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Abstract

Motivated by a need for synthetic clays that can be dispersed and exfoliated in polymer melts without added compatibilizers, lamellar
mesostructured silicates and aluminosilicates with covalently attached hexadecyl functional groups (C;5-LMS and C4-LMAS, respectively)
were prepared by sol-gel syntheses and their structures were characterized. Based on XRD and TEM data, lamellar products with layer
spacings of 4.8—4.9 nm were obtained between room temperature and 60 °C (C,5-LMS) or 70 °C (C,5-LMAS). The degree of condensation of
the aluminosilicate layers increased at the higher synthesis temperatures. Attachment of organic groups to the inorganic sheets was confirmed
by 2Si solid state MAS NMR and IR spectroscopy. The sheets of C,c-LMS consisted of single or double layers of tetrahedral silicate groups,
each attached to a hexadecyl chain. C;4-LMAS was composed of pyrophyllite-like layers (Si:Al=2) with an octahedral aluminum layer
sandwiched between two tetrahedral silicate layers and hexadecyl surface groups. Tetrahedral aluminum sites were also present. The clay
layer spacing could be increased to 5.2 nm by addition of tetraethoxysilanes during the synthesis (C;4-Si0,-LMAS). C14-SiO,-LMAS was
structurally similar to C;,-LMAS; however, the presence of additional silicate groups in this structure increased the inorganic layer thickness

and introduced further structural disorder.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer/clay nanocomposites have received much
attention lately due to the advantages they can provide
over pure polymers or macrocomposites used in industrial
applications. Upon intercalation and exfoliation of clay
particles by a polymer, such nanocomposites can exhibit
reduced permeability and improved mechanical properties,
including increased modulus and reduced linear thermal
expansion, when compared to their base homopolymers
[1-8]. The modulus of these nanocomposites depends
strongly on the degree of exfoliation of the clay [9,10].
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An aspect ratio of 100 (ratio of length or width to thickness)
is a desirable target for improving modulus and reducing
permeability [11,12].

Preparing nanocomposites via direct blending of com-
mercial clays into polymer melts can be a challenge due to
three major problems. (1) Miscibility is poor between
commonly used non-polar polymers and the relatively polar
clays that are commercially available. This limits the
dispersion of the commercial clays and the degree of
exfoliation. Many researchers have focused on using
compatibilizers (polymers modified to include polar func-
tional groups) or modifying montmorillonite to improve the
clay—polymer miscibility [2,3,13-17]. (2) A second limi-
tation is that most commercial organically modified clays
are prepared from natural clays through a cation exchange
process, which limits the amount of organic groups that can
be inserted into the clay layers and the ability of the clay to
be dispersed or exfoliated. In addition, natural impurities
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remain in the clay, affecting properties of the nanocompo-
sites such as color and magnetic properties. (3) A third
limitation is that the melt blending process requires mixing
at relatively high temperatures, which together with high
shear rates, can lead to loss of the organic modifier,
degradation of polymer, and reduced clay aspect ratios
[13,14,18,19].

Seeking to overcome current limitations of commercial
clays derived from natural clays, we have investigated an
approach to form polymer nanocomposites without the need
for a compatibilizer in the melt. Compatibility with non-
polar polymers is instead provided by organic functional
groups that are attached to inorganic layers in new synthetic
clays. These lamellar mesostructures are prepared by sol—
gel methods combined with surfactant templating. The clays
can be used as synthesized, eliminating the cation-exchange
process and natural impurities. Syntheses for a number of
similar mesostructures with organic interlayer groups have
been reported by several groups, a few of whom also
prepared polymer—clay nanocomposites from the synthetic
clays [20-40].

