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In this work, almost 70 years after thiourea ferroelectricity was discovered, we report hitherto undiscovered electrocaloric

properties in this compound. Remarkably, we report a giant electrocaloric strength (AS/AE = 1.13 J cm kg kV1) and a large

electrocaloric tunability (dTi/dE = 0.7 K cm kV) that range within the values obtained for the best bulk electrocaloric

materials reported up to date and, moreover, requiring an outstanding low electric field. Furthermore, we identify that the

electrocaloric effects can be further enhanced through the application of external pressure, turning this material into a new

example of the emerging family of multicaloric materials. We relate such giant electrocaloric parameters to the large

dielectric dipole, low molecular weight and weak chemical interactions, especially H-bonds, between the molecules that

conform thiourea. Interestingly, these electrocaloric effects take place near 170 K, which could be useful for electrocaloric

cooling supporting liquid nitrogen cryogenic systems.

1. Introduction

In 1828, Friedich Wohler gave birth to the modern organic
chemistry with the synthesis of urea —CH4N,0—, the first organic
compound directly obtained from an inorganic compound.! A
few years later, Marceli Nencki obtained in his laboratory the
analogue sulfur compound, thiourea —CH4N,S—,?> which was one
of the earliest organic crystal structures to be studied® and to
show ferroelectric properties®. Intensive studies on its unique
ferroelectric behaviour have been performed since then.> !
This compound exhibits multiple dielectric transitions
associated to different solid-solid phase transitions. From the
structural point of view, thiourea crystals present five different
polymorphs as a function of temperature. The low temperature
phase | (T < 168 K) shows orthorhombic symmetry with non-
centrosymmetric space group (P2ima), while the high
temperature phase V (T > 202 K) exhibits orthorhombic
symmetry with centrosymmetric space group (Pnma)°. The
intermediate phases Il to IV are modulated phases traditionally
described as the result of sinusoidal modulations of the
displacement of the atoms.®2 The original studies from
Goldsmith and White demonstrated that phases | and Ill are
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ferroelectric, Il and IV are antiferroelectricc and V s
paraelectric.> Meanwhile, later studies revealed that the
transition temperatures of the different structures can be
shifted as a function of the electric field.®1! Moreover, the are
some —even if studies on thiourea thermal
properties®12 showing that the largest thermal changes occur
for the first transition between phases | and Il, with values of
6.6 cal/mol (380 J kg?t). On the basis of the reported
ferroelectric and thermal properties, we anticipate that
thiourea can present interesting electrocaloric effects, which
have not been explored up to date.

Electrocaloric materials are compounds that exhibit large
thermal changes (isothermal entropy changes or adiabatic
temperature changes) under the application and removal of an
external electric field, generally associated to first-order
ferroelectric transitions.!3 This family of functional materials is
very interesting for heating and cooling applications and can be
the basis for more efficient and eco-friendly refrigeration
technologies.’*1> Particularly, cryogenic refrigeration is
becoming a growing challenge in our society. Emerging
technologies such as wind generators using superconducting
materials,® to cryogenic sensors and instruments in the re-
activated space race need temperatures in the range of 150 K
and below.” Technologies based on cryogenic liquids
(especially liquid nitrogen) are a relatively easy and economic
method to reach such temperatures. However, these
technologies can produce leaks and fluid losses and —in some
cases- they can present carbon emissions similar to diesel-
driven vapour compression systems.8 For those reasons, new
cryogenic technologies, such as cryocoolers, are being explored
to use in replacement and/or in combination with cryogenic

fluids. In that regard, recent reports highlight that one of the

scarce—
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potential applications for electrocaloric materials yet to be
explored is cryogenic refrigeration, where examples of
electrocaloric materials is very limited since most of them
operate between 250 and 500 K.19-22

