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Quantum dot (QD)-polymer nanocomposites that simultaneously possess stable photoluminescence

and enhanced mechanical properties are presented for the first time based on the facile blending of the

ultrasmall silica-hybridized CdTe QDs (SiO2-h-QDs) or 3-(trimethoxysilyl)propyl methacrylate-

modified SiO2-h-QDs (SiO2-h-QD-MSMAs) with polymer. Typically, for SiO2-h-QD-MSMA/

poly(methyl methacrylate) (PMMA) nanocomposite films, the tensile strength, Young’s modulus, and

elongation at break improved by about 46%, 74% and 6%, respectively, upon the loading of only

0.2 wt% of SiO2-h-QD-MSMAs. It is found that the mechanical enhancement effect of the silica-

hybridized QDs is general for both hydrophilic polymers such as polyvinyl alcohol and hydrophobic

polymers such as PMMA or polystyrene due to the strong interfacial adhesion between SiO2-h-QDs

and polymer matrix as well as the fine dispersibility of the nanofillers in composites. SEM

measurements showed a ductile-rupture behavior for the materials in which the surface-modified

nanofillers were well compatible with the polymer matrix, but a brittle-rupture behavior for the

composites loaded with pristine nanofillers due to their local aggregation. The loading of silica-

hybridized QDs simultaneously endowed the composites with desired and stable optical properties.

No obvious decreases of both photoluminescence and transparency were found for the nanocomposite

films exposed to daylight even for one year. Such dual functional SiO2-h-QD-polymer nanocomposites

promise great potential to upgrade the conventional polymer materials.
Introduction

Nanocomposites that consist of polymers and inorganic

components are of interest owing to their enhanced mechanical,

optical, and thermal properties as compared to the correspond-

ing polymer or inorganic component only.1,2 Recently, fluores-

cent quantum dot (QD)-polymer nanocomposites have attracted

considerable attention because of their wide potential applica-

tions in nonlinearly optical devices, optical displays, and solar

cells.3–5 In this regard, numerous literatures have been published,

however, they only focus on the photoluminescence properties of

QDs.6–12 Since most QDs have two intrinsic characteristics of

photoluminescence and ultrasmall size, this situation leads to

a big question that must be answered before the composites

could be considered for true applications: how does the addition

of ultrafine nanofillers of QDs influence the bulk property,

especially mechanical properties, of the polymer matrix?
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Unfortunately, to the best of our knowledge, no reports on the

mechanical properties of the QDs-polymer can be found.

Apparently, such a huge omission is not caused by the unim-

portance or the unattraction of this issue, but likely by the

extreme difficulty in the large-scale fabrication of nano-

composites with both stable photoluminescence and good

mechanical properties. It is known that the surface of QDs is

susceptible to the external environment that can cause significant

photoluminescence (PL) attenuation during the fabrication

process of nanocomposites. Furthermore, the productivity of

QDs that for biological applications such as bioimaging and

biosensor would be adequate but for composites fabrication is

too low considering the requirement of the dosage. Herein, we

aim to resolve this challenge to open the avenue to multifunction

and high performance QDs-polymer composites by employing

highly stable and scalably produced silica-hybridized CdTe QDs

(SiO2-h-QDs) as the nanofillers.
Experimental

Materials

Tellurium powder (99.8%), CdCl2 (99+%), NaBH4 (96%), mer-

captopropionic acid (MPA, 99+%), 1-thioglycerol (TG, 90+%),

tetraethyl orthosilicate (TEOS, 98%), and 3-(trimethoxy-

silyl)propyl methacrylate (98%, MSMA) were purchased from

Sigma-Aldrich and used as received. Silica with mean diameter

30 nm was purchased from Shandong Hina Co., ltd (China). All

other reagents are of analytical grades and used without further

purification.
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Synthesis of SiO2-h-QDs and SiO2-h-QD-MSMAs nanohybrids

