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ABSTRACT

Colloidal nanocrystals (NCs) of cesium lead halpirovskites (CsPbX X = CI, Br or I) are
emerging as an exciting class of optoelectroniceneds, but the retention of their colloidal and
structural integrity during isolation, purificaticemd handling still represents a critical issuee Th
impelling questions concerning their intrinsic cheah instability are connected to the dynamic
nature of the bonding between the inorganic suréakthe long-chain capping ligands. However,
the key aspects of CsPpXurface chemistry directly impacting on their gtgbremain elusive. In
this contribution, we provide an in-depth investiga of the surface properties of differently
composed CsPyXNCs, prepared by traditional hot-injection methotise study, mainly relying
on solution NMR spectroscopy, is backed up by ehgaieanalysis as well as morphological,
structural and optical investigations. We asceetihow the nature of ligand adsorption/desorption
processes at the NC surface is dependent on itseatal composition, thus understanding the
origin of the instability afflicting CsPBINCs. We also evaluated the role of NC purificatanwell

as of the degradation pathways involving the orgahell on the surface chemistry of CsRINCs.
This study paves the way towards new post-funclinsion strategies for this promising class of

nanomaterials.



INTRODUCTION

While semiconducting metal halide perovskites ateengithening their huge potential in
photovoltaic$ and light-emitting deviceSperovskite nanocrystals (NCs) have recently enteeage

outstanding alternatives for optoelectronic appiices? In particular, all-inorganic cesium lead
halide perovskite NCs(with formula CsPbXin which X can be Cl, Br, or 1) displayed excetlen
photophysical properties associated to quantumimemient comprising high photoluminescence
(PL) quantum yields and narrow emission peak wifitBy adjusting their dimensions as well as
halide compositior,the emission of these materials can potentialangpom the ultraviolet to the

near-infrared regiof.

Unfortunately, in spite of their promises, the cimahand colloidal instability of CsPRXNCs
when exposed to polar solvents or moistiedactoprecludes their vast utilizatichwith respect to
the widely known chalcogenide quantum dStshe crystal structure of CsPpXICs exhibits a
more predominant ionic character, which consequetiminates the interactions with the organic
shell, making labile the ligand-NC bonds respomsilibr the passivation of the inorganic
framework** This peculiarity of CsPbXaffects their colloidal stability and, in some esstheir
structural integrity, mainly when the perovskite :NGet in touch with polar solvents tentatively
added to isolate and/or purify the nanoparti¢féEhe poor structural stability is particularly eeitt

in the case of CsPPNCs, in which the degradation process leads t@lizse transformation into a
non-perovskite materidf. Several approaches have been conceived for thiiztion of CsPhy
cubic phase, such as the substitution of cesiuinretwith formamidinium oné8 and the use of
alkyl phosphonic acidS, phosphine€ or benzoyl iodid& during the synthesis without post-
synthesis treatments. Based on these findingsant e suspected that the phase instability of
CsPbi NCs (and generally of CsPbXhanopatrticles) is related to surface chemistrythaf
nanoparticle. However, understanding the structiireanoscale interfaces requires an elaborate

mix of concepts and techniques borrowed from serfatence and coordination chemistry.



The NC surface is protected by the ligarnids,molecules that bind to the surface, which, ascatit
components of NC synthesis, not only influence riheleation process preventing inter-particle
aggregation, but also determine the physical aetnatal behaviour of the resulting nanoparticles.
Conventionally, oleic acid (OLA) and oleylamine (®IA ligands are used in the preparation of
CsPbX» NCs. It has been suggested that oleylammoniunddglare the main surface passivating
agents of CsPbXNCs ®*while the role in passivation by OLA is still undéebate. However,
recent investigations are elucidating the cruciaicfion exerted by OLR and OAM* on the
transformations of perovskite NCs with degradat@ntheir structural and optical properties.
Furthermore, common capping ligands act as elediyyimsulating layers on the NC surface, which
significantly hinder charge carrier injection andanisport at the interface in optoelectronic
devices’? All these observations point to a comprehensiveestigation of CsPbX surface

chemistry to plan effective functionalization andetvaluate its effects on NC surface and stability.

Nuclear magnetic resonance (NMR) spectroscopy itotest an ideal technique to study the details
of the NC organic-inorganic interface unraveling filgand shell composition and suggesting its
binding motifs>®> The combination ofH-NMR, nuclear Overhauser effect spectroscopy (NOES

and diffusion ordered spectroscopy (DOSY) allowsclearly discriminate the dynamics of the

adsorption/desorption processes involving the pasiag agent$? Sharp resonances with negative
nuclear Overhauser effect (nOe) cross peaks ahdifassion coefficients are actually produced by
weakly bound ligands resulting from a fast adsorptiesorption process at NC surface.
Conversely, broadened resonances with negativepe@ies and slow diffusion coefficients are due

to tightly bound ligands not (or slowly) exchanginih free specie&’

Here, we focus on inorganic CsPHXCs synthesized by the traditional hot-injectigpp@aches to
deeply investigate the impact of a different halmmposition on their surface chemistia
solution*H-NMR techniques. Our studies indicate that, algtowith different contributions, both

aliphatic carboxylic acids and amines used forrtheoparticle synthesis participate to the surface
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passivation of as-prepared perovskite NCs. Howether, equilibria involved in the passivation
process were found to be dependent on the NC catigmosind solvent, thus explaining the
differences in stability observed for CsPpKanoparticles. We believe that the details on the
degradation mechanism involving the common NC agahell could inspire efforts for surface

modifications required for the optoelectronic apalions of these exciting nanomaterials.

