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Abstract

Nanotechnology has been developed for decades and various nanomaterials were
created and discovered. To apply these nanomaterials in advanced applications,
dispersion techniques are the key issue for utilizing the novel nanomaterials. In the
literatures, a variety of dispersion methods involving chemical and physical
approaches were proposed. Howeyver, these ‘techniques are still not meeting the
requirements for the applications, 'I;herefore, we establi.shed a new dispersion method
based on the concept of using thead;:s%'m'ct difference of geometric shapes of
nanomaterials namely, “Geometric-Shape lnhomogeneity Factor” (GIF) for Dispersion.
Various nanomaterials, including carboﬁ nanotubes, carbon blacks, carbon
nanocapsules, silver nanoparticles, iron-oxide nanoparticles, hydrophobic conjugated
polymers and organic pigments were selected to generalize the GIF. All practical
applications have been successfully improved on utilizing GIF for dispersing

nanomaterials.
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Chapter 1. Introduction of Dispersion Techniques for

Nanomaterials

1.1. History and Development of Nanotechnology and Dispersion Techniques
Nanotechnology has been widely developed since the special-analytical
microscopes were invented such as scanning electron microscopy (SEM),*
transmission electron microscopy (TEM)? and atom force microscopy (AFM).® By
using these advanced instruments, various nanomaterials were discovered, created and
synthesized including silver nanopafticles (AgNPs),4 iron-oxide nanoparticles (FeNPs),
carbon blacks (CBs),> carbori nan0ca.pé.lt:.“;ll'r:l:.'es's--(CNCs),6 carbon nanotubes (CNTs),’
graphenes, ® clays, ° organic . pigments -}OPS),_“’ self-assembly of polymers, ™

13

proteins’? and surfactants,*® etc. These"new ‘materials have excellent physical and

chemical properties and many creative applications were proposed, for example,

4

antimicrobials, ** superhydrophobic surfaces, *° electromagnetic interferences, *°

8

mode-locking laser absorbers,*” flame retardant materials, ** nanocomposites, *°

O etc. However, the nanomaterials easily formed aggregation and

nanocarriers, 2
hindered their advanced applications. The strong aggregation between nanomaterials

are due to the higher aspect-ratio, large surface area and strong interaction forces of

van der Waal attraction, hydrophobic entanglement, =- = stacking, ionic absorption.

-12 -



In the literatures, various ideas and approaches were proposed and applied in
dispersing nanomaterials. These dispersion techniques can be classified into two sorts,
one is chemical surface modification (By Covalent Bonding), and the other is physical
absorption surface modification (By Noncovalent Bonding). The chemical surface
modification on nanomaterials showed effectively promotion in dispersion. Physical
absorption surface modification is the alternative approach to reduce the aggregation
and enhance the dispersed stability through noncovalent bonding such as ionic forces,
hydrophobic attractions, hydrogen bonding, van der.\Waal and hydrophilic interactions,
etc. The chemical and physical :methods xappl_ie,d in.dispersion of CNTs, CBs, CNCs,

AgNPs, FeNPs, CPs and OPs were describéEi-'ih the following sections.

-13 -



1.1.1. Dispersion Techniques for Carbon Nanotubes

CNTs have superior chemical and physical properties because of their high
aspect-ratio dimension and the conjugated character of individual tubes.?* Due to their
unique conducting properties, numerous applications have been reported, for examples
flat panel field-emission displays, nanoelectronic devices, chemical sensors, batteries,
and so forth.?? However, the CNTs tend to aggregate through their lengthy geometric
shape and strong van der Waals force attraction, which may consequently hinder their
uses in many applications.

To overcome these problems, covalept functionalization was proposed to improve
the dispersibility (Figure 1). Up to.the preusn'gnt there are various chemical methods for
CNT modification, including strong pXidation (Figure 1a),” Bingel reaction (Figure
1b),%* cyclo addition (Figure 1c)®® and anionic polymerization (Figure 1d),*® etc.
Among those chemical methods, strong oxidation is the most useful and studied widely
(Figure 1e*" and 1f*®). Recently, both atom transfer radical polymerization (Figure

)% and free radical polymerization (Figure 1h)* also are applied in CNT

19
modification. Most of the approaches have been involved in functionalized the surface

of CNTs and effectively improved their solubility in polymeric mediums or organic

solvents.*!

-14 -
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Figure 1. Functionalized CNTs through chemical approaches.

Nevertheless, most of these processes involve an organic covalent bonding
reaction which consequently destroys the sp structure in the graphite sheet. Hence, the
covalent-bonding modification may be disadvantageous due to the possible destruction

of the unique tubular-like structure. Alternative methods by using non-covalent

32-42 35,44-53

bonding modifications are desired. Suitable surfactants, and

-15 -

polymers,



bio-molecules®®°

are commonly applied for the purpose of easy dispersion through
n-1t stacking, van der Waals force or hydrophobic interactions. All the organic
dispersants utilizing for improved dispersion of CNTs were listed in Table 1. Among
organic surfactants, the anionic-type molecules are most suitable for dispersing CNTSs,
particularly sodium dodecyl sulfate (SDS)* and sodium dodecyl benzene sulfonic acid
(SDBS).** For cationic surfactants, the amine-type dispersants with primary amine and
long alkyl chain are more prefer to disperse CNTs due to the strong interaction
between amine moiety and CNT surface.®* The polymeric wrapping CNTS offer an
alternative methods to increase the compgtibi_lity with-polymers such as polyethylene,

85,44-53

polypropylene and polymethylmethac.r;":zj?a.ifé. _The hydrophobicity — within
molecular chains of DNAs, profe'ing'and nucleotides showed strong attraction with
CNTs and enhanced biocompatibility of CNTs in vitro.>>® Various di- and tri-block
copolymers were designed and synthesis for dispersing CNTs, however, the results did
not have great improvement for practical applications. More recently,
room-temperature ionic liquids were found to be effective for dispersing CNTs by

physical grinding to form gels through the cation-r interaction.®*™*

-16 -



Table 1. Summarized of Anionic, Cationic, Non-lonic, Polymeric Surfactants, Polymers, Copolymers and

Proteins for Dispersing Carbon Nanotubes.

Classifications Organic Dispersants Ref.
Anionic Surfactants Sodium Octanoic Acid 32a
Sodium Octylsulfate 32a
Sodium Dodecyl Sulfate (SDS) 32d,33,35a
Lithium Dodecyl Sulfate 34
Sodium Dodecyl Benzene Sulfonic Acid (SDBS) 32a,c—e,35a
Sodium Octadecylsulfate 32a
Sodium n-Lauroylsarcosinate (Sarkosyl) 35
Sodium Lauroylsulfosuccinate (TREM, Cognis Co.) 35
Poly(styrene sulfonate) 35
Cationic Surfactants  Ethylenediamine (Cy) 36
Propylamine (Cs) 37a
Propylenediamine.(C5) 36
Butylamine (C,) 37a,b
Hexylamine (Cs) _ 32a
Triethylamine*(Ce) - 32a
Octylamine (Cg) 38
Nonylamine (Cg) 36
Decylamine (C1g) 32a
Dipentylamine (Cyo) 36
Dodecylamine (C1,) 32a
Dodecyltrimethylammonium Bromide (Cys) 32d
Hexadecylamine (Ce) 32a
Octadecylamine (Cg) 32a,b
Cetyltrimethylammonium Bromide (Cyo) 35
Benzalkonium Chloride 39
3-Aminopropyl Triethoxysilane 37b
Non-lonic Surfactants Pentanol (Cs) 32a
Octanol (Cg) 32a
Polyoxyethylene 8 Lauryl 40
Octyl-Phenol-Ethoxylate (Triton X-100) 35d,41
Sorbitan Mono-Oleate (Tween 80) 32d
Sorbitan Mono-Oleate (Tween 85) 35a
Disodium Dodecylphenoxybenzene Disulfonate (Dowfax 8390) 32d
Brij 78 35a
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Classifications Organic Dispersants Ref.
Non-lonic Surfactants Brij 700 35a
Pluronic P103 (PEO-PPO-PEQ Triblock Polymer, BASF) 35a
Pluronic P104 35a
Pluronic P105 35a
Pluronic F108 35a
Pluronic F98 35a
Pluronic F68 35a
Pluronic F127 35a
Pluronic F87 35a
Pluronic F77 35a
Pluronic F85 35a
Tergitol NP 7 42
Benzene Molecules Anthracene 43
1,4-Terphenyl 43
Polymers Poly(vinylpyrrolidone) 35¢
Polystyrene Sulfonate 35¢C
Polyethylene a1 44
Polyethylene Glycol (PEG 20,000) 35b
Poly(metaphenylenevinyléphe) 45
Poly(methylmethacrylate) 46
poly(aryleneethynylene) 47
Copolymers Poly(styrene-alt-maleic‘anhydride) 48
Poly(styrene-co-acrylic acid) 49
Poly(methylmethacrylate-co-pyrene) 50
Poly(vinylidene fluoride-co-trifluoroethylene) 51
Poly(ethylene oxide-co-butylene oxide-co-ethylene oxide) 35
Poly(vinylpyridinium bromide-co-vinylpyridine) 52
Poly(vinylpyrrolidone-co-allylamine) 52
Poly(isopropylacrylamide-co-styrene-co-isopropylacrylamide) 53
Proteins or DNAs Streptavidin 54
DNA oligomer 55
a-Helical Peptide 56
Cyclic Peptides 57
Phospholipids 58
Bovine Serum Albumin (BSA) 59
Nucleotides Adenosine 5’-Monophosphate (AMP) 60
Adenosine 5’-Diphosphate (ADP) 60

-18 -



Classifications Organic Dispersants Ref.
Nucleotides Adenosine 5’-Triphosphate (ATP) 60
Guanosine 5’-Monophosphate (GMP) 60
Cytidine 5’-Monophosphate (CMP) 60
Uridine 5’-Monophosphate (UMP) 60
Ribose 5-Phosphate 60
lonic Liquids 1-Ethyl-3-Methylimidazolium Tetrafluoroborate (Cs) 61
1-Ethyl-3-Methylimidazolium Hexafluorophosphate (Cs) 61
1-Butyl-3-Methylimidazolium Tetrafluoroborate (Cs) 62
1-Butyl-3-Methylimidazolium Hexafluorophosphate (Cs) 63
1-Hexyl-3-Methylimidazolium Tetrafluoroborate (Cy) 61
1-Hexyl-3-Methylimidazolium Hexafluorophosphate (Ci) 61
1-Octyl-3-Methylimidazolium Tetrafluoroborate 64
Others Starch 65
Saturated Sodium Hydroxide (ag.) 66
Gum Arabic ' 67
Amylose 68
Pyrenebutanoic Acid,| .\ 69
Cyclodextrin = 70
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1.1.2. Dispersion Techniques for Nanoparticles

Recent studies have put more attention on nanoparticles, particularly carbon
blacks (CBs), carbon nanocapsules (CNCs), silver nanoparticles (AgNPs) and
iron-oxide nanoparticles (FeNPs) due to they have nano-scale sizes in three dimensions.
With large surface area and zero dimensions in nano-scale, various applications were
proposed. However, the strong interaction in the nanoparticles materials caused severe
aggregation and hindered their applications. In the literatures, both chemical and
physical methods were reported to.prepare nan_o-scale dispersion and we summarized
these researches in the following sections.x

4

1.1.2.1. Dispersion Techniques for Carbon‘Nanoparticies
Both carbon black (CBs) and.carbon nanocapsules (CNCs) are the common
nanomaterials preparing from carbon sources. Owing to the advantage in nano

geometric shape and carbon matrix, the diversified practical applications were reported

1 I, 73

such as oil lubrication,  electromagnetic interference, > fuel cel thermal
dissipation™ and carbon nanocomposites of rubber,” epoxy resin,’® poly(lactic
acid),”” polypropylene,” poly(vinyl chloride),” poly(vinyl alcohol)®® and poly(vinyl
pyrrolidone),® etc. However, the use of carbon nanoparticles required a finely

dispersed system which is difficult to achieve due to the large aggregation of CBs and

CNCs. Nowadays the fine dispersing carbon nanoparticles of CBs or CNCs can be
-20 -



obtained by using chemical surface modification and the surface grafting of polymers
onto carbon black provided new functional carbon materials which have the excellent
properties. The grafting of polymers onto the surface was achieved by (1) grafting onto
process, (2) grafting from process, (3) polymer reaction process, and (4) stepwise
growth by dendrimer synthesis methodology.®®" All the chemical methodologies for

improved dispersion of carbon nanoparticles were summarized in Table 2.

Table 2. Chemical Methods for Improving Solubility of Carbon Nanoparticles.

