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Traditional refrigeration technologies based
on compression cycles of greenhouse gases pose
serious threats to the environment and cannot
be downscaled to electronic device dimensions.
Solid-state cooling exploits the thermal re-
sponse of caloric materials to external fields
and represents a promising alternative to cur-
rent refrigeration methods. However, most of
the caloric materials known to date present
relatively small adiabatic temperature changes
(|∆T | ∼ 1 K) and/or limiting irreversibility
issues resulting from significant phase-transition
hysteresis. Here, we predict the existence of
colossal barocaloric effects (isothermal entropy
changes of |∆S| ∼ 100 JK−1kg−1) in the energy
material Li2B12H12 by means of molecular dy-
namics simulations. Specifically, we estimate
|∆S| = 367 JK−1kg−1 and |∆T | = 43 K for a small
pressure shift of P = 0.1 GPa at T = 480 K.
The disclosed colossal barocaloric effects are
originated by a fairly reversible order-disorder
phase transformation involving coexistence of
Li+ diffusion and (BH)−2

12 reorientational motion
at high temperatures.

Solid-state cooling is an environmentally friendly, en-
ergy efficient, and highly scalable technology that can
solve most of the problems associated with conventional
refrigeration methods based on compression cycles of
greenhouse gases (i.e., environmental harm and lack of
downsize scaling). Upon application of magnetic, elec-
tric or stress fields good caloric materials undergo no-
ticeable temperature changes (|∆T | ∼ 1–10 K) as a result
of induced phase transformations that involve large en-
tropy variations (|∆S| ∼ 10–100 JK−1kg−1) [1–3]. Solid-
state cooling capitalizes on such caloric effects to engi-
neer refrigeration cycles. From a performance point of
view, that is, largest |∆T | and |∆S| (although these are
not the only parameters defining cooling efficiency [4]),
barocaloric effects driven by small hydrostatic pressure
shifts appear to be the most promising [1–3].

Recently, colossal barocaloric effects (defined here as
|∆S| ∼ 100 JK−1kg−1) have been measured in two dif-
ferent families of materials that display intriguing order-

FIG. 1. Low-T (ordered) and high-T (disordered) phases of
bulk Li2B12H12. The low-T phase (α) presents cubic symme-
try and space group Pa3 [15]. In the high-T phase (β), cubic
symmetry is preserved but the Li+ ions are highly mobile and
the (BH)−2

12 icosahedra present reorientational disorder [18].
The T -induced α → β phase transition is an order-disorder
isosymmetric transformation that is regarded as of first order
[18]. Li, B, and H ions are represented with red, blue, and
yellow colours, respectively.

disorder phase transitions [5–7]. First, giant barocaloric
effects have been theoretically predicted [8] and exper-
imentally observed in the archetypal superionic com-
pound AgI [5]. AgI exhibits a first-order normal (low-
entropy) to superionic (high-entropy) phase transition
that responds to both temperature and pressure [9] and
which involves the presence of highly mobile silver ions in
the high–T superionic state [10]. Likewise, the entropy
changes estimated for other similar superionic phase
transitions are generally large [11–14]. And second, colos-
sal barocaloric effects have been reported for the molecu-
lar solid neopentylglycol [6, 7], (CH3)2C(CH2OH)2, and
other plastic crystals [4]. In these solids, molecules re-
orient almost freely around their centers of mass, which
remain localized at well-defined lattice positions. Molec-
ular rotations lead to orientational disorder, which ren-
ders high entropy. By using hydrostatic pressure, it is
possible to block such molecular reorientational motion
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FIG. 2. Estimated Li2B12H12 phase diagram expressed as a
function of pressure (P ) and temperature (T ). Results were
obtained from classical molecular dynamics simulations per-
formed with the LBH force field reported in work [24]. The
coexistence line separating the stability region of the α and
β phases, represented with a solid red line, was determined
through a polynomial fit to the theoretical phase-transition
data (solid red dots and error bars) and corresponds to the an-
alytical expression Tα↔β(P ) = 468.98+103.96 ·P +13.97 ·P 2,
where the temperature and pressure are respectively ex-
pressed in units of K and GPa. Error bars represent the sta-
tistical uncertainties estimated with time-average techniques
(Methods).

and thus induce a fully ordered state characterized by
low entropy [14]. The barocaloric effects resulting from
this class of first-order order-disorder phase transition are
huge and comparable in magnitude to those achieved in
conventional refrigerators with environmentally harmful
gases [4, 6, 7].

