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Abstract

The research work described in this thesis aims to the preparation of novel
nanostructured materials starting from an inexpensive building block, amphiphilic hollow
particles. These particles are composed of polyethyleneimine-g-poly(methyl methacrylate)
(PEI-g-PMMA) copolymer which is derived from its corresponding PMMA/PEI core-shell
particle. A wide range of interesting nanostructured materials such as nanotubes, nanofibers,
urchin-like, snowflake-like hierarchical structures have been constructed by simply
manipulating assembling conditions such as co-solvent composition, temperature and
solution pH.

Assembling mechanism for the formation of nanotubes from hollow particles of PEI-
g-PMMA was first investigated at either 15 or 17°C with fluid shear in a mixture of
dichloromethane (DCM) and water. Effects of stirring rate and DCM to water volume ratio
on the hollow particle assembly were systematically examined. Surface properties and
morphology of the hollow particles as well as the resulting assemblies in both DCM and
water were characterized by X-ray photoelectron spectroscopy and transmission electron
microscopy. Results from these studies suggest four key features of this assembly process: 1)
Morphology of the amphiphilic hollow particle is inversable in organic solvent and water. 2)
The assembly process can only occur with appropriate fluid shear and DCM/water ratio. 3)
The hollow particles can undergo deformation to ellipsoidal shape with fluid shear at 350
rpm in an appropriate DCM/water (e.g. 3:7 v/v) mixture. 4) The elongated hollow particles
are able to assemble into linear aggregates via tip-to-tip connection, followed by coalescence
and fusion to generate hollow nanotubes with diameters less than 150 nm. The lengths of the

nanotubes can be extended to micron-scale, and they can be easily aligned via a simple dip-
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coating method. This simple and inexpensive assembly process using amphiphilic hollow
particle as a building block is dramatically different from the well-known self-assembly of
block copolymers into different nanostructures under equilibrium conditions.

Assembling temperature has shown profound effect on the morphology of the hollow
particles and resulting assemblies. Varying solution temperatures from 15 to 45°C lead to the
formation of different sizes of hollow particles ranging from 28 to 225 nm in diameter,
respectively. The resultant hollow particles could be further converted into snowflake-shape
under a rapid temperature quenching process. In the case of preformed nanotubes, increasing
solution temperature can enhance the hydrophobic interaction between PMMA graft chains
inside the nanotube, resulting in the transformation of nanotube to nanofiber with diameter
ranging from 17 to 137 nm.

Various novel hierarchical microstructures can also be fabricated using preformed
nanotubes as building block through pH tuning. The formation of three-dimensional
hierarchical structures in aqueous solution over a pH range from 5 to 13 are captured by
field-emission scanning electron microscopy (FE-SEM), transmission electron microscopy
(TEM) and atomic force microscopy (AFM). The hierarchical structures display distinct
assembly profiles across three pH regimes. At low pH (pH =3.0), nanotube building blocks
appear in random orientation and distribution. There is almost no hierarchical assembly
under this condition. At pH between 6 and 8, the nanotube building blocks transform into
straw-sheaflike bundle and fractal-like structures. At pH 9 which is close to isoelectric point
of the nanotubular charge density as determined with a zeta-potential measurement,
nanotubes align into parallel bundles and pack into highly packed columnar structures. When

solution pH is above 10, the bundles (in straw-sheaf morphology) with loosely agglomerated
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fantail-shaped morphology are further assembled into plate-like morphology with interwoven
networks.

The in-depth understanding gained through this study can guide the design and
manipulation of self-assembly of various amphiphilic hollow particles, thus generating

diverse and intriguing nanostructured materials.
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Chapter 1 Introduction

1.1 Self-assembly of amphiphilic molecules

Self-assembly has become a very effective and promising approach to prepare a
wide range of nanoscale materials. It can be defined as the spontaneous and reversible
organization of molecular units into ordered structures by non-covalent interactions. In
general, materials can be regarded as two states: the dispersed and the condensed state.
The transition from a dispersed state to a condensed state is a universal phenomenon
and is the beginning stage of the self-assembly. The self-assembling process relies on a
sequence of spontaneous recognition, growth, and termination steps to form the final
equilibrium supramolecular entity through forces such as metal ion coordination,
hydrogen bonds, electrostatic interactions, and Van der Waals attraction.

Amphiphilic molecules contain both hydrophilic and hydrophobic segments
which play a critical role in a wide range of self-assembly phenomena. The unique
properties of these molecules rely on their intermolecular interactions such as
hydrophobic and hydrophilic interactions between the moieties, and electrostatic
interaction between the charged groups. The final equilibrium supramolecular structures
are determined by the thermodynamics of self-assembly conditions such as pH,
temperature, solvent composition etc. and both inter-and intra-aggregate forces.

When considering self-assembly of a targeted structure from the spontaneous
organization of building blocks with dimensions that are beyond the sub-nanometer
scale of most molecules or macromolecules, there are five fundamental principles which
should be taken into account: (i) Building blocks, length, shape, surface structure; (ii)

Attractive and repulsive interactions between building blocks; (iii) Reversible



association-dissociation and/or adaptable motion of building blocks in assembly, lowest
energy structure; (iv) Building block interactions with solvents, interfaces, templates;
and (v) Building block dynamics, mass transport and agitation.

A challenge for perfecting structures via this kind of self-assembly chemistry is
to find ways to synthesize (bottom-up) or fabricate (top-down) building blocks that not
only have the right composition, but also have the same size and shape. However, no
matter which way the building blocks are made, they are never truly monodisperse
unless they happen to be single atoms, molecules or clusters. Thus the polydispersity of
the building blocks in their size and shape manifest in the achievable degree of
structural perfection of the assembly. Equally demanding is to control external
environment of the building blocks, which ultimately determines the geometry and
distance at which building blocks come to equilibrium in a self-assembled system. In
fact, building blocks that are not too strongly bound in the assembly are able to adjust
themselves to form an ordered structure. Those building blocks in the assembly which
interact too strongly are more difficult to adjust their relative positions, thus resulting in

less ordered metastable structure.

1.2 Self-assembly of block copolymer

Amphiphilic copolymers are comprised of chemically distinct polymers
connected by a covalent bond. When they are dissolved in a selective solvent, like a
good solvent for one of the segments and a poor solvent for the other, the copolymer
molecules can undergo self-assembly to form a variety of morphologies, such as
spherical, rod-like, interconnected rods, lamella, vesicles and large compound micelles

(LCM) as shown Figure 1.1. The grey part corresponds to the hydrophobic core and



individual black lines correspond to the hydrophilic chains. It is well known that
molecular architecture of the block copolymers is an important parameter in designing
nanostructured materials with desired properties.'” Thus, with increased understanding
of the mechanisms that govern supramolecular assemblies, in both synthetic and natural

. 1 813 . . .
materials, ~ a variety of nanostructured materials have been developed for diverse

14-18

applications such as drug delivery capsules, micellar nanoreactors containing

19-24 25-27

metallic nanoclusters, electrophoretic  separation media, templates for

28,29

biomineralization, polymer electrolyte membranes for use in fuel cells,”

micropatterning in soft lithography”' and other functional materials.*

® :
% sphere vesicle

cg{lmdrlcai lamellar Inverse micelles
micelles

Figure 1.1 Multiple morphologies obtained from block copolymers: (a) spherical, (b)
vesicles, and (c) inverse micelles, (d) lamellar structures, and (e) cylindrical

or tubular micelles.

The first study towards the aggregates formed by amphiphilic block copolymers

33,34
L.

were performed by Discher et a using polyethylethene-block-poly(ethylene glycol)



(PEE37-b-PEQ4g) copolymers. Upon dispersion the block copolymer in an aqueous
solution by hydration and subsequent preparative vitrification, worm-like and spherical

micelles were found coexisting with small (D < 200 nm) vesicles (Figure 1.2).

&

Figure 1.2 (A) Schematic representation of the bilayer membrane formed by PEE;;-b-
PEQOy, and comparing it with phospholipid bilayer.(B) Dispersion of
PEE;7-b-PEQy in water, showing vesicles, rod like micelles (black arrow)

and spherical micelles (grey arrow).”**

In fact, amphiphilic block copolymers can self-assemble to form one layer,
while another series of molecules can form another layer, thus they can from bilayers
which can be in the form of huge sheets and lamellae. These lamella can close to form
hollow structures; vesicles. The closure of the lamella is governed by the interaction of

rim energy and bending energy.” Figure 1.3 shows the multiple morphologies of



assembled polystyrene-b-poly(acrylic acid) observed by transmission electron
microscopy. These morphologies include spheres, rod, vesicles and large compound

micelles.*’

Figure 1.3 Transmission electron microscopy images of multiple morphologies
assembled from polystyrene-b-poly(acrylic acid): (A) spheres; (B)

rod; (C) vesicles; (D) large compound micelles.*”

Other intriguing morphologies have also been obtained from various types of
diblock copolymers. Figure 1.4a shows helical morphology assembled from
polystyrene-b-poly(isocyanopeptide)®®, while Figure 1.4b exhibits pearl necklace

morphology obtained from polystrene-b-poly(dimethylsiloxane) PS g3-5-PDMSs0y.>°
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Figure 1.4 Bright-field TEM images of (a) Helical morphology for PS4-b-
PIAAj and (b) pearl necklace morphology for PS;93x)-b-

PDMS 301 diblock copolymer.*

Comparing to the assembled morphologies using diblock copolymers, triblock
copolymers possess additional complexity, resulting from three polymer-polymer Flory-
Huggins interaction parameters y (instead of one in diblock copolymers), and other
effects such as conditions for solution-state assembly and block copolymer architecture.
Wooley and coworkers reported a unique toroidal (ring-like) morphology, originating
from triblock copolymers comprised of acrylic acid, methyl acrylate, and styrene chain
segments.”’ The ability to form toroids was dependent upon various parameters,
including the presence of divalent counter ions and the use of a controlled mixture of
solvent. However, the kinetics and thermodynamics for toroid assembly, the
compositional and structural requirements for assembling block copolymers, and the

morphological stabilities are still required further studies.*®



Figure 1.5 (a) Negatively-stained cryo-TEM image of PA Ago-b-PMA73-b-PSg¢s

micelles in toroidal morphology. (b) Cryo-TEM image of close-

packed cylinder bundle morphology.*’

1.3 Self-assembly of graft copolymer

When changing from simple block copolymers to graft copolymers in self-
assembly, the morphological behaviors are considerably altered because the graft
copolymers possess additional complexity due to their complicated and confined

-42
structures.3 ?

Thus they may provide additional prospect on the control of
morphologies, allowing the design of new nanomaterials. However, synthetic
difficulties have limited the scope of studies on the self-assembly behavior of graft
copolymers. Generally, there are three synthetic strategies to prepare graft copolymers
including grafting-through,”* grafting-onto*® and grafting-from*’. For the grafting-
from strategy, the pendant initiation groups on the polymer backbone can initiate the
polymerization of the corresponding monomer to form side chains. Recently, well-
defined graft copolymers with hydrophobic backbone and hydrophilic side chains have
been synthesized by a combination of atom transfer radical polymerization (ATRP) and

47,48

grafting-from techniques, and their self-assembly behaviors were preliminarily



investigated.””" For instance, Zhang et al.** developed the synthetic route for
amphiphilic graft copolymers of with poly(acrylic acid)-g-poly(n-butylacrylate) (PAA-

g-PnBA) as shown in Scheme 1.
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Scheme 1.1 Synthetic route for the preparation of amphiphilic PAA-g-

PnBAcopolymer.*

Figure 1.6 shows AFM images of the amphiphilic brush as [(AA)s7-g-(n
BA)76]1500 with regular cylindrical shape in the mixture of CH;OH/CHCl; (v/v = 1:1). In
the height image, the corona is invisible, probably because the height of the PnBA shell
is too small to be detectable. However, in the phase image, the corona is very clear,
making it possible to obtain size information about the core and the shell directly from
the AFM height and phase images, respectively. The average diameter of the core of
cylinders is measured to be about 25 nm and the diameter of whole cylinder (core and
shell) is about 65 nm.

Recently, researchers describe the synthesis and characterization of amphiphilic
graft copolymers with hydrophilic poly(acrylic acid) (PAA) backbone and hydrophobic
poly(methyl methacrylate) (PMMA) side chains by ATRP using grafting-from
techniques (Scheme 2).”' This kind of amphiphilic graft copolymer can form only

vesicle micelles in aqueous media as shown from TEM image in Figure 1.7.



Figure 1.6 AFM Tapping Mode images of the brush, [(AA)37-g-(nBA)7]1500 dip

coated from dilute CH;OH/CHCI; (4/1) solution mixture on mica: (left)

height image (z-range: 6 nm) and (right) phase image (range: 40°).*
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Figure 1.7 Bright-field TEM images of PAA-g-PMMA amphiphilic graft

copolymer in vesicle morphology.”'

Conventional comb- or brush-shaped graft copolymers, which have long
backbones and short graft segments, are difficult to assemble into different
morphologies because of their tendency to form spherical micelles. Recently, a new
type of amphiphilic graft copolymer that contains a short hydrophilic backbone
(oligomer of chitosan) and long hydrophobic side chains poly(e-caprolactone) (Figure
1.8) have been self-assembled into not only classical micelles such as spheres, rods, and
vesicles, but also self-organized into a new “petal-like” morphology.” (Figure 1.9)
Another amphiphilic T-shaped graft copolymer consisting of a rigid backbone and a
flexible side chain has been reported using Brownian dynamics simulation. In particular,
this work focuses on how the conformational restriction of the graft copolymers both
backbone rigidity and chain topology affects the packing geometry of wire-like micellar
structure in a solvent selective for the flexible side chain.”> Double-bond-based
amphiphilic graft copolymer consisting of hydrophobic polyallene backbone and

hydrophilic poly(ethylene glycol) side chains in tetrahydrofuran (THF)/water mixture

10



was also investigated. Scheme 3 shows the synthetic route to this copolymer.
Polyallene backbone is first prepared via living coordination polymerization of 6-
methyl-1,2-heptadien-4-ol (MHDO) initiated by [(n3-allyl)NiOCOCFs],.>* The
amphiphilic graft copolymer (PMHDO-g-PEG) with relative narrow molecular weight
distribution (Mw/Mn = 1.22) was synthesized by the coupling reaction between the
pendant hydroxyls of the backbone and acyl chloride end group of poly (ethylene glycol)
via the grafting-onto approach. Multiple morphologies could be well tuned by adjusting
water content.* Figure 1.11 illustrates some interesting morphologies, such as
formation of chiral helical nanostructures through aggregation of an achiral copolymer

under appropriate conditions.
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Figure 1.8 (A) Synthetic route of amphiphilic graft copolymer COS-g-PCL; (B)
schematic illustration of graft copolymer COS-g-PCL containing long

PCL branches.>?
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amphiphilic graft copolymer chitooligosaccharides-g-
polycaprolactones. (a) sphere; (b) petal-like and normal sphere; (c)

threadlike rod; (d) vesicle and (e) network **

12



*/DKH/
=

A

MHDO

PMHDO 1

. OCOCF,
<\—Ni

" PPh,

MPEG-COOH 2

0

OH
I
X ¥
PMHDO 1

cI—8—cl i
4 C—i-c
N /OP\OM(H
" 0

MPEG-COC13

(0]

i

8]

PMHDO-g-PEG 4

Scheme 1.3 Synthesis of polyallene-based amphiphilic graft copolymer.**

13



Figure 1.10 Bright-field transmission electron micrographs of multiple
morphologies for amphiphilic graft copolymer PMHDQO4s-g-PEG 25
with a water content of (A) 14, (B) 25, (C) 33, (D) 48 and (E) 63 wt. %

in THF/water mixture.>*
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Other recent work on the synthesis of well-defined amphiphilic graft copolymer
is poly(acrylic acid)-g-poly(propylene oxide) (PAA-g-PPO) copolymer (Figure 1.11).
Different micellar morphologies have been created with varying the graft hydrophobic

PPO segment.” (Figure 1.12)

. =<c CHﬁy—ec CHy

OH

Figure 1.11 Chemical structure of amphiphilic PAA-g-PPO copolymer.”

S88nm

Figure 1.12 TEM images of multiple morphologies formed by PAA-g-PPO with
grafting percentage of (A) 19.5 %, (B) 33.7 %; (C) 56.6%, (D) 22.9 %; (E)

42.0 % and (F) 65.4 % in pure water.”
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Besides amphiphilic graft copolymers, cyclic copolymer brushes that contain
poly(chloroethyl vinyl ether) backbones and randomly distributed polystyrene and
polyisoprene side chains have been assembled into supramolecular tubes up to 700 nm
long when treated in solvents that selectively interact with the polyisoprene branches.™

(Figure 1.13)

250nm

Figure 1.13 AFM topographic image (tapping mode) of nanotubular aggregates

and isolated tube (diameter, 100 nm; length, 700 nm).*®

1.4 Self assembly of nanotubes from amphiphilic copolymer

One-dimensional (1D) polymer nanostructures with hollow interiors have
become a focus of many research efforts inspired by the functions of similar assemblies

57-59 Thus, much efforts have been devoted to fabricate various

in biological systems.
polymer nanotubes from the viewpoint of both fundamental research and practical

applications in micro- and nanoelectronics, selective ion transport, biosensor
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applications, chemical catalysis, nanocomposite etc.’*** Strategies for fabricating
polymer nanotubes can be divided into two approaches: template-assisted and template-
free synthesis. Most polymer nanotubes are produced by template-assisted synthesis
using porous membranes, nanofibers, surfactants, and cyclodextrin. Template synthesis
using porous alumina and track etched polycarbonate membranes is a well-established
approach for fabricating polymer nanotubes. The elegance of this approach lies in its
ability to produce a wide range of polymer nanotubes, yet depending on few physical
and chemical parameters.’ Precise control on these parameters is required for tailoring
the shape, size, and properties of final products. In the case of thermoplastic or soluble
polymers, nanotubes can be prepared via wetting of porous membranes.**®> When a
polymer melt or solution is placed on a porous membrane, it invades the porous
membrane and wet rapidly the pore walls due to the high surface energy of the
membrane, finally giving rise to tubular nanostructures. The thickness of wetting layer
is mainly determined by the polymer-template interaction. Moreover, conducting

66,67
1 p

polymer nanotubes have been extensively synthesized by chemica and

electrochemical®° polymerization using porous membranes. Polyelectrolytes could be

deposited within the cylindrical pores of templates to obtain nanotubes.’"”?

Vapor
deposition-mediated template synthesis has also been proven to be an effective
approach for obtaining nanotubes with controlled wall thicknesses on the scale of a few
nanometers.”>”’ Several kinds of polymer nanotubes consisting of poly(pyrrole) (PPy),
carboxylated PPy, and poly(aniline) (PAN) have been successfully fabricated and
applied to carbon precursors, fluorescence resonance energy transfer (FRET) platforms,
catalyst supports, signal transducers, molecular probes, and DNA carriers. Another

well-established route to nanotubes is the so-called “tubes by fiber templates” approach.

Soluble or degradable nanofibers are coated with polymer thin layers, and then

17



selectively removed the template nanofibers, generating hollow nanotubes. As expected,
the size and shape of the nanotubes strongly depended on the nanorod template. In
many cases, electrospun nanofibers have been utilized as template nanofibers. A
particular example is the preparation of poly(p-xylylene) (PPX) nanotubes through
chemical vapor deposition of PPX onto electrospun poly(lactic acid) (PLA) nanofibers,
followed by subsequent pyrolysis of the PLA nanofibers.” Using this approach, PPX
nanotubes with inner diameters of less than 10 nm and outer diameters of ca. 50 nm
could be obtained.

Recently, cylindrical micelles have turned out to be excellent soft templates for
1D nanostructure. The geometry of micelles depends on the molecular structure of
surfactants such as the area of head-group, length and volume of tail-group, and kinds
of counterion and solvent. From the viewpoint of external macroscopic variables, the
thermodynamic conditions, such as temperature, pressure, and concentration of
surfactant and additives, are also critical to the self-assembly and growth of micelles.
For example, there have been a series of studies on the fabrication of conducting
polymer nanotubes by cylindrical micelle templating. Sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) has been employed in order to generate reverse (water-in-oil)

o - - 79-84
cylindrical micelles in an apolar solvent.

When an appropriate amount of ferric
chloride was added into the AOT solution, spherical AOT micelles were transformed
into cylindrical micelles. This transformation can be explained by the fact that the
incorporation of metal salt into AOT emulsion strongly affects the micelle aggregation
number as well as the second CMC. Importantly, iron cations (oxidizing agent) are
concentrated in the anionic head-group of AOT due to electrostatic interactions.

Therefore, when pyrrole or EDOT monomers were introduced into the AOT cylindrical

micelle phase, they were chemically polymerized by iron cations along the surface of
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the cylindrical micelles. Thus, 1D nanostructures of poly(pyrrole) (PPy) and poly(3,4-
ethylenedioxythiophene) P(EDOT) can be successfully fabricated, and the simple
synthetic procedure offers a great possibility to produce 1D nanostructures in large
quantities® as illustrated in Figure 1.14. It is also possible to control the size and shape
of those nanostructures by changing synthetic variables such as the amounts of
surfactant and oxidizing agent, kind of solvent, and polymerization temperature. This
facile and effective approach might be expanded to allow the fabrication of various

kinds of nanotubes.®

1: hydrolyzed TEOS

.~ 5, FeCl,/H,O yoth X TEOS W
GO g PS5 SRR Rk
I‘,. ? I: ..':___. .:-‘.‘: = %‘z‘ﬁ 2
Reverse Cylindrical Adsorption and hydrolysis

AOT mielles reverse AOT micelles of TEOS on the micelle surface

NaOH
Removal of
AOT
e —
PPy or P(EDOT) Condensation of TEOS
nanotube

Figure 1.14 Schematic representation of the fabrication of PPy or P(EDOT)

nanotubes using reverse-microemulsion sol-gel (RMSG) approach.®

It has been demonstrated that block copolymer self-assembly is an effective
technique to generate nanotubes. The approach comprises design and synthesis of block
copolymers, self-assembly of block copolymers, the interlocking of the self-assembled

nanostructures, and the selective removal of the core domain. Winnik and coworkers
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synthesized well-defined poly(ferrocenyldimethylsilane-b-dimethylsiloxane) (PFS-b-

PDMS) copolymer by living anionic ring-opening polymerization as shown in Scheme

4. The copolymer could self-assemble into tubular nanostructures in non-solvents for

PFS as illustrated in TEM micrographs (Figure 1.15).% The PFS blocks aggregate and

crystallize to make a shell with a cavity in the middle of the tube, while the PDMS

blocks form the corona. The wall-thickness of the nanotubes is 7 nm and the inner

diameter is approx. 8 nm, depending on kind of solvents.
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Scheme 1.4 Synthesis of PFS-56-PDMS copolymer by living anionic ring-opening

polymerization which involves (1) the initiation of the strained silicon

bridged ferrocenophane with n-butyllithium and the subsequent addition of

hexamethyltrisiloxane. The polymerization reaction was terminated with

chlorotrimethylsilane.
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)

Figure 1.15 TEM micrographs of PFS-b-PDMS,g, assemblies prepared in (a) n-

hexane and (b) n-decane at 61 °C and cooled to room temperature. The

inset shows a section of the image at enhanced magnification.*®

Liu et al. described the fabrication of nanotubes using a triblock copolymer,

poly(isoprene-b-2-cinnamoylethylmethacrylate-b-tert-butylacrylate)  (PI-6-PCEMA-b-
PBA) (Figure 1.16).*" This block copolymer self-assembled to cylindrical micelles with
a PBA corona, a PCEMA shell and a PI core in methanol. The PCEMA shell is
photocrosslinked, then ozonolysis decomposes the PI core. The PtBA corona chains
rendered solvent dispersibility to the nanotubes (Figure 1.17). Tubular nanostructures
were obtained after photo-crosslinking of PCEMA and degradation of PI. A series of

similar works have been reported by the same group.®™*°

Yoot
<E3H20HC{CH3)CH1} CH,— C—E CH,— cl: H—ECH?—CH}
n _ca m | f
0 COOC(CH,),
OOCCH=CH

Figure 1.16 Chemical structure of triblock copolymer poly(isoprene-b-2-
cinnamoylethylmethacrylate-b-tert-butylacrylate) (PI-b-PCEMA-

b-PBA).Y

21



Figure 1.17 TEM image of nanotubes of poly(2-cinnamoylethyl methacrylate)

(PCEMA) shell with poly(tert-butyl acrylate) (PtBA) corona.””

