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Abstract Research deals with the assessment of grafting of cyclosiloxanes onto
organically modified montmorillonite (MMT) layers through anionic ring-opening
polymerization (AROP) without additional catalyst or initiator. Pristine Na*-MMT
was organically modified by systematically varying the hexadecyltrimethylammo-
nium bromide (HDTMABr) loading level. X-ray diffraction and thermogravimetric
analysis of differently modified MMTs (OMMTs) showed that HDTMABT cations
that exchanged sodium cations were strongly attracted to the silicate platelet sur-
faces. Part of HDTMABr formed a sandwiched HDTMABr layer between or-
ganically modified silicate platelets. The obtained OMMTSs were tested as initiator
material for AROP of octamethylcyclotetrasiloxane (D4) in the bulk, since the D4
polymerization may be initiated by oxygen anions located on the silicate surfaces.
The highest monomer conversion (91 % after 24 h at 80 °C) was observed when
OMMT with HDTMABr amount equal to cation exchange capacity was used. At
lower amounts of HDTMABr, the MMT was less organically modified and thus less
compatible with D4. On the other hand, when the HDTMABT sandwiched layer was
thicker, lower rates of polymerization were observed due to the hindered transport
of monomer to silicate platelet surfaces. The active function of surface anions in
MMT platelets in the initiation process was confirmed experimentally by varying
the OMMT/D4 ratio. It was observed that monomer conversion increased with
increasing OMMT/D4 ratio. The obtained composites were exfoliated. In the last
part of the research, OMMT was added to the formulation for D4 emulsion poly-
merization, where HDTMABr was also used as an emulsifier. The obtained com-
posite material had a significantly improved thermal stability.
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Introduction

Poly(dimethylsiloxane) (PDMS), the backbone of which consists entirely of silicon—
oxygen bonds, is a highly physically, chemically, and thermally stable polymer with
an exceptionally low glass transition temperature and low surface energy. Linear
PDMS has found application as lubricant, release agent and heat-transfer fluid. Due
to the low glass transition, PDMS elastomer shows highly elastic behavior at room
temperature and has therefore found use in applications from sealants to nontoxic
medical implants. However, the major weakness of PDMS elastomer is its poor
mechanical stability, which can be improved by incorporating fillers with high
elastic modulus in the PDMS matrix. For this purpose, fumed silica is often used.

Schmidt et al. [1, 2] used melt intercalation/exfoliation technique to produce
polysiloxane/layered-silicate nanocomposites based on a variety of polysiloxanes,
with respect to both chemical functionality and molecular weight, to determine the
origins of layered-silicate dispersion in a generic polysiloxane nanocomposite
system. It has been shown [2], in systems based on PDMS and alkylammonium-
modified layered-silicate fillers, that there are two key factors controlling layered-
silicate dispersion: the presence of the appropriate number of long ammonium-
bound alkyl chains and of polar silanol end groups. The ammonium-bound alkyl
chains are commonly introduced between silicate layers (silica sheets or platelets)
using the ion exchange method for making the hydrophilic layered silicate
compatible with hydrophobic polymers [3, 4].

While numerous papers and reviews [5—10] have been published on the subject of
layered silicate/polymer composites, only a few detailed studies have focused on
polysiloxanes, despite the desirable properties of these materials, their need for
reinforcement, and their compatibility with silica-based nanofillers [1]. Maybe, one
of the reasons for this was the absence of substantial thermal stability improvement,
due to high polysiloxane thermal stability, or even the observed reduced thermal
stability of PDMS/OMMT nanocomposite systems [11]. Lewicki et al. [11] have
shown that the inclusion of an OMMT into the PDMS matrix has a negative impact
on its non-oxidative stability, because a lower-onset degradation temperature was
observed. On the other hand, they demonstrated that at clay loadings above 2 %, the
physical barrier effects of the nanoclay in the degrading systems become significant
and serve to reduce the rate of volatiles evolution and the quantity of volatile species
formed. The same research group confirmed also that the PDMS/OMMT
nanocomposite elastomers thermally degrade primarily through a depolymerization
mechanism that closely correlates with the accepted model of the thermal
degradation of linear PDMS.

