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ABSTRACT: Small clusters of cesium−lead−iodide perovskites
(CLIPs) have been prepared in the Na−X zeolite matrix and
studied by means of spectroscopy and quantum chemical
modeling. Regularity of pores in single crystals of zeolite assures
the formation of clusters of a certain size. By the first-principles
quantum chemical calculations, we have determined that clusters
Cs4PbI6, Cs5Pb2I9, and probably Cs7Pb5I16 with a size of 0.74, 1.29,
and 1.36 nm, respectively, have elevated stability compared to
other species, and they fit into the pores of Na−X zeolite.
Electronic energy spectra of these clusters have been calculated
and compared with experimentally measured ones.

1. INTRODUCTION

Perovskite materials of different dimensionalities are promising
due to their useful electronic transitions and insensitivity of
their electronic energy spectrum to structure defects.1−3

However, they require protection from the environment.
This can be accomplished by surfactant coverage or by
incorporation into a porous matrix, for instance, mesoporous
silica matrix.4 Pores of the small size allow the preparation of
nanoparticles of perovskites that open up an additional
possibility of controlling their energy spectrum via quantum
size effect. Although nanoparticles of perovskites have been
studied in a number of papers (see, e.g., refs 2, 3, 5−15, and
20), nevertheless, the smallest possible nanoclusters consisting
of up to 20 atoms are still rather unexplored. As an example of
0D perovskite theoretical calculations, we can mention refs 25
and 26. Several papers report incorporation of perovskite
nanoparticles into zeolite.21,22,24,27

We attempt to impregnate zeolite single crystals with CLIP.
The small size of pores in zeolite supports incorporation of 0D
perovskite clusters consisting of one-two tens of atoms, such as
Cs4PbI6, Cs5Pb2I9, and Cs7Pb5I16. Quantum chemical calcu-
lations were performed to optimize the geometry and calculate
other properties of 0D perovskites. The calculated absorption
and luminescence spectra are compared with the measured
ones on the synthesized CLIP@zeolite nanocomposites.
Zeolites provide the matrix to obtain extremely small

clusters in the pores with a diameter up to 15 Å. Zeolites
are crystalline aluminosilicates with channels and cavities that
can vary in the range from 3 to 15 Å.16 Cavity size depends on
the type of aluminosilicate framework, Si/Al ratio, origin of
ion-exchange cations, and so forth. Na−X zeolite, which has
been used in the present paper, has a Si/Al ratio equal to 1,
Fd3m symmetry, and two types of cages: one is a sodalite cage,

truncated octahedron with a diameter of 8 Å, and a supercage,
which is formed by the connection of sodalites in a diamond-
like structure with a diameter of about 13 Å.17 All cages are
interconnected by shared small windows and arranged
regularly. Thus, the cages can be used for the fabrication of
small nanoclusters. Even the smallest perovskite nanoclusters
(Cs4PbI6) barely fit into the small (8 Å) sodalite cages.
Therefore, it is natural to assume that mostly, the supercages
can be the hosts for the CLIP nanoclusters.

2. RESULTS AND DISCUSSION

2.1. Sample Preparation and Measurements. To date,
as far as we know, there are a few examples of the synthesis of
perovskites in zeolites reported.21,22 They have performed two-
step synthesis from solution. In the present report, we used a
simpler one-step technique very similar to that used in the
synthesis of perovskites in mesoporous glass.4 CsI and PbI2
have been dissolved in dimethylformamide (DMF) to form 0.2
M stock solution of CLIP CsPbI3. Zeolite crystals were
immersed in CLIP solution and left for a certain amount of
time. It should be emphasized that immersion time must be
long enough (about 12−24 h) because of small diameter of
channels between cavities in zeolite crystals and slow diffusion
of ions through channels. It happens because ions can be
adsorbed on the walls of channels, and it takes time for
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desorption−diffusion−adsorption processes repeated many
times. Temperature of the sample during percolation is also
important. From one side, increase of temperature speeds up
desorption and diffusion processes, but from the other side, it
decreases the solubility of the perovskite. It opens up
possibility to control penetration of perovskites into zeolites
by changing temperature in the next studies. In the present
report, we used room temperature. Then, the excess solution
was removed using filter paper. The samples were heat-treated
at 150 °C for complete drying.
Initial characterization of zeolite samples was performed

with a scanning electron microscope AURA-100 (Seron
Technology) and a transmission electron microscope JEOL
100CX II. Comparison of images of zeolite crystals before and
after treatment in CLIP solution does not reveal any changes.
Thus, we can conclude that the crystalline structure of zeolite
is preserved. It is also confirmed by electron diffraction (ED)
(Figure S3). Unfortunately, we have no technology for
preparation of the slices of zeolite crystals thin enough for
high-resolution transmission electron microscopy (TEM)
observation of CLIP clusters in the pores.
Photoluminescence (PL) spectra of zeolite single crystals

