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ABSTRACT

In this work, the influence of organoclays modified with three different hyperbranched polymers
(MMT-PEIS800Q, MMT-PEI25000Q based on polyethylenimine, and Hybrane MMT-HA1690Q aliphatic
polyestheramide), on the photopolymerization reaction of nanocomposites based on HEMA/PEGDMA has
been investigated. In general, the clay incorporation increased the reaction rates, associated with the low
diffusivity of the monomer into the polymer matrix. The XRD patterns and TEM images of nanocompos-
ites indicated the formation of intercalated/exfoliated structure in the nanocomposites. An enhancement
in the thermal stability of nanocomposites was observed by TGA and CL emission, which was related
to the great barrier properties of the nanolayers dispersed in the nanocomposites. The antimicrobial
activity of the nanocomposites against Bacillus subtilis and Pseudomonas aeruginosa was tested. For the
nanocomposites the inhibition of the adhesion of the two bacteria was observed on comparison to the
HEMA/PEGDMA surface, where the colonization by both microorganism was evidenced in SEM images,
reflecting no antibacterial activity. The obtained results would indicate that nature of organomodifier in
the clay play a more important role in B. subtilis and P. aeruginosa adhesion processes than stiffness, and
the high efficiency against microorganism may be related to the presence of hyperbranched polymers
with a high density of quaternary ammonium groups attached to the clay.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Systems comprising mixtures of polymers and other materials,
such organic as inorganic additives, nanoparticles, nanofibers, and
mineral sheets, are increasingly touted for their superior properties.
Yet, generally, the polymeric components have not been designed
explicitly to control interactions with the other ingredients. There
is also a need for a more “wholistic” design of nanocomposites.

Three main methods are used to incorporate nanofillers to
polymers, including in situ polymerization of monomer/clay inter-
calates, solution-intercalation, and melt-compounding. In situ
polymerization may be the most desirable method for preparing
nanocomposites, since reaction is initiated by the diffusion of a suit-
able initiator, or by an organic initiator which can be intercalated in
the interlayer space of montmorillonite by an ion-exchange mech-
anism. Photopolymerization is a very promising alternative to pre-
pare nanocomposites [1-4], which is expanding due to the unique
advantages (ultrafast reactions, solvent free systems, temporal and
spatial control), and because takes place at ambient tempera-
ture avoiding any thermal degradation of the alkylammonium salt
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whichis aserious problem in the melt or by in situ thermal polymer-
ization. Otherwise, nowadays few studies have been undertaken to
investigate the factors controllling the interface polymer/nanoclay
which contribute to the design of systems for valued-added appli-
cations. Previous works have shown that when organoclays are
incorporated into the nanocomposite systems, their properties are
often dependent on the nature of modifier used, although no sig-
nificant changes in the polymerization reaction are induced.

A key factor in the nanocomposite preparation is to com-
patibilize the matrix and the filler, which will affect the nano-
structure (intercalated/exfoliated) and consequently the properties
of the nanocomposite. Since most polymers are organophilic,
organomodified layered silicates are used to obtain better affinity
between the filler and matrix. One of the more common modifica-
tion methods is the introduction of an ammonium or a phospho-
nium salt, bearing a suitable organic functionality, inside the inter-
layer space through a cation exchange reaction. The organic salt
substitutes the metal ions present inside the clay mineral galleries,
enhances the interlayer between the platelets, and for instance,
facilites the intercalation of polymer within galleries, and also is
responsible of changes in the surface properties of the clay. For this
purpose, attention has been focused to design new strategies to
enhance interactions occurring at the interface polymer/nanoclay.
For example, free radical polymerization has been initiated from
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Fig. 1. Structure of hyperbranched PEI800, PEI25000 and HA1690.

quaternized molecules that had been exchanged into the gallery
region of a layered silicate and favoured intragallery initiation
instead of intergallery [5-7]. Surfmers are used to facilitate the
exfoliation during in situ polymerization by taking part in the grow-
ing step of the polymer chain by copolymerization [8]. An emerging
application is the incorporation of positively charged polymers,
which can be intercalated in the interlayer space of montmoril-
lonite (MMT) by an ion-exchange mechanism. Polycations have
been used for MMT modification, and used as fillers for prepara-
tion of polymer/MMT nanocomposites [9]. Although, many works
have beenreported on the hyperbranched polymer grafted onto the
surfaces of silica nanoparticles [10], there are very few examples of
the hyperbranched polymer grafted clay in the literature [11].

