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a b s t r a c t

Microgeleclay composite particles were prepared by one-step surfactantefree precipitation polymeri-
zation. Laponite nanoparticles present in the reaction mixture become encapsulated during the microgel
formation process. Microgeleclay composites based on poly(N-vinylcaprolactam-co-acetoacetoxyethyl
methacrylate) containing different amount of incorporated clay nanoparticles were synthesized. The clay
content was varied from 2 wt% to 18 wt%. The extremely high incorporation efficiency of the clay
nanoparticles into microgels was detected. The size of the hybrid microgels was decreased from 700 nm
to 100 nm by increase of the clay concentration in the reaction mixture. Obtained hybrid microgels
exhibit negative surface charge and excellent colloidal stability. Microgeleclay composite particles
display temperature-sensitive behaviour in water. The swelling degree of the hybrid microgels decreases
with increase of the clay loading. Microgeleclay composite particles exhibit temperature-controlled
uptake of the cationic dye, Methylene blue, and can be used as scavenger systems in aqueous media.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Aqueous colloidal microgels found useful applications in
different areas such as coatings, agriculture, medicine, etc. due to
their attractive properties such as defined size, porosity, chemical
functionality and film-forming ability [1,2]. Most of the microgel
particles operating in aqueous medium are based on poly(N-iso-
propylacrylamide) (PNIPAAm) [2], poly(N-vinylcaprolactam)
(PVCL) [3,4] or other water-soluble polymers such as poly(acrylic
acid) (PAA), poly(methacrylic acid) (PMA) or poly[2-(diethylamino)
ethyl methacrylate)] (PDEA). The special interest in PNIPAAm- or
PVCL-based microgels stems from their temperature-sensitivity
which enables the fabrication of ‘switchable’ or ‘stimuli responsive’
materials.

Composite microgels [5] are of special interest due to their
unique properties other than the general properties of microgels.
This can be achieved by the introduction of different materials such
as conjugated polymers, proteins [6], semiconductors, biomaterials,
metals (Ag, Au, Pt and Pd) [7], metal oxides or sulphides in the form
of nanoparticles into the porous microgel structure. In this way one
can expect to obtain the multifunctional colloids where typical
).
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microgel features described above can be combined with the
properties of the functional materials incorporated, such as
conductivity, magnetic response, catalytic activity, etc. This
approach can mostly open new possibilities for the application of
colloidal particles in different technological systems. Polymer-
inorganic hybrid particles have a wide application field. They are
involved in the manufacture of cosmetics, inks and paints to
improve the compatibility between the filler and binder. By
selecting proper combination of materials and by employing the
correct polymerization procedure it is possible to get desired
combination of properties in these materials.

Clay is cheap, easily available but very useful filler material. It is
widely used as reinforcing filler in polymers matrix enhancing their
mechanical and thermal properties [8]. In such type of composites
the chemical nature of the filler is often less important than the
particle size and shape, the surface morphology, and the type of
distribution within the polymeric matrix.

Some work has been done on the synthesis of nanocomposite
hydrogels [9] using clay as a filler, study of their property change
[10,11] and effect on drug release properties [12]. Many research
groups have tried to incorporate clay in the polymeric particles by
emulsion polymerization using unmodified [13] or covalently
modified [14,15] clays which led to the particles with surface
covered by clays. Covalently modified clay platelets (by using silane
and titanate containing polymerizable moiety) were successfully
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encapsulated inside latex particles via surfactant-free, starved-feed
emulsion polymerization [16]. Zhang et al. [17] reported synthesis
of hybrid PNIPAAm/clay colloids by encapsulation inorganic clay
(hectorite) during polymerization process. Authors demonstrated
that clay nanoparticles can also serve as cross-linking agent. In their
work PNIPAAm/clay microgels were formed without use of chem-
ical cross-linking agent.

In the recent study we present experimental results on prepa-
ration of microgel/clay hybrid colloids by precipitation polymeri-
zation. Our aim was to study the influence of the clay nanoparticle
concentration in the reaction mixture on size, size distribution,
swelling and temperature-sensitivity of the formed hybrid micro-
gels. We demonstrate that incorporation of clay nanoparticles in
the hydrophilic porous polymer particles is a straightforward route
to design of multifunctional colloids that can be used as scavengers
of organic molecules in aqueous media.

