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The aim of this research is to prepare sensitive and selective sensing materials
based on poly (y-glutamic acid), y-PGA. Hydrophobic moieties, i.e. L-phenylalanine
(L-PAE) and benzoxazine monomers (Bxs) were grafted onto y-PGA. y-PGA-graft-
L-PAE having grafting degree of 30-50% showed thermoresponsive properties. The
grafting degree of y-PGA-graft-L.-PAE had effect on thermoresponsive behavior. In
aqueous solution, the copolymers with grafting degree about 49% showed
thermoresponsive phenomenon at 80°C while the copolymers with grafting degree in
range of 30-36% showed thermoresponsive properties when NaCl was added.
Polymer concentration and polarity of solvent had effect on the thermoresponsive
behavior. The clouding temperatures decreased as polymer concentration and NaCl
concentration increased. The thermoresponsive phenomenon was reversible. Poly
(y-glutamic acid)-graft-3,4-dihydro-3-(2'-ethylhydroxyl)-6-methyl-1,3,2H-
benzoxazine (y-PGA-graft-Mt-Bx) and poly (y-glutamic acid)-graft-3,4-dihydro-3-
(2'-ethyl hydroxyl)-6-ethyl-1,3,2H-benzoxazine (y-PGA-graft-Et-Bx)) were prepared
by esterification reaction. The most attainable degree of conversion of y-PGA-graft-
Mt-Bx and y-PGA-graft-Et-Bx were 30% and 25%, respectively. These graft
copolymers showed a highly selective and sensitive recognition toward Cu (II) and
Fe (III) ions in both aqueous and DMSO solutions. Dual responses, i.e. changes in
color and solubility properties were observed in aqueous solution when the
copolymers formed complexes with Cu (II) and Fe (III) ions. y-PGA-graft-Mt-Bx
showed higher adsorption efficiency than y-PGA-graft-Et-Bx.
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PREPARATION OF AMPHIPHILIC POLYMER FROM
CHEMICAL MODIFICATION OF POLY (y-GLUTAMIC ACID)
(y-PGA) FOR USE AS A SENSING MATERIAL

INTRODUCTION

Our entire world is affected by variety of environmental problems. Some of
the problems are acid rain, air pollution, global warming, hazardous waste, smog,
water pollution, overpopulation, and rain forest destruction. These environment
problems cause damage to human health. To solve these problems, the detection and
removal techniques have become attractive research areas. Various technologies for
the environmental detection have been developed, e.g. electrode sensors, gas sensors,
pH sensors, thermal sensors, colorimetric sensors, and fluorescence microscopy.
Selective, sensitive, and rapid sensing materials generated from biodegradable and

biocompatible materials are required.

Poly (y-glutamic acid) (y-PGA) is a naturally occurring polyanionic
polyamide. It is a major component of some Asian foods such as Natto, a Japanese
fermented soya bean. This polymer is biodegradable and biocompatible. It has been
applied in food, cosmetics, and medical fields (Lianga et. al., 2006; Shih et. al., 2001;
Takami, et. al., 2005; Sung et. al., 2005). y-PGA is a hydrophilic polymer. Its
structure consists of a glutamic acid building block. The carboxylic acid side chains
can be chemically modified to improve its functions. In this research, y-PGA is
chemically modified by grafting with hydrophobic moieties, i.e. L-phenylalanine ethyl
ester (L-PAE) and benzoxazines (Bxs), at the carboxylic acid positions. The
amphiphilic polymers thus obtained are expected to be useful for use as sensing

materials for sensor devices.

This thesis is divided into two parts. The first part is related to chemically
modification of the y-PGA with L-phenylalanine ethyl ester (L-PAE). rL-phenylalanine

is a hydrophobic amino acid. It is reputed to exert anti-depressant properties. Poly(y-



glutamic acid)-graft-L-phenylalanine (y-PGA-graft-L-PAE) shows bioactivity, and it is
biodegradable and nontoxic (Akagi et al., 2005). Due to the amphiphilic
characteristics of the copolymer, it has potential for use as a sensing material for
biomedical and environmental fields. The copolymers with various grafting degrees

are prepared. Their thermoresponsive properties are investigated and discussed.

The second part of the research is related to chemically modification of the y-
PGA with benzoxazines (Bxs). Bxs are heterocyclic compounds consisting of
benzene and oxazine rings. They show inclusion properties, and can entrap metal ion
(Chirachanchai et al., 2000). y-PGA is a potential biosorbent for application in the
removal and recovery of heavy metal (Sonny et al., 2006). Combining of the
benzoxazine into the y-PGA structure is expected to yield a new type of material that
can selectively trap the metal ions. Benzoxazines monomers are grafted into y-PGA
via an esterification reaction. Selectivity and sensitivity for metal ions is qualitatively

and quantitatively studied.



OBJECTIVES

To synthesize amphiphilic polymers, i.e. poly(y-glutamic acid)-graft-r-
phenylalanine, poly (y-glutamic acid)-graft-3,4-dihydro-3-(2'-ethylhydroxyl)-6-
methyl-1,3,2H-benzoxazine, and poly (y-glutamic acid)-graft-3,4-dihydro-3-(2’-ethyl
hydroxyl)-6-ethyl-1,3,2H-benzoxazine, for use as sensing materials for thermo and

colorimetric sensors



LITERATURE REVIEW

A sensor is a device that can detect and respond when the environmental
quantity such as temperature, sound, light, force and pressure change. These quantity
changes are translated to signal as an output. Stimuli-responsive polymers are
polymers those change their structures and functions responding to the external

physical and chemical conditions.

1. Thermoresponsive materials

One of the most important properties of thermoresponsive polymer is the
presence of a critical solution temperature. Critical solution temperature is the
temperature at which the transition phase of polymer solution occurred. If the
presence of the phase transition of polymer solution is above this temperature, this
polymer generally has a lower critical solution (LCST) (Gil et al., 2004).

Temperature responsive mechanism has been considerably investigated because it is
relatively convenient and effective stimuli in many applications, especially for
biomedical fields including drug delivery carriers, artificial muscles, biosensors, and
scaffolds for tissue engineering. Thermoresponsive polymers are categorized into two
types based on the difference in ability of intramolecular interaction. As for type I,
the polymers are totally soluble in water at temperature below LCST since there is
hydrogen bonding interaction between the polymer and water molecules. However,
these interactions are broken at the temperature above LCST, and consequently the
polymer chains collapse into globule conformation and then precipitate from the
solution. For this type, an intramolecular coil-to-globule transition occurs before
intermolecular aggregation through LCST, hence the collapse of individual polymer
chains. Example of polymers those belong to type I are poly (N-isopropyl acrylamide)
(PNIPAAm) and PNIPA Am-based copolymers, such as poly (N-isopropylacrylamide-
co-2-hydroxyethylmethacrylate-6-hydroxyhexanoate), poly (N-isopropylacrylamide)-
co-poly (ethylene glycol) methacrylate, poly (N-isopropyl acrylamide-co-

methacrylic). PNIPAAm-based copolymers are well known and have received much



attention because they show LCSTs of approximately 30°C, which are close to human

body temperature.

Unlike type I, LCST transitions of type II are based on an amphiphilic balance
or hydrophobic-hydrophilic balance of polymer. The hydrophilic/ hydrophobic
balance can be adjusted by introducing hydrophilic or hydrophobic moieties on the
polymer chain. During the LCST transition, the hydrophobic and hydrophilic balance
of the copolymers is broken resulting in intermolecular aggregation. Example of
polymers those belong to type II are block copolymers containing hydrophilic
polyethylene oxide (PEO) segments, such as poly (ethylene oxide-b-propylene oxide)
and poly (lactide-b-ethylene oxide).

Most thermoresponsive polymers reported so far are based on synthetic
polymers which are non-biodegradable, lack of biocompatible and/or cytotoxic
materials. Amino acid-based materials, e.g. elastin-like polypeptides, pegylated
poly-L-glutamates, poly (asparagine) derivatives, have been remarkably developed to
achieve the biodegradation and biocompatibility properties. Nonetheless, they are
synthetic polypeptides or oligopeptides. Natural occurring polypeptides are expected
to yield a novel thermoresponsive polymers those show excellent biocompatibility,

biodegradation, useful bioactivity and nontoxicity.

Poly(y-glutamic acid) (y-PGA) is an anionic polypeptides produced by some
Bacillus strains as a capsular or an extracellular viscous material. It is a main
constituent of the sticky material in natto, Japanese fermented food made from
soybeans. y-PGA is water soluble, biodegradable and nontoxic for humans and the
environment. Its utility has been proposed in the fields of cosmetics, medicine and
water treatment. y-PGA structure comprised of glutamic acid building block which its
carboxylic acid side chains can be chemically modified to modulate its functions

(Figure 1).
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Figure 1 Chemical structure of y-PGA.

In 2004, Shimokuri (Shimokuri et al., 2004) modified y-PGA with propyl
group via esterification to produce a biodegradable polymer that shows
thermoresponsive properties by controlling the hydrophobic-hydrophilic balance of
the polymer chain. The results indicated that none of the samples showed
thermosensitivity in pure water. On the other hand, they showed a clouding behavior
upon heating when NaCl was added. The clouding temperature (LCST) could be

controlled by a change of the NaCl concentration and polymer concentration.

In 2005, Akagi (Akagi et al., 2005) prepared amphiphilic grafted copolymer
from y-PGA and L-PAE (Figure 3). L-PAE is a non-polar amino acid (Figure 2). Itis
used in healthy, pharmaceutical and food products (Buruiana et al., 2010)

0]
OH

NH,

Figure 2 Chemical structure of L-PAE.
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v-PGA-graft-L-PAE

L-Phenylalanine ethyl ester (L-PAE)

Figure 3 Schematic illustration of y-PGA-graft-L.-PAE.

L-PAE was a hydrophobic moiety. It was grafted onto the y-PGA hydrophilic
backbone. The degree of L-PAE grafting depended on amount of water-soluble
carbodiimide (WSC) used during the synthesis process. This grafted copolymer could
be prepared in the form of nanoparticles and applied as a protein carrier. An in vitro
cytotoxicity testing of this copolymer showed that y-PGA-graft-L-PAE nanoparticles
did not induce any cytotoxicity against HL-60 cells and could be used as protein
carriers without significant cytotoxic effect. y-PGA-graft-L.-PAE was able to be
hydrolyzed to glutamic acid by y-glutamic transpeptidase (y-GTP). Figure 4 shows
the SEM images of the enzymatic degradation. After degradation for 2-4 h, their
spherical shape size was gradually lost. With the further degradation, this graft
copolymer disappeared completely (Akagi et al., 2005). Due to the bioactivity,
biodegradability and nontoxicity of y-PGA-graft-L.-PAEs together with their
amphiphilic characteristics, the copolymers has potential to be used as a

thermoresponsive polymer for biomedical and environmental fields.



Figure 4 SEM images of y-PGA-graft-L-PAE following enzymatic degradation with

v-GTP; (a) before degradation, (b) after 2h of degradation, (¢) after 4 h of
degradation, and (d) after 6 h of degradation.

2. Colorimetric materials

In recent year, methods for selective and sensitive detection of metal ions have
received a great attention. A number of metal ions sensors have been developed, for
example, colorimetric sensor. The colorimetric sensor is generally well known, and
commonly used for routine analysis. Colorimetric sensors that provide immediately
change in optical have been interested due to their simplicity, rapidity, high sensitivity
and ease of detection by human eye. The colorimetric sensors of metal ions are based
on a specific chemical reaction or complex formation between the sensor molecule
and target species. Therefore, suitable material for using as a substrate of the

colorimetric sensor should be a compound that can interact with the metal ions.



7-PGA and their derivatives are not useful only in drug delivery and tissue
engineering fields but also useful in environmental application. McLean (McLean et
al., 1990) reported that y-PGA could bind several metal ions such as Ni (II), Cu (II),
Mn (III) and Cr (III).