From the technological point of view, an important challenge
concerns the operating electric field required to induce the
thermal changes. Meanwhile reported electrocalorics in bulk
can show larger energy density, they also require very large
electric fields to exhibit sufficient caloric effects. For that
reason, in the last year most efforts have been devoted to
develop thin-films and multilayer electrocalorics, where the
required electric field is dramatically reduced, but the active
mass is limited by the thickness and number of the deposited
layers.19-22

Inspired by previous results, where we identified new stimuli-
induced functional properties and caloric effects in both classic
compounds —such as inorganic perovskites and intermetallic
compounds—23?* and emerging materials —such as hybrid
perovskites and metal-organic frameworks or MOFs—2526, we
have intuited that the classic ferroelectric compound thiourea
could present hitherto undiscovered electrocaloric effects in
bulk state, with a large response under electric field in the
cryogenic temperature range. In that case, it would be useful
for potential cryogenic refrigeration.

Surprisingly, and as we will show, this material exhibits a
electrocaloric effect very similar to that found in the best bulk
electrocaloric materials, and even larger in some cases.1922
Moreover, thiourea exhibits a giant electrocaloric strength
(dS/dE) and a large tunability (dT:/dE) due to a remarkably large
sensibility towards electric field. In addition, we deepen into the
relationship between the electrocaloric properties and the
crystal structure of this compound in order to identify the key
aspects that make this material very sensible to the electric
field, a most interesting aspect for the design of future
electrocaloric materials.

2. Results and discussion

2.1. Variable-temperature differential scanning calorimetry and
dielectric studies.

We have performed variable-temperature differential
scanning calorimetry (VT-DSC) to evaluate the latent heat
related to the phase transitions of thiourea. To the best of our
knowledge most DSC studies on thiourea have been focused on
evaluating the specific heat capacity upon heating and/or
monitor the melting and thermal decomposition of thiourea
coupled with thermogravimetric analysis (TGA).1227-30 These
previous DSC studies under heating revealed that the more
energetic thermal transition is observed at ~170 K, while the
rest of the transitions show a significantly much lower energy
and/or are difficult to observe by calorimetry.®3° For that
reason, we focus our studies in the narrow vicinity of this
particular transition. In that regard, Figure 1 shows the more
energetic phase transition, corresponding to the transition I-II.
This structural change occurs at a transition temperature of Ty

2| J. Name., 2012, 00, 1-3

~169.6 K on heating and T, ~ 168.6 K on cooling, being thefirst
DSC studies —to our DOI: 10.1039/D6TA00623J
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Figure 1. Heat flow dQ/dT on cooling (blue) and heating (red) measured from 160 to 180
K at a rate of 1 K min.

knowledge— that evaluate the reversibility of the phase
transition upon heating and cooling.

Remarkable, our results show that the thermal hysteresis of this
transition is very low with values of (Th-T¢) ~ 1.0 K, which is
desired in caloric materials for reducing thermal losses
associated with large thermal hysteresis.3! Furthermore, the
latent heat values of this transition is as large as AH ~ 340 J kg™,
in agreement with the literature,®
importantly is similar to those values observed for electrocaloric

which is and more
ceramics.?°

In addition, we have also studied the temperature dependence
of the real part of the relative permittivity along the polar a-axis
as shown in Figure 2. Here we can observe anomalies of the real
part of the relative permittivity related to the structural phase
transitions between the different polymorphs (1, 11, 111, IV and V),
in full agreement with literature data.>

The first dielectric transition from the ferroelectric (FE) phase |
to the antiferroelectric (AFE) phase Il starts at 168 K. The second
transition between Il (AFE) and III (FE) starts at 175 K.

2000
_“QL
1000+
O T T II T T T T
150 160 170 180 190 200 210 220
T(K)

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Dielectric permittivity along the polar axis (g‘;) versus temperature (T) on
cooling (blue) and heating (red) at v = 1 MHz. Note: Regions | to V have been
assigned according to references 568,

31 140K
O 0
2 /
Q.
23]
3] 184K e
5 4 Fd ;
Q
=
& —L/
-3
3] 1705k ' ' ' '
e B
2
o A
=Gl
3.0 1.5 0.0 15 3.0
E (kV cm™)

Figure 3. Selected polarization loops below (140 K and 164 K) and above the transition
temperature Ty at v =927 mHz.
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Figure 4. Temperature dependence of the spontaneous polarization (blue curve) by
integrating the pyroelectric current (red curve).