2. Experimental part

2.1. Materials

The clay used in this study was synthetic Laponite RD from
Rockwood Additives Ltd (average size 10 nm) (U. K.). Acetoacetoxy-
ethyl methacrylate (AAEM) and N-vinylcaprolactam (VCL) (Aldrich)
were vacuum distilled under nitrogen. u-Hydroxy poly(ethylene
glycol)methacrylate (PEGMA, Aldrich)with averageMw¼ 526 g/mol
and cross-linker N, N0-methylenebisacrylamide (BIS, Aldrich) was
used as supplied without any further purification. Initiator (2,20-
azobis[N-(2-carboxyethyl)-2-methylpropionamidine]) (ACMA,Wako
Pure Chemical Industries, Ltd.) and dye 3,7-bis(dimethylamino)-
phenothiazin-5-ium chloride (Methylene blue, Aldrich)were used as
received. Deionizedwaterwas employed as polymerizationmedium.

2.2. Synthesis of microgel/clay hybrids

The clay dispersion was prepared by ultrasonication of the clay
solution in water (<2%) for 10 min. Appropriate amounts of AAEM
(300 mL), VCL (1.877 g), and BIS (0.05 g; 2.15 mol%) were dissolved
in deionized water (150 mL) and placed in the double-walled glass
reactor equipped with a stirrer. The aqueous clay dispersion was
also added (clay amounts varied from 0.011 g to 0.442 g). The
reaction mixture was stirred for 1 h at 70 �C under continuous
purging with nitrogen. Then an aqueous solution of the initiator
(ACMA, 0.076 g) was added drop wise under continuous stirring.
The reaction was carried out for 8 h. The polymer dispersions were
freed from monomers and non-cross-linked polymers by dialysis.
Microgels were dialyzed against water using a Millipore Dialysis
System (cellulose membrane, MWCO 100.000). PEGMA macro-
monomer (0.3 mol% with respect to other monomers) was inte-
grated in the polymerization recipe described above to enhance the
colloidal stability of selected microgel samples used for the
experiments with methylene blue and the formation of composite
films. In the case of dye uptake we noticed microgel aggregation at
temperatures above the volume phase transition. After incorpora-
tion of PEGMA into the microgel structure no aggregation was
observed at temperatures above 40 �C due to sterical stabilization
provided by the grafted PEG chains.

2.3. Uptake of methylene blue

An aqueous solution of the dye (2.398 mL, 1 mM) was taken in
a 60 mL PP flask and made up to 15 mL by adding distilled water.
The microgel (24.0 mg) or clay (4.8 mg) solutions were taken
separately in glass vials and made up to 5 mL by adding distilled
water. Clay was first dispersed in solution by sonication.
Temperature of both solutions was set to the desired value using
a thermostat. Both solutions were mixed and the time set as 0 min
at that time. The dye-microgel mixture was stirred continuously
during the whole experiment. 2 mL sample was taken out every
10 min for 1 h. Later, the time interval was increased to half an hour
and 1 h. Each sample, immediately after taking from the dye-
microgel mixture, was centrifuged for 5 min at 21,000 rpm and the
supernatant was taken in a glass vessel for UV/Vis measurement.
Similarly, a blank solution was prepared with only dye (without
microgel). The UV/Vis spectra were measured in the wavelength
range 200 nme800 nm. The sample was 20 times diluted with
water (250 mL was diluted to 5 mL) for the UV/Vis measurements.

2.4. Analytical methods

FTIR spectra were recorded using a Mattson Instruments
Research Series 1 FTIR spectrometer. Dried samples were mixed
with KBr and pressed to form a tablet.

UV/Vis spectra were recorded with a UV/Vis spectrometer
(Perkin Elmer, Lambda 35). The analysis was done in the wave-
length range l ¼ 200 to 800 nm.

XRD spectra of the hybrid microgels were recorded with
a Siemens P5005 powder X-ray diffractometer equipped with a Cu
Ka (wavelength 1.540 Å) radiation source using the Diffracplus
software.

