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ABSTRACT: We report a one-step synthesis of halide perovskite
nanocrystals embedded in amphiphilic polymer (poly(acrylic acid)-
block-poly(styrene), PAA-b-PS) micelles, based on injecting a dimethyl-
formamide solution of PAA-b-PS, PbBr,, ABr (A = Cs, formamidinium, or
both) and “additive” molecules in toluene. These bifunctional or
trifunctional short chain organic molecules improve the nanocrystal—
polymer compatibility, increasing the nanocrystal stability against polar
solvents and high flux irradiation (the nanocrystals retain almost 80% of
their photoluminescence after 1 h of 3.2 w/cm? irradiation). If the
nanocrystals are suspended in toluene, the coil state of the polymer
allows the nanocrystals to undergo halide exchange, enabling emission
color tunability. If the nanocrystals are suspended in methanol, or dried
as powders, the polymer is in the globule state, and they are inert to
halide exchange. By mixing three primary colors we could prepare stable,
multicolor emissive samples (for example, white emitting powders) and a UV-to-white color converting layer for light-emitting
diodes entirely made of perovskite nanocrystals.

Halide exchange
“OFF”

etal halide perovskite (MHP) nanocrystals (NCs) Strategies have been designed to prevent anion exchange
I \ / I are promising materials for light emitting technol- and/or to stabilize MHP NCs against polar solvents, including

ogies.'~* NCs with various compositions (AMX;, A encapsulation of NCs in matrixes made of metal oxides (e.g.,
= Cs, CH;NH;, or HC(NH)NH,, M = Pb, Sn and X = Cl, Br, PbSO,, SiO,, TiO,, Al,0;), inorganic salts (SrBr,), a mixture
I) can be prepared easily,” '" and their emission color is of metal oxides and inorganic salts, metal organic hybrids (e.g.,
tunable across the ultraviolet—visible spectrum and beyond, by metal organic frameworks), and polymers.”****~*® Polymers
alloying, doping, or anion/cation exchange_6’8'11_14 These NCs are appealing as they can switch their chains from an extended
are coated with surfactant molecules that stabilize them in coil state to a collapsed globule state when the characteristics
nonpolar or moderately polar organic solvents."”™"* Yet, the of the solvent change. In its globule state, a polymer can act as
NCs have a poor stability against moisture, polar solvents, and a protecting layer that shields the NCs from their
long-time exposure to irradiation. Also, when MHP NCs of surroundings, making them unreactive. In its coil state, a
different emission colors are deposited together in solid films polymer stretches in solution and partially exposes the NC’s
or are mixed in a colloidal suspension, they undergo halide ion surface to the surrounding media, thus allowing a series of
exchange. This inter-NCs reactivity limits the use of MHP chemical reactions with the NCs, hence making them
NCs as multicolor emitters, for example, in white light “reactive”. The switch from the globule to the coil phase of a
emission.>’”™*' So far, white light emission was achieved
mainly by blending green emitting perovskite NCs with Received: June 14, 2021
organic dyes or metal chalcogenides NCs. Similarly, in down- Accepted: July 6, 2021

converting white light emitting devices white emission was
achieved by combining green emitting perovskite NCs with a
commercial UV-LED chip and a nonperovskite based red
phosphor.”*~"
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Figure 1. Sketch of the synthesis of APbX; NCs encapsulated in PAA-b-PS micelles (right), along with a set of additive molecules that turned
out to be successful to increase the stability of such NCs (left). The screening and role of these molecules are discussed in detail later in this

work.

polymer is solvent-dependent and can be properly tuned. This
solvent-driven unique feature of certain classes of polymers to
reversibly switch the behavior of MHP NCs from unreactive to
reactive, especially toward anion exchange reactions, has
remained unexplored until now. Polymeric micelles have also
been used as templates to synthesize inor§anic NCs with low
polydispersity and a stable surface coating.”’ > Polymers with
hydrophobic characteristics are ideal choices to protect MHP
NCs from polar solvents and have been widely tested in this
regard.”' ™" For example, previous studies have shown that
embedding CsPbBr; NCs in different polymeric matrices
significantly improves the stability of such NCs.>® Similarly,
various types of polymeric micelles have been exploited as a
template to encapsulate, in situ, individual MHP NCs.>27%% A
more detailed discussion of these studies, along with a critical
discussion and comparison with the present work, is reported
in the SI (see also Table S1). From these studies it emerges
that the resistance of the NCs against high volume ratio of
polar solvents (and especially short-chain alcohols such as
methanol) and high flux irradiation is still limited. Also, most
of these preparative approaches are not widely accessible and/
or scalable, as they often involve various polymerization steps.
Overall, the stability of these NCs under operating conditions
that are typical for many applications (high humidity, polar
solvents, high flux irradiation, etc.) has yet to be proven
satisfactory.

We report here an efficient method to encapsulate APbX;
NCs by combining a commercially available diblock copoly-
mer, namely poly(acrylic acid)-block-poly(styrene) (PAA-b-
PS), with short chain “additive molecules” that contain two or
more functional groups (for example, carboxylic, phosphonic,
amino, or combinations of these). The additive molecules
improve the compatibility between the NCs and the block
copolymer during the encapsulation process, as they increase
the stability of the encapsulated NCs against polar solvents and
high flux irradiation. Extensive nuclear magnetic resonance
(NMR) analysis on the polymeric micelles encapsulating the
NCs proved their core—shell structure, with PAA forming the
core of the micelles and PS the outer shell. When the polymer-
encapsulated NCs are suspended in nonpolar solvents (for
example, toluene), the polymer shell remains in the coil state,
and the NCs can undergo halide exchange reactions, allowing
color tunability. Instead, when the NCs are dispersed in polar
solvents (such as methanol), or dried and stored as powders,
the polymer shell is in the globule state, and the surface of the
NCs cannot be accessed by chemicals from their surroundings,
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thereby making them inert toward halide exchange reactions.
Based on this property, we could prepare stable multicolor
emissive samples retaining their spectral features even after
months of storage under air. Such control over the structural
and color stability enabled us to prepare white emitting
powders fully based on perovskite NCs. The PAA-b-PS-
encapsulated NCs were very robust against high flux irradiation
(3.2 w/cm?), retaining over 78% of their photoluminescence
(PL) efficiency after 1 h of continuous irradiation under such
conditions (this can be considered an accelerated stability
test). Finally, the white emitting powder was embedded in a
polymeric matrix and a UV-to-white color converting layer for
light-emitting diodes entirely made of perovskite NCs was
fabricated.

The PAA-b-PS-encapsulated NCs were prepared under
ambient conditions. PAA-b-PS with a molar mass of 5000
and 28000 g'mol !, respectively, was chosen to ensure that the
resulting assembled structures are micelles with a PAA core
and a PS shell in a nonpolar solvent such as toluene.”> As
additives, we used short organic molecules carrying two or
more functional groups: these were either all acidic in nature or
a combination of acidic groups and basic (for example, amino)
ones (Figure 1; see discussion later). PAA-b-PS-encapsulated
APbBr; (A = Cs, formamidinium (FA) or their mixture) NCs
were prepared by a ligand assisted reprecipitation route. In a
typical synthesis, ABr (CsBr, FABr or their mixture), PbBr,
PAA-b-PS, and S-aminopentanoic acid (APAc) as an additive
molecule (one of the best working molecules) were separately
dissolved in dimethylformamide (DMF) to form stock
solutions. PbBr, and FABr were dissolved quickly in DMF,
while CsBr had a negligible solubility in it (even under
sonication at 60 °C). The addition of PAA-b-PS to DMF (at a
ratio of 1:20 for Cs to PAA) helped to dissolve CsBr
completely. Then, equal molar volumes of ABr and PbBr,
stock solutions were mixed with PAA-b-PS and APAc stock
solutions. This solution was injected dropwise in toluene (a
selective solvent for the PS block), triggering at once the
formation of polymer micelles and the nucleation and growth
of APbBr; NCs in the micelles. After 20 s, the reaction was
quenched by adding excess hexane and the NCs were collected
by centrifugation. The supernatant was discarded and the
precipitate was redispersed in toluene followed by another
round of centrifugation and redispersion in toluene.