The lamellar mesostructured silicates (LMS) and alumi-
nosilicates (LMAS) studied here are shown schematically in
Fig. 1. The sample named C,;4-LMS consists of silicate
sheets with covalently attached C,4-alkyl chains. Because
these Cjs-alkyl chains act as both surfactant and surface
modifier, no additional surfactant was required for the
templating process. The samples labeled C;c-LMAS and
C16-Si0,-LMAS contain additional aluminum groups
within the clay sheets, which were expected to improve
the layer stiffness. In C;4-SiO,-LMAS, tetraethylorthosili-
cate (TEOS) was added to the precursor to produce thicker
sheets and, in principle, improve the layer stiffness and
strength. These synthetic functionalized clays have large
interlayer spacings, and the organic surface groups may act
as compatibilizers for blending with non-polar polymers.
The surface groups were expected to improve polymer—clay
interactions, miscibility, and degree of intercalation/exfo-
liation in non-polar polymers.

In this paper, we report the syntheses and structures of
the synthetic clays. The synthesis conditions were chosen to
obtain a lamellar phase and to optimize the degree of
condensation and the thermal stability of the synthetic clays.
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Fig. 1. Schematic structures of the lamellar synthetic clays studied. The
rectangular blocks refer to silicate or aluminosilicate layers and the vertical
lines to covalently attached hexadecyl groups.

Rheological properties of the clays dispersed in organic
solvents and in PS will be reported separately [41].

2. Experimental section
2.1. Materials

Aluminum chloride hexahydrate (AlCl;-6H,0), tetra-
ethyl orthosilicate (TEOS), hydrochloric acid (37 wt%), and
sodium hydroxide (NaOH) from Aldrich, hexadecyltri-
methoxysilane (HDTMOS) from Gelest, and ethanol (200
proof) from AAPER Alcohol and Chemical Co. were used
as received.

2.2. C15-LMS synthesis

HDTMOS and TEOS were combined and stirred for
10-15 min or sonicated in a glass vial to ensure the
homogeneity of the solution. The HDTMOS-TEOS mixture
was then added to an aqueous HCl solution and permitted to
react for 1.5 h at room temperature (RT) and for 1.5 h at
60 °C with rapid stirring. Table 1 lists the mole ratios of
reactants. Following the 3 h reaction time, the products were
filtered and rinsed repeatedly with distilled water. The
products were then allowed to dry for a period of at least
24 h under ambient conditions. Typical amounts of the
reactants were: 6.3 g HDTMOS: 3.5 g TEOS: 20.5 g HCI:
60.0 g H,O.

2.3. C15-LMAS synthesis

Typically, 0.2 M AlCl3-6H,0 in ethanol was hydrolyzed
via titration with 0.5 M NaOH solution until a pH of 3.7 was
achieved. An equal volume of a 0.4 M HDTMOS solution in
ethanol was added to the aluminum solution with stirring
over a 15 min period. The mixture was then titrated with a
0.5 M NaOH solution until a pH of 6.5-7.0 was achieved in
order to avoid leaching and loss of Al during product
washing. More white solids precipitated with additional
titration. The solution was stirred rapidly for a designated
period of time at the temperature listed in Table 1. When the
synthesis was performed at an elevated temperature, the
solution was allowed to react at RT for 30—60 min before
heat was applied. If a temperature of 100 °C or higher was
required, the mixture was loaded into a Teflon-lined
autoclave and heated without stirring in an oven. The
white solid products were filtered and rinsed repeatedly with
distilled water. The products were allowed to dry overnight
under ambient conditions.

2.4. C16-Si0,-LMAS synthesis
In general, the procedure was the same as for the C¢-

LMAS synthesis described above, except that varying
amounts of TEOS were added to the HDTMOS solution,
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Table 1
Typical conditions for syntheses of functionalized clays and product phases

4423

Sample HDTMOS AICl;-6H,O NaOH or HCl1 TEOS H,O EtOH Reaction time Layer spacing of
(mol) (mol) (mol) (mol) (mol) (mol) (h) and lamellar phase
temperature (°C)  (nm)
C6-LMS 1.00 - 11.6 HCI 0.934 224 - 1hRT, 1h 4.8
60 °C
C1s-LMAS, RT 1.00 0.500 1.61 NaOH - 278 71.5 24 h, 25°C 4.9
Ci6-LMAS, 70 °C 1.00 0.500 1.74 NaOH - 192 71.3 24 h, 70 °C 4.9
C16-Si0,-LMAS, 1.00 0.719 2.59 NaOH 0.439 286 113 24 h, 70 °C 52

70°C

and this solution was sonicated before being transferred to
the aluminum solution. Phase morphologies were investi-
gated at temperatures ranging from RT to 150 °C. Typical
mole ratios of reagents and solvents leading to lamellar
products are presented in Table 1.

