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ABSTRACT: Inorganic halide perovskite nanocrystals (NCs), such A\
as CsPbBr; quantum dots, have emerged as an intriguing alternative to }5(9 )‘QN“ }’%ﬁ‘ ){(ne"cess
traditional semiconductors in optoelectronic devices, but their rational ~L 2
development is hindered by limited stability, including reactions that
lead to other solid phases at ambient conditions. Dimethyldidodecyl
ammonium bromide (DDAB) is one of the most widely studied
ligands in efforts to stabilize CsPbBr; NCs through surface
modification. While some researchers have reported improved
quantum yield, optoelectronic performance, and stability through
such ligand exchange, others have reported it to cause a phase
transformation to poorly fluorescent two-dimensional (2D) CsPb,Br;
nanoplatelets. Here, we investigated the thermodynamics of this
ligand-mediated phase transformation of CsPbBr; NCs using
absorption spectroscopy and matched NMR and isothermal titration calorimetry measurements. We were able to resolve two
different processes that occur upon the introduction of DDAB. Ligand exchange, displacing native oleate and oleylammonium
ligands, proceeds readily at low DDAB concentrations with an exchange equilibrium constant of ~10* and is endothermic with AH®
~30 kJ mol™". Larger equivalencies bring about a second process that is exothermic and corresponds to a displacement of PbBr,
complexes from NC surfaces; these complexes ultimately lead to the formation of the 2D phase. Resolving these processes through a
direct thermal measurement helps to reconcile contradictory conclusions in prior studies of surface passivation with quaternary
ammonium bromides. In addition to revealing conditions that lead to instability of CsPbBr; NCs, the present findings could also
guide the intentional formation of 2D CsPb,Brs and 2D/3D CsPbBr;/CsPb,Brs composite structures of interest for selected
applications.

Enthalpy

Reaction progress

B INTRODUCTION While undesirable if the goal is perovskite quantum dots, these
phases have also gained considerable attention in their own
right.'’”'® While the preparation of CsPbBr; NCs typically
involves a direct synthesis, the other phases such as Cs,PbBrg
and CsPb,Br; are often prepared through a chemical
transformation of presynthesized CsPbBr; NCs. The ability
to move among these phases under mild conditions is
intriguing, and there has been much effort to understand
these processes.'” 'Y However, to date not enough is known
about the mechanisms of these transformations. While some
researchers have reported the transformation of CsPbBr; to
CsPb,Bry through water treatment,'””® or bromide precursor
(CsBr or PbBr,) treatment,”’ others have reported a ligand-

Inorganic halide perovskite (IHP) nanocrystals (e.g., CsPbX;:
X = Br, C], I) have been the center of much attention in recent
years due to their ease of preparation, high molar extinction
coefficient, easily adjustable band gap energy via composition
and size, narrow emission widths and excellent charge-transfer
performance.' ™ These unique properties make them an
excellent choice in various optoelectronic devices such as
sensors, solar cells, LEDs, lasers, photodetectors, field-effect
transistors (FETs), and X-ray scintillators. However, progress
in the incorporation of IHP nanocrystals (NCs) toward these
applications is limited by difficulties with stability. Efforts to
improve stability have focused on surface chemistry, for
example, replacing the native ligand coating through ligand
exchange reactions.” However, this approach has encountered
challenges. For example, the introduction of amines and
quaternary ammonium halides to replace native oleylammo-
nium ligands has been shown to induce structural trans-
formation of CsPbX; NCs®™” including the formation of other
cesium-lead bromide phases, such as Cs,PbBrs and CsPb,Br;.
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mediated transformation.””** Also, the presence of 2D
CsPb,Br; in CsPbBr; has been reported to enhance its
(CsPbBr;) stability against moisture by adopting a core—shell
structure, especially for improved solar cell efficiency™** via
decreased trap density, which in turn causes improvement in
carrier lifetime.”® Moreover, CsPbBr;/CsPb,Brs composites
have been reported in photodetector’™”” and cell bio-imaging
applications.”® It is therefore important to investigate the
chemistry of these transformations in more detail. The
properties of alternative Cs—Pb—Br phases have generated
some conflicting reports. While some have described CsPb,Br;
nanoplatelets with strong green emission,'”*” others report
CsPb,Brg as having an indirect band gap of about 3.35 eV’
with no visible PL."”?%*!' In a recent article, Dahl et al.
elucidated a weakly reversible phase diagram for Cs—Pb—Br
nanomaterials including CsPb,Br;, PbBr, nanocrystals, and
molecular lead halide species.”” Therein, they showed that
CsPb,Br; possesses an absorption peak around 320 nm with an
onset starting around 350 nm.