Water-soluble silica-hybridized CdTe quantum dots (SiO2-h-

QDs) with average diameter 13 nm were prepared in aqueous

solution by a one-pot approach.13 Typically, 20 mL of fresh

NaHTe aqueous solution (2.2 M) was added to 10 L of

N2-saturated CdCl2 solution (5.28 mM) at pH 9.0 adjusted by

NaOH (1.0 M) in the presence of MPA (19.24 g, 178.2 mmol) at

100 �C. After 10 min, 360 mL of TEOS was added into the

mixture. Then the mixture was refluxed for 24 h before the SiO2-

h-QDs nanohybrids were precipitated by ethanol. The superna-

tant was discarded, and the nanohybrids were centrifuged and

washed with ethanol repeatedly. After purification, the resulting

orange solid was dried at 60 �C for 24 h under vacuum, obtaining

SiO2-h-QDs nanohybrids (105.4 g, quantum yield: 11.7%,

density: 2.5 g/cm3) with yellow luminescence under UV light

(if TG is chosen as ligand instead of MPA, nanohybrids with

green luminescence can be obtained).

For preparation of SiO2-h-QD-MSMA, typically, 1.5 g of as

prepared SiO2-h-QDs nanohybrids were mixed with 50 mL of

ethanol, and 1.2 mL of MSMA in a flask. The mixture was stirred

for 12 h at room temperature. Diethyl ether was then added, and

the precipitate was isolated by centrifugation. The resulting

solids (SiO2-h-QD-MSMA) show excellent dispersibility in

organic solvents, such as chloroform (CHCl3), N,N-dime-

thylformamide (DMF), etc. The SiO2-MSMAs nanohybrids

were prepared using the same procedure as for the SiO2-h-QD-

MSMAs but with the use of pure SiO2.
Preparation of SiO2-h-QD-polymer nanocomposite

For SiO2-h-QD/PVA nanocomposite, it can be prepared by

direct solution blending of polyvinyl alcohol (PVA) and SiO2-h-

QDs in aqueous solution. For SiO2-h-QD-MSMA/PMMA or

SiO2-h-QD-MSMA/PS nanocomposites, they can also be facilely

prepared by solution blending of polymethylmethacrylate

(PMMA) or polystyrene (PS) and SiO2-h-QD-MSMA in CHCl3.

Then the intermixed solution of SiO2-h-QD-MSMAs nano-

hybrids and polymer was cast into a petri dish, followed by

solvent evaporation to obtain SiO2-h-QD-MSMA/polymer

nanocomposite. For comparison, PS composites filled with

pristine SiO2-h-QDs or SiO2-MSMAs were also fabricated using

the same procedure as for the case of SiO2-h-QD-MSMAs.
Characterization

Thermal gravimetric analysis (TGA) was carried out on a PE

TGA-7 instrument with a heating rate of 20 �C min�1 in

a nitrogen flow (20 mL min�1). Fourier transform infrared

(FTIR) spectra were recorded using a PE Paragon 1000 spec-

trometer (KBr disk). UV-vis spectra were recorded on a PE

Lambda 20/2.0 UV/vis spectrometer. Emission spectra were

collected using a Varian Cary 100 spectrometer. Transmission

electron microscopy (TEM) studies were performed on a JEOL

JEL2010 electron microscope at 200 kV. Scanning electron

microscopy (SEM) images were recorded using a FEISIRION

200 field-emission microscope. The stress-strain curves of

composites were measured using a RGWT mechanical tester

(Shenzhen Reger Instrument Co., ltd., China) at room
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temperature. The strain rate was 20 mm min�1. At least four

measurements were performed for each composite.
Results and discussion

To design the QDs-polymer nanocomposites with desired inte-

grated properties and application potentials, normally, the

nanofillers of QDs would match the following requirements: (1)

high stability of both structure and properties, (2) good dis-

persibility in the matrix, (3) small size to avoid sedimentation

effects and phase separation. In short, a kind of ultrafine stable

QDs with surface functional tailorability is needed. In addition,

it should be prepared cost-effectively.