2.5. Characterization

Elemental analyses for C and H were performed by
Atlantic Microlabs Inc., Norcross, GA, and analyses for Na,
Al, and Si by Galbraith Laboratories, Knoxville, TN. The
results are listed in Table 2. Powder X-ray diffraction
(XRD) patterns were recorded using a Siemens D-5005
wide-angle XRD spectrometer with Cu K, radiation,
operating at 40kV and 45 mA. In a typical sample
preparation, the powdered materials were placed in quartz
cells with dimensions of 0.083”}0.24"” X 1.05”. Thermo-
gravimetric analyses (TGA) and differential scanning
calorimetry (DSC) were performed in a nitrogen atmos-
phere using a Netzsch STA 409 PC thermal analyzer. The
samples were heated from 25 to 1000 °C at a heating rate of
15 °C/min.

Transmission electron microscopy (TEM) images were
recorded digitally using a Jeol 1210 microscope operating at
120 keV. Samples for TEM were prepared by sonicating
materials in absolute ethanol for 5 min, and depositing 2-3
drops of the suspension on a holey carbon grid. The samples
were allowed to dry at least 30 min before imaging.
Scanning electron microscopy (SEM) was performed on
the air-dried powder samples using a Jeol 6500 microscope.

Samples were dusted on an adhesive conductive carbon disc
attached to an aluminum mount. All samples were then
coated with 9 nm of Pt. Fourier transform infrared (FT-IR)
spectra were obtained with a Nicolet Magna FT-IR 760
spectrometer from samples prepared in a KBr matrix and
referenced against a KBr background.

Silicon-29 solid state nuclear magnetic resonance
(NMR) spectra were measured using a Bruker ASX-400
spectrometer which includes a 9.4 T magnet (*°Si:
79.49 MHz). The ?°Si spectra were measured using a single
pulse experiment (90° pulse width: 5.5 or 6.0 ps, spinning
rate: 5.0 kHz, recycle delay: 150s) and calibrated using
tetrakistrimethylsilane (set to —9.83 ppm relative to tetra-
methylsilane) as a secondary standard. The *’ Al MAS-NMR
spectra were measured using a Bruker Avance 400
spectrometer which includes a 9.4 T magnet (*’Al:
104.3 MHz). The *’ Al spectra were measured using a single
pulse experiment (90° pulse width: 2.5 ps, spinning rate:
10.0 kHz, recycle delay: 1.0 s) and calibrated using 1.0 M
AICl; (0 ppm) as an external reference. Peak deconvolution
and curve fitting were performed for the *’Al MAS-NMR
spectra using identical conditions for all samples.

3. Results and discussion

3.1. Influence of synthesis conditions on structures of
functionalized clays

Syntheses of C;4-LMS, the hexadecyl-functionalized

Table 2
Elemental compositions of the synthetic clays
Sample C (wt%) H (wt%) Na (wt%) Si (wWt%) Al (Wt%) Si:Al Inorganic
(mole ratio) content (wt%)*

Ci6-LMS 66.1 11.8 Trace (< 10.7° - - 233

98 ppm)
Ci6-LMAS, RT  58.9 10.9 nd nd nd nd 26.3
Ci6-LMAS, 59.8 10.7 1.17 8.22 4.06 1.94 30.3
70 °C
C16-Si0,- 58.2 10.8 2.51 10.5 493 2.05 36.3
LMAS, 70 °C

nd, not determined.

