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Due to environmental-friendliness and high-efficiency, electrocaloric effect
(ECE) is widely regarded as a refrigeration technology for tomorrow. Herein,
utilizing organic-inorganic hybridization strategy, we achieve the largest low-
field-driven ECE and highest directly-measured electrocaloric strength (ECS)
via packing sphere-like organic cation (CH;);NCH,CI* (TMCM) into inorganic
one-dimension (1-D) CdCl; chain framework. Single-crystal X-ray (SC-XRD)
diffraction combined with Raman Spectra reveals that the simultaneous order-
disorder transition of organic cations and dramatic structure change of inor-
ganic framework are responsible for the large ECE. Moreover, the measured
P-E loops and density function theory (DFT) calculations convey that the dis-
tinctive electric-field-induced metastable phase and consequential two-step
meta-electric transition could lower the transition energy barrier and account
for the low driving field. This work shows that the low-symmetry interaction
between inorganic framework and organic cations plays a key role in achieving
large ECE under low-field, which provides a method for designing high-
performance electrocaloric materials via organic-inorganic hybridization.

Refrigeration has become an indispensable part of modern society.
However, the dominant vapor compression refrigeration possesses

miniaturization. Caloric effect refers to the isothermal entropy change
(AS) or adiabatic temperature change (AT) driven by an external field.

unignorable drawbacks: the low efficiency causes energy waste while
the leakage of greenhouse refrigerant exacerbates global warming.
Caloric refrigeration, which is based on caloric effects encompassing
magnetocaloric, electrocaloric, and mechanocaloric effects'™®, is con-
sidered as a promising alternative to vapor compression refrigeration
due to its environmental friendliness, high efficiency, and potential of

Among these caloric refrigeration, electrocaloric cooling, which har-
nesses the ubiquitous and cost-effective electric field, is widely regar-
ded as a refrigeration technology for tomorrow.

Since the discovery in the 1930s, the electrocaloric effect (ECE) has
garnered enormous attention’. Large ECE was first observed in the
inorganic ferroelectric ceramic lead zirconate titanate (PbZrg 95Tio.0503)
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and organic PVDF-based ferroelectric polymer in 2006 and 2008,
respectively*'°. The polar-chain flipping polarization mechanism endows
the PVDF-based polymer with a colossal AS ~100 Jekg K™ [refs. 2,11] but
a high driving field ~100 MV.m, which severely restricts the thickness/
mass of refrigerant and thus limits the cooling power™. Conversely, most
ferroelectric perovskite ceramics which derive polarization from ionic
displacement typically require a low driving field below 10 MVem™ to
induce the disorder-order polarization or the paraelectric-ferroelectric
(PE-FE) transition, generating a AS lower than 10 Jekg™K™ by the reor-
ientation of ionic displacement (relaxor like PbMg;3Nb,/305-PbTiO5-",
PbScosTag 505, NagsBigsTiOs-based”, etc.) or mild crystal structure
change (first-order transition like BaTiO5-based®). Such a small entropy
change hinders their commercial application. Therefore, to obtain an
electrocaloric refrigerator with excellent cooling performances, ideal
electrocaloric materials (ECMs) should possess a low-field-driven large
ECE and a high electrocaloric strength (ECS, defined as AS/AE)* simul-
taneously. Unluckily, almost all these organic and inorganic ECMs
reported exhibit a small ECS lower than 1Jekg K -MV'sm®”, not to
mention the requirement of a large ECE accompanied.

Organic-inorganic hybrids, which are commonly designed to
combine the specific characteristics of organic and inorganic
materials’**, have shown promising developments in fields of
electronics'®, light sources', photovoltaics**?, and ferroelectrics***.
However, the research on designing ECMs by combining organic and
inorganic constituents is at a preliminary stage? 5. On the basis of
inorganic perovskites, it is essential to incorporate the inorganic fra-
mework to attain a mild driving field. In terms of attaining a large AS,
the rotation- or the flipping-like motion of the organic molecule should
be included. Meanwhile, taking inspiration from the milestone material
in the magnetic counterpart, such as giant magnetocaloric materials
Gd;sSi,Ge, [refs. 29,30] and La(Fe, Si)y3 [ref. 31], a dramatic change of
crystal structure may further boost the transition entropy change.

