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CHAPTER 1

INTRODUCTION

1.1 Statement of the Problem

Hydrogel is a_crosslinked polymer. It is capable of swelling and absorbing
much water to maintai within its structure which remains three-dimension polymer
networks. In recentgyear,smany researdbh considered and paid attention to smart
hydrogel which can aifer its swelling behavior with only small changes of external
environment such/as temperature £1-3], led[4-JS_], ionic strength [6-7], solvent [8], light
[9] and electric ficld [10], efc. Much att;égtién has been focused especially on the
temperature—sensitive €haracter of hydrogéji‘i--'siﬁ'ce it is controlled only by physical

environmental stimuli. Because-unrequirement of any addition of chemical or extra

 dd

materials, it is environmentally friéndly.

Poly(N—isopropylacf&laﬁlide) or po-lj';(-ﬁIf’A) is. the most popular of the
temperature—respoasive-hydiogel-ti-has-adowei-ciitical-solution’temperature (LCST)
in water around -31-34 °C [11]. Below the LCST, the gel is swelling caused by
favorable polymer=water interaction via hydrogen bondingas the hydrophilic state.
Above the LCST, the gelvis shrinking caused<by breaking of hydrogen bonds as the
hydrophobic state: Consequently, it can potentially applied for many applications such
as chemical separation process [12-13], sensors [14], drug delivery devices [15] and
tissite enginécring -scaffold=[16-17]. Recently, many researches on poly(NIPA) have
been studied and the innovation of the smart hydrogels materials have been developed
[18-21]. The good shape material has a large specific surface which response quickly
to external stimuli, and easy to handle. Therefore, the production of the good shape

materials is the important key for the most successful application of smart hydrogel.



Electrospinning or electrostatic spinning is a simple technique but versatile to
produce nanofiber with diameters ranging from sub-micrometers down to nanometers.
The fibers are intervene each other and cause non-woven fabric or membrane.
Therefore, it has very large surface-to-volume, length-to-diameter ratios and porosity.
Besides, the size of the porous that are produced between non-woven fabric are very
small [22-23]. It can produce the good shape~of a_hydrogel. The clectrospinning
process uses the electrostatic foree whicﬁ is the main driving force for fiber formation.
In the process, a high weltage power supply is used to charge between a polymer
solution or melt through asmetal contdgt. When the electrostatic repulsion on the
surface of the fluid oyercomes the: surface tension, a jet 1s ejected from the tip of
syringe to the collection screen. After tl?e solvent evaporates, solid nanofibers are
produced. When it produges continuously bn J‘éhe surface of the collection screen, the
non-woven fabric or /membrane: ds obt:a;i;ed_j However, hydrogel membrane is
impossible to generate directly hydfogel ri;_liﬂo_ﬁbers by electrospinning because it is
crosslinked polymer network ‘which' are neithér':é:dluble nor meltable. Therefore, the

crosslinking membrane has to-apply. with special ',t_rqatment techniques such as Heat-

s

induced crosslinking [24-25], UV-visible radiation-induced crosslinking [26] and an
in-situ photo-incju;d polymerizati&l 7[27]. Heat-induced crbsslinking attracts more
and more interest léecause it 1s an inexpensive and simple method. Esterification is a
very common andr thermoreactive reaction. It is much popﬁlar used to crosslinking
reaction post-fabricated membrane. It has/been reported that carboxylic acid groups on
the polymer backbone of copolymers work as a site crosslink that react with diol as a
crosslinking agent. A _crosslinking agent can_be -along with the copolymer by
electrospining. Afterwards membtanejis.activated by heat at 145 °C in guder to induce

¢sterification crosslinking reaction [28-29]. It also calls “heat-induced esterification

crosslinking reaction”. The hydrogel membranes are obtained as a result.



Therefore, this research is aimed to prepare poly[N-isopropylacrylamide-co-
maleic acid)] hydrogel membrane by electrospinning, followed by a heat-induced
esterification crosslinking reaction at 145 °C for 10 min that consisted of the maleic

acid moieties in the polymer backbon ites for the crosslinking, diethylene glycol

as a crosslinker and heat as a

1.2 Objectivw
1.2.1 x
122 To inyéstigdte P ot} \\ .
123 vat rfs ?_\5 avior of copolymer hydrogel
FF 7o WAN
1.3  Scope of the |

1.3.1 & ynthesis ol polyj/V-1sopropylacrylamiae-co-(ma eic ac1d)] via free
radical polym¢ notomer feed ratios of

copolymer.

nvesﬁlg&n of suitable cofditions for crosslinking reaction as
obtain

ORJEIab/E I 4 LTl G A

esterlﬁcaﬂn crosslinking reactlon.‘T he following parameters were studlﬁthe effect

RIS N REIN TN
qmount of crosslinking agent dithylene glycol and the effect of concentration of

polymer solution.
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1.3.3 Characterization of the synthesized copolymer by Fourier Transforms
Infrared Spectroscopy (FT-IR), Nuclear Magnetic Resonance Spectroscopy (NMR)

and Acid-base titration.

1.3.4 Preparation of ele

electrospinning and a subse , heat-inducedsCrossli ing reaction. Finding suitable
electrospinning processing o the morp eter of poly(NIPA-co-MA)
" | —

- gopolymer hydrogel membrane by

hydrogel fibrous m d 1 he following parameters: the effect of

1.3.5 Ch i of electrospun copolymer hydrogel membrane by
Scanning Electron Mi [EM). Fouric ansfi rared Spectroscopy (FT-
IR) and Water :

{
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CHAPTER II

THEORY AND LITERATURE REVIEW

2.1 Hydrogels

Hydrogels are hydrophilic polyl-ner networks that absorb water in quantities
that cause macroscopi€ volume changes while maintaining the structure [30]. The
hydrophilicity of the gels is due to the p&esence of water-solubilizing groups such as
-OH, -COOH, -CONH;, -CONH-, -SO3H'l and so on, along the polymer chains. The
stability of the gels is due to the presencef)f ‘El_lree-dimensional network which comes
from connecting of polymer chains by crosélinking. Chemically cross-linked hydrogels
or chemical gels are cross-linked by covaleﬁ’g-'boﬁds and do not dissolve in water in any
conditions while physically cross-linked hyéd-f’egels can be reversible in shape because
they are cross-linked through honcovalent ti);,nég-’jsuch as hydrogen bonds, physical
entanglements, charged cemplexes, or Vand'er-’.Waals or hydrophobic interactions.
These physical hydrogels can show sol-gel reversibility {31]./ The volume phase

transition of the-gels has drawn significant attention since their diScovery.

Hydrogels=which are produced either from monemers or macromers or
polymers can be prepared by various methods which have been synthesized both in
solution and in bulk state such as copolymerizing a hydrophilie: monomer with
crosslinker, polymerizing a monomer within hydrogel network and crosslinking water
soluble “ polyiuer, by “chemicaly irradiation' 'or “ thermal “reatments, Jezc, [3 1. 'Many
different routes have been used to synthesize hydrogels (physical or chemical gels) and
they are summarized in Figure 2.1. The product of hydrogels can be in the form of

particle, powder, fiber, membrane, beads and even liquid or emulsion, efc.



§+ &
monomer + crosslinker copolymerize

- +I-gor£

- copolymerize or "
A e crosslink macromers Hydrogel Network
macromers i

nterpenetrating
. el Network

Figure 2.1  Schemati¢ Olfggﬂd ‘Syn‘tl-l s of

1eC f polymer hydrogels. In contact with Jater, the hydrophilic
backbone interac | h;ou drat ponding T ading to the molecular

chain expansion, as well as energy decrease and entropy increase. After the

hydrop s, the network
will im ﬁ ﬁz[z ghmmijuﬂ,ﬂ mejethe hydrophilic
backbones are hydrated that lead o the swollen network. However thig swelling is
R B b A o
‘there is a ‘bélance between the trend toward infinite dilution of the chains and the
retraction forces, the hydrogel will reach an equilibrium swelling level which has a balance

between dispersive (repulsive) and cohesive (attractive) force acting simultaneously [32].

Factors affecting the swelling of polymer hydrogels are listed in Table 2.1.



before Water after

absorption

Figure 2.2
Table 2.1
i
Increase swellingm
Repulsive forces g tt active forces
ﬂ Wl 3 EJ ¥ @W&J 419
Low cros 1nk1ng density High crcﬂmkmg density
a{m@v@nim AR N Y
1gh free volume Low free volume
Osmotic pressure Dipole-dipole interaction

Electrostatic repulsion Impurities in the fluid




2.1.1 Smart Hydrogels

Smart (or intelligent) hydrogels are the types of environmentally sensitive
hydrogels. They can reversibly change volume in response to slight external change in
some environmental conditions. Many different stimuli have been applied to produce
various responses of the smart hydrogel systcms. These stimuli can be classified as
either physical or chemical stimuli [34]. Chemical.stimuli, such as pH, ions and

)
chemical agents, will change the interactions between polymer chains or between
polymer chains and selvents‘at the molecular level. The physical stimuli, such as
temperature, electric_or magnetic ﬁeldsj[ light and pressure, will affect the level of
various energy sources and alter molecular interactions at critical onset points. For
convenience, smart hydrogels are called e‘;‘é‘cor_ding to the types of stimuli. The most

commonly studied smart hydrogels are fécuéed on femperature- and pH- sensitive

hydrogels.

Temperature-sensitive liy‘drogels.: Jfl’ﬁe _temperature-sensitive (also called
thermosensitive or thermoréspollsive) hyéi;eéeh; undergo volume collapse (or
shrinkage) upon heating above a‘certain teﬁiﬁéf&tﬁfe. The thermosensitive property
comes from the=-monomers that have the lower crticalsolgtenstemperature (LCST)
phenomenon in the, uncrosslinked homopolymer form in aqueous solution. The most
commonly used BEST monomers are N-substituted acrylamide derivatives, such as N-
isopropylacrylamide,” #NV-diethylacrylamide,” and  N-cyclopropylmethacrylamide
because they are/ easy .o obtain or prepare. The main interaction during LCST
monomers'is hydrophobic in nature, and it is enhanced as the temperature increases
dug "o ‘the breaking”of hydrégen bondsiatnong wwatet' moleculés jsutrounding the
hydrophobic moieties [34]. Thus, the hydrogels are made of TCST monomers. The

hydrogels collapse at temperatures higher than the LCST and swell again at

temperature lower than the LCST.



pH-sensitive hydrogels. The pH-sensitivity of hydrogels results from the
presence of weak acid or base functionality on the polymer backbone. Commonly used
weak acids are acrylic acid, methacrylic acid, and styrene sulfonate. A frequently used
weak base is dimethylaminoethyl methaerylate [30]. The window of pH-sensitive
hydrogels shows substantial volume change thatidepends on the type of weak acid and

base used. If hydrogels contain weak acid funetionality, they will swell in a weakly

Ji

alkaline medium but collapse-in an acidic medium. On the other hand, hydrogels
containing weak bases,«they. will swell in an acid medium but collapse in alkaline
medium. Polyampholytic hydregel, witfi both acidic and basic groups, swell at the

maximum extent'at neutfal pH, and shrink in acidic or alkaline medium [35].