In 2008, Mamdolna (Mamdolna et al., 2008) reported a complex formation
between y-PGA and lead (II) ions. The complex formation was generated by the
cross-linked of the carboxylic functional groups of linear y-PGA chain and lead (II)
ions. This copolymer could form stable nanoparticles and has a potential for

wastewater treatment.

In 2009, Inbaraj (Inbaraj et al., 2009) used y-PGA as a natural adsorbent for
the mercury (II) adsorption. From this study, y-PGA interacted with mercury (II) by
using their carboxylic acid and amide functional groups. Additionally, y-PGA binded
with mercury (II) could be recovered by using acid solution (pH 2). The reused y-

PGA showed small loss in adsorption efficiency during five cycles of operation.

Hikichi (Hikichi et al., 1990) used 'H and *C-NMR methods to obtain
polymer-metal complex structure. The 'H-NMR results are shown in Figure 5. Peak
at o.-proton was broaden when Cu (II) ions was added to y-PGA solution. The authors
concluded that the oxygen atom of the side chain carboxyl group of y-PGA binds to
Cu (IT) 1ons in aqueous solution at neutral pH and at room temperature. In addition,
the results obtained from *C-NMR spectra suggested that the complex formation was
occurred by the oxygen atom of the side-chain carboxyl group and probably also the

nitrogen atom of amide group interacted with Cu (II).
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Figure 5 "H-NMR spectra of y-PGA in D,O at various Cu (II) concentration at room
temperature amd neutral pH with (a) f =0, (b) f =5 x 107, (¢) f=1x 107,
(d) f=2x102, and (e) f=5 x 10™.

Although y-PGA shows potential for development to be a sensing material for

metal ions, the selectivity and efficiency should be improved.

Supramolecular compounds or host-guest compounds are the most complexes
used in colorimetric sensors. The host molecules can either be acyclic molecules such
as cholic acid or cyclic compounds such as cyclodextrin, crown ether and calixarenes
while the guest molecules can be neutral molecules, cations, and anions depending on
the host cavity. The specific interactions between host and guest molecules bring
about an inclusion phenomenon which relates to many potential applications
especially for use as ions extraction material in environmental application.
Benzoxazines (Bx), heterocyclic compounds consisting of benzene and oxazine ring,
is one of materials that show supramolecular properties, and have been received much

attention in the past few decades.
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In 1999, Chirachanchai (Chirachanchai et al., 2000) focused on the
supramolecular properties of bis (3,4-dihydro-2H-3-methyl-1,3-benzoxazinyl)
isopropane, BA-m (Figure 6) and proposed this compound as a novel ion extraction
material. This research studied the ionophore reaction between BA-m with ions of
alkaline and alkaline earth metals. The ion extraction phenomenon was observed by
using the Pedersen’s technique in liquid-liquid system at room temperature. From
Figure 7, BA-m showed the extraction ability with various metal ions via molecular
assembly by using their oxygen and nitrogen atoms. The amount of entrapped ion

increased as a monomer concentration increased (Figure 8).

G
H04©7(|24©70H + 4HCHO + 2 H,N-CH;
CH;
Bisphenol-A Formaldehyde Methylamine
H;C_
N
< CH;
S |
o () ? o)
)
N
AN
CH;

Bis (3,4-dihydro-2H-3-methyl-1,3-benzoxazinyl) isopropane (BA-m)

Figure 6 Preparation of BA-m.
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Figure 7 The ion extraction efficiently of bis (3,4-dihydro-2H-3-methyl-1,3-

benzoxazinyl) isopropane, BA-m with various concentrations in

dichloromethane solution.
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Figure 8 The ion extraction efficiency of the Ca>” ion as a function of the bis (3,4-
dihydro-2H-3-methyl-1,3-benzoxazinyl) isopropane, BA-m monomer

concentration in dichloromethane solution.

In addition, the efficiency of ions extraction of BA-m was compared with

essential inclusion compounds such as 18-crown-6, calix [4] arene, calix [6] arene,



and calix [8] arene for the lithium (Figure 9) (Yamagishi et al., 1996). The results
showed that the extraction efficiency of the Bx is the highest at nearly 80%.

100

Extraction (%)

Benzoxazine 18- Calix[4] Calix[6] Calix[8]
Crown-6 arene arene arene

lonophore

Figure 9 Comparison of the ion extraction efficiency of the bis (3,4-dihydro-2H-3-
methyl-1,3-benzoxazinyl) isopropane, BA-m monomer with 18-crown-6,

calyx [4] arene, calyx [6] arene, and calyx [8] arene.
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MATERIALS AND METHODS

Materials

Poly (y-glutamic acid) (y-PGA, M,, = 200,000-500,000) was obtained from
Wako Pure Chemical Industries (Japan). r-Phenylalanine ethylester hydrochlorides
(t-PAE), sodium hydrogen carbonate (NaHCOs3) and dimethyl sulfoxide (DMSO, GC
grade 99.5%) were obtained from Sigma-Aldrich (China). 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide or water soluble carbodiimide (WSC) was
purchased from Wako Pure Chemical Industries (Japan). Sodium chloride (NaCl)
was obtained from AnalaR (English). WSC and NaCl were dried at 50°C for 3 hours
before used. Acetonitrile (CH;CN) was purchased from LABSCAN (Thailand).
Sulfuric acid was purchased from Carlo Erba. Analytical grade of copper (II) sulfate
hexahydrate (CuSO4-6H,0), nickel (II) chloride hexahydrate (NiCl,-6H,0), cobalt (IT)
nitrate hexahydrate (Co(NOs3),-6H,0, zinc (II) chloride (ZnCl,), and iron (I1I) nitrate
(Fe(NOs3)3-9H,0) were purchased from Ajax (New Zealand). All purchased
chemicals were used without further purification. Benzoxazines (3,4-dihydro-3-(2'-
ethylhydroxyl)-6-methyl-1,3,2H-benzoxazine, Mt-Bx, and 3,4-dihydro-3-(2'-ethyl
hydroxyl)-6-ethyl-1,3,2H-benzoxazine, Et-Bx) were synthesized by following the
method reported by Kaewvilai (Kaewilai et al., 2012). Cellulose dialysis membrane
(MWCO: 10,000) was purchased from Dimethyl/Por® (Japan). Ultra-pure water was

used for an investigation of thermoresponsive properties.

Instruments

Fourier transform infrared (FT-IR) spectra were recorded on a Bruker Alpha-E
spectrometer. 'H-nuclear magnetic resonance (‘'H-NMR) spectra were recorded on a
Varian Mercury-400 spectrometer with working frequency 400 MHz. Particle size
distribution and surface charge were measured by using a Zetasizer Nano ZS

(Malvern Instruments, U.K.).
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Clouding temperature was determined from changes of the transmittance at
500 nm against temperature using JASCO V-550 UV/VIS spectrophotometer. Metal-
ions-responsive properties were investigated by using Shimadzu UV-1700

spectrophotometer.
Methods

1. Chemically modification of poly (y-glutamic acid) (y-PGA) with
L-phenylalanine (L.-PAE)

1.1 Synthesis of poly (y-glutamic acid)-graft-L-phenylalanine (y-PGA-graft-r-
PAE)

v-PGA-graft-L.-PAE was synthesized by using y-PGA and L-PAE as
reactants, and using WSC as a catalyst. The synthesis reaction of y-PGA-graft-.-PAE

was shown in Figure 10.

0
I
%NH—C‘H—CH2CH2—C§»
n

COOH
T Q
Poly (y-glutamic acid) (y-PGA) %NH— CH- CHZCHZ—Cﬂ NH-CH- CHZCHZ—C%
C=0 COOH 1
+ > i
WSC NH—(le—C—O——CHz— CH;
o) CH,
Il
HN—CH—-C—0~CHy~CH,
CH,

v-PGA-grafted-L-PAE

L-Phenylalanine (L-PAE)

Figure 10 Schematic illustration of y-PGA-graft-L-PAE.
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7-PGA (606.3 mg, 4.7 mmol of glutamic acid repeating units) was dissolved
in 0.1 M NaHCO; (100 mL) in an erlenmeyer flask at 4 °C for 15 minutes. WSC (96-
3604 mg, 0.5-19.6 mmol) were then added in each of the solution by following the
conditions in Table 1. The mixtures were stirred at 4 °C for 30 minutes. After that
L-PAE (1080 mg, 4.7 mmol) was added and stirred at 4 °C for 1 hour. These mixtures
were stirred overnight at room temperature. The solutions were dialyzed through
dialysis tube. The distilled water was changed every 30 minutes during the first 8
hours, and then 12 hours for 7 days. The purified product solutions were dried by
freeze dryer for 3 days.

Table 1 Amount of chemicals for synthesis of y-PGA-graft-.-PAE.

Sample v-PGA WSC L-PAE
mmol mg mmol mg mmol mg
1 4.7 606.3 0.5 96 4.7 1080
2 4.7 606.3 | 230 4.7 1080
3 4.7 606.3 815 671 4.7 1080
4 4.7 606.3 3.8 728 4.7 1080
5 4.7 606.3 4.7 901 4.7 1080
6 4.7 606.3 94 1802 4.7 1080
7 4.7 606.3 14.1 2703 4.7 1080
8 4.7 606.3 19.6 3604 4.7 1080

1.2 Characterization of y-PGA-graft-L.-PAE

The chemical structures of the obtained y-PGA-graft-L.-PAE were
characterized by FT-IR and '"H-NMR spectroscopies. The samples for FT-IR
technique were measured with 32 scans at a resolution 16 cm™ over the range from
4000 to 600 cm™. "H-NMR technique was measured in dimethyl sulfoxide-ds
(DMSO-dg) and "H-NMR chemical shift in parts per million (ppm) were recorded
from 0.00 ppm to 9.00 ppm using tetramethylsilane (TMS) as an internal standard.
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Particle size of y-PGA-graft-L-PAE were determined by dynamic light
scattering (DLS) method. The y-PGA-graft-L-PAE suspension was filtered through

Millipore nylon filters (pore size 0.4pum) to eliminate dust and large contaminants.

Thermoresponsive behaviors of y-PGA-graft-L.-PAE samples were
investigated by eye detection and UV-Vis spectroscopy. Polymer solutions were
heated to 80 °C, and then cooled to 0 °C, alternatively. The UV-Vis spectroscopy
were performed using heating and cooling rates of 0.5 °C'min™". The temperature
dependence of the light transmittance with a wavelength of 500 nm was monitored,
and clouding temperature (T¢ouq) Was determined as the temperature at which
transmittance decreased to half of its initial value. The polymer solutions were

centrifuged to remove aggregates before measurement.

2. Chemically modification of poly (y-glutamic acid) (y-PGA) with benzoxazine

monomers (Bxs).

2.1 Synthesis of poly (y-glutamic acid)-graft -benzoxazine monomers

(y-PGA-graft-Bxs)

3,4-Dihydro-3-(2'-ethyl hydroxyl)-6-methyl-1,3,2H-benzoxazine (Mt-Bx)
and 3,4-dihydro-3-(2'-ethyl hydroxyl)-6-ethyl-1,3,2H-benzoxazine (Et-Bx) were used
to graft onto y-PGA backbone. y-PGA-graft-Mt-Bx and y-PGA-graft-Et-Bx were
synthesized via the esterification reaction as shown in Figure 11 and Figure 12,

respectively.
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Poly(y-glutamic acid) (y-PGA) éHz—CHz—N/\O
+ H,SO, .
A
07 > N—CH,CH,0H
CH,
Methyl-Benzoxazine
CHs (Mt-Bx) v-PGA-grafted-Mt-Bx

Figure 11 Schematic illustration of y-PGA-graft-Mt-Bx synthesis.

