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Introduction

Polymer macroligands passivate halide perovskite
surfacest
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Hybrid organic—inorganic hybrid perovskite (OIP) nanocrystals have gained considerable excitement due
to high photoluminescence (PL) quantum yields, bandgap tunability, and narrow band emission, which
are essential for photovoltaic devices, light emitting diodes (LEDs), and optical displays. While researchers
have designed numerous ways to synthesize OIP nanomaterials, there is still a need to explore faster,
cheaper, and scalable methods of making stable, highly performing nanomaterials for device applications.
Polymers are commonly used to encapsulate OIP nanomaterials, yielding enhancements in long-term
stability as well as improved PL properties. However, the exact impact of polymer chemical composition
on perovskite nanocrystal growth and material properties is still unknown. Here, we reveal how polymer
chemical composition directly modulates the formation of perovskite composite materials with ~75 wt%
perovskite with respect to polymer and the optical properties during a one-step, co-precipitation syn-
thesis procedure. Specifically, a series of polymers were explored, poly(styrene) (PS), poly(4-vinylpyridine)
(P4VP), poly(ethyleneimine) (PEI), poly(ethylene oxide) (PEO), poly(vinylpyrrolidone) (PVP), and poly
(methyl methacrylate) (PMMA), to compare the structure and optical properties of the resulting OIP
materials. Polymers with nitrogen-containing functional groups, such as amides, pyridine, and amines, are
shown to preferentially bind to and passivate perovskite surfaces, acting as polymer macroligands.
Nitrogen atoms in the polymer coordinate with under-coordinated lead ions on the perovskite surface,
passivating surface defects and leading to an enhancement in the optical properties. Polymer macroli-
gands also promote nanocrystal formation in a similar method as prototypical surface-active ligands used
in nanocrystal syntheses. This work uncovers design rules for creating composite materials exhibiting
desired nanostructures and enhanced optical properties for future OIP devices through the use of
polymer macroligands.
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Hybrid organic/inorganic halide perovskites with ABX; stoi-
chiometry (A = CH;NH;", CH(NH,),", Cs*, B = Pb** or Sn*",
and X = CI7, Br~ or I') are attractive alternatives to replace
current semiconductor materials for applications in
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displays'*"® due to enhanced device performance and unique
optical properties. Such optical properties are a result of long-
range electron and hole transport,"* impressive absorption
coefficients over a large wavelength range (e.g., 380-750 nm),"”
and excellent photoluminescence (PL) quantum yields (QY).*®
Thus, enabling the material to be highly suitable for opto-
electronic and photovoltaic applications. Additionally, the low
cost of material synthesis makes perovskite materials a viable
candidate to replace current semiconductor materials.'” Hot-
injection synthetic approaches as well as ligand assisted repre-
cipitation techniques are the most common and straight-
forward methods to prepare  ABX; perovskite
nanomaterials.”*'® Even though perovskite materials with a
wide range of domain sizes show great potential for optic and
electronic applications, low stability towards moisture, UV-Vis
irradiation, and heat limit their practical use in devices.
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Small molecule ligands have been extensively used for con-
trolled synthesis of perovskite nanocrystals.'*'*' Issues of
agglomeration and reduced stability against water/air remains
an issue, due to the ionic nature of perovskite crystals along
with the dynamic nature of small molecule ligand binding to
the perovskite surface.”” Polymers have demonstrated to be
superior to small molecule ligands in producing stable perovs-
kite crystals while maintaining and in some cases improving
optical properties. For instance, Yoon et al. indicated perovs-
kite nanocrystals synthesized with star-like copolymers showed
superior water stability and prevented agglomeration as com-
pared to perovskite synthesized with oleylamine and oleic
acid.”® In another report written by Wang et al., stability of the
photoluminescence of synthesized perovskite material after
exposing to polar and nonpolar solvents was significantly
enhanced when polyzwitterionic ligands were used as com-
pared to perovskite materials synthesized with oleylamine and
oleic acid ligands.>* Overall, polymers offer additional venues
for synthesizing perovskite materials with enhanced stability
and optical properties.