However, one of the most useful layered silicates often used for polymer
composites preparation is montmorillonite [5]. Montmorillonite (MMT) belongs to
smectite group of clay minerals, which has a 2:1 type of layer structure. It comprises
negatively charged silica sheets held together by charge-balancing counterions such
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as Mg?", Na™, and Ca*". These interlayer cations balance the negative charges that
are generated by the isomorphous substitution of Mg®" and Fe** for AI*" in the
octahedral sheet, and AP for Si** in the tetrahedral sheet. Besides the interlayer
cations, the interlayer space of the smectite group of clay minerals contains large
amounts of water molecules. During MMT modification, ammonium-bound alkyl
chains replace the interlayer cations.

Nishihama et al. [12] showed that MMTs ion exchanged with inorganic cations
and acidic clay can be used as catalysts for the polymerization of tetramethylcy-
clotetrasiloxane monomer. They concluded that it might be possible to design a
catalyst for controlling siloxane polymerization by changing the number of
Bronsted acid sites through exchange of the interlayer cations of MMTs.

Ma et al. [13] developed a method that involved in situ polymerization of
dimethyldichlorosilane in the presence of OMMT and blending the treated MMT
solution with several polymers, which yielded exfoliated/intercalated nanocompos-
ites. The in situ dimethyldichlorosilane polymerization destroyed the strong
electrostatic attraction between the silicate layers and the interlayer cations. It
was observed that PDMS was grafted onto MMT layer surface via condensation of
hydroxyl groups of PDMS and hydroxyl groups on MMT layer surface. They
perceived that when the treated MMT solution was blended with other polymers,
exfoliated or intercalated nanocomposites were obtained according to the discrep-
ancy of compatibility between polymer and MMT as well as alkyl ammonium and
PDMS grafted on the layer surface.

Bruzaud and coworkers [14-16] prepared polysiloxane-g-TiNbOs nanocompos-
ites, new organic—inorganic hybrid materials, via in situ intercalative polymerization
of cyclosiloxanes in the presence of synthetic mineral oxide (TiNbOs), which was
modified by tertamethylammonium cations. PDMS/HTiNbOs nanocomposites were
prepared [14] through melt intercalation of the pure mineral, melt intercalation of
the organically modified mineral, grafting by a sol-gel process, and grafting by
anionic ring-opening polymerization (AROP). Beigbeder et al. [15] stated that the
elaboration methods of nanocomposites have much influence on their structure and
rheology. They were able to conclude that a more cohesive structure was obtained
when the elaboration path started from monomers to chemically graft polymer
chains at the surface of the mineral layer. Furthermore, it was found [15] that
anionic polymerization is more efficient than polycondensation in terms of
nanocomposite structuration.

Messersmith and Giannelis [17, 18] synthesized poly(e-caprolactone)/clay
nanocomposites with exfoliated structures, by the in situ AROP of g-caprolactone
by a coordination/insertion mechanism. Although the exact polymerization
mechanism is unknown, it was shown that polymerization also depends on the
intercalated cations. AROP of e-caprolactone [19-25] was catalyzed by metal
alkoxides in the presence of organomodified clays that contain hydroxy groups. The
hydroxy groups can act as initiators for the AROP to yield surface-grafted polymer
chains and lead to an exfoliated morphology [26, 27].