=

The response of smart hyd_rogels tcr enyironmental changes is usually measured
by changes in the hydrogel volume. The flgohlme change of hydrogels is commonly
measured by the swelling ratio which-is ﬂé-é'ir:iﬁo of the volume (or weight) of the
swelling hydrogel to the Volume'%or weigﬁtfl::of the dried hydrogel. When weight is
used to calculate the swelliné’fatié, it 1S refel;ééiljfé"the weight degree of swelling [30].

Figure 2.3 shows a typicalrcsponse of smeiljf'h.ydrogels to swell under variations in

environmental:cohditions on a change in the swelling ratio.- IS an‘/unique qualification
of smart hydrogels to be applied in various disciplines, such”as in the separation
processes (including microfiltration, ultrafiltration, gas permeation, pervaporation,
dialysis, and reverSe sesmosis), in the biomedical field (including diagnostic,
therapeuti¢, and implantable devices), and in the biomedical and pharmaceutical field

(including' controlled drugs delivery, tissue culture substrates, enzyme activity

controlling systemsy and,implantable devices):
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|

Swelling
Ratio

Figure 2.3 T

environmental co

Although s / . many citing proy erties but these properties

‘ w\ sponses time of hydrogels

: ge environmental factors are too
slow but most applications &f stiart hydro Juire fast response times [30]. It is
very 1mportant to manipulate ‘.E‘"f ,.-%.r o0 respond as quickly as possible
upon receiving.en ime is the key for the

successful app *: i ‘! The response time

also depends on E size of the hydrogels; sma ydroge@ave faster responses to

environmental facto? [36]. Thus, the prepa(i:iﬁ)n of hydrogel on a nanometer or sub

AR 1SR (1 LAX AT MINK S

candldatq]for smart hydro n addition, in order to develop smart hydrogels, it

0% Gh Rt il |1l L
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2.1.2 Hydrogel Nanofibers

Hydrogel nanofibers represent a fast-swelling class of hydrogel because of one-
dimensional (1D) nanostructures in the form of fiber. A "fiber" from a geometry is
generally defined as a slender, elongated, threadlike object or structure that has a high
length/width ratio and a small cross-section 35} A term "nano" used technically and it
refers to physical quantities within the scale ofa billienth (10_9) of the reference unit;
for example nanometer, nanesecond an(i nanogram-for describing a billion of a meter
(Iength), second (timej)sand gram (weight), respectively. Therefore the nanofiber is on
a scale of nanometcs§ in Wiew ‘of its diameter. It can be made several amazing
characteristics such asvery large surface area to volume and length-to-diameter ratios,
a flexibility in surface functionalities; supeﬁor mechanical properties (e.g. stiffness and
tensile strength) compaped with convenﬁt‘i{on“al form of the material [37]. These
outstanding properties make the hydrogel nanofibers (o be optimal candidates for
many important applications, especially in w.e;rk highly requiring a super-large surface

=74,

area material. ) : et ]

Polymeric nanofibérs-tan -be produééd'b&' a number of techniques such as

drawing, template synthesis, phase separation, self-assembly and electrospinning.

Drawing. The drawing is a process which can make one-by-one very long
single nanofibers. However, only a viscoelastic material that can undergo strong
deformations, while being cohesive, enough..to support, the, stress .developed during
pulling ' fabrieating. nanofibers through! the process..of mechanical drawing. A
micropipette with a diameter of a féw micrometers is.dipped into the droplet near the
contact line. ;Fhe'micropipette 1s then withdrawn from the|liquid and moved at.a speed
of approximately 1x10* m s, resulting in a nanofiber by pulling [38]. The pulled fiber
is deposited on the surface by touching it at the edge of the micropipette. The drawing
of nanofibers is repeated several times on every droplet. The viscosity of the material

at the edge of the droplet is increased by evaporation. In the final stage of evaporation
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of the droplet, the solution is concentrated at the edge of the droplet and broken in a

cohesive manner. Therefore the nanofibers are successfully drawn.

Template synthesis. The template synthesis, as the name suggests, uses a
template or mold to obtain a desired material or structure. For nanofiber creation, the
template refers to a metal oxide membrane with thickness pores of nano-scale diameter
or a nanoporous membzane [38]. The application of water pressure on one side and
restraining from the porous membrane;.causes extrusion of the polymer and then it
becomes a solidifying selution and gives nanofibers whose diameters are determined
by the pores. On the other hand, this method cannot make one-by-one continuously

nanofibers. .

Phase separation. The phase sepzragi_on 1s another method for producing a
nanofibrous foamed materials This proced'gre consists of several steps: raw-material
dissolution, gelation, exfraction using a différ’é}ht"éolvent, freezing and drying [38]. The

F
main mechanism in thi§ process is the “separation of phases due to physical

d #esd i .
incompatibility. The first phase is-solvent which'is extracted, and then leaves behind
the other remaining phase as-the porous nanofibrous structure. However, this method

takes relatively long period of time to transfer the solid polyinér into the nano-scale

porous foam.

Self-assembly. In general, self-assembly is a process in which molecules or
supramolecular _aggregates, organizes and arranges themselyes _into an ordered
structure through weak and noncovalent bonds [39-40]. For abtaining nanofibers, self-
assembly refers to the build-up of mano-scale fibers using smaller molecules as basic
building blocks. "A"small molecule is arranged in a“’concentric manner that bonds can
form among the concentrically arranged small molecules whose extension in the plane
gives normally the longitudinal axis of a nanofiber [38]. The main mechanism for a

generic self-assembly is the intermolecular forces that bring together the smaller units
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or the shape of the smaller units of molecules which produce finally the complete

shape of the macromolecular nanofiber.

Electrospinning. The electrospinning (also known as electrostatic spinning) is

a process that utilizes electrical fo e

eate nanofibers from polymer solutions or
polymer melt [41]. When '\i\:‘- 2 / % mes the surface tension, fluid is
thrown out in the form 0 s. The j ﬁlly charged and the charge

permits the fibers to bend

such a way tha c 7 ime the polymer fiber is looped

or the melt solidifies. As

A comparison of the ve issues fela 1\ ocessmg techniques can
, e \
b . kL S’ ] e _.

and its diameter is redue : ¢ \
result very long fibers a ¢

be found in Table2.2 and 2.3. on' hes -'- hni pinning is the simplest

and versatile way (0 fabri Veryﬁfg G tmu P fibers that form a non-

woven structure. The €l -14; _exhibits several attractive

attributes such as high ity. pore 'sizés“ra ng from sub-micron to several
micrometers, a large surface 4 :

j - # EFF T
is due to the entangle nent-ofn wg_- 1bets W

and light weight. The high porosity
he pores (or the void space) are
erS_10 ' only a clear path to

st okt Y
industrial scal¢ ip bu 7 ibers can assure that

fully interconnec

they develop hi ;—1[ / efficiently smart hydrogel properties @ ui he basic of shape and

they can be produce(i'bﬂectrospmnmg

ﬂUH?%BﬂiWEWﬂi
ammmmwnwmaa
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Table 2.2 Comparison of processing techniques for obtaining nanofibers [38]

Process Technological —Can the Repeatability ~ Convenient  Control on
advances to proceed fiber
dimensions
Drawing \/ X
Template Synthesis \/ \/
Phase Separation \/ X
Self-Assembly X X
Electrospinning \/ \/
X =No, \/ =Yes
Table 2.3 Advantages and d dntages o processing techniques [38]
- e
P |
Ij" .
Process « Disadvantages
1
Drawing Minimum equipment requirement Discontinuous process

FTTJ El whibaviwh it M e e

Phase Separatlon Minimum equlpn‘n requirement. Procgss can Limited ta'specific

ARIANEFRAASY B E

batch consistency is achieved easily.
Self-Assembly Good for obtaining smaller nanofibers. Complex process

Electrospinning Cost effective. Long, continuous nanofibers can  Jet instability

be produced.
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2.2 Poly(/NV-isopropylacrylamide) and its Copolymer

2.2.1 Chemical and Physical Properties
Poly(N-isopropylacrylamide) or poly(NIPA) is the most popular hydrogel of
the temperature-sensitive hydrogels. The' structure and the physical/chemical

properties of N-isopropylacrylamide monomer are shown in Figure 2.4.

