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(5 /) ABSTRACT
Pmcess of refrigeration induced by an external stinndus
comprising the application of an external stimulus selected
among hydmstatic pressure. uniaxial pressure, electric field
and illumination lvith lip)it. to an or anic-inorganic hybrid
nultclldl of crystalllnc strucnnc with hexagonal ptlckulg. Ol
formula ABX., (I), whcrc A ls a given monovalent orgaluc
cat)on or a given mixture of nlonovalent or anic cations or
a iven mixture of nlonovalent organic cations and mon-
ovalent inorganic cations, il is a given divalent nletal cation,
a gtven mixture of divalent metal cations, or a given 50/50%
atomic nuxturc oi a monovalent cation and a lnvalcnl canon.
and X is a halulc aruon or a mixture thcrcof. A dcvlce wldl
cooling capacity induced by an external stimulus. compris-
in the above organic-inorganic hybrid material.
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PROCESS AND DEVICE OF
REFRIGERATION INDUCED BY AN

EXTERNAL STIMULUS ON A CALORIC
OR('ANI('-INOR(IANI(.'- HYBRID

MATERIAI.

[0001] This application claims the priority of patent appli-
cation P201731260 filed on Oct. 27. 2017.

I'l il,l) Oli '11111 INVI!NTION

[0002] The present uiveution rclatcs io a rcfugeration
SV'Stt:Ill bIISCd Oil tile Usc Of B Cdlol&C t&lganiC-11101 alllC
hybrid material that is sensitive to an external stimulus, v ith
a device conlprising said caloric materials and means fi&r

applying said stimulus. as well as with nev; caloric organic-
inorganic hybrid materials.

STATE OF THE ART

[0003] Currenily. morc thim 20% of thc world's cncrgy
consiuuption is dedicated to the refrigeration of food. bev-
emges, medicines. electmnic devices, machines, vehicles
and/or lu&mes. Conventional refri eration tecluiologies are
based on compression/expansion of gases at relatively low
pressures, P&70 bar. However, most of these machines work
with toxic and/or polluting rclngerdnt gases, hazardous
chemical compounds (ammonia, NH,), or greenhouse dscs,
such as hydrochlorofluorocarbons (I I('11('s) and hydrofhio-
rocarbons (I ili('s), for example R-134a (Cl lsi'Cl's) which
has a GWP global warmin mdex of 1300 with I being COS.
So that any leakage, breakage or improper waste manage-
ment at the end of the machine's life is a daiiger to the
cnvironmmlt.
[tlt)04] In this context. the I iuropean Union will restrict in
2020 (EU Regulation No. 517/2014) the use of greenliouse
ases that contribute to global wamiing. HCFCs and HFCs

among Others, although it m possible to say that today there
is no alicmative fi&r rcplacc them (liat is viable and ecologi-
cal.
[0005] A pmmising alternative to refrigeration gases are
the so-called caloric materials. Caloric materials are solid
substances that undergo huge thcnnal changes (isothermal
cluulgcs in mitropy or adiabatic iempcrature changes)
tllrough the application ol'xtcmal snmuli. Thc stimuli tlmt
induce these caloric effects include hydrostatic pressure,
uniaxial pressure, magnetic field, or electric iield. 'I'hus,
known caloric materials are divided into: (i) barocaloric
materials (when the caloric effect ic induced by a hydrostatic
prcssure). (Ii) ala stoca lone matcnala (VV hen the caloric cilbct
is Jnductxl by a uniaxial prcssure), (iii) ma(coals magncto-
caloric (when thc calonc cflbct is uiducml by a magnetic
field) mid (iv) electrocaloric materials (when the caloric
effect is induced by an electric field)
[0006] The lirst solid state refngerator at room tcmpcra-
turc was proposed by Gerald Brown in J. Appl. Phys.. 1976,
1 Ol. 47, pp 3673-3600 taking advantage Of the magnetocd-
loric effect of gadolinium ('urrently, solid caloric mateuals
for refri emtion are based on expensive metals or alloys,
usually of rare earths. mainly with magnetocaloric effects. In
addition„knovvn caloric materials liave a number of dmv-
backs tluit lmlder their implcmentauon in conunercial tech-
Ilolt&glCS. Ill piirtlCidill; luBgilCJOCBIJB1C IlldlCrlals. Jn addi(loll
to bt:Illg Iuostl)'olllposcx) 01 expensive IuctBIB ol Jill c eilrtll
alloys. need relatively high magnetic fields (larger than 2 fj.
As for electrocalonc nlaterials. these caloric eifects induced

by electric field have been observed in thin films with a very
small thermal mass. smce known clcctrocdlonc matcnals
tend to rapidly degrade ui working coudiuous. On thc other
hand, baro- and elastocaloric materials have the advantage
that the hydrostatic and iuiiaxial pressure are simple to apply
and do not lead to the rapid degradation of the material under
worlung conditions. Ho&lever„very few materials with baro-
and elastocaloric eff'ect are knovvn today„which are also
gCIICI'Jill)'xpCIJSJVC Ilul(CJIBIS dill Show B llllll(Cd ICSptulSC

to prcssure and, thcrcforc, rcguirc rclativcly lugh pressures
(P)1000 bar). (cf X Mt&ya et al, Nature Materials. 2014,
vol. 13 pp. 439-450).
[0007] Organic-inorganic hybrid matenals have under-
gone rapid developnient in recent years. These organic-
inorganic hybrid materials integrate inor aruc cations linked
by organic or inoigamc anions and form a mono, bi- or
tluec-dimensional ac(work tlmt can host organic spccics
(both niolecular, cationic or anionic) and sometimes mix-
hires of organic species with inorganic cations
[0008] An organic-inorganic hybrid material v ith baroca-
lorlc cffcct Is kllown it&r Icfl1gcratloll dpplli a(lolls, ln pal-
ticuldr, tllC Colllpoulld [(CH,CHICH,) N] [Mn(N(CN),),]
with cubic packing crystafline stnicture based tm [Mn((N
(('N)s)&)s] octahedra that share their vertices funning cavi-
ties where the [(CH,CH,CHS)SN]+ cations are located (cf.
J M Bernnidez-C)arcia et al. Nature Communications. 2017,
8. 15715). It has also been theoretically predicted other 16
orgaiuc-inorganic hybmd nuiterials could show barocalonc
clfbct. however this effi:ct has not bccn experuncnially
demonstrated yet (cf .1 M. 13erm/idez-(iarcia et al in .I

