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ABSTRACT: A new synthetic clay, iC4-LMS, which is a
lamellar mesostructured silicate with isobutyl groups cova-
lently attached to silicate sheets, was synthesized with the
goal to increase the compatibility of the inorganic sheets
with polypropylene (PP) in a melt-blending process. The
lamellar morphology of iC4-LMS was confirmed using X-
ray diffraction and transmission electron microscopy.
Based on 29Si and 13C{1H} CP-MAS NMR spectra, isobutyl
functional groups were attached to at least 10 mol % of sili-
cate tetrahedral sites in the inorganic layers. These surface
groups mimic the subunits in the PP chains. Samples of
iC4-LMS were mixed with several organic solvents and

sonicated. The solvent most like PP, tetramethylpentade-
cane, had the highest viscosity, forming a gel which indi-
cates very good dispersion of the clay. However, when iC4-
LMS was melt-blended with PP, it did not show significant
increase in rheology. This modest effect on rheology may
arise from fracture of iC4-LMS layers as a result of the shear
stresses during melt blending produced by the viscous
PP. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci 105: 1456–
1465, 2007
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INTRODUCTION

Polypropylene (PP) is widely used in consumer and
industrial applications because of its low density, cost,
thermal stability, and solvent resistance. PP, however,
has a relatively low mechanical modulus and high
thermal expansion. A method to overcome these limi-
tations is to combine PP with inorganic fillers to form
composite materials. These composites can exhibit
improved mechanical properties, including enhanced
stiffness, strength, thermal stability, and reduced ther-
mal expansion and flammability.1–3 Typically 20% of
micron size fillers is required to achieve these
improvements. Even greater property enhancements
at lower loadings can be achieved for more polar poly-
mers, such as nylon-6, when montmorillonite-derived
organoclays are dispersed throughout the polymer to
form a nanocomposite with highly exfoliated clay
sheets.1,3–11 However, in the case of PP and organo-
clays, the improvements have been much more mod-
est, because of poor exfoliation of clay sheets in this

nonpolar polymer. To improve dispersion of clay in

PP, natural clays have been modified by intercalation

of surfactants or the polymer has been modified with

a compatibilizer (polymers modified to include polar

functional groups).1–6,8–10,12–15

This article describes the investigation of an alter-
nate approach towards compatibilization of clay
sheets with nonpolar polymers, namely the prepara-
tion and use of synthetic clays in which appropriate
organic functional groups are covalently attached to
silicate layers. The synthetic clays are prepared by sol-
gel methods combined with surfactant templating,
and used as synthesized. This method eliminates the
cation exchange process, avoids natural impurities,
and provides some flexibility in terms of organic func-
tional groups that are decorating a silica sheet surface.

We recently reported a strategy for preparing syn-
thetic clays with covalently attached alkyl chains (C16-
LMS, C16-LMAS, C16-SiO2-LMAS).16,17 Surface modifi-
cation of silicate or aluminosilicate sheets with alkyl
groups provided a way of modifying interactions of
the clay sheets with polystyrene (PS), and incorpora-
tion of these clays in PS enhanced the elastic modulus
compared to the pure polymer. However, based on
rheology, the dispersion of these alkyl-modified clays
in polypropylene (PP) was not good.

Here, we describe the preparation, structure, and
use of a new organically-functionalized clay, iC4-LMS,
as a potential candidate for melt dispersion in PP. iC4-
LMS is a lamellar mesostructured silicate with isobu-
tyl groups covalently attached to the inorganic sheets.
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Isobutyl groups are intended to increase the compati-
bility with PP because they resemble the PP backbone
and they reduce the polarity of the silicate sheets. The
work was motivated by the hypothesis that increased
compatibility would improve dispersion and exfolia-
tion in iC4-LMS/PP composites. The iC4-LMS/PP
melt-blends are evaluated by comparison with blends
of PP and the commercial organoclay, Cloisite1 20A,
or with the synthetic mesolamellar silicate, MCM-50.
Cloisite1 20A is derived from a natural montmorillon-
ite and has 1 nm thick aluminosilicate sheets, sepa-
rated by cationic dimethyl, ditallow surfactant mole-
cules (65% C18, 30% C16, and 5% C14 surfactants),
which are introduced in a separate ion-exchange
step.18 The alkyl surfactants have been found to
improve the ability of clays to be dispersed in certain
polymers.2,19–27 MCM-50, a lamellar mesostructured
silicate first synthesized by the Mobil Corp., incorpo-
rates a cationic surfactant, hexadecyltrimethyl ammo-
nium bromide (CTAB, Cþ