RESULTSAND DISCUSSION

Synthesis and characterization of CsPbX3; NCs. As specified in the Experimental Section,
perovskite CsPbXNCs (X = ClI, Br, I, and mixed Br/Cl, 1/Br) were gpared by following the
synthetic procedure reported by Protesestcal® In brief, the relevant lead-halides (0.38 mmol)
were dissolved in 7.5 mL of octadecene (ODE) cairtgi 1.0 mL of each ligand (OAM and OA).
After the PbX% was dissolved at the chosen reaction temperaté@ {C), a warm Cs-oleate (0.09
mmol) solution was injected. The obtained mixtur@swapidly cooled (< 10 sec) with an ice bath
and centrifugated for the product isolation. Thecedihalide perovskite NCs were synthesized by
mixing an equimolar ratio of the suitable lead thedi under the same reaction conditions and their
formal composition, based on the molar feed ratioeported in Table 1. In all cases, it can be
assumed that the centrifugation allows to recovestnof the perovskite NCs as precipitate, as
testified by the observation that the supernaigotd after centrifugation is barely colored andno
fluorescent. At this stage, the isolated perovskismoparticles probably include an indefinite
amount of remnant synthetic precursors and solv&dhile the purification by multiple
precipitation/redispersion steps using polar sdlvgauch as ethanol, methanol, acetone, or ethyl
acetate) is common practice in the course of N@ayedion, the isolation of the CsPpKXCs in
polar media often compromises their colloidal digbiWe decided to gain insights into the effects
of purification on the NC surface chemistry by gssolution NMR spectroscopyi@e infrg). The

products collected from the first centrifugationrevélispersed in hexane (1.2 mL), precipitated with
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acetone (1.2 mL) and recovered by a further cemjaifion. The addition of 5AL of both ligands
prior to precipitation with acetone was crucialn@intain the colloidal stability of our CsPpX
NCs, except for CsPglfor which the interaction with the polar solventmediately caused its

phase deterioration leading to an insoluble mdteria

Molar feed Sample Elemental Dimension UV-Vis Aem FWHM PLQY
ratio composition (nm) onset (nm) (nm) (nm) (%)
CsPbC} as-prep CsPbCh 9.3t1.8 386 401 14 0.3
CsPbC|:Bris as-prep Cs,PbCl ¢Bry 4 7.1+0.9 437 452 20 5
CsPbCJ| sBr; 5 pur Cs 3PbCl sBri4 7.6+£1.3 441 455 17 2
CsPbBg as-prep Cs,PbBn g 9.0+0.8 502 513 21 74
CsPbBg pur CssPb Bhg 10.9+1.1 501 516 16 74
CsPbBi gl 5 as-prep Cs/PbBbl4 4 9.7+1.5 547 576 35 39
CsPbBij g1 5 pur Cs3PbBndos 11.3+1.4 523 533 27 32
CsPb} as-prep CsPbl; 7 8.0+1.3 651 669 39 53

Table 1. Summary of the elemental composition, morpholégit&M) and optical properties

(cyclohexane) of CsPRXCs.

The success of this purification protocol motivatedto attempt a further washing step using the
same procedure on CsPRBYCs. Unfortunately, the colloidal stability of thresulting material
was, in this case, severely compromised. Probaldgorption of the protective ligand shell upon
drastic purification leads to the loss of NC stanat integrity,i.e. aggregation of NCs into bulk
polycrystalline materials. Hence, only a singleijication step is applicable, which preserves

colloidal stability of the resulting NCs.

The size and morphology of as-prepared CsPHEs were investigated by transmission electron

microscopy (TEM), which clearly evidences predominfraction of well defined square shaped
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nanostructures, ascribable to nanocubes for owvpkite nanomaterials (Figure 1A-F and Figure
S1). Their average sizes are reported in Tablg tah be observed that the purification step
preserves the NCs morphology, while slightly insieg their average sizes, which suggests a sort
of reorganization of the nanopatrticles, as alsdficoed by the structural analysis. The optical
response of the obtained CsRbMXCs was quantified by absorption measurementsr e
emission wavelength spanned the entire visiblegdfrgm 401 to 684 nm) by adjusting the halide
composition (Figure 1G¥ Since previous studies assessed that the preiipitaith an antisolvent
has a large impact on optical properties of thaltieg) NCs,9 we compared the emission properties
of the as-prepared products with those of the eglepurified samples in the case of CsPb(Bg/Cl)
CsPbBg and CsPb(I/Bg) nanoparticles. As a general consideration, botpregared and purified
CsPbX solutions exhibits relatively narrow (FWHM of 1433im) and single-peak PL emission
with small Stokes shifts, as evidenced in Tablgvhile these observations point to a single halide
composition for mixed-halide perovskite NCs, it che noted that the purification procedure
heavily affects only the PL behaviour of the mixealide CsPb(l/Bp nanoparticles. In the case of
CsPb(l/Bry NCs, the purification method preserves their shiapegrity, as confirmed by TEM
investigations, but both absorption and emissiorxima are remarkably blue-shifted by the
treatment with the polar solvent (Figure 1H andl&dh. In the case of the other perovskite NCs
submitted to a single purification stepi.e. CsPb(Br/Cl} and CsPbBr— we observed that the
optical properties (absorption, emission and quantield) remained almost unaltered upon
purification. The slight red-shift of the emissiam purified samples is due to the fact that the
smallest NCs are apparently removed in the waspiogedure, as supported by the observation
that the centrifugation supernatant of CsRIBCs (opportunely diluted in cyclohexane) shows an
intense and blue-shifted emissioke = 498 nm) with respect to that of as-prepared $asnp
(Figure S2). As a consequence, the full-width dt meximum (FWHM) of the emission bands
results to be smaller in the case of purified sasmpWoreover, all samples exhibit high PL quantum

yields, differently from what observed for chlorinentaining NCs (Table 1).
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Figure 1. TEM micrographs of as-prepared CsPb(Bridi}), CsPbBg (B), CsPb(l/Br} (C) NCs
and the relevant purified samples (D-F). Scale bal00 nm. (G) UV/Vis absorption and PL
spectra of as-prepared CsPRCCsPb(Br/CIl}, CsPbBg, CsPb(I/Bry and CsPhbj NCs obtained by
hot injection at 160 °C. (H) Comparison between $flectra of as-prepared and purified NCs
shown in TEM images and (I) XRD patterns of the essamples. UV-Vis and PL have been

recorded in cyclohexane.