Among ligand exchange treatments, quaternary ammonium
bromides have been found to be effective in passivating the
surface of CsPbBry NCs, but with some contradictory reports
in literature. For example, didodecyldimethylammonium
bromide (DDAB) has emerged as one of the most widely
studied compounds employed to attempt to stabilize IHP
nanocrystals through surface ligand exchange.’”™** The
quaternary ammonium jon is immune to loss of its charge
through deprotonation, and yet the methyl-substituted head-
group is able to fit within the Cs vacancy site at the CsPbBr;
NC surface.” While some researchers have reported the ligand
to cause an improvement in stability and quantum yield,”>**
others have reported it to cause a phase transformation from
3D CsPbBrj structure to 2D-layered CsPb,Brs in the form of
nanoplatelets (NPLs).” We have recently demonstrated that
gel permeation chromatography (GPC) can be used to purify
CsPbBr; NCs with native oleate/oleylammonium surface
termination as well as the same NCs following ligand exchange
with DDAB, with DDAB leading to improved QY and
stability.”® Therefore, identifying the reactions that take place
upon DDAB treatment and the thermodynamics of each step is
a promising avenue to a better understanding of the NC
surface and reliable approaches to stable products. Previous
efforts to obtain ligand binding and exchange thermodynamics
have included variable-temperature NMR measurements,”*’
and a study by Quarta et al. in which abatement of light
scattering (due to improved dispersion) is used as a proxy for
ligand binding to compare the binding of organic amines and
ammonium salts with varying basicity, chain length, and steric
hinderance to CsPbBr; NCs.” The same study reported
improved dispersion with DDAB exposure at low concen-
tration, crossing over to loss of band-edge absorbance at higher
equivalency, but detailed measurements of DDAB exchange
remain elusive.

Isothermal titration calorimetry (ITC) has been extensively
used to study the thermodynamics of binding in proteins*’~**
and recently to study the surface chemistry of NCs by our
group and others.” ™" ITC has proved to be particularly
valuable as a complementary technique to spectroscopic
methods of analysis such as NMR, FTIR, and optical
spectroscopies. ITC is feasible at lower concentrations than
NMR and does not necessarily require a resolvable
spectroscopic handle. Also, since ITC directly measures
enthalpy changes, in some cases, the difference in enthalpy

can be used to resolve different processes that occur when a
ligand is introduced.***® However, the power of ITC to
measure reaction enthalpies is greatly strengthened when it can
be combined with NMR or other spectroscopies to confirm the
nature and extent of reaction over the course of the titration.
Elimelech et al. used complimentary ITC and NMR analysis to
study ligand exchange reactions of oleate-capped CdSe NCs to
a variety of alkyl thiols.*” Calvin et al. used similar techniques
to investigate the thermodynamics of reaction of treatments of
InP NCs with metal halide salts and phosphonic acids.*”’

Here, we studied the quantitative ligand exchange of oleate/
oleylammonium-capped CsPbBr; NCs with DDAB and
subsequent ligand-mediated transformations toward 2D
CsPb,Br; under excess DDAB conditions, using complemen-
tary techniques of absorption spectroscopy, solution NMR,
and isothermal titration calorimetry (ITC). Our surface
analysis has been able to resolve simultaneous equilibria for
ligand exchange and surface etching that govern the progress of
the reaction as DDAB is introduced to purified CsPbBr; NCs.
In addition to this, we also found that the formation of 2D
CsPb,Brs nanoplatelets is accelerated by further increases in
the concentration of DDAB beyond the necessary amount for
effective passivation of the NC surface. Our approach in what
follows was to successively introduce aliquots of a DDAB stock
solution to natively capped CsPbBr;, formed from oleate/
oleylamine stabilized precursors, in a toluene solution. The
effect of this treatment was examined by parallel NMR and
ITC experiments.

B METHODS

Materials. All chemicals were used as received unless
otherwise stated. Ethanol (200 proof) was purchased from
Decon Laboratories; toluene (99.9%) was purchased from
Fisher Scientific. Bio-Beads S-X1 GPC medium was obtained
from Bio-Rad Laboratories. Toluene-dg (99.5%) was purchased
from Cambridge Isotope Laboratories. 1-Octadecene (ODE,
90%) and oleylamine (OAm, 80—90%) were purchased from
Acros Organics. Oleic acid (OA, 99%), PbBr,, and Cs,CO,
were obtained from Alfa Aesar. DDAB was purchased from
BTC chemicals.