16 surfactant) between the sili-
cate layers.28,29 Cetyltrimethylammonium bromide
(CTAB) was also used as a surfactant in the synthesis
of iC4-LMS. In addition to the alkylammonium surfac-
tant, iC4-LMS contains isobutyl groups covalently
attached to silicate sheets. Unlike the commercial clay
Cloisite1 20A, the synthetic clays MCM-50 and iC4-
LMS do not contain metal cations in the silicate layers.
Syntheses for a number of mesostructures with differ-
ent organic interlayer functional groups have been
reported in several other studies, a few of which also
investigated the corresponding polymer-clay nano-
composites.14,30–40

EXPERIMENTAL

Materials

Cetyltrimethylammonium bromide (CTAB), tetraethyl
orthosilicate (TEOS), and hydrochloric acid (HCl, 37
wt %) were obtained from Aldrich (Milwaukee, WI);
sodium hydroxide (NaOH) from Fisher Scientific
(Pittsburg, PA); isobutyltriethyl orthosilicate (iC4-
TEOS) from Gelest (Morrisville, PA); ethanol (200
proof) from AAPER Alcohol and Chemical (Shelby-
ville, KY); Cloisite1 20A (a modified natural montmo-
rillonite with 95 mequiv/100 g clay of quaternary am-
monium salt) from Southern Clay Products (Gonzales,
KY); Irganox 1010 (an antioxidant) from Ciba (Tarry-
town, NY); Basell (Lansing, MI) polypropylene
(Profax PH020) with a melt flow index of 35 (PP-43K)
and Fusabond1 MD-353D, which is a Dupont (Wil-
mington, DE) product having a melt flow of 450, 1.40
wt % of grafted maleic anhydride, and Tm of 1368C
were donated by General Motors Corp. (Warren, MI).
Isotactic polypropylene, PP-7K, with a nominal molec-
ular weight of Mn ¼ 5 kg/mol and Mw ¼ 12 kg/mol
was purchased from Aldrich. 1H and 13C-NMR spec-
tra of PP-7K dissolved in toluene-d8 at 1008C con-

firmed the composition and isotactic nature of this
sample. Differential scanning calorimetry showed two
melting events at 148 and 1588C. The molecular
weight distribution of the PP-7K sample dissolved in
1,2,4-trichlorobenzene was determined by high tem-
perature gel permeation chromatography to be Mn

¼ 2.1 kg/mol and Mw ¼ 6.8 kg/mol, PDI ¼ 3.22, using
Mark–Houwink parameters for PP for calibration.41

For PP-43K, we determined Mn ¼ 6 kg/mol, Mw ¼ 43
kg/mol, PDI ¼ 7.03. All chemicals were used as
received.

MCM-50 synthesis

CTAB was added to an aqueous solution of NaOH
and stirred at room temperature until a homogenous
solution was formed (�5 min). Then TEOS was added
to the surfactant/base solution at room temperature
(RT) and stirred for 30–45 min. The mixture was
loaded into a Teflon-lined autoclave and heated with-
out agitation in an oven at 1508C for 2 days. The pre-
cipitated product was collected by filtration on a
Büchner funnel, washed repeatedly with distilled
water, and dried under ambient conditions. Typical
mole ratios of reagents for a lamellar product were:
1.00 CTAB : 2.23 TEOS : 150. H2O : 0.818 NaOH.