From the structural point of view, the XRD patte(dstector scan) reported in Fig. 11 clearly show

the effect of purification, as all purified and m®pared samples feature similar patterns,



respectively. In particular, Le Bail-based wholdt@a analysis with EXP® revealed a CsPhX
single phase with a distorted cubic symmetry inghdfied samples, which is also present in the
as-prepared ones along with an additional crystlphase giving rise to extra peaks. The main
peaks at about®= 15° and 31° would be the first and second ditican orders of thd00
reflections in the cubic system according to th&DC#201285 powder diffraction file. However,
because of peak broadening due to the small NC #ize hard to unambiguously discriminate
among other possible crystal phases often repoitediterature, such as monoclinic or
orthorhombic, with similar cell parameters, therefave discuss our results taking into account the
different reported crystallographic datasheets tfe sake of completeness. Moreover, relative
intensities are likely affected by NC preferredeatation, which can be expected to be face on in
the case of cube shaped nanoparticles. Compatbd taore surface sensitive detector scans (fixed
0.5° incidence angle) reported in Fig. 1l, the dedpsample-detectoBf20) scans reported in
Figure S3 provide thus more reliable relative istees for thd00 peaks (as they are collected from
the very same lattice planes), besides a betteulangesolution. Purified CsPbBrand
CsPb(Br/Cl} samples show a clear single phase pattern: thmefobeing compatible with the
monoclinic or orthorhombic phases (JCPDS #18-03641&DD #01-072-7929, respectively), both
featuring a doublet at62= 30.4° / 30.7°; the latter, featuring a singlakpat D = 31.4°, being
compatible with the cubic phase. The ratio betwibenintegrated areas under the two main peaks is
(1.2) closer to that of the monoclinic phase (h1UCPDS #18-0364) in the as-prepared CsPbBr
sample (not shown), between the monoclinic andbttiorhombic phase value (1.8 in ICDD #01-
072-7929) in the purified CsPbBsample, closer to the cubic phase (expected taBo JCPDS
#18-0464 to 2.3 - ICDD # 01-072-7930 and JCPDS #4R2) in the purified CsPb(Br/Gl)
samples (1.7). On the other hand, purified CsPbd/Bamples show further diffraction
contributions convoluted with the first main peahkdicating a possible non-complete phase

purification.



At the same time, it should be emphasized thapatfied CsPbBy and the corresponding mixed-
halide NCs exhibit an good stability when exposédambient conditions, also after solvent
evaporation. After being stored for three weeksambient conditions, the as-prepared CsRbBr
NCs appeared as a yellow solid, while the purieds maintained their colloidal integrity (Figure
S4). To explain this behaviour, an insight was eeemhto the surface chemistry of lead halide-
based perovskite NCs, which is well known to plagracial role in determining not only their

optical performancé® but also their stability in aff’

To deepen this aspect, we firstly analyzed the ammipn of both as-prepared and purified samples
via energy dispersive X-ray spectroscopy (EDX) coupl#t field emission gun scanning electron
microscopy (FEG-SEM). The relevant results in teohshe NC elemental composition are listed
in Table 1 (see also Table S1 and Figure S5). Al ©@sPbX NCs show an excess cesium with
respect to lead, supporting the hypothesis thatethenoparticles exhibit Cs-exposed surfaces,
despite the fact that the NC syntheses were capuédsing a formal excess of lead precursors (see
Experimental Section). It has been ascertainedpdtof the surface cesium atoms can be replaced
by oleylammonium ions after the NC assenmBlthereby explaining most of the results on CsPbX
composition exhibiting a near equimolar Cs/Pb rititlence, considering the relatively mild
synthetic conditions preserving the thermodynaryicédvored oxidation state of the relevant
precursors, CsPlyXnanocubes with the elemental composition obtalmedur EDX data would
expose oleylammonium ions, Tand halides at the surfateThe eventual excess of positive
charge would be neutralized by oleate ions. Comaegras-prepared mixed-halide NCs, the halide
composition of CsPb(I/B§)NCs reported in Table 1 suggests that, Rloécursor is less reactive
than the bromine-based counterpart under our mractnditions. This behaviour was found to be
remarkably different from that of CsPb(Br/€INCs, where bromide and chloride ions are
incorporated within the nanoparticles in an equanoatio. Moreover, the elemental composition of

our NCs seems to be marginally affected by thefipation step, with the exception of CsPb(I/8r)
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NCs, for which the Br/l molar ratio increases frdmd in as-prepared samples to 4.3 in purified
samples, suggesting that iodide ions are removethéncourse of purificatioft In order to

rationalize these observations, we explored thiaserchemistry of perovskite CsPHXCs.

The surface chemistry of CsPbBr3; NCs. Before elucidating the surface chemistry of CsfPNXs

via solution NMR investigations, it is firstly convemit to report (Figure 2A) a pictorial description
of all plausible equilibria involving the organibell of the nanoparticles, based on the structural
information drawn from nanomaterial characterizati€onsidering that our investigations have
mainly been carried out on perovskite NCs whichehaot undergone post-synthetic purification
steps, these equilibria could involve the excegankils (OLA and OAM) or unreacted synthetic
precursors (cesium oleate). In parallel, the iosimcture of perovskite NCs could promote
adsorption/desorption processes of weakly boundispat the nanoparticle surface. The organic
cations (oleylammonium) are kept on the surfaciefinorganic framework by ionic interaction or
hydrogen bonding, but their dynamic surface pasisiwavould necessarily engage neutral species,
as oleylammonium halides or OAM, to minimize thejuieed energy for the proce¥sThe
passivation process involving OAM inevitably releagprotons on the NC surface (as schematized
in Figure 2), that could explain the catalytic @i¢yi of our nanopatrticles for the amide formation
from carboxylic acids and aliphatic aminesidé infrg, as already observed for HfO
nanoparticles? However, the interaction of the nanoparticle wittotons cannot be completely
supported by NMR investigations, since the possipésence of acidic protons on the NC surface
is undetectable due to their fast felaxation. The superficial electron-withdrawinglile atoms
could also promote the formation of hydrogen bowits OLA, while the nitrogen lone pair of
OAM could also passivate eventual undercoordinateetal atoms at the NC surfate.
Furthermore, since elemental analyses supportegrigence of cationic excess on the surface,

ligand displacement involving excess OLA could enpoted by proton transfer, in analogy to
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what observed for chalcogenide quantum ddts a matter of fact, the passivation process is
further complicated by the acid-base equilibriumtleé same ligands, on which the NC surface

itself can have an influence (Figure 2B).
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Figure 2. (A) Schematic representation of the equilibriaclmng aliphatic amines and carboxylic
acids as the ligands for the passivation of perit@dNC surfaces. (B) Schematic representation of

the equilibria involving the ligands while engagadhe passivation process.

