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ABSTRACT 

Random copolymers of poly(ethylene glycol methacrylate) (PEGM), and diethyl 

amino ethyl methacrylate (DEAEM) were synthesized at low, and high conversions 

by photoinitiation. Crosslinked poly(PEGM-co-DEAEM) samples were obtained, 

and characterized by FTIR, SEM, DSC, TGA, and elemental analyses. Swelling 

behavior of the copolymers revealed that the copolymers acted as superabsorbent 

hydrogels. The monomer reactivity ratios were calculated using Fineman Ross, 

Extended Kelen Tüdøs, and Mayo Lewis methods that gave r1(PEGM)=0.90, 

r2(DEAEM)=0.14 at low conversions. At high conversions r1 and r2 values were 

calculated as 1.01 and 0.40, respectively. Adsorption isotherms of methyl 

orange(MO) onto hydrogels were studied using Langmuir, Freundlich, and Temkin 

models. The experimental data fitted well with the Langmuir equation. The 

maximum adsorption capacity for MO was 212.7 mg g
-1

 at pH=3. The adsorption 

data gave best fit with the pseudo-second order kinetic model. Thermodynamic 

evaluation showed spontaneous nature for MO adsorption onto poly(PEGM-co-

DEAEM ) hydrogels. 

 Poly(2-hydroxyethyl methacrylate ) was grafted onto poly(vinyl cinnamate) by 

photoinitiation using benzophenone (Ph2CO) as initiator, at 360 nm wavelength, and 

at a total power of 7670 µW.cm
-2

. The grafting process was optimized by changing 

the concentration of HEMA, Ph2CO, chemical crosslinker ethylene glycol 

dimethacrylate (EGDMA), and UV irradiation time. The polyVCi-graft-polyHEMA 

films obtained were characterized by FTIR and SEM. The contact angle 

measurments revealed  enhancement of wettability of the polyVCi backbone via the 
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grafting with polyHEMA. TGA analysis confirmed thermal stablility of the films. 

Swelling behaviors of films were examined in both water and ethanol. Successful 

photo-encapsulation of flurbiprofen into the film matrixes was confirmed. The 

PolyVCi-graft-PolyHEMA films proved to be suitable release matrixes for 

flurbiprofen demonstrating pulsatile release behavior. Zero-order model fitted the 

flurbiprofen release mechanism. This mechanism was ensured through its Ritger-

Peppas “n” value (1.00 to 1.41), which indicates super case II release kinetics.  

Keywords: Methacrylate hydrogels, monomer reactivity ratio, photoinitiated 

copolymerization, superabsorbent hydrogels, dye adsorption, photoinitiated grafting, 

poly(vinyl cinnamate) films, Flurbiprofen, pulsatile release, lag time. 
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ÖZ 

Poli(etilen glikol metakrilat) (PEGM) ve dietil amino etil metakrilat (DEAEM) 

yapıtaşlarından oluşan rasgele kopolimerler UV başlatıcı ile düşük ve yüksek 

verimler ile sentezlendi. Elde edilen çapraz bağlı polimerler FTIR, SEM, DSC, TGA 

ve elemental analiz yöntemleri ile karakterize edildi. Sulu ortamda şişme 

davranışlarının incelenmesi sonucu elde edilen kopolimer hidrojellerin 

süperabsorban malzemeler oldukları belirlendi. Monomer reaktiflik oranları Fineman 

Ross, Extended Kelen Tüdøs, and Mayo Lewis metodları ile düşük verimde 

r1(PEGM)=0.90, r2(DEAEM)=0.14 ve yüksek verimde 1.01 and 0.40 olarak 

hesaplandı. Metil oranj'ın (MO) hidrojeller üzerine adsorplanması çalışılarak 

Langmuir, Freundlich, and Temkin modellerine göre incelendi. Veriler Langmuir 

modeline yüksek uyum sağladı. En yüksek MO adsorplama kapasitesi pH=3'te 212.7 

mg g-
1
 olarak bulundu. Adsorpsiyon davranışının psödo ikinci dereceden kinetik 

davranış gösterdiği belirlendi. Adsorpsiyon davranışının termodinamik bakımdan 

spontane olduğu saptandı. 