Another method explored by Liu’s group for structure control and the use of
these structures as templates to support catalytically active metal nanoparticles has been
reported.”’ They focused on triblock copolymers such as poly(z-butyl acrylate-b-
cinnamoylethyl methacrylate-b-glycerol methacrylate) (e.g. PtBA;¢7-b-PCEMA 93-b-

PGMA115). (Figure 118)

CH, H,
_PCHTTH'I [c {}m [EH T ]

I, 1
COOC(CH,), ,CO(CH,),00CCHECH  (=OCHTCH-GH,
o 0 OH OH

PtBA PCEMA PGMA

Figure 1.18 Chemical structure of triblock copolymer poly(t-butyl acrylate-b-

cinnamoylethyl methacrylate-b-glycerol methacrylate).”"
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The triblock copolymer contains hydrophilic PGMA and hydrophobic PtBA.
The two terminal blocks are highly incompatible. The micelle-like aggregates (MAs)
were prepared in pyridine/methanol (Py/MeOH) with different MeOH volume fraction
(fmeon). Here Py was a mutual solvent for all of the three blocks of the copolymer and
MeOH was selective toward PtBA and PGMA. As the fraction of methanol (fyeon)
increased from 80 to 90 %, the morphology of the micelle-like aggregates changed from
spheres to tubular structures as illustrated in Figure 1.19a and 1.19b.

Much of their research was designed to take advantage of the photodimerization
of cinnamate ester groups. Photoirradiation of cylindrical micelles containing PCEMA
as an insoluble block crosslinks the core, providing robust filamentous structures for

further transformation.’>">
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Figure 1.19 (a) TEM images of nanotubes aspirated from pyridine/methanol at
methanol volume fractions 90 % The nanotube sample was stained by
OsOyq vapor. (b) 3D AFM topographic image profile of PtBA ¢7—

PCEMA 9;-PGMA 5 nanotubes.’!

A simple self-assembly approach to obtain polymer nanotubes has also been
reported by Wan and co-workers through in-situ doping polymerization method.”**®
Typically, polyaniline (PANI) nanotubes were synthesized using ammonium persulfate
(APS) in the presence of f-naphthalene sulfonic acid (NSA) as a dopant.” It was found

that the NSA played a “template-like” role in creating the tubular nanostructures.

(Figure 1.20) The size, morphology, and electrical properties of the resulting
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nanostructures were strongly dependent upon the kind of dopant and the reaction
conditions. Similar works related to the formation of polymer nanotubes by self-

assembly approach have also been achieved on the basis of crystallization of

98,99

oligomers’’ and aggregation of methyl orange.

Figure 1.20 TEM image of self-assembled polyaniline nanotubes.”

Beside above mentioned examples, other synthetic efforts to fabricate polymeric
nanotubes include self-assembly of smaller building blocks such as cyclic peptides,

- 100-104
dendrons, or organic macrocycles.

In these approaches, hydrogen-bonding, n-
stacking, and other interactions between small structural units lead to their organization
into tubular stacks of uncontrolled lengths. Another methods of fabricating nanotubes

. 105-1
are based on helical polymer precursors' %’

and on cylindrical nanostructures obtained
by block copolymer self-assembly.®”**!® These methods have been used to prepare a
variety of fascinating tubular structures that continue to enrich our understanding of
supramolecular organization and provide inspiration for future research in the field.

However, the deficiency in length control often results in the formation of

uncontrollable size, wide distribution of tubular diameter or polydisperse tubular
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assemblies, thus unavoidably limits the scope and potential application of polymeric
nanotubes. Thus development of new building blocks, which allow us to construct new
nanostructured materials via simple, robust and inexpensive approaches are highly

desirable.

1.5 Self-assembly of nanofibers from amphiphilic copolymer

Amphiphilic copolymers that self-assemble in solution to form long fiber-like
structures (>1 mm) with uniform diameter and widths ranged from few to tens of
nanometers are referred to as wormlike micelles, fiber-like micelles, filamentous
micelles or, if the micelles are relatively rigid, as rod-like micelles. This research area is
part of a broader and growing interest in nanofiber formation in solution via the self-
assembly of molecular building blocks. For example, some surfactants in water can
form worm-like micelles that are in rapid equilibrium with their amphiphilic

109,110
components.

These structures are useful rheology modifiers in applications such as
enhanced oil recovery. In the surfactant case, they are referred to as ‘living’ micelles
because they constantly break and reform, particularly when subjected to shear force.'"!
In contrast, micelles prepared from the self-assembly of amphiphilic copolymers with a
higher molar mass generally possess much higher stability, which can be advantageous
for many applications. In the biomedical field, there is much interest in the formation of
protein nanofibers from soluble protein precursors.''? For instance, actin fibers are
important for cell motion and amyloid fibers are associated with disease process.
Filamentous amphiphilic copolymer micelles are also of interest because of their
growing potential applications, some well on the way to being realized. For example,

0

filamentous block copolymer micelles have been used for drug delivery in vitro''"® and
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in vivo.'"® Other fiber-like block copolymer structures have shown promise as impact
modifiers to reduce brittleness and suppress crack propagation in epoxy resins.''
Filamentous nanotubes obtained through block copolymer self-assembly have been

used as templates for the deposition of metal nanoparticles,'' >

creating fascinating
structures with a regular linear array of metal nanoparticles that could have important
applications as catalysts. Fiber-like micelles in which the core polymer contains an Fe
atom have been positioned on GaAs wafers using a lift-off process and have been
converted to nanoscale ceramic features.'”

Most synthetic polymers are amorphous, with random coil dimensions in the
bulk state and swollen coil dimensions in a good solvent. Thus, most amphiphilic block
copolymers can be thought of as coil—coil block copolymers. Interest in fiber-like
structures for this class of polymers has been given a major boost by a report published
by Bates group about giant wormlike micelles of polybutadiene—poly(ethylene oxide)

(PB-PEO) diblock copolymer formed in water.''® This polymer, PB4s—PEOss formed

fiber-like structures with a width of 7 nm and lengths >1 mm (Figure 1.21).

Figure 1.21 Cryo-TEM image of PB4s—PEOss diblock copolymer formed

. 11
nanofiber-like structures.''®
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Over the past several years, a considerable amount of work  on potential
biomedical applications of poly(acrylic acid)-(1,4)-polybutadiene (PAA4s-PBDj¢7)
filamentous micelles in aqueous media has been published by Discher’s group. They
draw analogies to the shapes of filamentous viruses and argue that such long thin
flexible structures will pass more easily through blood capillaries than spherical block
copolymer micelles.'"? To characterize their self-assembled structures, they introduced
video fluorescence microscopy to visualize individual micelles in which a highly

fluorescent hydrophobic dye was dissolved.'"® (Figure 1.22)

Figure 1.22 Dynamic snapshots from video of fluorescence microscopy (0-6 secs) of
an amphiphilic PAA4s-PBD;¢; nanofiber , demonstrating flexibility of

this fiber-like aggregate.'"’

Amphiphilic rod—coil block copolymer refers to a polymer in which one block
has a rigid and elongated shape. This rigidity can be the result of n-conjugation along
the backbone, or of secondary structure, as for helical polypeptide derivatives. The self-
assembly of rod—coil block copolymers in the bulk state and in solution are well
described in a recent review by Olsen and Segalman.'*® In amphiphilic copolymer thin
films, various block copolymers with a rigid n-conjugated oligomer or polymer block
form a microphase-separated morphology consisting of long thin fibers that are thought

to arise from m-stacking of the conjugated block.
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In contrast, there are very few examples of long, uniform fiber-like morphology
formed by these rod-coil copolymers in solution. The typical example of such micelles
is that of oligophenylenevinylene attached either to polyethylene oxide (OPV—PEQ)'*!
(Figure 1.23) or to poly(propylene oxide) (OPV-PPO)."** The function of the two n-
hexyl substituents on an alternating backbone of phenylene groups is to lower the
melting temperature of the rigid block and enhance its solubility in organic solvents.
Even so, the diblock copolymer with 45 EO units in the PEO block has limited
solubility in tetrahydrofuran (THF) and rapidly self-assemble with the addition of small
amounts of water in a THF solution of the polymer. Long nanofibers, with a uniform

diameter on the order of 8 nm, an elliptical cross-section and lengths well over 1 mm

can be generated as shown from the TEM image in Figure 1.24

R
n R m

PEO OPV
where R=-C¢H 3 n=45 m=6
Figure 1.23 Chemical structure of amphiphilic diblock copolymer

oligophenylenevinylene-b-polyethylene oxide (OPV4-PEQ4s).'!
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Figure 1.24 TEM image of OPV4-PEQys nanofiber in THF-water mixture.'?!

Small changes in the structure of the rod block, however, can complicate the
self-assembly process. For example, an OPV-PEO block copolymer with different
pendant substituents attached to the OPV block, under seemingly similar self-assembly
conditions, formed elongated structures that were at most a few hundred nanometers in
length.'*

Several impressive descriptions of nanofiber formation using amphiphilic
copolymer have been recently reported by Pochan and Wooley research groups. Many
of these experiments involve the use of poly(acrylic acid)-poly(methyl acrylate)-
polystyrene (PAA—b-PMA—b-PS) triblock copolymers, often in the presence of various
concentrations of diamines.'** (Figure 1.25) The PS block is hydrophobic. The PAA
block is hydrophilic, particularly when complexed with diamines, and the PMMA block
is a spacer of intermediate polarity. This combination offers many degrees of freedom
with which to explore a complex self-assembly landscape. For example, when PAAgs—
PMA p3—PS44 in THF was treated with 2,2’-(ethylenedioxy)diethylamine (EDDA, one
amine per carboxylic acid group), followed by the addition of water, cylindrical fibers

formed with the unique nanostructures as shown in Figure 1.26.
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PAAg4-b-PMA 03-b-PS4s

RN W S '

2,2’-(ethylenedioxy)diethylamine

Figure 1.25 Chemical structure of triblock copolymer PA Ags-b-PMA 93-b-PS44 and

24

2,2’~(ethylenedioxy)diethylamine.'

Disc-like
micelle

Figure 1.26 TEM image of one-dimensional assembled nanofiber structures of
PAAy4-b-PMA 93-b-PS44 at 67% THF/water solution in the presence

of 2,2’ (ethylenedioxy)diethylamine (EDDA).'**
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The periodic stripes perpendicular to the cylinder axes indicate alternating layers
of hydrophilic PAA—-EDDA complex and hydrophobic PMA-PS domains.'**'*> This
unusual structure can be thought of being formed from face-to-face assembly of disk-
like building blocks (insert of Figure 1.26). Alternatively, with triethylenetetramine in
combination with PAAgs+—PMA 93—PSss at a much higher ratio of amine to acid group
(15:1) at the same water content, single-stranded or double-stranded helical nanofibers

with extremely regular superstructures were obtained (Figure 1.27).'%

Figure 1.27 (A) Cryogenic TEM image of double-stranded and single-
stranded helices. (B) Conventional TEM image nanofibers in

double-stranded helices.'*
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1.6 Formation of hierarchical structures by self-assembly of

amphiphilic copolymer

127-132 .
7132 Materials

Hierarchical characteristics of material are ubiquitous in nature.
having hierarchical structures are widely found in collagen, abalone nacre, and
dendrons. The construction of materials presenting complex hierarchical structures such
as those observed in natural materials are of great interest because of their promising
applications in smart coatings, biosensors, and fuel cells.'*® Thus the self-assembly of
soft matter is considered to be an effective approach for constructing microstructure
with hierarchical order.**'*

Amphiphilic copolymers composed of two or more chemically different species
constitute an important class of soft materials capable of self-assembling into

. . . 140-154
hierarchical microstructures.'**!°

ten Brinke and co-workers reported a hierarchically
ordered structure which were self-assembled from the comb-shaped supramolecules. '**
%2 As indicated from molecular structure in Figure 1.28a, PS-b-P4VP (poly(styrene)-
block-poly(4-vinylpyridine)) fully complexed with nonadecylphenol, we were able to
resolve these mutually perpendicular lamellar structures as indicated from TEM image.
(Figure 1.28b) '#¢-!3!

The structures are comprised of two different kinds of periodicity: the large-
length-scale period corresponds to the length of different blocks in the polymeric
backbone, and the small-length-scale period is determined by the length of the bound
low-molecular-weight compound within the comb blocks. Furthermore, the hierarchical
structures with double periodicity have also been observed in linear multiblock
copolymers composed of one or two end blocks that are significantly longer than the

other blocks.!>>1%
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100 nm

Figure 1.28 (a) Chemical structure of diblock-copolymer/amphiphile complexes
poly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP). One pentadecylphenol
(PDP) molecule is hydrogen bonded with each pyridine group, with the
molecular weights of the PS block 238,000 g mol and the P4VP block of
49,500 g mol™."**"*! (b)TEM images of lamellar-within-lamellar structure
of poly(styrene)-b-poly(4-vinylpyridine) PS-b-P4VP The large-length
scale periodicity of the alternating PS (light grey) and P4AVP(NDP) (dark

grey) lamellae equals Ly~100 nm. "'

An amphiphilic block copolymer may self-assemble into micellar structures
with shapes ranging from spheres to cylinders, vesicles, nanotubes and toroidal
morphologies, etc.'®'® Further assembly of these structures or the hierarchical
assembly of amphiphilic copolymers may lead to functional “superstructures”. For

instance, assembly of micellar structures into 2-D superlattices on substrate surfaces has
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been applied as lithographic164 or electrochemical masks'® for production of inorganic
nanoparticle arrays with potential applications as memory devices in nanoelectronics.
Although hierarchical assembly allows molecular order and structural control at two or

three dimensional scales,'*®!%

solution based assembly process is scarcely
explored."”™'®® Liu and his coworkers introduced the hierarchical interfacial assembly
of amphiphilic triblock copolymer (Figure 1.29) into superstructures with different
surface morphologies.'® Figure 1.29a and 1.30a shows the building blocks of
cylindrical morphology in straight, branched or looped pattern and the spherical
micellar aggregates coexisted with some short cylinders. The TEM diameters of the
cylindrical micellar and spherical micellar aggregates are 20.4 + 0.8 nm and 21.9 + 1.7
nm, respectively.

TEM images (Figure 1.30 and 1.31) show the superaggregates formed in 5 min
after addition of MeOH into the cylindrical micelles (CMs) and spherical micelle (SMs)
solutions at 52 + 2 °C and 22 + 2 °C, respectively. The original individual CMs and
SMs have assembled in some cases into bowl-shaped superaggregates (marked by
arrows in Figures 1.30b and 1.31b). While the 2-D projections of many particles in
Figure 1.31b are still circular, the average diameter of the circles increases from 21.9 +
1.7 nm in Figure 1.31a to 36.0 = 6.1 nm in Figure 1.30b, suggesting the flattening or
fusion of the SMs. The fusion of the CMs is evident in Figure 1.30b, where no
individual cylinders but cylinder ladders and networks are seen. The CMs probably also
flattened because the TEM width in Figure 1.30b is 33.9 + 5.6 nm rather than 20.4 + 0.8
nm as in Figure 1.30a. The assembled cross-linked CMs had a width of 27.0 + 2.6 nm
rather than 20.4 + 0.8 nm. Figure 1.30c and 1.30d show TEM images of the spherical
superaggregates (SSAs) formed at 52 + 2 °C from CMs 3 days after MeOH addition and

Figure 1.31c shows TEM images of SSAs of SMs 2 days after MeOH addition at 22 + 2
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°C. These structures were unchanged up to the longest observation time of 7 days. At 52
+ 2 °C, the SSAs were ribbon cages, while they were flower-like at 22 + 2 °C in which
some SMs had fused into ribbons surrounding deformed “balls”, resulting in a “ball in
socket” surface morphology. These hierarchical structures are hundreds of nanometers
in size or larger, are formed via micellar-like structures adsorption and fusion on

surfaces of droplets.'®

2/ J1s0 2T 320
—CH, _CO(CH,),00CCHZCH COOC(CH,),
CH, 0

CH; CH-CHHCH,—CH CH\ 1 [cH—cn
: d0.92L7 2 7 10.08) 40 L
(—C

Figure 1.29 Chemical structure of triblock copolymer (polyisoprene-block-poly(2-
cinnamoyloxyethyl methacrylate)-block-poly(tert-butyl acrylate) or PI-b-

PCEMA-b-PtBA.'®
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1.0 um

Figure 1.30 Bright-field TEM images of (a) fiber-like micellar structures; (b) micellar
aggregates after 5 min.; (¢) and (d) hierarchical structures formed after 3

days.'®”
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400 nm 1200 nm

Figure 1.31 TEM images of (a) spherical-like micellar structures; (b) micellar

aggregates after 5 min.; (¢) and (d) hierarchical structures formed after

2 days.'®

1.7 Amphiphilic core-shell nanoparticles

Over the last decade, there have been considerable efforts to fabricate core-shell
nanoparticles with electrical, optical, magnetic, and catalytic functions.'’*'”" Owing to
their advantageous characteristics over single-component nanoparticles, extensive
investigations have been made into the state-of-the-art applications of core-shell
nanoparticles.'”>'" Compared with nanocomposites or copolymer nanoparticles, core-

shell nanoparticles have beneficial properties originating from the well-defined
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compartments of two distinct polymer phases as illustrated in Figure 1.32.
They are also of interest from a fundamental and academic point of view, especially in

the area of colloid and interface science.

Shell

e

Core

Figure 1.32 Tllustration of typical core-shell nanoparticles and TEM image of

PEI/PMMA core-shell nanoparticles.'””

The amphiphilic core-shell particles can be prepared according to four general
approaches: (1) stepwise deposition of polyelectrolytes onto charged particle

175178 (2) self-assembly of amphiphilic block copolymers by covalent cross-

surfaces;
linking of the shells to form shell-cross-linked “knedle” (SCK rnicelles;m'184 3) graft
g g
copolymerization of hydrophilic monomers onto reactive seeded particles;'*"'* (4) free
radical copolymerization of hydrophilic macromonomers with hydrophobic

monomers.””*"** (5) Emulsion polymerization in the presence of block or comb-like

copolymer containing controlled free-radical moiety.'”

Despite the success of these
approaches, there are still some drawbacks, such as time consuming sequential
polyelectrolyte deposition cycles and purification steps, tedious multiple-step syntheses,
and the use of hydrophilic monomers, resulting in low surface incorporation and the

formation of a large amount of water soluble homopolymers. In addition, most of these

methods can only be carried out under very dilute conditions, which are not
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commercially viable. Recently, Li et al. describe a novel and efficient method to
prepare well-defined amphiphilic core-shell nanospheres in the absence of surfactant via
the direct graft copolymerization of vinyl monomers from water-soluble polymers
containing amino groups.'”® Scheme 1.5 illustrates the synthetic approach which
involves reactions between alkyl hydroperoxides and the amino groups of the water
soluble polymer in water in the presence of dispersed hydrophobic monomer.
Amphiphilic graft copolymers and hydrophobic homopolymers are generated
concurrently to form highly monodispersed particles with amphiphilic core-shell

nanostructures.
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Scheme 1.5 Mechanism for the Graft Copolymerization of MMA from

Water-Soluble Polymers Containing Amino Groups

(Polyethyleneimine).'*

1.8 Amphiphilic hollow particles

Hollow particles have attracted great interest due to their potential applications

197-201

as sensors, catalyst carriers, nanoreactors, and delivery vessels; broader
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applications can be envisioned if hollow nanostructures could be prepared with tailored
composition and morphology. The various hollow particles and their self-assembled
structures employed by nature, such as lipid vesicles and gated ionic channels, clearly
demonstrate the potentials of such controls. Synthetic hollow particles have been
realized only in a few systems. Vesicles and nanotubes were prepared by self-assembly
of amphiphiles such as block copolymers®” and lipid-like small molecules.””*>%
However, these nanostructures are largely dictated by the chemical nature of the
constituent amphiphilic molecules and cannot be readily tailored. Alternative class of
hollow particle is derived from core-shell nanoparticles (NPs), through removing the

206-210

core component such as inorganic or metallic core. The size and shape of the

resulting hollow particles can be readily controlled by the choice of the initial
core.”!"*'2 However, the overall shells are generally isotropic and lack of flexibility. In
order to fabricate hollow particle with anisotropic nature for self-assembly, both core
and shell materials should be maintained in integrity. Thus, the exploitation of a benign

treatment method for the removal of the core is indispensable for fabricating stable and

flexible hollow particles for further self-assembled process.

1.9 Our previous work on the self-assembly of amphiphilic hollow

particles

Despite significant progress in the pursuit of strategies for self-assembly of
copolymers, a diversity of new types of polymer building blocks which allow for the
rational design of desired materials is still very much needed, especially those
copolymers which are easy to synthesize, are inexpensive and can be produced on a

large scale. We have previously reported the use of inexpensive amphiphilic hollow
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particles as a building block to generate various supramolecular assemblies via the
controlled aggregation and coalescence of the hollow particles in a dichloromethane-
water mixture.””> The hollow particles, that consist of hydrophilic backbone with
hydrophobic grafts, were prepared by extracting out a portion of the core from
poly(methyl methacrylate)-poly(ethyleneimine) (PMMA-PEI) core-shell nanoparticles.
The preliminary discovery of nanotubes such as linear and worm-like nanotubes
as shown in Figure 1.33 prompted us to carry out an in-depth investigation of various
experimental conditions that influence nanotubular formation. The PMMA
homopolymer inside the PMMA/PEI particles is first removed through solvent
extraction. The resulting PEI-g-PMMA hollow particles are then treated under
appropriate conditions in a water/DCM mixture, fiber and rod-like structures that were
microns in length can be produced in high yield. The diameters of the nanotubes are
ranged from 60 to 100 nm, and their wall thickness is approximately 10 nm (Figure
1.33a and 1.33b). In this case, the diameter of the nanotube is approximately 50 nm,

while it is microns in length.