The third transition between Il (FE) and IV (AFE) commences at
180 K, and the last transition towards the paraelectric (PE)
polymorph V occurs at 202 K. These transitions have been
assigned following the literature.>®
2.2. Electrocaloric effects in thiourea.

From now on, for the study of caloric effects we will focus on
the first phase transition I-1l due to its larger latent heat.

Below T; ~ 168 K, the polymorph | is ferroelectric and for 168 <
T(K) < 175 the polymorph Il is antiferroelectric, as observed by
the polarization loops in Figure 3, which is in agreement with
the literature.®

The FE phase exhibits a saturation polarization value of
Ps~ 3.5 uC cm2 under the application of electric fields as small
as 3 kV cml. When undergoing the phase transition, thiourea
exhibits a double polarization loop characteristic of
antiferroelectric materials. Those loops exhibit a saturation
polarization of P; ~ 2.6 uC cm2 when increasing the electric field
up to 3 kVecm™.

These values of polarization agree with values obtained by the
integration of the pyroelectric effect related to the FE-AFE
transition with a Ps ~ 2.7 uC cm? (see Figure 4).

From the analysis of the polarization loops (Figure S1 of SI), we
calculate the polarization change as a function of temperature
for different applied electric fields (Figure 5).

Further analysis of these curves, help us to do a first indirect
estimation of the isothermal entropy change, AS, using the
Maxwell equation (1), which is a common method often used to
evaluate electrocaloric effects in ferroelectric materials!3:32-34:

This journal is © The Royal Society of Chemistry 20xx

As it can be observed in Figure 5, the isothermal entropy change
increases up to 1.7 J K* kg'! when applying an electric field as
small as 1.5 kV cm?, giving a large electrocaloric strength of 1.13
Jecm K1 kgt kv, This value is similar (and in some cases larger)
than that shown by the best bulk electrocaloric materials
reported up to date.3235-41

According to the polarization versus temperature curves (Figure
5), that we have measured in the presence of different electric
fields, the transition temperature shifts towards larger values
when increasing the applied electric field with a dependency of
dTy/dE~ 0.7 Kcm kV-1, which is in agreement with data obtained
from the E-T phase diagram obtained by Futama in the I-lI
limiting region (dT/dE ~ 0.9 K cm kV1).% This very large
displacement together with the very small thermal hysteresis
observed in our VT-DSC studies, anticipate that the
electrocaloric effects —here calculated as AS~ 1.7 J K* kg using
the polarization curves— could be reversibly driven already
under low applied electric fields.

For a deeper assessment of the electrocaloric effects, we have
built VT-DSC curves using our experimental data, together with
the E-T phase diagram reported in the literature.®’

J. Name., 2013, 00, 1-3 | 3
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Figure 5. Polarization change (top) and isothermal entropy change (bottom) as a
function of temperature at different applied external electric fields.
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Figure 6. (a) Transition temperature dependence with pressure (dT:/dp). (b) Transition
temperature dependence with applied electric field (dTi/dE). (c) Isothermal entropy
change curves (AS) under different conditions: (i) at zero applied field and ambient
pressure (dash lines), (ii) under the application of 3 kV cm at ambient pressure, and (iii)
under zero field at 100 bar. Note: heating curves in red, cooling curves in blue. Reversible
values of AS and AT in orange and green arrows.

Furthermore, we have used the same strategy considering
reported p-T phase diagrams® for evaluating the barocaloric
behavior induced by applied pressure on thiourea.

Figure 6 shows the I-ll transition temperature shift when
applying pressure (panel a) and when applying electric field
(panel b). According to these data, we found that thiourea
displays an inverse barocaloric coefficient with values of dT¢/dp
= -29.7 K kbar?, ranking among the largest barocaloric
coefficients reported up to date.*?