Here, we report the prediction of colossal barocaloric
effects (|∆S| ∼ 100 JK−1kg−1) in the energy material
Li2B12H12 (LBH), a complex hydride that is already
known from the fields of hydrogen storage [15–17] and
solid-state batteries [18–20]. By using molecular dynam-
ics simulations, we identify a pressure-induced isothermal
entropy change of |∆S| = 367 JK−1kg−1 and an adia-
batic temperature change of |∆T | = 43 K at T = 480 K.
These colossal entropy and temperature changes are
driven by small hydrostatic pressure shifts of ∼ 0.1 GPa,
thus yielding gigantic barocaloric strengths of |∆S|/P ∼
103 JK−1kg−1GPa−1 and |∆T |/P ∼ 102 K GPa−1. The
colossal barocaloric effects disclosed in bulk LBH are orig-
inated by simultaneous frustration of Li+ diffusion and
(BH)−2

12 icosahedra reorientational motion driven by hy-
drostatic pressure. Thus, alkali-metal complex borohy-
drides (A2B12H12, A = Li, Na, K, Cs [21, 22]) emerge
as a promising new family of caloric materials in which
the salient phase-transition features of fast-ion conduc-
tors and plastic crystals coexist and cooperate to render
colossal barocaloric effects.

RESULTS

At ambient conditions, lithium dodecahydrododecab-
orate (Li2B12H12), LBH, presents an ordered cubic Pa3
phase (Z = 4), referred to as α hereafter, which is char-
acterized by Li+ cations residing on near-trigonal-planar
sites surrounded by three (BH)−2

12 icosahedron anions. In
turn, each (BH)−2

12 anion resides in an octahedral cage
surrounded by six Li+ cations (Fig.1) [15]. A symme-
try preserving order-disorder phase transition occurs at
high temperatures (∼ 600 K) that stabilises a disordered
state, referred to as β hereafter, in which the Li+ cations
are mobile and the (BH)−2

12 anions present reorientational
motion (Fig.1 and Supplementary Fig.1) [18, 24]. The
relative volume expansion that has been experimentally
measured for such a first-order order-disorder phase tran-
sition is ∆V expt/V expt

α ≈ 8% [18] and the correspond-
ing phase transition enthalpy ∆Hexpt ≈ 130 kJ kg−1

[23]. The huge volume variation and enthalpy associ-
ated with the α ↔ β transformation could be propi-
tious for barocaloric purposes if the involved phase tran-
sition was responsive to small hydrostatic pressure shifts
of ∼ 0.1 GPa. To the best of our knowledge, this pos-
sibility has not been hitherto explored. We performed
classical molecular dynamics (MD) simulations based on
a recently proposed LBH force field [24] to fill up such a
knowledge gap (Methods and Supplementary Methods),
which has clear implications for potential solid-state cool-
ing applications.
Figure 2 shows the P–T phase diagram of bulk LBH

theoretically estimated with MD techniques (Methods).
We determined the coexistence line of the α and β
phases by conducting numerous MD simulations at small
P–T shifts of 0.05 GPa and 12.5 K, and by monitor-
ing the structural, Li+ diffusion, and (BH)−2

12 reorien-
tational properties of the system (Methods). In consis-
tency with the experiments, a point in the α–β coexis-
tence line of Fig.2 was identified with sharp and simul-
taneous changes in the volume, Li+ diffusion coefficient
(DLi), and (BH)2−12 reorientational frequency (λB12H12

)
of bulk LBH (errorbars in Fig.2 correspond to statis-
tical uncertainties obtained through time averages). It
was found that the critical temperature of the α ↔ β
transformation can be certainly displaced by hydrostatic
pressure. Specifically, Tα↔β increases under increasing
pressure at an approximate rate of ∼ 100 K·GPa−1; a
simple second-order polynomial fit to our set of predicted
α–β coexistence points renders the analytical expression
Tα↔β(P ) = 468.98 + 103.96 · P + 13.97 · P 2, where tem-
perature and pressure are respectively expressed in units
of K and GPa.
The predicted volume change associated with the α ↔