PR ke AN S
I
N—C—CH,CH,—C ~EN—§—CHZCH2—C N—C—CH,CH,—C
|
COOH 1 ¢=0 h COOH i

(0]

- ic acid) (y- l
Poly(y-glutamic acid) (y-PGA) CH2—CH2—N/\O
+ H,SO, .
0~ >N—CH,CH,OH A
Ethyl-Benzoxazine CH,CH;4
CH,CHj (Et-Bx) y-PGA-graft-Et-Bx

Figure 12 Schematic illustration of y-PGA-graft-Et-Bx synthesis.

v-PGA (1.0 g, 2.0 mmol) was dispersed in CH3CN (100 mL) inside a two-neck
round bottom flask equipped with a magnetic stir bar, a condenser and a dropping
funnel. After that, 80 mL of acetonitrile solution of Mt-Bx (1.5 g, 7.75 mmol) or
Et-Bx (1.5 g, 7.75 mmol) was slowly drip-fed into the slurry. The mixture was
further refluxed and vigorously stirred at 80°C. The optimum reaction time was
determined by using FT-IR spectra. The solid products were purified by washed
several times with distilled water and acetone, and then dried in an oven overnight at

60°C.
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2.2 Study on metal-ions-responsive properties of y-PGA-graft-Bxs

The responsivenesses of y-PGA-graft-Mt-Bx and y-PGA-graft-Et-Bx
toward Cu (II), Co (II), Ni (II), Zn (IT) and Fe (III) ions were primary investigated in
aqueous solution. Aqueous solutions of CuSO4, Co (NOs3),, NiCl,, ZnCl, and
Fe (NO,); were used in this study. The y-PGA-graft-Mt-Bx powder (1.0 mg) or y-
PGA-graft-Et-Bx powder (2.0 mg) was added to each metal ion solution (1.00 mM
for y-PGA-graft-Mt-Bx and 5.00 mM for y-PGA-graft-Et-Bx). The mixed solutions

were detected visually and were also UV-visible spectrophotometer.

The metal-ions responsive properties were quantitatively studied by
photometric titration method in a DMSO solution. Different volumes of DMSO
solution of y-PGA-graft-Mt-Bx (0.02 mM) or y-PGA-graft-Et-Bx (0.008 mM) (Table
2) were added to each metal salt solution (0.40 mM). The mixed solutions were then

adjusted with DMSO to attain a total volume of 10.00 mL.
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Table 2 Volume of y-PGA-graft-Bx used in photometric titration method.

0.02 mM 0.008 mM 0.02 mM 0.008 mM
No. of No. of
1-PGA- v-PGA- 1-PGA- v-PGA-
test test
graft-Mt-Bx graft-Et-Bx graft-Mt-Bx  graft-Et-Bx
1 0.025 0.100 11 0.275 1.600
2 0.050 0.200 12 0.300 1.800
3 0.075 0.300 13 0.325 2.000
4 0.100 0.400 14 0.350 2.500
5 0.125 0.500 15 0.375 3.000
6 0.150 0.600 16 0.400 3.500
7 0.175 0.800 17 0.450 4.000
8 0.200 1.000 18 0.500 4.500
9 0.225 1.200 19 0.550 5.000
10 0.250 1.400
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RESULTS AND DISCUSSION

1. Study on thermoresponsive properties of y-PGA-graft-L-PAEs

1.1 Preparation and characterization of y-PGA-graft-L.-PAEs

The y-PGA-graft-L-PAEs obtained after freeze drying were white foam-
like materials (Figure 13).

?rﬂ""“i _‘:

Figure 13 Appearances of y-PGA-graft-L.-PAEs (sample 1-8)

The FT-IR spectra of y-PGA, L-PAE and y-PGA-graft-L.-PAEs were shown in
Figure 14. The absorption peaks at 3280 cm™ and 1580 cm™ indicated the amide
bonds, and peaks at 3072-3028 cm™ and 1445 cm™ showed the presence of aromatic
rings in structures of the copolymers. For sample number 4-8, the appearance of
absorption peak at around 1630-1640 cm™ was clearly observed. The results
indicated that an increasing of WSC content in synthesis process had effect on an
increasing of amide bonds in the obtained copolymers. Since L-PAE was grafted onto
v-PGA via the amide bond, the obtained spectra of the copolymers revealed that a

grafting degree increased as WSC content increased.
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Figure 14 FT-IR spectra of y-PGA, L-PAE and y-PGA-graft-L-PAEs.

'H-NMR technique was used to confirm the chemical structures of y-PGA-
graft-.-PAEs. Figure 15 showed 'H-NMR spectra of y-PGA-graft-L-PAEs comparing
with those of y-PGA and L-PAE.
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Figure 15 'H-NMR spectra of y-PGA, L-PAE and y-PGA-graft-L-PAEs.
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v-PGA-graft-L.-PAE obtained from synthesis conditions 1 and 2 were insoluble
in deuterated dimethyl sulfoxide (DMSO-d6). NMR measurements of those two
samples were performed in D,O while other samples were measured by using DMSO-

d6 as a solvent. '"H-NMR results were shown as follows.

y-PGA: '"H-NMR (DMSO-ds, & in ppm): 1.6-2.2 (4H, -CHCH,CH,CO-), 4.0-
4.3 (1H, -NH-CH(COOH)-CHz-), 8.5-9.0 (1H, -NH-CH(CO,H)-CH>-)

L-PAE: "H-NMR (DMSO-dg, & in ppm): 1.1-1.2 (3H, -COO-CH,CHjs-), 3.0-
3.3 (2H, HoN-CH(COOC,Hs)-CH,-C¢Hs) , 4.1-4.2 (2H, -COO-CH,CH3), 4.2-4.3 (1H,
H,N-CH(COOC,Hs)-CH,-CgHs), 7.2-7.4 (5H, -Cg¢Hs), 8.5-8.7 (2H, -NH,)

v-PGA-graft-L-PAE conditions 1-2: '"H-NMR (D0, & in ppm): 1.0-1.2 (3H, -
COO-CH,CHs), 1.6-2.4 (4H, -CHCH,CH,CO), 2.7-3.2 (2H, -HN-CH(COOC,H5)-
CH,-CgHs), 3.9-4.2 (1H, -NH-CH(CO,H)-CH,), 7.0-7.4 (5H, -C¢Hs)

v-PGA-graft-L-PAE conditions 3-8: "H-NMR (DMSO-ds, & in ppm): 0.9-1.2
(3H, -COO-CH,CHs), 1.4-2.5 (4H, -CHCH,CH,CO), 2.7-3.0 (2H, -HN-
CH(COOC,Hs)-CH,-C¢Hs), 3.8-4.0 (1H, -NH-CH(CO,H)-CH,), 4.0-4.5 (2H, -CO,-
CH,CHj;, 1H, -NH-CH(CO,H)-CH>), 7.0-7.4 (5H, -C¢Hs), 7.6- 8.0 (1H, -NH-
CH(CO;H)-CHy), 8.2-8.4 (H, -CONH-CH-)

In addition, "H-NMR technique was carried out to calculate the total amount
of L-PAE grafted onto y-PGA backbone, or the grafting degree. Ratios of the integral
area of the chemical shift at 7.20-7.40 ppm (aromatic protons) of L-PAE to the integral

area of methylene protons, 1.0-2.6 ppm, at y-PGA backbone was calculated.

It was found that the grafting degree was affected by the amount of WSC used
in the synthesis process. That is grafting degree increased as amounts of WSC
increased (Figure 16). The reaction mechanism (Figure 17) was proposed by

following the mechanism reported by Naoki (Naoki et al., 1995).
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Figure 16 The relations between the amounts of WSC and grafting degree of
v-PGA-graft-L-PAEs.

From Figure 17, carbodiimide molecule reacts with a proton to form
carbocation (1). This carbocation will be hydrolyzed by water into the urea derivative
(2). The carbocation can react with an ionized carboxyl group to form O-acrylisourea
compound (3). As a result of reprotonation at the site of Schiff base, O-acrylisourea
compound change into a carbocation (4). In the reaction with water, this carbocation
(4) transfer to the urea derivative (2). Since the ionized carboxyl group is a very
strong base, its reaction with carbocation (4) may produce carboxylic anhydride (8).
When an amine is present, the quickly form of the amide (7) was occurred.

Moreover, the carbocation (4) will react with a water molecule or an amine to produce
carboxylate (6) or amide (7), respectively. In addition, a few amine molecules can
react directly with carbocation (4) to form amide (7) without anhydride formation. As
shown in the mechanism, total amount of WSC does not react with y-PGA and .-PAE.
It was lost by the side reactions with water, hence the dependence of grafting degree

on the amount of WSC.
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Figure 17 Proposed reaction mechanisms of the amide formation between carboxylic

acid of y-PGA and amine of L.-PAE in an aqueous media in the presence of

water soluble carbodiimide (WSC).
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1.2 Thermosensitivity of y-PGA-graft-L.-PAEs

Solubility of the copolymers was tested by varying a concentration from
0.1-1.0 mg/mL. The copolymers having grafting degree about or less than 15% were
completely dissolved in the ultrapure water while those having grafting degree higher
than 15% were partially dissolved (Table 3). The solubility of the copolymers

decreased when hydrophobicity of the chain increased.

Table 3 Solubility test of y-PGA-graft-L-PAEs.

Concentration (mg/mL)

Sample %CD
01 02 03 04 05 06 07 08 09 1.0

1 741 © e e e e e e e o o
2 1592 © ° ° ° ° ° ° ® ° °
3 242 © ° @ ° e ° ° ° ° %
4 30641 © ° © ° ° [ ° X X 4
5 36+1 o (] ([ o () (] X X X X
6 49+1 o ([ ([ (] X X X X X X
7 54+4 [ [ ] X X X X X X X X
8 62+2 ] ([ X X X X X X X X

® Soluble X Insoluble

The graft copolymers are amphiphilic polymers that can self-agrregate in
aqueous solution and could form nanoparticles due to their amphiphilic characteristic
(Akagi et al., 2005). Particle sizes of the copolymers in aqueous solutions at various
concentrations are shown in Figure 18 and summarized in Table 4. The size of
v-PGA-graft-L.-PAEs with grafting degrees of 7-62% at concentration of 0.2 mg/mL

are in rang of 30-393 nm.
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Figure 18 Particle sizes of y-PGA-graft-.-PAE with grafting degree of 7-62% in

aqueous solutions at room temperature.

Table 4 Particle size of y-PGA-graft-L-PAEs in aqueous solutions.

Particle size (Mean+SD, nm)

Sample %CD Concentration (mg/mL)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0

1 7+1  393+186 - - - ~ — - - 27+4
2 1542 2454281 - - - — — — — 144474
3 2242 30+04 - — — — — - 3245 X

4 30+1  65+31 - - - - 42+17 X X X

5 361  38+21 — — - 3544 X X X X

6 49+1 58+1 - 68+03 X X X X X X

7 5414 81+1 X X X X X X X X

8 6212 83+6 X X X X X X X X

- No data, X insoluble
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Particle size of the copolymers with low grafting degree (7-15%) is bigger
than that of the copolymers with higher grafting degree. This could be explained that
the copolymer with low grafting degree has lower hydrophobic segments. The
interactions among the polymer chains and water molecules are very strong. Their
structures are expanded. Therefore, the particle sizes are larger (Figure 19 (a)). On
the other hand, when grafting degree increases, the graft copolymer has more
hydrophobic parts and could form smaller particles because their hydrophobic

interactions are dominant (Figure 19 (b)).

Hydrophilic
segment
| ® Water molecule

Hydrophobic
segment

Figure 19 Illustration of y-PGA-graft-L-PAE in aqueous solution at concentration of
0.2 mg/mL at room temperature (a) grafting degree = 7-15%, (b) grafting
degree = 22-62%.

When polymer concentration increases, the size of the copolymers with
relatively low grafting degree (< 15%) are drastically decreases (Figure 18). On the
other hand, concentration of the polymer has lower effect on particle size of the
copolymers when grafting degree is in ranging of 22-49%. According to the
obtained results, the particle size depends on both the polymer concentration and the

grafting degree.