Phys. Chem I ett, 2017. vol g, pp 4419-4423) In particu-
lar. among the mentioned materials is the family of
[CH.,NH.,]PbX., (X=(.1 . Br ) v,ith cubic packing crys-
talline structure based on [PbX,] octahedm that share their
vertices forming caviucs where thc [CH3NH3]+ cations are
locatixl. Ncvcrthelcss. tlus fdnuly has bccn predicted to
display a relatively bad barocaloric effect for refngeration
applications due to a low sensitivity to pressure aud/ore very
low phase transition temperature (paranleter that may indi-
cate the working temperature of such materials). Therefore,
the fact that the caloric eff'ect occurs at very low tempera-
tures would hinder miy possible practical application as a
cooling ma(coal.
[0009] In vie&1 of the state of the art„ there is still a need
to find nev: solid caloric niaterials useful in refrigeration
applications that are nu&re etficient and give nse to economi-
Cill illld CIJV Jn&IJBJCIJ(all&' &t:Jallv tCchllologlCBI Soliltlons.

SUMMARY OF THE INVENTION

[(N)10] 111e inventors have noticed a new familv of
organic-inorganic hybrid matenals v ith geneml formula
ABX., (I) with an improved barocaloric eff'ect that can be led
to lllOIC effiCJCIJJ JCfl1gCI'Iltlt&n BppllCB(lolls. Ill tllesC illa(CI&-

als, A arc nuxIJOJu-sizcti organic cauous (those cations with
a volume between 13 A and 275 A ) or mixtures of thcsc
organic cations v,ith inorganic cations, 13 are nletal cations
and X are halides, they exhibit hexagonal packing crystal-
line structure based on [BX,] octahedra sharing vertices and
faces. and forming cavities where A cations are located, such
materials can undergo a solid-sohd phase trmisition Jnduccxi

by an cxtcmal stimulus such as hydrosnitic prcssure. wluch
results in mi improv ixi barocalonc eflbct that can bc uscxi
nx&re efficiently for coolin applications 'I'he cooling capac-
ity of these Jnaterials is associated with isothernlal entmpy
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changes or adiabatic temperature changec induced by exter-
nal stunul»n thc vlclruty of the so)xi-solid trmwition tem-
perature, which w w hat sets thc working temperature of such
nlaterials. that is, the tempemsture at which the material itself
cmi ivork in a refrigeration device
[0011] An advantage of usuig orgaiuc-uiorguuc hybud
materials such as those of the present invention in a refrig-
eration process is that they are solid materials, which avoids
the use of hazardous ases and pollutant~. allows a compact
cooling system. are easy of handling and in the case of an
acmdental leak they arc easier to conlain titan a gas or a
liquid. lite organic-inorganic hybud mateuals of the present
invention are much cheaper materials lhan the rare earth
nletals and alloys that are being used as caloric materials, are
sensitive to hydrostatic pressure and uniaxial pressure, and
integrate elements sensitive to the magnetic field. electric
field and the light, being able to induce a caloric effect by
one or several of these stinuili Additionally. these matenals
are lightweight, which lightens thc weight of the cooling
dcvicc. They arc also morc tlcxible than thc known caloric
materials based on the rare earth metals and alloys that are
being used, being able to include flexible devices such as
shoe insoles, textiles. the new generation of tlexible srnart-
phones, etc.
[0012J Unlike [(('II1CIIzCIIz) NJ[Mn(N(CN)z)sJ, which
has a cubic packing crystalline ctructure, or the family of
[CH,NHs]PbX, (X=CI, Br ) materials, wlfich also have
cubic packulg crystalhne structure, the organic-morgiuuc
hybrid matcnals with gcncral Ibmiula ABXl of the presmlt
invmiiion have a hexagonal packing crystalluie structure,
which alloivs for a much higher pressure sensitivity of these
compounds with respect to the materials with cubic packing
crystalline stnicture (cf FIC)S. 1-3).
[0013J 'the barocaloric effect of the compounds of the
present invention is considemsbly barger than that predicted
for the [CHsNH„]PbXs (X=C:I . Br ) compounds, which
are the chemically closest compoiulds, and also have the
aiiditional advantage of that have a bcuer workuig tcmpcra-
turc, much closer to room temperature. which greatly facih-
tates its application as a cooling materials
[0014] The compounds of thc prcsmlt ulvention have a
barocaloric cfli:ct similar to thc [(CH,CHzCH )zN][Mn(N
(('N)z),J compound although they have additional advan-
tages since they can be manufactured through a more simple,
ecoloaical and economical method than the [(C'I I1CI 11CI lz)
cN] [Mn(N(CN)1) „j material.
[t)t)15] I'or the purposes of the invention, ixit only hydro-
static pressure can be used as a ctimulus but also other
stimuli that give rise to the solid-solid phase transition such
as uniaxial pressure, electric field or light illumination.
These eflects arc dcnvcd according to thcmretical calcula-
uons obtained from thc stnictural dais ol thc compoulxls of
the present invention. According to the imentors'nowl-
edge. no oraanic-inorganic hybrid material ivith elastocal-
oric. electrocaloric, or photocaloric effect has been descnbed
for refrigeration applicationc.
[0016] 1 he barocalouc effect and the elastocaloric efl'ect
are both induced by pressure. the firct by hydrostatic pres-
sure (pressure exerted equally on the entire surface of the
ma)anal) and thc second by uiuaxial pressure (pressure
cxcncd only along onc axis). Large thenual chimgcs (iso-
thcnnal entropy chmlgcs or adiabatic lcmperalurc changes)
occur throuah the application of a hydrostatic or uniaxial
pressure 'I'he elastocaloric effect is advantageous in those

cases in vvhich the material defomis more on one axis than
ou another, but in pruiciplc both cfli:cts cau bc constdercx)
sunilar. In the case of the photocalouc efli:ct and the
electrocaloric effect, large themis) changes (isothermal
entmpy changes or adiabatic teilipemsture chanaes) also
occur tluough the application of illumination (Iikvztt, laser,
etc ) or the application of an electric field respectively.

[0017J Iiinally, the compounds of the present invention
have the additional advantaae over other known organic-
inorganic hybrid materials, which is that they are thermally
stable and/or also under light conditions even under iuunid-
ity conditions of up to (i3% for a prolonged period of time.