Hyperbranched polymers (HBPs) are dendritic polymers char-
acterized by a tree-like architecture which confers upon them very
different properties compared to their linear counterparts. The
structural control in hyperbranched polymers through the adjust-
ment of their degree of branching or by the modification of their
end-groups allows the fine-tuning of their physical properties and
optimizing them for a great variety of applications, such as multi-
functional initiators, nanofillers or medical applications. Recently
the use of hyperbranched polymers for applications at surfaces and
interfaces has expanded [12]. The potential of HBPs on radiation
curing has been put in evidence by a wide number of applications,
some of them already commercially developed. Compared to den-
drimers, the synthesis of HBPs is easier and more cost-effective.
Although some scientists have pointed out that the poorly defined
structure and the relatively high polydispersity of HBPs might
restrict their applications, novel synthetic methods have recently
been developed, in which substantially better-defined HBPs have
been obtained with narrow molecular distributions [13].

In this work, the modification of the montmorillonite clay by
hyperbranched polymers and its characterization are presented.
The study investigates the influence of organoclay on the pho-
topolymerization reaction as well as on the thermal properties of
nanocomposites based on acrylate systems. The aim of the work
is the development of new approaches for clay-modification in
order to improve interactions between polymer and organoclays
to further prepare bionanocomposites. The best knowledge over
the factors controlling the interface polymer/nanoclay will con-
tribute to the design of systems for high valued-added applications.
One of the potential properties of these new materials could be
the preparation of antimicrobial surface. Polymers have been used
as antimicrobial coatings in many areas, including additives for
antifouling paints, biomedical devices and food processing [14,15].

Adhesion of microorganism to a surface is one step of the biofilm
formation, which depend on factors such as surface hydrophobic-
ity/hydrophilicity, roughness, charge and functional groups, but the
molecular and physical interactions that are involved have not been
completely understood. Quaternary ammonium compounds are
widely used as cationic disinfectants or biocidal agents to prevent
the growth of microorganism [16]. The excess protonated amino
groups of hyperbranched polymers that do not interact electro-
statically could be effective against colonization of bacteria and
may play an important role on safe materials for fighting biofilm.
In addition, because biofilm formation requires the initial, stable
attachment of a viable bacteria population on a surface, another
promising approach to limiting microbial colonization will be pro-
vided by regulation of mechanical stiffness of substrata material
through incorporation of nanoclay.

2. Experimental
2.1. Materials

The clay employed was montmorillonite k10 (MMT-k10) (sur-
face area of 220-240m?2/g, Aldrich, C.E.C.=92mequiv./100g),
which is a smectite clay with most of its center cations
as divalent metal ion. The hyperbranched polymers based on
polyethylenimine, PEI80O0 (ethylenediamine end-capped, M,y 800)
and PEI25000, (branched, My, 25000) were purchased from Aldrich.
The aliphatic polyestheramide Hybrane® HA1690 was kindly sup-
plied by DSM. Structure of hyperbranched polymers is shown in
Fig. 1. 2-Hydroxyethyl methacrylate (HEMA) and poly(ethylene
glycol) dimethacrylate (PEGDMA, M, 550) from Aldrich were the
monomers used. The photoinitiator, bis(2,4,6-trimethylbenzoyl)-
phenylphosphineoxide (Irgacure 819) was obtained from BASF.
Methyl iodide (Mel) was purchased from Aldrich.

