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bstract

Hybrid materials containing poly(vinyl acetate) and montmorillonite (MMT) were prepared using an one-batch emulsion polymerization recipe,
ssisted by a nonionic surfactant. To explain the results of our experiments, a thorough investigation of the specific interactions between the
ompounds was done, in the wet as well as the dried state of the end-products. In dispersion, polymer–surfactant interactions were found to be
riven by hydrophobic coupling into superficial (mixt) admicelles. Another important finding is that the amount of clay used in the recipes and
ts relative concentration with respect to the other reaction partners influences drastically the morphological units in the end-products. For low

MMT], well-defined, spherical particles are formed. At the other extreme, for high [MMT], production of polymeric, water-swollen aggregates is
avored. A small amount of reformed MMT tactoids was detected in all casted hybrid films, indicating that most of the inorganic is dispersed in
he organic phase.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Recently, polymer–clay hybrid materials have received sig-
ificant attention because the mutual interactions between
olymer and clay are considered to affect their properties.
y comparison with conventional microcomposites, greatly

mproved physical and mechanical characteristics were found
or hybrids based on thermoplastic matrices containing a nano-
cale dispersion of layered silicates [1–5]. High moduli [6–10],
ncreased strength and heat resistance [11], decreased gas per-

eability [12–16] and flammability [17–21] and increased
iodegradability of biodegradable polymers [22] can be obtained
t much lower loads of the inorganic compound, hence decreas-
ng significantly the production costs.
The properties of the hybrid materials are directly related
o their internal morphology and, in this respect, the state of
ispersion of the inorganic phase is very important [5]. At low
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lay content, exfoliated nanocomposites are encountered. For
hese composites, individual clay platelets are separated by a
ontinuous, more or less thick polymer matrix. As the inorganic
oad becomes higher, flocculated and/or intercalated hybrids are
ormed.

In practice, the most commonly used 2:1 layered silicates
re: montmorillonite, hectorite and saponite. Montmorillonite
MMT) is a hydrated alumina-silicate clay composed of units
ade up of two silica tetrahedral sheets with a central alumina

ctahedral sheet. The silicate layers of MMT are planar, stiff,
10 Å in thickness, about 2000 Å in length. In nature, MMT

lays do not occur as isolated individual units but as crys-
alline structures (also known as tactoids) formed by aggregation
5,23–26].

The efficiency of the MMT dispersion in a polymer matrix
epends strongly on the clay’s afinity towards the macromolecu-
ar chains and, also, on the MMT tactoid sizes. The hydrophilic
ature of the MMT surface impedes their homogeneous dis-

ersion in highly hydrophobic polymer phases. One option
o circumvent this drawback is to convert the silicate sur-
ace to an organophilic character, by ion-exchange reactions
ith cationic surfactants. Another possibility is to use directly

mailto:v.i.uricanu@k.ro
mailto:ddonescu@chimfiz.icf.ro
dx.doi.org/10.1016/j.matchemphys.2007.01.021
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he high affinity of the clay for water-soluble polymers, like:
oly(ethyleneoxide), poly(vinyl alcohol), poly(vinyl pyridine)
r poly(ethylene vinyl alcohol). However, one should always
e careful when choosing, since the delicate balance in the
lay/polymer’s interactions is strongly influenced by the polarity
f the solvent(s). The high polarity of water causes swelling of
he tactoids and, depending on pH and ionic strength, dispersion
nto individual units.

In this paper, we explore the possibility to obtain
olymer–MMT hybrids using an one-batch recipe, with growing
f the polymeric phase via a radicalic (emulsion) polymeriza-
ion, after dispersion of the MMT tactoids in water. The starting

onomer is vinyl acetate (VAc) and the reaction is assisted by a
onionic surfactant, with a medium-long (30 units) ethyleneox-
de tail. Since both the clay and the growing PVAc particles will
ompete for the surfactant, we made a thorough investigation of
he specific interactions between the compounds. Several exper-
mental techniques were used to elucidate the phenomena taking
lace in the wet as well as the dried state of the end-products.