4| J. Name., 2012, 00, 1-3

In the same line, Figure 6¢ shows the isothermal enfropychange
curves (AS) of the sample under differentédnifidivsP6)dt0zefe
applied field and ambient pressure (dash lines), (ii) under the
application of 3 kV cm™ at ambient pressure, and (iii) under zero
field at 100 bar (a pressure easily accessible by commercial
compressors, especially in those of CO;-based refrigeration
systems).

These curves have been built considering the specific heat
capacity C, of thiourea3® and our VT-DSC curves shifted
according to the reported values of (dT:/p) ®” and (dT:/dE) 6. This
approach is a common practice in classic caloric studies,
especially when very complex equipment would be required
(i.e. calorimeter coupled to electric field and high pressure in
this case).*3%>

Under these assumptions, the isothermal entropy changes can

be obtained using equation (2) as reported elsewhere 13:

AS = [72 1(Co(T paem) + 92 (1) )dT (2).

where T: and T, indicate the arbitrary initial
temperature, i represents the electric field (or pressure) for
each |dQ/dT]| curve, and G, is the heat capacity of the material
for each temperature at atmospheric pressure (patm), which is
considered independent from the applied pressure.

From these curves we can extract several important conclusions
regarding the caloric effects of thiourea: (i) thiourea can present
inverse barocaloric effects where the transition temperature
shifts towards higher temperatures when increasing pressure;
(ii) thiourea presents conventional electrocaloric effects where
the transition temperature shifts towards higher temperatures
when increasing the applied electric field, (iii) we can combined
both applied electric field and pressure to increase the caloric
effects of thiourea, obtaining pressure-assisted electrocaloric
effects or multicaloric effects.

In that latter aspect, in Figure 6c it can be observed that when
modulating the external conditions from zero field at 100 bar to
3 kV cm! at ambient pressure, the reversible caloric effects are
AS~1.9) K* kg (orange arrow in Fig. 6¢) and AT~1.8 K (green
arrow in Fig. 6c¢). It should be noted that these values
(particularly AS values) are in agreement with our previous
calculations using the polarization curves under 1.5 kV cm™.
Even more remarkably, according to curves from Figure 6, the
caloric effects can be already reversible under the application
of a noticeable low electric field, only 3 kV cm-?, and/or 100 bar,
while most electrocaloric materials required electric field of 10
- 1200 kV cm- 202132354146 gnd most barocaloric materials
required pressures above 1000 bar.*? The significant reduction
of the required electric field and pressure open the door to
designing safer devices with lower energy consumption and
lower complexity.

and final

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Comparison of different families of electrocaloric materials in terms of
required electric field AE (kV cm™?) for a given operatBéfewﬁgﬁf%%?EEﬁ%%
thiourea require a much lower electric field to display €lectrocaloric effects while
being one of the very few examples to operate in the cryogenic region. Data
compiled from references 20:21:32-41,46-50_ Note: Selected bulk electrocalorics from
Table 1 are highlighted. /BA = isobutylammonium; EA = ethylammonium; DABCO
= 1,4 Diazabicyclo[2.2.2]octane; P(VDF-TrFE-CFE) = poly(vinylidene fluoride-
trifluoroethylene-chlorofluoroethylene)..

Table 1. Caloric parameters of the best bulk electrocaloric materials reported up to date. Ty, is the transition temperature on heating, Ty - T¢ is the thermal hysteresis,

|AS| is the electrocaloric effect in terms of isothermal entropy change, |AE| is the externally applied electric field, |AS/AE| is the electrocaloric strength in terms of

entropy change, and |dTi/dE]| is the electrocaloric tunability.

