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Abstract We report the controllable synthesis of zinc
sulfide (ZnS) nanocrystals (NCs)/polymer transparent
nanocomposite hybrids in situ based on the catalytic chain
transfer polymerization (CCTP) technique. Firstly, a
polymeric ligand PMAA [PMAA = poly(acrylic acid)]
with controllable low-molecular-weight and a terminal
double bond was synthesized through CCTP. Secondly,
with the use of this versatile polymeric ligand containing a
large number of anchors as the stabilizer, the ZnS NCs
were fabricated. Finally, the surface polymeric ligands
containing terminal double bonds were copolymerized with
methyl methacrylate monomer to form NCs—polymer
hybrids through free radical polymerization. The properties
of as-prepared ZnS NCs and their nanocomposite hybrids
were thoroughly investigated by Fourier transform Raman
spectra, Fourier transform infrared spectrum, transmission
electron microscope, ultraviolet—visible, photolumines-
cence, and thermogravimetric analyses measurements. The
spectroscopic studies reveal that ZnS—polymer nanocom-
posite hybrids have good optical properties.

Introduction

In the past few decades, the exploration of novel composites
based on semiconductor nanocrystals (NCs) has attracted
extensive scientific and industrial interests as a consequence
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of their strong size-dependent properties, unique optical, and
electronic features [1-6]. To be specific, zinc sulfide (ZnS)
NC is the most typical and important semiconductor mate-
rial with wide bandgap (~ 3.6 eV in bulk) and has exhibited
great potential applications in wide areas, including light-
emitting devices, photonic crystals, nonlinear optical devi-
ces, and biological labels [7-15]. Unfortunately, it still
remains a challenge to stabilize NCs into bulk polymer
matrices so as to overcome the quenching of photolumi-
nescence (PL) resulting from phase separation and NC
aggregation [16, 17]. For this purpose, the surface chemistry
of the NCs is of major importance, because functional sur-
face ligands can serve as linkers between the particles and
polymer matrices [18-25].

In principle, a functional ligand consists of an anchor
group, an outer functionality, and a spacer between them
[26]. Up to now, much effort has been devoted to the
surface modification of NCs for improving their inherent
stability and the luminescence intensity [27-30]. For
example, possible organic anchor groups for semiconduc-
tors are provided by amines, oxides, and thiols, which have
different affinities to the NC surface and alter the fluores-
cence properties to a different degree. However, a major
problem in linker chemistry is that the stability of the
complex relies on the strength of only one chemical bond.
If either the anchor to the NC surface or the functional
docking bond breaks, the whole complex would dissociate
[31-36]. Therefore, the incorporation of fluorescent NCs
with various functional polymer ligands containing many
anchor points, such as diblock ionomers [37], homopoly-
mers [38, 39], block copolymers [40, 41], polymer micelles
[42-44], or dendronized polymers [45], would be extre-
mely useful to improve the interaction between the poly-
mer ligands and NCs. Still, it is essential that the polymer
ligands can form strong chemical bonds with polymers as
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to improve the compatibility between NCs and polymer
matrices. For these purposes we are focused on addressing
this problem by introducing a new versatile polymer ligand
prepared by catalytic chain transfer polymerization (CCTP)
technique, where the interaction between the polymer
ligands and NCs is increased by the presence of multiple
anchor groups and outer double bond functionality. As
reported in literatures, CCTP is a powerful synthetic route
to produce a relative low-molecular-weight polymer chain
with a terminal double bond [46, 47].

In this study, we take the advantage of this characteristic
of CCTP to design a multianchor polymer ligand based on
poly(acrylic acid), which contain carboxyl groups’ multiple
anchors coordinated with NCs and terminal double bond
tethered to the polymer matrices. Scheme 1 presents the
overall preparative strategy for producing ZnS/PMAA/
PMMA nanocomposite hybrids. Firstly, PMAA macromo-
nomers bearing multifunctional groups (—COOH) and
unsaturated end vinyl groups were fabricated through
CCTP with the presence of chain transfer agent CoBF
(bis(aqua)bis((difluoroboryl)dimethylglyoximato)cobalt(II)).
Subsequently, ZnS NCs were prepared by using the as-syn-
thesized PMAA-functionalized ligand under room tempera-
ture. Finally, the PMAA-functionalized ZnS NCs containing
terminal double bonds were copolymerized with methyl
methacrylate (MMA) monomers to prepare ZnS/PMAA/
PMMA nanocomposite hybrids through free radical poly-
merization. Typically, NCs incline to aggregate in the poly-
mer matrix as a result of their high surface area and surface
energy. Herein, however, the predesigned polymer ligand can
effectively connect NCs to polymers as a bridge to prevent
the aggregation and result in the formation of well-stabilized
transparent ZnS—polymer nanocomposite hybrids, therein
obtaining well-stabilized and highly enhanced luminescent
NCs—polymer hybrids in this case.

