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Glossary

Acronym

3MPA butyl 3-mercaptopropionate

AAm acrylamide

AFM atomic force microscopy

AIBN 2,2’-azobis-isobutyronitrile

AIP aluminum isopropoxide

AOT sodium bis(2-ethylhexyl) sulfosuccinate

APS ammonium persulphate

ASB aluminumsec-butoxide

ATRP atom transfer radical polymerization

BMA butyl methacrylate

CCC critical coagulation concentration

CDCl3 deuterated chloroform

CEC cation exchange capacity mequiv 100g−1

CFP core-forming particles

CH cyclohexane

CMC critical micelle concentration mol dm−3
W

CTA chain transfer agent

CTAB hexadecyltrimethylammonium bromide

DCM dichloromethane

DCTB trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene]malononitrile

DDI double deionized water

DEC decalin

DEE diethyl ether

DLS dynamic light scattering

DLVO Derjaguin and Landau and Verwey and Overbeek

DMA N-[3-(dimethylamino) propyl] methacrylamide

DMAEMA 2-(dimethylamino) ethyl methacrylate

DSC differential scanning calorimetry

DTAB dodecyltrimethylammonium bromide

FTIR Fourier-Transform InfraRed spectroscopy

GLA glacial acid

GMA glycidyl methacrylate

HBr hydrobromic acid

HCl hydrochloric acid

HEMA 2-hydroxyethyl methacrylate

HHF Hogg, Healy and Fuerstenau
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HLB hydrophilic lipophilic balance

HQ hydroquinone

iBMA isobutyl methacrylate

iep isoelectric point

IPA 2-propanol

IRC initial reactor charge

KPS potassium persulphate

LRD Laponite RD

MALDI-ToF-MS matrix-assisted laser desorption ionization time-of-flight
mass-spectrometry

MAPTAC methacrylamidopropyl trimethyl ammonium chloride

MATMAC methacrylatoethyl trimethyl ammonium chloride

MeOH methanol

MMT montmorillonite: a 2:1 phyllosilicate or smectite clay

MMT-757 Nanofill 757, sodium montmorillonite

MMT20 Cloisite 20A

MPDS methacryloxypropyldimethylethoxysilane

MPS 3-methacryloxypropyltrimethoxysilane

Na-MMT Cloisite Na+, sodium montmorillonite

NaCl sodium chloride

NaOH sodium hydroxide

NDA N,N’-dimethylacrylamide

NDM n-dodecyl mercaptan

OSH Optigel SH

PCl polymer-clay nanocomposites

PDA photodiode array detector

PDI polydispersity index

PEB pulsed electron beam

PEO poly(ethylene oxide)

PS polystyrene

PVSP poly(vinyl sulphate, potassium salt)

RI refractive index

S styrene

SBS syrene butadiene styrene copolymer

SC sodium carbonate

SDS sodium dodecyl sulphate

SEC size exclusion chromatography

SEM scanning electron microscopy

SFP shell-forming particles

SHC sodium hydrogen carbonate

SSA specific surface area m2 g−1

TEM transmission electron microscopy

TGA thermogravimetric analysis

THF tetrahydrofuran

TMA trimethyl amine

TMAC tetramethyl ammonium chloride

Tol toluene

TR-DLS time resolved dynamic light scattering

V-50 2,2’-azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride
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VA-086 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide]

VA-44 2,2’-azobis (2-methylpropionamide) dihydrochloride

VDAC (vinylbenzyl)dimethyl ammonium chloride

vdW van der Waals

VTAC (vinylbenzyl)trimethyl ammonium chloride

WAXD wide angle X-ray diffraction

wt weight

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Symbol

[E] electrolyte concentration mol L−1

β pre-exponential factor

χ Flory-Huggins interaction parameter

δ standard deviation

η solution viscosity cP

κ Debye-Ḧuckel parameter nm−1

µ electrophoretic mobility µmcm V−1s−1

Ω volume of the contentious phase m3

φ dimensions volume fractions

ψ surface potentials of a colloidal particle mV

ψd Stern potential mV

ρ density g cm−3

σ diameter of a spherical particle m

θ fractional coverage %

ε dielectric constant of the medium

ε0 permittivity in vacuum 8.85× 10−14 F cm−1

εr relative dielectric permittivity of the solvent

ζ zeta potential mV

a particle radius nm

A11/3 Hamaker constants for the interaction between two spherical
particles

J

A12/3 Hamaker constant between a spherical particle and a platelet J

A22/3 Hamaker constants for the interaction between two platelets J

B second virial co-efficient m3

ci concentration of ioni mol L−1

D width of a platelet m

d diameter of the spherical particle nm

d0 basal spacing between 2 clay platelets nm

Dn number-average diameter nm

Dp particle diameter cm

DZ z-average diameter nm

F Faraday constant (9.64× 104) C mol−1

F Helmholtz free energy J

Gd Gibbs energy of the double layer at a distanced kJ mol−1

G∞ Gibbs free energies of the double layer at infinity kJ mol−1

H separation distance between platelet and different positions on
the sphere

nm
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h height of the ring segment nm

k′k′′ constants

k1 aggregation rate constant

L length m

MW molecular weight g mol−1

N number of repeating units in a polymer chain

n0 number concentration of colloidal particles

Nc charges on the particle surface µequiv m−2

Nm charges on the particle surface µequiv g−1

R gas constant 8.314510 J mol−1 K−1

r radius m

RH mean hydrodynamic radius m

T absolute temperature K

Tg glass transition temperature °C

V volume m3

VA van der Waals attraction energy

VI potential energy of interaction of two spherical double layers kJ mol−1

VR electrostatic double layer interaction energy

VT total interaction energy of a system

W stability ratio

WP corner-to-corner distance nm

zi charge number of ioni

Super/subscripts

i, j components

P platelet

S sphere

SP sphere-platelet
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Chapter 1

Introduction

Abstract: Polymer-clay nanocomposite materials, in which nanometer-thick layers of clay

dispersed in polymers, are generally stiffer, stronger, and tougher than normal polymeric ma-

terials and can be potentially useful in a variety of applications. These polymer-clay nanocom-

posites can be prepared in several ways, namely by intercalation where polymer chains are

sandwiched in between silicate layers and by exfoliation where separated, individual silicate

layers are more or less uniformly dispersed in the polymer matrix. However, exfoliation and

orientation of the clay platelets in the polymer matrix is not optimized for the approaches cur-

rently used to prepare polymer-clay nanocomposites. The objective of this work is to prepare

anisotropic polymer-clay nanocomposite particles with exfoliated clay platelets encapsulated

inside latex particles in order to improve the exfoliation and orientation of the clay platelets in

the final polymeric film. First, the concept of clay platelet encapsulation inside latex particles

has to be proven. To achieve this objective two separate approaches have been investigated: a

physical approach using heterocoagulation of oppositely charged latex particles onto clay pla-

telets and a chemical approach using (modified) clay platelets by emulsion polymerizations.

A general introduction of the research described in this thesis is given in this chapter. The

definitions of clay and polymer-clay nanocomposites are elaborated. Finally, the objective and

scope of this thesis together with an outline will be given.∗

∗Part of this chapter is in preparation for publication: Toth, R.; Pricl, S.; Ferrone, M.; Cocoli, P.; Voorn, D.
J.; Ming, W.; Herk, A. M. van; Fermeglia, M.;in preparation.
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Chapter 1

1.1 General introduction

The search for materials with ”excellent” properties for all applications is an ongoing quest for

many researchers and research groups. Since the rise of polymeric materials over the second

half of the last century, cheaper, more easily processable,and stronger materials have evolved

and are governing a major part of our daily life. Although these polymers have enabled the

manufacturing of light-weight and very strong materials, the ultimate properties of pure poly-

mers are still limited. Complete orientation of polymer chains in polymer fibers shows strongly

improved mechanical properties over their non-oriented counterparts. The introduction of

filler materials in a polymer matrix makes their properties particularly superior in strength

and modulus to many traditional engineering polymers and comparable to metals. In general,

composites combine two or more distinct materials in such a way that neither material com-

pletely merges with the other, generating properties far more superior to those of the individual

components.1 This combination creates a single system that provides benefits like improved

strength, stiffness and dimensional stability. Filler anisotropy,i.e. diameter to thickness ratio

(D/L, aspect ratio), and relatively low loading level on a weightbasis make anisotropic fillers

favorable in matrix reinforcement. Nanocomposites are a relatively new class of composite

materials with particles having ultra small dimensions, typically with one dimension smaller

than 100 nm. Polymer nanocomposites encompass a wide range of inorganic materials at the

nanometer scale that can be mixed with a monomer or polymer. Depending on the type of

the filler, three dimensional (isometrical) nanoparticles, two dimensional fibers (nanotubes or

whiskers) and one dimensional (sheet-like) fillers can be defined.

One of the most important sheet-like fillers used as a reinforcing material is layered sili-

cates. These reinforced polymers are generally referred toas polymer-clay (PCl) nanocompos-

ites.2–4 The first PCl nanocomposite was reported in 1961, when Blumstein polymerized vinyl

monomers intercalated in montmorillonite (MMT).5,6 Great interest from the scientific com-

munity for the formation of polymer-layered silicate nanocomposites came into vogue with

the work reported by the Toyota Central Research Laboratories.7–9 Their study of the clay na-

nocomposite is also the first PCl nanocomposite that has been commercialized. Work started

in the 1980’s by the organic modification of clay and its exfoliation in a nylon-6 matrix which

greatly improved the thermal, rheological and mechanical properties of the polymer. Follow-

ing these initial results, over 5,000 papers have been published up to now with the concept of

clay as a filler for polymer matrices.

PCl nanocomposites are nowadays studied for their improved mechanical properties such

as stiffness and strength. As a result of the platelet orientation PClnanocomposites also show

dimensional stability in two dimensions instead of one for isotropic fillers. Furthermore, in

spite of their (sub-)micrometer lateral size, clays are only 1 nm thin and when single layers

are dispersed in a polymer matrix the resulting nanocomposite is optically clear in the visible

region. Commercially, PCl nanocomposites have been used for their ability to improve flame

2
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retardancy of the polymer, to reduce gas and liquid permeabilities combined with a reduction

of solvent uptake.10,11 Besides their use as polymer reinforcement agents for applications like

e.g. airplane parts, fuel tanks, brakes and tires, colloidal clays are also used as drilling fluids

and as thickening agents for paints, lubricants, pharmaceuticals, and many other dispersed

systems.

A serious obstacle in the formation of PCl nanocomposites is the incompatibility between

the silicate layers and many polymers. Although this problem can be overcome by tailoring the

clay material to compatibilize with the polymer matrix or adjusting the nanocomposite produc-

tion method as will be elaborated in Section 1.3, the loadings, exfoliation and orientation of

the clay platelets remain limited. The objective of this thesis is to prepare anisotropic polymer-

clay nanocomposite particles with exfoliated clay platelets encapsulated inside latex particles

in order to improve the exfoliation and orientation of the clay platelets in the final polymeric

film. A prerequisite for the anisotropic polymer-clay nanocomposite particle formation is to

prove, for the first time, the feasibility of clay platelet encapsulation inside latex particles. To

achieve this objective two separate approaches have been distinguished which were expected

to enable the complete encapsulation of single clay platelets inside latex particles, as will be

discussed in Section 1.4. In order to understand PCl-nanocomposites, Section 1.2 will provide

a brief introduction about clays in general.

1.2 The structure of clay

Clay is one of the world’s oldest known materials, but what is clay essentially? Clay has been

used in bricks and pottery for possibly the last 10,000 years. A type of kaolinite clay, porcelain,

originated in China during the T’ang dynasty (618-907 AD) andwas formed to the so called

”chinaware” around the end of the 13th century. Earlier, theRomans (approx. 70 AD) used

clay as an ingredient for soaps. In China clay was used as fillermaterial for paper (400 AD).

Today, clay is used for numerous applications,e.g. ceramics, building material, catalysts,12

paper filling, oil-drilling stabilizers.13

Clay consists mainly of one of the most abundant elements in the earth crust: silicon,

which is chemically bonded to oxygen, thus forming silica[SiO4]
4−. The first to elucidate the

structure of clay was Linus Pauling.14 With X-ray diffraction crystallographic investigations

he opened the way for extensive studies using clays. Paulingdemonstrated that the natural sili-

cates are platelet-like shaped, are stacked together and have an aspect ratio typically exceeding

300. The surface areas of the clays can range from 200 up to 1000 m2/g.

The layered silicates commonly used in nanocomposites belong to a larger structural fam-

ily known as the 2:1 phyllosilicates or smectite clays. The main building blocks of the crystal

lattice consist of two-dimensional layers of tetrahedral silica sheets fused to an edge-shared

octahedral alumina-magnesia sheet, see Figure 1.1.15 Stacking the layers leads to a regular

van der Waals gap between the interlayer or gallery of the clay platelets, the so-called basal

3
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d 0

A l  ( o r  M g )
O
S i

Figure 1.1: Crystalline structure of a 2:1 layered silicate, showing two tetrahedral layers and one
octahedral.

spacing (d0). Linking one tetrahedral sheet to an octahedral sheet is known as a 1:1 or dimor-

phic clay mineral. One octahedral sheet sandwiched betweentwo tetrahedral silicate sheets

is the so-called 2:1 or trimorphic clay mineral.14 The most often used clays are hectorite

Mx(Mg6−xLi x)Si8O20(OH)4 and montmorillonite Mx(Al4−xMgx)Si8O20(OH)4.14,16 The 2:1 lay-

ered silicates have a characteristic layer thickness of 1 nmand lateral dimensions that vary

from 25 nm to several micrometers depending on the particular silicate. There are two types

of charges present in the clay platelets: (i) permanent charges produced by ”isomorphic sub-

stitutions” which are negative and (ii) induced charges or charges depending upon pH, mainly

originating by breaking bonds found at superficial ends of clay that generate positive charge.

Isomorphic substitution of the Mg2+ within the inner layers generates mica (Al3+) or smec-

tite clays (Fe2+, Fe3+). In the smectite clays not all octahedral sites are occupied by cations

resulting in a net electronegative charge. These negative charges are counterbalanced by al-

kali or alkaline earth cations such as Li+, Na+, K+, Ca2+, or Mg2+ which are situated in the

interlayer. As a result of the strong interaction between layers due to van der Waals attraction

layers are stacked together.17 The compensating cations which are absorbed on the clay surface

can be exchanged for other cations. Hence they are called exchangeable cations of the clay.

The amount per unit weight of the clay is the cationic exchange capacity (CEC) measured in

milliequivalents (mequiv) per 100 grams of dried clay.18,19 The following preference order is

generally accepted:14

Al3+ > Cu2+ > Mg2+ > K+ > NH4
+ > Na+ > Li+ > H+

4
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Figure 1.2: Representation of clay: (a) H+ bonded to the clay edges, lowering pH provides less ex-
change ions. (b) Gel formation of clay in water by face-edge hydrogenbonding and the electrostatic
interaction of the positively charged edges and negatively charged faces.

Cations to the left will replace any cation to the right and have a significant influence on

the nature of the clays. Monovalent cations such as Li+ or Na+ make the clay hydrophilic,

whereas Cu2+ flocculates the clay. Binding strength studies17,20of alkylammonium compounds

on montmorillonite have shown a decrease in binding strength in the sequence: R3NH+ >

R2NH+2 > R−NH+3 , and as a result the most common cations to be exchanged with the clays

are quaternary ammonium salts.

Clays on the whole are lyophobic, but only smectite clays suchas montmorillonite and

hectorite have some lyophilic/hydrophilic properties.14 An interesting aspect of clays is the

presence of two opposite charges on one platelet. On the one hand they are positively charged

as a result of the broken bonds at the edges with OH groups, similar to alumina surfaces and

on the other hand the surface is negatively charged from the isomorphous substitutions in

the clay layers (see Figure 1.2a). Clay platelets will be mutually associated edge to face in

neutral or acidic dispersions and almost always flocculate or gelate. The most common way to

compensate the positive edge charge is the addition of polyvalent anions that form a complex.

The surface of clean, hydroxylated clay has a strong affinity for water. Hence, water can easily

solvate the counter-ion of the clay, creating the charge at the surface of the clay. The negative

charge of the clay is almost independent of the medium in which the platelets are dispersed.

The formation of adsorbed water films on clays is enhanced (compared to physisorption based

on van der Waals interactions) as a result of hydrogen bonding, as illustrated in Figure 1.2b.21,22

1.3 Polymer-clay nanocomposites

Layered-silicates having a large aspect ratio are recognized as possible filler materials for

engineering plastics, because they exhibit superior physical and mechanical properties when

compared with the pure polymer.23 The mechanical properties are further enhanced when the

layered silicate platelets are dispersed as individual layers in the matrix. Also the possibility
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to physically and/or chemically modify the surface of the silicates makes these materials ex-

cellent filler materials for polymers. The method which is used and the type of components

determine the properties of the formed nanocomposites. There are basically two types of struc-

ture that may be obtained when producing the nanocomposite,namely intercalated nanocom-

posites where the polymer chains are sandwiched in between silicate layers and exfoliated

nanocomposites where the separated, individual silicate layers are more or less uniformly dis-

persed in the polymer matrix (Figure 1.3). In general three types of hybrids are formed:24,25

(i) conventional composites where there is no intercalation and a phase separated composite is

obtained, whose properties stay in the same range as traditional microcomposites,23 (ii ) inter-

calated composites, in which a single, extended polymer chain exists between the host layers

in a well ordered multilayer with alternating polymer/inorganic host layers at a repeat distance

of a few nanometers, and (iii ) exfoliated composites where individual clay layers, in which the

silicate layers (1 nm thick) are delaminated and dispersed in a continuous polymer matrix.3

L a y e r e d  s i l i c a t e

P o l y m e r

P h a s e  s e p a r a t e d
( m i c r o c o m p o s i t e )

I n t e r c a l a t e d
( n a n o c o m p o s i t e )

E x f o l i a t e d
( n a n o c o m p o s i t e )

Figure 1.3: Schematic representation of a conventional phase separated, an intercalated, and a disor-
dered exfoliated polymerclay nanocomposite. The clay interlayer spacing isfixed in a phase separated
and an intercalated nanocomposite. In an exfoliated nanocomposite, the average gallery height is de-
termined by clay silicate loading. The difference between ordered and disordered exfoliated nanocom-
posites is that the former can be detected by X-ray diffraction and the latter is completely X-ray amor-
phous.11

The easiest way of preparing a nanocomposite is swelling hydrophilic clay in water in the

presence of polymer. Note that the interaction of polymer with clay is not very favorable.

Conventional mixing of hydrophilic silicate platelets withmonomer or polymer often leads to

aggregation without any increase in basal spacing of the silicate sheets. These composites are

referred to as tactoid nanocomposite structure.26 The strong interaction between layers due to

6



Introduction

van der Waals interactions and hydrogen bonds in their crystalline form prevents any diffusion

of lipophilic molecules between the sheets that have a typical basal space of about 1 nm, which

is smaller than the radius of gyration of a typical polymer chain. In order to render these hy-

drophilic smectite clays more organophilic, the hydrated stabilizing cations can be exchanged

with organic cations. Depending on the type of clay the CEC of the clays differs greatly. Or-

ganic cations such as tetra-alkylammonium or tri-alkylphosphonium (onium) cations readily

exchange the alkali metal ions so the modified clay (or organoclay) becomes organophilic.

Organo-modification of clay reduces its surface energy and improves the wetting characteris-

tics by the polymer or monomer.3,6,27–32When using long-chain tetra-alkylammonium cations,

a hydrophobic partition medium within the clay interlayer can be formed and the resulting

interlayer behaves analogously to a bulk organic phase. Theuse of cationic surfactants not

only changes the surface properties from hydrophilic to hydrophobic but also greatly increases

the basal spacing of the layers.33 Such surface-property changes affect the applications of the

organoclay. In particular, the hydrophobic nature of the organoclay implies that the material

can be used as a filter material for water purification.34

After the discovery of PCl nanocomposites and the possibility of organically modifying

clays, research efforts have been spent on the formation of novel compounds and theoretical

descriptions of the process. In principle, polymer intercalation is determined by an interplay of

entropic and enthalpic factors. A theoretical descriptionof this concept was given by Vaia and

Giannelis.29,30 The overall decrease of macromolecular chain entropy from the confinement

between the silicate layers is compensated by the conformational freedom as the layers sepa-

rate. Therefore the increase in spacing is mostly driven by entropy, maximizing the magnitude

and number of favorable polymer surface interactions and minimizing unfavorable interactions

between polymer and aliphatic chains. A self-consistent field theory reported by Lyatskayaet

al.31,35 and Balazset al.36,37 predicts that a truly exfoliated structure is only possiblefor low

numbers of repeating units in a polymer chainN and a Flory-Huggins interaction parameter

χ > 0. The modeled phase diagram is shown to exhibit a strong dependence on the shape

anisotropy of the filler particles, the polymer chain length, and the strength of the interparticle

interaction.38

Extensive overview articles3,4,10,11,16,23,31,39–45and a comprehensive book46 on the prepara-

tion and properties of PCl nanocomposites have been written over the past decades. A selection

of successful approaches and alternative routes reported over the last decades will be discussed

in the following paragraphs.

In-situ polymerization

In-situ polymerization of PCl nanocomposites involves insertion ofa suitable monomer be-

tween silicate sheets followed by polymerization. Although a number of interlamellar reac-

tions have been performed in the 1970’s not much breathtaking results were found.32,47 The
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work of the Toyota researchers opened new insights with the formation of nylon-6 based

nanocomposites.7 Sodium montmorillonite (Na-MMT) was organically modified with pro-

tonated aminoacids with different numbers of carbon atoms and subsequently swollen with

ǫ-caprolactam.48 Ring opening polymerizations performed by a number of research groups de-

livered the nylon-6 PCl nanocomposites.7–9,49,50From these findings, other researchers synthe-

sized nylon-12 nanocomposites.51 Poly(ǫ-caprolactone) nanocomposites were also prepared

with the same method, but did not result in significant basal spacing increases compared to

the synthesized nylons.52 Several modifications of these syntheses have been reported.52–55

Epoxides have also been described for their application in PCl nanocomposites.28,56,57

The in-situ formation of polystyrene (PS) clay nanocomposites by free-radical polymer-

ization has proved to be more difficult.58 Methyl methacrylate (MMA) and styrenein situ in-

tercalative polymerization with long alkyl chain quaternary ammonium salt exchanged mont-

morillonite platelets have produced PCl nanocomposites.59,60 Nanocomposites with concen-

trations up to 5 wt% of clay were synthesized. Transmission electron microscopy (TEM)

analysis of the materials revealed that stacks of 10-20 orientated parallel silicate platelets with

a basal spacing of approximately 3 nm were present in the material. Biasciet al.61 modified

the PMMA chain with a cationic acetate and cationic acrylate. After heating and intercala-

tion, the polymer was strongly fixed to the inorganic surface. Organically modifying the clays

with cationic polymerizable surfactants such as (vinylbenzyl)dimethyl ammonium chloride

(VDAC) or (vinylbenzyl)trimethyl ammonium chloride (VTAC),and subsequent polymeriza-

tion resulted in the formation of PCl nanocomposites with an increased dynamic modulus

compared to native PS materials.58,62,63A disadvantage of the procedure is the formation of

a copolymer with ammonium cations and styrene. A further step in the polymerization with

styrene has been reported by Weimeret al.,64 who were able to perform a controlled-radical

polymerization of styrene. Another example was provided byBöttcheret al.65 with ATRP

(atom transfer radical polymerization) intercalation using styrene and a bromoisobutyrate bro-

mide initiator grafted to the surface. Copolymerization of styrene and butyl acrylate by ATRP

in the presence of Na-MMT formed a poly(styrene-block-butyl acrylate) block copolymer-

silicate nanocomposite.66 Intergallery polymerization has been achieved for styrenewith an

anchored initiator that forms an anisotropic nanocomposite.64 Surface initiated polymeriza-

tion of surface-bound cationic initiators with styrene showed partial exfoliation after initiator

intercalation and a layer spacing increase during polymerization.67

Melt intercalation

In general polymer-clay melt intercalation is very successful with polar polymers like nylons

and the less polar poly(ethylene terephthalate). Preparation of nylon-6/clay nanocomposites by

a melt-intercalation process was studied by Liuet al.68 Organoclay and nylon-6 were mechan-

ically mixed and extruded by a twin-screw extruder at different temperatures. Poly(ethylene

8
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oxide) (PEO) is easily intercalated in different silicate layers.69–71 No additional modification

to the Na-MMT is needed for the complete exfoliation of the clay platelets in the PEO matrix.

Interesting mechanical behavior was shown by the polymerization of epoxide with modified

quaternary ammonium silicates which induced exfoliation by the entropic elastic forces.72

Nonpolar hybrids are more difficult to form. An example of such a nonpolar polymer which

was intercalated is poly(propylene) (PP).73–75 Modification of PP with polar groups improves

its polarity,73 however, addition of an organic solvent is needed for an intercalation. PS is

another example of melt intercalation and is widely studiedas a model system.25,76 Vaia and

coworkers used different types of organically modified clays41 and showed that the length of

the onium cation and annealing temperature determined to a large extent the intercalation of the

polymer.30,70,77–79Another important industrial polymer is SBS.80 It was found that both the

storage modulus value of the polymer and the glass transition temperature of the polystyrene

block domain increased as both the organophilic clay content and the annealing time increased.

Exfoliation-adsorption

The easiest method of PCl nanocomposite formation is exfoliation-adsorption, because it re-

quires only mixing of unmodified neat clay and hydrophilic polymer directly in a common

solvent. The exfoliation adsorption technique is most often applied for water soluble polymers

that were mixed to form an aqueous dispersion with the hydrophilic layered silicate platelets.

In an adequate solvent such as water, the hydrophilic platelets are easily delaminated. The

dissolved polymer then adsorbs onto the delaminated sheetsand upon evaporation of the sol-

vent, the sheets reassemble, sandwiching the polymer to form, in the best case, an ordered

multilayer structure.81,82

Exfoliation-adsorption nanocomposites have been based onpoly(acrylic acid),83 poly(vinyl

alcohol),84,85 poly(vinylpyrrolidone),86 or poly(ethylene oxide) (PEO).83,87–89PEO has been

successfully intercalated in Na-MMT and sodium hectorite by dispersing in acetonitrile, al-

lowing to stoichiometrically incorporate one or two polymer chains in between the silicate

layers and increasing the intersheet spacing from 0.98 to 1.36 nm for a single chain and 1.71

nm for two chains.89 Computer simulations have been used to explore the atomic scale struc-

ture and dynamics of intercalated PEO-montmorillonite nanocomposites.90–92

Polymer-clay nanocomposites from aqueous dispersions

Although the increased basal spacing of clay platelets obtained from melt intercalation orin-

situ polymerization has been shown to improve material properties, platelet orientation has

completely been lost and high viscosity build-up during processing limits the clay content

in the composite. Preparation of a PCl nanocomposite in an aqueous medium has unique

advantages compared to the methods mentioned above, because of the ease of manipulation,

low cost, and decreased environmental impact.93 Moreover, native montmorillonite platelets

9
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are hydrophilic and exfoliate readily in water. Emulsion polymerization isthe logical step for

an environmentally friendly process with a relatively low viscosity.94 Complete encapsulation

of a number of inorganic particles in aqueous dispersions has been achieved for spherical

particles, such as TiO2,95–98CaCO3,99 silica,100 carbon black,101 and other pigments.102–105Up

to now this pathway for the encapsulation of clay platelets has not been successful; complete

encapsulation of the inorganic platelets was not achieved.Claims in literature have been made

about the encapsulation, nevertheless; the presented TEM micrographs always revealed the

formation of so-called ”armored latexes,” where the clay platelets are located at the surface of

the latex particles.93

Emulsion polymerizations of styrene and acrylates in the presence of layered silicates

were reported by a number of research groups.106–125Using similar emulsion polymerization

procedures polyaniline,126–128polyacrylonitrile,129 polyvinylchloride,130 styrene acrylonitrile

copolymer,131,132and acrylonitrile butadiene styrene terpolymer133 nanocomposites were syn-

thesized. In addition to the emulsion polymerizations, reactive surfactants commonly used

for the in-situ polymerization of nanocomposites have also been applied.134 Synthesis of PCl

nanocomposites by emulsion polymerization in the presenceof these reactive surfactants have

produced composites with improved properties such as modulus134 and increasing glass tran-

sition temperature (Tg) with increasing clay concentrations.112 Alternative approaches for the

formation of colloidal dispersions of clay platelets and polymers using a heterocoagulation ap-

proach135–139and a one-step clay exfoliation via phase inversion140 have also been investigated

and up till now haven’t been successful. One of the most promising approaches for the clay

encapsulation and formation of water-based PCl nanocomposites uses silane modified clay pla-

telets.141 The anchoring of polymerizable methacrylate groups to the clay platelets produced

stable colloidal polymer-clay latexes. However, no encapsulation of the functionalized clays

has been observed.

1.4 Scope of this thesis

One of the drawbacks of PCl nanocomposites prepared from aqueous dispersions is the low

solid contents of clay (> 1.5-2 wt%) that can be incorporated as a result of their ability to form

three-dimensional stacked card-house structures in the water phase which increase the viscos-

ity enormously. This viscous behavior is advantageously used for the preparation of colloidal

clay dispersions as drilling fluids, for slurry walling and in geotechnical applications.142 They

are also used as thickening, thixotropic and anti-sagging agents in paint dispersions, lubricants,

cosmetics or pharmaceutical products. An additional limitation to the application of clays in

PCl nanocomposites is the limited control over the orientation of the clay platelets in the final

polymer film. Especially, orientation of clay platelets in the polymer matrix, which would

reduce the permeability of gases, is an ongoing quest for many researchers. Exfoliated PCl

nanocomposite have an increased gas barrier property,143 according to the proposed model for
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Figure 1.4: Schematic representation of the proposed clay encapsulation routes.Top: physical ap-
proach, the exfoliated clay platelets are heterocoagulated with oppositely charged latex particles and
followed by a heat treatment and an anisotropic latex particle is formed.Bottom: chemical approach,
exfoliated clay platelets are encapsulated usingin-situ emulsion polymerization of vinyl monomers in
the presence of non-polymerizable liquid. After evaporation of the non-polymerizable liquid and the
application on a substrate the encapsulated platelets are well dispersed in thefinal polymer film.

the torturous zigzag diffusion. In addition, mechanical properties are significantly enhanced.16

This research was initiated to answer the question whether hybrid polymer latex particles

with encapsulated clay platelets can be formed. To achieve this objective two separate ap-

proaches have been distinguished which were expected to enable the complete encapsulation

of single clay platelets inside latex particles, as schematically shown in Figure 1.4:

• physical approach;

heterocoagulation of oppositely charged latexes with exfoliated clay platelets in disper-

sion, followed by a heat treatment to form a polymer layer;

• chemical approach;

in-situ polymerization of native, physically, chemically, or dualfunctionalized clay pla-

telets in direct or inverse emulsions.

Encapsulation of clay platelets by a physical approach, heterocoagulation, can only be fea-

sible by electrostatic attraction between the negatively charged clay platelets and positively

charged latex particles. InChapter 2of this thesis, the preparation of latex particles with con-

trolled cationic charges is described. Four different strategies for the formation of these cation-

ically charged latex particles are compared. After the synthesis of the cationically charged la-

tex particles available, encapsulation of clay platelets by heterocoagulation was expected to be

possible.Chapter 3describes the mechanism of heterocoagulation between clayplatelets and

cationic latex particles. This chapter also describes the heterocoagulation of model cationic
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gibbsite platelets and negatively charged latex particles. The stable heterocoagulated compos-

ite particles are subsequently subjected to a temperature treatment, leading to the formation

of stable anisotropic colloidal hybrid particles. InChapter 4the process of heterocoagulation

is theoretically described. DLVO calculations of the interaction between oppositely charged

platelets and spheres are presented together with experimental results on the kinetics of hete-

rocoagulation.

For thein-situ polymerization approach (chemical approach) in the presence of clay pla-

telets hydrophilic clay platelets are employed.Chapter 5describes a novel way of PCl na-

nocomposite formation using inverse emulsion polymerization. Polymerizations of aqueous

dispersions containing water-soluble monomers in the presence of hydrophilic clay platelets in

an apolar continuous phase have been described. Cryogenic transmission electron microscopy

(cryo-TEM) and dynamic light scattering (DLS) techniques were used to characterize the for-

mation and stability of the inverse emulsions. With the knowledge obtained fromChapter 5,

surfactant-free inverse emulsion polymerizations by using organically modified clay platelets

as stabilizers have been developed. The results are presented inChapter 6.

In Chapter 7the encapsulation of modified clay platelets via emulsion polymerization will

be discussed. Face modifications were performed using the cation exchange of clay stabilizing

cations by cationic initiator, cationic monomer and reactive cationic PEO molecules. Alterna-

tive edge modification using chemical side-group modification of the clay platelets with silanes

and titanates were investigated. Finally, in addition to the edge and face modified clays, dual

functionalized clays using both modifications were polymerized byin-situ polymerizations in

emulsion.

Chapter 8presents an evaluation of the performed research and an outlook for further

research inspired by the findings presented in this thesis.
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Chapter 2

Control of charge densities for cationic

latex particles

Abstract: The main part of this chapter discusses the synthesis of latex particles with a

controlled amount of cationic charges. Cationically charged latexes are needed for the het-

erocoagulation with the anionically charged faces of smectite clay platelets. To fully under-

stand the adsorption of latex particles on the clay platelets, it is necessary to systematically

investigate the synthesis and controllability of cationically charged latexes. The synthesis of

cationically charged latexes using surfactant stabilizedand surfactant-free emulsion polymer-

izations has been investigated together with different cationic initiator concentrations, amine

and quaternary ammonium containing monomers and a method ofpost aminolysis. Emulsion

polymerizations initiated by cationic initiators enable the formation of cationic latex particles

with moderate charge densities. Copolymerization of iBMA andionic or amine-containing

monomers render polymer particles with a much higher cationic charge density, but a high

amount of water-soluble polyelectrolytes is also formed. The aminolysis of the epoxy group at

the surface of GMA/BMA copolymer latex particles results in the formation of highly charged

cationic latex particles. A covalently bonded charge density up to 100µequiv g−1 was achieved

by either surfactant-free emulsion polymerization or an emulsion polymerization using a non-

ionic stabilizer. The cationic charge density was successfully controlled by adjusting the ratio

between epoxy and amino groups. The results of titrations demonstrated that controlled for-

mation of highly charged cationic latex particles without the formation of disadvantageous

water-soluble polyelectrolytes was only achievable with the aminolysis approach.∗

∗Part of this chapter has been published: Voorn, D. J.; Ming, W.; Herk, A. M. van;Macromolecules, 2005,
38(9), 3653-3662.
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2.1 Introduction

Latex particles bearing functional groups find numerous applications varying from additives

for paint formulations to binding materials for biologicalmolecules. Functional groups on

the surface of latex particles commonly used are carboxylic, hydroxylic, amine, or quaternary

ammonium groups. The quaternary ammonium group provides the latex with a permanent pos-

itive charge capable of binding latex particles with anionic polymeric materials,1–3 inorganic

materials like paper fillers4 or nucleotides.5–7 Controlled heterocoagulation of clay platelets

with latexes via the physical interaction of oppositely charged clay platelets is only possible

with positively charged latex particles.8,9 High surface charge densities of the latexes are re-

quired to generate a strong attractive force between the clay platelets and the latex particles.

The charges on the latex particles are generally formed by using cationic surfactants or by the

copolymerization of hydrophilic, charged monomers with hydrophobic monomers. The result

of several studies have been reported describing the emulsion copolymerization of hydropho-

bic and hydrophilic monomers.10–13

Cationic surfactants like hexadecyltrimethylammonium bromide (CTAB) or dodecyltri-

methylammonium bromide (DTAB)are often used for the formation of cationic latex parti-

cles.14–16 However, this approach has the disadvantage that charges are not covalently bound

to the latex particles and, furthermore, control of charge density is difficult. For many ap-

plications, for example those in biomedicine, small mobilecharged species are a major dis-

advantage. Therefore, cationic charges have been incorporated into latexes by using cationic

azo initiators.17,18 Decomposition of these water-soluble initiators forms oneor more charged

radicals, capable of creating at most two charges per polymer chain. In the case of surfactant-

free emulsion polymerizations of nonionic monomers, theseinitiator fragments are the only

contributors to the electrostatic stabilization of the latex particles.

Investigations in the past decade have demonstrated that polymerization in the presence of

quaternary ammonium functionalized monomers also enabledthe formation of latex particles

with a higher surface charge density.19 Moreover, surfactant-free copolymerizations of qua-

ternary ammonium functionalized monomers with conventional monomers reduced the final

latex particle size enormously compared to homopolymer latex particles of the conventional

monomers.20,21 The addition of a cationic monomer in the second step of a two-step growth

emulsion polymerization will enable the buildup of cationic charge at the surface of the latex

particle. The results of several studies have been reporteddescribing the copolymerization

of styrene and an amine-containing monomer.22,23 These monomers are protonated at low pH

and are readily copolymerized with styrene.24 All of the reported polymerizations and con-

version reactions resulted in the formation of charged latex particles. However, the presence

of ionic comonomers or highly water-soluble amino monomersleads to a broad particle size

distribution and the formation of water-soluble polyelectrolytes. An alternative approach for

the formation of cationic latexes is via the transformationof amide groups into primary and
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tertiary amines using either the Hofmann or the Mannich reaction.25 However, both reactions

were accompanied by hydrolysis, which led to the formation of amphoteric latex particles.

Almost all research on cationic latexes has been focused on surfactant-free emulsion poly-

merizations. Surfactant-free emulsion polymerization results in clean latexes, which do not

have the problem of removing stabilizers, often leading to coagulum formation. However,

multistage processes for cationic latex production in the presence of seed particles or multi-

step copolymerization procedures do normally not form latex particles with a diameter smaller

than 50 nm (nanosized particles). Instead, tailoring emulsion polymerizations in the presence

of functional monomers and surfactants will enable the formation of latexes with small particle

sizes.

In this chapter, a systematic investigation, as well as a novel method, on controlling the

density of covalently bonded cationic charges in latex particles is presented. Clean latexes

were prepared by surfactant-free emulsion polymerizationand (nanosized) latex particles were

synthesized using nonionic surfactants. The first approachwas the charge formation by us-

ing two different cationic initiators for the emulsion polymerizationof iBMA. Secondly, dif-

ferent comonomers such as cationic comonomers and amine-containing comonomers have

been used. The ionic comonomers already bear a positive charge. For amine-containing

monomers, charges can be introduced by protonation during or after the polymerization. Fi-

nally, the emulsion copolymerization of glycidyl methacrylate with butyl methacrylate led to

epoxy-containing latex particles. The epoxy groups were converted into quaternary ammo-

nium groups to obtain positively charged particles. The charge density on the surface of the

latex particles and final latex particle size of all three approaches are reported.

2.2 Experimental

Materials. Butyl methacrylate (BMA, 99%, Aldrich), isobutyl methacrylate (iBMA, 99%

Aldrich) and glycidyl methacrylate (GMA, 99%, Aldrich) were purified by slowly passing

through an inhibitor removing-column (hydroquinone remover, Merck) and, prior to poly-

merization, distilled under reduced pressure and stored ina freezer. Ionic monomers meth-

acrylamidopropyl trimethyl ammonium chloride (MAPMAC, 85%solution, DeGussa), and

methacrylatoethyl trimethyl ammonium chloride (MATMAC, Pleximon 730, DeGussa), and

two amine-containing monomers 2-(dimethylamino) ethyl methacrylate (DMAEMA, 98%,

Aldrich) and N-[3-(dimethylamino) propyl] methacrylamide (DMA, 99%, Aldrich) were used

as received. Water-soluble cationic azo initiators VA-44 2,2’-azobis [2-(2-imidazolin-2-yl)

propane] dihydrochloride and V-50 2,2’-azobis (2-methylpropionamide) dihydrochloride [re-

crystallized from water-acetone (50/50 wt%)] were kindly provided by Wako Chemicals GmbH.

Polymeric surfactant Emulanr NP3070 (Alkylphenolethoxylate; CMC= 0.190 g L−1) was

used as received and kindly provided by BASF AG Ludwigshafen. All other chemicals were

used without further treatment unless stated otherwise. Control of molecular weight was pro-
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vided by the addition of a chain transfer agent (CTA), n-dodecyl mercaptan (NDM, 99%,

Aldrich). Hydroquinone (HQ, Aldrich) was used to short-stop the reaction before conversion

determination. Ethanol from Bisolve AR-grade was used to dissolve the cationic monomers.

Tetrahydrofuran (THF, PA, Biosolve) was used as received to dissolve the polymer for SEC

analysis. Trimethyl amine (TMA, 45 wt% solution, Janssen Chimica), tetramethyl ammonium

chloride (TMAC, 97%, Aldrich), sodium hydroxide (NaOH, Fluka), and hydrochloric acid

(HCl, 32% p.a., Aldrich) were used as received. Double deionized water (DDI) was obtained

from a Milli-Q water system (Milliporer) with a resistivity of 18.3 MΩ cm.

Synthesis of latex particles with cationic initiators. Semicontinuous or starved-feed emul-

sion polymerization used for the preparation of nano-sizedlatex particles is detailed else-

where.26 Emulsion polymerizations were performed in a 250 mL 3-neck round-bottom flask.

The reactor was equipped with a nitrogen inlet, a reflux condenser with an outlet to a bubble

counter, a thermometer and septa through which samples werewithdrawn during the reaction

and through which the monomer feed was added to the reaction mixture using a Metrohm

Dosimat 776 autotitrator. A typical polymerization procedure is described as follows (entry

A11, Table 2.1). The initial reactor charge (IRC) was a microemulsion (average droplet size:

15 nm, as determined by dynamic light scattering, DLS; more details about DLS are given

below) consisting of 120 g of deionized water, 0.05 g of NDM, 0.8 g of NP3070 surfactant,

and 1.0 g of iBMA. Argon was bubbled through the reactor for 45 min under constant agitat-

ing at 800 rpm. After this, the reactor was heated to 60± 1 °C with an oil bath, followed by

the addition of an aqueous solution of the initiator (0.5 g V-50 dissolved in 4.5 g of deionized

water) to initiate the polymerization. 5 min after the initiator was added the monomer was fed

at a rate of 0.01 mL min−1 under vigorous stirring. After the addition was complete, the flask

was kept at 60 °C for another 2 to 4 h.

Table 2.1: Recipes for preparation of cationically charged latexes from cationic initiators
reactor charge feed(a) NDM water initiator

entry monomer mass [g] monomer mass [g] [g] [g] type mass [g]

A1-2 iBMA 1.00 iBMA 8.00 0.06 124 VA-44 X(b)

A3-4 iBMA 1.00 iBMA 8.00 0.06 121 V-50 Y(b)

A11-12(c) iBMA 1.00 iBMA 8.00 0.05 120 V-50 X(b)

(a) Feed of monomer with a rate of 0.01 mL min−1. (b) Amount of initiator was varied.(c) Surfactant stabilized emulsion polymerization, 6-8

wt% of Emulan NP3070 (based on monomer) added.

Synthesis of cationic latex particles with cationic comonomers. All polymerizations were

conducted under identical conditions, using the same setupand procedure as described above.