# Obtained by TGA analysis, based on remaining mass after heating to 1000 °C.
b Calculated by difference from C, H, Na measurements, and using the relative Tl, Tz, T ratios from 2°Si NMR measurements.
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mesostructured silicates, were attempted within a tempera-
ture range from RT to 150 °C for 1-48 h at different
precursor ratios. White products were obtained in all cases.
Only disordered mesophases with a single low-angle XRD
reflection peak were observed for samples prepared at
70°C, and no XRD reflections were seen for samples
prepared at 100 °C or higher. At RT a lamellar phase formed
within 3 h, but became disordered at longer reaction times.
The most ordered lamellar phase was found when C;4-LMS
was synthesized at RT for 1.5h followed by 60 °C for
another 1.5 h with the reagent ratio presented in Table 1.
The XRD pattern for this sample showed three reflections
corresponding to a lamellar phase with dyg;, dogz, and doos
spacings of 4.8, 2.4 and 1.6 nm, respectively (Fig. 2). Cy¢-
LMS may be compared with MCM-50, a lamellar
mesostructured silicate, originally reported by Mobil
Corporation [42—-44]. MCM-50 consists of 1 nm thick
amorphous silica layers separated by cationic surfactant
layers (e.g. the Cjs surfactant, hexadecyltrimethyl
ammonium bromide), which are not covalently attached to
the clay sheets. In MCM-50 the Cj surfactant molecules
form interdigitating bilayers between silica sheets, resulting
in a layer spacing of 3.6 nm [42-44]. In contrast, the Ciq
groups in C-LMS are covalently attached to the inorganic
layers. A value of 4.8 nm for the first order reflection dyg;
implies that the hexadecyl groups are organized into
lamellar bilayers since the dyy; spacing is approximately
equal to the length of two hexadecyl groups and the
thickness of the silicate layer [21].

The sol-gel synthesis of C;,-LMAS was analogous to
that reported by Ukrainczyk et al. [21,22], except that a
longer alkyl chain was employed in the current study and
different synthesis conditions were required to optimize the
mesostructures for nanocomposite applications. Product
compositions had been reported to be close to (RSi)4Al,.
Og(OH), [21,22]. With a Si:Al ratio of 2:1, silicate layers
are expected to be neutral. This ratio was chosen for the
current work, as non-polar polymers were targeted for

A N
T T T

10 15 20 25
2-Theta (Degrees)

Fig. 2. XRD patterns of the synthetic clays: (A) C;,-LMS, (B) C;,-LMAS
RT, (C) C;4-LMAS 70 °C, (D) C;6-SiO,-LMAS 70 °C.

Intensity (Arbitrary units)
(9]

nanocomposite preparations. Before addition of HDTMOS,
the reaction mixture was initially titrated to a pH of 3.7 to
hydroxylate the aluminum ions. Following hydrolysis and
condensation of the alkoxide, titration was terminated at pH
6.5-7 to avoid leaching and loss of Al when washing the
products. Titration needed to be carried out slowly to
prevent formation of a greasy or oily product. The most
ordered lamellar phase, based on intensities and sharpness
of XRD reflections, was obtained by heating the reaction
mixture at 70 °C for 24 h. Above 100 °C, a disordered
mesophase was obtained with only one reflection peak in the
XRD pattern. The XRD patterns for the RT and 70 °C
samples both showed three low-angle reflection peaks
(Fig. 2). A value of 4.9 nm for the first order reflection
doo; suggested that the hexadecyl groups were organized
into lamellar bilayers, as they were in C;4-LMS. The layer
spacing was consistent with extrapolations from aluminum
silsesquioxanes with Cg- and Cj,-alkyl chains reported to
produce layers spacings of 2.5 and 3.8 nm, respectively, for
bilayer arrangements [21,22]. A weak XRD reflection was
observed at 0.42 nm; it was sharper than reflections
typically seen for amorphous silica. A reflection at this
spacing has previously been associated with hydrocarbon
chains that are oriented perpendicular to the bilayers formed
by the hydrocarbons [45]. Similar reasoning may be applied
to the current system, and is consistent with the observed
clay layer spacings. The layer spacing did not increase with
longer reaction times. However, the lamellar phase became
less ordered after 48 h based on the broadening of the first
order reflection.

