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Abstract: - The interlayer swelling and molecular packing of the organic salts in organoclays is important to the
formation and design of polymer nanocomposites. The sodium bentonite clay (AN) were modified by the MA,
(C16H33N(CHa3)3)", and BP, (C16H33P(C4Hg)s)* cations yielding the organoclays ANOMA and ANOBP. Infrared
spectroscopy, thermal analysis and X-ray diffraction characterization of the modified clays showed that the BP
cation induces a larger basal interlayer separation than MA. However, nanocomposite with an intercalated
morphology was observed for the poly(ethylene terephthalate) PET/ANOMA hybrid. Conformational Monte
Carlo searches based on AM1 (Austin Model 1) and molecular mechanics (MMFF94) methods were performed
for the organic MA and BP cations as well as for MP (CysH33P(CHa)s)*, and BA, (C16H33N(C4Hg)s)". MA and
BA cations presented a predominant linear or extended (anti) conformation, whereas BP and BA have
significant contributions from folded conformations. These molecular modeling results explained the observed
spectroscopic, thermal and structural properties of the modified ANOMA and ANOBP clays as well as those of
PET/ANOMA and PET/ANOBP hybrids. In addition, a new intercalation model considering these folded
conformations was proposed.
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l. INTRODUCTION

The study of nanocomposites has attracted extensive industrial and academic attention during the last
decade. Clays are widely used in nanocomposite formation because of their special nanoscale layered structures
and their low costs. However, to insert mostly hydrophobic polymer chains into the hydrophilic silicate layers,
cationic surfactants, such as alkylammonium or alkylphosphonium salts, are usually used to modify the surface
properties of the clays prior to mixing with polymers [1-3]. The combination of the hydrophobic nature of the
surfactant and the layered structure of the silicate clays leads to unique physicochemical properties. The
organically modified clays have been referred to as organoclays or organophilic-clays and are widely used as
nanocomposite precursors [4-5]. In industries, organoclays are also used as adsorbents for organic pollutants [6],
rheological control agents [7] and electric materials [8]. In these applications, the behavior and properties of the
organoclays strongly depend on the structure and the molecular environment of the organic molecules within the
galleries [9].

A large variety of organoclays have been synthesized using different surfactants [10-15] and their
structures have been characterized using various techniques, including Fourier transform infrared spectroscopy
(FTIR) [16-18], X-ray diffraction (XRD) [11-12], thermogravimetric measurement (TG) [19-22], magic angle
spinning nuclear magnetic resonance (MAS NMR) [23-24] and transmission electron microscopy (TEM) [25-
26]. These techniques can yield detailed information about the interlayer structure; conformations of the
intercalated surfactant, and the thermal stability of the resulting organoclays.

Capkova et al. [27] studied the dependence of the basal spacing as a function of different ammonium
salts using classical molecular dynamics simulations. Using the same method, Hackett et al. [28] analyzed the
distribution of the methyl groups of the alkyl chains of alkylammonium salts confined between two clay layers.
Tanaka and Goettler [29] investigated the influence of different alkylammonium salts and amino acids on the
interaction energy between organoclay and polyamide 6x6 matrices. Balasz et al. [30] created mesoscopic
models to study the effects of the surfactant on the exfoliation. However, to our knowledge, there are no studies
about the effects of folding degree of the large alkyl chain CH3(CHy):5 as well as the smaller alkyl substituents
(methyl x butyl) of the surfactants on the basal spacing of modified clays.
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As a result, the main goal of this work is to establish relationships between the chemical structure of
the surfactants and the increase of the basal spacing in modified clays. The chemical structures of the
alkylammonium and alkylphosphonium salts were quantified by their molecular volume, their steric hindrance
and their folding degree. These quantities were calculated with force fields (MMFF94) and quantum chemical
methods (AM1) using a Monte Carlo approach for conformational searches. These calculated quantities were
correlated with experimental data obtained with FTIR, XRD and TG techniques applied to modified bentonite
clays.

