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A series of transparent, highly fluorescent, organic—inorganic nanocomposite films were prepared by
incorporating mercaptoethanol-capped ZnS nanoparticles into a copolymer of trialkoxysilane-capped
poly(MMA-co-Hq-CH,-HEMA) carrying an 8-hydroxyquinoline (Hq) unit, followed by ligand exchange
and sol—gel processing. Electron microscopy revelaed that the ZnS nanoparticles were uniformly
dispersed in the organic—inorganic hybrid matrix regardless of the content and matrix composition. The
hybrid nanocomposites had good optical transparency in the visible region. The nanocomposites that
contained the ZnS nanoparticles were stable and displayed high fluorescence emission at 500 nm, which
differed from that of hybrid materials obtained by simply blending the zinc ions or bis(8-hydrox-
yquinoline) zinc compound with the copolymer matrix. Thermogravimetric analysis indicated that the
nanocomposite materials had high thermal stability.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Since the first, efficient, low-voltage-driven, organic light-
emitting diodes (OLEDs) based on tris(8-hydroxyquinoline)
aluminium (Alqgs) were reported by Tang and co-workers in 1987
[1], 8-hydroxyquinoline (Hq) and its metalloquinolates have
attracted great interest because their high thermal stability and
good electroluminescence properties make them important
prototypical electron transport and emitting materials for OLED
devices [2—4]. Among the metalloquinolates, Alqs and zinc(Il)-bis
(8-hydroxyquinoline) (Znq) are typical representatives. The
emission properties of the metalloquinolates can be tuned by the
electronic nature of the arylethynyl substituents on the Hq ligand
or by introducing optically inactive spacer molecules into their
crystalline networks [5—9]. Generally, fabrication of device films for
metal-quinoline chelates is carried out using vacuum-deposition
[8,10] and, therefore, it is desirable to develop low-cost solution-
processing techniques, such as spin-coating or ink-jet printing, for
the large-scale fabrication of such devices [11-13].

The design and fabrication of novel organic—inorganic hybrids
have been the focus of research for a long time [14—18]. Nowadays,
most hybrid materials are synthesized using conventional chemistry
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and combine the properties of organic and inorganic components [18].
However, with the rapid development of nanoscience and nano-
technology, functional organic—inorganic hybrids of innovative
multiscale and hierarchically organized structures offer potential
application as photovoltaic and fuel cells, smart and bionic mate-
rials, catalysts and sensors as well as the next generation of optical
and photoelectronic systems [18,19]. In this context, fluorescent
components such as rare earth complexes [20—22], dyes [16,23],
Alqgs [24] and semiconductor quantum dots (QDs) [25] have been
incorporated into hybrid systems using a sol—gel route to secure
materials with high stability, excellent thermal stability and ease of
processing.

This study concerns a facile route for the preparation of highly
fluorescent hybrid nanocomposites from trialkoxysilane-capped
poly(MMA-co-Hq-CH2-HEMA) and mercaptoethanol (ME)-capped
ZnS nanoparticles (NPs) via ligand exchange and sol—gel process.
The novelty of this strategy is that the Hq molecules are used to
attach to the surface of semiconductor NPs for the first time to
fabricate the fluorescence organic—inorganic nanocomposites with
Hqg-containing copolymers through ligand exchange. The interaction
between NPs and the metalloquinolates formed on the NPs surface
may mainly contribute to the interesting highly photoluminescence
properties. By using the design of the copolymer of trialkoxysilane-
capped poly(MMA-co-Hq-CH,-HEMA) in this paper, the integration
of the luminescent function within the stable and processible
organic—inorganic hybrids can be achieved by the sol—gel process.
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2. Experimental
2.1. Materials

Methyl methacrylate (MMA) and 3-(trimethoxysilyl) propyl
methacrylate (MSMA) were distilled under reduced pressure before
use. Azodiisobutyronitrile (AIBN) was recrystallized in ethanol. 5-
(2-Methacryloylethyloxymethyl)-8-quinolinol (Hg-CH2-HEMA)
was synthesized as reported previously [13]. Tetrahydrofuran (THF)
was dried by refluxing over metal sodium before use. 2-Mercap-
toethanol (ME), zinc acetate dihydrate, thiourea and N, N-dime-
thylformamide (DMF) were all analytical grade reagents and were
used without further purification. Bis(8-hydroxyquinoline) zinc
(Znqy) was synthesized according to the reported method [26].