Cesium Oleate (CsOA) Synthesis. Typically, 0.2040 g of
Cs,C0O;, 0.777 g of OA, and 5.85 g of ODE were loaded into a
25 mL three-round neck bottom flask and dried under vacuum
at 120 °C for 1 h. The temperature was then raised to 150 °C
under flowing N, until a clear solution of CsOA is obtained.

CsPbBr; NC Synthesis. NCs were synthesized as
described previously.”® Briefly, 144 mg of PbBr, 1 mL of
OA, 1 mL of OAm, and 7.5 mL of ODE were loaded onto a 25
mL three-neck round bottom flask, then dried for 1 h under
vacuum. The Schlenk line was switched to N, and temperature
was raised to 190 °C. One milliliter of presynthesized CsOA
(at 150 °C) was then rapidly injected and the flask
immediately cooled under an ice bath. The crude synthesized
mixture was then centrifuged at 10 000 rpm for S min, and the
supernatant discarded. The precipitate is redispersed in 3 mL
of toluene and recentrifuged at 10 000 rpm for 10 min. The
NC solution in toluene was then carefully pipetted into a clean
vial and stored until needed.

lon Metathesis Preparation of PF,~ Salts. DDAB or
tetraoctylammonium bromide (TOAB) is first dissolved in
toluene followed by the addition of a slight excess of potassium
hexafluorophosphate (KPF4) and thoroughly mixed for 30
min, leading to precipitation of KBr. The mixture is then
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Figure 1. (A) 'H NMR spectra showing displacement of oleic acid and oleylamine from the surface of CsPbBry NCs in the presence of increasing
DDAB concentration. (B) Baseline-corrected ITC thermogram (top) and corresponding integrated enthalpy change per mole of reactant (bottom)
for titration of DDAB into CsPbBr;. Mole ratios corresponding to the first three NMR titration points are indicated by the arrows.

filtered to remove KBr and undissolved KPF,, while organic
hexafluorophosphate compounds (DDA*PF;~ or TOAPF,")
remain in the solution.

GPC Purification. A GPC column was prepared and
equilibrated with toluene as described previously.”**' A
column height of approximately 30 cm was employed. For
purification, typically, 1 mL of NCs was centrifuged at 10 000
rpm and then carefully loaded unto the GPC column, followed
by elution by addition of clean toluene mobile phase.

'H NMR Analysis of NCs. All NMR spectra were recorded
on a Bruker Avance III-HD 400 MHz spectrometer. NMR
spectra of CsPbBr; NCs were taken in deuterated toluene-ds.

NMR Titration. For NMR titration, 0.4 mL of 4.76 uM
solution of CsPbBr; NCs was pumped dry under vacuum,
redispersed in deuterated toluene-dy, and pipetted into an
NMR tube. For the first—fourth titration, 50 uL of 0.0216 M
DDAB solution (in toluene) is added to the NMR tube, which
was then shaken to promote mixing. For the last titration, 100
uL 0.0216 M DDAB was added.

Isothermal Titration Calorimetry. ITC titrations were
performed on a TA-instrument Nano-ITC Standard Volume
calorimeter. Ligand solutions were titrated from a 250 uL
syringe into the sample cell, which was overfilled to its capacity
of about 1.2 mL (active volume 950 uL). The initial NC
concentration was 0.5 yuM. The reference cell was filled with
pure toluene. For each experiment, auto-equilibration was
followed by an additional 600 s delay. To allow for
equilibration between each injection, a 480 s time interval
was set between each injection for a total of SS injections at
4.57 uL injection volume (calibrated: 4.5 L nominal). The
first injection was set to 2.0 uL and the first two points were
excluded from the thermodynamic fit to account for possible
premixing of the syringe solutions during the equilibration
time. Reference titrations of the ligand solution were titrated
into a clean toluene solvent, performed to detect any
significant heat of dilution. Although the reference signal was
small, it was subtracted from actual NC titration isotherms

17899

before analysis. All heat signals obtained were fitted using
identical independent sites (Langmuir) using NanoAnalyze or
using the two-site exchange model implemented in custom
MATLAB code.

