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Abstract

Layered mesostructured silicates and aluminosilicates with covalently attached hexadecyl groups (denoted as C;4-LMS, C,-LMAS,
and a sample with layers whose thickness was increased by additional silicate, C14-SiO,-LMAS) were investigated as synthetic clays for
dispersion and exfoliation in polymer melts. The dispersion of these clays in 13 organic solvents and their performance in polystyrene
(PS) nanocomposites were examined. The three synthetic clays dispersed and formed gels in aromatic solvents and in a branched alkyl
solvent (2,6,10,14-tetramethylpentadecane, TMPD) based on visual observations and rheology. The elastic moduli (G') of the
toluene/clay dispersions for all three clays were similar when compared at equal inorganic content. The synthetic clays were blended
with PS samples of various molecular weights. Melt rheology of the PS/clay nanocomposites showed a dramatic increase in elastic
modulus compared with neat PS and formation of a G’ plateau at low frequencies. The plateau occurred at higher G’ values for C4-
LMAS than for C;6-SiO,-LMAS or Ci4-LMS, indicating that C;,-LMAS has higher strength and/or higher aspect ratio and can thus
withstand the stresses of melt mixing. Increasing the molecular weight of PS increased G’ of the PS/Cs-LMAS nanocomposites. By
small angle X-ray (SAXS) and transmission electron microscopy Ci4-LMAS showed better dispersion and a higher aspect ratio in the

PS-nanocomposite than C;6-SiO,-LMAS.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/clay nanocomposites have received much
attention lately due to their advantages for many industrial
applications [1-5]. The most economical method for
preparing nanocomposites is via direct blending of organi-
cally modified clays into polymer melts. However, this can
be a challenge due to the immiscibility between commonly
used non-polar polymers and the relatively polar, commer-
cially available clays. A common approach to improve
clay—polymer miscibility has been to add polymer compa-
tibilizers to the blend [3,4,6—10]. Such compatibilizers must
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be designed for each polymer and they add to the cost of the
nanocomposites. Typically, organically modified clays are
prepared from natural clays through exchanging the native
cations with cationic surfactants. This limits the amount and
type of organic groups that can be inserted into the clay
layers. Also, the relatively high temperatures employed in
the melt blending process can lead to loss of the organo-
modifiers [7,8,11,12].

To overcome both polymer—clay immiscibility and the
limitations of organically modified natural clays we have
investigated an approach to form polymer—clay nanocom-
posites without the need for a compatibilizer. Compatibility
of clay sheets with non-polar polymers is instead provided
by organic surface groups that are attached to inorganic
layers in new synthetic clays. Three lamellar synthetic clay
structures are examined here, mesostructured silicates with
hexadecyl surface groups (C;s-LMS), similarly modified
aluminosilicates (C;s-LMAS), and a sample with layers
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whose thickness was increased by additional silicate groups
(C16-Si0,-LMAS). We have described the syntheses and
structures of these clays in a separate paper [13]. The sheets
of C;,-LMS consist of single or double layers of tetrahedral
silicate groups, each attached to a hexadecyl chain. C4-
LMAS is composed of pyrophyllite-like layers with an
octahedral aluminum layer sandwiched between two
tetrahedral silicate layers and hexadecyl surface groups.
This structure is similar to montmorillonite, which is used as
a starting clay for some commercial organoclays, but alkyl
chains are covalently attached to the aluminosilicate layers
and fill the spaces between layers. C;4-SiO,-LMAS is
structurally similar to C;,-LMAS; however, the presence of
additional silicate groups in this material increases the
inorganic layer thickness and introduces some structural
disorder. The structures are shown schematically in Fig. 1.
These synthetic functionalized clays can be expected to
improve interactions between clays and non-polar poly-
mers, miscibility, and degree of intercalation/exfoliation in
non-polar polymers, since platelet—platelet interactions may
be reduced by covalently bonding long alkyl chains to the
clay layers and by decreasing the surface charge on the clay
layers. Other thermodynamic interactions (polymer-surfac-
tant and clay—clay interactions) are also modified by
functionalization of the clays. Cloisite 20A is a commercial
clay that has 1 nm thick aluminosilicate sheets, separated by
cationic ditallow surfactant layers which are introduced in a
separate ion-exchange step. In the present synthetic clays,
problems associated with surfactant loss during melt
blending are eliminated, because the surfactants are
covalently attached to the inorganic layers during the clay
syntheses in contrast to Cloisite 20A.