1. EXPERIMENTAL
2.1. Materials

Sodium bentonite clay, Argel 35 (AN) was supplied by Bentonit Unido Nordeste (BUN-Campina
Grande/Brazil), in powdered form, with particle sizes smaller than 45 um. The cation exchange capacity (CEC)
of this bentonite was determined by method described by Phelps and Harris [31] and found to be 92 meqg/100 g.
The most important clay mineral present in the Argel 35 bentonite is a sodium montmorillonite (around 63%) as
determined by XRD-6000 software. There is also a minor fraction of non-layered minerals such as quartz,
kaolinite and carbonates [32-33]. The surfactants, cetyl trimethyl ammonium bromide (MA),
(C16H33N(CH3)5)'Br, and hexadecyl tributyl phosphonium bromide (BP), (CigH33sP(C4Hg)s)'Br-, were used
without further purification to modify the bentonite clay (AN). These surfactants were supplied by Vetec and
Sigma-Aldrich, respectively.

Poly(ethylene terephthalate) (PET), BG1180-W, was obtained from Braskem/BA as white pellets and
was used as the polymeric matrix for the preparation of nanocomposites. This polymer has a large intrinsic
viscosity 0.80 = 0.02 dl/g; an acetaldehyde contamination of 1.0ppm; 245 + 5°C melting point and a density
range 1.39 — 1.41 g/cm®.

2.2. Organic modification of bentonites

The pristine AN bentonite was organically modified by ion-exchange reaction with the cetyl trimethyl
ammonium bromide (MA), (CisHasN(CHs)s)'Br, and hexadecyl tributyl phosphonium bromide (BP),
(C16H33P(C4Ho)3)'Br, surfactants following a previously described procedure [32]. These salts were slowly
added to aqueous bentonite dispersions (2% wi/v), under vigorous stirring at 70 + 5°C in amounts corresponding
to 100% of the clay’s theoretical ion exchange capacity (92 meq/100 g). After 30 min under stirring, the clay
was keep standing at room temperature for 24h. Afterwards, the sample was filtered and washed free of bromide
anions, dried at 60°C for 48h and grounded in an agate mortar to pass through 325 mesh sieve. The AN
bentonite organically modified with the MA and BP surfactants was coded ANOMA and ANOBP, respectively.
Pristine and modified bentonites were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD) and thermogravimetric analysis (TG).

2.3. PET nanocomposites preparation

PET/organoclay nanocomposites with a nominal content of 1 wt% organoclay were melt compounded
in a Haake torque rheometer operating at 260°C and 60 rpm for 10 min and denoted as PET/ANOMA and
PET/ANOBP. Prior to processing the PET and the modified clays were dried for 6h at 160°C and 60°C,
respectively. Immediately after processing hybrids for XRD characterization were compression molded (2 min
under compression) as disc shaped specimens with 25 mm diameter and 1 mm of thickness in a hot press
operating at 260°C.

2.4. Characterization

Infrared spectroscopy (FTIR) analyses of the clays were performed in Nicolet Avatar TM on KBr
pressed disks. For each sample, 0.07 mg KBr and 0.05 mg bentonite were weighted and then were ground in an
agate mortar before making the pellets. Spectra were taken with a 2 cm™ resolution in a wavenumber range
from 4000 to 400 cm™* with 20 scans.

X-ray diffraction (XRD) experiments of clays and PET hybrids were performed in a Shimadzu XRD-
6000 diffractometer using the CuKa radiation (A = 1.5406 A), operating at 40 kV and 30 mA with 20 varying
from 1.5° to 10°. XRD plots were used to determine the mean interlayer spacing of the basal plane (dgo;) of
pristine and organophilic clays and in the PET hybrids.

Thermogravimetric analyses (TG) were performed using a Shimadzu thermal analyzer, TG S1HA.
Approximately 15 mg of sample was heated in a platinum crucible, from room temperature to 1000°C at a
heating rate 10°C/min under air atmosphere at 50 mL/min.

2.5. Molecular modeling

Conformational searches for the organic salts were performed with Monte Carlo method using 5000 K
temperature to ensure a proper sampling of the conformational space. The energies were computed with
quantum chemical, AM1 [34-35], and force field, MMFF94 [36], methods. A large list of the most stable
conformers was kept, but only those whose Boltzmann weight at room temperature added to 0.95 were used in
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the analyses. Each one of these conformers had their structures optimized using the same method used in the
conformational search. In addition to the (relative) energies, other properties have been computed, namely,
molecular volume (from electron density and van der Waals radii) and degree of folding of the large alkyl chain.
This latter property was calculated from the geometrical parameters (large and small axes) of an ellipsoidal
cavity that contains the salt species.