Figure 1.33 TEM images of nanotubes fabricated from PEI-g-PMMA hollow

particles.”"?
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1.10 Thesis overview

The remainder of this thesis consists of five additional chapters. Chapter 2
presents the general concepts of instrumental techniques used in this thesis. The
techniques reviewed include Fourier transform infrared spectroscopy (FTIR), field-
emission scanning electron microscopy (FE-SEM), transmission electron microscopy
(TEM), atomic force microscopy (AFM), x-ray photoelectron spectroscopy (XPS), zeta-
sizer and UV-vis spectrophotometer for turbidity measurement. Chapter 3 demonstrates
the nanotubes were produced by stirring induced elongation and curvature-dependent
assembly of elongated copolymer hollow particles in solution of dichloromethane-water
mixture. Chapter 3 also shows that the anisotropic nature of hollow particles is crucial
in controlling the orientation and alignment of elongated hollow particles. Chapter 4
extends the work presented in Chapter 3 to investigate the effect of solvent composition
(DCM/water volume ratio) in the morphological transition from spheres to long
nanotubes. Chapter 5 investigates the temperature effect on the particle size and
morphology. Transmission electron microscopic results reveal a temperature-dependent
transition from loosely packed to highly packed hollow particles in terms of size
(diameter). The hydrophobic interaction between PMMA grafts in the particle cavity
region is significantly enhanced as temperature in the solution increased. In chapter 6,
we use preformed nanotubes as building blocks to study the effect of solution pH on the
morphologies of the assembled hierarchical structures. Finally, Chapter 7 discusses
possible future research work we may have using these facile approaches to fabricate

other novel supramolecular structures.
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Chapter 2
Fundamentals and Methods of Chemical and Physical

Characterization Techniques

2.1 Molecular Characterization

2.1.1 Fourier Transform Infrared (FT-IR) Spectroscopy

Fourier transform-infrared spectroscopy (FTIR) is a very useful analytical
technique for identifying chemicals that are either organic or inorganic species. This
technique is used to measure the infrared intensity versus the infrared light wavelength
(wavenumber) absorbed by the materials of interest. These infrared absorption bands can
identify different chemical bonding environments based on the vibrational characteristics
associated with specific bonds upon infrared irradiation. When an infrared light interacts
with the matter, chemical bonds will stretch, contract, and bend. As a result, a specific
chemical functional group absorbs infrared radiation in a specific wavenumber range. For
example, the C=0 stretch of the carbonyl group appears at around 1700 cm™ in a variety
of molecules. Therefore, the correlation of the band wavenumber position with the
chemical structure is used to identify a functional group and probe chemical changes
within a sample.

In this study, FTIR measurements were performed on a Perkin Elmer
spectrometer equipped with an MCT detector at room temperature. Samples were mixed

with appropriate amounts of KBr and compressed them into a disk form. All spectra were
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recorded for 500 scans at a resolution of 2 cm™. A spectrum from a pure KBr disk was

used for background correction.

2.1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

A drawing of a superconducting magnet used in modern high-field NMR
spectrometers is presented in Figure 2.1. The magnet is bathed in liquid helium to
maintain its superconductivity, thereby alleviating the exorbitant electrical power
operating requirements of electromagnets producing these same high magnetic fields.
The radio frequency coil provides the radiofrequency (rf) energy appropriate to excite the

nuclei in the sample to resonance.
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/ electronics

Figure 2.1 Cross-section of a superconducting NMR assembly. Magnet assembly has a

By and B, lie along the horizontal and vertical directions, respectively.1
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The degeneracy of the nuclear magnetic spin energy levels is removed by the
static magnetic field By. Application of the rotating magnetic, or electromagnetic, field B,
excites transitions between these energy levels. When the frequency of the B, field (radio
frequency, or rf, in MHz) is equal to the Larmor frequency of the observed nucleus, the

resonance condition occurs, i.e., when

Most samples will have nuclei with multiple Larmor frequencies, because most
molecules have more than a single magnetically equivalent group (CH, CH,, CH3, for
example), leading to several resonance frequencies or chemical shifts. The method used
to excite the nuclei and achieve resonance must clearly be capable of covering all of the
Larmor frequencies in the sample. This is achieved in the Fourier transform (FT) method
by simultaneously exciting all the Larmor frequencies by application of a pulse (short
burst) of rf signal (B;) at or near all vos, which results in the equalization of the
populations of the nuclear spin energy levels. Equilibrium spin populations are
reestablished in a free induction decay (FID) process following the rf pulse.

All 'TH-NMR measurements were performed and recorded on a Bruker DPX400
NMR Spectrometer (400 MHz) in CDCls. Tetramethylsilane(TMS) in (‘H NMR) was

used as internal standards.
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2.2 Morphological observation by imaging techniques

2.2.1 Field Emission Scanning Electron Microscopy (FE-SEM)
Scanning electron microscopy (SEM) is a technique for imaging the surface of
materials at nanometer length resolutions. Resolution is determined by the wavelength of

an electron (), expressed by the de Broglie equation:

where A is the wavelength, h is Planck’s constant, m is the mass of an electron, and v is
the velocity of an electron. The scanning electron microscope functions by emitting
electrons from a field emission gun. The field emission gun requires extremely high
vacuum condition (107 Pa) and generates the brightest high electron density beam and
narrowest probe size. It produces high resolution images at low accelerating voltage
(below 5 keV), thus does not cause thermal damage on thermally unstable specimens like
polymers.

The ejected electrons are focused by condenser lenses to a very small focal spot
and then scanned across the sample surface with scanning coils as illustrated in Figure
2.1. Interaction of the incident electron beam with the sample is limited to a tear shaped
volume with nanometer to micron depth from the surface of the sample. Samples are
imaged by detecting secondary electrons emitted from the sample surface with a

photomultiplier device.
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Figure 2.2 Schematic diagram of SEM setup

2.2.2 Transmission Electron Microscopy (TEM)

The working principle of TEM is based on electron scattering. In the
characterization, a thin solid sample is placed in a high-vacuum chamber and illuminated
by a fine-controlled high energy electron beam generated by an electron gun. As
demonstrated in Figure 2.3, the interaction between the emitted electrons and the atomic
electrons of the sample makes some of the emitted electrons scatter while others transmit
through the sample. The intensities of scattering and transmission are strongly affected by
the electron density of sample atoms. For example, gold atoms have higher electron
density resulting in more scattering and less transmission, while carbon atoms allow more
electrons to pass through. The difference in transmission intensity from various parts of a

sample appears on the final negative image film as a difference in a gray-scale contrast.
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In TEM characterization of copolymer structure, sufficient differences in electron density
between copolymer layers and the supporting matrix should be the major criteria.
However, the small difference in electron density between copolymers and ambient
matrix makes it difficult to image them with high contrast. This problem can be solved by
using phase contrast techniques or heavy-metal staining. The contrast can be further
enhanced by choosing the appropriate supporting film materials, which have low electron
density. For this reason, poly(vinylformal) (formvar) or cellulose acetate butyrate (CAB)
is normally used as the supporting film material for TEM investigation.

In this work, TEM images of particles and assembled nanostructures were
obtained from a JEOL 100 CX II TEM equipped with a multiscan CCD camera (1024 X
1024 pixels) and operated at 100 kV. The images were scanned into electronic file
format and processed with Image J software to extract information such as particle
surface, internal structures of core shell nanoparticles and particle size distributions.

Samples for TEM observation were prepared according to the following
procedure: Sample solutions (5 uL) were dropped onto graphite-coated copper grids (400
mesh, Electron Microscopy Science) and air-dried. For some experiments, further
positive-staining has been applied after drying the samples completely. This staining was
done by dropping 2 pL of phosphotungstic acid ranging from 0.5 to 2 % (w/w) in
deionized H,O on the dried samples ranging from 30 sec. to 3 min. All images were

obtained at an accelerating voltage of 100kV and emission current of 50 pA.
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Figure 2.3 Schematic diagram of Transmission Electron Microscope

2.2.3 Atomic Force Microscopy (AFM)

The atomic force microscopy (AFM) is a versatile technique to investigate non-
conductive materials such as polymers and biological samples. It is a technique in
scanning probe microscopy (SPM) category, which includes scanning tunneling
microscopy (STM), scanning near-field optical microscopy (SNOM) and magnetic force
microscopy (MFM), etc. Contrary to so called far field characterization techniques such
as optical microscopy and scanning electron microscopy (SEM), the SPM belongs to near
field techniques due to the nanoscale interactions of probe apex and sample surface. The
resolution of optical microscopy and SEM is usually of the order of half a wavelength of
the photons and electrons. However, the resolution of SPM is determined by the

geometrical shape of the probe apex at the atomic scale, thus atomic resolution can be
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achieved. The surface structures, the local electronic/magnetic properties of sample
surface and the absorption of molecules can be analyzed with SPM. Hence, the SPM
provides not only the topography and local properties of sample surface, but also enables
the manipulation of single atoms and molecules on the sample surface. Among different
SPM techniques, AFM is the most commonly used method to investigate copolymer
nanostructures due to its high resolution and versatility.

The AFM technique basically determines the van der Waals force between the
sample and the probing tip at individual locations over the imaging area. The potential
between two hard spheres is given as the Lennard-Jones potential in the form of Eq 2.3,

where ¢ is the well depth and o is the hard sphere radius.”

V(r)= 4{(%) —(%j } ................ (Eq2.3)

The first term (o/r)'? describes the repulsive force and the second term (o/r)® describes
the attractive force. As shown in Figure 2.4, when the probing tip approaches to the
sample until on the Lennard-Jones potential, it experiences an attractive force, which
bends the tip downward. The extent of bending is dependent upon the distance between
the tip and the sample surface. Since the tip does not touch the surface, imaging in this
region is called non-contact or tapping mode AFM. By contrast, the probing tip is bent up
by a repulsive force when the tip and the sample surface are extremely close. AFM
imaging carried on this region is called contact mode AFM. Tapping mode AFM has
been mainly used in our sample characterizations because it allows imaging soft materials,

such as biomolecules or polymers without causing sample damage.
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Figure 2.4 Schematic model of the interaction between the sample and the probe tip as a
function of the sample-tip distance, based on the Lennard-Jones potential.
As the probe tip and the sample approach one another until r = 28 the
interaction is predominantly attractive (Tapping mode). When the probe tip
and the sample are extremely close to each other, the interaction is

predominantly repulsive (Contact mode)

Figure 2.5 shows the AFM set-up. The subtle movements of the imaging tip are
monitored by laser/photodiode detector, and the topological profiles of the sample in the
area are obtained by a computer-assisted feedback and piezo-scanner system, which
allows the probing tip to move over the sample surface within a certain range of distance.
In tapping mode AFM, the cantilever tip is oscillated close to its resonance frequency
(hundreds of kHz) and positioned above the surface and the tip taps the surface for a very
small fraction of its oscillation cycle. This extremely short contact can reduce the lateral
forces applied to the sample surface and minimize the damage to the surface of soft

materials. When the cantilever tip scans across the surface and the amplitude is kept
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constant, the feedback signals collected by the photodetector can provide the image of
surface topography.” On the other hand, phase imaging has received more attention
simply because the phase of the oscillating cantilever is sensitive to the tip-surface
interaction. Thus sample properties, for example, softness and viscoelasticity can be

investigated from phase image.

Photodetector

Laser Beam

Cantilever

Figure 2.5 Schematic diagram of AFM set up

The greatest advantage of AFM over other imaging techniques is its extremely
good resolution in variety of media, including vacuum, air, and even liquid.” AFM can
provide topographical information with lateral resolution of ~ Inm and height resolution
of less than 1A.* The practical resolution of AFM, however, is significantly affected by

sample vibration and the sharpness of the imaging tip.
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Accurate structural information can be obtained by AFM imaging of nanoparticles
and self-assembled nanostructures if they are deposited on an atomically flat surface.
This can be easily obtained from silicon wafers or freshly cleaved mica substrates. In this
study, AFM samples were prepared by depositing nanomaterials onto freshly cleaved
mica (AFM Mica Disks, Ted Pella, Inc. Redding, CA). AFM images were obtained on a
Nanoscope IV system (Digital Instruments, Santa Barbara, CA) with a vertical scanner
(J-type) in air. During in-situ AFM in fluid mode, the sample in the solution was confined
in a liquid cell as shown in Figure 2.6. Extra caution should be taken to avoid contact the
cantilever tip on the liquid cell. Stability is extremely important for aqueous scanning.
Particularly, the air bubbles trap must be avoided in filling solution into the liquid cell.
The tip should be wet by water droplet before being brought into the liquid cell. Flow
through liquid cell enabled us to monitor the real morphology of the structure in solution

state.

AFM
Scanner
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Figure 2.6 Schematic diagram of AFM imaging in fluid

Fluid in Fluid out
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2.3 Turbidity measurements

Turbidity was measured by a Hewlett Packard HP 8453 Photo-diode array UV-
Visible Spectrophotometer with UV-Visible Chem Station software. The measurements
were carried out at a wavelength of 700 nm where the absorption of the aggregates was
minimized. The sample vials were sealed with Teflon tape and placed in a temperature
cell in which the temperature was controlled by a temperature controller. Deionized water

was used as the reference for all the measurements.

2.4 Zeta-potential measurements

The development of a net charge at the particle surface affects the distribution of
ions in the surrounding interfacial region as shown in Figure 2.7, resulting in an increased
concentration of counter ions (ions of opposite charge to that of the particle) close to the
surface. Thus an electrical double layer exists around each particle. The liquid layer
surrounding the particle exists as two parts; an inner region, called the Stern layer, where
the ions are strongly bound and an outer, diffuse region where they are less firmly
attached. Within the diffuse layer, there is a notional boundary inside which the ions and
particles form a stable entity. When a particle moves (e.g. due to gravity), ions within the
boundary move with it, but any ions beyond the boundary do not travel with the particle.
This boundary is called the surface of hydrodynamic shear or slipping plane. The
potential that exists at this boundary is known as the Zeta potential.

The magnitude of the zeta potential gives an indication of the potential stability of
the colloidal system. A colloidal system is when one of the three states of matter: gas,

liquid and solid, are finely dispersed in one of the others. In the case of solid particles
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dispersing in a liquid, if all the particles in suspension have a large negative or positive
zeta potential, then they will tend to repel each other and there is no tendency to
flocculate. However, if the particles have low zeta potential values, then there is little
force to prevent the particles coming together and flocculating. The general dividing line
between stable and unstable suspensions is taken at either +30mV or -30mV. Particles
with zeta potentials more positive than +30mV or more negative than -30mV are

normally considered stable.

I Electrical double
Vayer

Slipping plane

Farticle with negative
surface charge

#]
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-
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-100

m

Distance from particle surface

Figure 2.7 Schematic diagram of the distribution of ions in the surrounding interfacial

region versus the distance from particle surface.

The most important factor that affects zeta potential is pH. A zeta potential value

on its own without a quoted pH is a virtually meaningless number. Imagine a particle in
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suspension with a negative zeta potential, if more alkali is added to this suspension, then
the particles will tend to acquire a more negative charge. If acid is then added to this
suspension, a point will be reached where the negative charge is neutralised. Any further
addition of acid can cause a build up of positive charge. Therefore a zeta potential versus
pH curve will be positive at low pH and lower or negative at high pH. Therefore, the
point where the plot passes through zero zeta potential is called the isoelectric point. This
value is very important from a practical consideration because it is the point where the
colloidal system is least stable.

In this research, electrophoretic mobility measurements were performed using
Malvern Zetasizer 3000 HSA (Malvern, UK) with a 30 mW solid-state laser operated at a
laser wavelength of 635 nm. All measurements of electrophoresis mobility (EPM) were
performed at room temperature (~25°C). The zeta-potential ({) of the particles was

calculated from the electrophoretic mobility (Ug) values using Henry equation

2&¢ f (ka)
U, ===
31
where €: dielectric constant
C: Zeta potential
f(ka): Henry’s function
n: viscosity
Two values are generally used as approximations for the f(ka) determination which is
either 1.5 or 1.0.
Electrophoretic determination of zeta potential is most commonly made in

aqueous media and moderate electrolyte concentration. f(ka) in this case is 1.5, and is

referred to as the Smoluchowski approximation. Therefore calculation of zeta potential
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from the mobility is straightforward for systems that fit the Smoluchowski model, i.e.
particle size larger than 200 nm diameterdispersed in electrolytes containing more than
10 M salt solution. For particles in low dielectric constant media f{ka) becomes 1.0.

Effective hydrodynamic diameters (Des) of the particles were obtained by a

photon correlation spectroscopy in a thermostatic cell at a scattering angle of 90°.
Software provided by manufacturer was used to calculate D¢sr values. All solutions were
prepared using 1 mM NaCl aqueous solution as suspension fluid to about 1000 ppm. The
particle suspension was then thoroughly dispersed with an ultrasonic vibrator for 5

minutes, prior to injecting it into a cleaned sample cell of Zetasizer with a syringe.

2.5 X-ray photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is also called ESCA (Electron
Spectroscopy for Chemical Analysis) which is a powerful and convenient surface (2 to 10
nm) quantitative technique. This technique, based on the photoemission of electrons
induced by soft X-rays, allows multiple-element detection and provides chemical
bonding and state information simultaneously with quantitative information.>”

Figure 2.8 presents the working mechanism of XPS based on the photoelectric
effect. Mg Ko X-rays (1253.6 eV) or Al Ko X-rays (1486.6 eV) is normally used in the
measurements. When soft X-ray photon of energy Av hits an atomic orbital electron, the
photons transfer its total energy to the electron. Given that the photon energy is greater

than the binding energy E,, of the orbital electron in the atom, the electron is then ejected

from the atom with a kinetic energy Ey, approximately equal to the difference between
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the photon energy /v and the sum of binding energy E, and work function of the analyzer

(®p). Therefore, the fundamental energy equation for XPS is:

Here 4 is Planck’s constant and v is the X-ray frequency. Energies are usually
expressed in electron volts (eV). Measuring the kinetic energy allows us to calculate the
binding energy, which is used to identify the chemical information of atom.

Probabilities of interaction of the electrons with matter far exceed those of the
photons, so while the path length of the photons is of the order of micrometers, the
electrons is of the order of tens of Angstroms. Thus, while ionization occurs to a depth of
a few micrometers, only those electrons that originate within tens of Angstroms below
the solid surface can leave the surface without energy loss. It is these electrons which
produce the peaks in the spectra and are most useful.’

Using XPS technique to identify all elements, except H and He, are possible.
From photoemission spectra, qualitative (chemical state) and quantitative (surface
concentration) information can be obtained. The identification of chemical states depends
primarily upon the accurate determination of line energies. To determine line energies
accurately, the voltage scale of the instrument must be precisely calibrated, a line with a
narrow sweep range must be recorded with good statistics, and accurate correction must

be made for static charge if the sample is an insulator.
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(a) excitation

Figure 2.8 Working principle of XPS based on photoelectric effect

To determine the relative concentrations of the various constituents, methods for
quantifying the XPS measurement utilizing peak area sensitivity factors and peak height
sensitivity factors are both available, with the former one being more accurate. A general
expression for determination of the atom fraction of any component in a sample, Cx, can

be written as follows:
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where S is atomic sensitivity factor based on the calculated cross-section’ (6) corrected
for the kinetic energy dependence of the spectrometer detection efficiency and an average
value for the dependence of inelastic mean free path on kinetic energy, / is the measured

peak area.”
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Chapter 3

Fabrication and characterization of core-shell and hollow
particles

3.1 Synthesis of PMMA/PEI core-shell particles
3.1.1 Materials

Branched PEI (50 wt. % aqueous solution, <M >~ 750,000 g/mol) was purchased from

Aldrich and used as-received. Methyl methacrylate (MMA, Aldrich) was purified by being
washed three times with 10% w/w sodium hydroxide solution [MMA to NaOH (v/v) =10 : 1],
followed by repeated washing with deionized water [MMA to water (v/v)= 5 : 1] until the pH
of the water layer dropped to 7. It was further purified by vacuum distillation prior to use. tert-
Butyl hydroperoxide (TBHP, 70% w/w solution in water) was obtained from Acros and used
as-received. Dichloromethane (DCM) was obtained from Lab-Scan. Freshly deionized was

used as the dispersion medium.

3.1.2 Synthesis and purification of PMMA/PEI core-shell particles

The PEI/PMMA core-shell particles were prepared according to the following
procedure: branched poly(ethylenimine) (PEI) (2.0 g, 50 wt. % aqueous solution ) was diluted
with deionized water (45 mL) and mixed with the purified methyl methacrylate (MMA) (4.0 g)
in a water-jacketed flask equipped with a thermometer, a condenser, a magnetic stirrer, and a

nitrogen inlet. The stirred mixture was purged with nitrogen for 30 min., followed by the
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addition of TBHP solution (0.625 mL, 1.0)(10_2 M ). The mixture was stirred at 80°C for 2 hrs
under nitrogen atmosphere. The MMA conversion was usually greater than 90 % as
determined gravimetrically.

The prepared PMMA/PEI latex particles were purified by multiple cycles of
centrifugation, decantation and rewetting. The purified particle dispersion was then dried with
freeze-dryer (TFD 5505, Ilshin Lab. Co. Ltd.) at -48°C and chamber pressure of 5 mTorr. The
dried product was extracted with chloroform for 48 hrs using a Soxhlet extractor. The insoluble
portion of PEI-g-PMMA copolymer remained in the thimble, while the PMMA homopolymer
was dissolved in the chloroform. The grafting percentage is calculated as percentage of weight
ratio of the grafted PMMA to the weight of PEI charged. The grafting efficiency is calculated

as weight ratio of the grafted PMMA to the total polymerized MMA.

3.1.3 Characterization of the PMMA/PEI core-shell particles

Infrared spectra were recorded on a Nicolet 750 FT-IR spectrophotometer using KBr
disks. Proton and carbon magnetic resonance spectral determinations were made on a Bruker
Advance DPX 400 or a Varian Gemini 200. Gel permeation chromatography (GPC) was
performed on a Waters Associate GPC system. Tetrahydrofuran was used as the eluent at a
flow rate of 1.0 mL/min. The GPC system was calibrated with polystyrene standard samples.
Particle size and distribution were measured on a Coulter LS230 particle size analyzer. The
{—potential was measured with a Brookhaven Zeta Plus Analyzer with ImM NaCl aqueous
solution as the suspension fluid. Transmission electron microscopy (TEM) photographs were
obtained using a JEM 100 CX transmission microscope at an accelerating voltage of 100 kV.

The sample was prepared by wetting either a Formvar-coated or a carbon-coated grid with a
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small drop of the dilute latex solution (SmL, 500 ppm). Upon drying, it was stained with a
small drop of 2% phosphotungstic acid (PTA) for 10 min and dried at room temperature before

analysis.