In this work, through packing sphere-like organic cation
(CH3)sNCH,CI" (TMCM") into inorganic framework of one-dimension (1-
D) CdCl; chains, we successfully achieved the largest low-field-driven
ECE of 33.1J-kg™-K™ @ 7.3 MVem and highest directly-measured ECS of
5.64 Jokg KMV 'em in the ferroelectric organic-inorganic hybrid per-
ovskite  trimethylchloromethyl —ammonium trichlorocadmium
(CH3)3NCH,CICdCI; (abbreviated as TMCM-CdACIls), which is renowned
for its excellent piezoelectric performances®. This result was evidenced
by indirect measurements based on P-£ loops and quasi-direct, direct
measurements based on Differential Scanning Calorimetry (DSC) curves.
Single-crystal X-ray diffraction (SC-XRD) combined with Raman spectra
showed that during the FE-PE phase transition, dominated by the
breaking of CI-Cl bonds between TMCM® and inorganic chains, crystal
symmetry changes from polar space group Cc to centrosymmetric space
group P6;/mmc, lattice volume expands by ~1.7%, and the fixed TMCM*
cation starts to randomly rotate between 12 equivalent orientations. The
simultaneous order-disorder transition of the organic cation TMCM" and
the dramatic structure change of the inorganic framework can account
for the large ECE. Density function theory (DFT) calculations interpreted
that due to the low-symmetry interaction imposed by the inorganic
framework, the energy barrier of the out-of-plane rotation is larger than
that of in-plane rotation for the TMCM" cation, so the external field will
first ban the out-of-plane rotation, inducing a metastable phase before
totally fixing the cation. Such a field-induced two-step meta-electric
transition would effectively reduce the transition energy barrier, leading
to the low driving field and thus the high ECS. Our work demonstrates
that the organic-inorganic hybridization strategy is conducive to design
ideal ECMs with low-field-driven large ECE for refrigeration applications.

Results

Electrocaloric performances

Transparent, colorless, and millimeter-scale TMCM-CdClI; single crys-
tals were synthesized at room temperature (see the inset of

Supplementary Fig. Sla). DSC measurement of 1K-min™ showed a
phase transition around 400K, which possesses an overall entropy
change of 50 Jokg K™ (Supplementary Fig. S1b) and attractively a small
hysteresis of 3.2K (Supplementary Fig. S1a). P-E loops exhibited the
ferroelectricity of the low temperature phase and the paraelectricity of
the high-temperature phase (Fig. 1a). Additionally, an S-shape curve, a
metamagnetic-transition-like behavior rather than a straight line,
appeared at the PE phase near the critical temperature (403 K and 411 K
in Fig. 1a, the current switching is shown in Supplementary Note 2).
Such a meta-electric transition was once observed in highly ordered
PbScosTaps03 (PST) films®. The appearance of the meta-electric
transition means the electric field could trigger the PE-FE transition,
indicating an ECE. In ECMs with a first-order FE-PE transition or an
antiferroelectric phase, whether there is a meta-electric transition
could be adopted as a criterion of the existence of ECE (detailed in
Supplementary Note 3). To quantify the ECE, based on the P-E loops
and  Maxwell relation (%),=(%),, indirect  method
ASgcr :‘j‘gma* (9%) ; dE was applied. Since the electric field was applied
along c axis, 36° to the polarization direction (see detailed structure
analysis below), the effective electric field should be the component,
i.e., cos36° x E. Accordingly, an ECE of 36.9 Jskg K™ @ 7.3 MVem™ and
an ECS of 7.15Jkg"K?sMV'em @ 5.4 MVem™ were achieved around
the critical temperature (Fig. 1b). Moreover, with the help of a high-
voltage DSC (see Supplementary Note 1 and Fig. S2), quasi-direct and
direct measurements were carried out to further investigate the ECE
behavior. With different electric fields deployed along c axis, the heat
flux at a rate of 10 Kemin™ was recorded (Supplementary Fig. S3a).
Driven by electric field, the critical temperature linearly shifts to high
temperatures with a slope of 0.36 KsMV™? (Supplementary Fig. S3b).
Supplementary Fig. S3d shows the ECE results of quasi-direct mea-
surement. Similarly, an ECE of 34.4 Jokg™-K™ @ 7.3 MVem™ and an ECS
of 6.62Jskg™ K« MV'sm @ 5.4 MVem™ were observed. Direct mea-
surement was carried out by monitoring the heat flux of the sample ata
fixed temperature with the electric field deployed and removed
(Supplementary Fig. S4)****. Figure 1c presents the entropy change of
the exothermic peak and compares the ECE data obtained via different
measurements. An ECS of 5.64Jkg’sK*eMVem and an ECE of
33.1Jskg™K™* @ 7.3MV-m™ were observed via direct measurement.
One can see that the ECE resulting from different methods fits well with
each other.