In the C;¢-Si0,-LMAS system, TEOS was added to the
precursor solution in an attempt to increase the thickness
and the stiffness of the inorganic layers. Lamellar phases
were formed with TEOS:HDTMOS ratios up to 1:2, but at
higher TEOS content, the products became amorphous,
showing no reflection peak in XRD pattern. Depending on
synthesis time and reaction pH, the layer spacing increased
to 5.2-6.0 nm. As the surfactant bilayers could not expand
any further, the observed layer spacings imply that
aluminosilicate sheets were at least 0.3 nm thicker than in
samples where no TEOS was added (Fig. 2). The
mesostructure became less ordered at 100 °C (one reflection
peak), and was disordered at 150 °C (no XRD reflections).

TGA and DSC curves of all clays showed two major
events, gradual loss of water above 100 °C and pyrolysis of
the alkyl chains beginning at 250 °C, with major weight loss
between 300-560 °C. Weight loss associated with surface
water and water of condensation followed the order
C16-LMAS RT>C4-Si0,-LMAS 70 °C>C6-LMAS
70 °C> C4-LMS. The relative masses of inorganic material
remaining at 1000 °C for all samples are listed in Table 2.
Comparing C¢-Si0,-LMAS 70 °C with C,5-LMAS 70 °C,
the 6 wt% higher remaining mass for the sample prepared with
HDTMOS/TEOS mixtures confirmed that the increased layer
spacing was due to thicker inorganic layers in this sample.
Unless stated otherwise, the analyses and characterization data
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Fig. 3. 2981 MAS NMR spectra of synthetic clays: (A) C16-LMS (B) C¢-
LMAS RT, (C) C;,-LMAS 70 °C, and (D) C;4-SiO,-LMAS 70 °C.

presented subsequently for C4-LMAS and C;6-SiO,-LMAS
samples are based on materials synthesized at 70 °C. These
materials are denoted as C;-LMAS 70 °C and C;6-SiO,-
LMAS 70 °C.

3.2. Structure of clay layers

29Si MAS NMR spectra (Fig. 3) provided information
about the silicon environment in the organically functiona-
lized clays and confirmed preservation of the Si—C bonds in
the products. One can expect peaks of the type T,
corresponding to organosiloxane groups RSi(OSi),,
(OH);_,, (m=0-3, R=C,gH33) and for samples prepared
with added TEOS, Q" peaks associated with siloxane

groups, Q" =Si(0Si),(OH)4—_, (n=0-4). For C;,-LMS, the
spectrum (Fig. 3(A) and Table 3) showed 2 distinct peaks:
a major T° resonance (6 —58 ppm) and a T° resonance
(6 —68 ppm). A weak shoulder corresponding to T' groups
(0 —48 ppm) was also observed. Interestingly, no signifi-
cant Q" peaks were seen, implying that TEOS was not
incorporated in the lamellar product. It should be noted that
C6-LMS samples could also be prepared without TEOS.
From the NMR data, an approximate formula for C,4-LMS
is  CyH33{[SiO 5]0.4[SIO(OH)].55[S100.5(OH)2]0.05},
which results in a composition of 67.8 wt% C, 12.0 wt%
H, 9.9 wt% Si and 10.3 wt% O, in reasonable agreement
with the observed composition (Table 2). Two structural
models for C;¢-LMS, containing only 7" silicate units may
be considered. One is based on a single layer structure
analogous to the Na,Si,Os structure [46], with alkyl chains
occupying the interlayer space. The other model, shown in
Fig. 4(A), is derived from a double layer structure similar to
that in CaAl,Si,0g [47], but with only Si as tetrahedral
atoms and resulting neutral layers separated by alkyl chains.
In these two models the inorganic layers are ca. 0.5-0.6 nm
thick. °Si MAS NMR data and chemical analyses are
consistent with both models, so that we were unable to
distinguish between them. Some disorder in the layers was
introduced by terminal hydroxyl groups, which were not
shown in Fig. 4(A).

Upon introduction of aluminum into the synthetic clays,
the 7% and T° resonances shifted downfield by 2—7 ppm and
the envelope of resonances was less well resolved. In clay
minerals, a downfield shift of ca. 5 ppm is observed when
one Si neighbor is replaced by Al at a tetrahedral Si site (Q*
[1Al]) [48,49], and similar substitutions are likely in Ci4-
LMAS with a Si:Al ratio of approximately 2. Based on
curve resolution of the bands (Table 3), the degree of
condensation increased in the C;s-LMAS sample syn-
thesized at 70 °C, compared to the sample prepared at room
temperature. The absence of Q" peaks in these spectra
confirmed that hexadecyl groups were not cleaved from the
silicate framework.