3.1.4 Properties of the core-shell particles

The average particle diameter of the PEI/PMMA core-shell particles was found to be
148 nm based on statistical counts of 100 particles from FE-SEM micrograph as shown in
Figure 3.1a. The SEM image also indicates that the particles are quite uniform. Figure 3.1b
shows the nanostructure of the particles which was observed by a transmission electron
micrograph under high magnification (60,000 X). Well-defined core-shell particle morphology
is reveled where darker phase is the PEI and the lighter phase is the PMMA. The phase
contrast was attributed to the selective staining of the PEI chains by a phosphotungstic acid

(PTA) solution which is known to be a good staining agent for amino group.

Figure 3.1 (a) FE-SEM and (b) TEM micrographs of PEI/PMMA core-shell nanoparticles.
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3.2 Fabrication of PEI-g-PMMA hollow particles via core extraction of

PMMA homopolymer

3.2.1 Fabrication of PEI-g-PMMA hollow particles from PMMA/PEI core-shell

particles

Freeze-dried PMMA/PEI particles (0.1 g) was first mixed with 8 mL of dichloromethane
(DCM) in a jacketed flask. The suspension was gently stirred at 150 rpm at 25°C for 3 hrs in
order to extract the PMMA homopolymer from the cores. Viscosity of the solution increased
considerably due to the dissolution of the PMMA homopolymer. Water was then added
dropwise at a rate of 1 drop per second, and the heterogeneous mixture was stirred at a rate of
150 rpm for 3 hrs. The aqueous phase was then isolated, diluted with water and stored at room

temperature for characterization.

3.2.2 ldentification of chemical structure of the extracted polymer and hollow particles

by Fourier Transform Infra-Red Spectroscopy

The PMMA homopolymer in the core and PEI-g-PMMA copolymer were isolated with
chloroform using a Soxhlet extractor for 48 h and their chemical structures were identified by
FTIR spectroscopy. Figure 3.2a shows a spectrum of the extracted homopolymer. A very
strong absorption peaks at 1730 cm™ is observed which is due to stretching vibration of C=0.
Other characteristic peaks including medium absorption peak at 1486 cm™', due to stretching
vibration of -CH,-; medium absorption peaks at 1241 and 1270 cm’, due to stretching
vibrations of C-O bond ; strong absorption peaks at 1193 and 1149 cm™, due to stretching
vibrations of C-O-C bond; medium absorption peak at 988 cm'l, due to rotation of -CHj3 bond;

two weak absorption peaks at 839 and 749 cm™, corresponding to rotation of -CH,- and -CHj
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bonds. Figure 3.2b shows FTIR spectrum of the PEI-g-PMMA hollow particles. A strong
absorption peaks at 1730 cm™ (stretching vibration of C=0) and 3400 cm™' (stretching vibration

of N-H), corresponding to carbonyl groups of PMMA and amino groups of PEI, respectively.
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Figure 3.2 FTIR spectra of (A) extracted PMMA homopolymer, and (B) PEI-g-PMMA hollow

particles
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3.2.3 Identification of extracted homopolymer by nuclear magnetic spectroscopy

Figure 3.3 shows 'H-NMR spectrum of the extracted PMMA homopolymer in CDCls.
The peaks at 6=4.8 ppm attribute to methoxy carbon (-OCHj3), thus suggesting chemical

structure of PMMA.

Figure 3.3 "TH-NMR spectrum of the extracted PMMA homopolymer in CDCl; solvent
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3.3 Characterization of hollow particle surface property using X-ray

photoelectron spectroscopy (XPS)

3.3.1 Rationale of this study

Amphiphilic copolymers are copolymers consisting of both hydrophilic and
hydrophobic segments. Many amphiphilic copolymers have been reported to undergo surface
rearrangements upon exposure to different environments such as solvent-dependent

131415 When a hollow particle is formed in water, the low-surface-energy

switching.
hydrophobic segment will preferentially migrate to the inner cavity, thereby minimizing the
total free energy of the system. Upon exposure to dichloromethane, a surface reorganization
can occur, which dramatically change in the surface chemical structure of the hollow particle
as depicted in Figure 3.4 The thermodynamic driving force for the preferential segregation of
the high-surface-energy hydrophilic phase to the polymer-water interface is to minimize the
interfacial free energy and the total free energy of the system. The polarity of water provides a
high interfacial free energy which is the driving force for the migration of the hydrophilic PEI
segment to water medium, thereby minimizing the interfacial free energy. Upon exposure to
hydrophobic environment, the PMMA grafts surface is driven by the low interfacial free
energy provided by organic solvent (dichloromethane) and can reorganize back to the surface
to various degrees and at different rates of rearrangement depending on the composition,

structure, morphology and etc.>” 113

81



PMMA grafts

PEI \
—

Hollow particle in water Inverted hollow particle
in dichloromethane

Figure 3.4 Schematic representation of switching hollow particle surfaces in

water and dichloromethane.

Therefore, understanding the surface composition and morphology of hollow particles
in both water and organic solvent medium is important since this will help understand the
surface structures of these copolymers hollow particles and their interactions with solvent

phases, thus improving polymer design for potential applications.

3.3.2 Materials and Methods

Freeze-dried PEI-g-PMMA hollow particles were examined by the X-ray photoelectron
spectroscopy (XPS) analyses. The samples were prepared by coating the copolymer film on a
flat mica substrate through dip coating of the sample from either DCM or aqueous solution,
followed by drying the sample overnight in a vacuum oven at room temperature. XPS
measurements were performed using a PHI 5600 (Physical Electronics) multi-detection system

equipped with a monochromatic AIK, X-ray source (1486.6 eV). The X-ray spot size was 400

x 400 um. The pass energy of exciting radiation was set at 187 and 45 eV for survey and
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narrow scans, respectively. Charge compensation was achieved with a combination of electron
and argon ion flood guns. The energy and emission current of the electrons were 4 eV and 0.35
mA, respectively. The partial pressure for the argon ion flood gun was maintained at a vacuum
level of 2 x 10™® mbar. These conditions of charge compensation resulted in a perfect uniform
static charge distribution. Argon-ion sputtering was made by a PHI Versa Probe ion gun at an
incidence angle of 45° for removal of physiosorbed adsorbates. The beam energy and ion
current were set at 600 eV and 4 pA, respectively. The spot size was confined at 800 x 800 pum.
The sputtering was performed at the substrate temperature of 300 K for 15 minutes in each
cycle. Data acquisition and processing were achieved with the PC-based Avantage software
(version 1.85). Spectral calibration was determined by setting the main Cls component at
285.0 eV. The surface composition was determined using the manufacturer’s sensitivity factors.
Spectra were obtained in a digital form. Curve fitting of the spectra was accomplished using a
nonlinear least-squares method, and a Gaussian function was assumed for the curve-fitting
process.

Hollow particles treated in dichloromethane and water, respectively were performed on
a TEM (JEOL-2010) with an accelerating voltage of 120 kV. In order to observe the particle
morphology under TEM which reflects the original morphological sizes and geometries as in
the solution, a small amount of solution was “quenched” in excess water (= 100 times) to
quickly vitrify the PMMA graft into its glassy state and then, a drop from the quenched
solution was placed on a carbon-coated grid (400 mesh). After 5 min, the excess solution was
blotted away with filter paper and further stained with 2 wt. % phosphotungstic acid (PTA)
solution for 10 minutes. The grids were then dried at room temperature and atmospheric

pressure for 24 hrs before examination in the TEM. Since the PMMA grafts were in their
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glassy state, the “quenched” morphologies were observed in TEM.

3.3.3. Results and discussion

In order to understand the surface reorganization behavior of the hollow particles in
organic (DCM) and aqueous environments, the surface properties of the hollow particles were
examined with XPS spectra. From the survey scan of XPS spectrum of hollow particles treated
with dichloromethane as shown in Figure 3.5a, strong Cls and Ols peaks are observed, but
there is no peak that are attributed to N1s. However, strong Cls, Ols, and Nl1s peaks of the
hollow particles in water are clearly displayed as shown in Figure 3.5b.

To elaborate the chemical bonding information of the shell structure, individual peak-
fitting and deconvolution of each elemental peak were investigated. Figure 3.6 shows the high-
resolution Cls spectra of hollow particles in DCM. There is no Nls peak. Peak-fitting and
deconvolution of the high resolution Cls peak reveal that there are four binding energy peaks
at 285.0, 285.6, 286.7 and 289.02 eV, which are characteristic binding energies of aliphatic
carbon atoms (C-C/C-H), carbon atoms that are adjacent to carbonyl groups (C-COO), C-O,
and carbonyl carbon atoms (O-C=0), respectively. Furthermore, peak-fitting and
deconvolution of the Ols peak indicate the presence of ester groups. The atomic ratio of
carbon to oxygen atoms is 2.58, which is very close to the calculated ratio of carbon to oxygen
atom in the PMMA molecule (C/O ratio = 2.5). These results indicate that the surface layer of
the dispersed hollow particles in DCM is the PMMA grafts. This implies that the hollow
particle morphology undergoes an inversion in DCM environment. Thus, the hydrophilic PEI
tends to be buried at the inner core. Such reorganization of PEI-g-PMMA hollow particle

morphology can explain the formation of stable latex dispersion in organic solvent.
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For the surface reorganization behavior of hollow particles in aqueous solution, XPS
spectra as shown in Figure 3.7 exhibit strong Cls, Ols, and Nls peaks. Peak-fitting and
deconvolution of the N1s peak reveal two binding energy peaks at 400 and 401.23 eV, which
are typical values for neutral amine and cationic nitrogen species, respectively. These results
indicate that the PEI chains are localized on the outer shell layer when the hollow particles are
dispersed in water. Thus, the particles again undergo inversion where the hydrophobic PMMA
shells exchange positions with the hydrophilic cores. The XPS spectrum also shows an Ols
peak at a binding energy of 529.5 eV. This binding energy peak is different from the oxygen-
containing functional group. To verify the molecular structure of Ols peak, the sample was
treated by argon ion sputtering. The intensity of this O1s peak was subsequently reduced, while
the envelope profile of the high resolution Cls and N1s peaks were not affected. The reduction
of Ols peak was due to the removal of physisorbed oxygen at the polymer surface.'®
Furthermore, the typical carbonyl carbon atom peak at 532 eV was not discernible in the Cls
deconvolution profiles. These results suggest that Ols peak is attributed to the presence of
physisorbed oxygen molecules on the particle surface, not attributed from the PMMA polymer.

XPS is a powerful quantitative tool for polymer surface analysis. A special sample
handling technique is needed to analyze hydrated polymer surfaces treated with water or
organic solvent. Since XPS is operated under an ultra high vacuum environment (UHV) and
the UHV environment requires that the analysis of hydrated or wet surfaces is performed in the
frozen state. In addition, for polymeric particle samples that may undergo a surface
reorganization based on the solvent environment, the hydrated sample must be frozen to below
the glass transition temperature (Tg) of the mobile constituent to stabilize or preserve the

hydrated surface composition. If the temperature is above the Tg of the mobile polymer
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constituent under UHV, the hydrated polymer surface may reorganize towards the surface
composition of the dehydrated structure. Therefore, the first step of the special sample
preparation technique is to freeze the sample to below Tg of the polymer. After the wet sample
is frozen and introduced into the vacuum system, the protective ice layer has to be sublimated
as completely as possible to expose the real polymer surface for subsequent XPS analysis.
Therefore, sublimation of surface water or ice in vacuum (and below Tg) is the second step of
the special sample preparation technique. This special technique is called a freeze-drying
technique,'” or more generally, so-called cryogenic sample handling technique.

When freezing-dried treatment is used to slow polymer chain motion and to allow
samples to be examined in vacuum, several concerns must be addressed. Freezing process may
induce artifacts, and contamination may condense on the sample surface. Artifacts due to the
formation and growth of ice or solvent crystals as a result of freezing and thawing are well

described in the electron microscopy literature.'®"

The exact sample preparation protocol
becomes increasingly important as the solvent content and the thickness of the sample are
increased. It is known that the occurrence of artifacts can be strongly reduced by rapid freezing
and by subliming at low temperatures.'®?° Freezing-induced artifacts such as voids and cracks
are often observed in electron microscopy. Voids, if present, are not likely to have a significant
effect on XPS since a relatively larger surface area of packed hollow particles is sampled.
Likewise, unless there are large numbers of cracks due to damaged hollow particles which
expose the core of the copolymer particle, the majority of the XPS signal should arise from the
surface region.”'

Surface contamination is a major consideration in XPS analysis. The buildup of surface

contamination can occur during freeze pump process for sample handling without appropriate
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care in sample preparation. Surface contamination is a very common problem for freeze-dried
samples in XPS analysis and was reported in several papers.”'>*

The buildup of surface contamination can occur during the solvent treatment process
and the freeze dried process for sample handling without appropriate care in sample
preparation. During handling of solvent-treated PEI-g-PMMA hollow particles in wet state at
low freeze-drying temperatures (-50°C), the buildup of surface contamination is not significant
because PEI-g-PMMA hollow particle is a highly packed solid material and will not absorb
water into the grafted PMMA matrix in which water repelled from the PMMA core would be
sublimated completely. Test results indicated that the contaminant signal intensity at the
solvent-treated surface is extremely low (after sublimation of freeze contaminant in solvent

crystal) enough to enable the examination of the surface composition of solvent-treated PEI-g-

PMMA hollow particles.
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Figure 3.5 XPS survey spectra of hollow particles in (a) dichloromethane, and (b) water.
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Figure 3.6 XPS spectra of peak-fitted and deconvoluted (a) Cls and (b) O 1s of

hollow particles treated in dichloromethane.
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of hollow particles treated in aqueous solution.
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To identify the morphology of the particle and verify the placement of the hydrophilic
PEI moiety in both DCM and water, the solvent pretreated particle was dried and subsequently
treated with 2 wt. % phosphotungstic acid (PTA) to stain the amino group of PEIL. The resulting
PTA stained areas should have higher atomic weight species that provide the darker contrast.
Figure 3.8a, shows TEM image of water-dispersible hollow particles. The presence of a dark
ring around the particle in the corona relative to the cavity is observed. In the case of the
hollow particles in DCM, the darker areas appear in the particle cores, indicating the presence
of positive charged hydrophilic PEI (Figure 3.8b). The TEM observation confirms that the
hydrophilic PEI unit and the hydrophobic PMMA can switch in response to solvents of

different polarity.

(b)

500nm

Figure 3.8 Transmission Electron Micrograph of PEI-g-PMMA hollow particles in

(a) water and (b) dichloromethane.

For hollow particle assembly, three key factors are expected to strongly affect the
assembly process: 1) The shape of the hollow particles; 2) The surface tension between the

inner grafted PMMA and the solvent; and 3) The interactions among the grafted PMMA chains.
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Since water is a good solvent only for PEI chains, but not for PMMA chains, the solvent
environment becomes progressively worse for the PMMA chains as water is added slowly to
the particle dispersion in DCM. At first, the PMMA graft chains are swollen by the solvent of
dichloromethane. However, the average degree of stretching of the PMMA chains decreases
with an increase of water volume. At appropriate ratios of water to DCM, the PMMA chains
start to associate with each other in order to minimize their surface energy in water. The
resulting morphology is a delicate balance of various forces and factors, i.e. the lengths of both
hydrophobic grafted PMMA and hydrophilic PEI chains, the graft copolymer concentration,

solvent composition, and other variables.

3.4 Shear-induced elongation of hollow particles

3.4.1 Background

Flow can induce both microscopic and macroscopic changes of the structure, with
simultaneous changes in rheological behavior in various complex fluids. These phenomena
have been reported for various systems such as polymer solutions, liquid crystalline polymers,
polymer blends, colloidal suspensions, and wormlike micelles.”>?’. For example, flow caused
by stirring can induce elongation or thinning of soft or hollow nanoparticles with simultaneous
changes in rheological behavior. Scheme 3.1 illustrates the shape deformation of hollow
particle as a function of stirring rate. Spherical shaped hollow particles can elongate along "X
into elliptical shapes in the equatorial plane at high stirring rate. Further increasing stirring rate
can elongate the resulting ellipsoidal particles into thin filaments along "X, thus exhibiting a

transition to highly anisotropic shapes extended along "z.
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Scheme 3.1 Geometry of the shear induced elongation where the fluid flow, gradient,
and stirring rate are along "X, "y, and "z, respectively. For a steady flow, the
aspect ratio of local hollow particle morphology is a function of z and the

effective shear rate applied on the hollow particle is a function ofy.

In our system, the nanotubular formation is induced by the shear force on hollow
particles in an organic solvent/water mixture. Several concurrent transformations may take
place during the assembling process, including intrinsic particle deformation upon core
extraction, viscous shear and breakup of the particle shell. Here we focus on the ellipsoidal
formation caused by the shear flow.

3.4.2 Characterization Methods

The field-emission scanning electron micrographs were obtained using a JEOL-JSM
6335F field-emission scanning electron microscope (FE-SEM) at an accelerating voltage of 5

kV and emission current of 10.5 pA. A small drop of a diluted hollow particle sample which
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has been stirred at a specific rate (between 250 and 350 rpm), was placed on a glass substrate,
followed by drying it at room temperature for 24 hrs. The dried samples were subsequently
sputtered with a thin layer of gold under vacuum to a depth of approximately 1-2 nm.

Transmission electron micrographs were obtained using a JEOL 100 CXII TEM at an
accelerating voltage of 100 kV. Sample was prepared by wetting a carbon-coated copper grid
with a small drop of dilute nanotube dispersion in water (10 puL, 500 ppm). Upon drying, the
nanotubes were stained with 2 wt. % phosphotungstic acid (PTA) solution for 1-2 min. The
samples were then dried at room temperature before microscopic analysis. All TEM images
were taken in bright field mode.

Images of self-assembled nanotubes from elongated hollow nanoparticles were
investigated using a Nanoscope IV Atomic Force Microscope (AFM, Digital Instruments) with
a NSIV controller in a fluid tapping mode using a V-shaped silicon nitride (Si3N,) cantilever
(NP-S, 200W, Veeco Probes, CA) at a frequency of 8 £ 0.5 kHz. Images were acquired after 5
min. of sample injection, and continued for several hours. Aqueous sample (100-200 pL, 2 mg
mL") was thermally equilibrated to the temperature of fluid cell, and then injected into the cell
at a rate of 10 pL s™'. The scan sizes of AFM images were 0.7 and 1 pm, respectively, and the

scan data were acquired at 0.5 Hz scan rate with a resolution of 512 x 512 lines.

3.4.3 Results and discussion

The assembly mechanism of the hollow particles in a mixture of DCM/water was
studied by capturing the morphological changes at a lower reaction temperature (15°C). In this
process, DCM was allowed to evaporate slowly from a mixture of DCM/water, and finally all

DCM molecules were removed after 24 hrs, giving an aqueous solution containing resulting
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elongated nanoparticles and suspended PMMA homopolymer. Under these conditions, the
fluid shear (stirring rate) plays a critical role in the assembly process. When the DCM/water
mixture was not stirred or stirred at low speeds (< 100 rpm), the hollow particles remained as
spherical morphology as indicated from TEM micrograph in Figure 3.9. However, when the
stirring speed was increased to 250 rpm, the spheres began to assemble into short nanotubes (<
Ium) as illustrated in Figure 3.10a. Further increasing the stirring speed to 350 rpm resulted in
complete conversion of spherical particles to nanotubes (Figure 3.10b). In order to capture the
morphological transition of the hollow particles before the formation of nanotubes, a sample
was withdrawn after the mixture was stirred at 350 rpm for 1 hr, and observed the morphology

by TEM. Figure 3.11 revealed that hollow particles which had not yet assembled into short
nanotubes were deformed to ellipsoidal hollow particles. This suggests that the shape of the

hollow particle is one of the key factors which induce the assembly of amphiphilic hollow
particles. This effect may be due to the fact that spherical hollow particles are stable in solution
because they possess minimum overall Gibbs free energy at equilibrium, which is attributed to
the free energies of core, interface and corona of the particles. On the other hand, the
ellipsoidal particles possess higher Gibbs free energies,” resulting in stronger tendency to self-

assemble into aggregates in order to minimize their overall Gibbs free energy in water.
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-.200n |
Figure 3.9 TEM micrograph of hollow particles in spherical morphology obtained from

aqueous layer of the DCM/water ratio of (3:7 (v/v)) without stirring.

FE_SEM

Figure 3.10 FE-SEM micrograph of ellipsoidal particles obtained from the aqueous layer
of the DCM/water ratio of 3:7 (v/v) at 17°C and stirring rate of (a) 250 rpm

and (b)350 rpm.
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Figure 3.11 Ellipsoidal hollow particles observed after 1 hr stirring.

3.4.4 Aggregation of hollow particles and their assembly mechanism

After understanding the behavior of hollow particles in organic and aqueous media and
the effect of stirring rate, the assembly mechanism for the formation of nanotubes was
investigated by transmission electron microscopy. Figure 3.12a and 3.12b clearly reveals the
aggregation of two short nanotubes having an average aspect ratio (A) ~ 3. The darker region
in TEM micrograph is attributed to the PEI shell as a result of staining with 0.5 % (w/w)
phosphotungstic acid solution. The connecting boundary between two elongated hollow
particles, where the shells fuse together, is clearly observed. Figure 3.12c shows a TEM image
of a longer nanotube. The marked arrows indicate a connecting junction and a broken boundary.
These morphological transitions suggest that the nanotubes are formed via a tip-to-tip assembly
of the elongated hollow particles. The connecting junction can open up and fuse with the

neighboring connecting part to form linear tubular nanostructure up to the length of micron
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scale without any lateral aggregation. This preferential connection may be driven by stronger

hydrophobic PMMA chains which are more densely packed at the tip region.

Figure 3.12 TEM images of nanotube formation (assembling conditions: DCM/water =
3:7 v/v, stirring at 350 rpm for 5 hrs at 17 °C). The TEM samples were
prepared by immediately treating the aqueous sample with 0.5% w/w PTA
solution for 1 min and drying on carbon-coated grids. (a) Aggregation of
two short nanotubes. (b) Boundary between two connected nanotubes and (c)

Merged tubular structure with opened and closed junctions.
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3.5 Effect of elongated (anisotropic) hollow particles in nanotube formation

3.5.1 Background

Significant progress has been made in recent years toward the controlled assembly of
nonspherical colloidal particles. A broad array of structures has been achieved with

2932 and nanometer scale par‘ricles”’34 via assembly far from equilibrium (e.g.,

micrometer-scale
evaporation of solvent from the dispersion). Bibette” in 1991 pioneered the use of the
geometry dependence of the depletion interactions osmotic-based attractive force between
surfaces in the presence of a non-adsorbing solutes to drive phase separation near
equilibrium.’® Over the past decade, others have exploited this phenomenon to generate

37,38

structure via geometry dependent interactions of colloids with surfaces or colloids with

. 139,40
colloids.™

This strategy, which is based on near-equilibrium behavior, is amenable to
rational design of selective “interactions” on the nanoparticle scale, but its use has been
hindered by the lack of colloids with well-defined size and nonspherical shape and by an
incomplete accounting of the colloidal interactions at play.