[IN)lgJ 'Ilierefore. a first aspect of the present invention
relates to a refrigeration process induced by an external
stinudus vvhich comprises applying an external stinudus
selcctcd from hydrostatic pressure, unlaxlal pressure, clec-
tuc field and illunnnauon with light, to an orgaiuc-inorgaiuc
hybrid matcnal of hcxagorui1 packing crystal)inc structure of
general founula Al)X1 (I). where A is selected from the
gmup consisting of a nlonovalent organic cation, a mixture
ofmonovalent organic cations„and a mixture of monovalent
organic cations and monovalent inorganic cationc; the mon-
ovalent organic cation is sclcctcd Irom thc group consistulg
of hydraztruum ([NH1NHz] ), hydroxylanunonium
([NHcOH] ). fonuamidinium ([CH(NHz)z] ), guaniduuum
([('(NH,),J ), azetidinium ([(,NI)sJ ). dimethylmnmonium
([(C'II)zNHCJ ), ethylmnmonium ([('Ill('I IzNI IlJ ), azet-
amidinlum ([CH1C(NH,)zj ). tetramethylanunOnium
([(CH3)sN] ). imidazolium ([CzNzH,] ). trimethylammo-
nium ([(CHz)sNH] ), isopropylammonium ([(CH;)
zCNHs] ). pyrroliihnium ([(CsHz)NHz] ), isobutykunmo-
nium ([(CH1)zCH,)CN] ). dicthylanmioruum ([(CH1CHz)
zNI IzJ ), and Phenylammonium ([(('ill,)NI)1] ); the
monovalent organic cation mixture is a mixture of any of the
aforementioned organic cations, also including [C'H1NHsj'I
and the mixture oforganic cations and monovalent inorganic
catlons is a mixture of any of the aforementioned organic
catious with one or more uiorganic catlons ac)ected from the
group consisting of Cs, Rb, NHz', B ls sclcctcd from the
gmup consisting of a divalent metal cation, a mixture of
divalent metal cations. and a 50150% atomic mixture of a
monovalent cation and a trivalent cation. where; the divalent
metal cation is Select from the group consistin of: M ",

Sb' the monovalent metal cation is ac)ected from thc group
consisting of. Ag, Na . K . Tl, and Cu', and the tuvalcnt
cation is selected from the mup consistmg of Cr, lie',

Eus, Cid". Tb". Dy', Ho". Er". Tms „and Yb"1 and X
is a hahde anion selected front the group consictin of F,
Cl, Br, I, and a mixture thereof.

[IN)19] A "inonovalent organic cation*'iay be an organic
cation of charge +I. The monovalent organic cation A of the
present invention has an avemsge size with a volume of
between I 3 A'o 273 A'. A "divalent organic cation" may
bc au orgmiic cation with charge 2+. A "tnvalcnt orgaiuc
ciltnin nial'c iln olgillilc ca)loll with cliargi: 3+

[0020] In a particular enlbodiment. the refngeration pro-
cess is onc where ui thc orgiuuc-uiorgmuc hybrid material,
A is a monovalmlt orgiuuc cation that ls selcctcd from the
group consisting of dmiethylanunomum ([(CH)zNHz] ),
ethylmnmonium ([('Ill('I lzNI Is] ), tetramethylmnmonium
([(('Ill)sNJ ), trimethylanlmonium ([(('Ill)lNIIJ ), isopni-
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pyLcmmonium ([(CH,)SCNH,] ). isobutylnmmonium
([(CHs)SCH,)IN] ), and dicihylanunonnun ([(CHSCHI)
,NH 1 )
[WZ I J In another particular embodiment. the refrigeration
pmcess is one where m the organic-inorganic hybrid mate-
rial A is [(CH,),NHC] .

[0022] In another particular embodiment, the rcfngeraiion
prOCCSS B OIIC w 11CI'C 111 illc OrgBIIIC-lrlorgdlllC hybrid rllaic-
rial. A is a monovalent Organic cation that is selected front
the group consisting of hydrazinium ([NI I,Ni lzJ ),
hydroxyLcmmonium ([NHSOH]'), formamidinium ([CH
(NH,)z] ). gunnidinium ([C(NHI)31 ).
[0023] In another particular embodiment, the rcfngeraiion
pmcess coniprises a organic-inor anic hybrid niatenal
where A is a monovalent organic cation that is selected front
the group consisting of. Imrdnxoiium ([CSNCH,]'), pyrroli-
diniuni ([(C4H4)NH,] ). and phenylanunonium (f(C,H,)
NHS] ).
[WZ4J In another particular embodiment. the refrigeration
pmcess comprises an organic-inorganic hybrid niatenal
cvhere A is a mixture of monovalent or anic cations includ-
ing [CHSNIR„] as defined above. In another particular
mubodimcnt. thc coohng process comprises an organic-
inorgdnic hybnd matenal where A is a 60/40% atomic
mixture of [(CHI),NHI] /[(CH,),CH,),N]
[00251 In another particular embodiment. the refrigernrion
process comprises nn or anic-inorganic hybrid matenal
w'IICIC A IS II 1111X(urc Of 1110110VBICIII OlgBIIIC CB)IOIIS Bill
monovalent inorgamc cations. In another pdhimiiar embodi-
IIICIli, thC IClrlgCrailorl proCCSS ColllpllSCS Bll OlgailiC-illor-
Panic hybrid material where A is a mixture of [(('113)zNI IzJ /
( s+

[0026] In anotlmr particular embodiment the rclhgcraiion
process compnses an orgaruc-uiorgaiuc hybrid maicnal
where A is a 60/40% atomic mixture of [(CH,)SNHS] /
[(CI 13)z('I is)SNJ, or a 75/25% atomic mixture Of [(Cl 13)

IN I IIJ+ICs+.

