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ABSTRACT: Post-synthesis ligand exchange has been 
employed extensively on lead halide perovskite (LHP) 
nanocrystals (NCs), but the complex ligand shell 
composition of the starting NCs prevented a clear 
understanding of the exchange process and the surface 
chemistry of the final NCs remained poorly characterized.  
Here, we describe a ligand exchange strategy involving the 
displacement of both cationic and anionic ligands on native 
model systems of CsPbBr3 NCs, which are exclusively coated 
with Cs-oleate. These ligands are exchanged with various 
quaternary ammonium bromides (R4NBr) and complete 
exchange is confirmed by nuclear magnetic resonance 
(NMR) spectroscopy analysis. The displacement of the 
native Cs-oleate ligands with proton-free R4NBr delivers 
NCs with excellent colloidal stability and near-unity PLQY, 
which is preserved after washing with polar solvents and 
over three weeks of storage in air, and after heating a 
solution of NCs to 80 °C, as confirmed by NMR analysis. The 
results, together with density functional theory 
calculations, suggest that the higher stability of quaternary 
ammonium capped NC is not due to a stronger binding 
interaction to the surface, but rather to weaker solvent-
ligand interactions of  R4NBr compared to Cs-oleate, driving 
the former to the surface of the NC.

Lead halide perovskites (LHPs) are promising materials for 
many applications, as they exhibit a tunable band gap in the 
range of 1.4 to 2.9 eV and an efficient photoluminescence 
characterized by narrow emission linewidths.1-6 Although 
LHPs are generally considered to be defect tolerant, 
appropriate surface passivation is still necessary in order to 
obtain highly efficient and stable emitters. Colloidal LHP 
nanocrystals (NCs) represent an excellent platform to study 
the affinity of ligands towards the surface of LHPs and the 
effects of surface passivation on their light emitting 
properties. Recent studies have shown that LHP NCs are 
terminated by a PbX2 (X=Cl, Br, I) layer7, passivated by an 
“AB” layer composed of pairs of charged (A+ and B-) ligands8, 
that accommodate on the NC surface by filling the 
perovskite lattice sites.7 These charged ligands may be 
typical organic molecules that confer colloidal stability to 
the NC but can also be small ions. For instance, LHP NCs of 
first generation are passivated by B- ligands such as long 
chain carboxylates and small halides, in 
combination/paired with A+ ligands such as long chain 
primary ammoniums and possibly small ions.8-9 As far as the 
electronic properties are concerned, the passivation of 
surface lead atoms with anionic ligands (B-) is crucial to 
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obtain near-unity photoluminescence quantum yields 
(PLQYs) while the cationic (A+) ligands act as spectators.

LHP NCs of first generation typically exhibit PLQYs below 
unity due to poor surface coverages. Post-synthetic 
treatments with primary ammonium halides and inorganic 
salts containing pseudohalide anions (SCN-, BF4

-) allow to 
increase the surface coverage and achieve near-unity 
PLQYs.10-12 However, primary ammonium and carboxylate 
ligands tend to desorb from the NC surface and primary 
ammonium ions are additionally prone to dissociate into 
neutral species (RNH3X  RNH2 + HX(g)).13 As a 
consequence, these NCs typically exhibit poor robustness 
towards washing with polar solvents and their colloidal 
stability and luminescence properties can only be 
maintained in the presence of an excess of ligands. This is 
undesirable in view of further processing of NCs into 
devices. Therefore, efforts have been made to identify 
ligands that can provide ideal electronic passivation and 
bind more tightly to the NCs. For instance, B- ligand 
exchange of carboxylates with bidentate dicarboxylates or 
with softer anions such as phosphonates14-15 was found to 
increase the long-term stability of LHP NCs. Nevertheless, 
the weakly bound primary ammonium are most likely still 
present in the ligand shell and the robustness of the NCs 
towards washing steps has not been thoroughly assessed. 
An alternative was provided by zwitterionic ligands such as 
sulfobetaine derivatives, which enhance the colloidal 
stability of CsPbBr3 NCs and make them withstand washing 
with polar solvents, but their PLQY remained below 80%, 
suggesting that this particular surface passivation is still not 
optimal.16 

Here, starting with CsPbBr3 NCs exclusively capped by Cs-
oleate,17 we demonstrate the simultaneous exchange of 
both B- and A+ ligands with various quaternary ammonium 
bromides which are proton-free and therefore stable, unlike 
primary ammonium bromides. We show that the treatment 
of CsPbBr3 NCs with R4NBr molecules where two R groups 
are long alkyl chains and two others are methyl groups, 
delivers NCs with excellent colloidal stability and near-
unity PLQY, which is preserved after washing with polar 
solvents and over three weeks of storage in air. According 
to nuclear magnetic resonance (NMR) spectroscopy, the 
improved stability and optical properties are due to the 
strong binding affinity of R4NX to the NC surface. Strikingly, 
DFT calculations indicate that the ligand to NC interaction 
for R4NBr and Cs-oleate are similar in terms of binding 
energy, even in presence of explicit ligand-ligand 
interactions,  suggesting that the higher colloidal stability of 
quaternary ammonium bromide coated NCs should be 
traced back to weaker interactions of the R4NBr molecules 
with the solvent, which is not included in the DFT models.