Methods Materials Ref.
Oxidation j Nitric Acid (> 60 wt%) 82
Grafting Polymers by Initiator _ Potassiunt Carboxylate Groups 83
"\=Aza Groups 84

":-fé'roxycarbonate Groups 85

“Trichloroacetyl Groups on Mo(CO)s 86

Carboxyl Groups 87

Peroxide Groups 88

Grafting Polymers by Radical Trapping Decomposition of Macro-Initiators 89
y-Ray Irradiation 90

Grafting Polymers by Functional Groups Functional Polymers 91
Living Polymers 92

Grafting Polymers by Ligand Exchange Polymer with Ferrocene Moieties 93
Grafting Polymers by Dendrimer Synthesis  Poly(amido amine) 94
Sol-Gel Reactions Silica Gel 95
Alumina Gel 96

Atom Transfer Radical Polymerization Poly(n-butyl acrylate) 97

Alternated approaches were proposed to increase the solubility of carbon
nanoparticles through non-covalent bonding interactions.”®% Compared to the

chemical modifications, the physical absorption methods are more convenient and
-21-



simple to decrease the aggregated size of carbon nanoparticles. The methods used for
dispersing carbon materials were listed in Table 3. By using non-ionic surfactants, the
molecules content amine groups are more suitable to interaction with carbon
nanoparticles and those containing primary amines are more effectively improved the
stability to aggregation of carbon black dispersions.'®® It is suggested that this is due to
proton exchange reactions occurring at the surface, which can lead to surface charge,
and, hence, long-range electrostatic repulsion between the particles. The dispersion
behavior of carbon nanoparticles_is similar tq the CNTs due to the same chemical

compositions with different geometric shapes. .

4 MY
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Table 3. Utilization of Organic Dispersants for Improving Solubility of Carbon Nanoparticles.

Classifications Organic Dispersants Ref.

Anionic Surfactants bis-2-Ethylhexyl Sodium Sulfosuccinate 98
Sodium Polystyrene Sulfonates 99

Cationic Surfactants Cetyltrimethylammonium Chloride 100
Polymeric Siloxane Surfactant 101

Non-lonic Surfactants  Ethoxylated Nonylphenols 99
Polyoxyethylene Cetyl Ether 99
Polyisobutylene-Phenol 102
Polyisobutylene-Phenol-Dimethylamine 102
Polyisobutylene-Phenol-(ethylene diamine) 102
Polyisobutylene-Phenol-(N,N-diethylenthylenediamine) 102
Polyisobutylene-Phenol-(N,N-diethyl-N’-methylenthylenediamine) 102
Polyisobutylene-Phenol-bis-(N,N-diethyl-N’-methyl-enthylenediamine) 102
Polystyrene-Polyethylene Oxide 100

Polymers Poly(vinyl alcohol) 103
Poly(l-nonylphenylo>.<y-.2-depaoxyethy|ene-3-alIyloxypropane 104
ammonium sulfate-co-acrylonitrile)

Copolymers Poly(ester of hydroxy-carboxylic'acid) 105
Poly(alky! estersco-caprolactone) 105
Diblock Polymers: ' 106
Triblock Polymers : 107
Graft Polymers 108
Star Polymers 109
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1.1.2.2. Preparation and Dispersion Techniques for Silver Nanoparticles

Several approaches have been reported for synthesizing silver nanoparticles

(AgNPs) including chemical methods (electrochemical reduction, **°

1

ultrasonic-assisted reduction, *** photoinduced or photocatalytic reduction, 2

3 4

microwave-assisted synthesis, ** irradiation reduction, *** microemulsion, **°

6 7

biochemical reduction'*® and, reduction in aqueous solutions**’ and non-aqueous

118 9

solutions,™®) and physical methods (metal ablation using a laser® and metal vapor

120

deposition™). Among the approaches, metal vapor deposition was an efficient

process, and it has been extensively employ_ed In‘eombination with the evaporation
and sputtering of metals with plasma a;'zwell as Wi_th magnetron sputtering. The
advantages of physical over che'*micf‘al processes.are the uniformity of nanoparticle
distribution and the relative absence of solvent contamination in the prepared thin
films. However, in the case of polymeric substrates, the adhesion between the
deposited metal and polymer matrix is generally poor.

In general, by using a wet chemical process, AgNPs can be made into different
shapes. The mechanism involves initial interactions of silver ions with organic
stabilizers before their reduction into nanoparticles. Further aggregation leads to

optimal sizes as well as the generation of a repelling layer. On the surface of small

particles, the absorbed silver ions can be further reduced forming larger silver
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crystallites. However, the inherent problems of nanoparticle aggregation or
coalescence might still be encountered. One of the key issues for synthesizing
AgNPs is the stabilization and prevention of particle agglomeration. The presence
of surfactants comprising functionalities such as amines, thiols, acids, and
alcohols™ for interactions with the particle surface can stabilize the particle

growth. Polymeric compounds such as poly(vinylpyrrolidone),!0¢113b.114c.117cde

122 118a

poly(vinyl alcohol),™ poly(ethylene glycol), and various block copolymers'?
have been found to be effective stabilizers. T_hese organic surfactants or functional
polymers enable the protection:of small parti_cl,es from agglomeration or losing their
surface properties. In addition, ‘the prés%éé of surf_actants might also affect the
growth process of nanocrystallites ghd allow.control of AgNP shapes and sizes. By
controlling the stability, size distribution, and shape, the surface activity and
performance in the targeted applications can be influenced. Recent literature reports
on various synthetic methods with different process parameters, solvents, stabilizers,
and organic templates were summarized in Table 4. Various morphologies

including spherical, triangular, wire, cubic, and dendritic shapes have been

reported.
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Table 4. Various Methods for Preparing Silver Structures with Different Morphologies.

Synthetic Methods Reducing agents Organic Stabilizers  Morphologies Ref.
Chemical Reduction Sodium Citrate Citrate Nanowire 117a,b
(water-system) Spheroid
NaBH,4 PVP, PVA Nanospheroids 117c
(7—20 nm)
Polyol PVP Nanowire 117d
Nanocubes
Ethylene Glycol PVP Nanocubes 117e
Chemical Reduction Dimethyl Acetamide PEG Nanospheroids 118a
(organic solvents) Acetonitrile TTF Dendritic 118b
Electrochemical Cyclic Voltammetry Polyphenylpyrrole Nanospheroids 110a
Reduction (3—20 nm)
Rotating PVP Nanospheroids 110c
Platinum Cathode (10—20 nm)
Zeolite Film Zeolites Nanospheroids 110b
Modified Electrodes (1-18 nm)
Ultrasonic-Assisted Sonoelectro- = PVA Nanosphere 111a
Reduction Deposition Nanowire
Dendrite
Sonoelectro- SNTA Nanosphere 111b
Chemistry Reduction
Photoinduced or Dual-Beam Citrate, PSS Triangular 112a
Photocatalytic [llumination Nanoprisms
Reduction (3—120 nm)
PSS, Polychromatic PSS Nanospheroids 112b
Irradiation (ca. 8 nm)
Microwave-Assisted Sodium Citrate Citrate Nanorods 113a
Synthesis Spheroids
Ethylene Glycol PVP Nanospheroids 113b
Formaldehyde Citrate Nanospheroids 113c
Irradiation Reduction y-Irradiation Mesoporous Silica ~ Nanospheroids 114a
(1-4 nm)
y-Irradiation PVP Nanospheroids 114b
(5-20 nm)
feto and nano sec. No Nanospheroids 114c
Laser Ablation (20-50 nm)
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Synthetic Methods Reducing agents Organic Stabilizers  Morphologies Ref.
Microemulsion Ve CTAB Nanowires 115a
Method SDS Dendrites
KBH,4 Ellipsoidal Micelles  Needle-Shaped  115b
Wire-Shaped
NaBH,4 PFPE-NH, Nanospheroids 115c¢
Biochemical Peptide Peptide Hexagonal 116a
Reduction Spherical
Yeast Strain Proteins Nanospheres 116b
(2-5 nm)
Neem Leaf Flavanones Spheres 116¢
Extension Terpenoids (5-35 nm)
PVA: poly(vinylalcohol); PVP: poly(vinylpyrrolidone); PEG: polyethyleneglycol, TTF:
tetrathiafulvalene;  NTA: nitrilotriacetate;  PSS: Poly(styrene  sulfonate); CTAB:

cetyltgrimethlammonium bromide; SDS: soedium dodeeyl sulphate; PFPE: ammonium carboxylate
perfluoropolyether :

—

In addition to the use_of organié’;_étabilizers_ for controlling the particle

morphologies, the reduction prdcess offers another possibility—tailoring of particle

117c

characteristics. Reducing agents such as sodium borohydride, sodium

citrate,"**" N,N-dimethylformamide (DMF),*?* polyols,’® ascorbate,’*® Tollens

127 113b,117e

reagent,”" and poly(ethylene glycol)-block copolymers are popular. In

general, strong reducing agents such as sodium borohydride can often afford fine

117b and

particle sizes, as demonstrated by studies conducted with sodium citrate
sodium borohydride.*'”® Systematic studies were performed by varying the

reductant/AgNOs; ratios. The resultant colloids were characterized by UV-vis

spectroscopy immediately after the preparation as well as during its long-term
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stability studies. The AgNPs generated by the citrate method were large particles
with diameters of around 40-60 nm; they were stable during storage. In contrast,
the borohydride reduction afforded smaller AgNPs (3—10 nm). DMF is another
example of a strong reducing agent for the silver ion reduction; it achieves fast

125 AgNPs having diameters in the range

reaction rate and nanoprism morphology.
of ca. 40 nm were prepared by using weak reducing agents such as polyols at
elevated temperatures.'*® Large colloidal silver particles using ascorbic acid as the
reducing agent have also been prepared in agueous media.*®’ The Tollens process
has been recently recognized as;a simplg one-potisynthetic route for AgQNPs with a
narrow size distribution.’?® Thexbasic ;é;ébtion invplves the reduction of silver
solution from glucose. Stable aq'*u'eo.us dispersion of silver colloids having a size of
20-50 nm can be obtained. In this manner, the choice of reducing agents and

synthetic conditions can significantly affect the size and stability of AgNPs. In

Table 5, the commonly used reducing agents given in literatures have been cited.

Table 5. Common Reducing Agents for Converting Silver Salts to Nanoparticles.

Reducing agents References
Sodium Borohydride (NaBHy,) 117c
N,N-Dimethylformamide (DMF) 124
Polyols 125
Ascorbate 126
Tollens Reagent 127
Poly(ethylene glycol)-Based 113b, 117e
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1.1.2.3. Preparation and Dispersion Techniques for Iron-Oxide Nanoparticles

Magnetic iron-oxide nanoparticles (FeNPs) are well known for their wide

8 129

applications including drug delivery®®® and magnetic resonance imaging (MRI)

because of the biocompatibility and high-density for digital storage.”*® Generally, the
particle size of FeNPs is 10-50 nm by the water-in-oil (w/0) microemulsion method.™*
Synthesis of magnetite nanoparticles smaller than 10 nm has been carried out in bulk

aqueous solution and surfactant systems such coprecipitation,"*? spray pyrolysis,**®

4 135

electrochemistry,*** and hydrothermal synthesis:**>. When the particles are below 10

nm, they are optically transparent and suited for'incerporation into ultrathin films of

polymers. However, the nano-scale FeNPs"".gfé' gasily formed large aggregations due to

the strong hydrophilic attraction.*' Suffactants. such as tetramethylammonium

132 132

hydroxide,” sodium dodecyle benzene sulphonate,” polyglycides, polyglycerol

132 132

isostearate ™™ and polyoxyetbylene ter-octyl ether (Triton X-100)"° are dispersion
agents for particles in a liquid that work by adhering to the particles and creating a net
repulsion between them (steric and/or coulombic), raising the energy required for the

particles to agglomerate, and stabilizing the colloid (Figure 2).
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1.1.3. Dispersion Techniques for Hydrophobic Conjugated Polymers

Hydrophobic conjugated polymers (CPs) with various chemical structures, such

137 138

as, poly(p-phenylene), poly(p-phenylene-vinylene),

139 140 141

poly(p-phenyleneethynylene), polyaniline, poly(triacetylene),

142 3 4 145

poly(acetylene), *** polythiophene, *** polycarbazole,** and poly(fluorene), *** are

146 and

well documented for their properties and applications of electronic conductivity
light-emitting devices. '’ Among the diversified applications, the process of
fabricating devices may be limited by the ._inherent physical properties such as
insolubility of the rigid-rod CPs, Struqtura_l modification by attaching alkoxy or
flexible alkyls to the main polymer baCkb.OE.n;?'i'S the eommon approach for synthesizing
soluble CPs.**® The synthetic tecﬁhiqmjes used.for improved the dispersion of CPs were
collected and showed in Table 6. With the enhancement of their solubility in organic
mediums, the process may be improved for some applications in optoelectronics,

9

microelectronics,'*® and their devices for sensors.!*
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Table 6. Chemical Syntheses for Improving Solubility of Conjugated Polymers in Organic Solvents.

Conjugated Polymers Synthetic Methods Grafting Moieties Ref.
Poly(p-phenylene)s Reversed Williamson Route Hexyloxy 148a,b,c,e
Urethane Route Hexyloxy 148a,b,c,e
Macromonomer Route Hexyloxy 148a,b,c,e

Esterification Ethylhexyloxy 148d

Poly(triacetylene)s Mitsunobu Reaction Frechet-type Dendrons 148f

Coupling Reaction Hydroxy Methylbutynyl 1489

Elimination Reaction tert-Butylphenyl 1489

Trimethylsilyl Phenyl 1489

Polythiophenes Dehalogenation Polymerization  Alkyl 148h

Demercuration Polymerization Alkyl 148h

Polycarbazoles Copolymerization Styrene 148i

Vinyl Acetate, 148i

Divinyl Benzene 148i

Alkyl Methacrylates 148i

Friedel-Crafts Reaction [ - Cu Phthalocyanine 148i

Fullerenation > Carbon Sixty 148i

Free-Radieal Polymer'."i:zation '+ N-ethyl 148i

. Methylbutyl 148i

Cationic Polymerization ' Carbazolyl Cyclobutane 148i

Anionic Polymerization Methylstyrene 148i

However, the structural modifications could be complicated procedures, have
great influence on optical performance and the modified CPs only can be dispersed in
hazard-organic solvents, such as chloroform, dichloroform and dichlorobenzene, etc. In
the recent literature surveillance, syntheses of water-soluble CPs are found for the
applications as fluorescence biosensors.® The synthesis generally involves the
grafting anionic polar functionalities such as sulfonic, carboxylic, bromo and amine

groups on the alkoxy side-chain of the polymers (Table 7).2** One of advantages for
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using water-borne CPs is to reduce the use of volatile organic solvents in fabricating

devices. This “green process” can be important for advancing these nanomaterial

applications.

