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Abstract

A variety of organic moieties, including biodegradable polyesters, were intercalated into the
interlayer spaces of kaolinite, a naturally occurring clay mineral, in an attempt to explore and
extend its interlamellar chemistry. Several novel intercalated nanohybrids of kaolinite and cyclic
imides were synthesized by simply performing the reactions at ambient temperatures.
Intercalation is generally achieved by displacing the pre-intercalated guest organic molecules
from the intermediate intercalate. The complete displacement of the guest molecules by the cyclic
imides was confirmed by the results of XRD and *C NMR analyses. The interaction between the
intercalated molecules and the interlamellar surfaces of kaolinite was studied by FTIR analysis.
Furthermore, the intercalation of alditols, adonitol and D-sorbitol, into the interlamellar spaces
of kaolinite was achieved, and the grafting of the hydroxyl groups of these alditols onto the
aluminol internal surfaces of kaolinite followed the intercalation via thermal treatment. Also, the
modification of the interlamellar surfaces of kaolinite by the direct grafting of two different
alditols, namely, D-mannitol and dulcitol, from the melt is reported. Several starting materials
were used among which the kaolinite-DMSO intercalate was the most effective. This was done
directly from the alditol melt at temperatures just above the melting point of these polyols. The
intercalated polyols are arranged in a flattened monolayer arrangement, as indicated by the
interlayer expansions. *C CP/ and DD/MAS NMR indicated the complete replacement of the
DMSO by the alditol, and that the alditols were rigidly constrained in the interlamellar spaces of
kaolinite. Thermal analysis shows that the loss of the grafted alditols coincides with the

dehydroxylation of the kaolinite layers. The intercalation process was followed with time in the
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case of adonitol. The reaction proceeds via a partial collapse of the Kao—-DMSO intercalate before
the steps corresponding to the intercalation of adonitol.

In addition, a new family of kaolinite~polymer nanocomposites was prepared by the intercalation
of a series of biodegradable polyesters in the interlayer spaces of kaolinite. The intercalation was
achieved directly from the polymer melt. The results of the TGA/DTA analyses showed enhanced
thermal stabilities of the produced nanohybrids and nanocomposites compared to the starting
materials.

Finally, promising attempts that involved alternative synthesis strategies for the preparation of

kaolinite—polymer nanocomposites are presented.
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Chapter 1

Introduction

1.1 Kaolinite as a mineral precursor

Kaolinite is the most abundant mineral of the kaolin group, which also includes dickite,
nacrite, and halloysite, their hydrated analogue. These are 1:1 phyllosilicates, characterized by
a 1:1 dioctahedral structure, with the chemical composition Al,Si,04(OH),. Since it is made
up of two types of interlayer surfaces, (SiO), macrorings on one side and aluminol groups on
the other side, kaolinite is remarkable by its non-centrosymmetric structure. This asymmetry
creates large superposed dipoles in the lamellar structure, resulting in a large cohesive energy
(1). Consequently, the intercalation chemistry of kaolinite is less developed than that of the
swelling smectites (2), but the intercalation of salts and of dipolar organic molecules is well-
documented (3-28), and the factors controlling the intercalation include particle size and
degree of ordering (29). More recenﬂy, the functionalization of the aluminol surface of
kaolinite was achieved through the covalent grafting of organic molecules such as methanol,
ethylene glycol, diols, and recently polyols (7-8, 1517, 19, 21, 23). The grafting of other
compounds such as phenylphosphonic acid was also reported (10).

Recently, organic—inorganic nanohybrid materials, known as polymer nanocomposites, have
become an effective alternative to conventional polymer composites in many applications.
Polymer-layered silicate (PLS) nanocomposites have one characteristic dimension in the order

of the nanometer for the inorganic phase. They exhibit enhanced mechanical and thermal



properties in addition to decreased gas permeability, improved flame retardation properties,
and increased solvent resistance. In general, two types of polymer—layered clay
nanocomposites can be obtained, intercalates and exfoliates (30-34). Intercalates are obtained
when a single polymer chain is located between clay layers in a manner that increases layer
spacing, while attractive forces between the layers keep these in regularly spaced stacks.
Exfoliates are obtained when the layer spacing is increased enough to overcome the
interactions between layers, which become randomly dispersed in a continuous polymer matrix
(31). Several methods can be employed for the synthesis of PLS nanocomposites. While
smectites are widely used for the preparation of PLS (31), a few examples of
kaolinite—polymer intercalated nanocomposites have been reported (9, 12, 13, 18, 20, 22, 24,

35).

1.2 Generalities

1.2.1 Description of the Clay Minerals

Clay minerals are naturally occurring minerals that formed as a result of the weathering of
rocks, usually feldspars. Thus, the type of clay depends on the environmental conditions in
which the weathering process occurred. Then, the clays either remain where they are to give
rise to “residual clays” or they can be transported by water, wind, and (or) ice to be deposited
as beds of clay in the sea, in lakes, or as land deposits. Clay minerals belong to the family of

minerals called “phyllosilicates™ (Greek: phyllon = leaf) or layered silicates (LS) (1).



1.2.1.1 Structure

Layered silicates may be thought of as being composed from two types of extended
two-dimensional units. The first is a sheet of corner-linked tetrahedra, and the second is a sheet
of edge-linked octahedra. The manner in which these two units are joined and arranged
determines the type of clay mineral. One clay layer is made up of two or three of these sheets
which are joined together. Then, the layers are stacked upon each other.

The structural unit of a tetrahedral sheet is composed primarily of Si*" cations in tetrahedral
coordination with oxygen. AI** or Fe*" usually substitute for Si**, thus imparting a net negative
charge to the sheet. Each tetrahedron can be thought to rest on a triangular face with the
oxygens on all three corners being shared with neighbouring tetrahedra. The fourth apical
oxygen points upward, perpendicular to the base. Under zero-strain conditions, this sheet
would be hexagonal, with the Si—O bond distance equal to 1.62 A, and the O—O distance equal
to 2.64 A. Figure 1.1a shows the idealized hexagonal pattern (1, 36, 37).

The octahedral sheet consists of two planes of closest-packed oxygen or hydroxyl ions with
cations occupying the resulting octahedral sites between the two planes (Fig. 1.1b). The cations

I** or Mg”", although many transition-metal cations or Li* may also be found in

are usually A
the octahedral holes. The minerals gibbsite (AI(OH),) and brucite (Mg(OH),) are the two
prototypes commonly used to describe dioctahedral and trioctahedral clay minerals,
respectively. In gibbsite, two out of three octahedral holes are occupied by AP’ cations,
whereas in brucite, all three octahedral holes are occupied by Mg?". In the free octahedral

sheets, the lateral b dimension of the unit cells is 8.64 A for the dioctahedral gibbsite and 9.36

A for the trioctahedral brucite (37).



Fig.1.1.

} Tet. Sheet

} Oct. Sheel

Tet. Sheel

1:4 LAYER

QO = Oxygen
© = Oxygen + Hydroxy! (in projection)
Q * Hydroxyl group

e = Tetrohedrol cation
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(a) Idealized tetrahedral sheet with hexagonal (dashed line) and orthogonal (full
line) cells; (b) idealized octahedral sheet with OH groups of lower anion plane
(dashed circles) shown shaded; for a 1:1 layer, upper anion plane (full circles)
will be entirely OH groups; for a 2:1 layer, upper anion plane will be of same
composition as lower anion plane; (¢) combination of sheets to form 1:1 and 2:1
layers. (reproduced from ref. 1 with permission).



Consequently, the tetrahedral and octahedral sheets are joined together by the replacement of
two out of three hydroxyls in one of the octahedral planes by the apical oxygens of the
tetrahedral sheet. The third hydroxyl fits into the middle of the hexagonal ring of the
tetrahedral sheet. When one tetrahedral and one octahedral sheet are joined together, this is
called a 1:1 layered silicate structure (Fig. 1.1c). If an additional tetrahedral layer is joined in
the same manner to the free hydroxyl surface of the 1:1 layered silicate structure, a 2:1 layered
silicate structure is formed (Fig. 1.1¢).

The lateral dimensions of the tetrahedral sheet rarely fit that of the octahedral sheet. A
tetrahedral sheet containing only silicon has an ideal lateral b dimension intermediate between
those of the ideal octahedral sheets containing only Mg (brucite) or only Al (gibbsite). The
misfit is approximately 3%—5% for these cases (37). Consequently, distortions or adjustments
to the tetrahedral and (or) octahedral sheets are necessary to join the sheets together. The
rotation or tilting of the tetrahedra or the thickening or thinning of octahedral or tetrahedral
sheets are common ways of adjustments. Notably, the isomorphic substitution of the larger AI**
for Si*" in the tetrahedral sheet increases its » dimension.

When tetrahedral and octahedral sheets are assembled into layers, they may be electrically
neutral or negatively charged because of the isomorphic substitution of a lower valent cation
in the sheets. However, net negative charge must be balanced by an interlayer cation, which
is usually Na” or Ca’', but other cations may be found in the interlayers. The counter cations

are often in a hydrated form and may be readily exchanged with other cations.



1.2.1.2 Polytypism

The different stacking arrangements of identical layers results in what is called “polytypes”.
In clay minerals, the stacking of layers in polytypes may be regular or random. In ordered
stacking, the relationship of one layer to another can be explained on the basis of a rotation of
some integral value of 60°, which is repeated from one layer to another. In random stacking,
rotation from one layer to another must also be an integral value of 60°, but the integer
multipliers are random.

Other types could also be identified, e.g., turbostratic, which is a highly disordered stacking
arrangement that can be thought of as resembfing a pile of cards lying flat on each other but

with little or no alignment of the edges (36).

1.2.1.3 Classification of the layered silicates

Layered silicates may be classified on the basis of the layer type (1:1 or 2:1), layer charge, and
type of interlayers. According to the Clay Minerals Society Nomenclature Committee, layered
silicates are classified on the basis of their superstructures. These include the planar hydrous

phyllosilicates (Table 1.1) and the non-planar hydrous phyllosilicates (Table 1.2) (37, 38).

1.2.1.3.1 Planar hydrous phyllosilicates
These are arranged into eight main groups with subgroups being determined on the basis of the
octahedral character (dioctahedral or trioctahedral with 2.5 cations as the boundary). Species

in a given subgroup are distinguished by different compositions, stacking arrangements, or



Table 1.1. Classification of planar hydrous phyllosilicates. Modified from ref. 1 with permission.
Layer Interlayer Material' Group Octahedral Character  Species®
Type
1:1 None or H,0 only Serpentine-Kaolin Trioctahedral Lizardite, Berthierite, Amesite
(x = 0) Dioctahedral Kaolinite, Dickite, Nacrite,
Halloysite (planar)
Di-trioctahedral Odinite
2:1 None (x = 0) Talc-Pyrophyllite Trioctahedral Talc, Willemsite, Kerolite, Pimelite
Dioctahedral Pyrophyllite, Ferripyrophyitite
Hydrated exchangeable cations Smectite Trioctahedral Saponite, Hectorite, Sauconite
(x = 0.2-0.6) Dioctahedral Montmorillonite, Beidellite, Nontronite
Hydrated exchangeable cations Vermiculite Trioctahedral Trioctahedral Vermiculite
(x = 0.6-0.9) Dioctahedral Dioctahedral Vermiculite
Non-hydrated monovalent True (flexible) Mica Trioctahedral Biotite, Phlogopite, Lepidolite
cations (x = 0.6-1.0) Dioctahedral Muscovite, Illite, Glauconite
Non-hydrated divalent cations Brittle mica Trioctahedral Clintonite, Anandite, Bityite
(x = 1.8-2.0) Dioctahedral Margarite
Hydroxide sheet (x = variable) Chlorite Trioctahedral Clinochlore, Chamosite, Nimite
Dioctahedrat Donbassite
Di-trioctahedral Cookeite, Sudoite
2:1 Regularly Interstratified Variable Trioctahedral Corrensite, Hydrobiotite
(x = variable) Dioctahedral Rectorite

Ix is the net layer charge per O,,(OH), formula unit.
2Only examples are given.



Table 1.2. Classification of non-planar hydrous phyllosilicates. Modified from ref. 1 with permission.
Layer Modulated Linkage Configuration  Unit Layer, Traditional Species'
Type Component ¢ sin § value Affiliation
A. Modulated Structures
I:1 Tet. Sheet Strips 7A Serpentine Antigorite, Bemenite
Islands 7A Serpentine Greenalite, Caryopilite, Pyrosmalite
2:1 Tet. Sheet Strips 95A Talk Minnesotaite
12.5 A Mica Ganophyllite, Eggletonite
Islands 9.6-12.5 A Mica/complex  Zussmanite, Parssettenite
Other 123 A None Bannisterite
14 A Chlorite Gonyerite
Oct. Sheet Strips 12.7-13.4 A Pyribole Sepiolite, Palygorskite, Loughlinite
B. Rolled and Spheroidal Structures
1:1 None Trioctahedral - Serpentine Chrysotile, Pecoraite
Dioctahedral - Kaolin Halloysite (non-planar)

'Only examples are given.



octahedral-vacancy sequences. The structures of some of the major non-modulated hydrous
phyllosilicates groups are given in Fig. 1.2. These include the neutral kaolin, pyrophyllite, and
talc groups, as well as the mica, smectite, and chlorite groups, which all possess negative layer
charges. Mica has a high charge density (x = 1.0), and the layers are held rigidly shut with the
interlayer cation (usually potassium) held in 12-fold coordination with the oxygens of the two
tetrahedral-sheet surfaces. On the other hand, smectites have a lower charge density (x =
0.25-0.6), compared with micas, and have exchangeable interlayer cations. Chlorites, like
micas and smectites are also made up of negatively charged 2:1 layers; however, in this case,
the negative charges of the 2:1 layers are counterbalanced by positively charged interlayer

octahedral hydroxide sheets.

1.2.1.3.2 Non-planar hydrous phyllosilicates
In those layered silicates, there is a periodic perturbation of the basic silicate structure. The
classification scheme is given in Table 1.2. Differing compositions and further structural
variations within the subdivisions determine the species. Structural models of the tetrahedrally
modulated layer silicates palygorskite and sepiolite are given in Fig. 1.3. Notably, both of these
structures have a continuous two-dimensional tetrahedral sheet, but unlike the planar 2:1

hydrous phyllosilicates, they lack a continuous octahedral sheet (39—41).
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1.2.2 Description of the kaolin minerals

The origin of the word kaolin is believed to be derived from one of two sources, both involving
derivations of the Chinese word: “Kau-Ling”. In one interpretation, kaolin takes its name from
the Chinese word for “high ridge” from where it was mined for many centuries near Jau-chau
Fu (42, 43). An alternate interpretation is that kaolin takes its name from the locality of Kau-
Ling in Kiangsi Province where it was also mined from the 11™ century until 1964 (44, 45).
Kaolin is also known to many as China clay. The origin of this expression is also unclear,
although some trace its origin to Marco Polo, who brought back large ceramic urns from China
and referred to them as “Chinaware”. When kaolin was discovered in Cornwall, England, and
was found to be similar to the type of clay used in China to make Chinaware, it was therefore
called “China Clay” (42). Other commercial terms associated with various types of kaolinitic
clays are ballclays, fireclays, flintclays, and underclays. Each of these terms describe kaolin
with certain physical properties and uses primarily in the ceramics and refractory industries
(36, 42).

Kaolin is one of the most important natural industrial substances. In 1980s, it was estimated
that the worldwide production of kaolin was 20 million tons (42), i.e., the worldwide average
was ~4 kg per person. Approximately 60% of this was used in the paper industry, where kaolin
is used as a filler in the interstices of the cellulose fibres that form the paper sheet and as a
coating on the surface of the sheet to improve the fidelity of printing using colored inks. Other
major uses of kaolin are in the ceramics, paints, rubbers, plastics, and catalysis industries.

Kaolin-group minerals are dioctahedral 1:1 hydrous phyllosilicates (Tables 1.1 and 1.2) and

12



are made up of the minerals kaolinite, halloysite, dickite, and nacrite. They all have the
approximate composition Al,Si,0,(OH),, and they are neutral. Small quantities of iron,
titanium, potassium, or magnesium are normally found in natural kaolins. Traces of other
minerals such as vermiculite, mica, or smectites may also be detected by XRD, and these
impurities are the source of the small negative charge found on some kaolinites (46).

Kaolinite is the most abundant kaolin mineral. It is white, greyish-white, or slightly colored.
It is made up of tiny, thin, pseudohexagonal, flexible sheets of triclinic crystal with a diameter
of 0.2-12 pum. The density of kaolinite is in the range of 2.1-2.6 g/cm’. It is found primarily
insoilsand permeable bedrock in warm and moist regions. It is formed mainly as a weathering
product or by hydrothermal alteration (44). The most common parent minerals from which the
kaolin minerals form, are feldspars and muscovite. For example, the transformation of
potassium feldspar into kaolinite occurs by intense weathering of the feldspar and leaching of

potassium and SiO, according to the reaction (42):

2K AlSi,Oq (Potash feldspar) + 3H,0 - Al,Si,O5(OH), + 4Si0, (silica)+ 2K(OH) (potash)

In this process, all of the potassium is lost in solution, and the much less-soluble kaolinite and
silica are left behind.