To obtain stable QDs, coatings of polymers and inorganic

shells such as silica are generally employed to avoid the

direct contact between QDs and surroundings.14–19 However,

large-scale preparation of such core-shell nanomaterials with

a cost-effective manner is yet to be explored. Most recently, we

developed a one-pot strategy for scalable fabrication of silica-

hybridized CdTe QDs (SiO2-h-QDs) in aqueous solution.13 The

structure of the SiO2-h-QDs is not an exact core-shell structure

(QD@SiO2) with solely single QD in the middle of silica as

previously reported,20,21 but in the form of a hybrid in which QDs

are embedded in silica. The ultrafine SiO2-h-QDs (<20 nm) can

be facilely obtained on a subkilogram-scale in one batch, and

have been demonstrated to be highly stable in buffer solution and

even cells as well as during chemical reactions, arousing the

interest of the industrial application of QDs.13 Hence, we select

this kind of SiO2-h-QDs as the key raw material for fabrication of

QDs-polymer composites.

Owing to the silica hybridization, the surface of the SiO2-h-

QDs can be easily tailored by silane-coupling chemistry. This is

very important for preparing different kinds of SiO2-h-QD-

polymer nanocomposites because for hydrophilic polymers such

as polyvinyl alcohol (PVA) the as-prepared water-soluble SiO2-

h-QDs can be directly utilized, but for hydrophobic polymers

such as PMMA and PS, the SiO2-h-QDs surfaces should be

tailored with nonpolar molecules before blending with the

polymers. Herein, we chose 3-(trimethoxysilyl)propyl methac-

rylate (MSMA) to modify the SiO2-h-QDs surfaces and the

reaction was monitored by thermal gravimetric analysis (TGA)

and Fourier transform infrared (FTIR) spectra, as shown in

Fig. 1a, b. For the crude SiO2-h-QDs, only ca. 2% weight loss was

found below 600 �C, while after the surface modification, the

weight loss increased to ca. 11.3 wt% between 100–500 �C. In

addition, from the FTIR spectra, after the modification, the

carbonyl absorption band at 1725 cm�1, and two obvious bands

at 2856 and 2936 cm�1 associated with C-H stretching appeared.

All these demonstrated the successful formation of MSMA-

immobilized SiO2-h-QDs (SiO2-h-QD-MSMA). It is worth

noting that the crude SiO2-h-QDs can only be dissolved in water

and would be precipitated immediately in organic solvents while

the SiO2-h-QD-MSMAs showed good dispersibility in ethanol,

tetrahydrofuran (THF), and even in chloroform, paving the way

for the preparation of nanocomposites with hydrophobic poly-

mers.13 More significantly, after the modification, the SiO2-h-

QD-MSMAs can still show excellent optical properties because

of the silica interlayer protection (Fig. 1c). The small red-shift of

SiO2-h-QD-MSMAs in both absorption and emission may be
This journal is ª The Royal Society of Chemistry 2010



Fig. 1 TGA curves (a), FTIR spectra (b), absorption and photo-

luminescence (PL) spectra (c) of SiO2-h-QD nanohybrids before (dashed

line) and after (solid line) tailoring by MSMA (SiO2-h-QD-MSMA).

(d) TEM images of SiO2-h-QD nanohybrids. The inset of (d) shows the

high-resolution TEM image, confirming the existence of well-crystallized

CdTe QDs.

Fig. 2 (a) Absorption and emission spectra of newly prepared SiO2-h-

QD/PVA and SiO2-h-QD-MSMA/PMMA films, and the films after

exposure to daylight for one year (SiO2-h-QD/PVA1 and SiO2-h-QD-

MSMA/PMMA1). (b) UV-vis transmittance spectra of neat PVA and

PMMA, newly prepared SiO2-h-QD/PVA and SiO2-h-QD-MSMA/

PMMA, and the films after exposure to daylight for one year (SiO2-h-

QD/PVA1 and SiO2-h-QD-MSMA/PMMA1). (c) Photographs of

transparent SiO2-h-QD/PVA film (top) under daylight and under UV

light (365 nm) (middle), and SiO2-h-QD-MSMA/PMMA (bottom) films

under UV light. The SiO2-h-QD/PVA and SiO2-h-QD-MSMA/PMMA

films contain 0.5 wt% of SiO2-h-QDs and SiO2-h-QD-MSMAs nano-

hybrids, respectively. (d) TEM image of SiO2-h-QD-MSMA/PMMA,

indicating the good dispersion of the SiO2-h-QD-MSMAs nanohybrids in

the PMMA matrix. The inset of (d) shows the high-resolution TEM

image, confirming the existence of CdTe QDs.
caused by the solvent effect, since the SiO2-h-QDs were measured