This paper presents investigations of the interaction
between the synthetic clays and organic solvents, as well as
the formation and performance of polystyrene
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(PS)/synthetic clay nanocomposites with PS samples of
different molecular weights.

2. Experimental
2.1. Materials

PS samples with narrow polydispersity indices (PDI) and
with two different molecular weights were generously
donated by Dow Chemical: 18 kg/mol (PDI=1.03),
50 kg/mol (PDI=1.03). PS of 36 kg/mol (PDI=1.15) was
synthesized by atom transfer radical polymerization [14].
PS (PS-B-50K), which was purchased from Polyscience Inc,
had a bimodal distribution of molecular weights [49 wt% of
1.3 kg/mol (PDI=2.6) and 51 wt% of 91 kg/mol (PDI=
3.4)]. The syntheses and structure of the three synthetic
Clays C16-LMS, C16-LMAS, C16-Si02-LMAS, were
reported elsewhere [13]. We also used an organically
modified montmorillonite, Cloisite 20A (Southern Clay).

2.2. Polymer—Clay nanocomposite preparation

The synthetic clays were blended with PS in a heated
DACA twin-screw microcompounder with a typical sample
size of 4 g [15]. A mixture of PS, synthetic clay, and the
antioxidant Irganox (~0.01 wt%) was compounded under
nitrogen at either 150 or 120 °C, 100 rpm for 15 min. These
samples were molded directly into 25 mm diameter 1 mm
thick disks on the rheometer plates.

2.3. Characterization

Small angle X-ray scattering (SAXS) was used to
measure the extent of clay swelling (based on dyy; values).
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Fig. 1. Proposed schematic structures of the functionalized clays. Two possible structures for C;,-LMS include a single layer structure and a double layer
structure which is shown in (A). The proposed structure of C;s-LMAS (B) contains both tetrahedral and octahedral Al present in the octahedral layer. In C -
SiO,-LMAS (C) additional silicate groups without alkyl chains are present and tetrahedral Al is likely to occupy some of the sites in tetrahedral layers.
Terminal hydroxyl groups on tetrahedral Si are not explicitly shown in (A), or (B), but they are present. The alkyl chains in the diagram are schematic; no

information about trans-/cis- configuration is implied.
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A 0.58m 2-D SAXS instrument with Cu Ka X-rays
generated by a Rigaku RU-200BVH rotating anode was
used. Solvent samples were sonicated for 3 h in an 8 mL
vial, and prepared in 2 mm diameter capillary tubes, sealed
with silicone glue. All samples were exposed for 15 min.
Two-dimensional diffraction images were collected and
corrected for detector response prior to analysis. Trans-
mission electron microscopy (TEM) images were recorded
digitally using a Jeol 1210 microscope operating at
120 keV. Thin sections (approximately 70 nm) of the PS
nanocomposite materials were prepared by ultra-microtom-
ing at room temperature using a Reichert Jung ultra-
microtome with a diamond knife. From high magnification
images the length and thickness of clay platelets were
measured to calculate the aspect ratio, Ay.

2.4. Solvent tests and rheology

Clay miscibility and dispersion in several solvents were
evaluated at clay contents ranging from 3-10 wt%. The
mixtures were stirred in sealed 8 mL glass vials at room
temperature (RT), and solvent clarity and viscosity were
monitored visually. Rheological data were measured in
duplicate at RT to study the interactions between the
synthetic clays and solvents, using an ARES II rheometer
(TA Instruments). A 50-mm parallel plate geometry was
employed with a solvent trap to limit solvent evaporation.
Melt state rheology data were obtained on an ARES
rheometer at 150 °C. Samples were measured using
25 mm parallel plates with a gap of approximately 1 mm.
Dynamic strain sweep and dynamic frequency sweep tests
were performed on both solvent-clay dispersions and melt
samples. A strain sweep was performed on each sample at a
frequency of 1.0 rad/s and strains from 0.1 to 100%, to
determine the linear viscoelastic (LVE) region. The critical
strain was determined as the strain where G’ had decreased
to 80% of its maximum value. The frequency sweeps were
performed from 100-0.01 rad/s at strains within the LVE
region 10 min after the strain sweep.