The conditions for the formation of the rarer minerals, dickite and nacrite, is believed to be
restricted almost exclusively to hydrothermal occurrences (36, 42). Halloysite is a disordered

form of kaolinite, enough to allow water into the interlayers (47). It is also composed of a
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tetrahedral sheet with a greater amount of aluminum for silicon substitution than is found for

the other kaolin minerals. This causes bending of the layers into a tubular morphology (42, 48).

1.2.2.1 Polytypism in kaolin minerals

As mentioned before, kaolin minerals are made up of nearly identical 7.2 A thick, 1:1 layers
of the composition Al,Si,O;(OH),. Many different polytypes for the kaolin minerals are
possible (37). Newnham for example claimed that six one-layer and 108 two-layer structures
were theoretically possible (49). Later, Zvyagin (50) showed that only 52 theoretical
dioctahedral structures with periodicities between one and six layers were possible, since some
of Newnham’s theoretical structures were equivalent. Only three of the polytype structures
have been conclusively shown to exist, because of stability considerations (1, 44), kaolinite,
dickite, and nacrite. Understanding the stacking arrangement and exact structure of halloysite
in both its collapsed 7 A form and its expanded 10 A hydrated form is still developing (44,

47).

1.2.3 The structural model of kaolinite

All the experimental work in this thesis involved the use of kaolinite as the mineral precursor
material; thus, it is useful to give a general description of the structure of kaolinite. Since
Pauling first deduced the basic structure of kaolinite by analogy with other phyllosilicates (54),
many researchers have tried to verify this proposed basic structure, determine its space group,

and locate all the atoms that make up the unit cell of kaolinite (51-54). The relevant work that
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has been done pertaining to this subject until 1988 has been nicely summarized by Giese (44).
While it is accepted that kaolinite is triclinic, there has been considerable controversy
regarding the space group assignment of kaolinite. Suitch and Young (55) and Young and
Hewat (56) proposed a primitive lattice space group P1, based on X-ray and neutron diffraction
refinement studies. On the other hand, Bish and von Dreele (57) have insisted on the more
commonly accepted C1 as the space group. This is important, since the choice of a P1 lattice
requires twice the number of independent atoms in a more asymmetric unit cell by allowing
crystallographically identical atoms in C1 to occupy non-equivalent sites in P1. While it is
accepted that the non hydrogen atoms of the structure largely obey C-centring, Young and
co-workers concluded that the hydroxyl groups that were equivalent in C1 were inequivalent
in P1 (55, 56).

A major criticism of the crystal structure proposed by Young and Hewat has been the presence
of several unrealistic Si—O and Al-O internuclear distances, and the IR data was inconsistent
with the P1 structure (44, 57).

More recently, Bish has used neutron-diffraction data to refine the kaolinite structure to a Cl
lattice (58). Since the C1 space-group model fits both diffraction and spectroscopic data, it is
therefore this model that we will be assuming.

The unit cell parameters for the non hydrogen atoms refinement of a highly ordered kaolinite,
using a C1 space group, are a = 5.1554 A, b =8.9448 A, ¢ = 7.4048 A; &= 91.700°, =
104.862°, and y=89.822° (57, 58).

This refinement indicates that Si—~O distances are 1.60—1.63 A, Al-O distances are 1.87-1.97
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A, and the tetrahedral rotation angle is 6.9°. The distance between tetrahedral-sheet basal
oxygens is 2.58-2.63 A, whereas the distance between surface hydroxyls from the octahedral
sheet is 2.78-2.81 A. The tetrahedral basal oxygen plane is corrugated with one oxygen
approximately 0. 16 A higher in the cell (away from the interlayer) than the other two. The
inner OH group is in the plane of the layers, and the three inner-surface (outer) OH groups
make angles of 60°~73° with the (001) plane. The long hydrogen bonds between layers were
found to be between 2.95-3.09 A. The differences in the distance of the three interlayer
hydrogen bonds is believed to be responsible for the presence of the three interlamellar v(OH)
bands. This is in contrast to the conventional view that these bands are due to the coupling of
the surface hydroxyl stretching vibrations (59, 60).

A structural model proposed by Deng at al. for kaolinite using the parameters proposed by Bish
is shown in Fig. 1.4 (61). Finally, in reality, kaolinite is an imperfect material covering a broad
range of structural disorders. Disorder is important, since not only it greatly influences the
diffraction patterns generated by the material, it also affects many of the physico-chemical
properties, such as particle size and intercalation chemistry (62, 63). Depending on the origin

of the kaolinite itself, structural disorder is present in widely varying degrees (44, 47, 64, 65).
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Tetrahedral sheet Si O Inner OH

Fig. 1.4.A structural model of kaolinite. Reproduced from ref. 61 with permission.



1.2.4 Intercalation of organic guest molecules into kaolinite

Halloysite is the only kaolin mineral that exists in nature as a hydrate, with water molecules
occupying the interlayers of the mineral. Thus, the c-spacing is expanded to 10 A. Halloysite
is also known to intercalate a wide range of organic compounds. In contrast, the other kaolin
minerals, kaolinite, dickite, and nacrite were thought to be completely non-expandable with
respect to both water intercalation and intercalation with organic compounds (66, 67).

The discovery by Wada that kaolinite can be intercalated with potassium acetate and other salts
of organic acids of low molecular mass (4) initiated the research on the intercalation chemistry
of kaolinite. The work in this thesis will be focused on the intercalation chemistry of kaolinite.
Organic molecules can be intercalated into kaolinite directly or indirectly (Fig. 1.5). The direct
route involves the preparation of the organokaolinite intercalation compound through the direct
reaction of the mineral with the organic substance. This may be done from the liquid, from the
melt, by grinding the two solids together, or from a concentrated solution (62, 68). Some of
the more common organokaolinite intercalates, which are formed in this manner involve the
direct reaction of DMSO (25, 27, 69-75), NMF (27, 71, 76-78), urea (26, 79), hydrazine (26,
74, 79-81), formamide (26, 82), pyridine N-oxide (26, 71), potassium acetate (83), and
ammonium acetate (83) with kaolinite. Compounds that intercalate directly into kaolinite have
certain properties including high dipole moments and a tendency to form strong hydrogen
bonds. Also, included in this group are various ionic species such as potassium, rubidium, and
cesium carboxylic acid salts (84) as well as inorganic salts such as NaCl, CsBr, and CsCl

(85-88).
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Fig. 1.5. Schematic representation of (@) direct intercalation of DMSO vs. (b) indirect (guest-displacement) intercalation of

organic molecules in kaolinite (the molecule shown here is a cyclic imide (see Chapter 2).



Many more organokaolinite intercalation compounds may be formed indirectly by the
replacement of a previously intercalated molecule (guest) with another molecule (Fig. 1.5).
Weiss and co-workers have intercalated a wide range of alkali and alkaline halides, amino
acids, amines, and other organic molecules in this manner by using either hydrazine or
ammonium acetate as an “entraining” agent to first open up the layers, followed by its
displacement with the desired compound (68, 83, 84).

Polar molecules such as acetone, ethylene glycol, glycerol, acetonitrile, and nitrobenzene have
been intercalated by the displacement of previously intercalated DMSO (69, 71). Also, lactams
(2-pyrrolidine and 2-piperidone) were intercalated via the displacement of previously
intercalated NMF (89). Additionally, different hydrates of kaolinite (8.4-10 A) were also
reported by displacing other intercalated (guest) molecules (90-96). Moreover, the prepared
hydrates were used as starting materials for the preparation of other intercalated compounds
(97-99). A refined guest-displacement method was also reported to prepare a
kaolinite—poly(vinyl pyrrolidone) intercalated nanocomposite (24). A few cases of
interlamellar grafting of organic molecules to the aluminol surface of kaolinite were also

reported (7, 8, 16, 17, 19).

1.2.4.1 Estimating the extent of intercalation
The ratio of intercalation is generally used to estimate the extent of intercalation in kaolinite
by XRD. Simply, the relative intensities of the dj,, reflections (/) corresponding to both the

expanded modified phase (/, dy, > 7.2 A) and the unmodified kaolinite phase

01 (comp]ex):
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Loo1caotinitey: Aoor =72 A). Applying equation [1.1] gives the ratio of intercalation (RI) (5).

[1 1 ] RI=1 001(complex)/ [[ 001(complex) +1 OOl(kaolinite)]

Notably, the Rl is extensively used when studying organokaolinites, as it provides a readily
measurable qualitative estimate of the extent of modification. The RI cannot be considered
quantitative, since one should correct for the variation of the scattering, Lorentz and
polarization factors at low angles (1, 37). The layer expansion is generally estimated from the

dy,; XRD reflections of the modified phase.

1.2.4.2 The mechanism of intercalation
It is difficult to expand a fully collapsed kaolinite, but expansion is easier once the layers have
been opened up slightly. Understanding the interlayer cohesion energy in kaolinite is important
to fully understand the mechanism of intercalation. The estimated energy to separate the
individual layers to a 10 A distance was ~300 kJ per kaolinite unit (100). Cruz et al. (101) also
estimated the interlayer cohesion energy of kaolinite using a different approach. They separated
the interlayer bonding energy of kaolinite into three components: (i) van der Waals’ attractive
forces between layers, (i7) hydrogen bonding between octahedral hydroxyl groups on one layer
and tetrahedral oxygen atoms on the adjacent layer, and (iii) electrostatic interactions arising

from the dipolar nature of kaolinite. Calculations provided a value of 200 kJ per Al,Si,0,(OH),
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unit, with the main contribution from the electrostatic energy term.

The electrostatic term is attributed to the electrostatic component of long interlayer hydrogen
bonds. Therefore, the driving force of the intercalation process may be envisaged as the
solvation of dipolar kaolinite layers. Consequently, molecules that can form strong hydrogen
bonds with the interlamellar kaolinite surface and that have high dielectric constants and dipole
moments should be favored for the intercalation process.

The intercalation behavior of kaolinite is not entirely interpreted. Generally, intercalation
processes must involve the expansion of the individual layers to accommodate the guest
molecule. Thus, the energy that is required to separate the kaolinite layers must be balanced in
some manner, usually through strong host—guest interactions.

Many factors have been attributed to influencing the reaction rate. These include particle size
and degree of crystallinity of the kaolinite, reaction temperature, concentration of the
intercalating material, and the degree of association of the reactant in the solvent mixture (63,
71, 77).

In kaolinite, particle size has a reversed reactivity trend in during the intercalation reaction: the
finer kaolinite particles are usually intercalated slower than coarse particles, and some fine
kaolinite particles cannot be intercalated at all. Wiewiora and Brindley attributed the lower
reactivity of the finer kaolinite particles to their higher crystallinity (102). However, better
crystallinity” is not likely the reason, as there is no consistent trend in crystallinity associated
with particle size, and highly crystalline kaolin minerals are generally more readily intercalated.

The reversed particle-size effect was explained using a “ring mechanism”, it is widely believed
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that the intercalation reaction begins at the edges of the kaolinite crystal, with the intercalating
molecules then penetrating towards the interior of the crystal with the same rate between each
pair of layers (62, 63). However, during the intercalation process, an XRD pattern indicative of
an interlayering phenomena, where one has a random stacking of expanded and non-expanded
layers, is not observed. The constant-rate assumption in which the molecules act as wedges on
the kaolinite crystal and cause the layers to be elastically deformed at the interphase is used to
explain that observation.

Another model for the intercalation mechanism is based on the idea that, macroscopically,
kaolinite is made up of one or more screw-dislocation axes (103, 104). In this mechanism, the
organic molecules would first enter via edge dislocations and then diffuse through the crystal
layer by layer, since these are connected in a manner similar to a spiral staircase. Expansion of
the layers would therefore take place in an orderly manner as the reaction proceeds. This
mechanism is consistent with the formation of an ordered complex at all stages of the
intercalation process. Recently, after studying the crystallinity and impurity effects on the
interclation rate, Deng et al. (61) proposed that structural stress is a driving force in the
intercalation. The lateral size of the tetrahedral sheet is larger than the octahedral sheet in
kaolinite; thus, structural stress is induced from the misfit of the tetrahedral sheet and the
octahedral sheet in the 1:1 kaolinite. They showed in their study that part of the structural stress
can be relieved when kaolinite is intercalated. Coarser particles intercalate faster because of

their larger structural stress.
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1.2.5 Polymer-layered silicates (PLS) nanocomposites

In general, a composite material is a hybrid of different phases with overall improved properties
compared with the properties of the individual phases. A composite material is formed when
a reinforcing element (filler) is dispersed in a host matrix. Fillers are classified into fibers or
particles, and the matrix material could be organic (e.g. polymer), mineral, or metallic.
Composites based on an organic matrix (a polymer) have the most extended range of
applications. The use of fibrous or particulate fillers mainly depends on the desired properties
and potential applications of the produced composites. The concept of polymer filling has
always been effective in enhancing several properties of the polymers including the mechanical
(e.g., stiffness, elastic moduli, and tensile strength) and thermal properties compared with the
pure polymer. Over the years, conventional (micro) polymer composites have played an
important role in the reinforcement of polymers, but they require high filler content (10-30
wt%), which leads to an increase in the density and deterioration of the properties of the pristine
polymer as a result of incompatibility between the filler and organic material.

Recently, “nano” has been an extremely popular prefix, and a new era of research has emerged
with the use of nano-size materials as fillers or additives for polymers. Nanoscale filling also
proved to be effective at very low filler contents (3—5 wt %) with much better performance
compared with the conventional micro-scale fillers.

Clearly, the unique properties of polymer nanocomposites have given them the potential to be
the alternative to conventional composites in a wide variety of applications. Nanocomposites

are particle-filled polymers that have at least one characteristic dimension of the dispersed
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particles in the order of nanometer, which is the case of polymer—layered silicate (clay)
nanocomposites. Two other types exist, and those are the isodirn'ensional nanoparticles, e.g.,
spherical silica nanoparticles, that have three dimensions in the nanometer range, and finally,
whiskers- or carbon nanotubes-filled nanocomposites where two dimensions are in the
nanometer scale and the third is in the order of few centimeters, forming an elongated structure.
The potential applications of these nanocomposites are very important both environmentally and
economically (2, 30, 31). Examples of the layered materials that could be intercalated by a

polymer to form nanocomposites are given in Table 1.3.

Table 1.3. Example of layered host crystals susceptible to intercalation by a polymer (data are

reproduced from ref. 31 with permission).

Chemical nature Examples

Element Graphite

Metal chalcogenides (PbS), 14(TiS,),, MoS,

Carbon oxides Graphite oxide

Metal phosphates Zr(HPO,)

Clays and layered Montmorillonite, hectorite, saponite, fluoromica,
silicates fluorohectorite, vermiculite, kaolinite, magadiite, . . .
Layered double M,Al,(OH),,COynH,0; M: Mg, Zn

hydroxides
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The study of the polymer—layered silicate (PLS) nanocomposites will constitute one of the main
objects of this thesis. PLS nanocomposites form a novel class of material that has attracted
considerable scientific interest, and those are materials in which nanoscopic inorganic particles
are dispersed in an organic polymer matrix in order to dramatically improve the performance
properties of the polymer, mainly due to the potential technological applications that include
impact resistance, flame retardancy, elastic modulus, and barrier properties for various polymer
matrices. PLS nanocomposites have received considerable attention in the last two decades,
because of the availability of the cheap starting clay materials (naturally occurring) and the
extensive study of the intercalation chemistry of the layered silicates. Smectites, such as
montmorillonite, hectorite, and saponite, are the most commonly used layered silicates. The first
PLS nanocomposite was reported when researchers from Toyota exploited the improved
mechanical and physical properties of their PA-6-MMT nanocomposite in under-the-hood

applications (105).

1.2.5.1 Types and structure of the nanocomposites

PLS nanocomposites are exclusively obtained by the intercalation of the polymer (or a
monomer, followed by subsequent polymerization) inside the galleries of layered host crystals.
Generally, three main types of composites may be obtained when a layered clay is associated
with a polymer (Fig. 1.6). When the polymer is unable to intercalate between the silicate sheets,
a phase-separated (traditional or micro) composite (Fig. 1.6a) is obtained. In addition to this

classical microcomposite, two types of nanocomposites are identified. Intercalated structure
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(Fig. 1.6b) in which usually a single extended polymer chain is intercalated between the silicate
layers, resulting in alternating polymeric and inorganic layers. When the silicate layers are
uniformly dispersed in a continuous polymer matrix, an exfoliated or delaminated structure is

obtained (Fig. 1.6c¢).

