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Abstract: Metal halide perovskites nanocrystals (NCs) represent an emerging class of materials that
find increasing application in optoelectronic and photovoltaic devices, thanks to their intriguing
optical properties, including high absorption coefficient, high fluorescence quantum yield (PL QY)
and fast charge carrier separation. However, their opening to market is still hindered by their limited
reliability, due to an intrinsic structural instability and degradation of their photophysical properties
upon air, moisture, and light exposure. The incorporation of perovskite NCs in polymer matrix can
limit some of the NC instability issues, with advantages in film processability, device fabrication
and mechanical performance, being also useful for fundamental studies. In this regard, here,
nanocomposites based on polymethylmethacrylate or polystyrene embedding all-inorganic CsPbBr3

NCs have been prepared and processed in the form of flexible free-standing films. A systematic
spectrofluorimetric study, comprising steady state photoluminescence (PL), PL quantum yield (QY)
and PL decay of the free-standing films before and after exposure to relative humidity condition
(RH% 85%, at 25 ◦C) is performed and discussed. Phase segregation phenomena, changes in NC
passivation and recombination dynamics are evaluated as a function of polymer loading and its
molecular structure and finally the efficacy of the polymer as moisture barrier investigated.

Keywords: CsPbBr3 NCs; polymer nanocomposites; steady state emission; time resolved spectra;
recombination dynamics

1. Introduction

Metal halide perovskites, including both hybrid organic–inorganic (HOIPs) and all-inorganic
cesium-based perovskites (IPs), have shown great potential for next generation optoelectronic
devices thanks to their outstanding photophysical properties [1,2]. Broad absorption, composition
and size dependent optical properties, narrow emission line width (70−140 meV), high (40−90%)
photoluminescence quantum yield (PL QY) [2–4], fast charge separation, and long carrier lifetime,
together with low cost and easy processability, are some of the features of these emerging materials
that make them attractive as active components in third-generation solar cells [5,6] and light emitting
devices [7].

While the defect tolerant nature of perovskite is the major enabling factor for highly
efficient perovskite photovoltaics and for the bright photoluminescence, the easy ion-migration
phenomenon, and the low energy formation [8] stand as potential threat against stability [9]. In fact,
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the commercialization of optoelectronic and photovoltaic devices based on perovskites is still in its
early stages due to their poor reliability, short lifespan, and quick deterioration of the active materials.
Long-term instability issues, indeed, include both a limited structural/intrinsic stability of perovskites
and their heavy deterioration under external environmental stresses such as heat, light, humidity,
and oxygen [10,11]. HOIPs suffer from low intrinsic or thermodynamic stability due to the high mobility
of halide and organic ions. Organic cations are volatile and hygroscopic; thus, hydrate perovskite
intermediates and degradation products can be easily formed from reactions catalyzed by water in
humid air. The organic cations are also protonated, which makes them easily reacting with superoxide,
formed under light and oxygen exposure [8,12,13], thus undergoing deterioration. Conversely,
IP materials featuring large inorganic cesium ions instead of organic cations [14] may represent
viable alternatives, showing superior stability compared to HOIPs. Cesium ions indeed provide an
improved tolerance to oxygen under light exposure, due to lack of protonated moieties [13], and,
in general, convey an inherently more rigid crystal structure, enabling a higher resistance to the
electrochemical changes under external stimuli [8].

In the field of IP materials, colloidal perovskite nanocrystals (NCs) featuring low dimensionality
and good colloidal dispersibility in organic solvents, thanks to native amphiphilic ligands passivating
their surface, have shown superior long-term stability with respect to bulk materials [15]. The presence
of the hydrophobic ligand shell, even though dynamically adsorbing and desorbing from the IP
NCs surface, improves materials tolerance to humidity, limiting moisture diffusion. In addition,
their colloidal nature and large surface area, due to low dimensions, offer the possibility of implementing
a wide range of solution phase IP surface functionalization strategies alternatives to the use of thin
films protecting coating. Several approaches based on IP NC surface engineering with hydrophobic
water-resistant interfaces have been developed [16,17] to preserve the structure of IP NCs and render
them resistant to moisture and air. IP NCs have been surface-functionalized with specific ligands [18–20]
such as fluorocarbon agents [18], inorganic matrixes [21], polymers [15,16,22–25], biopolymers [26] or
superhydrophobic porous polymer framework [27]. Other approaches are based on the coating of
IP NCs with an inorganic oxide layer [28,29] or on their inclusion in a hydrophilic network [30,31]
which, concomitantly, provide moisture resistance and act as a physical barrier, preserving the IP NCs
properties. More recently, the phase transformation of IP NCs into 2D/3D heterostructures has been
found to offer a great advantage to IP NC stability [32,33].