β phase transition expressed as a function of pressure
are shown in Fig.3a. At zero pressure, our MD sim-
ulations render a transition volume change, ∆V , rela-
tive to the volume of the α phase at Tα↔β (namely,

Vα = 252.3 Å3 per formula unit -f.u.-) of ≈ +4%. This
result significantly underestimates the corresponding ex-
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FIG. 3. Effect of pressure on the structural and barocaloric properties of Li2B12H12 estimated with classical molecular dynamics
techniques and the force field reported in work [24]. a Relative volume change associated with the T -induced α → β phase
transition expressed as a function of pressure (red); volume of the α phase per formula unit (f.u.), Vα, at the phase-transition
conditions (black). b Isothermal entropy (red) and adiabatic temperature (black) changes associated with the barocaloric
response of bulk Li2B12H12 expressed as a function of pressure.

perimental value of ≈ +8% [18]. The main reason for
this discrepancy is that the employed force field is not
perfect and overestimates the zero-pressure volume of
the α and β phases at Tα↔β by ≈ 10% and 5% (e.g.,

V expt
α = 231.0 Å3/f.u. [18]), respectively. Also, it should

be noted that in our simulations we considered perfect
and stoichiometric bulk LBH configurations whereas in
real samples crystal defects like vacancies, grain bound-
aries and dislocations are always present; such crystal
defects typically have little effect on standard first-order
phase transitions (as shown by consistent agreement be-
tween experimental results obtained for single crystals
and polycrystalline samples) but are known to play a crit-
ical role on the physical properties of fast-ion conductors
like LBH [25–27].
Nevertheless, despite the ∆V/Vα differences between

our MD results and experiments, which to some ex-
tent were expected and are insurmontable, our theoret-
ical estimations for bulk LBH overall can be regarded
as physically meaningful and reasonably accurate. For
example, by using simple thermodynamic relations, the
Tα↔β analytical expression reported above and the ∆V
results enclosed in Fig.3a we estimated a zero-pressure
transition enthalpy of ∆H ≈ 170 kJ kg−1, which is
fairly consistent with the reported experimental value of
∆Hexpt ≈ 130 kJ kg−1 [23]. Moreover, as it is shown
in work [24] and the Supplementary Discussion, the em-
ployed interatomic potential satisfactorily reproduces the
general structural and dynamical properties (i.e., Li+ ion
diffusion and (BH)−2

12 icosahedra reorientational motion)
of bulk LBH as determined from experiments and first-
principles molecular dynamics simulations based on den-
sity functional theory (which are virtually free of inter-
atomic interaction approximations [28, 29]).
Therefore, we proceeded to estimate the barocaloric

isothermal entropy, ∆S, and adiabatic temperature, ∆T ,
shifts induced by pressures of 0 ≤ P ≤ 0.4 GPa in bulk
LBH. For this end, and in view of the first-order nature
of the α ↔ β phase transformation [18], we employed
the Clausius-Clapeyron method [2, 3], which involves
the knowledge of the α–β coexistence line slope (Fig.2),
∆V (Fig.3a), and heat capacity (Supplementary Fig.2)
of bulk LBH as a function of pressure and temperature
(Methods). The resulting ∆S and ∆T values enclosed
in Fig. 3b in fact render colossal barocaloric effects. For
example, at T = 480 K and P = 0.1 GPa we calculated
an isothermal entropy change of −367 JK−1kg−1 and an
adiabatic temperature change of +43 K. The size of ∆S
and ∆T were found to gradually decrease under pres-
sure (e.g., at T = 515 K and P = 0.4 GPa we estimated
−229 JK−1kg−1 and +28 K, respectively). Meanwhile,
the predicted LBH barocaloric effects are always positive,
that is, ∆T > 0, since the low-entropy ordered phase (α)
is stabilized over the high-entropy disordered phase (β)
under pressure (∆S < 0). In the Discussion section, we
will compare the barocaloric performance of LBH with
those of other well-known barocaloric materials. In what
follows, the atomistic origins of the extraordinary ∆S
and ∆T values reported in Fig. 3b are discussed.

