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Reversible Thermochromism and Strong Ferromagnetism in Two-

Dimensional Hybrid Perovskites
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Xiangfeng Shao, Dezheng Yang,* and Hao-Li Zhang*

Abstract: Two-dimensional (2D) hybrid perovskites have
shown many attractive properties associated with their soft
lattices and multiple quantum well structure. Herein, we report
the synthesis and characterization of two new multifunctional
2D hybrid perovskites, (PED)CuCl, and (BED),CuCl,, which
show reversible thermochromic behavior, dramatic temper-
ature-dependent conductivity change, and strong ferromagnet-
ism. Upon temperature change, the (PED)CuCl, and
(BED),CuCly crystals exhibit a reversible color change
between yellow and red-brown. The associated structural
changes were monitored by in situ temperature-dependent
powder X-ray diffraction (PXRD). The (BED),CuCly exhibits
superior thermal stability, with a thermochromic working
temperature up to 443 K. The conductivity of (BED),CuCly
changes over six orders of magnitude upon temperature
change. The 2D perovskites exhibit ferromagnetic properties
with Curie temperatures around 13 K.

Organic—inorganic hybrid halide perovskite materials have
emerged as a new class of remarkable semiconductors for
high-performance optoelectronics.l'"*! The majority of current
research in this area is based on three-dimensional (3D)
perovskite structures, which have a general formula of ABXj,
where A is monovalent cation, B is divalent metal cation, and
X is halide." Slicing of 3D perovskite lattice along (100),
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(110), (111) crystallographic planes with the elimination of
the octahedra lying in the slicing plane lead to common two-
dimensional (2D) perovskites with single-octahedra or
thicker slabs.®! Lowering the dimensionality to 2D with
corner-sharing octahedral layers and bulky organic cations
separating perovskite layers gives rise to increased structural
diversity and new functionalities."!!) Besides, 2D hybrid
perovskites have attracted much attention as alternative
photovoltaic materials because of an improved stability
arising from hydrophobic interactions, which block moisture
diffusion in the material.'> In 2D perovskites, there is no
Goldschmidt’s tolerance factor restriction.”! As a result, the
optical and electronic properties of the materials can be tuned
not only by metal cation and halide anion but also organic
molecules with different sizes and functional groups, provid-
ing almost unlimited compositional and structural versatility.
Given the vast design space for both organic and inorganic
components, more “exotic” functions have also been envi-
sioned with 2D hybrid perovskites, including singlet fission,
room-temperature phosphorescence and third harmonic
generation. 11!

In stark contrast to conventional optoelectronic materials
such as Si and GaAs, hybrid halide perovskites are structur-
ally softer due to weaker electrostatic interaction between the
lattice ions.”*?"! Such structural “softness” results in a highly
reconfigurable crystal structure with relatively easy structural
rearrangements to undergo a rich variety of solid-solid phase
transitions under external stimuli.”? We have observed
pressure-induced changes in photoluminescence and conduc-
tivity in several hybrid halide perovskites, all of which
involved structural transformation.”?*! Beside optoelec-
tronic properties, the color appearance can also change
significantly during phase transitions in 3D hybrid perov-
skites. For example, dihydrated methylammonium lead iodide
was found to exhibit highly reproducible and reversible
thermochromic properties upon phase transformation.””!
However, thermochromic characteristics are rarely reported
on 2D hybrid perovskite, remaining an interesting yet under-
explored research field.

2D layered perovskite possesses multiple-quantum-wells
(MQW) structure, with alternating octahedra network layers
and organic molecule layers.” The inorganic slabs serve as
the potential wells while the organic layers function as the
potential barriers. The band gap of each quantum-well is
mainly determined by the number of inorganic monolayer
sheets within a layered perovskite.” The MQW elec-
tronic structure enables 2D halide perovskite particularly
interesting for optoelectronic applications and magnetic
studies.’” Magnetic susceptibility was investigated in
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Cs;Mn,_,Cu,Sb,Cl;, (x =0-1), which were dependent on the
concentration of manganese and copper.”! Investigations on
the spin-reorientation and spin-control in 2D hybrid perov-
skite may help to design new materials for future spintron-
ics.P2¥ Despite extensive investigations on perovskites,
ferromagnets coupled with thermochromism has not been
reported to date.