In this scenario, the formation of polymer nanocomposites (PNC) based on IP NCs dispersion
in a polymer matrix, such as poly (methyl methacrylate) (PMMA), polystyrene (PS), polycarbonate,
acrylonitrile, butadiene, polyvinyl chloride, and styrene, characterized by a relatively low water
and oxygen permeability, has shown promising results to solve some of the IP NC instability issues,
meeting also the requirements for device fabrication processing and mechanical performance [34].
Their efficacy as moisture barrier has been investigated exploring different PNC fabrication strategies,
either ex situ or in situ [15,16,22–25]. Although the in situ approach has resulted more advantageous,
being less time-consuming and more sustainable, since it relies on one step procedure and requires a
relatively low solvent volume, the use of polymerization initiators and thermal- or light-catalyzed
polymerization processes, needed for PNC preparation, may induce IP NCs deterioration. In fact,
such processes have been considered responsible for the loss of stability and the degradation of the
optical properties of IP NCs embedded, for example, in styrene-based polymer [23]. Conversely,
the ex situ approach provides a straightforward fabrication procedure of PNC, even though affinity
between polymer matrix and IP NC surface chemistry and wettability are critical since they drive
the arrangement of IP NCs within the polymer matrix, enabling their effective dispersion or
conversely allowing the formation of phase segregated nanostructures, and thus ultimately affecting
the optical properties.

Widely applied in many technological fields and for inorganic nanocrystals based
nanocomposites [35], both PMMA and PS represent a viable choice as polymeric matrices for IP
NCs, since they are characterized by a relatively low water diffusion constant (nearly 10−8 cm2/s) [36],
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high moisture resistance and low oxygen permeability (water permeability coefficients 1.7 and
0.8–3.9 g mm/m2 day, percentage of water absorption of 0.1–2 and 0.05–0.3 and oxygen permeability
coefficient of 5.8–6.7 and 98.5–171 cm3 mm/m2 day atm for PMMA and PS, respectively) [25,37,38] that
are stringent requirements for their use as barrier to protect the IP NCs from moisture and air exposure.
In addition, both the polymers are optically transparent in the visible region, thus not interfering with
the emission and absorption characteristics of IP NCs.

Here, commercial high molecular weight PMMA and PS polymers are tested as matrices to embed
amphiphilic ligand capped green-emitting CsPbBr3 NCs. The PNC blends, processed in free- standing
films, are characterized by steady-state fluorescence, decay lifetime, PL QY (i) to evaluate the effect
of the polymer matrix and its load in the stabilization of the CsPbBr3 NCs and (ii) to investigate
the behavior of the PNC compared to bare NC thin films against the exposure to air with relative
high humidity and room temperature conditions. PL properties are indeed peculiar signatures of the
IP NCs, effective in monitoring any intrinsic structural and morphological changes, modifications
of NC passivation, NC segregation and/or aggregation phenomena. Such features are essential in
view of the IP NCs integration in optoelectronic devices where charge carrier dynamics and emission
properties determine the device performances and durability. The results of the study allow to depict
the distinct degradation process for bare NC thin film compared to free-standing PNC film exposed to
moisture. The polymers are definitely able to limit recrystallization phenomena and size increase of
NCs, even though their sensitivity to humidity is strongly dependent on the amount of polymer in the
PNC and, accordingly, on its moisture up taking and swelling properties.

2. Materials and Methods

Materials: PbBr2 (98%), octadecene (ODE, 90%), oleic acid (OA, 90%), oleylamine (OAM, 70%),
Cs2CO3 (99.9%), toluene (anhydrous), poly (methylmethacrylate) (PMMA, (996 kDa), and polystyrene
(PS, 280 kDa) were purchased from Sigma-Aldrich. All the materials were used without any
further purification.

Methods: Solution-based synthesis of colloidal CsPbBr3 NCs. The synthesis of CsPbBr3 NCs
was carried out following the procedure reported in Fanizza et al. [11], whereby 0.4 mmol of PbBr2,
10 mL of ODE (40 mM), 3.0 mmol of OA (0.3 M) and 3.0 mmol of fresh OAM (0.3 M) were poured in a
three-necked flask and put under vacuum at 80 ◦C for 1 h, before raising the temperature up to 150 ◦C
under nitrogen flux for 30 min. The cesium precursor was prepared in a second three necked flask,
by dispersing 0.4 mmol of Cs2CO3 in 5 mL of ODE ([Cs+] = 80 mM) with 2.5 mmol of OA (0.5 mM).
After a first step under vacuum at 100 ◦C for 1 h, the mixture was heated up to 150 ◦C under N2

atmosphere to completely decompose the Cs2CO3 in Cs-oleate (pale yellow solution). Then, 0.8 mL of
Cs-oleate (0.06 mmol) was injected at 140 ◦C in the mixture containing the lead/bromine precursors,
it turns into an intense yellow-green color, and was suddenly cooled down at room temperature by
immersion in ice bath. The NCs were collected by centrifugation at 750× g for 1 h at 10 ◦C without
non-solvent addiction and the pellet was finally redispersed in 6 mL of anhydrous toluene. For NC
thin film preparation, 50 µL of NC solution were spun onto a quartz 1 × 1 cm2 substrate (800 rpm for
30 s), and then thermally treated at 40 ◦C for 5 min to allow the solvent evaporation.