The reactor was initially charged with deionized water, chain transfer agent and ionic comono-

mer (and surfactant for the emulsifier stabilized polymerization). Argon was bubbled through

the reactor for 45 min under constant agitating at 800 rpm. After this, the reactor was heated

with an oil bath to 60± 1 °C. An aqueous solution of the initiator (V-50) was added to the
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Table 2.2: Typical polymerization recipes for cationic latexes with cationic comonomers MAPTAC and
MATMAC

IRC feed(a) NDM water ethanol V-50 NP3070

entry monomer mass [g] monomer mass [g] [g] [g] [g] [g] [g]

B1 iBMA 0.25 iBMA 8.00 0.06 135 - 0.41 -

B2-4 MAPTAC/iBMA (b) 0.27 MAPTAC/iBMA (c) 7.13 0.09 140 5.1 0.43 -

B5-7 MATMAC/iBMA (b) 0.25 MATMAC/iBMA (c) 7.13 0.09 145 5.1 0.42 -

B11 iBMA 0.25 iBMA 8.00 0.06 135 - 0.40 2.0

B12-14 MAPTAC/iBMA (b) 0.27 MAPTAC/iBMA (c) 7.13 0.09 144 5.1 0.43 2.1

B15-17 MATMAC/iBMA (b) 0.27 MATMAC/iBMA (c) 7.13 0.09 145 5.1 0.43 2.1
(a) Feed of monomer at a rate of 0.01 mL min−1. (b) Weight ratio between cationic monomer and iBMA is 1/10. (c) Feed contains 0-5 wt%

cationic monomer.

reactor and the monomer feed was started. Table 2.2 lists therecipes of the polymerizations

performed. The ionic monomers MAPTAC and MATMAC were obtained as an aqueous so-

lution of 75 wt%. In order to feed them together with iBMA to thereactor, they had to be

stripped from water. The resulting liquid monomer was subsequently dissolved in ethanol

together with iBMA and fed to the reactor at the desired speed.

Emulsion copolymerization with amine-containing monomers. All polymerization reac-

tions were conducted under identical conditions, using thesame setup and procedure as de-

scribed above. Deionized water, surfactant when applicable, monomer, and CTA were charged

to the reactor, as listed in Table 2.3. The reaction temperature was controlled at 60± 1 °C. In

the feed the ratio of iBMA to amino monomer was varied, denotedasA/B or C/D, although

the total amount of monomer feed was always 8 mL. After the emulsion polymerization was

complete, the latex was titrated to pH= 3 with HCl to protonate the amino moieties.

Table 2.3: Polymerization recipes for cationic latexes with amine-containing monomers DMA and
DMAEMA

IRC feed(b) NDM water V-50 NP3070

entry monomer(a) mass [g] monomer mass [g] [g] [g] [g] [g]

C1-3 DMA X iBMA /DMA A/B 0.07 110 0.5 -

C4-6 DMAEMA Y iBMA /DMAEMA C/D 0.07 110 0.5 -

C21 DMA X iBMA /DMA A/B 0.06 109 0.5 2.0

C22 DMAEMA Y iBMA /DMAEMA C/D 0.07 110 0.5 2.0
(a) Amino monomer content varies from 0.2-10 mol%, based on the totalmonomer amount.(b) Variable amount of monomer in the feed

added at a constant rate of 0.01 mL min−1.

Emulsion copolymerization with glycidyl methacrylate. The epoxy-containing latex par-

ticles were prepared by starved-feed emulsion polymerization using the same setup as de-

scribed earlier. A mixture of deionized water, surfactant,monomer, and CTA was added to the

reactor as initial charge. Table 2.4 summarizes the ingredients used for the polymerization of

the latex particles. The feed of monomer consisted of GMA, BMA, and NDM. For the poly-

merization V-50 was used as initiator and the polymerizations were performed at 60± 1 °C.

After polymerization an extensive period of dialysis was attained to clean the latex from most
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of the surfactants. Conversion of the epoxy into quaternary ammonium groups was performed

by the addition of equimolar amounts of TMA and HCl and a catalytic amount of TMAC to

a diluted solution of epoxy containing latex particles. After the addition the temperature was

increased to 70± 1 °C to speed up the conversion.

Table 2.4: Recipes for preparation of the epoxy-containing latex particles
IRC feed(a) NDM water V-50 NP3070

entry monomer mass [g] monomer mass [g] [g] [g] [g] [g]

G2A BMA 0.5 GMA/BMA 2.08/4.86 0.06 156 0.50 -

G2B BMA 0.5 GMA/BMA 4.17/3.08 0.05 156 0.48 -

G2C BMA 0.5 GMA/BMA 6.25/1.29 0.06 156 0.48 -

G3 BMA 0.5 GMA/BMA 2.08/4.86 0.06 155 0.51 3.0

G4 BMA 0.5 GMA/BMA 4.17/3.08 0.05 159 0.50 3.3

G5 BMA 0.5 GMA/BMA 6.25/1.29 0.06 152 0.46 3.0
(a) Feed of monomer with a rate of 0.01 mL min−1.

Characterization and colloidal properties. Overall monomer conversion was determined

gravimetrically. Conductivity of the reaction mixture was determined with a Radiometer

CDM80 conductometer. For surfactant-free latexes, three cycles of centrifuging the latex par-

ticles, decanting the supernatant, and redispering the sediment were performed to clean the

latex particles from absorbed species that could influence the measurements. Medicell dialysis

tubing (9 in. Dia 36/32 in. (28.6 mm) MWCO 12-140000 Da) was used for the dialysis of the

latex particles. Latexes were cleaned against double deionized water (DDI) and the conduc-

tivity of the water was checked until the conductivity was almost identical to that of the DDI

water.

ζ-Potential and its dependence on pH were determined on a Malvern Zetasizer Nano ZS

instrument. Theζ-potential was calculated from the electrophoric mobilityusing the Smolu-

chowski relationship,ζ = ηµ/ε whereκa ≫ 1(whereη is the solution viscosity,ε is the

dielectric constant of the medium, andκ anda are the Debye-Ḧuckel parameter and the parti-

cle radius, respectively). The solution pH was adjusted by adding either HCl or NaOH using a

Malvern MPT2 autotitrator.

Size exclusion chromatography (SEC) experiments were carried out with a Waters Model

510 pump and Waters Model WISP 710 autoinjector, using a Polymer Laboratories PLgel

guard precolumn (50× 7.5 mm) followed by four mixed-B (300× 7.5 mm) columns. The

polymer samples were dissolved in stabilized THF (1 mg mL−1). For detection a Model 410

RI detector was used.

Differential scanning calorimetry (DSC) was performed on a TA Instruments Advanced

Q100. The temperature gradient was−20 to 150 °C at a rate of 10 °C min−1; the step change

in the heat flow during the second heating run was used to determine the glass transition tem-

perature.

The average particle size and particle size distribution were determined by means of dy-

namic light scattering (DLS) performed on a Malvern 4700 light scattering instrument equipped
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with a Malvern Multi-8 7032 correlator at a scattering angleof 90◦ at a temperature of 21 °C. A

Jeol 2000 FX transmission electron microscope was used for the particle size analysis. Latex

samples of 0.05 wt% were air dried on a 400-mesh copper grid with a Formvar supported film.

Cryo-TEM analysis was performed with a Philips TEM CM12 transmission electron micro-

scope. 3µL of dispersion was placed on a carbon coated lacy substrate supported by a TEM

300 mesh copper grid (Quantifoil R2/2). Excess of sample was blotted with filter paper and

the resulting thin film was vitrified in liquid ethane at its melting temperature using a Vitrobot

vitrofication robot.

Hydrolysis experiments of GMA in water were conducted at pH= 7. Samples were taken

after different times and at different temperatures up to 90 °C.1H-NMR spectra were recorded

on a Varian Gemini 2000 (300 MHz), and a Varian Mercury Vx (400MHz) spectrometer using

CDCl3.

Charge densities of the latex particles and water-soluble polyelectrolytes were determined

by colloid titration for a relative comparison.11,27,28 In the case of surfactant-free latexes, the

latexes were centrifuged using a Mistral 3000E at 3000 rpm for 12 h. The supernatant was then

decanted and the particles were redispersed in DDI water. This procedure was repeated two

more times. For nonionically stabilized latexes, the latexes were extensively dialyzed against

DDI water; the permeant water containing the excess surfactant and, possibly, water-soluble

polyelectrolyte was collected. Cleaned latex particles andcollected supernatant/permeant wa-

ter were titrated with 1.0 and 0.1 mM poly(vinyl sulphate, potassium salt) (PVSP, Aldrich).

Toluidine blue-O (Aldrich) was used as an indicator to determine the end point.28,29The charge

densities of polymer latexes and water-soluble electrolyte from the titration are presented as

micro-equivalents per gram (Nm). For latex particles, the surface charge density is also ex-

pressed as micro-equivalents per m2 of particle surface (Nc):

Nc =
Nm D ρ

6
(2.1)

whereD (µm) is the particle diameter of the latex particles, andρ the density of polymer par-

ticle (about 1.05 g cm−3 for acrylate polymers).
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2.3 Results and Discussion

2.3.1 Cationic charge control by initiator

Cationic latex particles were prepared by surfactant-free starved-feed emulsion polymeriza-

tions at different temperatures. The polymerization recipes are given in Table 2.1. Two differ-

ent initiators were used for the preparation of cationic polymer latexes, imidazolin VA-44 and

amidino V-50.
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Figure 2.1: Monomer conversion curves for
surfactant-free batch emulsion polymerizations of
iBMA at different temperatures in the presence of
VA-44 (� at 60 °C) and V50 (△ at 60 °C and� at
50 °C).
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Figure 2.2: ζ-Potential variation as a function of
the pH for entries A2 and A4, V-50 (�) and VA-44
(◦), respectively.

Figure 2.1 shows that a maximum conversion of approximately95% was attained for a

batch emulsion polymerization initiated by both initiators at 60 °C. Although the final con-

version at this temperature is almost the same, the time to reach the final conversion is about

100 min longer for V-50. This difference is in accordance to the different decomposition rate

constants for VA-44 (13.5 × 10−5 s−1) and V-50 (3.2 × 10−5 s−1) at 60 °C, as provided by the

manufacturer of the initiators.

Cationic charge on the latex particles was only obtained by the covalently bonded amidino

groups originated from V-50 and the imidazolin groups from the VA-44 initiator. The elec-

trokinetic behavior was studied by measuring theζ-potential of the systems as a function of

pH at a constant electrolyte concentration (0.1 M NaCl).ζ-Potential values remained constant

over a wide pH range up to pH= 6; slightly higher absolute values for V-50-initiated latexes

were observed (Figure 2.2). Neutralization of the cationicinitiator groups at a pH higher than

9 is common for these cationic initiators, which is in contrast to anionic persulfate initiated

latexes that have a negativeζ-potential over the whole pH range.30 Hydrolysis of the amidino

and imidazolin groups and formation of carboxylic surface groups might explain the negative

values.31 The isoelectric point (iep) is around 9.7 for V-50-initiated latexes, consistent to the

reported values by Sauzeddeet al.,24 and pH= 9 for the VA-44-initiated latex.
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Table 2.5: Influence of initiator concentration on properties of cationic latexes from cationic initiator
[initiator] Dz

(b) conv. ζ-potential Nm,p
(c) Nc,p

(d) Mw

entry [×10−3 mol L−1] [nm] PDI (%) [mV] [µequiv g−1] [µequiv m−2]
[

×103g mol−1
]

A1 14.8 247 0.24 94 18.3 11.7 0.50 212

A2 33.6 198 0.16 93 54.5 43.1 1.45 168

A3 13.9 239 0.18 95 21.0 13.9 0.58 207

A4 34.3 191 0.19 95 56.7 47.3 1.57 162

A11(a) 8.6 44.5 0.17 92 4.8 25.3 0.20 287

A12(a) 41.7 19.3 0.22 94 22.5 55.1 0.19 259
(a) Surfactant-stabilized latex particles. (b) z-Average particle diameter determined by DLS.(c) Surface charge density of polymer particles in

µequiv g−1 (Nm,p). (d) Surface charge density of polymer particles inµequiv m−2 (Nc,p).

For surfactant-free emulsion polymerizations the increase in initiator concentration re-

sulted in the formation of polymer latexes with lower molecular weights and a decrease in

the particle size (from almost 250 nm to less than 200 nm, Table 2.5). This decrease in particle

size can be explained by the increased stability of the particles as a result of the increasing

number of the cationic initiator fragments at the end of the chains. Further, the increase of the

initiator concentration led to higherζ-potential values and a significant rise in surface charge

density up to a value of 47µequiv g−1 (Table 2.5).

The effect of the increasing initiator concentration on the particle size for nonionically

stabilized latex particles is given in Figure 2.3. Conditions for these experiments were such

that the ionic strength of the latexes was not controlled by the addition of salt. It is clearly

shown in Figure 2.3 that there is an obvious decrease in the final latex particle size from 55 to

20 nm, as a result of the increased initiator concentration.The contribution of the ionic groups

to the stability of the latex particles is significant. Increasing the concentration of initiator for

the surfactant-stabilized latex particles also led to an increase inζ-potential as observed for the

surfactant-free latexes (Table 2.5). But theζ-potential is much lower than the surfactant-free

latexes, probably due to the shielding of the charged groupsby the surfactant molecules. To

reveal the real particle surface charges, surface charge density titrations were carried out. It is

clear that the surface charge density increased as a result of the increasing amount of charged

initiator fragments bonded to the latex particles, also demonstrated in Figure 2.3.

In summary, the control of surface charge density has been successfully shown by the

covalent bonding of cationic initiator fragments onto latex particles. Latexes with a surface

charge density of 10-55µequiv g−1 can be obtained by varying the initiator concentration. Fur-

thermore, the charge control was similar for the surfactant-free and the nonionically stabilized

nano-sized latexes, and the increased initiator concentration effectively reduced the particle

size for both latexes.

2.3.2 Cationic charge control via cationic monomers

Incorporation of charged monomeric units can significantlyincrease the amount of charges

on a polymer latex particle. To increase the particle surface charge density to higher val-
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Figure 2.3: Surface charge and particle diameter (measured by DLS) against V-50 initiator concentra-
tion for cationic latex particles prepared by nonionically stabilized emulsion polymerization performed
at 60 °C.

ues than those obtained only with cationic initiators, two approaches were attempted: using

cationic comonomers or using amine-containing monomers. Copolymerizations of these two

types of monomers with iBMA were performed in the presence of nonionic surfactants and

by surfactant-free emulsion polymerization. The main advantage of surfactant-free emulsion

polymerization is that it does not require intensive cleaning steps as compared to conventional

emulsion polymerization with surfactants. However, nano-sized particles were never obtained

for surfactant-free latexes. It is possible to obtain nano-sized latexes by using surfactant, but

multiple dialyses are needed to remove excess surfactant.

Ionic monomer copolymerization

Two cationic monomers commonly used for the preparation of cationic latexes are MATMAC

and MAPTAC (Figure 2.4). Both monomers were used to prepare stable polymer latex parti-

cles by starved-feed emulsion polymerization. The feed ratio of cationic monomer was varied

from 0 to 5 wt% based on the total monomer composition. Increasing the concentration above

5 wt% did not result in higher charge densities. Moreover, the content of water-soluble poly-

electrolyte did increase.

Figure 2.4: Chemical structure of MATMAC (methacrylatoethyl trimethyl ammonium chloride)on the
left and MAPTAC (methacrylamidopropyl trimethyl ammonium chloride) on the right.
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Control of charge densities for cationic latex particles

In Table 2.6 various properties of polymer latexes are presented. For comparison, a surfactant-

free polymerization of iBMA initiated by V-50 was performed as well (entry B1). The cationic

charge provided only by the initiator fragments led to latexparticles with a cationic charge

density of 33µequiv g−1. Compared to entry B1, the introduction of only 0.2 mol% (basedon

the total monomer amount) of cationic monomer loaded as initial reactor charge (B2 and B5)

showed already a remarkable difference in particle size and the amount of charges formed on

the latex particles (Table 2.6). Increasing the amount of ionic comonomer in the polymeriza-

tion recipe resulted in the latex particles with an increased amount of surface charge density.

Meanwhile, the higher surface charge density also renderedthe latex particles with greater

stability. (Note: the amount of cationic monomer should notbe too high; otherwise destabi-

lization of latex due to bridging flocculation would occur.)By using the cationic monomers a

significant reduction of the particle diameter was found compared to surfactant-free emulsion

polymerizations without using ionic comonomers (Table 2.5). However a particle size below

89 nm was not achieved.

Table 2.6: Characteristics of cationic polymer latexes from surfactant-free emulsion copolymerization
of iBMA and cationic monomers

cationic monomer feed M+/iBMA conv.(a) N(b)
m,w N(c)

m,p N(c)
c,p Dz

(d) ζ-potential

entry in IRC [mol/mol] (%) [µequiv g−1] [µequiv g−1] [µequiv m−2] [nm] PDI [mV]

B1 - - 97 - 32.8 1.13 198 0.11 54.5

B2 MAPTAC 0/100 81 0.7 42.7 1.06 143 0.19 58.3

B3 MAPTAC 3/97 85 11.3 65.5 1.34 117 0.16 68.6

B4 MAPTAC 5/95 83 69.5 93.1 1.77 109 0.35 76.6

B5 MATMAC 0/100 91 0.9 44.9 1.08 138 0.14 57.4

B6 MATMAC 3/97 89 13.8 69.8 1.36 112 0.18 73.9

B7 MATMAC 5/95 90 76.6 98.4 1.53 89 0.25 81.4
(a) Final overall monomer conversion determined gravimetrically.(b) Charge density of water-soluble polyelectrolyte formed during polymer-

ization. (c) Surface charge density of polymer latex particles.(d) z-Average particle diameter determined by DLS.

On the other hand, when 5 mol% of cationic monomers in the feedwas used, the particle

size PDI increased up to 0.35, and the charge density of water-soluble polyelectrolyte also

increased significantly, up to 77µequiv g−1 for entry B7 (Table 2.6). The marked increase

in PDI is indicative of the formation of large particles via bridging flocculation due to the

existence of a large amount of water-soluble polyelectrolyte.32

Observation with DLS of the two latex systems produced from different cationic monomers

showed only minor differences in the final latex particle sizes. MATMAC-based particles

were marginally smaller than the MAPTAC-based latex particles, which is in agreement with

a previous study.17 The overall monomer conversion in the case of MAPTAC was slightly

lower than for MATMAC. It was also found that the emulsion polymerization in the presence

of MATMAC produced slightly higher amounts of water-soluble polyelectrolytes. Despite

these marginal differences, the lack of kinetic parameters of these two cationic monomers

makes it very difficult to justify any kinetic difference between them. Due to the complexity

of the emulsion copolymerization, a more detailed investigation is needed to reason the kinetic

difference, which is outside the scope of this research.

29



Chapter 2

The variation of initiator concentrations showed unexpected behavior as the initiator con-

centration was increased from 12 to 40 mmol L−1. Instead of lowering the particle size with

increasing initiator concentrations for entries B4 and B7, anincrease was observed from 109

to 133 nm and 89 to 121 nm, respectively. A possible explanation could be that the presence

of a high concentration of water-soluble monomers and an increased radical concentration in

the water phase could lead to a higher termination rate in thewater phase.23,33 This resulted

in fewer nuclei and subsequently an increase in polymer particle size. High particle size PDIs

were also observed as a result of the higher initiator concentrations. Another possible cause

for the formation of larger particles could be due to bridging flocculation as a result of the

increased concentration of water-soluble polyelectrolyte, as discussed earlier.

Table 2.7: Characteristics of cationic polymer latexes from nonionically stabilized emulsionpolymer-
ization of iBMA and cationic monomers

cationic monomer feed M+/iBMA conv. Nm,w
(a) Nm,p

(b) Nc,p
(b) Dz

(c) ζ-potential

entry in IRC [mol/] (%) [µequiv g−1] [µequiv g−1] [µequiv m−2] [nm] PDI [mV]

B11 - - 78 - 46.8 0.20 24.2 0.16 8.8

B12 MAPTAC 0/100 70 0.6 42.2 0.22 30.2 0.24 13.4

B13 MAPTAC 3/97 72 19.8 61.7 0.29 27.3 0.13 25.7

B14 MAPTAC 5/95 70 72.7 91.8 0.41 25.7 0.17 32.2

B15 MATMAC 0/100 82 1.8 43.3 0.25 32.9 0.18 14.9

B16 MATMAC 3/97 74 20.6 67.5 0.32 27.5 0.11 27.7

B17 MATMAC 5/95 72 72.1 96.6 0.41 24.6 0.17 35.1
(a) Charge density of water-soluble polymer.(b) Surface charge density of polymer particles.(c) z-Average particle diameter determined by

DLS.

Nano-sized cationic charged latex particles were synthesized by starved-feed emulsion

polymerization using a nonionic surfactant according to entries B11-17 in Table 2.2. With

the addition of the surfactant, most of the latex particles had a particle diameter smaller than

30 nm (Table 2.7). With the increasing comonomer content an increase of theζ-potential

was observed. However, theζ-potentials were much lower than those of the corresponding

surfactant-free latexes (Table 2.6), apparently caused bythe shielding effect of the nonionic

surfactant. The colloidal titration revealed that the actual amount of charges present at the

particle surface for surfactant-stabilized latexes is comparable to the surfactant-free latexes.

Similar to the surfactant-free latexes, for nano-sized latexes a large amount of water-soluble

polyelectrolytes (up to 73µequiv g−1) was produced as a result of a relatively high content of

cationic monomers (entries B14 and B17).

Amine-containing monomer copolymerization

Formation of cationically charged latex particles is feasible by the emulsion copolymeriza-

tion of iBMA and amine-containing monomers, followed by protonation of the tertiary amine

groups. For the protonation it is needed to adjust the pH of the medium to 3. At the start of the

reaction, the initiator was added and the amino monomer present in the reactor formed water-

soluble oligomers. The oligomers formed precursors for thefollowing polymerization with
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Control of charge densities for cationic latex particles

Table 2.8: Characteristics of cationic polymer latexes from surfactant-free emulsion copolymerization
of iBMA and amine-containing monomers

feed M/iBMA conv. Nm,w Nm,p Nc,p Dz
(b) ζ-potential

entry monomer(a) [mol/mol] (%) [µequiv g−1] [µequiv g−1] [µequiv m−2] [nm] PDI [mV]

C1 DMA 0/100 93 2.4 23.8 0.68 165 0.13 21.8

C2 DMA 5/95 94 8.7 46.7 0.99 122 0.19 49.9

C3 DMA 9/91 91 18.3 75.9 1.28 97 0.18 72.8

C5 DMAEMA 0/100 90 4.9 21.2 0.66 178 0.21 26.0

C6 DMAEMA 5/95 92 10.6 40.5 0.98 139 0.09 45.4

C7 DMAEMA 9/91 92 21.5 69.4 1.34 111 0.16 70.3
(a) IRC contains 0.2 wt% of amino monomer.(b) z-Average particle diameter determined by DLS.

iBMA. The control of surface charge density was first investigated by increasing monomer

concentration in the feed with a constant amount (0.2 wt%) ofamino monomer in the IRC.

Increasing the amount of monomer in the feed to a total cationic comonomer concentration of

10 mol% resulted in the latex particles with a higher surfacecharge density compared to the

particles produced without any amine-containing comonomers. As can be seen in Table 2.8,

a maximum surface charge density of 76µequiv g−1 was obtained for the copolymerization of

DMA and iBMA. Furthermore, there was a gradual increase in theamount of water-soluble

polyelectrolyte with the addition of both amine-containing comonomers. Nevertheless, the

formation of water-soluble polyelectrolyte was reduced significantly compared to the copoly-

merizations with ionic monomers (Table 2.6).

A prominent characteristic of the copolymerization in the presence of amine-containing

or cationic comonomers is the decrease in particle size withincreasing amount of these co-

monomers. The particle size decreases drastically as a result of the incorporation of charged

groups into the polymer particles, which provides the particles with higher colloidal stabil-

ity. No large difference in the latex final particle size was observed for the DMAEMA- and

DMA-based latex particles.

Next to increasing the amino monomer amount in the feed we have also investigated the

effect of increasing the amount of DMA or DMAEMA in the initial reactor charge. For these

polymerizations only iBMA was fed to the reactor over time. Itwas observed that the surface

charge density of latex particles increased as the amino monomer amount in the IRC increased

from 0 to 10 mol%. However, the effect on the increase of the particle surface charge den-

sity was much smaller than observed for the addition of aminomonomers via the feed: a

maximum of only 47.4µequiv g−1 was obtained for DMA-based latexes. Furthermore, the for-

mation of water-soluble polyelectrolytes was increased enormously. For example in the case of

DMAEMA-based latexes, the maximum charge density of water-soluble polyelectrolyte was

54.4µequiv g−1 (Figure 2.5), as opposed to 21.5µequiv g−1 (Entry C6, Table 2.8) when the

amino monomer was added in the feed. As also shown in Figure 2.5, a decrease of particle

size from 200 to 103 nm was observed upon increasing the amount of DMAEMA in the IRC.

Further increasing the amine-containing monomer concentration up to a total concentration

of 10 mol% led to an increase in the final latex particle size and a broader size distribution.
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Figure 2.5: Latex particle size and water-soluble polyelectrolyte versus concentrationof amino
monomer in initial reactor charge for surfactant-free emulsion polymerization: DMAEMA, Dp (�)
andNm,w (×); DMA, Dp (•) andNm,w (+).

The increase of latex particle size is again very likely due to the bridging flocculation, as a

consequence of the formation of a large amount of water-soluble polyelectrolytes.

Nonionically stabilized emulsion polymerizations were also conducted to check the influ-

ence of the surfactant on the particle size and surface charge densities of the resulted nano-

sized latexes. The recipe used for the polymerization is listed in Table 2.3 (entries C21-22).

A typical micrograph of the amine-containing cationicallycharged latex particles is depicted

in Figure 2.6. At a DMAEMA content of 9 wt% a latex particle diameter of 27± 9 nm was

Figure 2.6: Cryo-TEM micrograph
showing the amine-containing latex par-
ticles (entry C22) containing 9 wt%
DMAEMA.
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Figure 2.7: Latex particle size and surface charge density
Nm,p vs concentration of amino monomer in the initial reactor
charge for nonionically stabilized emulsion polymerization:
DMA, Dp (�) andNm,p (�); DMAEMA, Dp (•) andNm,p (◦).
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Control of charge densities for cationic latex particles

obtained. Figure 2.7 does not show a significant decrease of the final latex particle size as

a result of the increased content of amine-containing monomer in the feed compared to the

surfactant-free polymerizations. Similar to the surfactant-free polymerizations reported in Ta-

ble 2.8, an increase in the surface charge density was observed for the surfactant-stabilized

nano-sized latexes as the content of the amino monomer increased in the monomer feed (Fig-

ure 2.7); meanwhile, the surface charge density increased to about 70µequiv g−1, accompanied

however by the formation of a large amount (55µequiv g−1) of water-soluble polyelectrolytes.

Electrokinetic measurements were performed on the cationic latex particles from amine-

containing comonomers produced either by surfactant-freeor nonionically stabilized emulsion

polymerization at a constant ionic strength (addition of 0.1 M NaCl) with varying pH. All the

investigated latexes were prepared by adding 1 wt% of amino monomer in IRC. No further ad-

dition of amino monomer was used throughout the polymerization. For both amino monomers,

the isoelectric point for the nonionically stabilized latexes was at pH= 7, significantly lower

than the iep (pH= 8.6) for the surfactant-free latexes, as illustrated in Figure 2.8. This iep shift

may be attributed to the strong charge shielding by the nonionic surfactant. The nonionic sur-

factant (NP3070) used here contains poly(ethylene oxide) segments, therefore the formation

of multiple H-bonding between the O atoms in NP3070 and the N-centered cations≡N+-H

is very likely. The formation of similar H-bonds between ammonium ions and polyether has

been reported in the literature.34,35 As a consequence, these H-bonded cations would not be

”seen” by counter-ions (such as HO−) during the course ofζ-potential measurements, leading

to the iep shift towards a lower pH.

From the experiments on emulsion copolymerizations of bothionic and amine-containing

comonomer with iBMA we can conclude that the charge control ofhighly charged cationic
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Figure 2.8: ζ-Potential and electrophoretic mobility as a function of pH for nonionically stabilized
nano-sized latexes based on DMA (�) and DMAEMA (△), and for surfactant-free latexes based on
DMA (�) and DMAEMA (△).
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latex particles is possible. The copolymerizations of iBMA and amino comonomers DMA or

DMAEMA led to the formation of charged particles. However, latex particles with a cationic

charge density higher than 90µequiv g−1 can only be obtained when using ionic monomers

MAPTAC and MATMAC. Nevertheless, by using either ionic or amine-containing comono-

mers for the charge control of cationic latex particles, a large amount of disadvantageous

water-soluble polyelectrolytes was also formed. This effect was more pronounced for the

ionic monomers than for the amino monomers. The existence ofnonionic surfactants in non-

ionically stabilized nano-sized latexes showed no significant effect on the maximum surface

charge density compared to the surfactant-free latexes.

2.3.3 Cationic charge control via post modification of GMA/BMA copoly-

mer latexes

We have shown the cationic charge control by emulsion copolymerization with ionic or amine-

containing comonomers. A drawback of this approach is the formation of undesired water-

soluble polyelectrolytes and the appearance of secondary nucleation, giving rise to a broad

particle size distribution. A process to obtain cationic charges on latex particles without the

formation of the water-soluble polyelectrolytes is the post aminolysis of epoxy-containing la-

tex particles. Cationic latexes can be obtained by converting the epoxy group into a quaternary

ammonium group via aminolysis.

Stable and un-crosslinked epoxy-containing particles were synthesized by the copolymer-

ization of butyl methacrylate (BMA) with glycidyl methacrylate (GMA) by nonionically sta-

bilized and surfactant-free emulsion polymerization at 60°C. The recipes of several polymer-

izations are given in Table 2.4.

A prerequisite for the free radical polymerization of GMA isthe near neutral pH con-

dition, under which the polymer latex systems are produced,preventing the ring opening of

Figure 2.9: Acid and base catalyzed hydrolysis of glycidyl methacrylate.36
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oxirane.37 Hydrolysis of the epoxy group takes place under acidic or basic conditions. Af-

ter ring-opening, the intermediate will react further withwater (a weak nucleophile) to form

1,2-dihydroxypropyl methacrylate (Figure 2.9). This product is able to react with GMA, pro-

ducing a difunctional methacrylate38–40 and giving rise to crosslinking.41,42 1H-NMR analysis

of the pure GMA monomer hydrolysis over time and depending ontemperature has shown

that a negligible amount of difunctional methacrylate (0.3mole%) was formed after 8 h at

70 °C. Approximately 2.1 mole% of GMA has been converted after36 h at 70 °C. From the
1H-NMR experiments it could be concluded that the hydrolysisis not significant under the

polymerization conditions.

The build-in of the GMA units in the copolymers by surfactant-free emulsion polymeriza-

tion (entries G2A, G2B and G2C) was verified by DSC analysis. The Tg of the GMA/BMA

copolymer increased from 27 °C for the composition of 28/72 (mol/mol) to 43 °C for the com-

position of 78/22 (mol/mol). Theζ-potential measurements of the unmodified copolymer latex

particles showed no significant difference compared to the PiBMA particles (see 2.3.1). Both

particles are cationically charged by the presence of the amidino group of the initiator.

Surfactant-free and surfactant-stabilized latexes were dialyzed before the post modifica-

tion of the epoxide unit was performed. Conversion of the surface epoxy into a quaternary

ammonium groups by the addition of HCl, TMA, and a catalytic amount of TMAC is depicted

in Figure 2.10.43 The conversion rate is temperature dependent. Therefore, the reaction was

conducted at 70 °C, just below the cloud point temperature of the nonionic surfactant, for a

period of 72 h.

Figure 2.10: Conversion of epoxy group into a quaternary amine catalyzed by tetramethyl ammonium
chloride.

The epoxy groups at the surface would react first and the reaction gradually proceeded

to the interior of the particle. For all the GMA copolymers the conversion of more than 12

mol% epoxy groups, based on the total amount of BMA and GMA present, into quaternary

ammonium groups led to the formation of a complete transparent aqueous solutions of cationic

GMA/BMA copolymer. Stable latex particles were preserved when the concentration of TMA

and HCl was decreased and smaller amounts of the very hydrophilic quaternary ammonium

groups were formed. As shown in Figure 2.11, as the amount of quaternary ammonium var-

ied, the surface charge density of the particles could be tuned in a wide range of 30 to 100

µequiv g−1 for cationic latexes from both surfactant-free and nonionically stabilized emulsion

polymerization, even though the particle size differs a lot (210 and 25 nm, respectively). The

presence of the hairy polyelectrolyte (chains containing quaternary ammonium) did enlarge

the hydrodynamic diameter (measured by DLS) of the latex particles slightly as can be seen in
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Figure 2.11: Particle size by DLS and particle surface charge density for GMA/BMA copolymer la-
texes. (a) Entry G2A from surfactant-free emulsion polymerizations: (�) particle size of latex after
aminolysis; (�) particle size of the same latex treated with 0.1 M NaCl; (◦) evolution of surface charge
density with increasing amount of quaternary ammonium groups. (b) Entry G3 from nonionically sta-
bilized emulsion polymerizations: (H) particle size of latex after aminolysis; (�) particle size of the
same latex treated with 0.1 M NaCl; (•) evolution of surface charge density with increasing amount of
quaternary ammonium groups.

Figure 2.11. Addition of 1 mL of 0.1 M NaCl was used to collapse the layer of polyelectrolytes

on the particle surface to determine the actual particle size, which revealed the actual particle

size of the modified latex particles was about 205 nm for the surfactant-free latex and 25 nm

for the nonionically stabilized latex, respectively, as also shown in Figure 2.11.

Figure 2.12 shows TEM micrographs of the GMA/BMA copolymer particles prepared

(a) (b) (c)

Figure 2.12: TEM micrographs of GMA/BMA polymer particles: (a) surfactant-free latex with
78/22 (mol/mol) GMA/BMA (entry G2C); (b) nonionically-stabilized particles with 78/22 (mol/mol)
GMA/BMA (G5); (c) nonionically-stabilized particles with 28/72 (mol/mol) GMA/BMA (G3), ob-
served by cryo-TEM.
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Table 2.9: Characteristics of cationic polymer latexes from emulsion copolymerization of BMA and
GMA, followed by aminolysis

GMA/BMA Mw conv. Dz
(a) Nm,w

b Nm,p
b Nc,p

b ζ-potential

entry [mol/mol]
[

×103g mol−1
]

(%) [nm] PDI [µequiv g−1] [µequiv g−1] [µequiv m−2] [mV]

G2A 28/72 268 83 210 0.09 - 68.4 2.50 56.4

G2B 54/36 242 78 207 0.10 0.11 72.6 2.62 67.3

G2C 78/22 259 84 214 0.13 0.19 71.8 2.68 69.5

G3 28/72 314 86 24.8 0.11 0.14 79.5 0.34 28.2

G4 54/36 357 83 25.1 0.18 0.18 78.1 0.34 27.9

G5 78/22 349 71 24.6 0.12 0.12 80.6 0.35 29.7
(a) z-Average particle diameter determined by DLS.b Charge densities are obtained from latexes with 8 mol% of epoxy groups aminolyzed.

by both surfactant-free polymerization and emulsion polymerization stabilized by nonionic

surfactant. As can be seen, the surfactant-free latexes have a particle size of approximately

180 nm, while the nano-sized polymer latexes (G5 and G3), produced in the presence of the

nonionic surfactant, have an average particle size of 22 nm.The particle sizes obtained from

TEM are in good agreement with the DLS results (Table 2.9).

Table 2.9 summarizes the particle diameters, surface charge densities of the final latex

particles and the content of water-soluble polyelectrolyte formed during the conversion. The

measurements indicate that almost no water-soluble polyelectrolytes (< 0.2µequiv g−1) were

formed as a result of the aminolysis procedure. When the concentration of TMA and HCl was

increased, the amount of water-soluble polyelectrolyte increased only slightly till the point

(about 12 mol% of epoxy groups aminolyzed, based on the totalamount of BMA and GMA) at

which all the polymer chains became water-soluble. For bothsurfactant-free and nonionically
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Figure 2.13: ζ-Potential and electrophoretic mobility vs pH curves for latex particles from surfactant-
free emulsion polymerization: (◦) amidino stabilized P(iBMA) latex, entry A2; (H) GMA-BMA copoly-
mer latex after aminolysis (11.7% of epoxy group reacted), entry G2A.
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stabilized latex particles the polydispersity index is around 0.1, lower than that for the cationic

latexes prepared from the emulsion copolymerization of either cationic monomer or amine-

containing monomer (Tables 2.6-2.8), which is likely due tothe absence of water-soluble

polyelectrolyte for the modified GMA/BMA copolymer latex (bridging flocculation is then

prevented). The isoelectric point for the modified GMA/BMA copolymer latex (entry G2A,

Figure 2.13) was determined to be 10.2, slightly higher thanthat for the P(iBMA) latex with a

cationic charge solely from the initiator (entry A2).

In summary, the cationic charge control of latex particles by aminolysis of epoxy groups

on the surface of latex particles has proven to be a successful approach. The maximum

cationic charge density of 100µequiv g−1 is comparable to values reported in literature by

using cationic comonomers.11,20,22,23Good control of the surface charge density was obtained

with the negligible formation of water-soluble polyelectrolytes. The approach is applicable for

both surfactant-free and nonionically stabilized emulsion polymerization.

2.4 Conclusions

In this chapter we have described a systematic investigation, as well as a new method, on

controlling surface cationic charge densities of latex particles in the range of 10-100µequiv

g−1.

The surfactant-free emulsion polymerizations initiated by cationic initiators enable the for-

mation of cationic latex particles (100-250 nm in diameter)with moderate charge densities. By

adjusting the initiator concentration in the recipe a maximum charge density of 55µequiv g−1

can be reached. Copolymerization of iBMA and ionic or amine-containing monomers renders

polymer particles with a much higher cationic charge density up to 97µequiv g−1. By varying

the concentrations of ionic monomer or amine-containing monomer a good control of charge

density is possible. However, in both cases the formation ofdisadvantageous water-soluble

polyelectrolytes is significantly increased. Finally, theaminolysis of the epoxy group at the

surface of BMA/GMA copolymer latex particles results in the formation of highly charged (up

to 100µequiv g−1) cationic latex particles with negligible formation of water-soluble polyelec-

trolytes. The charge formation can be easily controlled by varying the extent of conversion

of epoxy groups into quaternary ammonium groups. This two-step approach proved to be the

most successful one in producing highly charged cationic latexes.

By using a nonionic surfactant, all three above-mentioned methods have been successfully

used to obtain nano-sized (20-40 nm), cationic latex particles. The surface charge densities

can be controlled in a similar way to the surfactant-free emulsion polymerizations.
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Chapter 3

Controlled heterocoagulation of platelets

and spheres: a physical approach

towards platelet encapsulation

Abstract: Heterocoagulation experiments between inorganic platelets and oppositely charged

latex particles are described. Clay platelets were coagulated with cationic latex particles pre-

sented in Chapter 2. The formation of stable colloidal heterocoagulates has proven to be diffi-

cult as a result of the multi-charge characteristic of the latexes. Gibbsite model colloidal plate-

lets were synthesized and heterocoagulated with anionically charged latexes to prove the con-

cept of plate encapsulation. Anionically charged polymeric latex particles and silica spheres

were heterocoagulated on the surface of oppositely chargedhexagonal gibbsite platelets, lead-

ing to the formation of stable anisotropic colloidal hybridparticles. The heterocoagulation

process was studied byζ-potential and dynamic light scattering measurements. Morphologi-

cal analysis of the colloidal particles by atomic force microscopy (AFM) and cryogenic trans-

mission electron microscopy (cryo-TEM) clearly indicatedthe formation of a single layer of

spheres adsorbed onto the surface of the hexagonal platelets. It was found that the surface

coverage of spherical particles on platelets depended on the number ratio of the two species

and on the ionic strength. The spherical latex particles were annealed at a temperature above

the Tg of the latex polymer, resulting in a thin polymer layer covering the gibbsite platelets.

This heterocoagulation approach enabled the encapsulation of hydrophilic inorganic particles

with polymer latexes, and the formation of anisotropic hybrid particles.∗

∗Part of this chapter has been published: Voorn, D. J.; Ming, W.; Herk, A. M. van; Bomans, P. H. H.; Frederik,
P. M.; Gasemjite, P. ; Johannsmann, D.;Langmuir, 2005, 21(15), 6950-6956;Polym. Mater. Sci. Eng.2005, 93,
998-999.
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3.1 Introduction

Organic-inorganic nanostructured colloids and colloidalbased materials have been reported

in increasing number of publications and patents.1 Encapsulation of these nanomaterials into

colloidal polymer particles enables the formation of particles with improved dispersability in

solvents or composite phases2–5 which is not obtained by simply mixing the individual com-

ponents. A well-known method of encapsulation is using controlled aggregation or so-called

heterocoagulation. Aggregation of colloidal particles indispersions is also the basis of many

different processes such as water purification, pigments formulation, and preparation of phar-

maceutical and drug delivery systems. These processes are of technological as well as scientific

significance and it is therefore essential to have precise control over the dispersion stability.

The colloidal stability of these dispersions is determinedby many factors like particle size,

ionic strength, and the presence of specific stabilizers.6 Understanding the colloidal particle

properties, their charging effects, mutual interaction and the aggregation behavior between

spherical particles7–15 or between spheres and rods16 have been systematically studied, but

there are still major challenges for colloid scientists.17–19

In recent years, aqueous dispersions of charged colloids have been subject of intense in-

vestigations. Various composite materials have been prepared via heterocoagulation or con-

trolled aggregation of small polymer latex particles with alow Tg onto the surface of oppositely

charged large polymer particles with a highTg.7–15,20–23Heterocoagulation is generally driven

by electrostatic interactions of oppositely charged species that generate a stable composite

particle. The smaller shell-forming particles (SFP) are adsorbed onto the surface of the larger

core-forming particles (CFP). Eventually, a monolayer of small particles forms on the surface

of the large particle. In the subsequent step of the formation of core-shell composite particles,

the heterocoagulated particles are heated to a temperaturehigher thanTg of the SFP but lower

than theTg of the CFP.13,23 The method of heterocoagulation enables the formation of well-

defined morphologies for composite particles either by engulfment (incomplete coverage and

spreading of the small particles) or complete encapsulation of the core particles.24,25 In the last

decades, substantial progress has been made in theoreticaldescription of the heterocoagulation

experiments, including the prediction of morphology of composite particles.23,26–31

Heterocoagulation of polymer latex particles onto the surface of spherical inorganic core

materials has resulted in numerous nanostructures with promising applications.21,32,33Exten-

sion of the heterocoagulation to plate-sphere interactions, however, has only been scarcely

investigated.6,34–36Natural silicates with plate-like shape have a strong interaction between lay-

ers due to negative charges and hydrogen bonding in their crystal structures.37 Dispersions of

an inorganic clay platelet, negatively charged montmorillonite, were coagulated with positively

charged akaganéite,34 magnesium aluminum hydroxide,35 magnetite6 and synthetic hematite

particles.36 Heterocoagulation between clay platelets and polymer latexes was recently used to

prepare polymer nanocomposites,38–40but the heterocoagulation process was not performed in
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a controlled manner. Controlled plate/sphere heterocoagulation suffers from the large polydis-

persity of clay platelets and the instability of the heterocoagulated colloids. Moreover, direct

visualization of the heterocoagulated plate-sphere structures by microscopy is very difficult

due to the limited thickness of the single clay platelet, which is only 1-2 nm. These two

challenges have motivated us to systematically investigate the heterocoagulation process of

spherical particles onto the surface of larger platelets.