3. Results and discussion
3.1. Interaction of the synthetic clays with selected solvents

The ability of the three synthetic clays (C;c-LMS, Ci4-
LMAS, and C;4-SiO,-LMAS) to increase the viscosity of a
series of solvents was investigated. This rapid screening test
provides an initial indication of interactions between the
clays and specific polymers with solubility parameters
similar to those of the solvents.

Increases in the viscosity of synthetic clay-solvent
mixtures were monitored visually. Even low concentrations
of high aspect ratio, plate-like clay particles can lead to
flocculation, caused by edge-to-face and edge-to-edge
association (‘house-of-cards’ structures) and result in the

Table 1
Effect of solvent type on gelation

Solvent or polymer Solubility parameter Observations®

(MPa'"?)?
Polypropylene 16.6° -
Polystyrene 17.9¢ -

Hexane 14.9 Immiscible
2,6,10,14-TMPD 15.0° Weak gel
Cyclohexane 16.8 Immiscible
Carbontetrachloride 17.6 Immiscible
Piperidine 17.8 Weak gel
Xylene 18.0 Gel

TMB 18.0 Gel
Toluene 18.2 Gel
Benzene 18.8 Gel
Styrene 19.0 Gel
Chloroform 19.0 Immiscible
Dichloromethane 19.8 Immiscible
Diethylphthalate 20.5 Weak gel

*[26].

® Same results for 5-10 wt% of Ci6-LMS, Ci4-LMAS, or Ci4-SiO,-
LMAS.

¢ Calculated based on the method by Hoftyzer and Van Krevelen [27].

formation of a continuous network or gel structure [16—19].
In this investigation, solvents were chosen based on their
solubility parameters. Gel formation was observed after 10
days in solvent dispersions containing 5-10 wt% of clay.
All synthetic clays were easily dispersed and formed gels
with high thickening ability in aromatic solvents (Table 1).
A strong gel formed in benzene, toluene, xylene, trimethyl-
benzene (TMB), and styrene for all three synthetic clays.
The synthetic clays showed moderate affinity towards
diethyl phthalate and 2,6,10,14-tetramethylpentadecane
(TMPD), forming weaker gels with less thickening ability.
The gel strength of C;4-LMAS and C;4-SiO,-LMAS
dispersions was observed to be higher than that of Ci4-
LMS at 3-10 wt% in aromatic solvents. The clays formed a
weak gel in piperidine. The synthetic clays did not show
affinity toward chloroform, dichloromethane, carbonte-
trachloride, THF, hexane, or cyclohexane (Table 1).

Small angle X-ray scattering (SAXS) of clay-solvent
mixtures was used to measure the extent of clay swelling.
No changes in the dg; values were observed, indicating that
non-exfoliated material was still present and that it is not
intercalated (Fig. 2). Since all samples had the same
exposure time and experimental conditions, significant
decreases in intensity of dy, peaks observed for 10 wt%
C16-LMAS or C4-Si0,-LMAS dispersions in toluene were
interpreted as partial exfoliation of the clay layers during gel
formation. This interpretation was strengthened by the much
smaller decrease in intensity observed for a 10 wt% C¢-
Si0,-LMAS dispersion in hexane, an immiscible solvent for
this clay. Nonetheless, the gel strength was observed to
increase with increasing synthetic clay concentration in
toluene. For clay/hexane dispersions, the gel strength
followed the opposite trend. Thus, gel formation seemed
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Fig. 2. SAXS analysis: (A) C14-LMAS (a) as synthesized, (b) dispersed in
hexane (10 wt% clay), and (c) dispersed in toluene (10 wt% clay); (B) C;¢-
SiO,-LMAS (c) as synthesized, (d) dispersed in hexane (10 wt%), and (e)
dispersed in toluene (10 wt% clay).

to have resulted from the percolation of a mixture of
exfoliated and stacked clay platelets.