PMMA- and PS-based freestanding film fabrication: PMMA polymer solutions were prepared
by dissolving 40, 80, or 140 mg of PMMA into 2.8 mL of anhydrous toluene. Then, 200 µL of the
as-synthesized CsPbBr3 NCs at 0.8 µM, corresponding to 0.4 mmol, were finally added and the blend
was let stirring for three hours. As shown in Figure S2, the PNC blend was poured in a Teflon Petri
dish, used to mold the freestanding film, then the solvent was let to evaporate upon gentle heating.
Bubbles and solvent entrapped within the film were further removed by vacuum treatment, prior to
film detachment from the substrate. Freestanding films were used for spectroscopic investigation and
post preparative moisture exposure treatments. As a comparison, 80 mg PS free-standing film were
also prepared by using the same procedure.
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Moisture/air stability experiment: A saturate salt solution was used to set humidity condition
that remains quite stable by the time. Humidity range depends on the salt nature, hygroscopicity
and temperature condition. Here, KNO3 was selected, characterized by harsh moisture condition
with a relative humidity (RH%) of nearly 85–90% at 25 ◦C. CsPbBr3 NC thin film and PMMA- and
PS-based freestanding films were put in a closed chamber, formed by a falcon tube, under controlled
temperature (25 ◦C) and moisture, set by the KNO3 salt saturated water. The salt was put at the bottom
of the tube and separated by a porous seal from the film. Relative humidity value was measured using
a hygrometer.

Characterization techniques: Cary 5000 (Varian) UV/Vis/NIR was used to perform the
UV-Vis absorption characterization. The spectra were recorded by solvent diluting the NC
solution 1:100 (ε ~107 cm−1 M−1). All fluorescence measurements were performed on solid films.
A HORIBA Jobin-Yvon Fluorolog 3 spectrofluorimeter, equipped with double grating excitation
and emission monochromators, was used to record photoluminescence spectra (PL). Time resolved
photoluminescence (TRPL) measurements were performed by Time-Correlated Single Photon Counting
(TCSPC) technique with a FluoroHub (by HORIBA Jobin-Yvon). Excitation at 375 nm by means of a
picosecond laser diode (NanoLED 375L) and a pulse length of 80 ps at a 1 MHz repetition rate was
carried out. The PL signals were dispersed by a double grating monochromator and detected by a
picosecond photon counter (TBX Photon Detection Module, HORIBA Jobin-Yvon). The time resolution
of the experimental set up was ~200 ps. Absolute quantum yields value and 1931 CIE colour point
measurements were obtained by means of a “Quanta-phi” integrating sphere coated with Spectralons®

and mounted in the optical path of the spectrofluorometer, using as an excitation source a 450 W
xenon lamp coupled with a double-grating monochromator. The transmission electron microscopy
(TEM) analysis was carried out using a JEOL JEM1011 microscope, operating at an accelerating
voltage of 100 kV and equipped with a W electron source anda CCD high resolution camera. Samples
were prepared by dipping a carbon-coated copper grid into the NC solution at 1:100 dilution with
anhydrous toluene or by spin coating the nanocomposite directly on the TEM grid. Statistical analysis
of the size of the samples was carried out by using the freeware image analysis program Image J.
The percentage relative standard deviation (σ%) was calculated for each sample, to estimate the NC
size distribution, expressed as a percentage, based on the distribution of size with respect to the average
value. Spectroscopic and morphologic characterizations were performed at room temperature.

3. Results

Oleic acid (OA)- and oleylamine (OAM)-capped colloidal CsPbBr3 NCs were synthesized [11] by
Cs-oleate injection (Tinjection = 140 ◦C) in the reaction mixture containing already decomposed PbBr2

in the presence of OA and OAM, followed by a fast cooling. TEM micrograph (Figure 1a) of the
purified NCs shows square-shaped nanostructures, ascribable to nanocubes, with an average edge
length of nearly 8 nm, above the confinement regime for CsPbBr3 (exciton Bohr radius 7 nm [34]),
and with a low percentage of polydispersity (σ%) of nearly 12% (Figure S1), characteristic of narrow
size distributed NCs.