2.2. Characterization

FTIR spectra were recorded on a Magna 560 FTIR spectrometer.
The molecular weights of the polymers were determined by gel
permeation chromatography (GPC) equipped with Waters 1515
pump and Waters 2414 differential refractive index detector. The
eluent was THF at a flow rate of 1.0 mL/min. A series of low poly-
dispersity polystyrene standards were employed for the GPC cali-
bration. Transmission electron microscopy (TEM) was carried out
on a JEOL-2021 microscope. UV—vis spectra were recorded on
a Vary 500 UV-vis-NIR spectrometer in the range of 200—800 nm.
Photoluminescence spectra were measured on a Cary Eclipse
fluorescence spectrometer. Thermogravimetric analysis (TGA) was
performed on a Perkin—Elmer TGA-2 thermogravimetric analyzer
under a nitrogen atmosphere at a heating rate of 20 °C min~".

2.3. Synthesis of trialkoxysilane-capped
poly(MMA-co-Hq-CH2-HEMA) copolymer

A mixture of MMA (4.0 g), MSMA (0.95 g), HEMA-CH,-Hq
(0.05 g), AIBN (0.03 g) and anhydrous THF (25 mL) was placed in
a 100 mL three-neck round bottom flask fitted with a magnetic
stirrer and a reflux condenser under nitrogen atmosphere. The
reaction solution was kept at 60 °C for 20 h with stirring. A THF
solution of the copolymer with a solid content of 28 wt% was
obtained. The copolymer was precipitated several times by using
ether and a white powder was obtained. The number-average
molecular weight (M,) of this copolymer was determined to be
31 800 [polydispersity index, My /M, = 1.52] by the GPC. The
copolymer of p(MMA-MSMA) with a weight ratio of 80:20 for MMA
to MSMA was synthesized through a similar process as mentioned
above. The M, and M,,/M;, of this copolymer are 48 500 and 2.53,
respectively. Fig. 1 is the synthetic routes for these copolymers.

2.4. Preparation of mercaptoethanol (ME) capped
ZnS (ME-ZnS) NPs

ME-ZnS nanoparticles (NPs) were prepared in DMF solution
using the similar method reported earlier [27]. In a typical exper-
iment, zinc acetate dihydrate (16.5 g, 75.3 mmol), thiourea (5.2 g,
68.3 mmol) and ME (8.7 g, 111.4 mmol) were dissolved in 150 mL
DMF. The solution was stirred at 155—160 °C for 10 h under
nitrogen atmosphere. The reaction solution was concentrated to
about 50 mL at a reduced pressure, and then the resulting solution
was poured into 200 mL ethanol and the formed white precipitate
was collected by centrifugation. The white powder was thoroughly
washed several times with methanol and then dried in vacuum.
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Fig. 1. Synthetic scheme for the copolymer of trialkoxysilane-capped poly (MMA -co-
Hg-CH,-HEMA).