The thermogravimetrical analysis (TGA) was performed using
a TGA 7 Perkin Elmer instrument (Pyris-Software Version 3.51).
Before, measurement samples were dried in vacuum for w48 h.
Microgel samples were analysed at heating rate 10 �C/min in
nitrogen atmosphere.

Particle size (hydrodynamic radius, Rh) and electrophoretic
mobility were measured by a Zetasizer Nano-ZS (Malvern Instru-
ments) (PCS). The samples were prepared by making very dilute
solution in distilled water (1 drop of dispersionwas added to 10 mL
water (size measurements) or 10�3 M solution of KCl (electropho-
retic measurements).

Measurements of particle size (radius of gyration, Rg) and
particle size distribution were performed with an asymmetric
Flow-Field-Flow-Fractionation system (F-FFF) (Wyatt, Eclipse with
350 mm spacer and DAWN DSP MALLS detector).

Sedimentation measurements to evaluate colloidal stability of
microgels were performed with a separation analyser LUMiFuge
114 (L. U. M. GmbH, Germany). Measurements were made in glass
tubes at acceleration velocities 3000 rpm at T ¼ 25 �C. The slope of
the sedimentation curves was used to calculate the sedimentation
velocities and to get information about the colloidal stability of the
samples.

SEM images were taken with a Gemini microscope DSM 289
(Carl Zeiss AG, Germany) instrument operating at 4 kV. Diluted
dispersions were dried on a clean glass support in an oven at 20 �C
in vacuum for 24 h. To increase the contrast and the quality of the
images, the samples were coated with a thin Au layer to increase
the conductivity and the image resolution.

TEM images have been made with a Hitachi HD 2000 instru-
ment operating at 200 kV. Diluted microgel dispersions were
placed onto carbon-coated copper grids and dried at room
temperature.

3. Results and discussion

3.1. Synthesis of microgel/clay composites

3.1.1. Encapsulation of clay during precipitation polymerization
In this study clay nanoparticles were present in the reaction

mixture during formation of the poly(N-vinylcaprolactam-co-



Fig. 2. XRD patterns of Laponite and composite microgels.
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acetoacetoxyethyl methacrylate) (VCL/AAEM) microgel particles by
precipitation polymerization. The synthesis procedure for VCL/
AAEM microgels was reported in our earlier work [18]. In present
study we used the anionic initiator 2,20-azobis[N-(2-carboxyethyl)-
2-methylpropionamidine] (ACMA) instead of the cationic initiator
2,20-azobis(2-methylpropyonamidine) dihydrochloride (AMPA)
employed in previous work. The selection of the anionic initiator
was determined by the fact that microgel/clay microgels prepared
with the cationic initiator coagulated during the particle nucleation
step. We found that using ACMA stable colloidal dispersions can be
obtained. However, by variation of the clay concentration in the
aqueous phase we obtained a series of microgel samples with
variable clay content and remarkable colloidal stability. After
cleaning procedure, the microgel particles were analysed by ther-
mogravimetrical analysis to detect the amount of clay in the hybrid
particles.

Fig. 1a shows the experimentally determined and the predicted
clay content in the hybrid microgels indicating that almost all
inorganic nanoparticles were integrated into the polymer colloids.
Fig. 1b presents IR-spectra of clay nanoparticles, VCL/AAEM
microgel and hybrid particles with 18 wt% clay content. The
IR-spectrum of the clay nanoparticles displays intensive peak near
1000 cm�1 related to SieO stretching. This peak can be clearly
observed in the IR-spectrum of hybrid microgel beside character-
istic signals of VCL (amide C]O at 1623 cm�1) and the ester group
of AAEM (ester C]O at 1745 cm�1). The intensity of the peak at
1000 cm�1 increased with increasing clay content in the microgel
(data not shown).

