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Abstract 
Lead halide perovskite nanocrystals(PeNCs) have not 

been clarified regarding the factors that affect the 
improvement in photostability by zwitterionic ligands.  
Therefore, we focused on the substituent space in the 

zwitterionic ligands and clarified the mechanism for 
improving the photostability of PeNCs with zwitterionic 
ligands. We clarified that the key factor in the 
improvement of photostability by zwitterionic ligands is 
the ligand ratio on the PeNCs surface caused by the 
substituent space. SB3, a synthesized ligand with the 
number of carbons between substituents of 3, occupied 
87.4% of the surface, and this ratio was significantly 
higher than the ratio of ligands with other substituent 
spaces. This critically affected the photostability, and 
PeNCs with SB3 successfully maintained the PLQY after 
30 h of photoirradiation (λex. = 450 nm; Irradiation Intensity 
= 30 mW/cm2). 
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1. Introduction
Lead Halide Perovskite nanocrystals (CsPbX3, X = Cl, Br, and I)

are promising next-generation photoconversion materials for
various optoelectronic devices, such as solar cells [1], enhancement
conversion films [2], LED (light-emitting diodes) [3], lasers, and
X-ray detectors [4] (Figure 1). Their outstanding and excellent
optical properties include high luminescence quantum yield 
(PLQY), narrow full width at half maximum (FWHM), and easily
tunable photoluminescence due to the crystal size or mixing halide
[5]. Because of these excellent optical properties, PeNCs were used
as optical materials to compare pristine CdSe and InP QDs.
Furthermore, PeNCs can satisfy the latest television standard BT.
2020 and have the potential to be ultimate displays [6] [7]. However, 
PeNCs have issues that strongly support their stability. [6].
The PeNCs were protected by capping their surfaces with ligands. 

Typically, oleic acid and oleylamine are used as ligands. It has been 
reported that these ligands repeatedly absorb and desorb on the 
surface of PeNCs owing to the acid-base equilibrium[8][9]. 
Ligands are electrically absorbed on the PeNC through the 

exchange of protons between the carboxylic acid and amine groups. 
In other words, the ligands dynamically capped the PeNC surface 
by continuously transitioning between ionic and non-ionic 
substituents through proton exchange. 
However, the PLQY of the PeNCs dramatically decreased under 

strong photoirradiation, assuming a backlight display. In general, 

the photodegradation process is as follows. ①The surface ligands 

momentarily desorb from the PeNC surface.②The surface leads 

are exposed to the external environment. ③The exposed leads are 

oxidized or reduced and converted from Pb2+ to Pb4+ or Pb0 due to 

oxygen or photo energy[10] [11].④The desorbed ligands are 

prevented from reabsorbing onto the surface because the charge 

state of the exposed lead atoms has changed. These processes result 

in the formation of numerous surface defects on the PeNCs and 

aggregation of the PeNCs. Furthermore, the trap levels in the 

energy band gap were formed due to these surface defects, 

hindering effective carrier recombination in the PeNCs[12].  

Therefore, the degradation mechanism must be suppressed, which 

poses a significant challenge to the application of PeNCs in 

displays. Zwitterionic ligands have been proposed to solve this 

problem. [6] [13] Ordinarily, ligands were composed of a head 

group that absorbs onto PeNCs and a tail group that is composed of 

a long alkyl chain that contributes to the dispersibility of the PeNCs. 

In contrast, zwitterionic ligands feature a head group composed of 

a cation, anion, and an alkyl chain that bridges them. The number 

of carbons in the alkyl chain controls the distance between the 

substituents. For example, sulfobetaine-type ligands, which consist 

of a quaternary ammonium group and sulfonic acid, and 

phosphocholine-type ligands, which consist of quaternary 

ammonium and phosphonic acid, are widely used as zwitterionic 

ligands. 
The head groups in zwitterionic ligands provide excellent 

passivation of PeNCs owing to their non-dynamic binding to the 
PeNC surface without acid-base equilibrium [6] [13]. Additionally, 
it has been reported that zwitterionic head groups selectively 
influence the crystal morphology of the PeNCs. This phenomenon 
is suggested to result from differences in the binding energies of 
the ligands, which depend on the distance between substituents[14]. 
Obviously, zwitterionic head groups are known to have a positive 
effect on the photostability of PeNCs. [15]. 
However, the origin of the positive effects of the zwitterionic head 

group on the photostability remains unknown. Photostability of 

PeNCs is the most important for display applications, and a 

comprehensive understanding of the effect will play a significant 

role in advancing research on PeNCs stabilization. In addition, the 

relationship between the substituent space in zwitterionic ligands 

and the photostability of PeNCs has not yet been clarified, even 

though space plays an important role in the ligand behavior. 