Post-synthetic encapsulation of ABX; perovskites in
polymer matrices has been shown to improve long-term stabi-
lity while maintaining optical properties.”>" A thin, passivat-
ing layer of poly(methyl methacrylate) (PMMA) was found to
prevent moisture absorption and maintain the high power con-
version efficiency (PCE) of fabricated solar cells.*® Similarly,
poly(styrene) (PS) was utilized as a capping layer to create an
inner-encapsulated perovskite solar cell with enhanced PCE.>
In both examples, the polymers used to create composite per-
ovskite/polymer solar cells improve device performance by
acting as an inert component for previously synthesized crys-
tals that increase material stability. Additionally, Wang et al.
reported a microencapsulation strategy to obtain well-dis-
persed organic-inorganic hybrid perovskite (OIP) nanocrystals
in polymer matrices using a polymer-solvent swelling-deswel-
ling phenomenon, where the photoluminescence efficiency of
the film was consistent in boiling water for 60 days.*® Research
reported by Wei et al, Xuan et al., and Papagiorgis et al
showed that perovskite nanocrystals synthesized via hot injec-
tion capped with small molecule ligands oleylamine and oleic
acid ligands where blended in different polymer matrixes. In
these studies, post-synthetic polymer encapsulation prevented
nanocrystal degradation and, in some cases, increased photo-
conversion efficiency.>**! However, the encapsulation and dis-
persion of perovskites in most polymers is predicated on the
fact that polymers are inert components, which limits the pos-
sibilities of enhancing the optical properties of the materials
through synergistic polymer/inorganic effects.

Polymers have been shown to play an active role as ligands
in the synthesis of perovskite nanocrystals.*>** Active poly-
mers, when present with the perovskite precursors, positively
affect the final formation of the crystals.**® Conversely, inert
polymers typically do not contribute to the final form of the
crystals because the two components are combined post-syn-
thesis. Polymer nanoreactors have been shown to template the
synthesis of perovskite nanocrystals in nanoscale colloids.*
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Furthermore, adding poly(ethylene oxide) (PEO) to a perovskite
precursor solution results in the formation of composite
materials with reduced point defects, leading to improved PCE
without hysteresis.>**® In one study, improved device perform-
ance was linked to energy funneling from smaller grains to
larger grains of perovskite crystals, which were formed in the
presence of PEO.?® PEO is also reported to coordinate with the
perovskite surfaces, passivating the surface and leading to an
increase in the charge transfer rate.***® In another instance,
poly(acrylonitrile) (PAN) has been used to produce high green
fluorescence with photoluminescence quantum yield (PLQY)
of up to 88% in both circular and non-polarized luminescence
in OIP nanofibers synthesized by a fiber spinning chemistry
method.?”** While the majority of examples in the literature
use polymers as a protective coating with respect to perovskite/
polymer composites, recent findings suggest benefits from
involving active polymers. Polymers that display favorable
interactions with the surfaces of perovskites significantly influ-
ence the resulting size, shape, and optical properties of the
nanocrystals.>**° Even though polymers are widely used in the
field, the effects of interactions of the polymer with the nano-
crystal surface on perovskite nanocrystal formation and optical
properties are underexplored.

Here, we reveal how polymer chemical composition influ-
ences the optical properties of methylammonium lead
bromide (CH;NH;PbBr; or MAPDbBr;) halide perovskites
through surface interactions during the crystal growth process.
A new single-step co-precipitation synthesis method is
employed to form composite perovskite/polymer materials
with ~75 wt% perovskite with respect to polymer. Specifically,
perovskite precursors (PbBr, and MABr) and polymer are
initially dissolved together in N,N-dimethylformamide (DMF)
and then injected into toluene, which acts as a coagulation
bath. A series of polymers, poly(styrene) (PS), poly(4-vinylpyri-
dine) (P4VP), poly(ethyleneimine) (PEI), poly(ethylene oxide)
(PEO), poly(vinylpyrrolidone) (PVP), and poly(methyl methacry-
late) (PMMA), demonstrate a variety of perovskite/polymer
interactions through changes in polymer functional groups.
These changes result in either bulk or nanocrystalline perovs-
kite materials. Results indicate that OIP materials using nitro-
gen-containing polymers such as PEI, P4VP, and PVP exhibit
pronounced PL as compared to nitrogen-absent polymers PS,
PEO, and PMMA. Thus, the combination of structural and
optical characterization methods indicates that PEI, P4VP, and
PVP bind to the surface of growing perovskite materials during
co-precipitation, promoting the formation of nanocrystals
while simultaneously reducing surface defects, which pro-
duces photoluminescent composite materials. Therefore, poly-
mers play an active role as polymer macroligands in driving
nanocrystal formation by playing a similar function as surface-
active ligands in colloidal nanocrystal synthesis.*" The work
reported here establishes new design rules for using polymers
with chemical functionalities to promote desired optical pro-
perties and will guide perovskite/polymer combinations for
improved device performance for applications as LEDs and
photodetectors.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Results

