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CHAPTER |
INTRODUCTION

1.1 Theory and Literature Review

Polymeric nanoparticles are nanomaterials that have been widely utilized as
nanocarriers in various applications because their functionality could be conveniently
tunable. Their structures are viable and more stable than those of other self-
assembled nano-objects such as surfactants [1, 2]. Polymeric nanoparticles as
nanocarriers have gained much attention especially those used as carriers for drug
delivery [3-5], stimuli-responsive nanoparticles [6, 7], nanosensors for the detection
of harmful organic compounds [8, 9], and nanoreactors used as catalysts for organic

reactions [10, 11].

In general, the self-assembly of amphiphilic copolymers which have
hydrophilic and hydrophobic segments is a general approach for preparing polymeric
nanoparticles. There are two categories of amphiphilic copolymers: block and
random copolymers. Block copolymers have been favorably employed because of
their well-defined structures [12-16]. The well-known synthetic methodology that
yields copolymer with well-controlled molecular weight, molecular weight
distribution, and composition is that based on controlled/living radical
polymerization such as reversible addition-fragmentation chain transfer (RAFT) [17-

19], and atom transfer radical polymerization (ATRP) [20-22].

Li and co-workers [23] prepared poly(oligo(ethylene glycol) methacrylate)-
block-poly(furfuryl methacrylate) (POEGMA-b-PFMA) by RAFT polymerization. The
diblock copolymer then was modified with N-octyl maleimide via Diels-Alder reaction
yielding the near-infrared (NIR) photothermal nano-assembled POEGMA-b-POMFMA.
Doxorubicin (DOX), an anticancer drug and indocyanine green (ICG), a NIR dye were

encapsulated in the polymeric micelles. Faster drug release could occur upon NIR
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irradiation due to photothermal effect-induced drug release and partial retro DA

reaction (Figure 1.1).

ugyint

Nanoprecipitation

- + W
DOX IcG

POEGMA-b-POMFMA Slow release Temper?ture increase
and rapid DOX release

Figure 1.1 Preparation of DOX and ICG encapsulated in POEGMA-b-POMFMA

polymeric micelles [23].

Polymeric nanoparticles can also be utilized as nanosensors to detect
harmful chemical substances. Gao and co-workers [8] developed a block copolymer
of poly(ethylene glycol) monomethyl ether methacrylate and polymeric ionic liquid
2-(3-methylimidazolium-1-yl) ~ethylmethacrylate bis-(trifluoromethanesulfonimide)
(PEGMEMA-b-PIL-MAA). The assembled micelles from the copolymer was employed
as nanosensor to detect p-phenylenediamine (PPD). 1-Pyrenecarboxaldehyde (Py-
CHO) encapsulated inside the core of the micelles was used as a probe to detect
PPD through the amine-aldehyde condensation reaction. The micelles showed high
performance on PPD detection with a limit of detection as 0.007 pmol L™ which was
lower than those of other fluorescent probes such as organogel and fluorescent

conjugated polymers (Figure 1.2).
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O~__H
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) J
NTF, N*
BCP Py-CHO PPD

BCP: Amphiphilic block copolymer Py-CHO: 1-Pyrenecarboxaldehyde PPD: p-Phenylenediamine

Figure 1.2 Chemical structures of amphiphilic block copolymer, 1-
pyrenecarboxaldehyde (Py-CHO) as a probe, and p-phenylenediamine (PPD) as an
analyte [8].

Polymeric micelles are usually prepared from amphiphilic copolymers by a
conventional method based on stepwise micellar self-assembly induced by adding
selective solvents. However, this method requires the elimination of solvent by
dialysis or evaporation [24-26]. Only low concentration of micelles (<1.0 wt.% solids)
can be obtained from the conventional method so that it is not practical to be

applied for industrial applications [27].

Polymerization-induced self-assembly (PISA) has been recently introduced as
an alternative synthetic method to prepare self-assembled nanoparticles. PISA can
be effectively performed via dispersion or emulsion polymerization based on
controlled living radical polymerization, e.g., RAFT [28, 29] and ATRP [30, 31]. PISA'is a
powerful technique as it can in situ generate self-assembled nano-objects with a high
solid content [32, 33] and tunable well-defined morphologies such as spheres,
worms, and vesicles [27, 34]. In principle, a first block used as a stabilizer block is
synthesized first and employed as a chain extension for the synthesis of a second
core-forming block. The solvent used in this method must dissolve all components
used for the synthesis of the second block. Then, nanostructures simultaneously
self-assemble when the second block is long enough to decrease its solubility and
induce phase separation to promote in situ self-assembly to form nanoparticles.

Morphological transition from spheres, worms to vesicles can be determined from



18

“packing parameter” which is calculated by the equation: p = vy/a.ly, where v, is the
volume of the core-forming block, a, is the equilibrium interface area per chain, and
lp is the length of the core-forming block. Also, the morphological transition is

dependent on the solid content, solvent, and chemical structures of both blocks.

In 2016, Gao and co-workers prepared polymeric micelles via PISA through
RAFT dispersion polymerization by using biocompatible poly(ethylene glycol) (PEG) as
a polymerization medium (PEG-PISA). They prepared various block copolymeric nano-
objects with various stabilizer block and used polystyrene (PS) as a core-forming
block such as polyl(ethylene glycolmonomethyl ether]-block-polystyrene (mPEG-b-
PS). This research demonstrated that PEG-PISA system could effectively provide block

copolymers with well-defined nanostructures.

Moreover, PISA has emerged as the effective tool to generate tunable

polymeric nanoparticles bearing various morphologies.

Blanaz and co-workers [35] studied mechanistic insights for morphological
transition of block copolymeric nano-objects (Figure 1.3). Block copolymes based on
water-soluble poly(glycerol monomethacrylate) (PGMA) as a macromolecular chain
transfer agent (macro-CTA) and poly(2-hydroxypropyl methacrylate) (PHPMA) as a
core-forming block were prepared to study the mechanism of polymerization-
induced morphological transformation of the nanoparticles. Sphere was observed as
a starting shape. High order morphologies were observed with longer DP of PHPMA
core-forming block from spheres to worms, and finally to vesicles through jellyfish as

an intermediate shape.
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Highly branched | Junction points morph
Branched worms | worms, swelling of | to bilayer octopi with
junction points radial “tentacles”

Bilayers ‘wrap-up’to Jellyfish enclose
form jellyfish to form vesicles

Increasing PHPMA Block Length

Figure 1.3 Mechanistic morphological transformation of diblock copolymeric

nanostructures of PGMA-b-PHPMA from spheres, worms to vesicles [35].

Additionally, In 2012, Blanaz and co-workers [36] studied about morphological
transition of PGMA-b-PHPMA by PISA through RAFT aqueous dispersion
polymerization. It was found that high order morphology transition depends on 3
factors: DPs of the stabilizer and core-forming blocks, and total solid concentration.
For short DPs of PGMA stabilizer block, micellar morphologies depended on only the
DP of PHPMA core-forming block without the effect from total solid concentration.
For morphological transformation of longer PGMA stabilizer block, the transformation
depended on both the DP of PHPMA core-forming block and total solid
concentration (Figure 1.4). However, spherical morphology was dominant when
PGMA was much longer because it required a longer PHPMA core-forming block to

reduce molecular curvature and in situ induce morphological transition.



20

10 12 14 16 18 20 22 24 26

180- v {180

1160
[ 1000m |

1140

o
.

140 o BW
.

120 w {120

100 - S 4100

10 12 14 16 18 20 22 24 26 m
Copolymer Conc. wiw %

g

w
S+W

—— e —— 100
10 12 14 16 18 20 22 24 26 | 2%0am
Copolymer Conc. wiw %

of ole oje e . o
R LR A

ole oo oo o .
" 1

g

Figure 1.4 Phase diagram and TEM images of diblock copolymeric PGMA-b-PHPMA
nanostructures of (A) series of PGMA4;-b-PHPMA and (B) PGMA;5-b-PHPMA with the

variety of DPpppya and total solid concentration [36].

PISA has been performed mostly in aqueous solution. However, organic

solvents such as ethanol have also been employed.

In 2012, Semsarilar and co-workers [37] prepared various kind of block
copolymers using poly(glycerol monomethacrylate) (PGMA), poly(2-
(methacryloyloxy)ethyl phosphorylcholine (PMPC), poly[2-poly(dimethylamino)ethyl
methacrylate (PDMA) and poly(methacrylic acid) (PMAA) as stabilizer blocks.

Poly(benzyl methacrylate) (PBzMA) was synthesized as a second block via PISA
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through RAFT dispersion polymerization in ethanol. Sphere, worm, and vesicle
obtained from this system were dependent on DPs of stabilizer, core-forming blocks,

and total solid concentration.

Polymeric nano-objects bearing multifunctionality have been usually used in
advanced applications. However, it is sometimes a difficult manner to prepare
multifunctional polymers because of the requirement of multiple steps and
complicated procedures. Post-polymerization modification or post-functionalization
of polymer precursors having active functional side groups have been widely used to
generate polymers having multifunctional components [38-40]. Common chemical
reactions for use in post-functionalization to modify polymer precursors include
Huisgen 1,3-dipolar cycloaddition [41], Alder-ene reaction [42], thiol-para-fluoro

substitution [43, 44], and active ester groups [45-47].

A precursor polymer having N-hydroxysuccinimide (NAS) was prepared from
N-hydroxysuccinimide methacrylate in DMSO via ATRP and yield poly(acrylamide)
derivatives upon post-polymerization modification as reported by Monge and co-
workers [48]. PNAS was then post-modified with benzylamine as a reactive primary
amine under mild condition yielding poly(N-benzyl methacrylate amide). However,
there are some drawbacks of using NAS-based polymers because of their limited
solubility in common organic solvents. Pentafluorophenyl (PFP)-based polymers
(PPFP) are polymer precursors that have gained much more attention recently due
to their better solubility in organic solvents and higher hydrolytic stability than the
PNAS [49-51]. Having five electronegative fluorine atoms, PPFPs can be easily
substituted by reactive modifiers, especially, primary amines under mild conditions
[47, 52-54]. Moreover, post-polymerization modification of PPFPs can be

conveniently followed by F nuclear resonance (NMR) spectroscopy [49, 55].

In 2017, Noree and co-workers [56] prepared amphiphilic random copolymers
of poly(pentafluorophenyl methacrylate)-co-poly(oligo(ethylene glycol
methacrylamide) (PPFPMA-co-POEGMAM) through post-polymerization modification
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of PPFPMA by oligo(ethylene glycol) methyl ether amine (OEG-NH,) (Figure 1.5). The
micellar formation of redox-responsive nanogel could be achieved via tandem post-
polymerization modification with cystamine as a dithiol crosslinker. Moreover,
isopropylamine was utilized as a reactive modifier to post-functionalize the
nanoparticles to eliminate the remaining PFP groups. The redox-responsive
nanoparticles showed the release profiles of the hydrophobic dye, Nile red (NR), at
an accelerated rate in the presence of glutathione. These nanogels are suitable for

controlled drug delivery.

