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Abstract 
We present a new class of polymeric ligands for quantum dots 

(QDs) stabilization, to yield compact stable particles (~100-200 nm 

diameter), and high quantum yields (> 47 %). The uniform and 

tunable size of these polymer-coated QDs also allows us to 

demonstrate their utility in achieving bright and efficient WLEDs 

with superior stability. 
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1. Introduction  
Quantum dots (QDs), due to their wavelength tunability, have 

been widely used in light emitting device (LEDs)-based 

displays[1-6], solar cells[7-9] and as fluorescent biomarkers[10-12], etc. 

To obtain QD based light emitting diodes (QD-LED), in most 

cases, high quality QDs with specific emission wavelength are 

uniformly dispersed in a polymer matrix to form a light 

converting layer. This composite sheet is then coated on LEDs to 

achieve desired light performance[1-3, 13, 14]. However, up to now a 

major barrier toward the widespread use of QDs has been the 

presence of a trade-off among three desirable QD properties for 

LEDs: high QY, uniform size, and high stability (both over time 

and in a harsh environment), in particular, the abscission of QDs’ 

outer ligands, and the deterioration of QDs by permeate oxygen 

and moisture[14-18]. Such a problem is commonly found in high-

temperature processes of LED packaging (e.g. silicone curing). 

The principle behind such a phenomenon would be given by the 

incompatibility between the hydrophobic surface of the QDs and 

that of encapsulant in WLED  (e.g. silicone, or other 

polymers)[19]. Consequently, it is energetically preferred for QDs 

to be deteriorated on surface and aggregate in host matrix, which 

gives the undesired quenching of photoluminescence. 

In order to improve the stability of QDs, amphiphilic polymers 

have been widely used in cell imaging[10, 12, 20-23], and various 

functionalized polymers were used to modify quantum dots. 

Water soluble quantum dots were even fabricated by 

encapsulating the QDs into (poly(maleic acid-altoctadecene))[24, 25]. 

The polymer-encapsulated QDs were electrostatically assembled 

to form QD-polymer-LDH (layered double hydroxide) 

composites, so as to multi-protect the QD surface from the 

environment by both the polymer and the LDH nanosheets. 

However, such an approach would not necessarily protect the 

QDs from oxygen and moisture, hence still imposing an obstacle 

and unravelling the full potential of stability improvement. 

In this work, we report this simple method using the polymeric 

ligands to yield the compact egg-structure particles. To address 

the fundamental problem of the QDs ligands instability in the 

traditional solid state QDs systems, the polymer employed here is 

a stable multifunctional poly(maleic anhydride-alt-1-octadecene) 

(PMO) which is expected to confine both quantum dots and 

ligands. The stable PMO-modified QDs effectively demonstrated 

a high quantum yield (> 47%), a low non-specific binding, as well 

as controlled and adjustable size (from 100 nm to 1 μm). The 

incorporation of PMO-modified QDs into functionalized silica 

shell is also demonstrated[26, 27]. For details, the QDs coupled with 

excess ligands were used as egg-yolk, the functional PMO as egg-

white, and the functional silica as egg-shell, respectively. The 

uniform and tunable size of these polymer-coated QDs also allow 

us to demonstrate their utility in achieving bright and efficient 

WLEDs with superior stability. And the as-prepared high quality 

QDs composites have great potential to be used in high 

performance displays with wide color gamut. 

 

2. Experiments 
Preparation of CdSe/ZnSe/ZnS (Core/Shell/Shell) 
Quantum Dots (QDs): 

All the chemicals were of analytical reagent grade and were used 

without further purification. The pure water was purchased from 

Wahaha. The CdSe bare nanocrystals and core/shell/shell 

quantum dots were synthesized via our previous “TOP-assisted 

SILAR” method[28-30]. 

Preparation of Monoethanolamine functionalized 
poly(maleic anhydride-alt-1-octadecene) (PMOM): 

The amphiphilic polymer PMOM was prepared through the amide 

reaction by using monoethanolamine and PMO. The hydrophily 

can be adjusted by the monoethanolamine to carbonyl functions 

ratio (from 0% to 100%). 

Preparation of Water-Soluble Polymer-Encapsulated 
CdSe/ZnSe/ZnS QDs: 

The quantum dots with free ligands were used for the phase-

transfer process. The QDs were encapsulated by the amphiphilic 

polymer to transfer them into water without exchanging initial 

surface ligands. Typically, 100 mg PMOM was dissolved in 

chloroform solution at room temperature. The chloroform solution 

containing 1 mg QDs coupled with 5 mg ligand was added to the 

polymer solution (QDs: polymer= 1:100). The solution was 

vigorous stirred for 1 h at room temperature, and then, 10 times of 

water was introduced into the mixture. The chloroform was 

removed slowly. The particle size of PMOM-QDs composites can 

be adjusted by the monoethanolamine ratio in PMOM, which can 

be easily changed from 100 nm to 1 μm. 

 



 

Formation of the egg-structure composites particles: 

APTES ((3-aminopropyl)triethoxysilane) was used as the silane 

coupling agent to form the egg-shell. Typically, APTES coupled 

with EDC/NHS was introduced into the PMOM-QDs mixture 

solution. After the coupling reaction completion, TEOS and 

NH4OH·H2O was used to form the thick silica egg-shell. 