MAPbBr; composite perovskite/polymer nanomaterials at
approximately 75 wt% perovskite were prepared using a single,
co-precipitation method, while at room temperature.
Perovskite precursors (MABr: 0.0280 g per 0.25 mmol and
PbBr,, 0.0920 g, 0.25 mmol) and a chosen polymer (PEI:
0.0400 g per 0.40 pmol; PEO: 0.0400 g per 0.40 pmol; P4VP:
0.0400 g per 0.67 pmol; PS: 0.0400 g per 10 pmol; PVP:
0.0400 g per 4.0 pmol; PMMA: 0.0400 g per 3.4 pmol) were dis-
solved in 2.0 mL N,N-dimethylformamide (DMF) and then the
solution was injected into 5.0 mL toluene, which induces the
formation of perovskite materials via co-precipitation (Fig. 1a).
An approximately 75 wt% perovskite with respect to polymer
was chosen as samples prepared in this range demonstrated
the greatest fluorescence emission intensity (Fig. S11). The pre-
cipitated perovskite/polymer material (orange/yellow) was col-
lected by centrifugation and dried under vacuum at room
temperature overnight (Fig. 1b). The dried powder is easily
pressed into a ~1 mm thick wafer (Fig. 1c), which exhibits
clear PL response for the nitrogen containing MAPbBr;/PEI
perovskite/polymer composite while under UV irradiation
(Fig. 1d).** 1t is also possible to form films on a substrate by
drop casting a perovskite/polymer composites solution onto
the top of a glass substrate followed by annealing at 60 °C for
30 min to accelerate toluene evaporation.
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Polymer solubility and polymer/perovskite yields from the
co-precipitation process were assessed for all polymer combi-
nations by measuring the total amount of polymer/perovskite
precipitate after centrifugation and drying. The polymer yield
in the precipitate was determined by assuming that all the per-
ovskite was removed during precipitation and centrifugation,
which is supported by the nearly quantitative yield for the neat
perovskite sample. Total precipitate and polymer yield values
are presented in Table S1.}

PS and P4VP are both soluble in toluene, yet the total
polymer percent yields are different. The P4VP sample pro-
duced an almost quantitative polymer yield (~100%) after co-
precipitation, while PS remained in the toluene solution,
leaving only neat perovskite, with ~0% polymer yield. Thus,
P4VP/perovskite interactions are stronger than P4VP/toluene
interactions. Similarly, both PEI and PEO are soluble in
toluene, yet in both samples the majority of polymer precipi-
tates out with the perovskite crystals, ~89% and ~90% respect-
ively. PVP is insoluble in toluene, thus quantitative polymer
yield (~100%) is well expected and observed. PMMA is also
soluble in toluene, and it was found that PMMA also remained
in the toluene solution, similarly to PS with 0% polymer yield.
Thus, PVP/toluene interactions are stronger than PMMA/per-
ovskite interactions.

To investigate polymer functional group interactions with
perovskite nanocrystals, a set of six chemically diverse poly-

Centrifuge
—_—

e
AESDE
SIS
o

Fig. 1 Overview of composite perovskite/polymer material synthesis via co-precipitation and film formation. (a) Perovskite/polymer powders were
prepared by co-precipitation. Polymer and perovskite precursors are first dissolved in DMF, injected into toluene, and then separated from the
mixture through centrifugation. (b) Resulting perovskite/polymer powders collected after drying. (c) Pressed MAPbBrs/PElI perovskite/polymer
powder into a ~1 mm thick wafer under ~300 MPa pressure for 168 h. (d) Resulting perovskite/polymer film excited under 365 nm UV light.
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Fig. 2 Chemical structures of polymers used for synthesizing compo-
site perovskite/polymer materials. All polymers are grouped by similar
chemical functionalities, which include aromatic, aliphatic, ester, and
amide.

mers was utilized (Fig. 2). The functional groups studied were
aromatic (PS and P4VP), aliphatic (PEO and PEI), and ester or
amide (PMMA and PVP). Within these different functional
groups, there was also a clear chemical distinction between
polymers containing or not containing nitrogen. Indeed, fluo-
rescence spectroscopy revealed intensity decreased as follows:
aliphatic sp® N ~ aromatic sp> N > aliphatic sp® O in ether >
sp® phenyl group in PS. Polymer characterization including
molecular weight and glass transition temperature are shown
in Table S2.}

The optical properties of the composite perovskite materials
were first evaluated by photoluminescence measurements.
Fig. 3a shows the drastic differences in PL response between