. Experimental

.1. Materials

Sodium-montmorillonite (Cloisite Na-MMT) was generously donated by
outhern Clay Products Inc., USA. Vinyl acetate (VAc, Chimopar, Romania)
as purified by rectification. The initiator: ammonium persulphate (LOBA-
einchemie) and the surfactant: NPh30EO (nonylphenol poly(oxyethylene) with
0 OE units) from ICI, UK, were used without further purification. Poly(vinyl
lcohol) (APV, supplied by Nippon Gohsei, Japan), had an average molecular
eight of 59,000 and was 88% hydrolysed poly(vinyl acetate).

.2. Hybrids formulation

In the batch polymerization, the surfactant (10 g NPh30EO) was first dis-
olved in water (200 g). Further on, under continuous stirring, a given amount of
he monomer (VAc, 20 g) was added, the mixture was heated up to 65 ◦C, then
he initiator (0.25 g APS) was added. When clay–organic recipes were prepared,
he Na-MMT was first mixed with water and equilibrated at room temperature,
nder stirring, for 1 h, before adding the surfactant. Besides recipes in which
ll compounds were used, we prepared also clay–surfactant mixtures without
ddition of the polymerizable partner. The list of all formulations with polymer
s given in Table 1.

After preparation, aliquots were taken from all the wet phases, deposited on
oly(ethylene) sheets and dried room temperature (25 ◦C), under a mild nitrogen
tream, for 2 weeks, followed by 24 h drying under vacuum. Before measure-
ents in the resulting dried state, the poly(ethylene) substrate was peeled off.
ll hybrids with PVAc yielded self-standing films, with no visible cracks or

ocal changes in transparency (hence no macroscopic phase separation).

.3. Techniques

The hydrodynamic diameters for particles in the final PVAc latex dispersions
ere determined by dynamic light scattering (DLS), using a NICOMP 370

quipment.
Adsorption isotherms (used to study the interaction between PVAc latex

articles and the surfactant in the dispersed phase, when NO clay is present)
ere determined at 25 ◦C, by mixing a known amount of the dialysed latex with

constant volume of calibrated surfactant solutions in 50 ml centrifuge tubes.
he mixtures were magnetically stirred for 1 h and left to equilibrate. After

eaching equilibrium, the mixtures were centrifuged for 45 min at 15,000 rpm.
he final concentration of the surfactant in the supernatant was determined
pectrophotometrically from the optical density at 276 nm. At this wavelength

b
c

t
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he absorbance in the UV spectra is due only to the phenyl ring of the hydrophobic
ead-group.

.3.1. Dialysis
After synthesis, the PVAc latex was diluted to the desired particle number

oncentration and dialysed in well-boiled Visking dialysis tubing, against large
uantities of distilled water. The water (18 M� cm−1, pH 5.7) used for dilution
urposes and as dialysis medium was ultrapure deionized water filtered through
Millipore equipment. Dialysis was stopped when the conductivity of the water
utside the dialysis tubing was reduced to the value corresponding to the pure
ater used. The solid content of the colloidal latex (used as stock dispersion)
as determined gravimetrically.

Free APV–surfactant aqueous solutions were investigated using viscometry,
urface tension (pendant drop method) measurements and DLS.

Termogravimetrical analysis (TGA, with a speed of 20 ◦C min−1) and differ-
ntial scanning calorimetry (DSC, 10 ◦C min−1) were performed with a Dupont
000 instrument.

X-ray difraction (XRD) studies were done using a DRON-2 instrument with
orizontal goniometer and a Cu K� (λ = 1.5418 Å) radiation source.

After coverage with a thin (20 nm, sputtered) gold layer, the fractured sur-
aces of the dried polymer–clay composites were observed by scanning electron
icroscopy (SEM), using a JEOL-5610 equipment operated with a high-tension

oltage of 20 kV.