2.2. Quaternary amination of hyperbranched polymers HBPQ

An amount of 3 g hyperbranched polymers (PEI800, PEI25000
and HA1690) were dissolved in 50ml of dichloromethane
and cooled down to 0°C. Separately, Mel was dissolved in
dichloromethane and cooled down also in ice. Then, the solution of
Mel, in a 1:10 excess regarding the HBP, was added dropwise to the
HBP solution and allowed to reach room temperature. An insoluble
yellow compound was obtained by filtering in the reaction car-
ried out, corresponding to quaternized hyperbranched polymers
(HPB-Q), namely PEIB00Q, PEI25000Q and HA1690Q.
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The quaternization of the HBP-Q was analyzed by Nuclear Mag-
netic Resonance ('H NMR). Spectra were recorded in CDCl3 solution
on a Varian INOVA-400 instrument operated at 400 MHz.

Initially, spectra of hyperbranched polymers showed the sig-
nal that corresponds to the hydrogen atoms attached to nitrogen,
which appeared as a wide singlet centered in 1.81 ppm for PEIS00
and PEI25000, and 2.2 ppm for HA1690. After the reaction with Mel,
the signal disappeared and a new wide signal corresponding to
methyl groups attached to nitrogen was observed between 2.93
and 3.83 ppm for PEI800, 2.86 and 3.62 ppm for PEI25000, and 3.14
and 3.8 ppm for HA1690 respectively.

2.3. Modification of MMT-k10

In order to obtain monocationic montmorillonite, MMT-k10 was
suspended in deionized water (50 g/1) and the same amount of NaCl
was added to the mixture and stirred for 1 h. The clay was separated
by filtration and the procedure was repeated twice. The obtained
clay was washed repeatedly with deionized water until no remain-
ing chloride ions were detected by titrating the filtrate with 0.1 N
AgNOs solution. The clay was again suspended in deionized water
(10g/l) and stirred for a week, and then, the clay was let settle
for another week. The supernatant fraction was separated from
the sediment in the bottom of the container and used for organic
modification.

The quaternized hyperbranched polymers were dissolved in
acetone and added in 2:1 mass, to a MMT suspension in water
(0.5¢g/1), and stirred overnight at room temperature. Then, the sus-
pension was filtered under reduced pressure and the obtained
HBPQ-modified clays (MMT-PEI800Q, MMT-PEI25000Q and MMT-
HA1690Q) were dried under vacuum at 40 °C.

2.4. Synthesis of the nanocomposites

The HBPQ-clays were ground and added to a mixture of
monomers, HEMA and PEGDMA (4 wt% respect to HEMA), in differ-
ent proportions (1, 2 and 3 wt% with respect to HEMA) and placed
into an ultrasound bath upon complete dispersion of the clay. Then
the photoinitiatior was added (1 wt%) and stirred upon complete
solution. The kinetics of photoinitiated polymerization were mon-
itored using a Mettler DSC-821e calorimeter provided with an
Hg-Xe LC8 Lightningcure™ Hammamatsu irradiation source. All
the irradiation experiments were performed at 25°C in nitrogen
atmosphere.

The nanocomposite samples for TGA and QL analysis were
prepared by placing 10 mg of photocurable formulation in 6 mm
diameter aluminum pans and irradiated at 365 nm for 30 min. All
the samples were post-cured at 80°C for 24 h.

2.5. Characterization techniques

Diffraction X-ray patterns (XRD) were obtained using an X
Bruker D8 Advance diffractometer, with CuK« radiation. The scan-
ning speed and the step size were 0.5°/min and 0.02°, respectively.
All the experiments were carried out with 26 varying from 1° to 30°.
The d-spacing between the silicate layers of the clay was calculated
using the Bragg’s equation.

Transmission electron microscopy (TEM) analyses were carried
out on Zeiss 910 microscopy operating at 100 kV.

Scanning electron microscopy (SEM) images were recorded
using a Philips XL30 model to observe the stained bacteria on the
polymer surface.