— Appearance: White crystalline solid
0O Molecular weight: 113.16 g.mol "
HN Mélting point: 60-63 °C
Boiling point: 89-92 °C

Water solubility: Soluble

Figure 2.4  The = structure , and the ', physical/chemical  properties  of

N-isopropylacrylamide monomer{44]. A

Poly(NIRAg)-has-a-lower-criticai-soiution-temperaturc (LCST) at the degree
between 32-34 “CIt exhibits hydrophilicity and hydrophobieity in aqueous solution at
temperature lowetr” and higher than the LCST respectively.”"At low temperatures, a
strong hydrogen bonding between hydrophilic groups (CO._and NH) on the polymer
backbone of poly(NIPA) and the surrounding water will cause the formation of a
highly organized water layer around the polymer chains [45-46]. With increasing
temperature, the weakened hydrogen ‘bonding leads to a'reduction in the structure of
water around the hydrophobic (CH, and CH,) groups on the polymer backbone and on
the side chain and it will make water released because the interactions between
hydrophobic side groups of the polymer increase. Scheme 2.1 presents the mechanism

of phase transition inversion of poly(NIPA) in aqueous solutions by temperature.
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This mechanism explains that poly(NIPA) chains are extremely soluble in
water and appear transparent when the temperature is lower than its LCST but they are

precipitated from aqueous solution and appear turbid when the temperature is higher

than its LCST. If poly(NIPA) possesses a three dimensional network structure, it is

insoluble but it has characteristics of : ) ing: at a temperature lower than

the LCST, the poly( A dros 1 in its network and exhibits a

~.,

»“‘\

Globule conformation
%

S

""='4-4

Amide—wuler H- bundm;, i v '-'.p’ i Amide—amide H-bonding

Scheme 2.1 @'_’}’rf* . 7 1‘& /(NIPA) in aqueous

solutions by tempggmre i
A W AN NI HYIAT o e

and Varlﬂ comonomers that mayeause shift of LCST and swelling behav10r since
WIRAN ‘ﬁm‘@l‘WWﬂ e ﬁ g
enerally, incorporation o a more hydrophobic comonomer leads to a
decrease of LCST; contrarily, if incorporation of NIPA with a more hydrophilic or an
ionizable comonomer leads to an increase of LCST. This shift can be controlled by the

number of comonomer in the polymer. For example, Fares et al. (2008) [49]
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synthesized thermosensitive N-isopropylacrylamide-a/¢-2-hydroxyethyl methacrylate
copolymer. The lower critical solution temperatures (LCSTs) were verified and
determined for different molar feed ratios on NIPA and HEMA monomers with

ultraviolet spectroscopy and differential

nning calorimetry techniques. They found
f olar ratios first increased as result

MA)] to a maximum value of

e hydrophobicity as the

ould be controlled by

me . The structure and the

\ nin Flgure 2.5.
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monomer with dicarboxylic acid groups. They are chemically active because
carboxylic acid group can react with alcohols by dehydration. It is a heat-induced

esterification crosslinking reaction. For example, poly(vinyl alcohol) (PVA) can react
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with poly(styrene sulfonic acid-co-maleic acid) (PSSA_ MA) at 120-140 °C [51]. Thus
it is believed that the introduction of a small percentage of maleic acid moieties into
the backbone of poly(NIPA) may have two potential benefits for the preparation and
propertiecs of a poly(NIPA) hydrogel nanofiber. First, it provides sites for the
crosslinking reaction with diols since as a rule; allmultifunctional compounds capable
of reacting with carboxylie acid groups can bewscdto obtain three-dimension network
in poly(NIPA). Second, it can increase their swelling eapacity that is increasing the
number of ionic groups_am' the hydrogels which produces an additional osmotic

pressure.

N e

2.2.2 Preparation Poly(N-isepropylacrylamide) and its Copolymer

There are many routes to prepare non-crosslinked and crosslinked poly(NV-

isopropylacrylamide) of poly(NIPA ) and its copolymer
o,
} all ol il
2221 Non-Crosslinked Poly(NIPA) and its Copolymer
- Lol o !Ji_ai

Preparation of linear poly(NIPA) anz:lts ‘copolymer can be used by several
methods such asiradical copétlglmerization, cbn-tr-o-.lled living radical copolymerization
and graft coporly:rnerization, efc. For all these techniques, free-radical initiated
polymerization is a widely used technique for the synthesis of poly(NIPA) and its
copolymer [17]. It allows various vinyl comonomers, monomer contains a carbon
double bondiitolincotperate with thel polymer-backbone. The,cemonomers which have
been synthesized via copelymerization of NIPA are unsaturated monocarboxylic acids,
unsaturated dicarboxylic acids and their anhydridesy.acrylamides, and‘heterocyclic
monomer. This ‘polymerization reaction occurs by polymerization ‘chain™ growth
mechanism and it has mainly three basic reaction types occurring simultaneously
during polymerization: initiation reactions that generate continuously radicals,

propagation reactions that are responsible for the growth of polymer chain by

monomer addition to a radical center and termination reactions between the radical
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centers that give a net combination of radical [52]. Initiator provide free radicals that
may come from thermal degenerator or reduction-oxidation (redox) reaction or a
combination of these. Thermal initiators include peroxides and azo compounds that

cleavage according to temperature. The redox systems compose of reducing agents

such as N,N,N' N'-tetrameths AED), ferrous salts, or sodium

metabisulfite, and oxidizing onium persulfate or hydrogen

peroxide. These po s are usuall . e n organic solvents using

peroxide-type initia inagueous, ‘\\\\\ n1t1at10n systems [53]. In

aqueous systems thesized by using the

\N',N-tetramethylene
-\ e (S heme 2.2) and it can be
) \ . sove the LCST [54-55].

ee radical polymerization

itiV1 hurities because it is not

redox couple o

1]

ind low cost for equipments.
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2.2.2.2 Crosslinked Poly(NIPA) and its Copolymer

Poly(NIPA) and its copolymer hydrogel can be prepared by a variety of
methods. But they are devided into two main ways of making hydrogels or three
dimension crosslinked structure: crosslinking during polymerization of monomer and
post polymerization whose crosslinking is finished after linear polymer processing
[57]. The crosslinking during polymerizqtion by using divinyl crosslink agent which is
added to obtain a three dimension crosslinked structure and which contains the double
bonds such as ethylene glyeol dimethacrylate, diethylene glycol dimethacrylate, and
tetracthylene glycol dimethacuylate. | Alternatively, the crosslinking post
polymerization, lineag'polymer can be crosslinked by an appropriate multifunctional
chemical reagent©r by gamma or electronﬁea}n irradiation or heat as activator to form

hydrogels.

Compared to honderosslinkad poiyé}l\ll..f’A), crosslinked poly(NIPA) is of
particular interest to make a poly(NIPA) -ﬂ}-lar_ojgjel for many applications such as
chemical separation process,‘sensors, drug;dE’Iil\!/;ry devices and tissue engineering
scaffold but non-crosslinked” poly(NIPA) 1sreé'd11y water soluble that limits the

application of @ polyENIPAY:

Although a conventional poly(NIPA) hydrogels that have basic shape (rod,
dish, films) materials have shown swelling characteristics, they have exhibited a poor
response~and reversibilitysyto, ehangesy imtemperatures=, The, slow response to
temperature variations associated=with the ‘differences<in morphology and sizes of
hydrogels are major restricts its application. A fast=response is necessary for most
applications./ In recent years, many reports appear continuously=in the literature on the
study and modification of the innovation of the basic shape (rod, dish and film)
materials used in several techniques in order to develop the response time of

poly(NIPA) hydrogels.
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Zhang et al. (2000) [18] prepared a new poly(N-isopropylacrylamide)
[poly(NIPA)] gel by using polyethylene glycol with a molecular weight of 400 as the
pore-forming agent during the polymerization reaction. This poly(NIPA) gel had a
significant large swelling ratio at a temperature below the LCST and exhibits a fast

deswelling rate as the temperature was increasedabove the LCST.

Choi et al. (2000){21] prepareg‘ a novcl separation system by using porous
thermosensitive membranes: The pore surfaces of ‘a porous substrate were covered
with a thermosensitive” N-isopropylacrylamide grafted polymer, which enabled the
hydrophobicity of the pore surface to t;!e dramatically varied by a slight change in

temperature. The membrane ‘was' made. by a plasma-graft-filling polymerization

=

technique. .
J
Kim et al. £2002) [58] prepared porous algmate/poly(NIPA) comb-type graft
hydrogels using NaCl partlcles as.a porogen in order to improve the swelling and
J ' il

deswelling rate. — s
= i

Varghese et al. (2008) £59] syntheslzed a fast, thermoresponsive hydrogel

composed of poly(NIPA) and_chondfoitin sulfate (ChS) by using precipitation

polymerization. “ChS was 1introduced to increase the w‘atef absorption of the
poly(NIPA) hyd:rogel, and the precipitation polymerization method was used to induce
a porous network fporphology to enhance the thermal response of the hydrogel. It was
found thaf the swelling-ratio jof the poly(NIPA) shydrogel-was=greatly enhanced by
semi-interpenétrating polymer 'network formation' with ChS.' The “poly(NIPA)/ChS
hydrogels showed a fast deswelling, due to the presence of a large free water content
associated with the interconnected porosity and reduced hydrophobic skin'effect from

the hydrophilic ChS chains.

Nowadays, there is no report on preparation of poly[ N-isopropylacrylamide-co-

maleic acid)] hydrogel nanofibrous membrane.
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2.3 Electrospinning Technique

2.3.1 Basic Setup and Mechanisms

The first patent that described

e operation of electrospinning appeared in

metallic needle), a . A high voltage power

supply is used to r solution or a polymer
melt out of the eret and the other at a
collector. The spinneret is cont %o a syri ;~  wh ;M e polymer solution (or
melt) is contained. A syringe i as the 1 VoI llector is used as targets to
receive the chargec ‘ ¢ ollector, the solution jet

evaporates or solidifies ected web of small fibers.

ammmm UAANYNA Y

Figure 2.6  The basic setup for electrospinning [23].
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Although the setup for electrospinning is extremely simple, the spinning
mechanism is rather complicated. The mechanism for the fiber formation in the
electrospinning process is separated into three stages for convenience of description:
(1) jet initiation and the extension of the jet along a straight line, (2) the growth of
whipping instability and the further elongation of the jet which allows the jet to
become very long and thin while it follows alooping and spiraling path and finally (3)

solidification of the jet into nanefibers [6-1].

Jet initiations#The electric ficld is subjected to the end of a spinneret that
contains the pendentsdroplet of polymer‘ljsolution is supported by its surface tension.
This induces a charge on the surface of iHe fluid. Mutual charge repulsion and the
contraction of theé surface charges to thEJ counter electrode cause a force and an
opposite way to thesurface tension. As théﬂin;censity of the electric field is increased,
the hemi-spherical surface of the fluid at théﬁiﬁp of the spinneret is elongated to form a
conical shape known as the Taylor's cone [62‘163] Further increasing the electric field,
a critical value is attained by which the replilsixjfé electrostatic force overcomes the
surface tension and then the.-charged jet of,'!'the’:--‘ﬂ'uid is ejected from the tip of the

Taylor's cone:

Jet thinﬁing. The thinning of a jet during electrospinning is mainly caused by
the bending instability associated with the electrified jet. After the jet fluid driven by
the electric forces, it is unstable during its frajectory towards the collector [64]. The
trajectory of the jét in the instablé area is shewn in Figure 2.7. The typical path of the
jet is a straight segment followed by a coil of increasing diameter. After seyeral turns
are formed, asnew-electrical bending “instability forms a“smaller coil onsg turn of the
lager coil. The turns of the smaller coil transforms into an even smaller coil until the

elongation is stopped usually by solidification of the thin jet.
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End of straight
segment

Onset of first
bending instability

Trajectory of an
ement of the path

' \‘h’ of second
instability

Y X

Figure 2.7 Txmctory of the jet in the instable area [64]. .m
¢ a

| e
EJS jenlcliﬂngaimdrgvinwegcﬁcity &Jeg rojf;ltes in a conical
area_whose vertex is the end of ge straight jet. The continuin electtical bending
el 5h bl o ] el s e

longate in response to the columb repulsion of the charge. The different forces acting

on the bending charged jet during electrospinning [65]. Figure 2.8 shows the bending

perturbations. In Figure 2.8, a segment of an electrospinning jet at the place where a
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perturbed segment is shown in dotted lines. It began to grow in response to the
repulsive electric forces between the uniformly distributed charges carried with the jet.
The charge carried with the perturbed segment was forced downward and outward

(Fp,) by the charges above the perturbed region, at the same time this perturbed

segment was forced upward the charge below the perturbation.