Rheology can provide more quantitative information
about aggregation states of the clay particles and the extent
of structural networking among individual silicate platelets
[16-19]. Rheological measurements were carried out at RT
for C14-LMS, C;6-LMAS, C14-Si0,-LMAS at 3-10 wt% in
toluene. All dispersions were aged for 10 days. Fig. 3(A)
shows the elastic modulus, G’ vs. strain amplitude at 1 rad/s
for all three synthetic clays at 10 wt% in toluene. The strain
limit of linear viscoelasticity is identified here as the strain
where G’ is 80% of its linear value (Table 2). All the critical
strains are small, which is typical for flocculated suspen-
sions. C;4-LMS has the highest critical strain. This higher
critical strain, like its low G’ values, may indicate that it is
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Fig. 3. Elastic moduli for clay dispersions at 10 wt% clay loadings in
toluene at RT. (A) G’ vs. strain: (a) C,4-SiO,-LMAS, (b) C;4-LMAS, (c)
C1¢-LMS. (B) G’ (a, b, ¢) and G (d, b', ).

the most flexible clay. C,4-LMS also has the highest organic
content, which may result in longer range interactions
between platelets and thus higher critical strain. G’ is
independent of frequency and higher than the loss modulus
G" for synthetic clays at 10 wt% loadings (Fig. 3(B)). This
response indicates the presence of a weak elastic network.
C16-LMAS exhibits higher G’ than C4-Si0,-LMAS, while
G’ for C;4-LMS is the lowest. The G’ values at 1 rad/s in
Fig. 3(B) are somewhat lower than the strain sweep values
(Fig. 3(A) and Table 2). This is due to the fact that 10 min is
not sufficient for the network structure to fully recover from
the break down at 100% strain.

Changing the concentration from 3 to 10 wt% in toluene
increased the elastic response and G’ remained independent
of frequency (Fig. 4(A)). This agrees with literature
observations that increasing the concentration of a com-
mercial organoclay increased the gel strength in organic
solvents [16,18]. The increase from 3 to 5 wt% was much
greater than from 5 to 10 wt%, similar to behavior reported
for Cloisite 20A and fumed silica suspensions at this solid
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Table 2
Plateau moduli and critical strain of toluene dispersions

Sample Clay concentration (Wt%) Inorganic content of clay (%) G’ platcau (Pa) Strain at G’ (%)
C16-LMAS 3 0.9 4.0 1.8
5 1.5 21.1 0.83
10 3.0 110 0.99
23 6.3 258 0.67
10* 3.0 34.8 0.99
C16-Si0,-LMAS 3 1.1 6.1 0.31
5 1.8 29.4 0.57
10 3.6 251 0.67
20 6.3 252 1.21
10° 3.6 30.7 1.23
C16-LMS 3 0.7 33 12
5 1.2 19.3 1.23
10 2.3 48.1 3.17
28 6.3 240 0.99
10* 2.3 5.8 2.67
Cloisite 20A 1.5 1.0 3.6 8.4
2 1.3 9.0 5.7
3 1.9 56.3 4.7
5 32 590 23
* TMPD.
1000 loading [17,20,21]. Table 2 gives the p.lateau values of G’ at

] A 1 rad/s at the different clay concentrations.

] It is useful to compare the synthetic clays at the same
wt% inorganic since each has different mass fraction of
covalently bonded organic groups. C;,-LMS also has the

1007 10 Wt%haannasanasnannnsss highest organic content, 77% compared to 70% for Ci¢-
] LMAS and 64% for C;4-Si0,-LMAS. The stiff inorganic
L {5W% samssmmamnnanmnnt sheets are expected to dominate the rheological response.
0] The wt% inorganic content is given in Table 2. When G’

10_5 plateau values are plotted vs. wt% inorganic, all three
synthetic clays and even cloisite 20A fall on about the same

3wl e®esssvesseseet’ curve. This indicates that they are dispersed similarly in
toluene. The onset of network formation appears to occur at