iC4-LMS synthesis

Using reactant mole ratios for the preparation of
MCM-50 as a starting point, iC4-TEOS was added to
the reaction mixture at concentrations from 5 to 100%
mol relative to the moles of unfunctionalized TEOS. In
general, CTAB was added to an aqueous solution of
NaOH and stirred for �5 min. iC4-TEOS was added to
the solution and stirred for at least 45 min because of
its slower rate of hydrolysis relative to TEOS. TEOS
was then added to the reaction solution and stirred for
20–30 min. The pH was adjusted to 11.5 using concen-
trated HCl. The temperature of the reaction solution
was set to a value in the range from RT to 1508C. If a
temperature of 1008C or higher was required, the mix-
ture was loaded into a Teflon-lined autoclave and
heated without agitation in an oven. The reaction time
ranged from 1 to 7 days. White solid products were
collected by vacuum filtration on a Büchner funnel
and rinsed repeatedly with distilled water. The prod-
ucts were dried under ambient conditions for at least
24 h. The mole ratios and reaction conditions for the
optimized lamellar phase were: 1.00 CTAB : 2.00
TEOS : 0.220 iC4-TEOS : 150 H2O : 0.812 NaOH, heated
for 3 days at 1508C.

Acid extraction

Surfactant extraction was performed by stirring a
suspension of iC4-LMS in an HCl/ethanol solution
(50 mL 1.0M HCl/ethanol per 0.165 g of sample), and
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refluxing at 708C for at least 24 h. The extracted prod-
uct was then filtered, washed with water, and dried in
air at ambient temperature.

Dispersion of synthetic clays in solvents

The synthetic clays were dispersed into solvents with
differing solubility parameters. Each solvent was
mixed with 5 wt % clay and sonicated in a Branson
3510 Ultrasonicator (100 W, 42 kHz) for 1 h in a sealed
8 mL glass vial. After at least 10 days aging the vials
were inverted and if no flow was observed the sample
was considered to be a gel.

Polymer–clay nanocomposite preparation

The synthetic clays were blended with PP in a heated
DACA twin-screw microcompounder with a typical
sample size of 4 g.42 A mixture of polymer, synthetic
clay, and the antioxidant Irganox (�0.01 wt %) was
compounded under nitrogen at 100 rpm for 15 min at
1608C, or 1808C. Cloisite1 20A was also blended with
a compatibilizer, Fusabond1, and PP-7K, and this
mixture was used to compare with PP-7K/synthetic
clay mixtures prepared without Fusabond1. The sam-
ples were molded directly into 25 mm diameter, 1 mm
thick disks on the rheometer plates.

Product characterization

Thermogravimetric analyses (TGA) and differential
thermogravimetric analysis (DTA) were performed in
a nitrogen atmosphere using a Netzsch STA 409 PC
thermal analyzer. The samples were heated from 25 to
10008C at a heating rate of 158C/min. Powder X-ray
diffraction (XRD) patterns were recorded using a Sie-
mens D-5005 wide-angle XRD spectrometer with Cu
Ka radiation, operating at 40 kV and 45 mA. Com-
bined small and wide angle X-ray scattering (SWAXS)
analysis was performed using an Anton Paar SAXSess
instrument. Samples were ground into a powder
using a cryogenic impact grinder (Spex 6700 Freezer/
Mill) for 5 min. Approximately 10 mm3 of the result-
ing powder was sealed between layers of Kapton
polyimide tape (Dupont). All samples were exposed
to X-rays for 10 min. The data were normalized with
the beam using SAXSquant software (Anton Paar KG).

Transmission electron microscopy (TEM) images
were recorded digitally using a Jeol 1210 microscope
operating at 120 keV. Samples of synthetic clays were
prepared by sonicating materials in absolute ethanol or
toluene for 5 min, and depositing 2–3 drops of the sus-
pension on a holey carbon grid. The samples were
allowed to dry at least 30 min before imaging. Thin sec-
tions (�70 nm) of the PP nanocomposite materials were
prepared by cryo-microtoming from RT to �908C using
a Reichert Jung ultra-microtome with a diamond knife.

Scanning electron microscopy (SEM) was performed on
the air-dried powder samples using a Jeol 6500 micro-
scope. Samples were dusted on an adhesive conductive
carbon disc attached to an aluminum mount. All sam-
ples were then coated with 9 nm of Pt.