Experimental

Materials

Methacrylic acid (MAA) (Aldrich, 99%) and MMA
(Aldrich, 99%) were purified by distillation under reduced

azoisobutyronitrile (AIBN) and 2,2-Azobis(2-(2-imidazo-
lin-2-yl)propane)dihydrochloride (VA-044) were purified
by repeated recrystallization from methanol. Zinc chloride
(ZnCl,), sodium sulfide (Na,S - 9H,0), and N,N-dimeth-
ylformamide (DMF), 2-propanol, were purchased from
Aldrich and used without further purification. The cobalt
catalyst CoBF was prepared according to a procedure
reported by Bakac and Espenson [48]. CoBF was analyzed
using elemental analysis (Calcd.: C 22.80%, H 3.83%, N
13.30%; Found: C 22.86%, H 3.89%, N 13.40%). The
structure of CoBF is shown in Scheme 2.

Synthesis of PMAA macromonomers

In a typical reaction, 0.3 g of azo initiator VA-044 and
13 mg of CoBF dissolved in 2 mL acetone were added to
DI water (150 mL). The mixture was heated under nitrogen
atmospheres at 55 °C after degassing using six alternating
cycles of evacuation and pressurization with high purity
nitrogen (starting with evacuation). Polymerization carried
out after the injection of a CoBF/MAA mixture (7.5 mg
CoBF dissolved in 74.0 g MAA). The reaction was allowed
to proceed for 2 h with continuous stirring under nitrogen
atmosphere and then quenched with an ice-water bath. The
as-prepared PMAA was precipitated in diethyl ether, and
then redissolved in DI water and reprecipitated in diethyl
ether for several times. The product was subsequently

pressure and stored at —5 °C. The initiators, 2,2’-  Scheme 2 Structure of cobalt catalyst CoBF
Scheme 1 A schematic
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separated by centrifugation, and dried under vacuum for
various characterizations and post-synthesis.

Synthesis of ZnS NCs and ZnS/PMAA/PMMA
nanocomposite hybrids

A DMF (4 mL) solution of 1.25 mmol ZnCl, was added
dropwise into a DMF (40 mL) solution of PMAA
macromonomer (12.5 mmol carboxyl groups) under con-
tinuously stirring. And then, 0.9 mmol of Na,S - 9H,0 (in
4 mL DI water) was dropped to the above complex mixture
and was keep on stirring for 2 h at room temperature. ZnS/
PMAA/PMMA nanocomposite hybrids were synthesized
using ZnS/PMAA and MMA monomer as raw materials by
free radical polymerization. A solution of AIBN and MMA
was added dropwise to a proper amount of as-prepared ZnS
NCs suspension with vigorously stirring under nitrogen
atmosphere at 70 °C for 4.5 h (AIBN: MMA = 0.003:
1 w/iw, PMAA: MMA = 1: 5 w/w, MMA monomers
accounts for 10 wt% of the total solution). More clear
synthesis procedure is shown in Scheme 1.

