𝑅𝑅𝑃𝑃 = ∆𝑆𝑆×∆𝑇𝑇 𝑟𝑟𝑟𝑟𝑟𝑟 1 2 𝑑𝑑∆𝑉𝑉 (9) 
so that it takes into account the work needed to drive the transition (see Figs 6d,h). Finally, for practical applications it is desired that materials undergo giant BC effects when in contact with both hot and cold ends, which entails that such giant BC effects should be obtained in a relatively wide temperature interval spanning the whole cycle. In this respect, Fig. 7 shows the temperature spans where minimum values of BC effects are obtained under a given pressure change.

Discussion

As it can be seen in Figs 567, our results show that both 1-Cl-ada and 1-Br-ada display outstanding reversible BC effects at moderate pressures, reaching ~150 J K -1 kg -1 isothermally and ≳16 K adiabatically, over a temperature span of ~10 K under a pressure change of ~1 kbar. A comparison of ∆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟 and ∆𝑑𝑑 𝑟𝑟𝑟𝑟𝑟𝑟 obtained upon a pressure change of ~1 kbar between different BC materials available in literature (see Fig. 8) reveals that the joint values for the compounds studied in this work outperform any other BC material reported so far [START_REF] Lloveras | Advances and obstacles in pressure-driven solid-state cooling: A review of barocaloric materials[END_REF]. The values obtained in this work compare also favorably to maximum reversible values driven by other fields, that for best MC materials reach about ~10 J K -1 kg -1 and ~5 K under 2 T created by permanent magnets, and ~15 K and 19 J K -1 kg -1 under 5 T, for best eC materials reach ~32 K and ~45 J K -1 kg -1 under 700 MPa and for best EC materials reach ~5 K and ~6 J K -1 kg -1 [49,50]. The keys for this excellent behavior can be found in typical thermodynamic transition values for plastic crystals (colossal latent heat and volume change) and a small hysteresis. This lower pressure at which colossal barocaloric effects are obtained compared to other compounds, permits narrower walls for the pressurized chamber, which will facilitate the heat transfer with the environment in a future barocaloric cooling device.

Moreover, the temperature range for 1-Cl-ada is optimal because it can span from ~255 K to room temperature, which matches the operational temperature range of fridges, freezers and air conditioners for most applications, ranging from household devices to industrial or medical applications, such as the storage of medical drugs and vaccines. Notice also that the ~10 K of temperature span for colossal entropy changes obtained upon a pressure change of ~1 kbar (see Fig. 8) can be shifted to high temperatures at will (and therefore brought to room temperature) by displacing the pressure range (i.e. increasing both the lower and upper working pressures) while maintaining the pressure change at ~1 kbar. In this respect, a device operating between variable pressure limits can be conceived, to adapt actively to the temperature of the working body. This feature provides 1-Cl-ada with a key advantage with respect to other plastic crystals such as NPG [10,11] or PG [12], that show colossal BC effects from slightly above room temperature. Nonetheless, 1-Br-ada (as NPG or PG) could be more appropriate for cooling at higher temperatures, such as applications in industry or refrigeration of lithium-ion batteries, that degradate above ~330 K [51].

1-Cl-ada and 1-Br-ada, as plastic crystals in general, suffer from low thermal conductivities due to orientational disorder [START_REF] Lloveras | Advances and obstacles in pressure-driven solid-state cooling: A review of barocaloric materials[END_REF], which in the case of the plastic phase of adamantane reaches ~0.18 W m -1 K -1 under normal conditions [43]. Here, several aspects should be pointed out. On the one hand, in the ordered phases and/or higher pressures, the thermal conductivities experience a significant increase [43,52]. On the other hand, powdered materials display lower thermal conductivities than their single crystal counterparts because the free path is shortened due to phonon scattering at the grain boundary. However, powder can be combined with a small percentage of excellent conducting nanoparticles [53] or embedded in highly conductive porous matrix [54][55][56][57][58] resulting in a composite with notably improved thermal conductivity. Finally, as an added value for technological applications, it must be noted that both compounds under study are of low cost, low toxicity (irritant) and nonhazardous [59,60].