Prior to further discussion on the formation of tubular nanostructure, it is necessary to
understand the interactions among elongated nanoparticles or anisotropic particles in liquid-
vapor, solid-vapor and solid-liquid interfaces. It is known that shear flows tend to bring hollow
particles close to each other more rapidly than Brownian motion does; hence altering particle
aggregation kinetics by speeding up the process.*' Shear-induced association is known as
“orthokinetic” aggregation and frequently operates in solutions containing sticky particles at

moderate shear rates. But at high shear rate, the aggregates are expected to break up under the

action of large shear stresses.
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The use of particles of anisotropic shape is of much interest since it allows fabrication
of structures with special symmetries and degree of packing and/or anisotropic properties. The
entropic effects during the organization of rod-like or tubular-like structures into colloidal
liquid crystals have been studied intensively for decades** but most of the studies
theoretically using biological particles such as viruses.**** A few studies utilizing other
anisotropic particles have demonstrated the potential of the anisotropic colloids in preparing

4648 Despite the remarkable recent progress in the synthesis of

new liquid-crystalline phases.
various nanorods, nanotubes, and nanowires,‘w'57 little has been done in the making of tubular-
like and fiber-like structure on the sub-micrometer scale with anisotropic particles as major
building block in self-assembled process.

Understanding and controlling the collective behavior of nanoparticles (NPs) is a
challenging problem of fundamental and practical importance.”®*’ This is particularly true for
shear induced elongated particles because their anisotropy implies additional functionality on
the scale of individual particles and their assemblies, enabling a variety of applications from
cloaking devices™ to biological sensing®’ and solar energy conversion.** There are two basic
approaches to nanotube assembly. The first one relies on the Onsager (excluded volume)
mechanism, driving the parallel alignment of ellipsoidal hollow particles when their volume
fraction ® and their aspect ratio are high enough.®*** The second mechanism utilizes
anisotropic attractive forces. Examples include end-to-end assembly of anisotropic particles
with covalently bound biotin connected into chains by streptavidin® and side-by-side assembly
of one-dimensional nanomaterials with an oppositely charged B-DNA,”® as well as

hydrophobic/hydrophilic interactions.®”**
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3.5.2 Mechanism of selective assembly

When a colloidal particle is located at a planar interface between organic solvent and
water, the interface deforms to satisfy the wetting boundary condition and free energy
minimization. The relevant free energy is shown by the sum of the surface energies of the
liquid-vapor, solid-vapor and solid-liquid interfaces. This free energy is minimized to
determine the particle configuration and its interfacial phenomena. The interfaces assume a
particle shape with quadrupolar elements. Quadrupolar deflections are known to describe the
excess surface area that drives the aggregation in selective conformation.”” The orientation

driven by the curvature depends on the excess surface area created by these interface

distortions. For an isolated anisotropic particle with outward pointing vector normal N in an

interface with non-azimuthal tangent { is shown in Figure 3.13.

Water

Organic solvent

n

Elongated
hollow particles

Figure 3.13 Schematic diagram of the tip region of an elongated hollow particle,
with outward pointing normal vector n in a water-DCM interface
which has non-azimuthal slope of tangent t at the three phase contact

line profile.
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According to the equilibrium interface topology around an elongated hollow particle
with aspect ratio (A ~ 3) in equations 3.1, v is the surface tension of the water-organic solvent

interface, and the integral is taken around the surface contact line. Equation 3.2 describes that

the interface intersect the particle with the contact angle Oc.

7/_[ tds =0 G

and net=sinb (3.2)

The fluid interface is located at z = h(r,0) where r measures the distance from the origin,
located at the center of mass of the hollow particle, and 0 is measured from the y-axis. The
fluid interface pulls upward at the end region of the anisotropic particle; this force is balanced
by the downward force exerted by the interface along the lateral surface of the elongated
hollow particles. This balance implies that aspect ratio of hollow particle plays a strong role in
the local magnitude of surface deformation around the particle. For an anisotropic particle of
planar length (L,) and curved length (L), the vertical component of the force balance in Eqn.

3.1 requires that:

‘tzl‘ I—p ~ ‘tzz‘ Lc (3.3)
where t,; is the characteristic slope of the interface along the planar (lateral) surface, and t,; is
the characteristic slope of the interface along the curved surface. Let z = h(x,y) is defined as the
height of the interface relative to the planar height. At each corresponding surface, It, | = |

\/ h I. Based on the small slope limit, the strong deflections at the particle interface due to

fluid shear create excess surface area (Ag) at the highly curved region:
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therefore the local excess surface area around the particle is maximum in regions with the

steepest slope. Based on the above description suggest that the aspect ratio:

e [P
A, (3.5)

where Ag; and Ag; are the characteristic magnitudes of the excess area along the planar surface
(lateral surface) and the highly curved surface of the elongated hollow particles, respectively.
Eqn (3.5) suggests that elongated hollow particles (A > 1) should have excess surface area of
hydrophobic site concentrated near the tip region of the anisotropic particles. Since the
interaction result from the excess surface area, attractions should be greatest at the end point
region of the anisotropic hollow particles, which should therefore assemble in tip-to-tip
connection. In the case of hollow particle with aspect ratio A approaches to 1, there is no
preferred surface for assembly because the slopes along the surface around the particle with
low anisotropy are similar.

The effect of aspect ratio is clearly significant at the dichloromethane/water interfaces.
On the other hand, it is well known that charged spherical particles at the DCM-water interface
give rise to a long range order of electrostatic repulsion.”’ The electrostatic interactions are
slightly weaker than the capillary interactions. For example, suppose the ellipsoid cross-
section area with the interface is modeled as being covered by electric dipoles; the ellipsoids
would be expected to repel each other strongly when parallel to each other. This phenomenon

may allow us to explain the predominant tip-to-tip assembly pathway.
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For elongated particles (ellipsoids), the electrostatic repulsion is not sufficient to
overcome the hydrophobic attraction. This effect may be due to the decrease of charge density
per unit surface area. When a sphere is stretched to form an ellipsoidal particle, there is an
increase in surface area. Using FE-SEM micrograph in Figure 3.14 as examples, the ellipsoidal
particle has an aspect ratio (A) of around 3 (major axis a = 400 nm, minor axis b = 130 nm and
thickness ¢ = 70 nm), starting from a sphere of 150 nm diameter. Thus, there is approximately
5 times increase in surface area. Hence, the number of charges per unit surface area decreases.

Therefore, the preferential tip-to-tip interaction can be explained by the wetting
properties of the elongated particles, which in turn are controlled by the hydrophobic
interaction. Preferential positioning within the aggregates tends to minimize the interfacial
distortions, and thus the overall interfacial energy. In addition, single ellipsoidal particle or
assembled ellipsoidal particles could freely move around one another without disassembly.
Evidently, these aggregates are kinetically frozen structures with binding energies larger than
KgT.

The observations cannot be explained by attractive van der Waals interactions since
they are much smaller than kgT at distances in micrometers.”! Electrostatic effects due to
positive charged amine groups existed on the particle surfaces are typically repulsive, and

repulsion is observed only at particle contact.
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Figure 3.14 FE-SEM image of the ellipsoidal particle with an aspect ratio (A) of around 3
(major axis a = 400 nm, minor axis b = 130 nm)

3.5.3 Characterization of the tubular formation

Ellipsoidal particles could assemble into long nanotubes, nanofibers or bundle form in
aqueous solution. This important feature is evident from the AFM phase image as shown in
Figure 3.15. When the elongated hollow particles were lined up, they tended to display
apparent boundary in the assembly. This feature was most pronounced from the intermediate
connected nanotubes because the assembly was preferable in tip-to-tip connection. As the
assembled structures proceeded up to 24 hrs, short nanotubes had connected themselves
together via a tip-to-tip orientation to form longer nanotubes, as shown in Figure 3.15b. At this
stage, the gap between each short nanotube was clearly observed. (Figure 3.16) However,
when storage of the assembled nanotube for one month, the distinct boundaries or gaps
between connected nanostructured materials were almost disappeared (Figure 3.17). These
long nanotubes or nanofibers are very stable and the nanotubular length can be extended to

several microns with diameter of the PEI-g-PMMA nanotubes between 75 and 90 nm.
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Figure 3.15 AFM images of the self assembled tubular nanomaterials of PEI-g-PMMA

copolymer with tapping mode in (a) fluid (water) and (b) air.
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Figure 3.16 AFM images of the self-assembled tubular bundle structure of PEI-g-PMMA

copolymer with fluid mode in (a) 2D and (b) 3D image profiles.
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Figure 3.17 TEM images of long PEI-g-PMMA copolymer nanotubes.

3.6 Conclusion

This work provides a basis for creating PEI-g-PMMA nanotubular structure via directed
assembly of elongated hollow particles. It has been found that tip-to-tip connection is a
pronounced effect for elongated hollow particles on liquid-vapor interface, driven by high
excess area near the highly curved (tip) regions. Curvature on the particle surface can be used
to tune the excess area landscape and thereby favor modes of aggregation that are not preferred
on lateral interfaces. For anisotropic nanoparticles, interfacial curvature can be used to orient
the particles as they aggregate, allowing the tip-to-tip assembly.

The nanotubes assembled by our method are of nanometer scale diameter and up to tens
of micrometers in length. It was proposed that there are three key factors governing the self-
assembly process of the amphiphilic hollow particles under non-equilibrium conditions: (1) the

amphiphilic hollow particles are elongated into ellipsoidal morphology under an appropriate
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stirring rate; (2) These elongated hollow particles direct the assembly preferentially via tip-to-

tip connection under appropriate assembling conditions; (3) The aggregated ellipsoidal hollow

particles coalesce into nanotubes through shear induced thinning process. This facile assembly

approach is feasible in a large scale production of polymer nanotubular materials.
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Chapter 4

Effect of Solvent Composition in Morphological Changes

4.1 Introduction

The effect of solvent on polymer assembly is usually studied in a mixture of two
types of solvents in three aspects: (1) The effect of co-solvent volume ratio or the solvent
composition; (2) The nature of the common solvent; and (3) The effect of selective solvent.
Varying the solvent composition changes polymer solvent interaction parameter (), thus
affects the interfacial free energy and the resulting assembled morphology. In this study, the
effect of solvent composition has been investigated in different water contents in DCM/water
mixture. The resulting morphologies with the use of different solvent compositions were

captured and visualized by SEM and TEM microscopies.

4.2 Experimentals

4.2.1 Materials and Methods

Amphiphilic particles that consist of poly(methyl methacrylate) cores and branched
poly(ethyleneimine) shells have been synthesized according to procedures described in the
Section 2.2 in Chapter 2. The assembling process was carried out in a 20 mL jacketed flask
covered with a Whatman filter paper (Whatman 2). Freeze-dried PMMA/PEI particles (0.05
g) were first mixed with 5 mL of dichloromethane. The suspension was gently stirred at 150
rpm at room temperature for 3 hrs to extract the PMMA homopolymer from the particle

cores. Deionized water was then added dropwise (4.8 mL/min) to the DCM solution
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containing both the hollow particles and homopolymer to various DCM/water volume ratios
(8/2; 7/3; 5/5; 4/6; 3/7; 2/8; 1/9), respectively. The resulting DCM/water mixture was
subsequently stirred at 350 rpm with a magnetic stirrer. During this process, the solution
temperature was thermostated by a water circulation using a temperature controlled circulator
(IMT InMedtec Co.) at 25°C. To study morphological transitions, samples were withdrawn
from the top aqueous layer for microscopic analysis. After 24 hours, the DCM had been
completely removed through evaporation, some PMMA homopolymer (white solids) were
suspended in water. They were simply removed by filtration, followed by drying in a vacuum

oven for 24 hrs.

4.2.2 Turbidity measurements

Turbidity was measured by a Hewlett Packard HP 8453 Photo-diode Array UV-
Visible spectrometer with an UV-Visible ChemStation software. The measurements were
carried out at a wavelength of 700 nm where the absorption of the aggregates was minimized.
The sample vials were sealed with Teflon tape and placed in a temperature cell in which the
temperature was controlled by a temperature controller. Deionized water was used as the

reference for all the measurements.
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4.2.3 Characterization using electron microscopy

To study morphological transformation under different co-solvent volume ratios, the
scanning electron microscopy images were obtained using a JEOL-JSM 6335F field-
emission scanning electron microscopy (FE-SEM) at an accelerating voltage of 5 kV. All
SEM samples were prepared by placing a small drop of dilute particle dispersion (~ 500 ppm)
on a mica substrate, and allowed drying for 24 hrs at room temperature. The completely dried
sample was then sputtered with a thin layer of gold under vacuum to a depth of
approximately 1-2 nm.

Transmission electron microscopy micrographs were obtained using a JEOL 100
CXII TEM at an accelerating voltage of 100 kV. Sample was prepared by wetting a carbon-
coated copper grid with a small drop of dilute particle dispersion in water (10uL, 500 ppm).
Upon drying, the particles were stained with a tiny drop of 0.5% w/w phosphotungstic acid

solution (PTA) for 30 seconds, and then dried at room temperature before analysis.

4.3 Results and discussion

The self-assembly behavior of amphiphilic hollow particles of PEI-g-PMMA in
different dichloromethane/water mixture has been studied systematically. Water is a selective
solvent for the PEI segment, thus variation of water content may lead to generation of
different particle assemblies. Figure 4.1 shows a set of SEM images of the morphologies of
the assemblies under different water to DCM ratios. The concentration of the hollow particles

was 5 mg/mL. At 10 vol. % water, the particles remained spherical (Figure 4.1a), but they
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started to change from spheres and short tubular aggregates at 30 vol. % water (Figure 4.1c).
At 40 vol. % water as shown in Figure 4.1d, the tubular network formed which consisted of
self-assembled tubular-like cylinders interconnected by both “Y-" and “T-"shaped junctions.
The tubular-like network structure was highly entangled with a macroscopic size and
multiple junctions. Such a network structure could be considered as counterpart of the
bicontinuous structures formed in the bulk." The network structure was stable, and did not
change for several months if no additional water was added into the system. (Figure 4.2)

It is known that both the interfacial area occupied per chain and degree of stretching
of the PMMA graft chains within the core are lower for the spherical geometry than those in
the tubular geometry.” Therefore, existence of the spherical end caps of the short nanotube is
thermodynamically unfavorable. The end capping energy has been found to be curvature-
dependent, and it decreases as the spontaneous curvature decreases when junctions were
formed.® In order to reduce the end caps, the tubular-like morphology may also form toroids
or dongnut-like structures which was observed in our copolymer nanotubular system (Figure
4.13 and 4.14). Yet the toroid formation requires that the tubular-like structures should be
flexible enough in order to bend (with a relatively lower bending energy).’

In a DCM/water system, the tubular-like cylinders with PMMA grafts may not be
sufficiently flexible at room temperature due to the high glass transition temperature of the
PMMA chains. One of the driving forces to form the network may be attributed to the
reduction of the free energy by decreasing the number of end caps to form the
interconnections if the length of the tubular-like structures is not too long. Therefore,
formation of the network is a result of interplay among the bending energy (curvature), the

end capping energy, and the network configurational entropy. One factor which influences
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the bending energy and the network entropy is the number density of the junctions. All these
factors contribute to the free energy of the network which can be expected to attain a
configuration, thus minimizing the free energy. This would decide the relative appearance of
end caps and junctions. In the case of graft copolymers, the PMMA chain stretching and
steric interactions at the junctions are also need to be considered.

However, the length of the tubular aggregates becomes increasingly long (several
ums) with a decreased population of spherical structures. At a water concentration of 70 (vol.)
%, a morphological change occurs to form exclusively long nanotubes without bumps
(Figure 4.1f). Further increasing the water concentration to 80 and 90 (vol.)%, only nanofiber
morphology with average diameter of 120 nm appeared (Figure 4.1g and 4.1h). Thus,
morphology changes to exclusively nanotubes occurred at water contents between 70 and 90
(vol.)%. The morphologies were frozen because the observed morphology did not change
further.

In the case of amphiphilic graft copolymers, the formation of “Y” junctions results in
saddle points with negative curvature, and thus the net curvature of the tubular network is
reduced.” A drawing of the “Y” junction is shown in Figure 4.3 where C is the negative
curvature. Therefore, as the “Y” junctions populate, the net curvature would decrease and
finally, lead to formation of a network. The network is also considered to have favorable
configurational entropy due to the existence of several possible configurations of the
network.” These different configurations can be varied in terms of different PMMA graft
length distributions of the network. However, there is also a loss in entropy as the free ends

of the tubular-like structures are constrained to meet at a junction. In the tubular-like cylinder
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network, free ends of the nanotubes™ are strongly eliminated due to the formation of

interconnections.
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Figure 4.1 Morphological transitions of various water contents in the DCM/water system
(initial particle concentration was 5 mg/mL). (a) vesicle-like morphology at
10 vol.% water; (b) a larger vesicle-like morphology at 20 vol.% of water; (c)
aggregated short tubular morphology at 30 vol.% water; (d) nanotubular
network morphology at 40 vol.% water (e) nanotubular morphology with
ellipsoidal bumps at 50 vol.% water; (f) nanofiber-like morphology at

70 vol.% water; (g) nanofiber-like morphology at 80 vol. % water; (h)
nanofiber-like morphology at 90 vol.% water.
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Figure 4.2 FE-SEM micrograph of nanotubular network morphology at 40 vol. % water

after storage for 6 months.

—
L
-

Figure 4.3 Schematic diagram of tubular-like network with “Y” junction.

Figure 4.4(a-d) showed a set of TEM images of the hollow particle morphologies in
DCM/water system with a 5 mg/mL initial particle concentration. At low water volume ratios

(10-20 vol. %), the hollow particles appeared to be spherical-like vesicle (Figure 4.4a and b).

121



They changed to short tubular structures (tube diameter: 200- 250 nm) at water volume ratio
of 30 vol. % (Figure 4.4c). At water content of 40 vol. % as shown in Figure 4.4d, the tubular
network with ellipsoidal bumps could be observed. However, the length of the tubes became
longer (up to several ums) with a decreased population of spheres. At water volume ratio of
50 vol. %, a morphological change occurred to form exclusively long nanotubes without
network junction, but the ellipsoidal bumps along the tubes are still exist. On further
increasing the water volume to 70 vol.%, only nanotubular morphology appeared (Figure
4.5). Similar morphologies in stable tubular form were obtained with further increase of

water content up to 90 vol. %.
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Figure 4.4 TEM micrographs of morphologies of various assemblies formed after mixing
PEI-g-PMMA hollow particles in different DCM/water volume ratios (particle
concentration = 5 mg/L. (a) 10 vol. % water, (b) 20 vol.%.water; (c) 30 vol.%

water; (d) 40 vol.% water
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Figure 4.5 TEM micrograph of nanotubular morphologies with diameter ranged from 60 to

120 nm were observed at water content of 70 vol.%.

Turbidity experiments using two different hollow particle concentrations (5 and 50
mg/mL), have also revealed the effect of water contents on the morphological changes.
Figure 4.6 shows that at low particle concentration (5 mg/mL), the turbidity started to
increase at 20 vol.% water, but the changes were not very obvious. When increasing the
particle concentration up to 50 mg/mL, the turbidity changes became significant. It increased
gradually with increasing the water contents from 10 to 30 vol.%. But a considerable
turbidity increase occurred when 40 vol.% water was used. Further increasing water contents
from 50 to 70 vol. % only slightly increased the turbidities. There was almost no change at
water contents of 70, 80 and 90 vol.%., indicating the formation of similar nanotubular
assemblies at these ratios. These results indicated that network formation started to occur at
40 vol % water content, and complete nanotube formation at 70 vol. % water. These findings

are consistent with SEM and TEM observations.
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Figure 4.6 Turbidity measurements as a function of water volume percentage.

The water effect on the morphological transformation of hollow particles to tubular
nanostructures may be explained on the basis of polymer-solvent interactions. As water is
added, the solvent becomes progressively poorer for the PMMA graft chains. In fact, the
polymer-solvent interaction property can be estimated through calculation using the van

Laar-Hildebrand equation’ as expressed in Eq. (4.1)

_Y
RT

Xp-s (51» — 0 )2 (4.1)

where V; represents the molar volume of the single solvent, dp and Js are the solubility

parameters of the polymer and selective single solvent, respectively.

The dichloromethane has a solubility parameter, dpcm, of 20.2 (MPa)”z, while

PMMA is equal to 19(MPa)"2. % Thus DCM is a selective solvent for the PMMA chains. On
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the other hand, the solubility —parameter of PEI is 45 (MPa)'?

while water is 48 (MPa)"%. Thus water is a selective solvent for the PEI chain. The polymer-

solution interaction parameter values ((p.s) for both systems can be calculated as Y pr.water =
0.065 and ¥pgr.pocm = 15.862. The ¥ pgr.pcm value is approx. 244 times higher than that of

the Y pEL-water indicating that dichloromethane is a much poorer solvent for PEI as compared

to water. Therefore, adding a controlled amount of water can result in a substantial increase
in the interfacial free energy, thus leading to the increase of PMMA chain aggregation in
order to minimum the surface energy. At the same time, graft PMMA chains exhibited in

highly packed state to minimize the surface area contact with water.

4.4. Mechanism of morphological transformation

Based on the results from SEM and TEM observations, turbidity study and polymer-
solvent interaction theory, a plausible assembly mechanism for the observed morphological
changes are proposed. Figure 4.7a shows a drawing of spherical-like morphology formed at
low water volume ratio. On increasing water concentration, short tubular-like structures are
formed. The interacting spheres under shear-induced elongation and aggregation can lead to
the formation of short tubes (Figure 4.7b). As more water is added, more elongated hollow
particles can assemble into short tubular structures, thus increasing the length of the tubes
and decreasing the relative population of the spheres. At 40 vol. % water, tubular-like
materials aggregate into network morphology with ellipsoidal bumps along the nanotubes as
shown in Figure 4.8. (Actual diameter of ellipsoidal bump would be somehow larger than the

resulting nanotube diameter). Adding more than 40 vol. % water leads to the formation of
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extended tubular structures with ellipsoidal bumps. These bumps eventually disappear when
water contents are above 70 vol. %. The shrinkage of ellipsoidal bumps can be attributed to
both the shear induced thinning and hydrophobic interaction among the PMMA graft chains.
The well-defined nanotubular morphology is maintained and uniformly distributed in

diameter as the water volume ratio greater than 70 % (Figure 4.9).
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Figure 4.7 Schematic diagram of (A) spherical and (B) short tubular morphologies of

the PEI-g-PMMA hollow particles observed at low water volume ratio.

Figure 4.8 Schematic diagram of tubular network morphology with ellipsoidal

bumps.