Table 7. Chemical Syntheses for Improving Solubility of Conjugated Polymers in Water.

Conjugated Polymers Synthetic Methods Grafting Moieties Ref.
Polythiophenes Electropolymerization Ethanesulfonate 152a
Butanesulfonate 152a

Polypyrroles Oxidation Carboxylic Acid 152b
Poly(p-phenylenevinylene)  Precursor Polymer Approach  Sulfopropoxy 152c
Poly(p-phenylene) Suzuki Coupling Method Dicarboxylic Acid 152d
_ Sulfonatoalkoxy 152¢

Yamamoto Synthesis Dibromobenzenes 152f

Suzuki Polymerization Dialkylamino 1529
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1.1.4. Dispersion Techniques for Organic Pigments

Organic pigments are widely used as colorants for coatings, inks, plastics, and

153

color filters in electronic devises, mainly because of their advantageous

performances such as good photosensitivity, brilliance, color strength, transparence,
and high thermal stability. Different from dyes, pigment materials are totally insoluble
in organic mediums due to the strong intermolecular aggregation. The pigments are
required to be finely ground and dispersed in an organic medium to warrant their gloss

appearance, lighting eﬁiciency, gndfm_gkirhiiiﬁg- material utilization. Amphiphilic

P
-,
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Figure 3. Conceptual diagram of disperse pigment by using polymeric dispersant.™
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The principle for achieving a fine dispersion is a thermodynamically driven
interaction among dispersant molecules, pigment particles, and solvents in a collective
manner of mutual non-covalent bonding such as electrostatic charge attraction,
hydrogen bonding, n-n stacking, dipole-dipole interaction, and van der Waals forces
(Figure 3). For practical applications, the pigment dispersion is optimized to achieve
the performance of low viscosity, narrow range of size distribution, and long-term
stability.

Low molecular-weight surfactants. .are cpnventionally used as dispersants for

pigments, but often lacking a:high~stability for“a dong-term storage. Amphiphilic

1

copolymers are advantageous for providiﬁg-"rhultiple anchoring sites toward pigment

surface as well as structurally’ mqfe designable. for solvating with the selected
solvents. ™ Polymeric structures of random, A-B block, comb-like copolymers
prepared by various synthetic techniques had been employed as stabilizers against
particle flocculation. **® However, the methods of anionic and group transfer

polymerization are less appropriate since the synthesis of dispersants often involves the

monomers with polar functionalities.™’ Recent developments in living/controlled

158

polymerization including nitroxide mediated polymerization (NMP),™ reversible

addition-fragmentation chain transfer (RAFT), ™° and atom transfer radical

160

polymerization (ATRP)™" are reported. The copolymers with specific functionalities
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can be prepared from the monomers with diversified functionalities such as C;—Ci;

161 162

alkyl  (meth)acrylate, amine-functionalized  (meth)acrylate, and

acid-functionalized (meth)acrylate. '*®

In addition, polymeric structure can be
controlled for their molecular weight distribution and tailored for specific pigment

applications.'®*

4 MY
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1.2. New Dispersion Techniques of Geometric-Shape Inhomogeneity Factor
These chemical and physical methods which described above are still
non-satisfied the requirements between dispersion and applications. In our researches,

a novel dispersion method was proposed and named by “Geometric-Shape

7, 165

Inhomogeneity Factor” (GIF). Various nanomaterials (CNTSs), nanoparticles

(CNCs,™®® CBs,> AgNPs,* FeNPs'®"), organic materials (pigments)*®® and polymers

169

(conjugated polymers)™ were systematically studied to generalize the GIF (Figure

Ml L f'
4). g -
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Figure 4. Development of geometric-shape inhomogeneity factor (GIF) for dispersing
nanomaterials.
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A mechanism involving large geometric difference of platelet-like nanomaterials,
spherical nanoparticles, hydrophobic polymers and amorphous small molecules is
proposed for accounting the dispersion of advanced materials. The interactions

between different geometric shapes of nanomaterials revealed significantly improved

0

and enhanced in various applications including nanocomposites, *® conductive

171 2

substrate,*™ supercapacitors*’® and photodegradation.'”

4 = U
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Chapter 2. Experimental Section

2.1. Materials
2.1.1. Platelet-Like Clays

Different species of clays, synthetic fluorinated mica (Mica, trade name as
SOMASIF ME-100) and synthetic smectite (SWN, trade name as Lucentite™ SWN),
were obtained from CO-OP Chemical Cb. (Japan). Sodium montmorillonite
(Na'-MMT), supplied from Nanocor Co'.,'xifff‘_'za_l__-l_\'la+ form of smectite clay with a cationic
exchange capacity (CEC) of 1_:2_ mequis.'./g. These.anionic clays are irregularly
aggregates from their primary unité consisting of silicate plates in stacks.'™ The
plate-like units are polygonal and polydisperse in geometric shape, carrying ionic
charges and counter ions (=SiO Na*) within the interlayer structure. The average plate
dimension is 300x300x1 nm® for Mica, 100x100x1 nm® for MMT and 80x80x1 nm®
for SWN. The negative surface charge density of Mica, MMT and SWN are 2.1, 0.708
and 30 (e/nm?), respectively.!” Due to the presence of an intensive ionic charge
character, these clays are capable of swelling and gelling in water.” With a similar

plate-like structure (ca. 200x200x1 nm®) but with oppositely charged character, the

layered double hydroxide (LDH) [MgsAl2(OH)16]CO3¢4H,0 was prepared according
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the reported procedures. '® The cationic LDH clay has the counter-ions of

177

carbonates*’” and positive charge density of 1.5 (e/nm?).}"® All properties of clays

were summarized in Table 8.

Table 8. General Properties of Platelet Clays.

Surface Charge  Dimension of one

Platelet-Like Clay Composition

(e/nm2) platelet (nm3)
Synthetic fluorinated mica  Nature talc+NapSiFg 2.1 300x300x1
Sodium montmorillonite Nature aluminosilicates -0.708 100x100%1
Synthetic smectite Nature talc+NapSiFg -30 80x80x1
Layered double hydroxide [MggAl2(OH)16]CO3°4H20 1.5 200x200x1

2.1.2. Tubular Nanomaterials
Carbon nanotubes was supplied by Seedchem Company Pty., Ltd. and prepared
from chemical vapor deposition. The CNT§' are 95% phre and 40-60 nm in diameter

and 0.5-10 um in length.

2.1.3. Nanoparticles
Carbon nanocapsules (CNCs) were supplied by Industrial Technology Research
Institute (ITRI) of Taiwan. The CNCs are 70% pure (30% carbon black) and 10-50 nm

in diameter. Carbon black (CBs, Vulcan® XC-72, Cabot) were used as received.
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2.1.4. Hydrophobic Conjugated Polymers

The conjugated polymer, poly[2-methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene
vinylene] (MEH-PPV) with weight-average molecular weight (Mw) of 51,000, was
purchased from Aldrich Chemical Co. Two other conjugated polymers, sulfonated
polyaniline (SPA) and triphenyl phosphine oxide cored polyaniline (TPOPA), were
prepared as previously described.'”® Both SPA and TPOPA are rigid morphology with

tubular and polygonal shape (Figure 5a,b), and sluggishly dispersible in water. All

. . BT do] LT ) —
chemical structures of hydrophobl%qﬁﬁfﬁgate_ mers are showed in Figure 6a—c.
& T =R

L .
G 7,
&Y ey oy

i 8 - [ - —

Figure 5. Scanning electron microscopy of tubular sulfonated polyaniline (a) and
polygonal triphenyl phosphine oxide cored polyaniline (b).
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Figure 6. Chemical structures of MEH-PPV (a), SPA (b) and TPOPA (c).
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2.1.5. Poly(N-Isopropyl Acrylamide)-Tethered NSP

NSP were obtained by delaminating the layered Na'-MMT using an exfoliation
process developed by our research group'® and NSP-PNiPAAm was prepared
according to the reported procedures.’®®® A linker with bromide and triethoxysilane
functionalities was grafted onto the NSP clay surfaces at a weight ratio of 1/5
(linker/NSP). Subsequent atom-transfer radical polymerization (ATRP) afforded
NSP-PNiPAAm brushes. The product of hybrids of PNiPAAm tethered to NSP had an
organic/inorganic fraction of 67/33,1a degree o_f polymerization of 1370 and a narrow
molecular weight distribution; (121 pplyd_ispersity or. Mw/Mn). Moreover, the

NSP-PNiPAAmM has a lower critical solU’t,deh’ temperature (LCST) at 32-33 °C and

controllable formation of nanodemain 3D.nétworks of high regularity.
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2.1.6. Organic Pigments

The organic pigments of red, green, blue, yellow and violet pigments (C.I. Name:

Pigment Red 177, Pigment Green 36, Pigment Blue 15, Pigment Yellow 138, Pigment

Violet 23) were obtained from BASF in powder form and the chemical structures were

showed in Figure 7.

Br, Br
-4 g
iu i
i o
O NH; Br._- _ N - A_Br . N L -
A C [ oncun’] 1 T %Nncun®T )
LI Al T il
= (r)r “I" ?L Cl II'-'-‘F! (_r:-’JN N=¢ ¢=N
e | | |
r\ )& :IL ) (‘/_\> ci . 7\
NH, 0 B Br | _
s C_L. Pigment Blue 15
C.l. Pigment Red 177 C.l. Pigment Green 36

Hy
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" I CH,CH,

C.1. Pigment Yellow 83 G.l. Pigment Violet 23

Figure 7. Chemical structures of pigments and their color appearances.
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2.2. Preparation of Nanomaterials-Clay Hybrids

The procedure of mixing nanomaterial-clay hybrids were exemplified below.
Nanomaterial (1 mg) and clay (1 mg) were ground adequately in an agate mortar and
pestle. The sides of the mortar were occasionally scraped down with the pestle during
grinding to ensure a thorough mixing. The mixture was washed from mortar and pestle
using deionized water at concentration of 1 mg nanomaterial in 20 g water. The
nanomaterial-clay hybrids were prepared at weight ratios of clay/nanomaterial = 1/3,
1/2, 1/1, 2/1 and 3/1. The nanomaterials were c_arbon nanotubes, carbon nanocapsules,

carbon blacks, conjugated polymers‘and pigments. The clays were Mica, MMT, SWN,

. r:ill“ IE'

LDH and NSP-PNiPAAmM.

2.3. Amphiphilic Dispersion in Organic Solventé or Water

Ternary mixtures of the Mica-CNT hybrid were examined for the dispersion
ability in water and toluene in different orders of addition. In the first example, the
hybrid of Mica-CNT (weight ratio of Mica/CNT = 2.0 mg/1.0 mg) was added to 7.5 g
water first, thoroughly dispersed and then added to 7.5 g toluene. In the second
example, the hybrid was dispersed in toluene, homogeneously mixed and then added to
water. During the mixing, ultrasonic vibration was applied for 2 min. Ultrasonication

was operated on BRANSON 5510R-DTH (135 W, 42 kHz).
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2.4. Characterizations
2.4.1. Dispersion

The dispersion of nanomaterials was examined by the following instruments.
Ultraviolet-visible (UV-vis) absorbance was measured by Perkin-Elmer Lambda 20
UV-vis spectrophotometer at 550 nm. Transmission electron microscopy (TEM) was
performed on a Zeiss EM 902A at 120 kV. Samples were prepared by drop-coating
sample solution (0.01 wt%) on a copper target and evaporation under vacuum at
ambient temperature for 1h. Field emission-._scanning electron microscopy (SEM)
images were obtained from:a JOEL JSxM-6_7OOF SEM system. The samples were
coated with Au before the SEM measurer.r;u:é:rifs'. The qu_uid water contact angle (WCA)

at the surface of CB/clay was: measuredWith the sessile-drop method by using a

contact angle system FTA 200 (ACIL & First Ten Angstroms Inc.).

2.4.2. Thermoresponsive Behavior

The thermoresponsive behavior was examined by the following instruments. The
UV-vis transmittance of nanomaterial solution was monitored at 524 nm. During the
measurement of UV-vis transmittance, hybrid solution was controlled in a temperature
gradient that ramped from 25 °C to 50 °C. The LCST of NSP-PNiPAAM/MEH-PPV

was observed by SEM at 80 kV.
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2.4.3. Luminescence Property

The CP hybrid films were prepared by dropping 0.1% (w/w) CP/clay solutions on
10x10 mm glass substrate and dried at 80 °C. Both solutions and films of the CP/clay
hybrid were analyzed by photoluminescence spectrophotometer LS45/55. The
light-emitting phenomenon was observed under the UV light from a handheld

ultraviolet (UV) lamp, UVGL-85 (365 nm, 6 watt, 115V, 60 Hz, 0.12 amps).

