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Abstract We report preparation of highly photolumines-

cent CdSe@ZnS quantum dot-polystyrene composite beads,

by employing stepwisely: (1) a simultaneous ZnS shell

formation and ligand exchange with 3-mercaptopropyltri-

methoxy silane (MPS); (2) coupling MPS with polymerizable

3-(trimethoxysily)propylmethacrylate (MPM); and (3) poly-

merization of the resulting MPM–MPS capped CdSe@ZnS

quantum dots with styrene molecules. The functionalized

quantum dots exhibited robust chemical stability against the

harsh radical polymerization condition and the resulting

polymer microbeads were strong against photobleaching

under an intense and continuous laser.

Introduction

Recently, there has been much attention to synthesis

and application of inorganic–organic composite materials.

Incorporation of quantum dots (QDs) in organic solid

matrices is attractive for fabrication of optical bulk materials

that exhibit the outstanding luminescent properties of the

QDs. Among the luminescent composites, QD-based poly-

mer microbeads are interesting in a broad range of

biomedical applications based on the optical encoding and

high-throughput analysis of biological molecules [1]. In

incorporation of the QDs in polymers, intermolecular forces

can be utilized to assemble a functional molecular layer

usually on TOPO-capped QDs,ˇwhich promotes dispersion

of QDs in the polymers [2–5].

In an alternative strategy, covalent linking between

the QDs and polymer hosts can provide a permanent inclu-

sion and long-term stability to the QDs as well as a direct

contact of host materials to the QDs [6]. This relies on

functional modification of capping molecules that will

coordinate the QDs during the QD preparation process.

When commonly available coupling agents such as multi-

functional organosilanes and thiols are employed,

however, the required postsynthetic ligand-exchange step

often degrades the optical property of the QDs rather

significantly [7–9].
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In our recent work, we have demonstrated that such

degradation of QD quality can be avoided when successful

ligand exchange is achieved simultaneously in the reaction

where CdSe QDs are coated with ZnS shell [10]. The new

process afforded highly photoluminescent CdSe@ZnS core/

shell QDs capped by 3-mercaptopropyltrimethoxy silane

(MPS). In particular, the MPS-capped CdSe@ZnS QDs were

chemically stable so that in the subsequent process they

could be crosslinked with other silane molecules through a

conventional sol–gel process, which resulted in large QD-

silica composite monoliths that conserved the original opti-

cal properties of the QDs [10]. As an extension of the new

approach, we report a straightforward two-step method that

provides polymerizable QDs through all covalent function-

alization with commercially available organosilane coupling

molecules and we demonstrate its efficacy through prepa-

ration of highly fluorescent and photostable QD-polystyrene

(PS) microbeads.

The overall procedure of our experiments is illustrated

in Scheme 1. First, CdSe QDs are functionalized with MPS

during ZnS passivation, as in our previous QD-silica

monolith preparation [10]. Second, the organosilanes on

the surface of the resulting CdSe@ZnS QDs are coupled

with another type of organosilane molecule that has a

polymerizable functional group. 3-(Trimethoxysily)pro-

pylmethacrylate (MPM) was used as the organosilane-

coupling agent with a polymerizable vinyl group. Finally,

QD-polystyrene microbeads are formed via copolymeri-

zation of the QDs into polymer matrix.

Experiment

Synthesis of oleylamine-capped CdSe QDs

The synthesis of CdSe core QDs followed a microwave-

assisted method reported recently by us [11–13]. All the

reactions were loaded in a glove box filled with nitrogen

gas and reaction mixtures were taken out from the glove

box and heated in air-tight reaction vessels by employing a

microwave reactor (CEM Discover System) at 2.45 GHz.

All the organic chemicals were purchased form Sigma-

Aldrich and used without further purification. B2Se3 was

prepared from typical solid-state reactions of the elements

in carbon-coated and evacuated silica ampules. Three kinds

of oleylamine-capped CdSe QDs were obtained with green,

orange, and red photoluminescence (PL) colors. In a typi-

cal synthetic process, 0.2 mmol of B2Se3 and 0.6 mmol of

CdCl2 (99%, Alfa Aesar) were loaded into 3 mL of

oleylamine in separate sealed vials and dissolved by heat-

ing at 110 �C for 20 min. After the solutions were cooled

down, they were mixed together and divided into three

15-mL crimp-top microwave-reaction vials. The vials were

tightly sealed using an aluminum crimp cap with Teflon-

lined rubber septum before taken out from the glove box.

Each mixture solution was heated at 70, 120, or 190 �C for

60 s in a CEM microwave reactor, and the different reac-

tion temperatures provided products of different PL

emission wavelengths (kmax = 540, 584, and 614 nm).