In the spectrum of C;¢-Si0,-LMAS (Fig. 3(D)), both T"
and Q" peaks were observed due to condensation of
HDTMOS and TEOS in the material. The intensity ratio
of T" and Q" peaks approximated that of the precursor ratio
in the reactant mixture. The relatively broad envelope in the

Table 3
29Si-NMR analysis of the synthetic clays
Sample Peak position (ppm) and relative amount (%)
l 2 e o
Cis-LMS, 1hRT and 1 h —47.5 (5%) —57.5 (55%) —68 (40%) -
60 °C
C16-LMAS, RT —48.9 (28%) —55.3 (55%) —61.4 (17%) -
C,6-LMAS, 70 °C —44.8 (5%) —54.2 (66%) —61.6 29%) -
C16-Si0,-LMAS, 70 °C —46.1 (13%) —54.0 (45%) —61.2 (17%) —79 to —93 (24%)
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Fig. 4. 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) is modeled after Ukrainczyk et al. [20,21] with both tetrahedral and octahedral Al
present in the octahedral layer. In C;4-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.

Q" region may contain contributions from Q° with Si
connected to 0 or 1 Al (6 —100 to —86 ppm) and Q*
connected to 0-3 Al (6 —110 to —90 ppm) [49]. The /7T
ratio was greater in this sample than in the one prepared
without TEOS at the same temperature, indicating a lower
degree of condensation for the organosilicate groups and a
larger fraction of available hydroxyl groups in the material
(Table 3). This was consistent with the observation that C¢-
Si0,-LMAS products were more hydrophilic than C4-
LMAS products.

To discuss the local environment of Al atoms in the clay
layers, it is useful to consider the layer model proposed by
Ukrainczyk et al., which is based on the pyrophyllite
structure [21,22]. A schematic structure, modified for the
current LMAS systems, is shown in Fig. 4(B). In the 2:1
pyrophyllite structure, Al is octahedrally coordinated in the
central layer. In previously reported aluminum silsesquiox-
anes with Cj,-alkyl chains, Al was actually found to be 4-,
5-, and 6-coordinate. Oxygen-deficient, 4- and 5-coordinate
Al was believed to be located in the octahedral layer [21,
22]. Al substitution in the tetrahedral layers was deemed less
likely. Because of the similar chemistry used for the LMAS
systems here, one would also expect incorporation of fully
coordinated and oxygen-deficient aluminum in an octa-
hedral layer. The ’Al MAS-NMR spectra of C;c-LMAS
RT, C4-LMAS 70 °C, and C;4-SiO,-LMAS 70 °C (Fig. 5)
all showed resonances corresponding to 4-coordinate Al (6
56.2-55.5 ppm) and 6-coordinate Al (6 6.5-3.8 ppm). The
ratios of tetrahedral Al (Alpy) to octahedral Al (Algy)
obtained by deconvolution changed when TEOS was added
to the synthesis mixture. For C;4-SiO,-LMAS 70 °C this
ratio was 3 Alrq:1 Alpp, whereas for C;¢-LMAS prepared at

70 °C or RT, it was only 1.4 Alpg:1 Algy,. It is possible that
some tetrahedral aluminum in C;4-SiO,-LMAS was associ-
ated with silicon in a non-octahedral layer. The constant
relative peak intensities for C;4-LMAS at RT and 70 °C
indicated that changing the reaction temperature did not
alter the coordination of Al. However, judging from
narrower relative peak widths, Al became more ordered
after the higher temperature treatment. In both, C;s-LMAS
and C;4-SiO,-LMAS samples, the Si:Al mole ratio was
close to 2, i.e. unchanged from the synthesis mixture.
Although for a perfect pyrophyllite-type structure this ratio
should result in neutral clay layers, small amounts of sodium
55.5

37

56.1

56.2

T
100 80 60 40 20 0 -20 -40

Frequency (ppm)

Fig. 5. >’ Al MAS NMR spectra of synthetic clays: (A) C;s-LMAS RT, (B)
C16-LMAS 70 °C, and (C) C;6-SiO,-LMAS 70 °C.
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ions were observed in both C;,-LMAS and C;4-SiO,-LMAS
(Table 2). These cations are likely to balance the charge
arising from structural imperfections, which are more
significant in the latter materials. The amount of aluminum
was almost the same for the two alumino-silicates (Table 2).