2.4.4. Conductivity Property

The conductivity of the.hybrid was measured by a four-terminal technique
(ASTM F390). The preparation of standalﬁ_q?-zﬁbe.(:imens for conductivity was described
as following. The clay-CNT hybrjt_i (vyeighE'fatio of cIdy/CNT = 2/1) was dispersed in

toluene or water, dropped on a glass surface-(20 x 20'mm) and then dried in an oven at

80 °C.

2.4.5. Thermal Degradation, Particle Size and Zeta Potential Properties

Thermal gravimetric analysis (TGA) was performed on Perkin-Elmer Pyris 1
TGA from 100 °C to 800 °C in air to examine the thermal stability of clay-CNT hybrid.
A ZetaPlus zetameter (Brookhaven Instrument Corp., NJ) was used for characterizing
the ionic property of the pristine clays and MEH-PPV/clay hybrids. Samples of

aqueous suspension at 0.01 and 0.02 wt% were measured. The suspension pH was

-47 -



adjusted to pH 7 by either adding 0.5 M NaOH or HCI. The zeta potential was
measured in the solution with an ionic strength of 0.2. The same instrument was used

to estimate the average particle size of the clay particles.

TSR
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Chapter 3. Results and Discussion

3.1. Dispersion of Tubular-Like Nanomaterials by Using Platelet-Like Clays’

In this section, we revealed a unique nature of dispersing behavior for the
pulverized CNTs with platelet-like silicates and development of a convenient method
for dispersing without using organic dispersants. In particular, the synthetic fluorinated
mica clay is most effective due to its.large plate size and anionic property. Through the
simple physical mixing of two. nanomaterials, of. “different geometric shapes,
tubular-like nanomaterials and plate-lil{e..:e:jlificate clays, ‘the mutual interaction affects
their inherent self-aggregating forces.| The, CNT-Clay hybrid is dispersible in most
common organic solvents including water and toluene. The possible formation of
micelle-like microstructures of CNT-clay mixture is postulated and indirectly proven
their existence by measuring the thermal and electronic properties. A mechanism,
involving the factor of geometric-shape difference and mutual exclusion of
non-covalent bonding interaction among the pristine nanoparticles, was proposed to

account for this dispersion preference.
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3.1.1. Dispersion of Carbon Nanotubes in the Presence of Clays

The tube-like CNTs are composed of conjugated sp? orbital bonds. Due to the
high aspect-ratio dimension of 40-60 nm in diameter and 0.5-10 um in length, the
materials tend to aggregate and are difficult for solvating into water or organic solvents.
The self-aggregation and entanglement are mainly caused by van der Waals force
attraction. However, when CNTs were properly ground with the plate-like clays such
as the fluorinated Mica, the pulverized powders as a physical mixture became readily
dispersible in water. The grinding_procedure fqr the_preparation can be monitored by
the FE-SEM image. As shown in Figure 8 the heterogeneous mixtures were observed
after grinding 1 min (Figure. 8a),:and thé%@ﬁmogeneity was obtained after grinding 5
min (Figure. 8b). The dispersion bf.CNTs was-observed by compounding CNT with
the clays at varied weight ratios. Initially, it. was found that the Mica with CNT at 2:1
weight ratio, or o = 2 (defined as the weight ratio of clay to CNT), could render the
mixtures easily dispersible in water to generate a fine slurry. The fine dispersion can be
differentiated by naked eyes as a black suspension from solid precipitates in the bottom
layer (Figure 8c). The controlled experiments showed that the pristine CNTs were not
dispersible in water but forming severe aggregates. The efficacy for the CNT

dispersion depends on the relative amount of the Mica presence. The black CNTs were

mostly precipitated at the bottom of water phase when using a lesser amount of Mica
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to CNT at a = 1-0.5. It appears that the presence of Mica may mitigate the formation

of CNT aggregates.

Figure 8. FE-SEM of CNTs and Mica under pulverizing for (a) 1 min and (b) 5 min.
Visual observation of the dispersion of clay-CNT hybrids in water: (c) Mica-CNT, (d)
MMT-CNT and (e) LDH-CNT, under varied o value (o= clay/CNT weight ratio).
Each sample contained 1 mg CNTs in 20 g water.

In order to understand the nature of Mica-CNT interaction, two other clays
including MMT and cationic type of LDH were further examined. The use of different
clays in geometric dimension and charges, for examples, Mica (300 x 300 x 1 nm°),

MMT (80 x 80 x 1nm®) and LDH (200 x 200 x 1 nm?), allow the understanding of
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their size effect for the CNT dispersion in water. In Figure 8d,e, the photographs
illustrate the fine CNT dispersion was obtained by the addition of MMT at o = 6 (or 6
times the clay weight to CNTs). For comparison, Mica is more effective than MMT
under the same agitating condition of mechanical stirring or shaking. These results
indicate that the platelet size may be the dominating factor for the fine dispersion. The
dispersion was further measured by analyzing the suspension using a UV-visible
spectrometry. As shown in Figure 9a, the absorbance at 550 nm for the CNTs
becomes more intense with the increasing a_tmount of added Mica, implying the
increase of CNT content in water:*** E)gperi_m,entally, the comparison of dispersing

N

ability by the UV-visible "absorbance |s pl’ausible since the absorbance actually
correlates well to the hybrid coﬁéeﬁtration by following the Lambert-Beer’s law.'®
The standard curves of absorbance against concentration were established at 550 nm
(Figure 9b) for the hybrids of using three different clays. According to the UV-vis
analysis in Figure 9a, the Mica is most effective for enhancing the CNT dispersion in

water. The absorbance reached to a maximum when the Mica-CNT weight ratio

approached o = 2-3, but required a higher o value of 6 for the comparative MMT.
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Figure 9. (a) UV-vis absorbance of clay-CNT at different a value of hybrids in water.
(b) Three standard curves of clay-CNT hybrids at different CNT content. The increase
of UV-vis absorbance in (a) indicated the dispersing ability of the clay species
improvement of CNT dispersion in reference to the standard curves in (b) of
absorbance vs. CNT in water.
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In considering their ionic charges, the LDH is ionic, with cationic charges on the
platelet surface and nitrate anionic species as the counter ions. The ionic charge
interaction between CNTSs and clay, through the clay surface anions (=SiO ) in MMT
and Mica structures or cations in LDH, may be the second reason for affecting the
CNT dispersion. The apparent dispersing experiments indicated that the LDH was also
effective but requiring an additional ultrasonic agitation during mixing as shown in
Figure 9b (LDH-CNT). In general, the ultrasonic vibration was found to be able to
provide additional agitation energy.

The role of Mica in assisting the (;NT_ dispersion in other mediums was also
explored. It is known that, besides.the Iacu:clzof dispers_ion ability in water, CNTs are
only sluggishly dispersible in orgéhig solvents..In contrast, the inorganic clay materials
such as MMT and LDH are generally hydrophilic and swollen in water, but lacking the
dispersing ability in most organic mediums. However, due to the presence of
fluorinated functionality, the synthetic Mica is actually amphiphilic or behaving a dual
dispersing property in water as well as in most common solvents, such as ethanol,
acetone, dimethyl formamide and toluene. As summarized in Table 9, Mica could
generally affect the CNTs to dispersion in most organic mediums. For example, the
pulverized Mica-CNT hybrid at o = 2, after thoroughly grounding and ultrasonic
agitation, became dispersible for most organic solvents.
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Table 9. Dispersion of CNT, Mica and the Hybrid in VVarious Mediums.

Solvents Mica® MMT? CNT® Clay-CNT®
H,0 + +¢ —° +
Ethanol + — — +
Acetone + - - +
DMF + — + -
Toluene + — — +

2 Clay (Mica or MMT, 2 mg) in 20 g of solvent. > CNT (1 mg) in 20 g of solvent.
¢ Clay-CNT hybrid (2.0 mg/1.0 mg or o = 2) dispersed in 20 g of solvent. ¢ 4
good dispersion. © — poor dispersion or precipitation.

3.1.2. Amphiphilic Property for Dispersion

Being dispersible in both of water and toluene, the Mica-CNT hybrid (a0 = 2) is
considered to be amphiphilic in nafure. This dqal hydrophilic/hydrophobic dispersion
behavior was further shown to be.in aﬁ f%}'\/ersible manner. In Figure 10a, it shows
the grinding procedure of preparation'Mica:-.CNT hybrid. The hybrid was dispersed in
water first and then adding toluene, shaking and allowing settlement, the black
Mica-CNT remained in the water phase (Figure 10b). In contrast, if the same hybrid
powder was dispersed in toluene first, a toluene suspension remained in toluene phase
even after vigorously agitated with water (Figure 10c). The order of solvent exposure
to either water or toluene determined the hybrid’s preference in an irreversible manner.
The phenomenon is explainable by adopting the concept of stable “micelle-like”
microstructures, the formations of water-in-oil (W/O) and oil-in-water (O/W) phases as

shows in Figure 11e.
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Figure 10. Irreversible dispersion phenomenon of Mica-CNT at o = 2: (a) Grinding
procedure of Mica-CNT hybrid. Hybrid was dispersed in either water (d) or toluene (e),
both dispersions remained in the original solvent after adding the other solvent (f and
g). After vigorously shaking, the dispersion settled into distinct layers in an irreversible
manner (h and i).
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Exposure

Clay Grinding Order Oil-in-Water Type
CNTs

Water-in-Oil Type

Figure 11. TEM images of Mica-CNT hybrid dispersed in water (a and b) and in
toluene (c and d). Mica-CNT hybrid was obtained from the same batch, however,
hybrid has completely different microstructures when exposing to water or toluene. In
water, hybrid shows more Mica appearance, on the contrary, more hairy CNT
composition was observed. Conceptual presentation of amphiphilic dispersion with
oil-in-water (O/W) and water-in-oil (W/O) microstructures (e), representing
CNT-in-Mica and Mica-in-CNT, respectively.
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Regarding the nature of “micelle-like” microstructures, both types of dispersions
in water and toluene were analyzed by using TEM, TGA and devise of electrical
conductivity. The dispersion was spread and evaporated on copper grid for the TEM
observation. Different morphologies of microstructures can be differentiated, more
visible Mica platelets in micrometer size aggregation are found for the hybrid being
exposed with water (Figure 11a,b). On the contrary, when the Mica-CNT hybrid was
dispersed in toluene, the CNT aggregates appear to be on the surface of
microstructures (Figure 11c,d). Onithermal sta_lbility, the Mica-CNT hybrid exhibited
different decomposition patterns when pein_g ‘exposed with water or toluene. The
hybrid after dispersing in water is thermalllég'/i;:rjﬁt)re stable_ than that in toluene. There is a
50 °C difference in the decomposigtior.] patterns.for delaying the weight loss (Figure 12).
It appears that the Mica surrounded CNTs in an O/W microstructure may have a
shielding effect for the CNT decomposition, in comparison with the naked CNTSs in the
W/O hybrid. Furthermore, the micelle-like microstructures can be further indirectly
evidenced by the performance of conductivity. When the hybrid was coated on the
glass substrate, the specimen from toluene suspension had a higher conductivity at 10™

S/cm than that from water suspension, at 10° S/cm. The result of two-order magnitude

difference is derived from the same batch of pulverized powder (o = 2). Hence, two
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forms of W/O and O/W type or different arrangement of CNT-in-Mica and

Mica-in-CNT microstructures are indirectly evidenced.

100 4 Mica

—— CNT/Mica (O/W)
601 —e— Mica-CNT (Powder)
| —+— Mica/CNT (W/O)

Residual Weight (%)
3

Relative stability: O/W > powder > W/O

20 +
10-
0 Al

100 2CI)O 3(I)0 4CI)0 5CI)O 6CI)O 700 8(I)O
Temperature (°C)

Figure 12. TGA patterns for the pristine CNT, 'Mica and their hybrid (o = 2).

Mica-CNT (pulverized powder); Mica=CNT (O/W): the hybrid being dispersed in

water and dried; Mica-CNT (W/O): the hybrid being dispersed in toluene and dried.

3.1.3. Explanation for the Formation of Mica-CNT Microstructures

The formation of two Mica-CNT microstructures is attributed to the
randomization of the non-covalent bonding forces among individual CNTs and clays in
different hydrophilic water or hydrophobic toluene medium. The initial grinding of two
nanomaterials, tube-like CNTs and plate-like clay, could largely redistribute the
original CNT self-aggregation. Their CNT entanglement force may be mitigated or

blocked by the neighboring platelets due to the difference in their geometric shapes.
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Furthermore, since the clay is hydrophilic, the contact with water could render the
hybrid to form an O/W microstructure, comprising CNTs as the core and Mica as the
surrounding corolla. Similarly, the opposite water-in-oil (W/O) or Mica-in-CNT
microstructures is possibly generated since the CNTs favored the toluene in the
continuous phase. Two different types of microstructures could be generated and

stabilized through the vigorous agitation in the selected solvent.