 Although in previous works R4NXs have been already 
reported to improve the performance of LHP thin-film solar 
cells18 as well as the luminescence of first generation NCs up 
to about 80%,12, 19-20 the complex ligand shell composition 
of the starting NCs prevented a clear experimental 
investigation of the pre- and post-ligands exchanged NC 
surface. The novelty of the present work stands therefore in 
a clear demonstration of simultaneous anion and cation 
ligand exchange on LHP NCs, as the surface passivation of 
the initial and final NCs have been thoroughly assessed.

Figure 1. Top left: ligand exchanged scheme using DDDMAB. TEM images of (a) Cs-oleate capped and (b) DDDMAB capped CsPbBr3 
NCs. (c) XRD patterns of the corresponding samples and reference pattern (COD 96-451-0746). (d) XPS spectra of Cs-oleate capped 
and DDDMAB capped NCs (normalized to Pb 4f signals). (e) 1H NMR in toluene-d8 of (i) oleic acid, (ii) Cs-oleate capped CsPbBr3 NCs, 
(iii) DDDMAB (iv) DDDMAB capped CsPbBr3 NCs. (f) Absorbance and PL spectra of Cs-oleate capped and DDDMAB-capped CsPbBr3 
NC dispersions in toluene and their (g) PL decays.

The “Cs-oleate capped” CsPbBr3 NCs (8.8 nm edge length) 
used for the ligand exchange reported here were prepared 

following our recent work,17 which employs oleic acid and a 
secondary amine in the synthesis. As discussed in that work, 
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secondary ammonium ions are not part of the NCs ligand 
shell.17  One fraction of this sample was purified and kept as 
a reference. The remaining crude solution of NCs was mixed 
with a toluene solution of R4NBr. For the latter, two R 
groups were always methyl, while the other two were either 
dioctyl (C8), didecyl (C10) or didodecyl (C12). An excess of 
ethyl acetate was added, and the NCs were separated by 
centrifugation and redispersed in toluene, see Supporting 
Information (SI) for further details. We discuss first the case 
in which R4NBr is didodecyl dimethyl ammonium bromide 
(DDDMAB, C12). The oleate capped NCs and those that were 
ligand exchanged with DDDMAB had the same 
morphological and structural characteristics, as seen from 
transmission electron microscopy (TEM, Figure 1a-b) and 
X-ray diffraction (XRD, Figure 1c). The reaction is actually 
an exchange of Cs-oleate with the ammonium bromide. 
Elemental analysis via X-ray photoelectron spectroscopy 
(XPS) revealed that, upon exchange, the Cs:Pb ratio 
decreased from 0.9 to 0.8 while the N:Pb and the Br:Pb 
ratios increased from 0 to 0.4 and from 2.2 to 2.8, 
respectively (Figure 1d). These values suggest that our 
ligand exchange reaction induced an apparently 
unbalanced replacement of 0.1 Cs+ with 0.4 ammonium ions 
per each Pb in the NCs. However, it should be noted that the 
initial Cs-oleate capped NCs do not present a completely 
passivated outer shell, given that their PLQYs are always 
below 80 %.17  We therefore explain the apparent unbalance 
with the fact that the quaternary ammonium salts could 
both exchange native Cs-oleate ligands and also anchor to 
the vacant sites at the outer shell to completely passivate it. 
Given the stoichiometry of the used R4NBr ligands, the 
addition of 0.4 N/Pb should result in the addition of 0.4 
Br/Pb as well, while our XPS data indicate an increase of 0.6 
Br/Pb. It is however known that halides have a tendency to 
desorb from lead halide perovskites when these materials 
are exposed to ionizing radiations as X-rays or e-beams.21 
This appears to be even more evident in underpassivated 
NCs, as should be the case for our starting Cs-oleate capped 
NCs, where a Br/Pb ratio of 2.2 seems to be highly 
unrealistic (values close to 2.8 have been calculated for NCs 
of this size)7 and is most likely due to high loss of Br during 
the XPS experiment itself. The quantification of Br is 
therefore underestimated, especially for the Cs-oleate 

capped NCs, and consequently the obtained 0.6 increase in 
the Br/Pb ratio is likely overestimated.