Figure 4.9 Schematic diagram of tubular structures with uniformly distributed
diameter.
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4.5 Thermodynamic and Kinetic Aspects of the Morphological Changes

The criteria for achieving stable morphologies are that the obtained morphologies
must be stable over a long period of time and the morphological changes due to varying the
selective solvent volume should be reversible.” A question is whether the morphological
changes in various DCM/water volume ratio is the thermodynamically driven process or
kinetically driven process. In other words, does the rapid rate of adding water affect the
morphological changes? It is assumed that the evolution towards equilibrium morphologies
depends upon the mobility of the PMMA graft chains, which are associated with the
solubility of the amphiphilic graft copolymer in the solvent. Our experience suggests that the
rate of adding water into the system must be slow enough and the amount of water added
each time must be drop-wise in order to obtain the stable morphologies. The nanotubular
morphologies observed in Figures 4.5 is still quite stable after 6 months. In order to prove
that the self-assembled morphologies obtained are really in thermodynamic driving process,
the water was added in a sufficiently fast rate (1 mL/sec) to generate kinetically “quenched”
morphologies. We then carried out annealing experiments to monitor whether these
kinetically generated morphologies could return to the thermodynamically stable morphology.
We started with a system which contained 5 mg/mL PEI-g-PMMA hollow particle in DCM,
the water was added at a fast rate (I mL/min) to reach a water volume ratio of 30 and 70
vol.%, respectively. Figure 4.10 shows “quenched” morphology in 70 vol.% water. After
annealing these assemblies at room temperature for 1 month, the morphology changed to
tubular-like structures with diameter ranged from 50 to 70 nm as shown in Figure 4.11.

Therefore, the tubular-like structure should be the thermodynamically stable morphology.
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Figure 4.10 Kinetically trapped morphologies formed by a fast rate of water addition

(1 mL/min) to a DCM containing 5 mg/mL hollow particles. Water was added to

70 vol. %.

Figure 4.11 Kinetically trapped morphologies formed by a fast rate of water addition
(1 mL/min.) to a DCM solution containing 5 mg/mL hollow particles up to

70 vol. % water, then stored the resulting solution at room temperature for

1 month.
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A fast rate of water addition may form kinetically trapped morphologies and no
distinct morphological transitions can be induced if the rate of water addition is too fast.
Figure 4.12 shows raspberry—like submicron sized particles which are formed in large
aggregates when water addition is 10 times faster (0.17 mL/sec). The formation of raspberry-
like shaped aggregates with thread-like connected structure may be due to the non-uniform
aggregation of PMMA chains with rapid change in solvent composition. Since the stretching
degree of PMMA chain is highly restricted when the solvent quality becomes immediately
poor, the rapid addition of water can vitrify the extension of PMMA chains in thread-like
morphologies at the aggregate surface as indicated in Figure 4.12. The diameter of raspberry-
like aggregates was ranged from 70 nm to 300 nm. Although kinetically “quenched”
morphologies can be achieved through a fast rate of adding water, the thermodynamically
stable morphology can always be recovered as long as the system is annealed for sufficient
time. The equilibrium time required to recover the thermodynamically stable morphologies
depends on the PMMA chain dynamics, which is in turn dependent on the solvent
composition.” At high water content, the chain dynamics would be slow as compared to low
water content because water is a poor solvent for PMMA and the chain interaction forces
would also increase as the inner core becomes shrinked.® Thus, the annealing time required to
recover the thermodynamically stable morphologies is strongly relied on the composition of

DCM/water mixture in our system.
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Figure 4.12 Kinetically trapped morphologies formed by a fast rate of water addition
(0.17mL/sec) to a 5 mg/mL initial hollow particle solution in DCM, water was

added up to 70 vol. %.

In an extreme case, if water is added rapidly (1 mL/sec) to a DCM solution up to 70
vol.%, spherical-like vesicles (toroid morphology) are obtained as kinetically trapped

morphologies (Figure 4.13a). This is because, in case of rapid change in solvent environment,
the Ypolymer-solvent 18 small and the expected morphologies may not be thermodynamically

accessible.

The self assembled vesicles are expected to be three dimensional. In order to confirm
this, the carbon-coated Cu grid was tilted to 45° for TEM observation. Figure 4.13b shows
the TEM images of toroid-like structures and clearly indicates that these aggregates are three-

dimensional and the size distribution of the toroid structures was very wide (50 to 300 nm).
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The aggregates were found not to change after 6 months in the solution as illustrated
from FE-SEM micrograph in Figure 4.14a but exhibited slightly distortion at vesicular

surface after 1 year storage as shown in Figure 4.14b.

Figure 4.13 Kinetically trapped toroid morphologies formed by a fast rate of water addition
(1 mL/sec) to a DCM solution containing Smg/mL hollow particle up to 70 vol.

% water. (a) Planar view; (b) Tilting the carbon-coated Cu grid to 45°.

Figure 4.14 Kinetically trapped toroid morphologies formed by an extremely fast rate of
water addition (ImL/sec) to a DCM solution containing Smg/mL particle up to
70 vol.% water. The sample was stored for (a) 6 months and (b) 12 months,

respectively.
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4.6 Conclusion

In this study, the effect of DCM to water ratio on the morphological transition of the
assembled hollow particles under fixed stirring rate (350 rpm) was examined. Increasing
water content in the DCM/water mixture leads to transforming the spherical hollow particles
to tubular nanostructure via network morphology intermediate. This transformation process
was monitored by capturing the intermediate morphologies and observing them with SEM
and TEM. In addition, the morphological changes in different water to DCM contents were
confirmed by the turbidity study. The formation of the network or tubular nanostructures at
different water to DCM ratios are governed by interplay between end capping energy,
bending energy (curvature) and the network configurational entropy. The final configuration
of the morphology should be one which minimizes the free energy. Rate of water addition
was also investigated to gain insight into the the driving force for these morphological
changes. Results suggest that the nanotubes generated are thermodynamically stable
structures. In addition, fast addition of water could also generate other interesting

nanostructures such as spherical-like vesicles.
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Chapter 5
Effect of Reaction Temperature on Structural Transitions

of Hollow Particles and Nanotubes

5.1 Introduction

Since the theory of self-assembly of amphiphiles to micelles have been well established,
the fundamental understanding in their micellization may provide some insights into our
system using the amphiphilic hollow particles as building block. Equation 5.1 shows the
standard free energy change for transferring 1 mol of amphiphile from the solution to the
micellar phase. AGy,’ is given in terms of the dominant standard enthalpy AH,’, and the
negative standard entropy AS,’ of micellization per mol of amphiphile. The entropy
contribution usually dominates the micellization process in aqueous solutions, with the

enthalpy playing a minor role.

AG,’=AH,"—TAS,’ (5.1)

The micellization free energy values are negative since thermodynamically stable
micelles are formed spontaneously. Since the hydrophobic polymer in water disrupts
intermolecular hydrogen bonding of water molecules and creates a cavity which is devoid of
the water molecules, the presence of the hydrophobic moieties significantly decreases water
entropy owing to the cavity formation. At the surface of the cavity, water molecules rearrange

in an orderly manner. This results in a thermodynamically unfavorable decrease in entropy. To
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compensate for the loss of entropy, water molecules force the hydrophobic molecules to cluster
and thus occupy the minimum space.

However, when hydrophobic groups aggregate in the aqueous solution in a closely
packed domain, the random hydrogen-bonding structure in the water is restored at a large
extent, and the water entropy increases. This overcomes the loss of entropy due to localization
of the hydrophobic segments.

Assuming an equilibrium between unimer and micelle is given by **
AG® =RTIn(X_,,.) (5.2)

where R is gas law constant, T is the absolute temperature, and Xcwmc is the critical micelle
concentration (CMC) expressed in mole fraction units at temperature T. The micellization free
energy values, AG®, are negative. Since thermodynamically stable micelles are formed
spontaneously; the AG® becomes more negative at a higher temperature, resulting in a stronger
driving force for micellization. Thus it is anticipated that a positive entropy contribution may
be the driving force for aggregation of the PEI-g-PMMA hollow particles due to an increase in
solution entropy.

The aggregation behaviors of hollow particles under various temperatures have been
investigated in order to gain insights into the temperature-induced clustering-collapse transition
of these amphiphilic graft copolymers. The PMMA-g-PEI hollow particles are comprised of
hydrophobic PMMA chains located at inner shell with hydrophilic PEI chains at the outer shell.
The morphological changes of the hollow particles and nanotubes under various temperature
annealing conditions were observed by transmission electron microscopy. Turbidity of particle

dispersion as a function of temperature was also investigated using a UV-vis spectrometer.
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5.2 Materials, Methods and Characterization

Amphiphilic core-shell nanoparticles that consist of poly(methyl methacrylate) cores
and branched poly(ethyleneimine) shells have been synthesized according to method described
in Section 3.1 of Chapter 3. The assembling process was carried out in a 20 mL jacketed-flask
covered with a Whatman filter paper (Whatman 2). Freeze-dried PMMA/PEI particles (0.05 g)
were first mixed with 8 mL of dichloromethane. The suspension was gently stirred at 150 rpm
with a magnetic stirrer at room temperature for 3 hrs to extract the PMMA homopolymer from
the cores. Deionized water was then added dropwise (4.8 mL/min) to the DCM solution
containing both the hollow particles and homopolymer to a DCM to water volume ratio of 3:7
(v/v). The resulting DCM/water mixture was subsequently stirred in a flask at 150 rpm with
magnetic stirrer. During the process, the solution temperature was thermostated by a water
circulation using a temperature-controlled circulator (IMT InMedtec Co.) at various solution
temperatures (15°C, 25°C, 35°C and 45°C). After completely evaporating the DCM from the
solution (the complete DCM evaporation times are 48 hrs for 15°C; 24 hrs for 25°C; 18 hrs for
35°C; 10 hrs for 45°C, respectively), the insoluble PMMA homopolymer (white solids)
suspended in water was simply removed by filtration, followed by drying it in a vacuum oven.
The aqueous solution containing hollow particles was annealed at the corresponding
temperature for 1hr before sample collection for TEM observation.

To study the effect of annealing temperature on the morphological changes of the
preformed nanotubes, the nanotubes were first prepared according to the following procedure:
After extraction of PMMA homopolymer in dichloromethane as described above, deionized

water was added dropwise (4.8 mL min") to the DCM solution containing both the hollow
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particles and homopolymer to a DCM to water vol. ratio of 3:7. The resulting DCM—water
mixture was subsequently stirred at 350 rpm with a magnetic stirrer. During this process, the
solution temperature was thermostated at 15°C by a water circulation using a temperature-
controlled circulator (IMT InMedtec Co.). After 48 hours, the DCM was completely
evaporated. The PMMA homopolymer (white solids) suspended in water was then removed by
a simple filtration. The morphology of the assembled nanotubes was observed by transmission
electron microcopy. The nanotube solution was subsequently transferred into a preheated

jacketed-flask, and annealed at 25, 35, 40 and 45°C for 1 hr.

5.2.1 Turbidity measurements

Turbidity was measured by a Hewlett Packard HP 8453 Photo-diode Array UV-Visible
spectrometer with UV-Visible ChemStation software. The measurements were carried out at a
wavelength of 700 nm where the absorption of the aggregates was minimized. The sample vial
was sealed with a Teflon tape and placed in a temperature cell in which the temperature was
controlled by a temperature controller. Deionized water was used as the reference for all

measurements.

5.2.2 Morphological investigation by Transmission Electron Microscopy

The size and morphology of hollow particles were observed using a JEOL JEM 100 CX

TEM at an accelerating voltage of 100 kV. The sample was prepared by wetting either a

Formvar-coated or a carbon-coated Cu grid with a small drop (5pL) of the diluted particle
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solution (300 rpm). Upon drying, it was stained with a small drop of 2 wt.% phosphotungstic
acid (PTA) for 10 min. The excess solution was blotted away with filter paper. The Cu grid
was then dried at room temperature and under atmospheric pressure for 24 hrs before TEM

observation.

5.3 Results and discussion

5.3.1 Effect of temperature treatment on size of the hollow particles

TEM micrographs in Figure 5.1 illustrate that diameters of the hollow particles
decrease significantly with temperature treatments from 15°C to 45°C. Table 5.1 lists the
average diameters of the particles obtained from DCM/H,0 evaporation process at different
temperatures. The results show that the hollow particles shrunk significantly from an average
diameter of 225 to 38 nm with temperature increase from 15°C to 35°C. The resulting
nanoparticles showed good colloidal stability. Careful observation of the particle morphologies

reveal that the hollow particles have shrunk isotropically and their cavities almost disappear at

temperature higher than 35°C. Further increase solution temperature up to 45°C only slightly
decreased the average size to 28 nm in diameter. These results suggest that increasing the
solution temperature could reduce the hydrogen bonding between PMMA graft and water,
concurrently increase the hydrophobic interaction between the PMMA grafts. As a result, the
PMMA graft chains tend to segregate together to form a densely packed solid PMMA cores
with hairy PEI shells at a higher temperature. This transformation phenomenon of hollow

particles to closely packed nanoparticles via temperature manipulation is a very interesting
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discovery because it may open up a new route to the encapsulation of water-insoluble

molecules.

Figure 5.1 TEM images of hollow particles after being treated at various

temperatures (a)15°C; (b) 25°C; (¢) 35°C and (d) 45°C.

The significance reduction in hollow particle size with the increase of solution
temperature may be attributed to either less PEI hydration in water or an increase in
hydrophobic interaction of the PMMA grafts, or both. From the thermodynamic point of view,

increasing the solution temperature will shift the equilibrium towards the less ordered “free”

water, which means that the difference in entropy between bulk water and the shell of ordered
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water at the hydrophobic surface is increasing. Thus the disruption of the cohesive forces in
water produces a positive contribution to the free energy of interface. At the same time, the
increase in temperature can weaken the hydrogen bonding between water and the PMMA graft

chains.

Table 5.1 Effect of evaporation temperature on average diameters of hollow particles in a

DCM/water system.
DCM/water Evaporation Average diameter Observed morphology
volume ratio temperature (°C) based on TEM
(v/v) micrograph
(nm)
3:7 15 225+ 11.25 nm Spherical hollow
particle
3:7 25 146 £ 7.3 nm Spherical hollow
particle
3:7 35 39+ 1.95 nm Spherical and highly
packed particle
3:7 45 28 £1.6 nm Spherical and highly
packed particle
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For amphiphilic copolymers in a selective solvent (e.g., water), a microphase separation
can occur, in which the association of hydrophobic segments leads to intrachain contraction
and interchain aggregation, but hydrophilic segments tend to stay on the periphery. Under
proper conditions, the gain of TAS can offset that of AH, hence AG = AH - TAS < 0, so that
further interchain aggregation stops. In our case, the hydrophobic interaction between the
PMMA graft chains increases with rising solution temperature to 35°C, leading to a reduction
of the cavity of the hollow particle, and the formation of compact PMMA core. The presence
of hydrophilic PEI shell provides both steric and static stabilizations, thus preventing
microphase separation of the shrunk nanoparticles precipitating out from water. In addition, the
intrachain contraction of the PMMA grafts located in the inner shell leads to significant

reduction of the particle size.

5.3.2 Driving Force for the hollow particle size and morphological change

The morphological changes are based on the free energy of the hollow particle which
consists of the free energy of the hydrophobic PMMA graft, free energy of the PEI chain and
the free energy of the interface. To better understand these changes under different temperature,
it is necessary to examine the PEI and PMMA interactions with the solvents and how they are
affected by changing the solution temperature. Two major factors have been considered in
different solvent compositions and temperatures: 1) Polymer-solvent interaction; and 2)
Hydrophobic interaction. The compatibility between polymer and solvent can be estimated
based on the polymer-solvent interaction parameters using the widely used van Laar-

Hildebrand equation® of
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V
Xp-s = R} X(§P — O )2 (5.1

where V; is the molar volume of solvent, op and 0s are solubility parameters of polymer and
solvent, respectively, R is the molar gas constant and 7 is the absolute temperature. The
temperature dependence of 8p, s (they are slightly temperature dependent®) and ¥; will be used
in our calculations.

For a two-solvent mixture system, the solubility parameter of the solvent can be

expressed as

5s — ¢151 + ¢252 (5.2)

where d; and d, are the solubility parameters of solvent 1 and solvent 2, respectively ¢ and ¢
are the volume percentage of solvent 1 and solvent 2, respectively. Thus, the molar volume of
two-solvent mixture V; can be calculated as
W
§ (5.3)
AV, + o0

For example, the 6s and Vs can be calculated as following:
Assume the total volume of the solvent mixture = 10 mL
Volume of DCM = 3 mL (30 vol. %) Molar volume of DCM = 63.9 cm’/mole

Volume of water = 7mL (70 vol. %) Molar volume of water = 18 cm’/mole (from Ref.[6])
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According to equation 5.2
O, =90, + 9,0,

Solvent parameters obtained from reference [6]

SDCM -20.2 6}{20 =48

Thus the solubility parameter for DCM/water mixture is calculated as:

ds = dpcmOpem + P20 Om20
=03x202 + 0.7 x48

= 39.66

Molar volume of two-solvent mixture V5 is calculated according to Equation 5.3
_
N
AV, + oV,

Vs = (Vm20xVoem)/( OpecmVizo + ¢moVoem)
— (18%63.9)/(0.3 x 18 +0.7 % 63.9)

= 22.944

To determine the PMMA graft to solvent mixture interaction parameter as a function of

temperature, we use the equation

Vs

Xevnaes = = Opynis — 5s)2

RT

where R = 8.314 cm® MPa K™ and T is the temperature expressed in Kelvin (°K),
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where d; and J, are the solubility parameters of dichloromethane (DCM) and water

Solubility parameter of PMMA, dpyma = 19.0

Solubility parameter of DCM/water solvent mixture (30/70 v/v) (8s) = 39.66

Thus the interaction parameter value of PMMA to the solvent mixture can be calculated as

following:

For example, at 15°C,

Vs

Xpmma-s = 5 (5PMMA - 53 )2

RT
22.944

= (19-39.66)
8314x288°K

=4.090

Since DCM is being removed from the solvent mixture through an evaporation, the water
content of the solvent system is increased continuously. Based on above calculations,
relationships between polymer-solvent interaction parameter as functions of water content and

temperature are established in Figure 5.2

When dichloromethane was evaporated during the process, the water percentage
increases, the hydrophilic effect of the solvent mixture becomes stronger, while the interaction
between PMMA and the solvent environment becomes weaker. In another aspect, we can

consider the mobility of PMMA graft chains getting more restricted due to its hydrophobic
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nature as indicated from the change in ypmma-solvent Value. The solvent composition change (as
water percentage increase due to DCM evaporation) enhances the minimization of surface
contact area of PMMA graft with the solvent, which is the necessary condition for the
determination of the particle size change. With increasing the water percentage, the
corresponding increase in PMMA-solvent mixture interaction parameter reflects an

unfavorable interaction between PMMA graft and the solvent.
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Figure 5.2 Changes in PMMA/DCM-water mixture interaction parameters ()pmMma-solvent )

and PEI/DCM-water mixture (¥pgrsolvent) VErsus water content from 70 vol.

% water with DCM evaporation under various temperatures.

From the plot of PEIl-segment-solvent interaction parameters (Ypersolvent) VS. water

percentage under various temperatures, it is evident that the value of ypgrsovent 1S much lower
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than ypmma-solvent, indicating the solvent mixture from 70 to 100 vol. % water is good for PEI

segment and poor for PMMA graft chains. From the plot of PEI segment-solvent interaction
parameters versus temperature, the overall trend of Ypersovent @8 @ function of temperature
changes very little. Thus, the overall PEI-solvent mixture ()pgrsolvent) rémains almost constant
at different water contents and temperatures. In the case of PMMA-solvent interaction
parameter versus temperature, Ypmma-solvent d0€s change obviously at elevated temperature. All
temperatures exhibit increase in the Ypmma-solvent from initial 70 vol. % (30 vol % DCM) to

fully 100 vol. % (complete evaporation of DCM). The overall trend of Ypmma-solvent INCrEases

during the evaporation of DCM, thus increasing in water content is somewhat less favorable

for PMMA graft chains in terms of polymer-solvent interaction parameter. Furthermore,
ApMMA-solvent With respect to water percentage at 15°C is higher than 45°C. The faster change in
ApMMA-solvent At lower temperature with the increasing water percentage in the solvent mixture

implied that the interfacial free energy between PMMA graft chains and solvent increases.

As is evident from Appendix A, equation 5.2 and 5.3 predicts the changes in the
polymer-solvent mixture interaction parameter ()p.s) value as the temperature increases. For a

70 vol. % water concentration in the DCM/water system with an assumption that the system

obeys the ideal solution behavior (the solubility parameters in the mixture fulfill a linear

addition scheme), Figure 5.2 shows the change in Y(pgi-solvent and Ypmma-solvent With temperature.

It is evident that at room temperature the value of Ypgisoivent 1S much lower than ypmma-solvent,
suggesting that from 70 to 100 vol. % water, the DCM/water mixture is poor for PMMA chains

and good for PEI chains. As the temperature increases, the ¥pgrsolvent decreases only slightly,

the mixed solvent thus becomes highly favorable for PEI chains. Since the Ypgrwater does not
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change and Yper.pcm slightly decreases with increasing temperature. Thus, the overall solvent
MixXture Ypersolvent fémains almost constant.

It is expected that even though there is an increase in the Ypmma-solvent as Water volume

percentage increase from 70 to 100 % and a corresponding increase in the interfacial tension (y)
between PMMA graft chains and water, the calculated free energy of the interface (Finterface) fOr
hollow particles formed at different temperatures can be estimated. This is because the
interfacial area (A4i) per PMMA chain occupied in water strongly decreases as reaction
temperature is increased. Under this situation, y increases but the area each chain occupies, A4i,
decreases during the particle shrinkage, and Finerface = Y A7 possesses insignificant change. It
can be concluded that the interfacial free energy change due to PMMA-solvent and PMMA-
PMMA interactions should not be the main driving force for the change in particle size
(particle diameter).

On the other hand, Ypgrsolvent Mmaintains a high value (from 4 to 10) for low water

volume percentage (10 — 30 vol. %) upon temperature increase, indicating the free energy of
the interface Fiyerface Should be in similar profiles in low water volume percentage (10 - 30 %).
This trend indicated as temperature increases the interaction between PEI chains and mixed
solvents (even at high DCM volume ratios) is still significant since PEI chains have certain
degree of interaction with pure DCM.

In another view of particle contraction, we can consider that the mobility of the graft
PMMA chains could be strongly restricted due to its strong hydrophobic nature even though
the temperature is increased. The good solvent DCM greatly enhances the mobility of the graft
PMMA chains, which is the necessary condition for the observation of the change in particle

size, it can, however, only take place at low water volume ratios. With increasing the water
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volume, the morphological change of hollow particle may be very slow due to the restriction of
PMMA chain mobility, and no morphological changes could be observed with changing

temperatures during DCM evaporation.

5.3.3 Structural Change of Hollow Particles in Isothermal Experiments

In order to investigate whether the morphological changes through heating-isothermal-
cooling cycles are identical to initial hollow particle morphology and the effect of annealing
time under isothermal condition in the structural stability of hollow particle, two experimental
approaches have been performed. First, we monitor the structural changes after heating from
low temperature (15°C) to high temperature (45°C), thermal annealing under isothermal
condition (45°C) for 3 hrs, cooling from a high temperature (45°C) to 15°C and subsequent
equilibrated for 3hrs at 15°C. Second, the same hollow particle solution system is initially
transferred to reactor with preheated water-circulated temperature of 45°C and study the
morphological change (stability) of the hollow particle versus annealing time under isothermal
condition (45°C). The structural morphology at a particular temperature is dependent upon the
initial phases and the thermal histories of the systems. Therefore, the particle structural
morphologies obtained are not thermodynamically stable.

