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ABSTRACT. The dynamic surface chemistry and stabilization of cesium lead halide perovskite
nanocrystals remain principal challenges for the use of these materials in many applications. Here,
trimethylsilyl trifluoromethanesulfonate (Me3SiOTf) was used as a Lewis acidic reagent for
quantitative and irreversible silylation and removal of anionic ligands from colloidal oleate- and
oleylamine-capped CsPbBrs and CsPbCls nanocrystals. 'H NMR and FTIR spectroscopies,
combined with elemental analysis, show strong binding of a population of anionic ligands to the
nanocrystal surfaces. Surface anion exchange for trifluoromethanesulfonate also results in an
increase in photoluminescence quantum yields. For CsPbCls NCs, Me3SiOTf treatment abstracts
chlorides and destabilizes the NC lattice. The thermodynamic differences between these reactions

and their implications are discussed.

INTRODUCTION
Cesium lead halide perovskite nanocrystals (CsPbX3 NCs, X = Cl, Br, I) have been highly
studied in recent years as promising materials for LEDs and photovoltaics due to their highly

tunable emission and their high photoluminescent quantum yields (PLQY).! Despite their many



promising optoelectronic properties, however, challenges remain regarding NC stability and
purification, which are complicated by dynamic exchange processes that occur between the NC
surfaces, ligands, and solution-phase species.>* In typical syntheses of CsPbX3 NCs, the NCs are
capped by a mixture of amine/ammonium (e.g. oleylamine, oleylammonium,
dodecyldimethylammonium) and carboxylate (e.g. oleate) ligands.! 'H NMR studies have revealed
that these species are acid- and base-sensitive and can exchange between the NC surface and
solution in both neutral forms and as ion pairs.? For example, oleylamine (OLM) can be protonated
by oleic acid (HOA) to form oleylammonium oleate ((OLMH][OA]), which can exchange with
surface halides to form [OLMH]X (X = Cl or Br or I) ion pairs that also exchange with anions at
the NC surface. The concentrations of these supporting surface cations, anions, and ion pairs have

¢ as well as

been shown to affect the optoelectronic properties like PLQY and emission energies,*
stability, including ligand- or solvent-induced NC phase and morphology changes.”'® These
processes also make CsPbX3 NCs highly susceptible to post-synthetic surface modification
reactions for passivation.'!"!4

Several systematic studies have been performed to understand the mechanisms of phase
transformations of these materials to other phases such as Cs4PbXe or CsPb2Xs,'>"!7 beginning with

18-20 golvent,'? and of the

the surface chemistry. These have included probing the effects of water,
addition or substitution of surface ligands (e.g. amines, ammonium salts, and thiols).” !> In these
systems, phase transformations were studied with particular attention to the role of the cations or
molecular species. For example, the conversion of CsPbBr3 to CsPb2Brs was proposed to proceed
via displacement of PbBrx complexes from the materials, followed by association to form the new

2D CsPb2Brs.?* Similarly, Cs4PbBrs was shown to convert to CsPbBr3 via the loss of CsBr.!® To

gain further insight into these transformations while avoiding chemical challenges of dynamic



exchange and equilibria, we were interested in decoupling the cation from the anion in these
conversion reactions by targeting selective and irreversible anion abstraction from CsPbX3
materials. This question is particularly interesting as anion diffusion and exchange has been shown
to be very facile in these lattices.!6 2526

Trimethylsilyl trifluoromethanesulfonate (Me3SiOTY) is a strongly Lewis acidic reagent that is
commonly used in organometallic and organic chemistry for halide abstraction and for silylation
of oxygen-containing functional groups.?’” In these reactions, the trimethylsilyl cation can be
considered to act as a H" equivalent, but the O—Si bond is far less labile than O—H bonds in solution.
We hypothesized that this reagent could be used to study CsPbX3 NC samples in which multiple
species are in dynamic equilibria at the NC surface and in solution. Scheme 1 shows examples of
expected reactions of Me3SiOTf with CsPbX3 NC samples based on precedented reactions of
MesSiOTf from previously published examples in the organic and coordination chemistry
literature. First, as Me3SiOTf readily silylates carboxylic acids in the presence of base,?® Me3SiOTf
can silylate surface-bound oleate or other carboxylates to form the corresponding trimethylsilyl
carboxylate. Second, Me3SiOTf can also effect anion exchange reactions,”” and alkylammonium
halide ion pairs in solution can undergo anion exchange to form alkylammonium
trifluoromethanesulfonate and the corresponding Me3SiX compound. Third, it may be possible for
Me3SiOTf to directly abstract halide ions from the CsPbX3 NC lattice itself, likely resulting in NC
etching or degradation. Other reactions are also plausible due to the high reactivity of this reagent.
These processes all likely occur simultaneously, and the resulting thermodynamic distribution
must be dictated by the relative Si—X bond strengths (Me3Si—OH, 128 kcal/mol; Me3Si—Br, 96
kcal/mol; Me3Si—Cl, 113 kcal/mol).*°

Scheme 1. Examples of Possible Reactions Between Me3SiOTf and CsPbX3 NC Samples



Surface Ligand Abstraction/Conversion
[CsPbX3]MOA + Me3SiOTf — [CsPbX3]MOTf + Me;SiOA

