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Abstract

Hybrid inorganic-organic perovskites attracted @asing attention because of variety of their
applications in the fields of photovoltaics, phdémtronics and switchable dielectric devices.
Diverse molecular functional materials can be asdednby modifying the length of the organic
components and inorganic framework dimensionaliy, dhus, they might be promising candidates
to obtain phase-transition materialg. this study, we present a new hybrid perovskke-|
compound, (CIgH4;NHz3).CuBr; (1), which follows the two-dimensional inorganic framorks of
the corner-sharing CuBpoctahedra. Strikingly, compount) displays a dielectric phase transition
at around 275 K, changing from the non-centrosymmedpace group oPc (LT phase) to
centrosymmetridP2,/a (HT phase) upon heatinghe crystal structure analyses reveal that the
unusual thermally activated conformation changethe 2-chloroethylammonium cations and
distortions of CuB# network in the inorganic layers afford the drivifigrce to the phase
transition. Moreover, the Jahn—Teller distortiotraauces elongation of coordination bonds in the
inorganic planes, which confers higher flexibility the structure. Compound) (displays phase
transitions at T= 270 K and 7 = 323 K, confirmed by DSC measurements. In addljtithe
UV/Vis optical spectrum indicates thdf (has an indirect band gap of 1.47 eV. This findingy
extend the application of 2D layered lead-free hylprerovskite-type materials to the field of
photovoltaic as the photo absorber layer of sattis.c
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1. Introduction
Recently, the phase transition materials have drgreat interest because of their applications in
data storagl! ferroelectricd?? thermochromic smart window8, photovoltaic strearf!
optoelectronic propertieS! and various other applicatiod$®. Various approaches have been
developed to prepare the phase transition mateAat®ng them, the synthesis of organic-inorganic
compounds, which are able to combine desirableackenistics from both types of constituents, is
one of the most effective methdd&* Particularly, the layered hybrid materials are psieely
investigated in view of their interesting structushase transition$?*® The recent studies shown
that the main structural features of these layenatkerials are the inorganic layers alternated with
organic cations and that there are hydrogen-bondtegactions between the organic and inorganic
molecules. Meanwhile, reorientation of the orgacmtions and deformation of the anionic
framework were shown to easily induce the phasesitians and consequently generate very
promising propertie&?** Very recently, the hybrid perovskite materialshndtiversified structures
received increasing interest owing to a varietyimfiguing properties, ranging from phase
transitions, ferroelectric, dielectric, optical tbermochromic propertié®*” In these valuable
works, the introduction of organic moieties withflexible structure has been conceived as an
effective strategy to construct new molecular phemsgsition systems.
For instance, layered halide perovskite-like conmutsu (4-methylpiperidinium)Cdgl™® and
(CsHsNHa3),PbBr ¥ with a 1D and 2D structures, respectively, disgaguential structural phase
transitions associated with the motion of the orgaration. Moreover, ferroelectric transitions,
dielectric and optical properties have been idediin crystals of (pyrrolidinium)MnX(X=CI or
Br) ®? and (1,5-diaminopentane)Mng* including potential switchable dielectric behavisu
which originated from the dynamic disordering ofamic cations. In addition, the copper-based
organic-inorganic hybrid halides were reported wptlomising ferroelectric character and, more
importantly, they shown abundant phase transitiand thermochromic properties. Given the
diversity of structural networks and propertiesiatible with copper halides, we cite here the 2D
layered hybrid compound §8sCH,NHs),CuBr; 2, which demonstrates prominent semiconductor
character and presents photovoltaic properties.