In addition to the MA, (CyH33N(CHs)s)", and BP, (CysHa3P(C4Ho)3)", cations used in the experiments,
the BA, (C16H33N(C4Ho)3)", and MP, (CysH33P(CHa)3)", cations were also employed in the molecular modeling
studies for comparison and prediction purposes.

1. RESULTS AND DISCUSSIONS

The FTIR spectra of the organic salts MA and BP and their respective modified clays (ANOMA and
ANOBP) are presented in Fig. 1. It can clearly be observed that the salts have been intercalated into the clays
due to the presence of vibrational bands in the 2921 — 2850 cm™ region assigned to asymmetric (v,) and
symmetric (vs) stretches of CH, groups as well as band in the 1478 — 1449 cm™* region assigned to asymmetric
angular deformations (8,5) of CH, and CHs groups in the ANOMA and ANOBP samples matching the spectra of
the isolated salts. These results are corroborated by similar studies and analyses available in the literature [37-
41].
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4000 35'00 30'00 25'00 20'00 15'00 10'00 5(')0 4000 35IOO 30I00 25I00 20IOO 15I00 1OI00 560
Wavenumber (cm™) Wavenumber (cm")
Fig. 1 FTIR spectra of the MA salt and ANOMA modified clay (left) and the BP salt with the ANOBP modified

clay

It should also be noted from Fig. 1, and more clearly from Fig. 2 and Table 1, that the asymmetric (vs)
stretch of CH, groups has a distinct behavior for the MA and BP salts. Namely, there are practically no changes
in this band when the MA salt is intercalated in the clay. This indicates that the alkyl chains of the surfactant
confined into the clay galleries adopt an essentially anti conformation [42]. Note that this conformation has also
been improperly denominated as trans. Whereas for the BP modified clay (ANOBP) this asymmetric (vs)
stretch is blue shifted (~10 cm ™) indicating that the gauche conformation of the alkyl chain is preferred [42-43].
Note also that the symmetric (vs) stretches of CH, groups are quite insensitive to the intercalation of the organic
salt, thus showing that the asymmetric (v,s) stretches of CH, groups are an interesting probe for the intercalation
and the conformation of surfactants.

Absorbance (a.u.)
Absorbance (a.u.)

BP Salt

T : T . T : :
3100 3000 2900 2800 2700 3100 3000 2000 2800 2700
Wavenumber (cm™) Wavenumber (cm™)

Fig. 2 FTIR spectra in the 2700-3100 cm™* region comparing the isolated MA (left) and BP(right) salts and
modified clays ANOMA (left) and ANOBP (right)
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FTIR spectra can still yield more important information on composition and structure of clays. The FTIR
spectrum of pristine AN clay illustrated in Fig. 3 presents a band at 3626 cm* assigned to the O-H stretching
frequencies of the clay’s own hydroxyl groups [44-45]. In the regions near 3450 and 1640 cm ™ there are also O-
H stretching and angular deformation modes assigned to the adsorbed water molecules [38, 40], respectively. At
lower wavenumbers the vibrations associated with Si-O are observed around 1030 cm ™ and as well as the ones
related to the octahedral aluminosilicate layers at 905 and 472 cm™ [46-47]. It is noticeable that the positions
and shapes of these bands are practically unchanged with the modification by the organic salts.

AN

Si-0

AIOH OH

Absorbance (a.u.)