IASTAR
Sample T; I-T; IAS] IAH [d7/dH
Material (bulk) P h i (J cm K1 kg WH  Ret.
type ® ® dK'kgh  (kVem?) KV (K emkV)
Thiourea single 170 1.0 1.7 15 1.13 0.7 This
crystal work
single 5 1
(NH,),SO, crystals 224 2.8 19.0 11.0 1.72 5x 10
RbHSO, single 265 - 0.04 15 0.03 - a
crystal
NH,HSeO, single 250 0.7 0.1 135 0.07 1.6 0
crystal
{BAEA,Pbl single ~317 ~6.0 333 18 1.85 - e
crystal
iBA,PbCl, single 302 10 25.6 29.7 0.86 - »
crystal
single ;
[(CH3);NCH,CI1]CdCl; 400 3.2 33.1 73 0.5 3.6x 1072 30
crystal
} . single ) »
(3-pyrrolinium)CdBr; crystal 238 2.7 1.2 7.4 0.16
[MDABCO](NH,)I; single 448 54.0 36.0 20.0 1.8 0.11 s
crystal
KH,PO, single 123 - 35 10 035 - %
crystal
BaTiO; single 404 2.0 2.1 40 0.5 033 &
crystal
. single ) . ) . 38
Pb(Mg,/3Nby/3)0.75Ti0.2503 crystal 383 25.0
. single ) . ) . 2
Pby.09Nbg 02(Zrg 7550020 Tig.05)O3 crystal 434 30.0
BaZr,Tiy30; ceramic 311 - 1.9 21.0 0.09 - 40
P(VDF-TrFE-CFE) polymer 303 - 73.5 1500.0 0.05 - 41
Moreover, in order to further confirm the magnitude of the AS = Av
caloric effects, we also study the volume change across the (th dp)

phase transition (Figure S2 of SlI) using single crystal X-ray
diffraction, as further discussed in the following section. From
this data, we can calculate the isothermal entropy change of the
PI->PIl phase transition related to the caloric effect using the
Clausius-Clapeyron equation (3):

This journal is © The Royal Society of Chemistry 20xx

where Av is the specific volume change across de transition and
dT:/dp is the barocaloric coefficient. Following this additional
method, we confirm that the isothermal entropy change shows
a value of AS ~ 1.5 J K-1 kg%, which is in agreement with the
value calculated by Maxwell equation (AS ~ 1.7 J K-1 kg!) and

J. Name., 2013, 00, 1-3 | 5
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the value calculated from the constructed isothermal entropy
change curves from Figure6 and equation 2 (AS~ 1.9 J K-1 kg').
Moreover, the specific volume change as a function of
temperature (Fig. S2 of SI) reveal that the transition
temperature of the phase transition PI->PIl takes place at T; ~
172 K, which is in fully agreement with the T; values obtained by
our variable-temperature DSC (Fig. 1) and polarization data (Fig.
5), as well as with the dielectric regions previously identified by
Godschmith and White (Fig. 2).>68

When analysing the caloric parameters, thiourea exhibits a
large electrocaloric strength (AS/AE = 1.13 J cm kg kV-1) and a
electrocaloric tunability (d7i/dE = 0.7 K cm kV-1), which overpass
those values of state-of-the-art bulk electrocaloric materials,
such as the inorganic perovskite BaTiOs (AS/AE = 0.5 J cm kg
kv, dTy/dE = 033 K cm kV-1)37 and the metal-free perovskite
MDABCO(NHa)ls (AS/AE =1.8 J cm kgt kV-1, dT/dE = 0.11 K cm
kV-1)35, see Table 1.

Furthermore, thiourea exhibits its electrocaloric effects in the
cryogenic temperature (~170 K) region where the only example
is the also molecular compound KH;PQO4, and while most

S
sc T=100K
a
o -

“\

T=176K

reported electrocalorics operate near room temperaturg.(250:
500 K), see Figure 7. DOI: 10.1039/D6TA00623J