The NCs under the transmission electron microscope
(TEM) had nearly cubic shapes in all three cases (Figure
S1). We carried out dynamic light scattering (DLS) measure-
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Figure 2. “On demand” color tunability in PAA-b-PS-encapsulated CsPbBr; NCs. (a) Optical absorption and PL spectra of the initial
CsPbBr; NCs sample dispersed in toluene (green curves) and of the corresponding samples upon the addition of either
didodecyldimethylammonium chloride (blue curves) or oleylammonium iodide solutions (red curves). The sketch in (b) illustrates the
switchable anion exchange mechanism: in toluene dispersions, the polymer shell is open (coil state) and the color tunability is allowed upon
halide addition. In methanol, the polymer shell is closed (globule state); hence anion exchange is inhibited and the pristine color is retained.
The latter case is illustrated in panel (c) reporting the PL spectra of the initial CsPbBr; NCs sample and that of the samples after addition of
the chloride and iodide salts. (d) Sketches summarizing the halide exchange reactions under the various conditions.

ments on the PAA-b-PS-encapsulated CsPbBr; NCs and on
PAA-b-PS empty micelles, in toluene. Empty micelles were
prepared in the same way as the polymer-encapsulated NCs,
except for the addition of metal halide salts (ABr and PbBr,)
and additive molecules in the DMF solution. The empty
micelles and the NCs had hydrodynamic diameters (dy) of 48
and 80 nm (weighted by intensity), respectively, with a single
peak present in the 1—1000 nm range (Figures S2 and S3).
The data for the NC sample exclude the presence of large
aggregates of NCs, in agreement with TEM analyses. The dy
values weighted by volume and number were also as small as
51 and 61 nm, confirming the absence of aggregates or large
particles (Figures S2 and S3). Similar numbers were found by
DLS measurements on PAA-b-PS-encapsulated
CsysFAgsPbBr; and FAPbBr; NCs (Figures S4 and S5). The
polydispersity index (PDI) of the empty micelles and PAA-b-
PS-encapsulated NCs was in the range of 0.06—0.13,
confirming their narrow size distribution (Table S2). Based
on X-ray diffraction (XRD, Figure S6a), perovskite was the
only phase in all samples. Partial or complete substitution of
the A-site cation Cs with the larger FA cations was attested by
the shift of the XRD peaks toward lower angles (larger cell)
compared to the reference CsPbBr; pattern (Figure S6b). In
toluene, the NCs had emissions centered at 517 nm
(CsPbBr;), 527 (CsgsFAgsPbBr;), and 535 nm (FAPbBr;)
with 18—22 nm line widths (Figures S6¢c and S7). PL quantum
yield (PLQY) values of the samples (in toluene dispersions)
were in the 30—61% range and average PL lifetimes were in the
1.6—36 ns range (Figure S8 and Table S3).

On the PAA-b-PS-encapsulated APbBr; NCs we have the
unique chance to reversibly turn on/off anion exchange: when
the NCs were dispersed in toluene, in which the polymer is in
the coiled state, anion exchange was allowed and the emission
color of the NCs was tuned by dosing the halide reagent,
didodecyldimethylammonium chloride (DDACI) or oleylam-
monium iodide (OLAM-I) for the exchange of bromide with
chloride or iodide, respectively (Figure 2a,b; see the
Experimental Section in the SI for details). When the NCs
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were dispersed in methanol, in which the polymer is in a
globule state (due to the low solubility of the polymer in this
solvent), anion exchange was prevented. This is demonstrated
on green emitting PAA-b-PS-encapsulated CsPbBr; NCs; see
Figure 2b,c and Videos S1 and S2. Even when both chloride
and iodide reagents were introduced together in large excess in
the methanol dispersion of PAA-b-PS-encapsulated CsPbBr;
NCs, the initial PL spectral position and PL line width were
retained, thus confirming a complete inhibition of anion
exchange (Figure 2c). On the other hand, anion exchange
could be easily triggered by adding an excess amount of
toluene to open the PS-protecting layer. This is demonstrated
by adding the chloride reagent in large excess to the methanol
dispersion of PAA-b-PS-encapsulated CsPbBr; NCs: halide
exchange did not occur until the addition of toluene (Video
S3). We also tested anion exchange reactions on green
emitting PAA-b-PS-encapsulated NCs using other reagents,
such as Znl,, which is highly soluble in methanol (as opposed
to OLAM-I which is weakly soluble) and has been previously
used for halide exchange reactions in toluene dispersions of
perovskite NCs.”* Also in this case, anion exchange was
prevented in methanol dispersions (Figure $9-a and Video S$4),
while it was allowed in toluene (Figure S9-b and Video S$4).
This proves that the switchable halide exchange behavior of
our polymer coated NCs does not depend on the type of
halide reagent used and is only related to the coil/globule state
of the polymer. The sketches in Figure 2d summarize the
halide exchange reactions carried out under the various
conditions.

We then assessed the stability of the PAA-b-PS-encapsulated
NCs in various polar solvents, choosing PAA-b-PS-encapsu-
lated CsPbBr; NCs as a representative system. The toluene
dispersion of these NCs was added dropwise to methanol at a
volume ratio of 1 to 10 (toluene to methanol) under ambient
conditions, to induce the globule state of the PS shell, as
discussed earlier. After about 30 s, an excess amount of hexane
was added and the NCs dispersion was centrifuged. Then, the
supernatant was discarded, the precipitate was redispersed in
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Figure 3. (a) Stability of PAA-b-PS-encapsulated CsPbBr; NCs in different solvents, including toluene, water, ethanol, and methanol in
comparison to the “reference” CsPbBry NCs over 23 days (the PL spectra of the corresponding samples are reported in Figure S10). The
reference CsPbBr; NCs used for the stability test were synthesized using oleic acid and oleylamine; hence they were not polymer-
encapsulated. (b) Photographs of vials containing CsPbBr;NCs capped with different ligands (Cs-oleate,®® mixed ligands (oleylammonium
oleate/bromide)®, DDABr°®), and PAA-b-PS-encapsulated CsPbBr; NCs, in toluene and methanol. Panels (c) and (d) report the 'H and *C
NMR spectra of the free PAA-b-PS polymer and the empty PAA-b-PS micelles in toluene-dg and DMF-d,, respectively. The empty polymer
micelles were prepared in the same way as the polymer-encapsulated NCs, except for the addition of metal halide salts (ABr and PbBr,) and

additive molecules in the DMF solution.

the desired polar solvent (methanol, ethanol, water), and the
NCs dispersions were stored under ambient conditions to
examine their PL stability over time. The PL spectra recorded
over time for PAA-b-PS-encapsulated CsPbBr; NCs dispersed
in various solvents are reported in Figure S10. The NCs
dispersed in toluene and water nearly retained their PL
intensity and PL spectral position (Figure S10a,b). In ethanol
and methanol, a drop of 18% and 53% in PL intensity was seen
after 23 days of aging, while the PL spectral positions remained
nearly unchanged (Figure S10c,d). Quantitative data on the
drop of PL intensity of the polymer-encapsulated NCs in
different solvents are reported in Figure 3a. These are
compared with “reference” CsPbBr; NCs that were synthesized
using oleic acid and oleylamine as surfactants (following the
method of Protesescu et al.’), hence not polymer-encapsu-
lated. The PL from this reference sample was immediately
quenched as soon as methanol was added to it. A more
extended comparison is reported in Figure 3b: we bench-
marked the stability in methanol of the PAA-b-PS-encapsulated
CsPbBr; NCs with various NCs which were prepared following
published recipes.”*>°° Again, these NCs were not polymer-
encapsulated but they were coated with various ligands, such as
Cs-oleate, mixed ligands (Cs-oleate/oleylammonium bro-
mide), and didodecyldimethylammonium bromide (DDABr
capped) and were initially dispersed in toluene. As soon as
methanol was added, all the NCs samples lost their PL, except
for the polymer-encapsulated one.