H-O-H

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm'1)

Fig. 3 FTIR spectrum of pristine sodium bentonite clay

Table 1 Wavenumber and assignment of selected bands of FTIR spectra of surfactants (organic salts), pristine
bentonite and organically modified bentonite

Sample  v(OH) ngg') 5(HOH) VVESB 54C-H)  v(Si-0)  Si-O-Al
AN 3626 3452 1646 — — 1036 905-472
MA Salt — - - 2921; 2851 1478 —— —
ANOMA 3629 3415 1633  2919; 2850 1472 1040 908-466
BP Salt — — - 2921; 2852 1468 — —
ANOBP 3620 3421 1640 29312854 1449 1042 916-464

v - stretching; v, - asymmetric stretch; vs - symmetric stretch; & - angular deformation and 8, - asymmetric
angular deformation

The pristine bentonite and organically modified bentonites were also characterized by X-ray diffraction
(XRD) techniques and their diffraction patterns are shown in Fig. 4. From these difractrograms it is possible to
determine that interlayer basal distances (doo;) increased 43% and 71% in the modified ANOMA and ANOBP
clays, respectively, when compared to the unmodified AN. These data corroborate the FTIR results that the
organic cations are intercalated in the basal spacing, thus yielding organophilic clays [37, 48]. A likely
explanation for the larger dgo; distance induced by the BP compared to the MA salt is due to its larger ionic head
containing tributyl phosphonium group, (-P(C4Hg)s)*, compared to the trimethyl ammonium, (-N(CHs)s)*, one.
Indeed, there are reports in the literature that the increase of interlayer distance in clay minerals [49], smectite
and synthetic micas [50] depend upon the size of the alkyl chains, the packing and the conformation of the
surfactant molecule within the clay galleries. Also, it has been proposed [52] that hexadecyl tributyl
phosphonium (BP) bromide salt covers efficiently clay surfaces, which decreases the interlayer interactions, thus
increasing the basal spacing.
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Fig. 4 XRD difractrograms of unmodified (AN) and organically modified clays (ANOMA and ANOBP) with
MA e BP salts. The numbers are the interlayer basal distances (dgo1)

Similarly, the thermogravimetric (TG) curves for AN, ANOMA and ANOBP are presented in Fig. 5.
From these curves it was possible to estimate for pristine bentonite a 6.67% (at 74°C) water loss and 3%
(~700°C) dehydroxylation of the aluminosilicate surface [53]. The organically modified clays showed a distinct
thermal behavior with four regions readily identifiable: (I) water loss between 40 and 150°C; (Il) organic
substrates between 150 and 550°C; (I11) dehydroxylation of the montmorillonite 550 and 700°C; and, probably,
(V) carbon residue losses above 700°C [53-54]. More quantitatively, from Fig. 5 and Table 2 it is clear that the
water contents in the modified clays are smaller than that in unmodified clay, indicating that the hydrophilic
activity of bentonite is greatly reduced upon organic modification. There are at least two reasons for the
decrease of water contents in organoclays [38]: the large organic cations exclude water molecules from the
interlayer spaces and the much smaller hydration enthalpies of large organic cations compared to alkaline metal
ions. The latter reasoning also explains the much lower temperatures (~50°C) for water losses in organoclays,
since the large organic cation weakens the water-clay interactions, in addition to the much weaker water-
quaternary cations interaction. The mass loss due to surfactant degradation is larger for ANOMA than ANOBP.
This is due to the larger thermo-stability of the BP salt towards oxidation compared to the MA salt according the
data presented Table 2. These results corroborate the observed thermal behavior of modified clays, where the
nature of the quaternary cation (alkyl chain length, number of alkyl chains and heteroatom) is determinant of the
thermal stability [21, 51, 53, 55]. According, alkyl phosphonium salts are more suitable for modifying clays that
need to be submitted to high temperature treatments. In addition to the intrinsic thermal stability of the organic
salt towards oxidation, the aluminosilicate surface being basic can induce the degradation of the surfactants via
chemical reactions such as Hoffmann elimination and nucleophilic attacks within the clay galleries [55]. These
processes might explain the reasons that the modified ANOMA and ANOBP clays have decomposition
temperatures lower than those of the respective MA and BP pure salts, as presented in Table 2.
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Fig. 5 Thermogravimetric (TG) curves for unmodified (AN) and organically modified clays (ANOMA and
ANOBP) with MA e BP salts

Table 2 Temperatures (°C) at mass losses (%) for pristine AN bentonite clay, surfactants and organoclays, and
relative amount of incorporated salts into modified clays

Water loss Surfactant loss Dehydroxylation . Surfactant
Samples incorporated

TDmax (%) TDmax (%) TOH (%) (%)