1).01 01 1 10 100 about 0.5 wt% ilgorganic or about 0.2 vol% assuming a
o (rad/s) dens1ty of 2 g/cm” for .the inorganic sheets. For this volum.e

fraction, an aspect ratio, Ay, of about 190 would theoreti-

T T . T T cally lead to percolation of random disks [22]. At high

10°4B * concentration the G’ values become less dependent on
concentration and all appear to converge to about 250 Pa at

103_: 6.3 wt% inorganic. This result agrees with reports by Zhong

3 ¥ and Wang [17], who observed that G’ becomes nearly

- A a independent of concentration above 4 wt% for Cloisite 20A
o 1024 m] in xylene. They attributed this to the gel ‘freezing’ the
5 2‘0 structure, preventing more exfoliation.

oO Fig. 5 shows the dynamic response of all three synthetic

10' 3& clay dispersions in TMPD at 10 wt% clay loading. All three

ok synthetic clays show the presence of a weak elastic network.

100‘ | | . | | . C16-LMAS and C;6-SiO,-LMAS have higher G’ than C¢-

0o 1 2 3 4 5 6 7
Weight of Inorganic (%)

Fig. 4. (A) Elastic moduli for C;,-LMAS dispersions at 3—10 wt% in toluene.
(B) Storage modulus G’ as a function of clay loading in toluene for (A) Cj6-
Si0,-LMAS, ([0) C1-LMAS, and (O) C;4-LMS and (*) Cloisite 20A.

LMS. In the branched alkyl solvent TMPD, G’ was
significantly lower than in toluene, consistent with the
observation that the gel in TMPD was weaker (Fig. 5,
Table 2). The solvent study indicated that the synthetic clays
formed stronger gels with aromatic solvents than with
linear, branched, or cyclic alkyl solvents.
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Fig. 5. Dynamic response (A) G’ vs. strain and (B) G’ vs. w at 10 wt% clay
loadings in TMPD: (a) Cy6-SiO,-LMAS, (b) C16-LMAS, (c) C;c-LMS.
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Fig. 6. Elastic moduli of PS/clay nanocomposites using PS-B-50K with (a)
C16-Si0-LMAS, (b) C;6-LMAS, (c) C16-LMS, and (d) Cloisite 20A from
melt rheology data obtained at 7= 150 °C, and 6.3 wt% inorganic material.
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3.2. PS/Synthetic clay nanocomposites

3.2.1. Rheology

Nanocomposites of PS with clay loadings of 6.3 wt%
inorganic content were prepared by melt blending. Since the
fraction of inorganic material in each of the synthetic clays
studied here was different, the value of 6.3 wt% inorganic
content was chosen to allow direct comparison with the
commercial clay Cloisite 20A, which has been widely
studied in polymer nanocomposites. Melt rheology data
showed a change from typical viscoelastic behavior for the
neat PS to solid-like for the nanocomposites containing the
synthetic clays (Fig. 6). Except for C;4-LMS, the plateau G’
values are significantly higher than the values at 6.3 wt%
inorganic in toluene. This is likely due to bridging between
particles by the long PS chains and the high stresses
experienced during melt mixing [23,24]. Octahedral
aluminum in the sheets of C;s-LMAS and C6-SiO5-
LMAS is believed to increase the stiffness and mechanical
strength of the clay layers permitting these synthetic clays to
retain higher aspect ratios after melt processing compared to
Ci6-LMS [13]. Even though the inorganic sheets are
thickest in C,4-SiO,-LMAS, the presence of layer defects
[13] may have reduced the mechanical strength and aspect
ratios of these platelets. Cloisite 20A, which has 1 nm thick
aluminosilicate sheets, separated by cationic ditallow
surfactant layers, gives the highest modulus in a PS matrix.
This may be attributed to better dispersion and possibly
higher layer stiffness due to higher crystallinity compared to
the three synthetic clays.