2.5. Preparation of polymer nanocomposite films

For p-ZnSX-SiY samples, ZnS NPs dispersed in DMF were added
into the copolymer solution of trialkoxysilane-capped poly(MMA-
co-Hq-CHy-HEMA). After the mixture solution was kept under
ultrasonic vibration for 5 min, TEOS and water was added (the
molar ratio of -Si-OR in copolymer and TEOS to H,0 is 0.625:1). The
reaction solution was stirred for 8 h at room temperature, and then
the solution was spin-coated on a quartz wafer at 3000 rpm for
30 s. The quartz wafer was pretreated with sulfuric acid and
hydrogen peroxide. The solid content of the coating solution is
about 5 wt%. The films were cured at 60 °C for 3 h, 80 °C for 1 h,
100 °C for 1 h, 120 °C for 1 h and 100 °C under vacuum for 1 h. For
p-ZnS samples, except without use of TEOS, all the other conditions
are similar to that of the synthesis for p-ZnSX-SiY samples. The zinc
ion (acetate dihydrate as zinc salt) was also introduced into the
sol—gel systems to prepare the hybrid samples of p-Zn®*(2:1),
p-Zn?*(1:1) and p-Zn?*-Si20 (see Table 1). Here, the molar ratio of
Hg-CH,-HEMA units in the copolymer to Zn ions is 2:1 and 1:1
respectively, and the SiO, weight content in the resulting hybrids is
fixed at 20 wt%. The p-Znq, hybrid sample was also prepared by
blending Znq; complex with the copolymer of poly(MMA-MSMA)
in THF solution, followed by the same procedure mentioned above.
The weight content of Znq, complex in hybrid is similar to that of
p-Zn®*(2:1) (0.61 wt%). The thickness of the above hybrid films was
controlled at about 1.0 um.

Table 1
Some properties of the organic—inorganic hybrid nanocomposite films.

Sample? de® (NM) e (M) T (%)?  Tq(°C)*  Residue (wt%)
P(copolymer) — — 99.2 294 15.1(4.6)
p-ZnS1 370 495 96.4 292 27.5(23.0)
p-ZnS3 373 500 98.2 281 20.4(12.3)
p-ZnS10 369 500 98.4 249 19.2(7.2)
p-Zn?*(1:1) 370 501 = = =

p-Zn?t(2:1) 370 492 - 227 17.8(4.7)
p-Znqz 378 515 = 227 16.0(4.8)
p-ZnS3-Si10 372 499 98.1 307 24.5(21.0)
p-ZnS3-Si40 372 500 98.8 301 57.0(47.2)

2 P-ZnSX-SiY is defined as a nanocomposite with X weight percent of Hq unit in
copolymers to ZnS NPs and Y weight percent of silica in nanocomposites.

b Maximum excitation wavelength.

¢ Maximum emission peak positions.

4 Transmittance at 450 nm.

€ 5 wt% decomposition temperatures.

f Char yield at 785 °C after TGA (Theoretical char yield).



68

Ligand
exchange

Y. Shi et al. / Dyes and Pigments 85 (2010) 66—72

7ZnS NPs

( B 1105 1m0

Copolymers ME-ZnS NPs

Sol-gel

Fluorescent hybrid
nanocomposites

Fig. 2. Preparative scheme of highly fluorescent hybrids by ligand exchange and sol—gel process.

3. Results and discussion

The copolymer of trialkoxysilane-capped poly(MMA-co-Hq-
CH,-HEMA) was synthesized from the monomers of MMA, MSMA
and Hq-CH,-HEMA with a weight ratio of 80:19:1. The synthesis
procedure of this copolymer is illustrated in Fig. 1. GPC analysis

revealed that the number-average molecular weight (M;) of the
copolymer were 31 800 (M,,/My, = 1.52). The highly fluorescence
organic—inorganic nanocomposite films were fabricated from the
ME-capped ZnS NPs and Hg-containing copolymer hybrid sols
through the combined use of ligand exchange and sol—gel route
(see Fig. 2). Herein we have prepared two series of hybrid films of
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Fig. 3. TEM images of (a) ZnS NPs and nanocomposites of (b) p-ZnS3, (c) p-ZnS10, (d) p-ZnS3-Si10, (e) p-ZnS3-Si40, and (f) UV—vis transmittance spectra of nanocomposites. Inset

in Fig. 3a is the selected area electron diffraction pattern of ZnS NPs.
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p-ZnSX and p-ZnSX-SiY (see Table 1). In addition, to compare the
optical properties, the Znqg,-polymer and Zn?*-polymer hybrids
were also synthesized by directly blending Znq, complex and zinc
acetate dihydrate with the copolymer sols, followed by a pro-
grammed heating process.