Thermal gravimetric analyses (TGA) were performed on both
the clays and the resulting nanocomposites using a TGA Q500-
0885 (TA Instruments). The heating rate for the dynamic conditions

was 5°Cmin~!, and the nitrogen flow was maintained constant at
60mlmin~—1.

Differential scanning calorimetry (DSC) was performed on
a Mettler DSC-821e calorimeter over the temperature range
30-160°C. The measurements were made at a heating rate
of 10°Cmin~! in an inert atmosphere of nitrogen and the
instrument was calibrated with an indium standard (T, =429K,
Hp = 25.75] g~ 1). To erase the thermal history of the material, first
a heating ramp rate at 20°Cmin~! was used, followed by a cooling
ramp and a consecutive heating ramp of 10°Cmin~! each.

Thermo-oxidative behavior was analyzed from chemilumines-
cence emission using a CL400 ChemiLume Analyzer from Atlas
Electric Device Co. All the materials both clays and composites films
were held in a small aluminum pan (20 mm diameter) in the sam-
ple cell under a continuous flow of dry oxygen (60 mlmin~1). The
cell is temperature-controlled and was heated from 25 °C to 250°C,
at a heating rate of 2°Cmin~!, for dynamic experiments. In order
to assure reproducibility of CL signals the dimensions of the speci-
mens were Kept constant: discs of 6 mm diameter and around 1 mm
thickness. The films were covered by a lens focusing the emitted
light from the sample to the water-cooled photon counting pho-
tomultiplier, which was previously calibrated using a radioactive
standard provided by Atlas. The light emitted was measured as a
function of the temperature [17].

Microindentation measurements were undertaken by using a
Vickers indentor attached to a Leitz microhardness tester at 23 °C.
A contact load of 0.98 N and a contact time of 25 s were employed.
Microhardness (MH), values (in MPa) were calculated according
to the relationship [18]: MH=2Psin68/d2, where P (in N) is the
contact load and d (in mm) is the arithmetic mean of the two
diagonal lengths, d1 and d2, of the projected indentation area. Diag-
onals were measured in the reflected light mode within 30 s of load
removal, using a digital eyepiece equipped with a Leitz computer-
counter-printer (RZA-DO).

2.6. Bacterial attachment

Strains used in this study were Bacillus subtilis (DSM-No1088)
and Pseudomonas aeruginosa (DSM-No0288) both strains obtained
from the German collection of microorganisms and cell cultures
(DSMZ GmbH, Brauschweig, Germany). The bacteria suspensions
for inoculums were prepared previously, fixing an absorbance of
1.0 at 550 nm (DO = 1) in saline buffer (0.9 g/1). One milliliter of
this suspension was added to 150 ml of nutrient broth (composition
(w/v): 0.5% peptone, 0.3% beef extract and pH adjusted to neutral at
25°C) in each sterile Erlenmeyer flask (approximately 107 cell/ml).
In this flask, film strips were placed for a gradient cell adhesion
study following a bacterial attachment assay adapted from the
established protocol of Tiller et al. [ 19]. These flasks were incubated
at 37°C under constant shaking at 150 rpm (ELMI, Model sky-line
shaker dos-20M) for 2 h. After incubation film samples were rinsed
with sterile water and dried. Film strips were placed in Petri dishes
containing growth agar (0.7% agar in a yeast/dextrose broth, auto-
claved and cooled to 37°C) and incubated at 37°C overnight to
evaluate the capacity adhesion of the bacteria to the polymer.