. Results and discussions

.1. Interactions between components

For researchers working with MMT’s and nonionic sur-
actants with ethyleneoxide moieties, the subject of specific
nteractions between the two reagents is probably more familiar.

e have chosen to address this subject (in Section 3.1.2) by com-
arison with the changes induced when PVAc is also present.
o understand better what is the role of every compound, we
egin by showing what could be expected in a latex–surfactant
ispersion, without clay.

.1.1. Polymer–surfactant
The PVAc particle/water interface is not smooth but hairy,

aving a layer containing flexible polymer chains terminating in
ulphate groups [27–32]. These pendant polymer chains are the
ey features in determining the adsorption pattern of surfactants
nd the hydrodynamic diameter of the latex particles [27,33–44].
dsorption of surfactant molecules onto hairy polymer latex
articles can be seen as a “localised” polymer–surfactant inter-
ction.

For nonionic surfactants, the published literature reports
ainly on the interaction with nonionic polymers [45–49] or

ydrophobically modified polymers [50–52]. Thermodynamic
alculations [53–55] predict that, if both partners are uncharged,
he interaction is either nonexistent, either extremely small. As
or ethoxylated nonionic surfactants, they bind easily to poly-
ers that develop hydrogen bondings, such as poly(acrylic acid)

nd poly(methacrylic acid) [55–62]. In these systems, hydrogen
onding between the carboxylic group of the polymer and the
xygen of the oxyethylene (OE) chain as well as hydropho-

ic interaction promotes surfactant aggregation on the polymer
hain.

The adsorption isotherm of the NPh30EO surfactant onto
he PVAc particles shows four distinct regions. For adsorp-
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Table 1
Index of the hydrid preparations, with the average diameter for the PVAc particles measured using dynamic light scattering (DLS)

Sample Na-MMT (g) Average diameter (nm) Comments

H0 – 240 Stable latex, no sedimentation/phase separation for more than 3 years
H1 1 337 Stable latex, no sedimentation or phase separation for around 2 years
H2 2.5 383 The latex was stable for ∼8 months after which the lower region starts building a gel-like phase
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T (≡CAC) coincides with association of polymer and surfactant
which grows
H3 5 753 The dispersio

weeks. The g

ion at concentrations lower than 7.7 × 10−5 mol l−1 (region
in Fig. 1), the adsorbed amount (Γ ) increases at surfac-

ant addition. A pseudo-plateau (region b), for which Γ is
ore or less constant, follows. Region c in the adsorption

sotherm begins at concentrations slightly higher than the criti-
al micelle concentration (cmc) of the surfactant in the aqueous
hase and corresponds to a dramatically increase of Γ . At
NPh30EO] ≥ 4 × 10−3 mol l−1, the final plateau in the plot of

versus Ceq is reached and the adsorption attains saturation.
The complex shape of the adsorption isotherm is very

uch alike the binding isotherm of an ionic surfactant to
nonionic, hydrophobically modified water-soluble polymer

HM-polymer) [63]. For mixtures of HM-polymer and ionic sur-
actant, the first region in the binding isotherm corresponds to
high affinity non-co-operative binding of individual surfac-

ant molecules to the HM-polymer. As the number of surfactant
olecules per each adsorption site exceeds one, the binding

ecomes anti-co-operative. Finally, at concentrations above crit-
cal aggregation concentration (CAC), there is a self-association
f the ionic surfactant to micelles at the polymer. This process
s seen as a co-operative binding between surfactant and the
M-polymer.
By analogy, the data in Fig. 1 suggest that NPh30EO could

e involved in the formation of a polymer–surfactant complex
t the surface of the PVAc particles.