Figure 3.1: Schematic illustration of the heterocoagulation between inorganic platelets and oppositely
charged spheres: (A) stable colloidal particles of platelets covered with amonolayer of spherical parti-
cles and (B) a multilayer aggregate.

This chapter describes attempts of inorganic platelet encapsulation using the controlled ad-

sorption of oppositely charged latex spheres. The first partof this chapter will focus on the

heterocoagulation of clays with cationic latexes. The second part will deal with the heteroco-

agulation of anionic latex spheres on a model colloid particle, gibbsite. Synthetically produced

gibbsite platelets have a thickness of about 9 nm, and a widthin the range of 100-400 nm, de-

pending on the processing conditions. The thickness of gibbsite allows direct visualization

with electron microscopy and atomic force microscopy (AFM). Snapshots of the heterocoagu-

lation process with spherical particles can be taken. The characteristics of the gibbsite platelets

and different anionic spherical particles will be reported. Subsequently the controlled forma-

tion of stable composite particles of gibbsite covered by spherical particles will be presented.

Figure 3.1 shows a schematic illustration of the heterocoagulation process. Finally, the hete-

rocoagulated colloids were annealed above theTg of the polymer spheres. The morphology of

the resulting anisotropic composite particles is discussed.
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3.2 Mixing of platelet and spheres

Colloidal particles are often nearly spherical, and as a result, the effective diameter of these

particles rarely exceeds the cube root of their volume. However, anisometric colloids such as

tobacco mosaic virus or clay platelets are greatly extendedin one or two linear dimensions,

their shape resembling rods or sheets respectively.41 Due to their orientational degrees of free-

dom, the phase behavior of such anisotropic particles is much richer than that of their spherical

counterparts, exhibiting so-called mesophases in betweenthe pure fluid and crystal phases.42

Examples of mesophases are nematic, smectic and columnar liquid-crystalline phases.

Interestingly, mixtures of colloids of different size and/or shape not thermodynamically

stable at arbitrary concentrations, even if they solely interact through their excluded volumes.

The reason, in a nutshell, is that particles of different size or shape do not pack efficiently,

leading to a reduced free volume diminishing the translational entropy of all the particles in

the dispersion. This leads to an entropy-induced phase separation at high enough concentration

of either component, often interpreted in terms of an effective, attractive depletion interaction

between the minority component in the dispersion induced bythe presence of the majority

component.

Clearly, if we are to study heterocoagulation in mixtures of spherical and plate-like parti-

cles, we should be aware that macroscopic phase separation may under certain conditions take

place. Hence, in order to avoid this, we estimate in the following section under which condi-

tions a binary mixture of plates and spheres would be thermodynamically unstable, allowing

us to perform heterocoagulation experiments between platelets and spheres.

In this context it is useful to note that the lower degree of symmetry of anisometric particles

enhances (in a way) the excluced-volume interaction between them, that is, compared to that

between spherical particles. This means that mesophases can appear at relatively low concen-

trations, very much lower at least than the concentration atwhich (homodisperse) spherical

particles crystallize. It is for similar reasons that in binary mixtures of spherical and very

elongated or flat particles, phase separation occurs for overall volume fractions of dispersed

material that can be very low,i.e., on the order of the ratio of the shortest and the longest linear

dimensions of the anisometric particles.43–45

For the case where the platelets are much larger than the spheres, it is possible to avoid

the artifice of an attractive one-component description implicit in the theory of depletion inter-

actions, and treat both particle types on an equal footing. In our calculation of the minimum

thermodynamic stability criteria for mixtures, we presumed for simplicity that the particles are

not charged.

The separation of two thin platelets (D ≫ platelet thickness) is approximately the diameter

of the plateletD, shown in Figure 3.2. Two spherical particles are separatedfrom each other

by a distance ofσ.

A dispersion containing platelets and spherical colloids,where the spherical colloids are
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Figure 3.2: Illustration of the centers-of-mass and the minimal rotational freedom of a platelet with
diameterD and a sphere with a diameter ofσ = 2r.

much smaller than the platelets, can be assigned a Helmholtzfree energyF that, at the level of

a second virial theory, can be written as:41

βF = NP ln ρPνP− NP+ NS ln ρSνS− NS+
N2

PBPP

V
+

N2
SBSS

V
+

2NSNPBSP

V
(3.1)

whereNP denotes the number of platelets andNS that of the spheres. The second virial coeffi-

cient of the spheres is equal to half their mutually excludedvolume, is given byBSS = πσ3/3,

that of the platelets is given byBPP = πD3/16 and the cross virial of the plates and the spheres

is BSP = πD2σ/8. The hard-core volumes of the spherical particle and platelet are defined as

νS = (π/6)σ3 andνP = πdD2/4, with d as the thickness of the platelet. The inverse of the

thermal energyβ has been defined asβ = 1/kBT.

Presuming the particles to be (like) charged, the hard-coredimensions of the particles

need not be equal to the effective ones that may include a length order of the Debye length.41

Substitution ofρ by the number density (N/V) and rewriting leads to:

βF
V
= ρP ln ρPνP− ρP+ ρS ln ρSνS− ρS+ ρ

2
PBPP+ ρ

2
SBSS+ 2ρSρPBSP (3.2)

The thermodynamic stability of the mixture requires the Helmholtz free energy eq. 3.1

to be at a minimum. Hence, the stability limit or spinodal canbe obtained by equating the

determinant of second derivatives of the free energy with respect to the platelet and sphere

densities to zero,46

∂2βF/V
∂ρ2

P

∂2βF/V
∂ρP∂ρS

∂2βF/V
∂ρS∂ρP

∂2βF/V
∂ρ2

S

=

(

1
ρP
+ 2BPP

) (

1
ρS
+ 2BSS

)

− 4B2
SP = 0 (3.3)

To simplify eq. 3.3, dimensionless densities or volume fractions are introduced whereφP =
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ρPνP andφS = ρSνS. Solving forφP gives the spinodal:

φS =

1+
2BPP

νP
φP

−2BSS

νS

(

1+
2BPP

νP
φP

)

+
4B2

SPφP

νSνP

(3.4)

Eq. 3.4 is plotted in Figure 3.3, showing the effect of different sizes of spherical particles

and platelet diameters on the stability of the binary mixture. The stability was calculated for

two different platelets; montmorilloniteD ≈ 200 nm and LaponiteD ≈ 25 nm in a binary

mixture with spherical particles with a diameter which increased from 10 nm in the front of

the diagrams to 100 nm in the back of the diagram. Figure 3.3a shows the stability diagram

for montmorillonite and Figure 3.3b the stability for LRD. The region below the curves shows

the volume fractions at which the mixture is stable. At low volume fractions of platelets and

spheres (< 1%) any binary mixture of platelets and spheres appears to bestable. A strong

platelet size effect on the stability is also observed: smaller platelets appear to be more stable

than the larger platelets when mixed with spherical particles of different sizes. In relation to

the platelet-sphere mixtures, isotropic monodisperse hard-sphere binary mixtures are possible

with solid contents up to 70%.44 Nevertheless, the instability region is increased by increasing

the diameter ratio between the two spheres.47 A same increase of the instability has been found

for increasing degree of polydispersity of both components.

In conclusion, volume fractions of platelets and spheres less than 1% for Uncharged col-

loids would result in colloidally stable mixture. Taking into account that the charges of the

particles needed for the heterocoagulation would influencethe stability of the dispersion, het-
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Figure 3.3: Calculated stability diagram of non charged platelets and spheres for (a) MMT and (b)
LRD. The volume fraction of spheresφS is plotted as a function of the volume fraction of plateletsφP

for different sizes of latex spheres.
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erocoagulation experiments at volume fractions≪ 1% do not suffer from destabilization as a

result of demixing.

3.3 Experimental section

Materials. Butyl methacrylate (BMA, 99%, Aldrich), isobutyl methacrylate (iBMA, 99%

Aldrich) , and styrene (S, 99%, Aldrich) were distilled under reduced pressure before use.

The initiator, ammonium persulphate (APS, 99.9+%, Aldrich), surfactants, sodium dodecyl

sulphate (SDS, 98%, Sigma-Aldrich), dodecyltrimethylammonium bromide (DTAB,>99%,

Aldrich), hexadecyltrimethylammonium bromide (CTAB,>99%, Fluka) and an alkylphenol

poly(ethylene oxide) Emulan NP3070 (BASF), buffer, sodium hydrogen carbonate (SHC,

99%, Merck), and chain transfer agent, butyl 3-mercaptopropionate (3MPA, 98%, Aldrich) were

used without further purification. Hydrochloric acid (HCl, 32% p.a., Aldrich) , aluminumsec-

butoxide (ASB, 95%, Aldrich) and aluminum isopropoxide (AIP, 99+%, Fluka) were all used

without further purification for the synthesis of gibbsite platelets. Double deionized water

(DDI) was obtained from a Milli-Q water system (Milliporer) with a resistivity of 18.3 MΩ

cm. Commercial aqueous dispersions of charged silica particles Ludox HS-40 (negative) and

Ludox CL (positive) were kindly provided by Grace Davison. The clays Cloisite Na+ (Na-

MMT, Southern Clay Products Inc.), Nanofil 757 (MMT-757, Süd-Chemie AG), Optilgel SH

(OSH, Sud-Chemie AG, and Laponite RD (LRD, Districhem B.V.) clays were used without

purification.

Latex preparation. Anionic latex particles were produced by a semi-batch emulsion poly-

merization.48,49 Emulsion polymerizations were performed in a 250 mL three-neck round-

bottom flask. The reactor was equipped with an argon inlet, a reflux condenser with an outlet

to a bubble counter, a thermometer, a septum through which samples were withdrawn during

the reaction. The monomer feed was added to the reaction mixture using a Metrohm Dosimat

776 autotitrator. A typical polymerization is as follows (entry C156 of Table 3.1). The ini-

tial reactor charges (IRC) of 0.50 g BMA, 0.81 g SDS, 0.02 g 3MPA, 0.005 g SHC and 128

g deionized water was vigorously stirred. A solution of 0.35g anionic initiator APS in 4 g

water was added after the system had been flushed with argon for 1 h at 60 °C. 5 min after the

Table 3.1: Recipes for the preparation of anionically charged latex particles by emulsion polymerization
entry monomer mass(a) [g] surfactant mass [g] water APS 3MPA SHC

C156 BMA 8.5 SDS 0.81 132.4 0.35 0.019 0.005

C206 BMA 8.4 Emulan NP3070 0.51 130.9 0.39 0.023 0.006

C208 S 8.5 SDS 0.79 124.6 0.29 - 0.006

C210 iBMA 8.5 Emulan NP3070 0.75 128.7 0.37 - 0.006
(a) Initial reactor charge included 0.5 g of monomer for all the recipes, and the remainder of the monomer was added at a rate of 0.01 mL

min−1.
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initiator had been added, the remaining 8.0 g BMA was fed to thereactor at a constant rate

of 0.01 mL min−1. After the addition was complete, the flask was kept at 60 °C for another 2

to 4 h to ensure full monomer conversion. Multiple cycles of dialysis against DDI water were

performed to clean the latexes using Medicell Visking dialysis tubes (9 in. Dia 36/32 in. (28.6

mm) MWCO 12-140000 Da) until the conductivity was almost identical to that of the DDI

water. The polymerization recipes of the latex particles are listed in Table 3.1.

Gibbsite preparation. Colloidal gibbsite platelet (γ-Al(OH)3) dispersions were synthesized

according to a method described by Wieringaet al.50 DDI water (1L) acidified by 0.08 M HCl

solution, 0.08 M aluminumsec-butoxide and 0.08 M aluminum isopropoxide were dissolved

and stirred for 10 days at room temperature and afterwards heated to 85 °C for 3 days. The

resulting suspension was dialyzed against deionized waterfor a week to remove non-reacted

compounds. Sedimentation (15 min, 3,000 rpm, Mistral 3000E) and redispersation of the

supernatant in DDI water to remove the large platelets, followed by sedimentation (3h 10,000

rpm, Kontron Instruments Centrikon T-2060) redispersationof the sediment, was performed

to remove very small gibbsite particles.

Heterocoagulation. Heterocoagulation experiments of different clay platelets with cationi-

cally charged latex particles were performed at solid contents between 0.1 and 0.05 wt%. The

synthesis of the cationic latexes and the properties of the final latexes are described in Chap-

ter 2. 1 wt% dispersions of Na-MMT and MMT-757 were centrifuged once for 15 min at 1000

rpm with a Mistral 3000E centrifuge and the supernatant was collected before use. The syn-

thetic Optigel SH and LRD clays were used without any treatment. Table 3.2 lists the recipes

of the heterocoagulation experiments. The heterocoagulates were prepared by adding the clay

dispersions to the continuously stirred latex dispersions. The mixing was performed under a

nitrogen atmosphere at a pH of 7.5.

Heterocoagulation experiments of different spheres and platelets were performed according

to Table 3.3, at solid contents between 0.1 and 0.05 wt%. Small amounts of gibbsite aqueous

Table 3.2: Heterocoagulation recipes of different clay platelets with cationic latex spheres(a)

latex water clay

entry entry(b) monomer charge origin Dz [nm] mass [g] mass [g] type mass [g]

CHC1 A51(c) iBMA DTAB + V-50 24.5 0.08 96.4 Na-MMT 0.04

CHC2 A52(d) S DTAB + V-50 26.1 0.09 99.8 Na-MMT 0.05

CHC3 B1 iBMA V-50 198 0.07 102.1 Na-757 0.05

CHC4 B11 iBMA V-50 24.2 0.09 100.4 Na-MMT 0.05

CHC5 B16 MATMAC/iBMA MATMAC + V-50 27.5 0.09 99.7 OSH 0.06

CHC7 C22 iBMA/DMAEMA DMAEMA + V-50 25.4 0.08 98.2 Na-757 0.05

CHC9 G5 GMA/BMA GMA + V-50 24.6 0.08 98.3 Na-757 0.06

CHC10 G5 GMA/BMA GMA + V-50 24.6 0.08 99.8 LRD 0.05
(a) The NaCl concentration was kept at 6.4× 10−4 M, unless otherwise stated.(b) Entries from Chapter 2.(c) Recipe of A51 consisted of 100

g of deionized water, 0.05 g of NDM, 0.8 g of DTAB surfactant, 0.1 g of V-50 and 1.0 g of iBMA with a 5 g feed of iBMA at a rate of 0.01

mL min−1. (d) Recipe similar to entry A51 instead prepared with styrene as monomer.
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Table 3.3: Heterocoagulation recipes of spheres and gibbsite platelets(a)

entry HC01 HC02 HC03 HC04 HC05 HC06 HC07 HC08 HC09

mass gibbsite [g] 0.18 0.19 0.18 0.37 0.39 0.39 0.38 0.37 0.21

shell particle code C156 C206 C208 CL HS40 C156 HS40 C206 C210

material(b) PBMA PBMA PS Ludox Ludox PBMA Ludox PBMA PiBMA
(a) The NaCl concentration was kept at 6.4× 10−4 M, unless otherwise stated.(b) Amount varied to tune theNS/NP ratio.

dispersions were added to continuously stirred aqueous dispersions of anionic particles with a

number concentration of 1.0× 1015 mL−1 at ambient temperature. The non-coagulated parti-

cles were removed by centrifuging the dispersion for 30 min at 3,000 rpm. The precipitated

heterogeneous particles were redispersed in DDI water and similar separations were repeated

two times. 0.1 M solution of sodium chloride (NaCl, 99+%, Aldrich) was used to change the

ionic strength of the dispersions. Heterocoagulation experiments were conducted by varying

the number ratio between the small and large particles (NS/NP) at a constant ionic strength.

TheNS/NP ratio is calculated according to

NS

NP
=

3
√

3 MS wS ρP W2
P HP

8 π MP wP ρS R3
S

(3.5)

whereMS andMP are the weight of the sphere and platelet dispersions, respectively, wS andwP

are the weight fractions of the particle dispersions,ρS andρP are the densities of the spheres

and platelets,WP andHP the width and thickness of the gibbsite platelets. Furthermore, RS

has been defined as the radius of the spheres. In addition, theeffect of the fractional coverage

of gibbsite platelets by spherical particles was investigated by adjusting the ionic strength of

the dispersions at a constantNS/NP ratio. The fractional coverage of the gibbsite platelets by

spherical particles in percent is

Fractional coverage, θ =
2 n π R2

S√
3 W2

P

× 100 (3.6)

wheren is the number of small particles.

Characterization. Zeta potential (ζ) of various particles together with its dependency on

pH was determined on a Malvern Zetasizer Nano ZS instrument.The ζ-potential was calcu-

lated from the electrophoretic mobility using the Smoluchowski relationship,ζ = ηµ/ε, where

κa ≫ 1 (whereη is the solution viscosity,µ is the electrophoretic mobility,ε is the dielectric

constant of the medium, andκ anda are the Debye-Ḧuckel parameter and the particle radius,

respectively). The solution pH was adjusted by adding either a solution of HCl or NaOH using

a Malvern MPT2 autotitrator.

The average particle size and particle size distribution were determined by dynamic light

scattering (DLS) performed on a Malvern 4700 light scattering instrument (λ = 488 nm)

equipped with a Malvern Multi-8 7032 correlator at a scattering angle of 90◦ at a tempera-
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ture of 23 °C.

A Jeol 2000 FX transmission electron microscope was used forthe particle size analysis

of the Ludox spheres and gibbsite platelets. Samples of 0.05wt% were air dried on a 400-

mesh copper grid with a Formvar support film. Cryo-TEM analysis enables the investigation

of aqueous dispersions in their natural state.51 3 µL of dispersion was placed on a carbon

coated lacy substrate supported by a TEM 300 mesh copper grid(Quantifoil R2/2). Excess of

sample was blotted with filter paper and the resulting thin film was vitrified in liquid ethane at

its melting temperature using a Vitrobotr vitrofication robot. The vitrified specimen was then

transferred in liquid nitrogen into the transmission electron microscope (Philips TEM CM12).

A detailed description of the vitrification technique and the corresponding protocols can be

found elsewhere.52,53

A highly diluted dispersion droplet (0.005 wt%) was placed on a mica and dried under

atmospheric conditions at room temperature. The AFM measurements were performed with a

MultiMode scanning probe microscope (NanoScope III controller) equipped with a tempera-

ture control unit (Nanoscope MMHTRS) from Digital Instruments. Tapping mode with can-

tilevers of 125µm length (Nanosensors) was used. All images were taken underlight tapping

conditions.

3.4 Results and Discussion

3.4.1 Heterocoagulation of clay platelets and cationic spheres

A number of polymer-clay nanocomposites have been synthesized by the heterocoagulation

approach,39,40 but these papers only discussed the final nanocomposite material and not the

stability of the particle dispersions was targeted. For theencapsulation of clay platelets by hete-

rocoagulation the stability of the dispersion is of paramount importance. Table 3.2 summarizes

the heterocoagulation experiments that were performed with different cationically charged la-

texes and clay platelets. Latexes A51 and A52 were synthesized in the presence of a quaternary

ammonium surfactant DTAB. These quaternary ammonium surfactants are well known surfac-

tants for the synthesis of cationic latexes.54–56 The surfactant, together with the small amount

of initiator, produced latexes with aζ-potential of 53 and 49 mV, respectively. The latex parti-

cles had an average particle size of approximately 25 nm and had a bluish color. From visual

observations it is clearly seen that the heterocoagulationof the montmorillonite platelets with

these latexes produced massive flocculation (entries CHC1 andCHC2). It is known that higher

valency ions such as Ca2+, Cu2+, and Fe3+ are excellent flocculants for clay platelets.57,58 Also

organic cations are very strongly adsorbed by clay mineralsand have extensively been used as

flocculating agents for the clay platelets, even at low concentrations.59–64Latexes stabilized by

a cationic surfactants with a longer aliphatic chain like CTAB showed also strong flocculation

upon mixing with the clays. It appears from these observations that heterocoagulation of clay
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platelets with cationic surfactant stabilized latex particles did not produce stable colloids.

Flocculation was observed for the heterocoagulation experiments of clay platelets with the

latexes containing cationic comonomers CHC5 and CHC7. These latexes did not contain any

cationic surfactants and the cationic charge is provided bycovalently bonded monomer and

initiator units. However, the presence of water-soluble polyelectrolyte might induce the ob-

served flocculation. Polyelectrolytes are capable of bridging between multiple platelets and

latex particles and hence inducing flocculation. The bridging flocculation is most likely the

result of the large number of charges per chain acting as a bridge between several platelets.

The visually observed flocculation was less compared to flocculation observed for the hete-

rocoagulation of latexes stabilized by the cationic surfactants, but still clearly visible by the

naked eye.

Heterocoagulation experiments with the cationic latexes synthesized with only cationic

initiator CHC3 and CHC4 and with the post modified GMA/BMA latexes CHC9 and CHC10

did not produce any visible flocculation. Experiments CHC3 andCHC4 were performed with

montmorillonite platelets. Figure 3.4a and b show the cryo-TEM images of respectively CHC4

and CHC9. From these micrographs it is clearly shown that heterocoagulation between the

large platelets and the oppositely charged latexes occurs.Nevertheless, control over the platelet

coverage and the formation of single platelets completely covered by latexes has not been ob-

tained. Increasing the charge density of the GMA/BMA latexes did not result in a higher

coverage or controllability of the clay platelet coverage.In Figure 3.4c the smaller synthetic

LRD platelets (D ≈ 25 nm) were mixed with similar sized G5 latex particles. The observed

structure indicated the strong interaction between the latex and the clay platelet. A slightly

aggregated structure was formed. It appears that latexes are capable of coagulating with the

clay platelets, however, single clay platelets covered by latex particles were never observed.

Changing the concentration of latex or platelets did not aid in the formation of the desired

(a) (b) (c)

Figure 3.4: Cryogenic transmission electron microscopy pictures of cationic latexes heterocoagulated
with clay platelets. (a) Entry CHC4, (b) CHC9 and (c) CHC10 (see Table 3.2).
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heterocoagulates. It is known that only monovalent ions arecapable of completely delaminat-

ing clay platelets. The presence of cationic latex particles, which carry more than one charge

per latex particle might have a significant coagulating and destabilizing effect on the colloidal

dispersion. Recent studies reported that the coagulating power of divalent ions is stronger than

predicted by the DLVO theory65 because of a considerable contribution of ion-ion correlation.

This might be the reason that the clay platelets massively coagulate with the cationic latexes,

even at very low concentrations.

From these experiments we can conclude that heterocoagulation between clays and oppo-

sitely charged latexes is possible. However, the control over the colloidal composite particle

appeared to be difficult. The formation of stable heterocoagulated colloidal particles was not

achieved. In the following section, a model colloidal platelet (gibbsite) which is much thicker

than clay, will be used for the encapsulation experiments byheterocoagulation.

3.4.2 Heterocoagulation of gibbsite platelets and anionic spheres

Natural clay platelets have a very well defined thickness of≈ 1 nm but generally contain a

broad distribution in lateral size. The synthetic clays have a more controlled size distribu-

tion, but like the natural clays are difficult to visualize by scanning or transmission electron

microscopy. For the purpose of the heterocoagulation experiments we have used gibbsite pla-

telets. The hexagonal (γ-Al(OH)3) platelets have been synthesized with a controlled diameter.

Unlike clay platelets, the gibbsite platelets contain a face charge which is positive and carry

a negligible side charge which prevents the formation of thewell-known card-house struc-

tures observed by clays.66 In the following sections heterocoagulation experiments will be

conducted with the gibbsite platelets and anionically charged latexes in order to create encap-

sulated inorganic platelets.

Table 3.4: Properties of latex particles including polystyrene (PS), poly(butyl methacrylate) (PBMA),
and poly(isobutyl methacrylate) (PiBMA), silica particles (Ludox HS and Ludox CL) and gibbsite pla-
telets

properties C156 C206 C208 C210 C213 C214 gibbsite Ludox HS40Ludox CL

monomer BMA BMA S iBMA BMA iBMA - - -

Dn [nm] (TEM) 32± 4 56± 5 30± 4 28± 5 34± 6 59± 6 213± 35 (a) 16± 3 12± 3

Dz [nm] (DLS) 33 57 32 29 36 62 223(b) 15 12

PDI [-] (DLS)(c) 0.07 0.06 0.08 0.07 0.09 0.07 0.12 0.05 0.05

Mn [105 g/mol] 2.9 3.7 - - 3.4 2.6 - - -

Mw/Mn 1.9 2.1 - - 2.2 1.8 - - -

ζ-potential [mV] -24 -36 -37 -23 -26 -31 33 -21 42

pH of dispersion 5.3 4.8 5.2 4.9 5.0 4.9 5.4 9.7 5.0

solid content [-] 0.03 0.05 0.03 0.02 0.04 0.04 0.05 0.19 0.19
(a) The width of the hexagonal platelet.(b) The equivalent diameter as determined by dynamic light scattering (DLS). (c) Polydispersity index

(PDI) is calculated from cumulant analysis as described in the International Standard ISO 13321.
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Figure 3.5: (a) The normalized diameter distribution of gibbsite platelets with a Gaussian fit. (b)
Transmission electron micrograph of colloidal gibbsite platelets with a solid content of 0.05 wt%. (c)
Scanning electron micrograph of dried gibbsite shows the preferential stacking in pillars.

Properties of spherical and platelet particles. For the heterocoagulation experiments with

gibbsite several different anionic latex particles were prepared using a feeded emulsion poly-

merization.48,49 The properties of the latex particles are summarized in Table 3.4. All latex

particles had a polydispersity index (PDI) lower than 0.10 (which is sufficiently low for the

heterocoagulation experiments). Nonionic and anionic surfactants were used to stabilize the

small latex particles. There was no significant difference observed in the final latex particles

size for the nonionic and the anionic surfactant. The number-average molecular weight of the

polymers is about 3× 105 with a polydispersity of around 2. All latexes were extensively

cleaned by dialysis against deionized water for more than two weeks.

Gibbsite platelets were formed as the result of a reaction between AIP, ASB, and HCl

at 85 °C. Buininget al.67 showed that structure of the aluminum colloids strongly depends

on the reaction temperature. Boehmite rods are produced at approximately 150 °C, whereas

the formation of plate-like particles occurs at lower temperatures.50,68 The polydispersity of

the platelet size depends strongly on the HCl concentration.At a concentration of 0.055 M

the average particle size was much larger than 300 nm with a polydispersity of 0.25. By

increasing the HCl concentration to 0.086 M, the average particle size decreased to 213 nm,

and the polydispersity was lowered to almost 0.12, as shown in Figure 3.5a. A representative

TEM micrograph of a dried dispersion gibbsite platelets is given in Figure 3.5b. A SEM

micrograph in Figure 3.5c depicts the preferential stacking into pillars of gibbsite platelets.

The concentration of the SEM sample was similar to the solid content of the platelets after

dialysis and centrifugation, approximately 5-6 g L−1.

ζ-Potential analysis. The electrophoretic mobility of the Ludox particles, the polymer latex

particles, and the synthesized gibbsite platelets was investigated. Figure 3.6a shows theζ-

potentials of the individual colloidal particles as a function of pH. ζ-Potentials of the anionic

Ludox HS40 particles and the PBMA latex particles (entry C156)are negative over the whole
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pH range. Theζ-potential of the gibbsite platelets is positive in acidic medium and becomes

negative in alkaline medium; the isoelectric point (iep) ofgibbsite is at pH= 8.5. This finding

is in agreement with earlier findings of Wierengaet al.50 At pH values lower than the isoelectric

point, the gibbsite platelets are cationically charged (reaction I of eq. 3.7). Gibbsite becomes

negatively charged when the pH exceeds the iep, given by reaction II of eq. 3.7.

(I) : Al −OH + H+ ⇆ Al −OH+2

(II) : Al −OH + OH− ⇆ Al −O− + H2O (3.7)

Furthermore, Wierengaet al. reported a difference in the isoelectric point of the faces and

edges of the gibbsite (pH≈ 10 and pH≈ 7, respectively). Although the iep indicates that the

gibbsite platelets are completely cationically charged atpH values lower than 8.5, when the

face-edge difference is included, complete cationic platelets are only available below pH 7.

Heterocoagulation experiments of different spheres and gibbsite platelets were performed

according to Table 3.3. It appeared from visual observations that stable dispersions were ob-

tained for the sphere-plate heterocoagulation experiments. ζ-Potential measurements at differ-

ent pH values of the stable structures (HC02 and HC05) are shownin Figure 3.6b. The gibbsite

platelets covered with small spheres demonstrated a decrease in theζ-potential at low pH (<

6) compared with the initial gibbsite platelets. Furthermore, the heterocoagulated particles

showed a lower iep at about pH=6. For the further analysis of the coagulation behavior, stable

dispersions were prepared at pH=3-6, ensuring that the spheres and platelets carried opposite

charges.
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Figure 3.6: (a) Effect of pH on theζ-potential values of gibbsite (△), latex C156 (◦), and Ludox HS40
(�) at an ionic strength of 10mM. (b)ζ-Potential of gibbsite covered with anionic PBMA latex particles
(HC02) (◦) and Ludox HS40 particles (HC05) (�).

54



Controlled heterocoagulation of platelets and spheres: a physical approach towards platelet encapsulation

10 100 1000

 30 min
 60 min
 120 min

%
 in

 c
la

ss

particle size [nm]

10 100 1000

 15 min
 24 min
 46 min
 120 min

%
 in

 c
la

ss

particle size [nm]

(a) (b)

Figure 3.7: Particle size distribution during the heterocoagulation process: (a) HC01,addition of gibb-
site platelets to PBMA latex particles (NS/NP = 204) at 23 °C at different time intervals. (b) HC03,
addition of gibbsite platelets to PS latex particles (NS/NP = 131) at 23 °C at different time intervals.

Light scattering analysis during heterocoagulation. Dynamic light scattering (DLS) analy-

sis, a reliable technique for the determination of particlesize and its distribution of colloidal

particles and aggregates,69 was used to monitor the heterocoagulation process.

Figure 3.7a shows the size distribution during the heterocoagulation process between PBMA

latex particles and gibbsite platelets. In the early stage of mixing (< 30 min), two separate pop-

ulations were clearly observed, corresponding to the individual latex and gibbsite platelets. As

the mixing continued, the intensity due to the small latex particles decreased, while the in-

tensity of the large particles gradually increased. The size of the heteroaggregated structures

increased also slightly during the mixing, as is depicted inFigure 3.8. The gradual shift of the

average particle size to larger values can be explained by the formation of thicker heterocom-

ponent colloidal particles due to adsorption of spherical particles onto the gibbsite platelets.

Although the width of the hexagonal platelets remains the same, the thickness increases from

approximately 10 nm for the gibbsite platelets to more than 75 nm for the heterocoagulated

structure (more to be shown by AFM study), which does accountfor the small shift in mean

average particle size.

In contrast to entry HC01, the average heterocomponent particle size changed significantly

for HC03 with the mixing time, also shown in Figure 3.7b. In thecase of HC03, theNS/NP ratio

was 131, as opposed to the ratio of 204 in entry HC01. The increase in the average particle size

of the heterocomponent particles over time might be explained by the formation of a multilayer

aggregate. At a lowNS/NP ratio, incomplete covering of platelets is likely to occur.The

latex particles have the chance to be attached to more than one platelet, hence forming larger

colloidal structures (schematically shown in Figure 3.1).It is clearly shown in Figure 3.8 that

the particle size increases with the time, indicating the formation of multiple layers of gibbsite
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Figure 3.8: Particle size of heterocoagulated particles for differentNS/NP ratios as a function of the
mixing time: entry HC01 (�), and HC03 (•).

platelets with latex particles sandwiched in between.

The size ratio of the two different particles is an important parameter which influences the

heterocoagulation behavior strongly. According to Furusawa et al.,70 a uniform coverage of

spherical core particles can only be obtained when the size ratio is larger than 3. For this reason

our small latex spheres are more than a factor of 5 smaller than the core platelets. Furthermore,

the number ratioNS/NP has a significant effect on the formation of stable heterocoagulated

structures. Figure 3.9 shows the effect of theNS/NP ratio on the average particle size of

the composite structure and the corresponding polydispersity index. At aNS/NP ratio higher

than about 175, stable heterocoagulated structures were observed and no significant change in

particle size (polydispersity index was as low as 0.13, Figure 3.9b) was observed.

Microscopic visualization. We used AFM to observe the morphology of heterocoagulated

particles. Shown in Figure 3.10a are exfoliated gibbsites on mica. The height of the gibbsite

platelets determined from AFM height analysis is about 9 nm.This visualization of the gibb-

site platelets indicates that the investigation of heterocoagulate microstructure is feasible by

AFM. In entry HC06 the heterocoagulated particles were highly diluted in order to observe the

structure of the latex spheres heterocoagulated onto the surface of gibbsite platelets by AFM.

The dispersion of PBMA latex particles mixed with gibbsite was dried on bare mica at room

temperature. AFM images show the packing of latex spheres ontop of the hexagonal platelets

(Figure 3.10b,c). The thickness of the composite particle is about 69 nm measured by AFM

(Figure 3.10d). The latex particles on top of the gibbsite platelet have an average diameter of

32 nm. From the height profile of the image we can derive that there is also a monolayer of

spheres beneath the platelet. This clearly indicates that heterocoagulation takes place in the
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Figure 3.9: (a) Effect of the number ratio small-to-large particles (NS/NP ) on the average particle
size of the heterocoagulated structure for entry HC08. (b) The polydispersity index of the composite
structures at differentNS/NP ratio.

water phase and that the observed morphology is not the result of the precipitation of gibbsite

platelets followed by the ”snowing” of the surface with latex spheres.

The structural stability and the surface coverage of platelets by spherical particles are in-

fluenced by differences in surface charge density, the number ratioNS/NP, and ionic strength

of the dispersion.70 Figure 3.11 shows the relationship between the NaCl concentration (ionic

strength) and the fractional coverage of gibbsite with different spherical particles. The cover-

age factor of the gibbsite platelets was calculated from AFM, TEM and/or Cryo-TEM micro-

graphs. For the PiBMA and PS latex particles (experiments HC09and HC03, respectively) as

well as the anionic Ludox particles (HC07), the coverage fraction increases with the increas-

ing salt concentrations, which can be attributed to the lowering of the electrostatic repulsion

as a result of the decreasing double layer thickness. For thetwo latex particles which have

an average diameter of about 30 nm, a maximum coverage of 65% is reached, whereas the

Ludox spheres (15 nm) are capable of covering about 85% of thegibbsite surface. With the

decreasing size, a larger amount of smaller spheres are adsorbed to the gibbsite surface than

the bigger spheres.

Cryogenic transmission electron microscopy (cryo-TEM) wasconducted to determine if

the microstructures of the absorbed particles in the liquidstate differ from those that have been

dried for AFM analysis. Cryo-TEM analysis is known for allowing investigations of aque-

ous dispersions in their natural state.51 Gibbsite platelets were mixed together with cationic

Ludox CL particles at low concentrations (0.05 wt% based on the total dispersion weight,

HC04) and cryo-TEM revealed there was no aggregation betweenthem. On the other hand,

heterocoagulation was observed for the mixing of anionically charged Ludox HS40 or poly-

mer particles with gibbsite platelets. Figures 3.12a and b show the cryo-TEM micrographs
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from the mixtures of anionic PBMA latex particles and the gibbsite platelets at different NaCl

concentrations (experiment HC01). The ratio ofNS/NP was approximately 189 to prevent the

formation of multi-layered particles. It is obvious that, by increasing the NaCl concentration

from 3.1×10−4 M (Figure 3.12a) to 9.1×10−4 M (Figure 3.12b), the surface coverage of PBMA

on the gibbsite platelets increases significantly. However, when the NaCl concentration was

(a) (b)

(c) (d)

Figure 3.10: AFM images of gibbsite platelets covered with PBMA spheres (entry HC06). (a) Height
image of gibbsite on mica. (b) Amplitude image of heterocoagulated particles (NS/NP = 235). (c,d)
Height profile analysis of an individual heterocoagulated particle (NS/NP = 198). (The size of Fig-
ure 3.10b and c is 1µm × 1 µm).
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Figure 3.11: Fractional coverageθ of gibbsite platelets with latex spheres at different NaCl concen-
trations determined by TEM and AFM at a total solid content of 0.02 wt%: (N) Ludox HS40 particles
(HC07); (�) PiBMA latex C210 (HC09) ;(•) PS latex C208 (HC03).

higher than 2.5×10−3 M, irreversible flocculation took place. Based on cryo-TEM observa-

tions, the formation of stable, heterocoagulated gibbsite/latex particles has been confirmed.

(a) (b)

Figure 3.12: Cryo-TEM micrographs of cationic gibbsite with anionic PBMA particles (HC01) at
different NaCl concentrations: (a) 3.1×10−4 M and (b) 9.1×10−4 M.

The heterocoagulated gibbsite/PBMA particles were heated to 80 °C for 8 to 24 h and ana-
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Figure 3.13: Cryo-TEM micrograph showing the formation of a PBMA layer on the surface of gibbsite
after 24 h of heating at 80 °C (HC01).

lyzed by cryo-TEM. Figure 3.13 shows the annealing and sintering of latex particles adsorbed

to the surface of the gibbsite platelet after 24 h of heating at 80 °C (shown by the black ar-

rows). The number ratioNS/NP for this system is 230 to ensure high fractional coverage of the

gibbsite platelets by latex spheres. The black arrows indicate the PBMA polymer layer, which

is lighter than the gibbsite. The formation of the polymer layer suggests that the encapsulation

of gibbsite platelets and the formation of anisotropic latex-based particles are feasible by the

heterocoagulation process. A few examples of coating gibbsite platelets with silica have been

shown.71,72 This is, to the best of our knowledge, the first report on coating gibbsite platelets

with polymer layers.

3.5 Conclusions

Complete encapsulation of clay platelets or even the formation of stable single clay platelets

covered by a mono-layer of latex particles platelets by a physical approach of heterocoagu-

lation has shown to be a difficult task. Clay platelets appeared to be highly susceptible to

destabilization effects as a result of the presence of oppositely charged latexes. Fast coagula-

tion of latexes with multiple clay platelets induced the formation of large aggregates.

The formation of anisotropic latex-based particles by the heterocoagulation between gibb-

site platelets and spherical particles has shown to be possible. Dynamic light scattering mea-
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surements as well as microscopic visualization have confirmed the formation of heterogeneous

colloidal particles. AFM and cryo-TEM micrographs revealed the uniform distribution of ad-

sorbed latex spherical particles on both sides of the gibbsite platelets. Heat treatment of the

heterocoagulated particles led to the formation of a layer of polymer at the surface, covering

the whole gibbsite platelet, hence creating a gibbsite-encapsulated, anisotropic particle. With

this procedure we have shown that polymer-coated, anisotropic nanocomposite particles can

be readily produced via heterocoagulation between spheresand platelets without any surface

modifications.
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Bull., 1997, 38(4), 411–417.

[55] K. Landfester; N. Bechthold; F. Tiarks; M. Antonietti,Macromolecules, 1999, 32(8), 2679–2683.

[56] J. I. Escalante; L. A. Rodrı́guez-Guadarrama; E. Medizábal; J. E. Puig; R. G. Ĺopez; I. Katime,J. Appl.
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Chapter 4

Plate-sphere hybrid dispersions:

heterocoagulation kinetics and DLVO

evaluation

Abstract: In this chapter described the formation of colloidal composite particles through the

controlled heterocoagulation of anionically charged polystyrene (PS) and poly(isobutyl meth-

acrylate) (PiBMA) latex spheres with positively charged gibbsite platelets. The latex particles,

synthesized by emulsion polymerization, varied in size andsurface charge density. The hete-

rocoagulation was studied as a function of the number ratio between small latex particles and

large gibbsite platelets (NS/NP), ionic strength and pH of the aqueous medium. The coagula-

tion kinetics of latex spheres with inorganic platelets in aqueous dispersions were determined

by time resolved dynamic light scattering (TR-DLS) experiments. TheNS/NPvalues should

be sufficiently high to prevent the formation of multilayer aggregates. It was shown that the

heterocoagulated colloidal particles were stable up to an ionic strength of 2.5 mM for latex

particles with a diameter of about 80 nm and 30 mM for those of 35 nm. The effect of pH on

the colloidal dispersions was verified by the classical DLVOtheory.∗

∗Part of this chapter has been accepted for publication: Voorn, D. J.; Ming, W.; Laven, J.; Meuldijk, J.; With,
G. de; Herk, A. M. van;Colloid Surf. A, 2006, in press.
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4.1 Introduction

Assemblies of smaller polymeric and larger inorganic colloidal particles can be formed by

flocculation and coagulation,1–6 and are used in many industrial applications.7 Attachment of

the polymeric colloidal particles onto the inorganic surface can produce typically two kinds of

morphologies: random, multilayer aggregates with low dispersion stability and stable, isolated,

composite particles with uniform deposition of particles on the inorganic surface. The stability

of these heterocoagulates, which is very important for their potential applications, depends on

several parameters such as surface charge, ionic strength,particle size difference, and mixing

procedure.

Coagulation kinetics of two bodies were independently developed by Derjaguin and Lan-

dau and Verwey and Overbeek and known as the classical DLVO theory,8–11 which readily

explains the qualitative features of colloidal stability.Although several other theoretical pre-

diction methods like the extended DLVO (XDLVO) theory describing the polar interactions12

and the surface element integration (SEI) technique13 have been reported, the DLVO theory

is still widely used for the interaction between two colloidal bodies and predicts the stability

reasonably well.14,15

Over the past several decades the deposition of small latex particles onto larger, oppositely

charged spherical latex particles has been reported extensively.16–27 In this way, polymeric

core-shell particles were prepared via the annealing of thelow Tg polymer shell particles.28

Furthermore, hybrid materials of inorganic core particlescovered with smaller polymeric par-

ticles showed the feasibility of the heterocoagulation process for dissimilar particle adsorp-

tion.1,29,30Its extension to the heterocoagulation between platelets and spheres was only inves-

tigated scarcely.31–34 Following the increasing interest in the process, several papers appeared

reviewing the kinetics of the heterocoagulation processes35,36 or presented theoretical simu-

lations combined with experimental results.37,38 These experiments often showed significant

discrepancies between the calculated and measured heterocoagulation rates.30,39–41A compli-

cating factor for the calculations is the difficulty to directly estimate the ratio between fast and

slow coagulation as expressed in the so-called stability ratio (W), especially for non-spherical

particle heterocoagulation.

In this chapter we studied the heterocoagulation kinetics by using time resolved dynamic

light scattering (TR-DLS) and determine the stability ratio(W) of different latex particles

that were coagulated with gibbsite platelets. Previously,we reported the controlled hetero-

coagulation of latex particles with inorganic platelets, leading to the formation of colloidally

stable, anisotropic hybrid particles.42 To the best of our knowledge only a few articles were

published until now on the heterocoagulation of particles (inorganic, in particular) onto the

surface of platelets32–34,43,44and none of these deal with heterocoagulation kinetics. Thein-

teraction of platelets and spheres are currently investigated for their significance for several

colloidal processes.45,46 This investigation aimed at elucidating the formation of stable plate-
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sphere heterocomponent colloids. We used the classical DLVO theory to quantify the influence

of latex particle size and pH on the heterocoagulation behavior. Furthermore we succeeded in

showing the influence of ionic strength and pH on the rate of coagulation and colloidal stability

of the heterocoagulated structures.