3. Results and discussion
3.1. Clay modification

The organomodified nanoclays studied in this work were
characterized using XRD and TGA to confirm the intercalation of
hyperbranched polymers to the MMTk10 clay. The X-ray diffrac-
tion patterns for MMTk10 and organomodified clays are shown
in Fig. 2. The unmodified MMTk10 shows a primary silicate (00 1)
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Fig. 2. XRD spectra of MMTk10, MMT-PEIS00Q, MMT-PEI25000Q and
MMTHA1690Q.

reflection at 8.9°, which corresponds to a d-spacing of 1nm.
Upon the incorporation of the HPBQ, an increase in the interlayer
spacing is observed for the organomodified MMT samples when
compared to the unmodified clay, which indicates the successful
intercalation of the polymeric ammonium salts. The chain length
did not affect the basal spacing, as it has been observed previously
in the modification of montmorillonite by cationic polyester,
where the influence of the side chain was seen to be more sig-
nificant [9]. MMTk10 modified with the hyperbranched polymers
based on polyethylenimine, MMT-PEI800Q, MMT-PEI25000Q,
showed an increase in d-spacing to 1.45nm, independently of
their molecular weight. The influence of the structure is more
significant, and the basal spacing for MMTk10 modified with the
aliphatic polyestheramide Hybrane, MMT-HA1690Q, was 1.74 nm.
In general, it was observed a significantly broadened reflection for
the organomodified clays respect to MMTk10, which reflected an
intercalated structure less spatially ordered. That fact would be
explained in terms of the structure of organomodifiers, and the
presence of several charged groups which could interact electro-
statically with different but neighboring platelets surfaces [20].
The thermogravimetric analysis (TGA) of pure clay, and clay
intercalated with the HBPQ was undertaken in nitrogen, Fig. 3. As
expected, MMTk10 showed a high thermal stability, and a total
weightloss of 9% was observed when heating due to the water phys-
ically adsorbed in the montmorillonite clay. For the intercalated
clays, the weight loss is significantly decreased at temperatures
below 200 °C, indicating the lower content of adsorbed water due
to the reduced hydrophilicity. When heating up to 800 °C, there is
a pronounced weight loss above 200 °C, which indicates the pres-
ence of the intercalated organomodifiers on clay platelets, since
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Fig. 3. TGA thermograms of MMTk10, MMT-PEIS00Q, MMT-PEI25000Q and
MMTHA1690Q, and the hyperbranched polymers PEIS00, PEI25000, HA1690.

the decomposition and combustion occurs at the same temperature
range and the overall degradation behavior is quite similar to that of
pure hyperbranched polymers. The content of the organic compo-
nents in the modified clays has been determined as the weight loss
from 200°C to 800 °C. At temperatures above 200 °C the influence
of water content is eliminated and the process of decomposition
and combustion of the intercalated organomodifier takes place. In
those conditions, the weight loss for the organomodified clays was
9.7, 17.2 and 32.3% for MMT-PEI800Q, MMT-HA1690Q and MMT-
PEI25000Q respectively.

3.2. Photopolymerization behavior of organoclay systems and
morphology

The photopolymerization kinetics were monitored by differen-
tial scanning calorimetry. The conversion curves as a function of
irradiation time for pure HEMA/PEGDMA and containing 1, 2 and
3% of modified clays are showed in Fig. 4. The photopolymerization
rate at the peak maximum (R7'®*) and the final degree of double
bound conversion («g) were determined in order to investigate
the effects of organomodified clays on the photopolymerization
process, Table 1. Kinetic profiles for photopolymerization are con-
ventional, showed an autoacceleration period and then slowed
down rate because T of system (Tg=103°C) is well above poly-
merization temperature (T=25°C) and vitrification of the material
takes place.

The addition of organoclay was shown to have no detrimental on
the curing reaction. As expected for diffusion-controlled kinetics,
a dramatic increase in the polymerization rate is observed at low
conversions. This autoacceleration effect is due to the decreased
mobility of the growing macroradicals as the viscosity increases,
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Table 1

Analysis result for the photopolymerization of HEMA/PEGDMA in presence of 1,
2, 3% of MMT-PEI800Q, MMT-PEI25000Q and MMT-HA1690Q; and glass transition
temperature (Ty) determined by DSC.