Characterization

Molecular weight distributions were analyzed by gel per-
meation chromatography (GPC) using a Waters 1515 iso-
cratic pump, a Waters 717 plus autosampler, a column set
consisting of three Waters Styragel columns (7.8 x
300 mmz) HR4, HR3, HR1, and a Waters 2414 differential
refractive index detector. Tetrahydrofuran (TEDIA, HPLC
grade) was used as eluent at 0.6 mL/min. Calibration of the
GPC equipment was carried out with narrow polystyrene
standards (molecular weight range 1,200-538,000 g/mol).
"H-NMR spectra were acquired with a BRUKER DAX 500
with TMS as internal standard in deuterate DMF. Fourier
transform Raman (FT-Raman) spectroscopy were per-
formed on an NXR FT-Raman Module by sharing inter-
ferometer installed in the Fourier transform infrared
(FT-IR) bench. The Raman optics system is comprised of
Nd:YVO4 laser operating at 1064 nm, sample holders, an
InGaAs detector, and a CaF, beam splitter. Spectra of fine
powder samples pressed in a suitable sample holder were
then collected with a laser power of 1.0 W, a mirror
velocity of 0.3165 cm/s, and 128 scans at a resolution of
8 cm~'. A high-resolution transmission electron micro-
scope (HRTEM) was conducted on JEOL-2010 TEM at an
acceleration of 200 kV and used to observe the morphol-
ogy of the nanocomposites. The samples were dispersed in
DMF, and a drop of the solution was placed on a copper
grid that was left to dry before transferring into the TEM
sample chamber. Ultraviolet—visible (UV-Vis) absorption
spectra were taken with a Perkin-Elmer Lambda 900 UV—
Vis spectrometer with the scan range 260-450 nm using

DMF as solvent. PL spectra were measured on a Cary
Eclipse fluorescence spectrophotometer photolumines-
cence spectrophotometer at room temperature operating
with a 300 nm laser beam as a light source with Xe-lamp as
excited source, tube voltage was 600 V, the excitation and
emission slits were 5 nm. FT-IR spectra were recorded on a
NICOLET-NEXUS670 spectrometer. The samples were
grounded with KBr crystal and the mixture of them was
pressed into a flake for IR measurement. The sample was
prepared by drying in a vacuum oven at 90 °C for 2 days at
a reduced pressure for solvent removal. Thermogravimetric
analysis (TGA) measurement was performed for testing the
heat loss of ZnS/PMAA/PMMA hybrids using a thermo-
gravimetric apparatus Shimadzu-TGA 50 under nitrogen
atmosphere. Analysis was carried out with a heating rate of
10 °C/min from 38 to 600 °C.

Results and discussion

The development of NCs—polymer hybrid materials faces
several challenges in terms of chemical compatibility and
retaining NCs optical properties. Most reported study with
in situ polymerization focused on a ligand-exchange step
prior to polymerization in order to protect the NCs from PL
intensity loss. In this study, we report the synthesis of NCs—
polymer with CCTP technique. CCTP is a powerful syn-
thetic route to produce a relative low-molecular-weight
dead polymer chain with a terminal double bond [49].
Here, we follow this characteristic of CCTP to design the
polymer ligand: the PMAA macromonomer with a terminal
double bond was prefabricated as a multianchor polymeric
ligand (M, = 2848 g/mol, PDI = 1.08) through CCTP at
first. Subsequently, ZnS NCs were prepared under room
temperature with the aid of the presynthesized functional-
ized ligand as the stabilizer. Finally, the surface polymeric
ligands containing terminal double bonds were subse-
quently polymerized with MMA monomer to form NCs—
polymer hybrids through free radical polymerization,
therein obtaining well-stabilized and highly enhanced
luminescent NCs—polymer hybrids in this case.

The evidence for the successfully preparation of PMAA
macromonomer with unsaturated end vinyl groups through
CCTP can be demonstrated by NMR measurement. As
seen in Fig. 1, vinyl groups in the end of PMAA ma-
cromonomer are determined by 'H-NMR spectroscopy
from the region at 5.5-6.5 ppm. In the expanded inset, “p”
shows the expected vinylic w-end group in PMAA ma-
cromonomer, and “m” indicates trace monomer in the final
product isolated by evaporation of water. It would be
worthy to indicate that it is very difficult and even
impossible to remove all residual MAA monomer in the
product. And thus the weak peaks “m” would still exist.
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Fig. 1 "H-NMR (300 MHz, DMF) spectrum of PMAA macromono-
mer prepared by using CCTP in DMF (p vinyl protons in the product,
m vinyl protons in the monomer)
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Fig. 2 Raman shift spectra of (a) PMAA prepared through free
radical polymerization, (b) PMAA macromonomer prepared by using
CCTP

Analogue result is also obtained in the literature [50].
Moreover, the chemical structures of the PMAA
macromonomer prepared via CCTP can be characterized
by Raman spectra. Figure 2 is Raman spectra of PMAA
macromonomer prepared by using CCTP and correspond-
ing PMAA prepared by free radical polymerization for
comparison (Fig. 2a). As seen in Fig. 2, the Raman shift
appeared at 1640 cm™" in Fig. 2b can be assigned to the
unsaturated carbon—carbon double bonds in end-groups of
the PMAA macromonomer, which is consistent with the
result of "H-NMR. These results also present that we have
successfully synthesize the PMAA macromonomer with
terminal unsaturated double bonds by using CCTP
technique.