[0027] In a parucular muboduuenh ihc rcln aration pro-
cess is one whcrc the trivalent canon ui B Is selected from
the group consisting of ('r", lie', 13i, ln, and Y '.
[0028] In a particular embodiment, the refrigeration pro-
cess is one cchere the trivalent cation in B is selecred from
the group consisting of. Lu', La ', Cc ', Pr' Nd3, Pm',
Sn Eu Gd'b" D 'o' 'n'dYb'WZ9J

In another particular embodiment. the refrigeration
process comprises a organic-inorganic hybrid matenal
cvhere B is a divalent metal cation.
[W30J In another particular embodiment. the refrigeration
pmcess coniprises a organic-inor anic hybrid niatenal
cvhere B is a divalent metal cation that is selected from the
group consistin of: Pb' Mn'
[0031] In another particular embodiment, the rcfngeraiion
pmcess coniprises a organic-inor anic hybrid niatenal
where 13 is a mixture of divalent metal cation ~ or a 50/50%
atomic mixture of a monovalent cation and a trivalenr cation.
[0032] In another particular embodiment, the rcfngeraiion
process compnses a organic-inor rmic hybnd matcnal
where 13 is selected from the group consisting of a niixture
of Mn Co +, and a mixture of Ap+/13is .

[0033] In another particular cmbodunent, thc coolmg pro-
cias compnscs a organic-Inorgaiuc hybnd maicnal where B
is selected from thc group consisting of. Pb . Mn, a
60,'40% atomic mixture of Mnz /('0, and a 50/50% atoniic
niixture of A +/13i

[00341 In another particuLar enibodiment, the refrigeration
process compnscs a organic-inorganic hybrxl material
wllcrc X Is CI
[00351 In another particuLar enibodiment, the refrigeration
process comprises a organic-inorganic hybnd material
v here X is a mixture of Cl /I, or a mixture of I /CI /Br .

[UU36J In another panicular embndiment, the refrigemstion
pmcecs comprises a or anic-inorganic hybnd material
v here X is a 60/40%4 atomic mixture of Cl /I, or a 30/50/
20% atoiuic ttitxtui'e of I /CI /Bi'0037]

Unless othcrwisc indicdicd, all pcrccniagcs men-
tioned in this document ivith respect to the elements of the
organic-inorganic hybrid material are expressed as an
atomic percentage. The atomic percentage mesne the num-
ber of atoms of an elenient in 100 representative atoms of a
SilbS(illlCC.

[UU30J In a preferred embodiment, the refrigeration pro-
cess is one v,here the Organic-innrganic hybrid niaterial is
[(CH,).NH,1PbCI,.
[(N)39J '[Iie cooling process is carried out inside a device
by the cyclical and repetitive application of an external
stinudus on the or anic-inorganic hybrid materiaL the pro-
cess that generaliy comprises the following stepc; a) Apply-
ing an cxiemal stimulus with which the maicnal is heats up.
b) Maintainuig thc stimulus lbr a certain pcnod of time.
v hich gives otf heat that is directed outside the device; c)
l(emoving the stimuhis so thar the material cools; and d)
1)sing the conied material to absorb heat from inside the
device to be cooled.
[(N)40J As an example. in the hrst step an external stinnilus
such as hydrostatic pressure is applied causing the organic-
inorganic material to heat up. In the second step, the applied
external stinuiius remains constant for a time so that the heat
gcncratcd is drrccied towards a heat sink, for cxrmiple, ilus
11111)'C d 11CB) slllk. Tilts hCdi Crlll be illrCC)IXI to (lie hear slllk
either by direct contact of the material ivith this sink or by
a heat tncnsfer fluid such as air. Ivater. alcohols, etc ln the
third step. once the organic-inorganic hybnd material has
released that heat, the applied stimulus is removed which
produces a cooling of the organic-inorganic hybrid material.
In thc fliurth step. kcc7uup thc stimulus rmnoved for a certain
time, the organic-uiorgmuc hybrid mutennl (thai has been
cooled in the previous step) absorbs the heat of the reservoir
to be cooled, tbr example the inside of a refripenctor 'I'his

heat from inside the reservoir is absorbed either by direct
contact of the material with this reservoir or by a heat
transfer fluid such as air, water. alcohols. etc Thic four-steps
process is rcpcatcd cyclically ui a spccilic and predetcr-
llllrlCd tinlC ill WIIICh (IIC S)111101US rlcnIB)or, for CXalllplc II

piston, exerts and removes the pressure mitoniatically and
inhnitely.
[0041] In a prcfcircxl cmbodimmit, thc cooling process Is
one v here the external stinndus is hydrostatic or uniaxial
pressure In a particular embodiment. the applied hydrostatic
or uniaxial pressure is between 20 and 1000 bar (2-100
MPa). In a more preferred emboihment, the applied hydro-
static/uniaxial pressure is 20-100 bar (2-10 MPa). In a more
prcfcrrcd emboduncnt, ihc applied hydrostatic/imiaxial
prcssure is bciwccn 40-70 bar (4-7 MPa). In an cvcn morc
preferred embodiment, rhe applied hydrostatic pressure is 69
bar (6.9 Mpa)
[0042] In a paruculdr cmbodinu:nt, the refngeration pro-
cess is one where the external stimulus Is light. In a
particuLcr embodinient, the intensity of the applied light is
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between 0.1-1000 m3V cm . In another particuLlr embodi-
nlcnl, thc nltcnslty 01 lhc hght is 1-100 Iuw cnl . In inlofllcl
particular embodiment, the intensity of thc light is approxi-
nlately 10 m(V cm 'n another particular embodiment, the
wavelength of the light is between 200-1000 nm in another
particular embodiment, the wavelength of the li ht is
approximateiy 450 nm.
[0043] In a purticular embodiment, thc cooling process is
one ivhere the external stinndus is an electric iield. In
another particular embodiment. the electric field applied in
the case of using electrocaloric materials is B voltage
between 1-500 V.

[0044] In another particular embodiment, the electric iield
applied in the case of using electrocaloric materials is a
voltane benveen 10-100 V. In another particular embodi-
ment, the applied electric field is a voltage of approximately
40 V.