3.1.4. Conclusion

The dispersion ability of . CNTs _in various organic mediums or in water was
significantly improved by simply grindi‘@%_-CI.\lTs with clays into fine powder. In
particular, the CNT dispersion ir1_wa.1ter and toluene ‘Was significantly enhanced by
Mica that was more effective than. MMT -or LDH because of its high aspect-ratio
geometric shape and anionic character. A mechanism involving the formation of
CNT-Mica and Mica-CNT micelle-like microstructures, resembling the organic
surfactants in oil-in-water and water-in-oil forms, is proposed. The existence of two
different microstructures was indirectly evidenced by observing the differences in
thermal stability due to the Mica shielding in CNT-in-Mica microstructure and variable
electrical conductivity (10*vs. 10° S/cm). The clay-assisted CNT dispersion in water

without using an organic dispersant may offer a significant advances for the CNT

applications.
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3.2. Dispersion of Spherical-Like Nanoparticles by Using Platelet-Like Clays

In Section 3.2., we applied the GIF for dispersing spherical nanoparticles (i.e.
CNCs, CBs, AgNPs and FeNPs) in the presence of platelet-like silicates and
development of a convenient method for dispersing without using organic dispersants
or covalent bonding approaches. Various platelet-like silicates including sodium
montmorillonite (MMT), synthetic fluorinated mica (Mica), synthetic smectite (SWN)
and layered double hydroxide (LDH) were used to generalize the GIF in spherical
nanoparticles. A mechanism, invelving. the ._factor of geometric-shape difference

between spherical particles and platelet:like materials was proposed.

= r:ij‘-' "
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3.2.1. Dispersion of Carbon Nanocapsules in the Presence of Clays'®®
In this study, the GIF is applied for dispersed nanoparticle through the large
geometric difference between spherical- and platelet-like nanomaterials (Figure 13).

The dispersion of nanoparticles can be greatly improved by pulverized the platelet-like

clay with CNCs or CBs.
—_— g‘ Physical Pulverization /%\%.
—— % /..

Platelet-Like Clays  Nanoparticles

Figure 13. Conceptual Diagram of dlspersmn nanopartlcles by geometric-shape
inhomogeneity factor. :

I
e

—_—
I

In the first case, four clays ;v_verg used-to realize the effectiveness of dispersing
CNCs. According to the conclusion:in Section 31 the higher aspect ratio of platelet
clay, the more effective dispersion can be achieved. The results of dispersing CNCs
have a consisted with the previous results. As shown in Figure 14, the dispersion of
CNCs was observed by compounding CNCs with the clays at varied weight ratios. The
fine dispersion can be differentiated by naked eyes as a black suspension from solid
precipitates in the bottom layer (Figure 14a—d). The controlled experiments showed
that the pristine CNCs were not dispersible in water but forming severe aggregates
(Figure 14e). These results indicate that the platelet size may be the dominating factor

for the fine dispersion.
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(b) Mica (c) MMT (d) S
CNCs/clay = 1/1).

dispersion of CNCs has correlated to the dimension of clay. The larger dimension of
clay has higher absorbance. For examples, UV-vis absorbance has a trend of
CNC-Mica > CNC-MMT > CNC-SWN which is consisted with the dimension of Mica
(300 x 300 x 1 nm®) > MMT (80 x 80 x 1 nm® > SWN (50 x 50 x 1 nm°).
Consideration of the surface charge, the negative character of clay (i.e. Mica, NNT and
SWN) is suitable for dispersing CNCs due to the result of LDH (positive surface
charge) showed severe aggregation and precipitation. In summary, the Mica is the most

suitable material for dispersion CNTs and CNCs.
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Comparison to dispersion ofC;NTs the CNCs showed the same trend and the

dispersion efficiency can be controlled by the amount of Mica. Initially, it was found

that the weight ratio of Mica/CNCs = 2/1, could render the mixtures easily dispersible

in water to generate a deep-grey solution (Figure 16d). However, the dispersion of

hybrid at weight ratio of Mica/CNCs = 0.5/1-1/1 showed light-grey color (Figure

16a,b). The difference of color indicated the degree of dispersion, for example,

deep-grey color solution means homogeneous dispersion or light-grey color means

poor dispersion.
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Figure 16. Visual observatlan -Mica \})&');d »in water at weight ratio of
ana*ld)

Mica/CNC = 0.5/1 (a), 1/1 (b), 2/2. (6;)7 %& mg CNCs/5 g water)
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By using UV-vis analysis, the result revealed enhancing absorbance with
increasing Mica amount and an optimal weight ratio of Mica/CNCs was found at
weight ratio of Mica/CNCs = 2/1 due to the strong van der Waal attractions of CNCs
were decreased or redistributed by the presence of Platelet-Like Mica (Figure 17).
Experimentally, the comparison of dispersing ability by the UV-vis absorbance is
plausible since the absorbance actually correlates well to the hybrid concentration by
following the Lambert-Beer’s law. As shown in Figure 17 insert, the absorbance of

CNC-Mica hybrid was well correlated with the content of hybrid.
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Figure 17. UV-vis absorbance .of CNC-Mica hybrid in water and the standard curves
of absorbance against concentration (insert)!

The homogeneous hybrid powder and dispersion of CNC-Mica can be confirmed
by SEM and TEM. After adequately pulverized the CNCs and Mica together, the SME
image showed homogeneous powder (Figure 18a,b). In the higher magnification of
image (Figure 18c,d), the morphology rendered the platelet-like Mica surface were
decorated by spherical CNCs. The dispersion of CNC-Mica hybrid was observed by
TEM and the individual CNCs can be observed (Figure 18e). The higher resolution
TEM showed the multi-layer structure of carbon nanocapsule (Figure 18e insert). On
contrary, the pristine CNCs revealed severe aggregation and various carbon materials

(amorphous carbon, CNTSs) can be observed (Figure 18f).
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Figure 18. SEM image of CNC-Mica hybrid powder (a—d) and TEM morphology of
dispersion of hybrid (e) and pristine CNCs (f).
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The solubility of hybrid powder is summarized in Table 10. Mica could generally

affect the CNCs to dispersion in most organic mediums. For example, the pulverized

hybrid at weight ratio of Mica/CNC = 2/1, after thoroughly grounding and ultrasonic

agitation, became dispersible for most organic solvents.

Table 10. Dispersion of CNC and CNC-Mica Hybrid in Various Solvents.

Solvents CNCs CNC-Mica Hybrid
H,O - +
Isopropanol (IPA) - +
Methyl Ethyl Ketone (MEK) - +
N,N, Dimethyl Formaldehyde (DMF) — +

Propylene Glycol Monomethyl Ether
Acetate (PGMEA)
Toluene \ 2 +

= +

+: Dispersed well by shaking only. —: Poaf'd'ispersion or sedimentation. (1 mg
CNCs/5 g solvent) '
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The result of solubility indicated the CNC-Mica powder is amphiphilic and the

dispersion of hybrid has an irreversible manner (Figure 19). Compared to the CNTs,

both carbon materials showed the same solvating behavior.

Figure 19. Amphiphilic dispersion of CNC-Mica hybrid in water (a) and toluene (b).
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3.2.2. Dispersion of Carbon Black in the Presence of Clays®

The dispersion of CB has greatly improvement in the presence of platelet-like
silicates. The CB-clay hybrid was first prepared at various weight ratios (i.e., CB/clay
= 100/0, 85/15, and 67/33) and the degree of homogeneity was examined by using an
SEM instrument. As shown in Figure 20, the control experiment with pristine CBs
shows a serious aggregation effect with an average size of 100-300 nm in diameter. It
appears that the CB powder can aggregate easily from the pristine structure of irregular
spherical shape in average diameter of 40-60 nm. In general, it is the van der Waals
force among nanoparticles to cause'the aggre_gation of .CB particles. The aggregation
can thus occur during the preparation%irﬁcess sinc_:e the CB power cannot be
completely dispersible in solvent. Actually the_.formed precipitates can easily be
noticed even by naked eyes.

Interestingly, with the addition of clay, the CB-clay hybrid turns out to be
dispersible in solvent by subjecting to an ultrasonic process. It is expected that the
geometric structure of the pristine MMT clay with a well-defined structure of the
primary units consisting of aluminosilicate platelets in stacks to improve the dispersion.
The irregularly shaped unit platelets were estimated to be 100 nmx100 nmx1 nm for

MMT. Due to the intensive ionic charge character, these clays are hydrophilic and

swelling in solvents. As can be seen in Figure 20, the dispersion of CBs is very
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effective in the presence of clay with an average particle size of ca. 40-60 nm.

S00 nm

Figure 20. SEM morphology of CB-MMT hybrid at weight ratio of CB/MMT = 100/0
(a), 85/15 (b), 67/33 (c), and their hydrophilic property (insert).

The improvement in the hydrophilic property of the hybrid material was further
studied. Figure 20 insert shows the results observed from the sessile-drop test. The
water contact angles (WCA) for the CB-clay surface are 130°, 110° and 90° for the clay
addition at 0, 15, and 33 wt%, respectively. Apparently, the wettability of the hybrid

was effectively improved in the presence of the clay component.
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3.2.3. Preparation and Dispersion of Silver Nanoparticles in the Presence of Clays*
The GIF also can manipulate the preparation of AgNPs and showed dramatically
improvement of dispersion. In the presence of platelet-like silicate (Figure 21a), the
particle size of AgNPs can be controlled from 20-70 nm due to the defects of silicate
structures have strong interaction with Ag* and promote the formation of Ag° (i.e.
AgNPs). The AgNPs with clay presence have good solubility in water. After heating

at 110 °C, the AgNPs showed melting phenomenon and revealed the electrical

conductivity behavior (Figure 21bi¢). ., "%
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Figure 21. Preparation of AgNPs in the presence of clays and the melting behavior.
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3.2.4. Preparation and Dispersion of Iron-Oxide Nanoparticles in the Presence of
Clays'®*

Nanohybrids with embedded magnetic FeNPs were synthesized by in situ
Fe?*/Fe®" co-precipitation in the presence of hydrophobic poly(oxypropylene)amine
salts intercalated clay. With the combined hydrophobic and magnetic properties, the
nanohybrid exhibited its ability to adsorbing hydrophobic organics and then be

efficiently removed by using simple magnetic fields. It may be applied for

. . — -yl T . . .
environment-cleaning appllcatlon,@w%@nggﬁﬁ’@&%lt crude oil or possibly other
(b )

& %
pollutants. ﬁ’w @v%

Figure 22. Preparation of FeNPs in the presence of organoclays and the magnetic behavior.
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3.2.5. Conclusion

The dispersion of nanoparticles has successfully been improved by using
mechanism of geometric-shape inhomogeneity. The dispersion of carbon nanocapsules,
carbon black, silver nanoparticles and iron-oxide nanoparticles were effectively
improved in the presence of platelet-like clay. Compared to tubular nanomaterials (e.g.
carbon nanotubes), the dispersion of carbon nanoparticles also rendered amphiphilic
behavior and irreversible manner in water/toluene co-solvent due to the exposure order.
Both AgNPs and FeNPs also maintained their electrical conductivity and magnetic
behavior for advanced applications:The-new method for dispersion nanoparticles will

broaden the applications of nanomaterials-xiﬂ the future.

I
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3.3. Dispersion of Hydrophobic Conjugated Polymers by Using Platelet-Like
Clays and their Thermoresponsive Property'®

In our previous researches, the dispersion of nanomaterials can be control or
enhanced by a unique mechanism of geometric-shape inhomogeneity factor (GIF). The
pulverization of two nanomaterials with large difference in geometric shaped will
alternate their dispersed behavior by each other. The dispersion of Carbon black,’
silver nanoparticle* and carbon nanotube’ can be improved based on GIF. In this
Section 3.3., we reported the uses of collqidal clays to aqueous dispersion of
hydrophobic CPs based on_ GIE. Three representative CPs,
poIy[2-methoxy-5-(2’-ethylhexyloxy)-l,.4.-I;§E|;=.éhylene _ vinylene] (MEH-PPV),
sulfonated polyaniline (SPA) -and | triphenyl.” phosphine oxide cored polyaniline
(TPOPA), were allowed to mix and grind With the ionic clays of plate-like geometric
shape. Among the screened clays, the synthetic fluorinated mica (Mica) was the most
effective for dispersing CPs in water. The clays with high aspect-ratio geometric shape
and ionic charges could well interact with the hydrophobic polymers through
non-covalent bonding forces. By varying the clay species, the geometric shape was
found to be one of the important factors for influencing the CP dispersion. The clay

affecting CP dispersion is generalized by using representative CPs of polyaniline

structures with rigid shape and making into hybrid films. Their dispersion behavior and
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photo-physical properties were characterized by ultraviolet-visible (UV-vis),
photoluminescence (PL) spectrophotometer and transmission electron microscopy
(TEM).

Furthermore, the platelet silicate clay were undergone exfoliation to form nano
silicate platelet (NSP) and consequently tethered poly(N-isopropyl acrylamide)
[PNiIPAAmM] by atom-transfer radical polymerization (ATRP). The new nanomaterial of
NSP-PNiPAAmM was advanced the dispersion of hydrophobic conjugated polymer to
become thermoresponsive behavier, and phptoluminescence (PL) responsiveness
through GIF. Both lower critical so|uti0(1 temperature, (LCST) and luminescence of

N

NSP-PNiPAAmM/CPs hybrid were character’if;e’d by UV-vis and PL spectrophotometer.