As discussed above, the rich structural diversity and
“softness” in lattice structures make 2D perovskite an ideal
platform for the design of novel functional materials.
Chemical tuning of the organic spacer cations and metal
ions may enable the integration of multiple properties into 2D
hybrid perovskites. Herein, for the first time, we report the
design and synthesis of ferromagnetic 2D hybrid perovskite
with thermochromic properties. We prepared two new 2D
hybrid perovskites, (PED)CuCl, (PED = N-phenylethylene-
diamine) and (BED),CuCly (BED = N-benzylethylenedia-
mine), which exhibit reversible thermochromic properties
attributed to changes in crystal structure upon temperature
variation. Temperature-dependent conductivity experiments
revealed that the conductivity change of the (BED),CuClg
spans nearly six orders of magnitude. In addition, these 2D
perovskites are ferromagnet with Curie temperatures about
13 K. Integration of multiple stimuli-response properties into
2D hybrid perovskites shall significantly broaden their
applications.

Single crystals were synthesized from a solution of cupric
chloride dihydrate and ammonium salt followed by cooling of
the solution to room temperature. Detailed synthesis proce-
dures are provided in the Supporting Information. The crystal
structures of the (PED)CuCl, and (BED),CuClg are illus-
trated in Figure 1, and the crystal data and structure refine-
ment are summarized in Table S1 and Table S2 in the
Supporting Information. Molecular structures of the organic
cations used in this work are shown inset of Figure 1. The
powder X-ray diffraction (PXRD) patterns of the crystals
show almost identical features as simulated spectra based on
their single crystal structures (Figure S1), confirming the pure
phase of (PED)CuCl, and (BED),CuCl,. Thermogravimetric
analysis (TGA) measurements indicate that (BED),CuCl,
possesses high thermal stability, with decomposition temper-

Figure 1. Crystal structures of (PED)CuCl®" (a), (BED),CuCl*" (b).
Green Cu, red-brown Cl, blue N, gray C. H atoms are omitted for
clarity.
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ature above 478 K (Figure S2). In contrast, the (PED)CuCl,
shows a moderate thermal decomposition temperature of
393 K. Single crystal X-ray diffraction (SCXRD) data reveals
that both (PED)CuCl, and (BED),CuCl, have a 2D layered
structure, in which the inorganic sheets are formed by corner-
sharing copper chloride octahedral, while the successive
inorganic sheets are interleaved by organic ammonium salt.
The (PED)CuCl, crystallizes in the monoclinic system P2,/c
space group, with a primitive unit cell of dimensions (150 K)
a=15.3542(7), b=17.4336(3) and c=12.1823(6).
(BED),CuCly crystallizes in the orthorhombic system Pbca
space group, with a primitive unit cell of dimensions (150 K)
a="7.2375(3), b=7.2382(3) and ¢=48.029(5). Due to the
Jahn-Teller effect, which is common in Cu*-based com-
plexes,® the octahedra in the inorganic sheet are distorted.
The perovskite (PED)CuCl, consists of corrugated copper-
chloride sheets. When the PED is replaced by a longer amine
BED, the corrugated layers in the (BED),CuCl, can no longer
form, and the (BED),CuCl has flat copper-chloride sheets,
suggesting that the formation of the corrugated sheets is
cation dependent. Such cation-depend change of inorganic
sheet pattern in the Cu-ClI perovskite is similar to that found
in the Pb-Br perovskite.>

At room temperature, both (PED)CuCl, and
(BED),CuCl, crystals exhibit yellowish color. Figure 2
shows the temperature-dependent optical micrographs of
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Figure 2. Temperature-induced color change in (PED)CuCl, crystal (
top) and (BED),CuClg (bottom).

