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ABSTRACT: Layered organic−inorganic hybrid perovskites
that consist of metal halides and organic interlayers are a class
of low-dimensional materials. Here, we report the fabrication
of layered hybrid perovskites using metal halides and
silsesquioxane with a cage-like structure. We used a
silsesquioxane as an interlayer to produce a rigid structure
and improve the functionality of perovskite layers. Propylam-
monium-functionalized silsesquioxane and metal halide salts
(CuCl2, PdCl2, PbCl2, and MnCl2) were self-assembled to
form rigid layered perovskite structures with high crystallinity.
The rigid silsesquioxane structure produces micropores
between the perovskite layers that can potentially be filled
with different molecules to tune the dielectric constants of the interlayers. The obtained silsesquioxane−metal halide hybrid
perovskites exhibit some characteristic properties of layered perovskites including magnetic ordering (CuCl4

2− and MnCl4
2−) and

excitonic absorption/emission (PbCl4
2−). Our results indicate that inserting silsesquioxane interlayers into hybrid perovskites

retains and enhances the low-dimensional properties of the materials.

■ INTRODUCTION

Organic−metal halide hybrid perovskites have recently
attracted particular attention in the fields of semiconductors,1−3

solar cells,4−8 optics,3,9 scintillators,10 and ferromagnets.11−14

Generally, metal halide perovskites are separated by alkylam-
monium cations that act as a barrier preventing magnetic and
electronic coupling.12,15 These materials are also low-dimen-
sional compounds and exhibit unique features that differ from
those of the original perovskites. As a class of low-dimensional
perovskites, A2MX4-type layered perovskites contain alternate
sheets of alkylammonium cations (A+) and MX4

2− octahedra
(M, bivalent metal; X, halogen atom), as shown in Figure 1.
A2MX4-type layered perovskites have been widely investigated
over the past few decades.12,15 Because this well-defined
structure is easily prepared by soft chemical methods, many
organic cations have been used to tailor such materials for
various applications.12,15,16 These studies revealed that proper-
ties of the organic cations such as size, electronic excited states,
and dielectric constant alter the performance of layered
perovskites.17,18

Silsesquioxanes are siloxane compounds with the composi-
tion formula, (RSiO3/2)n, where one silicon atom is connected
to three oxygen atoms and one organic moiety, R, to form a T
unit.19 When n = 8, the silsesquioxane can have a cubic cage-
like structure with eight functional groups (Figure 1).19,20 This
unique silsesquioxane structure is also referred to as a
polyhedral oligomeric silsesquioxane (POSS). Importantly,
POSSs possess both the robust properties of silica and the

flexible properties of organic compounds. A number of organic
functionalized POSSs have been reported and are recognized as
versatile organic−inorganic hybrid materials.20 The addition of
POSSs to products can improve their original mechanical and
thermal properties as well as chemical stability, miscibility, and
rigidity. For example, POSSs are sometimes grafted onto
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Figure 1. Schematic diagram of layered organic−inorganic hybrid
perovskites and POSS.
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organic polymers to increase crystallinity because of their
rigidity.21 POSSs have also been added to electrical and thermal
insulators because of their miscibility.22,23 These applications
suggest that POSSs are potentially suitable as an interlayer in
layered materials. If a POSS is inserted between layered
perovskites, it may enhance their properties and functionality.
To date, complexes of POSS and metal halides or metals have
been reported,24−26 and the formation of random siloxane
networks between perovskite layers has been attempted.27,28

However, this report presents a completely different approach.
We form layered POSS−metal halide hybrid perovskites using a
propylammonium-functionalized POSS (A−POSS) and several
metal halides under ambient conditions and then evaluate the
physical properties of the resultant layered perovskites.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received. Ethanol, methanol,