PMMA

MAPDbBTrs
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the composite films prepared using different polymers when
excited using a UV lamp at 365 nm wavelength. The images
indicate that perovskite films prepared using PEI, PAVP, and
PVP are visually more photoluminescent than perovskite films
made with PMMA, PS, and PEO. The neat perovskite film is
indicated by MAPbBr; and shows no visible PL. Next, emission
fluorescence spectra were measured to show optical simi-
larities and differences among the films. The fluorescence
emission spectrum in Fig. 3b corresponds well with Fig. 3a in
that PEI, P4VP, and PVP samples exhibited the strongest
photoluminescence, while PMMA, PS, PEO, and MAPbBr; had
mild photoluminescence. Finally, polymer molecular weight
does not seem to have a significant impact on the PL signal.
Composite materials prepared using PEI with three different
molecular weights exhibited emission spectra at similar wave-
lengths (Fig. S27).

Photoluminescence among nitrogen-containing polymers
(PEI, PAVP, and PVP) were compared with equivalent mole frac-
tions (i.e., 0.59 mole fraction of N to PbBr,), as opposed to
weight percent, which were calculated from the initial reagent
solution mixture before precipitation (Fig. S31). In Fig. S3a,t
films prepared with nitrogen-containing polymers demon-
strated enhanced fluorescence, similar to results shown in
Fig. 3a. Emission fluorescence spectra in Fig. 3b for composite
samples prepared using PEI, P4VP, and PVP exhibited similar
emission wavelengths, but with variation in fluorescence
intensity. The differences in fluorescence intensities suggest
that there is a balance between Lewis basicity of the N-groups
and degree of polymer coverage on the perovskite surface. It is
also important to note that the mole fractions of PEI and PEO
to PbBr, are very similar, 0.79 for both, yet the resulting emis-
sion fluorescence intensity between the samples is drastically
different. Therefore, although the mole fraction of polymer
functional groups is important, we posit that the Lewis basicity
of the functional groups is more significant.

To further investigate the emissive properties of all perovs-
kite/polymer composites, absolute PLQY measurements were

— PEI

e P4VP
e PVP

= MAPbBI3

=2

Intensity

400 450 500 550 600

Wavelength (nm)

650 700

Fig. 3 Emission fluorimetry of perovskite/polymer films under 365 nm excitation. (a) Photographs of photoluminescent perovskite/polymer films
on glass irradiated with a 365 nm UV lamp. MAPDbBr3 is the pure perovskite material prepared by the precipitation method without polymer. (b)
Fluorescence emission spectra of perovskite/polymer films excited with 365 nm wavelength.
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Fig. 4 Absolute PLQY measurements of polymer perovskite films, excited at 400 nm. Absolute QY of the composite material made with PEI (a), PVP

(b), P4VP (c), PEO (d), PS (e), and PMMA (f), excited at 400 nm.

performed on drop-cast films. Fig. 4 plot emission spectra for
each film (colored lines) and blank glass slides (black lines)
with excitation at 400 nm. Absolute PLQY values () are pro-
vided within each panel. Note that 5 values are low due to sig-
nificant reabsorption in the several micrometer-thick films
(see absorbance spectra in Fig. S4af). Nonetheless, the results
reveal that MAPbBr;/PEI composite films at ~75 wt% are the
brightest in comparison to films prepared with other nitrogen-
containing polymers P4VP or PVP. PLQY values for composite
samples prepared with nitrogen-containing polymers (Fig. 4a
and b) are significantly higher than PLQY values of samples
prepared with nitrogen-absent polymers (Fig. 4d and f).
Higher PLQY indicates better passivation of the perovskite
surface with a reduced number of trap states that enhance
resulting emission. Overall, the results in Fig. 3 and 4 indicate
that samples synthesized with nitrogen-containing polymers
are brighter than samples synthesized with polymers without
nitrogen.

Transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD) confirmed that the composite perovskite/polymer
materials were indeed crystalline and exhibited the same struc-
ture irrespective of polymer choice (Fig. 5). TEM images indi-
cate that bulk crystalline features were present in all composite
samples, specifically 269 + 100 nm in neat MAPbBr;, 136 +
28 nm in PS samples, 144 + 44 nm in PEI samples, 121 +
51 nm in P4VP samples, 184 + 38 nm in PVP samples, and 257