) \ , o “
Phase separated Intevcalated Exfoliated
{microcomposite) {na pposite) {sanocomposite}

Fig. 1.6. Different types of composites resulting from the mixing of
layered silicates with polymers: (a) phase-separated
microcomposite, (b) intercalated nanocomposite, and (c)
exfoliated nanocomposite. Reprinted from ref. 31 with
permission.
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1.2.5.2 Preparation of nanocomposites

Several strategies can be employed to prepare polymer—layered silicate nanocomposites. The
main processes include (i) the preparation from the solution of the polymer; (i) in situ
intercalative polymerization in which the layered silicate is swollen within the liquid monomer
(or amonomer solution), and the polymer is formed between the intercalated sheets; generally,
polymerization can be initiated either by heat or radiation or by the diffusion of a suitable
initiator; and finally (iii) melt intercalation in which the layered silicate is mixed with the

polymer matrix in the molten state, and no solvent is needed (30, 31).

1.2.5.3 Charaterization of the prepared nanocomposites

Characterization of the produced nanocomposites is one of the most important aspects of
nanocomposite synthesis. In fact, characterization is crucial in understanding the new produced
materials and to obtain the complete structural information which is an important step to predict
the potential applications. Mainly, two techniques are used to characterize PLS nanocomposites.
XRD is used to identify intercalated structures. The intercalated polymer chains increase the
interlayer spacing, in comparison with the spacing of the pristine clay used.

For the exfoliated type, no diffraction peaks are visible in the XRD diffractograms either
because of a much too large spacing between the layers (i.e., exceeding 8 nm in the case of
ordered exfoliated structure) or because the nanocomposite does not possess an ordered
structure. In this case, transmission electronic spectroscopy (TEM) is used to characterize the

nanocomposite morphology.
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Other techniques, especially those exploited in this thesis, include infrared (FTIR) and NMR

spectroscopy as well as thermogravimetric analysis (TGA).

1.3  Purpose of the research

As mentioned before in this chapter, most of the research on the intercalation chemistry of clay
minerals was directed towards the use of smectites as precursors for the preparation of novel
nanohybrid and nanocomposite materials. Smectites are readily expandable by solvents and
exhibit high cation exchange capacity as well as large internal surface area.

On the other hand, kaolin minerals are essentially neutral and have very small cation exchange
capacities; thus, they are much more difficult to expand. In fact, it is generally not possible to
completely expand all the interlayers of kaolinite. It is not surprising therefore, that smectites
are the clay minerals of choice as precursors for the development of many new microporous and
catalytic materials.

However, kaolinite could also be an ideal candidate as a precursor for the preparation of some
types of nanocomposite materials. Like the smectites, kaolinite is readily available at a very
cheap price. It is a big industrial product, with extensive use in the pulp and paper and ceramics
industries. Kaolinite has a greater theoretical internal surface area per unit mass than do the
smectites (1000 m%/g vs. ~700 m?/g), and it exhibits a much greater crystallinity than do the
smectites. From a practical point of view, the high degree of ordering characteristic of kaolinite
make the analysis of host—guest interactions easier. Unlike the 2:1 smectites, which have only

one type of interlamellar surface, kaolin minerals possess two types of surfaces (Fig. 1.5): (SiO),

29



macrorings on one side and aluminol groups on the other side. Consequently, kaolinite is
remarkable by its non-centrosymmetric structure. This asymmetry creates large superposed
dipoles in the lamellar structure, resulting in a large cohesive energy. Herein, lies the most
powerful advantage of kaolinite as a nanocomposite precursor material. Not only does the
hydroxylated aluminate surface provide an abundance of reactive hydroxyl groups for guest
species to attach (graft) themselves to, but the dipolar interlamellar environment induced by this
second surface may cause the spontaneous alignment of polar guest species. Moreover, the
functionalization of the aluminol surface of kaolinite could be achieved through the covalent
grafting of organic molecules in an ordered and reproducible manner.

It is clear that kaolinite could provide an attractive precursor for nanocomposite materials if
some of the problems surrounding the difficulty in expanding the interlayers of kaolinite could
be solved. A few examples of polymer—kaolinite intercalated nanocomposites have been
reported (30). Polyethylene glycol was the first reported direct intercalation from the melt (18).
Other examples of melt intercalation include polyethylene oxide and polyhydroxybutyrate (9).
The exploitation of other preparation techniques is still limited in case of polymer—kaolinite
nanocomposites, although it is well explored incase of smectite precursors. Also, the number
of polymers involved in nanocomposite interactions with kaolinite is still limited and not
covering a wide variety of polymers.

Additionally, the research pertaining to the interlamellar chemistry of kaolinite has shown a
transition from the use of “soft” methods of intercalation that involves the intercalation of

non-destructive reagents at temperatures less than 100 °C and at atmospheric pressures to the
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use of harsher reaction regimes, involving the grafting of molecules at high temperatures or the
prepration of nanocomposites from the melt of the polymers. To utilize some of the unique
advantages that kaolinite has as a precursor material for the preparation of nanocomposite
dipolar assemblies, one must first expand the interlamellar chemistry of kaolinite. New methods
should be explored for the incorporation of guest molecules into the interlayers of kaolinite and
novel interlamellar surface modification schemes could be explored by the grafting of organic
groups to the interlamellar surface of kaolinite.

Considering the previous argument, the broad purpose of this research was to explore and
extend the interlamellar chemistry through the preparation and characterization of new
kaolinite-based nanohybrid materials using a variety of innovative synthesis methodologies.
Moreover, the goal was to prepare organ-kaolinite materials where polymeric organic units
would be covalently grafted to the interlayers of kaolinite and to prepare novel
polymer—kaolinite nanocomposites using new types of polymers with commercial,
technological, and environment-friendly applications. The produced nanohybrid materials are
expected to possess enhanced thermal stabilities, compared with the crude organic molecules

and polymers, and to be resistant to decomposition.
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Chapter 2

Nanohybrids from the intercalation of cyclic imides in
kaolinite

2.1 Introduction

As mentioned before, the interlamellar space of kaolinite is made up of two types of surfaces,
(SiO)¢ macrorings on one side and aluminol groups on the other side, and consequently
kaolinite is remarkable by its non-centrosymmetric structure. This asymmetry creates large
superposed dipoles in the lamellar structure, resulting in a large cohesive energy. As a result,
the intercalation chemistry of kaolinite is less developed than that of the swelling smectites.
With its aluminol surface and its non-centrosymmetric structure, kaolinite is an interesting
mineral for the design of nanohybrid materials; thus, it is important to develop its interlamellar
chemistry (4, 5, 26, 70, 71). Its non-centrosymmetric structure is particularly interesting for
potential non linear optical applications. An example of the selective intercalation of
nitroanilines in kaolinite was reported by Takenawa et al. (14). The intercalated organic guest
molecules adopted a unique orientation caused by the asymmetric nature of the interlayer space
of kaolinite.

In this chapter, intercalation compounds, i.e., nanohybrids, of kaolinite with two different
cyclic imides, namely, 2,5-pyrrolidinedione (succinimide, SIM) and 2,6-piperidinedione
(glutarimide, GIM) (see Chart 2.1), are reported for the first time by displacing other

intercalated guest molecules (intermediates). Interestingly, the new cyclic-imide intercalates
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of kaolinite were prepared by what will be called a “soft guest-displacement method”, as the
displacements were achieved at ambient temperatures, similar to the temperatures at which
the guest molecules were intefcalated, yet at a relatively short time (hours) compared with the
intercalation of the intermediate (guest) molecules to prepare the starting materials (months).
It is noteworthy that attempts to directly intercalate the cyclic imides in the unexpanded

kaolininte (KGa-1b) were unsuccessful (see Section 2.2).

Chart 2.1.Structures of (a) succinimide and (b) glutarimide.
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Succinimide is a diketopyrrolidine that is prepared by heating succinic anhydride with aqueous
ammonia, followed by rapid distillation of ammonium succinate (106—107). Succinimide and
glutarimide derivatives are of important biological and phénnacolo gical interest. Succinimide
and other cyclic carboximides are used as starting materials in organic synthesis. Their
nitranions are also important intermediates in many chemical reactions (106—109). In addition,
succinimide itself'is a hypo-oxaluric agent. On the other hand, glutarimide derivatives possess
anticancer activity, and they are also components of some modern antibiotics with antiviral and
fungicidal activities. The biological activity of glutarimide drugs is determined by the
hydrogen bonding of the CO-NH-CO imide groups and the other molecules in the biological
system. It is believed that the ability of glutarimide drugs to intercalate between nucleic base
pairs in the DNA helix is significantly due to the flattening of the glutarimide ring (110).

Similarly, the investigation of the first reported kaolinite — cyclic imides intercalated
nanohybrids is expected to contribute to the continued series of studies on the interlamellar
chemistry of kaolinite. The results of the XRD, FTIR, and TGA analyses confirmed the
intercalation of the cyclic imides molecules in the interlamellar spaces of kaolinite. *C CP and
DD/MAS spectra indicated the complete displacement of the guest molecules of the starting
materials by the imides latter in the interlamellar space. **Si and *’ Al NMR spectra of the

starting materials and the products are also discussed.
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2.2 Preparation, X-ray diffraction, and a structural model

For the first time, two different intercalation compounds of kaolinite with cyclic imides,
namely, 2,5-pyrrolidinedione (succinimide, SIM) and 2,6-piperidinedione (glutarimide, GIM),
were prepared using a guest-displacement technique, i.e., by displacing other intercalates. First,
the dimethyl sulfoxide (DMSO) or N-methyl formamide (NMF) intercalates of kaolinite were
prepared, and then these intercalates were reacted directly with the solution of the appropriate
cyclic imide. Typically, 1-2 g of Kao-DMSO intercalate were mixed with ~50-100 mL of
10% solution (w/v) of either succinimide (SIM) (99%, Alfa Aesar) or glutarimide (GIM) (98%,
Aldrich) (see Chart 2.1). The mixture was stirred at room temperature for a given period of
time, followed by the reaction workup (mainly, washing with excess 2-propanol, vacuum
filtration, and drying in vacuum). The reaction details for the individual reactions are given in
the Experimental Section, and a summary of the main reactions is given in Table 1. The
product codes and reaction conditions are given, along with the interlayer d-spacing, and the
ratio of intercalation (RI) for the final product. The interlayer or d-spacings were calculated
from the first d, reflections of the principal phase. Since the intercalations were achieved at
ambient temperatures throughout the synthesis, the technique could be described as a “soft
guest-displacement technique”. Both the directly intercalated “guest” molecules and the second
organic species, i.e., imides, were intercalated at room temperature. As mentioned before, the
intercalation was achieved much faster in case of the cyclic imide, compared with the guest
molecules (1-2 month). Also, water was the solvent used to prepare the imide solution.

The majority of the reported guest-displacement intercalations were usually achieved at
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elevated reaction temperature, above the melting points, or using organic solvents (5).
However, recent methanol intercalation at room temperature required extended reaction time
and work up (111). Also, the intercalation of poly(vinylpyrrolidone) at ambient temperature
required an additional guest-displacement step, and the reported intercalation of benzamide at
ambient environmental conditions, using ethanol as a solvent, resulted in a co-intercalated
product, i.e., both benzamide and the guest molecules (NMF) were co-intercalated in the
interlamellar spaces of the final product (112) in addition to a relatively low ratio of
intercalation, whereas in this chapter, cyclic imides displaced the guest molecules (DMSO)
completely, as shown by XRD patterns (see Fig. 2.1) and the absence of DMSO resonances

in the *C NMR spectra of the products (see later).
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Fig. 2.1. XRD powder diffraction patterns (26 = 2-18") of (a) kaolinite, (b)
Kao-DMSO, (¢) Kao—SIM, and (d) Kao—GIM. (K): Residual kaolinite dy,
peaks. d,, of the intercalate is marked by an asterisk.
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Table 2.1. Summary of product codes, reaction conditions, and product X-ray characterization for the prepared nanohybrids.

Reaction conditions ¢ Product X-ray results

Starting material Reaction medium te oy Ay © RI/

Code” (SM)’ RM) (h) (A) (A) (%)
Kao-SIM1 Kao-DMSO (10% succinimide solution, w/v) 114 12.00 7.13 91.5
Kao—-SIM2 Kao-DMSO (10% succinimide solution, w/v) 23 12.00 7.15 84.0
Kao—SIM3 Kao-NMF (10% succinimide solution, w/v) 43 12.20 7.3 3.1
Kao-SIM4 Kao-DMSO (10% succinimide solution, w/v) 43 11.91 7.17 92.2
Kao—-SIMS5 Kaolinite (KGa-1b) (10% succinimide solution, w/v) 75 — 7.17 —
Kao-GIM1 Kao-DMSO (10% glutarimide solution, w/v) 69 12.33 7.23 70.7
_Kao-GIM?2 Kao-DMSO (10% glutarimide solution, w/v) 24 12.33 7.16 77.4

Note: Reaction details are given in the Experimental Section.

¢ All reactions took place at ambient tempaerature.

b SIM, succinimide; GIM, glutarimide; DMSO, dimethyl sulfoxide; NMF, N-methyl formamide; and Kao, kaolinite.

¢ Approximate reaction time.

4 The specified interlayer distance (d) is that of the principal product phase calculated using (00I) reflections (see text).

¢ doo1 reflections of the residual unexpanded kaolinite.

/Ratio of intercalation is the ratio of the intensities of the dy,, reflection of the modified phase over the sum total of all the dy,,
reflections of the modified phase(s) and residual unexpanded kaolinite.



The interlayer expansions for the products were comparable. Succinimide expanded the
kaolinite lattice to ~12.0 A, while the observed d,, for Kao—GIM intercalation compound
was ~12.3 A. After subtracting an average basal spacing of 7.15 A for the pristine kaolinite
(KGa-1b), this corresponds to an expansion of approximately 4.85-5.15 A, which is the
roughly expected interlayer expansion, corresponding to a flattened monolayer arrangement
of the organic molecules in the interlamellar space. Comparable values for the interlayer
expansion because of the monolayer intercalation of the organic molecules into kaolinite
were reported elsewhere, e.g., an expansion of ~3.7-4.8 A for Kao—polyols (adonitol, D-
sorbitol, and D-mannitol) ((7); see next chapter), as well as 4.0 A for Kao-PEG (18), and an
expansion to 12.4 A when poly(vinylpyrrolidone) was intercalated in kaolinite (24). For
other layered materials, interlayer expansions, attributed to monolayer intercalation, of 3.7
A for ethylene glycol intercalated into vermiculite (113), 4.0 A for 15-crown-5 intercalated
into Na'-montmorillonite (114, 115), 3.9 A for 18-crown-6 intercalated into
Ba’"-montmorillonite (114, 115), 2.8 A for PEG intercalated into layered «-zirconium
phosphate (116), and 4.5 A for poly(ethylene oxide) intercalated into V,O; (117) were also
reported.

Based on a CPK model of glutarimide, the thickness of the molecule is approximately 4 A.
This value agrees with the observed expansion from XRD patterns. Moreover, cyclic imide
molecules (see Chart 2.1) are not expected to adopt a conformation similar to that proposed
for pyridine by Sugahara and co-workers (97) where the imide nitrogen fits in the SiOq
macrorings of the silicate sheet, as this would be hindered by the proximity of the two

carbonyl groups in the cyclic imide molecule. In addition, the main driving force for the
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intercalation reaction is expected to result from the orientation of the oxygens of the
molecule in a manner that permits the formation of hydrogen bonds with the hydroxyls of
the aluminate interlamellar surface. The maximum hydrogen-bonding interaction could
only be obtained should the organic molecules adopt a conformation in which its oxygens
match up with the hydroxyl groups of the aluminol surface. The interatomic distance
between the oxygens in the glutarimide molecule is approximately 5.6 A, based on a CPK
model. This is exactly two times the interhydroxyl distance, which is determined to be 2.8
A by a Rietveld refinement of the kaolinite structure (57).

Finally, in a blank experiment when kaolinite itself (KGa-1b) was used as a starting
material, it was recuperated unreacted. Typical X-ray powder patterns of the starting
materials (kaolinite and Kao—-DMSO) and of the resulting nanohybrids are shown in Fig.
2.1 for the range of 2-18° 2. Full XRD patterns of the intercalation compound resulting
from the reaction of Kao—-DMSO with the GIM are shown in Fig. 2.2, in comparison with
the XRD patterns of the pure kaolinite (KGa-1b). It is worth noting that the d,, reflection,
characteristic of a dioctahedral clay mineral, remains at 1.49 A in all cases. XRD patterns
of the other Kao — cyclic imides reported in Table 2.1 are similar to this, and in all cases at
least four (00l) reflections could be indexed. Thus, the layered structure of kaolinite

remains largely unaffected, the only major variation being the value of the d-spacing.
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It is noteworthy that the products of the preliminary attempts, using Kao—NMTF as a starting
material, exhibited very low intercalation ratios (RI > 10%) even after similar reaction
times to those of the reactions that involved the use of Kao—-DMSO as a starting material.
Clearly, from Table 2.1 and XRD diffraction patterns, Kao-DMSO was the most effective
starting material, resulting in products with high ratios of intercalation (avg. Rl = 90%). As
mentioned before, the typical reaction conditions used (see Chapter 6) resulted in the
complete displacement of the guest molecules, i.e., DMSO by the imides (see NMR
Section); therefore, the reported interlayer expansion can only be attributed to the
intercalated cyclic imides.