3.2.2. TEM and SAXS

Fig. 7 shows TEM images of PS-B-50K nanocomposites
with C;6-LMAS, C6-SiO,-LMAS, and Cloisite 20A.
Exfoliated clay, as well as platelet stacks and flocculated
clays are visible. The particle sizes of C14-LMAS and C,4-
Si0,-LMAS ranged from 0.9 to 1.3 pm and 0.7 to 0.9 pm,
respectively (edge-to-edge) [13]. The aspect ratio was
measured by the ratio of the length to the thickness of
platelets in at least five high magnification TEM images. All
particles were included. The aspect ratios of clay particles in
PS/C14-LMAS range from 6 to 57 (average: 20 for 67
particles) while in PS-B-50K/Cs-SiO,-LMAS they range
from 6 to 20 (average: 12 for 33 particles) (Fig. 8). The high
degree of dispersion and high aspect ratio of PS-B-50K/C4-
LMAS in TEM analysis agrees with the melt rheology data.
The amount of octahedral aluminum in the sheets of Ci4-
LMAS is higher than in C,¢-SiO,-LMAS, and believed to
increase the stiffness and mechanical strength of the clay
layers permitting C;4-LMAS clays to retain higher aspect
ratios after melt processing. The greater degree of
dispersion and high aspect ratio in PS-B-50K/C,4-LMAS
leads to a higher modulus G'. However, the degree of
exfoliation is not as great as for PS-B-50K/Cloisite 20A
(average: 26 for 46 particles) (Fig. 8(C)). It is possible that
Cloisite 20A has higher crystallinity and a larger fraction of
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Fig. 7. TEM micrographs of (A) PS-B-50K/C;c-LMAS arrows labeled ‘E’
point at exfoliated clay sheets, (B) PS-B-50K/C;¢-SiO,-LMAS, and (C) PS-B-
50K/Cloisite 20A blends. All blends contained 6.3 wt% inorganic material.

octahedral aluminum than the synthetic clays, helping it to
retain the higher aspect ratio after the processing. Also, the
presence of ditallow alkyl surfactant molecules (65% Cg,
30% Cy¢, 5% C,4), which are not covalently attached to the
silicate layers, might weaken the interaction between layers.
Thus, the polymer may replace the surfactant more easily,
resulting in more exfoliation under shearing in the melt
processing.

Number of particles

0- T T T 1 T
0 10 20 30 40 50 60

Aspect Ratio

10 T T T T

Number of Particles

I
NI 1111

0 5 10 15 20 2
Aspect Ratio

Number of Particles

10 20 30 40 50 60 70 80 90
Aspect Ratio

Fig. 8. Distributions of aspect ratios (particle length to thickness) for clay
particles in blends, measured from TEM images for (A) PS-B-50K/C¢-
LMAS, (B) PS-B-50K/C;6-Si0,-LMAS, and (C) PS-B-50K/Cloisite 20A.

The first order reflection peaks in the SAXS traces of
the blends did not shift, indication that no intercalation
of the synthetic clays had occurred (Fig. 9). This is
similar to the SAXS results in toluene and agrees with
the observation of platelet stacks in the TEM micro-
graphs [13]. The synthetic clays were found to have
hydroxyl groups [13] that may have induced floccula-
tion and reduced the degree of exfoliation. In addition,
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Fig. 9. SAXS analysis of (A) PS-B-50K/C;,-LMAS and (B) PS-B-50K/C¢-
SiO,-LMAS. (a), (c) clays as synthesized and (b), (d) PS/clay blends with
6.3% inorganic content.

the interaction between alkyl groups in the interlayer
spacing may be so strong that platelets are prevented
from fully exfoliating under shearing in melt processing.
Furthermore, this strong interaction keeps multiple
layers intact which in turn affects the appearance of
the sheets in TEM micrographs of the blend compared
to Cloisite 20A.