This research deals with the assessment of grafting of cyclosiloxanes onto
organically modified montmorillonite layers through AROP without using addi-
tional catalyst or initiator. The montmorillonite layers carry anions, which may act
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as initiator for AROP. The effects of the extent of MMT modification with
hexadecyltrimethylammonium bromide (HDTMABr) and OMMT/cyclosiloxane
ratio on the octamethylcyclotetrasiloxane (D4) AROP in bulk were considered. The
investigated process may be useful for the production of polysiloxane/OMMT
nanocomposites by bulk polymerization. At the same time, products of the
investigated process could be added as masterbatches to hydrophobic polymers or
monomers to produce hydrophobic polymer/PDMS-g-OMMT nanocomposites by
melt intercalation or in situ (bulk, solvent, suspension or emulsion) polymerization.

In the last part of the research, OMMT was added to a formulation for D4
emulsion AROP, where HDTMABr was also used as cationic emulsifier. The
thermal stability of the obtained composite material was compared to that of PDMS
without OMMT obtained by AROP emulsion process.

Experimental
Materials

Siloxane monomer octamethylcyclotetrasiloxane (D4, 98 %, ABCR GmbH&Co,
Karlsruhe, Germany) was used as received. Pristine montmorillonite clay Cloisite
Na® (MMT, Southern Clay Products Inc, Texas, USA) applied in this study had a
cation exchange capacity (CEC) of 92.6 meq/100 g of clay and a basal spacing
1.17 nm (both reported by the supplier). The cationic emulsifier hexadecyltrimethy-
lammonium bromide (HDTMABTr, >98 %, Aldrich, Steinheim, Germany) was used
for clay modification. Water was deionized previous to use.

For emulsion polymerization recipe, also nonionic emulsifier, secondary alcohol
ethoxylate with trade name Tergitol, Type 15-S-9 (p.a., Aldrich), and initiator,
potassium hydroxide (p.a., Merck), were used.

Na*-montmorillonite modification and octamethylcyclotetrasiloxane
polymerization

Modification of MMT was carried out using the ion exchange method. Different
concentrations of HDTMABr were used. The MMT and HDTMABr amounts
(Table 1) were dispersed and dissolved, respectively, in 500 mL of deionized water.
The dispersion of MMT in HDTMABT solution was vigorously stirred overnight at
room temperature. The obtained organically modified MMT (OMMT) particles
were separated by centrifugation and washed several times with hot water (cca
60 °C) to remove excess HDTMABT, Br anions, and exchanged Na cations. For Br—
indicator, AgNO;3; was used. The products were dried in a vacuum oven at 50 °C
until a constant sample mass was reached. The OMMT samples were labeled as
OMMT/x, where x stands for the amount of HDTMABT used, expressed in terms of
CEC (1 CEC equals 92.6 mmol HDTMABr per 100 g MMT or 33.8 g HDTMABr
per 100 g MMT).

OMMTs were tested as initiator material for AROP of D4 in the bulk. D4
polymerization was carried out at 80 °C in a 500 mL glass reactor with four necks
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Table 1 The effect of HDTMABr amount used for modification on thermal stability of modified clay
and resulting interlayer distance

Sample HDTMABr amount Residual mass (%) at Interlayer
added to 100 g MMT (g/100 g) distance (nm)
350 °C 500 °C 700 °C

HDTMABr - 1.7 1.3 0.2 -

MMT 0 98.0 96.6 92.3 1.22°
OMMT/0.8 27.0 91.9 79.1 75.8 1.72
OMMT/1.0 33.8 87.7 75.1 72.0 1.76
OMMT/1.2 40.6 83.7 71.4 68.4 1.83
OMMT/1.6 54.1 76.5 64.4 61.7 1.95
OMMT/2.0 67.6 71.2 58.1 56.3 2.03

* The value reported by the supplier is 1.17 nm

equipped with a reflux condenser, a mechanical stirrer, a digital thermometer, and a
nitrogen gas inlet. An adjustable cooling temperature system was used. The
obtained PDMS/OMMT composites were labeled as PD4-OMMT/x/y, where
x stands for the amount of HDTMABr in OMMT (expressed in terms of CEC)
and y for the mass ratio between OMMT and D4 applied in the polymerization.
To obtain the PDMS/OMMT composite by the emulsion process, 1 wt% of
OMMT/1.0 per D4 mass (0.100 g OMMT per 10 g D4) was added to the recipe for
AROP of D4 in emulsion. Other amounts of materials employed were: 10 g of D4,
60 g of water, 0.125 g of Tergitol, 1.125 g of HDTMABT, and 0.200 g of KOH. The
detailed procedure of the emulsion polymerization is described elsewhere [28].