The resultant of these fore ion with respect to the straight
i ; -

jet and grew expo e as the radiation displacement of the segment

increased. At the sa i “repulsion of adjace ges moving with the jet
caused all the be
local axes. The ioh imCréase more rapidly in the bending segment. The bent

part of the path is e

..

£ Ik
o) WELANBNINEINT

¢
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instability is also governed by the rate of evaporation of the solvent. Yarin et al. [66]

derived a quasi-one-dimensional model that describes the decreasing mass and volume

variation of the fluid jet due to evaporation and solidification by assuming that there is
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no branching or splitting from the primary jet. However the capacity of presented
model does not fully take into account the kinetics of drying of the nanofiber and the

changing consequence in rheology that affects the finer dimensions and deposit patterns.

Electrospun Fibers

include:

(1) syste , the conformation of

polymer chain, conductivity and the

surrounding.

17\ %/

For instance, the poryﬂfel‘"éofutlof must hav entration.high enough to cause

induced by the ; Bsny and surface tension

eleet
I | |
high enough to nj;tain a stable drop at the end of the spinneret. The power supply
should b idequate tf ovetcome the viscosity and surface tension of tlﬁolymer solution

it s il Bl o b

and collegll)r should not be too smag to create sparks between the electrod&jut should

qﬂmeteﬁ electrospun ibgé ﬂj wqﬂ ﬁ ﬂﬂﬁnﬂ"k’gy

anges can occur upon a several parameters. Figure

to fo en the spinneret

2.9 shows an example of the effect of process parameters on fiber diameter.
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Figure 2.9 0CESs parame ber diameters [70].
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polymer nanofibers can be accomplished
by an in-situ photo- ‘dﬁd polymerization teehnique or post-spin treatments by heat

@ RE-FAERINENT

An in-situ photo-induced polymerization Ehmque This met@ is viable
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‘this process, the photo-induced polymerization and crosslinking of polymer jet take

during electrospinning

place simultaneously during the electrospinning process. The jet consists of monomer,

crosslinker and photoinitiator which polymerizes and crosslinks in flight [27, 72].
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However, this process uses a chemical reaction during the electrospinning process

hence it need the term reactive-mode electrospinning.

Heat or UV radiation-induced crosslinking techniques. They are
crosslinking in a separate processing step after the polymer nanofibers are fabricated
[73-75]. In this process, the random crosslinking is eonveniently carried out by either
heating or exposing UV radiation with a polymer that contains a small amount of
crosslinking agent. The crosslinking age-.nt can be electrospun along with the polymer

and subsequently activated byseat or UV-visible radiation.

In conclusiony a heatsinduced éirosslinking is the most interesting special
treatment technique being used to fabricate the electrospun nanofibers because it is an
inexpensive and simpleimethod. For examf?dle,}_mder conditions of 140 °C and over 5-8
min, it was used to prepare bicomponent ﬁ’glytvinyl aleohol)/poly(acrylic acid) water-
insoluble hydrogel nanefibrous 'meinbranes'[éﬁ, 76].

g
Ml il

2.4 Literature Review —

In recentdyears, there are many and continuous reports on preparation of

hydrogels and nanofibers:

Tang et @l./(2007) [28] generated poly(styrene-co-maleic anhydride) (SMA)
hydrogel nanofibersitesponsive to ionic strength. An alternating SMA and a random
SMA with respectively MAh content of 48 land 32% were synthesized. They were
electrospun in the presence of crosslinker diethylene glycol, followed by heat-induced
crosslinking at, 145, °@-and-subsequent hydrolysis, in"Na@H/EtOH o, turn, SMA in to
crosslinked ‘sodium form “SMA {SMA-Na) hydrogel ‘nanofiber. ‘These ‘hydrogel
nanofibers were able to retain fiber form after immersing in water for 24 hours. Their
water absorption ratio was up to 37.6 and 8.2 g g_1 in distilled water and 0.25 N NaCl

aqueous solution, respectively.
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Liu et al. (2007) [29] prepared poly[acrylamide-co-(maleic acid)] [poly(AM-
MA)] hydrogel nanofibrous membrane by electrospinning an aqueous poly(AM-MA)
solution with diethylene glycol as crosslinker, followed by a heat-induced
esterification crosslinking reaction at 145 °Cy This hydrogel nanofibers were sensitive
to external stimuli ionic strength and pH. The maximum water-swelling ratios of the
poly(AM-MA) hydrogel nanofibers were 18:L.and 22.5 ¢ g_l in a solution of 0.05

- J‘
mol dm” ionic strength and in.an-aqueous solution of pH 11, respectively.

Song et al. (2008) [77] fabricated poly(N-isoproplyaerylamide)-co-polystyrene
(PNIPA-co-PS) nangfiberssby, electrospilming and explored the possibility to utilize
the PNIPA-co-PS namofibers' as ‘a sensifive and  efficient way to enhance the
permeation and .uptake of the ?mticancéfr‘ (}ljug. It was found that PNIPA-co-PS
nanofiber could play an important role in fe{g\iliiating the cell track and drug delivery to
the cancer cell. Moreover, they [78] also féjl-b'ric’éted poly(N-isopropylacrylamide)-co-
polystyrene (PNIPA-co-PS) and-the blends"'d%'PNIPA-co-PS nanofibers with titanium
dioxide (TiO,) nanoparticles as the new I@Q%]gmposites to enhance the relevant
detection sensitivity of biomolecular recogniﬁqﬂ-&f an anti cancer drug daunorubicin.

Rockwood et al. (2008) [79] prepared fibrous—mats./of poly(NIPA) by
electrospinning.;When spun from water, poly(NIPA) formed“small diameter fibers;
however, these were of short length suggesting that the electrospinning jet was not able
to withstand the whipping motion. In contrast,sfibers spun from acetone or THF had
diameters in the range of 5-17 um. These were able to withstand the electrospinning
process and were, therefore, able to produce non-woven, fibrous mats. Additionally,
charaeterization with pelanized:Ramapand'ET-IR showed thatelectrosprm mats of all

types had identical'chain stracture when'compared to‘the ‘bulk ‘pelymer indicating that

the electrospinning process did not a change in conformational structure.

Many researchers report the possibiltity of esterification reaction between

maleic acid moiety and hydroxyl group by heating:
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Kesim et al. (2003) [16] studied macromolecular reactions of synthesized
poly(N-isopropylacrylamide-co-maleic  anhydride)  [poly(NIPA-co-MAh)]  with
polyethyleneglycol (PEG with a methoxy chain end and molecular weight of 2000
g mol ") and polyethyleneimine (PEI with molegular weight of 2000 g mol ) as a way
to obtain new reactive amphiphilic water ;Soluble polymers potentially useful as
carriers for gene delivery. It was shown thae=synthesized copolymer with given
composition have low critical selution te‘r;peramre (LCST) in the range of 30.2-46.4 °C

at pH values of 4.0-7.4, whichssuggest the possibility of their biomedical application.

Jin et al. (2008) (23] prepared ﬁi;rous membranes and monolithic films from
aqueous mixture of poly(vinylaleohol) and poly(acrylic acid) at 3.5 COOH/OH molar
composition via electrogpinning a_nd soluﬁl_z)n ansting, respectively. The samples were
rendered water insoluble by heat-induced é§te£iﬁcation, and their dimensional (planar
and thickness) and mags-swelling bchavior '\'?&-iére'-'measured in buffers ranging from pH
2-10. Lower extents of swelling-at-higher téﬂ{ﬁerature and longer heating time (5 or 8
min between 135 and 144 “€) indicated h;é)ihg??'];ésteriﬁcation. The extent of cross-
linking were similarly affeeted by the length ﬁﬁfrd'-te;;rnperature of heating. Both forms of
hydrogels exhibited increasing swelling with increasing pH. The fibrous membranes
distinguished thémselves as being far stronger and faster in“re-absorption in the

swollen state than the cast-films.

Riyajan et al*{2009) [80] synthesized and characterized a new semi-
interpenetrating polymersnetwork (semi-IPN) based on époxidised natural rubber and
polyvinyl‘alcohol containing maleic.acid as a crosslinking reagent. It was found that an
IR\ spectroscepic, study lindicated the-presence’ of ‘an| ester linkage Jat 1730 dn’ in
maleic acid crosslinked with PVA in semi-IPN films. In addition, the semi-IPNs
exhibit good mechanical properties, thermal stability, characteristics of a polyvinyl

alcohol-maleic acid polymer network.
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As above researches, the electrospinning can produce hydrogel nanofibers by
preparing polymer solution which contains maleic acid moieties in its structure in

order to be sites for the crosslinking with crosslinking agent diethylene glycol and then

9}
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CHAPTER III

EXPERIMENTAL SECTIONS

3.1 Chemicals

All chemicals were ai al 1 age gra@s used in this study

were listed in Table 3.1.

Table 3.1 Chemic

Chemical
Acetone arlo Erba
Ammonium peroxodisulfate 7 LY | ‘7 Fluka

Diethylene glycol 99% (DEG ' Aldrich

Diethylether Merck

N,N-Dimethylformart

a b
-

Dimethylsulfoxid -‘H‘

Ethyl alcohol absolu@itOH) LIJ. Erba
N-isopropylacrylamide 9&% (NIPA) Aldrich

e ‘EJ’J NYNTN i)
Nitrogen gﬂ

Wﬂa@mm AMNITETa Y
Pota sium hydrogen phthalate (KHP) May & Baker

Sodium hydroxide anhydrous pellets Carlo Erba

N,N,N’,N’-Tetramethylethylenediamine 99% (TEMED) Aldrich
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3.2 Apparatuses

The apparatuses used in this study were listed in Table 3.2.