The lower intercalation ratio observed in case of Kao—GIM is plausibly due to the need to
wash the product with DIW to dissolve the excess GIM, which might partially result in the

de-intercalation of glutarimide molecules from the product.

2.2.1. Attempt for de-intercalation

Figure 2.3 shows XRD patterns of the Kao-SIM nanohybrid washed with only 2-propanol
and of the same nanohybrid after washing with DIW for only 10 min. The interlayer
expansion remained the same for the latter; however, the ratio of intercalation decreased
dramatically, as most of the SIM molecules were de-intercalated. These results indicate the
possibility of the use of the kaolinite intercalates as media for the controlled release of

imide-based drugs in aqueous conditions.
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Kao—SIM.after washing with DIW for 10 min.
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2.3 Elemental analysis

The results of the elemental analyses of typical Kao — cyclic imide samples are given in
Table 2.2. The analyses was performed at very high temperatures (>1000 °C) to ensure the
complete combustion of the analyzed nanohybrids. Kao—SIM2 sample gave C: 7.01%, H:
1.92%, and N: 2.44%. Thus, the stoichiometry of this sample is
ALSi,O,(OH), (C,H,NO,), ¢, using the average of the C, H, and N resuits. This sample was
proven to be free of residual co-intercalated DMSO, since the sulphur content detected in
the sample is <0.2% (see Table 2.2), and the elemental analysis of a typical starting
material (Kao—DMSO) sample gave S =~8% (see Table 2.2, and also see NMR Section).
Similarly, Kao—SIM4 sample gave C: 8.31%, H: 1.91%, and N: 2.33%. Similarly, the
stoichiometry of this sample is Al,Si,0,(OH),(C,H;NO,) 45

Kao—GIM2 sample gave C: 6.97%, H: 1.86%, and N: 1.62%. Similar to Kao—SIM4, the
calculated stoichiometry of Kao—GIM2 is AlL,Si,0,(OH),(CsH,NO,), 4. The higher average
occupancy value of ~0.64 unit of SIM per unit cell of kaolinite, compared with that of GIM
(0.49), is expected because of the smaller succinimide molecule. Moreover, the lower
occupancy value in case of Kao—SIM2 and Kao—-GIM2, compared with Kao—SIM4, is

consistent with the lower intercalation ratios for the first two intercalates (see Table 2.1).
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Table 2.2. Summary of the elemental analysis results of the starting material (Kao—-DMSO)
and some of the produced nanohybrids.

Sample C®%)  H(%) N (%) S (%)
Kao-DMSO 5.96 2.49 0.25 7.78
Kao—SIM?2 7.01 1.92 2.44 <0.2
Kao—SIM4 8.31 1.91 2.33 —
Kao-GIM2 6.97 1.86 1.62 —
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2.4 FTIR analysis

As mentioned before, FTIR analysis of the intercalates of succinimide and glutarimide is
important to help understand the mechanism of hydrogen bonding to which the biological

activity of the molecules is attributed (106, 110).

2.4.1 O-H stretching region (3800-3200 cm™)

Detailed assignments of the observed bands in the FTIR spectra of the produced
nanohybrids are given in Tables 2.3 and 2.4. Kaolinite itself has a characteristic, signature
O-H stretching pattern that consists of four bands at approximately 3697, 3667, 3652, and
3620 cm ' (Fig. 2.4a). The band at ~3620 cm™' is attributed to the stretching frequency of
the intérnal (inner) hydroxyl group of kaolinite (See Fig.1.4, Chapter 1 for the structure of
kaolinite). This hydroxyl group is believed to be aligned almost parallel to the direction of
the (001) layers, thus pointing in the direction of the unoccupied octahedral hole. This
inner-hydroxyl stretching band is not usually influenced by the interlamellar modification
of kaolinite. The remaining bands (3697, 3667, and 3652) are associated with the
inner-surface (outer) hydroxyl groups that are believed to make an angle of 60-73° with the
(001) plane, and these groups are accessible for hydrogen bonding with the appropriate
intercalated molecules. Therefore, these inner-surface hydroxyl stretching bands are

influenced by interlamellar modifications (59, 60), as it can be observed for Kao—-DMSO

(Fig. 2.4b).
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Observing the O-H stretching patterns for Kao—SIM and Kao—-GIM (Fig. 2.3¢ and d,
respectively) one can notice significant differences from both kaolinite and Kao-DMSO
(Fig. 2.4a and 2.4b, respectively). For Kao—-DMSO (the starting material), the bands at 3694
and 3665 cm™ were attributed to the non H-bonded, coupled inner-surface hydroxyls; the
coupling of these inner-surface hydroxyls is lost in case of the new intercalated
nanohybrids. The band at 3697 cm™ is reduced in intensity compared with the
corresponding band in the kaolinite spectrum but not with Kao—-DMSO band. The
Kao-DMSO band at 3665 cm™' disappeared completely, and a new band appears, in both
cases, at ~3650 cm™, suggesting that one of these hydroxyls could be H-bonded to the
intercalated cyclic imide. Similarly, in case of the Kao—-DMSO, the bands at 3540 and 3505
cm™' were attributed to the stretching frequency of the coupled inner-surface hydroxyls that
are H-bonded to the intercalated DMSO molecules. In the spectra of the new nanohybrids,
these bands were replaced by three weak bands at ~3598, 3575, and 3538 cm™, and two
broad ill-defined band can be observed at ~3438 and ~3300 cm™'. The intensity and the
band position of the band at 3620 cm™ remain unaffected. The significant modifications of
the O-H stretching patterns, compared with those of the kaolinite and of the Kao—-DMSO
intercalate, indicate the complete replacement of the DMSO by the new organic molecules

in the interlamellar space of kaolinite (see Table 2.3).
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Table 2.3. Observed FTIR absorbances, in the 4000-2000 cm' range, and their

assignments for the produced nanohybrids.

Wavenumber (cm™)

Assignments
Kao-SIM Kao—-GIM
3696 (vs) 3695 (vs) v(O-H) (outer)
3650 (vs) 3651 (s) v(O-H) (H-bonded)
3620 (vs) 3620 (m) v(O-H) (inner)
3598 (vw, sh)
3575 (m) 3554 (m)
3538 (w) 3440 (m, br) v(O-H) (H-bonded)
3438 (w, br)
3300 (w, br)
3170 (w) 3192 (w) - v(N-H) and v(N-H---O)
3084 (w) 3074 (w) v(C=0) + 6(N-H)
2954 (vw) %gig gzvvg v(CH,) (asymmetric and symmetric
2803 (vw) 2885 (vw) stretching)

Note: The absorptions are w, weak; m, medium; s, strong; vw, very weak; vs, very strong;
sh, shoulder; and br, broad.
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2.4.2 Characteristic frequencies of the imide OC-NH-CO group

The bands at 3170 and 3192 cm™ in the infrared spectra of Kao—SIM and Kao—GIM,
respectively (see Fig. 2.4), can be assigned to the stretching vibrations of the H-bonded NH
groups. For monomeric glutarimide, the N-H stretching mode was reported at 3400 cm™
(110), which is ~210 e¢m™ higher than the value observed for the solid polycrystalline
glutarimide (3189 cm™; see Fig. 2.4) (118, 119) where the molecules are linked by NH--O
hydrogen bonds. In case of the Kao—GIM intercalate, observing the band roughly at the
same wavenumber (3192 cm™) indicated that NH groups are involved in hydrogen bonding
in the interlamellar space.

The N-H in-plane bending vibration is observed at 1424 cm™ for Kao—SIM and at 1407
cm™' for Kao—GIM. The characteristic absorption bands at ~3080 cm™" in both nanohybrids
can be attributed to a combination tone: v(C=0) + d(N—H).

Infrared spectra of cyclic imides have complex patterns in the region 1800-1600 cm™. The
splitting of the bands in this region is characteristic of the all cyclic imides containing two
C=0 groups in the cis position. It was concluded that the two intense carbonyl stretches in
the spectra of cyclic imides correspond to the symmetric (weak, high-frequency band) and
antisymmetric (for the strong, low-frequency one) stretching of the two carbonyl groups
(106, 110, 120, 121). Early assumptions that the lower wavenumber bands, in case of SIM
(122) and GIM (119), correspond to the stretching of the C=O groups of the H-bonded
molecules were ruled out. Moreover, the observed similar patterns for the produced

nanohybrids (Fig. 2.5 and Table 2.4) confirmed the recent conclusion, as the both carbonyl
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groups would have been expected to become involved in H-bonding interactions upon
intercalation of the imide molecules in the interlamellar spaces. Finally, other signals in the
1800-1600 cm™ region (1771 cm™ for SIM, and 1672 ¢cm™ for GIM) correspond to some

combination tones (110, 123).

2.4.3 C-H stretching region (3100-2800 cm™)

The bands in this region are diagnostic of the incorporation of organic moieties (18).
Bands, associated with the methylene groups of the appropriate imides, are observed upon
intercalation into the interlayers of kaolinite. In case of Kao—SIM, distinct asymmetric and
symmetric C-H stretching bands at ~2954 and 2803 cm™ (Fig. 2.4). Kao—GIM, which has
an additional CH,, exhibited bands at ~2984, 2945, and 2885 cm™ (Fig. 2.4).

Clearly, close examination of this region reveals the absence of residual interlayer DMSO,
as the bands at approximately 3022 and 2937 cm™, attributed to the symmetric and
asymmetric stretching of the methylene groups of the DMSO molecules, respectively,
completely disappeared in all cases (see Fig. 2.4).

Full assignments of the observed OH and CH stretching bands of three different novel

nanohybrids are reported in Table 3.

2.4.4 HOH bending region (1680-1600 cm™)

The presence of an ill-defined 8(HOH) band at ~1653 cm™ for both Kao-SIM and
Kao—GIM suggests that co-intercalated water molecules are present to some extent (Fig.

2.5) (18). However, in case of the Kao—GIM intercalate, the observed band at 1636 cm™
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Table 2.4. Observed FTIR absorbances, in the 1800—400 cm™ range, and their assignments
for the produced intercalates.

Wavenumber (cm™)

Assignments
Kao-SIM Kao-GIM
1771 (m) . 6(CH2) deformation x 2 (combination
tone)
1702 (vs) 1735 (m, sh) v(C=0) (symmetric and antisymmetric
1685 (vs) 1701 (vs) stretching)
— 1672 (s) Combination tone
1653 (vw) 1653 (vw) O(HOH) co-intercalated
— 1636 (vw) d(HOH) adsorbed
1424 (w) 1407 (vw)
1201 (s) S(N-H) + v,((C-N-C)
1383 (w) e % v(C-N—C) + v(C—C)
1457 (vw)
1294 (w) 1436 (vw)
w
1244 (vw) 1420 (vw) ,
1113 (vs) 1333 (m) O(CH,) deformation bands
1271 (s)
1188 (s)
1083 (vs)
1059 (vs) 1056 (vs) v,(C-C)
1033 (vs) 1033 (vs) . .
1008 (vs) 1011 (vs) Si—O stretching
917 (vs) 915 (vs) O-H bending (inner)
; g; gw% 802 (w)
m
695 (s) 757 (W) Si-O
641 (m) 697 (m)
427 (s) 430 (s)
539 (vs) 541 (vs) Al-O-Si deformation
473 (vs) 473 (vs) Si—0O-Si deformation

Note: The bands are w, weak; m, medium; s, strong; vw, very weak; vs, very strong; sh, shoulder; and br,
broad.
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indicates that water molecules were also adsorbed on the surface in addition to being co-

intercalated.

2.4.5 C—H deformation bands (1500-1200 cm™)

Bands, indicative of various CH deformations, can be obéerved in the FTIR spectra of these
nanohybrids. Kao-DMSO shows deformation bands at 1428, 1410, 1394, and 1319 cm™
(see Fig. 2.5) (70). New patterns were observed for Kao—SIM and Kao—GIM (Fig. 2.5), the
C-H deformation bands are in the range of ~1460-1100 cm™. The broad ill-defined band(s)
centered around 1056 cm™ can be attributed to v,(C~C). Other bands at this region cannot
be attributed to residual DMSO, since these sample were shown to have no residual
interlayer DMSO (see NMR section). Also, other IR bands, indicating the presence of
DMSO (Fig. 2.3), have completely disappeared.

Finally, the bands around 1384 and 1358 cm™ could be attributed to some combination

tones, e.g., V{(C-N-C) + v(C-C).
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2.4.6 The Kkaolinite-lattice vibrations and Al-O-H bending region

(1200-800 cm™)

The bands at this region provide information regarding any perturbations to the kaolinite
lattice vibrations (1150-1000 cm™) and any changes in the AI-O-H bending modes of
kaolinite (900-980 cm™). Figure 2.6 shows the FTIR patterns (1200400 c¢cm™) for
kaolinite, Kao—-DMSO, and Kao—-SIM, respectively. The patterns of Kao—SIM (Fig. 2.6¢c)
show some perturbation of the kaolinite lattice vibrations. The two most-intense vibrations
of kaolinite at 1033 and 1010 cm™' remain relatively unaffected expect for a small shift for
the latter in both nanohybrids (see Table 3). These bands have been previously assigned to
the in-plane Si—O-Si stretching vibrations of kaolinite (59) and are often shifted slightly
upon the intercalation of a guest species such as DMSO, as can be seen for the Kao-DMSO
starting material, where these bands are blue-shifted slightly to 1039 and 1016 cm ' (Fig.
2.6b).

The perpendicular Si—O vibrations, found in kaolinite at 1102 and 1116 em™ (59) (Fig.
2.6a), are also slightly perturbed for the Kao—SIM and for the Kao—GIM compared with the
pristine kaolinite and the starting material (Kao—DMSO). In addition, a new band at ~1059
cm’ can be assigned to the asymmetric stretching of the C—C bonds of the organic
molecules.

The kaolinite band at 939 cm™ has been assigned to the in-plane bending vibrations of the
inner-surface (outer, accessible) hydroxyl groups, whereas the band at 914 cm™ has been

assigned to the bending vibrations of the inner (internal, inaccessible) hydroxyls (59, 60).
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Upon intercalation of DMSO, the intensity of the band at 939 cm™ is greatly reduced, and
another band of higher frequency appears at 958 cm™ (Fig. 2.6b). The band at 914 cm™
shows a characteristic slight shift to a lower frequency at 905 cm ™', presumably because of
the repulsive interaction between one methyl group of the DMSO molecule, which is
supposed to be keyed into the (SiO), macro-ring of the silicate surface, and the internal
hydroxyls of kaolinite (72, 73, 75). For Kao—SIM and Kao—GIM, the inner hydroxyl band
of kaolinite is almost unaffected, and this is plausibly due to the inability of the organic
molecules to key in the (SiO), macro-rings of the silicate surface. Similar results were
observed for most other kaolinite intercalates (7, 8, 18).

Upon intercalation of the imide, the kaolinite band at 939 cm™ almost disappeared, as well
as the new Kao-DMSO starting material band at 958 cm™. This result, along with all the
previously mentioned observations, is in agreement with the complete displacement of the
DMSO molecules in the interlamellar space by the appropriate imide molecules, and the
formation of H-bonds between the imide molecules and the inner-surface hydroxyls. A
complete list of all the observed vibrations is given in Tables 2.3 and 2.4.

In general, FTIR observations also confirm the proposed structural model for the
intercalated cyclic imides in which the organic molecules are arranged in a flattened
monolayer arrangement in the interlamellar space with most of the interaction taking place
between the carbonyl groups of the imides and the hydroxyl groups of the aluminol surface

of kaolinite (in the form of hydrogen bonding).
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2.5 Solid-state NMR analysis

2.5.1 “C NMR analysis

2.5.1.1 Identification of the intercalated species

A series of °C NMR CP/MAS and DD/MAS experiments were performed on the produced
nanohybrids to identify and study the nature of the intercalated molecules and to obtain
preliminary information regarding the dynamics of these intercalated molecules. The results
are summarized in Tables 2.5 and 2.6. Information on the dynamics of the intercalated
organic molecules could also be obtained using dipolar dephasing experiments. A list of the
observed C chemical-shift and linewidth values of the starting materials (crude organic
molecules; SIM in this case) and of the produced intercalated nanohybrids is depicted in
Table 2.5. Assignments of the peaks are also shown in Table 2.5. The spectrum of the crude
SIM was in excellent agreement with the reported in the literature (125) (see Fig. 2.7).

The C NMR spectra of the produced Kao—SIM nanohybrid and Kao-DMSO starting
material are also shown in Fig. 2.7. Assignments of the observed signals are listed in Table

2.5.
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Table 2.5. Observed *C NMR chemical shifts (), peakwidth at half height (FWHM)(v,,,),
and  their assignments for the crude organic material and produced nanohybrids, using
Kao-DMSO as a starting material.