Characterization methods

The interlayer distance of modified clay was determined applying Bragg’s law
equation to X-ray diffraction (XRD) results. The X-ray diffraction was measured
with copper Kol radiation generated at 45 kV and 40 mA using a PANalytical
X’Pert PRO. Approximately, 3 mm-thick and 25 mm-wide flat square samples were
prepared. Investigations were carried out in the angle (20) range of 1.5°-90° with a
step of 0.033°.

The thermal stability of modified MMT and PDMS composites was assessed by
thermogravimetric analysis (TGA). Measurements were performed in a nitrogen
atmosphere with a flow rate of 50 mL min~' using a Mettler Toledo (Schwerzen-
bach, Switzerland) TGA/DSC1 instrument. The investigated temperature range was
from 25 up to 700 °C and the heating rate 20 K min~"'. For measurements, standard
70 pL Al,Oj crucibles were used and the baseline was automatically subtracted.
The sample mass was around 10 mg. Before TGA, the unreacted monomer and
emulsion water were removed from samples using a vacuum dryer at 50 °C. From
TGA results, the OMMT composition and D4 conversion were calculated. The
OMMT composition was calculated from residual masses at 350, 500 and 700 °C
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for MMT and OMMTs. The D4 conversion was calculated from the residual mass at
700 °C, taking into account the thermal stability of OMMT employed in the
composite. This was possible because the residual mass of PDMS at 700 °C in
nitrogen atmosphere is zero, since in an inert atmosphere PDMS degrades through
intermolecular and intramolecular redistribution, intermolecular and intramolecular
depolymerization, and unzipping mechanisms, by which volatile cycles are formed.
To obtain the polymer mass in a sample, which was previously exposed at 50 °C in
a vacuum oven as long as necessary to obtain constant sample mass, the mass of
modified clay, calculated from the residual mass at 700 °C, was subtracted from the
mass of the sample. During vacuum exposure, all the volatile components, monomer
and small oligomeric cycles, were removed from the sample. Thus, by the TGA
method only the amount of monomer converted to large, non-volatile polymeric
chains was determined and the monomer conversion should be interpreted
accordingly.

To confirm D4 polymerization, 2°Si NMR spectra of PDMS/OMMT composites
were recorded on a Varian Unity Inova 300 NMR Spectrometer equipped with a
*Si probe (5 mm diameter) at 60.19 MHz. The samples were diluted in chloroform
containing TMS, which was used as a chemical reference.

Results and discussion
Na*-montmorillonite modification

TGA was used to investigate the thermal stability of HDTMABr, MMT, and
OMMTs prepared with different amounts of HDTMABr. By interpreting TGA
results, compositions of OMMTS could be deducted. At temperatures below 200 °C,
minimal differences between curves of HDTMABr, MMT, and OMMTs (Fig. 1)
may be attributed to the mass loss caused by evaporation of water adsorbed on
MMT. HDTMABTr sample started to decompose at around 200 °C and decomposed
completely in one single step. Its residual mass was lower than 2 % at 350 °C,
where MMT showed only a 2 % mass loss. The mass loss of MMT increased up to
7.7 % at 700 °C, where the residual mass for HDTMABTr was already close to 0 %.
For OMMTs, two distinctive steps of mass loss were observed. The first step
occurred in the temperature range where pure HDTMABr exhibited an almost
100 % loss of mass. Accordingly, the mass loss up to 350 °C was attributed to
degradation of HDTMABr, which was not attracted to and/or in contact with
negatively charged MMT platelets. On the other hand, the observed mass loss in the
second step, i.e., above 350 °C, was attributed to degradation of HDTMA™ cations
that had exchanged sodium cations and were therefore attracted strongly to MMT
anionic sites through electrostatic interaction. The observed residual masses for
different OMMT samples after the first and the second step are shown in Table 1.