Conclusions

In this work we have studied the barocaloric performance of two plastic crystals belonging to the family of adamantane derivatives: 1-bromoadamantane and 1chloroadamantane. In the two cases, the combination of high orientational molecular disordering, very large volume changes across a phase transition and a small to moderate hysteresis allow colossal isothermal entropy changes and giant adiabatic temperature changes upon cyclic application and removal of moderate pressures. Interestingly, colossal BC effects in 1-chloroadamantane span from below to room temperature, making it very suitable for real applications. These materials are outstanding among barocaloric systems and should stimulate similar studies in other adamantane derivatives. Structure refinement of the orthorhombic phase of 1-bromoadamantane has confirmed the uniaxial (around the C3v molecular axis) disorder in this phase. Reversible adiabatic temperature changes upon 0 → ~1 kbar pressure increase as a function of temperature. Literature data taken from: PG: [12]; C60: [13];

𝑑𝑑∆𝑆𝑆 𝑎𝑎 /𝑑𝑑𝑑𝑑 K K kbar -1 J g -1 J K -1 kg -1 J K -1 kg -1 kbar -1 𝐼𝐼𝐼𝐼 → 𝐼𝐼 𝐼𝐼 → 𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 → 𝐼𝐼 𝐼𝐼 → 𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 → 𝐼𝐼 𝐼𝐼 → 𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 → 𝐼𝐼 𝐼𝐼 → 𝐼𝐼𝐼𝐼 𝐼𝐼𝐼𝐼 → 𝐼𝐼 𝐼𝐼 → 𝐼𝐼𝐼𝐼 1-Cl- ada
[TPrA][Mn(dca)3]: [44]; [(CH3)4N]Mn[N3]3: [45]; MnCoGeB0.03 (asterisk): [46]; (MiNiSi)0.60(FeCoGe)0.40 (diamond) and (MiNiSi)0.61(FeCoGe)0.39 (triangle): [47]; Ni50Mn31.5Ti18.5 (circle): [48]. •

  ∆𝑉𝑉 𝑀𝑀→𝐹𝐹𝐹𝐹𝐹𝐹 𝑉𝑉 𝑀𝑀 ~ 6%). These two quantities entail a sensitivity of the transition temperature to pressure 𝑑𝑑𝑇𝑇 𝑀𝑀→𝐹𝐹𝐹𝐹𝐹𝐹 𝑑𝑑𝑑𝑑 ~27 K kbar -1 . Differently, in 1-Br-ada the orientational disorder arises across two transitions M → O → FCC, where O refers to an intermediate semiordered orthorhombic phase (Pmcn, Z=4). In this phase, disorder is believed to consist of a 6-fold molecular rotation about the three-fold molecular axis C3v[19]. Although both M → O and O → FCC transitions take place close to each other near room temperature, only the O → FCC raises interest for BC cooling applications as it involves by far most of the total entropy change associated with full orientational disorder and a much larger transition volume change. In particular, ∆𝑆𝑆 𝑀𝑀→𝑂𝑂 ~ 21 J K -1 kg -1 and ∆𝑉𝑉 𝑀𝑀→𝑂𝑂 ~ 6•10 -6 m 3 kg -1 � ∆𝑉𝑉 𝑀𝑀→𝑂𝑂 𝑉𝑉 𝑀𝑀 ~0.9%� whereas ∆𝑆𝑆 𝑂𝑂→𝐹𝐹𝐹𝐹𝐹𝐹 ~ 107 J K -1 kg -1 and ∆𝑉𝑉 𝑂𝑂→𝐹𝐹𝐹𝐹𝐹𝐹 ~ 40 • 10 -6 m 3 kg -1 In turn, the values for the O → FCC transition yield
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 3 rotations about the C-Br three-fold axis (cif number: CCDC 2042237). Unit cell representations of the O cell are displayed in Figs 1b,c projected onto the (010) and (100) planes, respectively. Since this disorder leads to 𝑁𝑁 𝑂𝑂 = 2 possible molecular configurations and the M phase is completely ordered, the contribution to the M → O transition entropy change due to the increase in the molecular configurations is ∆𝑆𝑆 𝑀𝑀→𝑂𝑂 𝑐𝑐