+ Me .
[CsPbX3]MX 3SIOTf —» [CsPbX3]MOTf + Me3SiX

M = Cs+, Pb2* or [OLMH]+ (OLMH = oleylammonium)

Lattice Halide Abstraction
+n Me +n Me
CsPbX, 3SIOTF — [CsPbX3.n][OTf]n 3Si—X

Here, we analyze the surfaces of CsPbCls and CsPbBr3 NCs using Me3SiOTf and other metal
trifluoromethanesulfonate salts as Lewis-acidic, but not Brensted-acidic, reagents for perturbing
NC surface equilibria. Using this method in tandem with NMR and IR spectroscopies, as well as
with elemental analysis, we confirm two types of carboxylate ligand binding at CsPbBr3 NC
surfaces compared to more strongly associated alkylammonium/alkylamine ligands. We further
show that chloride abstraction from CsPbCl3 NCs results in lattice destabilization and dissociation
of chloroplumbate anions, but no formation of intermediate phases.

METHODS

General considerations. Unless otherwise noted, reactions were carried out in oven-dried
glassware in a MBraun glovebox under an atmosphere of purified nitrogen, or using Schlenk
techniques. CsPbBr3 and CsPbCl3 NC samples were prepared following previously published
procedures (see Supporting Information for more detailed methods).?® CsDs and toluene-ds were
dried using sodium/benzophenone ketyl radical and vacuum transferred before use.

MesSiOTf was purchased from Chem Impex International and stored in the glovebox at —30 °C.
Bromotrimethylsilane was purchased from Acros Organics, refluxed over CaHz, and distilled
under nitrogen. CsOAc was purchased from Oakwood Chemicals and dried under vacuum at 100
°C for 48 h. Pb(OAc)2 was purchased from Pfaltz & Bauer and dried under vacuum at 100°C for

48 h. Oleylamine (OLM, >70 %) was purchased from Oakwood Chemicals. Oleic acid (HOA,



90%) and 1-octadecene (ODE, 90%) were purchased from Acros Organics and used without
further purification.

Sample characterization. '"H NMR spectra were recorded on a Bruker 400 MHz instrument or
a Varian 600 MHz instrument using a relaxation delay time (d1) of 25 s. Spectra were referenced
to the solvent residual signal (6 7.16 ppm for CeDs, & 2.09 ppm for toluene-ds). For ligand
quantification experiments, 'H NMR resonances were integrated against an internal standard of
1,3,5-trimethoxybenzene.

Electronic absorption spectra were measured using an Agilent Cary 60 spectrophotometer on
solution samples in 1 cm quartz cuvettes. Emission spectra were collected on an Ocean Optics
USB2000+ spectrometer with a 405 nm excitation wavelength (76 mW/cm?), or using an
Edinburgh Instruments FS5 spectrofluorometer with an excitation wavelength of 350 nm.
Photoluminescence quantum yield (PLQY) measurements were performed using a fluorescein
standard with an excitation wavelength of 460 nm.

Transmission electron microscopy (TEM) samples were drop cast onto a copper grid (Ultrathin
Carbon Type-A, 400 mesh, Ted Pella) and dried under vacuum overnight. TEM images were
obtained on an JEOL 2011 microscope. Energy-dispersive X-ray (EDX) analysis was collected on
a Spectra 300 microscope. Size distributions were determined by analysis of >200 individual NCs.

Inductively-coupled plasma optical emission spectroscopy (ICP-OES) samples were prepared
by digesting CsPbX3 NCs in 5% HNO3 (99.999 %, Alfa Aesar). Data were collected using a
PerkinElmer Avio 200 in axial view.

X-ray diffraction (XRD) data samples were drop cast onto a glass slide in a nitrogen glovebox
and stored in the glovebox prior to measuring. XRD data was obtained using a Bruker AXS D8

Advance diffractometer from a 20 value of 10-80°. Air-free XRD measurements were collected



using a Bruker APEX Duo diffractometer on samples loaded and flame-sealed in glass capillaries
under nitrogen.

X-ray photoelectron spectroscopy (XPS) data was collected on a PHI 5000 VersaProbe II
instrument. Spectra were calibrated using the Cls peak at 285.3 eV.
Addition of MesSiOTf to NC Samples

TH NMR spectroscopy. In a representative procedure, a toluene-ds or CsDs solution of 1,3,5-
trimethoxybenzene (897 nM) was prepared in the glovebox. This solution was used to suspend
CsPbCls NCs (I ~ 9.1 nm, 0.0022 pmol, 1 equiv). The concentration of CsPbCls NCs was
confirmed optically. Separately, a stock solution of Me3SiOTf (110 mM) in toluene-ds
concentration was prepared and its concentration was determined by 'H NMR spectroscopy with
an internal standard. A J. Young NMR tube was then charged with 0.60 mL of the CsPbClz NC
suspension, and the Me3SiOTf stock solution was added in increments (10 pL). The 'H NMR
spectrum of the mixture was measured 5 min after each addition.