There are two possible sources of large entropy varia-
tion in LBH, one stemming from Li+ ionic diffusion and
the other from (BH)−2

12 icosahedra reorientational mo-
tion. When hydrostatic pressure is applied on the dis-
ordered β phase and consequently the ordered α phase
is stabilized both ionic diffusion and molecular orienta-
tional disorder are drastically reduced, thus the entropy
of the crystal significantly decreases. This conclusion is
straightforwardly deduced from the P -induced variation
of the Li+ diffusion coefficient, DLi, and reorientational
(BH)−2

12 frequency, λB12H12
, shown in Figs.4a,b (Meth-
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FIG. 4. Order parameter changes associated with the T -induced α → β phase transition occurring in bulk Li2B12H12 at different
pressures (estimated with classical molecular dynamics techniques and the force field reported in work [24]). a Computed
lithium ion diffusion coefficient, DLi, expressed as a function of temperature and pressure. The inset shows the Li mean-
squared displacement (MSDLi) data employed for the calculation of DLi at P = 0.2 GPa (Methods). b Estimated (BH)−2

12

icosahedra reorientational rate, λB12H12 , expressed as a function of temperature and pressure. The inset shows the (BH)−2

12

icosahedra angular auto-correlation function (φB12H12) data employed for the calculation of λB12H12 at P = 0.2 GPa (Methods).

ods). For instance, at T = 475 K and zero pressure DLi

and λB12H12
amount to 2.5·10−6 cm2s−1 and 1.2·108 s−1,

respectively, whereas at P = 0.2 GPa and same temper-
ature both quantities are practically zero. (It is noted in
passing that the λB12H12

value estimated with MD simu-
lations at zero pressure and close to Tα↔β is in very good
agreement with the corresponding experimental value of
1.5 ·108 s−1 [23].) The two resulting entropy change con-
tributions are large and of the same sign, thus they sum
up giving rise to colossal |∆S| values (Fig.3b).

Which of these two P -induced order-restoring effects
is most relevant for the barocaloric performance of bulk
LBH? To qualitatively answer this question, we per-
formed constrained MD simulations in which we forced
the Li+ and (BH)−2

12 ions to remain localized around their
equilibrium positions at any temperature during separate
MD runs (Supplementary Fig.3). This type of artificial
conditions in principle cannot be imposed in the exper-
iments but can be easily enforced in the atomistic sim-
ulations (e.g., by disproportionately increasing the mass
of the targeted ions). Specifically, we assumed that the
phase transition entropy change could be decomposed in
the sum of terms: ∆S = ∆SLi+∆SB12H12

+∆SLi|B12H12
,

where the first term corresponds to pure Li+ contribu-
tions (obtained by freezing the (BH)−2

12 anions), the sec-
ond to pure (BH)−2

12 contributions (obtained by freezing
the Li+ cations), and the third to correlated Li+|(BH)−2

12

contributions (obtained by substracting the sum of the
pure terms ∆SLi and ∆SB12H12

to ∆S). The par-
tial entropy change values were obtained by consider-
ing the Clausius-Clapeyron relation, the volume changes
obtained from constrained MD simulations, and the α–
β coexistence line obtained from standard MD simula-

tions. The entropy contributions estimated by follow-
ing this approximate ∆S partition ansatz are shown in
Supplementary Fig.3. It was found that mixed ionic-
molecular Li+|(BH)−2

12 correlations contribute the most
to the α ↔ β phase transition entropy change. In partic-
ular, pure Li+ entropy change contributions amount to
≈ 10%, pure (BH)−2

12 to ≈ 1–5% (depending on pressure),
and mixed Li+|(BH)−2

12 to ≈ 90–85%. This result is not
surprising since the interplay between ionic diffusion and
molecular reorientational motion in LBH [24] and other
akin complex materials [30] typically is very strong.
Figure 4a shows that at T & 525 K the diffusivity

of Li+ ions increases under increasing pressure. For ex-
ample, at T = 525 K and zero pressure we estimate
DLi = 8.7 · 10−6 cm2s−1 whereas at P = 0.4 GPa and
same temperature we obtain 17.2 · 10−6 cm2s−1. This
ionic diffusion behaviour is highly anomalous since hydro-
static compression typically hinders ionic transport [9–
11]. On the other hand, the reorientational motion of the
(BH)−2

12 icosahedra behaves quite normally, that is, de-
creases under pressure [3, 4]. For instance, at T = 525 K
and zero pressure we estimate λB12H12