Transition Electron Microscopy. TEM images were
recorded with a Hitachi H-8000 microscope for all samples.
Diluted NC solutions in toluene were drop casted onto 400
mesh Cu grids with an ultrathin carbon support film (Type-94,
Ted Pella, Inc.) and pumped dry under vacuum for 30 min
prior to imaging.

B RESULTS AND DISCUSSION

For the present study, cuboidal CsPbBr; NCs with edge length
~6.7 nm were synthesized using a modified hot injection
method similar to previous reports.sz’53 Following synthesis,
the QDs flocculate spontaneously from the ODE solvent and
could be recovered by centrifugation; they were then brought
into solution in toluene for storage and further investigation.
We have recently demonstrated that such NCs possess a native
oleate/oleylammonium ligand coating, and that their QY and
stability can be imgroved through the introduction of DDAB
in toluene solvent.”®

'H NMR Results. Figure 1A illustrates a '"H NMR titration
conducted to investigate the effect of DDAB addition to the
NCs in toluene. For this experiment, a portion of the QD
sample was taken to vacuum and brought into toluene-dg. The
NC concentration was determined from the molar extinction
coefficient as described by de Roo et al.>* Starting with 0.4 mL
of a ~4.76 yuM CsPbBr; NC sample, aliquots of a DDAB stock
solution were sequentially added leading to the total
concentrations indicated. The corresponding mole ratio of
total DDAB/NC added is also indicated alongside each
spectrum. Each titration was also followed by UV-—vis
absorption spectroscopy (Figure S1). The assignment of the
NMR features is summarized in Figure 1A. Spectra for free
ligands in toluene-dg are provided in Supporting Information
Figures S3 and S4 for comparison. The peaks labeled § and §
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Scheme 1. Reaction of DDAB with CsPbBr; Nanocrystals
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correspond to an amide condensed from OA and OAm; they
do not change significantly during the NMR titration, which
indicates that they are not interacting with the surface of NCs.
Similar results have been observed in literature.>

To monitor displacement of native ligands from the surface
of the NC, we focused on peaks labeled “a” and “f” of the oleic
acid and oleylamine, respectively. The oleic acid “a” peak
collapses from being a broad peak to a sharp triplet while the
peak labeled “f” also migrated upfield (from 2.86 to 2.74 ppm,
matching the free ligand) and became sharper after the first
DDAB titration. Typically, bound ligand NMR resonances are
broadened and show downfield migration of peaks compared
to those of free ligands in solution.” Consequently, the
changes in a and b are characteristics of the ligands dissociated
from the NC surface,” indicating that oleate and oleylammo-
nium ion ligands are being substantially displaced from the
surface upon the first injection of DDAB. There are no
significant changes in the line shape and position of the peak
labeled “a” and “f” for subsequent DDAB addition after the
first titration. This suggests that the ligand exchange has
already approached completion after the first titration.

Peaks labeled 1 and 2 are associated with methyl and
methylene protons nearest the nitrogen in the DDA" cation.
We note that these peak positions have been shown to be
concentration dependent in the absence of NCs: Imran et al.**
observed continuous downfield migration and broadening of
these peaks as the concentration of DDAB is increased in
toluene solution, similar to our observation in Figure 1A.
Therefore, the position and shape of the peaks (2 and 1) are
unreliable indicators of the progress of ligand exchange as they
depend on the final concentration in solution.”® Nevertheless,
we and others have noted retention of these DDAB resonances
in NMR of purified NCs following exchange of native ligands
with DDAB at comparable concentrations, indicating signifi-
cant binding to the NC surface.””*® In a similar vein, the peak
labeled « is an acidic proton that could also undergo a fast
proton exchange in solution during each addition of DDAB
(e.g, RNH;" + Br™ < RNH, + HBr), thus explaining its
continuous migration during each DDAB addition.

Observation of the UV—vis absorption spectrum during the
NMR titration (as shown in the Supporting Information,
Figure S1) reveals a change in the absorption profile around
310 nm that is evident even after the first DDAB addition (50
uL added, equivalent to 568 DDAB/NC), and an additional,
broader absorption with an onset around 355 nm that appears
after the last addition. We ascribe these absorption peaks to the

formation of DDA*[PbBr;”| complexes and CsPb,Br; NPLs,
respectively, based on past literature reports.””>*° In
particular, similar absorption profiles have been reported
with these assignments by Balakrishnan et al.” and by Dahl et
al.** Notably, the bright visible green photoluminescence (PL)
of the initial CsPbBr; NC sample became quenched after the
last titration.