the two typical crystals. Upon temperature rise, the (PED)-
CuCl, crystal shows a color change from yellow to slightly
dark brown. In contrast, the (BED),CuCl, exhibits more
significant color evolution under different temperatures.
Upon increasing the temperature from 303 K to 443 K, the
crystal color changes from translucent yellow to red-brown.
The darkening of the crystal color indicates a reduction in the
band gap. Notably, this transition is completely reversible as
the red-brown color reverts to translucent yellow upon
cooling. Two movies of the reversible thermochromic process
are presented in Supporting Information (Moviel and
Movie 2). Reversible thermochromism in (BED),CuClg
would significantly beneficial to future thermal sensor
applications. It is noted that the working temperature of the
(BED),CuCly crystal is the highest in the ever reported
thermochromic 2D hybrid perovskite materials. Figure S3
shows the recent progress on representative thermochromic
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materials, with their highest working temperatures. parameterd at each temperature. The results show that d
(BED),CuCl¢ possess a particularly high thermochromic increased with increasing temperature and decreased with
response temperature in all the reported materials. decreasing temperature, showing a reversible process. Nota-
Ultraviolet-visible (UV/Vis) absorption spectra were  bly, after one heating and cooling cycle, the peak position did
collected for the heating/cooling cycle of (PED)CuCl, and not fully recover to its original position, indicating slight
(BED),CuClg (Figure S4,S5). When heated to the temper-  hysteresis (Figure 3¢). Similar hysteresis phenomena have
atures of 303 K, 333K, 363K, and 383 K, the absorption been previously reported on 3D MAPDI; perovskite.”
edges of the (PED)CuCl, were observed at 596 nm, 613 nm,  Temperature-dependent PXRD measurement on the
635 nm, and 659 nm, respectively. For (BED),CuCls, the powder of the (PED)CuCl, are provided in Figure S9 and
absorption edges were observed at 574 nm, 617 nm, 659 nm,  Figure S10, which exhibit very similar behavior as that of the
and 677 nm, upon heating to 303 K, 363 K, 423 K, and 443 K,  (BED),CuCl,.
respectively. The red shift of the absorption edge with the Differential scanning calorimetry (DSC) analysis from
temperature rise confirms the chromatic variation of the 290K to 380 K for (PED)CuCl, indicates that no structural
samples.”® By extrapolating the linear region of the absorp-  phase transition occurs up to the decomposition (Fig-
tion edge to the energy-axis intercept, we have determined  ure S11).°**! To understand the mechanisms of the thermo-
the optical band gaps of the two crystals. For (PED)CuCl,, the  chromism in (PED)CuCl, and (BED),CuCl, perovskites, we
band gap changed from 2.08 eV to 1.88 eV when the temper-  performed single-crystal X-ray structures at 150, 200, 300, and
ature varied from 303 K to 383 K. In comparison, the band 380 K. For (PED)CuCl,, all structures were solved in the
gap of the (BED),CuCl, reduced from 2.16 eV to 1.83 eV, monoclinic space group P2,/c. When the temperature
when the temperature varied from 303 K to 443 K (Fig- changed from 150K to 380 K, crystallographic data and
ure S6,S7). This band gap narrowing is consistent with the refinement parameters show several important changes of the
observed color changes at different temperatures. crystal structures. First, the Cu—Cl' bond length (see Fig-
As discussed above, the increase in temperature leads to  ure S12 for atom numbering scheme) elongates from
a deepening of (PED)CuCl, and (BED),CuCl; crystal color,  2.2348 A to 2.2375 A (Figure S12b), while the other Cu—Cl
suggesting crystal structure change. Temperaturedependent  bonds show a trend of decrease (Table S3) over the same
PXRD patterns were recorded to study the crystal structural ~ temperature range. Second, the in-plane Cl-Cu-Cl angle®®
changes. Manual grinding powder of (PED)CuCl, and (i.e., in-plane buckling of the octahedra, 6;,,,,.) decreases
(BED),CuCl; from the centimeter-sized crystal was used to  from 97.17° to 97.00° (Figure S12c). Third, based on the
perform the PXRD measurements. For (BED),CuCl;, the =~ SCXRD measurements, we have also calculated the cell
powder was heated from 303 K to 423 K and then cooled back ~ volumes of (PED)CuCl, at different temperatures (Fig-
to 303 K (see Figure S8 in the Supporting Information for full ~ ure S12d). A linear increase of the cell volume from the
range diffractograms). Figure 3a shows that the diffraction  1276.35 A> to 1307.77 A> was obtained, which indicates
peak at 260 =41.27° shifts to lower 260 angles (20 =41.12° at  thermal-induced lattice expansion, consistent with the results
423 K) upon increasing temperature, which gradually shifts = from the temperature-dependent PXRD measurements. The
back toward higher 26 angles during the cooling process. The = gradual lattice expansion with increasing temperature is also
structural evolution of the powder upon heating and coolingis  consistent with that observed by DSC, which show no thermal
visualized in Figure 3b by comparing the lattice spacing anomaly in the temperature range of 290 K to 380 K (Fig-
ure S11). The result that only lattice expansion takes place in
the crystal, while no structural phase transition occurred,
(a) : () explains the excellent reversibility of the thermochromism in
TN303K cool 21931 —=-heat e the two-dimensional hybrid perovskites. The DSC and
w g2 +;°1774 ’ temperat.ure-d'epe'ndent SCXRD results on th_e (BED')%CuClé
i A are provided in Figure S11 and Table S2, which exhibit very
|~ T363K cool| — similar behavior as that of the (PED)CuCl,.
__,/\39.3..]&"_‘331_ 42 33%emp;r6;mre (312; = We measured the current-voltage curves of these two
i perovskite materials as a function of temperature. The
L= s 42K representative current-voltage traces of these crystals are
M © 303K heat provided in Figure 4a,b, which were used in determining the
— ~ — 303K cool conductivity. These traces are linear at low bias, which
-W’//\‘——w 3 suggests Ohmic contact between electrodes and the various
333K heat g crystals.”? Both crystals show a general trend that their
303K heat 8 conductivities increase with rising temperature. Figure 4c,d
40m s 405 410 415 420  show the conductivity of (PED)CuCl, and (BED),CuCl; from
2 Theta 2 Theta room temperature to their decomposition temperatures,
, which illustrate that the conductivity increases significantly
Figure 3. Temperature-dependent PXRD patterns of (BED),CuClg. . e .
a) Expansion of the 20 =41.27° reflection at different temperatures. .as the temperature increase, Verl.fylng semlcc?n.ductor behav-
b) Lattice spacing calculated from the 20 values extracted from the iors of both crystals. The electrical conductivity of (PED)-
PXRD spectra at different temperatures. c) The spectra at CuCl, increases from 3.51x107""Sem™ at 303K to 2.14x
20 =41.27°during the heating and cooling cycles. 107 Sem™ at 363 K, while (BED),CuCl, increases from
Angew. Chem. 2020, 132, 209 —214 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de 21
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for charge transport in (PED)CuCl, compared to
(BED),CuCl can be attributed to the shorter distance
between adjacent inorganic layers. Therefore, the
significantly different conductivity of the two materi-