= 1.4 · 108 s−1

whereas at P = 0.4 GPa and same temperature we obtain
0.7·108 s−1 (Fig.4b). In view of the physical insight previ-
ously gathered on ∆S, we hypothesized that such anoma-
lous P -induced lithium diffusion enhancement could be
related to the strong interplay between Li+ and (BH)−2

12

ions. In particular, high anionic reorientational motion
could make the (BH)−2

12 centers of mass (CMs) to fluctu-
ate wildly thus blocking partially the ionic current chan-
nels [30]. Consistent to this hypothesis, and for small
and moderate pressures, large (BH)−2

12 CMs fluctuations
should be accompanied by reduced Li+ diffusivity while
small (BH)−2

12 CMs fluctuations should be accompanied
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by enhanced Li+ diffusivity. The P -dependent MD re-
sults obtained for the fluctuations of anionic CMs shown
in Supplementary Fig.4 appear to confirm this hypothe-
sis. Specifically, at high temperatures and P = 0.4 GPa
the fluctuations of the (BH)−2

12 CMs are about 5% smaller
than estimated at zero pressure and same temperature,
which may explain the origin of the larger DLi’s found in
the former case. Nevertheless, the identified anomalous
lithium diffusivity ceases at P ≈ 0.6 GPa since under
higher pressure DLi gradually decreases (Supplementary
Fig.5). Analysis of such anomalous P -induced Li+ diffu-
sion enhancement effect predicted by MD simulations de-
serves further theoretical exploration by means of highly
accurate but computationally expensive first-principles
methods, which is out of the scope of the present study.

DISCUSSION

To date, large barocaloric effects have been experi-
mentally measured for a number of shape-memory al-
loys [31, 32], antiferromagnetic metallic alloys [33, 34],
polar compounds [35], organic-inorganic hybrid per-
ovskites [36, 37], fluoride-based materials [38], polymers
[39], the fast-ion conductor AgI [5] and molecular crys-
tals [6, 7, 40]. In Table I, we compare the predicted
barocaloric performance of bulk LBH with the experi-
mentally measured barocaloric performance of some rep-
resentative materials [1–3]. It is noted that the ∆S and
∆T values reported here for LBH do not take into ac-
count the likely existence of adverse hysteresis and re-
versibility effects (see below), which tend to reduce sig-
nificantly their size and have been included in some ex-
perimental studies [5, 7, 31, 32, 35]. Therefore, compari-
son between our theoretical predictions and experimental
results may be regarded as indicative in some cases.
The isothermal entropy change induced in LBH by a

small hydrostatic pressure of 0.1 GPa, 367 JK−1kg−1,
is comparable in magnitude to the record |∆S| that has
been recently reported for the plastic crystal neopentyl-
glycol by considering a similar pressure shift, namely,
≈ 500 JK−1kg−1 [6, 7]. The rest of materials in Ta-
ble I present isothermal entropy changes that are ap-
preciably smaller, made the exception of the polar crys-
tal (NH4)2SO4 which registers 130 JK−1kg−1. As re-
gards |∆T |, the clear contestants of LBH are the fast-ion
conductor AgI (36 K) [5] and again the plastic crystal
(CH3)2C(CH2OH)2 (30–45 K) [6, 7]. In terms of the
barocaloric strengths BSS and BST, defined as BSS ≡
|∆S|/P and BST ≡ |∆T |/P , LBH is placed amongst the
best performers. For instance, the organic-inorganic hy-
brid perovskite [TPrA] [Mn(dca)3] displays the largest
experimental BSS and BST coefficients of all crystals,
≈ 3, 000 JK−1kg−1GPa−1 and ≈ 400 K GPa−1, which
are comparable in magnitude to those predicted for bulk
LBH. Likewise, the experimental barocaloric strengths
reported for the plastic crystal neopentylglycol are close
to those predicted for LBH, which hints at the common

order-disorder origin of their relevant phase transforma-
tions.