Table 3.2 Apparatuses list

Apparatus

odel (company)

Analytical Balance - : AT200 (Mettler)

Cover Glasses m (Menzel-Glaser)
Fourier Transforms” rometer (FT-IR . Spe RX-1 (Perkin Elmer)

High Voltage Po (Bertan High Voltage

Nuclear Magnet Speetromete ) oury Plus 400 (Varian)
Oven | | | ‘

Scanning Electron Mi ‘ | ND | '_ - \ 15410 LV (Jeol)

Shaker y ‘ f;ﬂ{ — ' .. X (VELP scientifica)
Syringe Pump | _!:' , ,e NE-1000 (Prosense)

Water bath ™ A R M A 'ITMD/I (Bosstech)

FWEJ’JVIEWI?WEJ’]ﬂ?
QW]Mﬂ‘iﬂJlHﬂTJﬂEI’]aH
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3.3 Synthesis of Poly[/V-isopropylacrylamide-co-(maleic acid)]

Poly[ N-isopropylacrylamide-co-(maleic acid)] was synthesized by free radical
polymerization in aqueous solution. The method was adapted from Vaidya et al. [54].

The preparation conditions with va monomer feed ratios were shown in Table

3.3.

Table 3.3 Synthesis

Chemical substance

N-isopropylacrylamide (2
Maleic acid (MA) mol/mol of the total monomer
N,N,N',N'-tetramethyle yle - 1% v/v of the monomer solution

Ammonium peroxodis 10% wit/wt of the total monomer

27 1

-

b

N-isopropylacry 2 _ .1 g, 0.0098 mol) and maleic
id (MA) (M.W. 116.07) (0:13, 028, 0:49, 0.6:
acid (MA) ( ) (0 Jaﬁi%%é%ﬂ f

necked roundft}&om flask containing 30 m 7

75 and 1.1 g) were added to a two-

‘and stirred for 20 min.

Then, nitroge vas purged in ium peroxodisulfate

(APS) (0.12, 0.1@0.16,

methylethylenediamli?e (TEMED) solution (300 pL) drop wise. The polymerization
=9

proceeﬁaﬂ"ﬂr ‘ 01' l: \?J%I oa !ET' ?olution became

very vi s that preé nted the progress of polymerization reaction. The polymer

was precipitated out of the solutioflﬁleating the solution about 80 °Cifor 20 min.
e

%mes with diethylether in order to remove any unreacted monomers and impurities.

ed fo_awed by N,N,N' ,N'-tetra

Copolymer was dried in an oven at 80 °C for 12 hours and stored in a desiccator.
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3.4 Investigation of Monomer Feed Ratios of Copolymer on

Crosslinking Reaction with Diethylene Glycol

Poly[N-isopropylacrylamide-co-(maleic acid)] containing diethlylene glycol
(DEG) films were prepared by hand-casting. The parameters of mixture solutions used
in this study were shown in Table 3.4. The multicomponent films were activated by
esterification crosslinking reaction by means of heat following the method described
by Tang et al. [28-29)+The suitable monomer feed ratios of copolymer for crosslinking
reactions were evaluated bysolubility test.

Table 3.4 Parameters of mixture solutions -

Parameter “J, ¥ Condition
Molar feed ratio of maleic acid ~_ 10-50 % mol/mol of the total monomer
Concentration of polymer solution 7‘ " 10-20 % wtly of solvent

s IF
"

~5-20 %wt/wt of copolymer

T

Crosslinking agent diethylene glycol (DEG)

The mixture solutionswere prepared'-.b§:édding poly(N-isopropylacrylamide-
co-(maleic acid@¥ (0,05 o) and_either N AV -dimethylformamede’ (DMF) or ethanol
(EtOH) (500 pL, 333 ul, 250 ul) in a vial. They were completely dissolved after the
mixture was vigorously shaked for 30 min. Then, diethylene-glycol (DEG) (2.24 uL,
447 uL, 6.71 pL and 894, uL) was added to'the solution and shaked again for 30 min.
30 uL of this homogeneogus solutions was pipetted onto a cover glass and then cast.
The cast film on the glass slide was,put in an oven at 145 °C for 10 min to allow the
crosslinking /I action to) ptoceed: completely, and at 60.°C for 12 hodrs to remove
residual solvent. Film was peeled off and analyzed for solubility characteristics.

The solubility characteristics of the film were determined by immersing the
obtained films into distilled water at room temperature for 24 hours. The visual

characteristic of the films were observed.
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3.5 Characterization of Copolymer
The suitable monomer feed ratios of synthesized copolymers were
characterized by Fourier Transforms Infrared Spectrometer (FT-IR), Nuclear Magnetic

Resonance Spectrometer (NMR) and Acid-base Titration.

3.5.1 Fourier rometer (FT-IR)

FT-IR was nctional groups of the

copolymer. Infrare , in m range of 400-4,000 cm’

using the transmi r resolution of +4 cm '

by KBr pellet techn

3.5.2 eter (NMR)

NMR was ‘used #0 ; ﬁn‘fs ucture 7 . '"H-NMR spectra
were recorded in the ehem ‘l f spmiwith re etitions of 8 by using DMSO-d,
as solvent

3.5.3

Acid-base as 7 np § tion of synthesized
copolymers, therﬁ/ afford le fraction mmaleic acid-containing

copolymer. T1trat10n§, of 10 mL of 1 %wt/v copolymer were manually performed in

m il a E.I (3.1)

2NaOH Na 2

Copolymer
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All solutions were prepared by using deionized (DI) water as follows:
® | %wt/v of copolymer was prepared by dissolving 0.5 g of synthesized
copolymer in 50 mL DI water.

® (.1 M sodium hydroxide (NaOH) solution was prepared by dissolving 2.0 g

The determinati , msing different materials

obtained from thr 7 J ization. he | ration of each synthesis batch

Poly[N-is ide=c ic ,aci drogel membrane was

the Presence of

The prepaEion 0

methodology describéd in Section 3.4.

WAPRIRNATAN I 1
of etha %E . The solutio vigo oulr y stirred for 1 hour at room temperature.

Then, 44.7 uL diethylene glycol (gEG) was addedfonthe solution and stirred for 30

PRI Ta Y

€ so@ons were similar to the
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3.6.2 Electrospinning Process and Esterification Crosslinking

Reaction

The mixture solution was placed in a 5 mL disposable syringe with a 0.80 mm
diameter needle which was mounted onto a syringe pump. A positive potential was
applied to the polymer solution, by coungcting to the high voltage power supply
directly to the outside of the needle. The collectorwas eovered with aluminum foil and
connected to the grounding electrode. The feeding rate was 1 mL hour ' controlled by
the syringe pump. When the eleciric field reaches a critical value, the charged polymer
solution overcomes'the susfacetension aI}d the jet emerges from the needle toward the
collection screen. ‘Fhe fibers are collecteLd in membrane form on the aluminum foil.

The electrospinning appatatus was showfrin Figure 3.1. After that the membrane was

=

put in an oven at 145 °C for 10 min to allew the erosslinking reaction to proceed
completely, and at:60 °C for 12 hours ag:‘n_l to remove residual water. The crosslink
copolymer membrane was obtai}le(i. ' -

The characterization of ﬁiofphology;igf_;kir ]tl}e diameter of fibers was done by
Scanning Electron Microscoﬁé (SEM). The ﬁéjtlr_‘.ospinning was conducted at a flow
rate of 1 mL hour_l, on eleciric Vpotential 0f153304 kV.and a.distance between the
needle and thé cOllection-sereen-of-10-25-em:Fhe-total-tume_of clectrospinning was
around 2 hours. 7

The characterization of functional groups of fibers” was done by Fourier
Transforms Infrared ‘Spectrometer (FT-IR):* The swelling of fibers was also
investigated by water absorption measurement. The'eléctrospinning was conducted at a
flow rate of 1 mL hour_l, on the suitable electric potential and distance between the

needle and cellection” scteen ‘chosen from previous experiment.” The «otal time of

electrospinning was around 5 hours.
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Polymer solution

Collector
oooo

Syringe pump High voltage power supply

Figure 3.1. Schematic.of the electrospinning proccss.
-

3.7 Characterization® of El‘ectrospun Copolymer Hydrogel

:

Membrane"é

The electrospl.iﬁ cgpolymer ilydrog'g membrane was characterized by Scanning

Electron Microscope (SEM) and Fourier Tilfnsforms Infrared Spectrometer (FT-IR).

i ol

KAl
o a

3.7.1 Scanning Electron Micr'q’ip_ope (SEM)

SEM was used 0 investigate. the m(_),t[?]iglogy and the fiber diameter of the

electrospun copolymer hydrogel r;,embrane.};ﬁmples for SEM were carefully cut into
Tl e S =N

small pieces andiexposed to gold vapor deposition to prepace photogenic sample, and

put in an elé&fr‘éh probe analyzer to give the SEM photogfa_éhs. The accelerated
voltage was 15 ,kV. The magnification at 20,000 was used t;o; the measurement the
diameter of the ﬁg-ér and at 3,500 for the measurement of thé_f;ode fiber. The diameter
of fibers=was, reperted .as, the averagervalues-with standard-deviation+(n=30) by Sem

Afore program.

3.7.2. Fourier Transforms Infrared Spectrometer (FT-IR)
FT-IR was used to identify the characteristic functional groups of the
electrospun copolymer hydrogel membrane. Infrared spectra were recorded by using

the procedure previously used in the 3.5.1
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3.8 Water Absorption Measurement
Water absorption measurement was used to investigate the swelling
characteristics of the electrospun copolymer hydrogel membrane at temperatures of

water ranging from 10 to 50 °C. The membrane strips with size of 2x2 cm’ were

immersed in deionized (DI) wate r 1 hoy . Then the membrane was taken out, the
free water at the surface was removed by filtc brought to weigh (W ). Later
on, they were dried in an oven a 80 ntﬂof the dry membrane was

constant and bro cighy | The' v \j ratio was calculated

Water absorption r. a 'v = \ (3.2)

Where: W =
W, = [ ;
The weight loss of-electtospun copt drogel membrane was calculated

according to the'following Equation 3.3

, T
o Wi p Jij
Weight loss (%) =| ——* | X100

Wﬂ i) YEINEND?