We performed detailed high resolution liquid state NMR
spectroscopy to assess the structural conformation of the PAA-
b-PS. The NMR experiments were carried out on the starting
free PAA-b-PS, empty PAA-b-PS micelles, and PAA-b-PS-
encapsulated NCs. The details on the preparation of all the
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samples used for NMR experiments are reported in the SIL
Heteronuclear Single Quantum Coherence (HSQC) and
"H-"3C Heteronuclear Multiple Bond Correlation (HMBC)
NMR analyses on the starting free PAA-b-PS and empty PAA-
b-PS micelles in selective (toluene) and nonselective (DMF)
solvents; see Figure 3c,d and Figures S11—13. First, the 'H and
BC NMR analysis on the starting free PAA-b-PS in DMF-d,
evidenced the signals corresponding to both PAA and PS
moieties (see Figure 3c,d bottom panel and Figure S11 of SI).
The complete 'H and BC peak assignment, as well as the
HMBC cross correlation peaks, enabled us to unambiguously
identify the diagnostic signal (3) in position a to CO (2) of
the carboxylic moiety of the PAA component, which does not
overlap with the CHs of the PS moiety (see the NMR spectra
in DMF in Figure S11A—D). We then carried out the same set
of experiments, under identical conditions, on the empty PAA-
b-PS micelles sample in a toluene-dg dispersion. The detailed
analysis of the 'H, *C, 2D 'H-"C, HSQC, and 'H-"C
HMBC NMR revealed that the characteristic signals belonging
to the PAA component are not detectable (see Figure 3c,d top
panel and Figure S12A—D of the SI). On the other hand, the
characteristic peaks belonging to the PS component of the
polymer could be clearly identified and properly indexed. Here,
the inaccessibility to the solvent (responsible for a reduced
mobility) of the PAA component of the PAA-b-PS micelle is
compatible with a model in which PAA forms a rigid core,
while PS is present at the outer shell. We further recorded the
'"H NMR spectrum of the PAA-b-PS-encapsulated NCs in
toluene-dg and compared it with the '"H NMR spectrum of the
empty micelles (see Figure S12A,B). The spectrum of the
empty PAA-b-PS micelles had peak profiles and signal widths
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Figure 4. Stability test under high flux irradiation of “reference” CsPbBr; NCs (synthesized using oleic acid and oleylamine; then mixed with
polystyrene) versus PAA-b-PS-encapsulated NCs. (a) sketch of the experimental setup; (b) evolution of the PL of the reference CsPbBr,
NCs, evidencing 82% loss of PL intensity over 60 min of continuous exposure to laser irradiation. Over the same time frame, the PL spectra
of the PAA-b-PS-encapsulated CsPbBr; (c), Cs,sFA, sPbBr; (d), and FAPbBr; NCs (e) retained 78%, 94%, and 92% of their initial intensity.
(f) Summary of all the data sets for panels (b—e) referred to PL intensity (normalized to the initial PL of each sample).

at half-height that were identical to those of the micelles with
the NCs inside, thereby confirming the similar structure of the
polymer micelles in both cases. These measurements overall
confirm that PAA forms the core of the micelles encapsulating
the perovskite NCs, while PS forms the outer shell (see
detailed discussion in the NMR section of the SI).

All the samples presented so far were prepared using S-
aminopentanoic acid (APAc), as this molecule led to stable
polymer-encapsulated NCs, but other small molecules were
also identified as suitable additives. A detailed description of
the tests on the various molecules and related discussion are
reported in the SI (see also Figures S14—S18 and Table S4).
Typical molecules that were tested include hexan-1-amine,
hexanoic acid, 2-aminoethanethiol, 4-aminobutanoic acid, S-
aminopentanoic acid, (3-aminopropyl)phosphonic acid, 1,4-
butandioic acid, 2-amino-3-hydroxypropanoic acid, pyrroli-
dine-2-carboxylic acid, 2-amino-3-methylbutanoic acid, 2-
amino-5-(diaminomethylideneamino)pentanoic, 2-aminopen-
tanedioic acid, 2-amino-3-sulthydrylpropanoic acid, 2-amino-
3-(1H-imidazol-4-yl)propanoic acid, and 2-aminoterphthalic
acid. Upon dispersing in methanol, the samples prepared using
additive molecules with one functional group (for example,
hexan-1-amine, hexanoic acid and even their mixture)
significantly lost their PL. On the other hand, the sample
prepared using, for example, S-aminopentanoic acid, which
contains two functional groups (carboxylic and amino),
remained bright and stable. The results from our tests indicate
that effective molecules should be bifunctional or even
trifunctional in nature, with either all acidic (carboxylic,
phosphonic) groups or a combination of acidic and at most
one basic (such as amino) groups. The details about the PL
stability of PAA-b-PS-encapsulated FAPbBr; NCs prepared by
various additives molecules are summarized in Table S4. The
optimal concentration of additive molecule(s) was found to be
in the range of 10—15 mM. As a control, when no additive
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molecules were added, all samples were quickly degraded in
methanol (Figures S17 and 18). The mechanism underpinning
the increased stability when using certain types of additive
molecules is presently not entirely clear. Most likely these
molecules partially bind to the surface of the NCs and at the
same time they interact with the polymer, ensuring a higher
compatibility between the two components. In addition,
additive molecules having more than two functional groups
might also cross-link the PAA core via hydrogen bonding and/
or ionic bonding,”*® further improving the stability of the
PAA-b-PS-encapsulated NCs. The relative fraction of these
molecules is, however, so low that they cannot be distinguished
by NMR or by other techniques against the much dominant
signals from the polymer component.

Next, we tested the fluorescence stability of PAA-b-PS-
encapsulated APbBr; NCs under high flux photon irradiation.
Note that all samples considered for the tests were prepared by
blending NCs dispersions in toluene with polystyrene (see the
SI for details). PAA-b-PS-encapsulated CsPbBr,,
CsysFAysPbBr;, and FAPbBr; NCs samples were prepared
using APAc as an additive molecule. The “reference” CsPbBr;
NCs prepared via a standard colloidal approach® and capped
with oleylammonium oleate/bromide® ligand pairs (see the
SI) were then blended with polystyrene and tested in parallel
under identical conditions. A sketch of the setup used for the
stability test is shown in Figure 4a. A known amount of
powders of the reference CsPbBr; NCs, PAA-b-PS-encapsu-
lated CsPbBr;, Cs, sFA, sPbBr;, and FAPbBr; NCs were placed
between two glass slides and irradiated continuously under a
flux of 3.2 W/cm? for 60 min at 445 nm. These high flux
irradiation conditions are nearly ten times harsher than the
required industrial standards for displays (100—400 mW/

m?).”%”" The PL spectra of the reference NCs and the PAA-b-
PS-encapsulated NCs were monitored by an acquisition every
60 s via a software interface. The spectra are reported in Figure
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Figure 5. (a) Multicolor fluorescent powders were prepared by mixing the appropriate ratios of PAA-b-PS-encapsulated CsPb(BrCl),,
CsPbBr;, and CsPb(BrI); NCs powders emitting at 476, 520, and 661 nm, respectively. These powders were prepared from the dried
samples, as delivered from the synthesis and, for the blue and red emitting samples, after anion exchange, by grounding with a mortar and
pestle in a ceramic crucible. The PL spectra recorded over two of months of aging indicate the retention of the PL peaks position. (b) Photos
of the separate blue (i), green (ii), and red (iii) emitting powders of PAA-b-PS-encapsulated Cs,FA,PbX; NCs and their mixture (iv).
These powders were prepared instead by ball milling. All photos were taken while irradiating the samples with a UV lamp. (c) The PL
spectra of the separate powders reported in panel (b) (i—iii) with emission centered at 481, 527, and 625 nm for the blue, green, and red
samples, respectively. The red, green, and blue powders reported in panel (b) (i—iii) were then blended in appropriate ratios with a water
solution of poly(vinyl alcohol) (PVA) to prepare white emitting films for the LED. Panels (d) and (e) show the PL spectra and
corresponding CIE coordinates of the obtained white emitting films, respectively. A photograph of a white LED under operational
conditions is reported in Panel (b) (v). The device structure for the UV-to-white color converting layer is reported in Figure S23.

4b—e and the drop of PL intensities versus irradiation time are
reported in Figure 4f. The reference CsPbBr; sample lost a
significant fraction of its PL in the first minute, which further
dropped down to 18% of its initial intensity after 60 min of
exposure to the laser (i.e, a PL loss of 82%). In comparison,
over the same time frame, the PAA-b-PS-encapsulated
CsPbBr;, CsysFA(PbBr;, and FAPbBr; NC samples lost
23%, 6%, and 8% of their initial PL intensity, respectively,
demonstrating their improved stability.

We also tested the effect of an alternative molecule
(phenethylammonium, PEABr, which contains only one
functional group) on the stability of NCs against high flux
radiation. A PAA-b-PS-encapsulated CsysFAjsPbBr; NCs
sample prepared using PEABr was irradiated continuously
under a flux of 3.2 W/cm? for 60 min at 445 nm. The sample
lost 56% of its initial PL intensity after 60 min of exposure to
the laser (Figure S19a), that is, a much bigger loss compared to
the sample prepared with APAc and discussed earlier (6%,
Figure 4d). Similarly, upon dispersion in methanol, the sample
prepared using PEABr evidenced a bigger drop in the PL
intensity compared to the sample prepared with APAc (Figure
S19b).

Our empirical conclusions are the following: to prepare
polymer-encapsulated NCs possessing stable optical features
under high flux irradiation conditions and which additionally
retain their PL against polar solvents (such as methanol), the
requested additive molecules need to have more than one
functional group. For example, they need to have two or more
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acidic (carboxylic, phosphonic) groups, or a combination of
acidic and basic (such as amino) groups.