As it was mentioned in the Introduction, the size of the
|∆T | and |∆S| shifts are not the only parameters defining
the barocaloric performance of a material. The degree of
reversibility of the involved P -induced phase transition,
for instance, is another important barocaloric descrip-
tor that provides information on the materials efficiency
during successive pressure application and removal cy-
cles. Specifically, the hysteresis of the transition makes
the materials behaviour to depend on its cycling history
and to increase the value of the external field that is re-
quired to bring the phase transition to completion [4].
As a consequence, the barocaloric performance of a hys-
teretic material can be significantly worse than that of its
ideal non-hysteretic counterpart. In order to quantify the
degree of reversibility associated with the α ↔ β phase
transition in LBH, we performed a series of long MD
simulations (∼ 4 ns) in which the pressure was kept fixed
while the temperature was varied steadily first from 425
up to 625 K and subsequently from 625 back to 425 K.
The results of these simulations indicate that the degree
of reversibility of the α ↔ β order-disorder phase tran-
sition is fairly good (Supplementary Fig.6). In partic-
ular, by monitoring the variation of the system volume
we found that at zero pressure the difference between
the transition temperatures observed during the heating
and cooling switches was ∆Th ≡ Tα→β − Tβ→α ≈ 50 K.
This predicted temperature hysteresis value is in good
agreement with the corresponding experimental value of
≈ 20 K [23]. According to our simulations, however,
the hysteresis of the α ↔ β transformation tends to in-
crease under increasing pressure (e.g., ∆Th ≈ 100 K at
P = 0.4 GPa). It is worth noting that, due to obvious
computational limitations, our ∆Th estimation should be
regarded as tentative since the temperature change rate
adopted in our simulations (∼ 1011 K/s) is orders of mag-
nitude faster than in real experiments (∼ K/s) and in
practice phase-transition hysteresis may depend strongly
on this parameter.

Arguably the only weakness of bulk LBH in terms
of barocaloric potential is that the critical temperature
of the order-disorder α → β phase transition is signif-
icantly higher than room temperature. However, this
practical problem can be solved effectively by means
of doping and alloying strategies. In fact, recently it
has been experimentally shown that carbon-doped LBH,
LiCB11H12, presents a much lower α → β transition
temperature of ≈ 400 K [41], and that the disordered
β phase is already stabilized at room temperature in
Li(CB9H10)–Li(CB11H12) solid solutions [42]. Moreover,
the type of isosymmetric order-disorder phase transition
underlying the exceptional barocaloric behaviour of LBH
also occurs in analogous alkali-metal complex hydrides
(A2B12H12, A=Na,K,Cs) [43] and other earth-abundant
and non-toxic materials like KHPO4, NaAlSi3O8 and
KNO3 [44, 45]. Thus the present theoretical study should
motivate experimental searches of colossal barocaloric ef-
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T P |∆S| |∆T | |∆S|/P |∆T |/P Material
(K) (GPa) (JK−1kg−1) (K) (JK−1kg−1GPa−1) (K GPa−1)

Ni51Mn33In16 330 0.25 41.0 4.0 164 16.0 SMA [31] (Expt.)
Fe49Rh51 310 0.11 12.5 8.1 114 73.6 SMA [32] (Expt.)
Mn3XN 262− 290 ∼ 0.10 ∼ 30 ∼ 5 ∼ 300 ∼ 50 AMA [33, 34] (Expt.)

(NH4)2SO4 220 0.10 130.0 8.0 1300 80.0 FE [35] (Expt.)
[TPrA][Mn(dca)3] 330 0.01 30.5 4.1 3050 410.0 OIH [36] (Expt.)

[FeL2][BF4]2 262 0.03 80.0 3.0 2667 100.0 MC [40] (Expt.)
(CH3)2C(CH2OH)2 320 0.25 445.0 30− 45 1780 120− 180 MC [6, 7] (Expt.)

AgI 400 0.25 62.0 36.0 248 144.0 FIC [5] (Expt.)
Li2B12H12 480 0.10 367.0 43.0 3670 430.0 FIC/MC (Theory)

TABLE I. Materials presenting giant (|∆S| ∼ 10 JK−1kg−1) and colossal (|∆S| ∼ 100 JK−1kg−1) barocaloric effects. T repre-
sents working temperature, P applied pressure, |∆S| isothermal entropy change, |∆T | adiabatic temperature change, |∆T |/P
barocaloric strength, “SMA” shape-memory alloy, “AMA” antiferromagnetic metallic alloy (X=Ga,Ni), “FE” ferroelectric,
“OIH” organic-inorganic hybrid perovskite, “MC” molecular crystal and “FIC” fast-ion conductor. All references correspond
to experimental works (Expt.) except for the present computational study (Theory).