Fig. 3a—e shows the TEM images of ZnS NPs, p-ZnS3, p-ZnS10,
p-ZnS3-Si10 and p-ZnS3-Si40 samples. The selected area electron
diffraction (see inset in Fig. 1a) of ZnS NPs displays the broad diffuse
rings with (111), (220), (311), (420) and (422) planes for the cubic
structure of sphalerite ZnS. The ZnS NPs are uniformly dispersed
before and after immobilization in the hybrid matrix and maintain
their original size (about 3 nm) without aggregation regardless of
the content of NPs and matrix composition. The UV—vis trans-
mittance spectra (Fig. 3f) indicate that the nanocomposites have
good transparency in the visible region of the electromagnetic
spectrum. The T% of the hybrid nanocomposites can reach as high
as 96% at above 450 nm (Table 1). Although the p-ZnS1 exhibits
a lowest transmittance on the whole, its T% is still above 85% at the
visible region (400—800 nm). The apparent decrease in optical
transmittance of the nanocomposites below 450 nm mainly results
from the characteristic absorption of the ZnS nanoparticles in this
region. The above results indicate that there is good compatibility
between ZnS NPs and polymer hybrid matrix without obvious
microphase separation because the organic moieties are covalently
linked to the ZnS NPs by forming C—0—Si bonding between the
hydroxyl groups of mercaptoethanol on ZnS surface and —Si-OH in
silica precursors in the sol—gel process, besides the coordination
effect of the Hq moiety in polymer chains (see Fig. 2). The FTIR
study has confirmed the above result. Fig. 4 shows the FTIR spectra
of ZnS NPs and different NPs—polymer nanocomposites. It can be
seen that there are obvious O—H bands at about 3400 cm~! due to
the existence of the hydroxyl groups on ZnS surface and uncon-
densed hydroxyl groups of triethoxysilicane moieties in the
copolymer chains. However, when the ZnS NPs are incorporated
into the copolymers, the absorption intensity of the hydroxyl
groups in this region obviously decreases for the nanocomposites,
especially for the p-ZnS10 sample, indicating that the partially or
full co-condensation reaction has occurred between the hydroxyl
groups on the ZnS surface and silica precursors in the polymeri-
zation systems.

Fig. 5a shows the photoluminescence (PL) spectra of different
hybrid samples, ZnS NPs and Znq, complex in solid state films. The
maximum excitation and emission peak positions of the hybrid
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Fig. 4. FTIR spectra of ZnS NPs and different polymer hybrid samples.
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Fig. 5. PL spectra of different hybrid samples in solid state film (a) and in DMF solution
(b) at the excitation wavelength of 370 nm. Inset in Fig. 5a is the PL spectra of ZnS NPs
and Znq, powders at the excitation wavelength of 310 nm and 370 nm, respectively.

samples are listed in Table 1. The weak blue emission at 420 nm for
ZnS NPs is attributed to the defect-state recombination on the
surface of ZnS NPs [27]. When ZnS NPs are incorporated into the
copolymers, the obtained nanocomposites of p-ZnS1, p-ZnS3 and
p-ZnS10 show a green fluorescent emission centered at about
500 nm. The emission peaks of the nanocomposites also red-shift
slightly with increasing weight ratio of the copolymers with Hq
units to ZnS NPs from 495 nm for p-ZnS1 to 500 nm for p-ZnS3, and
the emission peak position does not further change when the
weight percent is above 3%. In addition, the decrease in PL inten-
sities of the nanocomposites with increasing weight ratio of Hq unit
to ZnS NPs is possibly because of the concentration-quenching
effect of the formed metalloquinolates on the surface of NPs. In
order to compare the PL property, the zinc ions and Znq; were also
introduced into the corresponding copolymers to prepare
p-Zn?*(1:1), p-Zn®*(2:1) and p-Znqy hybrid films. It can be seen
that the sample of p-Zn®*(1:1) has the almost identical emission
peak at about 500 nm. The p-Zn?* (2:1) exhibits a very weak
fluorescent emission at 492 nm, and an obvious red-shifted emis-
sion at 515 nm is also observed for p-Znq, when compared with
that (494 nm) of Znq, complex. We also studied the PL behaviors in
DMF solution for the samples of p-Zn®*(1:1), p-Zn**(2:1), p-Znqy
and p-ZnS3 (see Fig. 5b). The PL emission peaks of these samples in
solution red-shift as compared with that of their corresponding
solid state film samples due to the solvent effect. The maximum PL
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Fig. 6. Uv-vis absorption and PL spectra of different samples.