  0.2 K kbar -1 . For 1-Brada, at atmospheric pressure, 𝑑𝑑 𝐼𝐼𝐼𝐼→𝐼𝐼 = 316 ± 1 K and 𝑑𝑑 𝐼𝐼→𝐼𝐼𝐼𝐼 = 308 ± 1 K, which renders a hysteresis Δ𝑑𝑑 𝐼𝐼𝐼𝐼↔𝐼𝐼 ∼ 9 K. However, it increases up to Δ𝑑𝑑 𝐼𝐼𝐼𝐼↔𝐼𝐼 ∼ 12 K just above atmospheric pressure and increases slightly with pressure because 3 ± 0.8 K kbar -1 . From the hysteresis and 𝑑𝑑𝑇𝑇 𝐼𝐼→𝐼𝐼𝐼𝐼 𝑑𝑑𝑑𝑑 we can determine the minimum pressure to achieve reversible BC effects as[12] 

  .43 ± 0.07) • 10 -4 cm 3 K -1 g -1 for 1-Cl-ada and

3 - 14 ± 2 - 14 ± 2 Figure1.

 3142142 Figure1. (a) X-ray diffraction pattern taken at 𝑑𝑑 = 295 K of the orthorhombic phase in 1-Br-ada. The inset shows an enlargement of the 2𝜃𝜃 range (50,80)°. Red symbols, blue and black lines stand for experimental data, refined pattern and the corresponding difference, respectively. Green symbols indicate the position of Bragg peaks. (b,c) Orthorhombic unit cell of 1-Br-Ada, projected onto (b) the (010) and (c) the (100) planes. Red, gray and white stands for Br, C and H atoms, respectively. Degenerated positions indicate occupational disorder.

Figure2.

  Figure2. (a,b) Pressure-dependent calorimetry measurements for (a) 1-Cl-ada and (b) 1-Br-ada. (c,e) Temperature-pressure phase diagram and (d,b) transition entropy change for the two compounds under study. In panels (c-f), red and blue symbols correspond to measurements on heating and cooling, respectively an shadowed areas in (c) and (e) indicate the transition peak width. Lines are linear fits to the data.

Figure3.

  Figure3. Isobaric temperature-dependent entropy curves at different pressures obtained on heating (a,c) and on cooling (b,d) for 1-Cl-ada (a,b) and 1-Br-ada (c,d).

Figure 4 .

 4 Figure 4. (a,c) Isothermal entropy changes and (b,d) adiabatic temperature changes upon first application or removal or pressure BC effects for different applied pressures for (a,b) 1-Cl-ada and (c,d) 1-Br-ada.

Figure 5 .

 5 Figure 5. Reversible (a,b) entropy and (c,d) temperature changes upon application and removal of pressure under isothermal and adiabatic conditions, respectively, for (a,b) 1-Cl-ada and (c,d) 1-Br-ada.

Figure 6 .

 6 Figure 6. (a,e) Maximum Isothermal entropy changes and (b,f) adiabatic temperature changes, (c,g) Refrigerant Capacity and (d,h) Coefficient of Refrigerant Performance as a function of pressure changes for (a-d) 1-Cl-ada and (e-h) 1-Br-ada. Red, blue and green data correspond to first compression, first decompression and reversible data. Lines are fits to the data.

Figure 7 .

 7 Figure 7. Temperature spans where different magnitudes of (a,c) reversible isothermal entropy changes and (b,d) reversible adiabatic temperature changes are obtained, as a function of applied pressure change, for (a,b) 1-Cl-ada and for (c,d) 1-Br-ada.

Figure 8 .

 8 Figure 8. Comparison between different BC materials: (a) Reversible isothermal entropy changes upon 0 ↔ ~1 kbar pressure change as a function of temperature. (b)Reversible adiabatic temperature changes upon 0 → ~1 kbar pressure increase as a function of temperature. Literature data taken from: PG:[12]; C60:[13];[TPrA][Mn(dca)3]:[44]; [(CH3)4N]Mn[N3]3:[45]; MnCoGeB0.03 (asterisk):[46]; (MiNiSi)0.60(FeCoGe)0.40 (diamond) and (MiNiSi)0.61(FeCoGe)0.39 (triangle):[47]; Ni50Mn31.5Ti18.5 (circle):[48].
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Table 1 .

 1 Transition thermodynamic properties at variable pressure. 𝑑𝑑 𝑎𝑎 (𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 ∆𝐻𝐻 𝑎𝑎 (𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 ) ∆𝑆𝑆 𝑎𝑎 (𝑑𝑑 𝑎𝑎𝑎𝑎𝑎𝑎 )
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