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sandwich compounds [Cp2M][PF6] (M: Fe3+, Co3+)†

Javier Garćıa-Ben, a Ignacio Delgado-Ferreiro,a Richard J. C. Dixey,b

Socorro Castro-Garćıa, a Jorge López-Beceiro,c Ramon Artiaga,c Manuel Sánchez-
Andújar, a Anthony E. Phillips, b Juan Manuel Bermúdez-Garćıa *a

and Maŕıa Antonia Señaŕıs-Rodŕıguez *a

Organometallic-sandwich salts are well-known materials that undergo order–disorder phase transitions,

leading to a high-temperature phase characterized by the total or partial disorder of ionic species. Their

potential for barocaloric applications has not previously been explored. Here, we focus on two salts

derived from metallocenes with the formula [Cp2M][PF6] where Cp: cyclopentadienyl anion (C5H5)
−

and M: Fe3+ or Co3+. These molecular salts exhibit two solid–solid phase transitions, shifting from a well-

ordered crystalline phase at low temperatures to an orientationally disordered phase in the case of the

Fe-compound, and a partially disordered phase in the case of the Co-compound above room

temperature. We find a significant entropy change (∼40 J K−1 kg−1) and a moderate volume change

(∼2%) associated with these phase transitions. Additionally, we observe that these transitions are highly

sensitive to external applied pressure, leading to substantial barocaloric effects (exceeding 20 K kbar−1).

Very interestingly, we obtain substantial values for reversible adiabatic temperature change (DTrev > 10 K)

under an applied pressure as low as 1 kbar, comparable to those observed in the most promising

barocaloric materials. We prove that the unique structure and chemical bonding of these sandwich

organometallic cations are responsible for their interesting and unusual barocaloric response. These

findings position the metallocenium family as promising candidates for eco-friendly solid-state

refrigeration technologies.
1. Introduction

Barocaloric (BC) refrigeration is an emerging technology which
takes advantage of materials typically exhibiting solid-to-solid
phase transition1 with associated large and reversible
isothermal entropy changes (DSrev), and large sensitivity to
external pressure, in order to reach large barocaloric effects
under low applied pressure.2

Over the last decade, this innovative research eld has
experienced signicant growth. Different mechanisms of solid–
solid phase transitions with barocaloric effects have been re-
ported,2,3 including magnetostructural, spin-crossover, ferri-
and ferroelectric, lattice, order–disorder phase transitions, and
even adsorption processes combined with BC effects.4,5 A variety
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f Chemistry 2024
of materials exhibiting these transitions have been studied for
barocaloric purposes. These materials encompass metal
alloys,6–22 inorganic ammonium salts,23–26 spin-crossover
materials,27–30 superionic conductors,31 polymers,32–35 hybrid
organic–inorganic perovskites,36–41 and one of the most prom-
ising families for barocaloric applications, plastic crystals
(PCs).42–49

These latter are crystalline solids composed of molecules or
ions that undergo transitions involving one or more degrees of
orientational freedom (order–disorder phase transitions). This
transition entails a change from an organized crystalline phase
to another one, wherein the molecules/ions gain rotational
degrees of freedom while maintaining their central positioning
within the crystalline lattice.50 This phase transition usually
involves large thermal changes, which are very attractive for
barocaloric applications.

Therefore, the caloric response of various plastic crystals has
been predicted and/or studied under the application of isostatic
pressure.51 Examples of these PCs include organic molecular
compounds such as glycols (for example neopentylglycol and
derivates),42,45 adamantanes,43 adamantanols44 or hybrid coor-
dination organic–inorganic ionic plastic crystals.48,49,52
J. Mater. Chem. A, 2024, 12, 23751–23760 | 23751
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In this work, we aim to expand the ourishing family of
barocaloric materials proving, for the rst time in this eld, the
potential of the family of metallocenium salts with orientational
order–disorder phase transitions in barocaloric applications.