The 1H-NMR resonances of the Cs-oleate and DDDMAB 
capped CsPbBr3 NCs, as well as the respective “free” 
molecules are reported in Figure 1e. Here, the spectra of the 
capped NCs exhibit a much broader signal compared to the 
free molecule cases, due to the binding of ligands to the 
surface of NCs (complete assignments of resonances are 
reported in Figures S1-4). The resonances in the DDDMAB 
capped NCs are ascribable mainly to DDDMAB, with only 
weak signatures from the oleate molecules. To determine 
the ligand composition in the DDDMAB treated sample, we 
dissolved the NCs in deuterated dimethyl sulfoxide and 
performed quantitative NMR (q-NMR) analysis. The ratio 
between the integrated intensities of the -CH2-N signal of 
DDDMAB and the signal of the alkene protons of OA 
revealed that 89% of ligands are quaternary ammonium 
and 11% are oleate species (see also Figure S5). To achieve 
complete replacement of Cs-oleate with DDDMAB, we 
performed additional cycles of ligand exchange (see the SI 
for further details).,. 1H-NMR analysis and q-NMR analysis 
of the triply exchanged NCs did not reveal the presence of 
alkene protons resonances of OA, thus indicating that the 
exchange  was complete (see Figures S6-S8 of the SI). Also, 
repeated cycles of exchange did not compromise the 
colloidal stability and optical integrity of the NC dispersions 
(see Figure S9). The data that follow are however related to 
NCs exchanged only once with R4NBr species, as a single 
step was already sufficient to ensure the colloidal stability 
and near-unity QY. Compared to the Cs-oleate capped NCs, 
emitting at 2.41 eV with a PLQY of 70 ± 5 %, the DDDMAB 
capped NCs exhibited a slight blue shift (10 meV) in their PL 
and an increase in PLQY, which reached near-unity (100 ± 5 
%, Figure 1f). The blue shift is probably due to surface 
etching (see also Koscher et al.).12 Furthermore, the PL 
decays (Figure 1c) became faster and could be fitted to a 
biexponential function in which the first component had 
95% amplitude weight (very close to a single exponential), 
indicating that the DDDMAB capped NCs were essentially 
trap-free. From the fitting of the PL decays we could extract 
the observed lifetime and radiative kr and non-radiative knr 
time constants (see Figure 1g and Table S1).

Figure 2. (a) Absorbance and PL of Cs-oleate capped and DDDMAB capped CsPbBr3 NCs aged for 3 weeks under air in closed vials. 
(b) PLQY over time and (c) PL decays of aged samples. Thermal stability tests on (d-f) Cs-oleate capped and (g-i) DDDMAB capped 
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NCs: (d-e) 1H NMR spectra in toluene-d8 of Cs-oleate capped NC dispersions at various temperatures: in (d) the temperature is raised 
from 27°C to 80°C. Then (e) the temperature is lowered to 50°C, kept at 50°C for 2 hours, and lowered to 27°C.  (f) Photograph of the 
NMR tube after the thermal treatment. (g-i) Same analyses as for (d-f) but on DDDMAB capped NCs. 

We then tested the long-term stability of the ligand 
exchanged samples and compared it to that of the Cs-oleate 
capped NCs. When stored in air for three weeks, the Cs-
oleate capped NCs evidenced a red shift in their optical 
features (compare Figures 1f and 2a), their PLQY dropped 
from 70 to 10 ± 5 % and PL lifetime increased (Figure 2b-c). 
Also, their morphology had changed (Figure S10). The 
DDDMAB capped NCs on the other hand remained 
unchanged in their optical features (Figure 2a-c), and their 
size, shape and phase were preserved (Figure S11-12). They 
were stable even in highly diluted dispersions (Figure S13), 
which is remarkable, since dilution with apolar solvents 
commonly promotes the detachment of ligands from the 
surface of halide perovskite NCs.22-24 We finally tested our 
ligand exchange procedure on aged Cs-oleate capped NCs, 
with PLQY of 30 ± 5 %. Following the addition of DDDMAB 
to the aged NCs dispersions, the PLQY rose rapidly up to 94 
± 5%, with no alteration in their morphology. Again, this 
substantial increase in the PLQY was accompanied by a 
significant reduction in the PL lifetimes (Figure S14).