The spectroscopic investigation was accomplished by recording UV-V is absorption spectrum of
CsPbBr3 NCs in anhydrous toluene, while emission spectra of NC thin film prepared by spinning the
colloidal solution on quartz slides have been acquired. Due to the high extinction coefficient [39] of the
CsPbBr3 NCs sample, a high dilution would have been required to attain an optical density suitable
for PL investigation in solution (<0.1). However, due to the demonstrated CsPbBr3 NCs lability in
solvent [11,25], PL investigation of highly diluted NC solutions may endanger their structural integrity.
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Figure 1. Transmission electron micrograph (a, scale bar 20 nm), UV-Vis absorbance (b) and
photoluminescence (c) spectra of organic-capped CsPbBr3 NCs in toluene solution (b) and spin
coated on quartz slide (c). Pictures of the colloidal CsPbBr3 NCs solution under solar light illumination
and of CsPbBr3 NC thin film on quartz under 365 nm UV- lamp illumination are reported as inset in
panel b and c, respectively.

In Figure 1b the UV-V is absorption spectrum of CsPbBr3 NCs solution shows the characteristic
line profile [40] of this material with a first exciton transition signal at 491 nm (2.53 eV) and an energy
gap, determined from Tauc plot, of 2.4 eV (data not shown), in agreement with the value expected for
not quantum confined CsPbBr3. The NC thin film (Figure 1c) shows an emission band centered at
509 nm (2.43 eV), similar to what reported for NCs of comparable size [2,40,41], a narrow full width
at half maximum (FWHM) of 115 meV that indicates a PL emission mainly arising from the exciton
recombination, and a high PL QY of nearly 55%. The weak emission band at higher energy (red arrow
in Figure 1c) can be reasonably ascribed to smaller NCs side- products or 2D platelets, generated during
the synthesis [11,42]. In fact, shape purity represents one of the main concerns of the synthesis of these
nanomaterials, thus making challenging the fabrication of a single type of nanostructure [43].

Commercial high molecular weight PMMA (996 kDa) was investigated as polymer matrix to
embed, by means of an ex situ approach, organic-capped CsPbBr3 NCs, to protect them from oxygen and
moisture environmental stress. Largely used in polymer-based technologies, PMMA is characterized by
a partial moisture resistance and poor oxygen permeability (water permeability coefficients 1.7 g mm/m2

day, percentage of water absorption of 0.1–2 and oxygen permeability of 5.8–6.7 cm3 mm/m2 day
atm) [25].

Thanks to its relatively good dispersibility in organic solvent, PMMA was dispersed in toluene
solution and mixed with the as-synthesized CsPbBr3 NCs in anhydrous toluene and the resulting
PNC dispersion was processed in free-standing films, allowing solvent evaporation (Scheme 1),
for fundamental spectroscopic investigation [44]. Compared to substrate-deposited thin films,
the free-standing counterparts enable to rule out the influence of the geometry/properties of the
underneath substrate in the study of the PNC properties.

Anhydrous toluene represents a convenient common solvent for the preparation of the NC and
polymer blend, since it is suited to effectively disperse organic-capped NCs and easily dissolves
the PMMA, due to its limited hydrophobicity. Its relatively low index polarity (2.2) preserves the
CsPbBr3 NCs, characterized by ionic nature and labile anchoring of amphiphilic passivating ligands,
from decomposition, which, instead, usually occurs in more polar solvents. The effect of polymer load
was investigated by dissolving 40, 80 and 140 mg of PMMA in toluene (2.8 mL) while a fixed amount
of CsPbBr3 NCs solution (200 µL of 0.8 µM colloidal solution corresponding to 0.4 mmol of CsPbBr3

NCs) was added.
The suited volume of the PNC toluene dispersion (3 mL) was experimentally determined, in order

to ensure the complete mold filling and the formation of a homogeneous and easily detachable film of
about 5 cm in diameter (Figure S2 and Figure 2a).
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Scheme 1. Ex situ preparation of the nanocomposite (PNC, step 1) by mixing anhydrous toluene
solution of CsPbBr3 nanocrystals (NCs) and toluene dispersed PMMA; PNC fabrication in free-standing
film by solvent evaporation (step 2) for the following emission properties characterization. Sketch of
the PNC free standing film showing CsPbBr3 NCs embedded in a polymer matrix.
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Figure 2. (a) Pictures of the free-standing nanocomposite film (80 mg PMMA) under white (left) and
UV light (right) along with the molecular structure of the PMMA. (b) Steady state photoluminescence
(PL) spectra (λex = 375 nm) and (c) photoluminescence quantum yield (PL QY) of free-standing films of
PNCs at different PMMA (40 mg, black line and symbol, 80 mg, red line and symbol, 140 mg, blue line
and symbol) and fixed NCs loading (0.04 mmol) compared to that of CsPbBr3 NC thin film prepared by
spin coating (yellow line and symbol) (d) Time-resolved PL decay curves of PMMA free-standing films
and bare NCs thin film.