4.2 Modeling of plate-sphere interactions

4.2.1 DLVO calculation of plate-sphere interaction

Theoretical understanding of colloidal dispersion stabilities provides significant information

about the interaction of similarly and oppositely charged particles and the formation or pre-

vention of aggregated particles.39,47,48The encounters between particles are frequent and the

result of such encounters is determined by the interactionsbetween the particles. The total

interaction energy between colloid particles in an aqueousmedium can be described accord-

ing to the classical DLVO theory as the sum of the van der Waals(vdW) attraction and the
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Figure 4.1: Schematic representation of the potential energy diagram for a pair of particles at a short
distance.VA is the energy resulting from the van der Waals attractive forces;VR is the energy resulting
from the electrostatic repulsive forces andVT is the total energy of interaction. The Born repulsion is
also shown by the dashed line.
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electrostatic double layer interaction and can be written as:

VT = VA + VR (4.1)

whereVT is the total interaction energy,VA the vdW attraction, andVR the electrostatic double

layer interaction. A schematic representation of the potential energy diagram is depicted in

Figure 4.1. For certain applications, additional acid-base interaction, hydrophobic interaction

and depletion interaction terms should be added.12,49–52

Electrostatic interaction. The electrostatic interaction of approaching particles isdue to the

overlap of their double layers. Overlapping of diffuse double layers has been analyzed by sev-

eral authors.53–56 Hogg, Healy and Fuerstenau (HHF)54 were the first to relate the interaction

of dissimilar double layers of binary particle mixtures to the surface characteristics of the par-

ticles. Furthermore, they provided an expression for the repulsive force between a spherical

particle and a plate, derived from the constant surface potential expression for two infinite flat

plates, the linear superposition principle56 and the Derjaguin approximation for scaling the

interaction energy. Although some doubts have been raised about the lower experimentally

obtained energies,57,58 the HHF expressions are still widely accepted. According toHogg et

al.,54 the potential energy of interaction between two flat double layers (VI) is equal to the

change in Gibbs energy of the double layer system when two plates are brought together from

infinity:

VI = ∆G = Gd −G∞ (4.2)

whereGd andG∞ are the Gibbs free energies of the double layer system when two plates are

separated by a distance ofd and infinity, respectively. With the application of the Debye-

Hückel approximation, the potential energy of interaction can be written as:

VI =
ε0εrκ

2

[(

ψ2
1 + ψ

2
2

)

(1− coth(2κd)) + 2ψ1ψ2cosech(2κd)
]

(4.3)

whereε0 is the permittivity in vacuum,εr is the relative dielectric permittivity of the sol-

vent, ψ1 andψ2 are the surface potentials of the interacting platelets, and d is the distance

between the platelets. The Debye-Hückel parameterκ is the reciprocal of the effective ”thick-

ness” of the diffuse double layer and known as the Debye length:

κ−1 =
(

εrε0RT/F2
∑

ciz
2
i

)1/2
(4.4)

with R the gas constant,F Faraday’s constant,T the absolute temperature,ci andzi the con-

centration (mol m−3) and charge number of the ions of typei in the dispersion medium, re-

68



Plate-sphere hybrid dispersions: heterocoagulation kinetics and DLVO evaluation

spectively.

Derjaguin and Landau8 derived the interaction between the double layers of dissimilar

spherical particles from the interaction of two infinite plates, provided that the thickness of the

double layer is small compared to the particle size. A particle is supposed to be composed

of a collection of small parallel rims from which the interaction with its counterpart on the

other particle can be deduced from the infinite flat plate result. This results in the energy of

electrostatic interaction (VR) between double layers of spherical particles:

VR =

∫ ∞

0
2πhVIdh (4.5)

whereVI is defined by eq. 4.3 andh is the height of the ring segment (Figure 4.2). In a similar

manner the energy of interaction of the plate-plate situation can be converted into the plate-

sphere situation by reducing the termhdh to:

H − H0 = a−
√

a2 − h2

dH =
h

a
√

1− (h/a)2
dh (4.6)

which, fora≫ h, reduces to:

adH = hdh (4.7)

wherea is the particle radius andH the separation distance between the plate and different

positions on the sphere surface.

H 0

H
h

a

Figure 4.2: Geometrical construction of the interaction plane between a sphere and a platelet used in
the calculation of the interaction energy between a spherical particle and aninfinite plate.

The substitution in eq. 4.5 will provide the interaction energy between a sphere and a plate,

with H0 being the shortest distance between the sphere and plate:

VR = 2πa
∫ ∞

0
VIdH (4.8)
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and results in:59

VR = πεrε0a

[

(

ψ2
1 + ψ

2
2

)

ln

(

exp(2κH0) − 1
exp(2κH0)

)

+ 2ψ1ψ2 ln

(

exp(κH0) + 1
exp(κH0) − 1

)]

(4.9)

whereψ1, ψ2 are the surface potentials of the sphere and the plate, respectively. For the surface

potentials of the two approaching particles we used the solution of the Poisson-Boltzmann

equation for the diffuse double layer at low potentials:

ψ = ψdexp[−κx] (4.10)

whereψd is the potential at the Stern layer, andψ is the potential at distancex from the Stern

layer. For ease of the calculations the surface potentials of the sphere and plate were approx-

imated to be equal to theζ-potentials and to remain constant.60 The electrostatic repulsion

between two similar spherical particles with constant surface potentials can be described by:

VR = 2πεrε0aψ
2
0 ln

[

1+ exp(−2κH0)
]

(4.11)

Van der Waals interaction. The vdW interaction energy arises from spontaneous electrical

polarizations. Hamaker10 derived, to a close approximation, a relation for the potential energy

of attraction between two identical spherical particles asa function of the separation distance.

For the interaction between a plate and a sphere the vdW interaction energy can be written

as:61

VA = −
A12/3

6

[

2a(H + a)
H(H + 2a)

+ ln
H + 2a

H

]

(4.12)

where A12/3 is the Hamaker constant for the vdW interaction of an object of material 1 with an

object of material 2, both being dispersed in medium 3 and canbe estimated according to:61

A12/3 =
√

A11/3 · A22/3 (4.13)

whereAii/3 stands for the Hamaker constants for the vdW interaction between objects of type

i in medium 3. The attraction between two similar spheres can be approximated by:13

VA = −
A11/3a

12H
(4.14)

The Hamaker constant of polymer latex particles has been debated strongly and differs enor-

mously depending on the method of determination and the way the particles are produced. For

the calculations we used values that were experimentally determined in this research.
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4.2.2 Coagulation kinetics

The probability of attachment of two colliding colloidal particles is commonly characterized

by the stability ratioW, i.e. the ratio of the most rapid rate of coagulation to the actual,slower

rate:

W =
krapid

kslow
(4.15)

Mathematical derivations of the stability ratio for interacting spherical particles can be

obtained by combining the diffusion-controlled collision rate for the rapid coagulationrate,

as calculated by Smoluchowski,62 with the slow aggregation rate as determined with Fuchs’s

modified treatment of the stability ratio.63–65 Reerink and Overbeek,39 applying several ap-

proximations, presented a general relationship between log(W−1) and the concentration of

electrolytes [E]:

log(W−1) = k′ log[E] + logk′′ (4.16)

wherek′ andk′′ are constants. Mathematical expressions ofW for other non-spherical geome-

tries are scarce; nevertheless, a simple experimental method is available and applicable for

plate-sphere coagulation. Schudelet al.66 used time resolved dynamic light scattering (TR-

DLS) to monitor the initial aggregation kinetics by measuring the increase of the mean hydro-

dynamic radiusRH as a function of time:

(

dRH

dt

)

t→0

∝ k1n0 (4.17)

where the aggregation rate constantk1 and the number concentration of colloidal particlesn0

are proportional to the slope of theRH at t = 0. From this relation the inverse stability ratio

can be obtained without having absolute rate constants. At afixed number concentration of

colloidal particles, the ratio of the initial slope ofRH as a function of time to that in the fast

regime is proportional tok/krapid:67

1
W
=

(dRH/dt)t→0

(dRH/dt)t→0:rapid
(4.18)

4.3 Experimental

Colloid particle synthesis. Polymer latex particles of different sizes were prepared by batch

and semi-batch emulsion polymerizations described in detail elsewhere.68 The monomers

isobutyl methacrylate (iBMA, 99% Aldrich) and styrene (S, 99%, Aldrich) were purified by

slowly passing through an inhibitor removing-column (hydroquinone remover, Merck) and,
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prior to polymerization, distilled under reduced pressureand stored in a freezer. Polymeric

surfactant Emulanr NP3070, an alkylphenol poly(ethylene oxide), was kindly provided by

BASF AG Ludwigshafen and used as received at different concentrations to control the latex

particle size. Potassium persulphate (KPS, 99.9+%, Aldrich) and 2,2’-azobis [2-(2-imidazolin-

2-yl) propane] dihydrochloride (VA-44, Wako) were used as initiators to produce anionic and

cationic latex particles, respectively. Polymerizationswere performed in a 1-dm3 jacketed re-

actor for heating and cooling with 4 baffles. Mechanical stirring with a 45◦, pitched downflow

four bladed impeller was used. The reactor was equipped withan argon inlet, a reflux con-

denser with an outlet to a bubble counter, a thermometer, anda septum through which the

monomer feed was added to the reaction mixture using a Metrohm Dosimat 776 autotitrator.

Medicell dialysis tubing (9 in. Dia 36/32 in. (28.6 mm) MWCO 12-140000 Da) was used for

the dialysis of the latex particles. Latexes were cleaned against double deionized water (DDI),

which was refreshed every day for more than two weeks. Doubledeionized water was obtained

from a Milli-Q water system (Millipore ) with a resistivity of 18.3 MΩ cm. Gibbsite platelets

(γ-Al(OH)3) were prepared according to Wieringaet al.69 and also described in Chapter 3 of

this thesis.42

Heterocoagulation. Heterocoagulation experiments were conducted by varying the number

ratio between the latex spheres and platelets,NS/NP, at a constant ionic strength, or changing

the pH or ionic strength at a constantNS/NP, calculated according to eq. 3.5.

Characterization. The average particle size and particle size distribution were determined

by dynamic light scattering (DLS) performed on a Malvern 4700 light scattering instrument (λ

= 488 nm) equipped with a Malvern Multi-8 7032 correlator at a scattering angle of 90◦ at a

temperature of 25 °C by cumulant analysis.

Electrophoretic mobilities of various particles togetherwith its dependency on pH were

determined on a Malvern Zetasizer Nano ZS instrument. Theζ-potential was calculated from

the electrophoretic mobility using the Smoluchowski relationship:

ζ = ηµ/εrε0 (4.19)

for a compressed double layer whenκa≫ 1 (whereη is the dispersion viscosity, andµ is the

electrophoretic mobility). The solution pH was adjusted byadding either an aqueous solution

of HCl or NaOH using a Malvern MPT2 autotitrator. The ionic strength was adjusted by

adding the required amounts of sodium chloride (NaCl, 99+%, Aldrich).

Apparent surface charge densities (σ) of the latex particles were determined for a relative

comparison by using potentiometric titration, as described elsewhere.2,70,71A JEOL 2000 FX

transmission electron microscope operated at 80 kV was usedfor particle size analyses of latex

spheres and gibbsite platelets. Suspensions of 0.05 wt% were air-dried on a 400-mesh copper

grid with a Formvar-support film. Cryogenic transmission electron microscopy (cryo-TEM)
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samples were prepared in a VitrobotTM 72,73 instrument (PC controlled vitrification robot, FEI)

at 22 °C and a relative humidity>95%. In the preparation chamber of the Vitrobot a 3µL

sample was applied on a QuantifoilTMgrid (R 2/2, Quantifoil Micro Tools GmbH; freshly glow

discharged just prior to use), excess liquid was blotted away and the thin film thus formed was

shot into melting ethane. The vitrified films were transferred to a Gatan 626 cryoholder and

observed at -170 °C in a FEI TecnaiTMG2 Sphera equipped with a 1k× 1k Gatan CCD camera

operating at 200 kV. All micrographs were taken under low dose conditions.

4.4 Results and Discussion

4.4.1 Properties of particles

Table 4.1 summarizes the recipes and properties of the latexes and the prepared gibbsite pla-

telets. The hexagonal colloidal gibbsite (γ-Al(OH)3) had an average corner-to-corner distance

WP = 224 nm, and thicknessHP of 10 nm, as determined by AFM and TEM.42 DLS mea-

surements of the gibbsite showed an average hydrodynamic diameter of 206 nm with a PDI

of 0.24, in agreement with those obtained from AFM and TEM.42 Latex particles with a size

ranging from 23 to 81 nm (PDI< 0.11) were obtained by varying the surfactant concentration.

The surface charge density for nano-sized latexes ranged from 9 to 32µequiv g−1 for both

the cationically and anionically charged particles, as determined by acid-base titrations (see

Table 4.1).

Electrophoretic mobilities andζ-potentials of the different latexes and gibbsite platelets as

a function of pH at a constant ionic strength of 1.0 mM are given in Figure 4.3. Measurements

were reproduced within± 10% for each latex. The anionic latexes showed an isoelectric point

(iep) at pH≈ 2.4, which is expected for sulphonated polymer particles.22 Similar iep’s and

comparable electrophoretic mobilities andζ-potentials as a function of pH were observed for

the anionic samples listed in Table 4.1. The charge of the positively charged latexes originates

from the imidazolin groups of the VA-44 initiator. An iep at pH ≈ 9.7 was observed for

the cationically charged latexes, consistent with previously reported values.74,75 The anionic

charge is caused by the hydrolysis of the imidazolin groups and formation of carboxylic surface

groups might explain the negative values at pH> 9.7. Gibbsite platelets showed to be positively

charged in acidic medium up to the iep at pH≈ 8.5 and became negatively charged in alkaline

medium.69 The effect of adding salt (NaCl) to gibbsite dispersions was only a small decrease of

theζ-potential. All experiments were performed at a constant pHof 7.8 in an inert atmosphere

of pure and dry nitrogen to prevent the influence of carboxylic acid that is formed in the

presence of carbon dioxide. When the salt concentration was increased from 0.09 up to 103

mM, theζ-potential of the gibbsite platelets decreased from 25.1 to23.9 mV. At higher NaCl

concentrations (450 mM) theζ-potential decreased to 12.8 mV.
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Figure 4.3: Electrophoretic mobilities andζ-
potentials of polystyrene latexes DS01 (◦); DS05
(⋄); poly(isobutyl methacrylate) DI01 (△); DI05
(�), and a gibbsite dispersion (•) at [NaCl]= 1 mM
and 25 °C. For dispersion properties see Table 4.1.
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Figure 4.4: ζ-Potential and electrophoretic mobil-
ity for gibbsite platelets mixed together with DI04
(•) PiBMA latex particles and DS04 (�) PS latex
particles, at an ionic strength of 0.3 mM and mea-
sured after 15 min at a pH of 7.8 (T = 25 °C).

4.4.2 Colloidal stability

Heterocoagulation experiments were performed at total solid contents between 0.01 and 0.5

wt% at pH= 7.8. As already demonstrated in Chapter 3, the ratio of small latex particles to

large platelets (NS/NP) and the addition procedure and sequence is of great importance to the

stability of the dispersion. The heterocoagulated structures were centrifuged twice to remove

any excess of small latex particles which would influence themeasurement of theζ-potential.

Figure 4.4 shows the electrophoretic mobility of the heterocoagulates of latex particles DS04

and DI04 with gibbsite platelets as a function ofNS/NP. Theζ-potentials of the heterocoag-

ulates were positive up to aNS/NP of approximately 150 and shifted to negative values with

an increasing ratio. No significant difference was observed in theζ-potential upon increasing

NS/NP above approximately 230 for both the PiBMA and PS heterocoagulated systems; the

surface was completely covered by negatively charged particles. As a result of latex adsorp-

tion a new local double layer is formed on the platelet, whichhas aζ-potential that becomes

negative with the increased adsorption of anionic latex particles. A similar trend was observed

for the smaller latexes DS01 and DI01 when they were mixed with the gibbsite platelets.

Figure 4.5a shows the effect on the dispersion stability upon changing the ratio (NS/NP)

of small PS latex particles DS02 to the gibbsite platelets. At a low ratio (NS/NP = 75, Vial

A1) a massive flocculation was observed as a result of the formation of unstable, probably

multilayered aggregates. In vial A2, the colloidal dispersion was much more stable atNS/NP=

149; however, the z-average aggregate size as determined byDLS, Dz(A2) = 486 nm, was

still much larger than the size for a monolayer aggregate. Vail A3, with a NS/NP = 275,

appeared to be much more transparent. A z-average diameter of 214 nm was measured, which

is comparable to a monolayer covered aggregate.42 The mixing of gibbsite platelets with either

PS or PiBMA latex particlesNS/NP > 200 did not show the formation of large multilayer
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(a) (b)

Figure 4.5: (a) Colloidal stability observations of gibbsite platelets and anionically charged latex par-
ticles (DS02). Heterocoagulation for differentNS/NP values: 75 (A1), 149 (A2), and 275 (A3). Ionic
strength for all samples: 1.8 mM. (b) Stability of gibbsite/PiBMA dispersions (DI02) at a constant value
of NS/NP = 234 and different [NaCl]: 0.1 mM (B1), 2.5 mM (B2), and 25 mM (B3) at a pH of 7.8.

aggregates.

All the following experiments were performed in the stable region forNS/NP between 210-

250. The formation of aggregates can be induced by changing the pH or the ionic strength of

the system. For the aqueous dispersions shown in Figure 4.5bthe ionic strength was increased

from 0.1 to 2.5 and 25 mM by the addition of a NaCl solution. An increase in the aggregate

size was already observed when going from B1 to B2 and flocculation clearly occurred for B3.

The coagulation in sample B3 with the high concentration of salt (25 mM) is most likely not

a kinetic heterocoagulation effect anymore, but is more an effect of vdW induced aggregation

between the charged composite particles. The high salt concentration decreases the electro-

static repulsive forces between the gibbsite platelets andlatex particles dramatically, leading

to a fast coagulation as a result of reduced colloidal stability and not as a result of oppositely

charged particle attraction. The effect of pH changes on the colloidal stability of the dispersion

is discussed later (see page 82).

4.4.3 Heterocoagulation kinetics

Although dynamic light scattering at an angle of 90◦ is not capable of exactly determining the

size of anisotropic particles like gibbsite platelets, therelative change of the calculated radius

as a function of time was used for the determination of the coagulation rate. Snapshots of the

average particle radii were taken from DLS measurement at intervals between 5 to 12 s on

samples as collected from the mixing vessel.

For all the following experiments the solid content was 0.05wt%. During the experiments

predominantly bimodal particle size distributions were observed with DLS in the case of stable
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Figure 4.6: Time evolution of the hydrodynamic radius for the heterocoagulation of PS latex particles
with gibbsite platelets. (a) Mono-layer aggregates of DS02 with an ionic strength of 1.8 mM and
NS/NP = 242. (b) Multi-layered aggregate formation of DS04 with an ionic strength of3.2 mM and
NS/NP = 177. (c) The growth of the DS04 composite particle radius at different ionic strengths: 0.8
mM (◦), 3.2 mM (�), and 14.5 mM (▽) at NS/NP = 217.T = 25 °C and pH= 7.8 for all experiments.

heterocoagulation dispersions, as can be seen in Figure 4.6a. For the heterocoagulation kinetic

investigation only the DLS signal of the large heterocoagulated composite particle was used.

Figure 4.6a shows the hydrodynamic radius distributions during the heterocoagulation process

between DS02 latex particles and gibbsite platelets at different time intervals. At the initial

stage of the coagulation process two separate populations were observed of which the intensity

of the smaller latex particles was predominant. The second peak at a radius around 120 nm
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originates from the heterocoagulated composite particles. The increase of the second peak

reflects the increase of the scattering intensity of the platelet with attached latex particles rather

than its number. With increasing time, the peak intensity ofthe composite particle grows

and that of small latex particles decreases significantly. At this largeNS/NP value (242) and

low ionic strength (1.8 mM), only heterocoagulated composite particles of gibbsite platelets

covered with a monolayer of oppositely charged latex particles are formed.42 The small peak

at low radii remains due to the excess of the latex particles.

Figure 4.6b shows that, at a smallerNS/NP ratio of 177, a shift in the composite particle

radius to larger values with increasing time, indicating the formation of aggregates of heteroco-

agulated structures, either stacked or in rim/side configuration. During this coagulation process

the gibbsite platelets do not adsorb enough latex particlesto cover the complete platelet sur-

face and interactions with other not fully covered gibbsiteplatelets occur. As a consequence,

a multilayer aggregate is formed and the hydrodynamic radius increases. Eventually, the ag-

gregates may be completely covered with latex particles andno size increase of the composite

particle is observed any more.

The effect of ionic strength on the heterocoagulation was also investigated. The results in

Figure 4.6c clearly demonstrate that the stability of the heterocoagulated structures strongly

depends on the ionic strength. Within the time-frame of the experiments, the mixture appeared

colloidally stable at 0.8 mM. Increasing the ionic strengthof the solution from 0.8 to 3.2

mM induced the formation of an already significant amount of multilayer aggregates with

a hydrodynamic radius of over 240 nm even atNS/NP = 217. When the salt concentration

increased to 14.5 mM, aggregates with an average radius of more than 400 nm were formed.

In addition, the initial rate of change of the hydrodynamic radius increased with the increasing

ionic strength. Experiments with smaller latexes, DS01, DI01 and DS02 showed an almost

identical behavior at the initial stage of the heterocoagulation; only the final aggregate radii

were somewhat smaller than the sizes found with the larger latex particles. It has already

been shown42 and is now further confirmed by this detailed study that stable heterocoagulated

particles can be obtained at an ionic strength lower than 2.5mM for latex particles with a

diameter of about 80 nm. For smaller latex particles of about35 nm, as will be shown in

Figure 4.7, this critical ionic strength is increased to about 30 mM.

Starting from heterocoagulates prepared with two different sizes of PS and PiBMA la-

texes (D ≈ 35 and 80 nm) and keeping theNS/NP between 210-250, stable heterocoagulates

were prepared. The coagulation behavior of heterocoagulated structures was studied for dif-

ferent ionic strength at pH= 7.8 (see Figure 4.7). Aggregate growth as a function of the ionic

strength was analyzed by TR-DLS. Stability ratios (W) of the heterocoagulation dispersions

were determined from the initial changes of the composite particle radius as a function of time

(eq. 4.18) at different concentrations of NaCl (see Figure 4.7). The heterocoagulates with the

PS latexes showed faster coagulation than those with the PiBMA latexes. It was also found that

the heterocoagulates formed with larger latex particles reached the so-called critical coagula-
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Figure 4.7: Measured inverse stability ratios (1/W) at different ionic strengths obtained from the initial
increase in the hydrodynamic radius measured by DLS for dispersions containing gibbsite platelets and
small DI02 (◦), DS02 (⋄) or larger latexes DI04 (•), and DS04 (�) at pH= 7.8.

tion concentration (CCC) much faster than the heterocoagulates covered with the smaller latex

particles. Above a critical ionic strength, aggregation issupposed to take place at the fast rate,

krapid, indicated by log(W−1) approaching zero.76 Stability of the heterocoagulated particles in

the regime of slow aggregation is essentially governed by the balance of particle-particle at-

tractive and repulsive forces. We can in principle envisageeither (i) a stacked arrangement or

(ii ) a card house arrangement of heterocoagulated particles. We want to argue which mecha-

nism prevails. To do so, we assume that the coverage of the gibbsite with latex is independent

of the latex particle size,i.e. under comparable conditions the covered fraction of the gibbsite

platelets is the same for small and large latex particles. Also the (ir)regularity of the coverage

is supposed to be the same.

Now, in case (i) the total interaction energy (VT,n) between two heterocoagulated particles

will be:

VT,n = nVS
A + nVS

R (4.20)

with n ∝ γ/a2, with γ is the platelet face surface area,VS
A = αa andVS

R = βa whereα and

β are defined by comparing with eqs. 4.9 and 4.12 for single latex spheres. This must lead to

the conclusion thatVT,n is a multiple ofVT for n = 1, leading to a high potential barrier, which

prevents coagulation.

In case (ii ), we have to deal with the interaction between an edge of a heterocoagulate
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with a face of such a particle. The face of the heterocoagulate, completely covered with latex

particles, is negative in potential. The net negative potential of the composite increases the

repulsive energy between the particles. This results in a higher stability of the small latex

covered platelets compared to the heterocoagulates with larger latexes.

According to the slope of the log(NaCl) versus log(W−1) in Figure 4.7, a larger attraction

between PiBMA particles is observed compared to the PS particles. From the experiments

in Figure 4.7 we can determine the CCC of salt, above which fast flocculation occurs. For

the larger latex particles the CCC is around 2 mM, whereas the CCC for the smaller spheres

is much higher (see Table 4.2). The experimental values of the stability ratio on the log(W) -

log[C] in Figure 4.7 show an approximately linear decrease with the salt concentration up to the

CCC. Differences in the slope of the PS and PiBMA latexes depend on the type of polymer, the

surface potential and the particle radius. From the CCC and theslope of the stability curve, the

Hamaker constant of the polymer latex particles in a symmetrical electrolyte can be obtained

from equation:77

A = 1.315× 10−21 d logW/d logC
azCCC1/2

(4.21)

The calculated values ofA11/3 from our experimental data for polymer latexes are given in

Table 4.2. The Hamaker constants of the smaller latex particles do not differ significantly from

those of the larger particles. A Hamaker constant of 3.9× 10−21 J was obtained for the PS

latexes and a value of 8.2× 10−21 J for the PiBMA latexes, which are comparable with values

reported in literature.61,78,79

4.4.4 DLVO calculations

The DLVO theory and the equation by Hogg, Healy and Fuerstenau (HHF) are widely used

to calculate the total effect of vdW and electrostatic forces for two approaching particles. It

has to be noted that for the heterocoagulation of gibbsite platelets with spherical latex particles

of different sizes we applied the assumption that gibbsite platelets are infinitely wide and that

the surface charges are homogeneously distributed. Furthermore, the heterocoagulation of a

latex particle on a platelet is not supposed to be influenced by whether another particle has

already been stuck to the platelet either on the same or on theother side. It is clear that these

assumptions, together with the choice of input parameters such as the Hamaker constants, dis-

Table 4.2: Critical coagulation concentrations of heterocoagulation experiments and the calculated
Hamaker constants of the gibbsite-latex dispersions

Latex Dp [nm] CCC [mM] A[10−21J]

DS02 35 32.1 3.8

DS04 86 1.7 4.0

DI02 37 63.9 8.3

DI04 81 2.1 8.1
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regarding the surface roughness and taking theζ-potential for the surface potential may have

a large influence when looking for quantitative agreement between calculations and experi-

mental results. In addition, only the vdW attraction and electrostatic attraction are included in

the calculations without taking the influence of residual surfactant into account. Although the

DLVO theory might therefore not be strictly applicable here, an attempt is made to seek qual-

itative interpretation serving only an indicative purposeto relative changes in the interaction

energy during the heterocoagulation process.
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Figure 4.8: Total interaction pair potential (VT) from eq. 4.11 and 4.14 as a function of interparticle
separation calculated for (a) latex-latex and for (b) latex-gibbsite interaction from eq. 4.9 and 4.12 at an
ionic strength of 0.1 mM and a pH of 7.8 (usingAgibbsite in water= 4.2× 10−20 J.61,80)

Figure 4.8a shows pair potential curves calculated from theDLVO theory for PS latexes

DS02, DS03, and DS04 and PiBMA latexes DI02, DI03 and DS04 in a 0.1 mM NaCl solution.

The results of the calculations show that the pair interactions between spheres at pH= 7.8 are

predominantly repulsive. The repulsive barrier increaseswith increasing latex sphere diameter.

Figure 4.8b depicts the interaction pair potential (VT) of single spheres of the same latexes with

gibbsite at pH= 7.8. Attraction is obtained for all situations as a result ofthe opposite charge

of the latex and gibbsite. The repulsive barrier is lower forthe PS particles compared to the

PiBMA latex. The calculations show that a higher affinity to the gibbsite platelets for PS

than for PiBMA particles, which is in agreement with the results obtained from the stability

experiments (Figure 4.7). They also demonstrate that the attraction of latex to the gibbsite

platelets depends on the latex particle size.

The results of the calculation ofVT at different ionic strengths for the plate-sphere inter-

actions are shown in Figure 4.9. With increasing ionic strength the diffuse double layer of

the colloidal particles is compressed and the particles become more and more unstable. The

calculations depicted for latex spheres with a diameter of 30 nm (Figure 4.9a) and of 80 nm

(Figure 4.9b) show that the interaction energy decreases with increasing ionic strength. Com-
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parison of the calculations for the different latexes indicates that the smaller latex particles

appear to be less attracted to the platelets than the larger latexes with increasing ionic strength,

which is in agreement with our findings presented in Figure 4.7.
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Figure 4.9: The calculated total interaction energy between a gibbsite platelet and PS andPiBMA latex
spheres of (a) 30 nm and (b) 80 nm at different ionic strength and pH= 7.8.

The effect of pH on the interaction is now discussed (see Figure 4.9). At pH = 2.1 the

ζ-potential of the latex particles is slightly positive. Calculations at this pH show that there is

a minimal attraction and repulsion between the platelets and the spheres, but when they come

closer to each other (< 20 nm) they become attracted to each other. Under the basic condition at

pH= 10.5 the gibbsite platelets also become negatively chargedand the electrostatic repulsion

dominates the interaction. In the pH range of 2.4 to 9.1, the calculated total interaction energy

of the system is negative, indicating attraction between the platelets and latex particles.

The effect of pH on the stability of the dispersions is also illustrated by some visual obser-

vations depicted in Figure 4.10a and b and supported by calculations in Figure 4.10c. At low

pH values (2.1) a slightly turbid system is observed (D1), which could indicate the formation

of heterocoagulates. Under basic condition at pH= 10.5 the gibbsite platelets become nega-

tively charged and the electrostatic repulsion dominates the interaction and a bluish dispersion

is formed (D3). In the pH range of 2.4 to 9.1 attraction between the platelets and latex particles

is dominant and heterocoagulation of latex particles with gibbsite platelets occurs resulting in

the formation of a stable latex covered gibbsite platelets (D2). Visual observations of gibbsite

mixed with PiBMA latex particles of different sizes are depicted in Figure 4.10b. For the large

latex 81 nm (C1, DI04) a bluish white dispersion is formed at pH= 7.8. For the 37 nm latex

particles (C2, DI02) a more translucent dispersion was observed, similar to the 26 nm latex

particles (C3, DI01).
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Figure 4.10: (a) Photographic experimental observations of the stability of the colloidal dispersions
DS02 by changing the pH from 2.1 (D1) to pH 4.84 (D2) and pH 10.5 (D3) after keeping it still for 30
min. NS/NP = 246 and [NaCl]= 0.9 mM. (b) Experimental observations of the gibbsite-latex colloidal
stability for dispersions prepared with different latex spheres, see Table 4.1 (C1, DI04; C2, DI02; and
C3, DI01) at pH= 7.8. (c) The calculated total interaction energy between a gibbsite platelet and PS
and PiBMA latex spheres of 50 nm at different pH values (ionic strength 1mM).

4.5 Conclusions

Stable hybrid particles composed of inorganic platelets sandwiched between smaller oppo-

sitely charged polymeric latex spheres were obtained by controlling the ratio of small latex

particles to larger gibbsite platelets (NS/NP). At low NS/NP (< 180), multilayered aggregates

were formed and, by increasing the number of spheres, stable, latex-covered gibbsite disper-

sions were formed. Furthermore, stable heteroaggregates were obtained at a dispersion ionic

strength below 2.5 mM for latex particles with a diameter of about 80 nm and around 30 mM

for those of 35 nm, respectively. Stability experiments have shown that colloid dispersions of

gibbsite platelets with the larger latex spheres reached their CCC at much lower ionic strength

than with smaller latex particles. The colloidal system wasshown to be stable over the wide

pH range (2≤ pH ≤ 9), in accordance with the classical DLVO theory.
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Chapter 5

Inverse emulsion polymerization with

hydrophilic platelets

Abstract: This chapter describes the production of hybrid latex particles by the inverse emul-

sion polymerizations of water-soluble monomers in the presence of inorganic platelets dis-

persed in water. The effect of monomer, initiators and surfactant on the formation of inverse

emulsions in several continuous phases was studied. The presence of ionic compounds in the

emulsion influenced the colloidal stability of the platelets significantly. It was shown that,

by using nonionic initiators and surfactants, stable inverse emulsions containing clay platelets

were obtained. The presence of clay platelets in the inverseemulsion polymerization showed a

slight retardation in the inverse emulsion polymerizationprocess. TEM and SEM analyses of

the final hybrid particles revealed that the platelets were preferentially partitioned at the surface

of the latex particles leading to unexpected armored structures. Cryogenic TEM investigation

of the inverse emulsions demonstrated that the nonionic surfactant Span 80 formed large ag-

gregated and oriented structures; upon addition of the clayplatelets the micellar orientation

was diminished and the clay platelets were shown to be partitioned at the interface between

the water and continuous phase.∗

∗Part of this chapter will be described in: Voorn, D. J.; Ming,W.; Herk, A. M. van; Bomans, P. H. H.;
Frederik, P. M.to be submittedand Toth, R.; Pricl, S.; Ferrone, M.; Cocoli, P.; Voorn, D. J.; Ming, W.; Herk, A.
M. van; Fermeglia, M.;in preparation.
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5.1 Introduction

In recent years, much attention has been paid to polymer nanocomposite materials obtained by

dispersing a wide range of diverse nano-elements into polymers. Especially the use of particles

with a large aspect ratio like layered silicates and carbon nanotubes are extensively investi-

gated. These nano-filler elements serve predominantly the purpose to improve the mechanical

properties. In order to take advantage of the nanoparticlesin polymer systems, uniform dis-

tribution in the matrix is needed. Homogeneous dispersing of these particles in a polymeric

film will reduce the susceptibility to leaching, and protectagainst oxidation. However, most

inorganic filler materials are hydrophilic, which hampers their rapid wetting and dispersability

in organic media. As a result, the nanoparticles tend to aggregate into clusters when mixed in

a lyophobic medium. The lack of affinity between a hydrophilic particle and a hydrophobic

polymer makes it difficult to process. Hence, most of the processes so far known arelimited to

the pretreatment of the particles with quaternary ammoniumcompounds,1 alkoxysilanes2 or

titanates.3,4

Emulsion polymerization in the presence of unmodified layered silicate platelets resulted

almost always in the formation of so-called armored latex particles.5 Direct encapsulation of

unmodified clays has been unsuccessful so far.6 On the other hand, since the platelets are

hydrophilic, inverse emulsion polymerization (an emulsion of water droplets in a continuous

oil phase (W/O)) may offer an opportunity for of the direct clay encapsulation. Although

Figure 5.1: Schematic representation of the oil-in-water (O/W) emulsion polymerization in the pres-
ence of hydrophilic clay platelets (top), and the water-in-oil (W/O) inverse emulsion polymerization
of hydrophilic monomer with hydrophilic clay which may presumably be encapsulated inside the latex
particles (bottom).
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inverse emulsion polymerization is a well established polymerization technique to produce

water-soluble polymers, reports of inorganic particle encapsulation using an inverse emulsion

are limited.7–11 Kinetic studies have shown that polymerization in inverse emulsion predomi-

nantly takes place in the water droplets, similar to a solution polymerization.12–14 These pub-

lications show the possibility of the uniform encapsulation of single inorganic particles into

latex particles. Figure 5.1 depicts a schematic representation of the emulsion polymerization

in the presence of these platelets.

Since smectite platelets are generally hydrophilic, wouldit be possible to directly encap-

sulate these platelets by inverse emulsion polymerization? This chapter describes the inverse

emulsion polymerization of water-soluble monomers in the presence of inorganic platelets.

The lower two pictures in Figure 5.1 show a schematic representation of the encapsulation.

Water droplets with dissolved monomer and dispersed inorganic platelets are emulsified in a

continuous phase of oil and polymerized. The final latex would contain encapsulated plate-

lets. Parameters involved in inverse emulsion formation such as the choice of components

and their interaction with the inorganic particles concerning the stability of the emulsion are

investigated. Kinetics of acrylamide (AAm) inverse emulsion polymerizations in the presence

of clay or gibbsite platelets are compared with results reported in literature. Cryo-TEM analy-

sis proves to be an exceptionally useful tool to study the inverse emulsion formation and the

partitioning of the platelets. The morphology of the dried latex particles and the emulsification

process are also examined.

5.2 Experimental

Materials. The monomer acrylamide (AAm, 97%, Aldrich) was recrystallized twice from

methanol (MeOH, AR, Biosolve). The other hydrophilic monomers 2-hydroxyethyl meth-

acrylate (HEMA, 99%, Adrich), methacrylatoethyl trimethyl ammonium chloride (MATMAC,

Degussa), N-[3-(dimethylamino) propyl] methacrylamide (DMA, 99%, Aldrich), and acrylic

acid (AA, 99+%, Aldrich) were used without any purification. Initiators ammonium per-

sulphate (APS, 99.9+%, Aldrich), 2,2’-azobis (2-methylpropionamide) dihydrochloride (V-

50, Wako), potassium persulphate (KPS, 99.9+%, Aldrich), 2,2’-azobis [2-(2-imidazolin-2-

yl) propane] dihydrochloride (VA-44, Wako), and 2,2’-azobis[2-methyl-N-(2-hydroxyethyl)

propionamide] (VA-086, Wako) were used without purification. 2,2’-Azobis-isobutyronitrile

(AIBN, 98%, Fluka) was recrystallized twice from ethanol (Biosolve). As continuous phases

toluene (Tol, P.A. grade, Biosolve), cyclohexane (CH, 99.9+%, Aldrich), and decalin (DEC,

98%, Aldrich) were used. The crosslinker N,N’-dimethylacrylamide (NDA, 99%, Aldrich) and

the surfactants Pluronic PE3100 (BASF) (propylene oxide/ ethylene oxide block polymer;

Mw approx. 1000 g mol−1), Emulan NP3070 (BASF) (Alkylphenol ethoxylate 70%), Emu-

lan NP4070 (BASF) (Alkylphenol ethoxylate 70%), sodium bis(2-ethylhexyl) sulfosuccinate

(AOT, 98%, Fluka), Span 80 (sorbitan monooleate, Fluka), hexadecyltrimethylammonium bro-
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mide (CTAB,>99%, Fluka), and sodium dodecyl sulphate (SDS, 98%, Sigma-Aldrich) were

used as received. Sodium chloride (NaCl, 99+%, Aldrich) was used without purification.

Doubly deionized (DDI) water was obtained from a Milli-Q water system (Milliporer) with a

resistivity of 18.3 MΩ cm.

Three kinds of 2:1 type clays, Laponite RD (LRD), Cloisite Na (Na-MMT) and Nanofil

757 (MMT-757), and a synthetic aluminum hydroxide gibbsite(γ-Al(OH)3) were used in this

study as inorganic platelet materials. The Nanofil 757 is a natural sodium montmorillonite

with Na0.19K0.20Ca0.04(Mg0.36Fe0.10Al1.44)Si4O10(OH)2 as molecular formula and was kindly

provided by S̈ud Chemie. The cation exchange capacity (CEC) of the clay is 68 mequiv 100

g−1. Na+ montmorillonite (Cloisite Na+; CEC of 92 mequiv 100 g−1) with a mean formula unit

Na0.65[Al,Fe]4Si8O20(OH)4 was provided by Southern Clay Products, Inc. Laponite RD (La-

porte) provided by Districhem BV is a synthetic clay hydrothermally synthesized from simple

silicates and lithium and magnesium salts in the presence ofmineralizing agents. Laponite RD

has a molecular formula of Si8(Mg5.34Li0.66)O20(OH)4Na0.66 with a CEC of 48 equiv 100 g−1.

The Laponite platelets have a thickness of approximately 0.97 nm and a diameter of 25-30 nm.

The synthesis of the gibbsite platelets (γ-Al(OH)3) and the characterization of the hexagonal

platelets are described in Chapter 3.15

Inverse emulsion polymerization procedure. The inverse emulsions were prepared by mix-

ing the oil phase components and the water phase components together. Typically 2 g of the

solid crystalline monomer AAm were dissolved in a 2 mL solution of DDI water containing

initiator VA-086 and NDA. The monomer dispersion also comprised different amounts of clay

platelets. The oil phase consisted of a solution of Span 80 emulsifier in approximately 40 g of

the continuous phase (cyclohexane, toluene or decalin). The oil and water phase were placed

in a 100 mL 3-neck flask and after 10 min of stirring with a magnetic stirrer, the inverse emul-

sion was prepared by ultrasonicating the emulsion for 10 minwith a Vibracell VC750 sonifier

at 40%. The frequency was fixed at 20± 0.2 kHz. The reactor was placed in an ice bath to

prevent the increase of dispersion temperature as a result of the ultrasonication. After emulsi-

fication, the dispersion was flushed with argon for 30 min while the temperature was increased

to 50 °C under continuous mixing. The reaction temperature during the polymerization reac-

tion was kept constant at 50 °C. At regular time intervals, samples were taken for transparency

measurements, gravimetric conversion measurements and particle size analysis. Normally, the

reaction is completed very quickly, however, to ensure complete conversion of the monomer,

the reaction mixture was stirred at 50 °C for 3-5 h. Recipes andcharacteristics are listed in

Table 5.1 and 5.2.

Analytical methods. Measurements of the particle size were performed at 25 °C with a

Malvern 4700 dynamic light scattering (DLS) instrument equipped with a Malvern Multi-8

7032 correlator with a fixed scattering angle of 90◦.
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Scanning electron microscopy (SEM) micrographs were takenusing a JEOL JSM-5600

with an acceleration voltage of 15 kV. Polymer-clay composite latex particles were chromium-

coated prior to scanning. A JEOL 2000 FX transmission electron microscope was used for

explanation of the particle morphology and for particle size analyses. Latex samples of 0.05

wt% were air-dried on a 400-mesh copper grid with a Formvar support film.

A Philips TEM CM12 transmission electron microscope was usedfor the Cryo-TEM

analysis. Carbon coated lacy substrates supported by a TEM 300 mesh copper grids (Quan-

tifoil R2/2) were first cleaned from residual polymer with chloroform after which 3µL of

dispersion was placed on the grid. Excess of sample was blotted with filter paper and the re-

sulting thin film was vitrified in liquid ethane at its meltingtemperature of−188 °C using a

Vitrobot vitrification robot. The vitrified specimen was then transferred under a liquid nitrogen

environment to a cryogenic holder (model 626, Gatan, Warrendale, PA), and then into the elec-

tron microscope. Number-average diameter (Dn) and standard deviation (δ) were determined

by measuring the diameter of the particles from the SEM and TEM photographs as follows:

Dn =

∑n
i=1 Di

n
and δ =

√

∑n
i=1(Di − Dn)2

n− 1
(5.1)

wheren is the number of particles counted for calculation, usually100-200.

Turbidity of the system was determined by pumping a sample with a Waters 510 pump

into a Waters 990 photodiode array detector (PDA) equipped with a multiple wavelength ab-

sorbance detector (200-800 nm) and measuring the absorbance and transmittance over the

whole wavelength range.