als can be attribute to their difference in crystal
structures, particularly the different distance between
the inorganic layers.

4 Magnetization measurements were performed
with a Quantum Design superconducting quantum
interference device (SQUID) magnetometer. Temper-

o ature-dependent magnetization in a 100 Oe magnetic

o field for the (PED)CuCl, and (BED),CuCls show

clearly the transition from ferromagnet to paramagnet
(Figure 5a,b). The observed rise in magnetization as
the temperature decreases are characteristics of the
temperature dependence of the magnetization of

Figure 4. Representative temperature dependence of current-voltage curves on
a single-crystal device of (PED)CuCl, (a), or (BED),CuClg (b) between —5V and
5V bias. The plot of conductivity versus temperature for (PED)CuCl, (c), or

(BED),CuCl (d) at 5V bias.

332x10"?Sem™ at 303K to 1.07x10°Scm™ at 473 K.
Under the same temperature of 363 K, the (PED)CuCl,
possesses a conductivity of 2.14x107°Scm™!, which is
nearly one order of magnitude higher than that of
(BED),CuCl, (3.19x 107" Scm™"). Importantly, the process
of conductivity changed with temperature is reversible, the
conductivity is reduced when the temperature is lowered
(Figure S13). In previous work, researchers have tried to tune
the conductivity of perovskite via changing the organic
moieties, and obtained conductivity change can only cover
no more than four orders of magnitude.”** In comparison,
the conductivity change of (BED),CuCl, spans close to six
orders of magnitude, which is the highest value for

perovskite materials. The reversible and significant

a ferromagnetic substance.*>*! Long-range ferromag-
netic orders for the (PED)CuCl, and (BED),CuCl,
are below 13 K. The Curie temperatures of these two
2D perovskites are similar to that observed on
CuCl,(C{HsCH,CH,NH,),.*” The ferromagnetic hys-
teresis loops for the two hybrid perovskites below the
Curie temperature are shown in Figure 5c,d. For
(PED)CuCl,, the magnetization nearly saturates at
a value of 0.12 emug ' in a field of 2000 Oe at 2 K. However,
(BED),CuCl; on the other hand, has strong ferromagnetism.
The magnetization nearly saturates at a value of 10 emug ' in
a field of 2000 Oe at 2 K. The saturated magnetization of
(BED),CuCl; is comparable to the value reported in the
literature.*