Different adsorption stages are also reflected in the modi-

cations of the hydrodynamic diameter of the PVAc particles
ith adsorbed surfactant, as determined by dynamic light scat-

ering (Fig. 2). In the initial stages (regions a and b in Fig. 1),
he adsorption of NPh30EO molecules around the vinyl acetate

ig. 1. Adsorption isotherm for nonionic NPh30EO surfactant onto PVAc latex
articles. Four distinct regions are clearlly marked; the arrow indicates the cmc
f the surfactant in the aqueous phase (=2.7 × 10−4 mol dm−3).

m
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1/3 from the total sample volume
repared is extremely viscous and the transition towards a gel starts after 2
n proceeds for 3 weeks and, at its end, the whole dispersion is gelled

egments of the PVAc hairs force them to adopt more expanded
onformations. The hydrodynamic diameter increases further,
p to a maximum value (Fig. 2). When the surfactant con-
entration is high enough for the polymer–surfactant complex
ormation, the PVAc hairs are included into micellar-like aggre-
ates. At saturation, the hydrodynamic diameter of the PVAc
articles with adsorbed surfactant is lower than the initial value,
ithout surfactant.
Preliminary analysis (IR spectroscopy) showed that the dial-

sed PVAc particles are (as chemical structure) more similar to
copolymer, including both vinylic acetate and alcohol groups.
he latest is more hydrophilic than the formers. Such a copoly-
er structure corresponds to a partially hydrolysed poly(vinyl

lcohol) APV polymer.
In order to gain more information on the surfactant–polymer

airs complex, surface tension, viscosity and DLS measure-
ents were performed on aqueous solutions with constant

mounts of water-soluble APV and variable NPh30EO concen-
rations. From these experiments, we hoped to learn more about
hat can indeed happen when NPh30EO interacts with a hairy
VAc particle.

Same general trends were observed, independent on the APV
evel (0.25 or 1.25 g l−1). In the APV presence, the surface
ension values are not equal to those obtained for surfactant
olutions without polymer (Fig. 3 and Table 2). The polymer
tself influences these values. For (APV + NPh30EO) mixtures,

1
olecules into a complex. At surfactant concentrations equal

o T ′
2, the surfactant binding reaches saturation. In the concen-

ration range between T ′
2 and T2, the concentration of free (as

ig. 2. Hydrodinamic diameter of the PVAc latex particles with adsorbed sur-
actant.
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Fig. 3. Surface tension for surfactant solutions with (open symbols) and without
APV. The vertical dotted line marks the cmc of NPh30EO in pure water. The
arrows indicate (from left to right) the T1 (≡CAC), T ′

2 and T2.

Table 2
Values of the surfactant concentrations relevant for changes in the
APV–NPh30EO aqueous solutions

[APV] (g l−1) Surfactant concentrations (mol dm−3)

T1 (≡CAC) T ′
2 T2
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.25 4.8 × 10−5 1.4 × 10−4 3.0 × 10−4

.25 2.6 × 10−4 6.8 × 10−4 8.0 × 10−4

nimers) surfactant molecules increases. Above T2, the surfac-
ant forms normal micelles in the aqueous phase.

The plot of the reduced viscosity (ηred) for solutions with con-
tant APV and variable NPh30EO concentrations (Fig. 4) shows
minimum in the same [NPh30EO] range as that for which the

urface tension plot (Fig. 3) has its first plateau. This minimum is
aused by modifications of the hydrodynamic dimensions of the
olymer coil due to formation of APV–surfactant aggregates
64–67]. At [NPh30EO] > T ′

2, the increase in ηred results only

rom the rise in the concentration of pure surfactant micelles,
dditional to a constant level of APV–surfactant aggregates.