Electronic absorption spectroscopy and PL. measurements. In a representative procedure, a
1 cm quartz Schlenk cuvette equipped with a stir bar was charged with CsPbClz NCs (/ ~ 9.1 nm,
0.00018 umol, 1 equiv) suspended in 3.00 mL of toluene or hexanes. A stock solution of Me3SiOTf
in toluene (550 mM) was prepared and 10 pL was added (5.5 pmol, 30,000 equiv/NC) to the
CsPbCl3 NCs suspension. After addition of Me3SiOTf, the cuvette was sealed with a Teflon
stopper. The reaction mixture was stirred at room temperature and the reaction was monitored
spectroscopically over time.

TEM and XRD measurements. In a representative procedure, a 1 cm quartz Schlenk cuvette
equipped with a stir bar was charged with CsPbCl3 NCs (/ ~ 9.1 nm, 0.00018 pmol, 1 equiv)

suspended in 3.00 mL of toluene or hexanes. A stock solution of Me3SiOTf in toluene (550 mM)



was prepared and 10 pL was added (5.5 pmol, 30,000 equiv/NC) to the CsPbCl3 NCs suspension.
The cuvette was sealed with a Teflon stopper and the mixture was stirred at room temperature. For
different time points, 10 pL of the reaction mixture was drop cast onto a TEM grid and dried
overnight under vacuum. The remainder of the sample was concentrated under vacuum and drop
cast onto a glass microscope slide for XRD measurements.
RESULTS AND DISCUSSION

NC Synthesis and Characterization. Oleylammonium-/oleate-capped CsPbBrs NCs (/ ~ 7.8 +
1.1 nm) were synthesized following previously published procedures by treatment of a mixture of
Cs(OAc), Pb(OAc)2, OLM, and HOA in ODE with MesSiBr, and were purified by precipitation
from toluene.? CsPbClz NCs (/ ~ 9.1 + 2.4 nm) were synthesized by the addition of HCI (12 M)
to a mixture of Cs(OAc), Pb(OAc)2, OLM, and HOA in toluene, then purified by precipitation
upon addition of ethyl acetate. Larger CsPbCl3 NCs (/ ~ 14 + 4 nm) were synthesized following
previously published procedures by treatment of a mixture of Cs(OAc), Pb(OAc)2, OLM, and HOA
in ODE with MesSiCl, and were purified by precipitation from toluene. The NC samples were
sized optically? and by TEM. The Cs:Pb:X ratios were measured by ICP-OES and XPS. Table 1
reports these values for the CsPbBr3 and CsPbCl3 NC samples used for the below experiments.

Table 1. Characterization of CsPbX3 (X = Cl, Br) NC samples.

Edge Pb X Ligands Cs:Pb:X
Length
(I, nm) | (atoms/NC)*  (atoms/NC)” (NCY) [nm?|¢ Cs Pb X Method

08 1.0 - ICP-OES
CsPbBrs | 7.8+1.1 | 2200+500 5700+1300 2000 [5.5]
08 10 26 XPS

09 10 - ICP-OES
CsPbCl:s | 9.1+2.4 | 4000+1800 10,000+5000 2500 [5.0]
09 10 26 XPS

1.1 1.0 - ICP-OES
CsPbCl: | 14+4 15,000+£7000  47,000+22,000 5800 [4.9]
07 1.0 3.1 XPS




“Calculated from NC volume and density. *Estimated from Pb:X ratio determined by XPS.
“Calculated from 'H NMR quantification.

The ligands associated with CsPbBr3 NCs prepared using the above method have been
previously reported to be a mixture of OA~ and OLM/OLMH" species, as identified by NMR
spectroscopy.?? Following these methods, the organic ligands for the above samples were
quantified by '"H NMR spectroscopy of samples suspended in toluene-ds with a 1,3,5-
trimethoxybenzene internal standard. For the CsPbBrs; NCs, ligand quantification by 'H NMR
spectroscopy of alkenyl proton resonances (8 5.4-5.6 ppm) revealed ca. 2000 NC! ligands (e.g.
OA~ or OLM or their conjugate acids), or a surface ligand density of 5.5 nm™. This density is
higher than the previously reported maximum ligand density of 2.9 nm™ for OLM/OA™ ligands on
CsPbBr3 NC samples,>? suggesting that many of these ligands are not coordinated to the surface.
This assignment is consistent with the 'H NMR spectrum, which displays two broad alkenyl 'H
resonances (Fig. 1A, top).

DOSY NMR measurements of the alkenyl resonances show a downfield signal with a diffusion
coefficient, D, of 270 pm?/s, assigned to strongly-bound ligands, while that of the upfield alkenyl
resonance is assigned to unbound ligands, with D ~ 770 pm?/s (Fig. S33). These values are
consistent with those previously reported for CsPbBr3 NCs (/ ~ 12.4 nm) in toluene-ds.> In our
spectra, we were unable to distinguish strongly bound OA™ moieties (proposed to be at surface Cs*
sites) from physisorbed [OLMH][OA] species. Although in principle these species could be
quantified also using elemental analysis, the low precision of our EDX and XPS measurements
also prevented us from surface or ligand bromide quantification, prompting us to use alternative
approaches.

Ligand Quantification of CsPbBr3; NCs Using Trimethylsilyl Trifluoromethanesulfonate.