Figure 1d, e compares the electrocaloric properties of the pre-
sented material with others. Almost all the ECMs possess a small ECS
below 1J-kg K sMV'em. Few inorganic perovskites like BaTiO3 and
the recently reported ImCIO, own a high ECS surpassing
1Jekg K eMVem'®*, but a small ECE of ~5 Jekg K™, while, in contrast,
the well-tailored organic PVDF polymer possesses a large ECE but a
small ECS of ~1JskgeK?sMVem (Fig. 1d)*°. Comparatively, the pre-
sented hybrid perovskite simultaneously shows a high ECS of
5.64 JokgeK'«MV'sm and a large ECE of 33.1J-kg K. Figure 1e illus-
trates that, when operated at a low electric field, most reported ECMs
exhibit an ECE below 5 Jekg ™K. In comparison, the presented material
demonstrates a AS that is 5-10 times larger than most ECMs at a low
operating field. Relative Cooling Power (RCP) defined as
ASpeai X 6 Tpyyy, Where AS,eq denotes the peak value of entropy
change and & Trwihw denotes the full width at half maximum (FWHM), is
commonly used to quantify the cooling capacity of caloric materials
(Supplementary Note 6)°. The RCP of the presented material is
245)kg™ @ 7.3MVem™. However, for most ECMs with broad but
shallow peaks, RCP cannot predict their cooling capacity accurately.
Therefore, another figure of merit called Temperature Averaged
Entropy Change (TEC)* is widely accepted to evaluate the actual

Ture
cooling capacity: TEC(T ) = ﬁ nT1ax{ Ik ;'"’“,I;tAS(T) 2rd T}, where Typ
mid mid— "2

is the temperature span that refrigerators could actually reach
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Fig. 1| Indirect, quasi-direct, and direct measurements of the ECE of (001)
TMCM-CdCI; single crystals. a P-£ loops of the single crystal where the polar-
ization and electric field are along c axis. b The ECE obtained by indirect mea-
surement based on the P-E loops in (a). ¢ The comparison of the ECE obtained by
different measurements. The electric field is applied along c axis. The comparison

of electrocaloric properties between the presented material and others. d The ECS
and AS. e The AS and its driving electric field. The materials include BTO, PVDF,
PZT(PbZrTiO), PST(PbScTa0), PSN(PbScNbO), PMN-PT, NBT(NaBiTiO), ImClO4
and this work. The solid line denotes the entropy change of 10 Jekg'-K™ and the
dashed line denotes the ECS of 1Jekg'eK eMV 6101416254674

(Supplementary Note 6). Selecting T, as 10K, the TEC(10) of the
presented material is 24.1Jkg?K™? @ 7.3 MVem™, which is 5 times
larger than the high-performance PST film of 4.8J-kg’K' @
15.8 MVem™ recently reported®. Since PVDF polymers cannot be acti-
vated at low driving fields, as far as we know, the presented material
shows the largest TEC(10) of ECMs at low operating fields. Thereby, the
class of organic-inorganic hybrid ferroelectrics may be a good candi-
date for caloric refrigeration.