According to Zhao et al. [29], who investigated the relationship between the
continually expanded interlayer distance of layered silicates and excess intercalation
of cationic surfactants, surfactant cations (in our case HDTMA™ cations) enter the
interlayer by cation exchange mechanism below the CEC. Then, as soon as the

@ Springer



Polym. Bull. (2015) 72:1863-1878 1869

100
90 r
80
£ 70 [ v
§ 60 [ --oMMT/0.8
(_EB 50 [ --OMMT/1.0
3 40 [ —OMMT/1.2
é 30 | --OMMT/1.6
20 I —OMMT/2.0
10 | -"HDTMABr
0 | | S — o ———

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 1 TGA thermograms of MMT, HDTMABT, and MMT modified with different HDTMABr amounts
(OMMTSs)

anionic sites are used up, excess surfactant cations enter the interlayer together with
their counterions, driven by the hydrophobic interaction between the alkyl chains of
the surfactants. With the hydrophobic interaction, excess surfactants would continue
to align themselves more orderly in the constrained environment and form a
sandwiched surfactant layer with their counterions. As more surfactants enter the
interlayer, the sandwiched surfactant layer becomes thicker, leading to the continual
increase of the interlayer distance.

However, from our TGA results, it may be deducted that the sandwiched layer
was formed already at HDTMABr amounts below the CEC and that the surfactant
cations continued to enter the interlayer by cation exchange mechanism also once
the sandwiched layer was formed (Fig. 2). It may be observed that the exchanged
HDTMABT remained at a similar level regardless of the amount of HDTMABr
added, whereas sandwiched HDTMABET linearly increased with the increase in the
amount of HDTMABr added as expected. The amount of cationically exchanged
HDTMABr was around 16 per 100 g MMT, which is around 60 % of the CEC
value. It is necessary to specify that the values for sandwiched HDTMABT levels
were calculated from TGA results by subtracting the amount of cationically
exchanged HDTMABT, i.e., HDTMA™, from the total HDTMABr amount in
OMMT. The total amount of HDTMABr in OMMT was calculated from TGA data
at 700 °C taking into account the MMT mass loss at this temperature, while the
amount of cationically exchanged HDTMABr was calculated from the mass loss in
the interval between 350 and 500 °C.

To confirm the interpretation of TGA results and the linearity of the sandwiched
HDTMABT according to the added HDTMABET, the interlayer distance for OMMTs
was determined using XRD results. The XRD spectra for MMT, OMMT/0.8,
OMMT/1.0, and OMMT/1.2 are shown in Fig. 3. The interlayer distances were
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Fig. 3 XRD spectra for MMT and OMMTs

estimated from the position of the (001) diffraction peak using Bragg’s law equation
(Table 1). In Fig. 3, the (001) peak of the original MMT at 7.43°, corresponding to
the interlayer distance 1.22 nm, undergoes an obvious shift to a smaller angle as the
HDTMAB: loading level increases, implying that the interlayer distance mono-
tonically increased with the HDTMABr loading level. The interlayer distance was
increased from 1.22 to 2.06 nm when the loading level increased from 0 to 67.6 g
HDTMABTr per 100 g MMT (Table 1).
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The increase of the interlayer distance of OMMTs versus amount of sandwiched
HDTMABE is shown in Fig. 4, where a linear curve fits the experimental values
nearly perfectly. It may be read from the linear equation in Fig. 4 that OMMT
without HDTMABr sandwiched layer would have an interlayer thickness of around
1.65 nm (1.22 + 0.43), and that every additional gram of HDTMABr added to
100 ¢ MMT would increase the interlayer distance by approximately 0.01 nm. Of
course, the equation assumes constant thickness of the cationically exchanged
HDTMABET layer and is valid as long as the structure of the OMMT is stable and its
platelets remain aligned. The “sandwich” OMMT structure has been schematically
shown by Zhao et al. [29] elsewhere.