In Figure 2b–d a detailed spectrofluorimetric characterization, including steady state emission
(Figure 2b), PL QY (Figure 2c) and TRPL decays (Figure 2d) of the freestanding films obtained at
different PMMA loading is reported and compared with the emission features of bare CsPbBr3 NCs
deposited in thin film (Figure 2, yellow trace).

The comparison of the PL characteristics of these two sets of samples is able to provide significant
insights on the NCs behavior, minimizing the contribution due to the different refractive index of the
medium surrounding the NCs and of the films thickness. Indeed, the analysis of the PL characteristics
of the CsPbBr3 NCs (i.e., position of the PL band, QY, PL linewidth and decay.) can be conveniently
rationalized considering the changes in NC morphologies and/or the yield of radiative/non-radiative
recombination processes, dependent on the size and surface passivation of the NCs. The spectrum of
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the free-standing film prepared using PMMA 40 mg (Figure 2b, black line) shows an almost symmetric
PL band, with a peak wavelength, at 508 nm (2.44 eV), and a FWHM (110 meV) comparable with the
NC thin film spectrum in absence of polymer (Figure 2b yellow line, PL band centered at 509 nm and
FWHM 115 meV). Conversely, at increasing PMMA loading, the PL band (Figure 2b, red and blue
line) moves to longer wavelengths, the FWHM narrows (98 and 100 meV, respectively) and an overall
quenching of the absolute PL QY (Figure 2c) is detected. In particular, the free-standing film prepared
by using PMMA 40 mg (Figure 2c black circle symbol) has an absolute PL QY of 48%, only slightly
lower than that measured for CsPbBr3 NC thin film (PL QY 55%), but that decreases significantly
down to 33% and 31% at PMMA load of 80 mg and 140 mg (Figure 2c red and blue circle symbol),
respectively. Moreover, a shift of the color point coordinates in the CIE diagrams from the blue region
towards the green region is measured (Figure S3c).

The modification of the PL properties of the NCs induced by PMMA load can be discussed
by considering heterogeneous phase segregation phenomena [23], which, in general, are correlated
to the affinity between the polymer molecular structure and the NC surface chemistry and to
the polymer-to-NCs molar ratio. The difference in polarity between the partially hydrophilic
PMMA, characterized by acrylates functionalities, and CsPbBr3 NCs, exposing OA/OAM alkyl
chains, is expected to induce phase segregation phenomena, which makes the NCs to assemble into
multiparticle nanostructures within the polymer matrix. The occurrence of such phase segregated
structures may reasonably affect the NCs PL, due to possible energy transfer phenomena between NCs
in close proximity. However, since the PL spectral features remain overall unchanged for free-standing
film prepared at the lowest tested PMMA loading, under this preparative condition, segregation
phenomena can be thought to be limited. Such hypothesis is confirmed by the TEM characterization of
the corresponding PNC film spin-coated on the TEM grid (see Figure S3A) that reveals well separated
NCs, distributed over a large area, and only a small number of NCs forming close packed assemblies.
In free standing films at higher PMMA load (80 mg and 140 mg) the NC emission band red shift and
its concomitant quenching (Figure 2b,c) cannot be only ascribed to the different dielectric constant
experienced by the NCs in presence of the polymer matrix, as such an effect is negligible at PMMA
40 mg load. However, NCs phase segregation, hence their partial aggregation, as also confirmed by
TEM investigation (See Figure S3b), should be considered. This can be explained by an unfavorable
PMMA: NCs molar ratio, and thus an ultimate imbalance of the hydrophilic acrylate functionalities
and the hydrophobic NCs surface terminating chains, which leads to aggregation phenomena in the
polymer matrix.

PL decay of the CsPbBr3 NC spin coated thin film (Figure 2d, yellow line) and the free-standing
films prepared with PMMA 40 mg (Figure 2d black line) and 80 mg (Figure 2d red line) were measured
by TCSPC to determine the recombination dynamics of excitons in the perovskite NC film. The decay
curves can be best fitted with triexponential decay functions and the corresponding average PL lifetimes
(τavg) are reported in Figure 2d (See also Table in Figure S4) and listed in the Table in Figure 3.