AN 74.0 6.67 — — 720.0 3.63 —
MA Salt — — 283.1 93.65 519.3 5.80 —

ANOMA 54.0 2.66 272.8 20.86 688.9 13.12 98.8
BP Salt — — 393.2 98.47 — — —

ANOBP 46.0 0.69 342.7 13.98 665.0 15.14 41.0

Tomax: temperature at the maximum decomposition

The XRD difractrograms for the PET/organoclay hybrids containing 1% mass of clay are presented in
Fig. 6. It can be observed that the basal distance (do;) in the PET/ANOMA hybrid is larger than that in the
modified ANOMA clay, whereas this distance remains practically unchanged in the PET/ANOBP hybrid
compared to the ANOBP. It can thus be inferred that nanocomposite with an intercalated morphology has been
obtained only for the organoclay ANOMA, despite the fact that the modified ANOBP clay has a larger basal
distance (doos). This might be due to the distinct conformations of the MA and BP cations within the clay
galleries as well as different affinities between the PET terminal groups and the organic cations. Indeed, it has
been proposed that the success for exfoliation of nanocomposites into layer is associated with the presence of
strong interactions between the clay and the polymer [56-58]. Thus, the affinity polymer-clay is essential for a
proper dispersion of the polymer load and thus favoring the nanocomposite formation with intercalated and/or
exfoliated morphologies.
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Fig. 6 XRD difractrograms of PET/organoclay hybrids containing 1% mass of modified ANOMA and ANOBP
clays. The numbers are the interlayer basal distances (dgo;)

The molecular modeling of the organic cations can provide some explanations for the distinct behavior
of the MA and BP on the clay modification as well as the differences in formation of PET/organoclay hybrids.
For the MA cation the lowest energy 14 conformers are needed to yield 95.2% of the total Boltzmann
distribution and two most stable, that adds up to 80.5%, are illustrated in Fig. 7a. A similar behavior has been
found for the MP cation where also 7 conformers were needed to yield at least 95.2% of thermal distribution and
the two most stable ones are responsible for 85%. These results indicate that the linear or extended (anti)
conformation of the large alkyl chain is independent of the nature of the heteroatom, which corroborate the
FTIR interpretation that the wavenumbers of asymmetric stretches of CH, groups remains unchanged in the MA
cations due to its anti conformation either isolated or in the organoclay.

77.5%
65.2% ’

R R R RN ARRCRAER)

’ J
7.5%

“
“

(@) (b)

Fig. 7 Most stable conformers of MA (a) and MP (b) cations. The numbers refer to the conformer weight in the
thermal distribution. These are the results of a Monte Carlo conformational search using the MMFF94 force
field

Similar analyses have been performed for the BA and BP cation. For the BA cation the 9 lowest energy
conformers have a 95.9% contribution to thermal distribution and the most relevant ones are illustrated in Fig. 8.
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34.1% 20.5%

Fig. 8 Most stable conformers (83.1%) of BA cation. The numbers refer to the conformer weight in the thermal
distribution. These are the results of a Monte Carlo conformational search using the MMFF94 force field

The results for the BP cation are presented in Fig. 9 where the 5 most stable conformers have 80.1% in the
thermal distribution and it is needed 12 conformers to yield 95.1% of the total distribution.

24.6%

Fig. 9 Most stable conformers (80.1%) of BP cation. The numbers refer to the conformer weight in the thermal
distribution. These are the results of a Monte Carlo conformational search using the MMFF94 force field

Comparing the results and illustrations presented in Figs. 7 to 9 it is clear that the size of the smaller
alkyl chains has a profound impact into the conformation of the large alkyl chain, and this behavior is
independent upon the heteroatom. For the trimethyl cations the conformation of the large alkyl chain is mostly
extended (linear) anti, whereas for the tributyl cations the gauche or folded conformations have significant
contributions. Also, for these latter cations the weights to the thermal distribution are spread over a larger
number of conformers when compared to the trimethyl ones. It can also be visually assessed that this distinct
behavior if probably due to the van der Waals interactions between the smaller alkyl chains, CH3(CH,), (n =0
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and 3), of the ionic head and the large alkyl chain, where for n = 3 these interactions are favored and for n = 0
are not favored.