PPFPMA PPFPMA-co-POEGMAM
hydrophobic

guest molecule

1o/ ’
m SNH, m if bly Scaa ik - \H
> > —
18 l modifier 7 2modifier © % 3 modifier \%

n
0 o RS
F N - H.C NH; Z
JT¢ NH, o MOy Ay
nile Red
OEG-NH,
PPFPMA
NH,
\Cy : H,N/\/s\s/\/NH: & -NH, /k

cystamine N-isopropylamine

Figure 1.5 Post-polymerization modification of PPFPMA with reactive modifiers to

yield the redox-responsive nanogels [56].

Because of the well-known advantages of PFP-based polymer precursors for
the preparation of polymers bearing multifunctionality, some researchers have also

been interested to prepare core-functionalizable nanostructures from PPFPs via PISA.

Vakili and co-workers [57] prepared thermoresponsive diblock copolymeric
nano-objects by PISA through RAFT aqueous emulsion polymerization. Poly(N,N-
dimethylacrylamide) (PDMAm) macro-CTA agent was used for the synthesis of

oly(pentafluorophenyl acrylate) (PPFPA) block. Core-functionalizable polymeric
nano-objects of PDMAmMyg-b-PPFPAs; was first prepared with a molecular weight (M)
of 140 kg mol! and M,/M, of 1.25 as evaluated by GPC suggesting the well-

controlled polymerization. Morphology and particle size of the self-assembled
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PDMAM,5-b-PPFPAs; nanostructure were found to be 481.1 + 39.9, 458 + 27.7 nm,
and 547.5 + 25.2 nm as determined by atomic force microscopy (AFM), transmission
electron microscopy (TEM), and scanning electron microscopy (SEM), respectively.
Hexamethylenediamine (HMDA) as a crosslinker was used for core-functionalization
of the nano-objects. PDMAmMgg-b-PPFPAs; was then post-functionalized to vyield
nanoparticles of which diameter slightly increased from 450.1 + 74.0 to 489.6 + 39.9
nm as determined by DLS. Moreover, the thermoresponsive diblock copolymer was
also synthesized by UV-initiated RAFT dispersion polymerization. PDMAmM-b-P(DMAmM-
co-PFPA) macro-CTA was used for the synthesis of thermoresponsive PNIPAM via
polymerization-induced thermal self-assembly (PITSA) at a temperature above lower
critical solution temperature (LCST) of NIPAm (32°C) as shown in Figure 1.6 [54, 58]. It
was found that the diameter of nanoparticles increased with chain lengths of

PNIPAM. And the nanoparticles can also be core-crosslinked with HMDA.
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Figure 1.6 Synthetic route of (@) PDMAmM-b-P(DMAmM-co-PFPA) macro-CTA in EtOH,
and (B) PDMAmM-b-P(DMAmM-co-PFPA)-b-PNIPAmM via PITSA at 50°C in water.

Thermoresponsive nano-objects were subsequently treated with HMDA [59].

The preparation of core-functionalizable nanoparticles via PISA was also
reported by Couturaud and co-workers [60]. Poly(pentafluorophenyl methacrylate
(PPFMA) was first prepared by RAFT-mediated photoinitiated PISA. They used PEG
with DP of 113 as a macro-CTA whereas DP of PPFMA was set to be 200. The
preparation of PEG;;5-b-PPFMA, was performed in DMSO under visible light irradiation
(405 nm) at 37°C for 4 h (Figure 1.7). The onset of self-assembly was found when the
reaction was conducted for 0.6 h. Self-assembled PEG;;3-b-PPFMA,,, (M1) was
obtained with a mean diameter of 320 nm as determined by DLS in DMSO. However,
spherical nanoparticles were only obtained although DPs of PPFMA and solid content
were varied. The ratio of Ry/Ry = 0.783 evaluated by static light scattering (SLS) was
close to the theoretical value (Re/Ry = 0.775). Rg and Ry are radius of gyration and
hydrodynamic radius, respectively. This indicated that the nanoparticles had
homogeneous morphology of spheres. When they switched the solvent from DMSO

to H,O, the nanoparticles precipitated presumably via fusion mechanism. To enhance
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the stability of particles in H,O, the particles were crosslinked with ethylenediamine
and cystamine to generate Pl and P2, respectively. As determined by FT-IR
spectroscopy, the absence of former C=0O stretching at 1780 cm® of
pentafluorophenyl ester and the emergence of a new signal from C=0O stretching of

amide bond at 1650 cm™ verified the success of cross-linking.

Redox-responsiveness of disulfide linkage-containing particles was tested
using glutathione (GSH) as a reducing agent. P1 and P2 were treated by different
concentrations of GSH in PBS buffer and measured the change of particle size with
incubation time (h). It was expected that the particles without disulfide linkages, P1
would not show any redox responsiveness in all cases. According to the results, P2
solely showed redox responsiveness when treated with 10 mM of GSH. The Z-
average diameter (nm) increased with respective incubation time (h). Cross-linked P1
and P2 nanoparticles were also tested for cytotoxicity against A549 cells. The cell
viability was more than 92% indicating that P1 and P2 nanoparticles are
biocompatible. These nano-objects would be great materials for drug delivery

systems.
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Figure 1.7 Schematic illustration of the preparation of PEG;5-b-PPFMA,q, by RAFT-
mediated photoinitiated PISA at 37°C in DMSO and subsequently treated with

ethylenediamine and cystamine to prepare P1 and for P2, respectively [60].
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Poly(2-methacryloyloxyehthyl phosphorylcholine) (PMPC) is a zwitterionic
polymer of which it monomeric design mimics cell membrane structure [61-63].
Owing to its highly water-solubility, biocompatibility, PMPC exhibits great antifouling
property that reduces undesirable non-specific adsorption of proteins and cells [62,
64]. Moreover, PMPC can preserve biomolecules as it provides suitable environment
for maintaining the stability and activity of the biomolecules [61, 65-67]. PMPC has
emerged as a superior antifouling polymer to the well-known PEG whose degraded
products under some conditions such as sonolytic degradation of reactive oxygen
species [68] are found to be toxic to mammalian cells. There are reports on the use
of PMPC as the water-soluble and biocompatible block for preparing polymeric

micelles as drug carriers [69-74].

Hu and co-workers [69] prepared polymeric micelles of poly(aspatic acid)-
block-poly(2-methacryloyloxyethyl — phosphorylcholine)  (PLAsp-b-PMPC).  Redox-
responsiveness was introduced by the modification of disulfide bond conjugated with
tetraphenylethylene (TPE) as aggregation-induced emission (AIE) imaging providing
TPE-SS-PLAsp-b-PMPC. The redox-responsive nano-assembly containing encapsulated
anticancer drug, doxorubicin (DOX) showed highly efficient drug delivery due to its
fast disassembly in the presence of GSH. The polymeric micelles could be able to be
traced due to the AIE property of the conjugated TPF in the polymer chain. These
smart polymeric micelles have a great potential to be further used in biomedical

applications for chemotherapy and biocimaging.

PMPC has also been used to prepare polymeric micelles by PISA. Sugihara
and co-workers [63] studied mechanistic morphological transformation of the block
copolymers having PMPC as a chain extension. Block copolymers of PMPC and
poly(2-hydroxypropyl methacrylate) (PMPC-b-PHPMA) were prepared via PISA through
aqueous dispersion polymerization (Figure 1.8). A variety of morphologies, sphere,
worm, and vesicle were obtained depending on the DP of the core-forming block of

PHPMA (DPppya) and total solid concentration.
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Figure 1.8 Schematic illustration of PMPC-6-PHPMA and morphological transition
depending on DPpypya core-forming block and total solids concentration (w/w %)

[63].

Polymeric micelles prepared by PISA having PMPC shell was investigated by
Noy and co-workers [70]. They prepared block copolymer of PMPC and poly(4-(N-(S-
penicillaminylacetyllamino)phenylarsonous acid) (PENAO) having conjugated with an
anticancer drug as a stabilizer block and poly(methyl methacrylate) (PMMA) as a
core-forming block to yield (P(MPC-co-PENAQO)-b-PMMA) by PISA in mixed solvents of
H,O/EtOH. The effect of zwitterionic PMPC chain lengths on the reactivity and
cytotoxicity of the drug was determined. Soft tissue sarcoma cell lines (HT1080 and
SW982) were subjected to be used for cellular uptake, cytotoxicity, and reactivity
studies. The antifouling characteristic of PMPC shell can protect the micelles from
non-specific adsorption of proteins such as bovine serum albumin (BSA). Less
cytotoxicity was found in PENAO anticancer drug conjugated in the micelles having
shorter PMPC shells when compared to the unencapsulated PENAO. Moreover,

PENAQO activity increased with the decreasing PMPC shell.
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Figure 1.9 Schematic illustration of the preparation of poly(MPC-co-PENAQO)-b-PMMA
via PISA in H,O/EtOH [70].

Taking advantage of PISA strategy, this research aimed to prepare of new
biocompatible and core-functionalizable polymeric micelles based on block
copolymers of hydrophilic PMPC and hydrophobic PFP-based polymer precursors,
namely poly(pentafluorophenyl acryalate) (PPFPA) and poly(pentafluorophenyl
methacrylate) (PPFPMA) to yield PMPC-b-PPFPA and PMPC-b-PPFPMA, respectively.
The synthesis of these diblock copolymers is hard to be achieved via the
conventional approach due to the extremely different solubility of the two blocks.
PMPC is synthesized as the first block via reversible addition-fragmentation chain
transfer (RAFT) polymerization which would act as a macro chain transfer agent
(PMPC macro-CTA) for dispersion RAFT polymerization of PFP-based monomers that
simultaneously form the core-forming block via PISA process. Effects of degree of
polymerization (DP) of both PMPC and PFP-based polymers as a second block as
well as solid concentrations on the morphology and size of the nanoassemblies are

systematically investigated.

As core-functionalizable property of the diblock copolymer, we have
interested to study post-polymerization modification using various modifiers such as

fluorescent dyes to form fluorescently labeled nanoparticles. Due to the favorable
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biocompatibility and antifouling characteristic of the PMPC stabilizing block, it is
anticipated that these polymeric micelles would possess potential applications in the
area of biotechnology and biomedicine such as bioimaging, enzymatic nanoreactors,

cellular nanosensors.

Recently, reactive oxygen species (ROS), namely, hydrogen peroxide, hydroxyl
radical, are the main products produced from metabolic processes such as normal
cells respiration in human body [75-77]. However, overproduction of ROS mainly
caused high stress cells leading to inflammable diseases [78-80]. Therefore,
antioxidant compounds, such as ascorbate, glutathione, tocopherol, can act as a ROS
scavenger for inflammable treatment [81]. In addition, Nagasaki group has extensively
reported the synthesis of antioxidant nanoparticles for radical scavenging. TEMPO is

the main pendant group to scavenge ROS species [82-84].