Analysis of CsPbBr; NCs exposed to a similar excess of
DDAB with transmission electron microscopy (TEM, Figure
S2) revealed platelets that were absent from the NC samples
prior to DDAB exposure. To further clarify the ligand exchange
process as observed by NMR, we repeated the DDAB NMR
titration using a GPC-purified NC sample (see Figure SS for
details), which revealed a similar trend indicative of ligand
exchange of native oleate and oleylammonium, followed by
continued shifts in DDAB peak positions at higher
equivalencies. The similar ligand exchange behavior before
and after GPC purification supports coordination of the NC
surface by oleate and oleylammonium ligands in the initial
sample and further indicates that the GPC-purified sample can
be an appropriate starting point for thermodynamic inves-
tigation of ligand exchange with a minimum of solution-phase
impurities.

Based on the observation from our NMR result and past
reports,”** we proposed a reaction scheme (Scheme 1)
occurring on the surface of the NC. There are three steps:
step 1 involves ligand exchange of native ligands to DDA* Br~,
step 2 involves the etching of the NC to form a DDA"
[PbBr;~] complex, while step 3 corresponds to the formation
of NPLs from the corresponding products formed from step 2.

ITC Results. Having identified these two regimes via the 'H
NMR spectra, we sought to understand in more detail the
thermodynamics of the ligand exchange, as well as the
subsequent process ultimately leading to phase transformation
of CsPbBr; to Cs,PbBr;, via ITC. To minimize the possible
interference of impurities on the calorimetry results, natively
capped CsPbBr; NCs were purified using gel permeation
chromatography (GPC).

The GPC-purified sample is then loaded onto the sample
cell of the ITC, with the reference cell being filled with pure
toluene. A known concentration of DDAB (3.0 mM in
toluene) was prepared in a glove box and loaded onto the
titrant syringe (see the Methods section for details). Figure 1B
shows the raw heat signal (thermogram) and the correspond-
ing integrated heat (isotherm) generated from a representative
ITC titration with DDAB at 3.0 mM. Titrations were done in
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triplicate. First, two titrations were done under identical
conditions (using 3.0 mM DDAB) to check the reproducibility
of the result, while the third titration was done using a higher
titrant concentration of 6.0 mM to confirm appropriate scaling
of the result with titrant concentration and extend to higher
ultimate DDAB equivalency.

The ITC signal in Figure 1B clearly indicates contributions
from at least two distinct processes: one endothermic and the
other exothermic. This is evidenced in the change of the
integrated heat signal from positive (endothermic) to negative
and in the appearance of different waveform shapes in the raw
heat thermogram between the beginning and end of the
experiment. The endothermic process concludes relatively
abruptly, which is characteristic of saturation of strongly
binding sites, while the exothermic signal diminishes only
slowly with successive titration points as might be expected for
a weaker interaction. Isotherms generated from additional
replicate titrations are presented in the Supporting Information
(Figure S7). The results are highly consistent and yield similar
thermodynamic model parameters on analysis, as discussed
below.

Under favorable conditions, ITC can distinguish and resolve
different types of binding sites in biological systems and also
for NCs.*>*”*” Based on supporting evidence from the NMR
titration (indicating substantially complete ligand exchange by
~568 mole ratio, Figure 1A,B), we attribute the endothermic
contribution to the isotherm to ligand exchange at the NC
surface with DDA"/Br~ displacing oleate and oleylammonium
native ligands (step 1 as illustrated in Scheme 1). The
exothermic contribution that commences as the first process is
reaching completion we attribute to the displacement of Pb-
containing complexes from the surface (represented as
DDA'PbBr,” in step 2 of Scheme 1). Our reaction scheme
is in agreement with past reports that consider the NC as being
composed of [CsPbBry](PbBr,){AX’}, where [CsPbBr;]
represents a stoichiometric inner core, surrounded by a
PbBr, monolayer and a mixed anion/cation coordination
layer occupying Cs and Br sites.”™”

Figure 2 shows representative absorption spectra and TEM
images of the sample before and after ITC. The sample
recovered from ITC (approximately 12 h after the start of the
reaction; ultimate total [DDAB] ~ 450 uM) shows elevated

(A) 1———"C3PbBr, NCs before ITC Tiration
9} — Recovered following 3mM titration
8} DDA*PbBr,”
£
s7
5
8
Es CsPb,Brs
2
8 4
c
83
o
82
<
1

300 350 400 450 500
wavelength (nm)