XRD was used to determine the structure of the free and the
encapsulated clay nanoparticles. The experimental results are
presented in Fig. 2. In the case of laponite nanocrystals following
values of the quotient of Bragg distances (d) and Bragg angles (2Q
values) were detected respectively: 25.1 Å/3.51 deg; 4.5 Å/19.6 deg;
2.5 Å/35.1 deg. For the hybrid samples a minor shift of the reflec-
tance toward smaller angles was observed: 4.9 wt%: 27.6 Å/3.19
deg; 9.7 wt%: 30.9 Å/2.86 deg; 18.2 wt%: 30.0 Å/2.94 deg. However,
no clear evidence that laponite nanocrystals in microgels are in
intercalated form could be obtained.
3.1.2. Morphology of hybrid microgels
Fig. 3(aec) shows SEM images of microgel samples in dehy-

drated state. Fig. 3a provides results of the microgel samples
prepared without clay nanoparticles. The microgel particles exhibit
disc-like morphology due to the deformation on the solid substrate
upon drying. Fig. 3b and c illustrates hybrid microgels prepared at
clay content 2.3 wt% and 8.8 wt% respectively. The size of the
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Fig. 1. Calculated (open symbols) and determined by TGA (solid symbols) clay content in
microgels was reduced dramatically using the clay nanoparticles
during the polymerization process. The obtained hybrid microgels
exhibit spherical shape and have a strong tendency to film-
formation on solid substrates. We note here that particle aggre-
gates, visible in Fig. 3b,c, are formed during the sample preparation
bywater evaporation. Fig. 3d shows a high-resolution TEM image of
the hybrid microgels prepared at 9.7 wt% clay. The needle-like
laponite nanocrystals are visible in the microgel interior (in Fig. 3d
two microgel particles are shown). Clay nanoparticles are entrap-
ped in the polymer network and do not exhibit certain orientation
in the microgels.

3.1.3. Colloidal properties: size, surface charge, colloidal stability
The physico-chemical properties of the hybrid microgels were

investigated using different techniques. We used asymmetric Flow-
Field-Flow-Fractionation (F-FFF) coupled with multi-angle laser
light scattering (MALLS) detector to investigate the size and the size
distribution of the hybrid microgels. With this technique we have
measured radii of gyration (Rg) for the microgel samples. Fig. 4a
provides experimental F-FFF data presented in form of distribution
curves (cumulative mass fraction vs. Rg) for the different microgel
samples. Fig. 4a indicates that the radius of gyration of microgels
decreases dramatically with increase of the clay content. At the
same time the size distribution becomes narrower with increasing
clay amount. The distribution curves of hydrodynamic radii (Rh)
measured with photon correlation spectroscopy (PCS) presented in
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Fig. 3. SEM images of microgel particles: a) no clay; b) 2.3 wt% clay; c) 8.8 wt% clay. TEM image of microgel particles (9.7 wt% clay) (d).

Fig. 4. Cumulative mass fraction vs. hydrodynamic radii (Rh) (F-FFF data) (a), particle size distribution curves of hydrodynamic radii (Rh) (PCS data) (b) and intensity averaged
hydrodynamic particle size (PCS data) (c) for microgel samples with different clay loading.
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Fig. 4b show similar trend e.g. decrease of the microgel size with
increasing clay loading. The hydrodynamic radii obtained by PCS
are shown in Fig. 4c as a function of the clay content in the
microgels. The reduction of the microgel size and the narrowing of
the size distribution in the present system can be explained by the
assumption that clay nanoparticles stabilize newly formed
precursor particles at the initial stages of the precipitation poly-
merization process. This induces the larger amount of stable
precursors that do not grow by aggregation (formation of large
microgels) but grow preferably by polymerization through the
consumption of monomers dissolved in the aqueous phase. This
leads finally to microgel particles with smaller size. Due to active
participation of the clay nanoparticles in the nucleation and poly-
merization process they become effectively encapsulated and
mechanically “locked” in the microgel network. The presence of the
clay nanocrystals in the microgel interior as shown in Fig. 3d
indicates that the encapsulation process takes place at early stages
of the polymerization process.

We examined the surface charge and the colloidal stability of
the hybrid microgels. The electrophoretic mobility data presented
in Fig. 5a indicate that the clay nanoparticles exhibit negative
charge in the pH range from 3 to 10. Contrary, microgel particles
preparedwithout clay exhibit weak negative charge in the same pH
range due to the ionic initiator fragments introduced during the
polymerization process. For the hybrid microgels the increase of
the surface charge was detected with increasing laponite content.
The electrophoretic mobility data detected at pH 6 indicates
a linear increase of the surface charge with increasing amount of
inorganic nanoparticles in the microgels.