For [APV] = 1.25 g l−1 with surfactant, successive measure-
ents of the viscosity revealed a quite interesting behaviour. The

ig. 4. Variation of APV reduced viscosity in the presence of the nonionic
urfactant. The orizontal line represents the ηred of aqueous solution with
PV = 1.25 g l−1 and without surfactant. For surfactant concentrations between

1 (left arrow) and T ′
2 (right arrow), the deformation and disruption of the

PV–complex give ηred values dependent on the measurement order.
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alues obtained at the first passing of these aqueous solutions
hrough the capillary of the viscometer (ηI

red) are lower than those
btained at the second measurement (ηII

red). These discrepancies
ppear only for NPh30EO concentrations between T1 and T ′

2
nd higher order measurements recover always the ηII

red values.
uch features of the plot ηred versus NPh30EO concentration can
e explained by taking into account that, during flow through a
apillary, the shear subjects the polymer–surfactant complex to
eformations [68].

If the complex does not have a strong binding of the com-
onents in the polymer–surfactant mixed aggregates, the local
ensions produced by the flow field are responsible for a tempo-
ary destruction of the initial geometry of the complex. Time
ntervals (between two successive viscosity measurements)
horter than the time requested for complex re-equilibration will
esult in larger ηred values. Once the complex achieves more
urfactant molecules, its structure becomes more stable against
eformation/destruction and the reduced viscosity values are
ndependent on the measurement order.

Dynamic light scattering measurements on
APV + NPh30EO) aqueous solutions support the idea of
polymer–surfactant complex formation. In the limit of short
easurement times, at surfactant concentrations higher than

1, the hydrodynamic diameter of the polymer–surfactant
omplex (=16.2 nm) is considerable smaller that that of pure
PV coil (=32 nm) and very close to the dimensions of the
ure NPh30EO micelles (=16.7 nm). In the limit of high
easurement times, DLS provides information on the mean

iffusion coefficient associated with the slowest movement. For
he system investigated, this diffusion coefficient corresponds
o an average over all movements at the segmental level of the
PV polymer. The formation of mixed polymer–surfactant

ggregates strongly suppress the segmental motion of the
PV chain and the mean diffusion coefficient (Ð) has a sharp
ecrease at [NPh30EO] > T1 (Fig. 5).
At surfactant concentrations higher than T ′
2 the experimental

alues must be subjected to a correction. The physical basis of
his correction lies on the changes of the viscosity of the medium

ig. 5. Variation of the mean difussion coefficient (Ð) for APV with surfactant,
s obtained in the limit of long-time DLS measurements. Between T1 (left arrow)
nd T ′

2 (right arrow), the sharp decrease indicates the APV–NPh30EO complex
ormation.



1 emistry and Physics 103 (2007) 118–126

s
(
T
I
i
p
t
i
s
i
s

t
t
w
w
l
t
o
s
c
p
f

t
o
t

(

3

t
(
b
i
E
p

N
d
a
p
r

h
t
P
X
g

F

fi
p
b
c
i
t
d

p
c
a
c
t
n
b
t
s
c
the amount of free-surfactant, in the dried state. The results are
ploted in Fig. 8b. As the inorganic/surfactant ratio increases, a
saturation is reached in the amount of free-surfactant. When the
22 M.C. Corobea et al. / Materials Ch

urrounding the polymer chains. For expanded conformations
in water or with few surfactant molecules, at levels lower than
1) the APV chain is mainly surrounded by water molecules.
n the restricted conformations adopted by the polymer chain
n the structure of the APV–NPh30EO complex, in the close
roximity of the polymer segments the medium is rich in surfac-
ant molecules. In these conditions, the viscosity term changes
ts values from that of pure water to that of surfactant aqueous
olutions. With these corrections, the plots in Fig. 5 suggest that,
n static conditions, the APV–surfactant aggregates have stable
tructures.

From all the data presented in this section, we can conclude
hat the NPh30EO molecules have a high affinity to interact with
he PVAc latex via hydrophobe–hydrophobe interactions. Here
e would like to add few comments. All the experiments done
ith PVAc latex and surfactant have used an already prepared

atex. This means that the interactions evidenced by our inves-
igations would play a crucial role after (or in the latest stages)
f the emulsion polymerization. In the initial stages, since we
tart to add the polymerizable monomer to an already dispersed
lay and NPh30EO, the interactions between these last two com-
onents will impose perhaps a different path on the polymer
ormation and (particles) growth.