D4 bulk polymerization in the presence of OMMT

Once the OMMTs structure was known, the OMMTs, which are very often used
as nanofiller for polymer reinforcement, were tested as initiator materials for
AROP of D4. The oxygen anions of MMT platelets, created by isomorphous
substitutions, might act as initiator for AROP. The negative charges of MMT
platelets are generated by the substitutions of Mg®™ and Fe*™ for AI’" in the
octahedral sheet, and AP for Si*T in the tetrahedral sheet. However, the anions
in the octahedral sheet are more inaccessible to monomers, unless located on the
edge of the platelet.

To confirm D4 polymerization, *°Si NMR spectra of the products obtained after
24 h of polymerization were recorded. NMR spectra showed signals at —19.64 and
—22.28 ppm, which were attributed [28, 30] to D4 and the polydimethysiloxane unit
of the polymer chain, respectively. In the NMR spectra of samples obtained after
conversion determination, the D4 signal was absent, which proved that the
monomer was efficiently removed. The XRD spectra of samples containing 10 % of
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Fig. 4 The increase of the interlayer distance of OMMTS versus the amount of sandwiched HDTMABr
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OMMTs did not show signals of ordered clay platelets, which clearly confirmed that
D4 polymerization occurred in clay galleries. On the other hand, the spectrum of
PD4-MMT/0.0/0.1 (when 10 % of unmodified MMT was employed) did show a
diffraction signal corresponding to the unmodified MMT peak at 7.5°.

The effect of MMT modification on monomer conversion was investigated first.
TGA curves for samples PD4-OMMT/1.0/0.1 and PD4-OMMT/1.2/0.1 obtained
after 24 h of polymerization together with curves for respective OMMTs and the
curve for pure D4 are shown in Fig. 5. D4 evaporated completely when 160 °C
were reached. The residual mass after PDMS degradation in an inert atmosphere,
such as nitrogen atmosphere, is zero, because PDMS degrades through mechanisms
by which volatile cycles are formed. Such mechanisms are intermolecular and
intramolecular redestributions, intermolecular and intramolecular depolymerization,
and unzipping mechanism [31-37]. According to the results shown in Fig. 5, the
PDMS/MMT organic part of the composite decomposed completely at around
600 °C, whereas 7 % of PD4-OMMT/1.0/0.1 and 18 % of PD4-OMMT/1.2/0.1
residuals remained.

The calculated D4 conversions for all investigated PDMS/OMMT samples are
shown in Table 2. The highest conversion was obtained for sample PD4-OMMT/
1.0/0.1, which had around 60 % Na™ cations exchanged and an interlayer thickness
of 1.76 nm. Approximately, half of the HDTMABET in the galleries was cationically
exchanged (Fig. 2). When OMMTs with higher or lower amount of HDTMABr
were used, the conversion was lower. At lower amounts of HDTMABr in OMMTs,
the HDTMABr sandwiched layer was thinner and the galleries were less
hydrophobic. Thus the OMMTs were less compatible with D4 and the entrance
of the hydrophobic monomer into the interlayer spacing was hampered. As
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Fig. 5 TGA thermograms of D4 monomer, modified MMTs (OMMT/0.1 and OMMT/1.2), and their
polysiloxane/OMMT composites (PD4-OMMT/1.0/0.1 and PD4-OMMT/1.2/0.1) obtained after 24 h of
polymerization at 80 °C
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Table 2 D4 conversions after 24 h of polymerization at 80 °C in the presence of modified MMT and
residual masses of composites determined by TGA at 350 and 700 °C