These compounds belong to the large family of organome-
tallic complexes, known since the XIX century,53 which are
dened as containing at least one direct metal–carbon bond in
their structure. Some members of this family have played
a critical role in catalysis and organic synthesis,54 and in recent
decades have received interest in new research elds such as
optics,55 biomedicine56 or molecular magnetic devices,57 among
others.

Within the broad diversity of organometallic compounds,
metallocenium salts have attracted attention for crystal engi-
neering and molecular motion in the solid state.58 These
compounds are ‘sandwich’ salts with general formula [Cp2M][X]
(Cp: cyclopentadienyl anion (C5H5)

− or functionalized related
rings, M: transition metal ions, X: PF6

−, Cl−, BF4
−, etc.) (see

Fig. 1).59–63

These compounds are known to undergo multiple and fully
reversible solid-to-solid phase transitions between ordered and
totally/or partially disordered phases mainly induced by the
cyclopentadienyl rings, which can experience various rotational
or orientational order–disorder.62 Interestingly, these transi-
tions can be modied depending on the chemical components,
such as metal cations and anions.64

It is worth highlighting that this order–disorder process is
different from that occurring in BC materials containing acyclic
saturated long hydrocarbon chains, such as CnH2n+2, [CnH2n+2-
NH3]

+ and [CnH2n+2NH2CnH2n+2]
+, in which the hydrocarbon

chains strongly disorder at the transition, giving rise to different
thermally-driven chain conformers, with an associated signi-
cant large volume change, latent heat, and entropy
change.39,40,49,65

By contrast, in metallocenium salts [Cp2M][X], the presence
of p bonds in the cyclic unsaturated hydrocarbon Cp ions
together with the metal–carbon bonds does not allow the
presence of different conformations in the rings, preventing
this disorder mechanism from occurring. Instead, the rings
rotate as rigid bodies once the energy barrier to rotation is
thermally overcome.66
Fig. 1 Examples of cations and anions in already reported ‘sandwich’
[Cp2M][X] salts cations.

23752 | J. Mater. Chem. A, 2024, 12, 23751–23760
This orientational disorder similarly involves a relatively
large latent heat and entropy change,62 although lower than in
compounds with long hydrocarbon chains. Most interestingly,
the associated volume change is expected to be small, and lower
than in the former. This feature enhances the cyclability of this
order–disorder process, which is particularly appealing since
a crucial aspect in the development of barocaloric materials is
to make them reliable for long-term applications.59,60,67

For these reasons, in this study we explore the order–
disorder mechanism present in these sandwich organometallic
compounds and assess its potential for barocaloric
applications.

We focus on two ionic compounds, with general formula
[Cp2M][PF6] (1: M = Fe3+, 2: M = Co3+), to study their perfor-
mance as barocaloric materials. For this purpose, we study their
sensitiveness to applied pressure, their isobaric and isothermal
reversible entropy changes, their reversible adiabatic tempera-
ture changes and their operating temperature ranges.

These twometallocenium salts were previously characterized
in detail by Braga et al. in the late 90s,60,68 who reported that
both compounds experience two fully reversible solid-to-solid
phase transitions near room temperature. The rst transition,
transforming the low temperature phase I into the iso-
symmetric intermediate temperature phase II (both having the
monoclinic space group P21/c), is associated with a re-
orientation of the [Cp2M]+ cations. In the low-temperature
phase, the [Cp2M]+ cations are in a staggered conguration,
while above the phase transition, they undergo changes to
a disordered state, with an apparent crystallographic disordered
between staggered and eclipsed conformations.59,60,66

Meanwhile, the high temperature order–disorder transition
transforms the intermediate monoclinic phase II into the cubic
(Pm�3) phase III. In the case of compound 1, this leads to
complete orientational disorder of both cations and anions,
resulting in a totally disordered phase (see Fig. 2). Meanwhile,
in the case of compound 2, there is only orientational disorder
in the [Cp2M]+ cations (with the [PF6]

− anions remaining
ordered), which results in a partially disordered phase.60,68
Fig. 2 Illustrating example of the dynamic evolution of the [Cp2Fe]
+

cations and the [PF6]
− anions across the thermally-induced phase

transitions. Note: crystal structures represented from CIF files of
ref. 59.