On these bases, we compared ‘#HeNMR spectra of as-prepared CsPHBICs with those of the
species employed for the nanomaterial synthesi®\,@AM, an equivolumetric mixture of both,
and Cs-oleate directly sampled from the solutioedu®r the NC synthesis (Figure 3). The spectra
were recorded in two solvents characterized byergfit viscosity and polarity, namelys and
CDCls, since due to peculiar solvent-ligand interactidhe deuterated solvent strongly influences
the line-broadening and chemical shift of NMR sigrizelonging to NC surface ligands, as recently
observed by De Rocet al. on metal-chalcogenide and -oxide nanopartitieds a first
consideration, it is evident that, independentlyhe solvent polarity, some NC resonances appear
significantly broadened with respect to those @eflOLA and OAM, reflecting their nature of
organic species more or less interacting with ti@rface’® The broadening of the NMR ligand

signals could arise from multiple effects in NCssgaated by organic species, including slow
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tumbling of the large NCs, decreased spin-spinxegian time (%), heterogeneity of the NCs in
size, shape and surface properties. The ligandvimirain solution can properly be scrutinized by
focusing on the resonances of methylene protoracadj to the ligand binding group, which are
labeled adl andp for OLA and OAM, respectively (Figure 3). Importhn the 'H-NMR spectrum
of OLA recorded in @Dg is different with respect to that recorded in CR®keing the signal ot
remarkably downfield shifted in the polar mediunhisl peculiarity observed for OLA, which is
also reflected in the corresponding spectrum gbrapared CsPbBris likely due to the specific
interactions of the carboxylic acid moiety with thelvent. By contrast, th#H-NMR spectra of
OAM are very similar and not affected by solveniapby, but the spectrum of an equimolar
mixture of OLA and OAM (a mixture employed for th&C synthesis) reveals a downfield shift of
the B resonance both ingDs and in CDC4, as a consequence of the nitrogen protonatiothdn
case of OLA, deprotonation causes a downfield sfithe 1l resonance in {Dg, while an upfield
shift is observed in CD@I This trend was also confirmed by inspecting Ihresonance of cesium
oleate solution in ODE which is employed for the Ng¢hthesis, as a reference species for the

carboxylate moiety.

Concerning as-prepared CsPpBXCs, the'H-NMR spectrum features prominent resonances
related to OLA and OAM: the vinylene protonséat 5.70+5.50 ppm5 andg), the methylene
protons next to the vinylene protonsdat ~2.10 ppm4 andd), an unresolved resonancedat
~1.50 ppm attributed to the methylene grol®)safid the methyl resonand® atd = ~0.90 ppm, as
sketched in Figure 3. The intensity of these pretaway from the NC surface gain benefit from
internal molecular motional freedom. Notwithstargdihe NMR broadening is particularly severe
for protons close to the NC surface, in the casasgprepared CsPbBNCs we can observe the
signals of the peculiar protons ascribable to tigands (e. 1 and B for OLA and OAM,
respectively) needed for ascertaining their behavim the passivation process. Since their

chemical shifts are influenced by the acid-basaliegum,*® we can state that in the apolar solvent
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OAM of as-prepared CsPbBNCs is partially protonated, while OLA is partially deponated
However, it is apparent hotine signals associated to OLA (in particulaand2) are sharper and
more intense with respect toe corresponding signals of OAMinting a higher degree
solvatation for the carboxyliacid. A similar situation crops up from the analysis of *H-NMR
spectrum of as-preparécsPbB; NCs in CDCY4, in which thep signalresuls very broadened. In
this case, however, th#gownfielc shifted B resonance suggests that OA#llargely protonated,
while the characteristic resonand and2 of OLA appearslightly broadened anupfield shifted
with respect to the referenc&heseinsights point to a ligandbsorptior on the NC surface
regulated by the solvent polariyd/or viscosity, which promote differgmassivatiormechanisms.
A moredetailed description of the organic shell protegtine NC surfaccould emergdrom the

analysis othe surface chemistry (CsPbBg NCs upon purification anftom observationoon their

stability.
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Figure 3. '"H-NMR spectra of OL (0.2M), OAM (0.2M)a mixture of OLA anOAM (1/1 vol/vol,
~0.4M), cesium oleat).2M + 0.25M OLA and CsPbBy NCs recordedn CgDg (A) and CDCJ

(B). The sample ofesium oleate was obtained from the same solutied e the NC synthes
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Figure 4A compares tht#H-NMR spectrum of as-prepared CsPHBICs in GDg with those of
purified sample as well as of the relevant supamtagolution obtained after the isolation procedure
by centrifugation. It can be noted that, apart frdhe reaction solvent (ODE), the first
centrifugation removes the ligands and traces efamide byproduct deriving from condensation
between OLA and OAM. This species is characterizgdhe typical resonances at= 4.42 and
3.11 ppm, ascribable to HNCO- and —Ei,NHCO- protons, respectively (supported by the HMBC
spectrum in Figure S6). The purification by a sengtecipitation from hexane with an equivalent
volume of acetone in the presence of ligands letheocomplete removal of the amide, as testified
by the absence of signals attributable to suchispan the spectrum of the purified product.
However, the supernatant solution obtained aftercémtrifugation prevalently contains the amide
itself, hinting that the perovskite surface catak/zhe amide formation in the presence of a polar
solvent, but that this impurity can be completedynoved. Hence, it can be concluded that due to
this surface-catalyzed amide formation, passivaligands are easily lost during the purification
procedures, even when a small amount of both OLA @AM is added to preserve the NC
integrity. Unfortunately, in the relevarfH NMR spectrum, the presence of the characteristic
resonances of ODE at 4.94 and 5.8 ppm suggestasatisfactory purification of the sample from
the reaction solvent. By carrying out only a furtperification cycle, pure CsPbBNCs could be
obtained, sincéH-NMR reveals that ODE contamination can be totedijnoved from the sample.
However, the relevant NC stability and solubilitgsult to be severely compromised by the
progressive elimination of ligands. The NMR chagaeation of this twice-purified CsPbBNCs
sample is reported in Figure S7 along with the spet of the supernatant solution obtained from

the isolation centrifugation.