29Si MAS NMR spectra were measured using a
Bruker ASX-400 spectrometer which includes a 9.4 T
magnet (29Si: 79.49 MHz). The 29Si spectra were meas-
ured using a single pulse experiment (908 pulse width:
5.5 or 6.0 ms, spinning rate: 5.0 kHz, recycle delay: 150 s)
and calibrated using tetrakistrimethylsilane (set to
�9.83 ppm relative to tetramethylsilane) as a second-
ary standard. 13C-NMR spectra were measured using
a Bruker Avance DSX-400 spectrometer, employing a
single pulse experiment (13C: 100.61 MHz, spinning
rate: 8.5 kHz, recycle delay: 5 s, pulse width: 4.0 ms,
and 1000 scans). Adamantane was used as a chemical
shift standard for 13C (set to 38.4 ppm).

Melt state rheology data were obtained on an ARES
rheometer at 1808C. Samples were measured using 25
mm diameter parallel plates with a gap of �1 mm.
Dynamic strain sweep and dynamic frequency sweep
tests were performed on the 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 G0 had decreased
to 80% of its maximum value. The frequency sweeps
were performed from 100 to 0.01 rad/s at strains
within the LVE region 10 min after the strain sweep.

RESULTS AND DISCUSSION

Influence of synthesis conditions on structure
of iC4-LMS

The observed morphology of silicate mesostructures
is known to be affected by synthesis conditions, such
as reagent ratio, temperature, pH, and reaction
time.35,43–49 In this current work, the reaction time,
temperature, and molar ratio of iC4-TEOS to TEOS
were varied to determine the optimum conditions for
formation of iC4-LMS with lamellar morphology. The
synthesis for the known mesolamellar silicate, MCM-
50, with 100% TEOS as the silicate source, was used as
a starting point: 1.0 CTAB : 2.23 TEOS : 150 H2O : 0.818
NaOH heated at 1508C for 2 days produced the most
ordered lamellar phase, based on intensities and
sharpness of XRD reflections. The XRD pattern of the
optimized MCM-50 sample [Fig. 1(A)] showed three
low-angle reflections (at 3.2, 1.6, and 1.1 nm), which is
consistent with a lamellar morphology with a layer
spacing of 3.2 nm.

To determine optimal conditions for producing a la-
mellar iC4-LMS phase, a fraction of TEOS was substi-
tuted with iC4-TEOS. At 1508C and a reaction time of
2 days, a lamellar phase was observed with 5–10 mol
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% iC4-TEOS. However, with 5 mol % iC4-TEOS, the
product was not phase-pure and three XRD reflections
were observed at low angle, corresponding to d-spac-
ings of 3.9, 3.1, and 1.6 nm. When 10 mol % iC4-TEOS
was used, the XRD pattern showed only two reflec-
tions peaks (at 3.3 and 1.7 nm) corresponding to a
lamellar morphology with a d001 reflection at 3.3 nm.
Above 20 mol % of iC4-TEOS, a poorly ordered meso-
structure (low intensity with one XRD reflection peak)
was observed. No ordered mesostructure was
observed above 40 mol % iC4-TEOS (no XRD reflection
peak). These results indicate that isobutyl groups
influence the ordering of the surfactant-templated
mesostructures. Such an effect is often observed for
hybrid organosilicate mesostructures prepared by
cocondensation reactions.50 With 10 mol % iC4-TEOS
and reagent ratios of 1.00 CTAB : 2.00 TEOS : 0.220
iC4-TEOS : 150. H2O : 0.812 NaOH, the effect of vary-
ing the reaction time from 1 day to 7 days was studied
at 1508C. A lamellar morphology with the highest in-
tensity of XRD reflections was observed for a product
reacted for 3 days, with d001 and d002 spacings of 3.3
and 1.7 nm, respectively, [Fig. 1(B)]. The d-spacing
value of 3.3 nm for the first order reflection peak was
only slightly larger than the length of one hexadecyl
group and the thickness of the silicate layer. This
implies that the surfactant molecules formed an inter-
digitated array between isobutyl-silicate layers. A
weak broad XRD reflection, which was observed at
0.42 nm, is indicative of some disorder within the inor-
ganic layers or due a small amount of an amorphous
component.51,52 With a shorter reaction time of 1 day,
a disordered mesophase (high intensity with one XRD
reflection peak) was observed. After reaction times