3.3.1. Dispersion of CP/Clay in the Presence of Ciays

Conjugated polymers are generally water-insoluble and require a substantial
side-chain modification to improve their solubility for processing. Moreover, the
layered silicate clays are well established for their swelling and colloidal properties.’
With pulverizing together, both materials in powder form of physical mixture altered
their inherent aggregating behaviors and mutually affected their solvating abilities. To
understand their dispersing behaviors, the representative MEH-PPV was selected for
the initial tests. The clays including the fluorinated mica (Mica), sodium

montmorillonite (MMT), synthetic clay (SWN) and a cationic type of layered double
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hydroxide (LDH) were screened. Four clays represent different anionic and cationic
species with a range of average geometric size: Mica (300x300x1 nm°), MMT
(100x100x1 nm3), SWN (80x80x1 nm® and LDH (200x200x1 nm®). Due to the
presence of intensive ionic charges, these clays are capable of swelling and gelling in
water. After physical pulverization, the MEH-PPV/Mica mixture showed an
improvement in solvating ability in water, while the pristine MEH-PPV is only
sluggishly dispersible. In Figure 23a, it is demonstrated that the MEH-PPV/Mica
hybrid at 1/1 and 1/2 weight ratios.is dispersibl_e compared to a serious aggregation of
MEH-PPV without Mica. The degree of dxispe_rsion can be differentiated by naked eyes

N

from a red-color solution to an apparent sol‘fgd aggregate. The dispersion was influenced

by the amount of added Mica, préferably using-a higher than 1/1 Mica in weight. By
visualization, Mica has an ability of subsi&ing the MEH-PPV aggregation in water.
Under an ultraviolet light (Figure 23b), a color was illuminated, implying the
enhancement of MEH-PPV dispersion in the presence of Mica. For comparison, the
pristine MEH-PPV is in aggregated form and the water solution showed none of
light-emitting. In Figure 23c, it is demonstrated that the MEH-PPV dispersion by the
assistance of different clays. Both MEH-PPV/Mica and MEH-PPV/MMT solutions

demonstrated a deep-red appearance while MEH-PPV/SWN and MEH-PPV/LDH
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revealed a light-red color, indicating the clay efficiency. Similar results were obtained

for other CPs such as SPA and TPOPA, as indicated in Figure 23d,e.

MEH-PPV/Mica 0 A - MEH-PPV/Mica MEH-PPM/Mica
MEH-PPY =3/ ; = MEHPPV | Under MEH-PPV
: Ultraviolet
B W s
e)|
MEH-PPV/Mica MEH-PPV/SWN SPA SPA/Mica TPOPA/Mica 4/4 1/2
MEH-PPV MEH-PPV/MMT MEH-PPV/LDH =2/1 LEOERRE 2R

Figure 23. Dispersion of CP/,_CIay{ in 'vxllatqd (12mg CPs in 5 g water): ()
MEH-PPV/Mica at 3/1, 2/1, 1/1 and-1/2-weight ratios, (b) MEH-PPV/Mica (1/1) under
UV light, (c) MEH-PPV/Clay (1/1), Clay:Mica, MMT, SWN and LDH, (d) SPA/Mica
at 2/1, 1/1 and 1/2 ratios, and (¢) TPOPA/Mica at 2/1, 1/1 and 1/2 ratios.

The dispersion is examined by UV-visible absorbance, shown in Figure 24. The

Mica is most effective for enhancing the MEH-PPV dispersion in comparison with

other clays. Based on the same weight ratio (MEH-PPV/clay=1/1), the intensity for

MEH-PPV/Mica is higher than that of using other clays. In considering the ionic

charges, LDH possesses cationic charges on the platelet surface and nitrate anionic

species as the counter ions. The ionic charge interaction between MEH-PPV and clay

through the clay surface anions (=SiO) in MMT and Mica structures or cations
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([MgsAl,(OH)16]") in LDH may be another factor for affecting the MEH-PPV
dispersion. According to the UV-vis absorbance in Figure 25, the MEH-PPV
dispersion is closely correlated to the amount of Mica addition. The absorbance at 524
nm becomes more intensive with the increasing amount of Mica, implying the
improvement of MEH-PPV dispersion. The control experiment for the pristine Mica
indicates the increasing absorbance of UV-vis is fully contributed from MEH-PPV in
water. For other CPs, the absorbance of SPA/Mica and TPOPA/Mica also increased by

the Mica enhancement.

2.0
I PPV-Mica
] B PPV-MMT
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= 15- PPV-LDH
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©
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Figure 24. UV-vis absorbance of CP/clay in water: MEH-PPV dispersed by Mica,
MMT, SWN or LDH, at weight ratio of 1/1.
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Figure 25. UV-vis absorbance of CP/cI'Ese--_i_n water: MEH-PPV, SPA and TPOPA
polymers dispersed by Mica at different weight ratio.

The dispersion of CP/clay hybrid~in -water I:Was further observed by TEM. In
Figure 26a,c,e, the micrograms with a low magnification of MEH-PPV/Mica,
SPA/Mica and TPOPA/Mica hybrids all revealed a homogeneous distribution. Under
high magnification in Figure 26b,d,f, shown are the morphology of Mica in
platelet-like shape with dimension in 300—1000 nm and the particle size of CPs at 1

um for MEH-PPV, 10-100 nm for SPA and 100 nm for TPOPA.
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Figure 26. TEM images of CP/Mica dispersion (at 1/1 weight ratio) in water:
MEH-PPV (a,b), SPA (c,d), and TPOPA (e,f).




These images were taken by dropping the dispersed solution on the copper-grid of

the TEM sample holder. The observed images can only be extrapolated to the solution

dispersion state. The MEH-PPV conjugated polymer appeared to have larger

aggregated particles than that of SPA and TPOPA. The particle size measurements

from TEM are well correlated to the zetasizer analysis (Figure 27).
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Figure 27. Particle Size of Micay/MEH-PPV hybrids.

Comparison to MEH-PPV, the pristine Mica has an average particle size (APS) of
152 um, but decreased from 152 to 2 um when hybridizing with MEH-PPV through

the grinding procedure. It is noted that the size analysis is a relative correlation without
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considering the deviation from the platelet shape of the clay particle. The zeta
potentials (Table 11) for MEH-PPV in mixing with three clays were investigated.
Negative zeta potentials remained when hybridizing with Mica or MMT, in contrast to
the use of LDH. Due to the anionic LDH property, the MEH-PPV/LDH hybrid showed
a zero zeta potential due to the opposite charge attraction and solution precipitation. It
is interestingly noted that the zeta potential measurements could differentiate the

MEH-PPV interaction with anionic LDH from cationic clays (Mica and MMT).

Table 11. Zeta Potential of Pristine Micaand MEH-PPV/Clay Hybrid.

No. Mica® MEH-PPV/Mica®/ MMT%=MEH-PPV/MMT® LDH?* MEH-PPV/LDH®

at

Runl  -63 .78 -5 4 439, +22 0
Run2  -67 -79 ¥ | -36 +24 0
Run3  -65 78 0B 037 +22 0
Run4  -66 -80 24 -39 +26 0
Run5  -67 -82 -25 -38 +23 0

Average -66 -80 -25 -38 +24 0

20.01 wt% clay in water at pH = 7. *0.02 wt% MEH-PPV/clay hybrid in water at pH = 7, the
weight ratio of MEH-PPV/clay = 1/1. Note: the unit of Zeta Potential is mV.

3.3.2. Optical Performance of CP/Mica Hybrids

The degree of dispersion influences the optical property of CPs.
Photoluminescence spectrophotometer (PL) was performed at excited wavelength of
524 nm that was corresponded to the inherent MEH-PPV properties. The PL intensity

is rated by the following trend: MEH-PPV/Mica>MEH-PPV/MMT>MEH-PPV/SWN
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>MEH-PPV/LDH, as indicated by Figure 28. The trend of the PL emission reflected
the degree of MEH-PPV dispersion in water and the PL trend is consistent to the
UV-vis absorbance. The Mica clay appears to be performed better than other clays
tested. The content of Mica has a slight influence on the PL spectrum of
MEH-PPV/Mica due to the variation of dispersion (Figure 29). The PL spectrum of
MEH-PPV/Mica has a slightly blue shift from 601 to 595 nm corresponding to the
amount of Mica presence. The blue shift of MEH-PPV/Mica is due to the variation of

CP conjugated length.*®
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Figure 28. PL spectra of CP/clay solution with different clay.

-84 -



—o— MEH-PPV/Mica = 3/1
—x—2/1
—te—1/1
—_—1/2

700
600
500

400

Intensity

y T b T y T T — T
550 600 650 700 750 800
Wavelength (nm)

Figure 29. PL spectra of CP/clay'solutionwith Mica but different weight ratio.
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The MEH-PPV/Mica films P_repéﬁed ‘Ffom_ the cofresponding solution precursor
were shown to have UV-vis and“PL: pro;;erties (Figure 30-32). For the
MEH-PPV/Mica (weight ratio=1/1) film as shown in Figure 30, there are existed a
maximal absorbance at Amax.aps= 580 nm and a maximum emission at Amax.em.= 605 nm.
In the inserted picture, the film exhibited a noticeable orange light-emitting when
exposing to a UV lamp. The orange light is exactly correlated to the PL at 605 nm. In
Figure 31, the SPA/Mica film has a spectrum at Amax.aps. = 425 M and Amaxem. = 560
nm, with the corresponding olive light-emitting under UV lamp. For the TPOPA/Mica
film, in Figure 32, the results of Amax.aps. = 430 Nm and Amaxem. = 530 Nm were obtained.

Green light-emitting was corresponding to the PL of 530 nm.
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Figure 31. UV-vis and PL spectra of hybrid film of SPA/Mica (b).
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3.3.3. Explanation for the Dispérvs_ionilliehgeior';éf CP/Clay

The dispersion of CPs into Wéfér phase in"th; presence of the ionic clays is first
rationalized by non-covalent bonding forces. The CPs are hydrophobic and only
soluble in organic mediums. In water, the polymers are in aggregates or precipitates
due to molecular-coil entanglement. Both UV-vis absorbance and TEM observation
confirmed the fine distribution of the CP/Clay hybrids in aqueous dispersion. As
illustrated GSI conception in Figure 33, the initial grinding of two distinctly different
materials in nanometer scale may have homogenized two different materials in

micrometer scale. When dispersing into water, the strong non-covalent bonding force

between clay and water molecules could further exclude the CP molecular
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self-aggregation. Both of the mutual interactions through non-covalent bonding forces
such as ionic charges for clay surface, van der Waals force and =n-n stacking for CP
entanglement attraction and the plate-like geometric shape blockage could all together
influence the CP pristine aggregation. In other words, the CP polymer entanglement is
mitigated and physically blocked by the neighboring Mica platelets. The presence of
clay colloid in water effectively rendered the CP dispersion in water. The overall effect
is to disperse CPs without going through a tedious chemical modification. It also

implies the “green process” is possibly génera[iz_ed for other hydrophobic polymers.

. .._\{:

Conjugated Polymer/Clay Hybrid
Conjugated Polymer

Figure 33. Conceptual illustration of homogeneous distribution between clay and CP
through re-distribution of non-covalent bonding forces of the CP coils and rigid clay
units.
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3.3.4. Thermoresponsive behavior of conjugated polymer induced by
NSP-PNiPAAM™®®

When pulverized together in a physical mixture, the two materials altered their
inherent aggregating behaviors and mutually affected their solvation capacities (Figure
34a). The mixture of NSP-PNiPAAmM and MEH-PPV showed a greatly improved
solvation in water, whereas pristine MEH-PPV is non-dispersible. The fine dispersion
of CP by the presence of NSP-PNiPAAmM and demonstrated a thermoresponsive optical
properties are conceptually described in Figun_e 34. The visual images in Figure 34b
reveal that the NSP-PNiPAAm/MEH-PP\/ mixturesat-3/1 and 4/1 weight ratios were
dispersible as opposed to the aggregationéfiMEH-PP\_/ without NSP-PNiPAAmM. The
difference in dispersion can be'*\'/vif[hessed by-the naked eyes, with a red-colored
solution being obtained in the former cases and an apparent solid aggregate in the latter.
The same mixture also shows thermoresponsive behavior which stems from the
attachment of PNiPAAmM to the NSP surface. Under thermal cycling between 4 to 45°C,
the aqueous dispersion of NSP-PNiPAAM/MEH-PPV showed reversible

thermoresponsive aggregation due to the expulsion of water from the PNIiPAAmM

hydrogen bonding interaction.
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Figure 34. (a) Conceptual illustration of thermoresponsive NSP-PNiPAAM/MEH-PPV
in water. (b) Thermoresponsive dispersion of NSP-PNiPAAM/MEH-PPV in water (1
mg MEH-PPV in 5 g water) at weight ratio of NSP-PNiPAAM/MEH-PPV = 1/0, 0/1,
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Considering both the aqueous dispersion and thermoresponsive property, the
NSP-PNiPAAM/MEH-PPV dispersions were examined by UV-visible spectrometer.
As shown in Figure 35a, the MEH-PPV dispersion at 4 °C is greatly affected by the
amounts of NSP-PNiPAAm added. The absorbance at 524 nm becomes more intense
on increasing the amounts of NSP-PNiPAAm, implying improvement of the
MEH-PPV dispersion. A control experiment (NSP-PNiPAAM/MEH-PPV = 1/0)
indicated that the UV-vis absorbance stemmed fully from MEH-PPV in the water. For
comparison, the same set of MEH-PPV disper_sion at 45 °C exhibited a similar trend
but weak absorbance due to aforementionxed LCST of NSP-PNiPAAm that aggregates

at elevated temperatures (Figure 35b).