In particular, polyphenol derivatives are also well-known as natural radical
scavenger. They are largely found in fruits, vegetables, and natural products [85].
However, some polyphenols are poorly bioavailable as a result of their low oxidation
stability [86]. Therefore, the preparation of polymeric nanocarriers having conjugated
polyphenol derivative is a very attractive way to fabricate antioxidant nanoparticles
with improved stability. Poly(catechol) is a polyphenol derivative which has been
widely used for various applications. In 1998, Dubey and co-workers prepared various

kind of poly(catechol) by oxidative polymerization using peroxidase as a catalyst [87].

Polydopamine (PDA) is another polyphenol derivative which has been used
for various applications especially surface coating [88, 89] because of its universal
coating property. PDA was also recognized as a radical scavenger. In 2015, Hasegawa
group [90] prepared antioxidant micelles from block copolymer of poly(ethylene
glycol)-b-poly(dopamine) (PEG-b-PDA). They first prepared block copolymer of PEG-

pyrrole as a macro chain transfer agent (macro-CTA) for RAFT polymerization of N-
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acryloyl glycine tert-butyl ester. The micellar nanoparticles of PEG-b-PDA were
obtained by deprotection of tert-butyl groups. This antioxidant nanoparticles
showed the great ROS reduction on scavenging endogenous ROS in human umbilical
vein endothelial cells. Moreover, the micelles also inhibited angiogenesis in the
chicken as determined by ex ovo choricallantoic membrane assay. In the same vyear,
Hasegawa group also studied the synthesis of antioxidant nanoparticles [76]. The
block of PEG was replaced by poly(N-acryloyl morpholine) (PAM) to synthesize the
block copolymers with higher oxidation stability. The stability against auto-oxidation
was found to be proportional to the catechol contents which can be varied as a
function of tert-butyl group deprotection. The copolymer with higher catechol

contents showed a better anti-angiogenic activity.

The direct preparation of polyphenol-containing polymer especially through
radical polymerization is quite difficult because of its reactivity towards radical
species during polymerization. Also, hydroxyl groups have to be protected before
polymerization [91]. PDA was applied as a coating layer on ultrafiltration (UF)
membrane. The copolymer of PMPC and poly(2-(methacryloyloxy) ethyl lipoate)
(MAEL) was reduced to convert MAEL to dithio-containing units (DTMAEL) before
conjugated with the coated PDA via Michael addition [92]. In another work, PDA was
coupled with PMPC through H-bonding and cation-Tt interactions [93]. Copolymers of
PMPC and PDA were synthesized and then grafted onto polyethylenimine (PEIl)
surface to prepare antifouling surface [94]. Herein this research, we aim to prepare
PDA-containing copolymers by post-polymerization modification of the precursor
polymers bearing PFP groups with appropriate nucleophilic modifiers and then

fabricate PDA-containing polymeric nanoparticles for antioxidant applications.
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1.2 Objectives

1. To synthesize and characterize amphiphilic diblock copolymers.

2. To prepare nanoparticles from the synthesized amphiphilic block copolymers.

3. To characterize the copolymer nanoparticles.

4. To perform post-polymerization modification of the copolymer nanoparticles by
nucleophilic modifiers.

5. To synthesize and characterize the amphiphilic copolymer through post-

polymerization modification for being used as an antioxidant nanoparticle.

1.2 Scope of investigation

1. Literature survey for related works.

2. To synthesize PMPC macro-CTA for being used as chain extension for the second
block using controlled radical polymerization based on reversible addition-
fragmentation chain transfer (RAFT) process. Target degrees of polymerization are
set to be in a range of 25-100.

3. Amphiphilic diblock copolymers of PMPC-b-PPFPA and PMPC-b-PPFPMA are
prepared by PISA based on RAFT dispersion polymerization. Target degrees of
polymerization of PPFPA and PPFPMA are set to be in a range of 100-200.

4. To investigate morphological transition of PMPC-b-PPFPA and PMPC-b-PPFPMA as
a function of DPs of PMPC, PPFPA, PPFPMA and solid concentration.

5. Selected fluorescent dye is used as a nucleophilic modifier to modify PPFPMA
located in the core of micellar nanoparticles that are in situ self-assembled from
the amphiphilic diblock copolymer of PMPC-6-PPFPMA.

6. To characterize the modified copolymeric nano-objects and demonstrate their

potential for future applications.
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7. To synthesize and characterization of PDA-containing amphiphilic copolymer by
post-polymerization modification of dopamine (DA) and o-phosphorylethanoamine
(PEA) for being used as antioxidant nanoparticles.

8. To evaluate oxidation stability of PDA-containing amphiphilic copolymer.
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MATERAILS AND METHODS

2.1 Materials
Methanol (99.9%, MeOH) from KT Chemicals (Osaka, Japan), ethanol (99.5%,

EtOH) from Wako Pure Chemical (Osaka, Japan) and tetrahydrofuran (99.95%, THF)
from Amakasu Chemical Industries (Tokyo, Japan) were used as received. Chloroform
(99.0%) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Ultrapure water was
obtained by a Milli-Q system (18.2 MC). Dimethyl sulfoxide (99.0%, DMSO) was
purchased from Wako (Osaka, Japan). 2-Methylacryloxyethyl phosphorylcholine
(MPC) was obtained from NOF corp. 4,4’-Azobis(4-cyanovaleric acid) (ACVA or V-501,
> 97.0%) was purchased from Santa Cruz Biotechnology, Inc. (Texas, USA). 2,2’-
Azobis[2-(2-imidazolin-2-y)propane]dihydrochloride (> 97%, VA-044), 2,2’-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (> 95%, V-70), and triethylamine (> 99.0%, TEA)
were purchased from Wako Pure Chemical (Osaka, Japan). 4-Cyano-4-
(phenylcarbonothioylthio)pentanoic acid (CPD) was prepared according to a
published procedure [64]. Pentafluorophenol (PFP, > 98%) was purchased from TCl
chemicals (Tokyo, Japan). Acryloyl chloride was purchased from TCl chemicals (>
98%) (Tokyo, Japan). Pentafluorophenyl methacrylate (PFPMA, > 97%) from TCl
chemicals (Tokyo, Japan) was used after the inhibitor was removed by eluting
through an inhibitor remover column for removing hydroquinone and monomethyl
ether hydroquinone with a column size of 17 mm x 240 mm (Sigma-Aldrich, St.
Louis, Missouri, USA). 1-Pyrenemethylamine (95.0%, PMA) was purchased from Sigma-
Aldrich (St. Louis, Missouri, USA). Dopamine (DA) was purchased from Sigma-Aldrich
(St. Louis, Missouri, USA), 4-Dimethylaminopyridine (DMAP, > 99.0%) was purchased

from TCl chemicals (Tokyo, Japan).
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2.2 Characterization

'H, *C and "F nuclear magnetic resonance spectroscopy (NMR) measurements
were performed wusing a JEOL (Tokyo, Japan) JNM ECZ 400 MHz NMR
spectrophotometer. Number-averaged molecular weight (M,) and molecular weight
distribution (M,./M,) were determined by gel permeation chromatography (GPC)
system composed of a refractive index detector with phosphate buffer solutions (pH
9.0) as the eluent. The measurements were performed at 40 °C and sodium
poly(styrenesulfonate) as a standard was used for calibration. The flow rate was fixed
at 1.0 mL/min. All sample solutions were filtered using a 0.20-uym pore size
membrane before being subjected to the relevant measurements. Dynamic light
scattering (DLS) measurements were performed using a Malvern (Malvern, UK)
Zetasizer nano ZS equipped with He-Ne laser (dmW at 632.8 nm) at 25 °C. The
sample solutions for light scattering experiments were filtered through 0.45 and 1.0
UM pore-size membranes. Analysis by infrared (IR) spectroscopy was performed using
a Jasco (Tokyo, Japan) FT/IR-4200 by the attenuated total reflection (ATR) technique.
Transmission electron microscopy (TEM) was performed using a JEOL (Tokyo, Japan)
JEM-2100 with an accelerating voltage of 160 kV. Samples for TEM observation were
prepared on a copper grid coated with thin films of Formvar and carbon and were
then stained with sodium phosphotungstate before being dried under vacuum
overnight. UV-Vis spectra were recorded on an Agilent 8453 in a quartz cell with 1 cm

path length.

2.3 Methods
2.3.1 Synthesis of pentafluorophenyl acrylate (PFPA) monomer

Pentafluorophenol (PFP) (25.0 g, 0.136 mol) was dissolved in 100.0 mL of distilled

CHCl; under inert atmosphere (Ar) at 0 °C. Triethylamine (TEA) (16.5 g, 0.163 mol) was
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pre-dried using Na,SO4 for overnight and added dropwise to the cooled reaction
mixture. Acryloyl chloride (AC) (14.7 g, 0.163 mol) and 0.10 g of 2,6-di-tert-butyl
cresol as an inhibitor were then added dropwise to the solution under stirring under
Ar for 3 h in an ice bath. The reaction was monitored by TLC using hexane/EtOAc
80:20 as a mobile phase. After the reaction, yellow precipitate in the solution was
obtained. The mixture was extracted with a saturated brine solution containing NaCl
to eliminate TEA. The reaction mixture was filtered and dried with Na,SO, for 1 h
before the organic phase was concentrated by an evaporator providing the crude
yellow solution. The crude product was then be purified by column chromatography
using hexane as a mobile phase. The pure product was characterized by 'H, *F-NMR

and *C-NMR spectroscopy.

Figure 2.1 Synthesis of PMPC macro-CTA via RAFT polymerization
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2.3.2 Synthesis of PMPC macro-CTA

Targeted degrees of polymerization (DPs) of PMPC macro-CTA were set to be
25, 50 and 100 which was synthesized by the following protocol (Figure 2.1): For
targeted DP of 25, MPC (7.38 g, 25 mmol, 25 eq), VA-044 (162.0 mg, 0.5 mmol, 0.5

eq) and CPD (279.4 mg, 1.0 mmol, 1.0 eq) were dissolved in 25 mL of the mixed
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solvent of 25% (v/v) MeOH in water. For targeted DP of 50, MPC (7.38 ¢, 25 mmol, 50
eq), VA-044 (81.0 mg, 0.25 mmol, 0.5 eq), and CPD (139.7 mg, 0.5 mmol, 1.0 eq) were
dissolved in 25 mL of the mixed solvent of 25 % (v/v) MeOH in water. And for
targeted DP of 100, MPC (7.38 g, 25 mmol. 100 eq), VA-044 (40.0 mg, 0.125 mmol, 0.5
eq) and CPD (70.0 mg, 0.25 mmol, 1.0 eq) were also dissolved in 25 mL of the
mixture of H,O with 25% MeOH solution. After degassing by dispersing with Ar for 20
min, the mixture was put into an oil bath and continuously stirred at 50°C for 2 h.
The reaction was stopped by quenching in an ice bath. %Conversion was calculated

from 'H-NMR data. M,, and dispersity (M,,/M,) were determined by GPC.