Taking advantage of the enhanced stability and color
tunability on demand of these NCs, we prepared multicolored
emissive samples. We prepared first the green emitting PAA-b-
PS-encapsulated CsPbBr; NCs. The red and blue emitting
samples were obtained from them by anion exchange in
toluene. Once the desired emission color was reached, the
polymer shell was “closed” by adding a mixture of methanol
and hexane, followed by centrifugation, solution drying, and
grounding with a mortar and pestle in a ceramic crucible (see
details in the SI). The different powders were then mixed in an
appropriate ratio to get a multicolor emitting product that
nearly retained the emitting features of the individual
components over months of storage under ambient conditions
(Figure Sa). Interestingly, the CsPbl; NCs, which are prone to
a phase transition to a nonemitting yellow phase and need
additional surface or structural engineering for stability,'””*~"*
were instead stable in the perovskite phase when polymer
coated. Inspired by the retention of the emission color and by
the excellent stability of the multicolor powders, we then
proceeded to prepare a white emitting powder by combining
three primary colors (red, green, and blue), fully based on
halide perovskite NCs. The A-site cation-dependent color
tunability of PAA-b-PS-encapsulated APbBr; NCs in the range
of 515 to 540 nm gave us access to the pure green emission
range (525—535 nm). Therefore, we used PAA-b-PS-
encapsulated CsysFA,sPbBr; NCs samples considering their
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nearly pure green emission features. The PAA-b-PS-encapsu-
lated CsysFAsPbBr; NCs samples were prepared using 4-
aminobutanoic acid as an additive molecule while all the other
reaction conditions, including concentration of the precursor
solutions and of the polymer, were kept the same. TEM images
of the pristine green emitting NCs and of the samples after
anion exchange reaction (blue and red emitting NCs) are
reported in Figure S20. The blue and red samples were derived
from the green emitting sample by halide exchange, similarly to
the procedure previously described for the PAA-b-PS-
encapsulated CsPbX; NCs. The PAA-b-PS-encapsulated
CsosFAysPbX; NCs with desired emission color in toluene
dispersion were mixed with poly(methyl methacrylate), known
to be an organic glass and suitable for display applications.
Then, the polymer shell encapsulating the NCs was closed by
adding a methanol/hexane mixture. The precipitate was
collected by centrifugation and the dried in a vacuum oven
at 40 °C overnight. The dried precipitates were individually
ball milled to get the fine powders (see the details in the SI).

The photographs of the powders after ball milling are
reported in Figure Sb (i—iii) and the PL spectra recorded from
the individual powders are reported in Figure Sc. The PL peak
position was centered at 625, 527, and 481 nm for the red,
green, and blue NCs powders, respectively. These powders
were combined in appropriate ratios to get a white emitting
sample. The resulting powder showed nearly white emission
under UV-lamp irradiation (Figure Sb (iv), x = 0.31 and y =
0.38, pure white would be x = 0.33 and y = 0.33). The PL
spectrum recorded on the white emitting powder is reported in
Figure S21 and the CIE coordinates are reported in Figure
S22. The comparison of the spectral features of the powders
before and after mixing and over aging is reported in Figure
S21: The individual PL peak positions did not shift after
mixing and remained unchanged after 4 weeks of aging under
ambient conditions.

The inhibition of halide exchange in the solid matrix further
motivated us to fabricate a fully halide perovskite UV-to-white
color converting layer combined with a commercial LED. The
white emitting films were prepared by blending red, green, and
blue powders (reported in Figure Sb (i—iii)) with a water
solution of poly(vinyl alcohol) and the sample was drop-cast
on quartz substrate (see the details in the SI). The obtained
emitting perovskite-PVA film was then placed on a 365 nm
LED (maximum power of 1 W) which was used for excitation.
A 425 nm long pass filter (Thorlabs) was then placed onto the
PVA film to remove the UV excitation light (see Figure 523).
The final device featured white emission (Figure Sb (v)) with a
conversion ratio of 15% (i.e, 100 mW of 365 nm excitation
was converted into 15 mW of white light). The PL spectra and
corresponding CIE coordinates of the NC-PVA film used for
the white LED are reported in Figure Sd,e.

In conclusion, we have reported an effective in situ method
to prepare polymer-encapsulated halide perovskite nanocryst-
als in which we can switch their reactivity toward anion
exchange “on demand” by simply changing the polarity of the
solvent. The method uses suitable additive molecules that
improve the optical stability of the nanocrystals. When
protected from anion exchange (for example, when dispersed
in polar solvents, or as dried powders), nanocrystals emitting at
different colors can be mixed together and the resulting sample
preserves the multicolor emission over time. Such color stable
samples were further used to prepare fully halide perovskite-
based nearly white emitters (and also a white light emitting

device based on UV-to-white color converting layer) by simply
mixing three primary colors. This unique set of properties,
together with a high stability against polar solvents and high-
flux irradiation, makes them appealing for a wide range of
applications. This method should be easily extendable to other
metal halide nanocrystals.
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Materials and Methods

Chemicals. Poly(acrylic acid)-block-poly(styrene) (PAA-b-PS) (Mw = 33000 g.mol-1, 20% PAA), Lead bromide
(PbBr;,99%), zinc iodide (Znl,, 98%) cesium bromide (CsBr, 99% ), formamidinium bromide (FABr, 98%) and
all additive molecules (Hexan-1-amine, Hexanoic acid, 2-aminoethanethiol, 4-aminobutanoic acid, $-
aminopentanoic acid, (3-aminopropyl)phosphonic acid, 1,4-butandioic acid, 2-amino-3-hydroxypropanoic acid,
Pyrrolidine-2-carboxylic acid, 2-amino-3-methylbutanoic acid, 2-amino-S-
(diaminomethylideneamino)pentanoic, 2-Aminopentanedioic acid, -2-Amino-3-sulfhydrylpropanoic acid, 2-
Amino-3-(1H-imidazol-4-yl) propanoic acid, 2-aminotertphthalic acid), poly(vinyl alcohol) (PVA, Mw 85,000-
124,000), Oleylamine (OLAM, 98%), Polystyrene (PS, Mw 35,000) and Iodine (I, 99.99% ) were purchased from
Sigma-Aldrich. Didodecyldimethylammonium Chloride (DDACI, 98%) was purchased from TCL All the
chemicals were used as received. All the solvents (hexane, toluene, dimethylformamide (DMF) were also
purchased from Sigma-Aldrich and used without further purification.

Synthesis of Polymer-encapsulated APbBr; Nanocrystals. Metal bromide salts (CsBr, FABr and PbBr: 10
mM each) additive molecules (for example S-aminopentanoic acid, APAc, the concentration of the additive
molecules was kept the same - 17 mM - in all experiments) and polymer (PAA-b-PS, 110 mg/mL) were first
separately dissolved in DMF. Then, a mixture of ABr (100 pL), PbBr; (100 uL), APAc (4 pL) and PAA-b-PS (75
uL) precursor’s solutions in DMF was injected dropwise into a 20 mL vial containing toluene (8 mL) under
vigorous stirring at room temperature in air (see figure 1). The color of the solution turned green immediately,
indicating the formation of perovskite NCs. The mixed cation CsosFAosPbBr; NCs were prepared by using 1:1
molar ratios of CsBr and FABr precursors directly in the synthesis. After about 20 seconds, the reaction was
quenched by adding excess of hexane and the NCs were collected by centrifugation. Then, the supernatant was
discarded and the precipitate was re-dispersed in toluene followed by another round of centrifugation and re-
dispersion. The toluene dispersion of the NCs was centrifuged once again (at 6000 rpm for 10 min), the colloidally
unstable fraction was discarded and the supernatant was collected for further uses.

Halide exchange reactions: All the reactions were performed under ambient conditions. To tune the
emission color from green to blue, green emitting polymer-encapsulated CsPbBr; NCs dispersions in toluene were
mixed with a DDACI solution (pre-dissolved in toluene, 25 mM concentration) under continuous stirring. To
prepare the red emitting NCs, oleylammonium iodide (OLAM-I) (prepared separately by reacting molecular
iodine with oleylamine, 0.4 M I')! was used instead. We observed that the oleylammonium iodide is weakly soluble
in methanol. To further verify the switchable behavior of the iodide exchange reaction in our polymer
encapsulated NCs, we choose Znl, salt as a source of iodine ions. Notably, Znl, is high soluble in methanol and
has been used for halide exchange reactions in toluene dispersions of halide exchange reactions in toluene
dispersions of perovskite NCs.” Briefly, ZnI, was directly added in toluene and methanol dispersions of PAA-b-PS
encapsulated green emitting NCs. In the case of the methanol dispersion, the color of the starting NCs was
preserved, despite the addition of a large excess of Znl,. On the other hand, in the toluene dispersion of the NCs,
the color of the sample quickly changed from green to red upon addition of ZnlL,.