Poli(2-hidroksietil metakrilat) (poliHEMA) poli(vinil sinnamat) (poliVCi) üzerine 

UV başlatıcı ile benzofenon kullanılarak aşılandı. Aşılanma davranışı HEMA, 

benzofenon, çapraz bağlayıcı ve radyaysona maruz bırakılan zaman açısından 

optimize edildi. Elde edilen film örnekler FTIR, SEM ve TGA yöntemleri ile 

karakterize edildi. Kontak açısı ölçümleri poliVCi yüzeyinin poliHEMAile 

aşılandıktan sonra daha hidrofilik bir karakter elde ettiğini gösterdi. Filmelrin hem 

suda hem de etanolde şişme davranışı gösterdiği gözlemlendi. Filmlere flurbiprofen 

enkapsüle edilerek flurbiprofen salım davranışınincelendi ve sıfırıncı dereceden 



vi 

 

salım kinetiği belirlendi. Bu durum Ritger-Peppas n (1.00-1.41) değerine göre de 

konfirme edildi. Aynı zamanda aralıklı salım davranışı gözlemlendi.  

Anahtar Kelimeler: Metakrilat hidrojel, monomer reaktiflik oranı, 

fotokopolimerizasyon, süperabsorban hidrojel, boya adsorpsiyonu, fotoaşılama, 

poli(vinil sinnamat) flürbiprofen, aralıklı salım , gecikme zamanı. 
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 1 

Chapter 1 

1 INTRODUCTION 

The aim of this study is to synthesize new methacrylate copolymers by UV initiation 

via free radical mechanism and to examine their physiochemical properties and 

possible applications. 

The thesis is divided into two parts. Part I describes and discusses synthesis of new 

crosslinked polymers of poly(PEGM-co-DEAEM), at low and high conversions, by 

photoinitiation using benzophenone as the photoinitiator. The PEGM/DEAEM pair 

provides hydrophilic and pH responsive matrixes for different hydrogel applications.  

The copolymer compositions were determined by elemental analysis and monomer 

reactivity ratios were calculated using Fineman Ross, Extended Kelen Tüdøs, and 

Mayo Lewis methods. The copolymer hydrogels synthesized were characterized with 

respect to thermal stability, swelling behavior, and morphology. Finally, to study the 

adsorption behavior of an anionic dye, methyl orange (MO) onto the copolymer 

hydrogels was investigated using Langmuir, Freundlich, and Temkin models. 

Part II explains synthesis of poly(vinyl cinnamate)-graft-poly(2-hydroxyethyl  

methacrylate) (PolyVCi-graft-PolyHEMA) films by UV initiation via free radical 

mechanism and the physicochemical properties of the films synthesized. 

PolyVCi/polyHEMA pair was chosen due to their potential to blend the more 

hydrophilic nature of polyHEMA and hydrophobicity of polyVCi polymer. The 
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study aims to optimize the grafting conditions, and to study the effect of 

presence/absence of a chemical crosslinker, ethylene glycol dimethacrylate 

(EGDMA) on the physiochemical properties of the crosslinked films. In addition the 

swelling behavior in water and in ethanol was investigated, and the potential of the 

films as  loading and release matrixes for flurbiprofen as a model compound was 

evaluated. 

1.1 Hydrogel 

Crosslinked hydrophilic polymers form three-dimensional network structures known 

as hydrogels. Hydrogels are soft and elastic materials that swell in aqueous media by 

absorbing huge quantities of water to attain an equilibrium swelling degree 

determined by the polymer characteristics such as the nature and degree of 

crosslinking, the initial monomer concentration present during gel formation, and the 

type of the hydrophilic groups present in the polymer structure. Hydrogels can be 

classified according to source, crosslinker type, and composition. 

1.1.1 Classifications and Applications of Hydrogels 

Depending on the source, hydrogels can be classified as natural, synthetic and 

hybrid, in other words containing both natural and synthetic components [1]. 

Proteins such as collagen, fibrin, and gelatin are biodegradable polymer used in 

studies early as natural hydrogel. Later, polysaccharides such as chitosan, starch, and 

alginate were formed into hydrogels [2]. Natural polysaccharides are favored over 

synthetic polymers due to their availability, biodegradability, biocompatibility, and 

nontoxicity [3]. 