Crude succinimide Kao-SIM Kao-GIM
o}
3 Vin ¢ Vin (ppm vy
(ppm)  (Hz) (ppm) (Hz) ) (Hz) Assignment

— — — — 189 137 CH,

30.0 58.6 31 90.2 332 186 CH, (adjacent to
31.0 68.1 C=0)
181 69.4 179.4 Broad envelop 176.8 201 (=0
182 56.1 181.2 with five
185.5 62.8 182.4 maxima
186.6 63.3 184.4
185.5

Note: The spectra were obtained on a Bruker AVANCE-500 instrument, operating at 125.77
MHz.
“Non-applicable or not detected.
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For crude SIM, the signals at ~30.0 and 31.0 ppm are unambiguously attributed to the
methylene carbons of the succinimide molecule (see Chart 2.1), while the signals at
~180-186 ppm are attributed to the carbons of the carbonyl groups, and the presence of
more than one signal can be attributed to the hydrogen bonding interaction between
succinimide molecules in the crystalline state (123). Upon intercalation, one signal at ~31.0
ppm was observed for the methylene carbons, and a broad envelope with five maxima was
recorded for the carbonyls (Fig. 2.7¢). The results confirm that the cyclic imide molecule
keeps its structure in the interlamellar space of kaolinite. In case of the intercalated
compound, the observed broadness of the measured linewidths at half-height of the peaks
v,, (see Table 2.5), compared with the crude crystalline SIM, indicate that the organic
molecules are now present in a different local environment. This increase in linewidths can
plausibly be attributed to the fact that, upon intercalation, the molecular motion is greatly
reduced, and it can also be due to the loss of crystallinity upon intercalation.

Complete displacement of the guest DMSO molecules of the starting material was obtained.
No DMSO signals were observed in the spectrum of Kao—SIM, thus indicating that only
succinimide molecules were present in the interlamellar space. This result ruled out any
possible co-intercalation.

In this study, Kao—GIM nanohybrid gave resonances at ~18.9, 33.2, and 176.8 ppm (Fig.

2.8 and Table 2.5). These chemical shifts are attributed to the carbons of the CH,, 2 x CH,
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groups adjacent to the carbonyls, and carbonyl groups, respectively. Similar to the case of Kao
—SIM, DMSO signals were not observed in Kao—GIM spectrum, indicating the complete

displacement of the guest DMSO molecules by the glutarimide molecules.
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Fig. 2.8. Solid-state *C CP/MAS NMR spectra (50.31 MHz) of(a)

Kao-DMSO, (b) Kao—GIM1 with excess unintercalated GIM, and (¢)
Kao—-GIM2.
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Figure 2.8b shows the spectrum of the first prepared Kao—GIM sample that contained traces
of excess non-intercalated crystalline glutarimide. In addition to the relatively broad
intercalated-GIM lines, two other sharp signals are present in the spectrum at 33.3 and
175.6 ppm. These signals are attributed to the crude GIM. Washing and centrifuging the
product with excess water dissolved the excess glutarimide, and the >*C NMR spectrum for
the washed sample was recorded (Fig. 2.8c). Crude material peaks disappeared from the
spectrum of the washed sample, confirming that the remaining signals can only be

attributed to the intercalated molecules.

2.5.1.2 Dipolar dephasing experiments and dynamic studies

A series of dipolar dephasing (DD)/MAS experiments was performed on the Kao—GIM
sample (Fig. 2.9).

Dipolar dephasing is a technique that can be used to differentiate between different types of
carbons in the >C NMR spectrum (126). The overall signal decay for carbons strongly
coupled to protons, such as methylene carbons has been shown to be best described by

equation [2.1]

211 I> = Lo /%)

where T is the dipolar dephasing delay time and 7, is the transverse relaxation time

constant. I,,/I, is the ratio of the intensities of the *C resonances obtained with (I,,) and
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without (/) dipolar dephasing (127), and this ratio is used to discriminate between carbons
that are strongly bound to protons, e.g., methine and methyl carbons, for which the overall
signal decay has been described by equation [2.1], and other types of carbons, i.e., weakly
bound to protons, carbonyls, and methyl groups. This ratio can also be used as a semi-
quantitative measure of the dynamic states of the molecular group studied by the dipolar
dephasing technique. If the molecular group is rigidly bound, this ratio will decrease,

whereas the molecular motion will cause an increase of the ratio up to a maximum of one.

25.1.21 Kao—GIM intercalate
The DD/MAS results for Kao—GIM are illustrated in Fig. 2.9. Additional data are also
reported in Table 2.6. Thus, in a series of experiments, the dipolar dephasing time (t) was
varied from 0 to 50 ps for the sample, and the variation in intensity was monitored (Fig.
2.9). This qualitatively showed that the organic molecules are constrained in the
interlamellar spaces of kaolinite. After 40 ps dephasing time, almost no signal for the
methylene carbons of glutarimide could be detected. The intensity of the carbonyl signal
remained almost unaffected in all cases, even after 40-50 us dephasing time (see Table

2.6).
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Table 2.6. Summary of the ¥C CP/MAS and DD/MAS results for some of Kao—GIM

nanohybrid.
Chemical shift L v,, (CP/MAS) v, (DD/MAS)*
(6 ppm)” ’ (Hz) (Hz)
18.9 — 147 —
33.2 — 234 _
176.8 0.8 201.4 222.7

Note: The spectra were obtained on a Bruker ASX-200 instrument, operating at 50.31 MHz.

“For carbon types (assignments), see Table 5.

®Isp is the peak intensity obtained with 7= 40 s, and I, is the peak intensity obtained with
the CP/MAS experiment, using the same number of scans.

“—: Residual or no signal for the peak in the DD/MAS spectrum.

“For 7= 40 ps.
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The results for Kao~GIM sample are plotted in Fig. 2.10, as the ratio for each type of
methylene carbons vs. the dipolar dephasing time. To test the validity of equation [2.1], the
same data were plotted in Fig. 2.11 as In(/,p/1)) vs. 7°. The result should be a straight line
with a slope = ~1/(27,?). For the methylene carbon signal at ~19 ppm, the graph was linear;
the points were fitted to a first-order equation by a non-linear least-squares approach, using
the “Solver” option of Microsoft® Excel (statistical linear regression factor R*> of 0.997)
with a T, value of ~15.4 ps for 7 values up to 30 ps. For higher values of 7 (40 and 50 ps),
there were no residual dipolar dephased peaks detected. Similarly, for the signal at ~33
ppm, the graph was linear, and the points were fitted to a first-order equation by a
non-linear least-squares approach, resulting in a statistical linear regression factor R* of 0.98
with a T, value of ~14.7 us for rvalues up to 30 ps (see Table 2.6). This breakdown in the
linearity at higher values of 7 is again due to the difficulty in obtaining accurate intensity

ratio measurement for the residual peaks.
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Fig.2.9. Solid-state >C NMR spectra (50.31 MHz) of Kao—GIM2: (a) CP/MAS; (b-f)

dipolar dephasing, 7= 10, 20, 30, 40, and 50 ps, respectively.
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Fig. 2.10. Plots of Ip/I, vs. dipolar dephasing time (7) for the °C NMR DD/MAS
spectra acquired for Kao—GIM?2; data for the 19 ppm signal: (*) and the 33
ppm signal: (A).
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Plots of In(Z,/1,) vs. the square of the dipolar dephasing time (7°) for the
BC NMR DD/MAS spectra acquired for Kao-GIM2; data for the 19
ppm signal: (¢) and the 33 ppm signal: (A).
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2.5.2 ¥Si NMR measurements

Kaolinite silicons can be described as Q;(0Al)-type silicons. Early measurements reported
only one *Si resonance in kaolinite, and it was attributed to the existence of only one
silicon environment in kaolinite (129). Using a high-frequency instruments, the ’Si peak in
the kaolinite spectrum can be resolved into two components (130). The difference in
chemical shift, causing the splitting of the kaolinite signal, is due to two inequivalent
silicon sites. Thus, the splitting was attributed to the existence of two different but equally
populated silicon sites or environments. However, the small shift difference between the
signals (<0.5 ppm) indicated only a slight difference between the two sites. Primarily, it
was suggested that the two different sites are due to distortion within the layer, the need to
accommodate interlayer hydrogen bonding (130), or to the differences in Si—Al distances
(74, 131). Based on the study of different kaolinites with different degrees of crystallinity,
it was concluded that interlayer hydrogen bonding, causing two different silicon
environments, is the main reason for signal splitting in kaolinite (132).

In this chapter, several ?Si MAS measurements were obtained for the starting materials and
the produced Kao—SIM intercalated nanohybrid on a Bruker AVANCE-500 instrument,
operating at 99.35 MHz. The recorded chemical shifts, referenced to tetramethyl silane
(TMS) at 0.0 ppm, are listed in Table 2.7, and the spectra are stacked in Fig. 2.12.

The recorded ®Si NMR results for the pristine kaolinite and for Kao-DMSO intercalate
were in agreement with literature values. Generally, the shift to lower frequency, observed

in most intercalates, was attributed to weaker interaction between the guest molecules and
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the silicate sheet. This was confirmed for the SIM intercalation compound, as the spectrum
showed a strong signal centered at about —92.3 ppm with two medium signals at ~ -91.5
and —90.5 ppm. These downfield shoulders can be attributed to the residual

(non-intercalated) kaolinite.

Table 2.7. Summary of the *Si MAS signals for the starting materials and the produced

nanohybrids.
Chemical shift
Sample
(6 ppm)
KGa-1b One strong signal with two resolved
maxima at —90.9 and -91.5.
Kao-DMSO -90.9 (w)
-91.5 (w)
—92.7 (vs)
Kao-SIM -90.5 (m)
—91.5 (m)
-92.3 (s)

Note: The spectra were obtained on a Bruker AVANCE-500 instrument, operating at 99.35
MHz with a spinning speed of 6 kHz. Signal intensities: s, strong; m, medium; w, weak; vs,
very strong; vw, very weak.
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Fig. 2.12.

»Si MAS NMR spectra (99.35 MHz) of (a) kaolinite, (b) Kao-DMSO,
and (c) Kao—SIM.
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2.5.3 A1 NMR measurements

YAl NMR spectra of kaolinite and intercalates usually show signals that are attributed to
both octahedral and a small amount of tetrahedral aluminum sites (133). The *’Al MAS
NMR spectra of kaolinite and Kao—SIM intercalate were obtained at 130.32 MHz at a
spinning rate of 14.0 kHz, and they are depicted in Fig. 2.13. Generally, a broad signal is
observed, with a maximum in the range 3.3 to 3.6 ppm for the octahedral site in agreement
with previous studies (72, 75, 134, 135). This is an indication that the loctahedral

environment (coordination) of Al is only slightly affected by intercalation.

Intensity (arb.)

C 1 1 1 1 1
60 40 20 0 -20 -40 -60
8 (ppm)

Fig. 2.13. Al MAS NMR spectra (130.32 MHz) of (a)
kaolinite, (b) Kao—DMSO, and (c) Kao—-SIM.
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2.6 Thermogravimetric analysis

The thermal behavior and stability of the produced intercalated compounds were
investigated with simultaneous thermogravimetric and differential thermal analysis
(TGA/DTA). The results were compared with the thermal behavior of the starting materials
and revealed that the new nanohybrids possessed enhanced thermal stability compared with
its individual components.

One of the main features of the DTA thermogram of kaolinite is the major endotherm near
550 °C that is attributed to the loss of water because of the dehydroxylation of the crystal
lattice, i.e., formation of meta—kaoiinite. This endotherm roughly corresponds to ~13.8 %
weight loss in the TGA, which is also related to a maximum in the DTG. Another feature of
the DTA of the pristine kaolinite is a characteristic exotherm around 1000 °C, attributed to
structural reorganization and formation of the spinel phase. Another minor exotherm could
be observed at 1150 °C and up and is attributed to mullite formation. The TGA of the well-
ordered kaolinite might also show another <0.2 % weight loss that is usually attributed to a
very small amount of adsorbed water, accompanied by a very weak endotherm in the
corresponding DTA thermogram (136—138).

In this chapter, these values for the 7, in the DTA were observed using a heating rate of
10 °C/min. However, the peak positions are usually shifted to higher temperatures using

faster heating rates.
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Table 2.8. Summary of the TGA/DTA results for the starting materials and some of the produced nanohybrids.

DTA event
Temperature TGA Total TGA
, O :
range weight loss weight loss
Sample Atmosphere ("C) (%) Endothermic Exothermic (%)
KGa-1b air RT-300 61 13.5
300-600 13.5 516
600-1100 1000
Kao-DMSO air RT-245 17.3 98, 195 28.7
245-1000 11.4 513 1000
Kao-SIM2  air RT-256 15 56,102,210 29.5
256695 13.1 515
695-1100 1.4 999
Kao-SIM4  air RT-280 18 51,101,211 32.8
280-700 13.4 521
700-1100 1.4 1000
Kao-GIM2 air RT-78 1 55 30
78-306 13.5 177
306-715 18.4 514
715-1100 5.6 1001

Note: All experiments were carried out at a flow rate of 100 mL min™ and at a heating rate of 10 “C min™'; sh: shoulder, br: broad.



The Kao—-DMSO intercalate (starting materials) exhibits two weight losses in the TGA,
accompanied with two endotherms centered at ~190 °C and 510 °C. The former is
attributed to the loss of the organic moiety, and the latter is attributed to the usual
dehydroxylation step of kaolinite. From the literature, thermogravimetric analyses of
various kaolinite intercalates revealed similar results to that of Kao-DMSO. However, for
the majority of kaolinite intercalates, the decomposition of kaolinite represented in the
dehydroxylation temperature is usually slightly altered from that of the unmodified
kaolinite.

The thermal decomposition of the produced Kao — cyclic imide samples in air atmosphere
can be observed in Figs. 2.14 and 2.15. The data obtained are also detailed in Table 2.8.
Generally, the decomposition followed a multistep process with a total weight loss for the
TGA run up to ~30%. An initial small weight loss, associated with an endotherm in the
DTA around 55 °C, can be attributed to the loss of surface-adsorbed water and other
volatiles. These endotherms cannot be attributed to the melting of the cyclic imides, as the
characteristic melting points are much higher (~125 °C for SIM). The characteristic
endothermic DTA peaks, associated with the melting of the organic material, were missing
in the DTA of samples (see Figs. 2.14 and 2.15). This confirms the absence of crystalline
material in the intercalates and that the organic material is only present in the interlamellar
space.

From 100 to ~300 °C, the observed weight loss, attributed to the combustion of organic

material (Figs. 2.14 and 2.15) is centered around 210 °C for Kao—SIM and 177 °C for
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Kao—GIM, i.e., Kao—SIM is relatively more thermally stable than Kao—GIM. These values
are totally different from the Kao-DMSO starting material, and the absence of the
characteristic Kao—-DMSO endotherms confirmed that DMSO molecules were completely
displaced by the cyclic imides, as can be seen from "*C NMR results.

The observed single weight loss for the de-intercalation of the imide, for different
nanohybrids, indicated that the cyclic imide molecules adopt one single type of arrangement
in the interlamellar space.

The dehydroxylation weight loss of kaolinite itself occurred around 515 °C. The
dehydroxylation weight loss recorded was ~14%—18%, compared with a weight loss of
13.5% found for the kaolinite starting material (see Table 2.8; theoretical weight loss
14.0%).

Finally, the characteristic exothermic event for the reorganization of the kaolinite structure
is observed around 1000 °C (Figs. 2.14 and 2.15) for all samples under air. Surprisingly,
these events, which normally should have no associated weight loss, were associated with
~1.5%—-5% weight losses. The overlapping of the structural collapse and the
dehydroxylation of the kaolinite itself causes the residual interlayer carbonaceous material
to be trapped within a metakaolinite matrix, forming a carbon—aluminosilicate
nanocomposite material. Some of this carbonaceous material is then released upon the

structural reorganization above 1000 °C, resulting in the observed weight losses.
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Fig. 2.14. TGA curves (RT-1100 °C) of (a) kaolinite, (b) Kao—DMSO, and (d)
Kao-SIM4. TGA runs were performed under air. (c) DTA curve
(RT-1100 °C) of (d).
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Chapter 3
Interlamellar grafting of polyols in kaolinite

Part I: Intercalation and interlamellar grafting of polyols
in layered aluminosilicates. D-Sorbitol and adonitol
derivatives of kaolinite

3.1 Introduction

The intimate mixing of organic and inorganic structural entities at the nanoscale level has
received much attention in the last two decades (2, 4, 5, 31), since such nanostructured
materials open the way to the controlled design of advanced functional materials. Of particular
interest are the nanohybrid materials that are derived from the covalent grafting of organic
units on the internal surfaces of extended, layered inorganic structures via the formation of
~(surface—O—C)~ bonds (139-144).