Structural formulas for C14-LMAS and C;4-Si0,-LMAS
were calculated based on elemental analysis (Table 2) while
assuming an ideal pyrophyllite composition where every
silicon atom is bonded to a hexadecyl group. The calculated
formula for C]G-LAMS is (C16H33)2‘15i1_94A11.006_65(OH)0.9.
This corresponds to a distribution of 59.6 wt% C,
10.5 wt% H, 8.05 wt% Si, 3.98 wt% Al, and 17.9 wt% O.
The calculated formula for C16-Si02-LMAS is (C16H33)1.65
Sis 03Al1 003 32(OH)3 75. This corresponds to a distribution
of 52.1 wt% C, 9.7 wt% H, 9.35 wt% Si, 4.42 wt% Al, and
18.6 wt% O. The structural formula of C;4-SiO,-LMAS
indicates that it contains more hydroxyl groups thatn C¢-
LMAS. This agrees with NMR analysis and observations of
increased hydrophilicity of C;4-SiO,LMAS. A proposed
model of the layer structures in C,4-SiO,-LMAS is shown in
Fig. 4(C).

FT-IR spectra corroborated some of the conclusions
drawn from solid state NMR. Absorptions originating

Fig. 6. SEM micrographs of (A) C;c-LMS, and (B) C,¢-SiO,-LMAS.

from hexadecyl groups were observed at 2918 and
2850 cm~' (¥CH,), 1467 cm~' (6CH,), 721 and
685 cm ™~ '(pCH,). Absorptions at 1068 and 1100 cm™'
corresponding to Si—O stretching vibrations of silicate
tetrahedra fell in the typical range for sheet structures
with one terminal oxygen [50,51]. Broad absorption
bands centered around 3400 cm ™' were due to O-H
stretching of terminal hydroxyl groups that were
hydrogen-bonded to each other and to surface water.
The intensity of this absorption was higher in Ci¢-
LMAS prepared at RT than at 70 °C, consistent with

)
.,’,""y?‘;;o ‘ol
Lo

74

A,
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Fig. 7. TEM micrographs of (A) C4-LMS and (B) C,6-SiO,-LMAS 70 °C
showing the layer morphology of the platelet stacks (dark lines) which are
separated by surfactant layers (lighter lines).
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data from 2°Si MAS NMR spectra, which suggested a
greater degree of condensation at the higher tempera-
ture. For different clay compositions prepared between
60-70 °C, the intensity of the —OH stretching absorption
decreased in the order C;s-LMS>C;4-SiO,-LMAS >
C16-LMAS. The variations in hydroxyl content suggest that
the hydrophobic nature of these clays (and therefore the extent
of clay—polymer interactions in nanocomposites) can be
modified by varying the synthesis temperature and the TEOS
content in the synthesis mixture.

Fig. 8. TEM micrographs showing the sheet-like morphologies of (A) C¢-
LMAS RT and (B) C;6-LMAS 70 °C.