This journal is © The Royal Society of Chemistry 2024
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2. Experimental
2.1. Materials and synthesis

Commercially available reagent grade [Cp2Co][PF6] (98% Sigma-
Aldrich) was directly used for these studies. Meanwhile, ferro-
cenium hexauorophosphate was prepared from [Cp2Fe] (98%
Sigma-Aldrich), FeCl3$6H2O (97% Sigma-Aldrich) and [NH4]
[PF6] (99.98% Sigma-Aldrich) according to a literature proce-
dure.69 For this purpose, ferrocene (3.35 mmol), dissolved in
water/acetone (75/25; 15 ml), was mixed with FeCl3$6H2O (4.5
mmol) dissolved in water (10 ml), at room temperature. The
mixture was stirred for 15 min and the obtained precipitate was
removed by ltration. Subsequently, NH4PF6 (4.45 mol) was
added to the solution. Blue crystals of [Cp2Fe][PF6] were ob-
tained aer few days upon slow evaporation of the solvent at
room temperature and they were collected by ltration and
washed several times with water.
2.2. Thermal analysis

Variable-temperature differential scanning calorimetric (VT-
DSC) analysis at atmospheric pressure and heat capacity (Cp)
measurements were carried out using a TA-Instruments Q2000
calorimeter, using heating and cooling rates of 10 Kmin−1 from
200 up to 380 K, and under a nitrogen purge of 50mlmin−1. The
Cp measurements were performed by following the dynamic
method reported in the literature using a sapphire calibration:70

Cpm = QmCpsms/mmQs (1)

where Cpm is the heat capacity of each compound, Qm is the heat
ow of these materials, Cps is the heat capacity of the sapphire
obtained from tabulated values,ms is themass of the sapphire,mm

is the mass of thematerial, andQs is the heat ow of the sapphire.
Variable-pressure differential scanning calorimetry (VP-DSC)

was performed with a Setaram mDSC7 EVO microcalorimeter
equipped with a 65D Isco pressure pump. Nitrogen gas was used
as pressure transmitting media. Around 20 mg of sample was
swept in temperature (from 320 to 390 K for compound 1, and
from 290 to 350 K for compound 2) with heating/cooling rates of
±1.2 K min−1 at different isobaric conditions from atmospheric
pressure up to 1000 bar.
Fig. 3 VT-DSC curves on heating and cooling of (a) compound 1
between 190 and 370 K and (b) compound 2 between 210 and 340 K.
2.3. Variable-temperature synchrotron radiation powder X-
ray diffraction

Variable-temperature synchrotron powder X-ray diffraction (VT-
SPXRD) patterns of compounds 1 and 2 were recorded at the
Diamond Synchrotron I11 beamline (Oxford, UK). A wavelength
of 0.825 955(3) Å was determined by rening the positions of six
individual reections of a NIST640D silicon standard at room
temperature. The samples were enclosed in a glass capillary
(inner diameter f = 0.5 mm) and set in continuous rotation
during data collection to improve powder averaging. Patterns
were collected using Mythen position sensitive detector, while
heating the sample from 170 to 335 K. The working temperature
was set using a FMB Oxford hot-air blower. Le Bail renements
were carried out using the program GSAS-II.71
This journal is © The Royal Society of Chemistry 2024
2.4. Calculation of globularity

The globularity of the A-site cations (G) was calculated using the
Crystal Explorer 17 soware as G = (Ssp/Sm), where Sm is the
surface of the A-species while Ssp is the surface of a sphere of
volume equal to that of the A-species volume.72 According to this
denition, G is 1.0 for a sphere, and progressively less than 1.0
as the species surface becomes more structured.
3. Results and discussion
3.1. Calorimetric and thermogravimetric analysis at
atmospheric pressure