longer than 3 days, the lamellar morphology was
gradually lost and became completely disordered (no
d001 peak) after 7 days. This progression in mesostruc-
ture can be understood by considering changes in
interfacial charges at the surfactant/silicate bounda-
ries as the silicate precursors condense.49 The lamellar
phase is formed at a particular ratio of positive
charges from the cationic surfactant to negative
charges from the organosilicate layers. It is only kineti-
cally stable and transforms to the disordered structure
with longer hydrothermal reaction times.53

Acid extraction was used to remove CTAB from
iC4-LMS and the extracted product was denoted as
iC4-LMS-ex. Without the presence of CTAB, the layers
collapsed, as indicated by the XRD pattern. The XRD
pattern of iC4-LMS-ex [Fig. 1(C)] showed only one
broad first order reflection peak with low intensity at
a 2y value of 4.728, corresponding to 1.86 nm. This is
little larger than the spacing expected for adjacent iC4-
silicate layers and could indicate that the surfactant
was mostly but not completely removed, a hypothesis
that was supported by 13C CP-MAS NMR (see below).
However, the observed collapse supports the assign-
ment of iC4-silicate to a lamellar phase, as a condensed
hexagonal or cubic phase would have remained hex-
agonal or cubic after surfactant extraction.

SEM images of iC4-LMS showed agglomerates of
irregular-shaped particles with relatively smooth and
often rounded surfaces (Fig. 2). The particles had typi-
cal dimensions of several micrometers. Similar mor-
phologies were observed for the nonfunctionalized
MCM-50 samples. These particles were themselves
composed of stacks of organosilicates. A TEM image
of iC4-LMS after sonication in ethanol [Fig. 3(A)]
shows a top view of a typical thin sheet in the plane of
the image with edge-to-edge dimensions of a few hun-
dred nanometers. This sheet is composed of multiple
silicate layers, evidenced by gradients in contrast

Figure 1 XRD patterns of synthetic clays (A) MCM-50, (B)
iC4-LMS, (C) iC4-LMS-ex (after extraction of CTAB). The iC4-
sample was prepared at 1508C with a reaction time of 3 days
and an iC4-TEOS fraction of 10 mol % of total Si.

Figure 2 SEMmicrograph of iC4-LMS.
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throughout the particle. A side-view of another parti-
cle (which had been isolated from a sonicated iC4-
LMS dispersion in toluene) shows darker and lighter
parallel lines arising from alternating silicate and sur-
factant layers in the mesostructure [Fig. 3(B)].

Structure of the synthetic clay layers

29Si MAS NMR spectra (Fig. 4) provided information
about the silicon environment in the organically func-

tionalized clays and confirmed preservation of the Si-
C bonds in the products. One can expect peaks of the
type Tm, corresponding to organosiloxane groups
RSi(OSi)m(OH)3�m (m ¼ 0–3, R ¼ C4H9), and Qn peaks
associated with siloxane groups, Qn ¼ Si(OSi)n
(OH)4�n (n ¼ 0–4). In the spectrum of the as-prepared
iC4-LMS sample [Fig. 4(A)], resonances from the Tm

groups were relatively weak and the predominant
peaks corresponded to Q4 (d, 112 ppm) and Q3 (d, 100
ppm) with nearly equal intensities, indicating that the
silicate layers were well condensed. To enhance the

Figure 3 TEM micrographs of (A) a top view of an iC4-LMS sheet prepared in ethanol, and (B) a side view of iC4-LMS
prepared in toluene, dried overnight, showing alternating layers of organosilica and surfactant.

Figure 4 29Si MAS NMR spectra of iC4-LMS: (A) as-synthe-
sized; (B) after extraction of CTAB surfactant, iC4-LMS-ex.
The peaks marked (*) are spinning side bands.