The colloidal stability of the hybrid microgels was investigated
by a separation analyser. The sedimentation process was followed
by the optical detection of the particle sedimentation front position
(defined as radius from the rotor centre in Fig. 6) with centrifuga-
tion time at constant rotation speed of 3000 rpm. The sedimenta-
tion velocity data were calculated from the slope of the
experimentally determined values plotted in Fig. 6. The sedimen-
tation velocity vs. clay content in the microgels is shown as inset in
Fig. 6. The sedimentation velocity decreases with increasing clay
content in the microgels. Considering the high surface charge of
hybrid microgels and their small size we conclude that the clay
nanoparticles improve the colloidal stability of the microgels and
prevent their aggregation or precipitation.

3.1.4. Temperature-sensitive properties of hybrid microgels
As it was reported in our previous work [18] VCL/AAEM micro-

gels exhibit temperature-sensitive properties. VCL forms hydrogen
bonds with water molecules through the carbonyl groups. At the
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Fig. 5. Electrophoretic mobility of hybrid microgels as a function
same time the methylene groups of the VCL ring induce hydro-
phobic structuring of thewater and this leads to entropy-controlled
polymerepolymer interactions. If the solventepolymer interactions
are stronger than the polymerepolymer interactions PVCL chains
exhibit a random-coil structure. If the hydrogen bonds to water
break (due to temperature increase) the release of the structured
water takes place and polymerepolymer interactions become
dominating leading to the coileglobule transition. The temperature
at which the phase separation for linear polymers takes place is
called the lower critical solution temperature (LCST). The microgels
consisting of cross-linked PVCL chains exhibit thermo-responsive
behaviour and volume phase transition temperature (VPTT) close to
LCST of non-cross-linked VCL chains (app. 32 �C). PVCL-based
microgels swell if the temperature is below VPTT and shrink if
temperature increases above VPTT. Light scattering experiments
performed at different temperatures allow tracking the change of
themicrogel size and calculate their swelling ratio [19]. Fig. 7 shows
experimental data of light scattering experiments with the hybrid
microgels.

Fig. 7a indicates that the microgel sample prepared without clay
and the hybrid colloids exhibits temperature-sensitive properties.
Calculated swelling ratios (Fig. 7b) show that the incorporation of
clay nanoparticles in microgels induces two effects. First, the
temperature-induced swelling decreases with increasing clay
content in the microgels. We assume that the adsorption of the
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polymer chains on the surface of the clay nanoparticles takes place
what leads to additional physical cross-linking sites. Formation of
both chemical (use of cross-linker BIS) and physical (use of clay)
cross-linking sites reduces the mobility of the network and reduces
microgel swelling. Second, for the hybrid microgels transition
region becomes broader and the particles reach de-swollen state at
higher temperatures. The charged surface of laponite nanoparticles
increases the electrostatic repulsion forces in themicrogel network.
Therefore, higher temperatures are required that hydrophobic
polymerepolymer interactions start to dominate and induce the
microgel shrinkage.

3.2. Microgel/clay nanocomposites as scavenger

Clay minerals have very good sorption properties for a number
of water-pollutants such as dyes, pharmaceuticals or detergents
[20]. Since some clay derivatives can be easily prepared and
regenerated, they have been considered as promising adsorbents
for environmental and purification purposes. We examined the
ability of hybrid microgels to scavenge Methylene blue. Methylene
blue is a heterocyclic aromatic dye which is widely used as a redox
indicator in analytical chemistry and as a staining reagent in
biology. This dye was already used by other groups to study its
adsorption by clays [21,22].

Fig. 8a shows the UV/Vis spectrum of Methylene blue. The peak
maximum around 670 nm has been attributed to the absorbance of
single dye molecules, while the peak at 610 nm is attributed to
Fig. 8. UV/Vis spectra of original Methylene blue solution and solutions after extraction exp
dye vs. time for the different microgel samples (b) (experimental conditions: T ¼ 20 �C; m
a sandwich-type dimer (H-type) [23]. Fig. 8a shows the UV/Vis
spectra of the dye remaining in the supernatant after 240 min
extraction time with the microgels. The increase of the clay content
in the microgel increases the amount of adsorbed dye molecules
and reduces the dye concentration in the water phase after
removing the microgels with the adsorbed dye molecules. The
decrease of the peak intensities in the UV/Vis spectra of the
supernatants indicates that dye molecules were removed with
microgels. We assume that positively charged dye molecules are
adsorbed on the clay particles via electrostatic forces.