Matrix-assisted laser desorption ionization time-of-flight mass-spectroscopy (MALDI-ToF-

MS) measurements was carried out on a Voyager DE-STR from Applied Biosystems. Trans-

2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was chosen as the

matrix. The matrix was dissolved in THF at a concentration of40 mg mL−1. Sodium trifluo-

racetate (Aldrich, 98%) was added to THF at typical concentrations of 1 mg mL−1 as cationic

ionization agent. In a typical MALDI-ToF-MS experiment thematrix, the salt and polymer

solution were premixed in a ratio of 1:1:0.5. The premixed solutions were handspotted on the

targetwell and left to dry. All spectra were recorded in the linear mode.

5.3 Results and Discussion

5.3.1 Effect of ions on clay dispersion stability

A prerequisite for the inverse emulsion polymerization is the stability of the initial emulsion

and stability during the polymerization. Barton̆ et al.16 already reported that the stability of the

emulsion is strongly affected by parameters such as the HLB (Hydrophilic LipophilicBalance)

of the surfactant, temperature, the number and properties of all the components in the reaction
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mixture. An additional factor for the encapsulation of inorganic platelets by inverse emulsion

polymerization is the colloidal stability of the initial platelet dispersion as well as the stability

of the platelets in the inverse emulsion after sonication.

It is quite well known that multivalent cations and cationicsurfactants are able to flocculate

clay dispersions.17–19 Therefore, different experimental conditions of clay dispersions have

been investigated in order to obtain the most stable conditions for the encapsulation via inverse

emulsion polymerization. Aqueous clay dispersions of LRD and Na-MMT up to 3 wt% were

mixed with different ionic and nonionic solutions. The stability of the resulting dispersion was

investigated by visual inspection or by using a conventional optical microscope. Slow addition

of cationic surfactant solutions (CTAB or DTAB at concentrations larger than 3 mmol dm−3
w ) to

the clay dispersions resulted in the immediate formation offine or even voluminous flocs. The

organic cations are preferred by the exchange sites over theNa+ ions that stabilize the natural

clay platelets. Exchange adsorption of cationic surfactant takes place.20–26Addition of cationic

monomer solutions such as the quaternary ammonium MATMAC orthe amine monomer DMA

at pH< 6 and> 8 already induced flocculation of the clay platelet dispersions at concentrations

larger than 3 mmol dm−3
w . Only slow addition (< 0.1 mL min−1) of a< 5 mmol dm−3

w solution

of cationic monomers produced slightly turbid dispersionsof clay platelets. Flocculation upon

addition of the cationic monomers indicates that some intercalation and destabilization was

occurring. DLS measurements revealed that the z-average diameter (Dz) increased from 169

nm for the native Na-MMT dispersion to approximately 218 nm for the MATMAC modified

clay dispersion. Also the slow addition of the amine monomerDMA with concentrations< 5

mmol dm−3
w showed a increase of theDz to approximately 204 nm. At higher concentrations

massive flocculation was observed. Visual and light microscope observations of the cationic

initiators VA-44 and V-50 that were mixed with the platelet dispersions revealed voluminous

flocs. The flocculation with these cationic initiators is most likely the result of the presence

of two cationic sites on the initiator molecules, which enable the linking of the initiator with

multiple clay platelets and forming large clusters. Changing the ionic strength of the dispersion

with the addition of a NaCl solution from 2.4 mM to 0.1 mM and values larger than 100 mM

did not result in the formation of stable dispersions.

At concentrations larger than 7 mmol dm−3
w the frequently employed anionic surfactant

for conventional emulsion polymerizations, SDS, produceda flocculated system upon mixing

with the clay dispersions. The most common anionic surfactant for inverse emulsion poly-

merizations AOT produced already massive flocculation at concentrations larger than 3 mmol

dm−3
w , possibly due to edge interactions. Both anionic initiatorspotassium and ammonium

persulphate induced slightly turbid dispersion when mixedwith the clay dispersions at con-

centrations larger than 7 mmol dm−3
w . Although these concentrations are much higher than

required for conventional inverse emulsion polymerizations, local destabilization might occur

which is undesired for the encapsulation. The monomers acrylic and methacrylic acid, as well

as their anionic polymers produced substantial problems with the miscibility and destabilized
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the clay dispersion.27

Ionic compounds have been shown to influence the stability ofclay dispersions, therefore

the influence of neutral compounds was investigated. It is now well established that the non-

ionic polymer poly(ethylene oxide) is capable of interacting with clay platelets without causing

flocculation.28,29Triblock copolymers of the type poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) PEO-PPO-PEO such as the Pluronic PE 3100 did not induce any floccu-

lation of the clay dispersion.30 Addition of diblock surfactants Emulan NP3070 and Emulan

NP4070 with concentrations above the CMC showed also no influence on the stability of the

clay platelet dispersions. Furthermore, at concentrations above the CMC bilayers are formed

around the platelets stabilizing the platelets in the aqueous dispersion.24,31The commonly used

nonionic surfactant for inverse emulsion polymerizations, Span 80, is sparsely soluble in water

(< 0.1 mmol dm−3
w ). Upon addition to different organic (continuous) phases, no influence on

the stability of the clay dispersions was found for either cyclohexane, toluene or decalin. In

cyclohexane (CH), Span 80 at different concentrations did not show any visible flocculation as

a result of the added aqueous platelet dispersions. The nonionic initiator VA-086 in aqueous

dispersion with both clay dispersions and AIBN in CH did not show any visible flocculation of

clay platelets. Finally, monomer solutions of AAm and HEMA up to 50 wt% in water induced

no flocculation of the clay platelet when mixed with the clay dispersions.

In conclusion, the inorganic platelet dispersions of LRD, Na-MMT, MMT-757 and gibb-

site suffered from severe destabilization as a result of the additionof charged molecules in

the system. Both cationic and anionic molecules led to the formation of flocs when their con-

centrations were high enough. The addition of nonionic compounds limits the formation of

flocs and produces the most stable dispersions. In addition,by increasing the ionic strength to

values higher than 2.9 mM, lowering pH below 6.8 or increasing pH to 9.4 flocculation of the

initially stable clay dispersion occurred, allowing a small operation window for the encapsula-

tion experiments.

5.3.2 Inverse emulsion polymerization of acrylamide

To encapsulate clay platelets by inverse emulsion polymerization a number of components

have been screened, see Section 5.3.1. In this section a selection of the results of the appro-

priate dispersion conditions and recipes are reported. Reference inverse emulsion polymer-

izations of AAm, HEMA, and MATMAC stabilized with AOT or Span80 as surfactants in

different continuous phases were performed to validate the system with results published in

literature. Small amounts of a strong lipophobe (NaCl) were added to the monomer solution to

ensure the stability of the inverse mini-emulsions after sonication. Table 5.1 summarizes the

characteristics of the resulting latex particles. The inverse emulsions were obtained by apply-

ing sonication for 10 min, which was sufficient to obtain stable systems for both Span 80 and

AOT.32 Latex particles with sizes between 80 and 200 nm have been obtained for reactions in
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Table 5.1: Characteristics of acrylamide latexes synthesized with different ingredients and conditions
monomer surfactant initiator water continuous phase Dz

(a) Dn
(c)

entry type wt % type wt % type wt % wt % type wt % [nm] PDI(b) [nm]

A1a AAm 3.9 AOT 1.6 VA-086 0.1 4.1 CH 90.3 132 0.27 145± 24

A1b AAm 4.0 Span 80 1.7 VA-086 0.1 4.1 CH 90.1 77 0.14 78± 18

A1c AAm 3.9 Span 80 0.8 VA-086 0.1 4.0 CH 91.1 195 0.27 -

A1d AAm 3.9 Span 80 1.5 VA-086 0.1 7.9 CH 86.6 181 0.21 190± 36

A1e AAm 4.0 Span 80 1.6 VA-086 0.3 4.0 CH 90.0 89 0.13 -

A1f HEMA 3.8 Span 80 1.6 VA-086 0.1 4.1 CH 90.3 215 0.29 209± 47

A1g MATMAC 3.8 Span 80 1.6 VA-086 0.1 4.2 CH 90.2 228 0.34 232± 44

A2a AAm 3.8 AOT 3.2 VA-086 0.1 3.9 CH 88.9 59 0.10 54± 14

A2b AAm 3.8 Span 80 3.0 VA-086 0.1 4.1 CH 88.9 56 0.13 -

A2c AAm 3.9 AOT 3.0 VA-086 0.1 4.1 Tol 88.9 61 0.09 62± 16

A2d AAm 3.9 Span 80 3.1 VA-086 0.1 4.0 Tol 88.9 62 0.12 -

A3a AAm 4.1 AOT 1.6 AIBN 0.1 4.2 CH 90.0 117 0.11 -

A3b AAm 3.9 Span 80 1.6 AIBN 0.1 4.0 CH 90.3 96 0.14 96± 13

For all the polymerizations a NDA concentration of 0.05 wt% and a NaCl content of 0.02 wt% was added to the monomer solution.(a) The

equivalent diameter as determined by dynamic light scattering(DLS). (b) Polydispersity index (PDI) is calculated from cumulant analysis as

described in the International Standard ISO 13321.(c) Number average diameter of the latex particles determined by calculating at least 100

latex particles from TEM and using equation 5.1.

cyclohexane and toluene stabilized either by AOT or Span 80.The surfactant concentration

had a direct relationship with the droplet size (entry A2a).The increased surfactant concentra-

tion significantly reduced the particle diameter of the finallatex particles after polymerization.

Polymerizations of HEMA and MATMAC (A1f and A1g, respectively) were also possible.

However, the stability of the starting emulsions was much lower as compared to the AAm

emulsions, resulting in the formation of larger final latex particles and increased fouling of the

reactor.

Polymerizations in decalin as continuous medium were also tried. A turbid emulsion was

obtained after sonication, however, no latex particles were formed during the polymerization.

Figure 5.2 shows the conversion time histories for AAm inverse emulsion polymerizations

in cyclohexane and toluene stabilized by AOT or Span 80. The monomer conversions and rates

of polymerization correspond to the results reported previously for inverse emulsion polymer-

izations.13,33,34 Polymerization rates of these systems are relatively high and show a similar

behavior for the cyclohexane and the toluene continuous phases. An inverse relationship be-

tween the rate of polymerization and the surfactant concentration is found in accordance with

other publications.12 The rate of polymerization was found to increase with decreasing sur-

factant concentration. Polymerizations initiated by the hydrophilic VA-086 showed a slight

retardation compared to the polymerizations with AIBN. The retardation is most likely due to

the difference in decomposition efficiency and half lifetime of the initiators (the half-life time

at 60 °C is approximately 17.5 h and 137 h for AIBN and VA-086, respectively).

The reproducibility of the experiments indicates that the setup and procedure for the syn-

thesis of latex particles via inverse emulsion polymerization is in agreement with reported

experiments.12,35 The investigated inverse emulsion polymerization procedure is therefore ap-

plicable for the encapsulation polymerizations.
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5.3.3 Inverse emulsion polymerizations in the presence of inorganic pla-

telets

The preparation of inverse emulsions from aqueous AAm in CH inthe presence of LRD, Na-

MMT and gibbsite platelets was studied by measuring the transmission of light as a function

of ultrasonication times. Figure 5.3 shows (a) the time of ultrasound agitation to reach a stable

emulsion when the transmission signal levels off and (b) the differences in droplet diameters at

progressing ultrasonication time. The emulsion without inorganic platelets (A1b) leveled off

after roughly 2 min. In the presence of platelets a similar period of time was needed to ob-

tain a stable emulsion. These data show that there is no significant influence of clay platelets

on the emulsification procedure. With increasing LRD platelet concentrations the emulsions

showed less transmission and a small increase in the emulsion droplet size was observed, see

Figure 5.3b. As compared to clay dispersions the emulsions in the presence of gibbsite showed

a less pronounced change in transmission with increasing concentrations. Furthermore, com-

pared to the clay dispersions, the droplet sizes of the gibbsite dispersions did increase sig-

nificantly with increasing concentrations. The evolution of the emulsion sizes provided some

information about the appropriate dispersion conditions.For the recipes without inorganic pla-

telets and with LRD and gibbsite platelets a steady state in droplet sizes was reached after 2

min. In the presence of Na-MMT a stable particle size of approximately 150 nm was reached

after 6 min.

Table 5.2 lists the experimental conditions, ingredients and characteristics of the inverse

emulsion polymerizations and particle sizes of the final latexes that were prepared in the pres-

ence of inorganic platelets. Particle size analysis of the final latexes showed that the sizes of
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Figure 5.2: Conversion time histories of AAm inverse emulsion polymerizations for different continu-
ous phases and surfactants at 60 °C. Markers corresponding with theentries are given in Table 5.1.
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Figure 5.3: (a) Transmission and (b) emulsion droplet sizes as a function of ultrasonication times
for different inverse emulsion recipes with and without inorganic platelets in the presence of Span 80
surfactant. (Recipes of emulsions are listed in Table 5.1 and 5.2. (a)⋆ A1b, � Laponite 0.02 wt%,◦
Laponite 0.06 wt%,� gibbsite 0.03 wt%, and� gibbsite 0.06 wt%. (b)� B1, ◦ B2,△ B3,▽ B4,� B6,
• B7,N B8, and♦ B10).

the latexes prepared in the presence of LRD (Dz ≈ 80-100 nm) were comparable to those pre-

pared in the absence of the platelets. In the presence of gibbsite, the final latex particles were

larger than the 220 nm diameter of the initial platelets. Furthermore, the inverse latex particles

prepared in the presence of gibbsite platelets showed significant sedimentation. The sediment

was redispersable after shaking. For the polymerizations in the presence of Na-MMT latexes

with particle sizes between 300-370 nm and polydispersity indexes (PDI) of around 0.3 were

obtained. These relatively high PDI values indicate that there is a large variation in latex par-

ticle sizes and this is most likely due to the large platelet size distribution (Dz =169 nm, PDI

0.31). The platelets might act as templates for the inverse emulsion polymerization and as a

result lead to latexes with equally broad dispersions. In general the particle sizes analyzed by

DLS appeared to have slightly larger sizes than those obtained by TEM. This is caused by the

presence of water in the latex particles, which is evaporated during the preparation of the dry

sample for the TEM analysis.

In the presence of inorganic platelets, a different kinetic behavior was found compared to

the polymerizations without any platelets which are presented in Figure 5.2. The conversion

time histories for the inverse emulsion polymerization of AAm in the presence of gibbsite

(entries B6 and B8) depicted in Figure 5.4 show a decrease in therate of polymerization in

comparison to those presented in Figures 5.2. Increased gibbsite platelet concentrations did

not influence the rates significantly. A more significant change in the polymerization rate was

observed for the polymerizations in the presence of LRD (entries B1-B4) and Na-MMT plate-

lets (B10). With increasing the concentration of LRD platelets lower rates of polymerizations
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Table 5.2: Experimental conditions for the inverse emulsion polymerization of acrylamide with inor-
ganic platelets

platelet monomer Span 80 initiator water CH Dz
(a) Dn

(c)

entry type wt % type wt % wt % type wt % wt % wt% [nm] PDI(b) [nm]

B1 LRD 0.06 AAm 4.0 1.6 VA-086 0.1 4.3 89.8 75 0.13 57± 24

B2 LRD 0.12 AAm 3.9 1.6 VA-086 0.1 4.4 89.9 83 0.12 63± 28

B3 LRD 0.18 AAm 3.9 1.6 VA-086 0.1 4.1 90.0 92 0.14 75± 21

B4 LRD 0.12 AAm 4.0 1.7 AIBN 0.1 4.4 89.6 89 0.14 -

B5 LRD 0.18 HEMA 3.4 1.5 VA-086 0.1 3.6 91.0 187 0.18 173± 46

B6 gibbsite 0.12 AAm 4.2 1.5 VA-086 0.1 4.0 90.0 254 0.21 237± 42

B7 gibbsite 0.17 AAm 4.0 1.5 VA-086 0.2 3.7 90.3 280 0.29 -

B8 gibbsite 0.17 AAm 3.8 1.6 AIBN 0.1 3.9 90.2 256 0.24 235± 36

B9 gibbsite 0.12 HEMA 3.3 1.4 VA-086 0.1 3.6 91.2 - - -

B10 Na-MMT 0.08 AAm 3.7 1.7 VA-086 0.1 4.2 90.1 309 0.32 283± 43

B11 Na-MMT 0.18 AAm 3.9 1.6 VA-086 0.1 4.1 90.0 341 0.29 -

B12 Na-MMT 0.24 AAm 4.1 1.7 VA-086 0.2 4.3 89.5 368 0.31 -

B13 Na-MMT 0.18 HEMA 4.0 1.6 VA-086 0.1 3.9 90.1 386 0.27 361± 47

B14 Na-MMT 0.18 HEMA 4.0 1.6 AIBN 0.1 4.0 90.1 307 0.34 -
(a) The equivalent diameter as determined by dynamic light scattering (DLS). (b) Polydispersity index (PDI) is calculated from cumulant

analysis as described in the International Standard ISO 13321. (c) Number average diameter of the latex particles determined by calculating

at least 100 latex particles from TEM and using equation 5.1.

and lower final conversions were found together with increased retardation of the polymer-

ization. The clay platelets in the inverse emulsion might possibly act as diffusion barriers

for monomer or initiator. Also the partitioning of the platelets in the inverse emulsion might

influence the kinetics.
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Figure 5.4: Acrylamide inverse emulsion polymerizations in the presence of LRD, Na-MMTand gibb-
site platelets. Compositions of the entries are given in Table 5.2.
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Experiments with the oil-soluble initiator AIBN and the water-soluble initiator VA-086

demonstrated that, besides retardation, reaction rates for the homopolymerizations of AAm

were not significantly different for polymerizations with and without inorganic platelets. Find-

ings by Bartŏn reported similar independency of type of initiator on the reaction rates of AAm

inverse emulsion polymerizations.36 The presence of gibbsite platelets did not show any sig-

nificant differences in the polymerization rates between the two different types of initiators.

Contrary to the AAm polymerizations initiated by the water-soluble VA-086, the AIBN initi-

ated reactions in the presence of LRD and Na-MMT platelets showed much lower conversions

in the early stages of the polymerization (up to 15% conversion). After this initial delay the

rates of polymerization were roughly similar to the rates observed for the VA-086 initiated

polymerizations. The lowest rates of polymerization were observed for the highest concentra-

tions of Na-MMT (0.24 wt% in total). Bartŏn36 has shown that the locus of propagation for

the polymerization of AAm in inverse emulsion initiated by AIBN is initially the oil phase but

later mainly the acrylamide-rich region in the surface layer of the water phase in the inverse

micelle. Moreover, the AIBN is slightly water soluble (6 mmoldm−3
w ) and homolytic thermal

decomposition in the water droplets generates free radicals which initiate the polymerization

of AAm and contribute to the high polymerization rates. On the other hand, AAm is sparsely

soluble in CH and initiation might also take place in the CH phase. In the case of water-soluble

VA-086 as initiator the locus of initiation is the water phase in the inverse micelle. As a con-

sequence the efficiency is already high at low conversions.35 The results in Figure 5.4 suggest

that there is a barrier for mass transfer between the surfacelayer and the oil phase. This bar-

rier may hamper diffusion of radicals originating from AIBN to migrate through the surface

to the monomer rich water phase. Transport limitation in thesurface layer would suggest that

the LRD and MMT platelets are not located inside the water phase but near the surface layer

between the oil and water phase. The location of the platelets will be discussed later on.

Samples of the inverse latex particles containing LRD dispersion (entry B2) taken at differ-

ent times are shown in Figure 5.5. The starting emulsion after 10 min sonication appears to be

slightly translucent. The yellowish color of the emulsion is caused by the nonionic surfactant

Span 80. Increasing the temperature of the reactor to 50 °C did not influence the stability or

the color of the emulsion. After approximately 7 min a significant drop in the turbidity of

the dispersion was observed and an almost complete transparent dispersion is formed after 15

min. The transparency of the dispersion after 15 min is most likely due to a match-up of the

refractive index. Precipitation of a sample in acetone showed the formation of PAAm latex

and a monomer conversion of approximately 3.5% was found. During the course of the poly-

merization the turbidity increased to slightly bluish and eventually after 70 min the dispersion

became completely white. After 70 min reaction the monomer conversion was 92%.
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Figure 5.5: Photographic experimental observations of the inverse emulsion polymerization at different
reaction times. Samples of the B2 polymerization reaction were taken after 4, 7,15, 40, 50, and 70 min,
respectively (shown from left to right).

The evolution of the z-average particle diameter of the emulsion droplets determined by

DLS and the formed latex particles, as well as the transmission as a function of the poly-

merization time are depicted in Figure 5.6. As already briefly discussed in Section 5.3.3 and

depicted in Figure 5.5, the dispersion with LRD became almosttransparent for the human eye

after approximately 15 min of polymerization. The average particle diameter of the latexes

formed in the initial stage of the polymerization in the presence of LRD was around 70-80

nm with a relatively low PDI of 0.13, see Figure 5.6a. Measurements over time showed that

with increasing reaction time the z-average particle diameter increased to a final latex particle
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Figure 5.6: (a) z-Average particle diameter and (b) dispersion transmission for inverse emulsion poly-
merizations in the presence of LRD B3 (N), gibbsite B7 (•), and Na-MMT B11 (�).
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diameter of approximately 110 nm for Laponite dispersions after 1 h reaction time. After 1 h

reaction the monomer conversion was approximately 95%.

The evolution of appearance shown in Figure 5.5 seems to contradict the measured trans-

mission and the relatively large particle diameter that hasbeen measured by DLS. This might

imply that the refractive index of the PAAm composite particles swollen with water is almost

the same as the refractive index of the continuous phase, cyclohexane. Precipitation of the

PAAm composite dispersion in acetone clearly showed the presence of polymer. SEM and

TEM of the latex particles confirmed the formation of composite latex particles at 15 min of

the polymerization. Turbidity measurements depicted in Figure 5.6b showed that there is an

initial increase in transparency of the dispersion at the beginning of the polymerization for

about 15 min followed by a drastically decreasing transparency during the rest of the polymer-

ization. Finally, a whitish inverse latex has been formed which was much more turbid than the

initial starting emulsion.

For the inverse emulsion polymerization in the presence of the larger gibbsite and Na-

MMT platelets a less pronounced change in the transmission was observed. An initial increase

of the transmission to around 40% was followed by a significant decrease. The final composite

latex with gibbsite was completely white and had a transmission of about 3% with an average

particle size of around 260 nm. Average particle sizes of theNa-MMT-containing PAAm latex

particles were between 300 and 390 nm, depending on the concentration of Na-MMT.

Morphology analysis by SEM and TEM

Scanning and transmission electron microscopy (SEM and TEM) analysis provides clear mor-

phological information of the particles in the dry state. Figure 5.7 shows TEM micrographs of

PAAm latex particles synthesized in the presence of gibbsite platelets (a,b), LRD clay (c), and

Na-MMT clay (d,e). Figure 5.7a shows a representative PAAm latex that has been analyzed

by TEM. This sample had been centrifuged for 15 min at 1500 rpmto remove the PAAm la-

tex particles that did not contain any gibbsite platelets. Since the gibbsite platelets are much

thicker than clay platelets, they could be easily separatedfrom the latex particles without gibb-

site platelets. The micrograph clearly shows a latex particle which is covered with two gibbsite

platelets located at the surface.

A composite particle of PAAm covered with only one gibbsite platelet is shown in Fig-

ure 5.7b. TEM analysis of the dried latexes prepared with gibbsite revealed that the gibbsite

platelets were located primarily at the surface of the latexparticles and not inside the latex

particles.

Figure 5.7c shows a micrograph of PAAm latex particles made by inverse emulsion poly-

merization in the presence of LRD platelets. Only a limited amount of LRD platelets was

observed, indicated by the three arrows. The thin black lines are LRD platelets with their basal

planes oriented in the direction of the electron beam. Platelets oriented with the face perpen-

dicular to the electron beam appear transparent to the electron beam, which may lead to a false
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(a) (b) (c)

(d) (e)

Figure 5.7: TEM micrographs of latex particles prepared in the presence of (a) two hexagonal gibbsite
platelets covering a PAAm latex particle (sample B8), (b) a single gibbsite platelet (sample B6) and (c)
the synthetic LRD platelets sample B1. PAAm latex prepared via inverse emulsionpolymerization in
the presence of Na-MMT clay platelets: (d) sample B12, and (e) sample B11. The compositions of the
latexes are listed in Table 5.2.

impression of the actual concentration in the specimen. Statistically, 50% of the platelets are

”invisible” on a TEM micrograph. As a result the concentration of platelets might be some-

what larger than what can be observed with TEM. Furthermore,a broad polydispersity of latex

particle sizes is observed, but the majority of the latexes has a particle size of 50-60 nm. The

presented TEM micrograph does not provide a clear evidence of the platelets location, being

either encapsulated or located at the surface of the latex.

Micrographs of PAAm latexes in the presence of montmorillonite platelets provide a more

clear answer to the location of the MMT platelets, see Figures 5.7d and e. All these micro-

graphs show the platelets are predominantly located on the outside of the latex particles. It is

also clearly observable that the large Na-MMT platelets arerather flexible; they bend around

the latex particles. Sample B12 contains the highest concentration of clay platelets and as a

consequence the major part of the latex particles are covered with platelets. With decreasing

clay concentration (from 0.24 to 0.08 wt%) the amount of latexes covered with clay decreases.
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Figure 5.8: Scanning electron micrograph of an inverse latex prepared in the presence of Na-MMT
platelets (PAAm latex sample B3).

Also the average particle size seems to decrease, whereas the polydispersity of the particles in

dispersion decreases.

Morphology analysis of the latex particle surface by SEM provides some additional infor-

mation about the location of the platelets. Crosslinked PAAmparticles (entry B3) appeared to

have rough surfaces, see Figure 5.8. The absence of latex particles with a smooth surface is

a clear indication that the clay platelets cover the outsideof the latexes.37 Note that the rough

surface of the latex particles obtained by SEM does not proofthat all the clays are exclusively

on the outside and in fact some clay platelets might be encapsulated. As can be seen from the

TEM micrographs in Figure 5.7, parts of the Na-MMT plateletsmight be encapsulated.

Cryo-TEM analysis

During the inverse emulsion polymerization of hydrophilicmonomers in the presence of hy-

drophilic platelets so-called armored latex particles have been synthesized. Since the presence

of hydrophilic platelets led to latex particles with the platelets located on the outer particle

surface, clarity about the locations of the platelets during the emulsification and polymeriza-

tion process might provide insight into the reason why thesehydrophilic platelets are located

at the interface of hydrophilic polymer and the hydrophobiccontinuous phase of the inverse

emulsion. Conventional TEM requires dried samples which arenot representative of the ac-

tual location of the particles in the liquid state. CryogenicTEM (Cryo-TEM) observations of

the starting emulsions may clarify the distribution of the platelets over the water droplets. Al-

though most of the cryo-TEM work has been done on aqueous systems, several investigations

on organic solvents have been published.38,39 The difficulty of the film formation for inverse

102



Inverse emulsion polymerization with hydrophilic platelets

emulsion systems is the presence of a small amount of water inan excess of organic phase. It

might be that the cooling for the organic phase is perfect butthat the water phase is cooled too

slow, which would result in crystallization. The crystallization of water produces ice which

is not transparent to the electron beam, making films not clearly visible. An additional prob-

lem for the vitrification is that the organic solvents tend todissolve in liquid ethane. Despite

its lower cooling efficiency in comparison to liquid ethane, decalin was found to be readily

vitrified in liquid nitrogen and end up with stable glassy film. We have studied decalin as con-

tinuous phase for the inverse emulsion polymerization reactions, but the use of this liquid did

not result in the formation of stable starting emulsions andhence no polymerizations were per-

formed. Vitrification of toluene and cyclohexane in liquid nitrogen produced partially stable

glassy films with some crystallization, which did not interfere much with the image analysis.

Figure 5.9 shows the inverse emulsion of water droplets in cyclohexane with a [cyclo-

hexane]/[water] weight ratio of 20/1. The inverse emulsion is stabilized by Span 80 sur-

factant with a [water]/[Span 80] weight ratio of 5/2. The cryo-TEM image shows that the

water droplets are coated with surfactant molecules and form droplets with a radius of ap-

proximately 50-100 nm. The surfactant stabilized water droplets appear to bundle together

and form ”cauliflower-like” structures. Furthermore, surfactants molecules are organized in a

preferential orientation, forming spherical aggregates,see Figure 5.9. Mono-oleate surfactant

molecules are known for their ability to form various mesophases,i.e. complex lyotropic liquid

crystalline phases, when dispersed into water.10,40,41The aggregates in Figure 5.9 show struc-

Figure 5.9: Cryo-TEM micrographs of inverse emulsions of water droplets stabilized bySpan 80 sur-
factant in cyclohexane.
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tures referred to as ”cauliflower-like” of merged micelles and some internal arrangements of

curved striations that indicate a higher orientation of thesurfactant and the possible formation

of hexosomes.42 Aggregation of Span 80 in toluene has already been studied byvapor pressure

osmometry43 and the presented cryo-TEM image in Figure 5.9 confirm these findings.

Addition of a low concentration of gibbsite platelets to theinitial recipe did not influence

the aggregation behavior of the Span 80, as can be seen clearly in Figure 5.10. Since the gibb-

site platelets are hydrophilic, it was assumed that the hexagonal platelets would be partitioned

in the water phase and be located inside the water droplets. Nevertheless, no direct evidence

was found that they were enclosed inside the emulsion droplets or the surfactant compart-

ments. The cryo-TEM micrographs even show that the surfactant ordering remains the same.

Figure 5.10 shows that the organized surfactant structuresremain continuous after the addition

of the gibbsite platelets. As a result it is believed that thegibbsite platelets are located on top or

on the bottom of the micelle. It might also be that there is no relation at all of the gibbsite with

the micelle. Most certainly the gibbsite platelets are not located inside the micelle. The size

of the gibbsite platelet (D ≈ 200 nm) might prevent the partitioning in the water dropletsas

the diameter of the micelle compartments is roughly between50-100 nm, although the whole

structure is much larger than 100 nm.

Figure 5.10: Cryo-TEM micrographs of inverse emulsions of water droplets stabilized bySpan 80
surfactant in cyclohexane with 0.1 wt% of gibbsite platelets.

Subsequently, different amounts of the much smaller LRD platelets were mixed with the

water phase and an inverse emulsion was prepared. Figure 5.11a and Figure 5.11b show the

LRD platelets in the inverse emulsion. It is clear from these micrographs that the LRD platelets
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(a) (b)

(c) (d)

Figure 5.11: Cryo-TEM micrographs of inverse emulsions of a 5 wt% water in cyclohexane emulsion
stabilized by Span 80 in the presence of (a) 0.1 wt% and (b) 0.2 wt% LRD clay platelets. (c) Inverse
emulsion prepared with 0.05 wt% Na-MMT platelets. (c) 5 wt% Water in cyclohexane emulsion stabi-
lized by Span 80 in the presence of 0.1 wt% LRD platelets and 0.4 wt% NP4070 nonionic surfactant.

prefer to be located at the interface between the CH and the different micelle compartments,

which are stabilized by Span 80. The smaller platelets wouldbe able to fit inside the micelles.

However, a percolated structure of platelets surrounded bysurfactant molecules is formed. The

interaction between the LRD and the Span 80 competently disrupted the original organization

of the surfactant molecules which can be observed in Figure 5.11a and Figure 5.11b. Since

the LRD platelets are located predominantly at the interfaceof the water droplets and the CH

phase, and the polymerization of AAm proceeds inside the aqueous monomer droplets, it is

believed that this is the reason why the majority of the LRD platelets is located at the surface of

the latex particles. Nevertheless, some LRD platelets mightstill stay inside the latex particles
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during the polymerization. The size of the disrupted micellar structure is also an indication of

the final particle size of the latex particles. The compartments are around 70-90 nm, which is

roughly the same size as the final latex particles. The percolated compartments could act as

templates for the final latex particles.

Preparation of inverse emulsions in the presence of Na-MMT platelets showed ”cauliflower-

like” surfactant structures. The micelles were much biggerthan those without the presence of

clay platelets (approximately 200-300 nm in diameter). Thelarger clay platelets did not in-

fluence the surfactant aggregation as has been observed for the LRD platelets (Figure 5.11c).

However, similar to LRD platelets, the Na-MMT platelets are located at the interface between

the water droplets and oil and not inside the water compartments (indicated by the two ar-

rows). Also here, as in the case of LRD, Na-MMT encapsulation is unlikely to occur when the

platelets are not dispersed in the aqueous monomer.

The addition of a second surfactant with a high HLB (> 7) was investigated in order to

suppress the interaction of the platelets with Span 80. Instead of preventing the LRD from dif-

fusing into the interface, the nonionic co-surfactant madethe LRD platelets hydrophobic and

induced migration to the CH phase, see Figure 5.11d. The nonionic co-surfactant NP4070 is

an alkylphenol poly(ethylene oxide) block copolymer whichis absorbed with the hydrophilic

PEO chains to the surface of the LRD. In several papers44–46 the strong affinity of the PEO

chains with the clays has already been described. The alkylphenol makes the platelets hy-

drophobic and enables the dispersion of the platelets in thecontinuous organic phase.

5.4 Conclusion

The encapsulation of hydrophilic inorganic platelets using an inverse emulsion polymeriza-

tion was investigated. It was assumed that the hydrophilic platelets would reside inside the

aqueous monomer droplets of the inverse emulsion, and polymerization of the monomer using

water-soluble or oil-soluble initiators would eventuallyresult in the formation of platelet en-

capsulated hybrid particles. Hybrid latex particles of PAAm and hydrophilic inorganic platelets

were successfully synthesized. However, complete encapsulation was not achieved. From the

experimental evidence presented in this chapter it was demonstrated that the addition of posi-

tively or negatively charged species to the recipe resultedalmost always in destabilization and

flocculation of the system. The stability of the inverse emulsion containing inorganic platelets

in the presence of nonionic surfactants, monomers and initiators was significantly enhanced.

Final latex particles ranged in size from 70 to 250 nm depending on the reaction parameters

and the type and size of the platelets. TEM and SEM analysis ofthe hybrid particles revealed

that the platelets are preferentially partitioned at the surface of the latex particles and even

folded around the particles. Rugged surface of the particlesobserved in SEM clearly suggests

that the hydrophobic clays are located at the particle surface.
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Cryogenic microscopic investigation of the water/cyclohexane (W/O) inverse emulsions

demonstrated that Span 80 formed large aggregated (and evenoriented) structures. Micellar-

like or so-called ”cauliflower” structures were formed in the absence of clay platelets. Addition

of LRD and Na-MMT platelets did not lead to the partitioning ofthe clay platelets inside the

water phase compartments, but at the interface between the water and cyclohexane. This may

be the primary cause for platelets being located at the particle surface.
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[36] J. Bartŏn, Makromol. Chem. Rapid Commun., 1991, 12, 675–679.

[37] D. J. Voorn; W. Ming; A. M. van Herk,Macromolecules, 2006, 39(6), 2137–2143.

[38] K. Butter; P. H. Bomans; P. M. Frederik; G. J. Vroege; A. P. Philipse,Nat. Mater., 2003, 2, 88–91.

[39] K. Butter; P. H. Bomans; P. M. Frederik; G. J. Vroege; A. P. Philipse,J. Phys. Condens. Matter., 2003,
15(15), S1451–S1470.

[40] M. Johnsson; Y. Lam; J. Barauskas; F. Tiberg,Langmuir, 2005, 21(11), 5159–5165.

[41] L. Sagalowicz; M. Michel; M. Adrian; P. Frossard; M. Rouvet; H. J. Watzke; A. Yaghmur; L . De Campo;
O. Glatter; M. E. Leser,J. Microscopy, 2006, 221(2), 110–121.

[42] J. Gustafsson; H. Ljusberg-Wahren; M. Almgren; K. Larsson,Langmuir, 1997, 13(26), 6964–6971.

[43] A. Almela; M. P. Elizalde; R. Benito,J. Soil. Chem., 1993, 22(3), 231–241.

[44] S. Rossi; P. F. Luckham; Th. F. Tadros,Colloids Surf. A., 2002, 201(1-3), 85–100.

[45] E. Hackett; E. Manias; E. P. Giannelis,Chem. Mater., 2000, 12(8), 2161–2167.

[46] V. Kuppa; E. Manias,Chem. Mater., 2002, 14(5), 2171–2175.

108



Chapter 6

Polymer-clay nanocomposite latex

particles by inverse Pickering emulsion

polymerization stabilized with

hydrophobic clay platelets

Abstract: In this chapter the first surfactant-free inverse emulsion polymerization by us-

ing organically modified clay platelets as stabilizers is described. Colloidally stable inverse

Pickering emulsions of aqueous acrylamide (AAm) or 2-hydroxyethyl methacrylate (HEMA)

in cyclohexane stabilized by hydrophobic Cloisite 20A (MMT20) were prepared. With both

oil-soluble 2,2’-azobis-isobutyronitrile (AIBN) and water-soluble 2,2’-azobis[2-methyl-N-(2-

hydroxyethyl) propionamide] (VA-086) as initiators, inverse latexes in the size range of 700-

980 nm were successfully obtained. It has been revealed by SEM and cryo-TEM that the

latexes were stabilized by hydrophobic clays, as exemplified by the rugged surface of the par-

ticles. It was shown from thermogravimetric analysis (TGA)that all the clay platelets were

incorporated into the composite particles, and in partially exfoliated state as indicated by X-ray

diffraction study.∗

∗Part of this chapter has been published: Voorn, D. J.; Ming, W.; Herk, A. M. van;Macromolecules, 2006,
39(6), 2137-2143.
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6.1 Introduction

In Chapter 5 the inverse emulsion polymerization of water-soluble monomers in the presence

of hydrophilic clay platelets was presented. The aim of the polymerization was the encapsu-

lation of the platelets in water droplets surrounded by an organic continuous phase. Hybrid

particles were formed, but the clays were predominantly located at the surface of the latexes.

Although the clay platelets are hydrophilic, they appear topartition at the interface between

the hydrophilic monomer droplets or latex particles and thehydrophobic continuous phase.

This surface active behavior can also be used advantageously. Formation of a stable emul-

sion from two immiscible liquids in the micrometer or sub-micrometer range can normally

only be obtained by the addition of surface active compounds, like surfactants. Organic latex

particles are known to stabilize emulsions and suspensionsby assembly at the liquid-liquid

interface. Moreover, inorganic particles such as CdSe nanoparticles have also been used to

stabilize emulsions.1 When particles instead of surfactant molecules are used to stabilize the

emulsion, the term ”Pickering emulsion” is commonly used.2,3 By reducing the dimensions of

the stabilizing particles to the nanoscale it is possible togenerate emulsion droplet sizes down

to 50 nm.4

Nanoparticles such as layered silicates have a thickness of1 nm and a width in the sub-

micrometer to micrometer range for the naturally occurringbentonites. These platelet-like

particles have been extensively studied in the past years asfiller materials for the formation

of polymer-clay nanocomposites, combining beneficial properties of both materials, including

low density, flexibility, good moldability, high strength,heat stability, and chemical resis-

tance.5–8 Several attempts have been made to use these layered silicates for in-situ formation

of nanocomposites by surfactant-stabilized emulsion polymerization.9–16 Even a polystyrene-

encapsulated Laponite composite system has been claimed bySunet al.15 via a miniemulsion

polymerization approach. Nevertheless, no direct evidence of the encapsulation was presented

and for all the emulsion polymerizations in the presence of clay platelets so-called armored

latex were commonly synthesized. In a recent publication byBon et al.4 stable styrene oil-in-

water (O/W) emulsions were prepared by using synthetic hectorites as stabilizer in the absence

of surfactants. After the polymerization of styrene a Pickering dispersion of latex particles sta-

bilized by synthetic clay platelets has been formed.

Dispersions of inorganic particles have been used to prevent agglomeration in several sys-

tems such as suspension polymerization17 and membrane filtration.1 Inorganic clay platelets

have been used as stabilizers for emulsions and inverse emulsions.4,18 For the inverse emul-

sions the sodium ions in naturally occurring bentonites or montmorillonites have been ex-

changed by organic cations that make the platelets dispersible in the organic medium. The

long alkyl chain of the quaternary ammonium compounds that are adsorbed on the surface of

the hydrophobised clay surface enables the swelling and exfoliation of the platelets in apolar

mediums.
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To date, surfactant molecules are usually added to an inverse emulsion polymerization

recipe to provide the system with colloidal stability. Nonionic surfactants like Span 80 or an-

ionic surfactants such as AOT (sodium bis(2-ethylhexyl) sulfosuccinate) are among the most

commonly used in inverse emulsion polymerization.19,20 An essential problem in the prepa-

ration of monomer-containing inverse emulsion is its stability before and during the poly-

merization of the monomer. Attempts have been reported on the optimization of the process

of inverse emulsion formation at higher monomer contents and at lower emulsifier concen-

trations.21–23 However, unlike direct O/W emulsions the formation of surfactant-free inverse

monomer emulsions has not been published, let alone the so-called surfactant-free inverse

emulsion polymerization. Layered silicates have recentlybeen reported in patents as stabiliz-

ers for water-in-oil (W/O) emulsions for cosmetics, drilling liquids and asphalt coatings.24,25

Binks et al.26 prepared an inverse emulsion stabilized by hydrophobically modified bentonite

particles. Nonetheless, to the best of our knowledge, nanocomposite particles originating from

inverse emulsion polymerizations in the presence layered silicates have not been reported. In

the following we describe the preparation of polymer/clay composite particles by surfactant-

free inverse Pickering emulsion polymerization. The nanocomposite latex particles were char-

acterized by dynamic light scattering, electron microscopy, X-ray diffraction, and thermogravi-

metric analysis.

6.2 Experimental

Materials. Cyclohexane (CH, 99.9+%, Aldrich) was used as continuous phase for the in-

verse emulsions without purification. The monomer acrylamide (AAm, 97%, Aldrich) was

purified by recrystallization from acetone (Biosolve), 2-hydroxyethyl methacrylate (HEMA,

99%, Adrich) and methacrylamidopropyl trimethyl ammoniumchloride (MAPTAC, 85% so-

lution, Degussa) were used as received. Inhibitor was removed from the crosslinker N,N’-

methylenediacrylamide (MDA,>98%, Merck) by distillation under reduced pressure of ar-

gon. The initiators 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] (VA-086, Wako),

ammonium persulphate (APS, 99.9+%, Aldrich) and 2,2’-azobis-isobutyronitrile (AIBN, 98%,

Fluka) were used after recrystallization. The surfactantssodium bis(2-ethylhexyl) sulfosucci-

nate (AOT, 98%, Fluka) and Span 80 (sorbitan monooleate, Fluka) were used without purifi-

cation. The layered silicate Cloisite 20A (Southern Clay Products Inc.) is a dimethyl-ditallow-

ammonium organically modified montmorillonite (MMT20). The nascent Cloisite 20A par-

ticle size distribution was narrowed before addition to therecipe by dispersing the clay in

cyclohexane (0.2 wt%) and ultrasonicating for 5 min, followed by centrifugation at 3000 rpm

for 30 min using a Mistral 3000E instrument. The supernatantwas collected and dried under

vacuum for 5 h. This procedure was repeated two more times. Demineralized water was pre-

pared using a Millipore Super Q apparatus. The resulting clay has a z-average particle size of

485 nm and a PDI of 0.37.
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Inverse emulsion polymerization procedure. Inverse emulsion polymerizations were per-

formed in 100 mL 3-neck round-bottom flasks. The reactor was equipped with an argon inlet,

a reflux condenser with an outlet to a bubble counter, a thermometer, and a septum through

which the samples were withdrawn during the reaction. A typical polymerization procedure is

described as follows (entry C298, Table 6.1). The inverse emulsion was prepared by mixing

a solution of AAm, VA-086, and NDA in water to a dispersion of MMT20 in cyclohexane at

room temperature. The emulsions were prepared by applying ultrasound for 5 min with a Vi-

bracell VC750 Sonifier while the reactor was continuously cooled with an ice bath to prevent

the increase in dispersion temperature as a result of the ultrasonication. The power to prepare

the emulsions was set at 40% for the 3 mm tip and the frequency was fixed at 20± 0.2 kHz.