Preparation of the white emitting powder. The PAA-b-PS encapsulated CsosFAosPbBr; NCs were prepared
first using aminobutyric acid as an additive molecule and subsequently subjected to halide exchanged reactions
for the preparation of other compositions. Briefly, the toluene dispersion of PAA-b-PS-CsosFAsPbBr; NCs were
treated with DDACl and OLAM-I to obtain blue and red emitting samples respectively. Once the desired emission
color for the blue (480 nm) and red (625 nm) emitting samples was achieved, hexane in excess was added to the
NCs dispersion (with volume ratio of 1:S, toluene to hexane) and the resulting mixture was centrifuged at 6000
rpm for S minutes. Thereafter, the supernatant was discarded and the precipitate was re dispersed in toluene. Then,
PAA-b-PS-CsosFAosPbX; NCs with desired emission color in toluene dispersion were separately mixed with
poly(methyl methacrylate) pre-dissolved in toluene (50 mg/mL). Finally, the polymer shell of PAA-b-PS micelles
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encapsulating the NCs was “closed” by adding a mixture of methanol and hexane (with a volume ratio of 1:5) to
the toluene dispersion of the PAA-b-PS-CsosFAosPbX; (X=Br and Br/Cl) NCs, while only hexane was added in
case of PAA-b-PS-Cs,sFA,sPb(BrI); NCs. The resulting mixture was centrifuged again at 6000 rpm for S minutes
and the supernatant was discarded. The precipitate was dried in a vacuum oven at 40 °C overnight. The obtained
powders were individually ground with a ball mill (SPEX SamplePrep 8000M MIXER/MILL). The green and
blue emitting samples were ball milled for S minutes, while red emitting sample for 2 minutes. The obtained fine
powders were then mixed in an appropriate ratio to get a white emitting NCs powder.

White LED fabrication. The white emitting samples were prepared by mixing red, green and blue emitting
powders of PAA-b-PS encapsulated CsosFAosPbX; (X=Br and Br/Cl) NCs in an approximate ratio of 1:2:3 in
weight (green:blue:red) was added to the water solution of polyvinyl alcohol (PVA, 210 mg/mL). Thereafter, the
sample was drop-cast on a quartz substrate and subsequently dried for 15 min at 65°C. Then, white emitting film
was placed on a 365 nm LED (maximum power of 1 W) which was used for excitation. A 425 nm long pass filter
(Thorlabs) was then placed onto the PVA film to remove the UV excitation light, see the device structure in Figure
§23.

Morphological characterization. TEM images of the NC samples were acquired with a JEOL-1100
transmission electron microscope operating at an acceleration voltage of 100 kV. Samples were prepared by drop
casting diluted solutions of NCs onto carbon film-coated 200 mesh copper grids.

Structural characterization. Structural analysis was performed on a PANanalytical Empyrean X-ray
diffractometer, equipped with a 1.8 kW CuKa ceramic X-ray tube, operating at 45 kV and 40 mA, and a PIXcel3D
2x2 area detector. A colloidal dispersion of corresponding NCs was drop-cast on a zero-diffraction silicon
substrate. All the diffraction patterns reported in this work were collected at room temperature under ambient
conditions using parallel beam geometry and symmetric reflection mode. Post-acquisition XRPD data analysis
was carried out using the HighScore 4.1 software from PANalytical.

Spectroscopic measurements. Optical absorption spectra were recorded using a Varian Cary 300 UV-VIS
absorption spectrophotometer. The PL spectra were measured on a Varian Cary Eclipse spectrophotometer using
an excitation wavelength (Aex) of 350 nm for all the samples. Samples were prepared by diluting NC solutions in
toluene, in quartz cuvettes with a path length of 1 cm. Absolute Photoluminescence quantum yields of NC samples
were measured using an Edinburgh FLS900 fluorescence spectrometer equipped with a Xenon lamp, a
monochromator for steady-state PL excitation, and a time-correlated single photon counting unit coupled with a
pulsed laser diode (Aex = 405 nm, pulse width = 50 ps) for time-resolved PL. The PLQY was measured using a
calibrated integrating sphere (Aex = 350 nm for all samples). For the PLQY measurements, all the NC dispersions
were diluted to an optical density of 0.1 £0.02 at the corresponding excitation wavelength in order to minimize
the amount of fluorophore being reabsorbed.

Sample preparation for high flux irradiation experiments. PAA-b-PS encapsulated CsPbBrs, CsosFAsPbBr;
and FAPbBr; NCs samples were prepared using AVAc as an additive molecule. The “reference” CsPbBr; NCs were
prepared using hot injection method developed by Protesescu et al.> The toluene dispersions of all samples
including the reference sample with the concentration 10-12 mg/mL were mixed with a polystyrene solution (30
mg/mL in toluene). The resulting mixture was precipitated by adding 12 mL of hexane, followed by overnight
drying in vacuum oven at 40 °C. Then, the powder was grounded by using a mortar and pestle set and was then
placed inside a glass cell.

Laser irritation stability tests. Stability tests were carried out using a continuous wave laser diode for excitation
(Aex = 445 nm, Oxxius LBX-445-650-HPE-PP, max power 715 mW) coupled with an iris to reduce the circular
excitation spot to a diameter of Imm (spot size was determined with Thorlabs BP209-VIS/M beam profiler). The
excitation power was measured after the iris using a Thorlabs PM100D Digital Optical Power meter interfaced
with a Thorlabs S121C photodiode. The emission was monitored via a collimator/optical fiber/filter
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holder/optical fiber assembly coupled with an Ocean Optics HR4000 spectrometer. The collection optics was
placed at 45° with the respect to the excitation beam and a long pass filter (Acut-off = 450 nm, Thorlabs FEL0450)
was placed in the fiber coupled filter holder. The emission was collected every 60 seconds using the Ocean View
software.

DLS measurements. The hydrodynamic sizes of the particles were measured by Dynamic Light Scattering
(DLS) using a Malvern Instruments Zetasizernano series instrument. Prior to each reading, the sample was left
for 1 min to equilibrate and triplicate measurements were done for each sample.

NMR measurements. NMR experiments were performed at 298 K on a Bruker Avancelll 600 MHz spectrometer
equipped with S mm QCI cryoprobe with z shielded pulsed-field gradient coil. The free polymer sample was
prepared by dissolving 8.25 mg of PAA-b-PS powder in 1mL of DMF-d7. The PAA-b-PS micelles sample was
prepared by dissolving the same amount of polymer into DMF followed by drop-wise addition of the polymer
solution into toluene to induce the micelle formation. Thereafter, the micelles were collected by adding hexane
in access to the crude solution followed by centrifugation at S000 rpm for S minutes. The supernatant was
discarded and the dried precipitate was redispersed in d-8 toluene. For the liquid state NMR measurements, the
samples were transferred into S mm disposable NMR tubes (Bruker). Before each acquisition, automatic

matching and tuning (both on 1H and 13C) and homogeneity were adjusted.

In the '"H-NMR experiments, 128 transients were accumulated after having applied a 90 degree of flip angle
excitation pulse, with relaxation delay of 30 s, over a spectral width of 20.55 ppm (offset at 10 ppm).

In the *C NMR spectra (inverse gated 'H decoupling), 10752 transients were collected after a 30-degree pulse,
with 32768 of digit points, an interpulses delay of 3.5 s, over a spectral width of 240.1 ppm (offset at 100 ppm).

An apodization exponential function equivalent to 0.1 and 15 Hz were applied to the "H and "*C FIDs respectively,

before the Fourier transform.

The 'H-*C HSQC (multiplicity edited Heteronuclear Single Quantum Coherence, with the selection of CH, and
CH/CHj; in opposite phases, graphically represented in blue and red respectively) was performed with 32 FIDs,
2048 data points, 256 increments, over a spectral width of 15.02 ppm for 'H and 165.7 ppm for '*C (transmitter
frequency offsets at 7.45 and 74.6 ppm, respectively).

The 'H-*C HMBC (Heteronuclear Multiple Bond Correlation) was acquired with 128 FIDs, 2048 data points,
128 increments, over spectral width of 15.02 ppm for 'H and 222.1 ppm for *C (transmitter frequency offsets at
7.48 and 99.8 ppm, respectively).

All spectra were referred to the not deuterated residual solvent peaks, at 7.09 and 129.2 ppm (toluene-d;), and at
8.03 and 163.2 ppm (DMF-ds), for 'H and *C, respectively.