Different from the first experiment, snowflake morphologies with various structural
change in terms of degree of packing are formed from original hollow particles and the
solution system is pre-heated to 45°C under different isothermal time. Therefore, with respect
to the initial morphology (spherical) and the initial temperature (15°C) of the system from

which the morphology at 45°C is accessed.
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An aqueous solution containing hollow particles (5 mg/mL) was first prepared at 15°C
according to the procedure described in Section 3.2.1. The initial morphology is hollow
particle in spherical. The hollow particle dispersion was then heated from 15 to 45°C at a
heating rate of 2°C/min. After reaching at 45°C, the solution temperature was remained at 45°C
for additional 3 hrs. The thermally treated solution was then quenched to 15°C at a cooling rate
of 2°C/min., and further equilibrated for another 3 hrs. Samples were withdrawn from the
solution at each stage and immediately stained with 2 wt. % PTA solution for 10 minutes on a
carbon-coated copper grid, followed by drying in air.

Figure 5.3a illustrates the morphology of the initial hollow particles at 15°C which
appear to be spherical with some flexibility. The average particle size observed by TEM is 233
+ 17 nm. After treating the hollow particles from 15 to 45°C, a core-shell structure with a
distinct boundary is clearly observed (Figure 5.3b). In addition, the average size of the particles
at 45°C (Figure 5.4b) was slightly smaller than the original hollow particles (~ 160 nm in
particle diameter) as shown in Figure 5.4a. The inner cavity (darker region where may contain
PTA solution) is also considerably reduced. Interestingly, some lighter regions which believe
to be the PMMA chains are clearly observed in the core (see enlarged particle in Figure 5.4c).
The structural change indicates that the PMMA graft chains may have been stretched during
the thermal treatment. The stretched PMMA chains tend to segregate themselves in order to
minimizing their surface free energy in water. When continuously annealing the particles at 45
°C for 3 hrs, the segregation of PMMA graft chains becomes even more significant, resulting in

a phase separation between the PEI shell and the PMMA core as shown in Figure 5.5.
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Heating from 15°C to 45°C
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Figure 5.3 After heating a system with 5 mg/mL hollow particle concentration at
70 vol. % of water in DCM/water in which the original morphology
was hollow particles morphology as temperature rise from15°C to 45°C,
equilibrating for 3h, then quenching to 15°C, following by 3h equilibration.

(The heating rate is 2°C/min.)
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Figure 5.4 TEM micrographs of hollow particles (a) at 15°C ; (b) heating from 15°C to 45°C

(c) Hollow particle in (b) with a magnification of x100,000.The heating rate is

2°C/min.
%. : | * Q Ve 4
e W :

Figure 5.5 TEM micrographs of hollow particles under thermal treatment at 45°C for 3 hrs.

100nm

Figure 5.6 TEM micrographs of hollow particles under thermal treatment at 45°C for 4 hrs.
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Figure 5.7 TEM micrographs of hollow particles under thermal treatment at 45°C for 5 hrs.

If phase separation within the particle takes place, the driving force for deformation
must overcome the accompanying reduction in interfacial free energy, which equals to the
product of the surface tension and the total interfacial area associated with the phase separation.
Based on the definition the interfacial free energy, Finerface = Y 47, Where v is surface tension
and Ai is the interfacial area each chain occupies. As temperature rises from 15°C to 45°C,
surface tension of water reduces and the interfacial area contact between each PMMA chain
and the solvent decreases substantially due to the close packing of the PMMA chains, thus
resulting in reduction in Fiyerrace. It can be concluded that the interfacial free energy should be
the major driving force for the structural transition of the hollow particle upon temperature
change.

Thus it is quite possible that the structural transition under isothermal condition is the
result of a dynamic balance between hydrophobic interaction and polymer-solvent interaction.
Assuming PEI-g-PMMA hollow particle is initially in spherical shape, the interaction between
grafted PMMA chains and the solvent at the interface would be extremely weak because the

interfacial area each PMMA chain occupied will be less, as compared to the highly packed
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PMMA core at 45°C. The segregation of the PMMA chains also pulls some PEI molecules
inward, creating connecting bridges between PMMA core and PEI shell. Prolonging the
thermal treatment to 4 hrs resulted in the deformation of the phase separated particles as
exhibited in Figure 5.6. Further thermal treatment up to 5 hrs leaded to the disintegration of the
particles (Figure 5.7). These morphological changes evidently suggest that thermal annealing
of the hollow particles induces strong hydrophobic interaction of PMMA chains in aqueous
solution, resulting in the formation of highly packed hydrophobic core.

Since the aggregates are not thermodynamically stable, the particle would spread into
an extended structure, like snowflake-like morphology. Thus it was of interest to understand if
the snowflake-like morphology could be relaxed back to spherical particle when lowering the
solution temperature. Thus, the hollow particles system was cooled from isothermal
temperature (45°C) to 15°C with a cooling rate of 2°C/min followed by further treatment at
15°C for 3 hrs.

Figure 5.8 shows the particle morphological changes when cooling the thermally
treated particles from 45°C back to 15°C. For particles which had been treated at 45°C for 3
and 4 hrs, their morphology changed from snowflake-like to packed spore morphology. Most
particles returned to spherical shape with diameter in the range of 90 to 160 nm. In the case of
hollow particles which were treated at 45°C for 5hrs, followed by 15°C quenching process with
3 hrs equilibration, large raspberry morphology (particle diameter range: 200-400 nm) with
surface roughness were observed. The morphological changes discovered from the annealing
experiment indicate a strong dependence of the annealing time and the thermal histories of the
hollow particle system. Cooling the snowflake-like particles at 15°C resulted in the formation

of compacted structures, rather than returning to the original hollow spheres. These results
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suggest that the morphological changes are irreversible and the system is not in a
thermodynamic equilibrium. Therefore, the morphology after heating-cooling cycle is at the
best a thermodynamically metastable morphology if it is not unstable. This also indicates that
the pathways of the morphological changes can be manipulated by both isothermal annealing

time and heating cooling cycle.

3hrs , 4 hrs 5 hrs

300nm _S.OOJP- 1 : 300nm

Cooling from 45°C to 15°C
and equilibrated for 3 hrs at
15°C

L P
'9?,,, e

130-150 nm in diameter 90-160 nm in diameter 200-450 nm in diameter

Figure 5.8 Morphological changes of hollow particles from various isothermal annealing

time and further cooled down to 15°C , following by 3 hrs equilibration.
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5.3.4 Effect of Temperature Treatment on the Diameter of Preformed Nanotube

In order to investigate whether the shrinkage behavior of the preformed nanotubes are
similar to the spherical hollow particles, morphological changes of the preformed nanotubes
have been monitored at different storage time and thermal treatment. The nanotubes were first
obtained from a DCM/water mixture (3/7 v/v) at 15°C according to the procedure described in
the experimental section. SEM analysis of polymer in the aqueous solution showed that long
and flexible tubular nanomaterials with diameters ranging from 60 to 120 nm were generated
(Figure 5.9a). The TEM image of this sample revealed the cavity of nanotubes which appeared
to be lighter than the outer PEI layer (Figure 5.9 b and c). After storage this sample at room
temperature for 87 days, the tubular nanostructured materials were barely observed by TEM.

Instead, they looked like nanofibers with diameters around 50 nm in diameter. (Figure 5.9d)
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Figure 5.9 Nanotube formation after stirring the hollow particles at 350 rpm in a
DCM/water mixture (3:7 v/v) for 24 hrs at 15°C and storage at different periods.
(a) FE-SEM image of tubular nanomaterials (sample was stored at room
temperature for 10 days before observation). (b) TEM image of nanotubes
(sample was stored at room temperature for 28 days before observation). (¢c) TEM
image of nanotubes (sample was stored at room temperature for 1 day before
observation) (d) TEM image of fibrous-like nanomaterials (sample was stored at
room temperature for 87 days. All TEM samples were stained with 2% w/w PTA

solution before observation).
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To accelerate the transformation from nanotubes to nanofibers, the preformed
nanotubes were treated at 25, 35 and 45°C for 1 hour annealing time. Figure 5.10(a) shows that
the nanotubes with diameter around 100 nm still remain after treating them at 25°C. When
increasing the solution temperature to 35°C, tubular morphology became less obvious. Instead,
fiber-like morphology is appeared as shown in Figure 5.10(b). Further increasing the solution
temperatue to 40°C resulted in the formation of almost fibrous morphology with mean
diameter of 40 nm (Figure 5.10c). When heating the preformed nanotube dispersion at 45°C,
the diameters of nanofibers were further reduced to around 20 nm in diameter as illustrated in
Figure 5.10(d). In addition, some short nanofibers (less than 1 micrometer in length) were
observed, indicating that the fibrous-like nanostructured materials may start to break up under
this temperature treatment. The correlation between mean diameters of tubular nanostructures
as a function of annealing temperature is shown in Table 5.2.

These results suggest that the transformation from nanotubes to nanofibers can be
accelerated via the solution temperature treatment. These one-dimensional amphiphilic
nanostructures with high aspect ratio may find potential applications in fillers for
nanocomposites, as precursor materials for fabrication of other 2D nanostructures, Moreover,
they are appropriate for studying size-dependent properties, such as encapsulation of materials
or other processes with length scales comparable to some of the sizes of the nanostructure,

such as phase separation in amphiphilic copolymers.
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Figure 5.10 TEM micrographs of preformed PEI-g-PMMA copolymer nanotubes treated

at (a) 25°C, (b) 35°C; (c¢) 40°C and (d) 45°C, respectively.

Table 5.2 Mean diameters of preformed nanotube vs. thermal treatment

Treatment temperature (°C) Mean tubular diameter (nm) based on TEM
micrograph
15 136.8 £27.4 nm
25 85.3+17 nm
35 43.5+ 8.7 nm
40 342 +£ 6.8 nm
45 16.9+ 3.4 nm
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5.4 Conclusion

The particle size of PEI-g-PMMA hollow particles can be induced by solely changing
the solution temperature under fixed copolymer concentration and solvent composition in a
DCM/water volume ratio of (3:7). The rising temperature induces the contraction of PMMA
graft chains, leading into a highly packed particle and reducing hollow particle size and
nanotube diameter. The contraction of PMMA graft chains seems to be reinforced by
hydrophobic interaction and the cleavage of hydrogen bonding between PMMA and water
molecules.

Further insight into the thermodynamic nature of size dependent changes was achieved
under various temperature treatments in DCM/water mixtures. With increasing the temperature,
changes in the size from hollow particles to highly packed solid particles were observed.
Metastable aggregate morphology is also found in the pathway from one morphology to
another during isothermal experiments. These observations provide useful insights into the

mechanism of these phase separation and the formation of these non-equilibrium structures.
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Chapter 6
Effect of pH on the Formation of Hierarchical

Structures

6.1 Introduction

Self-organization using preformed discrete nanostructures as building blocks into
microscopic or macroscopic higher-ordered superstructures through manipulation of
various intra and/or intermolecular interactions, such as hydrophobic interactions, H-
bonding, electrostatic interactions, etc is of much interest in both fundamental research
and practical applications. In fact, there are numerous examples of hierarchical self-
assemblies in nature. In principle, The creation of well-defined hierarchical structures
through self-assembly of preformed building blocks strongly depends on the molecular
interactions between the building block,? as well as the size distribution® and the
shape.*® Nowadays, the prevalent self-assembly approaches to prepare various
hierarchical structures starting from the preformed nanostructured materials include

12-14

droplet evaporation,®® mixing non-solvent,®** Langmuir-Blodgettry technique, and

1518 |n addition to these

small-molecule or polymer mediator-induced assembly.
approaches, the surface template-assisted self-assembly approach based on the
lithographically defined physical template'® or self-organized chemical template® have
been extensively investigated because they can directly achieve assembled pattern of the

building blocks on substrates. Although above mentioned methods have been used to

successfully fabricate various interesting hierarchical structures such as microporous,

163



triangular shaped and phase separated laminar structures,?'?

they still suffer from some
drawbacks including the need to pre-fabricate tailor-made building blocks with uniform
shape and size by means of specific synthetic routes or tedious size selection processes
before the self-assembly.

In this part of work, we have studied the effect of solution pH on the assembly of
preformed PEI-g-PMMA nanotubes. The assembled hierarchical structures were
carefully examined using various microscopic techniques (SEM, TEM and AFM). Since
the outer shells of the nanotubes contain polyethyleneimine which is comprised of
primary, secondary and tertiary amines, modification of surface charge density of the
nanotubes could simply achieve through varying the solution pH, thus affecting their

electrostatic repulsive force and hydrogen bonding. The manipulation of these molecular

interactions thus result in the formation of different hierarchical structures.

6.2 Experimentals

6.2.1 Formation of PEI-g-PMMA hollow particles

Freeze-dried PMMAV/PEI particles (0.05g) were first mixed with 8 mL of
dichloromethane (DCM) in a jacketed-flask. The suspension was gently stirred at 150
rom at 25°C for 4 hrs in order to extract the PMMA homopolymer from the cores.
Viscosity of the solution increased considerably due to the dissolution of the PMMA
homopolymer. Water was then added in dropwise at a rate of 1 drop per second, and the
heterogeneous mixture was stirred at a rate of 150 rpm for 3 hrs. The aqueous phase was

then isolated, diluted with water and stored at room temperature for characterization.
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6.2.2 Formation of preformed tubular nanostructured materials

The nanotubes were first generated by stirring the PMMA/PEI hollow particles in
a DCM/water (3:7 v/v) mixture at 350 rpm for 24 hrs at 15°C, according to the method
described in Section 3.2.1. DCM should have all evaporated at the end, resulting in a
clear aqueous solution. The PMMA homopolymers initially dissolved in DCM became
insoluble in aqueous phase, giving small pieces of transparent thin film. They were then

removed from the aqueous solution by a simple filtration.

6.2.3 Formation of various hierarchical structures under different solution pHs

To study the effect of solution pH on the assembly of preformed PEI-g-PMMA
nanotubes, the pH of aqueous solution containing PEI-g-PMMA nanotubes (5mg/mL, pH
= 6.5) was adjusted by a dropwise addition of either 0.01 M HCI or 0.01 M NaOH
solution under gentle stirring (50 rpm). The final pH values of the solutions (3.0, 5.0, 7.0,

9.0, 11.0 and 13.0) were measured by an Orion 555A pH meter. Each solution containing

preformed nanotubes was subsequently stirred at 50 rpm for 24 hrs at 25°C. Depending
on the solution pH, the initial clear solution could turn into cloudy after several hours.

The appearance of cloudiness indicated the formation of newly assembled materials.
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6.2.4 Zeta-potential measurement

C-Potential measurements were conducted on a Malvern Zetasizer 3000 HSA
(Malvern, UK) with a 30 mW solid-state laser operated at a laser wavelength of 635 nm
He-Ne laser. The measurements of electrophoresis mobility (EPM) were performed at
25°C. The C-potential was determined from the measured electrophoretic mobility, m,
using the Smoluchowski approximation even though it is rigorously valid only for
spherical shaped particles. The Smoluchowski approximation also assumes that the
particle permittivity is much less than dielectric constant of the medium (gy), which is
true for nanotubes. O’Brien et al. have extended this model to higher aspect ratio
structures, taking into account the change in the ion density induced by the applied

electric field.?*

6.2.5 Characterization by electron microscopies

Scanning electron microscopy images were obtained using a JEOL-JSM 6335F
field-emission scanning electron microscopy (FE-SEM) at an accelerating voltage of 5kV.
Sample was prepared by placing a small drop of dilute dispersion (~ 500 ppm) on a mica
substrate, and allowed it to dry at room temperature for 24 hrs. The air-dried sample was
subsequently sputtered with a thin layer of gold under vacuum to a depth of
approximately 1-2 nm.

Transmission electron micrographs were obtained using a JEOL 100 CX Il TEM

at an accelerating voltage of 100 kV. Sample was prepared by wetting a carbon-coated
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copper grid with a small drop of dispersion (10 uL, 300 ppm). To enhance the contrast
between PEI and PMMA components, the assembled materials were stained with
appropriate concentration of phosphotungstic acid solution (PTA) solution and time after
drying. For the preformed nanotubes, they were stained with 0.5 wt.% PTA solution for
1 minute. In the case of hierarchical structures, they were stained with 2 wt. % (w/w)
PTA solution for 3 minutes. All stained samples were then dried at room temperature

before analysis.

6.2.6 Characterization by atomic force microscopy

Images of hierarchical structures generated from the controlled aggregation of the
nanotubes were also investigated using a Nanoscope 1V Atomic Force Microscopy (AFM,
Digital Instruments) with a NSIV controller in a tapping mode under an ambient
condition. Cantilever with a spring constant of 40 N/m resonating at 300 kHz was used in
all measurements. Images with scan sizes of 3 and 5um were acquired at a 0.5 Hz scan
rate with a resolution of 512 x 512 pixels. Each sample (200 uL, 2 mg/mL) was
thermally equilibrated to the temperature of fluid cell, and then injected into the cell at a
rate of 5 uL s™. Imaging was also obtained in a fluid tapping mode using a V-shaped
silicon nitride (SisNg4) cantilever (NP-S, 200W, Veeco Probes, CA) at a frequency of
30£0.5 kHz. The images were acquired after 5 min of injection, and continued for 2 hours.
Topographical height mode was acquired at a scan range of 1 um. The images were

presented after first-order flattening.
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6.3 Results and Discussion

Nanotubes were first generated by stirring the PEI-g-PMMA hollow particles in a
mixture of DCM/water (3/7 v/v) at 350 rpm for 24 hrs at 25 °C. At the end of the
assembly process, the DCM was completely evaporated, resulting in a clear aqueous
solution. The PMMA homopolymers initially dissolved in DCM became insoluble in
water, and formed small pieces of thin film suspending in the aqueous solution. They
were then removed from the aqueous solution by a simple filtration. Figure 6.1 shows the
FE-SEM image of the preformed nanotubes which seem to be aggregated in a buddle
form. The individual tubular diameters are in the range of 100 to 150 nm and unit length

from 5 to 8 um. The pH of the obtained nanotube aqueous solution was approx. 6.5.

Figure 6.1 FE-SEM micrographs of preformed PEI-g-PMMA based nanotubes

obtained from aqueous solution (pH 6.5). Magnifications of the FE-SEM

images are of (a) x 5,000; and (b) x 10,000.
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6.3.1 Zeta-Potential of hollow nanoparticles and preformed nanotubes at various
solution pHs

As discussed in previous chapters, the assembled nanotubes are comprised of PEI
shells with graft PMMA chains located in the inner tubes. Since the branched PEI
contains 25% primary, 50% secondary and 25% tertiary amino groups, the degree of
protonation is strongly pH-dependent. Figure 6.2 shows the degree of protonation as a
function of solution pH based on a literature result.”® The percentage of protonated
amines at pH 3, 5, 7,9, 12 are 73, 52, 27, 8, 0 %, respectively. To confirm the correlation
between the surface charge density of the hollow particles and nanotubes as a function of
pH, the zeta-potential of both hollow particles and nanotubes were measured using a zeta-
potentiometer. Results shown in Figure 6.3 suggest that zeta-potential changes for both
hollow particles and nanotubes are very similar. Increasing solution pH from 3 to 8
gradually reduces zeta-potential of the nanotubes. At near pH 9, the zeta-potential value
is almost approaching to zero, indicating almost neutral surface. These results are
consistent with the fact that there is very low percentage of PEI protonation at pH 9. Thus
it is expected that increasing solution pH may lead to higher degree of aggregation of the

hollow particles and nanotubes due to the decrease of surface charge density.
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Figure 6.3 (-potential of PEI-g-PMMA based hollow particles and nanotubes at

various pHs. Particles and nanotubes were dispersed in 1 mM NaCl

solution at 25°C, respectively.

6.3.2 Electron microscopic observation of hollow particle aggregation

Figure 6.4 presents TEM micrographs of spherical hollow particles obtained at
various solution pHs. The surface charges of the hollow nanoparticles can be controlled
by the solution pH. At a pH below the isoelectric point (IEP, pH < 9), particles carry a net
positive charge; while particle charges are almost zero at IEP pH (pH 9). Further increase

of the solution pH through addition of NaOH solution results in the absorption of excess
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amount of OH"ions, thus creating negative charges on the particle surface. TEM images
of particles at pH 5, 7, 9, 11 and 13 as shown in Figure 6.4 reflect this effect: particles are
well separated at pH 5 and 7 due to their high surface charges. But particles are seriously
aggregated near IEP (pH 9). A further increase in pH to 11 and 13 leads to charge
reversal to re-disperse the flocculated material as negatively charged particles. The
negative surface charge is attributed to the adsorption of hydroxide ions at the particle

surface.
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Figure 6.4 TEM micrographs of PEI-g-PMMA based hollow particles in solution with

@ pHD5; (b) pH 7; (c) pH 9; (d) pH 11 and (e) pH 13, respectively.
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6.3.3 pH-dependent hierarchical structure assembly using PEI-g-PMMA nanotubes

as the building block

Hierarchical structures are assemblies of molecular or nanostructured units into
organized patterns in multiple length scales. In fact, hierarchical self-assembly of a wide
spectrum of biomolecules such as proteins, peptides, DNA and lipids are well known
phenomenon.?® In our system, since the preformed nanotube is semi-flexible due to the
presence of rigid PMMA graft chains and flexible PEI chains, and contains PEI shell that
is pH-sensitive, it was anticipated that variation of solution pH might induce different
degree of nanotube aggregation, thus possibly generating some intriguing hierarchical
structures. Therefore it was of much interest to investigate the pH-induced self-assembly
of nanotubes through treating the preformed PEI-g-PMMA nanotubes under different
solution pHs. Several molecular interactions are expected to interplay for the nanotube
assembly: 1) Electrostatic repulsion due to the presence of surface charges; 2) Hydrogen
bonding between PEI chains 3) Van der Waals forces between interchain and intrachain
attractive forces; 4) Dispersion and dipole-dipole forces. Therefore, the formed
nanostructures are a result of delicate balance between these repulsive and attractive
forces.

When reducing the original pH of the preformed nanotube dispersion from 6.5 to
5.0, the nanotube bundles became loose where individual nanotube could be clearly
identified (Figure 6.6). While the bundle diameters increased from 300 nm to 3 um, their
lengths remained almost the same. When further reducing the solution pH of the

nanotube dispersion from 6.5 to 3, the tightly packed nanotube bundles were almost all
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freed. Well-separated individual nanotubes with diameter ranging from 80 to 150 nm
were clearly identified by the SEM image (Figure 6.5). In addition, the lengths of the
nanotubes became broader, and many short nanotubes (less than 1 pm) were also found.
The resulting assemblies may be a result of a balance of three key molecular interactions
of the PEI located on the outer shell of the nanotube: i) electrostatic repulsion; ii)
attractive binding (hydrogen bonding, dipole-dipole interaction, Van der Waals forces);
and iii) chain diffusion and entanglement. At pH 5, the protonation degree of the
branched PEI is approximately 50%.% The higher charge density of the PEI increases the
electrostatic repulsion of the nanotube, thus reducing the packing density of the nanotube
bundle. At pH 3, the protonation degree of branched PEI reaches nearly 75%.% The
stronger electrostatic repulsion of the nanotubes resulted in complete dissociation of the
nanotube bundle to individual nanotubes. Moreover, the strong electrostatic repulsion
could even break down the nanotube into shorter segments since some PEI junctions of

the nanotube were still present within the nanotube.?®
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Figure 6.6 Straw-sheaf like morphologies of nanotube aggregates formed at pH 5.