shift of about 50 nm is observed for p-Zn®* (2:1) and p-Znqy, while
the PL peak shift of the samples p-ZnS3 and p-Zn®* (1:1) is only
about 10 nm. In particular, we should note that the samples of p-
ZnS3 and p-Zn?* (1:1) still have identical emission wavelength in
DMEF solution such as in their solid state films. This result indirectly
confirms that the coordination structure of 8-hydroxyquinoline
(HQ) unit in copolymer to zinc atom in p-ZnS3 is similar to that in p-
Zn®* (1:1), that is to say the molar ratio of Hq unit to the zinc atom on
ZnS surface should be 1:1. The formation of single coordination bond
for the metaloquinolate complexes on the surface of ZnS NPs in p-
ZnS3 may be mainly responsible for the steric hindrance effect
provided by the special spherical surface of NPs and the existence of
Zn—S bonds as compared with the conventional coordination
compounds such as Znq, complex. Recently, Bohle et al. studied the
optical behavior of ZnO nanocrystals with surface-bound 8-
hydroxyquinoline in solution [28]. The result also revealed that the
Hq was attached to the surface of ZnO NCs in a 1:1 coordination
fashion.

Although the PL peak positions of p-Zn®* and p-Znq are similar
to that of p-ZnS the hybrid films of p-ZnS1 and p-ZnS3 present
more strong PL emission in both solution and solid state films,
indicating that the PL behavior of ZnS-copolymer hybrid systems
should be different from that of pure ZnS NPs, p-Zn?* and p-Znqy. It
is known that the optical properties of semiconductor NPs not only
can be tuned by changing the particle size or by doping with
suitable ions [29], but also by the surface functionalization using
organic functional ligands or chromophores [30]. ZnS NPs have
a great number of surface metal atoms that can coordinate with Hq
unit in copolymer chains to form stable fluorescent complexes on
the surface of NPs [27]. However, the above results indicate that the
PL properties of ZnS-copolymer hybrid nanocomposites are not
simply derived from the metaloquinolate complexes formed on the
surface of ZnS NPs by the coordination effect of Hq unit to the

p—ZnS3

p—ZnS10

-7ZnS1
B 2:1)