= the weight oﬁhe post-water tréated and dried membrane ( Ef

QW'TMﬂ‘mJ ARTINETA

(3.3)



CHAPTER 1V

RESULTS AND DISCUSSION

Poly[N-isopropyl hydrogel membrane was

prepared by electrospinni inking b induced esterification reaction.

This work consis : i 10 (1) C of the copolymer, (2)
characterization \ erization of electrospun
copolymer hydrogel met ‘ - ab: chavior of copolymer

In this section, th ‘ ymer consisting: propylacrylamide (NIPA) and

!; i -".l""

maleic acid (MA) or po “"‘-"" -co-M. as synthesized by free radical

copolymerlzatlon The re . The synthesis procedure was
adapted from. the tuce the sites for the
crosslinking reae .-':.' s monomer feed ratios were

investigated in t ;;I. opolymerization proce

rosslinki oly NIPA co -M ia heat-mduced esterification reaction
betweeﬁ ) ewﬂ) ) las gsshnkmg agent

with theﬂlmmatlon of water [28 &9] was apphed This mechanism is wsented in

FRTANN I URIINA



MPAﬂu&;sam EWITW 8113

MAm
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Scheme 4.1 Synthesis of poly(NIPA-co-MA).
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O HO n

e

Poly(NIPA-co-MA)

Scheme 4.2 Crosslinking of poly(NIPA-co-MA) with DEG.
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The parameters in preparation of crosslinked poly(NIPA-co-MA) including the
feed molar ratio of MA in copolymerization, the amount of crosslinking agent,

diethylene glycol (DEG), and concentration of polymer solution, were varied. Thus,

by hand-casting, followed by a heat-
‘ °C. After that the films were

e solubility of the film was

Table 4.1 Sol ilm with varying the
proportion of mix | afterw mm 101 oom temperature for 24

hours

MA amount in fe Solubility’
(%mol/mol) . / 5""_' ¥ - f copolymer)
10 545,207 | soluble
, 20 "A soluble
|

5 10, 15, 20 soluble
ﬂ‘LlEJ’J‘VIEJVI’iW g3
5,10, 15, 20 soluble

q masn Il Anen g
15 5,10, 15, 20 soluble
20 5,10, 15, 20 soluble

‘observed in triplicate
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Table 4.1 (continued) Solubility of crosslinked poly(NIPA-co-MA) film with varying
the proportion of mixture solutions after water immersion at room temperature for 24

hours

MA amount in feed _ ntre ”" Solubility”
(%mol/mol) ”":, o ﬁolymer)

insoluble
insoluble
insoluble
40 insoluble
insoluble
insoluble
50 insoluble

insoluble

insoluble

In Etha ol

ﬂuEJ’WIEJVlﬁW%I”Iﬂ?“”‘““‘“

5.10, 15,20 insoluble

t| ~“observed in triplicate
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Hydrogels or water-containing gels are polymeric materials characterized by
both hydrophilicity and insolubility in water [81]. From Table 4.1, as MA amount in

feed increased from 35 to 50 %mol/mol (keeping other parameters constant), films

were insoluble in water and able ." ain film form as shown in Figure 4.1.
Conversely, below 35%mol/mol 1 # ing other parameters constant),
films were readily soluble and lost i lly known, a poly(NIPA) is

of the poly(NIRA ogel. G \ ( in feed of

DV 811
RN TN

The effect of the solvent used in film casting was also investigated.
As mentioned above, The crosslinked copolymer films prepared from 35%mol/mol

MA in feed with DMF as a solvent were water insoluble in any DEG concentrations,



48
the solvent using in film casting was change to ethanol. The results of solubility test
were also presented in Table 4.1. The property of the film prepared in ethanol was
similar to those cast in DMF. It can be assumed that solvent work as only intimate

connecting media between copolyme

ns and the crosslinker. Thus, ethanol was

selected for next experiments since it ’%ﬂ used organic solvent, has low
toxicity and is not expensive. 7 é ‘

The synthesis p oly(NIPA ol MA in feed was easy

and simple by radi polymerizati - aqueous solution. The progress of

copolymerization could beobse sually by f the viscosity of the
solution. The product )5 gbtained - hi \ e-yellow precipitate. The yield of
poly(NIPA-co-MA) w /o ( I . s sh "::%"1 ab 4.2. The yield represents
the conversion fro mer t% ‘ [84]. ] \ 1‘ age yield was calculated
according to the f ing | 4 __ m‘; ' '

|4
-

weight o h C(

Yield (%) = { 4.1)

weight of total monom

5, il : .
Table 4.2 Yield of hesized poly( 2, J ol/mol MA in feed

j

No. & = Monomer Synthesized  Yield (%)
AU B ITETT 3NN T
1 11093 06129 091964 53 Q/
AR AN T WA IVIE R E
3 11095 06133 09761 57

Mean + S.D. 55+£2
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In order to study the effect of amount of crosslinking agent diethylene glycol
(DEG) and concentration of polymer solution, the weight loss in water of crosslinked

copolymer was considered. The weight loss of crosslinked poly(NIPA-co-MA) film

4.2)

' crosslinking [85]. From Figure

)
0 iet

V- i .. |
%wt/wt did not 31gn1ﬁcantly f; Fthe r-.

dmount ¢

e glycol (DEG) from 5 to 20
\
of crosslinked poly(NIPA-co-MA)

films. Thus the minimum ) was chosen. In addition,
considering the effect of concent of copolymer, the % weight loss was no

i e ot

further experime u:l since it is easy to preparation of solut1 vhich spends less time.

significant diffée mer was chosen for

Moreover, it has low 'ﬂosity that is easy@obtain nanofibers by electrospinning.

e P LR 4 S 1 o e

extens10 rocess, yielding relatlvely thicker nanofibers, but may also make it difficult

ﬂmﬁﬁﬂﬁmeﬂﬁ"'l?ﬁﬂ’]a d
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100
- Concentration of copolymer
- 80
~°> solution in ethanol
2 60
=
E 40 10%wt/v
o0
= 20 N 15%wt/v
0 & 20%wt/v
*Mean value +S.D., n=3
Figure 4.2  The'we vosslinked poly(NIPA-co-MA) film prepared from

35%mol/mol M and concentration of

copolymer in EtO er watef immersion at m temperature for 24 hours

7 (A influenced the crosslinking
reaction while the effe 7 | amount of cresslinking agent diethylene glycol (DEG),

concentration of copo of solvent were not significant.

Therefore, the optimum prepa At i e crosslinked-poly(NIPA-co-MA)

could be ac'r ed with molar feed ratio of MA comc nomer 35%mol/mol in
; X
copolymerization | sized polymer in ethanol

-l V
with crosslinking ‘! rent DEG amou oWt/Wt o copolym dd1t10n follwed by an
activated via heatmg‘t KS °C for 10 min.

ﬂuﬂqwﬂw§WHﬂni
awwmﬂm YRIINYINY
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4.2 Characterization of Copolymer

The suitable monomer feed ratios of synthesized poly(NIPA-co-MA)

copolymers were characterized by Fourier Transforms Infrared Spectroscopy (FT-IR),

NMR) and Acid-base Titration. The

. The IR spectrum of
e absorption bands of
istic bands of copolymer
ed to N-H stretching band
of secondary amide; a ssigned to C-H stretching
band, at 1657 (s) cm I band, at 1545 (m-s) cm’'
assigned to N-H bending of amide If ! nd, at 1 ,-_‘ " assigned to C-N stretching

of amide III band and at 1

Lk

deformation in "ﬂ)propyl group. FB‘;' Mﬁ un S,
\

carboxylic group a ned to C=0 stretching band

m poly(NIPA-co-MA) and

poly(N ﬁ: % of carboxylic

poly(NIP as shown in Figure 4.4

AR AIUUNIINHVR -

opolymerlzatlon of MA comonomer onto the NIPA polymer.

of carboxylic group When compared FT-IR spectrum o



52

0@

g8

g2

% Trare mittance

as

Figure 4.3
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Figure 4.4

FT-IR spectrum of poly(NIPA).
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4.2.2 Nuclear Magnetic Resonance Spectroscopy (NMR)
The poly(NIPA-co-MA) was characterized by 'H-NMR. The NMR spectrum of
synthesized poly(NIPA-co-MA) was shown in Figure 4.5. The proton signals of NIPA

and MA units were found. For nits, 'H-NMR signals of copolymer were

t, J = 2.0, 2H) of CH
C a;\\-‘ found at the chemical

influence of electron-

14 ppm which is ag yoly] \-isopropylacrylamide-co-
(maleic lacryla e-' o-(maleic  acid)]-gratf-
polyethyleneglycol tk : ) " ' sim \ | 6]. They reported that the

proton of carboxylic group app Gared ¢ ?}3—5- shift of 16.98 ppm.

Therefore, from _vi,_:_vg_fg{% :7 plied that the incorporation of

MA comonomerinto the backbone poly: mer chain was successfi

AU INENTNYINS
RIAINIUNRIINYIAL
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5,6
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o

=i
|
f
i
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I
0.0
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Figure 4.5  'H-NMR specirim 0!

Ry

'I
|

The composition of acid content in poly(NIPA-co- 2

acid-bas arb d in Table 4.3.
The mﬁnﬂ ﬁ gﬁ ﬁ y’rjr ﬁlculated by the
followm&quatlon 4.3 and 4.4, resatctlvely

AR Il um'mmaa

weight of MA

was determined by an

A composition in feed (eq. gmonomers
(weight of MA + weight of NIPA) X116.07

concentration of NaOH X volume of NaOH X 5 (4.4)

MA composition in copolymer (eq.g_ g
\
copotymer weight of copolymer X1000
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From the Equation 4.3 and 4.4, % MA incorporation could be calculated by the

following Equation 4.5.