fects in LBH and related materials exhibiting lower tran-
sition temperatures, so that they can be employed in
technological solid-state refrigeration applications.
In conclusion, we have predicted the existence of

colossal barocaloric effects rendering isothermal entropy
changes of ∼ 100 JK−1kg−1 and adiabatic temperature
changes of ∼ 10 K in the complex hydride Li2B12H12,
which are driven by moderate pressure shifts of ∼
0.1 GPa. The phase transition underlying such colos-
sal barocaloric effects is remarkable as it combines key
ingredients of fast-ion conductors (i.e., ionic diffusion)
and molecular crystals (i.e., reorientational motion), ma-
terials that individually have been proven to be excel-
lent barocaloric materials. This same type of isosymmet-
ric order-disorder phase transition is likely to occur in
other economically affordable and innocuous compounds
(e.g., Na2B12H12 and KNO3), thus broadening signifi-
cantly the spectrum of caloric materials with commer-
cial potential for solid-state cooling applications. We
believe that our simulation study will stimulate exper-
imental research on this new family of barocaloric ma-
terials, namely, alkali-metal complex hydrides, which are
already known from other technological disciplines (e.g.,
hydrogen storage and electrochemical devices) and are
routinely synthesized in the laboratory.

METHODS

Classical molecular dynamics simula-
tions. Molecular dynamics (MD) (N,P, T ) simulations
were performed with the LAMMPS code [46]. The
pressure and temperature in the system were kept fluc-
tuating around a set-point value by using thermostatting
and barostatting techniques in which some dynamic
variables are coupled to the particle velocities and simu-

lation box dimensions. The interactions between atoms
were modeled with the harmonic Coulomb-Buckingham
interatomic potential reported in work [24], the details of
which are provided in the Supplementary Methods. The
employed interatomic potential reproduces satisfactorily
structural properties and lithium diffusion coefficients of
bulk LBH as obtained with first-principles methods and
experiments (Ref.[24] and Supplementary Discussion).
A particle-particle particle-mesh k-space solver was used
to compute long-range van der Waals and Coulomb in-
teractions beyond a cut-off distance of 12 Å at each time
step. We employed simulation boxes containing 6, 656
atoms and applied periodic boundary conditions along
the three Cartesian directions. Newton’s equations of
motion were integrated by using the customary Verlet’s
algorithm with a time-step length of 0.5 fs. In most
cases, the simulations were initialized from the ordered
α phase. The standard duration of a MD (N,P, T )
run was of 2 ns and statistical time averages typically
were calculated over the last 1 ns interval. Numerical
convergence tests were carried out that demonstrate the
adequacy of these technical parameters and statistical
procedure (Supplementary Fig.7).

Density functional theory calculations. First-
principles calculations based on density functional the-
ory (DFT) [28] were performed to analyse the structural
and ionic transport properties of Li2B12H12. We per-
formed these calculations with the VASP software [47] by
following the generalized gradient approximation to the
exchange-correlation energy due to Perdew et al. [48].
The projector augmented-wave method was used to rep-
resent the ionic cores [49], and the electronic states 1s-
2s Li, 1s-2s-2p B and 1s H were considered as valence.
Wave functions were represented in a plane-wave basis
set truncated at 650 eV. By using these parameters and
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dense k-point grids for Brillouin zone integration, the
resulting energies were converged to within 1 meV per
formula unit. In the geometry relaxations, a tolerance of
0.01 eV·Å−1 was imposed on the atomic forces.
Ab initio molecular dynamics (AIMD) simulations

based on DFT were carried out to reassess the reli-
ability of the interatomic potential model employed
in the classical molecular dynamics simulations [24]
(Supplementary Fig.8 and Supplementary Discussion).
The AIMD simulations were performed in the canonical
(N,V, T ) ensemble, considering constant number of
particles, volume and temperature, and were initialized
from the ordered α phase. The constrained volumes
were equal to the equilibrium volumes determined at
zero temperature, thus we neglected possible thermal
expansion effects. Nevertheless, in view of previous
first-principles work [29], it is reasonable to expect that
thermal expansion effects do not affect significantly
the estimation of lithium diffusion coefficients at the
considered temperatures. The temperature in the AIMD
simulations was kept fluctuating around a set-point
value by using Nose-Hoover thermostats. A large
simulation box containing 832 atoms was employed in
all the simulations, and periodic boundary conditions
were applied along the three Cartesian directions.
Newton’s equations of motion were integrated by using
the customary Verlet’s algorithm and a time-step length
of δt = 10−3 ps. Γ-point sampling for integration within
the first Brillouin zone was employed in all the AIMD
simulations. The AIMD simulations comprised long
simulation times of ∼ 100 ps.