with CLIP have been measured with aspectrometer based on
MDR-3 monochromator under 405 nm cw semiconductor
laser and 337 nm pulsed nitrogen laser excitation at room
temperature. The control PL spectra of zeolite without
perovskites have been measured (Figure S6). They gave
negligible intensity in all studied spectral ranges. Luminescence
excitation spectra have been measured with a Shimadzu RF-
6000 spectrofluorophotometer.
2.2. Quantum Chemistry Calculations. Correct model-

ing of the perovskite nanoparticles is an important part of the
study to explain the optical and electronic processes in the
nanoparticles. First of all, we have to say that the effective mass
approximation,18 which is often used to describe an exciton
quantum confinement, analogous to a particle in a “box”, gives
substantial deviation from the experiment for small particles, so
it requires a more accurate approach. Going beyond the
abovementioned theory, it is better to analyze the charge
redistribution occurring in these excitations for a more
accurate description of the optical properties of nanoparticles.
Today, many groups are conducting quantum chemical

calculations to correctly describe 0D, 1D, and 2D perovskites
and find the optimal basis that will be suitable for perovskites
with any chemical composition. However, reaching agreement
with experimental electronic spectra is still an actual task.
Extensive modeling of the smallest 0D perovskite cluster led us
to conclusion that it has the structure of appearance A4BX6. Its
composition is similar to Cs4PbX6 nanoparticles23 which
behave like an insulator. However, we have to emphasize the
difference in energy spectra and optical properties of Cs4PbX6
nanoparticles23 and extremely small clusters Cs4PbX6 consist-
ing of 11 atoms.
The most stable structure of the A4BX6 cluster is the

tetrahedron with metal B at the center, alkali A at the vertices,
and halogens X at the edges. The structure of larger perovskite
clusters consists of a certain number of elementary building
blocks mentioned above. Therefore, to simplify the con-
struction of larger clusters, it was necessary to optimize this
elementary cell and to create larger clusters from these. The
structural and spectral characteristics were calculated using the
Gaussian 16 program.19 First of all, the geometry of the
nanoclusters was optimized. The structure and energy

optimization were performed using density functional theory
(DFT). A generalized gradient approximation in the Perdue−
Burke−Ernzerhof (PBE) functional form19 with the scalar
relativistic effective Stuttgart/Dresden base potential (SDD) is
chosen.
According to the pseudopotential theory used in the DFT

method, a strong ionic potential can be replaced by a much
weaker potential, a pseudopotential describing all the
pronounced properties of the motion of valence electrons in
the solid state. The potential is introduced in such a way that
the multielectron problem is replaced by the self-consistent
field problem, and all electronic states are subdivided into the
framework and valence ones. The core electrons are excluded
from consideration of the assumption that their charge density
does not respond to changes in the chemical environment.
However, this approximation is very rough, so we use a
generalized gradient approximation to account for the
heterogeneity of the real electron density.
The optimized structures of small perovskite clusters

Cs4PbI6, Cs5Pb2I9, and Cs7Pb5I16 chosen from many tens of
modeled clusters as ones with the largest binding energies are
presented in Figures 1, 2 and their calculated absorption
spectra are presented in Figure 3. These clusters are small
enough to fit into supercages of zeolite (Figure 2).

2.3. Luminescence of Perovskite Clusters in Zeolites.
An attempt to synthesize perovskite nanoparticles has met all
expectations. Unlike porous silica, in zeolites, the pores are
uniform and have a definite direction, a strict arrangement, and

Figure 1. Optimized structures of small perovskite clusters Cs4PbI6
(a), Cs5Pb2I9 (b), and Cs7Pb5I16 (c).

Figure 2. Perovskite cluster Cs7Pb5I16 and the inner Si−O shell of the
Na−X zeolite supercage.
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very small dimensions. For zeolite crystals treated in perovskite
solution of a concentration of 0.2 M, there is one narrow
luminescence band at 425 nm (Figure 4). It should be

emphasized that the Na−X zeolite is a wide band gap crystal
and it does not absorb 405 nm emission of semiconductor laser
and does not provide any noticeable luminescence (Figure S6).
Only zeolite with perovskites provides luminescence presented
in Figure 4. The shift of this band into the short wavelength
region compared to bulk CLIP indicates a decrease in the size
of the clusters. It is manifestation of quantum size effect.
A narrow band at 425 nm may be interpreted as