MA incorporation (%) = (4.5)
From Table 4.3k drpotatio centage ac1d (MA) in poly(NIPA-

co-MA) was 22.9 £+ 0.3'¢ 3) : 0 of NI ‘.*{' in poly(NIPA-co-MA)

was calculated b A 7

Mole ratio = (4.6)

|

From Equation 4.6, the mole ratio of NIPA/MA in poly(NIPA-co-MA) was 2:1.
= :

e SN S

ork, MA comonomers wet into the polymer chain and

In this

I’F’_m““ﬁm

serve as crosslinking-sites-for-the-e: ih-diethylene glycol (DEG)
L/ \

crosslinking agent: tion reaction that were

["

activated by heat”as shown in Scheme 4.2. Thus, the -J thylene glycol (DEG)

TR ] "ﬁwﬁﬁ%wgﬁﬁﬁ )

DEG amount (Y%owt/wt of copolymer) X2 (4.7)

DEG composmon in copolymer (eq. g

AR ASNI RN Y

From the Equation 4.4 and 4.7, MA/DEG ratio (in eq/gcopol ymer) could be

calculated by the following Equation 4.8.
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MA composition in copolymer
MA/DEQG ratio = P POy (4'8)

DEG composition in copolymer

The MA/DEG ratio was defined as the ratio of maleic acid to diethylene glycol

equivalents in the crosslinked copelymer. This explain its crosslinking reaction. If

there is an equilibrium PO ac ;. een MA moieties and DEG, the
MA/DEG ratio is one. If tive equiva n the hydrogel is more than
equivalent of DEG, MA/DEG is ¢ catet than MA/DEG ratio is less than one,
the relative equivaleat 'A/? " \:\\\\\\\ n nt of DEG 5%wt/wt of
copolymer, MA/b S i H.,_" his result shows that

copolymers have enough M/ /

with DEG and sesidue o o.‘ lic - a a oup '
. A - ' \
reaction. _ F/ el ‘ ‘ \

ﬂ‘NEJ’J‘VIEJVIﬁWEJ’]ﬂi
QW]Nﬂ‘iﬂJlliﬂ’TJﬂEl']ﬁﬂ
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Table 4.3 Composition of MA in poly(NIPA-co- A I'TF"‘" ase titratio -\

No. Preparation of copolymer

solution (50 mL)

57

Amount of MA

%

MA incorporation

Weight of Concentration Volume o In copolymer
copolymer (g) (Yowt/v) (mL) by calculation)  (by titration)
€4/ onomer’ (€4/8 copoiymer’
1 0.4956 1.0 621 x10° 1.41 %107 227
2 05511 1.1 141 x10° 22.7
3 0.5340 1.1 1.45 % 10° 233
Mean + S.D. 22.9+0.3

a
Mean value, n =3

ﬂ‘lJEJ’J‘VIW]?WEJ’]ﬂ'ﬁ
’QW'lﬁﬂﬂ‘iflMJWl’mmﬁEl

LS
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4.3 Electrospun Copolymer Hydrogel Membrane

In this section, poly(NIPA-co-MA) was fabricated by electrospining, followed
by a heat-induced esterification crosslinking reaction. The morphology of copolymer
hydrogel membranes on varying electrical potentials and distances between the needle
and the collection screen was investigated by.Scamning Electron Microscopy (SEM).
The functional groups of electrospun hzdrogel {ibrous membrane were characterized

by Fourier Transforms lafrared Spectroscopy (FT-IR):

From preliminary study; the mix‘fure solution in aqueous system was used for
electrospinning proeeess. Ihe membraneL from spinning process was formed a film
instead of fiber. Therefore, it /can be imﬁhe%l that water is not a good solvent agreed
with the results published by Rackwoo‘“; et al. [79]. The electrospinning jet of
poly(NIPA)/water gystem could not withs‘iand the whipping motion; the jet broke to
form short fibers. Electrosplnmng of poly(NIPA) was limited but many reports showed
that it could be electrospun from: dlffcrent orgamc solvent [78-79]. Some commonly
used organic solvent such as ethanol (EtOH:);‘acetone and N,N-dimethylformamide
(DMF) were firstly considered. Poly(NIPA-cb-MA) could dissolve in EtOH and DMF
while it could noi-disselve-in-aceione~rhe-homeogeneous=-mixiure of poly(NIPA-co-
MA) and crosslinking agent diethylene glycol (DEG) was obtained by dissolving in
EtOH and DMF~(at concentration of copolymer solution” 10%wt/v of solvent).
Afterwards, mixture” solutions in EtOH or DMF were electrospun. The continuous
spinning and|asstable drep at thefend of themeedle tip was observed which indicated
the proper viscosity and surface tension of the solution. However, the solution in DMF
exhibited emanation “of] jetvand pungent ‘odor’ during eléctrospinning.. Fherefore, a

mixture solution in ethanol was selected for electrospinning process since it 1s good

spinability, low toxicity and not expensive.
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Based on a few preliminary studies and experiments [28-29, 78-79], the

electrospin process had been fixed initially as following:

The electrospining solution contained 10%wt/v of poly(NIPA-co-MA)
copolymer in ethanol (EtOH) and 5%wt/wt crosslinking agent diethylene glycol
(DEG). The mixture solution was loaded intosa disposable syringe with a 0.80 mm
diameter needle which was connected tq a high-veltage supply capable of generating
electric potential in range=15-30-KV. An aluminum feil was applied as the collector
while the distance between.the needle and the collection sereen was 10-25 cm. The
feeding rate was o mlL hoti)'. Sucﬁ-obtained poly(NIPA-co-MA) nanofibrous
membranes were put in ang oven at 145 °Cfor 10 min to complete the crosslinking

reaction, and thenddried.at 60 °C for 12 hoﬁs to remoye residual water or solvent.
ll '

o

4.3.1 Morphology of Copolymer Hydrogel Membrane
¥,
s Ml il
Electrospinning will occur when elqcﬁbjs}atic force overcomes the surface

tension of polymer solution. A high potentigfl,:ir;l .-the kilovolt range, used to generate
the electrostatie.repulsive Uf;)'rtc‘e on the pol&i;r.i-e-r-_;s-oiution. It changed the droplet of
polymer solution-at-the-end-of the-needle tip-to-Taylor'sscone and then the jets ejected
from Taylor's cbne. Therefore, applied electric potential and electric field affected
morphology and diameter of fibers. Moreover, changing of distance between the
needle and the collection screen influenced.directly both electric field generated by
electric potential and theflight time of jet as'reached on the collectof [38]. Therefore,
the effects of applied electric potential on morphology and diameter of fibers need to

be consideredtogether with the distance between the needle and.the colleetion screen.

Figure 4.6 and 4.7 show a series of SEM images (with magnification of 3,500
and 20,000, respectively) at different combinations of distance between the needle and
the collection screen and electric potential on electrospinning of poly(NIPA-co-MA)

containing 5%wt/wt DEG. The quantitative analysis of the results was summarized in
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Table 4.4. Normally, increasing electric potential will increase levels of drawing stress
of jet that will permit the fiber diameter to decrease [68]. However, in this study, when
the electric potential changed from 15 kV to 30 kV (keeping other parameter constant),
the average diameter of fibers increased. The diameters of electrospun fibers did not
follow as described above when electric potential increased. One possible reason for
this event was the evaporation of solvent which happened before drawing stress of jet
by highly applied ecleetric potential. Therefore, the diameter of the fibers did not
decrease agreed with the report.of Uppatham et al. [87-88]. However, the node density
decreased when electricgpotential increasled. When distances between the needle and
the collection screen changed from 10 cmj_tor25 cm (keeping other parameter constant),
the average diametet of fibers decreased ‘t;‘qclause the longer distance means that there
was a longer flight time for the selution to.‘:.be"s'tretched before it reached the collector.
Moreover, at the distange off10 cm. Intra ét_flglllr_ll@er layer bending fibers features were
found when electric potential increased in thj‘, ra;lge of 25 to 30 kV. It means that the
jet would have a very short dis%tance and éeri,‘_l;nigh electric field. Decreasing the
distance has the same effect as increasing the!_,aéctric potential supply and this caused
an increasing the electric ﬁeld and also inc?e-a-sgd- t‘he aceelegation of the jet to the

collector. As a result, the jet may not have enough time for the solvent evaporation

before it reached the collector.

Further analysis showed that the node density decreased when electric potential
increased (see Table 4.4)." The increasing~of the applied voltage, raise to higher
electrostatic repulsion forces which provides higher drawing stress in the jet between
the needle and the collector that makes density”of nodes lower [89]+ Thus the
formation of nodes in the fibers had correlation to the spinning voltage."‘However, the
shape of the node changed from spherical to spindle like when the electric field varied
from high to low levels since the electric field is high, the stretching of jets is ready to

be halted immediately due to its solidification. At the highest electric field (at 10 cm
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30 kV), the node features are spherical shape and the collapse skin because of fast
evaporation of solvent. Normalization of the observed fiber density by the observed
node density resulted in the fiber-to-node ratio. The node density is the average

number of nodes per unit area while the fiber density is the average number of fibers

per unit area. The high fibe » ns the higher fiber density and

suppresses the node (lowernod er-to-node ratio was found at 25
: # . . .
cm 30 kV and 25 ¢ e. 34.Fand 29.5, respectively) with the spindle like

nodes on fiber.

The SEM 1m cm 20 kV, 25 cm 25 kV

and 25 cm 30 gular and straight fibers
were formed. It w. vever, condition at 20 cm

the collector which was

W\

caused by both a very lo ery 1o Gy ectric field. Moreover, this
condition had more densi han, t] ndit at 25 cm 25 kV and at 25 cm
30 kV. For the distance of 25 em 1 s found that the spinning produced

severe static electricity and ; K:) The optimum electric potential and
distance between r ' obtained. 2 25 kV and 25 cm,
respectively. ?‘A ﬁ"’ ‘ ‘

IB 0
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Table 4.4 Quantitative analysis of electrospun poly(NIPA-co-MA) fibers

containing DEG.

Distance Potential Fiber

(cm) (kV)

Range of  Fiber Fiber/
Density Node
[fiber/ Ratio

(em)’]

10 15 Jls280 L 400 10235 12.4
20 \ 7.8
25 6.9
30 8.5
15 15 " 1085 )30 4 300-600 110.97 9.0
20 “y'ss 90-700  99.30 10.4
00-600  61.53 8.5
2 44 10.9
20 15 | 92408 400-700 7.1
20 4 104435 860 g, 500700 7629 8.9
AUY NN TNERG
9130 126438 7.30 300-600  71.52 9.8

_ € a .
LRTANTLIUH N VLI VIELI A B,
1 20 99427  5.18 400-800  97.00 18.7
25 117433 2.90 500-600  85.60 29.5

30 121435 2.40 1300-2000 81.84 34.1
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4.3.2 FT-IR Spectrum of Copolymer Hydrogel Membrane

The electrospun poly(NIPA-co-MA) fibers containing DEG was characterized

by FT-IR. The IR spectrum of fibers was shown in Figure 4.8. The absorption bands of

which exhibited significant di with, char sorptlon of synthesized
/ V ectrum of crosslinked
copolymer membraneanc , Rea ONR spectrum of crosslinked
copolymer film was s » n in " The rest - of some important peak
assignments from IR‘Spegtra of crossl .~ L spt * in comparison with those
of cast film was. sumimari 14ind Fable | 1 dthat the IR spectra of
crosslinked copolyme | ne fil ere very similar. It indicated that the

, - ; |
process of electrospinning didn ter the fi al groups of polymer.