Table 3

3.3. Effect of PS molecular weight

Lower molecular weight and higher blending tempera-
tures cause a decrease in the viscosity of PS and thus lower
the stresses on the clay particles. C;4-LMAS and C,4-Si0,-
LMAS were blended with narrow molecular weight PS
samples of 18K, 36K, and 50K molecular weights at 150 °C.
Melt rheology tests were carried out at 150 °C. The results
are presented in Table 3 and compared to PS-B-50K. For
C16-SiO,-LMAS, there was little effect of PS molecular
weight on G’. Even the lowest stresses with PS 18K may be
sufficient to break this synthetic clay. In C;,-LMAS blends,
the elastic modulus G’ increased significantly between PS
18K, 36K and 50K PS indicating that the higher mixing
stress may have increased the degree of dispersion. By
comparison, for composites of Cloisite 20A, the lowest
molecular weight gave the highest G’ value (Table 3) [25].
In this case Dogovskij et al. [25] have argued for increased
ease of chain diffusion into the clay galleries.

4. Conclusions

The ability of the hexadecyl-functionalized synthetic
clays to disperse and form gels in organic solvents was
investigated. C;4-LMAS and C;6-SiO,-LMAS formed
stronger gels than C;c-LMS in selected aromatic solvents
(toluene, xylene, benzene, styrene, and TMB) at 5-10 wt%
by visual observation. The gels of all three clays were
stronger in toluene than in a branched alkyl solvent
(TMPD). This suggests that the synthetic clays are
potentially more suited to be dispersed into PS, which is
structurally more similar to aromatic solvents, than in
polymers more akin to TMPD, such as polypropylene. Even
though by SAXS the layer spacing did not change at 10 wt%
in toluene, gel strength was observed to increase with the
increasing clay concentration in toluene.

Dynamic rheology tests in toluene were used to confirm
the gel formation, and to estimate the aspect ratio and
flexibility of the synthetic clays. All three clays dispersed
similarly, and form a network at roughly 0.2 vol% inorganic

Plateau moduli G’ of PS/synthetic clay blends with different PS molecular weights

18k 36k 50k 50k bimodal
Viscosity (Pa.s) 540 1400° 4300 3450°
Sample G'1s" (Pa) G'3¢” (Pa) G'so” (Pa) G'p.50™ (Pa) Ag
(Pa)
Cis-LMAS 1.3X10° 1.1x10* 1.4x10* 5.9%10° 20
C16-Si0,-LMAS 1.2x10° 1.2x10° 3.1X10° 2.6X10° 12
Ci6-LMS - - - 43X%10% -
Cloisite 20 A [25] 3.1X10° - 9.2x10* 8.7x10* 26

4 Calculated.

® G’ at 150 °C, 0.1 rad/s, and clay content 6.3% inorganic blended at 100 rpm, 15 min, 150 °C.

¢ Blended at 100 rpm, 15 min, 120 °C.
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layers indicating that they have the same average aspect
ratios. No change in modulus was observed for the three
synthetic clays above 4% inorganic content in toluene. This
implies that above a certain critical concentration, the gel
prevents further exfoliation. The three synthetic clays had
higher G’ in toluene than in TMPD, in agreement with
visual observations.

Composites obtained by melt blending PS with C¢-
LMAS and C;6-SiO,-LMAS had higher G’ values than
composites with C;s-LMS at the same 6.3% inorganic
content, but not as high as with organically modified natural
clay, Cloisite 20A. TEM analysis showed that clay sheets in
PS/C,4-LMAS blends had a higher aspect ratio and clay
particles were more exfoliated and better dispersed than in
PS/C1¢-Si0,-LMAS blends, and both were significantly
higher than C;4-LMS. The difference in response was
attributed to breaking of C,4-LMS during melt mixing. C¢-
LMS contained only silicate linkages in single or double
layers. In C,4-LMAS, these were strengthened by incorpor-
ation of octahedral aluminum within silicate sheets. Rather
than enhancing the mechanical stability, thickening of the
layers in C;4-SiO,-LMAS weakened the clay sheets
slightly, because tetrahedral aluminum and hydroxyl defects
were introduced.

Increasing the molecular weight of the PS matrix resulted
in increased G’ for C;,-LMAS but had no effect for C;¢-
Si0,-LMAS. For C;,-LMAS blends, an increase in the
molecular weight of PS resulted in stronger shear forces,
which improved clay dispersion. For C;s-SiO,-LMAS
blends, two opposing effects may have resulted in the
flatter response: the larger shear at higher molecular weight
was offset by breakage of the mechanically weaker clay
sheets into smaller particles.
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