A preliminary detection on thermosensitivity properties of y-PGA-graft-.-PAE

was carried out by observation of change in clarity of the polymer solutions during
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heating and cooling. Aqueous solutions of the copolymers having grafting degree of
7-49% (sample 1-6) were heated to 80°C and cooled in an ice bath alternatively. The
clarity of the solutions did not change during heating and cooling. However, the light
transmittance of the copolymer with grafting degree of 49% (sample 6) trended to
decrease when temperature increased (Figure 20) while transmittance values of those
having grafting degree of 7-36% (sample 1-5) were consistent. The clouding
temperature (Teouq) 0of sample 6 was around 80°C. These results indicated that the

grafting degree had effect on thermoresponsive behavior.

80
60
(0]
(&)
C
©
£ 40f
€
2
© Teioua = 80°C
= 20 F

0 3 5 3

0 20 40 60 80

Temperature (°C)

Figure 20 Effect of temperature on light transmittance of y-PGA-graft-L.-PAE with
grafting degree of 49% (sample 6). The measurement was performed at

heating rate of 0.5°C-min”. The solutions were centrifuged before

measurement.

In general, amphiphilic polymer shows different behavior in solvent of
different polarity. Shimokuri (Shimokuri et al., 2005) found that thermoresponsive
behavior of y-PGA propylates could not be found in pure water but it could be
observed when NaCl was added. Here, it was found that the presence of NaCl
affected the clarity of the solutions of copolymer with grafting degree of 30-49%
(sample 4-6) upon heating and cooling (Figure 21). These results revealed that y-
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PGA-graft-L.-PAEs with the grafting degree of 30-49% had suitable hydrophilic and

hydrophobic balance for thermoresponsive properties in NaCl solution.

_Sample 5 7

Sample 6

.
, e —, cogh
p) i,

0°C 60°C 80°C

Figure 21 Thermoresponsive behavior of y-PGA-graft-L-PAEs in 4M NaCl solutions
(5 mg/mL) without centrifugation.

Particle sizes of the copolymers in 4M NacCl solution at various concentrations
are investigated. The results are shown in Figure 22 and summarized in Table 5. The
size of y-PGA-graft-L.-PAEs with grafting degrees of 7-49% in 4M NaCl at

concentration of 0.2 mg/mL are in range of 62-405 nm.

400F X 0.2 mg/mL
e <> 0.4 mg/mL
< 300f
9 V 0.6 mg/mL
‘»
@ L ® 0.7 mg/mL
S 200 ( 9
E ] 0.9 mg/mL
- 0
100 m B 1.0 mg/mL
X | i'; V
. L L L
0 20 40 60

Average grafting degree (%)

Figure 22 Particle sizes of y-PGA-graft-L-PAEs with grafting degree of 7-49% in
4M NaCl at room temperature.
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Table 5 Particle size of y-PGA-graft-L-PAEs in 4 M NaCl solution.

Particle size (Mean=SD, nm)

Sam
ple %CD Concentration (mg/mL)
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
1 7+1 68+13 = = — — - - — 33+4
2 15+2 192495 L - - - - - — 64+19
3 2242 62+55 - - - - - —  105+55 X
4 301 129+138 — - - — 563 X X X
5 36+1 264+284 — - — 73420 X X X X
6 49+1 40556 - 15949 X X X X X X

- No data X insoluble

Unlike aqueous solution, the size of the copolymers with grafting degree of 7-
15% in 4M NaCl are smaller. This is because NaCl promoted the dehydration effect.
The polymer structures are compact. On the other hand, sizes of the copolymers with
higher grafting degree are bigger. This could be explained that the copolymers with
high grafting degree have more bulky side chains so their sizes are bigger. Moreover,
the hydrophobic interaction is promoted in the presence of NaCl, and lead to an
aggregation of the particles. Therefore, the sizes of the copolymers become larger

when the polymers have more hydrophobic segments.

The effect of temperature on the particle size of the copolymers with grafting
degree of 30-49% was investigated (Figure 23). The particle size increases as the
temperature increases. This is because high temperature enhances the dehydration
effect. An aggregation is easily occurs hence an increase of the particle size (Figure

24).
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Figure 23 Particle sizes of y-PGA-graft-L-PAEs with grafting degree of 30-49% in
4M NaCl at different polymer concentration (a) at room temperature, and

(b) at 60 °C.

Hydrophilic
segment
I

Hydrophobic
segment

® \Water molecule

& NaCl molecule

Figure 24 Schematic illustration of thermoresponsive phenomenon of y-PGA-graft-i-

PAE in NaCl solution.

Effect of NaCl concentration on clouding temperatures of the copolymers was
investigated by UV-visible spectroscopy. The copolymers with different grafting

degree showed response at different temperatures (Table 6).
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Table 6 Clouding temperatures (T¢oud) of 7-PGA-graft-L-PAEs in NaCl solution.

Grafting degree (%)
NaCl (M)
71 152 2242 30+1 3611  49+1
0 - - - - - 80°C
1 — 3 = _ _ _
2 - - - - 76°C -
4 - - - 57°C  70°C -

— No thermoresponsive phenomenon

The measurement was performed at heating rate of 0.5°C-min’'

The copolymers with grafting degree of 30% and 36% (sample 4, 5) did not
show thermoresponsive behavior in aqueous solutions but they showed this
phenomenon when NaCl was added. The reason is because of the dehydration effect
as mentioned above. The clouding temperatures of copolymers with grafting degree
30-36% are in range of 57-76 °C. When NaCl concentration increases, the
dehydration effect is stronger. Aggregation occurred at lower temperature. That is

why the clouding temperature was shifted to lower temperature.

Besides polarity of the solvent, polymer concentration also had effect on
thermosensitivity properties. Effect of polymer concentration on clouding
temperatures was investigated by fixing the NaCl concentration at 4M (Table 7). The
clouding temperatures trended to decrease as the polymer concentration increased.
This might be explained from the results of the particle size which presents in Figure

23.
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Table 7 Effect of polymer concentration on clouding temperature (T¢jouq) Of

v-PGA-graft-L.-PAEs in 4M NaCl solution.

Polymer concentration Grafting degree (%)
(mg/ml) 71 15£2 2242 30+1 36x1  49+1
1 X X X X X X
5 X X X 57°C  70°C X
10 X X X 47°C  59°C  76°C

X: No thermoresponsive phenomenon

The measurement was performed at heating rate of 0.5°C-min”

According to the results shown in Figure 23, the particle size trended to
increase when polymer concentration increase. Since the aggregation of the particle
was easily occurred at high polymer concentration during heating, the clouding
temperature was shifted to lower temperature when the polymer concentration

increased.

It is noticeable that light transmittance in response to temperature curve
showed hysteresis phenomena during the heating and cooling processes (Figure 25).
The phase separation of the copolymer to form aggregations in NaCl solution was
reversible (Figure 26). The clouding temperatures observed in each cycle were
invariant at around 60°C. Once the aggregations were formed during heating, the
temperature response was affected by strong hydrophobic interactions among the

polymer chain, and therefore the transmittance was not recovery to the initial point.
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Figure 25 Clouding temperature hysteresis curve of 10 mg/mL of y-PGA-graft-i-

36

PAE with grafting degree of 36% (sample 5) in heating and cooling cycle

(heating/cooling rate = 0.5°C-min™").
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Figure 26 Reversible change of light transmittance in response to temperature for 10

mg/mL of y-PGA-graft-L-PAE in 4M NaCl solutions (grafting degree of
36%, heating/cooling rate = 0.5°C-min™).
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2. Chemically modification of poly (y-glutamic acid) (y-PGA) with benzoxazine

derivatives (Bxs).
2.1 Study on y-PGA-graft-Mt-Bx
2.1.1 Synthesis and characterization of y-PGA-graft-Mt-Bx

FT-IR spectra of y-PGA-graft-Mt-Bxs synthesized at various
reaction times were shown in Figure 27. The peaks found in y-PGA spectrum at
3283, 1640 cm™ indicated an amide bond and absorption peak at 1730 cm™' refer to
carbonyl groups. The characteristic peaks of Mt-Bx were observed at 1494, 1118 and
870 cm™', referring to the oxazine ring (trisubstituted on benzene), ether aromatic (Ar-
0-C) and benzene ring out of plane, respectively. The characteristic peaks of the y-
PGA-graft-Mt-Bxs products appear at 1732, 1499, 1117 and 870 cm™ which assigned
for carbonyl bond, ozaxine ring (trisubstituted stretching), ether aromatic (Ar-O-C)
and benzene ring out of plane, respectively. The FT-IR spectra revealed that the

formation of the product already started at 15 min.

To determine the optimum reaction time, the ratio of absorbance between the
carbonyl group (C=0) at 1732 cm™ and the oxazine ring (trisub) at 1499 cm™, and
that of the absorbance between the carbonyl group (C=0) at 1732 cm™ and the ether
bond (C-O) at 1117 cm™ were evaluated. Figure 28 shows that the optimum reaction

time for y-PGA-g-Bx product was 2 hours.



Absorbance

1117

1499

1732 M\,
(h) 870
(9)
()
(e)
(d)
(c)

1118
870

(®) Py N

1730
(@)

3800 3000 2200 1400 600

Wavenumber (cm™)

Figure 27 FT-IR spectra of (a) y-PGA, (b) Mt-Bx, and y-PGA-graft-Mt-Bx after
synthesized for (c) 15 min, (d) 1 h, (e) 2 h, (f) 4 h, (g) 6 h, and (h) 8 h.
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Figure 28 Peak absorbance ratios of ether and carbonyl (I /), and oxazine ring and

carbonyl (M) at various reaction times of y-PGA-graft-Mt-Bx synthesis.
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The structure of y-PGA-graft-Mt-Bx synthesized with the reaction time of 2 h
was further confirmed by 'H-NMR spectrum (Figure 29). The 'H-NMR result was

shown as follow.

y-PGA-graft-Mt-Bx: 'H-NMR (DMSO-d6, & in ppm): 1.62-2.35 (4H, -CH-
CH,CH,-CO-), 2.84-3.08 (2H, -CH,-N(CH,)-0-),
4.10-4.45 (1H, -NH-CH(CO,CH,3CH,-), 7.96-8.43 (1H, -NH-CH(CO,CH,- CH,-),
and 6.49-7.22 (3H, -O-C-CHCHCCHC-CH,-N-).

f
" @e) R i h
N—G ~CH2CH2-C1—-N—C—CHzCH2~C H.0 pmso

U
c=0 COOH
o (d) 74 72 70 68 66 64

i
)

9 8 7 6 5 4 3 2 1 0
Chemical shift (3) (ppm)

Figure 29 'H-NMR spectrum of y-PGA-graft-Mt-Bx synthesized with reaction time
of 2h in DMSO-d6.

The integration ratio of the methylene proton (1.62-2.35 ppm) of y-PGA and
aromatic proton (6.49-7.22 ppm) of benzoxazine was evaluated to estimate the degree

of benzoxazine grafting. The grafting degree of sample synthesized with a reaction

time of 2 h was 30%.
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2.1.2 Metal-ions-responsive test of y-PGA-graft-Mt-Bx
2.1.2.1 Metal (II) ion responsive properties
Responsive properties of y-PGA-graft-Mt-Bx toward
Cu (II), Co (II), Ni (IT), and Zn (II) ions were studied. Preliminary studies of the

metal-ion responsive properties of the y-PGA-graft-Mt-Bx solution was evaluated

from the color transition by visual observation (Figure 30).

y-PGA-grafted-Mt-Bx Solution of Cu (Il) ions  y-PGA-grafted-Mt-Bx—Cu (Il) complex
in aqueous solution

Figure 30 Change in color of aqueous solution of Cu(Il) ion when y-PGA-graft-Mt-
Bx was added.

When y-PGA-graft-Mt-Bx powder was added to each aqueous solution of
metal (II) ions, only the aqueous solution of Cu (II) ions was changed from clear to
yellow. In addition, it was surprising that some portion of the y-PGA-graft-Mt-Bx
disappeared in the Cu (II) aqueous solution. It is expected that y-PGA-graft-Mt-Bx
may form a complex with Cu (II) ions, so that the solubility properties were changed.
To clarify this phenomenon, the liquid portion separated by centrifugation or filtration
was examined by UV-visible spectrometer. Figure 31 shows that UV spectrum of the
liquid portion is different from that of Cu (II) aqueous solution and the maximum
absorption spectra of y-PGA-graft-Mt-Bx-Cu (II) complex appeared at 415 nm.
Changes in color and solubility properties appeared when y-PGA-graft-Mt-Bx formed

a complex with Cu(Il) ions. These two phenomena were detected with the naked eye.
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Figure 31 UV-visible absorption spectra of (a) aqueous solution of Cu (II) ions, and

(b) y-PGA-graft-Mt-Bx-Cu (II) complex in an aqueous solution.