HBP surfactant wt% clay oF (%) Ry (s T (°C)
None 0 94 0.41 104
1 97 0.54 98
PEIB00Q 2 93 0.48 98
3 93 0.42 103
1 99 0.59 97
PEI25000Q 2 98 0.58 103
3 96 0.59 104
1 98 0.55 99
HA1690Q 2 87 043 95
3 88 0.35 100

which causes a reduction in the termination rate constant, and
as a result, the macroradical concentration increases (and, there-
fore, so does the polymerization rate). The magnitude and onset
of the gel effect have been shown to depend on the clay content
for the nanocomposites. The clay treatment lead to a widening of
the clay interlamellar spacing, and together with the organophilic
character of the treated clay, allows an easy penetration of the UV
curable monomers into the lamellar structure inducing intercala-
tion and eventually exfoliation. In general, the clay incorporation
caused the R’ increase, associated with the low diffusivity of the
monomer into the polymer matrix, and this fact is more noticeable
for MMT-PEI25000Q which showed a higher degree of modifica-
tion and better dispersion in the matrix would be expected. As
the clay content increased, the polymerization rate and conversion
decreased, which may be due to a reduced penetration of UV radi-
ation into the sample as consequence of presence of large particle
aggregates comprised of dozens of platelets.

The addition of a small amount (1%) of the silicate platelets
causes a decrease of the glass transition temperature which drops
from 104 °C for the pure polymer, to 97-99°C for the nanocom-
posite materials. By increasing the clay content to 3%, a Tg value
comparable to that of the polymer matrix was obtained, that effect
is ascribed to the confinement of the intercalated polymer chains
within the clay galleries which restrict polymer chain motions, as
result from strong interactions between the clay layers and the
polymer chains.

The XRD patterns of nanocomposites containing 2% of modified
clays are presented in Fig. 5. The dggq peak of the clay in the
HEMA/PEGDMA nanocomposites nearly disappeared, indicating
the formation of intercalated/exfoliated structure in the nanocom-
posites. The absence of the (001) peak would suggest that the
doo1 spacing between the layered silicates is intercalated to a

(a) (b)
-
k-

—— HEMA4% PEG2% MMT-HA1690Q
—— HEMA4% PEG2% MMT-PEIS00Q
i HEMA4% PEG2% MMT-PEI25000Q

Intensity (a.u.)

26 (deg)

Fig. 5. XRD patterns of the nanocomposites containing 2 mass% of MMT-PEIS00Q,
MMT-PEI25000Q and MMTHA1690Q.

spacing greater than the measurable range or clay layers are
disorderly dispersed in the HEMA/PEGDMA matrix, but also the
lack sensitivity at the lower amount of clay loading or random
orientation of clay tactoids may be considered. Since XRD analysis
gives the macroscopic conformation of a sample, to further inves-
tigate the clay dispersion in the polymer matrix, TEM analysis
was performed, as shown in Fig. 6. The TEM image reveals that
the clay was dispersed uniformly and randomly during the curing
process in the polymer matrix, and exfoliated into thin tactoids
which contain few clay layers. This result further supports the
XRD analysis, the organo-modification makes the layer distance
enough for formation of exfoliated morphology.

3.3. Thermal properties of nanocomposites

The thermal degradation behavior of the pure HEMA/PEGDMA
and nanocomposites containing modified clays was analyzed
by thermogravimetry (TGA) and chemiluminescence emission
analysis (CL). The CL has revealed as a very useful technique for the
study of polymer degradation, mainly due to its high sensitivity
for detecting early stages of oxidation in the polymer when there
is neither loss or change in the physical and chemical properties
of the material. The chemiluminescence in polymers is due to the
light emission that accompanies the thermal decomposition of the
thermooxidative degradation products (hydroperoxides), which
are formed during processing or service life of the material under
ambient conditions. This bimolecular reaction promotes ketone
products to its lowest triplet state and the radiative deactivation
gives chemiluminescence emission in the visible region. The