We further compared (by means of 1H NMR) the thermal 
stability of the Cs-oleate and DDDMAB capped NCs in 
toluene-d8. Cs-oleate capped NCs exhibited a significant 
narrowing and up-field shift of the α-CH2 protons signal on 
increasing the temperature from 27 to 80°C (Figure 2d), 
which is indicative of the release of ligands and explains the 
degradation of the NCs as seen from a photograph of the 
NMR tube in Figure 2f. This release of ligands is not 
completely reversible, since the observed chemical shift 
remained unchanged upon reducing the temperature to 
27oC (Figure 2e). For the DDDMAB capped NCs, upon 
increasing the temperature, a signal appeared at around 
3.40 ppm, suggesting a partial release of ligands, however 
no overall chemical shift or narrowing of the peaks during 
the entire heat treatment cycles was observed. This means 
that the ligands were not desorbing and, indeed, the NCs 
remained stable (Figure 2 g-i). To gain further insight into 
the enhanced colloidal stability we investigated the 
DDDMAB ligand-NC surface interaction by 2D nuclear 
Overhauser effect spectroscopy (1H NOESY) and DOSY 
(diffusion ordered spectroscopy), see Figure S15-21 for 
details. 2D 1H NOESY, at 50 °C, on solutions of free DDDMAB 
molecules and dispersions of DDDMAB-capped NCs 
exhibited positive (blue) and negative NOE cross peaks 
(red), respectively, which is in agreement with the 
characteristic of free and bound species, respectively. 
Heteronuclear single quantum coherence spectroscopy (1H-
13C-HSQC) further confirmed that the signal of interest 
observed in the NOESY corresponds to the DDDMAB 
species. DOSY on DDDMAB-capped NCs revealed a diffusion 
coefficient of ca. 170 µm2/s which is considerably smaller 
than that of free ligand (540 µm2/s), and is compatible with 
an estimated bound molar fraction of DDDMAB equal to 
75.3%. The observed diffusion coefficient in DDDMAB-
capped NCs is lower than what is typically observed with 
aliphatic ammonium (>300 µm2/s) and carboxylate (>240 

µm2/s)13 but is still higher than the theoretical value for 
tightly bound ligands for same NC size (48 µm2/s).

Similar results were found when the oleate capped NCs 
were ligand-exchanged with shorter chain quaternary 
ammonium ions, namely didecyl-dimethylammonium 
bromide (DDMAB, C10) and dioctyl-dimethylammonium 
bromide (DODMAB, C8). The addition of DDMAB and 
DODMAB to a crude solution of Cs-oleate capped CsPbBr3 
NCs instantly brightened up the solution, similar to the 
DDDMAB (C12) case. According to TEM (Figure S22 a, b) the 
ligand exchanged NCs retained their size monodispersity, 
and also the optical absorption profiles and XRD patterns 
remained basically unaffected. Again, a small blue shift (10-
20 meV) was observed in the PL spectra of the ligand 
exchanged NCs (with larger shift for the shorter chain 
ligands). Both DDMAB and DODMAB capped NCs had near 
unity PLQY (Figure S22-S23 and Table S1). 

To explore the origin of the enhanced PL and high 
stability of the NCs passivated by quaternary ammonium 
bromide ligands, we performed density functional theory 
(DFT) calculations using the cp2k package25 (see the SI for 
details). We built a charge-balanced nanocube of 2.4 nm 
length, terminated with PbBr2 and capped with an AX layer 
made of CsBr, which in the model mimics the colloidal outer 
shell. At first, we focused on the ligand binding features of 
only one ion-pair at the surface. To build this system, we 
removed one CsBr unit from the outer AX shell and replaced 
it with a mixed organic/inorganic salt, either DDDMAB or 
Cs-oleate. Upon structural relaxation at the DFT/PBE level 
of theory,26 the quaternary ammonium bromide molecule 
dissociates on the surface of the NC, with the Br 
coordinating the Pb cation, completing the [PbBr6]4- 
octahedron. The anchoring of the quaternary ammonium 
occurs with one of the N-CH3 bond sitting perpendicular to 
the NC surface (Figure 3a). This is in contrast with the 
passivation by secondary ammonium ions, for example,17 
where the ligand anchors to the NC with the two methyl 
groups and the N atom lying on the same plane parallel to 
the NC surface (Figure S24a), orienting the long alkyl chains 
to increase lateral strain and disfavor a complete 
passivation of the surface. 
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Figure 3. (a) Binding configuration of one TMAB ligand sitting 
in the A site. One of the N-CH3 is almost perpendicular to the NC 
surface. (b) Relaxed structure of a CsPbBr3 NC passivated with 
tetramethylammonium bromide (TMAB) with a surface 
concentration of 1.6 ligands/nm2. (c) In the higher panel, a plot 
of the projected density of states (PDOS) of the whole NC is 
shown; in the lower panel each molecular orbital is depicted 
independently. The contribution of each atom type to 
molecular orbitals is shown with a different color. (d) 
Isosurface of the highest occupied molecular orbital (i.e., the 
valence band edge orbital) with a counter value of 0.02 
e/Bohr3. 