2-propanol, acetone, dimethyl sulfoxide, ethylene glycol, hydrochloric
acid (HCl), copper(II) chloride, 2-hydrate (CuCl2), palladium
chloride (PdCl2), lead chloride (PbCl2), and manganese(II) chloride,
4-hydrate (MnCl2) were purchased from Kishida Chemical Co.
(Osaka, Japan). 3-Aminopropyltriethoxysilane (APTES) was pur-
chased from Shin-Etsu Chemical Co., Ltd. (Tokyo, Japan). Water used
in experiments was prepared using a Milli-Q Ultrapure Water System
(Direct-Q, Millipore, Billerica, MA).
Preparation of POSS-Metal Halide Complexes. Propylammo-

nium silsesquioxane (A−POSS) was synthesized using a reported
method.29−31 Briefly, a mixture of APTES (30 mL), HCl (41 mL), and
MeOH (240 mL) was stirred for 5 h and then left to stand at room
temperature for 5−14 days. After a white precipitate formed, it was
collected by filtration and washed with cold methanol to give A−POSS
(approximately 5 g). A−POSS and metal halides (CuCl2, PdCl2, PbCl2
and MnCl2) were first dissolved in aqueous hydrochloric acid or water,
and then complexes were precipitated as microcrystalline precipitates
by adding the mixture to poor solvents. Hereafter, the obtained
complexes are referred to as CuPOSS, PdPOSS, PbPOSS, and
MnPOSS. Detailed synthetic procedures are described in the
Supporting Information.
Characterization of POSS−Metal Halide Complexes. Field-

emission scanning electron microscope (FE-SEM) images of the

complexes were observed using an FE-SEM (S-4800, Hitachi High-
Technologies, Japan) at an accelerating voltage of 0.7−1.0 kV without
any metal coating. 29Si solid-state NMR spectra were recorded at 12.5
kHz using an NMR spectrometer (AVANCE-400, Bruker, Billerica,
MA) equipped with a magic-angle spinning (MAS) probe. Powder
samples were transferred to standard 4-mm zirconia rotors for NMR
measurements. Powder X-ray diffraction (XRD) patterns of the
complexes were collected using an X-ray diffractometer (D8 Advance,
Bruker) with Cu Kα radiation (λ = 0.15406 nm, 40 kV, 40 mA).
Nitrogen (N2) sorption isotherms were measured at 77 K using an
adsorption apparatus (Belsorp-mini, BEL Japan Inc.). Specific surface
areas were calculated using Brunauer−Emmett−Teller (BET) theory.
Supplemental elemental analyses of CuPOSS were performed using an
ion chromatograph (Dionex ICS-2000, Thermo Fisher Scientific, Inc.,
Waltham, MA) equipped with an automatic quick furnace (AQF-100,
Mitsubishi Chemical Co., Japan) and an inductively coupled plasma
atomic emission spectrometer (ICP-AES: SPS-7800, SII Nano-
technology, Inc., Japan).

Magnetic moments of CuPOSS and MnPOSS were measured using
a superconducting quantum interference device (SQUID: MPMS-5s:
Quantum Design, Inc., San Diego, CA) equipped with a reciprocating
sample option system. Optical properties of PbPOSS were analyzed
using powdered samples on glass slides. Diffuse reflectance UV−vis
absorption spectra were measured using a UV−vis spectrophotometer
(UV-2600, Shimadzu, Japan) and photoluminescence spectra were
obtained by excitation at 320 nm using a spectrofluorometer
(FluoroMax-4, Horiba, Japan) equipped with a Xe lamp.

■ RESULTS AND DISCUSSION

The silsesquioxane−metal halide complexes were characterized
to confirm their structures. First, FE-SEM images of the
powdered complexes were obtained (Figure 2). All the
complexes consist of thin plates. CuPOSS and PdPOSS
samples contained particularly thin disk-like shapes with
sharp edges (Figure 2a,b), while the plates of PbPOSS are
less defined (Figure 2c). MnPOSS clearly consists of thick
rectangular plates (Figure 2d). In contrast, A−POSS did not
form plates, and its complexes with ZnCl2 and CoCl2 exhibited
a rod-like morphology (see Figure S1 in the Supporting
Information). The morphology of these complexes is

Figure 2. FE-SEM images of the silsesquioxane−metal halide complexes: (a) CuPOSS, (b) PdPOSS, (c) PbPOSS, and (d) MnPOSS (scale bar: 1
μm).
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determined during the precipitation process and is specific to
the metal halide used. This indicates that the observed plate-
like morphology presumably originates from their layered
crystal structures.32