in aqueous solution while SiO2-h-QD-MSMAs in ethanol solu-

tion. In contrast, the photoluminescence of neat CdTe QDs

would be quenched in 30 min during a common reaction such as

esterification in our control experiments. In addition, we have

demonstrated that the SiO2-h-QDs showed much less toxicity

than neat CdTe QDs, which is also quite important in the

material use.13 Therefore, the SiO2-h-QDs exceed neat QDs

overwhelmingly in all aspects of stability, functional tailorability,

environmental friendship, processability, productivity, and

expense.

On the basis of their good solubility, through simple blending

of the as-prepared SiO2-h-QDs with PVA in aqueous solution, or

SiO2-h-QD-MSMAs with PMMA in chloroform solution, fol-

lowed by solvent evaporation, wonderful nanocomposite films of

SiO2-h-QD/PVA or SiO2-h-QD-MSMA/PMMA were obtained.

The addition of SiO2-h-QDs or SiO2-h-QD-MSMAs can endow

strong photoluminescence properties to polymer films without

compromising the transparency as shown in Fig. 2a–c (also

see ESI† Fig. S1). Compared with SiO2-h-QDs, no obvious

changes in the absorption and emission spectra of SiO2-h-QD/

PVA and SiO2-h-QD-MSMA/PMMA films could be found,

demonstrating that the structure and surface of the QDs were

well retained during the process of film fabrication (Fig. 2a).

Furthermore, compared with the corresponding neat polymer,

the SiO2-h-QD/PVA and SiO2-h-QD-MSMA/PMMA films (the

thickness is 0.7 mm) are also highly transparent and almost

colourless even when the load content of SiO2-h-QDs rose to

0.5 wt% as demonstrated by the UV-vis transmittance spectra

(Fig. 2b). Films with different luminescence colours can be

readily prepared by loading different SiO2-h-QDs nanohybrids

as shown in Fig. 2c. For example, SiO2-h-QDs with yellow and

green photoluminescence can be synthesized by using mercap-

topropionic acid (MPA) and 1-thioglycerol (TG) as ligand,

respectively. Significantly, the optical properties of the composite
This journal is ª The Royal Society of Chemistry 2010
films are quite stable and no obvious decrease of photo-

luminescence and transparency can be detected even under UV

light for 24 h or under daylight over one year as shown in

Fig. 2a,b. This good stability is very important for practical

applications of composite films.

To probe whether the SiO2-h-QDs are well dispersed in the

polymer matrix, transmission electron microscopy (TEM)

studies were performed. Fig. 2d shows a typical TEM image of

the SiO2-h-QD-MSMA/PMMA, and the SiO2-h-QD-MSMAs

nanohybrids are uniformly distributed in the PMMA matrix

without obvious aggregation. The inset high-resolution TEM

image shows that the CdTe QD crystal structure was well

retained. Such a fine dispersing effect in turn explains the reason

for the strong photoluminescence and high transparency of the

films.

So robust QD-polymer composite films with strong and stable

photoluminescence properties can be accessed readily, which lays

the foundation for investigating the mechanical enhancing effect

of QD fillers.