2.3. Structural origin of the electrocaloric parameters

Most of the reported electrocaloric materials (including BaTiO3
and MDABCO(NH,)l3) present an extended non-molecular
structure where the atoms are bonded by strong chemical
interactions (such as covalent and ionic bonds). Meanwhile,
thiourea (similarly to KH,PO4) is a molecular compound where
the bonding between the molecules is mainly based on weaker
intermolecular interactions, namely hydrogen bonds.
Additionally, the thiourea molecule is a low-molecular-weight
polar species with a large electrical dipole of ~9 D26 along the
carbon-sulfur axis due to its planar conformation. Therefore, in
comparison with large-molecular-weight species that are linked
through stronger bonds, thiourea would require smaller electric
fields to orient the electric dipoles and induce a phase
transition, while allowing for the transition to occur at much
lower temperatures.

o

N

e § =4 9 = &
' R )
d ‘&\% ‘&%‘\\‘5@& %\%
.0/" s e } R o
2 S - 7 R SN

Figure 8. Crystal structures obtained by single-crystal x-ray diffraction at T=250 K, 176 K and 100 K.

In the literature it is possible to find different data sets for the
crystal structures of thiourea that have been generated since
the 30s up to date. As these data have been compiled by
different authors using different temperature ranges, different
crystals and different instruments that have advanced over the
years, some contradictions in the data are almost inevitable.
8,51-56

In this work, and for the first time, we have been able to
determine the crystal structures of the low-temperature and
high-temperature polymorphs | and V, as well as an averaged
crystal structure for the modulated phases related to Il, Ill and
IV phase regions, using the same crystal sample and a “state of
the art” single crystal diffractometer. In that manner, we have
obtained a set of coherent and homogeneous results which can
be the basis to look for structure- electrocaloric properties
relationships.

6 | J. Name., 2012, 00, 1-3

According to our single crystal X-ray diffraction structure
determination, at T < 172 K thiourea exhibits an orthorhombic
phase | with space group P21ma (non-centrosymmetric).
Meanwhile, at T 2 202 K phase V presents an orthorhombic
symmetry and centrosymmetric space group Pnma.
Additionally, phases Il to IV (modulated phases) also exhibit an
orthorhombic symmetry and centrosymmetric space group
Pnma for the “average” structure refined using only the main
reflections and not the satellite peaks. Raw collected and
processed data considering the modulation and satellite peaks
integration are also available in open access repository (see
methods section).

The modulation vector describes the small structural changes
that “breaks” the centrosymmetry allowing for the observed
physical properties, like FE and AFE, otherwise forbidden. For
the refined modulated phases, even if we have not taken the
modulation peaks into account, we obtain good agreement

This journal is © The Royal Society of Chemistry 20xx
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factors between the proposed model and the experimental
data.

In all the crystal structures studied from 100 to 250 K, thiourea
molecules are packed forming chains along the b-axis, where
neighboring molecules are alternatively rotated ~180° and
slightly shifted out of the plane of the chains (see Figure 8 and
S3 of Sl). Thiourea molecules are linked by H-bonds from the
nitrogen to the sulfur (N-H---S). We observe two different types
of H-bonds: the first ones are shorter and occur within the same
chains (intrachain H-bonds), and the second ones are longer and
take place between neighboring chains (interchain H-bonds),
see Figure S4 of SI.

Remarkably, we find that H-bonds play an important role in the
observed phase transitions and dielectric response, as
postulated in previous works>®°7 and further detailed below.
The high-temperature phase V exhibits an asymmetric unit
which comprises half sulphur, half carbon, one nitrogen and
two hydrogens with the first two atoms located over the
crystallographic mirror plane. Here, thiourea molecules along
the same chain are ordered in an antiparallel arrangement
related by crystallographic symmetry centers where the dipoles
cancel out.

In the whole temperature range studied, we observe that the
intramolecular bonds lengths and angles of thiourea molecules
are almost temperature independent. However, the disposition
of the H-atoms and the relative orientations of thiourea
molecules change with temperature.>®°7 We suggest that these
distortions are provoked by changes in the H-bond strength as
a function of temperature.