luminescence of perovskite clusters (most likely Cs4PbI6) in
the pores, while a longer-wavelength shoulder can be attributed
to another kind of clusters (probably Cs5Pb2I9) or to the
perovskite film and larger nanocrystals at the surface of zeolite
crystals (Figure S2). We have noticed that the PL spectrum
depends on the excitation source. In Figure 5, luminescence
under pulsed nitrogen UV laser (337 nm) is presented.
Approximately, in the same spectral range, two blue bands are
observed at 470 and 510 nm, respectively. Probably, such a
sensitivity of the PL spectrum to excitation wavelength is
caused by the difference of absorption spectra of different
perovskite clusters and nanoparticles.
We have performed DFT calculations of Cs4PbI6, Cs5Pb2I9,

and Cs7Pb5I16 0D perovskite clusters to compare their

predicted energy spectra with the experimental results
presented above. Comparison of calculated (Figure 3) and
experimental (Figure 4) spectra suggests that the most
probable composition of perovskite clusters in the pores of
zeolite is Cs4PbI6 and Cs5Pb2I9. A larger cluster Cs7Pb5I16 has
the electronic energy spectrum shifted considerably to the low-
energy side and consisting of two rather broad bands. It is
interesting that absorption spectra of Cs4PbI6 and Cs5Pb2I9
clusters have very close position of the main absorption peak
centered near 350 nm. However, cluster Cs5Pb2I9 (Figure 3b)
has an asymmetric peak with a long-wavelength shoulder that
resembles better the experimental one (Figure 4).
We cannot perform direct measurement of the absorption

spectrum of the zeolite-CLIP sample because it consists of
small crystals (Figure S1, S2) with a high refractive index that
causes strong light scattering. However, we can measure the
luminescence excitation spectrum instead. Obtained results are
presented in Figure 6. Excitation spectra contain two bands at
320 and 360 nm and a short-wavelength shoulder. It is easy to
notice that the ratio of intensities of two bands and their
shapes change, while monitoring wavelength is changed (469

Figure 3. Calculated absorption spectra of small perovskite clusters:
Cs4PbI6 (a), Cs5Pb2I9 (b), and Cs7Pb5I16 (c).

Figure 4. Luminescence of Na−X zeolite crystals impregnated with
CLIP under 405 nm cw laser excitation.

Figure 5. Luminescence of Na−X zeolite crystals impregnated with
CLIP under 337 nm N2 laser excitation.

Figure 6. Excitation spectra of luminescence of Na−X zeolite crystals
impregnated with CLIP at 469 nm (red curve) and 500 nm (green
curve).
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and 500 nm, respectively). The observed structure of PL and
excitation spectra that contain two bands is in agreement with
the results of theoretical calculations that predict the existence
of two most stable CLIP clusters Cs4PbI6 and Cs5Pb2I9 that fit
into zeolite cages. A short-wavelength shoulder in excitation
spectra can be caused by transitions into the higher excited
states that also appear in the results of DFT calculations
(Figure S5).
Another possibility to compare experimental and calculation

results on clusters’ spectra is to estimate Stokes shift between
absorption and emission transitions. It is possible to estimate
expected Stokes shift by means of quantum chemical
calculationsan optimization of cluster in the excited
electronic state. However, such calculations are much more
time-consuming and provide less accuracy. Our preliminary
results demonstrate a Stokes shift of about 1.13 eV (that is
about 2 times larger than experimentally observed one) for
Cs4PbI6 and much larger values for Cs5Pb2I9 and Cs7Pb5I16,
which can reflect large deformation of electronic bands and
possibility of nonradiative de-excitation in these clusters
(Figure S4). The difference of calculated and experimentally
observed Stokes shift shows the need for more accurate
calculations.
There are sharp lines on the 425 nm band as well (Figure 4).

Their origin is not clear yet. They can correspond to collective
emission (like in ref 14) of many regularly arranged
nanoclusters from the areas of zeolite crystals with high filling
of cages with perovskite. Figure S2).

3. CONCLUSIONS

Small perovskite clusters have been grown in the matrix of
Na−X zeolite single crystals. Luminescence of these clusters
demonstrates blue bands at 425−500 nm with sharp lines and
a long-wavelength shoulder attributed to the perovskite film on
the surface. Quantum chemical calculations have been
performed to determine the size and energy spectrum of the
smallest possible perovskite clusters that can fit into supercages
of zeolite and to compare with experimental results. From the
results of these calculations, we conclude that the largest
binding energies per atom demonstrate tetrahedral clusters
Cs4PbI6 and larger ones built from 2 or 5 tetrahedrons, namely,
Cs5Pb2I9 and Cs7Pb5I16. Calculations of the electronic excited
states and comparison with experimental luminescence and
excitation spectra suggest that two smaller clusters Cs4PbI6 and
Cs5Pb2I9 can appear in our measurements.
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