Generally, for polymer/silica nanocomposites, three main

requirements are needed for silica to enhance the mechanical

performance of composites: small size, good dispersion, and

strong interfacial strength.22–25 Silica particles with large size

(e.g., above 1 mm) may cause phase segregation between the

interface of SiO2 and polymer matrix, and thus the interfacial

strength is not strong enough. The weak interface will break

down first and the SiO2 domains become the weak points in
J. Mater. Chem., 2010, 20, 5675–5681 | 5677



Fig. 3 (a) Representative stress-strain curves of pure PMMA and SiO2-

h-QD-MSMA/PMMA nanocomposites. (b) Values of Gb/k(d) of PMMA

composites against the content of SiO2-h-QD-MSMA. (c) Values of B of

PMMA composites against the content of SiO2-h-QD-MSMA. The inset

of (a) is a representative SiO2-h-QD-MSMA/PMMA dog-bone specimen

for mechanical testing (the scale bar is 1 cm), and its SiO2-h-QD-MSMA

content is 0.5 wt%.
composites, and further deteriorate the mechanical properties.26

To describe the effect of large size silica fillers on composites,

Nicolais et al.27 proposed the following equation

sc ¼ sm(1 � 1.21Vf
2/3) (1)

where sc and sm are the tensile strength of the composite and

neat polymer, respectively. Vf is the filler volume fraction, which

can be calculated using the following equation:

Vf ¼ rmWf/[(rm � rf)Wf + rf] (2)

where Wf is the weight fraction of filler, rf and rm are the density

of filler (here for SiO2-h-QDs or SiO2-h-QD-MSMA: 2.5 g/cm3)

and polymer matrix (for PMMA, 1.18 g/cm3), respectively. It can

be seen that the strength of the composite cannot be greater than

the strength of the corresponding polymer when the fillers are of

large size. However, for ultrasmall silica fillers (below 30 nm),

they tend to aggregate in the polymer matrix because of strong

van der Waals forces. One of the effective ways to prevent the

aggregation is to modify the silica surface with organic compo-

nents.26 Additionally, this modification can greatly improve the

compatibility associated with interfacial strength between the

nanofillers and matrices.28,29 Here, for our synthesized fluores-

cent SiO2-h-QDs nanohybrids, they are ultrasmall and their

surface can be easily modified to improve the SiO2-h-QDs

dispersion in polymers as well as enhance the interfacial strength

between the SiO2-h-QDs and polymer. Therefore, it is expected

that the SiO2-h-QD-polymer nanocomposites will exhibit

enhanced mechanical properties.

The representative stress-strain curves of nanocomposites of

PMMA reinforced with modified SiO2-h-QD-MSMAs are

shown in Fig. 3a. The tensile strength, Young’s modulus, and

elongation at break of the nanocomposites are given in Table 1.

To our delight, both the tensile strength and Young’s modulus of

the nanocomposites are generally much higher than the corre-

sponding neat polymer without compromising the elongation at

break when the concentrations of SiO2-h-QD-MSMAs are rela-

tively low (<0.5 wt%). Particularly, for the SiO2-h-QD-MSMA/

PMMA film, the tensile strength, Young’s modulus, and elon-

gation at break improved by about 46%, 74% and 6% respec-

tively, upon the loading of only 0.2 wt% of SiO2-h-QD-MSMAs.

Theoretically, for the composite filled with ultrasmall silica,

Sumita et al.30 proposed an equation to describe enhanced effect

of the nanofillers on composites as follows:

sc ¼ sm

�
1� Vf

2=3
�
þ Gb

kðdÞ
4p

3Vf

� �1=3

�2

" #
:
d

2

(3)

where sc (assuming sc ¼ 1/2 sc) and sm are the shear stress of the

composite and neat polymer, respectively, G is the shear

modulus, b is Burger’s vector, d is the diameter of the filler (for

our nanofillers: d¼ 13 nm), and k(d) is an aggregation parameter.

By comparing the tensile strengths shown in Fig. 3a and Table 1,

the values of Gb/k(d) were calculated as shown in Fig. 3b. Since

Gb is constant for a given matrix PMMA, k(d) increases with the

SiO2-h-QD-MSMAs weight fraction when Wf is over the opti-

mized value (0.2 wt%). Hence the addition of excess SiO2-h-QD-

MSMAs can cause aggregation, which may cause the decrease of
5678 | J. Mater. Chem., 2010, 20, 5675–5681
tensile strength and elongation at break.30–32 In fact, the addition

of 1.0 wt% of SiO2-h-QD-MSMAs caused the decrease of the

tensile strength and elongation at break by 7% and 17%,

respectively, which is in agreement with the calculated result.