Additionally, many numerous organic-inorganic haljgerovskites [NgHCH,)s-NHs]CuCl, # and
[2,2-(ethylenedioxy)bis-(ethylammonium)]Cuc?* were shown to be sensitive to the pressure.
Additionally, many numerous organic-inorganic haligerovskites [NE(CH,)s-NH3]CuCl, (23]
and [2,2-(ethylenedioxy)bis-(ethylammonium)]CuCf* were shown to be sensitive to pressure.
Indeed, under pressure, the Cu compounds exhibdaweo black piezochromism, insulator to
semiconductor transition and increase in electricahductivity. The Cu atoms in Cu-ClI
perovskites are Jahn—Teller active that generatiedhedra tilting and elongation in the axial Cu—Cl
bonds. These kinds of properties make copper bhaéde perovskites to be among the best
candidates for designing multifunctional materid®rein, in the process of exploring the solid—
solid phase transition materials, we have repodedorganic—inorganic hybrid perovskite-type
compound ) (CIC;H4sNH3),CuBr4, which belongs to the typical two-dimensional pestate-like
structure. The DSC measurements, structural arglyse various temperatures, dielectric
measurements and impedance spectroscopy wererpeddo investigate the phase transitions and
electric properties. From the structural analysis,infer that the phase transition bf (esults from
the conformation changes of organic cations aloitt e reorientation of CuBrpolyanionic
zigzag chains, arising from Jahn-Teller distortidre structural phase transition observed in
compound ) at around 270 K is induced by an unusual conftionavariation of 2-
chloroethylammonium cations namely a chairlike-tattike change of the spatial conformation.
The latter can influence this structural changeéhay are attached to the inorganic framework via
hydrogen bonding interactions. In this regard,tiaaification of organic cations may provide deep
insights into the phase transition as well as &cefe way to achieve the best performance from
hybrid perovskites. Besides, compouhggxhibits semiconducting behaviour with a bandzg)
of ~ 1.47 eV, comparable with those observed iRHgCH,NH),CuBr] (Eq = 1.81 eV)?, [(p-F-
CeHsC2H4-NHa3),CuBr] (Ey = 1.74 eV)?® and (CH(CH,)sNH3),CuBr (Ey = 1.76 eV)[*! These
findings throw light on the further research ofldaric phase transition materials based on copper
bromide hybrid organic-inorganic compounds.

2. Experimental Section

2.1. Synthesis
The analytical grade chemicals were used withoyt farther purification for the synthesis and
were purchased from Aldrich. Crystals of (GHzNH3),CuBr, were synthesized by liquid-gaz low
diffusion method. Copper bromide (1 mmol) was folssolved into hydrobromic acid (6 mL), in
which NHy(CH,),CI'HCI (2 mmol) was added in a second step. The swiuthich was first stirred
during a few minutes at room temperature until cletepdissolution, was placed into a saturated
acetone vapor atmosphere. After less than one hloairintense black crystals were collected by

filtration and washed rapidly with cold ethyl adetarhe purity of the compound was confirmed by
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an elemental microanalysis: Anal. (Calcd): C, 9.88381%); H, 3.02% (2.57%); N, 5.73%
(5.14%). Yield: 82.6 % based on Cu. The IR-spectroveasured at room temperature of
(CIC,H4NH3),CuBry shows at high wavenumbers an absorption centdr8d1sb, 3094 and 2995
cm™* correspond respectively to the asymmetric and sstmienvibrations of the NH stretching
bands. The band of (-GH appears around 1391 chwhereas the absorption band of C-N group
appears at 925 ¢ The band at 763 crhis assigned to the C-Cl stretching vibration (Fég81).
The assignments of the most relevant modes assdcvath vibrations of I) are mentioned in
Table S1. In addition, the CP MASC solid-state NMR experiments were carried outosnr
temperature. The experiments on the starting naté@lC,H;NH3).CuBr, (I) (Figure S2) were
carried out allowing the determination of the iepic chemical shift values of the,&-Cl, H,C-
NH; and Cu atoms=C NMR : 8 = 56.00 (d, HC-NHs) andd = 109.14 (d, HC-Cl) ppm while, in
the®*Cu NMR, § = 2301.27 ppm.

2.2. Thermal measurements
The differential scanning calorimetry (DSC) anatys#¢ compound 1 (5.12 mg) were performed
using a Perkin-Elmer DSC instrument in the tempeeatanges of 240-440 K. The crystalline
samples were placed in aluminum crucibles that weated (cooled) at scanning rate (5 K:Hin
under flowing nitrogen at atmospheric pressure. femogravimetric Analysis (TGA) and the
Differential Thermal Analysis (DTA) were performeging a Setaram SETSYS 16/18 instrument
in the temperature range of 298-973 K with a raatp of 5 K mift.