In this context, when the temperature lies between 168 K and
202 K (in the low-temperature phase and modulated phase
regions), the H-atoms are located out the coplanar disposition.
Meanwhile, when the temperature increases above 202 K, the
H-atoms are displayed in a coplanar disposition.

It should be noted that the 2 crystallographically independent
H-atoms exhibit slightly different out-of-plane displacement
values (Table S2 of SI), but both are perfectly correlated.

As it can be seen in Figure S5 of SI, we find that these
displacements increase at lower temperatures with a maximum
value at T~ 176 K, which coincides with a maximum of the real
part of the relative permittivity related to FE phase Il
Therefore, the displacement of the H-atoms, which is likely
induced by the H-bonds strengthen at lower temperatures,
seems to be responsible for the modulation of the crystal
structures and for the dielectric transitions.

Below T ~ 176 K, the H-atom displacement decreases inducing
a new distortion of the crystal structure related to the AFE to FE
phase transition from polymorph Il to I. As a consequence, in
the low temperature phase |, two types of thiourea molecules
appear which are no longer in a centrosymmetric arrangement,
differently from phase V. In phase |, both types of thiourea
molecules are slightly tilted breaking the anti-parallel
arrangement and resulting in the appearance of a net
polarization along the ag-axis. From the crystallographic point of
view, this tilting is described by the irreducible representation
(GM3°) of the parent space group Pnma, where the associated

This journal is © The Royal Society of Chemistry 20xx
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order parameter corresponds to the magnitudes gf, the tilting
between neighbouring thiourea moleculd3®!: 10.1039/D6TA00623J
In summary, we find that the H-bonds might be the driving force
behind the structural and dielectric transitions in the thiourea
crystals. The strength of this intermolecular interaction is
strongly temperature dependent, which gives rise to the
temperature-induced multiple transitions, including the AFE to
FE transition responsible for the large electrocaloric effect. In
addition, the relative weakness of these interactions allows an
easy reorientation of the thiourea dipoles under an applied
electric field, leading to the remarkably giant electrocaloric
strength tunability found in this compound.

Conclusions

In this work, we report for the first time the electrocaloric
effects of a classic organic compound that was one of the
earliest and most intensively studied crystal structures and
ferroelectric materials reported in the literature, thiourea.
Remarkably, this organic compound is one of the few examples
of electrocaloric materials that can operate in the cryogenic
temperature range, temperature regime that is attracting the
interest of the scientific community working on electrocaloric
materials and technologies. Furthermore, thiourea exhibits a
significantly large electrocaloric strength (AS/AE = 1.13 J cm kg
1 kv-1) and electrocaloric tunability (dTi/dE = 1.0 K cm kV-1),
which overpass the values found in state-of-the-art bulk
electrocaloric materials and that is attributed to the
significantly low operating electric field of only [1.5-3.0] kV cm-
1. Even more interestingly, we have identified that the ferroic
transition responsible for the electrocaloric effect can be
modulated with pressure, so thiourea can present enhanced
pressure-assisted electrocaloric effects. Combining applied
pressure and electric field, thiourea can present caloric effects
of AS~ 1.9) K1 kg?!and AT ~ 1.8 K, turning this compound as a
new example of the emerging category of multicaloric
materials.

In addition, we have also deepened into the relationships
between the structure and the electrocaloric effect looking for
key aspects that allow us to clarify the origin of this outstanding
behavior and give clues to design enhanced electrocaloric
materials in the future. In this case, we find that the molecular
nature of this compound with low molecular weight, an
associated large electric dipole and weak chemical interactions
between molecules, mainly H-bonds, are responsible for its
large electrocaloric response and allow for the structural
transitions to occur at lower temperatures than in most
electrocaloric materials. These findings open the door to future
studies on molecular electrocaloric materials with enhanced
strengths and tunabilities.

Methods

Crystal preparation: Single crystals of thiourea (Figure S6 of Sl)
were grown using a method reported elsewhere.> For this
purpose a saturated methanol solution of thiourea (Sigma
Aldrich 299.0%) was maintained undisturbed to allow for

evaporation in open air conditions. After a few weeks,
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transparent millimeter-sized and hexagonal-plate shaped single
crystals were obtained.