Therefore, to obtain high performance nanocomposites only

very low contents of SiO2-h-QD-MSMAs nanofillers (<1.0 wt%)

are required.

On the other hand, the additions of SiO2-h-QD-MSMAs can

greatly increase the Young’s modulus as well (Table 1). The main
This journal is ª The Royal Society of Chemistry 2010



Table 1 Mechanical properties of fluorescent SiO2-h-QD-MSMA/polymer nanocomposites

SiO2-h-QD-MSMAs content (wt%) Tensile Strength (MPa) Young’s Modulus (GPa) Elongation at Break (%)

PMMA blank 28.4 � 1.2 (0%)a 0.91 � 0.05 (0%) 3.42 � 0.08 (0%)
PMMA-0.05 31.8 � 0.8 (12%) 0.89 � 0.04 (�2%) 4.63 � 0.10 (35%)
PMMA-0.1 35.1 � 1.3 (24%) 1.21 � 0.06 (33%) 4.3 5 � 0.08 (27%)
PMMA-0.2 41.4 � 1.5 (46%) 1.58 � 0.08 (74%) 3.62 � 0.09 (6%)
PMMA-0.3 40.3 � 1.0 (42%) 1.65 � 0.09 (81%) 3.13 � 0.11 (�8%)
PMMA-0.5 36.6 � 0.7 (29%) 1.61 � 0.07 (77%) 3.14 � 0.08 (�8%)
PMMA-0.8 35.5 � 0.8 (25%) 1.72 � 0.04 (89%) 3.10 � 0.07 (�10%)
PMMA-1.0 26.3 � 0.6 (�7%) 1.68 � 0.04 (85%) 2.85 � 0.07 (�17%)
PS blank 29.3 � 0.6 (0%) 2.21 � 0.03 (0%) 1.92 � 0.06 (0%)
PS-0.15 32.5 � 0.6 (11%) 3.10 � 0.05 (33%) 2.15 � 0.07 (12%)
PS-0.25 32.8 � 0.5 (12%) 3.75 � 0.05 (47%) 2.36 � 0.05 (23%)
PS-0.5 29.5 � 0.5 (1%) 3.65 � 0.04 (42%) 2.04 � 0.05 (6%)
PS-1.0 30.6 � 0.5 (5%) 4.01 � 0.02 (94%) 1.93 � 0.04 (1%)

a Value in parentheses represents percentage increase/decrease as compared to the polymer.

Fig. 4 Representative stress-strain curves of pure PS and SiO2-h-QD-

MSMA/PS nanocomposites. The inset is a representative SiO2-h-QD-

MSMA/PS dog-bone specimen for mechanical testing (the scale bar is

1 cm), and its SiO2-h-QD-MSMA content is 0.5 wt%.
reason is likely due to the strong interfacial force between

nanofillers and polymer,33–35 which could be estimated according

to the famous Einstein equation:35–37

Ec ¼ Em(1 + BVf) (4)

where Ec and Em are the Young’s moduli of the composite and

matrix, respectively, and B is a constant parameter related to the

interface adhesion between filler and polymer matrix. If there is

no adhesion between filler and matrix, B ¼ 1, while for strong

adhesion B takes values higher than 2.5. As can be seen from

Fig. 3c, the constant B calculated from the Einstein equation for

the SiO2-h-QD-MSMA/PMMA nanocomposites is far higher

than 2.5, suggesting that the adhesion between the SiO2-h-QD-

MSMAs and PMMA matrices is very strong. In addition, the

comparable or even higher elongation at break of the SiO2-h-

QD-MSMA/PMMA nanocomposites as compared with the

corresponding pure PMMA is also attributed to the strong

adhesion strength besides the good dispersion of the SiO2-h-QD-

MSMAs nanofillers in PMMA matrices.