While the liquid portion was investigated and finally found that the complex
between y-PGA-graft-Mt-Bx exists in the aqueous solution, the precipitate was
investigated by dissolving them in DMSO and then characterizing by UV-visible. The
maximum absorption peaks (Amax) of the y-PGA-graft-Mt-Bx precipitate, y-PGA-
graft-Mt-Bx and Cu (II) ions in the DMSO solutions were observed at 410, 278, and
272 nm, respectively (Figure 32). The shift of the Ay« indicated that the precipitate
was also complex between the y-PGA-graft-Mt-Bx and Cu (II) ions. The reason why
the complex exists in the precipitate form might be due to the fact that Bx were not
uniformly graft onto y-PGA backbone or the high molecular weight portion of the y-
PGA-graft-Mt-Bx were formed complex and therefore this portion could not dissolve

in water.
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Figure 32 UV-Vis absorption spectra of (a) y-PGA-graft-Mt-Bx, (b) Cu (II) ions, and
(c) y-PGA-graft-Mt-Bx precipitate in DMSO solution.

To clarify these phenomena, Cu (II) sulfate and y-PGA-graft-Mt-Bx were
dissolved in the DMSO. The yellow solution was obtained after adding the clear
solution of the Cu (II) ions into a clear solution of y-PGA-graft-Mt-Bx (Figure 33).

This color transition phenomenon was further confirmed by UV-visible spectra.

v-PGA-grafted-Mt-Bx Cu (Il) ions v-PGA-grafted-Mt-Bx—Cu (11)
in DMSO solution in DMSO solution in DMSO solution

Figure 33 Change in color of y-PGA-graft-Mt-Bx solution after mixing with Cu (II)
ions in a DMSO solution.

From Figure 34, the maximum absorption peaks of y-PGA-graft-Mt-Bx and
Cu (II) ions present at 278 and 272 nm, respectively. After the complex formation

between y-PGA-graft-Mt-Bx and Cu (II) ions was formed, the maximum absorption
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peak was shifted to 410 nm. The obtained results indicated that y-PGA-graft-Mt-Bx

showed sensitivity to Cu (II) ions in both water and DMSO solutions.

Absorbance

250 350 450 550 650 750
Wavelength (nm)

Figure 34 UV-Vis absorption spectra of (a) y-PGA-graft-Mt-Bx, (b) Cu (II) ions, and
(c) mixed solution of y-PGA-graft-Mt-Bx with Cu (II) in DMSO solutions.

Qualitative analysis to determine the ratio of y-PGA-graft-Mt-Bx to Cu (II)
ions was carried out by using a photometric titration method. In this study, different
amounts of the y-PGA-graft-Mt-Bx solution was added to the Cu (II) ions solution.
The ratio of y-PGA-graft-Mt-Bx to Cu (II) ions was evaluated from the absorbance at
410 nm. Figure 35 shows the results obtained from the photometric titration method.
It was found that the absorbance increases as quantity of the polymer increases during
the first period, after that it becomes constant after the amount of the polymer solution
exceeds 0.26 mL. By calculation, the ratio of y-PGA-graft-Mt-Bx to Cu (II) ions was
1:390. This means that 1 molecule of y-PGA-graft-Mt-Bx can trap 390 ions of Cu
(IT) ions.
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Figure 35 The relationship between the maximum absorbance at wavelength at 410
nm and the amount of 0.02 mM of y-PGA-graft-Mt-Bx solution from

photometric titration method.
2.1.2.2 Iron (III) ions responsive properties

From preliminary studies of the iron (III) responsive
properties of the y-PGA-graft-Mt-Bx solution was evaluated from the color transition
by visual observation (Figure 36). After the y-PGA-graft-Mt-Bx was added into the
aqueous solution of iron (III) nitrate, color of the solution was changed from clear to
purple. This color transition phenomenon was further examined by using UV-visible

spectrophotometer.

v-PGA-grafted-Mt-Bx Aqueous solution of y-PGA-grafted-Mt-Bx-iron(lll) complex

iron(lll) nitrate . .
in aqueous solution

Figure 36 Change in color of aqueous solution of Fe (II) ion when y-PGA-graft-Mt-
Bx was added.
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It was surprising that some portion of the y-PGA-graft-Mt-Bx disappeared in
the iron (III) aqueous solution. It is expected that y-PGA-graft-Mt-Bx may form a
complex with iron (III) ions, so that the solubility properties were changed. To clarify
this phenomenon, the liquid portion separated by centrifugation or filtration was
examined by UV-visible spectrometer. Figure 37 shows that UV spectrum of the
liquid portion is different from that of iron (III) aqueous solution. The maximum
absorption spectra of the iron (III) ion solution and y-PGA-graft-Mt-Bx-iron (III)
complex appeared at 285 and 508 nm, respectively. Changes in color and solubility
properties appeared when y-PGA-graft-Mt-Bx formed a complex with iron (III) ions.

These two phenomena were detected with the naked eye.

E(b)
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."‘_ -l-_“'-
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Figure 37 UV-visible absorption spectra of (a) aqueous solution of iron (III) ions,

and (b) y-PGA-graft-Mt-Bx-iron (III) complex in an aqueous solution.

While the liquid portion was investigated and finally found that the complex
between y-PGA-graft-Mt-Bx exists in the aqueous solution, the precipitate was
investigated by dissolving them in DMSO and then characterizing by UV-visible. The
maximum absorption peaks (Amax) of the y-PGA-graft-Mt-Bx precipitate, y-PGA-
graft-Mt-Bx and iron (III) ions in the DMSO solutions were observed at 460, 273, and
320 nm, respectively (Figure 38). The shift of the Am.x indicated that the precipitate
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was also complex between the y-PGA-graft-Mt-Bx and iron (III) ions. The reason
why the complex exists in the precipitate form might be due to the fact that Bx were
not uniformly graft onto y-PGA backbone or the high molecular weight portion of the
v-PGA-graft-Mt-Bx were formed complex, and therefore this portion could not

dissolve in water.

Absorbance

250 350 450 550 650 750
Wavelength (nm)
Figure 38 UV-Vis absorption spectra of (a) y-PGA-graft-Mt-Bx, (b) iron (III) ions,
and (c) y-PGA-graft-Mt-Bx precipitate in DMSO solution.

To clarify these phenomena, iron (III) nitrate and y-PGA-graft-Mt-Bx were
dissolved in the DMSO. The color of the mixture changed from clear to purple
(Figure 39). This color transition phenomenon was further confirmed by using UV-

visible spectrophotometer.
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Mixture of y-PGA-grafted-Mt-Bx

v-PGA-grafted-Mt-Bx Iron (lll) nitrate
and iron (lll) nitrate

in DMSO solution in DMSO
Figure 39 Change in color of y-PGA-graft-Mt-Bx solution after mixing with iron

(III) nitrate in a DMSO solution.

Figure 40 shows that the maximum absorption peaks of y-PGA-graft-Mt-Bx
and iron (IIT) ions in DMSO present at 273 and 320 nm, respectively. After the
complex formation between y-PGA-graft-Mt-Bx and iron (III) ions was formed, the
maximum absorption peak was shifted to 501 nm. The obtained results indicated that

v-PGA-graft-Mt-Bx showed sensitivity to iron (III) ions in both water and DMSO

solutions.

Absorbance
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Figure 40 UV-Vis absorption spectra of (a) y-PGA-graft-Mt-Bx, (b) iron (III) ions,
and (c) mixed solution of y-PGA-graft-Mt-Bx with iron (III) in DMSO

solutions.



48

Qualitative analysis to determine the ratio of the polymer to iron (III) ions was
carried out by using a photometric titration method. In this study, different amounts
of the y-PGA-graft-Mt-Bx solutions were added to the iron (III) ions solution. The
ratio of y-PGA-graft-Mt-Bx to iron (III) ions was evaluated from the absorbance at
501 nm. Figure 41 shows the results obtained from the photometric titration method.
It was found that the absorbance increases as quantity of the polymer increases during
the first period, after that it becomes constant after the amount of the polymer solution
exceeds 0.46 ml. By calculation, the ratio of y-PGA-graft-Mt-Bx to Fe (III) ions was
1:217. This means that 1 molecule of y-PGA-graft-Mt-Bx can trap 217 ions of Fe

(I1T) ions.
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Figure 41 The relationship between the maximum absorbance at wavelength 510 nm
and the amount of 0.02 mM of y-PGA-graft-Mt-Bx solution from

photometric titration method.
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2.2 Study on y-PGA-graft-Et-Bx
2.2.1 Synthesis and characterization of y-PGA-graft-Et-Bx

The FT-IR spectra were used to determine the chemical structure
of y-PGA-graft-Et-Bx synthesized at various reaction times (Figure 42). y-PGA
showed the characteristic peaks at 3283, 1640 (amide bond), and 1730 cm™ (carbonyl
group). The absorption peaks of ethyl-Bx appeared at 1504 cm™ (oxazine ring,
trisubstituted on benzene), 1120 cm™ (ether aromatic, Ar-O-C), and 871 cm’
(benzene ring out of plane). It was found that the characteristic peaks of the product
appeared at 1733, 1517, 1164 and 901 cm™ which correspond to the carbonyl bond,
oxazine ring (trisubstituted on benzene), ether aromatic (Ar-O-C) and benzene ring
out of plane, respectively. The FT-IR spectra showed that the formation of the

product already started at 15 min.
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Figure 42 FT-IR spectra of (a) y-PGA, (b) Et-Bx, and y-PGA-graft-Et-Bx after
synthesized for (c¢) 15 min, (d) 1 h, (e) 2 h, and (f) 4 h.
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To determine the optimum reaction time, the ratio of absorbance between the
carbonyl group (C=0) at 1733 cm™ and the oxazine ring (trisub) at 1517 cm™, and
that of the absorbance between the carbonyl group (C=0) at 1733 cm™ and the ether
bond (C-O) at 1164 cm™ were evaluated. Figure 43 shows that the optimum reaction
time for y-PGA-graft-Et-Bx product was 15 min. However, y-PGA-graft-Et-Bx used

for the further studies was synthesized by using the reaction time equal to 2 h.

04

< =n8-g---- n----u_ .

by 0al Atrisub)

T Ajc=0]

o)

(&)

o L

3 0.2

?

o Arcol

(xu 01 r K[Czo]

e —E—I—-D-—D——ﬂ—————EI ————— Ed----- E3-
0 1 1 1 1 1
0 1 2 3 4 5

Figure 43 Peak absorbance ratios of ether and carbonyl (['), and oxazine ring and

carbonyl (M) at various reaction times of y-PGA-graft-Et-Bx synthesis.

The '"H-NMR spectrum of y-PGA-graft-Et-Bx was shown in Figure 44. The

"H-NMR results were shown as follows.

y-PGA-graft-Et-Bx: 'H-NMR (DMSO-d6, & in ppm): 0.97-1.21
(5H, -(C,Hsy CH,CH3), 1.46-2.41 (4H, -CH-CH,CH,-CO),
2.90-2.92 (2H, CH,-N(CH,~ O-), 4.12-4.23(1H, -NH-CH(CO,CH,~ CH,), 6.58-7.31
(3H, -O-C-CHCHCCHC-CH,-N-), and 8.04-8.28 (1H, -NH-CH(CO,CH,Y CH),).
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Figure 44 'H-NMR spectrum of y-PGA-graft-Et-Bx in DMSO-d6.