In the case of the compound 1, the two endothermic peaks
appear on heating at T(I/II) ∼212 K and T(II/III) ∼347 K and the
corresponding exothermic peaks at T(II/I) ∼200 and T(III/II)

∼342 K on cooling. Meanwhile, for compound 2, the endo-
thermic peaks are found at T(I/II) ∼253 K and T(II/III) ∼312 K
on heating, and the corresponding exothermic peaks at T(II/I)

∼212 K and T(III/II) ∼312 K on cooling (see Fig. 3).
The latent heat and entropy change associated with each

phase transition, obtained from integrating under the curve of
the peaks, are summarized in Table 1 and are in good agree-
ment with previous reports.59,60,68

As observed, the values of latent heat and entropy change for
both compounds are highest during the high-temperature
phase transition. Additionally, this transition displays a lower
thermal hysteresis on heating and cooling cycles compared to
the lower temperature one (which is perhaps expected since the
isosymmetric transition is necessarily rst-order). Therefore, it
will be the focus of interest for our subsequent barocaloric
characterization.

As for the differences observed between the behaviour of
both compounds, it should be noted that in 1 the II 4 III
transition occurs at temperatures that are 35° higher (on heat-
ing) than in 2, and with an observed increase of enthalpy and
entropy changes of ∼20% and ∼12%, respectively.

Taking into account that for an order–disorder transition DS
= R ln(N), where R is the gas constant and N is the ratio of the
number of congurations in the disordered and ordered
system,73 a value of Nz 2 and 4.5 is calculated for compound 1
and N z 2 and 4 for compound 2, for the I 4 II and II 4 III
phase transitions, respectively. Interestingly, the difference in N
of II4 III phase transitions between both compounds could be
J. Mater. Chem. A, 2024, 12, 23751–23760 | 23753
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Table 1 Temperature, enthalpy and entropy change values of the
observed phase transitions in compound 1 and compound 2 on
heating and coolinga

Compound 1 Compound 2

I 4 II II 4 III I 4 II II 4 III

Tt(h) (K) 212 347 253 312
Tt(c) (K) 200 344 236 310
jTt(h)–Tt(c)j 12 3 18 3
DH(h) (kJ kg

−1) ∼4 ∼13 ∼5 ∼11
DH(c) (kJ kg

−1) ∼4 ∼14 ∼5 ∼12
DS(h) (J K

−1 kg−1) ∼19 ∼38 ∼19 ∼34
DS(h) (kJ K

−1 m−3) ∼36 ∼69 ∼36 ∼64
DS(c) (J K

−1 kg−1) ∼20 ∼41 ∼22 ∼38
DS(c) (kJ K

−1 m−3) ∼38 ∼73 ∼43 ∼70

a (h) = heating, (c) = cooling.

Fig. 4 Thermal evolution of unit-cell volume per formula unit of (a)
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explained due to the disordering of the [PF6]
− anion in

compound 1 but not the compound 2, as previously mentioned
in the introduction.

In this context, we anticipate that by modifying the sandwich
cation and/or the anion (to promote stronger or weaker inter-
actions between them) the transition temperature could be
modulated, while both DH and DS could be maximized in order
to enhance the caloric performance of future materials, which is
one of the main challenges for solid-state barocaloric
refrigeration.

Additionally, we measured the heat capacity (Cp) of both
materials, which is essential for determining certain barocaloric
parameters, for a temperature range close to the observed phase
transitions (see Fig. S1 of ESI† which represents the heat
capacity of both materials as a function of temperature). Their
Cp values are relatively low, as also reported for other sandwich-
type compounds.74–78 Compound 2 presents higher Cp than 1: Cp

(phase I) ∼820 (compound 1) and ∼1100 J per °C per kg
(compound 2); Cp (phase II)∼1260 (1) and∼1350 J per °C per kg
(2); Cp (phase III) ∼1280 (1) and ∼1540 J per °C per kg (2),
differences which could be related to the extra stability of
compound 2, with stronger intramolecular interactions.