= r:ij‘-' "
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Figure 35. NSP-PNiPAAm/MEH-PPV'disperse_d in water at different weight ratio for
UV-vis absorbance (a,b) and transmittance (¢;d):

According the definition of LCST, the thermoresponsive behavior can be
precisely identified by temperature-dependence of UV-vis transmittance at 524 nm.
The NSP-PNiPAAM/MEH-PPV hybrid at 4/1 weight ratios was dispersed in water and
has a solid content of 0.08 wt % NSP-PNiPAAm and 0.02 wt % MEH-PPV. The
UV-vis transmittance of hybrid solution was monitored from 25 to 50 °C. As shown in
Figure 35c, the hybrid has a higher UV-vis transmittance at 25 to 30 °C, indicating the

solution has a better dispersion in water than that after the transition temperature of
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37.5 °C or LCST. At the elevated temperature, the solution transparency suddenly
reduced due to the drop of particle aggregation through the expulsion of water from the
PNiPAAmM chains in the hybrids. Compared to the NSP-PNiPAAm (Figure 35d), the
LCST of NSP-PNiPAAM/MEH-PPV (37.5 °C) is similar to that of NSP-PNiPAAmM
(33.0 °C). The LCST phenomenon of the dispersion can also be characterized by
FE-SEM. Below the LCST (37.5 °C), the NSP-PNiPAAM/MEH-PPV dispersed very
well in the water (Figure 36a insert) and spin-coated into film that exhibited a
morphology with ca. 50 nm particlersize (Figu_re 36a,b). In contrast, the dispersion at
the temperature above LCST rendered thg film_with, the observable larger particle size
of ca. 100 nm (Figure 36¢,d). The temp;%fth're differe_nce altered the particle size of
MEH-PPV due to the temrie'ramre-responded aggregation. For comparison,
NSP-PNiPAAmM itself revealed a smooth surface at both temperature of 25 °C (Figure
36e,f) and 80 °C (Figure 36g,h) in the absence of CPs. Without the association with

MEH-PPV, the NSP-PNiPAAm film morphologies failed to demonstrate the surface

differences perhaps due to the NSP predominance in controlling the aggregation.
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Figure 36. FE-SEM images of NSP-PNiIPAAM/MEH-PPV dispersed in water and then
dried at 25 °C (a,b) and 80 °C (c,d), and surface of NSP-PNiPAAm coating at 25 °C
(e,f) and 80 °C (g,h).
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The NSP-PNiPAAM/MEH-PPV dispersion showed a compounded property of
thermoresponsive at the transition temperature of 37.5 °C from NSP-PNiPAAm and the
photo-physical performance of MEH-PPV. At 4 °C under illumination from a UV lamp,
the NSP-PNiPAAM/MEH-PPV dispersions showed good dispersion with orange
light-emission, and the intensity of the emission was increased in the presence of
NSP-PNiPAAmM due to the enhanced degree of dispersion (Figure 34b). However, the
NSP-PNiPAAM/MEH-PPV displayed aggregation with weak emission above the

LCST or at 45 °C.

3.3.5. Photoluminescence behavior of disxg't;e-:r:s-ioln solution and solid film

The photo-physical property{ pf ENiPI;E\'Am/MEH-'PPV was further examined by
PL spectrometer. The PL was manifested at-an excitation wavelength of 524 nm which
corresponded to the inherent MEH-PPV properties. As shown in Figure 37a, the PL
intensity of the NSP-PNiPAAmM/MEH-PPV dispersion (at 4 °C) increased with the
increasing amount of NSP-PNiPAAm, which is nicely consistent with the UV-vis
results. When the same dispersion was heated to 45 °C, however, the intensity of PL
from the MEH-PPV decreased due to the LCST behavior of the NSP-PNiPAAmM
(Figure 37b), which stemmed from expulsion of water from the PNiPAAm chains.

The overall effect is that MEH-PPV mixed with NSP-PNiPAAm displays the

compounded thermoresponsive-photoluminescence sensitivity.
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Figure 37. NSP-PNiPAAm/MEI—_L_;PP\}’Idispersepi in water at different weight ratio for
PL emission (ab), and their corresponding < films at weight ratio of
NSP-PNiPAAM/MEH-PPV = 3/1 and their.optical properties (c,d).

For the practical application, NSP-PNiPAAM/MEH-PPV films were prepared
from the corresponding solutions and shown to have UV-vis and PL properties. In a
control experiment with NSP-PNiPAAm film (Figure 37c), no UV-vis or PL features
were detected. This result was confirmed in that UV exposure and visual observation
showed no emission (inset in Figure 37c). On the contrary,
NSP-PNIPAAM/MEH-PPV film has a maximum absorption at Amax.abs. = 485 nm and a

maximum emission at Amaxem = 605 nm (Figure 37d). Comparing the UV-vis results
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for the solution and film, the absorbance shows a blue shift from 524 nm (aqueous
dispersion) to 482 nm (solid film) due to the influence of the conjugated length.'®” The
inset in Figure 337 shows that the film exhibited a noticeable orange light-emission
when illuminated with a UV lamp. This orange emission is exactly correlated to the PL
at 605 nm.

The thermoresponsive behavior seen for aqueous dispersion of CP in the presence
of the NSP-PNiPAAmM may be rationalized in terms of noncovalent bonding forces and
the expulsion of water from the PNIiPAAM ch_ains. The CP is hydrophobic and only
soluble in organic media. In water, the pqum_ers are aggregated or precipitated due to
molecular-coil entanglement. The aqueou;%Fépersion, t_hermoresponsive behavior, and
PL sensitivity of the hybrid m'h'st.t'herefore stem from the NSP, PNiPAAm and
MEH-PPV. Both visual observation and UV-vis absorbance confirmed the behavior of
the NSP-PNiPAAM/MEH-PPV mixtures in aqueous dispersion. As illustrated
conceptually in Figure 34a, the initial grinding of two distinctly different materials of
nanometer dimensions may have homogenized these materials on the micrometer scale.
Upon dispersal in water, the strong non-covalent bonding force between
NSP-PNiPAAmM and water molecules could further preclude the polymer

self-aggregation. The mutual interactions through non-covalent bonding forces, such as

ionic charges on the clay surface, van der Waals forces, and =-m stacking for CP
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entanglement attraction, as well as the plate-like geometric shape blockage, could all
together influence the aggregation of the pristine CP. Below LCST, the NSP-PNiPAAmM
showed a good solubility in water because both PNiPAAm chains and NSP are
hydrophilic. The well dispersion of NSP-PNiPAAmM consequently assisted the
dispersion of MEH-PPV in contacting with NSP. Above LCST, the PNiPAAmM chains
behave as hydrophobic moieties and aggregate together with MEH-PPV in water.
Furthermore, the thermoresponsive behavior is induced by the PNiPAAm through a
mechanism involving expulsion of water from the PNiPAAmM chains, and the PL
performance shows a strong correlation vyith the'L€ST behavior. The overall effect is
that the CP becomes dispersible ‘and thé%@ir’esponsive without the need for tedious

chemical modification of the CP-molecules:The' results also imply the “green” process

may be developed and generalized for other hydrophobic polymers.

3.3.6. Conclusion

By simply pulverizing CPs with Mica, the powder mixture became conveniently
dispersible in water. The fluorinated Mica is the best dispersing agent among the
screened clays including MMT, SWN and LDH. The dispersion enhancement is
measured by UV-vis absorbance in water. Three CPs (MEH-PPV, SPA and TPOPA)
were used to generalize this colloidal process for dispersing CPs. The CP films were

prepared and demonstrated for their photoluminescence properties. There are observed
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maximum emission at 605 nm, 560 nm and 530 nm for three CPs and the corresponded
color emitting, orange, olive and green under UV lamp. The dispersion mechanism is
explained by non-covalent bonding redistribution in water medium and also a
geometric shape exclusion effect derived from the high aspect-ratio plate structure.
Furthermore, the NSP-PNiPAAM/MEH-PPV mixture displays thermoresponsive
dispersion at the critical temperature of 37.5 °C and has photoluminescence at 605 nm.
The corresponding films have been prepared and still maintain their UV-vis and PL
properties. The compounded properties of._ thermoresponsive behavior and its
correlation with PL sensitivity :in aqueous dispersion-are the results of fine mixing
among the thermoresponsive PNiPAAr%j’chains on NSP and MEH-PPV with
light-emitting behavior. The therrﬁbrgs'ponsive PL sensitivity of CPs in the presence of

NSP-PNiPAAmM provides a smart material, prepared by an organic solvent-free process,

for biomedical and sensor applications.

-09-



3.4. Dispersion of Organic Pigments by Using Platelet-Like Clays

In our previous researches, a systematic approach for designing acrylic
copolymers consisting of two monomers, butyl methacrylate (BMA) and glycidyl
methacrylate (GMA), by using the synthetic method of atom transfer radical
polymerization (ATRP) was reported. The synthetic method was previously reported
for making polyacrylates of self-assembling properties. ¥ For the purpose of
interacting with pigment particles, the prepared BMA/GMA backbone was allowed to
grafting with different polar pendants including hydroxyl, carboxylic acid and amine
groups. The structure was varied Withx pendantpolarities and evaluated for the

performance of dispersing a representativé?e’llow pigment. The performance such as
pigment particle size, viscosity, 'an.d stability"was correlated with the copolymer
structures. The mechanism for generating homogeneous dispersion was investigated
and explained by a electrostatic charge interaction of 1,3-diamine on pigment acidic
surface through the analysis of zeta potential.

In the Section 3.4., an alternative approach of dispersion organic pigments was
proposed. By using large difference of geometric shapes, the un-soluble organic
pigments become dispersable. Various color pigments, including C.I. pigment red 177,

green 36, blue 15, yellow 138 and violet 23, are simply pulverized with platelet-like

clay and the mixtures are readily dispersing in organic mediums.
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3.4.1. Dispersion of Organic Pigments in the Presence of Clays

Organic pigments are generally water-insoluble and require dispersants such
surfactants or copolymers to improve their solubility for processing.**=®® In Section
3.1-3.3, a physical-geometric approach to control the degree of aggregation of
nanomaterials such as CNTs, CBs, CNCs, AgNPs, FeNPs and CPs through geometric
shaped exclusion were reported.’®**" Compared to various clays, the synthetic
fluorinated mica (Mica) is mostly suitable for improved the dispersion of

nanomaterials. The mixture of organic p_igment- and-platelet-like Mica showed a greatly

- o "
e

improvement of salvation of pig;mentiwga mp@r'e:in;_-water, whereas pristine pigment

| |'('-‘ |
N O3 e -
is non-dispersible (Figure 38). Asisho ﬁ"ﬂgure 39, the pristine pigment red 177

and green 36 were in-soluble mdejohlzed Wiler(Flgure 39a,b). After vigorously
grinding the pristine pigment, the f-ine piam;nt bowder still rendered large aggregation
and severely precipitation (Figure 39c,d). However, the fine dispersion of pigment can
be achieved by the presence of platelet-like Mica and the resultant solution revealed

homogeneous dispersion with colorful appearance of red or green (Figure 39¢,f).

Y

II%’-% +
|

m gV
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|
Platelet-Like Clay Organic Pigment

Pulverization .

¢

Pigment-Clay Hybrid
Figure 38. Conceptual diagram of dispersion organic pigment through GIF.
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Figure 39. Visual pictures of dispersing pigments red 177 and green 36 and their
control experiments. Pristine pigment directly added into water (a,b). Pristine pigment
with grinding treatment and then added into water (c,d). The pigment grinding with
Mica powder at weight ratio of 1/1 and the mixture powder is dispersible in water (g,f).
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To understand the effect.%?\ A i 3 xdlsaé;rsmg pigments, commercial
product of blue 15 and red 177 was furth’ef dhose fo;r.studled The powder mixtures of
pigment-Mica were prepared at weight ratio of Mica/pigment = 0.5/1, 1/1, 2/1, and 3/1,
and then dispersed in the water. In the Figure 40, showed the visual observation of
pigment dispersion in water and the solubility of pigment can be differentiated by
naked eyes. For example, the Mica/blue mixture at 0.5/1 weight ratios was slightly
dispersed in water and revealed light blue color, however, as increased the Mica
amount at weight ration of Mica/blue = 1/1, 2/1 and 3/1, the blue pigment rendered

homogeneous dispersion with deeply blue color (Figure 40a). The same trend of
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dispersion pigment by using clay as inorganic dispersant was revealed in the red
pigment (Figure 40b).

The dispersion solutions were further analyzed by UV-vis spectrometer. In the
Figure 40c,d, the absorbance intensity was enhanced with increasing Mica amount
which indicated the improvement of dispersing blue or red pigment.'° Compared to the
pigments, it was reported that the pristine Mica dispersing in water have no absorbance
at wavelength of 400-800 nm.** The improvement of dispersion has a percolation at
1/1 for blue and red pigments. The percolatiqn of UV-vis result indicated that the
aggregation of pigment has been effectxively reduced. at the presence of Mica. In
addition to the UV absorption, the perfor.r%ﬁ(:e of solqtion transmittance, 65%, 47%,
50% and 47% at the absorption 'of. X-=¢510.nm-were measured for blue pigment
(Figure 40a) and 70%, 62%, 73% and 57% were measured for red pigment (Figure
40b), respectively. While a high transparency is required for the applications, the
dispersible mixture powder at weight ratio of Mica/pigment = 2/1 may have potential
of real practical devices.