[0045] Cienerally, thc time that Qleapplied stuuulus is
nlaintained in the case of bamcaloric or elastocaloric mate-
rials as v ell as photocalonc or electrocaloric materials ls
between 0.05-60 seconds. Preferably. the time that the
applied stimulus is maintained is between 1-10 seconds.
More prclbrably, the umc that the applied stinuilus Is main-
tained is approxunatcly I scconil
[W46J (ienerally, the time that the stimulus is maintained
ivithdraivn in the case of barocaloric or elastocaloric mate-
rials as iveli as photocalonc or electrocaloric materials is
bctwcml 0.05-60 seconds. Prefi:rably. (hc tune that thc
dpphcd stimulus is maintained withdrawn is between 1-10
seconds. More prefi:rably, thc umc that die removed stuuu-
lus is maintained withdrawn is approximately I second
[0047] The term "approximately*'n this document means
the value uldlcdtcd in thc correspondulg uiut St k

[W48J 'I he organic-morganic hybrid materials used in the
refrigeration process of the present invention allow to work
in a temperature range betv een 0" C, and 120'. Prefembly,
the working temperature range is between 7'. Bnd 70'.
More prcierably, tlm workulg tcmpcrature range is between
40-65'.
[W49] In a particular embodmlent of the cooling process,
the organic-inorganic hybnd material is [(CH.,)SNHB]PbCI.,
and the working temperature is between 42 Bnd (i5" C.,
prcfi:rably between 42 aud 54'.
[W50J Also part of the invention is the use of the organic-
inor anic hybrid nlatenal of hexagonal packing crystalline
structure of general formula ABX., (I). as defined above, as
caloric material for cooling devices. ParticuLlr and preferred
mubodimcnts of thc refwgcration process dcscnbixl above In
lola(lou to thc BIBtcrlBls inc also parucolilr Bnd plcfcITcd
embodiments for this aspect of the invention
[0051] These matcnals can bc incorporated in a coolulg
device. 11&c device can bc used ul difli:rent sectors such Bs

the air cooling sector conditioning, refrigerators. refrigera-
tion of electronic devices, cars, textiles, clothes, shoes. etc.
[0052] Another aspect of the prcscnt mvcntion is related to
a device ivith cooling capacity induced by an external
stimuhis. comprising (I) An organic-inorganic hybrid mate-
rial of general formuLa ABXS (I) and hexagonal packing
crystalline structure such as has been defined above: (2)
mc;ms to cychcally cxcrt thc stunulus for a ceruiin pcnod of
ume on the orgamc-inorganic hybnd ma(anal and then
remove it, where thc cxtemal sumulus Is selected Ibom the

mup consisting of hydrostatic pressure, uniaxial pressure,
electric field and light illunlination.

[0053] In a particular embodiment. the device of the
invention Is onc that has means filr applying a hydmstatic
prcssure as Bn cxtcmdl stimulus. In another paruculdr
embodinlent, the device of the invention is one that has
means for applying a uniaxial pressure, an electric field or
illumination with light. The particular/preferred values of
hydrostatic pressure, uniaxiai pressure, electric field or illu-
mination indicated above for the cooling process are also
partu:ulanplcfclTixl values fol thc ilcvlcc.
[0054] For example, the means for cyclically exerting and
rcnlovlng dn extcnldl stnuulus sclcctixl fronl hvdrostdtlc
prcssure, uniaxial pressure. ehxtric iield aud illuminauon
with light can bc thc followulg. for pressure a piston, a fluid
or a person hand or linger on a screen (Or any actuator that
exerts hydmstatic or uniaxial pressure): fbr the electric field
an electric circuit that transmits electric current to the
material: and for the ficht: a bulb. lamp, led. laser. flashlight,
etc
[0055] In a particular embodiment. the device of the
invention fiuther comprises: (3) a heat sink that is respon-
sible lor Icnlovnlg hell( to thc oumldc: ('I) optlonidlv d hcdt
cxchiulgcr flilid, and (6) a reservoir or enclosure that acids
to bc cooled. lllc sulk could be Ibr example B Ibn, a heat
sink, etc 1 he heat exchanger fluid is optional and if present
it could be selected fmm air, water, alcohols, etc I'or
example. in the case of B fridge. the reservoir or enclosure
that needs to be cooled would be the inside of the fridge. For
fill(her cxinnplc, ln thc cdsc of B snlal (phone, thc rcscrvon
would bc the insulc ol'hc smartphoue. For I'urthcr example.
iu the case of shoes, thc rcscli oir would bc tlm inside of thc
shoes
[0056] In addition to this coolulg dcvicc, thc hybnd nmie-
rial may be contained in form of a poivder. Suspended in a
fluid (or in a solid matrix) that acts as a heat exchanger
and/or improves thermal conductivity or as a thm film (thin
layer), for example on screens for electronic devices. In a
particular embodiment of the device. the organic-inorganic
hybrid ma(coal of general I'onnula ABX, is in powder fflrm,
suspmldcd in a heat cxclrdnger fluid such as an 011. sihcone.
v ster, alcohols, etc . Suspended m a heat conductive solid
matrix (for example a composite of the caklric hybrid
material and a polymer. metallic alloy, or steel), or in the
form of a thin film on top of an electrically conductive
substrate (for example a coated glass of tin oxide with
fluondc mid/or with indium).
[0057] The orgaruc-inorgamc hybnd matcnal of Ibnuula
[(CHS)SNHB]PbCII (ld) (I.e. Ihc comPouud ol'omlula ABX,
(I) v here A is dimethylanlmonium ([(('I l)BNI I,J ), l3 is Pb
and X is Ci ) exhibits the crystal structure dlustmted in I'l(r
3 Bs obtained by single-crystal X-ray diffraction.
[00581 To obtain the single-crystal X-ray crystal structure
of the organic-inorganic hybrid material of formula [(CH.,)
SNHS]PbCI, (la), a suiiablc single-crystal was selcctcd I'rom

thc sample of [(CHS)INHS]PbCI, to collect difl'rection data
at Ambient tcmperaturc in d Bruker Kappa diflbactometcr
equipped with an API:X II ('('D detector and using MOKa
monochmmatic radiation (071073 A) I'he ciystal was
mounted on a MiTe()en MicroMount™ using Paratone:Bl
(Chevron Corporation). To carry out tins experiment. the
crystal was measured at room temperature. Data collection,
integration and reduction werc carried out with tlm software
package APEX2 V2016.9-0 (Brukcr AXS, 2016), wluch
includes the programs detailed below Intensity integration
was performed ivith SAIN I' 34A and corrected for I,orentx
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[0061] The crys(al structures with cubic packuig of thc
organic-inorganic hybrid ma(coals ol (hc compare(ive com-
pounds [(( II,('ll,('I l,)4NJ[Mn(N(( N)z)sJ and 1('II,Nil,J
Pb('is can also be eluci(hted by single-crystal X-ray dr tfrac-
tion carried out in a sunilar v ay than in the case of the hybrid
material [(CHr)zNHS]pbC)r.
[0062] The comPound [(CH,)zNHS]PbC), is (hcmially
s(able up (o 190" (' he stabihty of this compound is similar
to (hat predicted fiir the comparative compoiuids of tiirnnda
[CHSNITS]pbXs. Advantageously. the compound [(CHS)
zNHS]PbCIS remains stable under conditions of ambient
tcmpcra(urc and illumination, mid under lnunnhty cond&-