Solid-state 29Si MAS NMR spectra were recorded for the
complexes and A−POSS (Figure 3). A−POSS exhibited one

sharp peak centered at δSi = −63.9 ppm that is attributed to a
T3 peak,29−31,33,34 which is evidence for the presence of a cubic
cage-like structure as shown in Figure 1. All of the complexes
exhibited only one sharp peak similar to A−POSS (δSi = −67.1
ppm for CuPOSS; δSi = −65.1 ppm for PdPOSS; δSi = −64.4
ppm for PbPOSS; δSi = −64.1 ppm for MnPOSS). These
results confirm that the cage structure of A−POSS remains
intact in the complexes with metal halides. The peaks observed
for CuPOSS and MnPOSS are slightly broadened, which is
presumably because of the magnetic properties of these metal
halide layers. For PbPOSS, the main peak is slightly broadened
and is accompanied by a small band around δSi = −55 ppm.
This band may arise from partial degradation of POSS moieties
during synthesis.
Powder XRD patterns of the complexes contain sharp peaks,

which is clear evidence for their high crystallinity (Figure 4).
The narrow peaks (indicated by *) that appear at equal
increments (2θ = 5°) are characteristic of 00l type reflections of
layered compounds. The corresponding layer distance calcu-
lated from Bragg’s law is 1.76 nm for CuPOSS, 1.70 nm for
PdPOSS, 1.61 nm for PbPOSS, and 1.74 nm for MnPOSS.
These diffraction patterns closely resemble those of reported
layered perovskites,35−37 but differ substantially from that of
A−POSS. More importantly, these layer distances approx-
imately correspond to the size of A−POSS (approximately 1.4
nm).24 Therefore, the FE−SEM, NMR, and XRD results lead
us to conclude that the obtained silsesquioxane−metal halide
complexes form layered perovskite structures. We also
conducted elemental analyses of CuPOSS using ion chroma-
tography for the Cl species and ICP-AES for the Cu and Si
species. The calculated chemical formula of CuPOSS is

[Si8O12(C3H6NH3)8][CuCl4]4, which is in good agreement
with the formation of a layered perovskite. Furthermore, we
obtained a preliminary single-crystal X-ray diffraction result for
CuPOSS (Figure S2 in the Supporting Information). This
result also implies the formation of a layered copper chloride
structure, which is consistent with our other results.
One unique characteristic of these silsesquioxane−metal

halide hybrid perovskites is their porous structure. N2 sorption
isotherms were obtained for the layered perovskites and A−
POSS (Figure 5a). A−POSS did not adsorb N2, which supports
the assertion that N2 molecules cannot enter the POSS cage.38

In contrast, CuPOSS and PdPOSS exhibit type-I N2 sorption
isotherms, indicating the presence of micropores with
diameters less than 2 nm in these compounds. The amount
of N2 adsorbed at P/P0 = 0.95 is approximately 70 mL-STP g−1,
which is equivalent to nearly five N2 molecules adsorbed per
one POSS cage. The BET specific surface areas calculated for
CuPOSS and PdPOSS were 205 and 187 m2/g, respectively. In
addition, N2 molecules were adsorbed into the micropores of
MnPOSS (see Figure S3 in the Supporting Information).
However, PbPOSS did not readily adsorb N2 (Figure 5a).
These results suggest that N2 molecules were adsorbed onto
the surface of the POSS cage between the perovskite layers in
all of the complexes except PbPOSS (Figure 5b). The
microporous structure formed presumably because of the size
and rigidity of A−POSS as a well-defined interlayer with a
distance of 1.70−1.76 nm. The results indicate that an open
space exists between the perovskite layers in all of the
complexes except PbPOSS. Filling this space with target
compounds may allow the properties of the interlayers to be
easily tuned.
The physical properties of the obtained complexes were then

measured to evaluate the role of A−POSS as an interlayer.
First, the temperature dependence of the molar susceptibility,
χmol, of CuPOSS was measured from 50 to 2 K at 0.5 Oe using
a SQUID. When the temperature was less than 10 K, χmol
abruptly increased, indicating the presence of ferromagnetic
ordering in CuPOSS (Figure 6a). The Weiss constant (Tw) was
determined by fitting the 1/χmol data above 22 K to the Curie−
Weiss law:

χ
= −

c
T T

1 1
( )

mol
w

giving Tw = 18 K, which is also consistent with our argument
(see the inset in Figure 6a). In addition, the maximum

Figure 3. Solid-state 29Si MAS NMR spectra of the obtained
complexes and A−POSS.