Sample D4 conversion (%) Residual mass (%) at

350 °C 700 °C
PD4-MMT/0.0/0.1 0 - -
PD4-OMMT/0.8/0.1 11 75.1 35.9
PD4-OMMT/1.0/0.1 91 96.5 7.1
PD4-OMMT/1.2/0.1 26 93.4 18.8
PD4-OMMT/1.6/0.1 4 81.3 44.8
PD4-OMMT/1.0/0.075 81 - -
PD4-OMMTY/1.0/0.050 46 - -

expected, when unmodified MMT was employed (sample PD4-MMT/0.0/0.1) no
D4 conversion was detected. The result is in accordance with results obtained by
Nishihama et al. [12], who observed that the yield of polysiloxane was strongly
dependent on the cationic species in montmorillonites. They showed that
montmorillonites with Na™ in the interlayer exhibit negligible ability for siloxane
polymerization in both yield and mean molecular weight of the products. However,
on the other hand, at higher amounts of HDTMABr, the thick HDTMABr
sandwiched layer enhanced the entrance of hydrophobic monomer into the
interlayer spacing, but hindered the transport of monomer to silicate platelet
surface where initiation occurs.

In the AROP process under investigation, the D4 monomer and MMT oxygen
anions coupled with HDTMA™ counterions are involved in the initiation reaction.
After the initiation reaction, the active center (anion) for propagation is transferred
to the end of the growing PDMS chain, where it remains associated with the
HDTMA™. Since the active anions are always associated with counterions, it is
possible that the high HDTMABr amount in the interlayer spacing deterred not only
the initiation reaction, due to hindered transport of monomer to silicate platelet
surface, but also the propagation reaction due to the steric hindrance caused by
HDTMA™ and HDTMABT orientation around active anion sites on polymer chain
ends. However, backbiting reactions, typical for AROP of cyclosiloxanes, are the
main reasons for low equilibrium conversions [28, 38, 39]. By backbiting reactions,
small oligomeric cyclosiloxanes are formed from a growing polymer chain carrying
an active anion. The reactions for AROP of D4 in the presence of initiator anions are
shown and explained in detail elsewhere [28].

When the effect of OMMT/D4 ratio on the polymerization was investigated, the
OMMT/1.0 was employed and the monomer amount was varied. Samples PD4-
OMMTY/1.0/0.050, PD4-OMMT/1.0/0.075, and PD4-OMMT/1.0/0.1 had mass ratios
between OMMT and D4 0.050, 0.075, and 0.100, respectively. It may be concluded
from the results shown in Table 2 that the monomer conversion increased with
increasing OMMT amount. This proved that the OMMT, if organically modified in
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the proper extent, acts as initiator for AROP of cyclosiloxanes. Furthermore, the
clear effect of sandwiched layer thickness on the monomer conversion strongly
indicated that initiation of D4 cycles occurred predominantly in clay galleries. The
proposed initiation of AROP of D4 by MMT anions is schematically shown in
Fig. 6.

D4 emulsion polymerization in the presence of OMMT
In the last part of our research, OMMT/1.0 was included in the recipe for D4 AROP

in emulsion [28]. Stable emulsions were obtained. Samples of PDMS emulsion
without OMMT and PDMS/OMMT emulsions were dried to constant mass to obtain
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Fig. 6 Grafting of PDMS on OMMT initiated by MMT anions: a before initiation and b after initiation