The™ NMR spectrum of as-prepared CsPhBr CsDs shows relatively broad signals, including
the distinct resonance of the vinylene protondefdliphatic chains(= 5.40+5.70 ppm), but, with

respect to other discriminating signals, these gdensity due to their sufficient distance frone th
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NC surface. Hence, the chemical shift and broadeafnthe vinylene resonances are indicated to
explore the bonding nature of the species passiy#iie NC surface. In fact, three contributions for
the vinylene resonances can clearly be identifiechfinspection of Figure 4B, if one counts also
the weak, slightly low-field shifted signal markedth an arrow ab = 5.70 ppm. This observation
implicates that solution NMR analysis can distislubetween three species interacting with the
NC surface to a greater or lesser extent. By rengppart of the organic shell, the first purificatio
step does not alter the chemical composition ofbBsPNCs (as also confirmed by elemental
analysesyide supra and the slight chemical shift variation of theimeesonances (see Figure 4B)
can be interpreted by the perturbation of the aaiske equilibrium due to the lower amount of the

ligands engaged in passivation processes at tliieepulC surface.
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Figure 4. (A) *H-NMR spectra of as-prepared and purified CsPpBICs compared with the
relevant supernatant solutions deriving from theoduct isolation by centrifugation. The
resonances denoted with * correspond to the amideL#\ and OAM, while that marked with # is
due to water. (B) Expansions of the satHeNMR spectra of as-prepared and purified CsPpBr
NCs evidencing their main resonances. 2D NOESYtrspeof as-prepared (C) and purified (D)
sample; the inset shows an expansion of the viaytegion. (E) ROESY spectrum of purified

CsPbBg NCs. All spectra are recorded irg[Qs.

The NOESY spectrum of the as-prepared sampley (~igure 4C) confirms that ODE impurities
are not bound to the CsPRBNCs showing positive (black) cross peaks, owinglack of
interaction with the surface. Concerning the liganctoss-peaks connect different proton species
involving cross-relaxation at some point of the ewoles. Differently from what observed in
previous investigation® the NOESY spectrum of freshly as-prepared CspPbE indicates that
OLA binds the surface in apolar solvent, as hiriigdhe appearance of negative (red in Figure 4C)
cross-peaks attributable to theresonance. Moreover, also the negative cross palagsrvable
between the OAM resonances corroborate its interastith the surface. Since the downfield
resonances ascribable to OLA ligands are conseduoenieprotonation reasonably due to the
presence of a free base, we can infer that in agolaents one of the surface passivation involves
adsorption/desorption processes of OAM rather tilaglammonium bromide. As schematized in
Figure 2, the dissociation of the strong acid HB®nf oleylammonium bromide in apolar solvents
occurs with the support of the NC surface, freehrggcorresponding amine, which can be engaged
both in the passivation processes at the organigamic interface as well as in the acid-base

equilibria at the NC surroundings.

The nOe behaviour of the alkene resonances ineggsmped CsPbBrNC (inset in Figure 4C)

reveals negative cross peaks for the weak and mesmahance ab = 5.70 ppm, confirming its
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bound nature. We can anticipate that this broagshaasce belongs to OLA bound fraction. Also, the
sharper alkene resonances features negative n@g peaks and there is a cross peak from the
broad to the sharp alkene resonance. We can canthad the broad resonance is due to tightly
bound ligands, in slow exchange with weakly bolgdrds, featuring sharp resonant®%.In the
case of as-prepared CsPhBthe cross-peak between the vinylene protbnderives from the
connection between bound and free OLA speciest(imisEigure 4C). The same interactions are
also present in the case of the purified samplgufiei 4D), where a cross-peak between tightly
bound5 ande resonance of OAM can additionally be noted. Thes®actions can either originate
from intramolecular cross-relaxation between theyhine protons of neighboring molecules or
result from the simple exchange of molecules betibe pool of bound and free OLA. While
NOESY cannot distinguish cross-relaxation from cioain exchange, rotating-frame nuclear
Overhauser effect spectroscopy (ROESY) spectrupunfied CsPbBs NCs (Figure 4E) evidences
negative cross-peaks between signals attributaliightly and weakly bound OLA molecules. This
means that this cross-peak mainly originates froendlow exchange between the pools of tightly
bound and excess OLA (at= 5.52 ppm), while the third specigs< 5.57 ppm) attributable to the
observed vinylene resonances corresponds to theeasompounds in fast exchange between bound
and free states. The presence of tightly bound &S also observed by Brutchey al. in

CsPbBg NCs purified without the support of ligantfs.

The 'H-NMR spectra recorded in the polar solvent (CGIf both as-prepared and purified
CsPbBg NCs are reported in Figure 5A, revealing the preseof a relatively broad resonance
attributable to weakly bound OLA. The interactioh@LA with the surface is confirmed by the
relevant NOESY spectra, which showcase negativesgoeaks forl and 2 protons both in as-

prepared and purified sample (Figure 5B and C)thH@erother hand, the entity of the downfield-shift
of the 3 protons resonance reasonably suggests that OAMoig protonated and exhibited a

negative cross-peak (more evident in the case wfiguisample) in the relevant NOESY spectra,
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suggesting that this species is interacting withNIC surface. Differently from what recorded in the
apolar GDs, no signals attributable to tightly bound OLA sjesccould be observed. We can infer
that also in the polar solvent the stabilizatiorchanism promoted by the aliphatic amine is highly
dynamic, but the exchange process at the NC sunf@odving OLA is faster with respect to that

observed in apolar solvents. The dynamic stabitimain polar solvents promotes desorption of

oleylammonium bromide with consequences on theasarthemistry and stability of the relevant

purified NCs.
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Figure 5. (A) Comparison between tfie-NMR spectra of as-prepared and purified CsPHBEs

in CDCL; 2D NOESY spectrum of as-prepared (B) and purif@dsample.