Synthesis of MPS-capped CdSe@ZnS core/shell QDs

The CdSe@ZnS core/shell QDs with MPS as a capping

ligand were prepared from the oleylamine-capped CdSe

QDs prepared in the first step. The reaction setup followed

the synthesis of the oleylamine-capped CdSe QDs. In a

typical reaction, 0.1 mmol of P2S5 and 1.2 g of MPS were

heated at 110 �C for 20 min in 10 mL of 1-methyl-2-

pyrrolidinone (NMP) (99.5%, Aldrich) in a sealed vial that

also contained 0.5 mL of butylamine to dissolve the sul-

fide. NMP has a high boiling point (202 �C) and dissolves

the chemical reagents well in our experiment. In a separate

vial, 0.5 mmol of ZnCl2, 1.2 g of MPS and 0.5 mL of

butylamine were dissolved in 10 mL of NMP and heated in

the same way. After cooled down to room temperature, the

ZnCl2 solution was divided into five crimp-top vials. About

10 mg of oleylamine-capped CdSe core particles were

dissolved in the P2S5 solution and the whole solution was

divided into five portions. Each portion of the CdSe/P2S5

solution was injected into one ZnCl2 solution preheated at

70 �C and the solution was kept at the same temperature

for 30 s in the microwave reactor, which provided MPS-

capped CdSe@ZnS core/shell products. The solution was

concentrated by solvent extraction with hexanes.
Scheme 1 Overall process of the QD-polystyrene microbead

preparation

J Mater Sci (2009) 44:816–820 817

123



Synthesis of MPM–MPS-capped CdSe@ZnS core/shell

QDs

In a typical reaction, 1 mL of a concentrated solution of

MPS-capped CdSe@ZnS QDs was dispersed in a mixture

of 70 mL of methanol and 7 mL of H2O and 2 mL of

ammonia solution (28–30 wt%), followed by adding 2 mL

of MPM. After stirring for 10 h, the MPM–MPS-capped

CdSe@ZnS QDs precipitated from the reaction solution. In

order to test the role of the polymerizable methacrylate

group in MPM in the process, we carried out the same

experiments by employing isobutyltrimethoxylsilane

(BTMS) in place of MPM. BTMS is close to MPM in size

and polarity, but does not contain a polymerizable vinyl

group. Synthesis of BTMS–MPS-capped QDs was carried

out successfully by employing the same procedure that

gave the MPM–MPS-capped QDs.

Synthesis of CdSe@ZnS QD-PS composite beads

Typically, 1 g of polyvinyl alcohol (PVA) (87–89%

hydrolyzed PVA, average MW 85,000–146,000) was dis-

solved in 100 mL of water and degassed with N2 for

20 min. A monomer mixture was prepared by dissolving

0.1 g of MPM–MPS-capped CdSe@ZnS QDs, 0.5 mL of

divinylbenzene and 0.1 g of 2,20-azo-bis-isobutyronitrile

(AIBN) in 10 mL of styrene. The monomer solution was

then added to PVA solution with rapid stirring. The sus-

pension was heated to 70 �C in 30 min and kept for 10 h

while stirring. The as-synthesized QD-PS composite beads

were obtained after washing with methanol, methanol/tet-

rahydrofuran (THF) (1/1, v/v), THF, CH2Cl2, and acetone

in that order.

Optical Characterization

FT-IR spectra were taken by employing Nicolet 6700 from

Thermo Fisher Scientific Inc. The UV–Vis and PL spectra

were measured with Shimadzu UV-2100U spectropho-

tometer and Jobin Yvon Fluoromax-3 Spectrofluorometer,

respectively. A photobleaching experiment was performed

to study the photostability of QD-PS microbeads by con-

tinuously illuminating the microbeads in a Starna semi-

micro fluorometer cell (Type 9F) using femtosecond

Ti:Sapphire laser system with a laser beam at 532 nm

wavelength and power density of 1.4 W/cm2. To prevent

the QD-PS microbeads from precipitation, they were sus-

pended in Tween 20 aqueous solution. The PL intensity

was recorded every 10 min.

Photoluminescence quantum yield was determined by a

comparative method, which involves the use of a standard

solution of known quantum yield [14]. The PL quantum

yield of the QD solutions was determined using rhodamine

B in ethanol as standard solution. A ratio of the integrated

fluorescence intensities of the sample and standard solu-

tions was used to calculate the QY according to the

following equation [15]:

QY(S) ¼ QY(R)
AR

AS

� �
IS

IR

� �
nS

nR

� �2

where the subscripts S and R denote sample and rhoda-

mine, respectively, QY the fluorescence quantum yield, A

the absorbance, I the maximum intensity of the emission

peak, and n the refractive index of the solvent. The fluo-

rescence yield of rhodamine B is reported to be 49% in

ethanol [16].

Results and discussions

The three different oleylamine-capped CdSe QD products

showed PL with kmax = 540, 584, and 614 with a quantum

yield of 25, 15, and 3.3%, respectively. The X-ray dif-

fraction patterns of all the samples exhibited a zinc-blende

type structure, as reported early. Figure 1 shows the FT-IR

spectra of the four samples from each step: (a) oleylamine-

capped CdSe QDs, (b) MPS-capped CdSe@ZnS QDs, (c)

MPM–MPS-capped CdSe@ZnS QDs, and (d) QD-PS

microbeads. The spectra (b) and (c) clearly exhibit a peak

at 2,562 cm-1 that corresponds to the S–H stretching

mode, indicating the presence of the MPS molecules in

the products [17]. The same peak does not appear in the

spectrum (d) because the peaks from PS dominate

the spectrum. The peak at 1,718 cm-1 in the spectrum

(c) corresponds to the C=O stretching mode and hence

Fig. 1 FTIR spectra of (a) oleylamine-capped CdSe QDs, (b) MPS-

capped CdSe@ZnS QDs, (c) MPM–MPS-capped CdSe@ZnS QDs,

and (d) CdSe@ZnS QD-PS microbeads
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confirms the coupling between the MPS and MPM

molecules.