uons ol'p to 65%, I'or at least onc year. Mermwlulc the
comparatnc compounds [CH,NHi]PbX, in less than 24
hours absorb water that modifies its properties and structure.
[0063] The organic-inorganic hybrid material of formula
[(CH,)SNH ]PbCIS cdn bc obuiincd by a process comprising
d soh(l statt: rt:dcd(011 rtt:uvrt(c(l bv nic'ch'dnic81 nicans ttsnlg
[(CHs)SNHS]CI and PbClz. Thc process is simple and uses
niild conditions It does not need a solvent and is therefore
ecoloaical

and poLsrization efl'acts and also for absorption using nnd-
uple scnruung methods based on cquivalmit synunctry data
using SADABS 2000/I or TSUINABS 2012/I depending on
the presence of twinnings A unique network v as foiuid fiir
the crystal collected at room temperature ('I'0-25" ('
[00591 The stnicture was solved by the direct method
using the SHELXT2014 program and refined by the least
squares niethod in SHELXL2014/7. The presence of twin-
(Bugs wits clear fronl (ht: v(SUB) nispi:enon tif co)lech:il
diflbac(ion images. Thc dani sct was tndcxiul usuig CELL
NOSY 2000,'4 Obtaining three orientation matrices that inter-
pret afl difl'rection niaxima The integration of the reflections
was carried out takin into account the orienmtion matnces
of the three domains mapped simultaneously. To refine the
stntcture. anisotropic thermal factors were used for the
non-H a(orna For thc hydrogen atoms of the canon [(CHs)
zNHz] (hey could no( bc fmmd on the Fourier map duc to
the disorderly arrangement of this cation All hydrogen
atoms were reined using the conduction model tmple-
niented in SI II!I,XI 2014/7.
[0060] Suiglc crystal X-ray dilfracuon at room tempera-
(risc it:vi:418 that (hc [(CH,) NHS]PbC), compound hits
hexagonal packing crystalline stntcture and shoivs the bond
distances indicated m Table 1.

[0064] In a particular embodiment. the above reaction is
cerned out at room tcmpcra(urc Herc, ambimit (cmpcrature
reficrs to a tcmpcrdture bc(vs can 20 and 2S' In another
particuLsr embodiment. the niechanical means are means tiir
carrymg out a grinding In another particular embodiment,
the mechanical mixin is carried out with equimolar
amounts of the starting compounds.
[0065] The orgaiuc-uiorgmuc hybnd matcnals used ui the
pmcess and device of the present invention can be obtained
sitnilarly to the or anic-inorganic hybnd niaterial of fonmda
[(CH,)CNH,1PbCIS from the corresponding organic cation
ha)ides and metal cation halides Other synthetic methods
are reported in the litemsture. such as those described in M.
G. Kanarztdis ct al. (Inorgmuc Clu:mtstry, 2017, vol. S6, pp.
56-73) and thc articles ref:rcnccd tlmrc A ski)lcd person in
the art would know how to a(Lzpt the methods of these
docunients for the preparation of or anic-inorganic hybrid
materials.
[0066] Tluotlghotli the desvnption and the claims the word
"comprises** and its var(an(s arc not intcndcd to exclude
other teclmical characteristics, additives, coniponents or
steps Iror those skilled in the art. other ob]act~. advantages
and features of the invention (vill be derived partly from the
description and partly from the practice of the invention. The
followui examples and figures are provided for illustration,
and arc nol intcndcd to bc hnuting of thc present uivcntion.
In add(tron, thc present invention covers all possible com-
binations of particular and preferred embodiments indicated
herein.

131(II!Ir Dl!S('1(IHI ION OI'I Il: Irl(rUI(1!)

[0067] FIG. 1: Crysial suucture of thc comparative com-
pound [(CHiCHSCHz)4N][Mn(N(CN)z),] obtatuixi by
snigli:-cu yslal X-i(tv (hflrdc(1011.

[0060] FILI. 2: Crystal structure of the comparative com-
pound [CHrNHS[Pb('I, obtained by sin le-crystal X-ray
dr lyrae ti on.
[0069J Ir)G 3: Crys(al stntcture of the compound [(('I ls)
SNI ISJPbC!1 obtained by single-crystal X-ray diffraction
[IN170J FI(i 4: llarocaloric effect of the comparative com-
pound [(Cl ISCI Iz('I iz)4NJ[Mn(N(CN)z)SJ
[0071] FIG. 5: Bdrocaloric cflimt of compound [(CHi)
SN I Iz J PbC!1

EXAMPLES

Example I: Preparation ol'(CH)zNHS]PbCI,

[0072] The material [(CHS)SNH,1PbC)s was obtained by
mechanochemical synthesis at room temperature using the
starting comPounds [(CHS)SNHz]C) und PbC)z Equimoldr
amounts ol'(CH,)SNHz]CI mid PbClz werc used for tlus
purpose and gmund in a mortar for 15 minutes until a
honiogeneous poivder was visually obtained
[0073] Compound [(CH,)zNHz]C) was previously synthe-
sized by reaction of eqnimolar mnounts Of dimethyLsmine in
aqueous solution (40% iveight of (('I Is)zNI I in I lzO) and of
hydrochloric acid in aqueous solution (37% v eight of HGI
in H,O). This mixture was stirred for 15 minutes in an ice
bath. Crystalhzation of dimethylanunontum chloralc (sits
cerned out by cvapord(ing the solvent in n rotary evapora(or
tnl(11 fllc dppcrtidncc of d whi(c soh(l prcclpl(B(i: of nucioc-
rystals I'his solid was liitered and washed with diethyl ether
several times and dried under vacuum Overnight.
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[0074] The PbCI, compound was synthesized by reacting
cquuuoldr BntoUU(s of sixliiuu chio)100 (01 pUIBssiuul chlo-
ride) in satupdtcd aqueous solution aml lead iutrate in
aqueous solution 'I'his solution mixture was stirred for 15

niimites in an ice bath 1he crystallization of PbC12 was
carried out by evaporating the solvent in a rotary evaporator
until the appearance of a v hite solid precipitate of microc-
rystals. This solid was tiltered and washed with diethyl ether
scvcral times aud dmcd under vacuum overnight.
[0075] Compounds [(CH,),NHS]CI and PbC[1 can also be
obtauiml conunercially.
[0076] To obtain single crystals of the compound and to
obtain ~neater purity. this compound was dissolved in an
organic sob cnt (such as N, N-dunethylformanude or ihm-
cthyl sulfoxidc) in concentrations bctwcmn 15%-45% by
0 mght. Subscqumitly, Ihe solvent was allowed 10 evaporate
at room temperature for one week to obtain single crystals
or to purify the compound. 'I'he obtained material wac
characterized by single-crystal X-ray difi'raction (see Fifi.
3).