To support our findings, we measured DOSY specfrgpwified CsPbBs NCs in the two
aforementioned solvents {0s and CDC}). By focusing on the vinylene resonances and uaing
biexponential fitting, we obtained two differentfdsion coefficients (D = 5.7 x I m/s and 8.1

x 10 m%s for OAM and OLA, respectively) in {Dg effectively attributable to the ligands
engaged in the passivation process. In fact, thakes are smaller than those of the relevant free
species (D= 1.0 x 10° m?/s), but remarkably higher than those evaluatesh fflEM measurements
(D = 5.1 x 10" m%s)!® ascribable to tightly bound ligands, because efuary low-intensity of

their NMR signal hampering the extrapolation ofithéiffusion coefficient. This observation
19



implies that OAM is not tightly bound to the NC fage but is subject to a fast exchange between
its bound and free state; as a consequence, aagaveliffusion coefficient between the two
situations appears in the DOSY spectrum. ConversdA slowly exchanges with bound ligands
(suggested by the aforementioned broad resonanhées B.65 ppm) and its diffusion coefficient is
near to that of free molecules. In the polar mediw® observed an analogous situation, since two
species are evident with diffusion coefficients%[3.3 x 10'° m¥s and 8.8 x 13° m%/s for OAM

and OLA, respectively) incompatible with the avesagC dimensions. Furthermore, the found
values are smaller than the diffusion coefficienftshe relevant free species €09.0 x 10*° m?/s)

and the slower diffusion for the amine species satgythat the interaction of oleylammonium

bromide with the NC surface in CDG$ stronger than that of OAM in the apolar solvent

Degradation pathway of the organic shell in CsPbBr; NCs. Concerning the crucial issue of
perovskite NC stability, we analyzed thé-NMR spectrum of as-prepared CsPHBICs stored in
CsDs solution at ambient conditions for three weekgFeé 6A). Inspection of the solution after
three weeks revealed the incipient formation of ellow precipitate, strongly hinting
transformations of the nanomaterial, which compeamts colloidal stability. It is reasonable to
suppose that these transformations involve the N@ace favouring aggregation between
nanoparticles. Actually, the appearance of newadgyattributable to the amide formation from the
condensation of OLA and OAM is evident, while theagppearance of the amine resonances is
probably related to the complete conversion ineoamide (Figure 6A). Since the relevant NOESY
spectrum exhibits positive (black) cross-peaksigufe 6B for the amide, one can conclude that
this species is not interacting with the NC surfaod that this degradation pathway depauperates
the surface of passivating agents lowering the Noidal stability. The same reactivity was
observed in the case of the purification stegd suprd when acetone was added to the NC

solution. While engaging the passivation procekeylammonium species can release protons to the
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NC surface, as suggestby the'H-NMR analysis of the CsPbBnanomaterialvide suprd. We
suspect that the acid surface of the peroe NCs is responsible fahe amide evolutic as
schematized in Figure 6@gecaus the mixture of OLA and OAMin the absence of CsPk; NCs)
stored in the same conditiond#d not evidence thamide formatiori> The catalytic effect of the
nanomaterial is due to theffinity of both ligands towarcits surface,promoting the spati
proximity necessarjor the condensatic. Concerning the degradatiomechanism, it is reasonatl
to suppose that the interaction of thrface protons with the carboxylic groups approaghmthe
nanomaterial increases their electrophili, thus favouringthe amine attac and promoting the
amide formationAt the same timr, the amide evolution is noticeably slowed doin the case of
purified CsPbBs NCs stored aambient conditions for three weekSigure $8), thus explaining
their higher stabilityOn these bies, we can rationalizhe impact of purification on the colloid
stability of the resulting NCsAs-prepared samples suffer frodegradation of the organic sh
compromising NC colloidastability, probably due to adsorbed protamsother unwashed Lew
acidic species (metal precursors or intermediewhich catalyzeligand condensatic. The first
purification stepcarried out with acetonremoves most of adsorbedidic specie from the NC
surface, thus inhibitinghis degradation pathw in the purified materialAlthough the above-
mentioned degradation pathway is extremely slowoaim temperatu, anyhowit is sufficient to

inducethe colloidal instability of the corresponding namaterial.
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Figure 6. (A) Comparison between tfe-NMR spectra in €Dg of as-prepared CsPbBNCs and
the same sample stored for three weeks under atrdmeditions and room lighting. Along with the
characteristic signals of -NHCO- and —¢MHCO- protons, the resonances denoted with * are
fingerprints of the amide evolution. (B) 2D-NOE$¥drum of degraded sample. (C) Schematic
representation of amide evolution catalyzed by diesih acidic species on the perovskite NC

surface.

Surface chemistry of CsPbX3 NCs. The surface chemistry of as-synthesized Cspadi CsPhl
was compared to that of CsPhBind the relevantH-NMR spectra in €Dg are shown in Figure
7A. Apparently, théH-NMR spectrum of CsPbgls very similar to that of CsPbBrConsidering
that all CsPbX NCs of this study have been submitted to the saaetion condition and the same
isolation procedures, the main aspect emerging fitmencomparison between the spectra of the
three NCs is the presence of a large amount of acodtaminating the CsRtdample, which, by
contrast, is negligible in the other two samples Wécertained that the amide evolution is not
occurring at the early stage of the reaction by@ermg an aliquot of PBIOLA/OAM mixture
immediately before the addition of cesium-oleatdutsan (Figure S9). On the basis of the
previously described correlation between amide &iom and NC stability, the rapid amide
evolution in CsPRINCs is a hint of an incipient degradation of tlmgamic shell protecting these
nanomaterials. Since the solution NMR spectrum rgasrded immediately after the NC isolation
it can be stated that a fast degradation occurghigr material. The rationale for this peculiar
behavior observed for CsBMICs might be found in the “soft” character of ibdine atoms that
could favour the interaction of OLA molecules withe surface through secondary bond
interactions with the COOH groufis.1f OLA interacts more strongly with the NC surfathe

catalytic condensation with OAM yielding the copeading amide would be reasonably favored.
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Noticeably, the weak resonances ascribable to Obd &AM in CsPhbj (Figure 7B) are
remarkably downfield shifted with respect to therresponding resonances of CsPp@hd
CsPbBg NCs in the apolar solvent. The position of thedlorsignal attributable § resonanced(=
~2.85 ppm) suggests a large protonation of OAM ipasag the NC surface, while the chemical
shift of 1 resonanced = 2.38 ppm) hints that OLA is largely deprotonatécompared with the
signals in CsPb@land CsPbBr NCs. Indeed, thd resonance perfectly coincides with that of
cesium-oleate both ingDg and CDC} (Figure S10). Since the compositional analysisPb}
NCs points to a Cs-rich surface, we can concludettie surface passivation of CsPRCs is due
to the competition between oleylammonium iodide aadium-oleate both in apolar and in polar
solvents, which effectively results extremely labfsee also the schematic picture of Figure 8C).
Since most of the ligands are consumed in the fbomaof the inert amide, the NC surface is
heavily exposed to structural decomposition induggdnteraction with polar solvents or ambient

moisture.