The integration ratio of the amide proton (8.04-8.28 ppm) of y-PGA and the
aromatic proton (6.58-7.31 ppm) of Et-Bx was evaluated in the order to calculate the

degree of grafting. The degree of Et-Bx grafting was 25%.
2.2.2 Metal-ions-responsive test of y-PGA-graft-Et-Bx
2.2.2.1 Metal (IT) ion responsive properties
Responsive properties of y-PGA-graft-Et-Bx toward Cu
(1), Co (IT), Ni (II), and Zn (II) ions were studied. Preliminary studies of the metal-

ion responsive properties of the y-PGA-graft-Mt-Bx solution was evaluated from the

color transition by visual observation (Figure 45).

v-PGA-grafted-Et-Bx The aqueous solution y-PGA-grafted-ethyl-Bx-iron(lll) complex
of Cu (Il) in aqueous solution

Figure 45 Change in color of aqueous solution of Cu(II) ion when y-PGA-graft-Et-
Bx was added.
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When y-PGA-graft-Et-Bx powder was added to each aqueous solution of
metal (II) ions, only the aqueous solution of Cu (II) ions was changed from clear to
yellow. In addition, it was surprising that some portion of the y-PGA-graft-Et-Bx
disappeared in the Cu (II) aqueous solution. It is expected that y-PGA-graft-Et-Bx
may form a complex with Cu (II) ions, so that the solubility properties were changed.
To clarify this phenomenon, the liquid portion separated by centrifugation or filtration
was examined by UV-visible spectrometer. Figure 46 shows that UV spectrum of the
liquid portion is different from that of Cu (II) aqueous solution and the maximum
absorption spectra of y-PGA-graft-Mt-Bx-Cu (II) complex appeared at 397 and 797
nm. Changes in color and solubility properties appeared when y-PGA-graft-Mt-Bx
formed a complex with Cu (II) ions. These two phenomena were detected with the

naked eye.

Absorbance

250 350 450 550 650 750
Wavelength (nm)

Figure 46 UV-visible absorption spectra of (a) aqueous solution of Cu (II) ions, and

(b) y-PGA-graft-Et-Bx-Cu (II) complex in an aqueous solution.

While the supernatant was investigated and finally found that the complex
between y-PGA-graft-Et-Bx exists in the aqueous solution, the precipitate was
investigated by dissolving them in DMSO and then characterizing by UV-visible. The
Amax Of the y-PGA-graft-Et-Bx precipitate, y-PGA-graft-Et-Bx and Cu (II) ions in the
DMSO solutions were observed at 401, 280, and 272 nm, respectively (Figure 47).
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The shift of the A,y indicated that the precipitate was also complex between the
v-PGA-graft-Et-Bx and Cu (II) ions. The reason why the complex exists in the
precipitate form might be due to the fact that Bx were not uniformly graft onto y-PGA
backbone or the high molecular weight portion of the y-PGA-graft-Et-Bx were

formed complex and therefore this portion could not dissolve in water.

Absorbance

Wavelength (nm)

Figure 47 UV-Vis absorption spectra of (a) y-PGA-graft-Et-Bx, (b) Cu (II) ions, and
(c) y-PGA-graft-Et-Bx precipitate in DMSO solution.

To clarify these phenomena, Cu (II) sulfate and y-PGA-graft-Et-Bx were
dissolved in the DMSO. The yellow solution was obtained after adding the clear
solution of the Cu (II) ions into a clear solution of y-PGA-graft-Et-Bx (Figure 48).

This color transition phenomenon was further confirmed by UV-visible spectra.
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y-PGA-grafted-Et-Bx Cu (Il) ions Mixture of y-PGA-grafted-Et-Bx and
in DMSO in DMSO solution Cu (ID sulfate

Figure 48 Change in color of y-PGA-graft-Et-Bx solution after mixing with Cu (II)

ions in a DMSO solution.

Figure 49 shows that the maximum absorption peaks of y-PGA-graft-Et-Bx
and Cu (II) ions present at 280 and 272 nm, respectively. After the complex
formation between y-PGA-graft-Et-Bx and Cu (II) ions was formed, the maximum
absorption peak was shifted to 401 nm. The obtained results indicated that y-PGA-
graft-Et-Bx showed sensitivity to Cu (II) ions in both water and DMSO solutions.

Absorbance

250 350 450 550 650 750
Wavelength (nm)

Figure 49 UV-Vis absorption spectra of (a) y-PGA-graft-Et-Bx, (b) Cu (II) ions, and
(c) mixed solution of y-PGA-graft-Et-Bx with Cu (II) in DMSO solutions.

Qualitative analysis to determine the ratio of y-PGA-graft-Et-Bx to Cu (II)

ions was carried out by using a photometric titration method. Different amounts of
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the y-PGA-graft-Et-Bx solution were added to the Cu (II) ions solution. The ratio of
v-PGA-graft-Et-Bx to Cu (II) ions was evaluated from the absorbance at 401 nm.
Figure 50 shows the results obtained from the photometric titration method. It was
found that the absorbance increases as quantity of the polymer increases during the
first period, after that it becomes constant after the amount of the polymer solution
exceeds 0.82 mL. By calculation, the ratio of y-PGA-graft-Et-Bx to Cu (II) ions was
1:305. This means that 1 molecule of y-PGA-graft-Et-Bx can trap 305 ions of Cu(Il)

ions.
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Volume of y-PGA-grafted-Et-Bx (mL)

Figure 50 The relationship between the maximum absorbance at wavelength at 401
nm and the amount of 0.008 mM of y-PGA-graft-Et-Bx solution from

photometric titration method.

2.2.2.2 Tron (III) ion responsive properties

The iron (III) ions responsive properties of y-PGA-graft-
Et-Bx were primary investigated with naked eye (Figure 51). After the y-PGA-graft-
Et-Bx was added into the aqueous solution of iron (III) nitrate, color of the solution
was changed from clear to purple. This color transition phenomenon was further

examined by using UV-visible spectrophotometer.
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y-PGA-grafted-Et-Bx Aqueous solution of  The mixture of y-PGA-grafted-Et-Bx with
iron(lll) nitrate iron(lll) nitrate

Figure 51 Change in color of aqueous solution of iron(III) nitrate after mixing with

v-PGA-graft-Et-Bx.

It was surprising that some portion of the y-PGA-graft-Et-Bx disappeared in
the iron (IIT) aqueous solution. It is expected that y-PGA-graft-Et-Bx may form a
complex with iron (III) ions, so that the solubility properties were changed. To clarify
this phenomenon, the liquid portion separated by centrifugation or filtration was
examined by UV-visible spectrometer. Figure 52 shows that UV spectrum of the
supernatant is different from that of iron (IIT) aqueous solution. The maximum
absorption spectra of the aqueous solution of iron (III) nitrate, y-PGA-graft-Et-Bx-
iron (IIT) complex appeared at 294 and 520 nm, respectively. Changes in color and
solubility properties appeared when y-PGA-graft-Mt-Bx formed a complex with iron
(IIT) ions. These two phenomena were detected with the naked eye. y-PGA-graft-Mt-

Bx modified by this study is thus designated as a dual-response sensing material.
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Absorbance

250 350 450 550 650 750
Wavelength (nm)

Figure 52 UV-visible absorption spectra of (a) aqueous solution of iron (III) nitrate,

and (b) y-PGA-graft-Et-Bx-iron (III) complex in an aqueous solution.

While the liquid portion was investigated and finally found that the complex
between y-PGA-graft-Et-Bx exists in the aqueous solution, the precipitate was
investigated by dissolving them in DMSO and then characterizing by UV-visible.

Amax Of the y-PGA-graft-Et-Bx precipitate, y-PGA-graft-Et-Bx and iron (III) ions in
the DMSO solutions were observed at 470, 275, and 316 nm, respectively (Figure 53).
The shift of the Ayax indicated that the precipitate was also complex between the
v-PGA-graft-Et-Bx and iron (III) ions. The reason why the complex exists in the
precipitate form might be due to the fact that Et-Bx were not uniformly graft onto
v-PGA backbone or the high molecular weight portion of the y-PGA-graft-Et-Bx were

formed complex and therefore this portion could not dissolve in water.
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Absorbance

250 350 450 550 650 750
Wavelength (nm)

Figure 53 UV-Vis absorption spectra of (a) y-PGA-graft-Et-Bx, (b) iron (III) ions,
and (c) y-PGA-graft-Et-Bx precipitate in DMSO solution.

To clarify these phenomena, iron (III) nitrate and y-PGA-graft-Et-Bx were
dissolved in the DMSO. The color of the mixture changed from clear to purple

(Figure 54). This color transition phenomenon was further confirmed by using UV-

visible spectrophotometer.

Mixture of y-PGA-grafted-Et-Bx and

v-PGA-grafted-Et-Bx Iron () nitrate
iron (Il nitrate

in DMSO in DMSO

Figure 54 Change in color of y-PGA-graft-Et-Bx solution after mixing with iron (III)

nitrate in a DMSO solution.

Figure 55 shows UV spectra of solution of y-PGA-graft-Et-Bx in DMSO, iron

(IIT) nitrate in DMSO and the mixed solution of y-PGA-graft-Et-Bx and iron (III)
nitrate in DMSO. The maximum absorption peak was shifted to 503 nm after the
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complex between the y-PGA-graft-Et-Bx and iron (III) ions was formed. The
obtained results indicated that y-PGA-graft-Et-Bx showed sensitivity to iron (III) ions

in both water and DMSO solutions.

Absorbance

N
.

“aa
_____

250 350 450 550 650 750
Wavelength (nm)

Figure 55 UV-Vis absorption spectra of (a) solution of y-PGA-graft-Et-Bx in
DMSO, (b) iron (IIT) nitrate in DMSO, and (c¢) mixture of y-PGA-graft-Et-
Bx and iron (IIT) nitrate in DMSO solution.

The qualitative analysis to determine a ratio of the polymer to iron (III) ions in
the complex was carried out by using a photometric titration method. The solution of
the y-PGA-graft-Et-Bx and iron (III) ions were prepared by using DMSO as a solvent.
In this study, different amount of the polymer solution was added into the iron (III)
ions solution. The ratio of y-PGA-graft-Et-Bx complexed with iron(II) ions was
evaluated from the absorbance at Anax of the complex at 501 nm. Figure 56 shows the
result obtained from the titration method. It was found that the absorbance increase as
quantity of the polymer in the solution increased at the beginning, and then it is
started to be constant after the polymer solution was add more than 1.63 mL.
Calculation based on these results revealed that the ratio of y-PGA-graft-Et-Bx to the
iron (IIT) ion was 1:154.
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Figure 56 Relationship between absorbance at 501 nm and volume of

v-PGA-graft-Et-Bx solution (0.008 mmole) from photometric titration

method.
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CONCLUSIONS

Amphiphilic polymers composed of y-PGA as a hydrophilic backbone and
L-PAE as a hydrophobic segment were successfully prepared. The grafting degree
was varied by the amount of WSC. 0.5-19.6 mmol of WSC gave the copolymer with
grafting degree in range of 7-62%. The grafting degree increased as amounts of WSC
increased. The solubility of the copolymers decreased when hydrophobicity of the
chain increased. The particle size of copolymers depended on the grafting degree and
the polymer concentration. The copolymers with grafting degree about 49% in
aqueous solution showed thermoresponsive phenomenon at 80°C. On the other hand,
the copolymers with grafting degree in range of 30-49% showed thermoresponsive
behavior when NaCl was added. The clouding temperatures depended on polymer
and NaCl concentrations. The clouding temperature decreased as polymer
concentration and NaCl concentration increased. Reversible thermoresponsive

behavior could be observed.

v-PGA-graft-Mt-Bx and y-PGA-graft-Et-Bx were successfully prepared by
esterification reaction. The most attainable grafting degree of y-PGA-graft-Mt-Bx
and y-PGA-graft-Et-Bx were 30 and 25%, respectively. y-PGA-graft-Mt-Bx and y-
PGA-graft-Et-Bx showed selective colorimetric sensing properties toward Cu(Il) and
Fe (IIT) ions. For Cu (II) ions, the color of the solution changed from clear to yellow
in both aqueous solution and DMSO solution. For Fe (III) ions, the color of the
solution changed from clear to purple in both aqueous solution and DMSO solution.
The stoichiometric ratio of y-PGA-graft-Mt-Bx to Cu (II) and Fe (III) ions were 1:390
and 1:217, respectively. The ratio of y-PGA-graft-Et-Bx to Cu (II) and Fe (III) ions
were 1:305 and 1:154, respectively. Since changes in color of the solution and
solubility properties are obviously observed by human eyes when y-PGA-graft-Bx
either form complex with Cu (II) or Fe (III) ions, the y-PGA-graft-Bx is designated as

a novel dual-response sensing material.
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49%.
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Appendix Figure A9 'H-NMR spectrum of y-PGA-graft-L.-PAE with grafting degree

of 7%.
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Appendix Figure A10 'H-NMR spectrum of y-PGA-graft-L-PAE with grafting

degree of 15%.
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Appendix Figure A11 "H-NMR spectrum of y-PGA-graft-L.-PAE with grafting

degree of 22%.
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Appendix Figure A13 'H-NMR spectrum of y-PGA-graft-L-PAE with grafting
degree of 36%.
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Appendix Figure A21 FT-IR spectrum of y-PGA-graft-Mt-Bx at 4 h.
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Appendix Figure A25 FT-IR spectrum of y-PGA-graft-Et-Bx at 30 min.
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Appendix Table B1 Particle size of y-PGA-graft-L.-PAE (0.2 mg/mL) in water at

room temperature.