Among the various inorganic layered materials, which have been organically grafted so far,
kaolinite is characterized by its quite unique interlayer structural asymmetry. This asymmetry
imparts a dipolar character to the interlayer spaces, resulting in a large cohesive energy (44),
and consequently, resulting in intercalations more difficult to achieve than in the case of the
swelling smectites. In fact, the kaolin group of minerals had been classified as a
nonexpandable layered aluminosilicate until 1946, when it was demonstrated that halloysite
— organic complexes could be obtained from the hydrated form of halloysite by replacing the

interlayer water with alcohols (3). As mentioned before, organic derivatives of kaolinite were
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obtained from the expansion of kaolinite layers by polar compounds, e.g., Kuroda and his co-
workers have shown that a kaolinite~NMF—-methanol intercalation compound is an efficient
intermediate for the subsequent intercalation of alkylamines (145). Polymers can be
intercalated in kaolinite either from the in situ polymerization of the previously intercalated
monomers (20, 22, 146) or directly, by replacement of previously intercalated guests (18, 24).
The first grafting of organic moieties on the interlamellar surfaces of kaolinite was reported
in 1993 (15). Various alcohols were covalently attached to the aluminate surface, in particular,
ethylene glycol (16), methanol (17), and recently ethanolamines (19, 147). The methoxy
derivative of kaolinite, Kao—-OMe, was described as a non-centrosymmetric array of methyl
groups rigidly fixed through Al-O—-C bonds and keyed into the (SiO), macrorings of the
adjacent silicate surface (17). This grafted nanohybrid could also be prepared from the
kaolinite—-methanol intercalation compound obtained at room temperature (111), under less
severe conditions than those previously reported. Recently, propanediols and butanediols were
grafted on the internal aluminol surfaces, by reaction with the methoxy-modified kaolinite (21,
23). Phenylphosphonate groups were also successfully grafted on the internal surfaces of
kaolinite (11).

The previous work on the grafting processes on the interlamellar aluminol surfaces of kaolinite
instigated the preparation and characterization of intercalated kaolinite—polyol nanohybrids
as the first step towards the preparation of covalently linked aluminosilicate nanohybrids. The
first section of this chapter reports the intercalation and the subsequent interlamellar grafting

of two different alditols, namely adonitol, a meso compound, and D-sorbitol (Chart 3.1). The
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intercalation was performed by displacing DMSO from the Kao—-DMSO intercalate, directly
from the melt of the alditol at temperatures just above the melting points of the respective
polyol.

- The second part of this chapter will deal with the direct one-step interlamellar grafting of

different polyols, with higher 7}, values, without a preliminary intercalation step.

CH, OH
CH, OH H——T—0H
H——~——OH HO——H
H— 1  OH H————OH
H—————OH H—————OH
CH, OH CH, OH
Adonitol D-Sorbitol
(Ribitol) (D-Glucitol)

Chart 3.1. Structures of adonitol and D-sorbitol.
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3.2 Preparation and XRD

The preparation of the organo-clays was carried out by first preparing the DMSO intercalate
of kaolinite (Kao—DMSOQ) and then reacting this directly with adonitol or D-sorbitol (7,:
110-120 °C for 5-6 days). The alditols were heated just above their melting points (adonitol:
102-104 °C; D-sorbitol: 98—100 °C) in the presence of dispersed Kao—DMSO intercalate.
Typically 0.3-0.5 g of the Kao-DMSO intercalate were mixed with an excess (five- or seven-
fold) of the alditol (Aldrich). Table 3.1 summarizes the product names and codes, the reaction
conditions, and the results of the preferred-orientation X-ray powder diffraction analysis. The
X-ray powder patterns of te products of some of these intercalation processes are presented in
Fig. 3.1 for the range of 2-18° 28. They indicate that the intercalation complexes are in an
ordered interlamellar conformation. However, the d,,, reflection of the Kao—alditol intercalates
was modified (more intense and broad) compared with the powder pattern observed for the
parent kaolinite mineral, suggesting that the presence of the organic species introduced
intralayer disorder (Fig. 3.2). The dj, reflection remains at 1.49 A, characteristic of a
dioctahedral clay mineral (Fig. 3.2). The d,,, reflection is 10.4 A for Kao—-adonitol and 11.9
A for Kao-D-sorbitol, compared with a recoreded value in this case of 11.5 A for the starting
material (Kao—DMSO) and 7.3 A for the pristine kaolinite (Figs. 3.1 and 3.2).

This corresponds to an interlamellar distance of 3.1 and 4.6 A, respectively (subtracting

a clay layer thickness of 7.3 A from the observed d,,, values for kaolinite, Fig. 3.1a), which is
indicative of a flattened horizontal arrangement of the alditol chains between the kaolinite

layers. Similar layer expansion values for halloysite complexes with ethylene glycol and
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glycerol have been reported (68). The intercalation of ethylene glycol (15, 16), polyethylene
glycol (18), and several alkanediols (21, 23), for example, show comparable values for a

flattened monolayer arrangement between the kaolinite layers.
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Table 3.1. Summary of product names, codes, reaction conditions, and results of the XRD analysis for the intercalation of alditols

into kaolinite (KGa-1b).

RM/SM T,, Reactiontime dyo;
Name Code RM® SM? RI¢

(&/g) €9 (h) (A)
Kao—-D-sorbitol Ia D-Sorbitol Kao-DMSO 5 125 216 11.88 0.82
Kao-D-Sorbitol ¢ Ib D-Sorbitol Kao-DMSO 7 125 264 10.67 (11.88 sh.) 0.80
Kao-D-Sorbitol ¢ Ic D-Sorbitol  Kao-DMSO 7 125 264 10.43 (11.87 sh.) 0.64
Kao-D-Sorbitol ¢ Id D-Sorbitol  Kao—-DMSO 5 110 144 10.55 (8.52)° 0.46°
Kao—adonitol I1a Adonitol Kao-DMSO 5 120 156 10.36 0.85
Kao-adonitol Iib Adonitol Kao-DMSO 5 110 144 10.28 0.82

“RM = reaction media.

*SM = starting material

‘RI = ratio of intercalation (ratio of the intensities of the dy, reflection of the product divided by the sum of intensities of the dj,
reflections of the product and residual kaolinite).

- “The Rl is based on the peak intensity of the most intense d,, reflection.

“Incomplete intercalation id due to insufficient reaction time.
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3.3 Study of the mechanism of intercalation with time: Kao—adonitol

Approximately 0.3 g of the Kao-DMSO intercalation product and 1.5 g of adonitol were
heated in an oil bath at 125 °C with continuous stirring. At selected times, small aliquots of
the reaction mixture were removed from the flask and worked up by repeated washings
with deionized distilled water to remove excess unreacted (unintercalated) adonitol. The
resulting products were air-dried and their XRD patterns were obtained to monitor the
progress of the intercalation process.

Figure 3.3 shows the intercalation process for adonitol into the interlamellar space of
kaolinite. Clearly, the reaction proceeds via a partial collapse of the Kao-DMSO intercalate
before the steps corresponding to the intercalation of adonitol. Initially (04 h), the
intercalated DMSO molecules are lost, as indicated by a shoulder at 10.2 A (coming down
from 11.5 A) on the broad 8.4 A phase. The 6-7 h samples only show one broad phase at
8.4 A, and after 21 h, two phases at 8.4 A and 10.4 A can be observed with the latter being
indicative of the beginning of the intercalation of adonitol into kaolinite. After 72 h, the

intercalation process is complete, as indicated by the presence of only one phase at 10.4 A.
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recorded after gradually increasing the intercalation time.

XRD powder patterns of the process of intercalation of adonitol into kaolinite,




3.4 Thermal treatment

Powder XRD patterns of preferentially oriented thin films of Kao—-adonitol on quartz discs
were obtained after first heating the samples for 4 h at 100 °C, then for another 4 h at 150
°C, and subsequently at each 50 °C interval up to 350 °C (heating rate: 40 °C/min). The
samples were allowed ‘to cool to room temperature, and their XRD powder patterns were
recorded after each heating interval.

Thermal treatment (Fig. 3.4) causes the grafting of the alditol molecules to the interlayer
aluminol surface. This can be observed by a reduction of the interlayer spacing from 10.4
A to 8.4 A. This reduction is similar to a reduction from 10.8 A to 9.4 A in the case of
Kao-EG (16), and to 8.2 A in the case of the grafting of methoxy groups (17, 111). Above
250 °C, the nanohybrid collapsed to the pure kaolinite (~7.3 A); this result is in good

agreement with the TGA results (see later sections).
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3.5 Solid-state *C NMR analysis

3.5.1 Identification of the intercalated species

Figures 3.5 and 3.6 present the results of the “C cross-polarization/magic-angle spinning
(CP/MAS) and the "C dipolar dephased (DD/MAS) NMR experiments, which were
obtained to characterize the adonitol and D-sorbitol intercalation complexes of kaolinite,
1.e., to identify the nature and structure of the intercalated species and to obtain information
on the dynamic state of the intercalated molecules. The detailed spectroscopic data are
summarized in Chapter 6 (the Experimental Chapter).

The C CP/MAS NMR spectrum of pure (crude) adonitol (Aldrich) is presented in Fig.
3.5a. Four resonances were observed at 60.6 ppm, 62.3 ppm, 72.1 ppm, and 72.7 ppm,
corresponding to the five carbons that are present in the unit cell of adonitol. Grinding 10
wt% of pure adonitol in kaolinite results in a physical mix of the two compounds, which
displays a *C CP/MAS NMR spectrum that is identical to the spectrum of pure adonitol
(Fig. 3.5b). Analogously, the 3C CP/MAS NMR spectrum of pure D-sorbitol (Fig. 3.5¢)
was obtained. It displayed 12 resonances in the range of 62.7-75.4 ppm, attributed to the
presence of two D-sorbitol molecules, each with six carbons, in the unit cell of the pure
alditol. Similarly, grinding pure D-sorbitol (10 wt%) with kaolinite also results in a
physical mix, which displays a "C CP/MAS NMR spectrum that is identical to the pure
D-sorbitol spectrum. Solid-state C CP/MAS NMR spectra (125.77 MHz, 12.5 kHz

spinning rate) of intercalated Kao—adonitol and Kao—D-sorbitol are presented in Fig. 3.6.
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A broad envelope of peaks in the same range of the crude adonitol (see Fig. 3.5) with
maxima at ~63.5 ppm and ~72 ppm can be observed for Kao—adonitol (Fig. 3.6a).
Kao—D-sorbitol also displays a broad envelope of peaks with maxima at 64.8, 66.7, 72.3,
and 76.1 ppm (Fig. 3.6b). These chemical shifts are in good agreement with the chemical
shifts of the corresponding alditols, indicating that the structures of the intercalated alditols
were not affected upon intercalation.

These two spectra do not show the resonances corresponding to the Kao-DMSO
intercalate, expected to appear at 43.1 ppm (methyl group located parallel to the sheet) and
44.2 ppm (methyl group keyed in the ditrigonal hole of the silicate sheet) (see Chapter 2 for
the spectrum of Kao—-DMSO) (72, 134). Dimethylsulfoxide was completely replaced by the
alditols in the intercalation process. This is in contrast with the case of the Kao-PEG
complexes, in which DMSO was found to be co-intercalated with the oxyethylene species
with only one methyl resonance observed at 4142 ppm (18).

The solid-state ?C CP/MAS NMR spectra of Kao—adonitol and Kao-D-sorbitol (50.31

MHz, 4 kHz spinning speed) are also shown in Fig. 3.7.

3.5.2 Dipolar dephasing experiments
As mentioned in the previous chapter, the dipolar dephasing technique can be used to
evaluate the dynamic state of the molecular group (126—128). The ratio of the intensities of

the dipolar dephased "’C resonance and of the “C resonance without dipolar dephasing
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(Ipp/1,) decreases if a molecular group is rigidly bound. The disappearance of all signals for
the kaolinite complexes with adonitol and D-sorbitol under DD conditions, with a

dephasing time of 40 us, indicates that the alditol chains are rigidly fixed in the

interlamellar space of kaolinite (Fig. 3.7 a.2 and b.2).
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Fig. 3.5. Solid-state *C CP/MAS NMR spectra (50.31 MHz, 4 kHz
spinning rate) of (a) pure adonitol, (b) 10 wt% adonitol
physically mixed with kaolinite, (c) pure D-sorbitol, and (d) 10
wt% D-sorbitol physically mixed with kaolinite.
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Fig. 3.6. Solid-state *C CP/MAS NMR spectra (125.77 MHz, 12.5 kHz spinning
rate) of (a) Intercalated Kao—adonitol and (b) Intercalated Kao—D-sorbitol.
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Solid-state *C NMR spectra (50.31 MHz) of (a.1) Kao—adonitol,
CP/MAS; (a.2) Kao—adonitol, DD/MAS, t = 40 us; (b.1) Kao-D-
sorbitol, CP/MAS; (b.2) Kao—D-sorbitol, DD/MAS, t =40 ps.
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3.6 Si NMR measurements

»¥Si MAS measurements were obtained for the starting materials and the produced
intercalated and grafted (thermally treated) nanohybrids on a Bruker AVANCE-500
instrument, operating at 99.35 MHz. The épectra are presented in Fig. 3.8.

The recorded *Si NMR results for the pristine kaolinite and for Kao-DMSO intercalate
were in agreement with literature values. The degeneracy of the two »Si signals of the
pristine kaolinite, observed in most intercalates, was also observed for both intercalated
compounds (Fig. 3.8), and it is indicative of the loss of H-bonding dissymmetry observed in
pristine kaolinite. The spectra for both intercalated Kao—adonitol and Kao—sorbitol showed
a strong signal centered at about —91.4 ppm. Upon thermal treatment, the grafted
compounds showed two signals at ~ —91.0 and —-91.5 ppm. These two signals can be
attributed to the presence of two different silicon environments; however, unlike pure
kaolinite, the two environments are not equally populated. The change in the spectra of the
thermally treated compounds could be a result of the grafting of the alditols to the aluminol

surface.
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Fig. 3.8. »Si CP/MAS NMR spectra of (a) intercalated Kao—adonitol, (b)

grafted Kao—adonitol, (¢) intercalated Kao—D-sorbitol, and (d)
grafted Kao—D-sorbitol.
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3.7 YAINMR spectra

The Al MAS NMR spectra of kaolinite and of several alditol intercalates were obtained at
130.32 MHz at a spinning rate of 14.0 kHz. Generally, a broad signal is observed with a
maximum in the range of 4.0 to 4.5 ppm, corresponding to the octahedral Al site (Fig. 3.9).
A small shift of the signal maximum is also observed for the grafted nanohybrids,

compared with the intercalated analogues.
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Fig. 3.9. ?7A1 MAS NMR spectra of (a) kaolinite, (b) grafted Kao—adonitol,

(c) intercalated Kao—adonitol, (d) intercalated Kao-D-sorbitol, and
(e) grafted Kao-D-sorbitol.
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3.8 FTIR analysis

3.8.1 O-H stretching region (3800-3200 cm™)

Detailed assignments of the observed bands in the FTIR spectra of the produced
intercalated and grafted nanohybrids are given in the Experimental Chapter. Figure 3.10
presents the O-H stretching patterns for kaolinite, Kao-DMSO, Kao-adonitol, and
Kao-D-sorbitol. The O-H stretching region is very sensitive to interlayer modification
(15-17, 26, 70). Consequently, the O~H stretching regions for the kaolinite complexes with
adonitol and D-sorbitol shows significant modifications, compared with that of kaolinite
and of the Kao-DMSO intercalate. As expected, the band at 3619 cm™, attributed to the
stretching frequency of the inner hydroxy groups of kaolinite that are aligned parallel to the
direction of the (001) layers and towards the unoccupied octahedral hole (58), was not
significantly affected, but the intensity of the 3697 cm™ was considerably reduced and the
bands at 3652 and 3667 cm™ disappeared completely. Two new peaks appear at ~3555 aﬁd
~3600 cm.

The pattern observed is similar to the one that was obtained after the intercalation of
ethylene glycol (EG) into kaolinite to form the 10.8 A intercalate, previously described in
the literature (16). In all cases, a sharp band appears close to 3600 cm™ with a broader band
around 3550 em™. These bands are superposed on a broad hydrogen bonded OH stretching
at lower frequency, attributed to the hydroxyl groups of the alditol.

In the case of the DMSO intercalate (Fig. 3.10b), Johnston et al. (25) attributed the 3540
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and 3505 cm™ bands to the stretching frequency of coupled inner-surface (outer) hydroxyl
groups that are perpendicular to the (001) plane, hydrogen-bonded to DMSO molecules in
the interlamellar space. The bands at 3696 and 3665 cm™ were attributed to the equivalent,
non H-bonded, coupled inner-surface hydroxyl groups. In the case of EG (16) as well as of
D-sorbitol and adonitol (Fig. 3.10), the coupling of the two inner-surface hydroxyls is lost.
As for the DMSO case, the bands at 3696 and 3555 cm ™' are present, suggesting that one of
the two types of hydroxyls can be either non H-bonded or H-bonded to the intercalated
molecules. However, the band at 3662 cm ' is replaced by a sharp band at ~3600 cm,

suggesting that these hydroxyls are H-bonded to the polyols, in a structured way.
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Fig. 3.10. FTIR spectra (4000-2500 cm™) of (a) kaolinite, (b)
Kao-DMSO, (c) Kao—D-sorbitol, (d) Kao—adonitol, (¢)
Kao-D-sorbitol after heating for 1 h at 200 °C, and (f)
Kao—adonitol after heating for 1 h at 200 °C.
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3.8.2 Effect of thermal treatment on the O—H stretching bands: evidence for grafting
Similar to what was observed in the case of EG, where heating the 10.8 A intercalate at 200
°C for 1 h resulted in the formation of a 9.4 A phase, attributed to the grafting of EG on the
aluminol inner surface, in the cases of D-sorbitol and of adonitol, heating the intercalated
material at 200 °C for 1 h resulted in a material characterized by a smaller d,,, (see previous
sections) and by an IR spectrum shown in Fig. 3.10e and 3.10f. The major modification in
the IR spectra resulting from the heating is the strong reduction in intensity of the band at
~3600 cm ', a result similar to what was observed in the case of Kao—EG (16). Also, the
3555 cm™ band is reduced in intensity, and a very small band reappears in the 3640-3670
cm™ region. All these results (together with the previous XRD results of the thermally
treated sample) are in excellent agreement with the grafting of the alditols on the inner
aluminol surface of kaolinite. Aéparently, the aluminol hydroxy groups involved in the
grafting reaction are those, which were strongly involved in the H-bonding with the

alditols.