Figure 5 13C MAS NMR spectrum of iC4-LMS-ex showing
resonances due to isobutyl groups and a small amount of
remaining surfactant CTAB.
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intensity of Tm peaks, the surfactant, CTAB, was
removed from iC4-LMS by extraction. The 29Si MAS
NMR spectrum of the extracted product, denoted as
iC4-LMS-ex, is shown in Figure 4(B). Because the frac-
tion of silicon in the overall sample was increased by
surfactant extraction, T3 (d, �65 to �68 ppm; 5%) and
T2 resonances (d, �56.2 to �59.7 ppm; 5%) could now
be clearly resolved. These peaks indicated that 10%
of the silicon atoms in the sample contained isobutyl
groups, which were covalently attached to the silicate
layers. The incorporation of iC4-TEOS in the struc-
ture was therefore approximately quantitative. A Q2

shoulder (d, �91.6 to 96.0 ppm; 4%) was also observed
in addition to the most intense Q4 (d, 112 ppm, 46%)
and Q3 (d, 100 ppm, 38%) resonances.

A 13C{1H} CP-MAS NMR spectrum of iC4-LMS-ex
(Fig. 5) showed characteristic peaks of isobutyl
groups, as well as those due to some remaining surfac-
tant, CTAB. By curve-resolution of the most intense

peak, resonances from isobutyl groups were identified
at approximately 25.8 ppm (isobutyl end carbons
(CH3)2��CH��CH2��Si), 24.1, and 23.0 ppm.54 In
addition, a small amount of surfactant CTAB was
present indicated by a weak, broad ��N�� (CH3)3
resonance near d 63 ppm, (CH2)n- resonances at d 32.5
ppm, d 30.0 ppm and possibly additional resonances
overlapping with the isobutyl resonances.

Thermal stability of the synthetic clays is important
for melt processing at elevated temperatures. The
thermal behavior was investigated using TGA and
DTA. To determine effects of the isobutyl groups, iC4-
LMS and iC4-LMS-ex were compared with MCM-50
and an acid-extracted form, MCM-50-ex, from which
CTAB had been removed. The TGA curves of all four
clays (Fig. 6) showed a small weight loss between ca.
105 and 1758C, which was due to loss of surface-
adsorbed water. In the nonextracted clays, the decom-
position of surfactant alkyl chains occurred between

Figure 6 TGA/DTA curves for (A) iC4-LMS, (B) iC4-LMS-ex, (C) MCM-50, and (D) MCM-50-ex. Solid lines correspond to
TGA curves (left axes) and broken lines to DTA curves (right axes).
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�140 and 4008C, in a process which typically begins
with Hofmann degradation to produce trimethyl-
amine and a long-chain alkene. In the extracted clays,
this event was much less pronounced but still present,
indicating that surfactant extraction had not been
complete. A smaller weight loss step occurred mainly
between 400 and 5508C and continued at higher tem-
peratures. This was related to condensation of silanol
groups with concomitant loss of water. For MCM-50
materials, the fraction of material lost in this range
was consistent with the content of silanol groups
determined by 29Si MAS NMR. Mass losses and DTA
peaks which were unique to the iC4-LMS and iC4-
LMS-ex samples appeared between 500–8008C and
800–10008C in a nitrogen atmosphere. They are likely
to be associated with the escape of decomposition
products from isobutyl groups. Mass loss during these
events was consistent with 10% of Si-groups being
attached to isobutyl groups. In addition to supporting
the structural model for iC4-LMS, the thermal analysis
data indicated that iC4-LMS is stable at typical melt
processing temperatures for PP.

Effect of clay on solvent viscosity

The ability of iC4-LMS and MCM-50 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 concen-
trations 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 formation of a continuous network
or gel structure.17,55–59 Dispersions of both MCM-50

and iC4-LMS showed viscosity increases in all the sol-
vents listed in Table I except for 1-butanol. For MCM-
50, gel formation was observed in the aromatics:
toluene and xylene, while for iC4-LMS the aliphatic
2,6,10,14-tetramethylpentadecane (TMPD), formed a
gel. None of our other synthetic clays formed strong
gels in TMPD.17 Because TMPD has a structure similar
to the PP backbone we were encouraged to melt blend
iC4-LMS into PP.