τr =
τaverage

PL QY
kr =

1
τr

knr =
1

τaverage
− kr
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Figure 3. Steady-state fluorescent spectra (λex = 375 nm) of NCs thin film (a,a1) and free-standing
films prepared at PMMA 40 mg (b,b1), 80 mg (c,c1) and PS 80 mg (d,d1) and fixed CsPbBr3 loading
(0.04 mmol), before (a–d) and after (a1–d1) 280 h exposure to air and moisture The table in panel e
summarizes the main fluorescence (PL) features: PL quantum yield (PL QY), emission band position,
full width at half maximum (FWHM), average lifetimes τavg. Upper panels: sketches of the CsPbBr3

NCs deposited as thin film (left) and embedded in a polymer matrix (right).

While the film prepared at PMMA 40 mg shows a τavg of nearly 11.4 ns, larger than that calculated
for NCs thin films (8.9 ns), a shortening of the τavg to nearly 8.2 ns is measured at higher PMMA load
(80 mg). The polymeric matrix embedding the perovskite NCs then affects the NC recombination
dynamics and, accordingly the exciton lifetime, as a consequence of possible modifications in surface
passivation or energy transfer phenomena between the close packed NCs, phase segregated within the
polymer matrix [7,42,45].

To elucidate such effect, the kinetic model describing the relaxation processes of charge carriers
and the radiative and non-radiative recombination rates can be exploited. The radiative recombination
lifetime (τavg) and radiative (kr) and nonradiative (knr) decay rates were calculated based on the τavg

and on the measured values of PL QY using the equations reported in Table 1.
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Table 1. Radiative lifetimes (τr), radiative (kr) and nonradiative (knr) recombination rates, calculated
for CsPbBr3 NCs thin film and PMMA- (40 mg and 80 mg load) and PS- (80 mg load) based free
standing films before (values in black) and after (values in red) 280 h exposure to relative humidity
RH% = 85−90% at 25 ◦C.

τr (ns) kr (ns−1) knr (ns−1)

Before After Before After Before After

NC thin film 17 83 0.061 0.012 0.052 0.080
PMMA 40 mg 24 24 0.042 0.042 0.045 0.097
PMMA 80 mg 25 24 0.040 0.042 0.082 0.150

PS 80 mg 21 28 0.047 0.036 0.071 0.120

It is worth noticing that the values of τr increases markedly from 17 ns, for NC thin film, to
24 (25) ns for PMMA 40 mg (80 mg) free standing films, thus suggesting a more efficient passivation
provided by the polymer to the NCs.

Notably, the knr decreases from 0.052 ns−1 for NC thin film to 0045 ns−1 for PMMA 40 mg
free-standing film, indicating a reduction of the possible non-radiative pathways due to the presence of
the polymer. Instead, an increase in the knr at 0.082 ns−1 is calculated at 80 mg PMMA load. Considering
the red shift of the emission band and the significant decrease of the PL QY and of the τavg, the results
can be related to reabsorption or energy transfer mechanisms between NCs having different size hence
different bandgap, considering that, at this polymer load, NCs segregate in multiple assemblies.

To test the moisture/air resistance of CsPbBr3 NCs in the different fabricated films, they were
exposed to KNO3 saturated water solution in a closed chamber filled with air (See Materials and
methods section), monitoring the time course of the emission properties. Figure 3 compares the
steady-state fluorescence before (Figure 3a–c) and after (Figure 3(a1)–(c1)) 280 h of air and moisture
exposure of the NCs thin film (Figure 3a,(a1)) and free-standing films prepared using PMMA 40 mg
(Figure 3b,(b1)), PMMA 80 mg (Figure 3c,(c1)) along with a table (Figure 3e) summarizing the value of
the PL features, including PL QY, emission band position, FWHM, and average lifetimes τavg. To get
insight on the moisture uptake phenomenon, PS based nanocomposites were also prepared, as PS is
characterized by a lower percentage of water absorption (0.05) and reduced moisture permeability
(0.8–3.9 g mm/m2 day) than PMMA. Therefore, free-standing PS (80 mg) films were prepared and
characterized (Figure 3d,(d1)) and their properties compared to those of PMMA one (Figure 3c,(c1)).
After moisture/air exposure, the NC thin film (Figure 3a,(a1)) shows still a symmetric, though red
shifted, emission band, at 514 nm, with a PL QY of only 13% (Figure 3e), significantly lower than
he initial value of 54%. Less marked PL quenching upon moisture/air exposure is detected for the
free-standing film, and PL QY value of 30% (∆PL QY = 18) and 18% (∆PL QY = 15) are found (Figure 3e)
for samples prepared with 40 mg and 80 mg PMMA, respectively. The emission peak (Figure 3(b1),(c1))
after moisture exposure is still at 508 nm for the free-standing film prepared with 40 mg PMMA
(Figure 3(b1),e) though broadened (FWHM = 137 meV) and asymmetric, presenting a shoulder on the
low energy side. Instead, PL signal of 80 mg PMMA free-standing film blue shifts, showing an intense
peak at nearly 508 nm and the presence of a shoulder at nearly 520 nm (Figure 3(c1)). To elucidate
the impact of the environmental conditions on NC thin film and PMMA based free-standing films,
recombination dynamics were investigated and PL lifetimes (Figure 3e), radiative recombination
lifetimes and radiative and non-radiative decay rates (Table 1) calculated.