a (c) : \
. S

s N

0.5um

Fig. 6. TEM images of the nanocomposites containing 1 mass% of (a) MMT-PEI800Q, (b) MMT-PEI25000Q and (c) MMTHA1690Q.
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chemiluminescence emission can be related to the hydroperoxide
(POOH) content of a polymer [21]. The relationship of several
factors such as temperature, molar mass [22,23], oxygen concen-
tration [24], antioxidants [25,26] to changes of the CL intensity
in time or with the temperature has been established. During
the last decade, significant developments have been achieved in
new applications of CL to obtain valuable information related to
structure and properties of polymers.
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Fig. 10. SEM micrographs of biofilm formation on neat HEMA/PEGDMA samples with (a) B. subtilis, (b) P. aeruginosa, and biofilm formation with B. subtilis on nanocomposites

with 1% (c.1) MMT-PEIS00Q, (c.2) MMT-PEI25000Q and (c.3) MMTHA1690Q.

By means of thermogravimetric analysis, the mass loss of the
nanocomposites was studied as a function of the temperature from
25 to 800°C under a nitrogen atmosphere. The TGA curves of
pure polymer and nanocomposite samples are shown in Fig. 7.
The thermal behavior of the nanocomposite is similar to the
HEMA/PEGDMA, the TGA curve indicates that there are two stages
of decomposition. The first one is due to the loss of adsorbed water,
and the addition of clay significantly decreased this weight loss,
indicating the lower content of adsorbed water due to the reduced
hydrophilicity. With regard to the second stage, at temperature
above 300°C, the nanocomposites have a higher decomposition
temperature than pure polymer. This enhancement in the ther-
mal stability is due to the presence of clay nanolayers with high
thermal stability and the great barrier properties of the nanolayers
dispersed in the nanocomposites to maximize the heat insulation.
Those results would be consistent with the XRD results, where
the formation of intercalated/exfoliated structure was determined.
Comparing the different systems, a better stability is achieved by
the samples containing MMT-PEI25000Q, which would be related
to the enhanced compatibility with the polymer matrix and better
dispersion.

Also, the thermal stability of nanocomposites was studied
by means of chemiluminescence analysis. Firstly, temperature-
ramping chemiluminescence of the unmodified and organomod-
ified clays was examined under oxygen, in order to determine
their possible emission which can affect the polymer chemi-
luminescence measurement, Fig. 8. All the clays exhibited

chemiluminescence emission above 100 °C, and the intensity was
markedly enhanced and the onset decreased in presence of the
hyperbranched polymers confirming the presence of the modifiers,
where hydroperoxide can been generated due to the aliphatic car-
bons present in their structures. Among the three hyperbranched
polymers, aliphatic polyestheramide HA1690 showed a significant
chemiluminescence at higher temperatures when compared with
the other two polyethylenimines PEIS00 and PEI25000. This fea-
ture indicated that the emission should be due to the more complex
structures of the former. However, these emissions are negligible
when the organomodified clays are included in a polymer formu-
lation at the concentrations used in this work. Only in bulk powder
the chemiluminescence may be detectable.

By analyzing the chemiluminescence emission of
HEMA/PEGDMA sample and nanocomposites it is possible to
study the influence of nature of modifier and content of clay in
the thermal stability. For the material prepared without mont-
morillonite, the emission of CL was detected from temperatures
above 100°C that corresponds to the glass transition temperature
of the material, where the efficiency of the quantum yield of
chemiluminescence emission was enhanced by the increase in
mobility of the hydroperoxides which favour the disproportion
reaction responsible for the emission. A high intensity of chemilu-
minescence was observed under oxygen, since in such conditions,
the samples are highly oxidised in a diffusion-controlled reaction
simultaneously to the emission. Macroradicals react with the
oxygen to give peroxy radicals and its concentration will be large
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Fig. 11. Microhardness of neat HEMA/PEGDMA and nanocomposites containing 1,
2, 3 mass% of MMT-PEI800Q, MMT-PEI25000Q and MMTHA1690Q.

and the bimolecular termination reaction of two peroxy radicals
to give ketone products will be enhanced.