Figure 1. Crystal structure of cesium lead trihalide 
perovskite. Appearance and features of the 
perovskite nanocrystals. 
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In this study, we identified a key factor that improves the 

photostability of PeNCs when zwitterionic ligands are used,  

specifically focusing on the impact of the substituent space within the 

ligands. We synthesized sulfobetaine-type ligands with substituent 

spacings corresponding to carbon chain lengths of 2, 3, and 4, labeled 

SB2, SB3, and SB4, respectively (Figure 2). Surprisingly, we found 

that differences in substituent spacing significantly changed the 

ligand ratios on the PeNC surface, which was directly correlated with 

photostability. We achieved a PLQY of 100% for PeNCs with SB3 

after 30 h under continuous photoirradiation. 

2. Experimental 
Synthesize of controlled substituent space sulfobetaine 
- type zwitterionic ligands: Each controlled zwitterionic 
ligands were synthesized according to previous studies[16] [17].  
SB2: N, N-Dimethyl octadecylamine and sodium 2- chloroethane 
sulfonate monohydrate were dissolved in N, N-dimethylformamide 

(DMF), and the solution was heated for 4 days at 160℃. The crude 

product was washed thrice with diethyl ether. Finally, the washed 
products were purified by recrystallization from DMF three times. 
SB3, SB4: N, N-dimethyl octadecylamine, and 1,3-
propanesultone or 1,4-butanesultone were dissolved in acetonitrile, 

and the solution was heated to proceed reaction for 1 day at 75℃. 

Subsequently, the crude product was purified using the same 
process as that used for SB2. 
Preparation of CsPbBr3 PeNCs with each candidate 
ligand CsPbBr3 PeNCs were prepared as previously described, 

with modifications at room temperature (Figure 2) [18]. A Pb 

precursor solution was prepared with lead bromide (PbBr2) and tri-

n-octylphosphine oxide (TOPO) in toluene. A Cs precursor 

solution was prepared using cesium carbonate (CsCO3) and oleic 

acid (OA) in toluene. A ligand exchange solution was prepared 

with each candidate ligand in propylene carbonate and toluene. For 

comparison, octadecyltrimethylammonium bromide was dissolved 

in the solvent as a reference sample. 

The Cs precursor solution was mixed with the Pb precursor under 
vigorous stirring to prepare the PeNCs. Subsequently, the ligand 
exchange solution was added to the obtained PeNCs dispersion. For 
purification, the PeNCs were centrifuged several times, and the 
PeNCs were collected and purified. The PeNCs dispersion was 
measured in the PL spectra, and the optical properties were 
evaluated. PeNCs were coordinated with each candidate ligand and 
labeled as PeNCs@Ref., PeNCs@SB2, PeNCs@SB3, and 
PeNCs@SB4. 
Quantification of ligand ratio on PeNC surface  
 The ratio of the candidate ligands on the PeNCs was quantified by 
1H NMR using the following process. First, the concentration of the 
PeNCs was adjusted identically for each sample. The dispersant 
was then completely removed by the evaporators. The dried PeNCs 
were then dissolved in DMSO-d6 with maleic acid as a reference to 
obtain 1H NMR spectra. From the spectra, each ligand ratio was 
calculated to compare the spectra of the peak derived from its 
ligands with the reference maleic acid [19]. 

 Photostability evaluation of PeNCs dispersion:  

The concentration of PeNCs in each ligand was determined based 

on absorbance. Finally, photoirradiation (λ ex = 450 nm, 30 

mW/cm2) was carried out under atmospheric conditions to evaluate 
the optical properties of the CsPbBr3 PeNCs dispersion from the 
PL spectra.  

 

 

 

 

 

3. Result and Discussion 
Optical properties of the PeNCs with zwitterionic ligands: 
The 1H NMR spectra of each controlled zwitterionic ligand are 
shown in Figure 3a. These structures were confirmed, and distinct 
peaks originating from controlled substituent space were observed 
[16] [17]. 
The SEM-EDX mapping images of the PeNCs with each 
zwitterionic ligand are shown in Figure 3b. Sulfur, a characteristic 
element of ligands, was detected in the PeNCs. Therefore, it was 
demonstrated that these ligands coordinated with PeNCs. 
 The PL spectra of the PeNCs with candidate ligands and their 
optical properties are shown in Table 1 and Figure 3c. All PeNCs 
dispersions with the candidate ligands exhibited a single emission 
peak at 517 nm. The emission peak did not depend on the ligands. 
In addition, all PeNCs with candidate ligand dispersions exhibited 
high PLQY of up to 80%.  
We successfully synthesized PeNCs with excellent optical 

properties. In particular, PeNCs @SB3 and SB4 increased the 
PLQY by up to 100% owing to well-passivated surface defects. 
This indicates that the zwitterionic ligands, particularly SB3 and 
SB4, can be easily absorbed on the PeNC surface and remove 
surface defects to strongly suppress non-radiative recombination. 