Crystal structure: origin of the large ECE

To understand the origin of the large entropy change, SC-XRD was
performed to acquire structure information. The results suggest that
the crystal undergoes a dramatic change of crystal symmetry from
polar space group Cc to centrosymmetric space group P6z/mmc
(Fig. 2) across the FE-PE phase transition around 400K and an
accompanying volume expansion of ~1.7% (see Supplementary Fig. S20
and Supplementary Table S1). The corresponding lattice relation
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Fig. 2 | The crystalline structure information of TMCM-CdClI; provided by SC-
XRD. At the FE phase, the crystal structure observed from the (a) ¢; and b g, axis, in
which the organic cation TMCM" is fixed at one specific orientation (fixed). ¢ The
schematic of the order-disorder (fixed—freely rotating) change of the organic

FE Phase | PE Phase

2.653A

cation. d The schematic of the structure change of the inorganic CdCle octahedron.
At the PE phase, the crystal structure observed from the (e) ¢, and f a,, axis, in which
the organic cation tumbles randomly between 12 equivalent orientations (freely
rotating). C, H, and N atoms are omitted at the PE phase.

between the two phases can be expressed as follows: a, =ay,
b, =ay +2by, ¢ =cy (Supplementary Fig. S21). Figure 2 depicts the
crystal structure composed of 1-D inorganic CdCl; chains and sphere-
like organic TMCM" cations. Being parallel along c axis, these chains
are spaced evenly in the ab plane and stabilized by interchain van der
Waals (vdW) force, while organic cations are imprisoned within the
space between the chains (Fig. 2a, b, e, f and Supplementary Fig. $22).
Specifically, connected with three joint Cl atoms, CdClg octahedrons
zigzag along c axis, constructing the 1-D inorganic chain (Fig. 2b, f). The
organic cation (CH3);NCH,CI*, formed by substituting a H atom in
(CHs)4N with a Cl atom (Fig. 2¢), is fixed at a specific direction and links
tightly to the inorganic chain through CI-Cl halogen bonds at the FE
phase (Fig. 2a, b). The refinement results show that at the FE phase, the

CdClg octahedron distorts: the length of the three Cd-Cl bonds and
the angle of the three CI-Cd-Cl bond angles in the same octahedron
are different due to the stretching of CI-Cl bonds (Fig. 2d and Sup-
plementary Fig. S24), while in the high-temperature PE phase, the
distortion disappears and the Cd-Cl bond length and CI-Cd-Cl bond
angles turn to be the same (Fig. 2d and Supplementary Fig. S24).
Besides, during the FE-PE transition, b expands about 1.8%, which
means that the distance between the adjacent inorganic chains along b
axis increases (Supplementary Figs. S20b and S26), so the imprisoning
force posed to the organic cation is weakened. As a result, thermal
agitation is able to overcome the energy barrier formed by CI-Cl bonds
between TMCM" and inorganic chains and drives the organic cations to
rotate randomly among 12 equivalent positions (Fig. 2c, e, f and
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Fig. 3 | Raman spectra and structure information of TMCM-CdCI;. Raman
spectra in the region of (a) 2850-3100 cm™ and b 700-840 cm™ at different tem-
peratures around the FE-PE transition. The inset of (b) is the enlargement of the
blueshift of v(C-Cl). c At the FE phase, the crystal structure viewed along a,. The
dashed red line denotes the CI-Cl bond fixing the organic cation and the red circle

marks the related Cl atoms. The purple circle denotes the C-Cl bond and the brown
circle denotes the C4;N molecular group. d At the PE phase, the crystal structure
viewed along a;,. The FWHM and wavenumber of (e) the C4N stretching vibration
and f C-Cl stretching vibration as a function of temperature.