Figure 1A shows the 'H NMR spectra of a toluene-ds suspension of CsPbBr3 NCs treated with



MesSiOTf (500 and 1000 equiv/NC). New upfield resonances are observed in the spectra that are
assigned to Me3SiOA (6 0.27 ppm), MesSiBr (& 0.31 ppm), both formed by surface anion
exchange, along with a small amount of (Me3S1)20 (6 0.11 ppm), which likely forms from trace
H>0 in the sample. These assignments were made by comparison against the 'H NMR spectra of
authentic samples of each trimethylsilyl-containing species (e.g. Fig. S3). Figure 1B plots the
amounts of the MesSi-containing products formed upon addition of Me3SiOTf (0-3000 equiv/NC)
to the toluene-ds suspension of CsPbBr3 NCs, as quantified by integration of the corresponding 'H
NMR signals against the 1,3,5-trimethoxybenzene internal standard. At lower concentrations of
MesSiOTf (0-600 equiv/NC), the primary product is Me3SiOA. Further addition of Me3SiOTf (>
600 equiv/NC) forms small amounts of Me3SiBr (up to 200 equiv/NC upon the addition of a large
excess of Me3SiOTY), along with unreacted Me3SiOT{. This reaction does not proceed further with
time; treatment of the CsPbBr3 NC sample with excess Me3SiOTf (3000 equiv/NC) shows the
same amounts of Me3SiOA, MesSiBr, and MesSiOTf after 18 h at room temperature under inert

atmosphere.
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Figure 1. (A) "H NMR spectra of CsPbBr; NCs treated with Me3SiOTf in toluene-ds. ODE
(*), grease (1), and MesSiCl (}) impurities are labeled. (B) Quantification of Me3SiOA and

MesSiBr formed when treating CsPbBr3 NCs with increasing equivalents of Me3SiOTH.

The above results show that although the as-prepared CsPbBrs NC samples contain ca. 2000
alkenyl-containing ligands per NC (ca. 5.5 nm2), as measured by 'H NMR spectroscopy, only ca.
600 OA™ ligands/NC were removed upon treatment with Me3SiOTf to form Me3SiOA. To test
whether there were still OA™ ligands that had not been converted into Me3SiOA, a sample from
the same batch of CsPbBr3 NCs was treated with excess Me3SiOTf (2000 equiv/NC) then purified

by GPC to remove Me3SiOA, unreacted Me3SiOTf, and other molecular byproducts not associated

10



with the NC.° FTIR spectroscopy of this purified NC sample (KBr pellet) showed vibrational bands
corresponding to the v(C—O) stretches of OA™ at 1460 and 1380 cm™ (Fig. S24).* These data
confirm that not all OA -containing species in the CsPbBr3 NCs react with Me3SiOTf to form
MesSiOA, that is, there are multiple “types” of OA™ anions in the native CsPbBr3 NCs.

"H NMR spectroscopy of a CsPbBr3 NC sample treated with Me3SiOTf (2000 equiv/NC) and
purified by GPC revealed that, of the ca. 2000 alkenyl proton-containing ligands (OLM and OA)
from the native CsPbBr3 sample, ca. 1000 ligands (2.7 nm%) remained after purification (Fig. S22).
This strongly-bound ligand surface density is consistent with previously reported CsPbBrs NC
samples.?? Importantly, these alkenyl protons correspond to the downfield, broadened resonance
that has previously been assigned as “strongly-bound” OA™.* Figure 2A shows the 'H DOSY NMR
spectrum of this sample; the resonance corresponding to NC-bound OA™ exhibits a similar
diffusion coefficient as the corresponding 'H signal of strongly-bound OA™ ligands in the as-
prepared CsPbBr3 NC samples (D ~ 280 um?/s), while the signals assigned to physisorbed ligands
and “free” ligand are absent after GPC purification (Figs. 2A, S33).

F NMR spectroscopy of this purified, Me3SiOTf-treated CsPbBr3 NC sample shows a sharp
singlet resonance at & —81 ppm, assigned to the OTf" anion. Vibrational bands arising from C-F
and S—O stretching modes can also be observed in the FTIR spectrum of this purified sample (Fig.
S22). These trifluoromethanesulfonate anions are not removed during GPC purification, indicating
that they are associated with the NCs. Figure 2B shows the DOSY NMR of this '°F resonance.
The measured diffusion coefficient D = 300 pm?/s is similar to that of the diffusion coefficient of
the bound OLM and OA ligands after GPC measured by '"H DOSY (D ~ 280 pum?/s), supporting
the assignment of OTf association to the NC. This surface association is unexpected, as

trifluoromethanesulfonate is considered a “weakly-coordinating” anion, but may occur due to
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electrostatic interactions or physisorption of [OLMH][OTf] ion pairs exchanging with the surface

species.
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Figure 2. 2D DOSY spectra of a toluene-ds suspension of CsPbBrs NCs after treatment
with Me3SiOTf (2,000 equiv/NC) and purification by GPC. (A) The 'H DOSY shows
bound OLM/OA™ ligands and residual toluene (*). (B) The '°F DOSY shows a small

diffusion coefficient, indicating association of OTf" anions to the NC.