2.3. Single Crystal Structure Determination
The single-crystal X-ray diffraction data of (GK4NH3).CuBr, (1) crystals were collected at 150 K
(LT Phase: low-temperature phase) on a D8 VENTURE®& AXS diffractometer and processed
with the APEX 3 program suité’ The structure of LT phase was refined as a psewetwhedral
twin with twin matrix -1 0 0 0 -1 0 0.092 0 1. Mernile, for the same compounb),(the data were
collected at 293 K (HT Phase: high-temperature @has an APEX-II Bruker AXS diffractometer
and processed with the APEX 2 program stfteThe used X-ray wavelength was the Ma-K
radiation £ = 0.71073 A). The frame integration and data rédocwere carried out with the
program SAINT?® The program SADAB®”’ was employed for multiscan-type absorption
corrections. The crystal structures were solvedibgct methods and dual space methods using the
SHELXT software packadd” and refined with full-matrix least-square methdsssed on £
(SHELXL-2014) BY through the WinGX program suit&! All non-hydrogen atoms were
anisotropically refined, and the positions of Hratowere geometrically assigned and allowed to
ride on their parent atoms, with C-H = 0.97 A andiN- 0.89 A. The software Diamontf’ was

used to create the graphic representations of iystat structures. The details of crystallographic



data and structure refinements at 150 and 293 Hisiszl in Table S2. The related selected bond
lengths and angles are summarized in Tables S3-S6.

2.4. Ultraviolet—visible (UV-vis) Absorption spectrum
The ultraviolet-visible (UV-vis) diffuse reflectaacspectrum of (CIgH4NH3),CuBr, (1) was
measured at room temperature using a Shimadzudyp&éPC UV spectrophotometer equipped
with a double-beam monochromator covering the spectange from 200 nm to 800 nm with two
sources: (i) xenon lamp for the UV-Visible doma(im), halogen lamp for the infrared range. This
technique allows determining the absorbance (A)rafidctance (R) of material)( The powdered

crystals of (CIGH4;NH3),CuBr; (I) were used for the measurements.

2.5. Electrical measurements
The real and imaginary components (Z' and Z") gbedance were measured on pellet disks of
about 8 mm in diameter and 1.2 mm in thickness therfrequency range of 1-3®z with a
SOLARTRON SI 1260 impedance equipment coupled thekectric interface in the temperature
range of 223-413 K.

3. Results and discussion

3.1. Thermal properties
Since this type of compounds is prone to phasesitians,!® 2% 22 3¥\we examined their thermal
stability by DSC and TGA measurements. First, tiCOmeasurement was performed to detect the
phase transition behavior of (GI4NH3),CuBr,. As shown in Figure 1, during the heating and
cooling cycles, two sequential phase transitionevabserved at 270 K and 323 K. Moreover, the
compound (CIGH4NH3),CuBr, is thermally stable up t6433 K, and the phase transitions &
270 K and F = 323 K) are far away from its decomposition poa# seen in the TGA curve shown
in Figure S3. Such kind of large temperature-iraeidemonstrates the high thermal stability of
compound ), which provides the possibility to adjust the Gfanaterials to room temperature and
broaden their applications.