© 2024 The Author(s). Published by the Royal Society of Chemistry

+ 74 in PEO samples. Further, samples synthesized with nitro-
gen-containing polymers and PEO showed additional nano-
crystalline features, 7.9 + 2.9 nm in PEI samples, 9.8 + 3.2 nm
in PAVP samples, 8.4 + 1.9 nm in PVP samples, and 4.2 *
0.9 nm in PEO samples. For perovskite/polymer composites
made with nitrogen-containing polymers, functional groups
lead to the formation of nanocrystalline features, as shown at
higher resolution images in PEI, P4VP, and PVP samples
(Fig. 5b, f and j). Fig. 5b, f and j display the presence of nano-
scale particles with an amorphous media around them where
the amorphous region is the polymer matrix encapsulating the
perovskite material. For the PS and PMMA sample (Fig. 5c, d,
k and 1), the crystals formed larger domain sizes as compared
to the sample with PEI, PAVP, and PVP and are comparable to
the neat MAPbBr; perovskite crystals (Fig. S5a and bf¥). It is
important to mention that even though there are minor
changes in photoluminescence with respect to PEI molecular
weight (Fig. S27), there is the potential for changes to the
nanocrystal size and morphology. Additionally, the X-ray diffr-
action (XRD) patterns for all composite samples (Fig. 5m) con-
firmed the presence of perovskite crystal structure with strong
bulk crystal signals. Interestingly, the set of films displays near
identical XRD patterns, yet, they have distinctly different
optical properties. Increased PL could potentially be due to the
presence of nanocrystalline features in the samples prepared
with PEI, P4VP, and PVP,**** but composite samples prepared

RSC Appl. Polym., 2024, 2, 857-869 | 861
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Fig. 5 TEM images and XRD patterns of synthesized perovskite/polymer materials. TEM images of composite perovskite films made with (a), (b)
P4VP, (c, d) PS, (e, f) PEI, (g, h) PEO, (i, j) PVP, and (k), () PMMA. Samples were prepared by drop casting the precipitate solution on TEM grids and
vacuum drying overnight. (m) XRD patterns of perovskite/polymer materials, Miller indices are used to index the MAPbBr3 crystal structure.

with PEO also have nanoscale particles (Fig. 5¢ and h) yet
exhibit reduced PL (Fig. 3a). Therefore, the enhanced PL is
attributed due to perovskite/polymer surface interactions.
Strong interactions could be the result of polymers binding to
surface defects of the nanocrystal, which would passivate the
surface.

Perovskite/polymer surface interactions were determined by
comparing Fourier-transform infrared spectroscopy (FTIR)

862 | RSC Appl. Polym., 2024, 2, 857-869

spectra for composite perovskite/polymer composite films and
the individual perovskite and polymer components (Fig. 6a-h).
Scans were performed with a resolution of 4 cm™" with 400
scan repeats in the 4000-500 cm™" range. For each polymer
sample, chemically relevant frequency ranges were chosen for
peak shift analysis. Specifically, the C-N stretch at 1136 cm ™"
for PEI (Fig. 6a and e), the C=0 stretch at 1651 cm ™" for PVP
(Fig. 6b and f), the C-N stretch at 1068.5 cm™" for P4VP

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 FTIR spectra of composite materials and individual perovskite and polymer components. Spectra of neat MAPbBr; samples compared to
FTIR spectra of neat polymers PEI, PVP, P4VP, and PEO, and the corresponding perovskite/polymer composite samples. (a—d) Show the full spectra
where (e—h) are in a narrow range to highlight peaks of interest for the C—N stretch in PEl, the C=O stretch in PVP, the C-N stretch in P4VP, and

the C-O stretch in PEO.

(Fig. 6¢c and g), and the C-O stretch at 1092 cm™" for PEO
(Fig. 6d and h). FTIR scans of samples prepared with PMMA
and PS are shown in Fig. S6.f All peaks corresponding to
polymer-related stretches shifted to lower frequencies for the
perovskite/polymer composite samples. Peaks shifted to
1101 ecm™%, 1640 cm™, 1066 cm™*, and 1082 cm™" and broad-
ened for PEI, PVP, P4VP, and PEO composites, respectively.
These are evidence of interactions between the functional
groups in the polymers and crystal surface.*” Even though the
shift in the peak is observed in chosen samples, the final
photoluminescence does not correspond to the shifts, which
means that interactions alone are not the primary source of
strong photoluminescence. The shift in the PEO composite
samples is yet another evidence suggesting that the final
photoluminescence is not impacted by interactions alone
because of the absence of photoluminescence in the compo-
site films (Fig. 3a and b).