After emulsification, the dispersion was flushed with argon for 30 min while the temperature

was increased to 50 °C. The reaction temperature during the polymerization was kept constant

at 50 °C. At regular time intervals, samples were taken for gravimetric conversion measure-

ments and particle size analysis. Normally, the reaction was completed very quickly, however,

to ensure full conversion of the monomer, the reaction mixture was stirred at 50 °C for 3 h.

Table 6.1: Experimental conditions for polymerizations with and without hydrophobic clay platelets
clay surfactant monomer water cyclohexane crosslinker

entry wt%(d) type type wt% wt% wt% wt%

C304 - - AAm 4.2 4.7 91.1 0

C284(a) - Span 80 AAm 3.9 4.0 90.2 0

C296(a) - Span 80 AAm 3.9 4.3 91.7 0

C280(a) - Span 80 AAm 4.1 4.1 90.4 0.1

C281(b) - AOT AAm 4.0 4.0 91.9 0.1

C313 0.51 - AAm 3.8 4.1 91.6 0

C303 1.42 - AAm 2.4 2.6 93.6 0

C300 0.18 - AAm 4.2 4.4 91.1 0.1

C306 0.27 - AAm 4.0 4.1 91.5 0.1

C305 0.49 - AAm 4.1 4.5 90.8 0.1

C298 0.69 - AAm 4.2 4.6 90.4 0.1

C312(c) 0.69 - AAm 4.2 4.2 90.8 0.1

C314 0.65 - HEMA 3.1 3.1 93.2 0

C294 0.47 - MAPTAC 4.0 4.0 91.4 0.1

The initiator (VA-086) content was 0.1 wt% for all polymerizations unless indicated otherwise.(a) Stabilized by Span 80 (surfactant-to-

monomer weight ratio of 1:2).(b) Stabilized by AOT surfactant (surfactant-to-monomer weightratio of 1:2).(c) 0.1 wt% Of oil-soluble AIBN

as initiator instead of VA-086.(d) Containing the amount of the organic modifying agent.

Characterization. The latex dispersions were centrifuged at 3000 rpm for 1 h using a Mistral

3000E instrument to remove free clay platelets possibly present in the dispersions, and the

particles were then redispersed in cyclohexane. The procedure was repeated once more.

A Malvern Zetasizer Nano ZS with a universal dip cell in a glass cuvette was used to

determine theζ-potential of the dispersion.

Thermogravimetric analysis (TGA) was performed with a Perkin Elmer Pyris 6 apparatus

under nitrogen at a flow rate of 25 cm3 min−1. Before TGA, the samples were carefully purged

with nitrogen. A scanning rate of 10 °C min−1 was used.
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Scanning electron microscopy (SEM) micrographs were takenusing a JEOL JSM-5600

with an acceleration voltage of 15 kV. Polymer-clay composite latex particles were gold-coated

prior to scanning. A JEOL 2000 FX transmission electron microscope was used for the particle

morphology and size analyses. Latex samples of 0.05 wt % wereair-dried on a 400-mesh

copper grid with a Formvar support film.

A Philips TEM CM12 transmission electron microscope was usedfor the cryo-TEM analy-

sis. Carbon coated lacy substrates supported by TEM 300 mesh copper grids (Quantifoil R2/2)

were first cleaned from residual polymer with chloroform after which 3µL of dispersion was

placed on the grid. Excess of sample was blotted with filter paper and the resulting thin film

was vitrified in liquid ethane at its melting temperature using a Vitrobot vitrofication robot.

Number-average diameter (Dn) and standard deviation (δ) were determined by measuring

the diameter of at least 100 particles from SEM and TEM photographs andDn was calculated

according to equation 5.1.

The average particle size and particle size distribution ofthe emulsions and latex particles

were determined by means of dynamic light scattering (DLS) performed on a Malvern 4700

light scattering instrument equipped with a Malvern Multi-8 7032 correlator at a scattering

angle of 90◦ at 21 °C.

The nanocomposite latex samples were dried under vacuum at 60 °C for 24 h. Samples

prepared without crosslinker were able to form a film, whereas the crosslinked samples had

a more powdery appearance. The wide angle X-ray diffraction (WAXD) measurements were

carried out with a Rigaku D/Max-B diffractometer, using Cu Kα radiation at 40 kV and 30

mA. The samples were measured with a step of 0.02◦ (2θ) and a dwell time of 2 s.

6.3 Results and Discussion

6.3.1 Inverse emulsions stabilized by hydrophobic montmorillonite

Inverse or water-in-oil (W/O) emulsions usually require the addition of low HLB (Hydrophilic

Lipophilic Balance) surfactants in the recipe to prevent coalescence of the water droplets.

Without the presence of any stabilizing agent no stable emulsion was obtained (entry C304,

Table 6.1). It is well established that solid particles withspecial features will self-assembly at

the liquid-liquid interface to reduce the interfacial energy between the two immiscible liquids

(see Figure 6.1).18

Mixing the clay platelets that are dispersed in cyclohexanewith the aqueous monomer

solution results in a slight increase of the turbidity of theapolar phase. Although the hy-

drophobically modified clay platelets are dispersed in the organic phase, they tend to adsorb

a small portion of water and transport to the cyclohexane phase. This phenomenon was also

observed by Binkset al.26 The increase in turbidity indicates that there are particles present in

the oil phase that scatter light.
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Figure 6.1: Schematic representation of the stabilization mechanism of inverse emulsions. (a) Low
HLB surfactants around the water droplets. (b) Solid particles around thedroplet. (c) An inverse
emulsion stabilized by clay platelets where slight bending of the clay is possible,adapted from Lagaly
et al.18

Exfoliation and dispersibility of the organically modifiedclays in cyclohexane was investi-

gated by dynamic light scattering. First the organically modified clay dispersed in cyclohexane

showed a broad distribution, most likely due to the association of the clay platelets which form

large aggregates (Figure 6.2a). After an ultrasonication step for 5 min to delaminate the stacked

clay platelets and a subsequent centrifugation for 30 min, asignificant reduction of the particle

size and a narrowing of the distribution was observed. A second ultrasonication of the super-

natant dispersion followed by another centrifugation stepfurther lowered the average particle

size to∼500 nm (Figure 6.2a). Additional ultrasonication and centrifugation steps did not

reduce the particle size significantly.

For the inverse emulsion polymerizations of acrylamide (AAm) the addition of a small

amount of water is needed to dissolve the monomer. In this case a weight fraction of water

(φw) between 2 and 10% is sufficient to dissolve the monomer. Systems with higherφw values

did not produce any stable inverse emulsions in the presenceof the MMT20 clay platelets.

Inverse emulsions containing around 4 wt% of water and 3.9 wt% of AAm were subsequently

prepared by the addition of different amounts of MMT20 platelets and the equivalent spherical

diameter of the emulsions was measured after sonication. The average diameter increased with

decreasing the concentration of MMT20 from 0.69 to 0.27 wt%,as shown in Figure 6.2b. On

the other hand, when the clay content was too high (1.42 wt%, C303, Table 6.1), a significant

increase of the dispersion viscosity was observed, most likely because of the stacking behavior

of the clays in the apolar medium.

The effect of the addition of initiators on the inverse emulsion stability was investigated.

When the anionic APS initiator was added to the inverse emulsion, immediate flocculation

of the dispersion was observed. Massive flocculation was also observed for the addition of

a cationic monomer (MAPTAC) solution to the clay dispersion (C294, Table 6.1). Appar-

ently, ionic compounds, either anionic or cationic, could induce massive flocculation of the

clay platelet dispersions, mostly likely because of the uncontrolled electrostatic interactions

between the anions and the clay edges (positively charged) or the cations and the clay surface
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Figure 6.2: Particle size distribution for (a) Cloisite 20A (MMT20) platelets in cyclohexanebefore and
after centrifugation, and (b) for W/O emulsions containing different MMT20 concentrations: 0.27 wt%
(C306), 0.49 wt% (C305) and 0.69 wt% (C298).

(negatively charged). As a consequence, the nonionic water-soluble initiator VA-086 and the

oil-soluble AIBN initiator were used, which did not induce any flocculation of the dispersion

(photos of the stable emulsions are also shown in Figure 6.4).

We measured theζ-potential of the clay dispersion in cyclohexane and the inverse emul-

sions. The organically modified clay platelets dispersed incyclohexane (after sonication and

centrifugation steps) demonstrated a slightly positiveζ-potential (0.6 mV). The positive charge

likely originates from the edges of the clay platelets, while the surface negative charge on the

clay platelets may be shielded by the hydrophobizing agent.On the other hand, noζ-potentials

could be measured for the monomer-containing inverse emulsions stabilized by the clay pla-

telets, which may be the result of a very low concentration ofions in the dispersion. One

could speculate about the possibility that the hydrophobizing compounds would be capable of

rearranging during the emulsification in order to maximize the hydrophilic surface which is in

contact with the water droplets. This rearrangement would make the clay platelet a surfactant-

like particle.

We attempted to use nascent, unmodified natural sodium claysas the stabilizer for the in-

verse emulsions; no stable dispersion was obtained after sonication. We also tried to prepare

inverse emulsions using dimethyl-ditallow ammonium chloride (the agent used to hydropho-

bize the clay) as a surfactant, and it turned out that no stable W/O emulsions could be obtained

either. Only the hydrophobically modified clay platelets appeared to be able to stabilize W/O

emulsions without the addition of surfactants. The formed inverse Pickering emulsions can be

regarded as surfactant-free inverse emulsions.
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6.3.2 Inverse pickering emulsion polymerization

Inverse emulsion polymerizations of acrylamide stabilized by the ionic surfactant AOT (entry

C281 Table 6.1) and the nonionic Span 80 (entry C280) prepared as reference experiments

produced latex particles with a final latex particle diameter of around 40 nm, which is com-

parable with the values reported in literature.27 A schematic illustration of the surfactant-free

inverse emulsion polymerization in the presence of hydrophobic MMT is given in Figure 6.3.

Figure 6.3: Schematic representation of the inverse emulsion polymerization and the stabilizing func-
tion of the hydrophobic clay platelets.

Polymerization was started after flushing the system for 15 min with argon and heating up

to a setpoint of 50 °C. During the polymerization the color of the dispersion changed from

turbid white to more milky white as displayed in Figure 6.4. After approximately 3 h of

polymerization the reactions were stopped. All the latexescontaining nanocomposite particles

would sedimentate within several hours for the high concentrations of clay platelets (C313 and

C298) and about one day for the systems with lower concentrations (C305 and C306). The

sediment could easily be redispersed by shaking the vials oragitation. This sedimentation is

expected as a result of the large particle size of the latexes. Table 6.2 summarizes the initial

emulsion droplet sizes before the polymerization and final latex sizes after polymerization.

The final particles appeared to be about 200 nm larger than theinitial emulsion droplets, while

there was no significant change for the PDI. DLS measurementsalso revealed that the particle

Table 6.2: Total clay contents before and after polymerization and the average particle diameters of
different starting emulsions and final latexes

total inorganic content particle size distribution

entry in recipe (wt%)(a) after polym. (wt%)(b) Dz [nm](c,d) PDI Dz [nm](c,e) PDI Dn
( f ) [nm]

C300 2.7 2.6 724 0.33 981 0.32 -

C306 4.1 3.9 677 0.31 857 0.27 -

C305 6.4 6.3 547 0.24 802 0.19 787± 57

C298 8.3 8.2 508 0.31 697 0.30 674± 69

C312 8.3 8.4 571 0.30 749 0.24 774± 52

C314 9.6 9.4 552 0.27 724 0.24 726± 48
(a) Total amount of clay in initial recipe based on the monomer content after subtracting the amount of the organic modifier.(b) Determined

by TGA analysis of final nanocomposite particles.(c) z-Average particle diameter obtained by DLS measurements.(d) z-Average size for

starting inverse emulsions.(e) z-Average size after polymerization, and( f ) number-average size from SEM and TEM.
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Figure 6.4: Photographs of inverse AAm emulsions stabilized by hydrophobic clays before and after
polymerization: (A) inverse emulsions with 0.27 wt% (C306, left) and 0.49 wt% (C305, right) of clay
before sonication, (B) inverse emulsion with 0.49 wt% of clay (C305) after 5min sonication, (C) a
sample of C305 after 45 min of polymerization at 50 °C and (D) samples of C305(left) and C306
(right) after 90 min of polymerization at 50 °C.

size increased gradually during the polymerization. The values for the latexes obtained from

DLS are in good agreement with those from electron microscopy analyses. By increasing the

concentration of clay platelets in the initial dispersionsfrom 0.18 to 0.69 wt%, a decrease in

the particle size (from 980 to 700 nm) for the cross-linked latexes was observed (Table 6.2).

The evolution of the particle size during the inverse emulsion polymerization was mon-

itored by DLS, as shown in Figure 6.5. As the polymerization proceeded, the particle size

increased continuously together with a decreasing particle number, indicating that there may
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Figure 6.5: Particle size evolution during the inversion emulsion polymerization stabilized by hy-
drophobic clays (C305): (1) directly after sonication, after (2) 45 min and (3) 90 min of polymerization
at 50 °C.
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be monomer transport and droplet depletion occurring during the polymerization. The particle

size increase corresponds to the turbidity change observedin Figure 6.4 (C and D) during the

polymerization.

Latex characteristics. SEM micrographs of final composite latex particles after polymeriza-

tion for 90 min are depicted in Figure 6.6. It is clear from these micrographs that by increasing

the concentration of MMT20 from 0.27 to 0.49 wt%, the final latex particle size was reduced

(see also Table 6.2). The concentration of clay platelets had a significant influence on the final

composite particle size and by changing the concentration controlling the final latex particle

size was possible. Enlargements of latex particles from sample C305 are shown in Figure 6.7.

It is clearly visible that the clay platelets are located at the surface of the latex particle, similar

to what has been reported by Bonet al.4 The rugged surface morphology in Figure 6.7b clearly

indicates that the PAAm latex particles are covered by a layer of clay platelets.

(a) (b)

Figure 6.6: SEM micrographs of PAAm latex particles stabilized by different concentrations of
MMT20: (a) C306 with 0.27 wt% clay, and (b) C305 with 0.49 wt% clay. (scale bar: 10µm).

SEM analysis provides clear morphological information of the particles in the dry state.

Cryo-TEM was also used to observe the real particle morphology in the liquid state. Although

most of the cryo-TEM work has been done on aqueous systems, several investigations using

organic solvents have been published.28,29 Direct vitrification of cyclohexane or toluene by

liquid nitrogen produced partial stable glassy films with some crystallization. The cloudy

background in TEM micrographs (Figure 6.8) may be due to the frozen solvent which has

partially crystallized.

A ”fluffy” structure was clearly formed around the particles, as canbe seen in Figure 6.8.

On the other hand, the partial exfoliation of the clay platelets in the organic medium was ob-

served, indicating that clay platelets are difficult to completely exfoliate in an apolar medium.

In some case, bundles of several stacked platelets were found, but the vast majority of these
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(a) (b)

Figure 6.7: SEM micrographs of PAAm latex particles stabilized by Cloisite 20A clay platelets.(a)
Entry C305 with 0.49 wt% of clay platelets and (b) clearly shows the rugged surface morphology of the
PAAm particles (scale bar is 1µm).

platelets were shown to be located around the latex particles. The hydrophobic clay plate-

lets appeared to be partially ”stretched” out into the organic medium. The difference between

the SEM and cryo-TEM observations is very likely due to the SEM sample preparation: the

”fluffy” clay platelets become collapsed on the surface of the latex during drying.

It has been reported22,30,31that the inverse emulsion polymerization mechanism shows ana-

logues to the conventional oil-in-water emulsion polymerization process. It has been shown

that the ingredients and the recipe have a significant influence on the kinetics of the poly-

merization. Although fundamental differences between polymerizations using oil-soluble and

water-soluble initiators are known, the composite latex particles depicted in Figure 6.8 show

similar particle morphologies. Apparently not much difference for the latexes prepared with

(a) (b) (c)

Figure 6.8: Cryo-TEM micrographs of PAAm latexes prepared with a water-soluble initiator VA-086,
entry C306 (a), entry C298 (b) and an oil-soluble initiator AIBN, entry C312 (c) (scale bar is 1µm).
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the water-soluble initiator VA-086 (C306 and C298) and with the oil-soluble initiator AIBN

(C312) was observed. The morphology observed by TEM indicates that for both initiators the

clay platelets are mainly located at the surface of the latexparticles.

In order to check the influences of different monomers on the formation of composite latex

particles by inverse emulsion polymerization, another hydrophilic monomer HEMA was used

(C314, Table 6.1). The droplet size of the MMT20-stabilized HEMA inverse emulsion was in

a similar size range to the AAm emulsions, as given in Table 6.2. HEMA could be polymerized

to form latex particles of about 720 nm (Table 6.2). However,the formed latex was less stable

than the PAAm latexes. Furthermore, the content of fouling in the reactor formed during the

reaction was much higher than in the case of the PAAm-based particles.

X-ray diffraction (XRD) was used to study the organization and exfoliation of clay platelets

inside the polymer. Figure 6.9 shows the XRD patterns of the organically modified Cloisite

20A, the Cloisite dispersed in cyclohexane, and nanocomposite latex particles. For the Cloisite

20A, a peak appeared at 2θ = 3.48◦ , corresponding to the basal spacing (d001) of 2.54 nm, and

a secondary peak was observed at 2θ = 7.08◦. In the 2 wt% dispersion of clay in cyclohexane

only a very weak peak at 2θ = 3.48◦ was observed, indicating that the clay platelets may be in a

partially exfoliated state in the organic medium. The nanocomposite particles were measured

after drying in vacuum for 24 h at 60 °C. For the cross-linked PAAm nanocomposites (C298) a

small peak was observed at around 3.36◦ (Figure 6.9). The cross-linking in the PAAm particles

prevented the latex particles from film formation during thedrying. Hence the orientation
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Figure 6.9: X-ray diffraction patterns of Cloisite 20A after drying, 2 wt% Cloisite 20A dispersed in
cyclohexane, uncross-linked nanocomposite particles (C313), and cross-linked nanocomposite particles
(C298).
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could only be obtained via the stacking of neighboring MMT20sheets on the surface of the

latex particles. In the uncross-linked nanocomposites (C313), which were able to form a film

upon drying, the d001 peak of the clay completely disappeared and only a very small, broad

peak was observed at 2θ = 6.32◦ corresponding to ad-spacing of 1.4 nm (this could be caused

by to the possible surfactant migration during the sample preparation), indicating the majority

of the clays are in exfoliated states. We also attempted to collect XRD patterns in the 2θ

range of 0.1-1◦. There were indications of weak peaks at 2θ = 0.5-0.6◦ for the uncross-linked

sample C313, corresponding to a d-spacing of 15-20 nm, suggesting that there may be long-

range ordering in the film. In comparison, a smooth curve for the sample C298 containing

cross-linked PAAm in the 2θ range of 0.1-1◦ was observed.

TGA was used to determine the total inorganic content present in the nanocomposite latex

particles. The weight loss curves as a function of temperature for the organically modified

clay, the pure PAAm latex, and the composite latex particlesare given in Figure 6.10. There

was about 34 wt% weight loss at 700 °C for Cloisite 20A, which isin agreement with the

theoretical presence of 95 mequiv 100 g−1 of organic ammonium salt (Mw = 551.6 g mol−1).

The pure PAAm latex particles started to decompose at a temperature around 200 °C and were

completely combusted at approximately 500 °C. Entry C298 and C305 are nanocomposite

particles with a total clay concentration of 12.4 and 9.5 wt%(with modifying agents), re-

spectively. The nanocomposites showed a delayed decomposition compared to the polymeric

sample, even though the delayed decomposition is much less significant compared to conven-

tional polymer-clay nanocomposites prepared by melt intercalation or reactive blending that
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Figure 6.10: TGA traces for Cloisite 20A, polyacrylamide (PAAm) homopolymer latex (C284),
PAAm-clay nanocomposite latexes (C298 and C305).
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have a more homogeneous distribution of platelets inside the polymer matrix. The homoge-

neous distribution of the clays hinders the outdiffusion of the volatile decomposition materials

which contributes to the increased thermal stability.32 After heating the nanocomposites to 700

°C and leaving them isothermally for 30 min, 8.2 wt% for C298 and 6.3 wt% for C305 of solid

material remained in the chamber. These values are well in accordance with the inorganic

content that had been incorporated in the composite particles (8.3 wt% and 6.4 wt% for C298

and C305, respectively, after deducting the amount of the modifying agent; see Table 6.2).

This means that no (or a negligible amount of) free clay was present in the composite latex

dispersions.

6.4 Conclusions

We have demonstrated that surfactant-free inverse emulsion polymerizations can be success-

fully carried out by using organically modified clay platelets as stabilizing particles. The hy-

drophobic clay platelets were primarily located at the oil/water interface, enabling the forma-

tion of the inverse Pickering emulsions and the subsequent polymerization of the hydrophilic

monomers. The particle size of the PAAm nanocomposite latexes depended on the amount

of clay: a size range of 700-980 nm could be tuned with a clay content of up to 0.7 wt%.

The rugged surface of the particles from microscopic investigations clearly suggests that the

hydrophobic clays are located at the particle surface. Thisstudy expands the scope of the

formation of polymer-clay nanocomposite by emulsion polymerization.
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Chapter 7

Clay platelet encapsulation by emulsion

polymerization with modified clay

platelets

Abstract: Direct emulsion polymerizations were performed using face-, edge- and dual-

functionalized clay platelets in this chapter. Emulsion polymerizations in the presence of clays

modified by cationic monomer or cationic initiator producedarmored latex particles. The

increased hydrophobicity from the cationic modifying molecules influenced exfoliation and

stabilization of the platelets. A new molecules has been developed and synthesized, PEO-V+,

which combines a single cationic group, a long hydrophilic chain and a polymerizable acrylate

group all in one. The cationically modified clays with the PEO-N+ or PEO-V+ were copoly-

merized with MMA in emulsion and stable latex particles wereobtained. However, similar

to the previous systems, armored latex particles were formed for the LRD platelets. Encap-

sulation of covalently edge-modified clay platelets via surfactant-free, starved-feed emulsion

polymerization was achieved. With cryo-TEM and SEM we showed that small Laponite pla-

telets were encapsulated inside spherical latex particles, whereas larger montmorillonite pla-

telets were encapsulated inside dumbbell-like or snowman-like non-spherical latex particles.

The dual functionalization also enabled the encapsulationof clay platelets inside latex par-

ticles. Film formation of the polymer encapsulated clay platelets resulted in an exfoliated

polymer-clay nanocomposite.∗

∗Part of this chapter has been published: Voorn, D. J.; Ming, W.; Herk, A. M. van;Macromolecules, 2006,
39(14), 4654-4656.
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7.1 Introduction

During the past decades, significant interest has grown in the encapsulation of fine inorganic

powders with organic molecules or polymers to affect various desired physical properties in

order to improve the dispersability in solvents or composite phases.1 Fine inorganic powders

have been successfully encapsulated using surfactant-free emulsion polymerizations as well as

emulsion polymerizations stabilized by surfactants.2–5 However, inorganic particles are usually

too hydrophilic and surface modifications are required to make the particles more lipophilic.

Surface modifications of titanium oxide,6 silica,7–11 and mica particles12 have been used suc-

cessfully. Emulsion polymerizations in the presence of these modified particles have resulted

in the complete encapsulation of these ”spherical” inorganic particles.13–16

Inorganic platelets such as layered silicates are nowadaysoften used as thickening agents

for drilling fluids, slurry walling, paint additives, pharmaceutical products, and many other

dispersed systems.17 Layered silicates have also been extensively investigatedin polymer-clay

nanocomposites over the past decades.1,18–22An often employed strategy to modify inorganic

clay is the exchange of stabilizing alkali metal ions by organic cations such as alkylammo-

nium.23–28 The adsorption of onium molecules from water on mineral substrates is governed

mainly by electrostatic and/or hydrophobic interactions. Depending on the concentration, the

surfactant-like molecules can be arranged in monolayers and bilayers or in pseudotrimolecular

arrangements as well as paraffin type arrangements.29,30 Melt intercalation andin-situ poly-

merizations in the presence of organocationically modifiedclays have been used to produce

polymer-clay (PCl) nanocomposites with improved mechanical and thermal properties.31–33

Polymerizations of face-modified clays by exchanging the interlayer cations with reactive

molecules such as cationic initiators or monomers also produced composites.33,34

The results of investigations presented in the previous chapters of this thesis described the

formation of polymer-clay colloidal particles using native or physically modified clay plate-

lets. A physical approach using heterocoagulation of oppositely charged latex with platelets,

and a synthetic route, using emulsion and inverse emulsion polymerization in the presence of

hydrophilic and hydrophobic clay particles, have been attempted to prepare polymer-clay col-

loidal particles. However, complete encapsulation by polymer was only obtained for gibbsite

(much thicker than individual clay) platelets by heterocoagulation.

Several researchers35–37 have used conventional emulsion polymerization in the presence

of clay and modified clay platelets to prepare polymer-clay hybrid particles, but only armored

particles (clay being located at the particle surface) havebeen obtained. Encapsulation of clays

in dispersion by polymer appears to be very challenging. Bourgeat-Lamiet al.38 have shown

that only face modification using exchange of the stabilizing cations by cationic initiators or

monomers in a seeded emulsion polymerization would also produce armored latex particles.

Alternative to face modification by cation exchange, functionalization of the clay surface us-

ing covalently bonded molecules enables the tuning of its hydrophobicity and functionality.
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Clay platelet encapsulation by emulsion polymerization withmodified clay platelets

Chemical reactivity, colloidal stability, or control of surface characteristics can be influenced

by choosing the required functionality.39 After the elucidation of the clay structure by Paul-

ing40 it is known that clay platelets contain silanol groups. Direct grafting reactions with

these silanol groups on clays were already investigated by Berger41 and later by Deuelet al.42

The high reactivity of the silanol group toward organic molecules facilitates the production

of organo-mineral compounds.43,44 Following these preliminary results Ruiz-Hitzkyet al. fo-

cused on three different silicate materials: sepionite, chrysotile and H-magadiite, which have

a lot of OH groups in the interlayer space.45–49 Recent studies50–56 have reported the covalent

modification of clay platelets with the grafting of alkoxysilanes. The edges of the clay contain

hydroxyl groups from the silanol or aluminol groups. These edge groups can be treated as

conventional Si-OH groups and can be modified with silanes ortitanates.44

In this chapter two different approaches are employed to modify clay platelets: (i) face

modification using physical interaction or electrostatic cation exchange of functional groups at

the surface of the clay and (ii ) edge modification using chemical (covalent) modification of the

OH-groups on the clay platelet to favor encapsulation usingcoupling agents such as titanates or

silanes.57 A schematic representation of the clay platelet modification is depicted in Figure 7.1.

The face modification uses the exchange of clay cations from an exfoliated clay dispersion

with different reactive cations (initiator and monomers). Next to these conventional physical

modifiers a new polyethylene oxide (PEO) molecule has been synthesized. This new molecule

(PEO-V+) serves as macromonomer while dispersibility in aqueous media is maintained.58–60

The edge modification of clay platelets with different silanes and titanates was performed in

water and aprotic solvents resulting in covalently modifiedclay platelets. A combination of
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Figure 7.1: Modification scheme of clay platelets by: (a) electrostatic interaction with quaternary
ammonium cations which are exchanged with Na+ on the face of the clay platelets, (b) covalent edge
modification of OH-groups using silanes, titanates, etc. Subsequently the covalently modified plate-
lets can also undergo cation exchanges with quaternary ammonium cations (c) forming so-called dual
functionalized clay platelets.
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face- and edge-modified (dual-functionalized) clays particles were also prepared. Emulsion

polymerizations in the presence of both face-, edge- and dual-functionalized clay platelets

have been investigated. Nanocomposite latex particles were prepared by surfactant-free and

nonionic surfactant stabilized starved-feed emulsion polymerizations.

7.2 Experimental

Materials. Laponite RD (LRD, Districhem B.V.), Cloisite Na+ (Na-MMT, Southern Clay

Products Inc.), and Nanofil 757 (MMT-757, Süd-Chemie AG) are layered silicates and were

used as starting material for the modification experiments.Monomers methyl methacrylate

(MMA, 99% Aldrich) and styrene (S, 99%, Aldrich) were purified by slowly passing through

an inhibitor-removing column (hydroquinone remover, Merck). Prior to polymerization, these

monomers were distilled under reduced pressure and stored in a freezer. Water-soluble 2-

hydroxyethyl methacrylate (HEMA, 99%, Adrich) was used as received. The ionic monomer

methacrylamidopropyl trimethyl ammonium chloride (MAPTAC, 85% solution, Degussa),

and amine containing monomer 2-(dimethylamino) ethyl methacrylate (DMAEMA, 98%, Al-

drich) were also used as received. The water-soluble azo initiator V-50, 2,2’-azobis (2-methyl-

propionamide) dihydrochloride (V-50, Wako) [recrystallized from water-acetone (50/50 wt%)]

and VA-086, 2,2’-azobis[2-methyl-N-(2-hydroxyethyl) propionamide] were kindly provided

by Wako Chemicals GmbH. Polymeric surfactant Emulanr NP3070 (alkylphenolethoxylate)

and the PEO-PPO block-copolymer Pluronic PE3100 were used as received and kindly pro-

vided by BASF AG, Ludwigshafen. Butyl 3-mercaptopropionate(3MPA, 98%, Aldrich) was

used without purification as chain transfer agent in the emulsion polymerizations. Tetrahy-

drofuran (THF, PA, Biosolve) , poly(ethylene glycol) monomethylether (PEG, Fluka) of 750,

2000 and 5000 molecular weight, sodium hydride (NaH, 60% in oil, Aldrich), epichlorohy-

drin (ECH, p.a., Aldrich), diethyl ether (DEE, p.a., Biosolve), chloroform (CF, HPLC grade,

Biosolve), dichloromethane (DCM, P.A. grade, Biosolve), hexadecyltrimethylammonium bro-

mide (CTAB,>99%, Fluka), toluene (Tol, P.A. grade, Biosolve), cyclohexane (CH, 99.9+%,

Aldrich), 2-propanol, and hydrochloric acid (HCl, 32% p.a.,Aldrich) were used without any

treatment. The titanate modifiers titanium IV, tris(2-propenoato), 2-(2-methoxy-ethoxy)etha-

nolato (Ken-React KR39DS), and titanium IV, 2-propanoato, tris isooctadecanoato-O (Ken-

React KRTTS) were used as received and provided by Kenrich Petrochemicals, Inc. The tri-

alkoxy silane 3-methacryl-oxypropyltrimethoxysilane (MPS,>98%, ABCR), and mono alko-

xysilane methacryloxypropyldimethylethoxysilane (MPDS, >98%, ABCR) were supplied by

ABCR. Chemical formula of the modifiers are depicted in Figure 7.2. All other chemicals

were used without further treatment unless stated otherwise. Double deionized water (DDI)

was obtained from a Milli-Q water system (Milliporer) with a resistivity of 18.3 MΩ cm.
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Figure 7.2: The structural formulas of modifying agents: (a) KR 39DS (b) KR TTS (c)3-MPS, and (d)
MPDS.

Synthesis of cationic PEO molecules. In 100 mL of freshly distilled THF 5.0× 10−3 moles

of different molecular weight poly(ethylene glycol) monomethylether (PEO) were dissolved at

40 °C. The system was flushed with a continuous argon flow. NaH was added with a 10 times

molar excess to react with the PEO under continuous stirring. After 3 h an excess of ECH

was added and the temperature was raised to 50 °C for 6 h. The products were precipitated in

cold DEE, filtered off, washed twice with fresh DEE, and dried under vacuum at 50 °C. The

modified dry PEO (PEO-epoxy) was dissolved in chloroform to remove the byproduct sodium

chloride. This procedure was repeated three times and the PEO-epoxy was dried under vacuum

at 50 °C. The epoxy-group content was determined by dissolving 0.1 g in 5 mL glacial acid

(GLA, Aldrich) and reacted with 0.01 M hydrobromic acid (HBr,Fluka) in 10 mL of GLA

solution at room temperature in the presence of crystal violet indicator. The solution was

titrated using a Methrom titration apparatus to the blue-green end point with 0.01N sodium

carbonate (SC, Acros) in GLA solution to determine the unreacted HBr.61

Conversions of PEO-epoxy into a cationic PEO (PEO-N+) or a vinyl containing PEO mole-

cule (PEO-V+) were performed by the addition of equimolar amounts of amine (DMAEMA)

and HCl together with a catalytic amount of tetra-methyl ammonium chloride (TMAC, 97%,

Aldrich). After the addition the temperature was increasedto 40 °C to speed up the reaction.

Aminolysis was also performed with N-[3-(dimethylamino) propyl] methacrylamide (DMA,

99%, Aldrich), trimethyl amine (TMA, 45 wt% solution, Janssen Chimica), and acrylamide

(AAm, 97%, Aldrich).

Preparation of clay platelet dispersions. LRD platelets were dispersed in DDI water with

a solid content of 1 wt%. The dispersion was stirred at room temperature using a magnetic

stirrer bar for 4 days until the dispersion was completely transparent.

Natural montmorillonite platelets Na-MMT and MMT-757 werealso dispersed in DDI

water with a solid content of 1 wt%. The yellowish dispersionwas agitated for 10-14 days

at room temperature using a magnetic stirrer bar, after which the dispersion was centrifuged
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using a Mistral 3000E centrifuge at 2000 rpm for 15 min. The supernatant was collected and

measured with DLS. An average particle diameter (Dz) of 179 nm with a PDI of 0.19 was

obtained. Subsequent ultrasonication for 10 min with a Vibracell VC750 Sonifier at 40% of its

maximum power using a 3 mm tip and a fixed frequency of 20± 0.2 kHz resulted in a disper-

sion with aDz of 164 nm with a PDI of 0.18. The solid content of the final montmorillonite

dispersions was approximately 0.84 wt%.

Cation exchange capacity (CEC) determination. The cation exchange capacity (CEC) of

clay has been determined using a micro-Kjeldahl distillation of ammonia from the ammonium

acetate. 100.0 g of clay was added to a 1 L Erlenmeyer flask. To the clay dispersion 250 mL

of 1 M NH4OAc (ammonium acetate, Aldrich 98%) was added and thoroughly mixed for 2 h,

afterwards the mixture was allowed to stay for 16 h. The clay was filtered off and washed four

times with NH4OAc and DDI water. The adsorbed NH+4 was extracted by leaching the clay

with eight separate additions of 50 mL 1 M KCl (potassium chloride, Aldrich 99+%). The

CEC was determined according to USEPA Method 9081.62

Covalent modification of clay platelets. Covalent modifications of LRD and MMT platelets

were performed in different media (DCM, Tol, CH, IPA, and water) using different amounts of

silanes (MPS and MPDS) or titanates (KR39DS and KRTTS). The reaction times of the mod-

ifiers with the clay platelets were also varied. A typical modification procedure is described

hereafter. An amount of 2 g of vacuum dried clay was dispersedin 100 mL of DCM and

ultrasonically mixed for 10 min using a Vibracell VC750 Sonifier at a power of 40% with a 3

mm tip and a fixed frequency of 20± 0.2 kHz. To the clay dispersion 3 g of KR39DS titanate

was introduced at a constant feed of 0.1 mL min−1 using a Metrohm Dosimat 776 autotitrator.

The reaction temperature was kept constant at 45 °C under continuous mixing for 3 days under

small overpressure of dried argon. The modified clay platelets were collected via vacuum fil-

tration on a Buchner funnel and washed with 300 mL of DCM. The solid clay was redispersed

and the procedure was repeated twice to remove the excess of modifier followed by vacuum

drying for 20 h at 80 °C. The modified clay platelets were then dispersed in water by using 10

min of ultrasonication with a power of 40%. Modification of the clay platelets in water was

performed using a similar procedure.

Emulsion (co)polymerization of MMA in the presence of different nascent clay platelets.

Composite latex particles were prepared by starved-feed emulsion polymerization using a 100

mL 3-neck flask equipped with a nitrogen inlet, a reflux condenser with an outlet to a bubble

counter, a thermometer and septa through which samples werewithdrawn during the reaction

and through which the monomer feed was added to the reaction mixture using a Metrohm

Dosimat 776 autotitrator. A typical polymerization procedure is described as follows (entry

E1, Table 7.1). The starting mixture consisted of 54.2 g of DDI water, 0.05 g 3MPA, 0.24 g
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NP3070 surfactant, and 0.1 g MMA. Argon was bubbled through the reactor for 30 min under

constant agitation at 800 rpm. The reactor was heated to 60± 1 °C with an oil bath, followed

by the addition of an aqueous solution of the initiator (0.08g V-50 dissolved in 1.87 g of DDI

water) to start the polymerization. 5 min after the initiator was added the monomer was fed at

a rate of 0.01 mL min−1 with vigorous stirring. After the addition was complete, the flask was

kept at 60 °C for another 2 to 4 h.

Table 7.1: Recipes for emulsion (co)polymerization of MMA in the presence of two different clay
platelets

clay dispersion(a) monomer 3MPA NP3070 initiator(b)

entry mineral type dispersion mass [g] type mass [g] mass [g] type mass [g]

E1 LRD 54.2 MMA 0.05 0.24 V-50 0.08

E2 LRD 53.7 MMA 0.05 0.27 VA-086 0.07

E3 LRD 51.8 MMA+ DMAEMA 0.06 0.29 V-50 0.07

E4 LRD 52.6 MMA+ DMAEMA 0.04 0.25 VA-086 0.07

E5 Na-MMT 53.4 MMA 0.04 0.27 V-50 0.08

E7 Na-MMT 49.7 MMA+ DMAEMA 0.05 0.28 VA-086 0.07

E8 Na-MMT 54.6 MMA+ DMAEMA 0.06 0.26 V-50 0.07

E9 Na-MMT 51.3 MMA+ DMAEMA 0.06 - VA-086 0.08

Feed of 5 mL monomer was added at rate of 0.01 mL min−1. (a) For all experiments a 1.0 wt% clay dispersion was used.(b) The initiator was

dissolved in 2 g of DDI water before this was added to the emulsion.

Emulsion polymerizations in the presence of cationically modified clay platelets. Cation

exchange of the stabilizing Na+ ions by different cationic monomers (MAPTAC, methacryla-

toethyl trimethyl ammonium chloride (MATMAC, Degussa), DMA, DMAEMA), V-50 initia-

tor molecules or cationic PEO molecules were carried out in a100 mL 3-neck flask. 50 mL

of the earlier prepared LRD and montmorillonite platelet dispersions with a solid content of

1 wt% were stirred with a 15 mm stirring bar. To the dispersions a predetermined amount

of monomer or initiator corresponding to approximately 2.3times the CEC of the clay was

added. The mixture was stirred at room temperature for 3 h andsubsequently centrifuged for 1

h at 3000 rpm to remove the excess of unadsorbed cations. Titrations of the supernatant were

done to determine the amount of adsorbed amount of cations.38 The precipitate was exten-

sively washed with DDI water and dried under vacuum at 50 °C for 48 h. A 1 wt% dispersion

of cation-exchanged clay platelets was prepared by mixing 1g of clay with 100 mL of DDI

water and mixing for 7 days with a magnetic stirrer bar and several ultrasonication steps.

Emulsion polymerizations of the cationic modified clay platelets were performed in a 100

mL 3-neck round-bottom flask. The flask was equipped with an argon inlet, a reflux condenser

with an outlet to a bubble counter, a thermometer and septa through which samples were

withdrawn during the reaction and through which the monomerfeed was added to the reaction

mixture using a Metrohm Dosimat 776 autotitrator. A typicalpolymerization (entry V1 of

Table 7.2) is described hereafter. The starting mixture comprised of 50 g of the cationic-

exchanged clay dispersion, 0.05 g of 3MPA, the required amount of NP3070 surfactant, and

0.1 g of MMA. Argon was bubbled through the reactor for 45 min under constant agitation at
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Table 7.2: Recipes for emulsion polymerization of cationic exchanged clay platelet composite latex
particles

clay dispersion 3MPA NP3070 V-50(a)

entry mineral type cationic modifier dispersion mass [g] mass [g] mass [g] mass [g]

V0 LRD 53.8 0.04 0.11 0.04

V1 LRD V-50 50.4 0.05 0.12 (b)

V2 LRD V-50 49.7 0.04 0.37 (b)

V3 LRD DMAEMA 50.1 0.05 0.35 0.04

V4 LRD MAPTAC 50.1 0.04 0.39 0.05

V5 LRD PEO-V+ 50.0 0.04 0.40 0.05

V6 Na-MMT MATMAC 49.8 0.05 0.41 0.05

V7 Na-MMT V-50 50.1 0.05 0.39 (b)

V8 Na-MMT PEO-V+ 50.0 0.04 0.38 0.04

V9 Na-MMT PEO-N+ 50.4 0.05 0.43 0.05

SV1 LRD V-50 54.7 0.07 - (b)

SV2 Na-MMT MATMAC 52.3 0.06 - (b)

SV3 LRD PEO-V+ 55.1 0.06 - 0.06

SV4 Na-MMT PEO-V+ 55.0 0.07 - 0.07

Feed of 5 mL MMA was added at rate of 0.01 mL min−1. (a) The initiator was dissolved in 2 g of DDI water before this wasadded to the

emulsion.(b) The content of initiator was approximately 0.07 g as has been determined with TGA.

800 rpm. After this, the reactor was heated to 50± 1 °C with an oil bath. In the case of the

cationic monomer exchanged clays the reaction was initiated by the addition of an aqueous

solution of the initiator (0.05 g V-50 dissolved in 2 g of DDI water). 5 min after the initiator

was added the monomer was fed at a rate of 0.01 mL min−1 with vigorous stirring. After the

addition was complete, the flask was kept at 50 °C for another 6-8 h.

Encapsulation of covalently modified clay platelets via emulsion polymerization. Hy-

brid latex particles were synthesized by starved-feed, surfactant-free emulsion polymerization

or by starved-feed emulsion polymerization with a nonionicsurfactant (For recipes, see Ta-

ble 7.6). A typical polymerization procedure is described hereafter. A 100 mL 3-neck flask

was charged with 55 mL of DDI water. Approximately 0.25 g of modified clay platelets was

added and ultrasonically dispersed (10 min with a power of 40%). Afterwards, the system was

flushed with argon for 30 min under continuous stirring usinga magnetic stirrer bar of 15 mm

at 800 rpm. The reactor was heated to 50± 1 °C with an oil bath, followed by the addition

of 0.1 g of VA-086, when the reaction temperature was reached. After 5 min the addition of

4.5 mL of MMA at a rate of 0.01 mL min−1 using a Dosimat autotitrator was started. Upon

completion of the addition, the reactor was kept at 50 °C for another 2 h to ensure complete

conversion of the monomer. Complete conversion of the monomer into polymer was achieved

as indicated by gravimetric measurements. The latex dispersions were centrifuged for 30 min

at 2500 rpm (using a Mistral 3000E centrifuge) to remove the clays that were not encapsulated

or attached to the latex. The precipitate was redispersed and analyzed subsequently.
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Emulsion polymerizations in the presence of dual-functionalized clay platelets. Chem-

ically modified LRD and MMT platelets synthesized according to the procedure described in

the previous paragraph were mixed with PEO-V+ at a concentration of 2 times their CEC for

24 h in DDI water under continuous mixing at 25 °C. The dual-functionalized clay platelets

were centrifuged for 30 min at 3000 rpm to remove the excess ofPEO-V+. Emulsion polymer-

izations were performed in a 100 mL 3-neck flask similar to thepreviously described setup.