Very interestingly, these values are lower than other reported
barocaloric materials with order–disorder phase transitions as
organic plastic crystals such as neopentylglycol (Cp ∼ [1600–
2600] J per °C per kg),42 and than hybrid materials such as the
layered hybrid perovskite [C12H21NH3]2[MnCl4] (Cp ∼ [1500–
1800] J per oC per kg), materials with much larger internal
mobility in their species or alkyl chains than the cyclo-
pentadienyl rings of the organometallic ‘sandwich’ salts.

The heat capacity of compound 1 is more similar to that of
fullerite (C60) (Cp ∼ [650–900] J per oC per kg),46 as expected
since these species are even more rigid than the sandwich
cations.79

In the particular case of these organometallic complexes, we
suggest that their low Cp can be attributed inter alia to the
robust bonding between M−C of cyclopentadienyl rings and p

bonds between the carbon atoms. These bonds restrict the
23754 | J. Mater. Chem. A, 2024, 12, 23751–23760
vibrational modes of the cyclopentadienyl rings, imparting
exceptional stiffness to the entire organometallic complex. The
chemical bonds conne atomic motions outside the plane of
the ring, while allowing the entire ring to rotate in its plane.

From thermogravimetric analysis, compound 2 presents
higher thermal stability (with a decomposition temperature of
Td ∼650 K) than compound 1 (with Td ∼450 K) (see Fig. S2 of
ESI†). This could be related to the fact that, in compound 2, the
[Cp2Co]

+ cation obeys the 18 e− rule,80 while the Fe-sandwich
does not, resulting in stronger bonds and shorter M−C
distances in the cation.59,60,66

3.2. Barocaloric properties estimated by indirect methods:
Clausius–Clapeyron

The indirect method using Clausius–Clapeyron equation allows
one to estimate the barocaloric coefficient (dTt/dp):

dTt/dp = DV/DS (2)

where DV is the volume change between two different poly-
morphs at the phase transition, and DS can be obtained from
the value of the phase transition entropy change (see Table 1).

In order to calculate the different DV values across the phase
transitions, we perform variable-temperature synchrotron
powder X-ray diffraction (VT-SPXRD). The cell parameters were
obtained by Le Bail renement (see Fig. 4 and S3–S5 of ESI†).
Two sharp structural changes occur at T(I/II) ∼211 K and T(II/
III) ∼350 K for compound 1, and at T(I/II) ∼258 K and T(II/III)

∼315 K for compound 2. These values are in excellent agree-
ment with those observed by VT-DSC. There is not only a perfect
match of the temperature at which the two transitions occur,
but the enthalpy and height of the heat ow peaks are propor-
tional to the unit volume jumps observed by VT-SPRXD.