Figure 2. (A) Normalized UV—vis spectra before and after ITC
titration showing the formation of new absorption features with time.
(B) TEM image before ITC titration showing cuboid NCs. (C) TEM
image after ITC showing the prevalence of larger and more irregularly
shaped NCs due to ripening. Scale bars, 40 nm.
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absorption bands in the UV associated with PbBr;~ and
Pb,Br;~ complexes and/or CsPb,Brs,”* along with a small red
shift in the band-edge absorption peak of CsPbBrs.
Representative TEM micrographs (Figure 2B,C) indicate a
larger and broader size distribution of cuboid shapes,
suggesting that solubilization of PbBr,~ has promoted Ostwald
ripening. Our observation from the absorption spectra of the
solution of NCs recovered after ITC over time shows that
nanoplatelets are formed over a period of time rather than
instantaneously upon injection of DDAB. This has also been
observed by other groups.”** Therefore, the exothermic signal
observed in the ITC, which reaches equilibrium rapidly as seen
in the thermogram traces, must be from the formation of an
intermediate (step 2 of Scheme 1). Step 3 of the reaction
scheme (in which ripening and NPL formation occur via
PbBrx complexes displaced in step 2) proceeds slowly,
unobserved in the ITC trace, and could involve precipitation
and/or formation of different side products. In fact, upon
examining the samples recovered from ITC titration using 3
mM DDARB after a much longer time period (up to 6 months),
we found 340 nm absorbance signal continued to increase over
time, with a corresponding decrease in the absorption edge of
CsPbBr; NCs (Figure S6), indicating continued etching of
nanocrystals and corresponding transformation into Pb,Brs~
and/or CsPb,Br; NPLs. The partial overlap of steps 1 and 2
(Figure 1B) appears to show that these two processes occur in
a thermodynamically simultaneous manner, rather than in a
sequential (conditional) one, but the first process takes place
more significantly at the beginning of the titration indicative of
a larger effective association equilibrium constant.

When we repeated the ITC titration with higher DDAB
concentration (6 mM instead of 3 mM titrant: ultimate total
[DDAB] ~ 900 uM), the endothermic signal (step 1)
completes at the same mole ratio of DDAB added per NC,
while the exothermic signals (etching of the NC: step 2)
continue over the entire titration (Figure S7). As shown in
Figure 3, an inspection of the recovered sample after ~12 h

CsPbBr3 NCs before ITC titration
Recovered following 6mM titration
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Figure 3. Normalized UV—vis spectra before and after ITC using a
higher concentration of DDAB (6 mM titrant, final conc. 900 uM),
indicating accelerated morphological changes at high equivalency.

showed that the transformation from CsPbBr; to CsPb,Br;
(step 3) occurred far more rapidly and extensively under the
conditions found at the conclusion of this titration, similarly to
what was observed at high [DDAB] in the NMR titration
samples.

Thermodynamic Analysis. To obtain parameters for the
ligand exchange reaction in step 1 from the ITC data, the
simplest approach is to model it as competitive binding at a
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single set of identical independent sites initially occupied by
native ligands (site 1). The chemical equation for this step and
the corresponding equilibrium constant K., are represented in
eqs 1 and 2 below, where 6, is the fractional occupancy of site
1 by the new ligand:

NC(RNH," — RCO,”) + DDA" — Br <
NC(DDA" — Br”) + RNH,* — RCO,”~ (1)
_ [NC(DDA" — Br )][RNH; — RCO;]

[NC(RNH3 — RCOO )][DDAB]

__ 0 Wl
(1 -6, [DDAB] ©)

ex

We have shown previously that the competitive binding
isotherm for a 1:1 ligand exchange, in the limit of a large
exchange equilibrium constant K., with negligible free ligand
or vacant sites to start with, can be approximated in terms of a
Langmuir isotherm with effective association constant K. A
Langmuir-model fit of the data can provide K. N, and AH
from which K, can be obtained.

The presence of the second exothermic process complicates
the application of this approach in the present case, as the
equilibrium for each process must be satisfied simultaneously
and titration points near the transition between them will
contain heat contributions from each. Nevertheless, the step
with the largest equilibrium constant will predominate at low
equivalency. Inspection of the ITC isotherm (Figure 4) shows

——independent site exchange (Langmuir fit)

4001 experimental data

¢ included in the fit

-100

.....................................