Example 2 Deposition of a [(CHS)SNHC]PbCI,
Tlun Film on a Substrate

[0077] To dcPosit a [(CH,)SNH1]PbCI, ihin lilm on a
substrate, tins compound was dissolved in mt orgamc solvent
(either N, N-dimethylfornianiide or dimethyl sulfoxide) in
concentrations betiveen 15% -35% by weight Subsequently,
the solvent was allov ed to evaporate on a substrate by
means of rotation at 2000 rpm for 60 seconds to obtain a thin
layer of the hybrid compound.
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Example 3: Barocalonc Effi:ct

[00'78] The diffbrential sctuuiuig calonmctry tccluiiquc
was used to study the caloric effect of the material. 'I'0 do
this, samples of about 5 mg of the material are analyzed in
a TA Instniments MDSC Q2000 equipped with a pressure
coll. Thc samples werc cyclically heated and cooled at
speeds between I" C min 'nd 20" (1 min ', from roon)
temperature to 150" (', under nitrogen atinosphere. 'I'hese
heating and cooling cycles were performed at difi'erent
nitrogen prcssurcs from I bar to 69 bar, with a constant liow
of nitronen Uf 50 ml min '. The pressure cell was calibrated
for each of these pressures using an indium standard 'I he
barocaloric effect was obtained as the difibrence of isobaric
entropy change at thc prcssure of 69 bar and Hiangc of
isobaric entropy at the pressure of I bar, in units Uf .I kg

'-'0079]

The barocaloric effect of the comparative example
I and Uf thc example I ol'hc uivcnuou nrc illustrated in
FIGS. 4 and 5 rcspectivcly.
[(8180] 'II)e barocaloric efiect of the [(('11,),NI[1JPb( I,
cmnpound is considerably larger than that predicted for the
compounds of comparative examples 2-4 which are the
chemically ciosest compounds. Also, the [(CH„)SNHS]PbCI,
compound has a better workin tempemture, much closer to
room tcmperaturc than that of comparative thc compounds.
which largely Ihcihtates its apphcauou as cooling material.
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[00851 M. Ci. Kanatzidis et al.. Inorganic Chemistry, 2017,
vol. 56, pp. 56-73
I A refrigeration process which comprises applying an

external stiimilus selected front hydrostatic pressure, uui-
axial pressure. electric fiel, and illumination v ith light to an
organic-inorganic hybrid material of hexagonal packing
crystal structure of gcncrdl lomiula

v here:
A is ac[ected lrom Ihc group cons)sung of a monovalcn1

Organic cat)orb 4 nnxture of monovalent organic cd(-
tous. Bud B ulixtiirc of utouovtilcut orgtiuic et)lions Bud
uli1f)OValefit iin1)'g;10)C CBI)ous;

the monovalent organic cation is selected from the group
consisting of [NHSNH,] . [NHaOH], [CH(NH„)2]
[C(NH,),] [C,NH„], [(CH,)SNHS] .

[('ll,('II,NII,J . [CH,('(NII,)1J . [(( I I,)4NJ,
[(',N,I I,]', [(('I is)SNI IJ'. [(('I IS)SCNI IS]', [(&'4[[a)
NI I,J+, [(('l l,),('H,),NJ+ [((:Ha('Ha)2NHSJ+, and
[(C,Ho)NH31'; and

Ihc ulonovdlcut oiganic et)nial uuxnu'c ls d nuxtuic ol auv
of the organic cations mentioned, including,
[('I ISNI IS]+: and

the mixture of or anic cations and monovalent inorganic
cdtious is a nuxlurc of Buy ol (hc Bforcnlcutiouix!
UigBU)c ca(ious v'1th 000 or niorc inorganic cBI)ous
selected from the mup consisting of ('s, Rb . and
NI Ia;

B is selected from the group consisting of: a divalent
ale(i)1 cBI)ou, a uiixuuc of i[)valent ulctal ca(iona Bud ii

50/50% atomic nuxturc of a monovalent cation and a
tmvalent cation, where

the divalent metal cation is selected from the group
consisting of; Mg., Ca . Sr „Mn' Fe' Co
Nia . zn . Pb', sn . mid Sba:

the monovalent metal cation is selected fmm the gmup
consisting of: Ag'. Na'. K, Tl', and Cu'I

Ihe trivalent canon is sclectcd from thc group consisluig
of. Cr'c' ' ''u" La'C' 'd',Pm' Smi, Eui, (id' 1b' Dy", I IU', l lr',
'I'ms+ and Ybs+;
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X is a llalide anion selected from the group consisting of
F . Cl, Br . I, and a mixture thcrcol.

2. The refngeratton process according to clmm 1, wherein
A is a monovalent organic cation selected from the gmup
consisting of [(('I Ii)zNI IzJ+. [('I IS('IISNI I,J+, [(('I is)SNJ,
[(CH3)3NH], [(CH3)zCNHS]+, [(CH,)CCHS)CN], and
[(CH,CHz)SNHS] .

3. The refrigeration process according to claim 2. w:herein
A is [(CH,)SNHS]

4. Thc refngcratton process according Io clmm 1, whcrctn
A is a 60 40343 atomic mixture of [(('III),NII,J /[(CI I,)
z('IIS)SNJ+ or a 75/25% atomic mixture of j(('Ill)zNIIzJ+/
C'+

5. The refngeration process according to claim 1, wherein
the trivalent cation is selected from the group consistin of
Cr' Fc" . Bi', ius, mid Y'

6. Tht: lcfllgcrdnon process dccoldhlg lo cla1111 1, whereat
the trivalent cation is selected from the group consisting of
I Ir', I.as, ('e, Vr +. Nd, Vins+, )ms, Iiu +. (id +. Tb
l)ys+. I Ios, Iirs+, I'nl, and Ybs .