Figure 4. Powder XRD patterns obtained for silsesquioxane−metal
halide complexes: asterisk (*) indicates 00l type reflections.
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susceptibility is around 5 K, which is slightly different from
previous reports for layered copper chloride perovskites where
no maximum was observed.39,40 The same phenomenon was
also observed at 10 Oe (data not shown). We were unable to
fully interpret the χmol data for CuPOSS measured at less than 5
K. For comparison, the temperature dependence of the molar
susceptibility of MnPOSS was also measured from 2 to 40 K at
0.5 Oe with heating after zero field cooling (Figure 6a). χmol for
MnPOSS remained small even at low temperatures, compared
with that for CuPOSS. By fitting the 1/χmol data above 22 K, Tw
for MnPOSS was estimated to be −39 K (see the inset in
Figure 6a). These results are indicative of an antiferromagnetic
interaction between Mn2+ ions in MnPOSS.41

The magnetic moments of CuPOSS were recorded in a field
ranging from 0 to 50 kOe at 2 K (Figure 6b). The magnetic
moment of CuPOSS rapidly increases in a small magnetic field,
which supports the presence of ferromagnetic ordering.39 The
saturation magnetization of CuPOSS is 0.95 μB/each which is
almost the same as the literature value for a layered perovskite
with a similar structure of 1.06 μB/each.

39 The hysteresis loop

and remnant magnetization of CuPOSS are small (data not
shown). The field dependence of the magnetic moments of
MnPOSS was also recorded in a field ranging from 0 to 50 kOe
at 2 K. The magnetic moments were nearly proportional to the
applied field, which is markedly different behavior from
CuPOSS. To prove the presence of an antiferromagnetic
interaction in MnPOSS, further investigation is required.
Nonetheless, both CuPOSS and MnPOSS exhibit some
magnetic ordering features in their perovskite layers. This
suggests that POSS serves as an effective interlayer, similar to
other alkylammonium compounds.
UV−vis absorption and photoluminescence emission spectra

of powder PbPOSS were measured at room temperature
(Figure 7). The diffuse reflectance UV−vis spectrum of

Figure 5. (a) N2 sorption isotherms of silsesquioxane−metal halide
complexes at 77 K (open circles, adsorption; filled circles, desorption).
(b) Schematic diagram of layered POSS−inorganic hybrid perovskites
with N2 adsorbed between layers.

Figure 6. Magnetic properties of CuPOSS (circles) and MnPOSS
(squares). (a) Temperature dependence of molar susceptibility, χmol at
0.5 Oe. (Inset) Plot of 1/χmol−T. (b) Isothermal magnetic moment
measurements from 0 to 50 kOe.

Figure 7. Diffuse reflectance UV−vis absorption and photo-
luminescence emission (λex = 320 nm) spectra for PbPOSS.
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PbPOSS exhibits a sharp, intense absorption peak at 327 nm
along with broad shoulder bands similar to those of reported
layered perovskites containing lead halides at around 330
nm.27,42−44 The photoluminescence spectrum obtained upon
excitation at 320 nm contains a strong, sharp emission peak at
357 nm. Small peaks from 450 to 470 nm in the spectrum
originate from the Xe lamp. The emission peak of PbPOSS at
357 nm is slightly higher than that at around 340 nm in other
reports.27,42,44 Nevertheless, the strong, sharp peaks exhibited
by PbPOSS are typical features of excitonic absorption and
emission,1,3,9,27,28 which indicates the presence of stable excited
electron−hole pairs (i.e., excitons) in the PbCl4

2− layers.
Therefore, the silsesquioxane interlayers can stabilize excitons
in the perovskite layers of PbPOSS in the same way as
alkylammonium compounds.

■ CONCLUSIONS
In this study, we fabricated layered hybrid perovskites
consisting of a POSS and metal halides. The layered hybrid
perovskites contained micropores and some exhibited magnetic
ordering (CuPOSS and MnPOSS) and excitonic absorption/
emission (PbPOSS). The micropores between the metal halide
perovskite layers that were formed by POSS may open new
avenues of research into controlling the properties of
perovskites by filling with various molecules.
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