The quantitative values for the degree of folding of each conformer weighted by its Boltzmann factor calculated
with MMFF94 (molecular mechanics) and AM1 (quantum chemical) methods are presented in Table 3.

Table 3 Calculated properties for the MA, BP, BA and MP cation conformers with MMFF94 and AM1
methods. Notation: “#” is the number of conformers needed to yield approximately 95% of the thermal
distribution and “folding” is the degree of folding (%) calculated for each conformer and weighted for its
Boltzmann factor

MMFF94 AM1
Cation MA MP BA BP MA MP BA BP
# 14 7 9 12 20 20 25 13
folding 22.5 15.5 535 37.4 37.7 29.5 51.6 45.4

These quantitative results allow for a more detailed comparison between the organic cations. From
Table 3 it is statistically significant that the ammonium quaternary cations are more likely to yield folded
conformations than the phosphonium ones. This trend is more evident for the cations with larger alkyl groups
(tributyl) in the ionic head. These results are in qualitative agreement with the visual inspection of Figs. 7 to 9
and the Boltzmann weight of each conformer. In addition, this trend and other quantitative obtained with the
MMFF94 method results are consistent with the results obtained with the AM1 method, but it should be kept in
mind the intrinsic errors of ZDO (zero differential overlap) based methods (AM1, RM1, PM3, etc.) for
performing conformational analysis and determining relative energies of conformers.

However, the main trend that tributyl groups in the ionic head induce folding of the large alkyl chain is
clear in all analyses and suggests that the smaller PET intercalation in ANOBP organoclay is probably due to
the fact that the BP cations are mostly folded, thus blocking the inclusion of the polymer within the clay
galleries. Whereas the MA cation has a predominant linear or extended (anti) conformation, so that less
hindrance for the polymer inclusion is caused by the surfactant. Also, the ionic head of MA cation is more
exposed and less shielded by the alkyl groups, thus allowing it to interact more strongly with the polar groups of
PET, in addition to an increase in the van der Waals interactions between the large alkyl chain in the extended
conformation with the apolar chain of the polymer. The shielding of the Coulombic interactions of the ionic
head by the tributyl groups can also be responsible for the observed smaller temperature for water loss. Also, the
volumes of the folded conformations are larger than the extended ones, so that the former would cause a larger
increase in the interlayer basal distances (do:) compared to the latter ones. This reasoning explains results
presented in Fig. 4, where BP induces larger interlayer separations than MA.

It should be noted that only to intercalation models have been proposed [7, 59], namely, paraffin and
lateral, as depicted in Figs. 10a and 10b, respectively. However, our molecular modeling results suggest that a
new model needs to be considered, namely, folded conformations arranged into a mono- or bi-layered systems,
as illustrated in Fig. 10c.

PARAFFIN LATERAL FOLDING

T
TR 0 s S0

MONOLAYER BILAYER BILAYER MONOLAYER BILAYER
_ (@ _ _ Y o (©
Fig. 10 Schematic representation of the intercalation models of surfactants within clay galleries. Models (a) and
(b) are available in the literature and model (c) has been proposed based on the molecular modeling results

V. CONCLUSION
Based upon the experimental results and the molecular modeling analyses we can conclude that the
larger degree of folding of the Cy¢ alkyl chain calculated for the BP, (C1sH13P(C4Ho)s)", cation is responsible for
promoting a larger increase in the modified clay galleries when compared to the MA, (C1sH33N(CHa3)3)", cation.
Despite this larger basal separation in the organoclay ANOBP, it has smaller capacity for retaining polymer
(PET) than ANOMA. This was explained by the hindrance caused by the cation folded conformation for
polymer intercalation, as well as the smaller affinity (Coulombic shielding and decreased van der Waals
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interactions) of these folded conformations towards the PET polar and apolar chains. These results and analyses
suggested a new intercalation model for the BP and BA, (CisHasN(CaHo)s)*, surfactants where the folded
conformations are significant. In addition, from the molecular modeling results it was predicted that the
organoclay modified by BA cation would provide the least probable matrix for polymer intercalation and
formation of nanocomposite with an intercalated morphology.
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