Figure 2.2 Synthetic route of PMPC-b-PPFPA via RAFT dispersion polymerization

+
PMPC macro-CTA PFPA /T\ PMPC,-b-PPFPA ,

2.3.3 Dispersion polymerization of PPFPA using PMPC macro-CTA

Targeted DP of PPFPA was set to be 100 which was synthesized by the following
protocol (Figure 2.2) to finally vyield PMPC,-b-PPFPA,-x% (PM,-PF,-x%):
pentafluorophenyl acrylate (PFPA) (1.19 g, 5 mmol, 100 eq), 4,4’-azobis(4-
cyanovaleric acid) (V-501) as an initiator (7.0 mg, 25 pmol, 0.5 eq) and PMPC macro-
CTA (0.4347 g, 50 mmol, 1.0 eq) were dissolved in 5.0 mL of 2,2,2-trifluoroethanol
(TFE) or EtOH as a solvent. The mixed solution of 1 mL was added to an NMR tube.

After that, the sample was degassed by dispersing with Ar for 5 min of each sample.



37

The mixture was put in an oil bath at 70°C (for the reaction performed in TFE and
EtOH) and 40°C (for the reaction performed in EtOH) for a desired time interval. The
reaction was stopped by quenching in an ice bath subjected to 'H-NMR analysis to
determine the percentage conversion of polymerization. The same procedure was
also applied for the synthesis of the copolymers from PMPC macro-CTA having other

DPs and different solvents.

Figure 2.3 Synthetic route of PMPC-b-PPFPMA via RAFT dispersion polymerization
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2.3.4 Dispersion polymerization of PFPMA using PMPC macro-CTA

Targeted DP of PPFPMA was set to be 200 with various total solid content (x%)
to finally yield PMPC,-b-PPFPMA,,-x% (PM,-PFM,,-x%). PMPCsy-b-PPFPMAy,-19% was
synthesized by the following protocol (Figure 2.3): PFPMA (1.26 g, 5 mmol, 200 eq),
V-70 (1.93 mg, 0.0125 mmol, 0.25 eq), and PMPC macro-CTA (0.66 g, 0.05 mmol, 1.0
eq of CTA) were dissolved in 5.0 mL EtOH. The mixed solution of 1 mL was added to
an NMR tube. After that, the sample was degassed by dispersing with Ar for 5 min.
The mixture was left in an oil bath at 40°C for a designated time interval. The
reaction was stopped by quenching in an ice bath and subjected to 'H-NMR analysis

to determine the percentage conversion of polymerization. The same procedure was
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also applied for the synthesis of the copolymers from PMPC macro-CTA having other

DPs and different solid contents as investigated in Table 2.1.

Table 2.1 The variety factors of DPs of PMPC macro-CTA, PPFPMA and total solid

concentration for dispersion polymerization in EtOH

DP of PMPC (n) DP of PPFPMA (m) Solid concentration (Wt%)
50
Up to 200 2,5, and 20%
100

Total solid concentration of polymer solution during dispersion

polymerization can be calculated using Equation 1 (Eq. 1).

Macro CTA (g)+Monomer for second block (g)
Total solid concentration (Wt%) = All reaction mixture () x 100 gq, 1
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235 Post-polymerization  modification of PMPC,-b-PPFPMA,, by 1-

pyrenemethylamine

Figure 2.4 Post-polymerization modification of PMPC-b-PPFPMA,, with 1-

pyrenemethylamine (PMA)

TEA
75°C, 48 h, DMSO H
o) _

H P§° oo
+N +H
PMPC ,-b-PPFPMA PMPC ,-b-

For modification reaction (Figure 2.4): PMPC,y,-b-PPFMA;; (20.0 mg, 0.02 mmol of
PFPMA) was wused as a model for post-polymerization modification. 1-
pyrenemethylamine (PMA) (40.2 mg, 0.15 mmol) and TEA (15.3 mg, 0.15 mmol) were
used as a modifier and base catalyst, respectively. All reactants were dissolved in
10.0 mL of DMSO. The molar ratio of [PFPMA unit in the polymerl/[PMAI/[TEA] was
1/5/5. The mixture was heated at 75°C for 48 h. The mixture was then purified by
dialysis against MeOH and H,O for 2 days each. The product was dried by freeze-
drying to finally yield the pale-yellow powder (50.2 mg, 83%). Dye loading can be

calculated using Equation 2:

Weight of dye loaded in micelles (mg)
Weight of dye—loaded in micelles (g)

Dye loading content (mg/g) = Eq. 2
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2.3.6 Synthesis of PPFPA by RAFT polymerization

Figure 2.5 Synthetic route of PPFPA by RAFT polymerization followed by post-

polymerization modification to prepare antioxidant nanoparticles
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PPFPA was synthesized by RAFT polymerization of which targeted DP was set to
be 100 (Figure 2.5, step 1). PFPA (1.65 g, 10 mmol, 100 eqg), CPD (27.9 mg, 0.1 mmol,
0.1 eq), ACVA (7.0 mg, 0.025 mmol, 0.025 eq) were dissolved in 5 mL of 1,4-dioxane
as a solvent. After being degassed by dispersing with N, for 30 min, the mixture was
left in an oil bath and continuously stirred at 70°C for 7 h. %Conversion, M, and DP

were calculated from 'H-NMR data.
2.3.7 Post-polymerization modification of PPFPA

PPFPA was then used as a polymer precursor for preparing antioxidant
nanoparticles by sequential post-polymerization modification with  varied
composition (Table 2.2) of dopamine (DA) and o-phosphorylethanoamine (PEA),

which act as nucleophilic modifiers (Figure 2.5, step Il and step llI).
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Table 2.2 Composition of DA and PEA used for post-polymerization modification

Feed ratio (%)

DA PEA
10 90
25 75
50 50
75 25

For 10% of DA, PPFPA (200 mg, 0.84 mmol, 100 equiv of PFPA group), DA (15.9
mg, 0.084 mmol, 10 equiv), DMAP (10.3 mg, 0.084 mmol, 1.0 equiv) as a base catalyst
were dissolved in DMF as a solvent. The mixture was continuously stirred for 24 h at
room temperature. After post-functionalization, the crude was purified by dialysis in
acetone for 3 days to yield PDA;y-co-PPFPAq. PDA,-co-PPFPAy, was then post-
modified with the excess amount of PEA as follows: PDA;,-co-PPFPAy, (100 mg, 0.38
mmol, 90 eq of PFPA group), PEA (0.24 g, 1.68 mmol, 180 eq), TEA (0.17 ¢, 1.68
mmol, 180 eq) were dissolved in the mixture of 10% (v/v) H,O/DMF. The reaction
was also continuously stirred at room temperature for 24 h. The product was purified
by dialysis in DI for 3 days and dried by lyophilization. The product was characterized
by 'H NMR and ATR-IR spectroscopy. The compositions of DA and PEA substituted at
PFP-entities in the polymer chain were calculated by relative integration of
characteristic peaks of DA and PEA. The same procedure was also applied for the

synthesis of the copolymers of other compositions.
2.3.8 Determination of critical micelle concentration

The critical micelle concentration (CMC) was determined by fluorescence
spectroscopy using pyrene as a hydrophobic probe. A 10 pL aliquot of pyrene

dissolved in acetone was added to 1.0 mL of the polymer solution with the
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concentration of polymeric micelles in a range of 10 — 1000 pg/mL. The polymer
solutions were sonicated at 60°C for 3 h and then shaken overnight at room
temperature. The samples were determined by emission spectra by fixing the
excitation wavelength at 334 nm. Excitation spectra were recorded from 350 — 450
nm. The intensity ratios of the third at 392 nm and the first peaks at 373 nm (/5/7,)
were plotted against the logarithm concentration of micelles (mg/mL) to determine

the CMC.

2.3.9 Oxidation stability of PDA,-co-PPEA, micelles

The oxidation stability of PDA,-co-PPEA, micelles when directly exposed to air
was determined by UV-vis spectroscopy. The polymeric micelles with a
concentration of 1.5 mg/mL of were dissolved in PBS buffer (pH 7.4) and
continuously stirred under air for 2 h, 2 d, 5 d, 7 d and 14 d. UV-vis spectra of each

sample were recorded in a wavenumber range of 200 - 600 nm.



CHAPTER IlI
RESULTS AND DISCUSSION

3.1 Synthesis of PMPC macro-CTA

PMPC macro-CTAs having targeted DPs of 25, 50 and 100 were synthesized via
RAFT polymerization at 50°C in the mixed solvents of 25% (v/v) MeOH in water for 2
h (Scheme 2.1). All PMPC macro-CTAs were characterized by 'H NMR spectroscopy
of which 'H NMR spectra are shown in Figure 3.1. The characteristic proton signals
appearing at 0.8 — 1.1 ppm (peak e) and 1.9 ppm (peak d) attributed to CH; and CH,
of polymer backbone, respectively. The proton signal of peak m at 3.1 ppm is
assignable to the methyl eroups of quaternary amine ((CHs);-N*). The signals around
3.6 — 4.3 ppm belong to a-methyl of phosphoryl group (peak a, k), ester bond (peak
b) and quaternary amine (peak () of PMPC side group. An appearance of signals from
aromatic protons (peak f, g, h) suggested the presence dithiobenzoate group at the

chain end of PMPC macro-CTA.
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Figure 3.1 'H-NMR spectra of PMPC macro-CTAs having DP of (A) 25, (B) 50, and (C)
100.

Theoretical molecular weight (M, 7)) of PMPC macro-CTA was calculated using

Equation 3.1.

[monomer]x My, monomer
[CTA]

Mp7h = x conversion + M,, cra (3.1)

The molecular weight of PMPC macro-CTA was calculated from the 'H-NMR data

(M am) Using Equation 3.2.

JH /2

-_—+M, 3.2
fo,g,h/5+ \CTA (3.2)

My, nwig =
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where H; are the protons at position ( corresponding to PMPC side chain and Hg,, are
the protons of dithioester end-group at the position f,6,h appearing in the 'H-NMR
spectrum (Figure 3.1).

GPC traces of all PMPC macro-CTAs shown in Figure 3.2 appearing as single
peaks together with molecular weight distribution values of less than (M,/M,) < 1.5
suggested that the RAFT polymerization was well-controlled. The fact that the M,
values calculated from 'H NMR and GPC are in good agreement with the theoretical

values M, 1, (Table 3.1) also supports the assumption.

RI response

TR SR TR TR S TN T T TN S Ty SRR TN TR A N1 !

12 13 14 15 16
Elution time

Figure 3.2 GPC traces of PMPC macro-CTA DP,5 (—), DPs; () and DP;qq ()



a6

Table 3.1 Molecular weights and molecular weight distribution of the synthesized

PMPC macro-CTAs.