The nanocomposites that contained MMTPEIS800 and MMT-
PEI25000 presented an improved thermal stability regarding the
unloaded material, as it can be seen in Fig. 9. In general, the CL
intensity decrease and the onset delay to higher temperature with
the content of clay. This means that the presence of reinforcement
hinders the diffusion of oxidative species and makes the materi-
als more stable under thermal oxidative conditions. That effect is
also more evident for MMTPEI25000 which exhibited lower chemi-
luminescence emission and would be on good agreement with the
higher stability observed by thermogravimetric analysis. Neverthe-
less, those materials prepared with MMTHA1690 showed similar
thermal stability at 1% of clay in all the temperature range, and
when increasing clay content a slightly increase in the emission
was detected, which may be associated to the presence of large
particle aggregates.

3.4. Antimicrobial activity

To analyze the bacteria attachment onto the photogenerated
materials, the performance of HEMA/PEGDMA reference as control
and nanocomposites with a content of 1% of the organomodified
clays were tested. For that purpose, B. subtilis and P. aeruginosa were
used. In Fig. 10 the SEM micrograph of the two bacteria are pre-
sented. The nanocomposites with MMTPEIS00Q, MMT-PEI25000Q
and MMT-HA1690Q markedly inhibited the adhesion of the two
bacteria, as compared to the HEMA/PEGDMA surface, where the
colonization by both microorganism was evidenced in SEM images,
reflecting no antibacterial activity.

It has beenreported that surface stiffness, hydrophobic termina-
tion and high roughness properties of surfaces can regulate adhe-
sion of bacteria [27]. In order to evaluate potential stiffness contri-
bution to bacterial colonization, microhardness of nanocomposites
was analyzed as function of clay content, Fig. 11. Microhardness
(MH) measures primarily the resistance of the material to plastic
deformation and, accordingly, provides indications regarding local
strain. For nanocomposites including MMT-HA1690, similar values
to pure polymer were found. A slightly microhardness increase is
observed as the clay weight fraction is raised in the nanocomposite
materials, with MMT-PEI25000Q even at incorporations as low as
2 wt%. Otherwise, the contribution of the MMT-PEI800Q, is notice-
able and MH values increase from 155 to 280 MPa when 3 wt% of
clay is added. This behavior can be ascribed to the favourable inter-
facial characteristics reached during the preparation of materials.

The differences of stiffness in the nanocomposites suggested that
is not the main property which determines the extent of bacte-
rial attachment. Consequently, the obtained results would indicate
that nature of organomodifier in the clay play a more important
role in B. subtilis and P. aeruginosa adhesion processes than stiff-
ness, and the high efficiency against microorganism may be related
to the presence of hyperbranched polymers with a high density of
quaternary ammonium groups attached to the clay. The activity
of the quaternary ammonium compounds has been proposed to
involve a general perturbation of lipid bilayer membranes which
constitute the bacterial cytoplasmic membrane of Gram negative
bacteria[16,28].Interaction between the positively charged ammo-
nium group with the anionic molecules at the cell surface, would
change the permeability of the cell membrane of the microorgan-
ism, and the leakage of intercellular components take place.

4. Conclusions

Three different hyperbranched polymers were used in order
to modify montmorillonite, and nanocomposites were prepared
by photopolymerization of an acrylic matrix with different con-
tent of the organomodified clays. In general, the clay incorporation
increased the reaction rates, associated with the low diffusivity
of the monomer into the polymer matrix, and this fact is more
noticeable for MMT-PEI25000Q which showed a higher degree of
modification and better dispersion in the matrix analyzed by XRD
and TEM. The thermal stability was studied by TGA and CL emis-
sion. The nanocomposites showed an enhancement in the thermal
stability, related to the great barrier properties of the nanolayers
dispersed in the nanocomposites. The novel nanocomposites were
tested for antimicrobial activity against B. subtilis and P. aeruginosa,
and inhibition of the adhesion of the two bacteria was observed on
comparison to the HEMA/PEGDMA surface, where the colonization
by both microorganism was evidenced in SEM images, reflecting no
antibacterial activity. The results obtained suggest these materials
for potential application in biomedical area.
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