The performance of platelet-like Mica for dispersing the representative blue and
red pigments are examined by ZetaPlus zetameter and summarized in Table 12. After

adding platelet-like Mica and adequately milling, the pigment was homogeneously

dispersed in water. The result of particle size analyzer showed the average aggregated
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size of pigment has been decreased from 7.2 um to 0.9 um for blue and 10 um to 0.5

um for red, respectively. The interaction between pigment and Mica can be probed by

using zeta potential measurement and the result revealed that the zeta potential of

pigment-Mica aqueous solutions decreased from -12 to —24 mV for blue and -13

to =23 mV for red.

Table 12. Particle Size and Zeta Potential of Pigment-Mica Dispersion in Water.

i . C.1. Pigment Blue 15 C.l. Pigment Red 177
Weight Ratio of . - . . - .
. Average Particle Size _Zeta'Potential Average Particle Size Zeta Potential
Mica/Pigment :

(um)., (mV) (nm) (mV)
0.5/1 P =12 10 -13
11 14 ()L [~318 1.0 18
2/1 09 e 119 05 24
3/1 1.8 5 oW 0.7 -23

The measurements of average. particle size and zeta potential were further
combined and discussed in Figure 41. Both blue- and red-Mica hybrids have a
percolation of particle size at weight ratio of Mica/pigment = 1/1. The result of size
percolation is consisted with the trend of UV-vis analysis (Figure 40c,d).
Consideration the surface charge, the zeta potential has been shifted and showed a
positive change which indicated the strong surface-charge interaction between Mica
and pigment particles through physical attraction.’**® For example in Figure 41a, at
weigh ratio of Mica/pigment = 2/1, the blue-Mica hybrid can be well dispersed in the

water and the particle size has minimized to 900 nm with zeta potential of -19 mV.
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Compared to the hybrid, the pristine Mica has the zeta potential of -39 mV and

consequently decreased to —19 mV in the presence of blue pigment. For the dispersion

of red pigment at Mica/red = 2/1, the red-Mica solution was obtained in particle size of

500 nm with zeta potential of —24 mV (Figure 41b). In the control experiment, the

pristine Mica has a zeta potential of -39 mV and consequently decreased to —24 mV in

the presence of red pigment.

4 MY

- 106 -



(a) gre
—~ 87 Mica-Blue Hybrid
£
=
e’
o 6- —
N
7
Q
° 47
=
(1)
O 2 Pristine Mica
0 _ —_—

- -12
--16
- -20

- -24

Weight Ratio of Mica/Blue Pigment

' | ' T T T ' | ' | ' | '
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

()|
74 =—Q | _16
6- L .20
€ | Mica-Red Hybrid I
G * | 24
@
N i
N 4- |28
o I
(8)
B 3 1 L -32
D“.’ 7 R
2- Pristine Mica - -36
1 .40
0 T '44

Weight Ratio of Mica/Red Pigment

Figure 41. Particle size and zeta potential analysis of dispersing pigment blue 15 (a)
and red 177 (b) in water.
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The particle size and volume distribution could be characterized for the particular
pigment dispersion in the medium. After adding different Mica amounts, the pigment
was suspended in water to have a general distribution of particle sizes, for examples,
the particle size distribution for blue pigment has decreased from 8377 nm/9152 nm to
735 nm or 474 nm at weight ratio of 1/1 or 2/1 (Figure 42a). However, in the case of
Mica/blue = 3/1, the excess amount of Mica increased the distribution of 1058
nm/3554 nm due to the origin size of Mica is ca. 300-1000 nm.*"? The distribution of
red pigment have the same trend and the._ dispersion result showed large size

distribution of 10000 nm (Figure 42b) at Mica/red:=:0.5/1 and then decreased to 439

e

nm or 474 nm at Mica/red ='1/1 or2/1. The:ékbess Mica in the water increased the size
distribution from nano-scale (ca' 400 ‘nm)‘to.Mmicro-scale (472 nm/ 2430 nm). The
pigment size distribution is a good indication for the effectiveness of the inorganic

dispersants, Mica, and the results revealed the relative effectiveness for the Mica

interacting with pigment particles is optimized at weight ratio of Mica/pigment = 2/1.
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Regarded platelet-like clay as an inbrganic disbersant for pigments, various

pigments were further dispersed in'water by using-Mica. The dispersion was observed

by naked eyes and TEM. As showed in Figure 43, pigments in red, green, blue, yellow

and violet color were homogeneously dispersed in water (Figure 43 insert). The TEM

morphology revealed the particle sizes of pigments are ca. 300-700 nm for red, 0.4-2

um for green, 70-160 nm for blue, 70-240 nm for yellow and 70-570 nm for violet,

respectively. Particularly, the geometric shape of dispersing the pigment violet 23

rendered rod-like assembly due to the rigid unit consisting from six and five member

rings (Figure 7). Compared to the pigments, the pristine Mica is an irregular platelet

with average dimension in ca. 300 nm.'”
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Figure 43. TEM morphology of dispersing pigment red 177, green 36, blue 15, yellow 138, violet 23 and pristine Mica in water (weight ratio of
Mica/pigment = 1/1).
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For practical applications in optoelectric devices, the pigment-clay solutions were
used to prepared pigment-PVA composite film. The mixture solutions of pigment-PVA
were showed in Figure 44a,b. The dispersion can be differentiated by naked eyes and
the dispersion of pigment in PVA was improved due to the presence of platelet Mica.
For example, the Mica/blue has large aggregation at weight ratio of 0.5/1, however,
Mica/blue revealed homogeneous dispersion at 3/1. The dispersion of Mica/red has the
same trend as Mica/blue. The mixture solutions of pigment-PVA were analyzed by
UV-vis spectrophotometer. The blue<PVA solutipn has broad absorption at 625 nm. The
absorbance intensity increased: with inxcrea_sing Mica amount indicated that the
improvement of blue dispersion in RVA sotﬁztlon (Figur_e 44c). Red-PVA solutions have
the same trend of dispersion beheiVior'as blue-PVA solution (Figure 44d). The UV-vis

result rendered strong broad absorption at 550 nm and the intensity increased with

increasing Mica amount due to the improvement of pigment dispersion.
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The pigment-PVA composite films with large aggregation rendered colorless

appearance (Figure 45a,b), for example, blue-PVA film revealed blue at weight ratio

of Mica/blue = 0.5/1. However, composite with homogeneous dispersion showed

colorful appearance, for instance, red-PVA film revealed red at weight ratio of

Mica/red = 3/1. The solid films were analyzed by using UV-vis spectrophotometer and

the results were the same as in Figure 44c,d. The blue-PVA film has broad absorption

at 625 nm. The absorbance intensity increased with increasing Mica amount indicated
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Absborbance

that the improvement of blue dispersion in PVA matrix (Figure 45c¢). Red-PVA films
have the same trend of dispersion behavior as blue-PVA (Figure 45d). The UV-vis
result rendered strong broad absorption at 550 nm and the intensity increased with

increasing Mica amount due to the improvement of pigment dispersion.
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Figure 45. Visual observation of composite films of pigment-PVA: blue-PVA (a) and
red-PVA (b) at various amounts of Mica presence and their UV-vis absorbance of blue
(c) and red (d).
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3.4.2. Conclusion

The use of inorganic Mica demonstrated the improvement of insoluble pigment
dispersion in water mainly due to their difference in geometric shape. The dispersion
method was generalized for C.I. pigments, red 177, green 36, blue 15, yellow 138 and
violet 23, enabled by the Mica clay with geometric plate shape, high-aspect ratio and
intensive-surface charge. By simple process of pulverization of pigment and Mica, the
mixture became dispersible in water and controllable particle size at ca. 70 nm-2.0 um.
The zeta potential measurements had revealed_ the presence of strong surface-charge
attraction between pigment and:Mica pa(ticles,, implying another important factor of
charge interaction. With the PVA additioé?ﬁé dispersipn was further coated into film
in different pigment colors and 'tlémbnstrated the effectiveness of Mica clay effect.
Through the Mica interaction, the difficulty of dispersing pigment in water is

overcome and the feasibility of utilizing pigments without organic solvent is

evidenced.
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Chapter 4. Summary

The “Geometric-Shape Inhomogeneity Factor” has been generalized in various
nanomaterials including carbon nanotubes, carbon nanocapsules, carbon blacks, silver
nanoparticles, iron-oxide nanoparticles, conjugated polymers and organic pigments

(Figure 46).
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Figure 46. Generalization of Geometric-Shape Inhomogeneity Factor for dispersing

Nanomaterials.
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A new mechanism of “Geometric-Shape Inhomogeneity” was proposed and
explained by the interaction between geometry and the non-covalent bonding such as
van der Waal force, ionic attraction, surface charge and aspect ratio. Among these
interaction forces, aspect ratio is the dominated factor for manipulated the dispersion
ability of nanomaterials and the surface charge is the secondary factor to control the
solubility. Compared to the organic pigments and hydrophobic polymers, the carbon
materials showed amphiphilic solvation and irreversible dispersion. The new
dispersion technique of “Geometric<Shape Inhqmogeneity” will progress and advance
the applications of nanomaterials;in/the fu:[ures. \

N
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National Meetings & Expositions of the American Chemical Society (ACS) : 5§

1. Jiang-Jen Lin, Ying-Nan Chan, Kuan-Liang Wei, and Yi-Fen Lan,
"Layered-Clay-Skeleton Initiated Epoxy Polymerization and Formation of Unique
Silicate/Polymer Hybrid Assemblies”, 233" National Meetings & Expositions of
the American Chemical Society, Chicago, IL. USA. March. 25-29, 2007.
(Coauthor)

2. Jiang-Jen Lin, Yi-Fen Lan, Kuan-Liang Wei and Ying-Nan Chan, "Effect of
Geometric Shape on Nano-Dispersion of Carbon Nanotubes and Layered
Platelets”, 234™ National Meetings & Expositions of the American Chemical
Society, Boston, MA. USA. Aug. 19-23, 2007. (Oral Presentation)

3. Yu-An Su, Hsiao-Chu Lin, Bi-Zen Hsieh, Yi-Fen Lan and Jiang-Jen Lin,
"Clay-AgNP  Nanohybrids " Exhibiting  News Temperature-Responsive and
Antimicrobial Potency"; 239" National Meétings.& Expositions of the American
Chemical Society, San Franciscd_,__Callifornia, USA. March. 21-25, 2010.
(Coauthor) ,_ ;

4. Hsiao-Chu Lin, Bi-Zen ‘Hsieh, Yu-'}An Su, YU:-Min Chen, Yi-Fen Lan and
Jiang-Jen Lin, "Tailoring the Dénsity of-Poly(NiPAAmM) on Silicate Platelet and
Their Aggregating Behavior in .Water", 239" National Meetings & Expositions of

the American Chemical Society, San Francisco, California, USA. March. 21-25,
2010. (Coauthor)

5. Bi-Zen Hsieh, Yu-An Su, Hsiao-Chu Lin, Yi-Fen Lan, Yu-Min Chen, Yu-Jane
Sheng and Jiang-Jen Lin, "Reversible Phase Transition of Polymer Brushes
Prepared from Dual-Head Initiator ATRP Grafting Poly(N-isopropylacrylamide)
on Silicate Platelets”, 240™ National Meetings & Expositions of the American
Chemical Society, Boston, MA. USA. Aug. 22—-26, 2010. (Coauthor)

Pacific Polymer Conference (PPC) : 1%

1. Yi-Fen Lan and Jiang-Jen Lin, "Aqueous Colloidal Dispersion of Conducting
Polymers Promoted by Platelet-Like Clays and their Film Photoluminescence
Properties” 11" Pacific Polymer Conference, Cairns, Australia, Dec. 610, 2009.
(Oral Presentation)
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1. Chia-Ming Chang, Jin-Chen Chiu, Chao-Yung Yeh, Wern-Shiarng Jou, Yi-Fen
Lan, Yen-Wer Fang, Jiang-Jen Lin and Wood-Hi Cheng, "Electromagnetic
Shielding Performance for a 2.5 Gb/s Plastic Transceiver Module Using
Dispersive Multiwall Carbon Nanotubes" 57" Electronic Components and
Technology Conference, Reno, NV. USA. May 29-June 1, 2007. (Coauthor)

2. Jin-Chen Chiu, Chia-Ming Chang, Jhe-Wei Lin, Wood-Hi Cheng, Yi-Fen Lan
and Jiang-Jen Lin, "High Electromagnetic Shielding of Multi-Wall Carbon
Nanotube Composites Using lonic Liquid Dispersant” 58" Electronic Components
and Technology Conference, Lake Buena Vista, Florida, USA. May 27-30, 2008.
(Coauthor)

3. Jin-Chen Chiu, Yi-Fen Lan, Jung-Jui Kang, Chia-Ming Chang, Zih-Shun Haung,
Chao-Yung Yeh, Chao-Kuei Leg; Gong-Ru Lin, Jiang-Jen Lin, and Wood-Hi
Cheng, "Passively Mode-locked. leasers Using Saturable Absorber Incorporating
Dispersed Single Wall Carbon -Nanotubes™ 59" Electronic Components and
Technology Conference, San DiéQ’Q,.__California, USA. May 26-29, 20009.
(Coauthor) i
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