Target DP % Conversion Mn! Th Mn! NMR Mn, GPC MV\/Mn
x 10* x 10° x 10
(g¢/mol)  (g/mol) (g/mol)
25 100 0.77 0.87 0.78 1.14
50 100 1.50 1.33 1.25 1.10
100 100 2.98 3.00 1.49 1.32
M, = Theoretical number-averaged molecular weight
My, nr = Number-averaged molecular weight determined from 'H NMR data
M., gec = Number-averaged molecular weight determined by GPC
M./M,= Molecular weight distribution determined by GPC
3.2 Dispersion polymerization of PPFPA using PMPC macro-CTA
3.2.1 Synthesis of PFPA monomer
o]
i L
o F F ~ o
\)L + TEA, CHCI, E
cl L Ar, 0°C, 3h
F F F

Figure 3.3 Synthesis of PFPA monomer

PFPA was synthesized via substitution reaction of acryloyl chloride and

pentafluorophenol (PEP) in CHCl; under inert atmosphere (Ar) at 0°C for 3 h in the

presence of TEA as a base catalyst. The crude product was purified by column

chromatography using hexane as an eluent. 1.23 ¢ of PFPA was obtained with 38%

yield. The pure PFPA was then characterized by 'H, **C and **F NMR of which spectra

are shown in Figure 3.4. As anticipated, the peaks of methylene protons of alkene
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appeared at 6.2 - 6.8 ppm in the 'H NMR spectrum, *C NMR was also used to
confirm the success of PFPA synthesis that showed the characteristic peaks (a, b) of
carbon atoms of alkene at 125.1 — 131.5 ppm. The carbons of the fluorophenyl ring
appeared at 136.6 — 142.9 ppm. The carbonyl peak appeared at 162.1 ppm. Besides,
YF NMR spectrum showed the peaks of fluorine signals at -162.8, 158.3, and -152.6

ppm attributable to fluorine atoms of the pentafluorophenyl ring.
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Figure 3.4 NMR spectra of PFPA monomer: (A) 'H NMR, (B) *C NMR, and (C) F NMR
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3.2.2 Synthesis of PMPC-b-PPFPA in 2,2,2-trifluoroethanol

In PISA process, PMPC macro-CTA and the monomer, PFPA have to be
soluble in the same solvent. 2,2,2-trifluoroethanol (TFE) can dissolve PMPC macro-
CTA and PFPA monomer while the polymer of PFPA (PPFPA) cannot dissolve and
decreases its solubility to form micelles in situ. A series of the block copolymer,
PMPC,-b-PPFPA,, with different solid concentration (x%) (PM,-PF,,-x%) were first
synthesized in TFE at 70°C. PMPC macro-CTA with DP,; and DPs, were first selected

for the synthesis of block copolymer via PISA.

PPy 17 29 58 86 94

DPpprpa 31 60 77 91 92

Figure 3.5 Solutions of (A) PM,s-PF,-20%, and (B) PMs,-PF,,-20% performed in TFE

For the system of PMs-PF,,-20%, the polymer solution became turbid with
increasing DPpprpp. However, precipitation of the polymer solutions occurred at the
late stage of the reaction at DPpprpp Of 86 and 94. Upon increasing the DPpypc
stabilizer block, the PMs,-PF,,-20% solution became precipitated at DPppeps Of 91 and

92 suggesting that the well-dispersed polymeric nanoaggregates were not formed.
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A kinetic study investigated a relationship between monomer conversion and
polymerization time as shown in Figure 3.6A. Semi-logarithmic plots of the two

series are also shown in Figure 3.6B.

A 100 B 3 .
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o 0 A PM,-PF,,-20% 0 ° A PMyy-PF,,-20%
0 4 8 12 16 20 24 0 4 8 12 16 20 24
Polymerization time (h) Polymerization time (h)

Figure 3.6 (A) A plot of monomer conversion as a function of polymerization time
and (B) pseudo-first-order polymerization kinetics of PM,s-PF,, and PMs,-PF,, series

with 20% solid concentration

According to the kinetic study, the highest monomer conversion of the two
series reached the maximum at almost 100% within 24 h. The semi-logarithmic plots
showed linear trends from the beginning of polymerization within 4 h for PM,s-PF,,-
20% and 12 h for PM,s-PF,,-20%. These results implied that the polymerization of
the two systems was not well-controlled at the later stage of the reaction
presumably due to the phase separation of the resulting block copolymers as
evidenced from the precipitation (Figure 3.5). Particle size and size distribution of the
polymeric micelles at all polymerization time intervals was also monitored by DLS
(Figure 3.7). For the series of PM,s-PF,,-20% (1** column), the particle size distribution
was relatively broad at low DP of the core-forming PPFPA block (m = 17, 29) implying
that the micelles are not homogeneous in size. The PDI became lower once the
PPFPA block length became longer than the PMPC block length (m > n). TEM images
in the second column of Figure 3.7 revealed that the micelles of the PM,s-PF,,-20%

are spherical in shape.
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Figure 3.7 DLS profiles and TEM images of PM,s-PF,,-20% and DLS profiles of PMs,-
PF,-20% in TFE at C, = 1 mg/mL.
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The micelles assembled from the series of PM;s,-PF,,-20% had relatively
narrow size distribution (PDI < 0.2) when the length of PPFPA block was equal to or
larger than that of PMPC block. This also indicates the strong impact of the core-
forming PPFPA which is the main driving force of self-assembly during PISA. It should
be observed that light scattering intensity values (LSI) at all conditions are relatively
high suggesting that there were large quantity of the micelles in solution. Since DLS
profiles as a function of light scattering intensity (LSI) of some conditions were not
unimodal distribution. Therefore, DLS profiles as a function of number distribution
(Figure Al) were investigated instead to observe the relationship between mean
particle diameters and DPpprpa. As shown in Figure 3.8, the diameter of the particles
tended to increase as a function of DPpprpa. Nevertheless, the relationship is not
exactly linear which may be explained as a result of uncontrolled PISA and inter-

micellar aggregation.

140 1 ¢ PM,;-PF,,-20%

120 4 o PM,,-PF,-20%
— 100 n
E 80 - % i
Q 60 A %

ettt

0 20 40 60 80 100

DPpprpa

Figure 3.8 The relationship between mean diameter of the particles and DPpprpp Of

(A) PM_s-PF,,-20% and (B) PMsy-PF,-20% determined by DLS at C, = 1 mg/mL

As shown in Figure 3.7, TEM images indicate that all micelles in the series of
PMys-PF,,-20% were spherical. Morphological transition as a function of DPppeps Was
not observed. It was found that the PMPC,5 macro-CTA alone also aggregate in TFE

with the mean diameter as about 182 nm and LSI as 3,125.4 kcps. (Figure A2). It
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was suspected that this behavior may prevent morphological transition. For this
reason, an alternative solvent may be used to overcome this limitation. Ethanol was
chosen as an alternative solvent because it can dissolve all reactants including PFPA
monomer. More importantly, PMPC macro-CTA of all DPs were in unimer state as
shown in DLS profiles (Figure A3) with low LSI values implying that PMPC macro-CTA

did not aggregate in ethanol. Therefore, ethanol was a suitable solvent for PISA.
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3.2.3 Synthesis of PMPC-b-PPFPA in ethanol

The reactions were performed at 70°C in ethanol using PMPC macro-CTA DPs.

The polymer solutions became precipitated at all time points suggesting poorly

controlled polymerization as shown in Figure 3.9.

|

DPpprpa 13 49 85 91 94
Figure 3.9 Polymer solutions of PM,s-PF,,-20% prepared in ethanol

A kinetic study was also monitored by 'H NMR spectroscopy. Monomer
conversion dramatically increased from 0 to 5 h (Figure 3.10A). After that, the
polymerization rate gradually increased until reaching 100% at 24 h. Linear pseudo-
first-order polymerization kinetics was observed up to 5 h (Figure 3.10B) suggesting
the polymerization was not well-controlled beyond 5 h. This agrees well with the

fact that precipitation of solutions was observed during PISA, particularly at the late

stage of polymerization.
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Figure 3.10 (A) A plot of monomer conversion vs polymerization time and (B)

pseudo-first-order polymerization kinetics of PM,s-PF,,-20% series in EtOH

According to DLS profiles of this condition investigated as the size distribution

of LSI function (Figure 3.11), size distributions of PM,s-PF,,-20% showed bimodal
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distributions, indicating that the micellar formation was not well-formed due to
precipitation during polymerization. The evolution of particle size against DPppepp Of
this condition was also found to be irregular implying the uncontrolled
polymerization (Figure 3.12). In addition, the mean diameter of particles as a
function of number distribution dramatically increased at DPppgpp from 13 to 49 and

went down at DPppepa 85. Therefore, this condition was still not well-controlled.
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Figure 3.11 DLS profiles of PM,s-PF,,-20% in EtOH using polymer concentration (C,) 1

mg/mL

Olllllllll
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Figure 3.12 The relationship between mean particle diameter and DPppgps Of PMys-

PF,-20% determined by DLS as a number distribution function at C; = 1 mg/mL
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To maintain the stability of diblock copolymeric nanoparticles, PMPC macro-
CTA as a stabilizer block should be increased from 50 to 100. Moreover, the
condition of polymerization should also be changed by performing the reaction at a
lower temperature to retard the polymerization rate as investigated. The reactions
were performed at a lower temperature of 40°C in ethanol using PMPC macro-CTA
DP1go- Polymer solutions at different time points became opaquer as the DPppepa

increased as shown in Figure 3.13.

7 17 54 100 100

Figure 3.13 Polymer solutions of PM;g,-PF,,-20% prepared in EtOH

DPpprpa

Under this condition, the polymer solution did not precipitate as a relatively
long PMPC,p macro-CTA was used as the stabilizer block. Monomer conversion
evaluated by 'H NMR spectroscopy gradually increased with polymerization time and
reached 100% at 12 h (Figure 3.14A). Besides, the pseudo-first-order kinetic plot
showed linearity from 0 h until 5 h (Figure 3.14B) suggesting well-controlled
polymerization. The kinetic results agreed with the physical appearance of the

polymer solutions that did not precipitate during PISA.
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Figure 3.14 (A) A plot of monomer conversion vs polymerization time and (B)

pseudo-first-order polymerization kinetics of PM;y,-PF,,-20% in ethanol.
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DLS profiles of PM;y,-PF,-20% this condition investigated as a function of LSI
(Figure 3.15) distributions showed bimodal distributions under some conditions:
PMjgo-PF7; and PMp-PF;; indicating that polymerization of PPFPA was not well-
controlled. The evolution of particle size against DPpprpp agreed with the previous
assumption that the trend was also found to be unusual due to uncontrolled

polymerization as shown in Figure 3.16.
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Figure 3.15 DLS profiles of PM;pp-PF,,-20% in EtOH at C, = 1 mg/mL
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Figure 3.16 The relationship between mean particle diameter and DPppps Of PM;gp-

PF.,-20% determined by DLS as a number distribution function at C, = 1 mg/mL
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Up to this point, it was realized that the uncontrolled polymerization may be
caused by the unequivalent reactivity [95] between the methacrylate monomer, MPC
and the acrylate monomer, PFPA. In principle, MPC is more reactive than PFPA as the
former generates the tertiary radical species which are more stable than the
secondary radical generated by the latter during radical polymerization. To solve this
problem, PFPMA was selected as an alternative monomer of which reactivity towards

radical polymerization is equivalent to MPC.