3.8.3 C-H stretching region (2800-3100 cm™)

The bands in this region are diagnostic of the incorporation of organic moieties (18). Bands,
associated with the methylene groups of the alditols, are observed upon intercalation into
the interlayers of kaolinite. In case of Kao—D-sorbitol, asymmetric and symmetric C—H
stretching bands are observed at ~2927 and 2850 cm™ (Fig. 3.10¢). Similarly, Kao—adonitol

exhibited bands at ~2925 and 2850 cm™ (Fig. 3.10d).
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The absence of residual interlayer DMSO in these intercalates is confirmed, as the bands at
approximately 3022 and 2937 ¢m™, attributed to the symmetric and asymmetric stretching
of the methylene groups of the DMSO molecules, respéctively, completely disappeared in
all cases (see Fig. 3.10).

Full assignments of the observed OH and CH stretching bands of three different novel

nanohybrids are reported in Experimental Chapter (Chapter 6).

3.8.4 HOH bending region (1680-1600 cm™)
The characteristic deformation band of water is observed at 1630 cm™, indicating that water
is exclusively present as an adsorbate on the external surfaces of the materials. The

deformation band of intercalated water molecules would be expected around 1650 cm™ (16,

18, 124).

3.8.5 C-H deformation bands (1500-1200 cm™)

Bands, attributed to CH deformations, can be observed in the FTIR spectra of these
nanohybrids. Normally, Kao—-DMSO shows deformation bands at 1428, 1410, 1394, and
1319 cm™ (see previous chapter). New patterns were observed for Kao—adonitol and
Kao—D-sorbitol (see Experimental Section, Chapter 6). Interestingly, contrary to the
observations made in the case of the 9.4 A intercalate of EG in kaolinite, there is no band at
1325 cm™'; the main band in that region is a sharp band at 1383 cm™. This is an indication

of a gauche conformation for the alditol chain, as expected on the basis of the d,,, value. In
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the case of Kao—EG (9.4 A) intercalate, a trans conformation was observed, suggesting that
one end of EG was grafted to the aluminol sheet, while the other hydroxyl group was keyed

into the siloxane macro-ring of the silicate side by H-bonding (15, 16).

3.8.6 O-H Bending region and the kaolinite-lattice vibrations

- Major changes are also observed in the hydroxyl bending regions of the IR spectra. The
kaolinite band at 938 ¢cm™ has been assigned to the in-plane bending vibrations of surface
hydroxyl groups (124). Upon intercalation of D-sorbitol and adonitol, this band is greatly
reduced in intensity, while a new band appears at 969 cm™ (a similar change is observed in
the case of Kao-DMSO, with a band appearing at 958 cm™) (Fig. 3.11). This band
disappears almost completely after heating at 200 °C for 1 h, which is in agreement with the

grafting assumption of the alditols.

106



Absorbance (arb.)

I I . I
1000 900 300 700 600

-1
Wavenumber (cm )

Fig. 3.11. FTIR spectra (1000-600 cm™) of (a) kaolinite, (b) Kao-DMSO,
(c) Kao—-D-sorbitol, and (d) Kao—adonitol.
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3.9 Thermogravimetric analysis

The thermal behavior and stability of the produced intercalated compounds were
investigated with simultancous thermogravimetric and differential thermal analysis
(TGA/DTA). The results were compared with the thermal behavior of the starting materials
and revealed that the new compounds possessed enhanced thermal stability compared with
the starting material.

Figure 3.12 presents the results obtained from the thermal analysis for the kaolinite starting
material, the Kao-DMSO complex, Kao—adonitol, and Kao—D-sorbitol, recorded under N,
atmosphere. The DTA thermogram of kaolinite shows an endotherm at 528 °C, attributed to
the dehydroxylation of the crystal lattice, and an exotherm at ~1000 °C, attributed to a
structural organization, i.e., the spinel-phase crystallization. The total weight loss during the
thermogravimetric analysis corresponds to ~13.8% and coincides with the expected weight
loss for the dehydroxylation of the kaolinite layers. As can be seen in Fig. 3.12a, there is
virtually no weight loss for the desorption of water (ambient to 110 °C); this is in
agreement with previously reported results for well-ordefed kaolinite specimen (136—138).
The Kao—DMSO intercalate exhibits two weight-loss steps, totaling ~27.7% (Fig. 3.12d).
The first step corresponds to the loss of DMSO at ~217 °C (16.5%), and the second step is
a result of the dehydroxylation of the kaolinite lattice observed at 539 °C (11.2%). The
spinel-phase crystallization occurred at 1009 °C, as indicated by an exothermic peak in the
DTA thermogram (see Chapter 2).

Both Kao-adonitol and Kao—D-sorbitol undergo two main weight-loss (decomposition)
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stages between ~100 °C and 600 °C (total observed weight loss is ~20%), showing thermal
behavior comparable to the previously reported grafted derivatives of kaolinite, e.g., EG,
propanediols, and butanediols (16, 21, 23). The first weight-loss stage of ~5%—6% occurs

in the range of 100-450 °C (7, is broadly defined in both cases around 200 °C).

The second decomposition step, with a weight loss of ~12.0% in both nanohybrids, occurs
from 400—650 °C. The DTA run shows well-defined endothermic minimum for this range
at ~502 °C and ~488 °C for Kao—adonitol and Kao—D-sorbitol, respectively. This stage is
attributed to the dehydroxylation of the kaolinite layers.

Generally, for all kaolinite intercalates, the decomposition of kaolinite represented in the
dehydroxylation temperature is altered from that of the unmodified kaolinite. Moreover, for
the grafted nanohybrids, the dehydroxylation temperatures were greatly reduced even
compared with other intercalates (16, 17, 21, 23). The dehydroxylation temperatures for
thermally treated Kao—alditol nanohybrids are in agreement with partial grafting of the
alditols on the aluminol surfaces.

Finally, a gradual 2.7% (Kao—adonitol) and 1.8% (Kao—D-sorbitol) weight loss is observed
from ~650-1100 °C. This is generally attributed to the carbonaceous residue of the
decomposed alditols, trapped in the interlamellar spaces of kaolinite. The exothermic peak

(DTA) accompanying the spinel-phase crystallization is observed around 1005 °C in both

cascs.
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Fig. 3.12. TGA curves (N,, 100 mL min™', 10 °C min™"; RT-1100 °C) of (a)
kaolinite, (b) Kao—D-sorbitol, (¢) Kao—adonitol, and (d) Kao—-DMSO.
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Part II: Direct interlamellar grafting of high melting-
point polyols in kaolinite

3.10 Introduction

This part reports the modification of the interlamellar surface of kaolinite by the grafting of
two different alditols, namely, D-mannitol and dulcitol (Chart 3.2), directly from the melt
rather than thermal treatment of the intercalated alditols, as reported previously in Part I of this
chapter. Several starting materials were used; however, Kao—-DMSO intercalate was the most
effective. The results of the XRD, FTIR, and TGA analyses confirmed the grafting of the
polyol molecules on the aluminol surface of kaolinite. *C CP and DD/MAS spectra indicated
the complete displacement of the guest molecules of the starting materials by the polyols and
the rigidity of the latter in the interlamellar space. *Si and ’ A1l NMR spectra of the starting
materials and the products are also discussed. Analyses results show the possibility of the
presence of an oligomeric form of the alditols grafted on the aluminol surface of kaolinite at

more than one point in a bridging manner.
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3.11 Preparation and X-ray diffraction

The preparation of the nanohybrid materials was carried out following the method previously
described in the cases of D-sorbitol and adonitol from the DMSO intercalate of kaolinite ((7);
see PartI of this Chapter). Typically, 0.7 g of the starting material, e.g., Kao—DMSO intercalate
was mixed with an excess (five- to seven-fold) of the polyols. Because of the higher melting
points of D-mannitol and dulcitol, the reactions took place in an autoclave (Parr® bomb) at
temperatures in the range of 190-250 °C under autogeneous pressures. Table 3.2 summarizes
the product names and codes, the reaction conditions, and the d,,, values of the resulting
materials. In the case of Kao—-DMSO as a starting material, and when the reaction with
D-mannitol is done in the presence of a solvent, deionized water or DMSO, even under a
maximum autogeneous pressure of 120 psi, kaolinite was fully recovered, and only the
characteristic dy,, reflection can be observed at 7.2 A. In contrast, when the reaction is done
in the melt, at temperatures ranging from155 °C to 215 °C, a reflection at 11.0 A-11.5 A is
observed, indicative of the intercalation into the interlamellar spaces of kaolinite (68). The ratio
of intercalation depends upon the reaction conditions, varying from 50% to 86%. The
maximum ratio of intercalation was obtained for a reaction time of 48 h, at 205 °C,
corresponding to a maximum autogenous pressure of 70 psi. The situation is similar with
dulcitol, but no systematic studies were done to optimize the ratio of intercalation. Two other
intercalates were used as starting materials, Kao — N-methylformamide (Kao—NMF) and
Kao-potassium acetate (Kao—KOAc). The production of materials with dj, in the range of

11.0 A-11.6 A was observed for both the NMF and potassium acetate (KOAc) intercalates, but
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with relatively low ratios of intercalation, plausibly because of the decomposition of the
starting materials at relatively low temperatures, compared with the temperature at which
Kao-DMSO intercalate decomposes. When kaolinite itself was used as a starting material, it
was recuperated unreacted.

Typical X-ray powder patterns of the starting materials (kaolinite and Kao—~DMSO) and of the
materials resulting from the reaction with the melts of D-mannitol and dulcitol are shown in
Fig. 3.13, for the range of 2-16" 2 6. The remaining patterns are similar to those previously
reported in the case of other alditols, and full patterns are shown in Fig. 3.14. It is worth noting
that the d, reflection remains at 1.49 A, characteristic of a dioctahedral clay mineral. The
layered structure of kaolinite remains largely unaffected, the only major variation being the
value of the c-spacing. The dj,, reflection is in the range of 11.0 A to 11.5 A, which
corresponds to an expansion in the interlamellar distances by ~3.8 A to ~4.3 A (subtracting a
kaolinite layer thickness of 7.2 A from the observed dy,,). Since the >C NMR results show the
complete disappearance of the organic or salt intercalates (DMSO, NMF, or KOAc) after the
reaction (see later sections), the expansion is attributed only to the intercalation of the alditol.
Similar to Part I, the interlamellar distances are indicative of a flattened horizontal arrangement
of the polyol, in a manner similar to what was obtained in the case of D-sorbitol (7). These
values are also typical of other intercalations, such as ethylene glycol (16), polyethylene glycols

(18), propanediols (21), or butanediols (23).
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Table 3.2. Summary of product names, codes, reaction conditions, and results of the XRD analysis for the reaction of D-mannitol
and dulcitol with different kaolinite intercalates.

Maximum Autogenous Average XRD results

Code SM? RM* t, (h)
Pressure (psi) T, (O

dyr (A) dyy(K) (A) RI

M1 - Kao-DMSO D-Mannitol dissolved in DIW - 75 179 - 7.1 -
‘M2 Kao-DMSO D-Mannitol dissolved in DIW 120 195 48 - 7.2 -
M3 Kao-DMSO D-Mannitol dispersed in DMSO - 60 156 - 7.1 -
M4 Kao-DMSO D-Mannitol in the melt under air - 195 146 11.5 7.1 70.0
M5 Kao-DMSO D-Mannitol in the melt under N, - 195 139 11.5 7.2 81.8
‘M6 Kao-DMSO D-Mannitol in the melt 70 205 48 113 7.2 86.4
‘M7 Kao-DMSO D-Mannitol in the melt 75 215 31 11.1 7.1 85.5
‘M8 Kao-DMSO D-Mannitol in the melt 25 195 24 11.0 6.9 50.7
‘M9 Kao-DMSO D-Mannitol in the melt 30 155 51 11.1 6.9 49.0
‘M10 Kao-NMF D-Mannitol in the melt 90 230 54 11.3 7.2 4.7
‘M11 Kao-NMF D-Mannitol in the melt 35 215 73 11.3 7.2 16.3
"M12 Kao-KOAc D-Mannitol in the melt 20 190 48 11.6 72 433
"M13 Kao-KOAc D-Mannitol in the melt 120 225 71 10.8 7.1 51.9
‘M14 KGa-1b D-Mannitol in the melt 40 190 45 - 7.1 -
‘D1 Kao-DMSO ~ Dulcitol in the melt 45 235 22 11.4 7.1 71.5

“SM = starting mterial.

’RM = reaction medium.

‘RI = ratio of intercalation (ratio of the intensities of the dj,, reflection of the product divided by the sum of intensities of the d;,, reflections of the product and
residual kaolinite).

"Reactions performed in autoclave (Parr® Bomb).
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Fig.3.13. XRD powder patterns (2—16°) of (a) kaolinite, (b) Kao—DMSO,
(¢) Kao-D-mannitol, and (d) Kao—dulcitol.
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3.12 Resistance to hydrolysis

The produced Kao—D-mannitol nanohybrid exhibited remarkable resistance to de-
intercalation attempts, including washing the product of experiment M7 (see Table 3.2)
with de-ionized water for 4 days. Washing at room temperature did not change neither the
dyo, reflection (~11.1 A) of the product nor the ratio of intercalation (~86.0%) (see Fig.
3.15), while refluxing in deionized water for 40 h resulted only in a slight decomposition of
the nanohybrid (d,,, = ~10.8 A, and the ratio of intercalation = ~80.0%), probably because
of partial hydrolysis. Compared with the results of similar experiments on other kaolinite
intercalates (see Chapter 2), this indicates a stable intercalate of kaolinite in which the
alditol molecules are grafted on the aluminol interlamellar surface of kaolinite. Intercalated
molecules can easily be de-intercalated upon washing with the appropriate solvent (16,

147).
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Fig. 3.15. XRD powder patterns (2-25°) of (a) Kao—-D-mannitol, (b) Kao-D-
mannitol, washed with DIW for 4 days, and (c) Kao-D-mannitol,
refluxed in DIW for 40 h.
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3.13 Solid-state C NMR analysis

3.13.1 Identification of the intercalated species

The results of the "C cross polarization/magic-angle spinning (CP/MAS) NMR spectra of
the Kao—-KOAc intercalate, crude D-mannitol, and of the Kao—D-mannitol nanohybrid
material are presented in Fig. 3.16. Summary of the detailed spectroscopic data can be
found in Chapter 6 for the products listed in Table 3.2 (the Experimental Chapter).
Potassium acetate was completely removed from the interlayer space of kaolinite after
reaction with D-mannitol under the conditions reported in Table 3.2. The “C spectrum of
the polyol can be observed after reaction. The peaks are broadened compared with the pure
D-mannitol, but are observed entirely in the same chemical shift region, from 65 to 75 ppm,
characteristic of alditols. Similarly, no DMSO peak could be observed after reaction of
Kao-DMSO with D-mannitol or dulcitol (see Experimental Chapter). Consequently,
DMSO (or KOAc) molecules are fully replaced by the polyol in the interlamellar spaces of
kaolinite after the reaction. This was also observed in the cases of D-sorbitol or adonitol (7),
but in the case of the intercalation of polyethylene glycol, DMSO was found to be

co-intercalated with the polymer (18).

3.13.2 Dipolar dephasing experiments

Figure 3.17 shows the “C dipolar dephasing spectra of Kao—D-mannitol, with dephasing

times T ranging from 0 to 40 ps. The complete disappearance of the mannitol signals for a
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dephasing time of 40 ps indicates that the polyol chains are rigidly fixed in the interlamellar
spaces of kaolinite (126-128). The results of a series of dipolar dephasing experiments
revealed that the intensities of the C signals show an exponential decay according to the
equation previously reported (see Chapter 2) (127). The linear fitting of the plot of
In(lp/1,), where Iy, and /; are the peak intensities obtained with and without dipolar
dephasing, respectively, vs. 7 (dipolar dephasing delay time in ps) shows a statistical linear
regression factor of 0.997, and T, which is the transverse relaxation time constant can be
calculated to be ~16 us (Fig. 3.18). This can be compared to the results obtained previously

for the other organic nanohybrids of kaolinite, e.g., Kao—PEG nanocomposites (18).
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Fig. 3.16. Solid-state *C CP/MAS NMR spectra of (a) Kao-KOAc, (b) crude

D-mannitol, and (c) Kao—D-mannitol.
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Solid-state *C CP/MAS NMR spectra of Kao—D-mannitol: (a) no dipolar

dephasing; (b—e) with dipolar dephasing, T = (b), 10; (c), 20; (d), 30; and (e),
40 ps.
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Fig. 3.18. Plots of In(/,/1)) vs. the square of the dipolar dephasing time
(7%) for the ’C NMR DD/MAS spectra acquired for Kao—D-
mannitol. Data for the 67.7 ppm signal (°).