However, a more practical indicator of the successful

ligand exchange and coupling is the change in solubility of

the QDs in various solvents. Namely, we have observed

that MPS-capped QDs are readily soluble in methanol

while the oleylamine-capped QDs dissolve well in hexanes

[11]. This solubility change is in fact utilized to purify the

MPS-capped QDs after the ligand-exchange reaction.

Likewise, the subsequent coupling of MPM to MPS mol-

ecules on the QDs makes the QD not soluble in methanol.

Therefore, the MPM–MPS-capped QDs precipitate out

from the reaction solution. The MPM–MPS-capped QDs

were readily soluble in styrene.

The successful ligand exchange was also confirmed by

the enhancement of PL intensity (e.g., the quantum yields

of the MPS-capped QDs were 78, 65, and 16% for the

green-, orange-, and red-emitting CdSe@ZnS QDs,

respectively, which are much higher than those of the

original oleylamine-capped CdSe QDs (25, 15, and 3.3%)).

Figure 2a shows the PL from MPS-capped CdSe@ZnS

QDs (dashed), MPM–MPS-capped CdSe@ZnS QDs (dot-

ted), and CdSe@ZnS QD-PS microbeads (solid), from

three different sizes of the QDs. The full-width-half-

maximum (FWHM) values of the emission peaks are in the

range of 50–60 nm. Importantly, the peak shapes did not

change upon the reactions and the quantum yields were 75,

61, and 14% for green-, orange-, and red-emitting QDs,

respectively, after the MPM coupling process. The

obtained QD-PS hybrid products showed bright emission

that was homogenous among the microbeads (see below).

The well-shaped PL spectra of the polystyrene microbeads

(Fig. 2a) support the successful incorporation of the QDs

in the polystyrene and the absence of other optical

phenomena. The quantum yield was not measured because

of the problem of the concurrent excitation of the polymer

matrix. A small red shift in the PL peak position was

observed in the QD-PS microbeads compared with the

MPS-capped QDs and MPM–MPS-capped QDs, which is

consistent with previous reports [4, 18, 19]. This is due to

the increase in the refractive index of the surrounding

optical medium. The additional broad shorter-wavelength

emission in the spectra of CdSe@ZnS QD-PS microbeads

can be attributed to the polystyrene matrix. Figure 2b

shows the change in quantum yield of the QD-PS micro-

beads, while they were exposed continuously to an intense

laser beam. The PL intensity decreases to 80% after 1 h

and the decrease slows down significantly afterward.

When the same polymerization reaction was carried out

with BTMS–MPS-capped CdSe@ZnS QDs, it was found

that the precipitate product showed a white color without

any PL while the supernatant solution exhibited the PL,

indicating the unsuccessful incorporation of the QDs in the

PS microbeads. As mentioned earlier, BTMS is similar to

MPM in size and polarity but does not contain a poly-

merizable functional group. Therefore, it confirms that

incorporation of the QDs is not possible without a poly-

merizable functional group in our reaction process.

Figure 3 shows the scanning electron microscopy (SEM,

XL30 ESEM-FEG, Philips) photographs and the pseudo-

color images under a confocal microscope (LSM5, Carl

Zeiss) of the as-synthesized CdSe@ZnS QD-PS micro-

beads. Various sizes of the microbeads were obtained from

different reaction conditions. The brightest microbeads

were obtained for the green-emitting QDs, which had the

highest quantum yield. The strong and relatively homog-

enous PL of the QD-PS microbeads indicates that the QDs

are well incorporated in the polymer matrix.

Fig. 2 a PL spectra of green- (green), orange- (orange), and red-emitting (red) MPS-capped CdSe@ZnS QDs (dashed), MPM–MPS-capped

CdSe@ZnS QDs (dotted), and CdSe@ZnS QD-PS microbeads (solid). kex = 365 nm. b The photostability of QD-PS microbeads
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Conclusions

We have developed a simple method for preparation of

highly photoluminescent and photostable QD-polymer

microbeads, by employing a straightforward functionali-

zation of the QD surface with polymerizable molecules

through concomitant ZnS shell formation and ligand

exchange, followed by an organosilane coupling process.

The results indicate that the QDs maintain the same optical

characteristic over our synthetic process and that the

products are relatively stable even under continuous

exposure to an intense laser beam. By taking advantage of

the well-established organosilane coupling chemistry with

an extensive list of functionalized organosilane coupling

agents that are readily available [20], the strategy reported

here should be widely applicable to QD surface function-

alization and fabrication of QD-based composites.
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