In the true applications, it is no doubt that a kind of general

filler would be much more popular than a special one. To

demonstrate the generality of the enhancing effect of the QD

fillers, composite films of SiO2-h-QD-MSMA and polystyrene

(PS) were fabricated according to the same protocol as that of

PMMA cases (Fig. 4 and Table 1). For SiO2-h-QD-MSMA/PS

films, the loading of 0.25 wt% of SiO2-h-QD-MSMAs can also

lead to improvements in tensile strength, Young’s modulus, and

elongation at break by about 12%, 47% and 23%, respectively.

For comparison, unmodified SiO2-h-QDs and SiO2-MSMAs

with mean diameter 30 nm were also used to fabricate the PS

composites using the same procedure as the SiO2-h-QD-

MSMAs, respectively (Fig. S3 and S4†). The results show that no

obvious enhancement of tensile strength but a serious decrease of

elongation at break of PS can be observed for the addition of

unmodified SiO2-h-QDs (Fig. S3†), due to the poor compatibility

of polar surfaces of SiO2-h-QDs and nonpolar PS matrix. For the

addition of SiO2-MSMAs, the slight increase results of tensile

strength and elongation at break can be achieved at low content

of SiO2-MSMAs (e.g., 0.15 wt%), but great decreases of elon-

gation at break of the PS composites were found for the relatively

high load contents (e.g., 0.5 wt%) (Fig. S4†). All these results
This journal is ª The Royal Society of Chemistry 2010
indicate that the mechanical enhancement of PS by the nano-

fillers of SiO2-h-QD-MSMAs is much better than by the pristine

SiO2-h-QDs and SiO2-MSMAs, because of their good dispersion

in PS matrix, strong adhesion strength derived from the modified

surface, and ultrasmall size.

In addition, the mechanical reinforcement of SiO2-h-QD/PVA

films was also observed as shown in Fig. S2† (e.g.; the tensile

strength improved by 22% upon the addition of 0.25 wt% of

SiO2-h-QDs). Therefore, the SiO2-h-QD is deserved as a kind of

general and versatile nanofiller that not only endows stable

photoluminescence properties to polymer films but also improves

their mechanical properties.

To further study the mechanical enhancement behavior of the

nanocomposites, scanning electron microscopy (SEM) images of

the fracture surfaces of SiO2-h-QD-MSMA/PS, neat PS, and PS

filled with unmodified SiO2-h-QDs were recorded as shown in

Fig. 5. It could be seen that the neat PS exhibited a typical brittle

behavior with smooth fracture surface, demonstrating that the

neat PS is a typical brittle material (Fig. 5a,b). However, after the

addition of SiO2-h-QD-MSMAs, the fracture surface (Fig. 5c,d,e

and f) became unsmooth with many pleats appeared. This
J. Mater. Chem., 2010, 20, 5675–5681 | 5679



Fig. 5 Representative SEM images of pure PS (a, b), and SiO2-h-QD-MSMA/PS nanocomposites filled with 0.25 wt% (c, d) and 0.5 wt% (e, f) of SiO2-h-

QD-MSMAs. SEM images of PS composites filled with 0.25 wt% (g, h) and 0.5 wt% (i) of unmodified SiO2-h-QDs.
indicated that the nanocomposites presented a ductile rupture

behavior, which is totally different fracture behavior from the

neat PS. In addition, SiO2-h-QD-MSMAs nanohybrids are not

discernible on the fracture surfaces of the nanocomposites even

at relative high content (0.5 wt %), confirming the absence of

aggregated SiO2-h-QD-MSMAs in the PS matrix (Fig. 5c,d,e and

f). In contrast, for the sample filled with unmodified SiO2-h-QDs,

the SiO2-h-QDs aggregates with sizes of 40–100 nm can be clearly

observed on the relatively smooth fracture surface (Fig. 5g,h and

i). Therefore, we can conclude that the surface modification can

significantly improve the SiO2-h-QDs dispersion and thus

accompanied by excellent mechanical properties.
Conclusions

In conclusion, we demonstrated for the first time that QD-

polymer nanocomposites with both stable fluorescence emission

and enhanced mechanical properties can be easily obtained by

simply blending the silica hybridized CdTe QDs with polymers.

It is believable that such an exploration would open a new area

for applications of QDs, and largely extend their use from

potential bio-nanotechnology to common industries.
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