Figure 3 displays HRTEM images with low-magnifica-
tion and high-magnification of PMAA-capped ZnS NCs by
using as-synthesized PMAA macromonomer as the ligand.

@ Springer

As seen in Fig. 3a, we can directly observe a uniform size
distribution of ZnS NCs in homogeneous oligomers med-
ium without any aggregation, owing to the introduction of
PMAA multianchor sites improving the interaction
between ZnS NCs and PMAA ligands. By scrutiny of ZnS
NCs shown in Fig. 3a, the ZnS NCs were found to have a
narrow size distribution with average size of about 2.5—
3.0 nm. A typical high-magnification HRTEM image is
presented in Fig. 3b, the appearance of distinct lattice
planes on the magnified ZnS NCs image confirms pro-
duction of the high-quality crystalline ZnS nanoparticles.
Detailed analysis on the lattice fringes gives an interplanar
distance of about 0.31 nm, which agrees well with the
lattice spacing of the (111) planes of cubic ZnS
(di1; = 0.312 nm for cubic ZnS) [11]. The above results
also present that as-prepared ZnS NCs with PMAA oligo-
mer as the polymeric ligand still exhibit as quantum dots.
The dispersibility and stabilization of ZnS NCs could be
enhanced when ZnS NCs are embedded in the PMAA
chains.

ZnS/PMAA/PMMA nanocomposite hybrids were syn-
thesized by copolymerization of PMAA-functionalized
ZnS NCs and MMA monomers using AIBN as the initiator.
The FT-IR spectrum of ZnS/PMAA/PMMA nanocompos-
ite is shown in Fig. 4. Strong absorption peak noticed at
1160 cm ™" shows that abundant C—O groups are tethered
on the surface of ZnS NCs. The stretching frequencies of
the C=0 bonds located at 1720 cm_l, C-O bonds at
1400 cm ™" and 1549 cm ™", and O-H at 2920-3000 cm ™',
respectively, are attributed to carboxylate groups. It further
confirms that the ZnS/PMAA/PMMA nanocomposite
hybrids have been successfully prepared.

In order to investigate the optical properties of the NCs
and the nanocomposite hybrids, the pure PMMA, ZnS NCs
using PMAA macromonomer as the ligand, and ZnS/
PMAA/PMMA nanocomposite hybrids were characterized
by UV-Vis absorption and PL spectra, respectively. As
seen in Fig. 5, the pure PMAA shows a weak absorption
peak at a wavelength of 265 nm, whereas ZnS NCs stabi-
lized with PMAA macromonomer and ZnS/PMAA/PMMA
nanocomposite hybrids show the intense characteristic UV
absorption peak at about 272 nm (4.56 eV). Compared
with the UV absorption peak of bulk ZnS which is noticed
at about 338 nm (3.71 eV), the absorption peak of ZnS
NCs and NCs—polymer nanocomposite hybrids is greatly
blue-shifted because of a quantum size effect caused by the
confinement of the electron and hole in a small cubage. The
calculated particle size of as-prepared functional ZnS NCs
according to Brus [51, 52] formula is about 2.6 nm, which
is in good agreement with the result of TEM measurement.
Another indication from Fig. 5 that the position of UV
absorption peak of ZnS/PMAA/PMMA nanocomposite
hybrid does not alter indicates that the particle size of ZnS
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Fig. 3 a Low-magnification
and b high-magnification
HRTEM images of PMAA-
capped ZnS NCs
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Fig. 4 FT-IR spectrum of ZnS/PMAA/PMMA nanocomposite hybrid
(COOH /Zn**/$*~ = 10/1/0.6 mol/mol, MMA/PMAA = 5:1 w/w,
AIBN/MMA = 0.3 wt%, reaction time: 4.5 h)
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Fig. 5 UV-Vis absorption spectra of (a) pure PMAA, (b) ZnS NCs
stabilized with PMAA macromonomers (COOH /Zn**/S*~ = 10/1/
0.6 mol/mol; solvent:H,O/DMF = 2:10 w/w; reaction time: 2 h), and
(¢) ZnS/PMAA/PMMA nanocomposite hybrid (MMA/PMAA =
5:1 w/w, AIBN/MMA = 0.3 wt%, reaction time: 4.5 h, dispersed in
DMF)