3.3. Morphology and particle size of synthetic clays

SEM images of C;4-LMS showed that particles were
composed of aggregated plates (Fig. 6(A)). Due to the
caulifiower-like aggregation, it was difficult to determine
dimensions of individual plates. SEM images of C4-LMAS
and C;6-SiO,-LMAS are similar and presented in Fig. 6(B).
The Al-containing synthetic clays were also composed of
aggregated, plate-like particles with typical sizes ranging
from 0.9-1.3 um (edge-to-edge) for C14-LMAS and 0.7-
0.9 pum (edge-to-edge) for C4-Si0,-LMAS, although some
particles were significantly larger. Some C,4-SiO,-LMAS
particles were curled at the edges, suggesting that sheets
were more distorted in this sample. The TEM micrographs
of cross-sections of C;c-LMS (Fig. 7(A)) and C;6-SiO»-
LMAS (Fig. 7(B)) show dark and light parallel lines
corresponding to alternating inorganic and surfactant layers
at 4-5nm intervals, in agreement with the dyy; XRD
spacings for these samples. TEM cross-sections of Cig-
LMAS (not shown) were similar. A comparison of TEM
images for C14-Si0,-LMAS and C;4-LMAS showed thicker
aluminosilicate layers in the former (average ca. 1.9 nm,
compared to 0.9 nm). Even though one must be careful with
thickness measurements from the TEM images, the trend is
consistent with the larger layer spacings observed by XRD
for C6-Si0,-LMAS. TEM images of C;c-LMAS prepared
at RT and at 70 °C (Fig. 8) show thin layers in the plane of
the image. Typical sheet sizes were larger for the sample
prepared at 70 °C compared to the RT sample. Some more
elongated particles were also visible. At present it is not
clear whether these consist of rolled-up sheets, which have
been observed, for example, in layered niobates [52]. Some
TEM micrographs showed large stacks of platelets, which
appear dark and are flexible enough to curl at the edges. This
is typical for a smectic clay structure [27].

4. Conclusions

Three synthetic clays with hexadecyl surface groups
(C16-LMS, C;¢-LMAS, and C,¢.SiO,-LMAS) were syn-
thesized, each having a lamellar morphology, based on
XRD patterns and TEM micrographs. The organic func-
tional groups were attached to the inorganic layers as
confirmed by IR and 2’Si-NMR spectra. In polymer—clay
nanocomposite applications, attachment of the functional
groups is significant, as it can modify polymer—clay
interactions without permitting surfactant-leaching into the
polymer matrix, a process that can lead to poorer
mechanical properties of the polymer. The inorganic sheet
structures were different in C;s-LMS and C,;s-LMAS. The
former consisted of single or double layers of tetrahedral
silicates, the latter of pyrophyllite-like layers with an
octahedral aluminum layer sandwiched between two
tetrahedral silicate layers. It was possible to increase the
layer spacing of C;c-LMAS by adding TEOS precursor to
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form C,¢-Si0,-LMAS. The incorporation of TEOS into the
inorganic layers was confirmed by >°Si-NMR spectroscopy,
based on the presence of Q" peaks. Since C;6-SiO,-LMAS
contained the same 16-carbon alkyl groups as C;s-LMAS,
the observed increase in layer spacing could be attributed to
an increased inorganic sheet thickness, which was con-
firmed by TEM micrographs and by a higher residual mass
of calcined C,4-Si0,-LMAS measured by TGA. The C,4-
Si0,-LMAS sample contained more tetrahedral aluminum,
and more hydroxyl defects than C,s-LMAS, leading to
greater disorder and more hydrophilic behavior for the
former structure. The degree of condensation and hydro-
phobic nature of the synthetic clays could be increased by
employing higher synthesis temperatures within the range
leading to lamellar structures. The structural difference of
the sheets can affect their stiffness and other mechanical
properties.

The ability to modify the sheet architecture, the surface
properties, and the layer spacings of synthetic functiona-
lized clays is expected to benefit applications involving
formation of polymer—clay nanocomposites. The larger
layer spacings (5—6 nm) compared to commercial organo-
clays (2-3 nm) may facilitate intercalation/exfoliation of the
synthetic clay layers because interactions between inorganic
sheets are reduced. The synthetic clays prepared in this
study are nearly neutral, and surface polarity is decreased by
alkyl surface groups. One may therefore expect stronger
interactions of these clays with non-polar polymers
compared to organoclays prepared from natural ionic
clays (e.g. montmorillonite). By choosing an appropriate
functional group and sheet structure, a synthetic clay may be
optimized for blending with a particular polymer or
solvent system. The interactions of the synthetic clays
with selected solvents and PS melts will be discussed in
a separate paper [41].
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