S4



Extended literature review on polymer encapsulated lead halide pervoskite NCs

Various studies have studies have shown that embedding perovskite NCs in different polymeric matrices
significantly improves their stability. Among those, encapsulation of individual MHP NCs is most the appealing
and gain signifincat attention of the scientific community in recent past. Hou et al. backin 2017 used polystyrene-
block-poly-2-vinylpyridine (PS-b-P2VP) micelles to prepare PS-b-P2VP coated CsPbX; NCs.* This strategy was
later adopted by Lohmuller et al. to prepare the PS-b-P2VP coated MAPbX; NCs.® In both studies, the
nanoreactors were prepared initially by dissolving P4VP-b-PS in toluene, followed by the addition of the
corresponding halide salts (such as CsX, MAX and PbX;) sequentially. Given a lower solubility of metals salts in
toluene, Hou et al. noted that the mixture of nanoreactors and metal halide salts (PbBr,) needed to be kept under
continuous stirring for at least two weeks to achieve 0.1 mg/mL loading of the corresponding salt. This however
makes the procedure reported by Hou et al. and Lohmuller et al. et al. not only time consuming but also not much
useful, as it leads to a very low yield of the final material. In terms of stability, Hou et al. reported that PS-b-P2VP
capped CsPbBr; NCs completely lost their PL in a mixture of methanol and toluene (with a volume ratio of 10 to
1) within 2 minutes upon dispersion (see Figure 3 of their manuscript). Lohmuller et al., on the other hand,
reported that the PS-b-P2VP encapsulated MAPbBr; NCs have improved stability against moisture, water and
weak UV irradiation. The high stability of perovskite NCs against a short chain alcohol such as methanol remains
an unachieved goal so far. This is most likely due to the fact that methanol is less hydrophilic and has a lower
surface tension compared to water, hence it will have higher tendency to penetrate through the PS protective layer
which consequently makes it more detrimental for the perovskite NCs compared even to water. This was indeed

observed experimentally on the PS-b-P2VP capped perovskite NCs prepared by Hou et al.

Lin et al. recently used a multiarm star-like amphiphilic triblock copolymer, namely poly(4-vinylpyridine)-block-
poly(tert-butyl acrylate)-block-polystyrene (denoted P4VP-b-PtBA-b-PS), to encapsulate perovskite NCs.® In
that study, a three-step synthesis was used to prepare MAPbX; NCs coated with a SiO, middle layer and PS as the
outer shell. Due to the unique molecular structure of the polymer, the micelles are made of 21 chains of triblock
copolymer (1% segment of P4VP for MAPbX; nucleation, 1 middle segment of PtBA to yield PAA upon the
thermolysis to bestow the capability to grow a silica shell and last outer segment of PS to improve the stability)
linked together through a knot at the end of the P4VP block. Although this approach is elegant, the micelles made
of multi-arm star-like amphiphilic triblock copolymers have a rather low density of PS shell (21 chains per
micelles) in comparison to the conventional self-assembled micelles made of linear diblock copolymers. This in
turn provides a low barrier against a polar environment. Indeed, the authors observed that the growth of the SiO,
shell between the PS layer and the MAPbX; layer is crucial to achieve a good stability against water. Also in that
case, the stability against short chain alcohols was not addressed. Similarly, in another study reported by the same
group, Liu et al. used a star-like molecular bottlebrush trilobe, poly(2-hydroxyethyl methacrylate)-graft-
(poly(acrylic acid)-block-partially cross-linked polystyrene (denoted PHEMA-g-(PAA-b-cPS)) to act as a
polymeric nanoreactor.” The authors reported that the CsPbBr; is formed within the PAA block while PS block
acts as the protective layer. Owing to its trilobe structure, such polymer will not be able to self-assemble to form a
classical micellar structure due to the constraint of the chain. This, in turn, will create some defects in the
protective PS layer (not uniform hairy shell), thus allowing the penetration of solvents through the PS shell. The
authors indeed reported that polymer coated NCs could withstand 20-30% volume of methanol for less than 20
days. Further increase in the methanol volume (40 % or higher) resulted in a complete loss of PL instantly upon

dispersion.
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Table S1: Comparison of key features of the present work with previous reports

Material | Polymer Synthesis Switchable Stability against polar solvents (Colloidal) High flux Stable Fully
type composition conditions | anion Water Ethanol Methanol irradiation | multicolor | perovskite
(APBX3) exchange stability emitters based
reaction white
LED
This Cs, FA PAA-B-PS, SINGLE YES COMPLETE 20% OF PL 50% OF PL YES (3.2 YES YES
study LINEAR STEP, RT RETENTION LOST AFTER | LOST AFTER W/cm?)
OF PLAFTER 23 DAYS 23 DAYS
23 DAYS (100% (100%
(100% ETOH)) MEOH)
WATER)
Ref. * Cs P4VP-B-PS, 2 STEP, No COMPLETE COMPLETE COMPLETE N.A. N.A. NO
LINEAR RT LOSS OF PL LOSSOFPL | LOSS OF PL
WAS AFTER 40 UPON
OBSERVE DAYS (90% | DISPERSION
AFTER 25 ETOH IN (81%
HOURS OF TOLUENE) METHANOL
DISPERSION IN TOLUENE)
Ref. ¢ MA P4VP-B-PAA- 3 STEP, No YES (IN N.A. N.A. N.A YES NO
B-PS HT FILM)
MULTI-ARM
STAR LIKE (21
ARMS PER
MICELLES). THE
GROWTH OF
S102 LAYER IN
PAA BLOCK IS
CRUCIAL FOR
THE STABILITY
Ref.? MA P4VP-B-PS, 2 STEP, No YES (IN N.A. N.A. N.A. YES NO
LINEAR RT FILM)
Ref.” | Cs PAA-B-PS- SINGLE No NEARLY N.A NOTSTABLE | N.A N.A NO
GRAFTED STEP, RT STABLE IN COMPLETE
PHEMA, AGAINST10 METHANOL
TRILOBE % WATER DISPERSION

S6




TEM, DLS, XRD and optical analysis

a) FAPDBT,

b) Cs, .FA, .PbBr, T

C) CstBr3

Figure S1. TEM images of PAA-b-PS encapsulated CsPbBrs, CsosFAosPbBrs and FAPbBrs NCs samples deposited from toluene dispersions.
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Figure $2. Dynamic light scattering (DLS) traces of PAA-b-PS dispersions in toluene.
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Figure 83. DLS traces of PAA-b-PS encapsulated CsPbBr; NCs dispersions in toluene.
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Figure S4 DLS traces of PAA-b-PS encapsulated CsosFAosPbBrs NCs dispersions in toluene.
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Table S2. Hydrodynamic diameters (di) weighted by intensity, volume and number along with polydispersity index (PDI) of

free micelles and PAA-b-PS encapsulated CsPbBr;, CsosFAgsPbBrs, FAPbBr; NCs.

Sample dx (intensity) du (volume) du (number) PDI
(nm) (nm) (nm)
. 0.10 £
PAA-b-PS free micelles S0+1 390+1 321
0.01
PAA-b-PS-CsPbBr; 69 +1 53+ 1 43+1 0(-)0(?11
PAA-b-PS- 0.13 +
69 + 49+2 8+
CSo,sFAo,stBQ 9 3 9 3 3 003
+
PAA-b-PS-FAPbBr; 86+ 1 6541 1951 0(.)0:1_
2) FAPbB, b) FAPDBr, 9 FAPbE,
PLQY =61 %
3 Cs,,FA,,PbBr, | 3 Cs, A, PbBr,| 5 CsosF AysPoEI,
= - = PLQY =45 %
= £ <
__________ C_SPTDB_r: ] [ _C_sPBBrB_ ~\ CsPbBr,
PLOY =30%
1015 20 25 30 35 40 20 30 31 32 480 500 520 540 560 580

Degree (2-Theta) Degree (2-Theta) Wavelength (nm)

Figure S6. (a) XRD patterns of PAA-b-PS encapsulated CsPbBrs3, CsosFAosPbBr; and FAPbBrs NCs. The small hump at 18° (20) present
in all three samples can be ascribed to the presence of the polymer. (b) Magnified view of the XRD patterns reported in (a), in the 29-32° 20
range (b). (c) Optical absorption and PL spectra recorded on toluene dispersions of the various samples, along with photos of the same

samples recorded under the irradiation of a UV lamp. The extended range of absorption and PL spectra of these sample is reported in Figure
S7.
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Figure S7. Optical absorption and PL spectra of PAA-b-PS encapsulated (a) CsPbBrs3, (b) CsosFAosPbBrs and (c) FAPbBrs NCs dispersions

in toluene.
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Figure $8. PL lifetimes of the PAA-b-PS encapsulated NCs reported in Figure S1 and S6. The measurements were performed in toluene
dispersions. The PL decays were fitted with the following expression: Fit = A + Bl*exp(-t/T1) + B2*exp(-t/T2) + B3*exp(-t/T3) (values

reported in Table S1).
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Table S2: PL lifetime data extracted from the fittings of plots reported in Figure S8 of PAA-b-PS encapsulated NCs. The
reported amplitude and intensity weighted average lifetime were calculated using the following expressions:

Intensity Average lifetime = (B1*(T1)A2+B2*(T2)*2+B3*(T3)*2)/(B1*T1+B2*T2+B3*T3), Amplitude Average lifetime =
(B1*T1+B2*T2+B3*T3)/(B1+B2+B3).