NCs in this nanocomposite hybrid after copolymerization
between ZnS NCs and PMMA matrix does not change.
As a typical semiconductor, ZnS NCs display interesting
optical properties. With the ZnS NCs embedded in the
PMMA matrix, ZnS/PMAA/PMMA nanocomposite hybrids
also show excellent optical characteristic property. Figure 6
demonstrates the PL emission spectra of pure PMAA, ZnS
NCs stabilized with PMAA macromonomer, and ZnS/
PMAA/PMMA nanocomposite hybrids with excitation at
300 nm. ZnS NCs and ZnS/PMAA/PMMA nanocomposite
hybrids show the characteristic emission peak of ZnS NCs
at 414 nm, which is attributed to recombination from the
excitonic state in the crystallite interior. Moreover, an
increase in PL intensity was observed after the function-
alized ZnS NCs were embedded in the PMMA matrix,
which can be ascribed to the local field enhancement effect

100

Intensity

400 500 600 700
Wavelength(nm)

Fig. 6 The PL emission spectra of (a) pure PMAA, (b) ZnS NCs
stabilized with PMAA macromonomer (COOH/Zn**/S*~ = 10/1/
0.6 mol/mol; solvent:H,O/DMF = 2:10 w/w; reaction time: 2 h), and
(¢) ZnS/PMAA/PMMA nanocomposite hybrid (MMA/PMAA =
5:1 w/w, AIBN/MMA = 0.3 wt%, reaction time: 4.5 h, dispersed in
DMF)
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Fig. 7 TGA curves of (a) pure PMMA polymer (AIBN/
MMA = 0.3 wt%, reaction time: 4.5 h); and (b) ZnS/PMAA/PMMA
nanocomposite hybrid (MMA/PMAA = 5:1 w/w, AIBN/MMA =
0.3 w%, reaction time: 4.5 h)

[53]. These ZnS NC cores are well surrounded by dielectric
polymer ligands, which have much lower refractive indices
than the inorganic semiconductors, and hence bear a larger
enhancement factor. Also, this polymeric ligand can
greatly improve the compatibility between ZnS NCs and
polymer matrix, overcoming the fluorescence quenching
resulting from phase separation [54].

The thermal stability of the products was investigated
with TGA. Figure 7 shows TGA curves of pure PMMA
and ZnS/PMAA/PMMA nanocomposite hybrids, respec-
tively. The initial degradation temperature starts from
140 °C, which is attributed to the presence of DMF in the
samples. The improvement in thermal stability for ZnS/
PMAA/PMMA nanocomposite hybrid after incorporating
ZnS NCs by in situ copolymerization was observed. By
comparison, ZnS/PMAA/PMMA nanocomposite hybrid
shows higher thermal stability in the temperature range of
the degradation step (between 300 and 450 °C at a heating
rate of 10 °C/min) than that of pure PMMA prepared by
free radical polymerization, which might be attributed to
that the interfacial interactions between the PMMA and
ZnS NCs can be greatly enhanced by using ZnS NCs
in situ growth in PMMA matrix.

Conclusions

In summary, we have firstly reported the synthesis of
functionalized ZnS NCs and the transparent ZnS/PMAA/
PMMA nanocomposite by using CCTP technique. In this
in situ polymerization procedure, polymeric oligomer
ligands were designed to act not only as stabilizer, but also
as anchor sites in the composites. In addition, we have
found that the dispersibility and processability of ZnS NCs
are significantly improved by grafting polymers onto their

@ Springer

surfaces. The spectroscopic studies indicate that as-pre-
pared ZnS—polymer hybrids exhibit good PL stability
without polymerization-induced fluorescence quenching.
These findings reveal that controllable polymerization
methods, for example CCTP, can provide an ideal process
for synthesis of stable NCs—polymer nanocomposite
hybrids.
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