Regarding the volume evolution over temperature, both
compounds exhibit a conventional positive thermal expansion
upon heating and an abrupt volume change associated with
each phase transition, an effect which is larger in the case of the
II–III phase transition: DVI/II∼1.22% (compound 1) and 1.27%
(compound 2), while DVII/III ∼2.24% (compound 1) and 2.02%
(compound 2). Remarkably, the change in volume DVII/III is
quite similar in both compounds, despite the fact that
compound 1 exhibits disorder in both anions and cations, while
compound 2 only shows disorder in the cations.59,60 Conse-
quently, we can infer that most of the observed volume increase
compound 1 and (b) compound 2.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 VT-DSC curves at different pressures for (a) compound 1 and
(b) compound 2. Transition temperature dependence with pressure for
(c) compound 1 and (d) compound 2. Note: solid points indicate the
peak maximums, solid lines represent, and shaded areas represent the
peak width from the onset to the offset of the peaks. Red = heating
data, blue = cooling data.
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at phase transition is likely associated with the disordering of
the [Cp2M]+ cations. As mentioned earlier, the intramolecular
bonds in [Cp2M]+ cations strongly restrict the degrees of
freedom of Cp anions.59,60,66,68 Specically, in phase III, there is
a rotation of Cp rings within their planes (similar to phase II),
and additionally, the rotational axis is no longer xed; it can
rotate in any direction around the metal cation. This change
leads to a signicant increase in volume (DV ∼2%) associated
with the high-temperature phase transition, even if signicantly
lower than that reported for barocaloric materials with acyclic
saturated long hydrocarbon chains, typically around DV
∼7%.40,49 It's important to note that in rst-order-type bar-
ocaloric materials,81 the pressure-sensitiveness (barocaloric
coefficient) will be maximized for larger volume changes and
lower entropy changes. Nevertheless, for practical applications,
a lower volume change will reducemechanical fatigue, ensuring
a long functional lifetime, meanwhile a larger entropy change
will provide a larger barocaloric effect. Therefore, it is important
to reach a compromise between volume changes and entropy
changes considering any each specic application and/or
device.

To try to understand if this smaller variation of volume is
related to the shape of the ionic molecular species, we have
calculated the globularity (G) of both the cations and the
anions, obtaining values of G(cations) = 0.89 and G(anions) =
0.92. It is important to note that G is 1.0 for a perfect sphere and
decreases progressively as the species surface becomes more
structured.72 Therefore, both ionic molecular species exhibit
only a slight distortion from spherical morphology. Conse-
quently, the orientational disorder of these species does not
cause a signicant increase in volume, as conrmed experi-
mentally. This could be improved by modifying the cations and
anions by others more anisotropic, which could lead to higher
entropy changes also.

From the VT-SPXRD data and the previous VT-DSC results,
we focus on the high-temperature transitions of these
compounds to estimate their barocaloric coefficient by indirect
methods. We nd values of dTt/dp ∼34.1 K kbar−1 and 29.7 K
kbar−1, for compounds 1 and 2, respectively.
3.3. Barocaloric properties by quasi-direct methods under
isobaric conditions

In order to experimentally study the barocaloric properties of
[Cp2M][PF6] (M = Fe3+, Co3+) related to the higher temperature
(and more energetic) transitions, we carried out VT-DSC
measurements under different isobaric conditions from 1 to
1000 bar.

As it can be seen in Fig. 5, the transition temperature of both
compounds shis towards higher temperatures when
increasing the pressure, which is indicative of a conventional
barocaloric effect.

Accordingly, the studied compounds show an experimental
barocaloric coefficient as large as dT/dp ∼27.6 K kbar−1 and
∼24.0 K kbar−1 for compounds 1 and 2, respectively. These
values are slightly smaller than those estimated by Clausius–
Clapeyron. Nevertheless, they still lie among the largest
This journal is © The Royal Society of Chemistry 2024
reported values (see Table S1 of ESI†), similar to some of most
sensitive to pressure plastic crystals as 1-chloroadamantane
(dT/dp ∼27.4 K kbar−1), o-carborane (dT/dp ∼30.0 K kbar−1) or
dibutylammonium tetrauoroborate (dT/dp ∼28.9 K kbar−1),
and signicantly higher than the fullerite mentioned before
(dT/dp ∼17.0 K kbar−1). This fact indicates the large pressure
sensibility of these family of organometallic sandwich-type
materials.2

In addition, we have calculated the barocaloric effects in
terms of isothermal entropy change (DSit(q–d)) as the difference
between the entropy change at different isobaric conditions
(DSib):40,82

DSib ¼ S
�
Tf ; p

�� SðT0; pÞ ¼
ðTf

T0

1

T

�
CpðT ; patmÞ þ dQ

dT
ðT ; pÞ

�
dT

(3)

DSit(q–d) = DSib(p s 1, T) − DSib(p = 1, T) (4)

where T0 and Tf are the starting and end temperature chosen
arbitrary (T0 = 200 K and Tf = 380 K for both compounds), p is
the constant pressure of each isobaric curve, patm is atmo-
spheric pressure and Cp is the heat capacity of the material for
each temperature at atmospheric pressure, which is considered
independent from the applied pressure.