In conclusion, from the eleectr spun polyl ' 20-MA) bers crosslinked with
DEG, it can“be-co: *”*'*”"fi*fi*fﬁ-- slink reaction of the

membrane had taken p

ﬂUEJ’J‘VIEWlﬁWEJ’]ﬂ‘i
ammmm UAIINYAY
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FT-IR spectrum of crosslinked poly(NIPA-co-MA) film.
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Table 4.5 Analysis of FT-IR absorption peaks of the crosslink poly(NIPA-co-

MA) membrane in comparison with those of the cast film

Peaks Observed

in spun fiber
(em’)

3708-3187 36 7 [ stretching of carboxylic group

3293 and 3085 ‘i.ﬁ' secondary amide

2969,2939  42978.2033° - . . o in CH CH, and CH,
and 2867 gl ' \

. ‘ #ld-i ’
1872 and 1847 Pand 1847~ n of ester group

1741 and 1715 " 1774 ande M‘* 3 - O s stehi gofcarboxyhc group

1654 1647 - D stretching of amide I

LT
1563 & SlE T of amide 11
1450 v 14T ,":‘dn I
1
ll‘ 1366 and 6 § eformat 1 in isopropyl group

1377 and 1264

1067 and 1020 ¢ ﬂ7 and 998 ‘ 2c-0 stretchmg of ester group

ARIAINTUNNINGAY
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44 Water Absorbing Behavior of Copolymer Hydrogel

Membrane in Different Temperatures

In Table 4.6, temperature-responsive water absorption ratios of poly(NIPA-co-
MA) hydrogel membrane were shown. It was found that the hydrogel fibers showed
different temperature dependent swelling responses. When the temperatures was raised
from 34 to 50 °C, the water absorption ratio of the crosslink-poly(NIPA-co-MA)
membrane decreased from L/.t0.4 ¢ g'l. From the literature, it has been known that
poly(NIPA) is awtype of thermoresponsive hydrogel “whose water absorption
mechanism is strongly associated with tlhe chain conformation in aqueous solution.
With increasing temperature, the hydrogeﬁ ‘t;'.onding weakens, it leads to a reduction in
the structuring of water agound-the hydri‘)lphpbic groups. As this water structure is
released, the interactions between hydropil}qbic side groups of the polymer increase
[90-91]. Moreover, at 34 ‘C, ‘-che-hydroge;i‘ .:tlrle..r'-nbrane was translucent and swollen
while, at 35 °C and aboye, the hydrogel m-e;!;ll_:;lzage became cloudy and shrank. This
observation indicates that the hydrogcl CXhibﬁE‘d’l ijower Critical Solution Temperature
(LCST) behaviars which/I00K fike the conventional poly(NIPA) hydrogel at LCST in
the vicinity of 34—C-fii—Figure-4-10-showed-thai-the-polymer membrane was
transparent at low: temperature and became opaque above- a critical temperature.
Moreover, in this*work, when the temperature was increased from 34 to 50 °C, the
weight loss of the membrane was decreased frem 49 to 21% while, at below 34 °C, the
hydrogel membrane dissolved in/water. When the 'hydrogel swelledsup and is highly
hydrated, therefore it became hydrophilic state. It could not maintain fibrous
morphology;-en the other'hand it became ‘distorted ‘and exploded on the.fiber surface
and dispersed in water. However, these phenomena might be useful to apply in
chemical separation process at high temperature and easy to remove at low

temperature. For example, poly(NIPA) has been used for adsorption of heavy metals

by temperature-swing solid-phase extraction (TS-SPE) technique [12-13]. First, a
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metal ion in an aqueous solution is complex with an extractant. Subsequently, the
metal-extractant complexes or micelles are adsorbed onto the poly(NIPA) hydrogel
through a hydrophobic interaction above the LCST. Finally, the metal-extractant

complexes are desorbed from the po

PA) hydrogel after it is cooled below the

[0 compare v&mperature-responsive water

n mats, Fro ¢ 4.6, the maximum and minimum

LCST.

The cast films v a-‘
absorption ratio to the .e (e (rQ
water absorption rétio 0 V g "at 50°C, respectively.
The cast films showed is no precise change at
LCST. The reasonable cal : _ § © e has much more surface area

than the cast films Thesresalt Showed C \o\ of poly(NIPA-co-MA)

electrospun fibrous mémbrane. was she 'per’ : > cast fil
7

ﬂ‘lJEJ’JVIEWIﬁWEJ’]ﬂi
QW]Nﬂ‘iﬂJﬂJW]’mEI']ﬁH
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Table 4.6 Temperature-responsive water absorption ratio of poly(NIPA-co-MA)

hydrogel membrane and film

Temperature Membra & ) 4 Film
(0 Water a n\‘t l"-{/ ter absorption ~ Weight loss
ratio (g . %)‘-dtio (g g'l)a (%)°
10 3442
20 38+2
30 28+1
33 29+1
34 30+2
35 26+1
40 29+1
45 -
50 ' 542 ] 22+3

“Mean value iS.Imn% il - _m

Remarks: Not availahle ge to the dissolutio%gl)j the membranes in water.

N d

o

Figure 4.10 Images of crosslink-poly(NIPA-co-MA) hydrogel membrane containing

A (B) ©

5%wt/wt DEG; (A) at 34 °C, (B) at 35 °C and (C) at 50 °C.



CHAPTER V

CONCLUSION AND SUGGESTIONS

5.1 Conclusion

The new copolymer poly[]\‘;—‘isopropylacrylamide-co-(maleic acid)] or
poly(NIPA-co-MA) nanefibeithydrogel membrane was successfully fabricated by
electrospinning using diethyiene glycol (pEG) as a crosslinker and a subsequent heat-
indued esterification crosslinking reactionat 145 °C for 10 minutes.

A random€opolymer poly(NIPATeo-MA) consisting of two monomers, N-
isopropylacrylamide ANIPA) and -‘maleic al;AtidJ'-‘(MA), was synthesized by free radical
copolymerization in an aqueous systeim u:s_diif}g APS and TEMED as an initiator and
coinitiator, respectively. The MA moicties ln_,ﬂLe polymer backbone were used as sites
for the crosslinking reaction with DEG to ’-:obtjain water insoluble material. The

parameters influencing the crosslinking reaction i;gl}sisted of the feed molar ratio of

o !

MA in copolymetization, the amount of crosslinking agent DEG and the concentration
of polymer solufio?Were studied from a polymer solution with DEG via film casting
and then crosslinkéd by heat. The optimum crosslinking reaction condition for the
crosslinked poly(I;IIPA-co-MA) could be achieved from the :synthesized poly(NIPA-
co-MA) . with molar feed 'ratio of "35%mol "MA /niol ‘of the total monomer in
copolymerization process solution concentration at 10%wt/v of ethanol with
crosslinking agent DEG amount 5%wt/wt of“eepolymer. These “erosslinked

poly(NIPA-¢n-MA) film was able to retain film form after immer§ing in water at room

temperature for 24 hours.

The synthetic copolymer was characterized by Fourier Transforms

Infrared (FT-IR) and Nuclear Magnetic Resonance (NMR) Spectroscopy and Acid-
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base Titration. The results from all characterization techniques could evidently confirm
the successful copolymerization of MA comonomer onto the NIPA polymer. Moreover,
the incorporation of MA in poly(NIPA-co-MA) was estimated to be 23% by acid-base
titration. On the basis of these the incorporation of MA in copolymer, the actual mole
ratio of NIPA/MA in poly(NIPA-co-MA) was 2:1. Furthermore, the analysis result
showed that the MA/DEG ratio starting with 5%wt DEG /wt of copolymer was 1.5.

The morphology and diameter of electrospun hydrogel fibrous membranes was
investigated by Scanning Election Microscope (SEM). The morphology and diameter
of the obtained fibers wete affected by t];}e electric potential and the distance between
the needle and the collectionscreen. Thej_ﬁ‘tze_:rs had a diameter ranging from 88 nm to
160 nm. The electrespunshydrogel membfgr;e with regular, straight uniform diameter
fibers, low node density and uniform non—éyoxfén fabric structure was prepared through
optimizing electrospinning parameter the apphed voltage at 25 kV and distance
between the needle and the collectlon screg:gl,. at 25 c¢cm using a diameter of needle at
0.80 mm and the flow rate at 1 mL hour The 7a.-\4qrage diameter of electrospun fibers

was 117 nm. The fiber-to- node rafio was evaTIuated to be 29.5 with the spindle like

e

nodes on fibers. In add1t10n an IR spectroscoplc study which indicated the presence of
an ester linkage'* at 1872 and 1847 cm confirmed successful :crosslinking reaction
between DEG h};drbxyl group and the copolymer carboxylic group on MA moieties.
The swelliﬁg behavior of the electrospun nanofibrous hydrogel membrane in
different~temperatures ~(1 0-50°G), wasmalso- investigateds, It=was=found that the
electrospun hydrogel mémbrane ‘which behaved thermeosensitive property and had a
lower critical solution temperaturé’ (LCST) in water,in the vicinity ofi34 °C. The
reduced temperature increased the water absorption ratio but inereased the weight loss
of electrospun hydrogel membrane. Its maximum and minimum water absorption ratio
was 17gg at34°Cand4.4 g g at 50 °C, respectively. It had the weight loss ranging
from 49% at 34° C and 21% at 50 °C while at below 34 °C, the hydrogel membrane

distorted dissolved in water.
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5.2 Suggestions for Future Work

The introduction of a rigid chain structure such as phenyl side group into the

backbone of poly(NIPA-co-MA) may be limited to small extension in order to

molecular weight of po me S ATt collector geometry, etc. Thus,
these important para.ln;e all b 1 studied.dus u- electrospinning process
development. Mdreo = i§_well knoy i that % --.;__:.L pun poly(NIPA-co-MA)
| ‘ I porosity and light weight.

\\_\ |

Consequently applied for many

applications such rug delivery devices and

tissue engineering sca

)
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