@ Springer



Polym. Bull. (2015) 72:1863-1878 1875

samples without unreacted monomer and water. From residual masses, monomer
conversions after 4 h of polymerization were calculated, which were found to be 74
and 67 % for PDMS and PDMS/OMMT emulsions, respectively. The mechanism of
AROP in emulsion for the system without OMMT has been described in detail in
our previous publications [28, 38, 39]. According to the description, the higher
conversion for PDMS emulsion may be explained by backbiting reactions, which in
the absence of OMMT occur only at the particle surface [39], where ionic active
sites are located. On the other hand, in the case of PDMS/OMMT emulsion,
backbiting reactions are possible also between clay platelets, i.e., in the particle
interior. Another possible reason for lower conversion for PDMS/OMMT system
could be that MMT platelets hinder the penetration of terminated polymer chains (of
a critical degree of polymerization) into the particle interior and diffusion of fresh
monomer to particle surface, where polymerization is faster. The polymerization
rate in polymer particles, which is caused by MMT anions, must be considerably
slower than that on the particle surface, which is caused by hydroxyl anions.
TGA results for dried samples of PDMS emulsion without OMMT and PDMS/
OMMT emulsion are shown in Fig. 7. In both TGA curves, the first degradation step
corresponded to HDTMABr decomposition. The second step in the PDMS curve
(without OMMT) was due to PDMS degradation—in one single step until
temperature around 415 °C was reached. The constant residual mass at higher
temperatures may be attributed to inorganic salts present in the sample. The salts
originated from KOH, HDTMABr, and hydrochloric acid. The latter was used to
stop the AROP reaction after 4 h. On the other hand, the TGA curve of dried sample
of PDMS/OMMT (Fig. 7) showed four mass loss steps. It may be assumed that the
grafted PDMS, which was initiated by MMT anions, degraded in the last step with
offset around 600 °C. According to the results shown above (Figs. 1, 5), between
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Fig. 7 TGA thermograms of dried emulsions with OMMT/1.0 (PDMS/OMMT) and without OMMT/1.0
(PDMS)
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the first and the last step non-grafted PDMS and HDTMA™ cations, which were
attracted strongly to MMT, decomposed. The formation of polysiloxane chains
between clay platelets was indicated by XRD spectra, which showed no signals.

Lewicki et al. [11], who studied the thermal degradation behavior of PDMS/
OMMT nanocomposites, prepared by blending PDMS with OMMT and using
ultrasonic processing, showed that the physical barrier effects of the nanoclay in the
degrading system become significant and serve to reduce the rate of volatiles
evolution and the quantity of volatile species formed at OMMT loadings above
2 wt% on total resin mass. For composites obtained by our process, the improved
thermal stability was observed already at OMMT loading of 1 wt% of OMMT/1.0.
Moreover, the thermal stability of PDMS was significantly improved (for around
180 °C), considering the offset temperature of the last step in the PDMS/OMMT
thermogram. We believe this considerable improvement was due to the PDMS
grafting onto OMMT platelets, which is possible due to the fact that MMT oxygen
anions initiate D4 AROP.

Conclusions

It was shown that organically modified montmorillonite (OMMT) initiates AROP of
cyclosiloxanes such as octamethylcyclotetrasiloxane without an additional initiator
or catalyst. In the process, PDMS is grafted to the OMMT surface. The extent of
montmorillonite modification with alkylammonium surfactants drastically affects
grafting and polymerization of cyclosiloxane if the OMMT contains a sandwiched
layer of cationic surfactant between OMMT platelets. A thicker sandwiched layer of
surfactant hinders the transport of monomer to silicate platelet surface, where
initiation occurs. On the other hand, if the OMMT is not sufficiently organically
modified, it is less compatible with D4 and the entrance of hydrophobic monomer
between MMT platelets is hampered.

The described process could be used for polysiloxane/OMMT nanocomposites
production by in situ bulk polymerization with or without an additional initiator.
Also, products of the investigated process could be used for polymer/PDMS-g-
OMMT nanocomposites production by melt intercalation or even by emulsion
polymerization. Consequently, the products may be suitable for different applica-
tions, such as from lubricants, release agents, and heat-transfer fluids with improved
rheology to elastomers with improved barrier properties, mechanical stability, and
thermal stability. The improved thermal stability of PDMS/PDMS-g-OMMT
nanocomposites has been proved for an emulsion system.
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