3.3 Dispersion polymerization of PFPMA using PMPC macro-CTA

Here, in this case, a series of the block copolymer, PMPC,-b-PPFPMA,, with
different solid concentration (x%), (PM,-PFM,,-x%) were synthesized. Having used
PMPC macro-CTA with n of 50 and 100, m which is the DP of core-forming block of
PPFPMA as well as the solid concentration were varied. The maximum m was set to
be 200. 'H and “C NMR were used to confirm the success of block copolymer
synthesis. As shown for PMsy-PFMyp-20% (Figure 3.17A), the characteristic signals
appeared at 0.8 — 1.1 and 1.1-2.6 ppm attributable to methyl and methylene protons
of the polymer backbone, respectively. The proton signal of peak m at 3.1 ppm is
assignable to the methyl groups of quaternary amine ((CHs)s-N). On the other hand,
the signals around 3.6 — 4.3 ppm correspond to O-methyl of a phosphoryl group

(peak q, k), ester bond (peak b) and quaternary amine (peak () of PMPC side group.

According to *C NMR spectrum (Figure 3.17B), carbonyl groups of PMPC and
PPFPMA appeared at 178 and 173 ppm, respectively. Carbon atoms of the
pentafluorophenyl moiety appeared in a range of 125 — 143 ppm. Moreover, F NMR
and FT-IR spectroscopy (Figure 3.18) were used to confirm the presence of PPFPMA

in the diblock copolymer.
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Figure 3.17 (A) 'H NMR spectrum of PMsy-PFMy,, and (B) °C NMR spectrum of PMs,

PFMg,, recorded in CDCly/MeOH-d, (3/1, v/v) at 60°C
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Figure 3.18 (A) F NMR spectrum, recorded in CDCly/MeOH-d, (3/1, v/v) at 60 °C and
(B) ATR-IR spectrum of PMs,-PFMy,

There are the characteristic peaks of pentafluorophenyl group in the polymer
chain appearing at -147, -149 ppm (ortho), -155 ppm (para), and -161 ppm (meta).
FT-IR spectrum showed C=O stretching of carbonyl groups of PPFPMA and PMPC at
1790 and 1744 cm’, respectively. The appearance of phosphoryl group
corresponding to PMPC side chain can also be evidenced from P=0O stretching at
1065 cm™.

As determined from 'H NMR data, the kinetics of RAFT dispersion
polymerization of PFPMA using PMPC macro-CTA to synthesize block copolymers
with targeted DPppepya Of 200 can be established. According to Figure 3.19, using
PMPCs, as macro-CTA, PFPMA was almost entirely consumed by 8 h at 20% solid
concentration. The kinetic of polymerization became much slower at 5% solid
concentration indicating the dilution has a strong impact on the growth of PPFPMA
second block. It took 24 h for complete PFPMA conversion. Increasing the chain

length and molecular weight of the PMPC macro-CTA from 50 to 100, the kinetic was
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so low that only 54% PFPMA conversion was reached at 24 h. Pseudo-first order
kinetics (Figure 3.19B) demonstrated that the RAFT dispersion polymerization of
PFPMA was well controlled regardless of the molecular weight of PMPC macro-CTA

and solid concentration.
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Figure 3.19 (A) Monomer conversion as a function of polymerization time and (B)

pseudo-first order kinetics of PFPMA polymerization using PMPC as a macro-CTA.

Additionally, DLS profiles as a function of LSI of PM,-b-PFM, (Figure A6)
displayed narrow distribution in all conditions, implying that polymerization of the
diblock copolymer using PMPC macro-CTA and PFPMA as a monomer for a second

block was well-controlled and also generate well-defined polymeric micelles.
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3.3.1 Characterization of nanostructures formed upon PISA

Nanostructures self-assembled from the block copolymers were monitored
by both TEM and DLS. As shown in entry 2, column 1 of Figure 3.20, PMsy-PFM,-
20% assembled into spherical-like micelles with bumpy surface having size of ~
131.5 nm. Individual particle looks like an aggregate of smaller nanoparticles (~ 20 -
30 nm). Further growth of PPFPMA block let to PMsy-PFMgs-20% with slightly larger
overall diameter (~ 147.9 nm) having the same morphology. There seems to be a
greater number of small nanoparticles combined into one aggregate. The fact that
DLS profiles (column 1, Figure 3.21) of both block copolymers appear as single
peaks with extremely low polydispersity index (PDI of less than 0.1) suggested that
the assembled nanostructures are extremely mono-dispersed. Relatively high light
scattering intensity (LSI) of ~ 100,000 also verified the high solid concentration of the
solution which appear milky (top right insets in column 1 of Figure 3.20). As
anticipated, the sizes determined by DLS under hydrated condition are slightly larger
than those evaluated by TEM under de-hydrated condition. It should be emphasized
that the solution became precipitated once the conversion of PFPMA was almost
complete (DPppepyia in the range of 188 — 200), implying that the PMPC block with DP

of 50 was not enough to provide colloidal stability to the self-assembled structures.

As a result of slower kinetic at 5% solid concentration, we managed to
prepare the block copolymer with the shorter PPFPMA block, PMs,-PFM,-5%. As
shown in entry 1, column 2 of Figure 3.20, the assembled structure also appeared
as bumpy micelles, each contains a few extremely small particles, with an
approximate overall diameter ~ 47.2 nm. Extending the block of PPFPMA gave rise to
PMso-PFMgp-5% having a similar structure with slightly larger overall diameter.
Interestingly, small nanoparticles of PMsy-PFMg-5% that combined into one
ageregate were larger than those of PMs,-PFM,,-5% as anticipated for the longer

PPFPMA block (entry 2, column 2 of Figure 3.20).
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Figure 3.20 TEM images (10,000x) and proposed morphologies of the PMs,-PFM,, and

PM;00-PFM,,, series having 5 and 20% solid concentration. Each TEM image contains
two insets; one on the top right shows an image of the copolymer solution and one

at the bottom right shows a magnified TEM image (40,000x).
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Figure 3.21 DLS profiles of PMsy-PFM,, and PM,y,-PFM,,, series with a variety of solid

concentration

Having the same block composition, the PMsy-PFM4-5% apparently consisted
of fewer smaller particles in one aggregate than the PMs;-PFMs-20% (entry 2,
column 1 of Figure 3.20) suggesting the solid content has a strong impact on both
packing density and size of the aggregates. Increasing the PPFPMA block length
further to 109 yielded PMs,-PFM;00-5% of which assembled structure was no longer

regular in both size and shape. The undirectional inter-micellar aggregation gave
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interconnected network (entry 3, column 2 of Figure 3.20) so that the size of
individual aggregate cannot be identified. As expected, LSI values of the series of
PMso-PFM,,-5% proportionally decreased as a result of lower solid content as
opposed to those of the series of PMs-PFM,-20% (column 2, Figure 3.21). The
solutions appeared to be less milky and more translucent (top right insets in column
2 of Figure 3.20).

It has been reported that high-order morphological transition (e.g. sphere-
worm-vesicle) during PISA depends on many factors such as volume fraction
between hydrophilic/hydrophobic  blocks [96, 97], directional fusion between
particles to minimize the surface energy [98]. Directional fusion may be disturbed by
enormous inflexibility of the polymer chains. Therefore, undirectional sphere-sphere
fusion may occur, leading to bumpy micelles and self-aggregation instead of
structures with  high-order morphologies.[99] Such a trend was observed in this
research. Spherical-like micelles of varied degree of inter-particle fusion were
evidenced for both the series of PMsy-PFM,,-20% and PMs,-PFM,-5% of which m
value is less than or close to 50. In other words, the length of core-forming
hydrophobic block of PPFPMA does not exceed that of the shell-forming hydrophilic
block of PMPC. It is believed that the limited chain mobility is caused by 7-7 stacking
together with hydrophobic interactions among pentafluorophenyl (PFP) entities, the
side groups of the core-forming PPFPMA block. In the case of PMsy-PFM;p0-5% of
which the PPFPMA block was twice longer than the PMPC block, the polymer chains
would become even more inflexible. The hydrophilic PMPC composition was not
certainly enough to yield spherical-like structure, the most stable morphology, but
rather gave rod-like and network-like structures (entry 3, column 2 of Figure 3.20).
The formation of assembled structures with unusual non-spherical morphology
(“lumpy rod”) was also reported by Sugihara and co-workers [100]. /n situ crosslinking

by bifunctional monomer of ethylene glycol dimethacrylate used as a second block
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for aqueous dispersion polymerization through PISA led to extreme inflexibility of the
polymer chains.

For the series of PM;p,-PFM,,-5%, all assembled structures appeared as
spherical-like micelles with lesser degree of inter-particle aggregation as opposed to
the series of PMsy-PFM,,-20% and PMsy-PFM,,-5%. An average diameter of the
individual micelle was in a range of 30-50 nm and proportionally increased as a
function of PPFPMA block length. It is obvious that the PMPC with DP of 100 was
long enough to provide good colloidal stability to the individual micelle so that the
inter-particle aggregation was suppressed. Notably, LSI values of the PM;y,-PFM,,-5%
series (column 3, Figure 3.21) were much less than those of the PMsy-PFM,,-5%
series. This may be explained as a consequence of slow kinetic and relatively low
monomer conversion (See Figure 3.19). As shown in top right insets in column 3 of
Figure 3.20, the solutions of the PM;y,-PFM,-5% series is correspondingly more

translucent than other series.



68

3.4 Core functionalization of nanostructures

The ability to undergo functionalization via post-polymerization modification of
the PPFPMA situated in the core of nanostructures assembled upon PISA was
evaluated by reacting with PMA, a fluorescence dye. With its well-dispersed
characteristic, relatively uniform spherical morphology with low degree of inter-
particle aggregation and reasonable composition of functionalizable PPFPMA, PM;,-
PFMs;-5% was chosen as a representative diblock copolymer to be subjected to the
test. Several attempts have been made to post functionalize the core of PM;go-
PFMg;-5% nanostructure. It turned out that the modification was only successful
upon using an elevated temperature (75°C) for quite a long period of time (48 h) in
the presence of basic catalyst, TEA. We described this difficulty towards modification
as a result of the strong m-m stacking and hydrophobic interactions among PFP
groups of the core-forming PPFPMA block as mentioned earlier together with the
effective stabilization of relatively long hydrophilic PMPC shell that limited the
accessability of the nucleophilic modifier, PMA into the core of the nanostructure.