Supplementary Fig. S22c¢, d) involving six in-plane equivalent positions
(Fig. 2c, e) and two out-of-plane equivalent positions (Fig. 2¢, f). Raman
spectra were conducted to gain further insights into the structure
(Fig. 3 and Supplementary Note 9).

Figure 3a, b displays the Raman spectra region of 2850-3100 cm™®
and 700-840 cm™ at different temperatures around the FE-PE transi-
tion respectively®. As shown in Fig. 3a, the disappearance of the
stretching mode us(CHs), v,(CH,), and the collapse of vs(CH,) imply
the increase of structure symmetry and the weakening of interchain
connection, vdW force’*® (see Supplementary Note 9 for more
details). According to SC-XRD, the crystal symmetry increases from Cc
to P6;/mmc, and b expands about 1.8% (Supplementary Fig. S20b)
during the FE-PE transition, which means the distance between the
adjacent inorganic chains along b axis is elongated (Supplementary
Fig. S26), consequently weakening the interchain vdW force.

Figure 3e, f shows the FWHM and the wavenumber of C4N, C-ClI
stretching vibration modes extracted from Fig. 3b. Commonly, FWHM

is closely related to the phonon'’s lifetime, which is highly dependent
on structural disorder®’. The strong discontinuity and broadening of
the FWHM across the transition for both modes imply the increase of
structure disorder, verifying the TMCM® order-disorder rotation
transition during the FE-PE transition (Fig. 3e, f). The abnormal blue-
shift, i.e., the sudden frequency increase of the v(C-Cl) at around
808 cm™ implies that the Cl atom in TMCM" suddenly becomes less
limited and more free (Fig. 3f). This also manifests that the intramo-
lecular bonding C-ClI in TMCM® is hardened and the intermolecular
bonding between TMCM" and inorganic chains is weakened after the
transition, suggesting the breaking of the CI-Cl bonds connecting
organic-inorganic parts during the transition (Fig. 3c, d). As a result, the
drag force between the inorganic chain and the TMCM® recedes, so the
TMCM' cation releases and the vs(C4N) vibration frequency around
746 cm™ decreases (Fig. 3e). In summary, at the FE phase, via the drag
of CI-CI halogen bonds, the organic cation is ordered and the CdClg
octahedron distorts, which induces the ion displacement between the
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inorganic framework and the organic cation and thus spontaneous
polarization (detailed in Supplementary Note 8)**°. There are six
equivalent polarization directions for Py., component (Supplementary
Fig. S28) and two equivalent polarization directions for P, component
(Supplementary Fig. S29). Uncommonly, there are 12 spontaneous
polarization directions in total whose angle to the c axis (001) is about
36° (Supplementary Figs. S28-S30)***°. At the PE phase, after the CI-CI
bonds break, the organic cation is disordered, the distortion dis-
appears, and thus the spontaneous polarization vanishes. The ferro-
electric mechanism of the presented material is an order-disorder type
rather than a displacive type. Though both organic and inorganic parts
change obviously during the transition, the ferroelectric spontaneous
polarization and domain switching energy barrier mainly come from
the organic part (see Supplementary Table S3 and Supplementary
Note 10). Accompanying the breaking of CI-Cl bonds, the release of
TMCM rotation degree together with the change of inorganic CdClg
framework structure account for the large entropy change during the
FE-PE transition, while the strong electro-structural coupling enables
the large entropy change to be utilized by electric field, thereby pro-
ducing large ECE.