Monomer was added to the reaction mixture using a Metrohm Dosimat 776 autotitrator. A

typical polymerization (entry DF2 of Table 7.3) is described hereafter. The IRC comprised of

50 g of DDI water with 0.3 g of the dual-functionalized LRD-Ti clay, 0.04 g of 3MPA, 0.25 g

of NP3070 surfactant, and 0.1 g of MMA. Argon was bubbled through the reactor for 45 min

under constant agitation at 800 rpm with a magnetic stirrer.The reactor was heated to 50±
1 °C with an oil bath and the reaction was initiated by the addition of an aqueous solution of

the initiator (0.05 g V-50 dissolved in 2 g of DDI water). 5 minafter the initiator solution was

added the monomer was fed at a rate of 0.01 mL min−1. After the addition was complete, the

flask was kept at 50 °C for another 6-8 h.

Table 7.3: Recipes for emulsion polymerization of dual-functionalized clay platelets
dual-functionalized clay DDI water 3MPA NP3070 V-50a

entry clay type mass [g] modification mass [g] mass [g] mass [g] mass [g]

DF1 LRD-Ti 0.25 PEO-V+ 50.1 0.05 - 0.05

DF2 LRD-Ti 0.25 PEO-V+ 50.0 0.04 0.25 0.05

DF3 LRD-Si 0.25 PEO-V+ 50.6 0.06 - 0.05

DF4 LRD-Si 0.26 PEO-V+ 50.3 0.05 0.22 0.04

DF5 Na-MMT-Si 0.24 PEO-V+ 49.9 0.05 0.26 0.06

DF6 Na-MMT-Ti 0.25 PEO-V+ 50.0 0.05 0.24 0.04

DF7 Na-MMT-Ti 0.25 CTAB 50.1 0.04 0.23 0.06

DF8 Na-MMT-Ti 0.25 PEO-V+ 49.8 0.05 - 0.05

Feed of 5 mL MMA was added at rate of 0.01 mL min−1. a The initiator was dissolved in 2 g of DDI water before this wasadded to the

emulsion.

Characterization. The average particle size and particle size distribution were determined

at 23 °C on a Malvern 4700 dynamic light scattering (DLS) instrument (λ = 488 nm) equipped

with a Malvern Multi-8 7032 correlator at a scattering angleof 90◦.

Matrix-assisted laser desorption ionization time-of-flight mass-spectrometry (MALDI-ToF-

MS) measurements was carried out on a Voyager DE-STR from Applied Biosystems. Trans-

2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was chosen as the

matrix. The matrix was dissolved in THF at a concentration of40 mg mL−1. Sodium trifluo-

racetate (Aldrich, 98%) was added to THF at typical concentrations of 1 mg mL−1 as cationic

ionization agent. In a typical MALDI-ToF-MS experiment thematrix, salt and polymer so-

lution were premixed in a ratio of 1:1:0.5. The premixed solutions were handspotted on the

targetwell and left to dry. All spectra were recorded in the linear mode.

Cryo-TEM samples were prepared using a vitrification robot (Vitrobot™) in which the

relative humidity was kept close to saturation to prevent water evaporation from the sample. A
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3-µL drop of the dispersion was placed on a carbon coated lacy substrate supported by a TEM

300 mesh copper grid (Quantifoil R2/2) or 400 mesh lacey grid (Ted Telpa). Excess of sample

was removed by automatic blotting with filter paper, in orderto create a thin liquid film over

the grid. Afterwards, the grid was rapidly plunged into liquid ethane at its melting temperature

(−188 °C), resulting in a vitrified film. The vitrified specimen was then transferred under a

liquid nitrogen environment to a cryogenic holder (model 626, Gatan, Warrendale, PA), and

then into the electron microscope, a Philips CM12 microscopeequipped with a 35 mm camera

operating at 100-120kV or a FEI Tecnai™ G2 Sphera equipped with a 1k× 1k Gatan CCD

camera operating at 200 kV. All micrographs were taken underlow dose conditions. The

working temperature was kept below−170 °C, and the images were recorded on a Gatan 794

MultiScan digital camera and processed with Digital Micrograph 3.9.3.

Morphological investigations of the clay samples were performed using an environmental

scanning electron microscope XL30 ESEM-FEG, FEI Company, The Netherlands, operated in

low-voltage mode (LVSEM). A diluted dispersion of latex (0.5 wt%) was placed on a sample

holder and copper-coated prior to scanning.

Thermogravimetric analysis (TGA) was performed with a Perkin Elmer Pyris 6 apparatus

under nitrogen at a flow rate of 25 cm3 min−1. Before TGA, the samples were carefully purged

with nitrogen. A scanning rate of 10 °C min−1 was used. Differential scanning calorimetry

(DSC) was performed on a TA Instruments Advanced Q100. The temperature gradient was

−20 to 150 °C at a rate of 10 °C min−1; the step change in the heat flow during the second

heating run was used to determine the glass transition temperature.

FTIR spectra were recorded with a BioRad Excalibur 3000 seriesspectrometer. 200 scans

at a resolution of 2 cm−1 were signal-averaged and the BioRad Merlin software was used to

analyze the spectra.

X-ray photoelectron spectroscopy (XPS) measurements weredone using a VG CLAM 2

spectrometer equipped with a Mg Kα source and a hemispherical analyzer. Measurements

were carried out at 20 eV pass energy. Charging was corrected by using the Si 2p peak of

SiO2 at 103.3 eV. The samples were grinded and pressed in indium foil, which was placed

on a stainless-steel stub. The error in the binding energy was 0.2 eV. Elemental ratios were

calculated from the peak areas with correction for the cross-sections.

Wide angle X-ray diffraction (WAXD) measurements were carried out with a Rigaku

D/Max-B diffractometer, using Cu Kα radiation at 40 kV and 30 mA. The samples were mea-

sured with a step of 0.02◦ (2θ) and a dwell time of 2 s.
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7.3 Results and Discussion

Table 7.4 summarizes the clay types used, and the specific characteristics of the clays. CEC

determination of the different clays has been based on the complete exchange of naturally

occurring cations against ionic species. Complete exchangeof the cations, hence getting a

reliable value of the CEC has been performed using a high surplus of exchanging cations. The

obtained CEC values are listed in Table 7.4 and are in agreement with the values reported in

literature. Specific surface area of the clays were obtainedfrom literature and particle sizes

determined from DLS or TEM are also listed.

Table 7.4: Summary of used clay platelets and their physical properties
specific weight Dn

(e) Dz
( f ) CEC [mequiv 100g−1] cation area SSA(h)

clay mineral type [g cm−3] [nm] [nm] PDI(g) [-] theoretical this work [nm−2] [m2 g−1]

Nanofil 757(a) MMT (d) 2.86 100 - 500 164 0.37 6863 72 1.87 770

Cloisite Na(b) MMT 2.86 250 - 750 159 0.34 88-9263,64 93 1.44 75065

Optigel SH(a) Hectorite 2.5± 2 50 47.8 0.12 7366 71 1.74 270

Laponite RDS(c) Hectorite 2.86 20 - 40 25.2 0.10 9167 67 1.39 330

Laponite RD(c) Hectorite 2.86 20 - 40 27.7 0.11 48-5667–69 54 1.74 37070

Supplied by(a) Süd-chemie,(b) Southern Clay Products, and(c) Rockwood Additives.(d) Abbreviation for montmorillonite.(e) Data obtained

from manufacturer.( f ) The equivalent diameter as determined by dynamic light scattering (DLS). (g) Polydispersity index (PDI) is calculated

from cumulant analysis as described in the International Standard ISO 13321.(h) The specific surface area of clay, data obtained from

manufacturer.

7.3.1 Attempts to encapsulate face-modified clay

Pre-treatment of the natural clay platelets with cationic molecules with specific moieties is

needed to enhance the compatibility or reactivity during polymerization processes. In the

following sections the face modification using cation exchange of clay with different cationic

molecules (cationic initiators, monomers and newly synthesized polymerizable PEOs) and

subsequent emulsion polymerization are described.

Face modification of clay platelets by cationic initiator and cationic monomer

The weight loss taken as a measure for adsorption of modifier of V-50 modified sodium MMT

and LRD platelets in the temperature range of 100-700 °C depended strongly on the amount of

V-50 added to the dispersion. The face modification of the clays is performed by exchanging

the stabilizing cations with cationic molecules. At V-50 concentrations up to 1.7 times the CEC

a weight loss of 19.7 wt% was obtained for V-50 modified LRD platelets, which increased to

32.9% at 4.0 times the CEC (data obtained after three centrifugation cycles to remove any

excess of organic modifier). Na-MMT showed a weight loss of 18.9 wt% at 1.6 times the CEC

and 31.7 wt% at 3.4 times the CEC. Further increasing the concentrations of V-50 did not result

in a higher weight loss, indicating that all the cations wereexchanged. The dependency of the

added amount of V-50 on the modification of the clay plateletsis due to the bi-functionality
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of the initiator which contains two cationic charges per molecule and as a result intercalation

occurred. This dependency was not observed for the cation exchange with monovalent cationic

monomers such as MAPTAC, MATMAC, DMAEMA, or DMA. LRD and Na-MMT modified

with DMAEMA and MAPTAC showed between 31 and 35 wt% of organicmodification at 1.8

times the CEC for MMT and between 26 and 31 wt% for LRD.

Emulsion polymerization in the present of nascent clay platelet

Starved-feed emulsion polymerizations of MMA that were initiated by cationic (V-50) or non-

ionic (VA-086) initiators in the presence of unmodified LRD platelets did not lead to encap-

sulation of the clay platelets (entries E1 and E2 in Table 7.1, respectively). Polymerizations

with V-50 produced latex particles with an average diameterof 71 nm (E1) and with VA-086

an average diameter of 63 nm has been observed with DLS. Instead of homopolymerization

of MMA in the presence of the clay platelets, DMAEMA was addedas a comonomer. The

interaction of the platelets with the latex prepared with V-50 as well as with VA-086 showed

almost similar average particle sizes of 62 and 64 nm, respectively (E3 and E4). Cryo-TEM

analysis revealed that armored latex particles were obtained with the clay platelets located at

the outside of the latex particles,38 as is depicted in Figure 7.3a. Polymerizations of MMA in

the presence of the larger Na-MMT showed an average particlesize of 237 nm and a PDI of

0.26 (entry E5). Similar to the polymerizations with MMA andDMAEMA in the presence

of nascent LRD, the polymerizations initiated with V-50 and VA-086 in the presence of Na-

MMT revealed no significant differences. TheDz of E7 and E8 was approximately 208 nm

and 214 nm, respectively. Although it appears that for the nonionically stabilized polymer-

izations rather large latex particles were obtained, for the surfactant-free polymerization E9 a

much larger particle size was found of 378 nm. It appears thatthe presence of the clay platelets

in the emulsion polymerization, especially the large Na-MMT platelets have a sort of template

effect on the latex particles.

Emulsion polymerization of face-modified clay platelets by cationic monomers and ini-

tiator

Starved-feed emulsion polymerizations of MMA in the presence of cation exchanged, face-

modified clay platelets were performed. Reference experiment V0 showed that latex particles

with a size of 63 nm and a PDI of 0.11 were obtained. In the presence of V-50 face-modified

platelets (sample V1) armored latex particles were obtained with an average size of 67 nm and

a PDI of 0.22. The cryo-TEM clearly shows the coverage of latex particles with LRD platelets,

see Figure 7.3b. Reaction V2 was performed with a larger concentration of nonionic surfactant

and as a result the latex particles showed less aggregation of the composite latex particles.

The average diameter of the latex particles decreased from 67 nm to 56 nm, together with a

reduction in the PDI from 0.29 to 0.16. A surfactant-free polymerization of V-50 modified
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LRD platelets showed that latex particles were prepared withan average diameter of 236 nm,

which is smaller that surfactant-free latex particles prepared in Chapter 2. Copolymerizations

with the cationic monomer exchanged LRD platelets and the feed of MMA (reactions V3

and V4) showed that the particle sizes of the final latex particles were slightly higher than

for the cationic initiator modified clays (Dz = 81 nm for entry V3 and 78 nm for entry V4).

This is probably due to the presence of V-50. Changing the V-50initiator to the nonionic

VA-086 initiator showed latex particles with a much smallerpolydispersity (Dz = 75 nm and

68 nm with a PDI of 0.27 and 0.21 for V-50 and VA-086, respectively). Nevertheless, no

encapsulation of the modified clays was observed. Also no encapsulation was observed for

the polymerizations in the presence of face-modified Na-MMTplatelets (entries V6 and V7

of Table 7.2). The modified Na-MMT platelets were difficult to disperse into the water phase,

most probably due to the increase hydrophobicity of the facemodification. Copolymerization

of with MMA (V6) produced a composite latex with the MMT platelets located almost always

at the surface of the latex particles, with an average particle size of 105 nm and PDI of 0.32,

depicted in Figure 7.3c. This is most likely due to the rearrangement of the polymer during the

polymerization, which enables the platelet to migrate to the surface of the latex. It might also

be that the electrostatic interaction of the polymerizablecationic groups with the clay is not

strong enough. Reactions without the addition of nonionic surfactant (entry SV2) produced

final latex particles with large polydispersities (>0.35), possibly as a result of aggregates of

multiple platelets and latex particles.

(a) (b) (c)

Figure 7.3: Cryo-TEM micrograph of LRD nanocomposite latex particles prepared via emulsion poly-
merization. (a) Latex particles from the copolymerization of DMAEMA in the presence of unmodified
LRD platelets after 1 mL of MMA feed (entry E3). (b) PMMA latex prepared inthe presence of V-50
cationically modified LRD platelets (entry V1 of Table 7.2). (c) Composite latex ofMATMAC modified
MMT platelets after emulsion polymerization with an MMA feed, entry V6.

In conclusion, it was demonstrated that the encapsulation of clay platelets which are face-

modified with cationic V-50 initiator or cationic monomer molecules has shown to be not

successful.38 The presence of cationically charged molecules (initiators or monomers) nega-
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tively influenced the colloidal stability of the emulsion and the growth of the latex particles.

Furthermore, the hydrophobicity of the cationically modified MMT platelets limits the exfo-

liation. As a result of these findings a new molecule has been developed which combines a

single cationic group, with a long hydrophilic chain and a polymerizable acrylate group all in

one. This molecule will not significantly affect the hydrophilicity of the clay platelets while

still maintaining the electrostatic adsorption of polymerizable group to the face of the clays.

Synthesis of PEO surface modifier molecules

The newly developed reactive PEO molecule (PEO-V+) is a vinyl functionalized cationic PEO

molecule. This molecule was developed with several specificfunctions. First of all, it had to

be a completely hydrophilic molecule to provide the clay platelet enough dispersibility and sta-

bility in the aqueous phase. The hydrophilicity could not originate from any charged species,

so PEO was chosen as the backbone. Secondly, a cationic grouphad to be covalently bonded

to the molecule in order to exchange with the cations on the face of clay platelet. Finally, a

polymerizable groups was attached to the molecule which could be incorporated in the poly-

mer chain during the emulsion polymerization ensuring the encapsulation of the clay platelets

inside the latex particles. The functionalized PEO was synthesized by alkali-metalation of the

terminal monomethyl poly(ethylene oxide) OH- group, followed by the epoxidation when re-

acted with epichlorohydrin (ECH) according to Figure 7.4. Aminolysis of the PEO-epoxy is

performed by the addition of HCl, DMAEMA, and a catalytic amount of TMAC.

Figure 7.4: Synthesis of PEO-based surface modifiers. Route (a) converts the PEO-epoxy into a PEO-
N+ and (b) converts the PEO-epoxy into a vinyl containing cationic PEO molecule(PEO-V+).

1H-NMR spectra of the original monomethyl PEO with a molecular weight of 5000 g

mol−1, the epoxy modified PEO (PEO-epoxy), and the acrylate modified cationic PEO (PEO-

V+) have been collected. The ethylene oxide signal at 3.6 ppm isclearly visible. After the

138



Clay platelet encapsulation by emulsion polymerization withmodified clay platelets

0

20

40

60

80

100

4400 4410 4420 4430 4440 4450 4460 4470 4480 4490 4500
0

20

40

60

80

100

0

20

40

60

80

100

PEO-V+

PEO-Epoxy

%
 In

te
ns

ity

Mass   [m/z]

 

PEO-5000

Figure 7.5: Expansion of MALDI-ToF-MS mass spectra of the pure PEO-5000, the PEO-Epoxy (mid-
dle), and the DMAEMA modified PEO (PEO-V+). The mass specra have been enlarged between 4400
and 4500 g mol−1, equivalent to 100 EO units and covering 2 EO repeat units.

epoxidation, two typical peaks at 2.6-3.2 ppm, representing the epoxy signals have appeared

for the PEO-epoxy. The epoxy signals have disappeared and two specific vinyl bands have

emerged at 5.2-5.6 ppm after the modification from the PEO-epoxy into the PEO-V+ molecule.

PEO-V+ with a Mw of 750 g mol−1 showed an overall conversion of 72 % and a 78 % yield was

obtained for the 2000 g mol−1 PEO-V+. A cationic PEO without a polymerizable vinyl-group

was synthesized by the aminolysis of the PEO-epoxy with TMA in a similar way as described

above. This PEO-N+ was obtained with an overall yield of approximately 74 %, as determined

by 1H-NMR.

Since NMR only provides an overall chemical composition, a more detailed insight into

the molecular structure of the molecules is needed. In addition, MALDI-ToF-MS experiments

were performed. MALDI-ToF-MS enables the analysis of molarmass,i.e. repeat units, end

groups, copolymer composition, as well as overall mass distributions.71,72 MALDI-ToF-MS

experiments were carried out on the pure poly(ethylene oxide) and the subsequent reaction

products leading to the formation of PEO-V+. Figure 7.5 depicts the spectra of the three dif-

ferent steps to the formation of the PEO-V+ molecule. The repeating pattern of the ethylene

oxide unit with a mass of 44 gram per mol can be clearly seen. Comparison of the theoretical

isotopic distributions and the experimentally determinedpatterns of the PEO molecules with a

molecular weight of 5000 and 750 g mol−1 shows that the obtained PEO-epoxy and PEO-V+

are exactly the same as the theoretically expected patterns.
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Emulsion polymerizations in the presence of clay platelets cationically modified by PEO-

based molecules

The adsorption of PEO onto clays from dispersion or melt intercalation can lead to the for-

mation of hybrid structures with a wide range of interestingproperties and important applica-

tions.73 The driving force behind PEO adsorption is entropic in combination with an enthalpic

gain and involves at least partial replacement of the water of the aqueous hydration shell asso-

ciated with the exchangeable cations in the clay galleries.74

Colloidal dispersions of MMT platelets with different PEOs were prepared. The basal

spacing (d001 reflection from XRD analysis) of the dried Na-MMT-PEO composite showed a

molecular weight dependency. Increasing the molecular weight of the PEO results in further

expansion of the clay galleries to accommodate the polymer chains (see Figure 7.6a). A more

significant increase of the basal spacing was observed for the PEO-N+ and PEO-V+ nanocom-

posite dispersions. A strong adsorption and exchange of cationic PEO chains resulted in an

increase of the basal spacing from 1.63 to 2.28 nm for the PEO-5000 and PEO-5000-V+. In-

creasing the concentration of PEO to more than 10 wt% did not result in a larger basal spacing

of the clay platelets.
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Figure 7.6: (a) Basal spacing of Na-MMT as a function of PEO molecular weights (△) and cationic
PEO-V+ molecular weights (�) from nanocomposite dispersions containing 10 wt% PEO. (b)ζ-
Potentials for Na-MMT as a function of concentration PEO and PEO-V+ after addition of PEO and
subsequent centrifugation step at 1500 rpm for 10 min.

Electrophoretic mobilities andζ-potentials at different concentrations of adsorbed PEO and

PEO-V+ are shown in Figure 7.6b. The clay platelet dispersions withPEO-5000 demonstrated

a decrease in theζ-potential from -40 mV to approximately -10 mV for concentrations larger

than 0.5 mmol g−1. The clay dispersions with PEO-V+ showed a more pronounced decrease in

theζ-potential and became positively charged at a value of 75% ofthe CEC. Up to aζ-potential

of almost zero, the sodium cations have been exchanged by thelarge hydrophilic PEO-V+
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molecules and an overall dispersion net charge of approximately zero has been obtained. By

further increasing the concentration of PEO-V+ a cationic dispersion is obtained.

It was found that PEO, PEO-N+, and PEO-V+ strongly adsorb onto the surface of clay

platelets. This adsorption did not influence the colloidal stability or exfoliation of the pla-

telets. These PEO modified clay platelets have been used for the encapsulation experiments

using emulsion polymerization. Starved-feed emulsion polymerizations of MMA in the pres-

ence PEO stabilized LRD and Na-MMT platelets initiated by thenonionic VA-086 initiator

produced latex particles. No strong interaction between the PEO or PEO-N+ modified clay

platelets and the latex particles has been observed. No encapsulation of clay platelets was

found. Almost all the LRD or Na-MMT platelets were observed tobe freely dispersed in the

continuous phase of the latex. This is most likely due to the absence of reactive or polymeriz-

able groups on the PEO chains.

(a) (b) (c)

Figure 7.7: Cryo-TEM micrograph of LRD nanocomposite latex particles prepared via emulsion poly-
merization of cationically modified clay platelets. (a) PEO-V+ modified LRD platelets polymerized
with MMA (entry V5). (b,c) PEO-V+ modified Na-MMT platelets copolymerized with MMA in emul-
sion (entry V8). See Table 7.2 for the compositions of the latex particles.

For the PEO-V+ exchanged LRD and Na-MMT platelets a different behavior was expected

and also observed. It is assumed that the acrylate groups adsorbed on the clays would copoly-

merize with the fed monomer. Polymer would be formed at the surface of the clay platelets

and finally the clay would be encapsulated. Figure 7.7a showsthe hybrid latex particles that

were formed with the fed emulsion polymerization of MMA in the presence of PEO-V+ face-

modified LRD platelets. No encapsulation of the clays inside the latex particles was observed.

However, stable latex particles with a particle size between 50-100 nm covered with plate-

lets were obtained in the presence of LRD. It appears that the PEO-V+ make the clays too

hydrophilic to reside inside the PMMA latex particles. Rearrangement of the copolymerized

PEO-V+ helps to stabilize the latex by operating as a reactive surfactant, hence, the latex par-

ticles are stabilized by the PEO-V+ molecules. As a result only a limited surface of the latex

is accessible for electrostatic interaction with the rigidLRD platelets. This is most likely why
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Figure 7.7a shows a similar picture as the heterocoagulatedstructures reported in Chapter 3.

Encapsulation was also not observed after fed emulsion polymerization of MMA in the

presence of PEO-V+ face-modified Na-MMT platelets, see Figure 7.7b and c. The hydrophilic

surface prevents the encapsulation of the platelets insidethe hydrophobic polymer and re-

arrangement of the PEO-V+ during the polymerization enables the formation of latex particles

that are covered with the PEO molecules. Similar to the polymerization in the presence of

LRD platelets, the latex particles that were formed in the presence of MMT had a particle size

between 50 and 100 nm. Previous observations reported in this thesis have already shown that

the large Na-MMT is flexible and can bend easily. Figure 7.7c clearly demonstrates that the

Na-MMT platelets also slightly bend around the latex particles.

From the experiments based on emulsion (co)polymerizations in the presence of face-

modified clay platelets,i.e. electrostatically or hydrophilic adsorbed molecules, we can con-

clude that encapsulation of the clay platelets was not achieved. Emulsion polymerizations in

the presence of clay platelets, which were face-modified with cationic monomers or cationic

initiators, did produce armored latex particles. The increased hydrophobicity resulting from

the exchange of alkali metal ions with tetra alkyl ammonium cations makes exfoliation and sta-

bilization of the Na-MMT platelets in the continuous phase very difficult and the final compos-

ite latex showed some aggregation. PEO or acrylate-containing PEO molecules have shown to

be significantly adsorbed to the clay platelets. Nevertheless, encapsulation of the clay platelets

was not observed. Stronger electrostatic interaction of cationically modified clay molecules

with PEO-N+ and PEO-V+ indicated that the clay platelets were exfoliated after themodifica-

tion. In the presence of PEO-N+ and PEO-V+ stable latex dispersions were obtained. However,

similar to the previous systems armored latex particles were only formed for the LRD platelets

face-modified with PEO-V+. In the presence of PEO-V+ modified Na-MMT non-spherical

latex particles were found with clay platelets located at the outside of the latex particles.

Although face modification of clay platelets using polymerizable molecules does enable

the formation of functionalized platelets, the cationic monomers and initiators do not provide

enough hydrophilicity to stabilize and exfoliate the clay platelets. PEO-V+ face modification

of the clay platelets does provide sufficient stabilization in aqueous dispersions, nevertheless,

similar to all other face modifications, no encapsulation was obtained. From these experiments

it can be assumed that edge modification would be more suitable for clay platelet encapsula-

tion. The edge-modified platelets would contain chemicallybonded, polymerizable groups

and still maintain its hydrophilicity.
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7.3.2 Encapsulation of chemically edge-modified clay platelets via direct

emulsion polymerization

Chemical edge modification of clay platelets

The previous sections focused on exchanging cations at the clay surface with quaternary

ammonium compounds or the physical adsorption of PEO chainsonto the hydrophilic surface

of clay. Substitution of the stabilizing cations increasedthe clay gallery spacing and affected

the dispersibility in water. Nevertheless, emulsion polymerizations in the presence of these

modified platelets did not result in the encapsulation of either LRD or Na-MMT platelets. In

this section the clay platelets are chemically modified using silanes and titanates with poly-

merizable (meth)acrylic moieties.37,44,51,52,54,75The covalently edge-modified clay platelets are

subsequently polymerized in emulsion, see Figure 7.8. Thisroute uses silanes and titanates

which are able to react with the SiOH groups of the clay platelets. So the reactive organic

groups are immobilized on the clays preventing leaching during polymerization. As explained

in Section 1.2, clay platelets have a structure of one octahedral (Al(Mg)-O4(OH)2) sheet which

is bonded with two Si-O tetrahedral sheets, as shown in Figure 7.9. The ”broken” bonds in

the layer sheets and at the edges of the tetrahedral silica sheets are similarly active to the Si

atom environment as silica, making grafting reactions possible.44,51Recent studies50–54,76have

reported the covalent modification of clay platelets with the grafting of silanes. Silylation oc-

curs predominately at the ”broken” edges of the clay platelets,76 however, interlayer grafting

within the clay galleries is also observed.77–80 In addition, covalent grafting of silane com-

pounds to the clay edges was reported by a number of analytical techniques such as29Si solid

state CPMAS NMR and FTIR spectroscopy.37,52

Figure 7.8: Schematic representation of clay platelet modification with titanates or silanes andthe
subsequent encapsulation via emulsion polymerization with vinyl monomers.

Chemical modifications of inorganic colloidal particles have been reported using isopropa-

nol,82 dichloromethane,13 toluene75 and water83 as reaction medium. In water the reactions can

be catalyzed by both acid and base. Note that a minimum hydrolysis rate is found at pH 7.83 A

scheme of the silane modification of silica particles can be found elsewhere.84 Compared to tri-

alkoxy silanes, the monoalkoxy silanes and titanates have the advantage that they form strong

bonds with OH-group containing minerals without the possibility of self-condensation.13

Table 7.5 summarizes the modification methods, applied conditions and modifier concen-
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Figure 7.9: Polyhedron style of an idealized structure of 2:1 type phyllosilicate with the Si-Otetrahe-
dral sheets and the Al(Mg)-O octahedral sheets.81 The • represents metal elements and� represents
vacancies.

tration for the MMT and LRD platelets. The percentage of modification was determined by

thermogravimetric analysis (TGA). Thermogravimetric analysis of the nascent Na-MMT and

LRD showed a weight loss between 100 °C and 700 °C of approximately 6.5 and 8 wt% re-

Table 7.5: Clay modification of montmorillonite and Laponite platelets determined by TGA and XPS
weight loss(a) Ti content(b)

entry clay modifier medium description [%] [%]

LRD-Si1 LRD MPDS water mixing in batch for 48 h and maintaining at pH 7 2.1 -

LRD-Si2 LRD MPDS water first hydrolysis at pH 3 followed by addition of clay
and setting pH to 7

2.7 -

LRD-Si3 LRD MPDS water addition at 1 mL min−1 to LRD dispersion at pH 3 2.4 -

LRD-Si4 LRD MPDS DCM addition at 1 mL min−1 to LRD dispersion 3.2 -

LRD-Si LRD MPS DCM addition at 1 mL min−1 to LRD dispersion 8.1 -

LRD-Ti LRD KR39DS DCM addition at 1 mL min−1 to LRD dispersion 11.3 11.0

LRD-TTS LRD KRTTS DCM addition at 1 mL min−1 to LRD dispersion 11.6 11.3

Na-MMT-Si1 Na-MMT MPS DCM mixing in batch for 48 h 4.9 -

Na-MMT-Si2 Na-MMT MPS IPA addition at 1 mL min−1 to Na-MMT dispersion 6.8 -

Na-MMT-Si4 Na-MMT MPS water first hydrolysis at pH 3 followedby addition of clay
and setting pH to 7

8.4 -

Na-MMT-Si5 Na-MMT MPS water addition of 1 mL min−1 to Na-MMT dispersion at
pH 3

6.4 -

Na-MMT-Si6 Na-MMT MPDS IPA addition at 1 mL min−1 to Na-MMT dispersion 1.2 -

Na-MMT-Si7 Na-MMT MPDS water first hydrolysis at pH 3 followed by addition of clay
and setting pH to 7

1.4 -

Na-MMT-Si Na-MMT MPS DCM addition at 1 mL min−1 to Na-MMT dispersion 4.9 -

Na-MMT-Ti1 Na-MMT KR39DS DCM addition at 1 mL min−1 to Na-MMT dispersion 7.3 6.9

Na-MMT-Ti2 Na-MMT KR39DS IPA addition at 1 mL min−1 to Na-MMT dispersion 6.0 -

Na-MMT-Ti3 Na-MMT KR39DS water addition at 1 mL min−1 to Na-MMT dispersion at
pH 3

5.8 -

Na-MMT-Ti4 Na-MMT KR39DS water mixing in batch for 48 h 5.4 5.2

Na-MMT-Ti5 Na-MMT KR39DS Tol mixing in batch for 48 h 7.1 -

Na-MMT-Ti Na-MMT KR39DS DCM addition at 1 mL min−1 to Na-MMT dispersion 6.1 5.7

Na-MMT-TTS Na-MMT KRTTS DCM addition at 1 mL min−1 to Na-MMT dispersion 7.3 7.1
(a) As has been determined by TGA with a temperature range between 100 °C and 700 °C.(b) As has been determined by XPS relating the

Ti2p peaks between 458 and 464 eV corresponding to titanate modification with the Si2p peak at 102.8 eV.
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Figure 7.10: Thermogravimetric analysis of weight loss as a function of temperature for unmodified
MMT and LRD, and silane-modified Na-MMT-Si and LRD-Si prepared in DCM.

spectively, as a result of removal of physically adsorbed water, see Figure 7.10. A small weight

loss for both LRD and Na-MMT between 710 and 800 °C was observedwhich may correspond

to the dehydroxylation. It was found that the modification medium was critical to optimize the

grafting process. Grafting reactions performed in water with a pH 7 showed a grafting content

between 2-3 wt% which is approximately 75 % of the theoretical value for MPDS.† By use of

dried toluene and DCM 3.2 wt% of grafted MPDS was obtained, which is comparable to the

theoretical values.50 DCM was also the most favorable modification medium for the Na-MMT

platelets. Reactions of MPDS with Na-MMT in IPA and water wereless effective as a result

of hydrolysis and alcoholysis. Reactions in IPA resulted in grafted contents between 1.2 and

1.4 wt%.

MPS treated LRD and MMT platelets in water and IPA showed significantly higher weight

losses than the theoretical values as a result of strong self-condensation. In DCM these contents

were the lowest and were closest to the theoretical values. Specific loss of the silane modifiers

in the temperature range of 250-600 °C corresponds to the decomposition of organic moieties

of the silane.54 TGA indicated that approximately 4.9 wt% for MPS was graftedto the Na-

MMT clays (Na-MMT-Si) and 8.1 wt% to the LDR (LDR-Si). These values are approximately

twice as high as the theoretical amount if only edge modification is considered and are in

agreement with values presented in literature.37,75 The relatively high values may be caused

by the covalent self-condensation of silanes and, to a lesser extent, by possible partial face

modification.51

Figure 7.11 depicts the theoretical and experimentally determined amounts of grafting for

†The theoretical value for modification was obtained from the number of platelets per gram, the SSA and platelet dimensions listed in
Table 7.4. It is assumed that the surface area taken by a silanemolecule is∼ 0.2 nm2 and for a titanate∼ 0.3 nm2. The theoretical values
assume only edge modification.
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silane and titanate modified MMT and LRD platelets. For both LRDand MMT platelets a sig-

nificant discrepancy is observed between the observed and the theoretical determined weight

loss which has been found when MPS was used. The MPS is known toself-condensate.54,85

Almost no self-condensation was found for the MPDS grafted platelets, shown in Figure 7.11a.

From Figure 7.11b it is clear that the modification of LDR withthe titanate KR39DS produced

platelets with about 11.3 wt% of titanate grafting (LDR-Ti).After modification of Na-MMT

thermogravimetric analysis showed an increase of the organic part of approximately 6.1 wt%

(Na-MMT-Ti).
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Figure 7.11: Thermogravimetric analysis of weight loss as a function of temperature for covalently
edge-modified MMT and LRD platelets. (a) MPSD and MPS silane modified and (b) KRTTS and
KR39DS titanate modified platelets. The lines are the theoretical values and the markers represent data
which has been obtained experimentally.

It can be concluded from TGA analysis that partial self-condensation of the silanes and

grafting to the clay platelets is the most pronounced for themodification performed in water

and IPA. Modifications in aprotic solvents were more suitable for the grafting reactions mini-

mizing the self-condensation of MPS and increasing the grafting of silanes and titanates on the

clays. The titanate and monoalkoxy silane edge modifications of the clay platelets are in accor-

dance with the theoretically determined modifications. Toluene was also a suitable medium for

the grafting, however, the long-range attractive forces ofthe clays hold the platelets together

in stacks when they were dispersed, preventing the ”wetting” of the interlayer cations.

To determine the surface composition and to prove the surface enrichment in the titanate

moieties, XPS measurements were conducted on the dried modified platelets. These XPS

measurements focused on the ratio Si/Ti and Si/C and were in agreement to the data obtained

by TGA (see Table 7.5). Silane modifications were not analyzed by XPS since the clays are

already rich in silicon.

Evidence of covalent grafting between the silanes or titanates on clay is provided by FTIR
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Figure 7.12: FTIR spectra of pure Laponite RD
(1), functionalized Laponite with 3MPS (2, 3) and
pure 3MPS (4).

1800 1700 1600 1500

ν
C=C

c

b

a

A
bs

or
ba

nc
e 

  [
a.

u.
]

Wave number   [cm-1]

ν
C=O

Figure 7.13: FTIR spectra of pure Laponite RD
(a), modified LRD with KR39DS (b), and KRTTS
modified LRD (c).

studies. The FTIR spectra of unreacted LRD are shown in Figures 7.12 and 7.13 (spectra 1 and

a, respectively). Physisorbed water with two distinct bands are observed in the FTIR spectra:

theδOH deformation band around 1640 cm−1 and theνOH stretching frequency around 3450

cm−1. A small shoulder is observed around 3680 cm−1 corresponding to Si-OH and Mg-OH

stretching vibrations. The shoulder became sharper upon grafting of MPS and MPDS. Between

2850 and 2950 cm−1 additional peaks appeared, which are ascribed to the C−H stretch vibra-

tions of the methyl and the methylene groups of the silanes. The characteristic C=C double

bond stretching at 1633-1635 cm−1 of MPS (spectra 4 of Figure 7.12) overlaps with theδOH

deformation band of the LRD with increasing degree of grafting. A strong and unique band at

1700 cm−1 attributed to the hydrogen bonded carbonyl groups of the silane moiety is indicative

for the grafting.86 This band and its intensity increases with the degree of modification.

The presence of titanates on the surface of LRD is depicted in Figure 7.13. The weak and

broad band around 1640 cm−1 overlaps with the C=C double bond stretching at 1633-1635

cm−1 of the KR39DS (Figure 7.13 spectrum b). KRTTS does not containthe acrylate group

(spectrum c), hence only the theδOH deformation band of water was visible. However, both

titanates contained carbonyl groups, whose absorption appeared at around 1700 cm−1. At 2937

cm−1 the C-H stretching mode of the titanate was observed for both LRD and Na-MMT, similar

to those observed for the silane modification of the platelets.

In order to know the CEC of the modified platelets, CEC measurements have been per-

formed using a micro-Kjeldahl distillation of ammonia. TheCEC of the modified LRD-Si pla-

telets was reduced from 54 mequiv 100g−1 for the unmodified LRD to 47 mequiv 100g−1. The

LRD-Ti had a CEC of approximately 48 mequiv 100g−1. Modified MMT clays also showed a

slight decrease in the CEC compared to the unmodified MMT: for Na-MMT-Ti a CEC of 86
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mequiv 100 g−1 and for Na-MMT-Si a CEC of 87 mequiv 100g−1 was obtained. This decrease

of CEC for the modified clay platelets may indicate that a minorpart of the face has also been

covalently modified and/or that the exfoliation of the platelets is strongly hampered. As a con-

sequence some cations are not accessible. Although the facemodification should not affect

the CEC, spacial hinderance of the modifiers could prevent cation exchange resulting in lower

CEC values for the modified clays.

Encapsulation via emulsion polymerization of chemically edge-modified clay platelets

Emulsion polymerizations of MMA in the presence of unmodified LRD and MMT platelets did

not result in encapsulation of the clay platelets inside latex particles.36 Attempts to encapsulate

clays modified by organocations in emulsion polymerizationalso failed, as has been described

in Section 7.3.1. Batch emulsion polymerizations in the presence of covalently modified pla-

telets and surfactants were performed by Herreraet al.,37 but the platelets were observed to

cover the latex particles. If a surfactant-free, batch emulsion polymerization was carried out,

only a small fraction of clay platelets was encapsulated, but the vast majority of the platelets

was located at the surface of the latex particles.

In our work we used surfactant-free, starved-feed emulsionpolymerization to encapsulate

covalently edge-modified clay platelets. Figure 7.14 depicts a cryo-TEM micrograph of the

1 wt% LRD-Si dispersion. The dark lines are LRD platelets with the basal plane oriented

parallel to the direction of the electron beam. Depending onthe defocus, contrast changes of

the micrographs influence the visual thickness of the platelets. The micrograph shows that

individual LRD platelets have a diameter of approximately 25nm and are very well dispersed

in the water phase. The 1 wt% LRD dispersion was not treated further before it was used in

the emulsion polymerization experiments.

Figure 7.14: Cryo-TEM micrograph of LRD-Si platelets dispersed in water with a solid content of 1
wt% stirred at room temperature using a magnetic stirrer bar for 4 days.
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Table 7.6: Recipes for emulsion polymerizations and characteristics of clay-encapsulated latex
particles(a)

modified clay MMA Dn
(c) Dz

(d) clay content in

entry type (wt%)(b) (wt%) [nm] [nm] PDI(d) latex particles (wt%)(e)

DV01 LRD-Ti 6.2 7.08 67± 15 96.2 0.18 3.0

DV02 LRD-Si 6.2 6.89 59± 14 93.7 0.21 3.6

DV03( f ) LRD-TTS 6.1 6.95 214± 28 240 0.29 -

DV04( f ) LRD-Ti 6.1 7.93 53± 12 68.5 0.15 2.8

DV05 Na-MMT-Ti 5.9 7.04 285± 87 351 0.32 3.8

DV06 Na-MMT-Si 6.4 6.98 327± 69 298 0.27 4.8

DV07( f ) Na-MMT-TTS 6.3 7.11 304± 37 282 0.22 -

DV08( f ) Na-MMT-Ti 6.1 7.17 241± 45 263 0.24 3.6

DV09 -(reference) - 7.24 284± 35 296 0.16 -
(a) The concentration of a nonionic water-soluble initiator VA-086 (2,2’-azobis[2-methyl-N-(2-hydroxyethyl)propionamide]) was 0.15 wt%

for all polymerizations.(b) Clay content based on the total solid content from the recipe. (c) Particle sizes determined by TEM; the longest

length was measured in the case of non-spherical particles.(d) z-Average particle diameter obtained by DLS measurements, andpolydispersity

index (PDI) is calculated from cumulant analysis as described in the International Standard ISO 13321.(e) Actual clay content in the latex

particles determined by TGA.( f ) Recipe contains 0.3 wt% of nonionic surfactant NP3070.

Table 7.6 lists the polymerization recipes and some characteristics of clay-encapsulated

PMMA latex particles. Latex particles prepared in the presence of KRTTS modified clays by

surfactant-free emulsion polymerizations did not show anyencapsulation of the clay platelets.

The final latex contained only armored latex particles wherethe clays were located at the sur-

face of the latex. Furthermore, the final particle sizes of composites prepared in the presence of

the KRTTS modified clays (DV03 and DV07) were close to the reference experiment (DV09,

with no clay platelets). Comparing the KRTTS modified TiO2 particles13 with the KRTTS

modified clays allows the conclusion that only hydrophobization of the anisotropic clays is not

sufficient to ensure encapsulation. On the other hand, the acrylate containing silanes (MPS and

MPDS) and titanate (KR-39DS) modified clays were successfully encapsulated by surfactant-

free emulsion polymerizations. The particles containing MMT inside appeared to have similar

size to the reference sample. The size of LRD-encapsulated particles, about 60 nm in diame-

ter, was significantly smaller than the reference, indicating that the PMMA particle growth is

apparently affected by the presence of modified LRD platelets. During the polymerization, the

modified clay platelets may behave like templates, and the final latex particles would be influ-

enced by the initial platelet size. Furthermore, the PDI of the clay-containing latex particles

appeared to be strongly related to the PDI of the clay platelets. LRD is a synthetic clay with a

narrower particle size distribution than MMT. As a consequence, the PDI of LRD-containing

latex particles is smaller than their MMT-containing counterparts, see Table 7.6. It is also

shown in Table 7.6 that 48-75 wt% of clay platelets was successfully encapsulated inside latex

particles. Prior to determination of the encapsulated claycontent the non-encapsulated clay

platelets were removed by centrifugation.