The appearance of a new aromatic proton signal at 8.3 ppm and a shift of
methylene protons at 4.6 ppm of conjugated PMA (shifted from 4.9 ppm of free PMA,
Figure 3.22B) in the 'H NMR spectrum of PM;-PFMg;-5% nanostructure after reacting
with PMA (Figure 3.22C) clearly confirmed the success of post-functionalization. Also,
the disappearance of five fluorine signals of PFPMA repeat units at -148, -157, and -
163 ppm implied that all PFP groups were entirely removed after the modification
(Figure 3.23A). Additionally confirmed by FT-IR analysis, the disappearance of C=0
stretching at 1790 cm™ of ester groups in the PPFPMA block and the increment of
C=0 stretching at 1674 cm™ and N-H bending at 1598 cm™ reflected the success of

PMA attachment via amide bond formation (Figure 3.23B).
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Nevertheless, a peak split at 1730 cm™ which can be assigned to C=0
stretching of carboxyl group clearly implied that PFP ester groups of the core-forming
PPFPMA block did not only react with PMA, but also partially hydrolyzed. This may
be unavoidable given that the post-polymerization modification was performed at
elevated temperature in the presence of basic catalyst. It is also possible that this
partial hydrolysis generating hydrophilic carboxyl groups may help loosen the packing
of the remaining unreacted PFP entities so that they became easily accessible to the
nucleophilic modifier, PMA and thus promoted the post functionalization

The presence of pyrene entities in the core of PM;y-PFM4;-5% nanostructure
after post functionalization with PMA was also verified by UV/Vis spectroscopy.
According to Figure 3.24A, free PMA in MeOH showed the absorption spectrum at
the maximum wavelength (},max) of 340 nm whereas the absorbance of the PM;qy-
PFM;-5% modified with PMA showed the red-shifted A, at 345 nm implying that
there is aromatic 7T-7T stacking of pyrene in the core of micelles [101, 102]. As
calculated from the calibration curve shown in Figure A7, Appendix, the loading
content of pyrene in the nanostructure was 230 mg/¢ (pyrene/copolymer). This value
indicated that 36 out of 61 PFPMA repeat units (59%) in the core of nanostructure
being substituted with PMA and implying that the rest of PFPMA repeat units (41%)
were hydrolyzed. This agrees quite well with the result obtained from FT-IR analysis
in that partial hydrolysis took place. The composition of PMPC: PFPMA modified with
PMA as shown in Table 3.2 of 100:36 was close to 100:33 that was evaluated by 'H

NMR analysis.
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Figure 3.22 'H NMR spectra of (A) PM;,-PFM4;-5%, recorded in CDCly/MeOH-d, (3/1,
v/v) at 60 °C, (B) PMA and (C) PM;o,-PFM4;-5% after reacting with PMA, recorded in

MeOH-d, at 25 °C.
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Figure 3.24 (A) UV-visible absorption spectra in MeOH at 25 °C and (B) fluorescence
emission spectra (Ae, = 340 nm) in H,O at 25 °C with slid width of 1.0 nm of PMA (—),
PM;00-PFM,;-5% before (--) and after (—) reacting with PMA.

Table 3.2 The exchange ratio of PMPC:PPFMA calculated from 'H NMR and UV-visible

spectroscopy

The exchange ratio of PMPC:PPFMA

PMPC:PPFMA = (100:61)° 'H NMR UV-visible®

100:33 100:36

9Calculated from quantitative!*C NMR

“Calculated by using the standard curve of PMA following the equation:
mol of PMA in copolymer

PMA composition = X composition unit of PFMA in copolymer

mol of PFMA pendants in copolymer
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The successful modification by PMA attachment can also be demonstrated
by fluorescence spectroscopy as shown in Figure 3.24B. Normally, pyrene and its
derivatives have been extensively studied as a fluorescence probe to determine
microenvironmental polarity from the ratio of the intensities of the first at 376 nm
and the third peaks at 388 nm (/5//;) of their emission spectra [103]. Herein, free PMA
showed fluorescence emission spectrum with a ratio of /5//; of 0.32 upon excitation
(iex) at 340 nm. After being incorporated into the micellar core, /5//; increased to
0.86. This greater value than that of the free PMA suggested that the pyrene entities
situated inside the core experienced a more hydrophobic environment as they
substituted PFP ester moieties via post-polymerization modification [104].
Additionally, the increment of fluorescence excimer emission (fr) at 460 nm and
corresponding I¢/ly ratio (from 0.01 of free PMA to 1.30 of PM;g-PFM4;-5% modified
with PMA) of which Iy, is the intensity of monomer peak at 376 nm implied the closer
of neighboring pyrene inside the core of nanostructure due to 7- 7 stacking
interaction [105].

After post-polymerization modification with PMA, the nanostructure of PM;g,-
PFMg;-5%  still maintained its micellar structure and spherical shape. As
demonstrated by TEM analysis (Figure 3.25A) the size of the assembled PM;y0-PFMg;-
5% prepared in H,O increased in diameter from ~ 68 to ~ 87 nm after modification.
As evaluated by DLS (Figure 3.25B) the mean hydrodynamic diameter (D;) of the
assembled particles slightly increased with reasonably narrow PDI (PDI = 0.169)
suggesting that the PM;y-PFM4;-5% remained stably dispersed after modification.
These results also imply that nanostructure of PMPC-b-PPFPMA is core-
functionalizable by reactive modifier and can be conveniently prepared for

appropriate applications.
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For polymer aggregation behavior after post-functionalization, mean
hydrodynamic diamether (D)) of particles before and after post-modification were
determined by DLS in H,O (Figure 3.25). PMPC,y,-PPMA;; still maintained its micellar
structure after post-modification as shown in DLS profile with narrow distribution (PDI
= 0.169). D;, of the post-modified micelle was 124.7 nm which was slightly greater
than that the micelle before post-functionalization due to larger PMA incorporated
inside the core. TEM images of the polymeric micelles in solid state before and after
post-functionalization prepared in H,O show spherical shape of the modified
polymer with the mean diameter of particles ~ 68 nm. After post-polymerization
modification, the modified polymer also maintained its structure as the spherical
micelles became larger than that before post-functionalization with the mean
diameter ~ 87 nm due to larger PMA molecules than PFMA side groups were
incorporated. These results imply that core-functionalizable PMPC-b-PPFPMA
micelles could be post-functionalized by reactive modifiers, allowing polymeric

micelles to be conveniently prepared for appropriate applications.
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Figure 3.25 (A) Representative TEM micrographs and (B) DLS profiles of PM;sp-PFMg;
before and after modification with PMA, prepared in H,O with polymer concentration

(C,) = 1.0 ¢/L, lindicates the light scattering intensity (LSI).
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3.5 Post-polymerization modification of PPFPA for being used as an antioxidant

nanoparticle

3.5.1 Synthesis of PPFPA as a polymer precursor
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Figure 3.26 Synthetic route of PPFPA by RAFT polymerization and post-

polymerization modification to be used as an antioxidant nanoparticle

PPFPA with a target DP of 100 was synthesized via RAFT polymerization at
70°C in 1,4-dioxane as a solvent for 7 h as shown in Figure 3.30, step |. PPFPA was
characterized and evaluated DP by 'H NMR as shown in Figure 3.31. The
characteristic proton signals appeared at 1.2 — 2.6 ppm and 2.6 — 3.6 ppm attributed
to CH, and CH of polymer backbone (peak a, b), respectively. An appearance of
signals from aromatic protons (peak f, g, h) suggested the presence dithiobenzoate

group at the chain end of PPFPA.
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Figure 3.27 "H NMR spectrum of PPFPA, recorded in CDCl; at 25°C

The molecular weights determined by 'H NMR (M., nur) are close to the
theoretical values (M,, +) as shown in Table 3.3. Theoretical molecular weight (M,, ;)

of PPFPA was calculated using Equation 3.3.

[monomer]x My, monomer

Mn,Th 3 [cTA]

X conversion + My, ;s (3.3)

The molecular weight of PPFPA was calculated from the 'H-NMR data (M, yue)
using Equation 3.4.

[Hq /2

-+ M, 3.4
fo,g,h /5 + ,CTA ( )

Mn, NMR =

where H, are the protons at position a corresponding to PPFPA backbone and
Hee, are the protons of dithioester end-group at the position f, g, h as appearing in

the 'H-NMR spectrum (Figure 3.27).
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Table 3.3 Molecular weights and molecular weight distribution of the synthesized

PPFPA

Target DP Exact DP %Conversion M, 1h M., nmr
x 10 x 10

(g/mol) (g¢/mol)

100 122 100 241 2.90

M, 7, = Theoretical number-averaged molecular weight

M, s = Number-averaged molecular weight determined from 'H-NMR data

Moreover, F NMR and FT-IR (Figure 3.28) were used to confirm the presence
of PPFPMA in the diblock copolymer. There are the characteristic peaks of
pentafluorophenyl group in the polymer chain appearing at -153 ppm (ortho), -162
ppm (para), and -156 ppm (meta). FT-IR spectrum showed C=0 stretching of carbonyl

groups of PPFPA at 1780 cm™.
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Figure 3.28 (A) F NMR spectrum recorded in CDCl; at 25 °C and (B) ATR-IR spectrum
of PPFPA.
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PPFPA;,, was sequentially post-modified by different ratios of DA using DMAP
as a base catalyst in DMF as solvent. The reaction was performed at room
temperature for 24 h yielding PDA-co-PPFPA. After purification, the remaining PFP-
entities in PDA-co-PPFPA were also post-functionalized by excess PEA to yield the
variety composition of PDA,-co-PPEA,. Post-polymerization modification of PPFPA by

DA and PEA was confirmed by F NMR as investigated in Figure 3.29.
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Figure 3.29 "F NMR spectra recorded in CDCl; at 25°C of PPFPA of (A) before and (B)
after reacting with DA and PEA to yield the various ratios of PDA,-co-PPEA,.

The disappearance of five fluorine signals of PPFPA repeat units at -153, -156,
and -162 ppm implied that all PFP groups in all compositions were entirely removed
after the modification (Figure 3.29). Additionally confirmed by ATR-IR analysis, the
appearance of O-H stretching of DA in the polymer chain of spectra d — h between
2800 — 3600 cm™ can be confirmed the success of post-polymerization modification

by DA. P=O stretching of the phosphate group of PEA at 1124 cm™ confirmed the



80

attachment of PEA in the polymer chain. The disappearance of C=0 stretching at
1780 cm™ of ester groups in the PPFPA and the increment of C=0O stretching at 1688
cm™ and N-H bending at 1578 cm™ reflected the success of DA and PEA substitution

via amide bond formation (Figure 3.30).
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Figure 3.30 ATR-IR spectra of (a) PPFPA, (b) DA, (c) PEA, (d) PDA;,-co-PPEAy, (f) PDA,s-
co-PPEAs, (g) PDAsy-co-PPEAs), (h) PDA/s-co-PPEA,5

The success of sequential post-polymerization modification by DA and PEA
was confirmed by 'H NMR spectroscopy with the appearance of a new aromatic
proton signal of DA at 6.3 — 7.2 ppm (peak f, g, h) and peak ¢, d at 3.7 and 4.2 ppm,

respectively. Moreover, the compositions of DA and PEA in the polymer chain were
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evaluated by the relative integration of peaks f, g, h which are attributed to protons
in the aromatic ring of DA and peak b of PPFPA backbone (Equation 3.5).