 

Figure 2. Molecular structures of candidate ligands and 
schematic illustration of the synthesis process of PeNCs 
with candidate ligands.  

Figure 3. 1H NMR spectra of synthesized zwitterionic 
ligands (a). and SEM – EDX mapping images of lead, and 
Sulfur (b). PL spectra of all PeNC dispersions (c). 
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Quantitative evaluation of the ligand ratio on the PeNC 
surface   
The ratio of candidate ligands on the PeNCs was quantified using 

1H NMR spectroscopy. The NMR spectra of the PeNCs with 
candidate ligands are shown in Figure 4. In these spectra, the 
reference maleic acid showed a peak at 6.20 ppm, while oleic acid 
and TOPO, which were used in the synthesis of PeNCs, exhibited 
independent peaks at 5.28 and 1.52 ppm, respectively. Furthermore, 
in Ref., SB2, SB3, and SB4, distinct peaks originating from these 
ligands are observed at 2.98, 2.96, 2.96, and 2.96 ppm, respectively. 
The ratios of candidate ligands were calculated from the peak areas, 
as shown in Table 2.  
 As a result, SB2 occupied only 16.4%, whereas TOPO occupied 

71.1% of the surface in the case of PeNCs@SB2. SB4 occupied 
59.8%, but TOPO occupied 33.8% of the surface in the case of 
PeNCs @ SB4. In contrast, SB3 occupied 87.4%, whereas TOPO 
occupied 10.9% in the case of PeNCs @ SB3. These results 
indicate that the difference in the substituent space in the 
zwitterionic ligands is an important factor in the ease of bonding on 
the PeNCs. 

 
 
 

Photostability evaluation of the PeNCs with candidate 
ligand dispersions :  
 Photostability evaluation was performed under photoirradiation 

(λex. = 450 nm, Irradiation intensity = 30 mW/cm2) for the PeNCs 

with candidate ligand dispersions (Figure 5a). 
In the result, PeNCs @ SB3 achieved to maintain a PLQY of 100% 
after 30 h. PeNCs @ SB3 showed clearly excellent dispersibility, 

and the λPL and FWHM values were the same before irradiation. 

This indicates that the surface ligands were not desorbed from the 
PeNCs by photo energy because of the high ratio of SB3 on the 
surface and strong bonding as a chelation with PeNCs [20]. The 
aggregation of PeNCs was prevented by maintaining the ligand 
absorption on the surface. However, except for PeNCs @ SB3, the 
PLQY decreased with increasing irradiation time. PeNCs with 
surface defects were exposed by desorption of the surface ligands. 
Furthermore, these PeNCs turned into bulk crystals because they 
aggregated with the other PeNCs(Figure 5b). The PeNCs 
dispersion of the emission wavelength was red-shifted, and the 

FWHM was broader than that before photoirradiation.  
 

4. Summary 
In summary, we clarified the relationship between the substituent 
space in zwitterionic ligands and the stability of PeNCs. 
We also demonstrated how the substituent distance in the 
sulfobetaine-type zwitterionic ligands influences the ligand ratio on 
the PeNC surface. Specifically, SB2 occupied 16.4%, SB3 for 
87.4%, and SB4 for 59.8% of the total ligands on the surface. This 
evaluation clarified for the first time that the difference in 
substituent distance in zwitterionic ligands dramatically affected 
the ligand ratio on the PeNC surface. 
Furthermore, in the photostability evaluation, we observed that the 
difference in the ligand ratio on the surface strongly correlates with 
long-term dispersibility. PeNCs @ SB3 achieved a perfect PLQY 
of 100% after 30h of photoirradiation.  
We identified the relationship between the improvement in 
photostability and the dependency of the surface ligand ratio. Thus, 

Table 1. Optical properties of PeNCs with candidate ligand 

dispersions (The excitation wavelength ：370 nm) 

Table 2. Candidate ligand ratios for all ligands on the 
PeNCs surface.  

Figure 4. 1H NMR spectra of the surface ligands on PeNCs. 

Figure5. The results of photostability evaluation of 
PeNCs dispersions with candidate ligands(a). The 
change in emission wavelength and its appearance under 
photo irradiation(b). 
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this study provides a new perspective on the photostability of the 
PeNCs. 
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