Single crystal x-ray diffraction: Single-crystal X-ray diffraction
experiments were carried out at different temperatures starting
below to above all the phase transitions. For that purpose, 17
single-crystal diffraction data sets of one crystal were collected
at different temperatures between 100 and 250 K in a Bruker
D8 VENTURE Kappa X-ray diffractometer equipped with a
PHOTON Il detector and using monochromatic MoKa radiation
(A=0.71073 A).

A suitable crystal was chosen and mounted on a MiTeGen
MicroMount™ using Paratone® N (Hampton Research). The
temperature of the crystal was changed at 200 K / hour rate
blowing the sample with a stream of nitrogen gas from an
Oxford Cryosystem 800 Plus cooler. The data integration and
reduction were performed using the APEX3 v2019.1-0°8
software suite. The integrations of the reflections were
performed with SAINT 8.38A and the intensities collected were
corrected for Lorentz, polarization effects and for absorption by
semi-empirical methods based on symmetry-equivalent data
using SADABS 2016/2 of the APEX3 suite software. The
structures were solved by the dual-space algorithm
implemented in SHELXT2018/2>° program and were refined by
least squares method on SHELXL2018/3.%°

Detailed experimental crystallographic data for thiourea at 7 =
100, 130, 150, 160, 165, 170, 172, 174, 176, 178, 180, 185, 190,
200, 202, 210, and 250 K are included in Tables S1 of SI. CCDC
2039156-2039172 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures. Full raw diffraction datasets
for the 17 measured temperatures are hosted and completely
available on Zenodo
(https://zenodo.org/communities/thiourea) to ensure
reproducibility and long-term data preservation.

Dielectric and ferroelectric properties: The real (¢) and
imaginary (&”) parts of the dielectric permittivity were measured
using a Precision LCR Meter (HP 4284 A) in the frequency range
102-10° Hz and using a voltage of 0.1 V. For that purpose, we
deposited gold electrodes (area ~0.14 mm32) on a crystal
oriented along the polar axis (length ~2 mm). The temperature
was controlled using a He closed cycle cryogenic system (Displex
ADP-Cryostat HC-2), equipped with a digital temperature
controller (IEE-488 Status). The temperature range measured
varied from 10 K to 300 K with a rate of 1 K min. In addition,
we registered the Cole-Cole diagrams between 160 K and 170
K.

The ferroelectric hysteresis loops (P-E) were traced by a
modified Sawyer-Tower!? circuit using a sinusoidal signal at a
frequency of 927 mHz.

Pyroelectric properties:

The pyroelectric behavior was examined with a direct method,
in which the charge released with a given incremental
temperature change as a function of temperature was
measured with a Keithley 617 electrometer. For this purpose,
gold electrodes (area ~0.14 mm?) were sputtered on opposite
sides of a single crystal (length ~2 mm). The sample was first

8| J. Name., 2012, 00, 1-3

cooled in an electric field (50 V) from 190 K to 140 K.(rate 1K
min-1); then, the electric field was remov&d: aRECEAET)CEGAE
was recorded using a temperature sweep of 1 K min! heating
and cooling rate. Before heating from 140 to 190 K and cooling
from 190 K to 140 K a time dependence of electric charge was
recorded for 1800 s to ensure stability. The polarization was
calculated following equation 4 as reported elsewhere®®:

1 (T,
P =JfT1 1dT (4)

where r is the heating/cooling rate, A is the electrode area, and
| is the pyroelectric current.

Differential scanning calorimetry:

Differential scanning calorimetry was carried out in an Setaram
Setline DSC in the range of 130 — 180 K with a heating/cooling
ramp of 1 K min?, using ~4 mg of sample. For indirect
assessment of electrocaloric and barocaloric measurements,
the curves were displaced following the dependence of the
transition temperature with the electric field and with the
pressure as reported in the literature.®’
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