The curves obtained for DSib and DSit(q–d) can be observed in
Fig. S6 of ESI† and 6, respectively. Here, DSit(q–d) values already
take into account the additional entropy change (DSad(p)) that
arises from the material's thermal expansion separately from
the phase transition (see Fig. S7 and S8 of ESI†), as calculated by
eqn (5):42,83,84

DSad(p) = −[m−1(dV/dT)patm](p − patm) (5)
J. Mater. Chem. A, 2024, 12, 23751–23760 | 23755
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Fig. 6 Reversible pressure-driven isothermal entropy changes on
applying (0 / p) and removing (p / 0) pressure of (a) compound 1
and (b) compound 2.
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where m is the cell mass of the material, (dV/dT)patm is the volu-
metric thermal expansion of the unit cell and p is the applied
pressure. This approximation considers the thermal expansion
to be independent of the applied pressure, which would be only
valid for materials with relatively low compressibility. In the case
of extremely compressible materials, this approximation can
result in an overestimation of the barocaloric effects.

The as-calculated jDSadj show similar values for both
compounds of around [17–19] J K−1 kg−1 at 1000 bar, which are
a very signicant contribution to the nal barocaloric effects, as
they represent around (33–36)% of the total entropy change at
this pressure.

Considering this additional contribution, the barocaloric
effects at 1000 bar are as large as DSit(rev) ∼57 J K−1 kg−1, and
∼55 J K−1 kg−1 for compound 1 and 2, respectively (see Fig. 6
and S9 of ESI†).

Very interestingly, these compounds can also exhibit rela-
tively large barocaloric effects, even larger than the previously
mentioned fullerite (∼25 J K−1 kg−1 under 1000 bar),46 of
around ∼30 J K−1 kg−1 in a reversible way under the application
of much lower pressures of 300 bar, which is the operating
pressure limit recommended by barocaloric technological
roadmaps to enhance energy efficiency.85

In addition, we have calculated the adiabatic temperature
change (DT) (see Fig. 7 and S10 of ESI†):

jDT(S;patm 4 p)j = jT(S;p) − T(S;patm)jDT = −(T/Cp)DSit (6)

In this context, it's worth noting that the adiabatic temper-
ature change is directly proportional to the reversible entropy
Fig. 7 Reversible adiabatic temperature changes on applying (0 / p)
and removing (p / 0) pressure for (a) compound 1 and (b)
compound 2.

23756 | J. Mater. Chem. A, 2024, 12, 23751–23760
change and inversely proportional to the heat capacity. Adia-
batic temperature change refers to the temperature variation
experienced by a barocaloric material when pressure is applied
and removed adiabatically. Consequently, this parameter holds
immense importance for practical applications and is consid-
ered one of the most critical factors for evaluating the perfor-
mance of barocaloric materials.

As shown in Fig. 7, these compounds present rather high
values of DTrev ∼16 K (compound 1) and∼12 K (compound 2) at
1000 bar. This signicant DTad is a result of a combination of
moderately large entropy change and low heat capacity, factors
linked to the unique molecular geometry and chemical bonding
of the sandwich organometallic cations.

Also, we have represented the operating temperature range
or temperature span (Tspan) of these compounds as a function of
the applied pressure, including the reversible isothermal
entropy changes (Fig. 8a and b) and the reversible adiabatic
temperature changes (Fig. 8c and d) that can be achieved.
Compounds 1 and 2 under 1000 bar present a large operating
temperature range of 17 K (with DSit ∼35 J K−1 kg−1, DTrev∼6 K)
and of 20 K (with DSit ∼35 J K−1 kg−1, DTrev ∼6 K).