DFT calculations: origin of the low driving field

To comprehend the underlying mechanism of the low driving field and
the meta-electric transition, i.e., the S-shape P-E loop (Fig. 1a), DFT
calculations were carried out (detailed in Supplementary Note 11). A
supercell with two TMCM" cations was considered (detailed in Sup-
plementary Note 8). The energy of the structure with one TMCM fixed
at a specific orientation and the other rotating gradually from 0° to
360° was calculated (See Supplementary Movies 1 and 2). The energy
barrier for the in-plane rotation of TMCM" is about 450 meV (Fig. 4a
and Supplementary Table S2) and that for out-of-plane is about
600 meV (Fig. 4b), indicating it is easier for TMCM" cations to rotate in-
plane. The difference is caused by the low-symmetry interaction
between the 1-D CdCl; chain cage and imprisoned TMCM’ cations. The
rigidity renders the inorganic chains difficult to distort, so the
restriction to the movement of TMCM' perpendicular to the 1-D chains
is more strict. Compared to the in-plane rotation (Supplementary
Movie 1), the out-of-plane rotation (Supplementary Movie 2) needs to
buckle the 1-D chains, thus possessing a larger energy barrier. With an
electric field applied along the 1-D chain, the energy barrier of the out-
of-plane rotation affected by electrostatic potential energy would be
enlarged (Supplementary Fig. S37). When the electric field is small, the
TMCM' cations can still tumble between the 12 equivalent orientations
(freely rotating), so the P-E loop along c axis exhibits a traditional PE
linear behavior (Fig. 4d, h and the PE phase in Fig. 4k). At the same time,
there is no in-plane polarization (PE phase in Fig. 41). With electric field
increasing and energy barriers enlarged, the out-of-plane rotation will
first be banned while the in-plane rotation is still permitted (restrict-
edly rotating) (Fig. 4e, i), leading to the formation of the long-range
order along c axis and the surge of out-of-plane polarization in P-E
loops (403K and 411K in Fig. 1a, the metastable phase in Fig. 4k).
Meanwhile, since the in-plane rotation is permitted, there is still no in-
plane polarization (the metastable phase in Fig. 4l). Such metastable
phase resembles the FE ground phase observed in TMCM-CdBr; with
similar structural properties*. With the electric field further increasing,
the crystal turns to the full FE phase and the in-plane rotation is also
limited (fixed) (Fig. 4f, j). The out-of-plane polarization has approached
to saturation at the metastable phase, so it does not change much
during the transition from the metastable phase to the FE phase (the FE
phase in Fig. 4k), while since the in-plane rotation is banned, a long-
range order forms in the ab plane, and there is a surge of the in-plane
polarization (the FE phase in Fig. 4l). As temperature increases, the
critical field inducing the metastable phase increases, and when the
temperature is high enough, the long-range order is broken by thermal

agitation and the P-£ loop is linear again (436 K in Fig. 1a). The low-
symmetry interaction caused metastable phase breaks the field-
induced PE-FE transition into two steps, hence decreasing the transi-
tion energy barrier and effectively lowering the driving field.

Discussion
The low-symmetry interaction between the inorganic framework and
organic cations plays a crucial role in realizing large ECE under low
driving field. In the presented material, each TMCM" cation is impri-
soned in a narrow regular triangular prism formed by three surrounding
inorganic chains (Fig. 2 and Supplementary Note 8). The imprisoning
force posed to the cation has a low symmetry of 3/m (Supplementary
Fig. S38). Due to this low-symmetry interaction, it is more difficult for
TMCM" cations to turn over than to turn around in the narrow prism
cage, i.e., different rotation freedom possesses distinct excitation
energy, which creates conditions for the stepwise transition. If impri-
soned in a cubic cage with high-symmetry interaction like m3m, the
excitation energy for different rotation freedom would be similar,
where the stepwise transition may disappear. Generally, one may expect
that the excitation energy for various freedom of motion of the organic
functional group would be different for organic-inorganic hybrids in
which the inorganic framework provides a low-symmetry interaction.
Under the combined influence of the interaction and electric field, dif-
ferent freedoms of motion will be banned stepwise, and many inter-
esting metastable phases with novel physical properties will emerge. As
a result, the intact one-step PE-FE transition would be taken apart into
several steps, thus lowering the transition energy barrier and driving
field (Supplementary Fig. S39). Through the low-symmetry interaction,
the inorganic framework could intensify the influence of the electric
field on the organic functional group, freezing the freedom at a low field
and thus facilitating a low-field-driven ECE.