Sample name Lifetime Intensity Rel. Intensity Amplitude
(ns) (au.) Contribution | weighted weighted
(%) Average Average
lifetime lifetime
(ns) (ns)
CsPbBr;
T1 0.8 B1 | 9884 41.58 6 1.64
T2 4.2 B2 | 1896 41.21
T3 22.8 B3 | 147 17.21
Cso.sFAosPbBr;
T1 11.8 B1 | 5582 21.24 75.9 32.2
T2 44.5 B2 | 3547 50.99
T3 183 B3 | 468 27.77
FAPDbBr;
T1 9.1 B1 | 6126 15.86 124 35.9
T2 46 B2 | 2944 38.63
T3 231 B3 | 690 45.51

Additional data on switchable anion exchange

a) PAA-b-PS-encapsulated NCs in Methanol dispersion b)

/\ +Znl, salt
: -

450 500 550 600 650 700 750 450 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

PAA-b-PS-encapsulated NCs in Toluene dispersion

+ Znl, salt

Normalized PL
Normalized PL

Figure S9. Switchable halide exchange reactions using zinc iodide. PL spectra of the initial CsPbBrs NCs sample dispersed in toluene (black
curve) and the corresponding samples upon the addition of zinc iodide (red curve) in methanol dispersion (a) and toluene dispersion (b),

respectively. The inset in both panels shows the photographs of NCs dispersions recorded under UV-lamp irradiation before and after halide
exchange reactions.
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Ageing tests
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Figure S10: Stability of PAA-b-PS encapsulated CsPbBr; NCs over ageing in different solvents. (a) toluene, (b) water, (c) ethanol, (d)

methanol. Samples were stored in cuvettes under ambient air and PL spectra were recorded over the period of 23 days.

Detailed NMR analysis

We performed detailed liquid state nuclear magnetic resonance (NMR) spectroscopy to confirm that the
micelles have an outer shell of PS and an inner core of PAA. The NMR measurements include 'H, *C, 2D
'H-"*C, Heteronuclear Single Quantum Coherence (HSQC) and 'H-*C Heteronuclear Multiple Bond
Correlation (HMBC). The experiments were performed on the starting free PAA-b-PS, empty PAA-b-PS
micelles and PAA-b-PS encapsulated NCs. The free polymer sample was prepared by dissolving 8.25 mg
of PAA-b-PS powder in ImL of DMF-d7. The PAA-b-PS micelles sample was prepared by dissolving the
same amount of polymer into DMF followed by drop-wise addition of the polymer solution into toluene
to induce the micelle formation. Thereafter, the micelles were collected by adding hexane in excess to the
crude solution, followed by centrifugation at 5000 rpm for S minutes. The supernatant was discarded and
the dried precipitate was redispersed in d-8 toluene. The PAA-b-PS encapsulated NCs sample was

prepared under the same conditions as those used for the empty micelles, but with the addition of metal
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bromides (CsBr and PbBr,) and the solution containing the additive molecules. For NMR measurements,

the samples were transferred into S mm disposable NMR tubes (Bruker).

We initially performed the 'H, C, 2D 'H-"“C, HSQC and "H-“*C HMBC NMR analysis on the starting
free PAA-b-PS in DMF-d; as a solvent, see the results in Figure 3 ¢, d and Figure S11. DMF is a non-
selective solvent for the polymer, therefore both the PAA and PS components of the polymer should be
detectable through 'H and “C NMR. The 'H NMR analysis clearly evidenced the resonances
corresponding to OH (1) of the carboxylic acid group (8 12.66 ppm) and the CH (3) in position a to the
CO group (82.49 ppm) of the PAA component, along with the aromatic region (& from 6.38 to 7.69 ppm)
of the PS part of the polymer. Analogously, the CO (2) group (8 176.4 ppm) of the PAA block, as well as
the aromatic (5-8) signals (3 from 147.4 to 125.3 ppm) of the PS moiety are detectable in the *C
spectrum, see Figure 3d of the main text. Interestingly, the 2D 'H- “C HSQC spectra, along with the "H-
BC HMBC cross correlations, which unambiguously confirm the cross correlations between the peaks
(3) and (4) and the CO group (2) of the acidic function of the PAA moiety, enabled us to provide a
complete assignment of the 'H and "*C peaks. Then, we ran the same analysis on PAA-b-PS micelles made
from same polymer (the preparation of both samples is described in the previous paragraph) in toluene
d-8. The results of 'H, “C, 2D 'H-"*C, HSQC and 'H-"*C HMBC NMR are reported in Figure 3 c, d top
panels and Figure S12. The characteristic signals the carboxylic proton COOH (1, 8 from 13.0 to 11.0
ppm) and of the CH proton (3) in position a to the CO group (8 ~ 2.5 ppm), which are distinguishable
footprints of the PAA block, are not detectable. This is in line with the “C spectrum, in which the signal
of C=0 (& from 180.0 to 170.0 ppm) is not noticeable (Figure 3d, top panel). These evidences indicate
that the PAA block has a very poor mobility in toluene (it remains inaccessible to the solvent) and the
only contribution to the high resolution NMR peaks is due to the PS moiety. We further recorded the 'H
NMR spectrum of the PAA-b-PS encapsulated NCs in toluene-ds and compared it with the '"H NMR
spectrum of the empty micelles (see Figure S13). The spectrum of the empty PAA-b-PS micelles has peak
profiles and signal widths at half height that are identical to those of the micelles with the NCs inside,
thereby confirming the similar structure of the polymer micelles in both cases. These measurements
overall confirm that PAA forms the core of the micelles encapsulating the perovskite NCs while PS forms
the outer shell. Overall, our NMR analysis verifies the structural conformation of the polymer, which

consists of PAA as arigid core and a PS outer shell, the latter exposed to the solvent thus more flexible.
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Figure S11.'H (A),3C (B), 'H-*CHSQC (C) and 'H-'*C HMBC (D) NMR spectra of the free PAA-b-PS polymer dissolved in DMF-
d7 The spectra reveal all the characteristic 'H and *C peaks of the PAA-b-PS structure, along with their peak assignments, and 'H-*C HMBC
cross correlations. HMBC allows the possibility to identify the correlation between 'H and distant *C (1-2 bonds). Here, HMBC confirm
unambiguously the assignment of peak 3 of PAA moiety, through the HMBC cross correlations (dashed lines in the figure S11 D) between
the signals 3 and 4, and the signal 2, whose *C resonance (at 176.4 ppm) is uniquely attributed to a C=O group of the acidic function of PAA
moiety.
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Figure S12: 'H (A),"°C (B), 'H-*C HSQC (C) and 'H-*C HMBC (D) NMR spectra of empty PAA-b-PS micelles dispersed in
toluene-ds. The spectra reveal all the characteristic "H and '*C peaks of the PS structure along with their unambiguous peak assignments and
'H-BC correlation (2D NMR). In toluene-ds, the 'H and *C signals of PAA block are missing. These evidences indicate that PAA moiety

has a poor mobility in toluene, which is consistent with a rigid core conformation.
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Figure S13: the '"H NMR spectra of A) the PAA-b-PS encapsulated CsPBBr; NCs micelles and B) empty PAA-b-PS, in toluene-ds.
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Stability tests using various additive molecules

To understand the role of the additive molecules, we initially prepared PAA-b-PS encapsulated CsPbBr;,
CsosFAosPbBr; and FAPbBr; NCs by using two different organic molecules as additives, namely
phenethylammonium bromide (PEABT, one functional group: ammonium) and S-aminopentanoic acid
(APAc, two functional groups: one carboxylic, one amino) and tested their stability against methanol.
Freshly prepared samples were dispersed in methanol (under condition similar to those reported for
Figure 3 of the manuscript) and the results are reported in Figure S10. The CsPbBr; and CsosFA.sPbBr;
samples prepared using PEABr exhibit significant drop in the PL soon after their dispersion in methanol.
The FAPbBr; sample suffered the most (nearly the complete loss of PL). On the other hand the samples
prepared using APAc remained bright and stable in methanol. As the FAPbBr; NCs appeared to be the
most sensitive to the type of molecule, we decided that an extensive search for a list of additive molecules
that were good stabilizers for the polymer encapsulated NCs should be done indeed on NCs with FAPbBr;
composition. The results of this search are reported in Figures S15-18).