The red shift of the emission (from 508 nm to 514 nm) measured for NC thin film after humidity
exposure, together with the longer τavg (from 8.9 ns to 10.8 ns) and the increased τr (from 17 ns to
83 ns) can be attributed to a slight increase in size of the NCs [42,45]. Meanwhile, the higher knr value,
ascribed to increased nonradiative recombination pathways, suggests a higher density of surface trap
states. Taking into account the dynamic binding of ligands at the NC surface, the ionic nature of crystals
and the low energy of formation of the perovskite NCs, a degradation process induced by moisture/air
exposure can be considered, which involves ligand molecules detachment and recrystallization.
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The partial removal of ligands, upon humidity exposure, may promote aggregation/recrystallization
of NCs, which are confined in the restrained volume of the film, resulting in the evolution towards
slightly larger and poorly passivated NCs.

Regardless of the PMMA load, free-standing films show recombination dynamics faster than what
found in the NCs thin film, thus suggesting a different moisture induced degradation of the NCs when
they are embedded in the polymer. In particular, τavg decreases down to few ns (Figure 3e), with τr

and kr remaining unchanged (Table 1) and knr drastically increases up to 0.095 ns−1 and 0.150 ns−1 for
the 40 mg and 80 mg PMMA films, respectively. The preserved values of τr and kr for free-standing
films suggest a large fraction of NCs retaining their size even after 280 h of moisture exposure [42,45].
The limited influence of the NC aggregation in these samples is also pointed out by the almost negligible
red shift of the emission band (Figure 3(b1),(c1) versus Figure 2b,c). However, considering the evolution
of the emission band shape upon moisture exposure as a function of PMMA load (Figure 3(b1),(c1)
versus Figure 3b,c), the role played by the amount of PMMA in the NC degradation must also be
considered. In particular, while the 40 mg PMMA film shows a broader emission band with additional
components at lower energy, the 80 mg PMMA film displays a structured emission band, with a main,
blue shifted peak at 508 nm and a shoulder at 520 nm. Such a latter change in the emission band
shape can be explained by taking into account moisture-induced (i) polymer swelling, which could,
in principle, affect the NC assembly within the polymer, and/or (ii) dismantling of NCs as a consequence
of their intrinsic structural instability. It is well noted [36] that relatively thin PMMA films (here 30
and 40 µm, for 40 mg and 80 mg PMMA free-standing film, respectively) undergo plasticization and
hygroscopic swelling following exposure to moisture, and the extent of such a swelling has been shown
to depend on the density of the hydrophilic groups. It turns out that a more prominent swelling would
be expected for the 80 mg PMMA film rather than in the 40 mg counterpart, due to the larger number
of hydrophilic acrylate functionalities. Therefore, upon moisture exposure, NCs phase segregated in
the 80 mg PMMA film can be pushed far apart from each other as the polymer swells. Consequently,
the emission band shows a more intense component at 508 nm, which is the emission wavelength
characteristic of the pristine NCs in solid films, and a weaker component at lower energy, ascribed to
energy transfer phenomena among closely packed NCs that are, however, still present, though to a
lower extent. Indeed, it cannot be excluded that such an increase in emission intensity at higher energy
could be also due to moisture-induced dismantling of larger size NC, much more evident for 80 mg
PMMA film because of the higher extent of moisture uptake. This hypothesis also corroborates the
longer knr calculated for this sample: a higher density of surface trap states, and thus an increase in
the non-radiative recombination rate, are in line with the NC size decreases, which turns in a higher
surface-to-volume ratio. The moisture-induced ligand detachment that leads to less passivated NCs
and to non-radiative recombination pathways, could also contribute to the higher knr value calculated
for the PMMA based films.