To conclude, a low-field-driven large ECE of 33.1Jkg.K' @
7.3 MVem™ and a high ECS of 5.64 Jkg'.K'-MV'sm were demonstrated
in organic-inorganic hybrid TMCM-CdCl; perovskites. SC-XRD com-
bined with Raman spectra revealed that accompanying the dramatic
structure change of the inorganic framework, the initially fixed TMCM*
cations in the FE phase become tumbling between 12 orientations with
the breaking of CI-Cl bonds connecting organic-inorganic parts. These
synergistical changes in the rotation-disordering of organic TMCM*
and the inorganic CdCl; framework give rise to the large ECE. More-
over, DFT calculations revealed that the low-symmetry interaction
between the inorganic framework and organic cations breaks the
electric-field-induced TMCM® disorder-order transition with a large
entropy change into two steps, resulting in a distinctive electric-field-
induced two-step meta-electric transition, thus reducing the driving
field effectively and enabling the high ECS and low-field-driven large
ECE in the presented TMCM-CdCls. By selecting an organic group with
larger configuration entropy and correspondingly tailoring the low-
symmetry interaction force, ECMs with more excellent performance
could be designed in the future. Our work opens the possibility of
designing ideal ECMs with low-field-driven large ECE through the
organic-inorganic hybridization strategy, highlighting the immense
potential of hybrid materials in the field of electrocaloric refrigeration.

Methods

Sample preparation

Trimethylamine (33 wt% in ethanol), dichloromethane (99.9% pure),
and CdCl, (99% pure) were bought from Innochem. (Chloromethyl)
trimethylammonium chloride (TMCMCI) was synthesized according to
the method reported in the ref. 23 by the reaction of equimolar
amounts of trimethylamine (33 wt% in ethanol) and dichloromethane
(99.9% pure) in tetrahydrofuran at room temperature for 24 h?. The
solvent was removed in the vacuum oven. The obtained colorless solid
TMCMCl is hygroscopic and placed in a vacuum desiccator. TMCMCI
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Fig. 4 | DFT computations of the energy barriers of TMCM' rotation. The
supercell energy as a function of (a) TMCM" in-plane rotation and b TMCM® out-of-
plane rotation. c-f, g-j show evolution of the organic cations and the crystal
structure from the PE phase (freely rotating) to the metastable phase (restrictedly
rotating) and finally to the FE phase (fixed) viewed along a;,. The black and yellow

arrows in (a) denote the in-plane polarization direction of the two TMCM" cations.
With electric field applied along c axis, the (k) out-of-plane polarization (P,) and lin-
plane polarization (Py.y) as a function of electric field. Note that the applied electric
field is parallel to the out-of-plane polarization but perpendicular to the in-plane
polarization. Thus, (k) is also the schematic of the P-E loops along c axis.

and CdCl, (99 % pure) at equal stoichiometric ratio were dissolved in
deionized water, and the solutions were then filtered by a 0.22 um filter
after the reactants had reacted sufficiently. The colorless crystals up to
5mm were obtained by slow evaporation of the aqueous solution at
room temperature.

High resolution SC-XRD

SC-XRD data were collected using a Rigaku XtaLAB PRO O07HF dif-
fractometer at different temperatures. The sources were multilayer
monochromatized Mo Ka radiation (1=0.71073 A). Data collection,
cell refinement, and data reduction were carried out in the CryAlisPro
system, and the data were solved by intrinsic phasing methods and
refined by the full-matrix method based on F using the SHELXT soft-
ware package*.