Discussion

The combination of the characterization results from PLQY,
TEM, XRD and FTIR indicate that the surface passivation by
nitrogen-containing polymers increases the PL of perovskite
composite materials, and is attributed to nitrogen coordi-
nation with under-coordinated lead ions on the perovskite
crystal surface.*® Thus, the functional groups contained in the
polymer macroligands passivate perovskite crystal surface
defects and/or trap sites, which significantly decrease the non-
radiative recombination by substantially reducing the trap
density.** Additionally, PLQY measurements suggest that
polymer passivation positively affects the emission.”” An

© 2024 The Author(s). Published by the Royal Society of Chemistry

example of reduced nonradiative charge recombination has
been reported by Wang et al. where the traps of Pb antisites in
a MAPDI; perovskite crystal were passivated by small nitrogen-
containing molecules, and as a result, the power conversion
efficiency of the passivated photovoltaic devices increased up
to 22.6%."® Passivation of Pb antisites by nitrogen-containing
polymers is also suggested for nanocrystalline MAPbBr;.*° In a
different example, reported by Wang et al., formamidinium
lead triiodide (FAPDbI;) perovskite crystals were passivated by
benzilamines, nitrogen-containing small molecules, which
improved water stability and the resulting electronic perform-
ance.’® Here, we predict that nitrogen-containing polymers
with functional groups that preferentially interact with perovs-
kite surfaces will actively passivate surface defects during
material synthesis (Fig. 7).

It is important to discuss the presence of nanocrystals in
composite materials synthesized with PEO and the resulting
absence of PL, as compared to PEIL. Even though both compo-
site materials exhibit the presence of nanocrystals, only
samples made with PEI have enhanced PL when compared to
PEO. We suggest that the enhanced PL of PEI samples results
from the strong passivation of the trap states on the perovskite
crystal surface because nitrogen atoms coordinate with under-
coordinated Pb ions on the crystal surface. Strong passivation
of surface traps is primary reason for samples prepared with
PEI to have strong photoluminescence. In contrast, PEO is a
weaker passivating agent because oxygen atoms are weaker
Lewis bases than nitrogen atoms in PEIL Ultimately, the
strength of polymer passivation is responsible for the resulting
photoluminescence.*"

As shown in Fig. 3 and 4, samples prepared with PEI
exhibit the highest fluorescence, followed by P4VP, and then
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Fig. 7 Schematic of polymer macroligand encapsulation of perovskite nanocrystals. The prediction is such that nitrogen-containing polymers will
strongly bind to the crystal surface, passivating the trap sites that form during synthesis.

finally PVP. From the photoluminescence studies at 75 wt%
perovskite, PEI must have better passivation efficiency and
therefore decrease trap density on the perovskite crystal as
compared to P4VP and PVP. Indeed, analysis of FTIR absor-
bances before and after adding polymer to the perovskite, con-
firms a significant interaction between the C-N bond in PEI
and perovskite. However, if the samples are prepared at an
equivalent 0.59 mole fraction of N to PbBr,, PAVP exhibits the
highest PL (Fig. S3 and S77). At the equivalent mole fraction,
P4VP sample exhibited the highest QY of 2.6% as compared to
PVP and PEI with QY of 1.7% and 1.3%, respectively. PAVP is a
stronger Lewis base than PVP, which is evident in the PLQY
measurements. However, P4VP is a weaker Lewis base com-
pared to PEI and is expected to exhibit a weaker PL response
based on passivation strength, but that is not evident. The
exact reason for why PAVP has a greater PLQY than PEI at con-
stant mole fraction is not currently known. One possibility is
that the polymer surface coverage on the perovskite could be
different. In addition, time-resolved PL studies were conducted
on nitrogen-containing samples to investigate photo-
luminescence kinetics of composite films (Fig. S4bf).
Table S37 gives the biexponential fit parameters for each curve.
PEI PL decay data showed monoexponential-like behavior (i.e.
A, is ~4x larger A, as compared to the other polymers where 4,
= A,,) and fast lifetime (~10 ns), as compared to lifetimes of
P4VP and PVP, which agrees with previously reported, highly
luminescent halide perovskite. PVP and P4VP samples showed
a pronounced biexponential-like behavior, dissimilar to PEL>
The presence of significant fast and slow decays in PAVP and
PVP samples complicates further comparison between photo-
luminescence kinetics because multiple mechanisms, such as
trap-induced recombination and reabsorption, could be
present but not fully differentiated.