In the final product, the average hydrodynamic diameter of
he PVAc latex particles (see Table 1) was affected by the amount
f MMT used in formulation. The ascendent trend could have
wo explanations:

(i) for higher [MMT], more NPh30EO is involved in the inter-
action with the clay, leaving less surfactant available for
particle stabilization. In this case, the reaction will favor the
formation of a smaller number of particle, but with bigger
diameters, or

ii) physical (clay–surfactant–polymer) interactions tend to
destabilize the dispersion and, instead of independent latex
particles, the DLS measures aggregates.

.1.2. Clay–surfactant and clay–PVAc interactions
For the clay–surfactant interaction, the hydrophilic tail of

he surfactant is important [5,69,70]. The chemical structure
ethoxyl groups) of the tail favors ion-dipole and hydrogen
onding of the oxygen atoms with the 2:1 clay. These specific
nteractions have been already exploited in making hybrids with:
O-surfactants [69,70], EO-monomers [71] or with PEO as pure
olymer [7,72–75] or as copolymer [76–78].

Our results (see Fig. 6) confirm the high-adsorption of
Ph30EO onto the clay, in agreement with previously published
ata [79]. When the surfactant–MMT mixtures are dried, one can
lso estimate (from the position of the (0 0 1) peak in the XRD
attern) the modifications in the basal spacing of the montmo-
illonite due to NPh30EO insertion between the platelets.

Compared with the initial 12.5 Å value, a swollen state, with
igher interlamellae distances = 18 Å is found for all composi-

ions (Fig. 7). This value increases even more (i.e., 20 Å) if the
VAc chains are in the dried mixture. Also, the intensity of the
RD main diffraction peak decreases very much, which sug-
ests a rather small percentage of the reformed tactoids in the

F
s
m

ig. 6. Adsorption isotherm (Langmuir-type) for the surfactant onto Na-MMT.

lms. The small increase in the interbasal spacing in the com-
osite films excludes the existence of ‘sandwiches’ in which
oth polymer and surfactant are trapped simultaneously in the
lay inner-galleries. Actually, it seems that in the hybrids there
s a preferential interaction of the macromolecular chains with
he clay surface and we detect exactly its influence via the XRD
iffraction paterns.

Also, the endothermic peaks of the surfactant become less
rominent and almost disappeared (see Fig. 8a) in the DSC
urves obtained on the dried hybrids. The same was observed
lso for clay–surfactant mixtures (data not shown). These trends
ould be explained by a decrease of the ordered association of
he NPh30EO molecules in the presence of the other compo-
ents, saying that the surfactant chains are highly constrained
y the presence of Na-MMT and/or PVAc. If one assumes that
he melting enthalpy per unit mass of the free-surfactant has the
ame value in all the physical mixtures and polymer-containing
omposites, the DSC method provides an alternative to calculate
ig. 7. Basal spacing (d0 0 1) for dried NPh30EO–Na-MMT mixtures (full
mbols) and for hybrids with surfactant and PVAc (open symbols). The value
easured for pure Na-MMT is indicated by the star.
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ig. 8. Results of the films analysis using differential scanning calorimetry (D
b) Calculated free-surfactant which remains unconstrained by the interaction
ymbols).

ixtures have also polymer, the saturation was not seen for the
ompositions used in the present work.

Exploring further the composite films, we used FTIR
pectroscopy to get more evidence for mutual inter-elements
nteractions. The typical bands for the Na-MMT groups [80]
ere found in the FTIR spectra of pure inorganic phase (Fig. 9):

he Si–O (1070 cm−1) and Al–O (524 cm−1) stretching and Si–O
ending (at 466 cm−1).