84

Sample Grafting Size PDI

degree mean SD mean SD
1 71 393 186 0.52 0.09
2 152 245 281 0.61 0.31
3 2242 30 0.4 0.80 0.02
4 30+1 66 31 0.74 0.27
5 36x1 38 21 0.44 0.15
6 49+1 58 1 0.17 0.02
7 54+1 129 35 0.25 0.02
8 6212 97 18 0.26 0.06

Appendix Table B2 Particle size of y-PGA-graft-L.-PAE (0.2 mg/mL) in 4M NaCl at

room temperature.

Sample Grafting Size PDI

degree mean SD mean SD
1 71 68 13 0.73 0.19
2 1512 192 95 0.58 0.22
3 2242 62 55 0.66 0.37
4 30+1 129 138 0.38 0.03
5 36x1 264 284 0.30 0.21
6 49+1 405 56 0.46 0.09
7 5411 223 28 0.47 0.10
8 6212 226 118 0.66 0.31

Appendix Table B3 Particle size of y-PGA-graft-L.-PAE (0.2 mg/mL) in 4M NacCl at

60°C.
Sample Grafting Size PDI
degree mean SD mean SD
4 30+1 746 0.29 0.29 0.01
5 36+1 871 0.45 0.45 0.14
6 49+1 1219 0.23 0.23 0.01
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Appendix Table B4 Particle size of y-PGA-graft-L.-PAE (saturated solution) in water

at room temperature.

Sample Grafting Size PDI

degree mean SD mean SD
1 71 27 4 0.85 0.02
2 1512 144 74 0.71 0.34
3 2242 32 5 0.92 0.15
4 30+1 42 17 0.78 0.32
5 36+1 35 3 0.54 0.02
6 49+1 68 0.3 0.16 0.01
7 54+1 81 1 0.15 0.02
8 6212 83 6 0.21 0.05

Appendix Table BS Particle size of y-PGA-graft-L-PAE (saturated solution) in 4M

NaCl at room temperature.

Sample Grafting Size PDI

degree mean SD mean SD
1 71 33 4 0.74 0.02
2 1512 64 19 0.66 0.20
3 2212 105 55 0.28 0.02
4 30+1 56 3 0.78 0.03
5 36+1 73 21 0.85 0.11
6 49+1 159 9 0.47 0.03
% 54+1 587 24 0.64 0.12
8 6212 488 56 0.90 0.02

Appendix Table B6 Particle size of y-PGA-graft-.-PAE (saturated solution) in 4M

NaCl at 60°C.
Sample Grafting Size PDI
degree mean SD mean SD
4 30+1 839 201 0.34 0.02
5 36t1 1289 178 0.26 0.06
6 49+1 1278 317 0.25 0.04
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A Novel Colorimetric Sensing Material, Poly(y-Glutamic acid)-grafted-3,4-
Dihydro-3-(2’-ethyl hydroxyl)-6-ethyl-2H-benzoxazine (y-PGA-grafted-ethyl-Bx),
for Iron(III) Ions

Nu-orn Choothong, Attaphon Kaewvilai, Apirat Laobuthee** and Amornrat Lertworasirikul*

Department of Materials Engineering, Faculty of Engineering, Kasetsart University, Bangkok 10900,
Thailand

* Corresponding author. fengarl@ku.ac.th, (A. Lertworasirikul); Tel.: +66-2-942-855-5 ext 2128
** Corresponding author. fengapl@ku.ac.th, (A. Laobuthee); Tel.: +66-2-942-855-5 ext 2132

A novel rapid ion colorimetric sensing material for Fe(IIl) ions was developed
from poly(y-glutamic acid) and 3,4-dihydro-3-(2'-ethyl hydroxyl)-6-ethyl-2H-
benzoxazine (ethyl-Bx). The benzoxazine as an ionophore segment was grafted into
v-PGA backbone via the esterification reaction, which is a simple and effective
reaction. The structure of y-PGA-grafted-ethyl-Bx was characterized by using FTIR
and 'H-NMR. The most attainable degree of conversion was 25%. The y-PGA-
grafted-ethyl-Bx showed a highly selective and sensitive recognition toward Fe(III),
which was clearly observable with the necked eye. The Fe(Ill) ions sensing property
of y-PGA-grafted-ethyl-Bx was further examined by using photometric titration
method. After the interaction between the y-PGA-grafted-ethyl-Bx and Fe(III) ions
was formed, the solution of the polymer in dimethylsulfoxide was changed from clear
and colorless to red color, resulting in the shift of the maximum wavelength from UV

to visible range.

Keyword: y-PGA, benzoxazine, transition metal ion, colorimetric sensing materials,

photometric titration method.

Introduction
The iron is a common contaminant often present in the waste water from the

industrial sites or iron smelter industries. In natural, iron is usually found in its
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oxidized form as an iron(IIl) oxide, which is insoluble and non-degradable. The
ingestion or consumption of iron is especially harmful to human by pain in the
stomach. After ingestion, the iron passes deeper into the body and damages the
internal organs, particularly the brain and the liver. The body goes into shock and
death from liver failure. Despite the numerous water treatments, iron is still present in
the water due to the dissolution of pipes and the solder in older buildings. Thus, many
independent and government organizations have been concerned and set the limited
permissible iron(Il) level in waste water and drinking water. These factors
demonstrate need for the development of rapid, simple and easily handle equipment
for detecting iron(IIl) ions in residential and environment water samples.

The sensor technology is much simpler in an instrument and sample
preparation. Many sensors for iron detection have been investigated (Wanga et al.
2001, Azad et al. 1985, Wang et al. 2010, Hassan et al. 2009, Zhang et al. 2010) but the
selective colorimetric sensor (Gracia et al. 1997) has been attracted due to the excellent
sensitivity, rapid response, the ability to do the detection in a non-destructive manner
and cost-effective. The sensing method of colorimetric detection has been widely
utilized for quantifying various molecules (Gracia et al. 1997, Robert et al. 1997, Maity et
al. 2011, Liang et al. 2007, Abdolkarim et al. 2006). Most of the generated colorimetric
sensors are based on the complex formation between the heavy metals and the ligand
as a substrate (Sun et al. 2011, Giiler et al. 2007, Song et al. 2002, Pedro et al. 2009).

Benzoxazines, heterocyclic compounds consisting of benzene and oxazine
rings, were synthesized from p-substituted phenolic compounds, primary amines and
para-formaldehyde via Mannich reaction (Holly and Cope 1944, Dunkers et al. 1996).
Benzoxazines could form complex with rare earth alkali such as cerium(III),
(Veranitisagul et al. 2011) and alkali earth heavy metal such as copper, magnesium,
calcium, zinc and iron(IIT) (Oflidi et al. 2009, Panushkin et al. 2007, Apenysheva wt
al. 2006, Fan et al. 1995, Michael et al. 2007, Rungsimanon et al. 2008) at nitrogen
and oxygen positions. Due to their chemical structures, many researches have
focused on their supramolecular structures and interactions with metal ions. In 2003,
Laobuthee et al. (Laobuthee et al. 2003) found that intermolecular hydrogen bonding
plays an important role and the host-guest formation was occurred via molecular

assembly. It was noted that although the type of metal ion was changed, the host
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always interacted at the same position. Similarly, Phongtamrug et al. (Phongtamrug
et al. 2006) confirmed the host-guest property of benzoxazine via inclusion
phenomena in 2006. The results suggest that the nitrogen atom and oxygen atom play
an important role in interaction with alkali heavy metal by sharing their lone pare
electrons. Therefore, benzoxazines are attracted for development to be a sensing
material for metal ions.

Additionally, non-toxic and biodegradable materials have been applied for use
in the field of bio-sensor during the past decades. (Gu et al. 2011, Dubuisson et al.
2009) Poly(y-glutamic acid) is a natural components existing in a natto, a traditional
Japanese food. It is produced by fermentation of soy bean by Bacillus subtilis. The
properties of the poly(y-glutamic acid) are water soluble, biodegradable and non-
toxic. It is very useful in many fields such as drug delivery carrier and tissue
engineering material (Takami et al. 2005, Sung et al. 2005). High proportion of
carboxylic functional group in y-PGA provides binding properties for metal ions. A
number of studies using this polymer for the removal of metal ions from waste water
have been reported. (Taniguchi et al. 2005, Taniguchi et al. 2005, Mark et al. 2006, Shih et
al. 2003) Cross-linked poly(y-glutamic acid) was found to be able to form the
interaction with iron(III) ions. (Taniguchi et al. 2005)

This work has attempted to develop a novel sensing material for iron(III) ions
by combining a chelating property of y-PGA with the supramolecular and ion
extraction properties of benzoxazine monomer. Here, 3,4-dihydro-3-(2'-ethyl
hydroxyl)-6-ethyl-2H-benzoxazine is grafted into the poly(y-glutamic acid) main
chain via the esterification reaction. A selectivity and sensitivity as a colorimetric
sensor for iron(Ill) ions is qualitatively and quantitatively studies by a photometric

titration method.

Experimental
Materials

y-PGA (poly(y-glutamic acid), M,, = 170,000) was supplied from Wako
(Japan).  Ethyl-Benzoxazine  (3,4-dihydro-3-(2'-ethyl  hydroxyl)-6-ethyl-2H-

benzoxazine) was synthesized as reported elsewhere (Bruke et al. 1949).
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Acetronitrile (CH3CN) was provided from Labscan (Thailand). Sulfuric acid from
Carlo Erba was used as a catalyst. Dimethylsulfoxide (DMSO) was purchased from
Sigma-Aldrich (Germany). Iron(III) nitrate salts (Fe(NO3);-9H,0) was obtained from
Ajax (New Zealand). All chemicals used in this work were analytical grade and used
without further purification.
Instrument

Fourier transform infrared (FT-IR) spectra were recorded on an Alpha FT-IR
spectrometer instrument from Bruker within the frequency range of 4000-600 cm’
and resolution of 4 cm™. Proton nuclear magnetic resonance (‘'H-NMR) spectra were
measured on a Varian Mercury-400 spectrometer working at 400 MHz. Deuterated
dimethylsulfoxide (DMSO-d6) was used as a solvent and tetramethylsilane (TMS)
was used as an internal reference. UV-visible spectra and maximum absorbance were
recorded on a Shimadzu UV-1700 spectrophotometer from 190 to 800 nm.
Preparation and characterization of »-PGA-grafted-ethyl-Bx

v-PGA-grafted-ethyl-Bx was prepared from y-PGA and ethyl-benzoxazine

monomer via esterification reaction. Synthesis schematic of the grafted copolymer

was shown in Figure 1.
i QLT Q
11 1l
N—(ll—CH2CH2—C N—(lt—CHZCHz—c
(|f=O COOH

H H O
P ]
COOH 1
O

Poly(y-glutamic acid) (y-PGA) éH CHeN" N0
2 2

+ H,S0,/ CHsCN
A »
0~ >N—CH,CH,OH
Ethyl-Benzoxazine CH,CH;

Poly(y-glutamic acid)-grafted-ethyl-benzoxazine
CH,CH (ethyl-Bx)
= (y-PGA-grafted-ethyl-Bx)

FIGURE 1. Synthesis schematic of y-PGA-grafted-ethyl-Bx

7-PGA (1.0 g, 2.0 mmol) dispersed in CH3CN (100 ml) was prepared in a two-

necked round bottoms flask equipped with a magnetic stirring bar, a condenser and a
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dropping funnel. A catalytic amount of H,SO4 was added to the solution. The slurry
was refluxed and stirred at 80°C for 1 h. The ethyl-Bx (1.5 g, 7.75 mmol) dissolved
in CH3;CN (80 ml) was then drip-fed into the slurry. The mixture was further refluxed
at 80°C for 2 h. Then, the yellow solid product was filtered, washed several times
with distilled water and acetone and dried overnight in an oven at 60°C.