The NOESY spectrum of the as-prepared CsPbICI reveals tightly bound species with negative
cross peaks in analogy with the CsPp&vunterpart. The sharper vinylene resonance alstifes
negative nOe cross peaks and the spectrum displsgys cross peak from the broad to the sbarp
resonance, most probably due to chemical exchaeeifset Figure 7C). By contrast, the tightly
bound species are not detected in the case of £bBRlH, while negative cross-peaks are evident
for the resonances attributable to cesium-oleaticating some interaction with the surface.
Moreover, the amide byproduct gave positive crasskp confirming the absence of interaction
with the surface as in the case of ODE. Thesetgesupport the hypothesis that both in apolar and
polar solvents cesium-oleate and oleylammonium dedare the species engaged in surface
passivation. Conversely, the stronger Pb—Cl andBPlizends hamper the dissociation of the

corresponding ammonium salts in apolar solvents ahdhe same time, offer the appropriate
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substrate for the interaction with cesium catiamisich, in turn, can firmly bind oleate moieties to

the NC surface.
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Figure 7. (A) *H-NMR spectra in D¢ of as-prepared CsPbBINCs compared with CsPhCand
CsPbg NCs. The resonances denoted with * corresponchéoamide of OLA and OAM. (B)
Expansions of the sanféel-NMR spectra in the region of the main observatgigonances. 2D

NOESY spectrum of as-prepared CsR{C) and CsPhj (D) NCs.

Since as-prepared CsPb(I/BiNCs exhibited a halide compositionide supra far from the

equimolar ratio of the precursor feed used for #Hymthesis (as obtained for example in
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CsPb(Br/Cl} NCs, Figure S11), we deemed it worthwhile to emplthe surface chemistry of
mixed-halide perovskite nanomaterials on the bafsiee knowledge gained on the relevant single-
halide materials. Starting from the element compmsiof CsPb(I/Brj NCs, the lower amount of
iodine can tentatively be explained by the comjetibetween iodine and bromine ions for the
incorporation in the crystal lattice, disfavorirfgetlarger iodide ions. If this hypothesis is trae,
would expect an excess iodine on the relevant minadidle NC surface. As a matter of fact, we
observed thatH-NMR spectrum of as-prepared CsPb(IBX)Cs is very similar to that of CsRbl
NCs, suggesting that the mixed-halide material egpa@ I-rich surface (Figure 8A). In fact, all the
peculiarities of a I-rich surface are observed:amyé quantity of formed amide, weak signals
attributable to ligands, the simultaneous preseotceleylammonium and cesium-oleate, the
absence of tightly bound oleate (Figure S12). Thergr binding efficiency of the surface
passivating agents in nanoparticles with an iodide-character was also observed in mixed-halide
CsPbBg-«lx nanocrystals obtained upon modification of thefes@ composition of pristine

CsPbBg nanoparticles by adding a suitable iodide sofftce.

The purification changes on the compositional aptical properties of purified CsPb(lI/BrNCs

are reflected on their surface chemistry. Recaltirgg all syntheses and purifications were carried
out by using the same amounts of reactants ancermisly the’H-NMR spectrum of purified
CsPb(I/Bry NCs shows relatively intense signals attributablehe ligands, although the amide
impurity was not completely removed by the purifica. The inspection on the vinylene cross-
peaks in 2D-NOESY spectrum of this sample evideticegoresence of tightly bound oleate and
weakly interacting passivating agents (Figure 8Bjangling iodides are removed in the course of
purification, the new surface now exposes strobgiynd cesium and undercoordinated lead atoms,
which are promptly passivated by OAM and OLA (Fig@®C). The more efficient passivation is

explicated by the higher colloidal stability of thesulting purified sample. Indeed, a solution of
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purified CsPb(I/Brj NCs stored for 3 weeks in ambient conditions appes clear, while a

suspension is formed in the case of an unpurifedpe (see Figure 8D).
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Figure 8. (A) *H-NMR spectrum in §Dg of as-prepared CsPb(I/BfNCs compared with that of the
relevant purified sample . (B) 2D NOESY spectrunpwified CsPb(I/Brj NCs. (C) Schematic
picture illustrating the NC surface modification arp purification. (D) Solutions of as-prepared
(left) and purified (right) CsPb(l/Bg) NCs dissolved in cyclohexane and stored in ambient

conditions for three weeks under room lighting dbaods.

CONCLUSIONS

This study aimed at unraveling the surface chegnistrCsPbX NCs pointing to disentangle the
open issues regarding their instability and theessity of a purification step after their prepamati

The colloidal NCs under investigation were prepdogdraditional hot-injection methods with a
26



different halide composition and were systematycalhalyzed for their elemental composition,
morphology, crystalline structure and optical pmigs. Concerning the need for a purification step,
we ascertained that addition of small amounts oA@hd OAM before precipitation with acetone

preserves the colloidal integrity of the NCs, exdep the case of CsPHNCs, which undergo a

fast phase transition immediately after the conteith the polar solvent. We were pleased to
ascertain a higher phase purity of the all otheified perovskite samples, which comes along with
guantum yields substantially unaltered with respgecis-prepared samples. A further purification
step did afford practically uncontaminated sampbes,resulted to be deleterious for the long-term
colloidal stability of the NCs. A thorough NMR instegation allowed us to establish the CsRbX

surface as governed by the following species andibga in apolar solvents:

1) strongly bound oleate species likely anchoredhttercoordinated lead or cesium atoms;

2) formal oleylamine weakly bound through protofighe NC surface and undercoordinated lead

atoms.

3) carboxylic acid exchanging with tightly bounceate, a process favored by desorbed amine.