However, DOSY NMR of a sample of CsPbBr3 NCs that was not treated with MesSiOTT, but
still purified using GPC, displayed a similar diffusion coefficient and number of ligands (D ~ 250
um?/s and 1100 alkenyl-containing ligands/NC, Fig. S34). Additionally, treatment of this GPC-
purified CsPbBr3 NC sample with additional Me3SiOTf (1500 equiv/NC) does not show the
formation of Me3SiOA by 'H NMR spectroscopy (Fig. S23). A small amount of Me3SiBr (100
equiv/NC) is observed still. These data show that 1) GPC purification does not remove all of the

[OLMH]Br that is in exchange between the NC surface and solution, meaning that a small quantity

12



of [OLMH]Br remains that can react with Me3SiOTT. 2) The Me3SiOTf treatment removes a subset
of the NC OA/OLM ligands; these are similar to those ligand species removed by GPC. As such,
this Me3SiOTf treatment is not sufficient to remove all ligands from the NC surface, and there are
OA™-derived ligands that are more strongly bound than the expected high driving force of Si—O
bond formation. Similarly, bromide anions are strongly bound in the NC lattice, and formation of
the Si—Br bond in Me3SiBr is not more energetically favorable than removing bromide from
CsPbBrs. An alternative explanation for these observations could be that Me3SiOTf is unable to
access the strongly-coordinated ligands due to steric effects, however.

Much has been made of the dynamic exchange processes that occur for CsPbX3 NC ligands
(both cations and anions), as well as of the lability of the halide anions. We note that these results
are consistent with other studies in which bound and physisorbed oleate-derived ligands do not
exchange on a fast timescale with “free” oleic acid.> 3! In this model, the Me3SiOTf only reacts
with the free ligands, while bound/physisorbed ligands do not react, even over many hours at room
temperature. Specifically, from the 'H NMR experiments we show that only the free or
physisorbed oleate ligands react to form Me3SiOA, while a population of oleate ligands remain
coordinated to the NC surface. The weakly-bound oleate fraction has been assigned as
[OLMH][OA] associated electrostatically to the surface, while the “strongly-bound” oleates are
coordinated to Cs* or Pb?" ions at the NC surfaces. The experiments here also demonstrate that
this Cs—OA (or Pb—OA) interaction must be stronger than the Me3Si—O(OA) bond. This is an
unexpected result, as these Cs—O or Pb—O bond enthalpies are expected to be weaker than the Si—
O bond enthalpy. These strongly-bound ligands may suggest a greater electrostatic interaction that

results in their inertness to other Lewis acids.
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Additionally, the observation that these samples of Me3SiOTf-treated CsPbBr3 NCs are stable
to a large excess of Me3SiOTf without further formation of Me3SiOA shows that the strongly-
bound and free oleate ligands do not interconvert on a practical time scale (minutes to hours) at
room temperature. Similarly, the observation that Me3SiBr also does not form over hours even
upon the addition of large excesses of Me3SiOTf shows that lattice bromide also does not readily
become solution-exchangeable alkylammonium bromide species that can then be converted to
MesSiBr. This second conclusion is particularly counterintuitive, given the previous demonstration
of fast halide ion migration within these materials, and the assumption that these species are all in
equilibria (i.e. Le Chatelier’s principle would dictate that consumption of surface-exchanging
oleylammonium bromide would drive lattice bromide ions to the surface/solution interface).
Rather, these point to the strong lattice energies that can overcome the weaker Si—Br bond energy
of Me3SiBr.

Effects on CsPbBr; Spectroscopy. As only a small amount of Me3SiBr (ca. 190 equiv/NC) is
formed even when a large excess of Me3SiOTf is added to the CsPbBr3 NC sample, the Me3SiOTf
must only be reacting with “free” bromide ions that are in solution (and in exchange with the NC
surface), rather than with the bromide ions of the NC lattice itself. Figure 3A compares the
electronic absorption spectra of toluene suspensions of a sample of as-prepared CsPbBr3 NCs with
those of CsPbBr3 NCs treated with excess Me3SiOTf (8000 equiv/NC). In these spectra, upon
addition of Me3SiOTf, a small red shift (ca. 7 meV) is observed in the absorbance spectrum.
Figures 3B and 3C compare the TEM images of these samples, confirming that the size and shape
of the NC samples remain the same. The red-shifted excitonic absorbance therefore does not arise
from growth or ripening of the NCs. Rather, this shift may arise from a Stark effect due to

electrostatic effects of the Me3SiOTf-induced anion exchange.
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Figure 3. (A) Absorption (black) and PL (green) spectra of CsPbBr3 NCs (/ ~ 7.8 nm, solid)
and CsPbBr3 NCs treated with MesSiOTf (8000 equiv/NC, dashed). TEM images of

CsPbBr3 NCs (B) before and (C) after treatment with 2000 Me3SiOTf (equiv/NC).