0 200 400 600 800 1000 12001400 1600 1800
mole ratio (DDAB:NCs)

Figure 4. Fit of endothermic region of data in Figure 1B as ligand
exchange at identical, independent sites.

that the exothermic signal seen at high equivalencies is due to a
sharp exothermic wave that is largely absent from the signal at
the beginning of the titration. Consequently, approximate
values for the reaction parameters for site 1 (step 1), describing
DDAB ligand exchange, can be obtained by selectively fitting
the endothermic portion of the ITC isotherm using the
Langmuir-model approximation. Figure 4 shows this fit for the
titration shown in Figure 1B, and the site parameters obtained
from the three replicates are summarized in Table 1.

As discussed above, the second step appears to entail
displacement of PbBr, complexes from the NC surface. To
resolve the contributions from step 1 and step 2 more
precisely, we considered a model that explicitly describes the
competitive binding of the same DDAB ligand component at
two sets of thermodynamically distinct “sites” with site 1

representing oleate/oleylamine exchange and site 2 accounting
for the displacement of PbBrx from the NC surface in step 2.
As discussed in the Supporting Information, for values of K.,
< 1, ITC isotherms for competitive ligand exchange are
parameterized by a single value: the product AH (NK,)'? and
as such, unique values for AH,, N,, and K, are not easily
obtained from the data alone. Based on the scaling of the
incremental heat with injection number (or mole ration of
DDAB/NCs), step 2 appears to fall in this regime. Given this
limitation and the complexity of the reaction, we are hesitant
to draw conclusions about the equivalency or reaction
parameters for the second step, but we have clearly shown
that it proceeds with a much smaller equilibrium constant than
step 1 (ligand exchange).

Closer inspection of the first few titration points in Figure
1B and each of the replicates in the Supporting Information
(Figure S7) shows that the integrated heat signal is initially
diminished and grows larger (more endothermic) before
eventually falling as step 1 saturates. This behavior can be a
signature of competitive binding reactions that start with a few
vacant sites due to low equivalency of the initial ligand, but
could also arise from ligand interactions.

To investigate this region in more detail, and also to separate
the influence of cationic (DDA" for oleylammonium) and
anionic (Br~ for oleate) ligand exchange on the overall result
when DDAB is introduced, we repeated ITC titrations at lower
equivalency (DDAB:NC between 1 and 650) focusing on the
ligand exchange region. This allowed us to compare ITC
titration results for DDAB and analogous salts in which weakly
interacting counterions are substituted: tetraoctylammonium
bromide (TOAB), didodecyldimethylammonium hexafluoro-
phosphate (DDA'PF,"), and TOA'PF,~ (Figures S9 and
§$10). As shown in the Supporting Information (Figure S11),
the rising and falling endothermic signal is seen when DDAB
and DDA'PF,~ are introduced. In contrast, TOAB generated a
classically sigmoidal endothermic isotherm, saturating at
similar total equivalency. TOA*PF,~ showed a smaller
endothermic signal indicative of weak interactions. The
conclusion is that both anionic and cationic exchanges are
endothermic in this reaction. Also, the initial rise in the
isotherms for the DDA titration indicates the occupation of
initially vacant sites. Following GPC purification, it is likely
that NCs have some Cs/Br vacancies that are not occupied by
the native organic ligands due to the removal of excess ligands
during GPC purification. The initially diminished endothermic
response when DDA is introduced could indicate that DDA*/
Br~ and DDA"/PF,~ are able to occupy these sites initially
without displacing the native ligands in which the DDA*
occupy the Cs vacancy. In contrast, TOA™ being a very
bulky ligand is unable to occupy these Cs vacancies. As a result,
Br™ does not bind to vacant sites when accompanied by the
bulkier TOA" and can only bind by displacing OA™. Adding
together control titrations gives an isotherm that approximates,
but overestimates, the DDAB isotherm: the difference could
indicate more favorable interligand interactions in the DDA*/
Br™ coating than are achieved when only one is exchanged,
which is plausible given the steric bulk of both oleate and
oleylammonium. The presence of significant interligand
interactions, which is not unexpected for NC surfaces,
indicates that the parameters resulting from the Langmuir fit
must be considered as effective values that implicitly
incorporate such interactions, given the crudeness of the
Langmuir-model approximation in the present case, but they
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Table 1. Thermodynamic Parameters for Ligand Exchange of 6.7 nm OA/OAm-Capped CsPbBr; NCs with DDAB

K,

ex

130 + 55°

N (per NC)

site 1 343 + 13

AH

32.7 + 4.07

(kJ mol™) AS (J mol™ K7)

150 + 13"

AG (IJ mol™)
—-12.1 + 1.0°

“Uncertainty represents the standard deviation for ITC fit parameters on three replicate titrations. “Uncertainty represents propagated error.

can be a starting point for comparison with theoretical analysis
and subsequent studies.