PAA-b-PS encapsulated FAPbBr; NCs were prepared in the presence of various additive molecules having
one, two or more functional groups, and either one aliphatic or one aromatic hydrocarbon chain, while all
other reaction conditions were kept the same. Qualitative observations regarding the optical properties
and stabilities of resulting PAA-b-PS encapsulated FAPbBr; NCs, when different additive molecules were
used, are summarized in Table S4. Typical molecules that were tested include hexan-1-amine, hexanoic
acid, 2-aminoethanethiol, 4-aminobutanoic acid, S-aminopentanoic acid, (3-aminopropyl)phosphonic
acid, 1,4-butandioic acid, 2-amino-3-hydroxypropanoic acid, pyrrolidine-2-carboxylic acid, 2-amino-3-
methylbutanoic acid, 2-amino-5-(diaminomethylideneamino)pentanoic, 2-aminopentanedioic acid, -2-
amino-3-sulthydrylpropanoic  acid, = 2-amino-3-(1H-imidazol-4-yl)propanoic ~ acid and  2-
aminotertphthalic acid. Absorption and PL spectra measured in toluene dispersions are reported in Figure
S1S and the photographs of the corresponding samples recorded under UV-lamp are reported in Figure
S16. In toluene dispersions, the sample prepared using molecules having one amino and one thiol group
(cysteine) had well defined absorption features but no PL at room temperature. Samples prepared using
molecules containing one carboxylic, one thiol and one amino group or one carboxylic and two amino
groups were weakly emissive (see Figure S15). Molecules containing more than one amino groups were
not useful in the present case (FAPbBr; NCs), most likely due to their tendency to deprotonate the FA*
cations, compromising the photoluminescence characteristic of corresponding samples, in agreement
with previous reports.** Upon dispersing in methanol, the control sample (prepared without additive
molecules) as well as the samples prepared using additive molecules with one functional group (amine,
carboxylic acid and their mixture) significantly lost their PL. Notably, the sample prepared using a mixture
of two additive molecules having each a single functional group attached to the hydrocarbon chain (hexan-
1-amine + hexanoic acid) nearly lost its PL upon dispersion in methanol. On the other hand, the sample
prepared using S-aminopentanoic acid, which contains two functional groups (carboxylic and amino),
both attached to the same hydrocarbon chain remains bright and stable. A comparison of these two latter
samples shows that additive molecules containing two functional groups are much more effective than
mixtures of two types of molecules each containing a single functional group. In general, the samples
prepared by using molecules containing at least two or more functional groups remained bright and stable,
see Figures $17-S18. The successful molecules had either all acidic (carboxylic, phosphonic) groups, or a
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combination of acidic and at most one basic (such as amino) groups. Details on PL stability of PAA-b-PS
encapsulated FAPbBr; NCs prepared by various additives molecules are summarized in Table S4.
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Figure S14. Stability of PAA-b-PS encapsulated NCs. (2) CsPbBrs3, (b) CsosFAosPbBrs and (c) FAPbBr; NC samples prepared by using
phenethylammonium bromide (PEABr) and S-aminopentanoic acid (APAc) as additive molecules in methanol dispersions. The insets in

panels are the photographs of the corresponding NCs samples under UV illumination (excitation, 365 nm).
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Figure S15. Synthesis of PAA-b-PS encapsulated FAPbBr; NCs in the presence of additive molecules with different functional
groups. The control sample was prepared in the absence of additives. Optical absorption and PL spectra recorded were recorded in toluene

dispersions for all the samples.
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Toluene
dispersions

Figure S16. Photograph of PAA-b-PS encapsulated FAPbBr; NCs dispersions in toluene under UV illumination (excitation, 365

nm). the PL spectra of corresponding samples are reported in Figure S18.
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Figure S17. Stability of PAA-b-PS encapsulated FAPbBr3 NCs prepared by using additive molecules with different functional
groups in methanol. PL spectra recorded on PAA-b-PS encapsulated FAPbBr; NCs prepared using various additive molecules (reported
in Figure S15, S16) and dispersed in methanol.
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Figure S18. The photograph of PAA-b-PS encapsulated FAPbBr; NCs samples in toluene and methanol dispersions under UV
illumination (excitation, 365 nm). The PL spectra of the samples in the corresponding solvents are reported in Figure $15 and S17.

Table S4. Optical properties of the PAA-b-PS encapsulated FAPbBr; NCs in terms of PL intensity and stability in toluene
and methanol using different additives

Addifives Number and nature of functional PI.J in to.luene PL'in Metthariol
group dispersions * dispersions
No additives - Fair Poor
hexan-1-amine 1(1-NH,) High Poor
Hexanoic acid 1(1-COOH) High Poor
hexan-1-amine + Hexanoic acid 1(1-NH,) +1 (1 -COOH) High Poor
2-aminoethanethiol 2 (1-SH, 1 -NH,) No PL -
4-aminobutanoic 2 (1-COOH, 1 -NH,) High High
S-aminopentanoic acid 2 (1-COOQOH, 1 -NH,) High High
(3-aminopropyl)phosphonic acid 2 (1-P(=0)(OH),, 1 NH,) High High
1,4-Butanedioic acid 2 (2-COOH) High High
2-amino-3-hydroxypropanoic acid 2(1-COOQH, 1 -NH,) Poor No PL
Pyrrolidine-2-carboxylic acid 2 (1-COOH, 1 -NH-) High High
2-amino-3-methylbutanoic acid 2 (1-COOH, 1-NH,) High High
(diaminomethylidenmel:riiflo)pentanoic acid 2(1-COOH, 1 Formamidine) High NoPL
2-Aminopentanedioic acid 3 (2-COOH, 1-NH,) High High
2-Amino-3-sulthydrylpropanoic acid 3(1-COOH, 1-NH,, 1 -SH) Poor No PL
2—Amino—3—(1H—imi#azol—4—yl)propanoic 3(1 —COQH, 1-NH,, 1 Poor Poor
acid Imidazole)
2-aminotertphthalic acid 3 (2-COOH, 1 -NH,) High High

*» The sample were marked as Fair, poor and high based on their PL intensity in toluene and methanol dispersions. We used PAA-b-PS
encapsulated FAPbBr; (S-aminopentanoic acid as additive) as a reference sample for the comparison of relative PL intensity. This sample
has a PLQY of 61% and marked as “high” in terms of PL intensity. The samples prepared by using various additive molecules with the PL
intensity atleast 80% or above compared to the reference sample were considered as “high”. On the other hand, the samples with PL intensity
below 30% compared to the reference sample were classified as “poor”. The samples having the PL intensity in the range of 30-80 % were
considered as “fair”. For the stability in methanol, the samples retaining S0 % of their PL compared to their starting PL in toluene dispersion
were considered as “high”. The samples losing more than 90% of their PL intensity upon dispersion in methanol were considered as “poor”
and the samples with PL intensity within these extremes were considered as “fair”.
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Figure S19: Stability of CsosFAosPbBrs NCs prepared using two different additive molecules. (a) Evolution of PL spectra of NCs prepared
by using phenethylammonium bromide (PEABr) showing 56 % loss of PL over 60 min of continuous exposure to laser irradiation. While
instead, the samples prepared by using S-aminopentanoic acid (APAc) evidenced 6% loss of PL for the same period of exposure to laser
irradiation (see Figure 4d of the main text). Panel (b) shows the stability of both samples in methanol dispersions. The inset in panel (b)
corresponds to the photograph of the same samples under UV illumination (excitation, 365 nm).

c) Cs, .FA, Pbl

Rk

Figure S20: Representative TEM images of PAA-b-PS encapsulated NCs. (a) CsosFAosPbCl;, (b) CsosFAosPbBrs and (c) CsosFAosPbls
NCs deposited from toluene dispersions. CsosFAosPbCl; and Cso.sFAosPbl; NCs were prepared by halide exchange reactions starting from
Cso.sFAosPbBr3 NCs.
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Additional data on emitting powders and on the white light emitting layer

preparation
White powder after 4 weeks of ageing
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Figure S21: Comparison of the spectral features of PAA-b-PS encapsulated CsosFAosPbXs NCs powders before (i) and after mixing (ii),
evidencing the retention of their native PL peak position in the white emitting blend. A PL spectrum recorded the same powder mixture after
4 weeks of ageing under ambient air shows that the PL peak positions and relative PL intensities remain unchanged (iii). The insets

correspond to the photographs of the various samples under UV illumination (excitation light at 365 nm).
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Figure $22: CIE 1931 diagram of the white emitting mixture of powders and the respective components reported in Figure 6 and Figure
S16.

Figure $23: a) Schematic illustration of the device structure used for the fabrication of a white light-emitting device based on a UV-LED for
excitation, a PVA film embedding the NCs and long pass filter. Panel (b) is a photograph of the white emitting device under operational
conditions.
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