The different values of saturated magnetization for
(PED)CuCl, and (BED),CuCly indicate that the magnetic
properties of organic-inorganic hybrid perovskite materials
are modulated by the organic cations. In organic-inorganic
perovskite hybrids, magnetism originates mainly from the
transition metal ions, as for these two compounds, from the

conductivity response to temperature makes (a) 0.10 —— (b) 6.77 =100 0c
(BED),CuCls an excellent candidate for thermal — _ 0s; \ 542
sensing applications. N %’3 — %0 A0
The temperature-dependent conductivity change g \ g
suggests a thermally activated charge transport mech- = 0.04 \ 2 271
anism. Fitting the conducting data to the Arrhenius = 0.02- \ = 1.354
equation o= gyexp(—E/ky T)***! can give the acti- 0.00 ———— e 0.00] e o
vation energy (E,) of the materials for charge trans- 05 10 15 20 25 30 0 5 10 15 20 25 30
port, where ¢ is the electrical conductivity, o, is Temperature (K) Temperature (K)
a prefactor, kg is the Boltzmann constant, and 7'is the ~ (¢) 0.16 (d) 10.00
absolute temperature. We obtained an E, of 299 meV -~ :’_i E
for the (PED)CuCl, (Figure S14). In comparison, the %‘) Tl 10K %\0 290
E, of (BED),CuCl is estimated to be 960 meV. In 2D QE) 0.00 g 0.00
perovskites, the organic cations are considered as = 2208 2
insulating groups between the conductive inorganic = 008 oosp="] = -3-001
layers.[*!l The activation energy for charge transport in 016 ' ' -ll\fl)ag?etic field -10.00 ' . et field
2D hybrid perovskites is affected by the distance of -2000 -1000 0 1000 2000 -2000 -1000 0 1000 2000
two adjacent inorganic layers.”*! From single crystal Magnetic field (Oe) Magnetic field (Oe)

structure (Figure S15), the distance between adjacent
inorganic layers of these two crystals were 9.672 A and
24.038 A, respectively. The reduced activation energy

www.angewandte.de

Figure 5.

Temperature dependence of the magnetizations of (PED)CuCl, (a) and

(BED),CuClg (b) in applied fields of 100 Oe. The hysteresis loops of (PED)-
CuCl, (c) and (BED),CuClg (d) at 2 K, 5 K, 10 K.
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Cu** ion.™ The orbitals on neighboring Cu®" ions are
orthogonal to each other, and the spins experience ferromag-
netic superexchange via a 180° Cu-Cl-Cu pathway.”¥ The
interaction (so-called superexchange interaction) between
the two magnetic Cu*" ions is mediated by the non-magnetic
chlorine ion, and this interaction plays an important role in
the magnetic properties. It is known that the Cu®" ions in the
perovskite structure are strongly Jahn-Teller active, giving rise
to changes in the Cu—Cl bond lengths and hence to structural
distortions of the CuClg octahedra.* We quantitatively
measure the magnitude of the distortion of the octahedra
(Ad) using Equation (1):

- L]

where d is the mean Cu—Cl bond length and d, are the six
individual Cu—Cl bond length.”” In Table S4, the distortions
of CuCl, octahedral in the perovskite structure are listed. The
values of Ad is calculated to be 7.022 x 107* and 3.904 x 10~°
for the (PED)CuCl, and (BED),CuCl,, respectively. The
results suggest that CuCly octahedron is significantly distorted
with Cu atoms deviating from the balanced sites. Meanwhile,
the octahedron in (PED)CuCl, is much more distorted than
(BED),CuCl,. On the other hand, unlike the flat CuCl, layer
in the (BED),CuCl,, the inorganic layer of (PED)CuCl, has
a corrugated CuClg layer (Figure 1). More distorted octahe-
dron and corrugated CuCl, layer cause the intensity of the
superexchange interaction between Cu®" ion in (PED)CuCl,
to be less than that in (BED),CuCl,, further leading to weak
ferromagnetism.

In summary, we have synthesized two new 2D layered
organic-inorganic hybrid perovskites, (PED)CuCl, and
(BED),CuCls, which exhibit reversible thermochromic
behavior, dramatic temperature-dependent conductivity
change, and strong ferromagnetism. The (BED),CuCly exhib-
its a reversible color change from translucent yellow to red-
brown as the temperature varies from 303 K to 443 K. A six
orders of magnitude change in conductivity of (BED),CuCly
was obtained in the temperature-dependent conductivity
measurement, which is the largest conductivity change
among perovskite materials reported. Magnetization meas-
urements showed that the (PED)CuCl, and (BED),CuCl, are
both ferromagnetic substance with ferromagnetic ordering
below 13 K. The combination of thermochromism with
ferromagnetism promises new multifunctional perovskites
for potential applications in the optoelectronic and sensing
devices.
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