As demonstrated here, polymers will act as macroligands by
inducing the formation of nanoscale particles and passivating
surface defects, similar to how small molecule ligands, such as
octylamine, oleylamine, didodecylamine, phosphenes, various

864 | RSC Appl. Polym., 2024, 2, 857-869

acids, and zwitterions are used to make colloidal perovskite
nanocrystals.">'®'%%% Similarly, peptides are known to be
active in biomineralization processes and metal nanocrystal
synthesis.”*’ In both of these examples, peptides are macro-
molecules that act as surface active agents that control in-
organic material growth. Surface-active ligands are necessary
components in the synthesis of high-quality nanocrystals.>®>°
High surface coverage of ligands passivates the nanocrystal
surface and prevents agglomeration, which significantly
reduces  surface trap density and  non-radiative
recombination.®”®’ Thus, in composite polymer materials,
translating knowledge regarding ligand chemistry to synthetic
polymers will potentially transform current methods for creat-
ing polymer/inorganic composite materials. The results shown
here are the first demonstration that polymers with repeat
units of similar chemical functionalities as established
surface-active ligands play the role of polymer macroligand.
The term “polymer macroligand” has previously been desig-
nated to telechelic polymers that typically contain pyridine,
bipyridine, or terpyridine functionality at the end of the
polymer chain and will specifically bind to metals from
polymer-metal complexes.®®®>7®* Therefore, the work reported
here expands the possibilities of polymer macroligands to
include polymers that have chemical functionality in the
repeat unit that will strongly interact with crystal surfaces.

Conclusion

Here, we present a one-step synthesis procedure for composite
perovskite/polymer materials and show that the polymer
chemical composition directly affects the optical properties of
OIP composite materials. We predicted that polymers would
passivate perovskite crystal surface traps as well as induce the
formation of nanocrystals. Experiments were designed and
conducted to characterize the emissive properties of perovs-
kite/polymer materials and systematically test the effect from

© 2024 The Author(s). Published by the Royal Society of Chemistry
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polymers with different chemical functionalities. The results
confirm that perovskite materials synthesized with nitrogen-
containing polymer matrices (PEI, PA4VP, and PVP) exhibit
enhanced photoluminescence as compared to nitrogen-absent
polymers (PS, PEO, and PMMA), due to nitrogen coordination
with under-coordinated lead ions on perovskite crystal surface.
The strong passivation of polymers in perovskite surfaces
stabilizes the nanocrystalline features in solution as the crys-
tals form as well as reduces the number of defects which
promote photoluminescence. We envision that the work
reported here will open new pathways for applying polymers
with crystal systems beyond hybrid halide perovskite. The
understanding of polymer macroligand effects will provide a
new, facile, and scalable synthesis of high-quality composite
perovskite materials with superior photoluminescence pro-
perties for displays, LEDs, lasers, or optical sensors.

Experimental section

Materials

Poly(methyl methacrylate) (PMMA, M,, = 11 600 g mol "), poly
(vinylpyrrolidone) (PVP, M, = 10000 g mol™"), poly(ethylene
oxide) (PEO, M,, = 100000 g mol™"), poly(4-vinylpyridine)
(P4VP, M,, = 60 000 g mol "), PbBr, (>98%), and MABr (>99%,
anhydrous), styrene monomer with 4-tert-butylcatechol as a
stabilizer (>99%), 2-cyano-2-propyl dodecyl trithiocarbonate
(97% (HPLQ)), 2,2'-azobis(2-methylpropionitrile) (98%), acti-
vated aluminum oxide, and methanol (>99.8%) were pur-
chased from Sigma-Aldrich and used as received. Poly(ethyleni-
mine) polymers (PEI, M,, = 2500 g mol ", 100 000 g mol ", and
250 000 g mol™') were purchased from Polysciences, Inc. and
used as received. Poly(styrene) (PS) was synthesized via revers-
ible addition-fragmentation chain transfer (RAFT) polymeriz-
ation.®® Perovskite/polymer solutions were prepared using N,N-
dimethylformamide (99.7+%) from Alfa Aesar, and toluene
from Fisher Chemical.

Poly(styrene) synthesis

Styrene monomer was purified through an activated aluminum
oxide powder column. For the PS synthesis: 48.0 mmol of
styrene monomer, 0.20 mmol of initiator 2,2"-azobis(2-methyl-
propionitrile) (AIBN), and 0.80 mmol RAFT agent 2-cyano-2-
propyl dodecyl trithiocarbonate were added to 6 mL of toluene
in a 100 mL round bottom flask. The mixture was sealed with
a septum and sparged with argon for 30 min. The resulting
mixture was then heated at 70 °C for 22 h on a temperature-
controlled heating plate. The resulting polymer was terminated
by introducing air. The polymer was precipitated in methanol
and redissolved in toluene three times for purification. The
final precipitate was dried in a vacuum oven at room tempera-
ture overnight.