When the perovskite NCs were dissolved in polavesds, we observed a modification of the
equilibria at the basis of NC surface passivatiofiavor of the oleylammonium halide desorption
from the surface. We gained insight into the origirthe long-term colloidal instability of CsPbX
NCs by ascertaining the evolution of the amide felnfby condensation of carboxylic acid and
aliphatic amine in the case of the as-prepared kmmwhich is catalyzed by the acid NC surface.
The single purification step with a polar antissiveemoved adsorbed protons from the NC surface
as the corresponding oleylammonium halide leading liong-term stable nanomaterial. In the case
of I-containing NCs, we observed their surface passd by oleylammonium halide and cesium-
oleate both in apolar and in polar solvents. ThieH-surface of these NCs favored the acid-

catalyzed amide evolution which depauperates tm®material of the organic passivating shell,

27



thus explaining their pronounced instability in theesence with polar solvents. Although the
structural stability of perovskite NCs is very likea multifaceted problem involving not only the
surface equilibria of the organic ligands but atgber factors, such as halide equilibritfrin
perspective, the insights reported in this stugypsut the critical need for a NC passivation stygte
with surface ligands that are also compatible wille charge transport requirements of

optoelectronic applications.

EXPERIMENTAL SECTION

Materials. Cesium carbonate (830;, 99.9% metals basis, Alfa Aesar), lead(ll) brom{&®Be,
99.999% metals basis, Aldrich), lead(ll) chlorid®Ch, 99.999% metals basis, Aldrich), lead(ll)
iodide (Pbj, 99.999% metals basis, Aldrich), oleylamine (OAfMdchnical grade 70%, Aldrich),
oleic acid (OLA, technical grade 90%, Aldrich), détadecene (ODE, technical grade 90%,
Aldrich), acetone (ACS grade), hexane (VWR, LC-MSadg), cyclohexane (Aldrich,

spectrophotometric grade).

Synthesis of as-prepared CsRBNCs.All manipulations were performed under nitrogeswflusing
standard Schlenk techniques.,C®; (0.407 g, 1.25 mmol), OLA (1.55 mL, 4.91 mmol) sDBE

(20 mL) were mixed in a 50 mL Schlenk tube and keptacuum for 1 hour at 120 °C. Later the
tube was filled with nitrogen for complete solubdtion of the solid material, which leads to the
formation of a clear solution of cesium oleate ({I=ate). As Cs-oleate precipitates out of ODE at
room temperature, it was kept at 120 °C underatinosphere before injection. ODE (7.5 mL),
PbX; (0.38 mmol), OLA (1.0 mL) and OAM (1.0 mL) werealded in a 50 mL Schlenk tube and the
mixture was heated at 160°C. After complete soizdtilon of the PbX salt, temperature was kept
for 20 minutes followed by injection of Cs-oleateligion (0.8 mL). The reaction mixture was

cooled in an ice-water bath after 5 s. The crudetism was centrifuged at 4000 rpm for 40 min.
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The supernatant containing unreacted precursorslisearded and obtained precipitate was finally

dispersed in cyclohexane for measurements.

Purified CsPbX NCs. In the case of purification, the precipitate obeginafter the first
centrifugation was dissolved in hexane (1.2 mL)xtNBO ul of OLA and OAM were added to the
suspension before the addition of acetone (notldtie2 mL). After centrifugation (4000 rpm for 10
min), the supernatant was discarded, and the pr&eipwas redispersed in cyclohexane for

subsequent characterization.

Nuclear Magnetic Resonancéi-NMR spectra of samples dissolved in-$aturated solution were
recorded at 298.2 K on a Bruker Avance Il 700 Mspectrometer equipped with a Cryoprobe
optimized for'H observation. Al NMR chemicals shifts were reéefrto the non-deuterated
benzene or chloroform residue peak at 7.16 ppm7aRé ppm, respectively. The NOESY and
ROESY spectra were acquired using standard putpgesees; NOESY and ROESY mixing times
were set to 300 ms and 200 ms, respectively. Th&D@easurements were performed using
standard pulse sequences. In order to keep a obristee of measurement throughout all the
experiments, the diffusion tim@&) and the diffusion gradient length)(were set to 100 ms and 5
ms, respectively and kept constant. The gradieength was linearly increased in 16 steps and
monitored by the attenuation (from 2% to 95%) oé tlirst increment signal. The diffusion
coefficients were obtained by fitting the approf@i&tejskal-Tanner equation to the signal intensity
decay?’

Optical characterization. UV—-vis absorption spectra were collected using ascd V670
spectrometer in transmission mode. Steady-statgpPttra from solutions were acquired on Varian
Cary Eclipse instrument. The quantum yields weterd@ned using appropriate dye references for
blue, green and red spectral regions (coumarin Bd@escein, and rhodamine 6G, respectively)

according to standard proceduf@s.
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TEM characterization.Transmission electron microscopy (TEM) measuremevdre carried out
using a JEOL JEM1011 microscope, operating at arleating voltage of 100 kV and equipped
with a tungsten electron source, and CCD high ol camera. Samples for TEM analysis were
prepared by dipping the carbon-coated copper gtial the NC cyclohexane solution diluted with
anhydrous hexane. Statistical analysis of the @£ average size and standard deviation) of each
sample was performed by using a freeware image/sisglrogram, by measuring more than 200 of
nanoparticles.

FEG-SEM-EDX.Elemental analyses were performed using a fielgdgon gun scanning electron
microscope (FEG-SEM) Zeissigma 300 VP (Zeiss Oberkochen, Germany) equippdd am
energy dispersive spectrometer (EDX) C-MaxN SDDhwdn active area of 20 nin{Oxford
Instruments, Oxford, United Kingdom). NC solutianscyclohexane were deposited on aluminum
stubs covered with a pure graphite tape. Analysigewvearried out at 15kV using a 7.5 mm working
distance at a magnification of 1000x. The data mmyuwas checked using standards by MAC

(Micro-Analysis Consultants Ltd., United Kingdom).

X-Ray Diffraction XRD data were collected in detector scan modsapled sample-detector scan
mode, by a Bruker D8 Discover equipped with a Cure® (Ko line), a Gobel mirror, and a

scintillation point detector.
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