For poly(vinyl acetate) in the H0 formulation, one can eas-
ly recognize the peaks of the polymer: a very strong peak at
736 cm−1 (C O) and the signature for the CH3C O, at 1374
nd 606 cm−1, associated with a weak doublet: 629–650 cm−1

81]. Adding clay in the preparation recipe changes the interac-
ion balance and, in films, we have direct evidence for a hindering
n the vibrations (see also Table 3). More clay in the hybrid
nduces a strong reduction of the vibrations for the CH3C O
nd the blocking of the O CH2 group (vibration located at
415 cm−1).

It was proven that the interaction of MMT with fully

ydrolised poly(vinyl alcohol) is driven by hydrogen bonding
etween the vinyl alcohol group of the PVA and the silicate oxy-
ens, hence dominating the cleavage plane of the clay [82–85].

ig. 9. Selected FTIR spectra for the inorganic (thick line) and the hybrids: H0
=PVAc + surfactant), H1 and H3.
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(a) DSC curves measured for the pure surfactant and the hybrids H1 and H3.
the other compounds, for physical mixtures (close symbols) or hybrids (open

ur FTIR results (Fig. 9 and Table 3) indicate that also the ester
roup of the vinyl acetate interacts strongly with the surface of
MT platelets.
The thermal stability of the surfactant (pure or with clay)

nd of the composite films was determined by TGA as weight
oss during a programmed heating. As observed in Fig. 10a,
he pure NPh30EO exhibits two weighted-loss steps. The first
tep, around 270 ◦C (peak I in Fig. 10a), can be attributed to
egradation of chains in amorphous conformations. The sec-
nd degradation (peak II), with the maximum at ∼360 ◦C,
orresponds to surfactant in cristalline arrangements. When in
ixture with Na-MMT, a third degradation step occurs (peak III

n Fig. 10b), confirming the existence of surfactant entrapped
etween the clay lamellae.

For a PVAc latex prepared with surfactant and without
norganic, the degradation of the polymeric chains (peak IV,

410 ◦C; Fig. 10c) can be easily distinguished from the sur-
actant contribution. However, in hybrids, we are faced with
n interesting situation. The PVAc-contribution is shifted to
ower temperatures and we find a combined peak (peaks II + IV;
ig. 10d). The effect (of a less thermally stable polymer) was
een before [86] and can be attributed to a less polymerized struc-
ure of the PVAc in the final composite. It means that in hybrids

ith high clay concentration (as H3), the molecular weight of

he polymeric chains is lower than in formulations with none
r low clay amounts. In all DTA curves, the thermal degrada-
ion ends with a more or less detectable contribution (peak V)

able 3
ffects of the mutual interactions inside the composite films, as seen in the FTIR
pectra

ample Location of FTIR peaks (cm−1) Peaks intensity ratios

1736 606 524 466 I1736/I606 I1736/I524

a-MMT – W S S – –
Ph30EO – v.W – – – –
ure PVAc S S v.W – 1.25 –

1 S W W W 1.7 3
2 S W W W 3 3.6
3 S W W W 4.5 5

he symbols indicate: S, strong; M, medium; W, weak bands.
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ig. 10. Derivative thermogravimetric analysis (DTA) on the dried samples for: (
nd (d) hydrid H3, containing polymer, surfactant and clay. For the mixtures in (
e have included the original TGA curve only in (a). The arrows indicate the p

rom structure (i.e., ashes) collapse, with burning of the former
protected’ organics [86].

Inspecting (with scanning electron microscopy) the fractures
f the composite films (see Fig. 11), we encountered a variable
orphology, clearly depending on the amount of Na-MMT used
n the initial formulations. Since all the films have an identical
abrication history, the differences in the SEM images could only
e explained by a variation in the ‘starting units’, as explained
n what follows.

f
b
c
f

Fig. 11. Scanning electron microscopy images for the co
e surfactant, (b) surfactant with clay, (c) PVAc latex polymerized with surfactant
d), the same ratio: Na-MMT/NPh30EO = 0.5 was used. To simplify the graphs,

ns of the major degradation peaks, as found after deconvolution.