124



3.14 *Si CP/MAS NMR

The #Si CP/MAS NMR spectrum (99.35 MHz) of kaolinite is given in Fig. 3.19. It
displays two well-resolved signals at —91.5 and —90.9 ppm. The observation of two
different 2Si NMR signals for kaolinite was reported previously (74, 129-132). The two
signals were attributed to the existence of two different but equally populated silicon sites.
Interlayer hydrogen bonding, causing two different silicon environments, is the main
reason for signal splitting in kaolinite. 2’Si CP/MAS spectrum of Kao-DMSO intercalate is
given in Fig. 3.19b. In addition to the residual signals of unexpanded kaolinite, one signal
is observed at —92.7 ppm. The degeneracy of the Si signals of kaolinite upon intercalation
of organic molecules has been reported previously (129-132). This change corresponds to
the loss of H-bonding dissymmetry observed in kaolinite and a well-ordered structure of
the intercalated molecules, e.g., DMSO in the interlamellar space. Figure 3.19¢ and 3.19d
give the ®Si CP/MAS NMR spectra of D-mannitol and dulcitol intercalates, respectively.
Two broad signals are observed at —~91.0 and —91.5 ppm with unequal intensities. This is
similar to what was reported in the case of a bridged propanediol grafted to the interlayer
aluminol surface (21) where broad dissymmetric signal with a maximum at —92.0 ppm was
observed. Similar results were also observed in case of the thermally treated (grafted)
alditols (see Part 1 of this chapter). The **Si spectra reported here for the polyols suggest a

multi-point grafting on the surface.
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Fig. 3.19. ¥Si CP/MAS NMR spectra of (a) kaolinite, (b) Kao-DMSO, (c)
Kao—-D-mannitol, and (d) Kao—dulcitol.
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3.15 YAl NMR analysis

?7A1 NMR spectra of kaolinite and intercalates show signals due to both octahedral and a
small amount of tetrahedral aluminum sites (133). The Al MAS NMR spectra of kaolinite
and of several polyol intercalates were obtained at 130.32 MHz at a spinning speed of 14.0
kHz. In all the cases, a broad signal is still observed, with a maximum in the range 4.0 to
4.5 ppm for the octahedral site in agreement with previous studies (Fig. 3.20) (72, 75, 134,

135).

(e)

(d)

Intensity (arb.)
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Fig. 3.20. Al MAS NMR spectra of (a) kaolinite, (b) Kao-DMSO, (c)
intercalated Kao—D-sorbitol, (d) grafted Kao—D-sorbitol, and (e) grafted
Kao—D-mannitol.
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3.16 FTIR analysis

Figure 3.21 gives the infrared spectra in the O-H and C-H stretching regions of kaolinite,
Kao-DMSO, Kao—D-mannitol, and Kao—dulcitol. The spectra of the starting materials were
similar to the previously reported elsewhere (26, 70, 75). Upon the reaction of Kao-DMSO
with the alditols, the C-H stretching bands of DMSO are replaced by three bands at 2854,
2926, and 2957 cm™', characteristic of the aliphatic backbone of mannitol. The band at 3620
cm™, corresponding to the OH stretching of the internal AI-OH group remains unaffected
in all cases, while the bands, corresponding to the surface AI-OH groups, are affected by
the reaction with mannitol and dulcitol. It is particularly striking to note that the O-H
stretching patterns of the intercalated materials are very similar to those observed in the
cases of adonitol and D-sorbitol after thermal treatment and grafting on the internal
surfaces. Of particular interest is the strong reduction of the band at ~3602 cm™, a result
also similar to what was observed in the case of the grafting of ethylene glycol (7, 16). The
spectra of Kao—D-mannitol before and after heating for 1 h at 250 °C are essentially
identical (Fig. 3.21), an indication that in the more drastic reaction conditions used for
D-mannitol and dulcitol, the intercalation of these polyols in the interlamellar spaces of
kaolinite is directly followed by the grafting on the internal surfaces, without the possibility

of identifying an intercalation phase as intermediate.
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3.17 Thermogravimetric analysis

As mentioned before, the main feature of the DTA thermogram of kaolinite is the major
endotherm near 550 °C, attributed to the loss of water because of the dehydroxylation of
crystal lattice with formation of meta-kaolinite. This endotherm corresponds to ~13.8%
weight loss in the TGA (Figs. 3.22a and 3.22b). Another feature of the DTA is a
characteristic exotherm around 1000 °C, attributed to structural reorganization and
formation of the spinel phase (136). As shown in Figs. 3.22a and 3.22b, the Kao-DMSO
intercalate exhibits two weight losses in the TGA, accompanied with two endotherms
centered at ~195 °C and 513 °C. The former is attributed to the loss of DMSO, and the
latter is due to the dehydroxylation step of kaolinite.

In the case of the D-mannitol and dulcitol intercalates, one can observe the dehydroxylation
steps at ~470 'C and 485 °C, respectively. This shift to lower temperatures, compared with
the pristine kaolinite, is characteristic to the grafting of organic molecules to the hydroxyls
of the aluminol surface of kaolinite. An additional weight loss is observed in both cases

with 7.

€Xo

around 350 °C, corresponding to the loss of the organic moieties. These relatively
high temperatures indicate the grafting of the polyols on the aluminol interlayer surface of
kaolinite. Similar temperatures were previously reported in case of other polyols, grafted
ethylene glycol, polyethylene glycol, ethanolamines, and diols (7, 16-19, 21, 23).

Again, The final weight loss ~1.9% for both Kao-D-mannitol and Kao—dulcitol is
attributed to the carbonaceous residue of the decomposed alditols, trapped in the

interlamellar spaces of kaolinite. The exothermic peak (DTA) accompanying the spinel-
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phase crystallization is observed around 1003 °C in both cases.

The presence of the carbonaceous residue that hinders the interactions between the adjacent
aluminosilicate layers suppressed the kaolinite dehydroxylation endotherms (Fig. 3.22b).

In general, endothermic peaks attributed to the fusion of the organic material do not appear
in the DTA thermograms of the kaolinite intercalates reported in the literature, indicating
different aggregation states for the organic molecules in the bulk and the intercalate or the
absence of crystalline material in the intercalates (9, 18). Kao-D-mannitol and kao-dulcitol
are no exception. The DTA thermograms of pure D-mannitol and dulcitol (148) revealed
endothermic peaks at 169 °C and 190 °C, respectively, attributed to the melting of the
alditols. In case of the intercalated alditols, no endothermic peaks were observed at the
fusion temperatures of the pure alditols, thus ruling out the possibility of having any excess
amount of the organic substances adsorbed on the sample or not intercalated in the

interlamellar space of kaolinite.
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(a) TGA curves (RT-1100 °C) for (a) kaolinite, (b) Kao—D-mannitol,
(¢) Kao—-DMSO, and (d) Kao-dulcitol. (8) The corresponding DTA
curves: (a) kaolinite, (b) Kao~-DMSO,(c) Kao-D-mannitol, and (d)

Kao—dulcitol.
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3.18 Thermal transformation of the D-mannitol and Kao—D-mannitol

compound

In a blank experiment, ~20 g of the pure D-mannitol were placed in a sealed autoclave (Parr
bomb) under the same conditions of experiment M6 (see Table 3.2). The resulting material
was dissolved in alcohol and the ES-MS was recorded. The spectrum showed an oligomeric
structure with the molecular-ion peak value up to eight times the molecular mass of the D-
mannitol and other fragments corresponding to the dimer, trimer, tetramer, and other
multiplets of the molecule. The results of the HMQC “C-'H NMR experiment performed
on the product of the blank experiment dissolved in D,0 confirmed the presence of
methylene groups linked through an ether type linkage as a result of the polymerization of
the alditol (see Appendix Al and A2).

Clearly, from the TGA/DTA results, a carbonaceous material remained between the layers
of kaolinite after the decomposition of the intercalate. Similar results were observed in case
of other intercalates, especially polymers, e.g., polyacrylamide (149). Subsequently, the
thermal behavior of the Kao—D-mannitol intercalate was investigated. Thus, Kao-D-
mannitol was heated to temperatures of 150, 200, 250, and 300 °C at 4 °C min™' in a high-
temperature chamber, and XRD patterns were measured at these temperatures. The XRD
patterns before and after heat treatment at different temperatures are shown in Fig. 3.23.
Clearly, peaks due to increased basal spacing were observed in all patterns. The shift of the

basal spacing at high temperature (250 and 300 °C) is plausibly due to the conversion of the
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polyol to the carbonaceous material. Similar broadening of the peaks at high temperatures
was also observed for the Kao—poly(acrylamide) intercalate, and was attributed to the
disordered stacking of the layers of the aluminosilicates (149). Again, analyses results
confirmed the possibility of the grafting of an oligomeric form of the alditols on the

aluminol surface of kaolinite in a bridging manner.
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Fig. 3.23. High-temperature XRD patterns (218 °) of the Kao—D-mannitol for the
temperature range RT-300 °C.
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Chapter 4

Intercalated nanocomposites from kaolinite and biodegradable
polyesters

4.1 Introduction

The rapidly growing use of polymers, followed by their disposal into the environment as
undegradable waste, recently raised serious global environmental concerns. Consequently,
the interest in developing “green” polymeric materials that can be biodegraded after
disposal by the activity of microorganisms to CO and H,0 is growing. Biodegradable
polymers could be made from biosources, ¢.g., corn and cellulose, can be synthesized by
bacteria, e.g., poly(hydroxy butyrate) (PHB), or can be derived from petroleum sources,
e.g., aliphatic polyesters (150). Polymers of the latter category, such as poly(ethylene
adipate) (PEA), poly(ethylene succinate) (PES), poly(butylene adipate) (PBA), have
received a lot of attention as potential alternatives to commercial plastics. These are usually
synthesized by the polycondensation of the diol moiety with‘the appropriate dicarboxylic
acid (151). One of the major problems limiting the commercialization of these polyesters is
their poor performance in terms of mechanical properties as well as controlling their rate of
degradation. Aliphatic polyesters are the most promising polymers for the production of
environment-friendly biodegradable plastics. Biodegradation of these polymers can occur
by living microorganisms that produce enzymes that have the ability of degrading the

polymer. In general, the commercialization of these biodegradable polymers is limited by
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their poor physical properties as well as uncontrolled biodegradation (151).

In this chapter, the first intercalated kaolinite—polymer nanocomposite that involves the use
of a commercial biodegradable polymer is reported. The nanoscale dispersion of the clay
particles to form the Kao—polymer nanocomposite is believed to improve the properties of
the polymer (31, 152). For the first time, the produced nanohybrids are free of co-
intercalated intermediate guest molecules, thus allowing the produced material to be

described as “green” nanocomposite.

4.2 Preparation and X-ray diffraction analysis

Several kaolinite-polymer nanocomposites were typically prepared, using a guest-
displacement technique, by first preparing the dimethyl sulfoxide (DMSO) or potassium
acetate (KOACc) intercalate of kaolinite, and then reacting this directly with the polymer,
i.e., guest-displacement technique (see Chapter 1). Typically, 1-2 g of either Kao—-DMSO
or Kao—-KOAc intercalate were mixed with an excess (approximately four-fold) of either
dihydroxy terminated poly(ethylene adipate) (PEA) (Aldrich), poly(ethylene succinate)
(PES) (Aldrich), or poly(butylene adipate) (PBA) (Aldrich) (see Chart 4.1). This was done
directly in the melt of the appropriate polymer, without the use of a solvent. The mixture
was maintained at a given temperature for a given period of time, followed by the reaction
workup (mainly washing with excess solvents, vacuum filtration, and drying). The success
of the intercalation by the melt method was previously attributed to the strong concentration

effect of the polymer in the melt compared with the solutions, coupled with a possible
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lower stabilization energy of each polymer unit in the melt and with a competition of the
interlamellar hydrogen bonding sites of kaolinite by the solvent molecules. The reaction
details for the individual reactions are given in the Experimental Section, and a summary of
the main reactions is given in Table 4.1. The product codes and reaction conditions are
given, along with the interlayer d-spacing, and the ratio of intercalation (RI). The interlayer
or d-spacings were calculated from the first dy, reflections of the principal phase.

The interlayer expansions for the products were comparable. Basal spacings of the
nanocomposites ranged from 11.5 A for Kao-PES to ~12.0 A for Kao-PBA. After
subtracting an average basal spacing of 7.15 A for the pristine kaolinite (KGa-1b), this
corresponds to an expansion of approximately 4.35-4.85 A, which is the roughly expected
interlayer expansion, corresponding to a flattened monolayer arrangement of the polymeric
chains in the interlamellar space. Comparable values for the interlayer expansion because of
the monolayer intercalation of the organic molecules into kaolinite were reported
elsewhere, e.g., an expansion of ~3.7—4.8 A for Kao—polyols (adonitol, D-sorbitol, dulcitol,
and D-mannitol) ((7, 8); see Chapter 3), as well as 4.0 A for Kao—PEG (18) and for other

kaolinite—polymer intercalates (9, 24, 35, 97), and for other layered materials (113-117).
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H-[OCH,CH,00CCH,CH,CH,CH,CO-],0H

I

H-[OCH,CH,CH,CH,00CCH,CH,CH,CH,CO-],0H

II

H-[OCH,CH,00CCH,CH,CO-],0H

i}

Chart 4.1. Molecular formulae for (I) PEA, (II) PBA, and (IIT) PES.
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In a blank experiment, when kaolinite itself (KGa-1b) was used as a starting material, it
was recuperated unreacted. Typical X-ray powder patterns of the starting materials
(kaolinite and Kao-DMSO) and of the materials resulting from the reaction with the melts
of PEA and PES are shown in Fig. 4.1 for the range of 2-15° (28). The remaining patterns
are similar to those previously reported in the case of other polymers (e.g, PEG) (18). In
addition, full XRD patterns of the nanocomposites resulting from the reaction of
Kao-DMSO with the molten polymers are shown in Fig. 4.2. It is worth noting that the d,
reflection, characteristic of a dioctahedral clay mineral, remains at 1.49 A in all cases. XRD
patterns of the other Kao—polyesters reported in Table 4.1 are similar to this, and in all
cases at least four (00]) reflections could be indexed. Thus, the layered structure of kaolinite
remains largely unaffected, the only major variation being the value of the d-spacing.

It is noteworthy that the analyses of the products of the preliminary attempts indicated the
presence of remaining (co-intercalated) starting materials in the interlamellar space of
kaolinite, i.e., DMSO molecules were not completely displaced by the polymeric chains, as
evident from the presence of DMSO peaks in "C NMR spectrum of Kao-PEAL.
Subsequently, optimization of the reaction conditions (longer times and higher reaction
temperatures, see Table 4.1) resulted in the complete displacement of the guest molecules,
i.e., DMSO by the polymeric chains (see NMR Section); therefore , the reported interlayer
expansion can only be attributed to the intercalated polymeric chains. Thus, these results
are the first report of a complete displacement by an intercalated polymer from the melt,

since the reported Kao—PEG results, for example, confirmed only the co-intercalation of
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DMSO molecules and the polymer (18); same results were also obtained from Kao-PEG
synthesis attempts performed in the course of this study (see Chapter 6). In case of
Kao-KOAc starting material, both attempts (Table 4.1) only resulted in a co-intercalation
of the salt molecules, possibly entangled in the polymeric chains and the products of the
transesterification reaction between the acetate and the polyester, as evident by “C NMR
data (see later sections).

The intercalation ratios achieved were always > 90% (see Table 4.1), as the reaction
temperature was kept below the decomposition temperature of the Kao—-DMSO intercalate
(~190 °c) to avoid the collapse of the DMSO intercalate prior to the displacement by the
polymeric chains. The lower intercalation ratio observed in case of Kao—PBA is plausibly
due to the longer reaction time and higher temperature needed to melt the polymer, which
might partially result in the de-intercalation of DMSO molecules from the starting material.
Figure 4.3 shows a follow-up of the development of the interlayer expansion by the
polymer molecules vs. reaction time for the Kao—PES nanocomposites. Clearly, the

interlayer expansion increases with time.

141



T 11.61 A

_ e

11.16 A
g |
!
£ . ©)
é \\-‘ P S
[
K 715A
|
u o
i (a)
2 4 6 8 10 12 14
20°
Fig. 4.1. XRD powder diffraction patterns (26 = 2-15") of (a) kaolinite, (b)

Kao-DMSO, (c¢) Kao-PES, and (d) Kao-PEA. Residual kaolinite d,,
peaks are marked by asterisks.
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