 

3. Results and discussion 
In this work, we have successfully synthesized egg-structure 

composite particles. The QDs were encapsulated by the 

amphiphilic polymers to transfer them into water without 

exchanging initial surface ligands. As illustrated in Fig. 1a, the 

multivalent polymer ligand PMOM with alkane and carboxyl 

groups was synthesized by reacting poly(maleic anhydride-alt-1-

octadecene) (PMO) (Mn= 30,000-50,000) with 

monoethanolamine. The high reactivity of anhydride with primary 

amines facilitated the quantitatively controlled reaction. The ratio 

of modified maleic anhydride groups can be adjusted from 0% to 

100%. In an optimized structure, about 80% of the maleic 

anhydride groups were chemically modified. 

 

Figure 1. Schematic diagrams illustrating the process for preparing 
the egg-structure composite particles. (a). Schematic illustration of 
the synthesis of PMOM ligands, the molar ratio of y:x can be 
changed from 0:1 to 1:0 by adjusting the amount of 
monoethanolamine; (b). The procedure to prepare PMOM coated 
QDs; (c). Approach for the fabrication of silica coated egg-structure 
composite particles, the hard protective layer can be obtained by 
the dense growth of silica; (d). Schematic diagram of different 
positions in egg-structure particle. 

 

The synthesis process of PMOM coated QDs is presented 

graphically in Fig. 1b. After the chloroform was evaporated from 

the mixed system, the uniformly sized particles were dispersed in 

aqueous solution. The single particle contains multiple quantum 

dots with free ligands, the polymers here employ the 

multifunctional PMOM to confine quantum dots and ligands. And 

then the hard shell of silica can be formed gradually, as shown in 

Fig. 1c, using (3-aminopropyl)triethoxysilane (APTES) as the 

silane coupling agent to form the egg-shell. TEOS was then used 

as the shell material for further growth. Finally, as can be seen in 

Fig. 1d, the high luminescent QDs and free ligands can be first 

confined inside  the flexible polymer corona, and then be 

protected by the silica shell. The stable egg-structure particles 

were achieved by coupling the two kinds of protective layer. 

 

Figure 2. The PL emission of diluted QDs chloroform 

solution (black line), PMOM modified QDs aqueous solution 
(red line) and PMO modified QDs aqueous solution (blue 
line). Inset: comparison of PL QYs of CdSe/ZnS QDs in 
chloroform solution versus PMO/PMOM modified QDs in 
aqueous solution. 

The fluorescence spectra of core-shell QDs synthesized by TOP-

SILAR method is shown in Fig. 2. Comparing the emissions in 

Fig. 2, we can see that little PL shift (3 nm) was observed between 

the PL spectra of QDs in chloroform solution (black line) and 

PMO/PMOM modified QDs in aqueous solution (red and blue 

lines). The inset in Fig.2 shows the corresponding PL QYs. The 

QY ratio of PMOM-QDs (y:x=1:0) aqueous solution (47%) and 

QDs chloroform solution (63%) was about 75%, indicative of a 

relatively high utilization and low degree of self-absorption. And 

such characteristics are expected to cater the fabrication of high 

efficiency QLED. While the PMO-QDs (y:x=0:1) sample exhibits 

a very low QY (23%), which may be due to the poor dispersion of 

PMO in water and the large size of  the composite particles. 

Fig.3 shows the picture of the PMOM-modified QDs composite 

particles with different ratios of monoethanolamine. The left part 

represents 100% anhydride amide reaction (PMOM), and the right 

part represents 0% reaction (PMO). We can see from Fig. 3a-b, 

the 100% reaction samples can form a uniform and stable 

microemulsion solution, while in PMO-QDs system the droplet 

cannot disperse evenly. After the chloroform volatile completely, 

as shown in Fig. 3c-d, obvious Mie scattering can be seen in the 

right part, which corresponding to the PMO-QDs sample. This 

can also be confirmed by TEM, as shown in Figure 4. The particle 

sizes are 100 nm and 1 μm for these two samples, respectively. As 

shown in the inset of TEM images, the nanoparticles are dispersed 

very well, which provide that quantum dots and ligands can be 



 

coated together in the vesicles in our method. We can easily 

achieve different sizes of QDs-polymer composite particles, and 

the size can be adjustable controlled from 100 nm to 1 μm. Due to 

the rich active carboxyl group on the surface of particles (as 

shown in Fig. 1c), the uniform particles can be further reacted 

with silane coupling agent and form the silica egg-shell. 

 

Figure 3. The images show the vials containing modified-

QDs particles, the left part represents (PMOM), and the 
right part represents (PMO). (a) The mixture of modified, 
QDs, ligands, chloroform, and water; (b) Hand shaking, and 
then standing for 10 minutes; (c) Magnetic stirring and slow 
evaporation of chloroform, dispersion in aqueous solution; 
(d) The laser beam passes through the solution. 

 

 

Figure 4. TEM images of PMOM-QDs particles as shown in 

Figure 3. (a) PMOM-QDs; (b) PMO-QDs. 

 

4. Conclusion 
In summary, we have described detailed synthetic methods for the 

highly luminescent, uniform size and modifiable egg-structure 

particles. The absolute PL QY can reach up to 47%, and the size 

can be controlled and adjustable from 100 nm to 1 μm. This 
method provides a strong advantage for delicate control of optical 

properties because it can apply to any type of QDs whatever their 

pre-existing coating. In principle, this method allows composite 

fabrications using QDs covering a wide range of sizes and 

chemical nature. And the as prepared stable polymer-QDs 

particles have great potential to be used in high performance 

displays with wide color gamut. 
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