When the preformed nanotube bundles were treated at pH 7, they assembled into
fractal pattern with a straw-sheaf-like centre as shown in Figure 6.7a and 6.7b. A close
look of the centre part reveals many fused nanotube bundles (Figure 6.7c). The branches
are also built up from many nanotubes (Figure 6.7d). The TEM image under higher
magnification also reveals individual preformed nanotube with very narrow cavity in the

range of 15-20 nm in diameter. (Figure 6.7e inset)
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At pH 7, the protonation degree of PEI dropped to approximately 25%,* thus the
electrostatic repulsion is significantly reduced. As a result, the attractive binding and
chain diffusion and entanglement of the PEI become dominant forces, leading to tightly
packed bundle. At this pH, the solubility of the PEI is also much lower due to the lower
degree of amine protonation. Therefore, the bundles would undergo further self-assembly
to fractal structure in order to reduce their surface energy. In fact, Chau et al. has reported
a similar fractal formation when using peptide nanorods as building blocks.*® They have
pointed out that the diffusion units should be short. In fact, our nanotube bundles are in
the length scale from 5 to 8 um and sufficiently rigid to form fractal patterns. In addition,
slow removal of solvent is necessary for hierarchical assembly based on the conventional
diffusion-limited aggregation model. In our system, the nanotube bundles have
appropriate length scale (1-5 um), and contain rigid PMMA graft chains. Thus we believe
that our system may undergo a similar fractal assembly mechanism. Once the nucleation
site is formed from the side-by-side aggregation of the nanotube bundles, the free bundles
could undergo random diffusion to attach and become a part of the assembly based on a

diffusion-limited aggregation mechanism.*"%
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Figure 6.7 Morphologies of fractal patterns assembled at pH 7.
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When the preformed nanotube bundles were treated at pH 9, most of them
assembled into 3-D single columnar bundles as shown in Figure 6.8a and 6.8b. The
columnar length is in the range of 10-18 um with diameter between 5 and 8 um. Each
micro-column contains many fused nanotubes (Figure 6.8c and 6.8d) which were clearly
revealed by the atomic force microscopy (Figure 6.9a and 6.9b). The cavity of the
nanotube was also observed by the TEM image (Figure 6.8d inset). The formation of
columnar structure may be attributed to the aggregation of high number of bundles as
illustrated in Figure 6.8e. At pH 9, the protonation degree of PEI is only 8%.% Thus,
there was a minimal electrostatic repulsion between the nanotubes. At this pH, the
solubility of the PEI is also reduced, thus the smaller bundles would undergo further
aggregation to a larger columnar structure in order to reduce their surface energy through

minimization of the surface area.
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Figure 6.8 FE-SEM images of flower-like patterns assembled from micro-columns of
preformed nanotubes at pH 9: (a) Flower-chain like structures; (b) and (c)
Micro-columns assembled into flower-like pattern. (d) Micro-column that
is formed through assembly of pre-formed nanotubes. (Inset: TEM image of
nanotube bundle. Scale bar: 200 nm) (e) Aggregation of nanotube bundles

towards the formation of columnar structure.
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To further verify if the micro-columns were actually formed in the pH 9 solution,
not during the drying process on a substrate, morphology of the micro-columns were
observed with AFM in fluid mode. Figure 6.9 shows two- and three-dimensional images
of the assemblies in water. Individual nanotubes with diameters in the range of 90 to 120
nm are aligned in bundles. These results support that the micro-columns are first formed
in the pH 9 aqueous solution through formation of orderly packed nanotubes via the side-
by-side assembly. The resulting nanostructure may be formed due to the increase of
hydrogen bonds and hydrophobic interaction near isoelectric point of the nanotube, thus
resulting in the increase of nanotube aggregation in order to minimize their interfacial

energy.
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Figure 6.9 AFM image (fluid mode) of columnar structures in (a) 2D and (b) 3D profiles.
The hierarchical structure was assembled with preformed nanotubes in

aqueous solution of pH 9.
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When treating the nanotube bundles at pH 11, reticular disk-like structure with
rectangular shape were formed as illustrated in Figure 6.10a and 6.10b. A close
observation of the detailed architecture reveals that the hierarchical disk-like structure is
assembled from individual nanotubes perpendicular to one another (Figure 6.10c and
6.10d). TEM image confirms this kind of architecture as shown in the inset of Figure
6.10c. Under this strong alkaline condition, the water-solubility of the PEI molecule is
decreased due to the lack of amine protonation. As a result, the PEI chains tend to
compact on the nanotube surface, instead of highly extended in water in the case of
acidic conditions. Therefore, the nanotube is dispersed as individual unit instead of
aggregating into bundle because of low chain diffusion and entanglement. In addition, the
hydroxyl ions (OH") tend to adsorb on the nanotube surface, providing a negative surface
charge as shown in Figure 6.3 (zeta-potential of nanotubes was approximately -40 mV).
The presence of strong negative electrostatic repulsion causes the nanotubes to arrange

themselves in a perpendicular fashion in order to minimize their charge repulsion.
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Figure 6.10 FE-SEM image of the crossed reticular-like structure with rectangular shape
prepared at pH 11. Magnifications of the FE-SEM images are of (a) x 3,000 ;
(b) x 5,000; (c) x 10,000, Inset : TEM image of the nanotubes having

interwoven hierarchical structure (scale bar: 500 nm) and (d) x 30,000.

When treating the nanotubes dispersion at pH 13, similar interwoven disk-like
materials were obtained except that the interwoven structure became much tighter, as
illustrated in Figure 6.11. The nanotubes interweave to one another at an angle of

approximately 45°.
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Figure 6.11 Morphologies of nanostructured materials obtained at pH 13.

We have attempted to understand the formation of this structure through capturing
intermediate assemblies at different assembly time. The preformed PEI-g-PMMA
nanotubes were treated at pH 13 up to 6 hours at room temperature. Sample was
withdrawn at each hour interval and immediately air-dried for SEM observation At the
first hour, the nanotubes with average length scale of 3-6 um had already assembled into
sheaf-like structure (Figure 6.12a). Similar morphologies were obtained after 2 and 3
hours with higher density. After the fourth hour, vertical straw sheaf-like nanostructure
started to appear as illustrated in Figure 6.12d. The vertical growth of nanotubular

assembly is an indication on how the three-dimensional interwoven disk-like structure is
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formed. On the basis of these morphological observations, a plausible formation
mechanism of the interwoven reticular architectures at pH 13 is proposed as follows: The
preformed nanotubes act as the primary template which first self-assembles into straw
sheaf-like bundles with fantail shape. In this process, the preformed nanotubes self-
organize via a side-by-side orientation in order to minimum their high free energy
surfaces. The primary assembled bundle structures could serve as the template for
secondary assembly which grows from vertical direction. The vertical nanotubes could
preferentially form an interwoven nanostructure in order to increase their structural
stability. On the basis of these observations, we can reasonably assume that the extension
of fanlike patterns may play an important role in the formation of hierarchical structures

from parallel bundles to interwoven reticular architectures.
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Figure 6.12 FE-SEM image of hierarchical structures formation at solution pH 13 with
reaction time of (a) 1 hr; (b) 2 hrs; (c) 3 hrs; (d) 4 hrs and (e) 5hrs and (f) 6

hrs.
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These results demonstrate that control of solution pH enables us to generate
various intriguing 2D and 3D hierarchiical structures using preformed PEI-g-PMMA
nanotubes as the building block. Table 6.1 summarize our findings on the correlations
between solution pHs and their resulting nanostructures and scales. Figure 6.13 shows
representative morphologies under different pH treatments. These results suggest that the
change of solution pH notably alters the electrostatic interaction of the building blocks,
thus strongly influence the stacking process of precursor from parallel bundle to dual

fantail shaped bundle, then to interwoven structure.

Table 6.1 Summary of correlation between the solution pH and the corresponding
morphologies of the assembled hierarchical structures

Solution pH Morphology Length of hierarchical structure
(nm)

3 nanotube 3-5

5 2D nanotube bundle 7-9

7 Fractal-like bundle 13-15

9 Columnar-like bundle 15-20

11 Interwoven nanotubular  disk 3-5°
with loose packing

13 Highly packed interwoven 10-15%
nanotubular disk

a. Observable length from FE-SEM micrograph. The actual length of the hierarchical

structure is longer than the observed length from FE-SEM image. The length cannot be

measured accurately because the nucleation sites have not been identified from the SEM

micrographs.
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Figure 6.13 Summary of resulting assembled nanostructures at different solution pH.
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Scheme 6.1 summarizes the effect of pH on the assembly of PEI-g-PMMA
nanotubes into various nanostructured patterns. The preformed nanotubes were primarily
assembled from elongated hollow particles at controlled stirring rate and solvent
composition. Under acidic condition (pH 3), the PEI-g-PMMA nanotubes with high
positive surface charges are well dispersed owing to the electrostatic repulsive force
exceeding attractive hydrophobic interaction between the nanotubular building blocks.
These free-standing PEI-g-PMMA nanotubes can first form the nanotubular assemblies in
parallel and crossed bundles depending on solution pH in secondary self-assembly stage.
The assembly of bundles in parallel or X-shaped (straw sheaf-like structure) arrangement
in side-by-side assembling mode is energetically more favorable than the end-to-end
assembling mode. To further reduce the surface free energy, the precursors will
continuously attract those nearby nanotube bundles and assemble into the columnar
packing. With the increase of the solution pH to nearly isoelectric point (pH 9 in our
experiment), the electrostatic repulsive force between assemblies is negligible. Thus
some adjacent nanotubular bundles tend to nucleate with each other and form a 3D
architecture under the attractive van der Waals force at tertiary self-assembly stage. From
the above presented mechanism, the competition between the tubular interactions (i.e.,
the electrostatic repulsive forces and attractive forces in the building blocks) is the key

driving forces for self-assembly of the 3D hierarchical structures.
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Scheme 6.1 pH effect in the hierarchical assembly from preformed nanotubes as

building blocks.
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6.4 Conclusion

A novel one-step solution self-assembly route for the selective preparation of
straw-sheaf-like nanotube bundles, columnar bundles, interwoven disk-like assemblies
have been achieved via a simple solution pH tuning strategy of the preformed PEI-g-
PMMA nanotubes. The formation mechanism of these hierarchical structures has been
partially elucidated. The preformed nanotube building block can initially aggregate into
well-defined bundles, which can act as template for subsequent assemblies to straw
sheaf-like structures, columnar bundles and interwoven disk-like nanostructures. We
believe that these studies are not only important for us to fundamentally understand the
assembly mechanism of the amphiphilic nanotubes, but also open up a new revenue for

the creation of various kinds of interesting soft nanostructured materials.
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Chapter 7

Concluding Remarks and Future Studies

7.1 Introduction

In this chapter, a final conclusion is made. The chapter begins with a summary of
the major findings, followed by significance and implications of the study. Finally, the

limitations of this research and recommendations for future work are discussed.

7.2 Summary of the Major Findings

A comprehensive characterization of amphiphilic PEI-g-PMMA hollow particle
performed in the course of this dissertation provides some important insights into the
relationships between PEI-g-PMMA based hollow particles self-assembly and
morphological changes under the effect of various solution parameters. The following
results were obtained towards three specific aims:

1) By preparing PEI-g-PMMA hollow particles after core extraction of core PMMA
homopolymer in organic solvent (dichloromethane), it has been demonstrated that the
nanotube formation are mainly determined by the selective assembly of curvature-
dependent morphology of elongated hollow particles under controlled fluid shear
condition. Relationships between morphological changes and DCM/water volume ratio
were established. The morphology was changed from spheres or vesicle at low water

content to nanotubular form at high water content via network morphology.
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2) The effect of temperature on the hydrophobic interaction of PMMA grafts induces
shrinkage of both particle and nanotube diameter. The reduction in both particle and
tubular sizes and the aggregated pattern depends on hydrophobic interaction induced by
PMMA grafts as a function of solution temperature. The possible mechanism was
described in terms of the calculation results of polymer-solution interaction parameters
and interfacial free energy prediction of the hollow particles.
3) In summary, we have developed an effectual route to fabricate 3D hierarchical self-
assembled PEIl-g-PMMA nanotubes based on pH-induced strategy. Stock solution
prepared in 0.01 M HCI or NaOH were used to adjust the pH of the reaction system,
control the intertubular packing arrangement as precursor, and further induce the
spontaneous self-assembly of the preformed PEI-g-PMMA nanotubes through the force
balance between hydrogen bonding and electrostatic repulsion. Despite that it is very
simple and straightforward, the proposed simultaneous synthesis and self-assembly
method is remarkably effective and reproducible to interwoven reticular-like and 3D
columnar structures of nanotubular building blocks in straw sheaf-like morphology and
parallel bundles, respectively. We believe that the present strategy will be very useful for
the fundamental research and practical application on the self-assembled copolymer-
based nanostructures and meanwhile provides an alternative pathway to assemble 3D
structural analogues of other functional nanostructures.

This thesis describes a novel dynamic assembly of nanostructured materials with
controlled morphologies based on amphiphilic PEI-g-PMMA hollow particles after core

extraction of well-defined PMMAJ/PEI core shell nanoparticles. One-dimensional
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nanomaterials assembly with elongated hollow particles as basic building block which
spontaneously formed with controlled solution parameters.

Amphiphilic copolymer has been widely studied in block copolymer, but rarely in
graft copolymer. Our work demonstrates that 1D nanotubular materials can be obtained
through tip-to-tip assembly of elongated hollow particles via fluid shear selective
coalescence effect and solution condition. Since our method does not depend on any

surface chemistry on the building block except the solution condition.

7.3 Significance and Implications of This Study

In this work, the primary motivation was to create desirable core—shell particles
with functional shells as well as hollow particles based on the dissolution of core PMMA
homopolymer from PEI/PMMA core shell nanoparticles. Although spherical hollow

capsules have received considerable attention,'*" %

only limited effort has been paid to
non-spherical hollow particles such as elongated hollow particles. Extremely rare
attention has concentrated on the interaction of nonspherical hollow particles based on
amphiphilic graft copolymer and the relevant morphological change under controlled self
assembling process. Herein, well-defined core—shell particles and various ellipsoidal
hollow capsules through fluid shear process, especially amphiphilic hollow capsules with
both exterior and interior were sensitive with solvent microenvironments, were
investigated. These ellipsoidal or elongated hollow particles may also find useful as

building blocks to form one-dimensional nanostructured materials (e.g. nanotubes) with

properties different from those of conventionally spherical ones. Furthermore, they would
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be potential unique candidates that could be assembled into hierarchical structure through

tuning solution properties.

7.4 Suggestions for Future Work

Our proposed copolymer self-assembled nanostructures using inexpensive
amphiphilic graft copolymer based hollow particles by core dissolution of well-defined
core shell nanoparticles have a strong potential for the diverse areas of copolymer
nanotechnology owing to the extremely simple fabrication procedure for hierarchical
structures as well as their notable thermodynamic stability. As a promising application
potential of the assembled structures, we can use the preformed hollow nanostructure as
building block that direct secondary assembly of higher order structures. In such case, the
hierarchical structures can be effectively used as a nanocontainer or directing material for
the functional units since it will readily localize them into a specific site if the
nanostructure surface is properly functionalized so that it can strongly interact with the
functional units. It is notable that the cationic shell surface can be more easily
functionalized with various chemicals in comparison to the corresponding graft
copolymers. The resulting functionalized copolymer nanopatterns can be used in
numerous areas of nanotechnology such as nanostructured networks and membranes for
fuel cells, nanotemplates and scaffolds for the fabrication of nanometer scale arrays in
the immobilization of bio-molecules, photonic materials for optical applications, and

immobilization of metal nanoparticles as metal-colloid in catalytic applications.
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Future work aims to investigate the scope of this assembly approach based on the
hollow particles of poly(ethyleneimine)-graft-poly(methyl methacrylate) (PEI-g-PMMA)
copolymers with different chain architectures. New types of nanostructured materials can
be created through varying the properties of building blocks and manipulating the
assembling conditions. This will allow us to design and tailor the shape, composition,
structure, properties and functions of nanostructured materials for specific applications.

Strategies can be proposed including (1) Synthesis and characterization of PEI-g-
PMMA hollow particles with different chain architectures (variation of graft chain length
and shell thickness). These hollow particles will then be used as new types of building
block for self-assembly in solution. (2) Manipulation of solution conditions to create a
variety of new nanostructured materials, followed by detailed characterization of
potential properties of the assembled materials. (3) Fabrication of novel hierarchical
nanostructures or microstructures from pre-assembled nanotubes or other preformed

nanostructures as basic building blocks via different solution treatment methods.
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Appendix A

Calculation of polymer solvent interaction parameter as function of temperature
Assume the total volume of the solvent mixture = 10 mL

Volume of DCM = 3 mL (30 vol. %) Molar volume of DCM = 63.9 cm®

Volume of water = 7mL (70 vol. %) Molar volume of water = 18 cm® "
According to equation 5.2 5s — ¢151 + ¢252 (5.2)

Solvent parameters obtained from reference [6] in Chapter 5
Opcm=20.2  Onpo =48
Thus the solubility parameter for DCM/water mixture is calculated as:
ds = dpcmOpem *+ PH20 dH20

=0.3x20.2 + 0.7x48

= 39.66
Molar volume of two-solvent mixture Vs is calculated according to Eq 5.3
Vs — I/11/2

oV, + o,V 53)

VS = (Vh20XVpem)/( docmVizo + OH20VDem)
= (18x63.9)/(0.3 x 18 + 0.7 x 63.9)
= 22.944

To determine the PEI to solvent mixture interaction parameter as a function of
temperature, we use the equation

Vs
Xper-s = E(§PE1 - 55)2

where R =8.314 cm*MPa K™ and T is expressed in Kelvin (°K),
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where 1 and J, are the solubility parameters of solvent 1 and solvent 2
solubility parameter of PEI, dpg =45
solubility parameter of DCM/water (30/70) mixed solvent calculated = 39.66

Thus the interaction parameter value of PEI to the solvent mixture can be calculated as
follow:

At 15°C,

Vs
Xper-s = ﬁ (§PEI - 5s)2

22.944

= 2997 (45-39.66)2
8.314x 288°K

=0.273
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Appendix B

Table 1

Poly(methyl methacrylate)-solvent mixture interaction parameter (Y pmma-solvent)
versus water percentage from 70 to 100 % at various temperatures

Water
percentage A PMMA-solvent APMMA-solvent X PMMA-solvent A PMMA-solvent
(%) (15°C) (25°C) (35°C) (45°C)

70 4.0901 3.95285 3.82451 3.70424
70.70707 4.14149 4.00251 3.87256 3.75078
71.42857 4.194 4.05326 3.92166 3.79834
72.16495 4.24767 4.10513 3.97185 3.84695
72.91667 4.30254 4.15816 4.02316 3.89664
73.68421 4.35865 4.21239 4.07562 3.94746
74.46809 4.41603 4.26784 4.12928 3.99943
75.26882 4.47474 4.32458 4.18417 4.05259
76.08696 4,5348 4.38263 4.24034 4.10699
76.92308 4.59628 4.44204 4,29782 4.16267
77.77778 4.65921 4.50286 4.35667 4.21966
78.65169 4.72365 4.56514 4.41692 4.27802
79.54545 4.78965 4.62892 4.47863 4.3378
80.45977 4.85726 4.69427 4.54186 4.39903
81.39535 4.92655 4.76123 4.60664 4.46178
82.35294 4.99757 4.82986 4.67305 4.5261
83.33333 5.07038 4.,90023 474114 4.59204
84.33735 5.14505 4,9724 4.81096 4.65967
85.36585 5.22166 5.04644 4.88259 4.72905
86.41975 5.30027 5.12241 4.95609 4.80024

87.5 5.38095 5.20039 5.03154 4.87332
88.60759 5.4638 5.28045 5.10901 4.94835
89.74359 5.54889 5.36269 5.18858 5.02541
90.90909 5.63632 5.44718 5.27032 5.10459
92.10526 5.72617 5.53402 5.35434 5.18597
93.33333 5.81855 5.6233 5.44072 5.26963
94.59459 5.91356 5.71511 5.52956 5.35567
95.89041 6.0113 5.80958 5.62096 5.4442
97.22222 6.1119 5.90681 5.71503 5.53531
98.59155 6.21548 6.00691 5.81188 5.62912

100 6.32217 6.11001 5.91164 5.72574
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Table 2

Poly(ethylenimine)-solvent mixture interaction parameter () pei-solventy VErsus water
percentage from 70 to 100 % at various temperatures

Water XPEI-soIvent XPEI-soIvent XPEI-soIvent XPEI-soIvent
percentage (%)  (15°C) (25°C) (35°C) (45°C)

70 0.273247 0.264078 0.255504 0.247469
70.70707 0.25187 0.243418 0.235515 0.228109
71.42857 0.231092 0.223337 0.216086 0.209291
72.16495 0.210943 0.203864 0.197245 0.191043
72.91667 0.191454 0.185029 0.179022 0.173392
73.68421 0.172657 0.166864 0.161446 0.156369
74.46809 0.154588 0.149401 0.14455 0.140004
75.26882 0.137282 0.132676 0.128368 0.124331
76.08696 0.120778 0.116725 0.112935 0.109384
76.92308 0.105114 0.101587 0.098288 0.095198
77.77778 0.090332 0.087301 0.084467 0.08181
78.65169 0.076477 0.073911 0.071511 0.069262
79.54545 0.063594 0.06146 0.059464 0.057594
80.45977 0.05173 0.049994 0.048371 0.04685
81.39535 0.040938 0.039564 0.03828 0.037076
82.35294 0.03127 0.030221 0.02924 0.02832
83.33333 0.022782 0.022018 0.021303 0.020633
84.33735 0.015534 0.015013 0.014525 0.014068
85.36585 0.009587 0.009265 0.008965 0.008683
86.41975 0.005007 0.004839 0.004682 0.004535

87.5 0.001863 0.001801 0.001742 0.001688
88.60759 0.000229 0.000221 0.000214 0.000207
89.74359 0.000179 0.000173 0.000168 0.000163
90.90909 0.001797 0.001737 0.001681 0.001628
92.10526 0.005168 0.004994 0.004832 0.00468
93.33333 0.010381 0.010033 0.009707 0.009402
94.59459 0.017534 0.016946 0.016396 0.01588
95.89041 0.026727 0.025831 0.024992 0.024206
97.22222 0.038069 0.036791 0.035597 0.034477
98.59155 0.051672 0.049938 0.048316 0.046797

100 0.067657 0.065387 0.063264 0.061274
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