The K., of the ligand exchange (step 1) indicates that the
binding of DDAB to the surface is favorable compared to the
oleate/oleylammonium native ligand set. Using the equations
AG°®° = —RTInK and AG® = AH® — TAS°®, the standard free
energy change was estimated to be around —12.1 + 1.0 kJ
mol~". The endothermic initial ligand exchange is found to be
driven by a large and positive entropy change, presumably
driven by the release of oleylamine and oleic acid li%ands into
the toluene solution phase. Indeed, Imran et al,™ through
their theoretical calculations, predicted that the difference in
enthalpy is not the driving force for the greater stability of
DDAB-capped surfaces, and our experimental evidence
corroborates this result.

To compare the results from the NMR and ITC titrations,
we revisited our NMR results using our thermodynamic model
for the two-site exchange. Using the thermodynamic
parameters from the ITC experiments, but substituting NC
and ligand concentrations for the first NMR titration point
(476 uM NC and 2.4 mM DDAB), we predict 6, = 97.6%
occupation of site 1 with DDAB. Inspection of the NMR
spectra of the first DDAB titration showed that indeed the
upfield migration of the peak labeled  (for OAm*) and the
sharpening of the oleate “a” peak, characteristics of ligands
displaced from the surface of NCs, is essentially complete at
this point. As discussed previously, after the first titration, these
two peaks show no significant change. At this same titration
point, step 2, corresponding to the DDA'PbBr;~ complex
formation, has proceeded to only a small extent (6, ~ 7% in
the two-site model).

We note that the Infante group, in a computational study,
predicted that stripping the outer core (PbBr,) of the NC
(corresponding to etching of the NC: step 2 of Scheme 1)
could lead to considerable reorganization of the NC.>” This
shows that performing a ligand exchange with a relatively larger
amount of DDAB (more than necessary for the passivation of
the surface of the nanocrystals, 1.3 ligands/nm* based on
measured N for site 1) will accelerate the rate of trans-
formation of nanocrystals. This result clearly shows that DDAB
can serve as a ligand for effective passivation®>®’ and yet also
be a driver for phase transformation, corroborating the earlier
reports that excess DDAB is detrimental to the surface of
CsPbBr; NCs.” The sensitivity of the phase transformation rate
to the excess DDAB concentration, which bears a resemblance
to that noted by the Kamat group for exposure of CsPbBr;
NCs to dodecyldimethylamine,” could indicate the presence of
a nucleation threshold for the concentration of the soluble
complex that is formed by the exothermic process in the ITC
results, above which precipitation of CsBr and/or CsPb,Br; is
accelerated.

Bl CONCLUSIONS

We have successfully separated and quantified the thermody-
namics of two different processes that occur during DDAB
treatment of initially oleate/oleylammonium-capped CsPbBr;
NCs: namely, ligand exchange that proceeds readily with a

17903

large equilibrium constant, followed by a ligand-mediated
displacement reaction that ultimately leads to phase trans-
formation of CsPbBr; NCs to 2D CsPb,Br;. In light of these
conclusions, an effective strategy for using quaternary
ammonium halide treatment to produce highly stable and
fluorescent CsPbBry NCs is to conduct ligand exchange with
only a modest excess to drive the first step, followed by
removal of excess DDAB and displaced oleic acid/oleylamine
native ligands, so that steps 2 and 3 cannot advance
significantly at equilibrium. We have recently implemented a
variant of this approach using GPC purification following
DDAB exchange to isolate stabilized NCs.”® Understanding
the thermodynamics of the phase transformation pathway
should also help provide better-targeted approaches for
intentional formation of CsPb,Br; nanomaterials including
epitaxial core—shell structures. Also, ITC has proven to be a
highly effective complementary technique for understanding
surface reactions in NCs and has been used to probe the
surface chemistry of chalcogenide NCs,**™* but until now had
not yet been applied to the surface reactions of perovskite
NCs. We anticipate that the versatility of this technique in
understanding surface reactions in NCs could be useful in
studying other surface and bulk reactions in IHP NCs in the
near future, with prospects for improving their stability and
optoelectronic performance.
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