A kinetic study of the dye uptake by microgel/clay composite
particles was performed in order to follow the adsorption process.
Fig. 8b indicates that more than 50% of the dye molecules adsorb
immediately after adding the composite particles or the clay in the
Methylene blue solution (within 5 min) followed by a slow increase
in the dye uptake (the equilibrium was attained after 1e2 h for all
investigated samples). For pure clay, dye uptakewas found to be the
highest. In the case of hybrid microgels the dye uptake increased
with increasing amount of clay. For the microgel without clay, the
adsorption was negligible.

The dye uptake experiments were performed at different
temperatures to evaluate the influence of the sensitivity of the
microgel network on the dye adsorption. Control experiments with
microgels without encapsulated clay indicate that in the tempera-
ture range 10e50 �C no dye adsorption takes place. Contrary, for the
hybrid microgel samples temperature can be used to regulate the
dye uptake. Fig. 9 demonstrates the variation of the Methylene blue
eriments performed with different microgel samples for 240 min (a); the uptake of the
icrogel concentration 0.12 wt%).



Fig. 9. Variation of the hydrodynamic radius of the microgels and the dye uptake with
temperature (clay loading 15.9 wt%; microgel concentration 0.12 wt%) (inset shows
photographs of the initial dye solution and dye solutions after extraction with
microgels at 20 �C and 60 �C).
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uptake with the temperature. As the temperature increases above
VPTT of the microgel the dye adsorption is increased rapidly. The
hydrophobicity of the particle interior increases during
the microgel shrinkage above VPTT due to the destruction of the
hydrogen bonds and the hydrophobic aggregation of the VCL units.
Additionally, the shrinkage of the polymer layer around the clay
nanoparticles reduces the distance of the clay nanoparticles to the
microgel surface. This was confirmed by the increase of the elec-
trophoretic mobility for hybrid microgels at temperatures above
VPTT (data not shown here). We suggest that the localization of the
clay nanoparticles closer to the surface of nanocomposites
increases their accessibility and enhances the dye uptake.

Hybrid particles described in the present study combine
attractive features of aqueous microgels (small size, porous struc-
ture, sensitivity to environment, colloidal stability) and inorganic
clay nanoparticles (large surface area, reactive surface). Our
preliminary results indicate that the clay nanoparticles in the
microgel network can be used to scavenge organic molecules.
Moreover, microgel/clay nanohybrids can be effectively used as
templates for the deposition of inorganic nanoparticles (for
example AgNPs) (Supporting Information, Fig. S1) or building
blocks for the formation of nanostructured films (Supporting
Information, Fig. S2).

4. Conclusions

Series of microgeleclay composite particles with variable clay
content (from 2 to 18 wt%) were prepared by one-step surfac-
tantefree precipitation polymerization. Laponite nanoparticles
present in the reaction mixture become encapsulated during the
microgel formation process. The extremely high incorporation
efficiency of non-modified clay nanoparticles into the microgels
was detected. The size of the hybrid microgels was decreased from
700 nm to 100 nm by increase of the clay concentration in the
reaction mixture. The obtained hybrid microgels exhibit narrow
size distribution and excellent colloidal stability. Incorporation of
the clay nanoparticles induces the appearance of negative surface
charge on the hybrid microgel surface. The microgeleclay hybrid
particles display temperature-sensitive behaviour in water. The
swelling degree of the hybrid microgels decreases with increasing
clay loading. We suggest that the clay nanoparticles adsorb poly-
mer chains on their surface thus providing additional physical
cross-linking sites and restricting the mobility of the polymer
network. The microgeleclay hybrid particles were used for the
uptake of the cationic dye Methylene blue. It has been shown that
the dye uptake efficiency can be tuned by temperature adjustment
or by the variation of the clay loading in the microgels.
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