Estimation of key quantities. The mean square dis-
placement of lithium ions was estimated with the formula
[29]:

MSDLi(τ) =
1

Nion (Nstep − nτ )
× (1)

Nion
∑

i=1

Nstep−nτ

∑

j=1

|ri(tj + τ)− ri(tj)|
2 ,

where ri(tj) is the position of the migrating ion i at time
tj (= j ·δt), τ represents a lag time, nτ = τ/δt, Nion is the
total number of mobile ions, and Nstep the total number
of time steps. The maximum nτ was chosen equal to
Nstep/2, hence we could accumulate enough statistics to
reduce significantly the fluctuations in MSDLi(τ) at large
τ ’s. The diffusion coefficient of lithium ions then was
obtained with the Einstein relation:

DLi = lim
τ→∞

MSDLi(τ)

6τ
, (2)

by performing linear fits to the averaged MSDLi values
calculated at long τ .
The angular autocorrelation function of the closobo-

rane (BH)2−12 icosahedra was estimated according to the
expression [24]:

φB12H12
(τ) = 〈r̂(t) · r̂(t+ τ)〉 , (3)

where r̂ is a unitary vector connecting the center of
mass of each closoborane unit with one of its edges and
〈· · · 〉 denotes thermal average considering all the closob-
orane icosahedra. This autocorrelation function typi-
cally decays as ∝ exp [−λB12H12

· τ ], where the param-
eter λB12H12

represents a characteristic reorientational
frequency. When the (BH)2−12 reorientational motion is
significant, that is, λB12H12

is large, the φB12H12
function

decreases rapidly to zero with time. In this case, τ was
chosen equal to 100 ps although statistics were gathered
through the whole duration of the MD simulations.
In view of the reported first-order nature of the α ↔ β

transformation [18, 44], isothermal entropy changes as-
sociated with barocaloric effects were estimated with the
Clausius-Clapeyron relation [2, 3]:

∆S(P, T ) =
dP

dT
(P, T ) ·∆V (P, T ) , (4)

where dP/dT represents the slope of the coexistence line
separating the stability regions of the α and β phases, and
∆V the volume change associated with the phase transi-
tion. The dependence of the involved physical quantities
on both pressure and temperature are explicitly noted as
“(P, T )”.
Likewise, the accompanying adiabatic temperature

shifts were calculated as:

∆T (P, T ) = −
T

CP (T )
·∆S(P, T ) , (5)

where CP (T ) =
(

dH
dT

)

P
is the heat capacity of the crys-

tal calculated at constant pressure and temperature and
H represents the enthalpy of the system. The heat ca-
pacity was computed by numerically estimating the tem-
perature derivative of 〈H〉 at fixed (P, T ) conditions,
where 〈· · · 〉 indicates thermal average. The heat capac-
ity entering Eq.(5) was corrected for latent heat contri-
butions [5, 50] thus for the estimation of ∆T we adopted
CP values obtained at temperatures close to but out
of the corresponding transition points (Supplementary
Fig.2; recall that strictly speaking the heat capacity of
a first-order transformation diverges at the transition
point [50]). Specifically, we found that the corrected
CP was quite insensitive to compression and equal to
4100 JK−1kg−1 within the analysed pressure and tem-
perature intervals (Supplementary Fig.2). In order to
accurately compute the barocaloric shifts ∆S(P, T ) and
∆T (P, T ) as well as the volume, DLi, λB12H12

and CP

of bulk LBH, our molecular dynamics calculations were
performed over dense grids of (P, T ) points spaced by
increments δP = 0.05 GPa and δT = 12.5 K.
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Mañosa, Ll., Mathur, N. D. &Moya, X. Giant barocaloric
effects at low temperature in ferrielectric ammonium sul-
phate. Nat. Commun. 6, 8801 (2015).
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