Figure 3A also shows that the PL emission increases after treatment of the CsPbBr3 NCs with
MesSiOTH. This increase corresponds in a change of PLQY from 51% for the as-prepared CsPbBr3
NCs to 95% after addition of Me3SiOTf. This increase occurs with only a small addition of a
MesSiOTf (2000 equiv/NC) with minimal change to the PLQY with increasing concentrations of
Me3SiOTHf (up to 8000 equiv/NC, Fig. S19). We note that similar PL enhancement of CsPbBr3
and CsPbCls NCs has recently been reported upon NC surface treatment with other
trifluoromethanesulfonate salts like Ce(OTf)3.!* PL quenching has also been previously observed
in halide-deficient NCs, with PL recovery after addition of halide. These results show that the
addition of even weakly-associated trifluoromethanesulfonate anions can act to passivate surface

halide vacancy defects.
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When the CsPbBr3 NCs were treated with NaOTf or with [OLMH]OTT instead of Me3SiOTT, a
similar increase in PL is observed (Fig. S20). In contrast, when AgOTf is used as the reagent,
bleaching of the absorption spectra and PL quenching is observed (Fig. S20). These data again are
consistent with the stronger Ag—Br bond and lattice energy; while AgOTT can abstract bromides
from the CsPbBr3 NCs, resulting in NC decomposition, both NaOTf and Me3SiOTf instead only
result in OT{™ substitution or coordination at NC surface sites that contribute to PL.

Chloride Abstraction from CsPbCl; NCs. We next studied the related reaction between
MesSiOTf and CsPbCls NCs. This reaction was expected to differ from the results observed with
CsPbBr3 NCs, as the stronger Si—Cl bond enthalpy is greater than that of the Si—Br bond by ca. 17
kcal/mol. This difference may be strong enough to overcome the more negative lattice enthalpy of
CsPbCl3 (—137 kcal/mol) compared to CsPbBr3 (~132 kcal/mol).3>3* We hypothesized that the
MesSiOTf reagent could remove lattice anions, unlike with the CsPbBrs NCs. This hypothesis is
also consistent with previous reports of using trimethylsilyl halide reagents for selective and
effective anion exchange reagents for these materials.?

A CeDs suspension of OLM/OLMH/OA -capped CsPbCls NCs (/ ~ 9.1 nm, 3.37 uM) was
treated with Me3SiOTf (12,000 equiv/NC, 40 mM) at room temperature. The 'H NMR spectra
taken of this sample shows the formation of increasing amounts of Me3SiCl as the primary product
over 8 h (Fig. 4A). Figure 4B plots the quantities of MesSi-containing species as calculated from
the integrated '"H NMR signals over time, showing formation of Me3SiCl and consumption of

MesSi0TH.
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Figure 4. (A) 'H NMR spectra of a CéDs suspension of OLM/OLMH*/OA -capped
CsPbCl3 NCs (I ~ 9.1 nm, 3.37 uM, top) and of the NC sample after treatment with
MesSiOTf (12,000 equiv/NC, 40 mM) at 2 min (middle) and 850 min (bottom). The 'H
NMR signal corresponding to the N-H of OLMH" (a) shifts upon addition of Me3SiOTT.
(B) '"H NMR quantification of Me3SiCl and unreacted Me3SiOTf upon treatment of a CsDs
suspension of CsPbCl3 NCs (/ ~ 9.1 nm) with excess Me3SiOTf (12,000 equiv/NC) plotted
over time.
These data show two important differences from the analogous reaction with CsPbBr3 NCs.
First, the addition of excess Me3SiOTf to CsPbCls NCs completely converts all chlorides in the
sample to Me3SiCl (ca. 10,000 CI/NC). 'H NMR quantification of the ligands coordinated to the

as-prepared NC sample (before Me3SiOT{ treatment) found only ca. 2500 alkenyl-containing

ligands per NC (5.0 nm™), of which the majority are OLM/OLMH" (1600 equiv/NC) and the
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remainder are OA™ ligands (900 equiv/NC). This result therefore indicates that up to 1600 of the
ca. 10,000 chlorides/NC removed upon treatment with Me3SiOTf can originate from [OLMH][CI].
This assignment is consistent with the observed shift in the OLMH" N-H and a-CH2 '"H NMR
resonances (Fig. 4A). The remaining 8,400 chlorides/NC that react with Me3SiOTf to form
Me;3SiCl must therefore originate from the NC lattice itself and not from [OLMH][CI] ion pairs in
solution or physisorbed to the NC surface.

Second, the integrated concentration of the trimethylsilyl chloride product, [Me3SiCl], shows a
fast initial increase upon addition of Me3SiOTT to the CsPbCls NCs, followed by a slower rise.
These kinetics data can be fit to a biexponential function, with kobst = 9.74 x 107 57! and kobs2 =
2.28 x 102 57!, These models assume pseudo-first-order conditions due to the large excess of
Me3SiOTf. The fast formation of MesSiCl corresponds to the formation of ca. 7100 £ 900
equiv/NC within 120 s. This result shows that the fast chloride abstraction can occur from both the
NC surface and from the CsPbCls lattice, as the surface can be estimated to contain ca. 1500
surface chloride ions (see SI for calculation). The slower chloride abstraction must therefore arise
from some NC transformation, either chloride migration to the surface or some other structural
rearrangement/phase transformation. Since anion migration in CsPbX3 has been previously
demonstrated to occur on the order of seconds,** we favor the latter explanation.