Cryo-TEM was used to examine the particle morphology in the wet state.87 Figure 7.15

shows representative cryo-TEM images of PMMA latex particles containing LRD-Ti. The

black lines in Figure 7.15 are LRD-Ti (a, b) and LRD-Si (c) platelets with its basal plane
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(a) (b)

(c)

Figure 7.15: Cryo-TEM micrographs of PMMA latex particles by emulsion polymerization in the
presence of modified LRD platelets. (a) Complete encapsulation of a LRD-Tiplatelet (DV01). (b)
Partial encapsulation of a LRD-Ti platelet (DV04). (c) MPS modified LRD platelets (DV02) showing
self-condensation of several platelets, forming a clay platelet of∼80 nm partially encapsulated and a
completely encapsulated single LRD-Si particle (indicated by the arrows).

parallel to the electron beam (Entries DV01, DV04 and DV02, Table 7.6). The individual

LRD platelets are disk-shaped with a lateral diameter of∼25 nm and a thickness of∼1 nm.

Depending on the defocus of the objective lens, Fresnel fringes appear on both sides of the

diffracting platelets, which may artificially increase the platelet thickness value.37 The image

defocus can help to examine the particle morphology. Contrast differences and Fresnel fringes

of the latex particles and the platelets differ significantly and suggest that the LRD-Ti platelets
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are encapsulated. Average particle size of the Laponite-containing latex particles was about

60 nm as obtained from TEM (Table 7.6). Figure 7.15b shows a LRD-Ti platelet which is

not completely encapsulated in the latex particle. The partial encapsulation may be the result

of incomplete grafting of titanates to the edges of the LRD platelet. MPS modified platelets

(LRD-Si) showed condensation between different LRD-Si platelets (Figure 7.15c). Linkage of

the clay sheets by self-condensation in the case of trialkoxysilanes shown in this micrograph

has also been found by Wheeleret al.50 The partial encapsulation of several linked LRD-Si

platelets is shown in Figure 7.15c. On the top the∼80 nm self-condensated LRD-Si platelet is

a large latex particle formed, and next to the this particle,a partially encapsulated latex particle

is observed. On the left hand side of the micrograph, indicated by the arrow, an encapsulated

clay platelet inside a latex particle with a diameter of approximately 50 nm can be observed.

Na-MMT-Ti and Na-MMT-Si platelets were encapsulated by thesame procedure as the

LRD-Ti platelets, entries DV05 and DV06, respectively. Figure 7.16a shows the unique,

dumbbell shape of a PMMA/Na-MMT-Ti hybrid latex particle examined by cryo-TEM (En-

try DV05). The black line in Figure 7.16a corresponds to a MMT-Ti platelet, with its basal

plane orientated parallel to the electron beam. As a result of this orientation, the MMT platelet

was clearly visible as a sharp black line. The dumbbell shapeis caused by the presence of a

clay platelet (about 130 nm in length) inside. The unique dumbbell, non-spherical shape88,89

of the latex particles cannot be obtained via emulsion homopolymerizations in one single

step;36,37,90–92batch emulsion polymerization in the presence of unmodified36 or covalently

(a) (b)

Figure 7.16: Cryo-TEM micrographs of PMMA latex particles by emulsion polymerization containing
Na-MMT-Ti, entry DV05 (a). (b) The same particle as in (a) but viewed ata tilt angle of−25◦ (see text
for details).
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modified37 clays led to latex particles surface covered with clay platelets. The starved-feed,

surfactant-free emulsion polymerization conditions,90,93 combined with covalent edge modifi-

cation, appear to be the key to obtain clay encapsulation. Asmentioned earlier both silane and

titanate modification are believed to lead to primarily edgemodification.37,44,52,54,75However,

a recent report51 and our CEC data demonstrated that partial face modification is possible

as well. During the starved-feed, surfactant-free emulsion polymerization, most likely the

PMMA chain would start growing from the methacrylic moiety at the edge (to a certain extent

from the face as well) of modified MMT after the initiation in the aqueous phase, and will

proceed to grow along both sides of the platelet. When the clayplatelet is large enough, like in

the case of Na-MMT-Ti, the presence of the platelet would prevent the uniform growth of the

latex particle, resulting in non-spherical particles. Forthe much smaller LRD-Ti, the effect of

the platelet on the particle shape appeared to be less significant, leading to spherical particles

(Figure 7.15a). In both cases, complete encapsulation of clay platelets in latex particles was

successfully obtained.

It was found from cryo-TEM analysis that not all dumbbell or snowman-like particles

”appeared” to contain clay platelets inside. To clarify thepresence of the clay platelets inside

latex particles, micrographs at several tilt angles of the cryo-stage between−45 and+45◦

were made. The Na-MMT-Ti platelet, clearly visible in Figure 7.16a, seem to ”disappear”

completely at a tilt angle of−25◦ (Figure 7.16b). The tilting of the stage made the basal plane

orientation of Na-MMT-Ti more perpendicular to the electron beam and reduced the diffraction

contrast of the platelet, effectively making it invisible. In addition, we checked a number of

dumbbell-like particles in the tilt angle range from−45 and+45◦; the ”sticking-out” of the

platelet from the particle surface was never observed. The dumbbell or snowman-like shape

of the latex particles, irrespective of the ”visibility” ofclay inside the particle by TEM, further

supported the successful encapsulation of covalently edge-modified clay platelets insides latex

particles.

MMT-Si platelets were also successfully encapsulated inside dumbbell-like PMMA latex

particles (Entry DV06), as depicted in Figure 7.17. We foundthat it was possible to obtain

latex particles with more than one clay platelet inside (Figure 7.17a). Note that when the

sample was tilted at 45◦, only one platelet was visible (Figure 7.17b). The presenceof the clay

platelets inside the latex particles apparently had a significant influence on the shape of the

hybrid latex particles, see Figure 7.17c. The micrograph depicts 4 non-spherical latex particles

with clay platelets inside. The two snowman-like particles, indicated by the arrows, clearly

contain encapsulated clay platelets. On the upper part of the micrograph a part of a dumbbell-

like particle is depicted, which also contains a clay platelet that was observed at a tilt angle

of 30◦ (not shown here). On the lower part an empty latex particle isseen on the left and a

non-spherical latex particle is seen on the right.

Starved-feed emulsion polymerizations stabilized by nonionic NP3070 surfactant in the

presence of the covalently edge-modified clay platelets were also performed. The starting
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emulsions of entries DV03 and DV07 in the presence of the KRTTS hydrophobicized LRD

and MMT platelets appeared to be more stable than the surfactant-free polymerizations. Nev-

ertheless, cryo-TEM analysis of the final latex particles did not reveal the encapsulation of both

LRD and MMT platelets inside the latex particles. The titanate modified LRD and MMT plate-

lets were similarly polymerized in the presence of the nonionic surfactant. Figure 7.15b shows

the final latex of DV04. The latex has an average particle sizeof 68 nm, which is smaller than

(a) (b)

(c)

Figure 7.17: Cryo-TEM micrographs of PMMA latex particles containing (a) MMT-Si and(b) the same
particle as in (a) but viewed at a tilt angle of 45◦. (c) Cryo-TEM micrograph of MMT-Si-encapsulated
PMMA latex particles (entry DV06).
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the surfactant-free polymerizations, but only partial clay encapsulation was observed. For the

polymerization in the presence of Na-MMT-Ti (DV08) a similar decrease in the final particle

size has been observed. The average particle size was reduced from approximately 290 nm for

the surfactant-free polymerizations to roughly 260 nm for the nonionic surfactant stabilized

polymerization.

Scanning electron microscopy (SEM) analysis of latex particles can provide additional in-

formation on the location of the clay platelets. As already shown in Chapters 5 and 6, clay

platelets located on the surface of the latex particles produced rugged surfaces, whereas clays

inside latex particles would produce smooth latex particles. At first glance, Figure 7.18a shows

”normal” spherical latex particles with a minor fraction ofnon-spherical latex particles. How-

ever, a thorough inspection of the micrograph reveals that more than 50% of the latex particles

depicted in Figure 7.18a have a dumbbell or snowman-like shape, or are at least non-spherical.

The variation of the particle shape may be the result of the broad size distribution of the mod-

ified MMT: particles containing smaller MMT platelets tend to be spherical while those with

larger platelets are more likely non-spherical in shape, asdiscussed earlier. The surface of the

latex particles is perfectly smooth, which differs with the rugged surface observed for clay-

covered particles.36,94 This confirms that the clay platelets are not located at the surface of

the latex particles and, instead, they are completely encapsulated inside the latex particles.

SEM micrographs from higher dilutions provided detailed information about the dumbbell

structures, see Figure 7.18b. Figure 7.18b shows dumbbell-like latex particles which contain

MMT platelets. These micrographs of Figure 7.18 clearly demonstrate that the dumbbell-like

particles vary in particle size from 200 to 400 nm.

It should be noted that from both TEM and SEM images a considerable amount of spherical

(a) (b)

Figure 7.18: SEM micrographs of Na-MMT-Ti-encapsulated PMMA latex particles (DV05): (a)
overview of the dried latex and (b) a close look at dumbbell-shaped clay encapsulated latex particles in
highly diluted DV05 dispersion.
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particles are still present when modified MMT was used for emulsion polymerization. Some

of them may be free of clay platelets due to secondary nucleation during the emulsion poly-

merization (on the other hand, the spherical shape does not necessarily imply there is no clay

platelet inside). On the other hand, it is very difficult to determine accurately the amount of

particles with or without clay inside. TEM may offer an indication on the number of particles

with clay, but the ”visibility” of clay by TEM observation strongly depends on its basal plane

orientation, making the counting of clay-containing particles very difficult. Note that to make

sure if a particle contains clay or not, the cryo-stage can betilted for examination, but this is a

very tedious procedure to account for all the particles.
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Figure 7.19: z-Average particle diameter evolution of surfactant-free fed emulsion polymerizations in
the presence of LRD-Ti (◦), LRD-Si (�), Na-MMT-Si (▽), and Na-MMT-Ti (△) clay platelets.

Particle size evolution. The particle size evolution was monitored using DLS analysis dur-

ing emulsion polymerization of MMA in the presence of covalently edge-modified clays. The

average diameter of the starting dispersion was between 50 and 60 nm for the LRD platelets

and around 200 nm for the MMT platelets, as depicted in Figure7.19. During the polymeriza-

tion of MMA the average particle size increased. For the LRD theDz increased from around 50

nm to approximately 70-80 nm. On the other hand the PDI of the dispersion increased signifi-

cantly from 0.18 for the starting dispersion to 0.34 for the final latex dispersion (entry DV02).

The evolution of the Na-MMT platelets showed an increase in diameter up to 290 nm. Also the

PDI increased with increasing polymerization times (from 0.21 to 0.33). After approximately

2 h the average particle size for the LRD and Na-MMT containingpolymerizations remained

relatively constant.

In summary, we demonstrated direct encapsulation of covalently edge-modified clay plate-

lets via surfactant-free, starved-feed emulsion polymerization. With cryo-TEM and SEM we
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showed that small LRD-platelets were encapsulated inside spherical latex particles, whereas

larger MMT-platelets were encapsulated inside dumbbell orsnowman-like non-spherical latex

particles.

7.3.3 Encapsulation of clay platelets via dual functionalization

Recently, Wheeleret al.95,96 published the formation of a nanocomposite prepared viain-situ

solution copolymerization using dual functionalization of LRD platelets. The dual-functiona-

lized particles were covalently modified with silanes and subsequently cation exchanged with

cationic surfactants to improve the compatibility with thehydrophobic solvent. In the previous

section it has been demonstrated the nanocomposite colloidal particles could be synthesized

via fed emulsion polymerization using covalent modification. Nevertheless, the efficiency of

the encapsulation never fully reached 100%. The aim for the dual functionalization is to try

to increase the encapsulation efficiency by using covalently modified platelets in combination

with ion exchange.

Before emulsion polymerization the covalently modified clayplatelets were mixed with

PEO-V+ (two times the CEC) and mixed for 24 h. After centrifugation of the cation ex-

changed platelets to remove excess of PEO-V+ fed emulsion polymerizations were performed

with MMA or styrene. Figure 7.20a depicts the encapsulationof a LRD-Ti platelet inside a

PMMA latex particle. Also a latex is observed with a dual-functionalized LRD platelet at the

surface. This micrograph shows great similarity with the latex particles prepared only by co-

valent titanate modification, which are described in the previous section. DLS analysis of the

final hybrid latex showed aDz of 72 nm with a PDI of 0.26. Reaction DF2 (Table 7.3) with

NP3070 surfactant showed a similar encapsulation behavioras DF1, but theDz and PDI of

the final latex were somewhat lower, 59 nm and 0.18, respectively. For both the surfactant-

free as well as the nonionically stabilized emulsion polymerizations completely encapsulated

LRD-Ti platelets were obtained together with partially encapsulated platelets. In Figure 7.20b

dual-functionalized LRD-Si platelets appeared to be partially encapsulated inside latex parti-

cles. Self-condensated LRD-Si is also observed and form a ”lolly-pop” like structure on the

left side of the micrograph, where the clay is not completelyinside the latex. It seems that

the PEO-V+ modification has no significant influence on the encapsulation behavior for LRD

modified platelets as compared to edge modification only.

A more drastic change in the encapsulation behavior has beenobserved for the dual-

functionalized MMT platelets. Figure 7.20c and d show the final latex particles containing

PEO-V+ functionalized Na-MMT-Ti platelets. Figures 7.20c shows partially encapsulated

MMT platelets similar to the partially encapsulated LRD platelets. Furthermore, large bent

MMT platelets were observed as has been seen with the PEO-V+ modified polymerizations.

Dumbbell-like particles, containing encapsulated MMT platelets were also observed. From

the presented micrographs it can be concluded that PEO-V+ modification of the natural MMT
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(a) (b)

(c) (d)

Figure 7.20: Cryo-TEM micrographs of fed emulsion polymerizations in the presence of dual-
functionalized clay platelets. (a) LRD-Ti platelets which are encapsulated and partially encapsulated,
as indicated by the arrows (entry DF1). (b) Entry DF3 showing self-condensated LRD-Si platelets that
are (partially) encapsulated in latex particles. (c) Shows the partial encapsulation of Na-MMT-Ti pla-
telets (DF6). (d) Dumbbell-like latex particles with clay platelets inside and also partially encapsulated
particles (entry DF8 from Table 7.3).

platelets has no advantageous effect on the encapsulation via fed emulsion polymerization.

Although the MMA polymerization with the edge-modified platelets will produce chemically

bonded polymer, the presence of PEO-V+ molecules enhanced the possibility of the clays

existing in the aqueous phase, instead of being encapsulated by less polar polymers. Copoly-
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merization with the PEO-V+ increased the hydrophilicity of the polymer and the PEO-V+ may

even behave as a polymerizable surfactant, giving the latexincreased stability. In the absence

of nonionic surfactants, the number of dumbbell shaped latex particles, as has been observed

in Figure 7.16, is increased significantly. Figure 7.20d shows two dumbbell-like latex particles

which contain clay platelets inside.

In addition to the emulsion polymerizations of PEO-V+ cation exchanged LRD-Ti and

Na-MMT-Ti platelets, CTAB exchanged platelets were prepared (entry DF7 in Table 7.3).

The CTAB-MMT-Ti platelets appeared to be not dispersible in water and the CTAB-LRD-Ti

platelets appeared to be slightly dispersible in water. Fedemulsion polymerizations of both

hydrophobicized platelets did not produce (single) platelet encapsulated latex particles and

only large aggregates with a diameter≫ 1 µm were formed. A second route was also investi-

gated by first dispersing the CTAB-LRD-Ti and CTAB-MMT-Ti platelets in MMA, followed

by emulsion polymerization. The dispersion showed significant sedimentation of the modi-

fied platelets indicating the incomplete exfoliation of both platelets. Fed and batch emulsion

polymerizations of the hydrophobicized platelets were notsuccessful.

Summarizing the dual functionalization, it can be concluded that dual functionalization did

not prove to be a successful extension to the covalent edge modification of clay platelets for the

encapsulation purpose. Emulsion polymerizations in the presence of PEO-V+ face-modified

LRD-Si and LRD-Ti platelets resulted in the complete encapsulation, but did not show any

improvement. For larger MMT platelets, the dual functionalization even seems to be counter

productive.

7.4 Film formation

The film formation of the polymer encapsulated and partiallyencapsulated clay platelets was

also investigated. Film formation from a heterogeneous aqueous latex dispersion into a (trans-

parent) film is a complex physical process. The effect of particle size and (inorganic) additives

on film formation and especially on coalescence has been studied for many years.97 Figure 7.21

shows SEM micrographs of DV05 latex particles dried at room temperature. Since the drying

occurred at a temperature much lower than theTg of the polymer, film formation was prevented

and the settling of the latex particles can be observed. Figure 7.21a shows clusters of latex par-

ticles in the presence of several large MMT platelets. Aftercentrifugation of the latex a more

evenly spreading of the latex was observed, as shown in Figure 7.21b. This figure clearly

shows the relatively large PDI of the latex (PDI= 0.32) and the anisotropy of the dumbbell

or ”snowman-like” composite latex particles. As a result ofthe dumbbell-like morphology of

the clay encapsulated latex particles, orientation of the clay platelets as has been proposed in

Section 1.4 was not achieved. Most probably the clay platelets are perpendicularly oriented on

the substrate surface, whereas the desired orientation would be parallel.

Although clay platelet orientation was not in the desired direction, X-ray analysis of the
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(a) (b)

Figure 7.21: DV05 latex particles observed with scanning electron microscopy before centrifugation
(a) and after centrifugation (b).

latex did not show any clay aggregates in the final film. The X-ray diffraction patterns of the

polymer-clay nanocomposite films from LRD containing latex particles (DV01) and Na-MMT

containing latex particles (DV05) are shown in Figure 7.22.Both nanocomposite films were

obtained after heating for 24 h at 120 °C. The diffraction patterns reveal no observable clay

basal spacing in the polymer films and complete exfoliated polymer-clay nanocomposite films

are achieved.
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Figure 7.22: X-ray diffraction patterns of polymer-clay nanocomposite films from LRD containing
latex particles (DV01) and Na-MMT containing latex particles (DV05).
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7.5 Conclusions

Although modification of clay platelets using face, edge andeven dual functionalization has

been published in literature, complete encapsulation of the clay platelets inside latex particles

has not been achieved thus far. In this chapter we have investigated each of the approaches and

succeeded in the complete encapsulation of the small LRD platelets and the larger montmoril-

lonite platelets. Only physical face modification using theexchange of cationic initiators and

monomers resulted in the formation of armored latex particles. The increased hydrophobicity

from the cationic modifying molecules influenced exfoliation and stabilization of the platelets.

A new molecule has been synthesized (PEO-V+) which combines a single cationic group, with

a long hydrophilic chain and a polymerizable acrylate groupall in one. The cationically mod-

ified clays with the cationic PEO (PEO-N+) and PEO-V+ were polymerized in emulsion and

stable latexes were obtained. However, similar to the previous systems armored latex particles

were formed for the LRD platelets.

Encapsulation of covalently edge-modified clay platelets via surfactant-free, starved-feed

emulsion polymerization is successful. With cryo-TEM and SEM we showed that small LRD

platelets were encapsulated inside spherical latex particles, whereas larger montmorillonite

platelets were encapsulated inside dumbbell-like or snowman-like, non-spherical latex parti-

cles. The dual functionalization (i.e. face- and edge-modified) of clay did not provide extra

advantage for the encapsulation purpose. For LRD the dual functionalization appeared to

produce the same results as for the chemically modified polymerizations, whereas for mont-

morillonite the presence of large quantities of hydrophilic reactive PEO molecules worked

adversely. Film formation of the polymer encapsulated clayplatelets resulted in exfoliated

polymer-clay nanocomposites.
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Chapter 8

Epilogue

Evaluation of research

The encapsulation of inorganic particles with a layer of polymer using emulsion or inverse

emulsion polymerization techniques has been a successful approach for almost two decades.

Most common are the encapsulations of carbon black, titanium dioxide and silica. Also yeast

cells and gold particles have been covered with polymer. Recently, interest has grown for the

encapsulation of natural layered silicates, better known as clay platelets, and the formation

of subsequent polymer-clay nanocomposites. In general, polymer-clay nanocomposites offer

improvement in mechanical properties which are an order of magnitude stronger than normal

polymeric materials. The large aspect ratio of the clay platelets combined with their high

surface energy presents a challenge to form an inherently lower-energy state of a polymer

layer around the platelet. The inorganic platelets are hydrophilic and surface modifications are

often needed to make the particles lipophilic and dispersable in organic media. The aim of this

PhD research was to investigate whether clay platelets could be encapsulated in polymer latex

particles and form anisotropic latex particles for coatingapplications. To realize this aim, two

different methods have been investigated:

Physical approach:

heterocoagulation of exfoliated clay platelets in dispersion with oppositely charged latex

particles, followed by a heat treatment, which would allow the polymer to spread and

cover the clay platelet with a polymeric film;

Chemical approach:

in-situpolymerization in the presence of native, face-, edge-, or dual-functionalized clay

platelets in conventional or inverse emulsions.
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Encapsulation of clay platelets by a physical approach, heterocoagulation, is only feasible

by electrostatic attraction between the negatively charged clay platelets and positively charged

latex particles. Before starting the heterocoagulation, weinvestigated different methods for

synthesizing small latex particles bearing different cationic charge densities (Chapter 2). The

choice to use the small (< 30 nm) cationic latex particles was motivated by the relatively small

thickness of the clay platelets (1 nm) and the necessity to produce a thin polymeric film around

the clays. Once covered with latex particles, the film formation of the latex would produce a

thin polymeric layer at the surface of the clay and hence polymer encapsulated clay platelets

would be prepared. Using larger (> 50 nm) latex particles influenced the heterocoagulation

process. It was paramount to minimize the formation of water-soluble polyelectrolytes during

the latex preparation, since they act as bridging flocculants for clay platelets during the hete-

rocoagulation process. The investigation showed that emulsion (co)polymerization of amine

or ammonium-containing monomers produced significant amounts of water-soluble polyelec-

trolytes and therefore this process was dismissed. An alternative approach by copolymeriza-

tion of iBMA and GMA and the subsequent aminolysis of the epoxygroup at the surface of

latex particles resulted in the formation of highly chargedcationic latex particles. A cova-

lently bonded charge density up to 100µequiv g−1 was achieved by either surfactant-free or

nonionically stabilized emulsion polymerization.

Although heterocoagulation of the cationic latex particles with clay platelets was accom-

plished, stable heterocoagulated colloidal particles were never obtained (Chapter 3). The

multi-charge character of latex particles, similar to multi-valent ions, appeared to be disad-

vantageous; the highly charged latexes acted as flocculating agents for the clay platelets. A

further complicating factor in the heterocoagulation process is the visualization of the clay

platelets. Since clay platelets are only 1 nm thick, they areonly observable by cryo-TEM

when their basal planes are oriented in the direction of the electron beam. To circumvent the

charge sensibility of the clays, model colloidal platelets, gibbsites, were synthesized. These

colloidal platelets did not form the so-called ”card house”structures in aqueous dispersions as

are characteristic for clay platelets. Stable colloidal heterocoagulates were prepared at differ-

ent concentrations and at different ratios of spherical particles to platelets (NS/NP). Like for all

colloidal systems, the ionic strength of the dispersion played a significant role in the formation

and the stability of the heterocoagulation process. Also the NS/NP ratio influenced the forma-

tion of heterocoagulates. At low ratios multi-layered aggregates were formed but by increasing

the ratio, stable single heterocoagulated platelets were formed. Classical DLVO calculations

supported these findings. Morphological analysis of the heterocoagulated colloidal particles by

AFM and cryo-TEM clearly indicated the formation of a singlelayer of spheres adsorbed onto

the surface of the gibbsite platelets. Annealing of the latex particles at a temperature above the

glass transition temperature of the latex polymer (Tg) resulted in a thin polymer layer covering

the gibbsite platelets.

166



Epilogue

The next step was the investigation of polymer encapsulatedclay platelets using the chem-

ical approach. This approach of encapsulating clay platelets usingin-situ polymerizations

would encompass finding a solution for the opposing nature ofthe ingredients; clay platelets

being hydrophilic and polymer, generally being hydrophobic. We wondered whether inverse

emulsion polymerization might be the solution to circumvent the problem of hydrophilicity

(Chapter 5). The hydrophilic clays were dispersed in an aqueous monomer solution and an

inverse emulsion of this dispersion in an organic continuous phase was prepared. It was as-

sumed that after polymerization the clays would reside inside the aqueous polymer and poly-

mer encapsulated clay platelets would be formed. Hybrid latex particles were synthesized,

but electron microscopy analysis of the hybrid particles revealed that the latex particles with

rugged surfaces were obtained. This is a clear evidence thatthe clay platelets were preferen-

tially partitioned at the surface of the latex particles. The latexes synthesized in the presence of

gibbsite and montmorillonite had an average particle size of approximately 300 nm, whereas

the latexes in the presence of Laponite formed hybrid particles with a size in the order of 60-80

nm. This partitioning behavior was assumed to be caused by the low radical flux, which would

enable the platelet to migrate away from the polymer during the polymerization. Attempts to

encapsulate clay platelets using pulsed electron beam (PEB)initiation were investigated, in

the hope that the high radical flux by PEB would enable clay platelet encapsulation. How-

ever, this approach did not result in polymer encapsulated clay platelets either. Clarification

of the unsuccessful encapsulation was provided by cryo-TEMinvestigation. This analysis of

the inverse emulsions showed that the surfactant (Span 80) formed large aggregates and even

oriented structures. Addition of clays to the inverse emulsion recipe showed that the clay pla-

telets were not distributed inside the water phase, but at the interface between the water and

organic medium, leading to the so-called armored latex particles.

Recent molecular level computational studies to determine the interaction between exfoli-

ated clay platelets in aqueous dispersions with Span 80 or growing polymer chains were per-

formed in collaboration with the Molecular Simulation (MOSE) Laboratory in Trieste (Italy).

Results show that the interaction energy between clay/water and the interaction energy be-

tween clay/acrylamide are much stronger than the interaction of clay/Span 80. As a result,

the simulations have shown that the clay platelets would stay in the aqueous phase instead of

being located in the continuous cyclohexane phase or the interface of water and cyclohexane.

It appeared that the emulsification process rather than the chemical/physical interaction is the

predominant factor in the formation of the final armored-latex particles.

Since clays appear to partition at the interface in inverse emulsions, this behavior was

used advantageously (Chapter 6). Surfactant-free inverse emulsion polymerization by using

organically modified clay platelets as stabilizers produced colloidally stable inverse Pickering

emulsions and inverse latexes were successfully obtained.

The edge and face modification of clay platelets to favor encapsulation was elaborated in

Chapter 7. Although modification of clay platelets using face, edge and even dual functional-
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ization has been discussed in literature, complete encapsulation of the clay platelets inside latex

particles, to the best of our knowledge, has not been achieved earlier. Emulsion polymeriza-

tions in the presence of face-modified clay platelets by cationic initiators/monomers resulted

in the formation of armored latex particles. To decrease thehydrophobicity of the cation-

exchanged clay platelets a new molecule has been developed and synthesized. This molecule

combines a single cationic group, a long hydrophilic chain (PEO-N+) and a polymerizable

acrylate group all in one (PEO-V+). The cationically modified clays were polymerized in

emulsion and stable latexes were obtained. However, armored latex particles were formed as

well. It is believed that physical adsorption is not strong enough to encapsulate clay. Covalent

edge modification of clay platelets using polymerizable titanates and silanes and subsequent

surfactant-free, starved-feed emulsion polymerization successfully resulted in encapsulation

of clay platelets. The starved-feed emulsion polymerizations suppressed the rates of polymer-

ization and limited the formation of ”empty” latex particles. Cryo-TEM and SEM showed

that small Laponite clay platelets were encapsulated inside spherical latex particles, whereas

larger montmorillonite platelets were encapsulated inside dumbbell-like or snowman-like non-

spherical latex particles. Similar to the inverse emulsionpolymerizations in the presence of

clay platelets, a template effect of the clay sizes was also observed. In the presence of small

Laponite platelets (D ≈ 25 nm) much smaller latexes were formed than in the presence of the

much larger montmorillonite platelets (D > 150 nm). Dual functionalization (i.e. face and

edge modification) also enabled the encapsulation of clay platelets inside latex particles. For

Laponite similar results as for the chemically modified polymerizations were found, whereas

for montmorillonite the presence of large quantities of hydrophilic reactive PEO molecules

worked adversely. Polymer encapsulated clay platelets were subject to film formation, which

resulted in an exfoliated polymer-clay nanocomposite.

In conclusion, the encapsulation of inorganic platelets, thin clay platelets in particular, by

polymer has proven to be possible by this PhD research.

Future research

This research on the complete encapsulation of clay platelets inside latex particles is a first

step towards orientation of clay platelets inside a polymerfilm and increased amount of clay

platelets in the polymer-clay nanocomposite. Of course there are still many challenges ahead

for optimization of polymer encapsulated clay platelets and valorization of nanocomposite

particles.

An important issue of the encapsulation is the control over the morphology of the latexes.

An evident challenge is the visualization of the evolution of the dumbbell-shaped, polymer

encapsulated clay platelets. Cryo-TEM analysis during the polymerization will provide infor-

mation on the initiation: does polymerization start at the surface of the clay platelets or do

growing latex particles propagate with the acrylate groupsat the surface? A very interesting
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challenge is to induce a more plateletlike morphology of thecomposite latex. This morphology

of the latexes could be obtained via an extension of the presented in-situ emulsion polymer-

ization in the presence of a non-polymerizable solvent; thesolvent can be evaporated after the

polymerization, which as a result would lead to an anisotropic particle. Possibly more feasi-

ble is controlled polymer grafting for single clay platelets from chemically bonded initiator

moieties for controlled radical polymerizations (CRP) such as RAFT (Reversible Addition-

Fragmentation Chain Transfer) or NMP (Nitroxide Mediated Polymerizations).1 One has to

keep in mind that the platelets have to remain in a stable colloidal dispersion during the emul-

sion polymerization, therefore a prerequisite for the CRPs isthe absence of multi-valent ions

like Cu2+, Fe2+ and Mg2+.

Micelles and vesicles are capable of encapsulating inorganic particles2 and it is also known

that cationic surfactant molecules can form surfactant bi-layers or hemi-micelles around clay

platelets.3 Using the surfactant encapsulation a new route of micelle-encapsulated clay plate-

lets and subsequent (controlled) emulsion polymerizationmight lead to the encapsulation of

clays.
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Samenvatting

Gedurende de afgelopen decennia zijn er vele polymeer-kleinanocomposieten ontwikkeld.

Een aantal ervan is reeds gevaloriseerd. De drie meest gebruikte methoden voor de bereiding

van polymeer-klei nanocomposieten zijn intercalatie vanuit een polymerensmelt,in-situ poly-

merisatie en exfoliatie-adsorptie. De toevoeging van geringe hoeveelheden klei aan een poly-

meer zorgt al voor aanzienlijke verbeteringen van de materiaaleigenschappen, zoals sterkte en

stijfheid. Een groot nadeel van de huidige productiemethoden is echter de beperkte ontvouwing

en orïentatie van de kleiplaatjes en de uiteindelijke polymeren film.

Het doel van het onderzoek dat is beschreven in dit proefschrift was het maken van an-

isotrope (niet ronde) polymeer ingekapselde kleiplaatjesvoor coating toepassingen. Hiervoor

zijn twee verschillende benaderingen onderzocht: (i) een fysische aanpak waarbij latexbol-

letjes met een lading tegengesteld aan die van de kleiplaatjes door heterocoagulatie aan het

oppervlak van de uitgevouwen kleiplaatjes worden gebonden. Na het heterocoagulatieproces

worden de latexdeeltjes gesmolten bij een temperatuur hoger dan de glasovergangstempera-

tuur. (ii ) Een chemische benadering via conventionele en via inverseemulsiepolymerisatie in

de aanwezigheid van uitgevouwen kleiplaatjes.

Voor de fysische aanpak zijn positief geladen latexbollen met negatief galaden synthetis-

che Laponite en met natuurlijke montmorillonite kleiplaatjes gecoaguleerd. Een nieuwe aan-

pak om positief geladen latexbollen te maken is uitgevoerd,gebaseerd op een reactie van de

aan het oppervlak van de polymeerdeeltjes gebonden epoxygroepen met een trialkylamine.

Via deze wijze werden positief geladen latexdeeltjes verkregen zonder de vorming van water

oplosbare polyelektrolieten. Colloı̈daal stabiele clusters van kleideeltjes en de positieve la-

texbollen waren hierdoor echter moeilijk te verkrijgen omdat de aanwezigheid van de sterk

positief geladen latexbollen en het meervoudige ladingskarakter ervan resulteerden in om-

vangrijke flocculatie. Om het concept van heterocoagulatieaan te tonen werden in plaats van

klei, gibbsietplaatjes met colloı̈dale afmetingen gebruikt. In tegenstelling tot de kleiplaatjes

zijn gibbsietplaatjes positief geladen en daarom zijn negatief geladen latexbollen gebruikt bij

de heterocoagulatie experimenten. Gecontroleerde heterocoagulatie (benadering gebaseerd op

het fysisch inkapselen) van gibbsietplaatjes met verschillende bolvormige deeltjes heeft geleid

tot de vorming van anisotrope colloı̈dale hybride deeltjes. Het smelten van de aan de gibbsiet-

plaatjes geadsorbeerde latexbollen bij temperaturen boven de glasovergangstemperatuur van

het polymeer heeft geleid tot de vorming van een dunne polymeerfilm die de gibbsietplaatjes
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bedekt. Hierdoor zijn anisotrope, door polymeer ingekapselde gibbsietdeeltjes gevormd.

Bij de chemische aanpak is gebruik gemaakt van het hydrofiele karakter van de kleiplaat-

jes. Hierbij werd verondersteld dat de kleiplaatjes via eeninverse emulsiepolymerisatie in-

gekapseld konden worden. Een water-in-olie emulsie werd gevormd door de kleiplaatjes

te dispergeren in een waterige oplossing van monomeer en te dispergeren in de organische

fase. Na polymerisatie zijn hybride latex deeltjes van polyacrylamide met een ruw oppervlak

gevormd, wat een duidelijke indicatie is van een niet-volledige inkapseling van de kleiplaatjes

in de polymeerdeeltjes. Cryogene transmissie-elektronenmicroscopie (cryo-TEM) van water-

in-olie emulsies laat zien dat de hydrofiele kleiplaatjes zich bij voorkeur bevinden aan het

grensvlak van de twee niet-mengbare vloeistoffen. In plaats van te verhinderen dat de kleiplaat-

jes naar het water-olie grensvlak migreren tijdens de inverse emulsiepolymerisatie, zijn organ-

isch gemodificeerde kleiplaatjes als oppervlakte actieve deeltjes toegepast in de zeeploze in-

verse emulsiepolymerisatie. Op deze manier is het gelukt omin cyclohexaan latexdeeltjes te

maken door de inverse emulsiepolymerisatie van colloı̈daal stabiele Pickering emulsies. Deze

polymerisatie werd gestart door olie-oplosbare en wateroplosbare initiatoren.

Om de inkapseling van kleiplaatjes in polymeer te bewerkstelligen is een chemische mo-

dificatie van kleiplaatjes noodzakelijk. Hiervoor is als eerste een elektrostatische oppervlak-

temodificatie van de kleiplaatjes uitgevoerd met behulp vanpositief geladen initiatoren en

monomeren. Na polymerisatie werden in beide gevallen ’gewapende latexdeeltjes’ gevormd,

waarbij de kleiplaatjes aan het oppervlak van de latexbollen bevestigd zijn. Deze oppervlakte-

modificatie resulteerde in hydrofobe kleiplaatjes die zeerbeperkt in water te dispergeren zijn.

Het uitvouwen van deze hydrofobe kleiplaatjes was daarom beperkt mogelijk. Om een meer

hydrofiel kleideeltje te verkrijgen is er een nieuw positiefgeladen, hydrofiel polyethyleen ox-

ide molecuul met een polymeriseerbare groep ontwikkeld. Dit molecuul zorgt ervoor dat na

het aanbrengen van de elektrostatische modificatie de gemodificeerde kleiplaatjes colloı̈daal

stabiel blijven in de waterfase. Ondanks de potentie van ditop polyethyleen oxide gebaseerde

molecuul zijn er na de emulsiepolymerisatie in aanwezigheid van de gemodificeerde kleiplaat-

jes geen door polymeer ingekapselde deeltjes verkregen. Dereden hiervoor is dat de elektro-

statische oppervlakte-interacties tussen het (groeiende) polymeer en de kleiplaatjes niet groot

genoeg zijn om het inkapselen van de kleideeltjes in polymeer te bewerkstelligen. Als gevolg

daarvan zijn gewapende latexdeeltjes gevormd. Om een goedehechting van het polymeer

aan de kleideeltjes te stimuleren zijn chemische modificaties aan de randen van de kleiplaat-

jes aangebracht. Hierbij is gebruik gemaakt van silanen en titanaten, die covalente bindingen

kunnen vormen. Polymerisaties in aanwezigheid van niet-polymeriseerbare titanaten wezen

uit dat er onvoldoende interactie bestond tussen het polymeer en de kleiplaatjes, waardoor

het inkapselen van de kleiplaatjes in het polymeer niet mogelijk was. Daarentegen heeft de

emulsiepolymerisatie in de aanwezigheid van kleiplaatjesdie aan de randen zijn gemodificeerd

met polymeriseerbare silanen en titanaten, wel geleid tot het volledig inkapselen van Laponite

en montmorillonite kleiplaatjes in polymeer. De succesvolle inkapselen van kleiplaatjes in
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polymeer blijkt mogelijk door gebruik te maken van zeeploze, ”starved-feed” emulsiepoly-

merisatie. Met behulp van cryo-TEM en scanning-elektronenmicroscopie (SEM) is aange-

toond dat de kleine Laponite plaatjes ingekapseld zijn in ronde latexdeeltjes en dat de grotere

montmorillonite plaatjes dumpbel-achtige of sneeuwpop-achtige anisotrope latexdeeltjes vor-

men. Hiermee is bewezen dat de vorming van in polymeer ingekapselde anorganische plaat-

jes mogelijk is. Dit geldt met name voor dunne kleiplaatjes.Het dubbel functionaliseren

(oppervlakte- en randmodificatie) van kleiplaatjes heeft ook geleid tot de vorming van in poly-

meer ingekapselde latexdeeltjes. Voor Laponite zijn vergelijkbare resultaten verkregen als

voor de polymerisaties met aan de randen gemodificeerde plaatjes. De aanwezigheid van grote

hoeveelheden hydrofiel-reactief-polyethyleen-oxide heeft een negatief effect op het inkapselen

van de montmorillonite plaatjes in polymeer. Hierdoor zijnmaar een beperkt aantal kleiplaatjes

in polymeer ingekapseld. Ten slotte is gebleken dat filmvorming van polymeer ingekapselde

kleiplaatjes heeft geleid tot een compleet uitgevouwen polymeer-klei-nanocomposiet.
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A variety of polymer-clay (PCl) nanocomposites have been developed over the past decades

and several of them have been commercialized now. Melt intercalation,in-situ polymeriza-

tion and exfoliation adsorption are the most commonly employed methods for the preparation

of PCl-nanocomposites. The addition of small amounts of clayto polymers has improved

their material properties significantly. However, the current preparation methods suffer from

insufficient clay platelet exfoliation and orientation in the finalmaterial.

The main objective of the PhD research as described in this thesis is the formation of

anisotropic polymer encapsulated clay platelets for coating applications. Two different ap-

proaches were investigated to synthesize the polymer encapsulated clay platelets: (i) a physi-

cal approach where oppositely charged latex particles wereheterocoagulated onto the surface

of exfoliated clay platelets followed by an annealing step at elevated temperatures and (ii ) a

chemical approach where direct or inverse emulsion polymerizations were performed in the

presence of clay platelets.

For the physical approach of heterocoagulation, cationically charged latexes were coagu-

lated onto the oppositely charged surface of synthetic Laponite and natural montmorillonite

clay platelets. A novel approach of cationic latex formation, using the aminolysis of epoxy

group containing latexes, resulted in highly charged cationic latex particles without the forma-

tion of disadvantageous water-soluble polyelectrolytes.Nevertheless, stable colloidal hetero-

coagulates were difficult to form as a result of the multi-charge characteristic of the latexes,

which induced massive coagulation of the clay platelets. Model colloidal, gibbsite, plate-

lets were synthesized instead and heterocoagulated with oppositely charged anionic latexes

to prove the concept of plate encapsulation. Controlled heterocoagulation (physical encapsu-

lation approach) of gibbsite platelets and different spherical particles led to the formation of

stable anisotropic colloidal hybrid particles. Annealingof the latex particles at a temperature

above the glass transition temperature of the latex polymer, resulted in a thin polymer layer

covering the gibbsite platelets and anisotropic hybrid particles were prepared.

In addition, it was assumed that hydrophilic clay plateletscould be encapsulated using

an inverse emulsion polymerization procedure. The clay platelets, dispersed in an aqueous

monomer solution were emulsified in an organic medium. Hybrid latex particles of poly-

acrylamide with rugged surfaces were obtained clearly suggesting that the platelets were not

completely encapsulated. Systematic study of the inverse emulsion formation using cryogenic
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transmission electron microscopy (cryo-TEM) showed that the hydrophilic clay platelets were

preferentially partitioned at the interface between the two immiscible liquids. Instead of pre-

venting the clay platelets to act as surface active agents and force them inside the latex, this

behavior has been used to prepare surfactant-free inverse emulsions by using organically mod-

ified clay platelets as stabilizers. Inverse latexes were obtained successfully by the polymeriza-

tion of colloidally stable inverse Pickering emulsions initiated by both oil-soluble AIBN and

water soluble VA-086 initiators.

In order to encapsulate clay platelets using a chemical approach ofin-situ polymerization,

modification of the clay platelets has to be performed. First, an electrostatic face modifica-

tion of the clay platelets using cationic initiators and cationic monomers has been used. After

polymerization, so-called armored latexes were obtained.The face modification formed clay

platelets with a limited dispersibility in water and as a result of this hydrophobization a new

molecule containing a cationic charge, a hydrophilic polyethylene oxide (PEO) chain and a

polymerizable acrylate group was developed. This moleculeenabled the stabilization of the

clay platelets in the aqueous phase after its modification. Despite its potential, clay platelets

were not encapsulated inside latex particle during emulsion polymerization. It appears that the

electrostatic face interaction of the (growing) polymer with the clay platelets is insufficient to

have grafting at the surface and as a result polymer latex particles are formed with the clay

platelets at the surface. To provide a durable grafting at the surface of the clays, chemical

edge modification using covalently bonded silanes and titanates has been performed. Non-

polymerizable titanate modification appeared not to provide sufficient interaction between the

platelet and the polymer, hence no encapsulation was observed. On the other hand, edge

modification with polymerizable titanates and silanes resulted in the complete encapsulation

of Laponite and montmorillonite clay platelets. The encapsulation of the covalently edge-

modified clay platelets was possible via surfactant-free, starved-feed emulsion polymerization.

With cryo-TEM and scanning electron microscopy it was demonstrated that small Laponite

platelets were encapsulated inside spherical latex particles, whereas larger montmorillonite

platelets were encapsulated inside dumbbell-like or snowman-like non-spherical latex parti-

cles. In conclusion, the encapsulation of inorganic platelets, thin clay platelets in particular, by

polymer has proven to be possible. The dual functionalization (i.e. face- and edge-modified)

also enabled the encapsulation of clay platelets inside latex particles. For Laponite the dual

functionalization appeared to produce the same results as for the chemically modified polymer-

izations, whereas for montmorillonite the presence of large quantities of hydrophilic reactive

PEO molecules worked adversely. Finally, film formation of the polymer encapsulated clay

platelets resulted in a completely exfoliated polymer-clay nanocomposite.
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