The fullerite, which exhibits the same type of disorder as the
organometallic salts reported here, rotational disorder, pres-
ents an operating temperature range as large as 11 K, showing
values of DSit = 25 J K−1 kg−1 and DTrev = 5 K under a pressure
of 1000 bar.

Finally, we compare the barocaloric behaviour of these
compounds with other barocaloric materials (see Fig. 9 and
Table S1 of ESI†). Those values obtained are considerable high
compared with those of many other reported barocaloric
materials, reecting the large pressure sensibility of these
family of organometallic sandwich-type materials (see Fig. 9a).
These results indicate a large pressure sensibility of these family
of organometallic sandwich-type materials.2 On the other hand,
Fig. 8 Temperature span as a function of applied pressure for different
intervals of reversible isothermal entropy changes, for (a) compound 1
and (b) compound 2. And temperature span as a function of applied
pressure for different intervals of reversible adiabatic temperature
changes for (c) compound 1 and (d) compound 2.

This journal is © The Royal Society of Chemistry 2024
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these organometallic compounds exhibit values of DSit(rev)
relatively lower than those of other BCmaterials (see Fig. 9b). In
the same line, the obtained values of DTrev for these compounds
are already very similar to most of reported barocaloric mate-
rials, even if these are the rst examples of organometallic
barocaloric materials and they still have range for improvement
(see Fig. 9c).

Therefore, these two cyclopentadienyl organometallic
compounds show promising barocaloric parameters, which
encourage further exploration of more members of this family
for barocaloric applications.
Fig. 9 Main caloric parameters of compounds 1 and 2 in comparison
with a selection of the best barocaloric materials known up to date: (a)
barocaloric coefficient, (b) reversible isothermal entropy change and
(c) adiabatic reversible temperature change. Note: the black lines
represent the average value and its error. Note 2: more information
about all the materials showed in the figure can be found in Table S1 of
ESI† and in the references.

This journal is © The Royal Society of Chemistry 2024
4. Conclusions

In this study, we report new properties that bring about new
applications for relatively “old” and well-established
compounds, namely, the metallocenium salts [Cp2M][PF6] (M
= Fe3+, Co3+). These salts undergo two reversible order–disorder
solid–solid phase transitions, one of which occurs above room
temperature and show enough entropy change for barocaloric
applications. The high-temperature transition is more signi-
cant than the other in terms of rotational motions, where the
cations and/or anions experience a substantial increase in their
orientational disorder. Although the value of DS ∼40 J K−1 kg−1

associated with the PC transition is moderate at ambient pres-
sure, the elastic contribution under moderate pressure (below
1000 bar) amplies these values to DSit(rev) ∼57 J K−1 kg−1, and
∼55 J K−1 kg−1 for compound 1 (Fe) and 2 (Co), respectively.
Even more interestingly, these organometallic compounds
exhibit remarkably large barocaloric coefficients of dTt/dp ∼30
K kbar−1, wide operating temperature ranges of Tspan $ 15 at
1000 bar, and surprisingly substantial adiabatic temperature
changes, DTrev of 12–16 K (which accounts for around 35% of
the total entropy change). This latter feature can be attributed to
the relatively low heat capacity found in both compounds.

Therefore, these materials offer a combination of interesting
properties for practical applications, notably the moderate
values reversible adiabatic temperature change, high sensitivity
to applied pressure, and small volume change associated with
the phase transition. We propose that the unique structure and
chemical bonding of these sandwich organometallic cations are
responsible for their fascinating and unusual barocaloric
response, which we anticipate can be tuned by modifying shape
and the globularity of their ions. These ndings place the
metallocenium family as promising candidates for eco-friendly
solid-state refrigeration technologies.
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6 A. Aznar, A. Gràcia-Condal, A. Planes, P. Lloveras, M. Barrio,
J. L. Tamarit, W. Xiong, D. Cong, C. Popescu and L. Mañosa,
Phys. Rev. Mater., 2019, 3, 1–7.
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