Compared to PMMA films, the PS counterpart is expected to provide a lower water uptake,
because of its hydrophobicity, and thus be able, in principle, to limit the detrimental NC exposure
to moisture. Although PS has a higher affinity, in terms of polarity, with the hydrophobic chains of
OA/OAM molecules capping CsPbBr3 NCs, than PMMA, the rigidity of the PS structure [25], due to
the aromatic ring, limits the dispersibility of the NCs within the polymer matrix. In fact, morphological
(Figure S3d) and spectroscopic (Figure 3d,(d1)) investigation clearly highlight the occurrence of phase
segregation. The phenomenon turns in an emission band (Figure 3d green line, FWHM = 105 meV),
at 513 nm (2.42 eV), slightly red shifted compared to that displayed by bare NCs film (Figure 3a yellow
line), and a lower PL QY of nearly 40%, (Figure 3e) reasonably accounted for by energy/charge transfer
phenomena arising from NC phase segregated structures, and/or to the different refractive index,
polarity, and film thickness experienced by the NCs within the PS matrix. Interestingly, although PS
would be expected to block moisture diffusion compared to PMMA, the spectroscopic characterization
(Figure 3) and recombination dynamic investigation (Table 1) of 80 mg PS films exposed to moisture do
not evidence a significant improvement of NC stability. Therefore, though less permeable to water,
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PS polymer matrix allows a moisture uptake anyway sufficient to induce NC degradation. On the
other hand, the limited swelling of the polymer, due to its hydrophobic character, results in an almost
preserved emission band shape, which only slightly blue shifts and broadens.

Direct comparison between the here attained results and literature reported data is difficult due to
the huge number of polymer-based stabilization methods reported in literature for perovskites [46–48],
differing in the nanocrystals synthetic step, approach used for the nanocomposite preparation (ex situ
or in situ), and moisture condition tested. The data here shown partially confirm those reported by
others works, based on ex situ nanocomposite preparation and CsPbBr3 synthesized by hot-injection
strategy. However, the adding value that the systematic and fundamental investigation here performed
wants to offer to the general discussion regarding the IP NC stability is the in-depth description of
the processes involving the NCs within a polymer matrix, which depend on the polymer loading,
nature/swelling properties, together with the quantitative evaluation of the benefit provided by the
polymer, as estimated by the spectroscopic characterization.

4. Conclusions

An ex situ approach has been successfully developed for the easy fabrication of free-standing films
composed by CsPbBr3 NCs and high molecular weight PMMA or PS polymer, in order to evaluate the
effect of the polymer matrix on blocking moisture diffusion and, hence on the long term stability of the
NCs. The fluorescent properties of the films, including steady state emission, PL average lifetimes
and recombination dynamics, have been thoroughly investigated and discussed in terms of polymer
structure and load. The polymer efficacy to behave as a moisture barrier has been also considered,
comparing the results with those attained for NCs spin coated thin film, used as a reference.

The partial hydrophilicity of PMMA, due to acrylates functionalities, and the hydrophobicity
of organic-capped CsPbBr3 NCs have been considered. The results demonstrated that an adequate
molar ratio between polymer and NCs, balancing the hydrophilic and hydrophobic components in the
nanocomposite systems, is required to retain NC spectroscopic features in the PNC. An unchanged
steady NC emission wavelength, a high radiative and low non-radiative recombination rate were
found for 40 mg PMMA load, thus suggesting that the polymer can partially stabilize the NCs.
Conversely, NC phase segregation phenomena have been found to take place as PMMA load increases,
resulting in an emission band red shift and an increase of non-radiative recombination rates, probably
ascribed to energy transfer phenomena. Upon moisture exposure, NCs, while undergoing aggregation
when deposited as thin film, have been demonstrated to retain their size upon incorporation in the
polymer matrix. However, ligands detachment and increase in surface defects and trap states, as a
consequence of the nanocomposite formation, could not be avoided, thus contributing to decrease the
PL QY, though to a lower extent than when deposited as thin film. Spectroscopic and morphologic
characterizations of free-standing films prepared with highly hydrophobic PS have highlighted phase
segregation phenomena ascribed to polymer rigidity due to the aromatic ring in the polymer structure.
Though less permeable to water, PS free-standing-film has demonstrated to uptake moisture enough to
induce a partial degradation of the NCs.

This study has contributed to the analysis of the effects and the viability of the IP NC encapsulation
in polymer as a strategy to limit the water vapour diffusion, crucial for the fabrication of IP NCs
based devices. The advantages and the limitations of the presented approach have been highlighted,
thus fostering future research to enhance the effectiveness of the encapsulation procedures and
exploration of alternative routes.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/24/6730/s1,
Figure S1: statistical analysis of the size distribution of as synthesized CsPbBr3 nanocrystals; Figure S2: Sketch of
the nanocomposite blend processing in free-standing films; Figure S3: TEM micrographs of nanocomposites at
different polymer loading and color point position in the CIE 1931 diagram of PMMA-based free-standing films;
Figure S4: Time resolved photoluminescence decay of CsPbBr3 NC thin spin coated film and free-standing films
and fitting parameters before and after moisture exposure.

http://www.mdpi.com/1996-1073/13/24/6730/s1
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