Additionally, we found that at the same level of theory, 
the calculated binding energy of DDDMAB (48.2 kcal/mol) 
to the NC surface is similar to that of Cs-oleate (51.3 
kcal/mol). These values are in line with the binding 
energies computed for primary ammonium bromides (45.3 
kcal/mol)13 or zwitterionic ligands such as sulfobetaine 
(41.0 kcal/mol)16, indicating that the interaction between 
the NC and the ligand is dominated by electrostatic 
interactions, irrespectively of the type of anchoring group 
employed. Positioning one ligand, however, takes into 
account only the local interaction of the binding group to the 
surface, neglecting ligand-to-ligand interactions. To include 
this effect, we decided to fully passivate one of the facets of 
our NC model with either DDDMAB or Cs-oleate, attaining a 
ligand surface concentration of 2.8 ligands/nm2 (Figure 
S24-c), chosen to be higher than the 1.6 attributed in the 
experiment. This choice, however, provides an upper limit 
to the steric interaction between the ligands. In this 
configuration, we find that the steric repulsion between the 
ligands decreases the binding energy to 39.1 kcal/mol per 
ligand in the case of Cs-oleate and to 36.6 kcal/mol for 
DDDMAB. These values again indicate that these types of 
ligands still remain tightly bound to the surface with no 
particular difference between DDDMAB and Cs-oleate, with 
the latter being even slightly stronger. This result implicitly 
suggests that the main origin of the higher binding affinity 
of DDDMAB to the NC surface found in the experiments, 
compared to Cs-oleate, might be ascribed to solvent-ligand 
interactions, which are not captured by the calculations. A 
full exploration of this effect from the computational 

standpoint is quite involved and will be assessed in future 
theoretical works. 

Finally, to assess the structural tolerance to form defects 
for ammonium passivated systems we replaced CsBr units 
from all six facets with tetramethyl ammonium bromide 
(TMAB) to attain an overall surface concentration of 1.6 
ligands/nm2 in order to look at the effect on the computed 
electronic structure. We chose TMAB to facilitate 
calculations as the system size grows significantly with the 
number of ligands. Despite the moderate passivation, after 
structural relaxation (Figure 3b), the electronic structure of 
this system is free of midgap states (Figure 3c) as also 
highlighted by the complete wavefunction delocalization of 
the highest occupied orbital, which is usually prone to the 
formation of trap states (Figure 3d).27 

We also ran a series of ligand exchange trials using 
various toluene-soluble secondary, tertiary and quaternary 
ammonium bromides: didodecyl ammonium bromide 
(DDAB), dimethyldodecyl ammonium bromide (DMDDAB), 
and tetraoctyl ammonium bromide (TOAB) (see Figure 
S25). A significant increase in PL was observed after 
treatment with aforementioned ligands, however all the 
samples degraded after two weeks of storage under 
ambient conditions. We ascribe the degradation of samples 
treated with secondary and tertiary ammonium bromides 
to the dissociation of these ligands, while the degradation of 
sample treated with TOAB is most likely due to the fact that 
the positive charge in TOAB is too far from the NC surface to 
provide adequate stability.

In summary, we have reported a cation and anion 
simultaneous exchange strategy involving the displacement 
of both ionic ligands on Cs-oleate capped NCs. Cesium oleate 
ligands coating the surface of as-synthesized CsPbBr3 NCs 
were exchanged with various quaternary ammonium 
bromide (R4NBr) species, and ligand exchange was 
confirmed by extensive NMR characterization. The 
successful exchange ensured colloidal, structural and 
morphological integrity of the NCs and additionally pushed 
their PLQY to near unity, which was preserved after 
washing with polar solvents, over three weeks of storage in 
air, and even after heating. We attribute this remarkable set 
of properties to the stronger binding affinity of R4NBr to the 
surface of the NCs. Ligand exchange driven exclusive 
passivation with short chain quaternary ammonium ions 
(for example C8) will be particularly appealing for using 
these NCs in light emission related technologies.

ASSOCIATED CONTENT 

Supporting Information. Details on synthesis, on 
characterization of the materials and on computations.
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