Figure 5A shows the absorption spectra of a hexanes suspension of CsPbCl3 NCs (/ ~ 9.1 nm,
0.061 uM) after treatment with excess Me3SiOTf (30,000 equiv/NC). The addition of Me3SiOTf
to the CsPbCl3 NCs causes an immediate but small red-shift in the excitonic absorption (ca. 6 meV,
I), followed by a slow decrease in the absorption intensity for CsPbCl3 NCs over hours. A layered
perovskite impurity was also observed in the sample (Fig. 5A, A = 338 nm,*)* that was consumed

upon addition of Me3SiOT{. During this time, an intermediate species (II) forms that displays an
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absorption band at ca. 278 nm; this feature then bleaches over 13 h at room temperature. We note
a discrepancy in the equivalents of Me3SiOTf required for complete NC decomposition between
the NMR and absorption spectroscopy experiments; as the absorption spectroscopy experiments
are measured at much lower concentrations (ca. 55-fold more dilute), some trace solvent

contaminants (e.g. moisture) may be consuming some of the Me3SiOTT.
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Figure 5. Absorption spectra of a hexanes suspension of (A) CsPbCl3 NCs (/ ~ 9.1 nm,
0.061 uM, black) and (B) CsPbCl3 NCs (/ ~ 14 nm, 0.0057 uM) after addition of Me3SiOTf
(30,000 or 50,000 equiv/NC, respectively). Initial spectra are shown in black, and
intermediate spectra taken immediately after addition of MesSiOTf (blue, I), after

formation of [PbCl,]" at 160 min for 9.1 nm and 180 min for 14 nm CsPbCl3 NCs (purple,
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IT), and after 8 h (red) are bolded. An absorption band corresponding to layered perovskite
impurities based on a previously reported assignment is indicated (*).**> Concentrations of
CsPbCl3 (molecular units) and chloroplumbate anions [PbCl:]” over time for hexanes
suspensions of (C) CsPbCls NCs (/ ~ 9.1 nm, 0.061 uM) treated with excess Me3SiOTf
(30,000 equiv/NC) and of (D) CsPbCl3 NCs (/ ~ 14 nm, 0.0057 uM) treated with excess
MesSiOTf (50,000 equiv/NC). Concentrations were calculated from the absorption spectra
using the NC excitonic extinction coefficient and €270 measured for independently prepared

[PbCL]".

The rate and extent of this decay is dependent on the concentration of Me3SiOTf added. Addition
of fewer equivalents of Me3SiOTf (ca. 6000 equiv/NC) to CsPbClz NCs (/ ~ 9.1 nm) results in an
absorption decrease of the features corresponding to CsPbCls (ca. 45%), but no detectable
formation of II (Fig. S27). Intermediate II was also observed upon treatment of CsPbCls with an
intermediate amount of Me3SiOTf (12,000 equiv/NC), and was found to be stable over hours at
room temperature (Fig. S28). This intermediate is assigned as chloroplumbate anions [PbCls]™ or
[PbCl4]*",* analogous to [PbBr:]"" species that have been previously reported to occur in lead
bromide perovskite materials.’’*® This assignment was further confirmed by independent
preparation of the chloroplumbate anion by dissolution of PbCl: in aqueous HCI (Fig. S4) or by
treatment of PbClz with [BusaN]Cl in acetonitrile (Fig. S5).

A second sample of larger CsPbCls NCs (/ ~ 14 nm) was studied in order to compare the size
dependence of these results. While the lower solubility of this sample in toluene precludes the
same NMR experiments, Figure 5B shows the absorption spectra of the CsPbCl3 NCs (/ ~ 14 nm,
0.0057 uM) upon treatment with excess Me3SiOTf (50,000 equiv/NC). These spectra again show

an immediate red shift of the features upon addition of Me3SiOTT (I) followed by bleaching of

20



CsPbCls absorption bands. Again, a high-energy absorbance band corresponding to II is observed
to increase over time, followed by slow decay. These data demonstrate minimal size dependence
for the chloride abstraction reaction.

For both samples, the concentrations of CsPbCl3 NCs and of [PbCl]" were determined from
the spectra using the measured extinction coefficients at both the CsPbCl3 excitonic absorption (A
= 385 and 405 nm for / ~ 9.1 and 14 nm, respectively) and at A = 270 nm (see Supporting
Information for details). Figures 5C and 5D plot the concentrations of [CsPbCl3] molecular units
and [PbCl:]" over time after addition of Me3SiOTf to the respective NC samples. In both samples,
the concentration of CsPbCls (as indicated by the NC excitonic absorbance) decreases and is
accompanied by an increase in [PbCl:]"", which slowly decays. In these traces, the concentration
of the chloroplumbate anions does reach zero, possibly because of the formation of additional lead-
containing products that also absorb in the UV; unfortunately, these side reactions prevent accurate
kinetics analysis and determination of reaction rate constants.

The absorption and NMR data taken together show two interesting features. First, CsPbCls NCs
are quickly consumed during the reaction, corresponding to a fast initial chloride abstraction step
that is related to the fast initial formation of Me3SiCl observed by NMR spectroscopy. The second,
slower, step of Me3SiCl formation must therefore arise from chloride abstraction from the
chloroplumbate anions, which decay more slowly, as shown by absorption spectroscopy. To test
this assignment, an acetonitrile solution of [PbCl:]" was independently prepared by treatment of
PbCl2 with [BusaN]Cl. Subsequent addition of Me3SiOTf resulted in decay of the absorption feature
(A =278 nm) within minutes (Fig. S29). This reaction rate is faster than the decay of the absorption
feature of [PbCl«]" in the NC reaction. While we cannot yet identify the origin of this discrepancy,

differences may arise from the solvent polarity difference (acetonitrile vs. hexane) or from slower
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exchange equilibria between multiple lead-containing species in solution that may not be observed
in the absorption spectra.