J Hp

X=——"———, y=100-x (3.5
fo,g,e/3

Where x and y are the compositions of DA and PEA, respectively. It was found
that the compositions of DA and PEA calculated from 'H NMR were close to the feed

ratios of each modifier as shown in Table 3.3.
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Figure 3.31 'H spectra of PDA,-co-PPEA,, recorded in CDCly/acetone-dg (1/1, v/v) at
25°C
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Table 3.4 The compositions of DA and PEA in the polymer chain calculated from *'H

NMR
PDA-co-PPEA, Feed ratio of DA:IPEA  The compositions of DA:PEA
calculated from 'H NMR
PDA;p-co-PPEAg, 10: 90 7:93
PDAs-co-PPEA;5 25:75 19 :81
PDAss-co-PPEAs, 50: 50 56 : 44
PDA;5-co-PPEA,5 75125 N/A

N/A = not measurable

Unfortunately, the compositions of DA and PEA could not be estimated for

PDA,5-co-PPEA,; since there was no peak b of PPFPA backbone in H NMR spectrum

due to the limitation of copolymer solubility in the mixture of NMR solvent.

3.5.2 Micellar formation of PDA,-co-PPEA,

3.5.2.1 Size distribution of PDAx-co-PPEAy

Size distribution of PDA-co-PPEA, was determined by DLS investigated in

Figure 3.32, measured in H,O at 25°C with polymer concentration (Cp) = 1 ¢/L. DLS

profiles of the copolymers showed narrow distribution with the particle size in a

range of 120 — 200 nm. Low LSI values for PDA;,-co-PPEAgy, PDA,s-co-PPEA,; and

PDA;5-co-PPEA,5 indicate low polymer aggregation dispersed in water. The greater LSI

of PDAsy-co-PPEAs,, than those of the other copolymers and narrow distribution of

DLS profile, implied that this copolymer has a high aggregation to form micelles in

water.



83

PDAz1p-co-PPEAg

PDA2s-co-PPEA7s5

Light scattering intensity

10 100 1000 10000

Light scattering intensity

10 100 1000 10000

1 Dy (nm) 1 Dy (nm)
Dn,pLs (nm) 170.5+13.1 175.8 £ 26.0
PDI = 0.246 + 0.083 PDI = 0.228 + 0.026
LSI =119 kcps LSI = 546 kcps

PDAso-co-PPEAsg

PDA7s-co-PPEAs

Light scattering intensity

10 100 1000 10000

Light scattering intensity

10 100 1000 10000

k Dy, (nm) ! Dy, (nm)
Dh,pLs (nm) 1272 +3.3 200.4 £ 135

PDI =0.270 £ 0.009
LSI = 17,366 kcps

PDI = 0.266 £ 0.025
LSI =161.4 kcps

Figure 3.32 Size distribution profiles of PDA,-co-PPEA,, prepared in H,O with polymer

concentration (C,) = 1.0 ¢/L, | indicate the light scattering intensity (LSI).

3.5.2.2 CMC determination of the micelles

To further confirm micellar formation, CMC of the polymeric micelles was

determined by the logarithmic plot of the concentration of micelles (mg/mL) and the

ratio of the first peak at 373 nm and the third peak at 392 nm (/,//5) which was

evaluated using emission spectra measured by fluorescence spectroscopy. PDAsy-co-

PPEAs, solely showed the trend of CMC as 49 ug/mL.
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Figure 3.33 CMC determination by fluorescence spectroscopy using the plots of the
logarithmic concentration of the micelles (mg/mL) and /15 of (a) PDA;,-co-PPEAg, (b)

PDA25-CO-PPEA75, (C) PDA50—CO‘PPEA5O and (d) PDA75‘CO—PPEA25

Only CMC trend of PDAs,-co-PPEAs, agreed with the DLS result, indicating

that the copolymer was well-formation when dispersed in water.

3.5.3 Oxidation stability of PDA,-co-PPEA,

Oxidation stability of PDA,-co-PPEA, micelles when exposed to air was
determined by UV-Vis spectroscopy. To observe the physical appearance of the
micelles dispersed in water, the micelles were continuously stirred in PBS under air
for2h,2d,5d,7dand 14 d (Figure 3.38) to be observed the “auto-oxidation”

products in the presence of oxygen in air in UV spectra.
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Figure 3.34 The solutions of DA and () PDA;s;-co-PPEAg, (Il) PDA,s-co-PPEA;s, ()
PDAsy-co-PPEAs, (IV) PDA;5-co-PPEA,s continuously stirred under air for (a) 2 h, (b) 2 d,
(©)5d,(d) 7dand (e) 14 d.

Normally, free DA can dissolve in water and become darker when occurring
auto-oxidation and auto-polymerization. At 2 h (Figure 3.34a), free DA showed a bit
darker while the solutions of DA-containing copolymers were still clear indicating that
the copolymers conjugated DA can prevent auto-oxidation and polymerization of
free DA. However, the micelles solutions became darker upon exposure to air for a
longer time. Therefore, these DA conjugated copolymers cannot prevent auto-

oxidation when exposed to air for a long time.

DA and its derivatives show the maximum absorbance (4., at 280 nm. The
UV absorbance with the formation of the auto-oxidation products changes the
spectrum by showing other oxidation species such as quinone (A,.c = 395 nm),

dicatechol (4. = 280,485 nm) and a,B-dehydrodopamine (4., = 320 nm). [76]

According to oxidation stability profiles (Figure 3.35), PDA,-co-PPEA, exposed
to air for 2 h was not generate auto-oxidation products as shown in Figure 3.35a that
UV spectra of PDA-co-PPEA, show only the characteristic absorbance at Aax = 280
nm of DA. However, UV spectra of the DA-conjugated micelles changed by showing
the absorbance of oxidation products between 320 — 485 nm upon direct exposure

to air for 2 - 14 d indicated as the black arrow of each profile. It was anticipated that



86

the copolymers conjugated DA could not be able to stabilize DA inside the core and

cannot retard the auto-oxidation of DA by oxygen in air.
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Figure 3.35 Determination of oxidation stability of free DA and PDA,-co-PPEA, when
continuously stirred for (a) 2 h, (b) 2 d, (c) 5d, (d) 7 d and (e) 14 d
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CHAPTER IV
CONCLUSION AND SUGGESTION

The preparation and synthetic methodology of core-functionalizable diblock
copolymeric micelles based on PFP-entities inside the core have been systematically
studied. PMPC was used as a hydrophilic segment and used as a macro-CTA for the
extension of PFP-based monomer for a second block synthesis by PISA via RAFT
dispersion polymerization. PMPC macro-CTA with various target DPs were synthesized
via RAFT polymerization. M, of PMPC macro-CTA closely resembles theoretical
molecular weight and molecular weight distribution (M,,/M,) were below than 1.5

suggesting that RAFT polymerization was well-controlled.

Synthesis  of diblock copolymer PMPC-b-PPFPA  was systematically
investigated with the variation of DPpypc, DPpprpa. DPpypc Of 25, 50 and 100 were used
as a macro-CTA as well as used as a chain extension for the synthesis of PPFPA as a
core-forming block. The polymer solution became precipitation at high DPpprpp and
kinetic study indicated unwell controlled polymerization. Also, DLS profiles displayed
bimodal distribution during the growth of PPFPA core-forming block, indicating that in
situ self-assembled the micelles were not well-formation. Such in this case, the
synthesis of diblock copolymer PMPC-b-PPFPA was not well-controlled due to
different reactivities between MPC and PFPA monomers. Therefore, PFPMA is a
tertiary radical monomer that is initiated in the polymerization system as well as a

good candidate for the diblock copolymer synthesis using PMPC macro-CTA.

Diblock copolymers of PMPC,-b-PPFPMA,,, can be also successfully prepared
via RAFT dispersion polymerization with the variation of DPpypc, DPpprpya @nd solid
concentration as characterized by 'H NMR, F NMR and FT-IR spectroscopy.
According to TEM and DLS analysis, nanostructures assembled from the block
copolymers via PISA appeared mostly spherical in shape of varied size and degree of

inter-micellar aggregation depending on the solid concentration and the relative



88

length of the two blocks. The longer core-forming PPFPMA block especially at high
solid concentration (20%) yielded bumpy micelles by an aggregate of smaller
nanoparticles. Further growth of PPFPMA block, there seems to be a greater number
of small nanoparticles combined into one aggregate. However, the solution became
precipitated once the conversion of PFPMA was almost complete, implying that the
PMPC block with DP of 50 was not enough to provide colloidal stability to the self-
assembled structures. As a result of slower kinetic at 5% solid concentration, the
assembled structure also appeared as bumpy micelles, each containing a few
extremely small particles. Having the same block composition, the PMsy-PFMgp-5%
consisted of fewer smaller particles in one aggregate than the PMs,-PFM¢,-20%
suggesting the solid content has a strong impact on both packing density and size of
the aggregates. Increasing the PPFPMA block length further to 109 yielded PMs,-
PFM;09-5% of which assembled structure was no longer regular in both size and
shape. The un-directional inter-micellar aggregation gave an interconnected network
so that the size of individual aggregate cannot be identified. The strong -7 stacking
together with hydrophobic interactions among PFP entities of the core-forming
PPFPMA block led to the chain inflexibility so that the formation of structures with
high-order morphologies was not possible. On the other hand, the inter-micellar
aggregation was suppressed once the stabilizer PMPC block was long enough to
provide good colloidal stability so that individual micelles could be formed. The
well-packed PPFPMA block limited the accessibility of the nucleophilic modifier, a
harsh condition (high temperature and catalyst) was therefore required to post-
modify the PFP ester groups in the core of nanostructure. Nevertheless, this research
investigation has demonstrated the potential of this developed zwitterionic and core-

functionalizable nanoassemblies for a wide range of applications.

DA-conjugated polymeric nanostructure is an attractive material for being
used as an antioxidant nanoparticle. PPFPA as a polymer precursor was sequentially

post-functionalized by the variation ratio of DA and PEA, respectively to yield PDA,-
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co-PPEA,. PDA,-co-PPEA, was characterized by 'H NMR, F NMR and ATR-IR
spectroscopy. The compositions between DA and PEA in the copolymer were verified
by 'H NMR. Size distribution of PDA,-co-PPEA, was determined by DLS. DLS profiles
showed narrow distribution in all compositions. The greater LSI of PDAsy-co-PPEAs,
than those of the other copolymers and narrow distribution of DLS profile implied
that this copolymer has a high aggregation to form micelles in water. The results
agreed with CMC determination that CMC of PDAsy-co-PPEAs, was solely found to be
49 pg/mL while there was no CMC trend for the other compositions. Oxidation
stability of PDA,-co-PPEA, micelles when exposed to air was determined by UV-Vis
spectroscopy. The polymeric micelles dispersed in water continuously stirred under
airfor2h,2d,5d,7dand 14 d. It was anticipated that the copolymers conjugated
DA could not be able to stabilize DA inside the core and cannot retard the auto-
oxidation of DA by oxygen in air. It is our on-going effort to post-functionalize PPFPA
by reacting with a probe to form a micellar nanosensor that can be used as a
nanomaterial for pre-concentration analytes and improve sensitivity of the detection

especially organic compound detection in water.
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