The PVAc has a low Tg (≈27.5 ◦C) and, as seen, parti-
les obtained via emulsion polymerization of the vinyl acetate
onomer are hairy. Also, when casting the films, the surfactant

as a plastifying effect. When films are cast at room temperature,
he above-mentioned factors contribute synergetically to partial

usion of the latex spheres. Remains of the initial particles can
e still recognize in the fracture of the H0 film (Fig. 11a). As the
lay amount increases, there is a visible transition to smoother
ractures (Fig. 11c).

mposites: H1 (a), H2 (b) and H3 (c), in fractures.
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Based on all the data obtained using different analysis tech-
iques in the wet phase (DLS, adsorption isotherms) and dried
lms (SEM, TGA, FTIR, DSC and XRD), one can advance a
oherent scenario which explains all the experimental findings.

In normal emulsion polymerization of vinyl acetate with non-
onic surfactant, at the end of the reaction, a good dispersion of
pherical (hairy) particles is obtained. These particles show a
ather narrow size distribution and have an average hydrody-
amic diameter ≈240 nm. Casting films from PVAc latexes will
esult in films with only partial preservation of spherical units.

If increased amounts of Na-MMT are added in the formu-
ations, a collection of physical interactions drive the system.

ultiple effects could be then expected. The clay–NPh30EO
nteraction, with a direct contact between the ethylene oxide
nd the inorganic surfaces, gives an increased hydropbobe char-
cter to the MMT platelets. We cannot exclude that an increased
ydrophobicity would actually make the platelets more attrac-
ive as interaction partners for vinyl acetate groups, as monomer
r as growing polymeric chains.

Also, due to clay–surfactant initial coupling, there is less sur-
actant left in the aqueous phase (hence the DSC results; Fig. 8a
nd b). This turns the balance during the polymerization towards
ormation of larger latex particles (like in H1, H2; see Table 1)
r even PVAc spheres with a high water/polymer ratio. These
ast entities are more close to super-swollen polymer aggregates
han to classical, dense polymeric spheres. Such entities will
ave larger diameters (see the DLS result for formulation H3)
nd will shrink and fuse very easily when dried (see SEM image
n Fig. 11c). Also, these large units use some of the PVAc chains
or stabilization, which increases the probability of interaction
ith surfactant (i), with clay–surfactant complexes (ii) and even-

ual bridging via free PVAc chains (iii). Since the monomer has
relative high solubility in water: ∼2%, polymerization in the

queous phase will always provide a certain percentage of free
VAc molecules. Further, if they grow beyond a critical length,

hese oligomeric molecules will collapse in aggregates, or inter-
ct with other partners (like single or surfactant-modified clay
latelets). The diversity (in structure) at the end of the polymer-
zation step in formulations with high clay content (as in H3) is
he base for a completely different reological properties. In this
ase we do not have a latex comprized from individual, well-
ispersed units, but rather a mixture of elements with a high
endency for associative interactions. The H3 formulation is the
xtreme example (from the recipes used in the present work) for
mixture which is very viscous and turns relatively soon (2–3
eeks) after preparation into a whole gel (see Table 1).

. Conclusions

From the results so far obtained, it can be concluded that
olymer–clay nanocomposites can be successfully synthesized
sing a smectic clay, modified by interaction with nonionic sur-
actant, by a simple emulsion polymerization technique. The

mount of clay used in the recipes: (i) and its relative concen-
ration with respect to the other reaction partners (ii) incline
he reaction equilibria in different directions. Hence, in the final
ispersions, the morphological units could belong to a variaty
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[
[
[
[
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f forms, spread between: well-defined, spherical particles at
ne extreme and polymeric, water-swollen aggregates at the
ther extreme. Most probably, at intermediate MMT concen-
rations, combinations between the two extremes will be found.

small amount of reformed tactoids was detected in all casted
ybrid films, indicating that a large percentage of the inorganic
s dispersed in the organic phase.
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