The grafted copolymer product was characterized by FT-IR and 'H-NMR.
The degree of grafting was calculated by 'H-NMR.

Investigation on iron(l11) ions responsive properties of »-PGA-grafted-ethyl-Bx

The iron(Ill) ions responsive behavior was primary investigated in aqueous
solution. The y-PGA-grafted-ethyl-Bx powder (2.0 mg) was added in to the aqueous
solution of iron(Ill) nitrate (SmM). The mixture was dramatically shaken for 5
minutes. After that the solution was detected by naked eye and UV-visible
spectrophotometer.

The iron(Ill) ions responsive properties were qualitatively and quantitatively
studies with the photometric titration method in a DMSO solution. Different volumes
of 0.008 mmole of y-PGA-grafted-ethyl-Bx in DMSO solutions (0.100, 0.200, 0.300,
0.400, 0.500, 0.600, 0.800, 1.000, 1.200, 1.400, 1.600, 1.800, 2.000, 2.500, 3.000,
3.500, 4.000, 4.500 and 5.000 ml) were prepared, and then each solution was added
into 5.000 ml of DMSO solutions of the iron(IIl) nitrate (0.40 mmole). The mixed
solutions were adjusted with DMSO to attain to a total volume of 10.000 ml. After
the mixed solutions were left at room temperature for 30 min, they were measured for
their by UV-visible attributes.

Results and Discussion
Preparation and characterization of -PGA-grafted-ethyl-Bx

The FT-IR spectrometer was used to examine the functional group of the
starting materials (y-PGA and ethyl-Bx) and the product.  y-PGA showed the
characteristic peaks at 3283, 1640 and 1730 cm’ (figure 2(a)). The first two positions
related to the amide bond and the last position referred to a carbonyl group. The

absorption peaks of ethyl-Bx at 1504, 1120 and 871 cm™ referred to an oxazine ring
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(trisubstituted on benzene), ether aromatic (Ar-O-C) and benzene ring out of plane,
respectively (figure 2(b)). It was found that the characteristic peaks of the product
appeared at 1733, 1517, 1164 and 901 cm™ which correspond to the carbonyl bond,

oxazine ring (trisubstituted on benzene), ether aromatic (Ar-O-C) and benzene ring

out of plane, respectively (figure 2(c)).
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FIGURE 2. FT-IR spectra of y-PGA (a), Bx (b) and y-PGA-grafted-Bx (c)

The '"H-NMR spectrum of y-PGA-grafted-ethyl-Bx was shown in Figure 3.
The signals of methylene protons (4H), methine proton (1H) and -NH amide proton
(1H) from the y-PGA backbone were shown at oy = 1.46-2.11, 2.11-2.41 and 8.04-
8.28 ppm, respectively, while the signals of ethyl proton (5H), oxazine ring protons
(2H) and aromatic protons (3H) from the ethyl-Bx attached to the carboxyl group of
the y-PGA backbone were shown at 6y 0.97-1.21, 2.90-2.92 and 6.58-7.31 ppm,
respectively. These results implied that the ethyl-Bx was successfully grafted into the

7-PGA backbone.
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FIGURE 3. 'H-NMR spectrum of y-PGA-grafted-ethyl-Bx in DMSO-d6

The integration ratio of the amide proton (8.04-8.28 ppm) of y-PGA and the
aromatic proton (6.58-7.31 ppm) of ethyl-Bx was evaluated in the order to calculate
the degree of grafting. The degree of ethyl-Bx grafting was found to be 25%. The
characterization results of y-PGA, ethyl-Bx and the product are summarized as
follows:

Ethyl-Bx: FT-IR (KBr, cm"): 3600-2900 (br, OH), 2877 (s, CH), 1500
(oxazine ring), 1226 (s, CN), 1126 (s, CO), 1027 (s, Ar-O-C), 870 (s, CH) :'"H NMR
(400 MHz, CDCl3, ppm): 0n 2.21 (3H, s, Ar-CH3), 2.93 (2H, t, CH,CH,OH J,=3.11
Hz), 3.84 (2H, t, CH,CH,0OH J,=3.11 Hz), 4.33 (2H, s, Ar-CH;-N ), 4.83 (2H, s, O-
CH>-N), 6.70 (H, d, Ar-H, J; = 2.34 Hz), 6.71. (H, s, Ar-H), 6.77 (H, d, Ar-H, J3 =
2.34 Hz). ESI-MS (m/z): 194 (M+1).

v-PGA: FT-IR: 3283 (br, OH), 3000-2200 (br, CH), 1730 (s, C=0 (carboxy)),
1640 (s, C=0 (amide)), 1225 (s, C-O); '"H NMR (400 MHz, DMSO-d, ppm): 8 1.75,
1.95 (2H(diastereotropic hydrogens), t, CH,CH,C=0 J, = 6.90 Hz), 2.20 (2H, t,
CH,CH,C=0 J, = 6.90 Hz), 4.14 (H, s, NHCHCH,), 8.13 (H, d, NH, J; =5.91 Hz).

v-PGA-grafted-ethyl-Bx: FT-IR: 3600-3200 (br, OH), 2978-2450 (br, CH),
1727 (s, C=0 (carboxy)), 1613 (s, C=0 (amide)), 1494 (oxazine ring), 1225 (s, C-0O),
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1073 (s, CO), 878 (s, CH); 'H NMR (400 MHz, DMSO-ds, ppm): 8y 1.78 (2H, t,
CH,CH,C=0 J, = 5.84 Hz), 2.00 (2H, t, CH,CH,C=0 J, = 5.84 Hz), 2.12 3Hs, Ar-
CH;), 2.23 (H, d, NHCHCH, J; = 7.88 Hz), 2.94 (2H, s, O-CH,-N), 6.87 (H, d, Ar-
H, J; = 12.6 Hz), 7.09 (H, d, Ar-H, J;= 12.6 Hz), 7.16 (H, s, Ar-H),8.16(H, d, NH, Js
=7.35 Haz).

Investigation on iron(l11) ions responsive properties of »-PGA-grafted-ethyl-Bx

The iron(Ill) ions responsive properties of y-PGA-grafted-ethyl-Bx were
primary investigated with naked eye (figure 4). After the y-PGA-grafted-ethyl-Bx
was added into the aqueous solution of iron(IIl) nitrate, color of the solution was
changed from clear to purple. This color transition phenomenon was further examined

confirmed by using UV-visible spectrophotometer.

v-PGA-grafted-ethyl-Bx Aqueous solution of y-PGA-grafted-ethyl-Bx-iron(lll) complex

iron(ll) nitrate in anaqueous solution

FIGURE 4. The color transition of aqueous solution of iron(IIl) nitrate after mixing

with y-PGA-grafted-ethyl-Bx

Figure 5(a) showed UV spectrum of an aqueous solution of iron(IIl) nitrate.
The maximum absorbance was observed at 294 nm. The maximum absorption peak
was shifted to 520 nm after the y-PGA-grafted-ethyl-Bx was added into the solution
Figure 5(b). This result indicated that y-PGA-grafted-ethyl-Bx formed complex with

the iron(III) ions resulting in color transition of the solution.
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FIGURE 5. UV-visible absorption spectra of an aqueous solution of iron(III) nitrate
(a), and mixture of y-PGA-grafted-ethyl-Bx and iron(III) nitrate in an

aqueous solution (b)

Iron(II) ions responsive properties of y-PGA-grafted-ethyl-Bx was
additionally observed in DMSO solution. The solution of y-PGA-grafted-ethyl-Bx in
DMSO solution was mixed with iron(III) nitrate in DMSO solution. Then color of the
mixture was immediately changed from clear to red (figure 6). This color transition

phenomenon was further confirmed by using UV-visible spectrophotometer.

e

y-PGA-grafted-ethyl-Bx Iron(lll) nitrate Mixture of y-PGA-grafted-ethyl-Bx and
iron(Il) nitrate
in DMSO in DMSO

FIGURE 6. Color transition of the DMSO solution of the iron(III) ion after y-PGA-
grafted-ethyl-Bx solution was added
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Figure 7 showed UV spectra of solution of y-PGA-grafted-ethyl-Bx in DMSO,
iron(IT) nitrate in DMSO and the mixed solution of y-PGA-grafted-ethyl-Bx and
iron(IIl) nitrate in DMSO. The maximum absorption peak was shifted to 503 nm
after the complex between the y-PGA-grafted-ethyl-Bx and iron(III) ions was formed.
The obtained results indicated that y-PGA-grafted-ethyl-Bx showed sensitivity to
iron(III) ions in both water and DMSO dolutions.

.
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FIGURE 7. UV-Vis absorption spectra of solution of y-PGA-grafted-ethyl-Bx in
DMSO (a), iron(III) nitrate in DMSO (b), and mixture of y-PGA -
grafted-ethyl-Bx and iron(III) nitrate in DMSO solution (c)

The qualitative analysis to determine a ratio of the polymer to iron(IIl) ions in
the complex was carried out by using a photometric titration method. The solution of
the y-PGA-grafted-ethyl-Bx and iron(IIl) ions were prepared by using DMSO as a
solvent. In this study, different amount of the polymer solution was added into the
iron(I1I) ions solution. The ratio of y-PGA-grafted-ethyl-Bx complexed with iron(III)
ions was evaluated from the absorbance at the maximum wavelength (Amax) of the
complex at 501 nm. Figure 8 showed the result obtained from the titration method. It
was found that the absorbance increase as quantity of the polymer in the solution

increased at the beginning, and then it is started to be constant after the polymer
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solution was add more than 1.63 ml. Calculation based on these results revealed that

the ratio of y-PGA-grafted-ethyl-Bx to the iron(III) ion was 1:154.

Absorbance
o =
(o] N

©
o~

1.63 ml

0 1.0 2.0 3.0 4.0 5.0
Volume of y-PGA-grafted-ethy-Bx / ml

FIGURE 8. Relationship between absorbance at 501 nm and volume of y-PGA-
grafted-ethyl-Bx solution (0.008 mmole) from photometric titration

method.

Conclusions

Color transition based sensor for iron(Ill) ions was developed in this study by
grafting 3,4-Dihydro-3-(2"-ethyl hydroxyl)-6-ethyl-2H-benzoxazine (ethyl-Bx) into y-
PGA backbone. The grafting degree was approximately 25%. This grafted
copolymer showed sensitive response toward iron(IIl) ions in both aqueous and
DMSO solutions. The response of the y-PGA-grafted-ethyl-Bx to iron(III) nitrate can
be observed from the color transition. The color was changed from clear to purple in
aqueous solution and changed from clear to red in DMSO solution. The
stoichiometric ratio of y-PGA-grafted-ethyl-Bx to the iron(III) ion estimated from the

photometric titration method was found to be 1:154
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