Dispersion of synthetic clays in PP

Nanocomposites of low molecular weight PP (PP-7K)
with clay loadings of 5 wt % (corresponding to 2.5 wt
% inorganic oxide content, based on TGA data) were
prepared by melt blending at 1808C. Melt rheology
was performed at the same temperature. There was
very little increase in the elastic modulus of melts of
any of the nanocomposites: iC4-LMS, MCM-50 and
Cloisite 20A with PP-7K and also with the higher
molecular weight PP-43K.

SWAXS patterns of PP-7K blends with synthetic
clay loadings of 2.5 wt % inorganic oxide content were
obtained to determine the extent of intercalation or
exfoliation of the clays. All data were normalized to
the intensity of the beam to quantify the intensity. The
SWAXS pattern of the pure clay, iC4-LMS, showed
two relatively broad reflection peaks at small angles
corresponding to d001 and d002 values of 3.30 and 1.65
nm, respectively, [Fig. 7(A)]. This is in agreement with
the XRD pattern [Fig. 1(B)] for this lamellar mesostruc-

TABLE I
Effect of Solvent Type on Viscosity of 5 wt % Clay

Dispersion

Solvent or
polymer

Solubility
parameter
(MPa1/2)a

Observationsb

MCM-50 iC4-LMS

Hexane 14.9 þ þ
2,6,10,14-TMPD 15.0c þ Gel
Xylene 18.0 Gel þ
Toluene 18.2 Gel þ
THF 18.6 þ þ
Styrene 19.0 þ þ
1-Butanol 23.3 0 0

a Ref. 59.
b Visual observation: gel, no flow when inverted; þ,

increased viscosity but some flow when inverted; 0, no
increase in viscosity.

c Calculated based on the method by Hoftyzer and Van
Krevelen.58

Figure 7 SWAXS patterns of (a) synthetic clay iC4-LMS
(solid line), and of the following blends: (b) PP-7K/Cloisite1

20A (dash-single-dotted line), (c) PP-7K/MCM-50 (dashed
line), or (d) PP-7K/iC4-LMS (dash-double-dotted line). The
blends contained 2.5 wt % inorganic material.
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ture with an approximate layer spacing of 3.3 nm. The
d001 peak for the PP-7K/Cloisite1 20A blend shifted to
3.8 nm from a value of 2.4 nm in pure Cloisite1 20A
[Fig. 7(B)]. This indicates that Cloisite1 20A particles
were intercalated by a significant fraction of polymer.
For MCM-50, the peak positions shifted only slightly
after blending with PP, corresponding to changes in
layer spacing from 3.2 nm in the pure clay to 3.6 nm in
the blend [Fig. 7(C)]. This result indicates that rela-
tively little intercalation of MCM-50 particles with PP
had occurred. For blends of iC4-LMS with PP, the
observations were similar and layer spacings changed
from 3.3 nm to 3.5 nm [Fig. 7(D)]. The reduction in d001
peak intensity was in part due to clay exfoliation, in
part due to dilution of the clay in the composite. Par-
tial disorder could also have reduced the X-ray inten-
sity. The presence of this peak in the composite
implied that a significant number of clay particles still
contained multiple layers. It should be noted that PP-
7K also displays a broad peak around q ¼ 4 nm�1,
which overlaps with the d002 reflection of the clay. As
a result, the intensity in this range did not vary signifi-
cantly upon composite formation. Additional peaks
were observed in the range from 8.0 to 18.0 nm�1 (not
shown), corresponding to crystalline PP.