Polymer characterization

Synthesized PS was characterized using SEC (Tosoh Bioscience
EcoSEC) using tetrahydrofuran as the mobile phase, with a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentration of 5 mg mL™" at 40 °C (Fig. S81). A TA
Instruments Q2000 DSC was used to perform differential scan-
ning calorimetry. To prepare samples, a polymer was added to
a DSC pan, made by DSC Consumables, and hermetically
sealed. A reference (empty) pan was also prepared. Polymers
were heated first at 20 °C min™" to 150 °C, cooled at 10 °C
min~" to 30 °C (except PEO, which was cooled to 0 °C), and
heated again at 10 °C min™" to 150 °C. After each step, the
sample was held for 10 min at the target temperature. Polymer
molecular weights and glass transition temperatures (7,) are
shown in Table S2.}

Perovskite/polymer film preparation

Films were fabricated by precipitating the precursor solution
containing polymers in an antisolvent and using that precipi-
tate to drop cast on cleaned glass slides. First, the perovskite
precursor solutions were prepared by dissolving methyl-
ammonium bromide (MABr: 0.0280 g per 0.2501 mmol), lead
bromide (PbBr,, 0.0920 g, 0.2507 mmol), and a chosen
polymer (PEL: 0.0400 g per 0.40 pmol; PEO: 0.0400 g per
0.40 pmol; P,VP: 0.0400 g per 0.67 pmol; PS: 0.0400 g per
10 pmol; PVP: 0.0400 g per 4.0 pmol; PMMA: 3.4 pmol) in
2.0 mL of N,N-dimethylformamide (DMF) in a 7 mL scintil-
lation vial. The precursor solution was thoroughly mixed.
Then, 0.5 mL solution was injected into 5.0 mL of an antisol-
vent, toluene. The solution was centrifuged at 10 000 rpm for
5 min to separate the supernatant and the precipitate. The
supernatant was discarded, and the precipitate was mixed with
1 mL of fresh toluene to produce a highly concentrated dis-
persed perovskite solution. Perovskite solution was then drop-
casted on clean glass slides and put on a hot plate at 60 °C for
20 min to allow toluene to evaporate. Glass slides were cleaned
by scrubbing with soap and water, sonicated twice for 20 min,
first in a beaker of acetone and then in a beaker of isopro-
panol, and finally treated with UV-Ozone. With the synthesis
procedure, the largest weight of the final product attempted
was measured to be up to ~7 g.

Material characterization

Film samples were characterized with a Photon Technology
International Fluorometer. A clean substrate was used for
background subtraction. Fluorescence measurements were
conducted by exciting the samples at 365 nm and recording
the emission from 400 to 700 nm with a 0.5 nm step and inte-
gration time of 0.5 s. Film X-ray diffraction measurements
were obtained using a Malvern-Panalytical Empyrean-2 four-
circle X-ray diffractometer with a Copper K-a X-ray source over
a 26 range of 10 to 70° with a step of 0.02. TEM images were
taken by Tecnai G2 20 XTWIN with LABg as the thermal elec-
tron source. All TEM samples were dried in a vacuum at room
temperature before measurements. Particle analysis was done
through Image]J software. FTIR measurements were performed
on Vertex 70 instrument by Bruker from 4000 to 500 cm™’,
with all samples dried overnight in a vacuum at room tempera-
ture. The method for FTIR measurements included 100
sample and background scans with 1 cm™" resolution.
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A FLS1000 fluorimeter from Edinburgh Instruments
(Livingston, Scotland) was employed for absolute PLQY
measurements. Tunable excitation was generated with a 450 W
Xe arc lamp and a double grating Czerny-Turner monochroma-
tor (focal length: 2 x 325 mm). The emission monochromator
was a single grating Czerny-Turner monochromator (focal
length: 325 mm) and the detector was a photomultiplier tube
(PMT) with an in-housing cooling unit operated at —22 °C.
Absolute QY values were determined using an integrating
sphere compatible with the FLS1000 system. Emission for QY
measurements was induced with an excitation bandwidth of
1.5 nm. Emission bandwidths were adjusted until ~1 million
counts were observed at the PMT for the glass slide blank at
an excitation wavelength of 400 nm and ranged from 0.2 to
0.5 nm depending on the sample. Specimen photo-
luminescence was collected from 600 nm down to 10 nm
below the excitation wavelength with a 0.1 nm step size. 5
values were determined using Fluoracle software.
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