3.2. Single Crystal Structure Analysis
To explore the microscopic mechanism of structdrahsformation, the single-crystal X-ray
diffraction structural analysis of (C&4NH3),CuBr; was carried out at two different temperatures,
i.e., 150 K and 293 K, related to LT- (low temperat phase) and HT-phase (high-temperature
phase), respectively. The results indicate thaC{@iNH3),CuBr, crystallizes in monoclinic system
with different space groups: non centrosymmetraugiPc in LT phase and centrosymmetric space
group PZain HT phase. The cell parameters for HT phaseard.9213 (7) Ab = 7.6524 (7) A,
c = 12.4539 (15) AP = 107.003 (7)°V = 721.92 (13) Aand Z = 2, while for LT phase, the cell
parameters ara = 7.6224(10) Ap = 7.8983(9) Ac = 23.224(3) A3 = 90.864(5)°V = 1398.0(3)
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A®and Z = 2. The crystal data for LT phase and Hasghare reported in Table S2. The difference
in the crystal structures between LT phase and Has@ can be easily understood from the
microscopic structural changes of compoulhdd(ring its phase transition. The asymmetric ohit
(1) at LT phase consists of four 2-chloroethylammonioations and two independent CifBr
anions, while asymmetric unit for HT phase attans 2-chloroethylammonium cation and half a
CuBr®” anion (Figure S4). The CulBt ions is distorted as two of the six Cu—Br bondsthaf
copper ion are longer than the others due to Ja&flie+sTelongation of coordination bonds. The
intermolecular and intramolecular H-bonding disesare given in Figure S4. In addition, the 2-
chloroethylammonium cation resembles a chair likel doat like at LT phase. However, it
transforms into a chair like when the temperatigesrto HT phase, that i$) indergoes a chair-to-
boat conformation transformation during its phasedition, which differs from the order-disorder
mechanism often encountered in hybrid metal-hgligtevskitesi?: 3 ¢!

The HT phase oflf crystallizes in the monoclinic space group/B2and the crystal packing
features the corner-sharing CyBinfinite anionic chains expending along the b-gKigjure 2 (c)).
The coordination of Cil is completed by sharing two chlorine atoms frorjaeeht CuB§* ions,
forming a 2D layer. The organic cation occupiesubies of octahedral anionic chains through N-
H---Br hydrogen bondings with bridging Br atoms of tadjacent anionic chains (Figure 2 (d)).

Due to the Jahn-Teller effect, the octahedra inribeganic sheet are distorted. Indeed, the value o
Cul-Br—Cul bond angles is 166.7° and the anglehefzigzag chain is 87.48° (Figure 3).
Additionally, the Br—Cul-Br bond angles vary frofa.8° to 90.11° and the bond lengths in the
CuBrs octahedra vary from 2.411 to 3.123 A, evidencihg distorted octahedron coordination
geometry. These angles and average bond lengthoanparable to those of structurally similar
reported 2D Cu-based hybrid perovskites, such a$CHsNHs),)CUCKBra,, B
(C24H22N,05)CuCl, B and (NH-(CH,)4-NHz)CuCl. ¥ The adjacent GuCu distance (5.507 A)

is comparable with that observed inKgCH,CH,NH3)-[CuCly], (5.210 A)?.

For the 2-chloroethylammonium cation @) {ts HT phase, the atoms of N1 and CI are situated
below and above the coplanar conformations, res@dgt behaving as a chair-like conformation.
The organic cations link the inorganic frameworkviak hydrogen bonding N-H- - - Br interactions
with distances varying from 3.389 to 3.724 A (Tas®.

The LT phase ofl§ has a packing structure similar to that of the pfiise (Figure 2(a)). It is worth
mentioning that the space group drop®t¢awvith a decrease in temperature, and the cell pasame
are also changed (Table S2). The molecular streicd@irL T phase can be considered as copper
bromide layered organic-inorganic perovskite-likenfeguration, containing infinite octahedra
corner-sharing CulBrand Cu2Bg layers, which extend along tlzeandc axes with the shortest