7. The refrigeration proces~ according to claim 1. w:herein
B is selected fmm the group consisting of a divalent metal
Cd(1011.

8. Thc refngcratton process according Io clmm 1, whcrctn
l3 is selected from the group consisting of: Vb, Mn' a
6014(V!t anonltc nlixture of Mn /( 0, and a 50I50% atonlic
mixture of Ag+/l3i

9. The refngeration process according to claim 1, wherein
XisCI.

10. The refrigcrauou process dccordmg lo clauu 1,
whcrcui X ts a 60/40% atomic nuxlure ol Cl /I, or a
50,'5(820% atonlic nlixture of I —/('I /l3r .

11 I'he refrigeration pnicess according to claim I,
wherein the organic-organic hybrid material is 1(('I Ii)zNI IS]
PbCI ...

12. The refrigemtlon process according to claim 1,
whermn lhc external stimulus is hydrostaiic pressure.

13. Thc rcfn Oration process according to clmm 1o which
is a continuous cychc process and wherein each cycle
comprises

a) applying and mamtaining the stimulus for a certain
period of time. v ith which the material gives ofi'eat
that is conducted outside the device:

b) Ii 1110Vhlg lhC SIIIUUlUSU 1111 wlllCh thC Iilalcnal cools,
dud

c) using the cooled nlaterial to absorb heat from inside the
device to be cooled

14. (canceled)
15. A device v ith cooing capacity induced by an external

stiluuhis, conlpl1sulg:
(I );m orgaiuc-orgm»c hybnd nml anal ol'ctmra1 fornnda

ABX, (I) und hcxngoual packuig cryslallmc structure,
(2) means to cychcally exercise the stimulus during a

certain penod of tinle on the organic-ilx1I'gallic hybrid
nlaterial and then renlove it, ivhere the external stimu-
lus isselected from the group consisting of hydrostatic
pressure. uniaxial pressure. electric fieid and iliuinina-
ntlil with hghl,

whcrcin.
A Is sclcclcd frotu lhc gloUp collslslnlg ol a Intillovdlenl

olgatuc c;ltlon. B tnlxtal'c of nuulovalcllt ol'galuc cBt-
ions. and a nlixture of nionovalent organic catimls and
monovalent inorganic cations:

the monovalent organic cation is selected from the group
consisting ol'NHSNHS] . [NH,OH], [CH(NHS)z],
[C(NHS),], [C,NH„], [(CH,)SNH,],
[('II,(TI NIIIJ, [('Ill((NIIz),J . [(('II,)oNJ,
[(',NSII,J+, [(( II,),NIIJ+. [(('Ill)zCNIISJ+, [(oils)
NHS]'„[(CH,),CHS)N]', [(CH,CHS),NH,]'. and
[(C,H,)NH3] I and

lhe monovalent org;mic cation mixture ts a mixture of any
of the organic cations mentioned, including
[('IISNI IS]+; and

the nuxturc Of org;mic cartons aud monovalent ulorgaiuc
CB(lolls IS d Ilux(UIC Of IUIV Ol lhc Itforcllic'nlloilcx!
OrganlC Cd(IOIIS with Ont: or lllorc alorgtullC CBIIOIIS

selected from the Bmup consisting of ('3, Rb . and
NI Io;

B is sclcctcd from Ihe group consisting of: a ihvalenl
metal cation, a nnxlurc of divalent metal calions, and a
50/50% atonuc mn«urc of a monovalent cation and a
trivalent cation. where

the divalent metal cation is selected from the group
consisting of. Mg', Ca' Sr', Mnz . Fcz . Coz,
Ni Cu Zn Cd'b 'u and Sb

the nionovalent metal cation is selected fmm the gmup
consistin of: A '. Na', K „Tl'. and Cu',

lhc Irivalmll cation is selccicd from thc group consistulg
of: ('r I'ei l3is Ini Yi' u'.a'e'r'ds+,

Vm, Sms+. I:us, (ids+,'I b +. I)y, I los+, I!I
Tms+ and Ybs+: and

X is a halide amon sclccled from the group cousistulg of
F, CI . Br . I, and a mixture thereof.

16. The device according to claim 15, ~herein the
organic-inorganic hybrid matenal is in powder form, sus-
pended in a fiuid, suspended in a solid matnx. or in the foun
Of Il lhlll fihu.

17. Tbe refrigeration process according to claim I,
wherein A is a monovalent organic cation selected from the
group consistinn of: [(CH3),NH,] . [CH,CH,NH,],
[(CH,)oN1, [(CH,)3NH], [(CHS)SCNHS] . [(CHS)zCH3)
zNH], and [(CH,CHS)SNHS] . and B ts sclectcd from thc
group COIISISIulg Of d ihvtdCUI 111C(al ctltloll.

18. The refrigemtion process according to claim 1,
wherein A is a monovalent organic cation selected from the
group consistinn of: [(CH3),NH,] . [CH,CH,NH,],
[(CH,) N], [(CHS)3NH], [(CH,)SCNH,], [(CH,),CH,)
zN], and [(CHICHS),NHz], B ts sclccted from the group
consistmg of a divalent metal cation: and X is ('I

19. The refrigemtion process according to claim 1,
wherein A is a monovalmit organic cation sclimted from thc
group consisting of. [(CHI)zNHz], [CH,CHSNH,] .

[(CH,) N], [(CHS)3NH], [(CH,)SCNH,], [(CH,),CH,)
zNJ, and [(Clli('Ilz),NIIz], l3 is selected from the gmup
collslstlng of: Vb, Mnz, a 60,'40% atomic mixture of
Mn"/Coz'. and a 50/50io atomic mixture of Ag /Bi'.

20. Thc rcfrigernuon process accorihng to claim 1.
wherein A is a monovalmit organic cation sclimted from thc
gmup consisting of [(('I is)SNI Iz], [('I Is('I IzNI IIJ,
[((2I3)oNJ . [(CI I,)3NI IJ, 1(('ll,),('NII,J'(CI I,),('I I,)
SN]'. Bnd [(CHSCH,)SNH,J', B is selected from the grouP
consistui of: Pb, Mn, a 60/40io atomic mixture of
Mn" /Co, and a 50/50'!o atomic mixture of Ag /Bi ', and
XisCl.
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