p~ZnZ+

surface zinc ions. Firstly, the unconventional metaloquinolate
complexes on the spherical surface with a steric confinement effect
can reduce the attack of water or oxygen, thus avoiding the leaching
and quenching effects in the sol—gel systems [31,32], which results
in the stronger PL emission of the nanohybrid materials than that of
the conventional metaloquinolate complexes. In addition, the
inherent luminescent emission of ZnS NPs may have a cooperative
interaction with that of the metaloquinolate complexes on the
surface of NPs. Actually, the PL mechanism of p-Zn>* and p-Znq; is
consistent with that of conventional small molecular Alqgs or Znq>
complexes. These samples display ligand-centered excited states
and their fluorescent emission originates from the electronic T—m*
charge transfer from the electron rich phenoxide ring to the elec-
tron deficient pyridyl ring in the quinolinolate ligands [33].
However, the emission properties of the metallocomplexes are in
general controlled by the coordination fashion and angles that
affect the energy mixing, and splitting of electronic states involved
in the emission [6,7]. So, the PL properties between p-Zn?* (1:1)
and p-Zn®* (2:1) are different due to the above affecting factor. For
p-ZnS, there are two emission centers, including the inherent
luminescent emission of ZnS NPs and the metaloquinolate
complexes formed on the surface of NPs. The later emission
mechanism is similar to that of the sample of p-Zn®* (1:1). The PL
behavior of p-ZnS also may be from the cooperative effect of the
two PL emission centers because the obvious enhanced PL emission
was observed in p-ZnS1 or p-ZnS3 as compared with other samples.
In order to well understand this speculation, we compare the Uv-
vis absorption and PL spectra of ZnS NPs, p-ZnS3 and p-Zn®* (1:1)
(see Fig. 6). The ZnS NPs exhibit a typical blue shift of nano-ZnS for
absorption onset as compared with that of bulk ZnS (335 nm,
3.7 eV) [34]. For p-ZnS3, there is an absorption band centered at
375 nm similar to that of p-Zn®* (1:1) besides the intrinsic
absorption of ZnS NPs. This band should be assigned to the charge
transfer transition from oxide containing phenolato moiety of the
quinolate ligand to its nitrogen-containing pyridyl moiety [35]. This
result indicates that the Hq units in copolymer are anchored to the
surface of ZnS NPs to form the metalloquinolates. It is also should
be noted that there is a spectral overlap between the emission band
of ZnS NPs and the absorption band of p-Zn®* (1:1). So, we consider
that the fluorescent enhancement of the hybrid materials such as
p-ZnS3 may partially attributed to the forster energy transfer from
the ZnS NPs (donor) to the metaloquinolate complexes (acceptor)
formed on the surface of NPs [36]. Further study is required to well
understand the mechanism affecting the optical properties of the
hybrid nanocomposites.

To improve the mechanical and thermal properties of the
resulting nanocomposites, the samples of p-ZnS3-Si10 and p-ZnS3-
Si40 were also prepared by introducing inorganic SiO, in the hybrid
networks. From the PL spectra (Fig. 5a), it can be seen that the two
nanocomposites still possess good fluorescence emission proper-
ties at 500 nm. The decline of the emission intensities of the
nanocomposites may be due to the concentration decrease of the
fluorescent components with increasing silica content when

p-Zng2 p-ZnS3-Sil0 p-ZnS3-Si40

Fig. 7. PL images of different fluorescent hybrid films excited by an UV lamp with 360 nm.
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compared with p-ZnS3 sample. Fig. 7 shows the PL images of
different fluorescent hybrid films excited by an UV lamp with
360 nm.

The thermal properties of the fluorescent nanocomposites were
studied and their typical TGA curves are shown in Fig. 8. These
materials exhibit well thermal stability (see Table 1). The thermal
decomposition temperatures (Tq) at 5% weight loss for these
nanocomposites are between 220 and 310 °C, and these values are
relative to the decomposition of the partial organic polymer matrix
and the surface capping agents of ZnS particle surface. However, it
should be noted that the Ty of the nanocomposites is obviously
higher than that of the samples of p-Zn?*, p-Znqy and ZnS NPs. As
shown in FTIR spectra (Fig. 4), the covalent bonding formed
between the polymer and nanoparticles partially improves the
thermal stability of the nanohybrid materials, especially with high
particle loading. When the inorganic silica phase was introduced
into the hybrid materials, the Tgq of the nanocomposites can be
further improved. For examples, the T4 of p-ZnS3-Si10 and p-ZnS3-
Si40 nanocomposites has reached above 300 °C. So it can be seen
that the obtained high fluorescent nanohybrid materials by our
strategy have excellent thermal stability as compared with that
based on the conventional blending method. The residues of the
hybrid samples at 785 °C are higher than the theoretical contents of
the inorganic phase. The reason may be that the covalent linkages
between the organic and inorganic phases trapped the organic
moieties in the inorganic phase [37].

4. Conclusions

In conclusion, we have designed and synthesized the novel
nanocomposites with ZnS NPs covalently bonded to the polymer
hybrid matrix with 8-hydroxyquinoline ligand unit and inorganic
silica network by ligand exchange and sol—gel approach. This facile
strategy can endow the resultant nanocomposites with highly
fluorescence, outstanding thermal stability and flexible process-
ability. These fluorescent nanohybrid materials can be potentially
used to fabricate multifunctional devices with novel photoelectric
properties.
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