Cul--Cu2 distance of 5.476 A. The 2-chloethylammoniuriooa reside in the cavities produced
by the anionic chains through N-HBr hydrogen bonding, as displayed in Figure 2(b).
At LT phase, the molecular conformation of orgacations displays an evident change. Indeed,
some atoms move to the same side of the coplamnbotiwers of N1 (or N2) and CI1 (or CI2) are
situated below and above the coplanar conformati@msequently, the structure of the 2-
chloroethylammonium cation changes from a boatiika chair-like configuration. As depicted in
Figure 3, the values of Cu—-Br—Cu bond angle are&5nhd 169°, while, the bond angles of zigzag
chains are 89.47° and 89.72. The Br—Cu—Br bondeanghd the Cu-Br bond lengths vary from
89.2° to 91.2° and 2.403 to 3.175 A, respectivedyich exhibits some changes in comparison with
the values in HT phase (see Tables S3-S4). Theniorgations and CuBf are bonded through
weak hydrogen bonds (N-+Br), for which the donor-acceptor distances arthenrange of 3.15-
3.91 A (Table S6). The H-bond lengths values ammilai to those observed in other
(CiH2n+1NH3),MX 4 perovskites-like (where n = 1, 2, ...; M is a trdiosi metal; and X is a
halogen)!3” 40!
The above discussed single-crystal X-ray diffrattiostudies reveal that the
2-chloroethylammonium cations of compoumflyndergoes exceptional chair to boat conformation
transformation during its phase transition. Theelais in close relation with the distortion of
CuBr* layer and consequently the coordination envirortroénopper ions. In addition, the central
copper (I) atoms of CuBroctahedra are coordinated by six bromide atoms,afwvhich behaving
as bridging linkers. As a result, two CyBctahedra share two bridging corners (Br3 andaBi8T
phase or Br2 and Br2" at HT phase), and the caharing CuBy octahedra construct a 2D
perovskite-derivative inorganic framework (Figur@)2. As a result, it is deduced that the phase
transition of () is related to the conformational changes of thgawic cations and the
reorientational displacement of CuBranionic chains influenced by the Jahn—Teller ¢ffec
3.3. Optical properties of compound (1)

The optical properties of this compound were ingaséd using diffuse absorbance and reflectance
spectroscopy. As shown in Figure 4 (a), three pe&k?90, 430 and 589nm are observed in the
absorption spectrum. Among these peaks, the stsbiadpsorbance observed for the peak at 430nm
indicate that this peak corresponds of the tramsiftom valence to conduction band, where is due
to the charge transfer 'ligand_metal' (4p-8d Cu).** The two other peaks at 290 and 691nm can
be due to a photoinduced exciton formed in the ganic CuBs® complexe$®”! The diffuse
reflectance data measured in the UV-vis range waresformed to pseudo-absorption data using
the Kubelka-Munk equation (F(R)), which expresdes absorbance as a function of reflectance:
F(R.) = (1-R.)%(2R,), where R is the reflectandé? The band gap energy can be estimated by the
Tauc plots [h.F(R.)]Y" as a function of the photon energy)hwherey is equal to 1/2 for direct
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transitions and 2 for indirect transitioid.Using the direct fitting, the estimated band gepsrgies
are 1.47 and 2.04eV, for the direct and indireanhditions,respectively Figure 4 (b). For this
compound the gap energy is of indirect type becdhseabsorption band used for the energy
calculation is located outside the ultraviolet mn@30nm).** These interest values can be
classified this material among the semiconductolicivhis required for applications in the
photovoltaic field.

The estimated E(~ 2.04 eV) for compoundl) is comparable to those observed for recently
reported two-dimensional (2D) hybrid halide peratesk such as (EsCH.NH3),CuBr, (Eg = 1.81
eV)?l (CH3NH3),CuCLBr, (E; = 2.12 eV), (CHNH3),CuCl (E; = 2.48 eV) P and
(C24H2N,03)CuCly (B, = 2.67 eV)*,

3.4. Real and imaginary permittivity

The temperature dependences of the real and imgguaats of dielectric permittivity and dgof
(CIC;H4NH3),CuBr, compound (Figure 5 (a), (b) and (c)) at differérequencies show two
anomalies at 7= 275 K and 7=325K. These transitions are observed in DSC stuidly a
temperature difference that is related to the esfaralorimetric and electrical measuring devices.
The higher values of real and imaginary parts ofmit#ivity observed at low frequencies are due to
integrated effect of all types of polarization swashthe ion-ion orientations, ionic vibrations, @pa
charge effects and electrode polarization. At higlheguencies, some polarization may not be

effective, and dielectric constant is small as carag to values at low frequenciés:*®
3.5. Impedance spectroscopy, equivalent circuit and conattivity