A second interesting aspect of the absorption spectra during this process is that although the
absorption corresponding to CsPbCls NCs decreases in intensity over time, the excitonic features
do not blue-shift, indicating that the NCs themselves are not decreasing in size. The spectra rather
instead suggest that after surface destabilization that the NCs then form [PbClx]" directly, resulting
in a simple decrease in NC concentration rather than uniform dissolution.

To test this hypothesis, the TEM images of CsPbCl3 NCs (/ ~ 9.1 nm) and CsPbCl3 NCs (/ ~ 14
nm) were collected at different time points before (Figs. 6A,E) and after treatment with excess
MesSiOTf (12,000 and 30,000 equiv/NC, respectively). Immediately after addition (z = 0), the
CsPbCls NCs remain intact. The CsPbCl3 NCs (/ ~ 9.1 nm) become slightly more rounded (Fig.
6B), while minimal changes are observed for the CsPbCl3 NCs (/ ~ 14 nm, Fig. 6F). These
observations are consistent with the absorption spectra discussed above. The TEM images of the
sample at later times (¢ ~ 1.5 and 4 h) start to show dissolution of the CsPbCl3 nanocubes and
formation of larger plates (/ ~ 300 nm), but intact CsPbCl3 NCs of the original sizes are still
observed. Elemental mapping of these larger plates by energy dispersive X-ray analysis (EDX)
shows these larger plates contain Cs and F, but little Pb or Cl (Fig. S31). We assign these plates as

CsOTH, one of the expected final products in chloride abstraction from CsPbCls.
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Figure 6. TEM images of CsPbCls NC samples. (A) As-prepared CsPbClz NC (/ ~ 9.1 nm)
were treated with Me3SiOTf (12,000 equiv/NC), and measurements were taken (B) at ¢ =
0 h, (C) 1.5 h, and (D) 4 h after addition. (E) As-prepared CsPbCl3 NCs (/ ~ 14 nm) were
treated with Me3SiOTf (50,000 equiv/NC), and measurements were taken (F) at 7 =0 h,

(G) 1.5 h, and (H) 4 h after addition.

Figure 7 shows XRD of CsPbCl3 NCs (/ ~ 9.1 nm) NCs treated with Me3SiOTf (12,000
equiv/NC) measured at different time points under air-free conditions. The data taken immediately
after addition of Me3SiOTT (¢ = 0) show diffraction corresponding to PbClz and CsOTHT, as well as
from the CsPbCl; starting material. The PbClz likely forms upon deposition of the chloroplumbate
anions observed by absorption spectroscopy. XRD of the reaction mixture at = 4 h after addition
of MesSiOTf shows only CsOTf, with no diffraction peaks corresponding to PbCla. These data
support the assignment of the final material observed by TEM. Removal of CsX from CsPbX3 (X
= Cl, Br) upon addition of polar solvents or other ligands has been previously demonstrated to
form the cesium-deficient 2D phase, CsPb2Xs.!> 20213 This phase is not observed by XRD in our
experiments, however, indicating that its formation as an intermediate phase is not requisite during

CsPbCls dissolution.
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Figure 7. Air-free XRD of CsPbCI3 NCs (/ ~ 9.1 nm) treated with Me3SiOTf immediately

after addition (¢ = 0) and at # = 4 h. The XRD patterns of the as-prepared CsPbCl3 NCs (/ ~

9.1 nm) NCs (*), CsOTf (}), and PbCl2 (o) are included for comparison.

Scheme 2 shows a diagram of the overall reaction pathway to form the observed intermediates
and products. First, fast abstraction of chloride occurs upon addition of Me3SiOTf, corresponding
to reaction with free chloride anions in solution, physisorbed ligands, and surface chlorides. This
step results in anion exchange at the surface; this change in electrostatics causes the red shift
observed in the absorption spectrum for I. Next, the NCs decompose to release CsOTf (observed
by XRD, EDX) and chloroplumbate anions, [PbCls]” or [PbCls]*~ (observed by absorption
spectroscopy). These chloroplumbate anions further react with Me3SiOTf to form Me3SiCl and
Pb(OTf)2. The Pb(OTY): is unstable and decomposes to form corresponding oxides and hydroxides
upon exposure to ambient atmosphere (XRD, Fig. S32). The latter two steps (NC decomposition
and halide abstraction from chloroplumbate) are slower, permitting accumulation and
spectroscopic detection of the chloroplumbate species.

Scheme 2. Reaction of Me;SiOTf with CsPbCl; NCs
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CONCLUSIONS

We have demonstrated the use of Me3SiOTT as a probe for the dynamic chemistry of CsPbX3
NCs. For CsPbCls NCs, we have shown that the strength of the Si—Cl bond is strong and can
abstract all chlorides, resulting in dissolution to form CsOTf and chloroplumbate anions initially,
but ultimately resulting in complete degradation of the material. This method therefore permits
monitoring NC transformations over time through a combination of NMR and absorption
spectroscopies. We have also shown that CsPbBrs NCs are stable to this reagent, therefore
permitting analysis of the different ligand populations and a comparison of surface anion effects
on PLQY.
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