Raman spectra

The Raman spectra were collected on a Raman spectrometer (Lab RAM
HR Evolution) at the Synergetic Extreme Condition User Facility
(SECUF). The (001) single crystal was attached to the sample puck.
Before measurement, a 50X objective lens was used to adjust the
position of the sample. After that, the sample puck was vacuumized by
a mechanical pump and a molecular pump in order. The temperature
of the sample was controlled by a cryostat (Oxford MHI). The wave-
length of the laser source is 532 nm, and to avoid damaging the sample,
the intensity of the laser was set to 5%. Full Raman spectra from
100 cm™ to 3500 cm™ were collected at variable temperature from
350K to 450K upon heating. To ensure complete thermalization,
when reaching the target temperature, the sample was kept for
another 5min before data collection. To reduce the effect of noise,
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each full spectrum was collected 5 times. The data collection lasted
10 s each time.

DSC measurements

The heat flux curves under zero electric field were measured by a
commercial DSC (NETZSCH DSC 214 SET MFC LN2), where liquid N,
was employed to control temperature. According to the standard
calibration process in the manual, melting enthalpy of the six pre-
scribed standard samples was measured to ensure the accuracy of the
measured latent heat of phase transition before measurement: CyoH;¢
(9.015g, —208.7K, 22 J.g™, 99.9999% pure), In (10.519 g, 429.8K,
-28.6)g, 99.9999% pure), Sn (12.577g, 5051K, —60.5J.g7,
99.9999% pure), Bi (9.858 g, 544.6 K, —53.3] « g™, 99.9999% pure), Zn
(10.196 g, 692.7K, -107.5] « g, 99.9999% pure), and CsCl (11.042 g,
749.2K, -17.22) + g™, 99.9999% pure).

The quasi-direct and direct measurements of ECE were also car-
ried out on the commercial DSC (NETZSCH DSC 214 SET MFC LN2),
where a DC power supply was applied to provide different electric
fields. (001) single crystals of 0.22 mm were glued to the Al,O5 crucible
with silver epoxy to guarantee good thermal contact and optimal
conductivity. The upper surface of the sample was also covered with
silver epoxy. Two wires were connected to the inside bottom of the
crucible and the upper surface of the sample. The other end of the
wires was connected to the DC power supply. Besides standard cali-
bration, an additional calibration was conducted (detailed in Supple-
mentary Note 1)*%*,

P-E loops

The P-E loops were obtained via a FE measuring system (aixACCT TF
Analyzer 2000). Both surfaces of the (001) single crystal sample of
0.22mm were covered by silver epoxy to guarantee optimal con-
ductivity. The P-E loops were collected upon heating. Similarly, the
sample stayed for 5 min at each temperature point to ensure complete
thermalization before data collection. To exclude the influence of the
nonequilibrium process, instead of the lower branch, the upper branch
was applied to calculate the ECE via the Maxwell equation.

DFT computation

Our DFT calculations were performed via the Vienna ab initio simula-
tion package®’. We used generalized gradient approximation by Per-
dew, Burke, and Ernzerhof for solids (GGA-PBEsol) and the projected
augmented wave pseudopotentials to relax structures. The
Monkhorst-Pack k-meshes** were set to 3 x 3 x 4 in the Brillouin zone
and the energy cutoff of 550 eV was used for all calculations. The
residual forces were below 0.005eV.A™ on each atom to be con-
verged. Cd 5s?4d", Cl 3s?3p°, N 2s?2p?, C 2s?2p?, and H 1s' were treated
as valence electrons. The energy barrier of the phase transition was
calculated by a generalized solid-state nudged elastic band method™®.

Data availability

Relevant data supporting the key findings of this study are available
within the paper and its Supplementary Information. All raw data
generated during the current study are available from the corre-
sponding author (F.H.) upon request.
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