The Nyquist diagram as a function of temperatura mean to determinate the equivalent circuit,
separate the contribution of grain and grain boondad characterize the phase transitions by the
variation of grain conductivity as a function ofrtperature. In this approach, we registered the
Nyquist diagrams as a function of temperature &eg aire shown in Figure 6 (a), (b) and (c). The
evolution shows three regions separated by the tteuasition temperatures; Tand T: the two
regions in the 233-263K and 333-403K temperatumggea (Figure 6 (a) and (c)) show the
decreasing resistivity with the increasing tempemtthat indicates the thermally activated
conductivity. These regions are described by thaesaquivalent circuit (Figure 6 (d) and (f))
modeled by a series combination of three cells &mneach by a parallel combination of a
resistance and a C capacity or CPE fractal capatitis circuit describes the contribution of the
grains at higher frequencies, grain boundariestb@celectrode effect at low frequencies. The other
region over 273-313K (Figure 6 (b)) indicates tlthé resistivity increases with increasing
temperature and it is a characteristic of a metalinduction: when the temperature increases, the
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density of conduction electrons remains constauttthe thermal agitation increases the frequency
of the collisions and thus decreases the condtctiis a result, the conductivity of a metal
decreases as the temperature increases. The embicatuit for this region (Figure 6 (e)) shows
the overlap of the grain and grain boundaries leycl (R//C//CPE) and the electrode effect by the
cell (R//CPE). Nyquist diagram similation shows tp@od conformity between the experimental
and theoretical curves which allows determining tésistivity of the grain at each temperature.
This value of resistivity is used to calculate tdo@ductivity of the grain by the following relation

Gg:e/RS
Where R is the resistivity, e and S are parametarsh describe the geometry of the pellet.

The dependence of conductivity on temperature resepted in Figure 7, shows a change of slope
near the transitions;Tand T, observed in the DSC study. The two regions, wkieeconductivity

is thermally activated, are described by the Arihetaw and the activation energies are equal to
0.27 and 0.05eV in the high and low temperaturgeanrespectively. The low value of activation

energy at room temperature (0.05eV) proves themrductor character of this material.

Conclusion

In conclusion, we have successfully synthesizedDa cdpper based hybrid perovskite-like
compound, (CIgH4NH3).CuBr,, which undergoes a reversible phase transitionsaratind
T,=270 Kand 7= 323 K, as evidenced by DSC and electric measem&nThe single-crystal X-
ray diffraction study reveals that the structurabge transition with symmetry breaking is mainly
governed by an unusual chair-to-boat conformatitr@asformation in the organic moiety and the
distortion of CuBg inorganic chains. The large space enclosed bgamc copper frameworks and
the weak hydrogen-bonding interactions betweerotiganic and inorganic components afford the
freedom of the dynamic motions of the organic cetidt also displays semiconducting behavior
with an optical band gap of 1.47 eV. Importantlyr study can offer some useful inspiration for the
further development of halide perovskite phasesiteams materials accompanied by excellent

semiconducting properties.
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The CCDC (Cambridge Crystallographic Data Cent@§8437-1982704 for (CKEl,NH3),CuBr,
(I provides the supplementary crystallographic d@tahis manuscript, which can be accessed free

of cost via www.ccdc.cam.ac.uk/structures.
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Figures captions
Figure 1. DSC curves of (CIgHsNH3),CuBr, at 5 K.min.

Figure 2. Packing diagram of (CKEI4NH3),CuBry (1) along the b-axis (a) at 150 K (LT phase), and
(c) at 293 K (HT phase). The H-atoms of organi¢ocaare emitted for clarity. Hydrogen-bonding
interactions (blue and red dashed lines) betweermtbanic and inorganic componentslingt (b)
150 K and (d) 293 K. (e) Description of the 2 D qeskite network of I() by the dimensional
concept from the CuBiayers.

Figure 3. Comparaison on the degree of distortion of zigmagganic chains at 150 K (LT phase)
and 293 K (HT phase).

Figure 4. (a)UV-vis Absorption spectra an) the inset displays the Tauc plot deduced from the
optical spectrum ofCIC,H4NH3),CuBr, (1).

Figure 5. (a) Temperature dependence of the ré@ljmaginary part of dielectric permittivity and
(c) tgd of (CIC;H4NH3),CuBry(l), at different frequencies.

Figure 6.4, b, ¢, d, e and f: Nyquist diagram spectra amation of temperature with electrical
equivalent circuit for (CIgH4NH3)>CuBry (1).

Figure 7. Variation of the Ln ¢y) versus 1000/T fofCIC;H4NH3),CuBrs (1).
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