A TEM image of the PP-7K/iC4-LMS blend is
shown in Figure 8(A). In this and most other micro-
graphs obtained, we could not image the edges of the
iC4-LMS platelets. This may be due to the lack of crys-
tallinity within individual iC4-LMS sheets and thus
reduced contrast between clay sheets and PP. The
shadowy features may also be related to thickness var-
iations in the microtomed samples. Therefore, quanti-

fication of the degree of exfoliation and aspect ratios
was not possible via TEM.7,60 However, estimation of
lateral sheet dimensions was possible. Before blend-
ing, a typical edge-to-edge length of iC4-LMS was
�0.4 mm (Fig. 3). The edge lengths of iC4-LMS particles
did not decrease significantly during melt-blending,
remaining between 0.2 and 1.5 mm (average: 0.48 mm
for 7 particles). In agreement with the SWAXS data,
stacks of sheets were still present, judging from the
gradients in contrast throughout the image. Fre-
quently, iC4-LMS particles were partly curled. The
flexibility may be due to the fact that organosilicate
sheets in this material are not crystalline, unlike those
of Cloisite1 20A. The flat shape and high crystallinity
of the Cloisite1 20A sheets made it easier to observe
the edges of Cloisite1 20A particles by TEM. The TEM
image of a PP-7K/Cloisite1 20A/Fusabond1 blend
[Fig. 8(B)] showed that most of the particles were not
exfoliated. Moreover, the particles were smaller than
iC4-LMS particles after melt blending, ranging from
0.19 to 0.23 mm (average: 0.22 mm for 7 particles).

CONCLUSIONS

The formation of PP-clay nanocomposites has been
difficult up to this point, and has typically required
the use of a polymeric compatibilizer that helps match
polarities of clay sheets and polymer chains. In poly-
mer-clay nanocomposite applications, attachment of
functional groups to clay sheets is significant because
it can modify polymer-clay interactions, which can
potentially lead to better mechanical properties of the

Figure 8 TEMmicrographs of (A) PP-7K/iC4-LMS and (B) PP-7K/Cloisite1 20A/Fusabond1 blends.
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polymer. In this work, we were able to demonstrate gel
formation (one indicator of clay dispersion) in a PP-like
solvent TMPD (2,6,10,14-tetramethylpentadecane) in
one of our synthetic clays. The synthetic clay, iC4-LMS
was synthesized by templating with the cationic surfac-
tant, CTAB and monomeric precursors, TEOS and iso-
butyl-substituted triethoxysilane. Under the optimized
conditions, a lamellar morphology of isobutyl-function-
alized silicate sheets separated by layers of interdigi-
tated surfactant molecules was obtained. Based on evi-
dence from 29Si MAS NMR, isobutyl groups remained
covalently attached to silicon in the mesostructured
product and the fraction of isobutyl-substituted silicon
groups in the product was close to that fraction in the
precursor mixture (ca. 10 mol %).

The TEM results show that clay particles in the PP-
7K/iC4-LMS blends had the highest lateral dimensions
and the SWAXS data indicate that the iC4-LMS particles
were the most exfoliated in this comparison of clay mate-
rials. However, in contrast to the gelation observed in
TMPD, composites obtained by melt blending iC4-LMS
with PP had only slightly higher G0 values in the melt
than neat PP. This modest effect on G’ might arise
because the iC4-LMS layers were not tough enough to
endure the high shear stress resulting from the higher
viscosity PP. Thus, the layers tended to break up, reduc-
ing their aspect ratios and the strength of the composites.
In related work involving alkyl-functionalized lamellar
silicates and aluminosilicates melt-blended with PS, it
was observed that incorporation of aluminum, especially
octahedral aluminum, within silicate layers enhanced the
modulus of the PS-clay composite.16,17 The aluminum
was thought to enhance mechanical stability of clay
sheets and reduce breakage of clay sheets by mechanical
shear. In that system, PS-Cloisite1 20A nanocomposites
exhibited the highest storage modulus, presumably
because of mechanically stronger inorganic sheets. Fur-
ther improvements in mechanical properties of blends
with higher molecular weight PP might be achieved by
embedding Al in the layers of iC4-LMS, and we are cur-
rently working on preparing such mesophases.

We thank Dr. C. Fyfe (University of British Columbia) for
access to his solid state NMR instrumentation, Dr. J. Shore
(South Dakota State University) for obtaining 29Si-MAS
NMR spectra, Dr. L. Yao for 13C and 1H-NMR of PP, D. F.
Eckel (GM R and D Center) for obtaining some of the TEM
micrographs, L. Sauer (U of MN Characterization Facility)
for assistance with SWAXS and M. Dolgovskij for GPC
measurements.
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