Synthetic hydrogels are synthesized using chemical polymerization techniques, such 

as free radical polymerization of a vinyl polymer in the presence of a crosslinker. 
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The first swollen network was developed in 1954 as a copolymer of 2-hydroxyethyl 

methacrylate (HEMA) and ethylene dimethacrylate (EDMA) [4]. It was designed for 

contact lenses' applications. Examples of synthetic and degradable polymers are 

polylactide, poly(ethylene glycol), poly(2-hydroxy ethyl methacrylate), poly(2-

hydroxypropyl methacrylamide), poly-glycolide, poly(glycolides-co-lactide) and 

poly(ε-caprolactone) [5]. 

Hybrid hydrogels are designed to combine the advantages of both synthetic and 

natural polymers to achieve the required properties. For example, polysaccharides 

can maintain their biodegradability nature and have their mechanical properties 

enhanced through grafting with vinyl monomers [3]. On the other hand, synthetic 

hydrogels can improve their bioactivity by incorporation of bio functional 

oligopeptide sequences, proteins (e.g. collagen), and other biological molecules [6, 7, 

8]. 

Chemically crosslinked hydrogels have a network structure in which polymer chains 

are linked together by covalent bonds that can be obtained either through monomer 

grafting or by using a crosslinker. Crosslinkers are molecules that hold two or more 

reactive ends such as glutaraldehyde, adipic acid dihydrazide, and N,N-(3-

dimethylaminopropyl)-N-ethyl carbodiimide (EDC). They interact easily with 

functional groups of polymers like primary amine (NH2), carboxyl (COOH), 

sulfhydryl (–SH), and carbonyl (CHO). Phenolic and genipin are examples of 

crosslinking agents that can be used currently in food packaging materials. High 

energy irradiation like gamma, UV, electron beam, and microwave are used with 

vinyl group compounds to end up with chemically crosslinked hydrogels [9]. In 

https://www.sciencedirect.com/topics/engineering/phenolics
https://www.sciencedirect.com/topics/engineering/genipin
https://www.sciencedirect.com/topics/engineering/packaging-material
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addition to chemically crosslinking, enzymatic crosslinking is another method 

suitable for biomedical applications. Some enzymes used for this purpose are 

tyrosinase and transglutaminase [10].in physical hydrogels, crosslinking is achieved 

via entangle chains or chains interacting by ionic forces, hydrogen bonding, or the 

chains interact hydrophobically [11]. 

Hydrogels may consist of a homopolymer, or a (copolymer), or may be in the form 

of interpenetrating polymer network (IPN). As an example of homopolymer hydrogel 

is poly(2-hydroxyethyl methacrylate) (polyHEMA) which was  synthesized by free 

radical mechanism [12], polyvinyl pyrrolidone which was synthesized via irradiation 

technique  [13], and  Poly-acrylic acid [14]. 

 

Copolymer hydrogels are those hydrogels which are built as random, alternating, or 

block forms [15]. A biodegradable tri-poly (ethylene glycol)-(α-caprolactone)-

(ethylene glycol) hydrogel was used in drug delivery applications [16, 17], and 

poly(ethylene glycol)-co-poly(xylitol sebacate) hydrogel which was used as 3D 

printing ink for tissue engineering [18].  

IPNs are defined as the intimate mixtures of two polymers [19]. These networks 

contain both crosslinked and noncrosslinked polymers. IPNs are prepared by 

immersing a pre-polymerized hydrogel in a solution that contains other monomers, 

initiator, and a crosslinker. When a linear polymer penetrates into a crosslinked 

network “semi-IPN” structure may form [20]. Examples of IPN hydrogels 

are poly(diallyldimethyl ammonium chloride)/poly acrylic acid (PDADMAC/PAA)  

[20], and temperature sensitive poly(n-isopropylacrylamide)-poly(2-hydroxyethyl     

methacrylate)  hydrogel [21]. 



 5 

Hydrogels may respond to different environmental conditions such as pH [22, 23], 

temperature [24, 25], thermo-pH [26], enzyme [27], light [28], and electric [29] by 

changing a given physicochemical property such as volume or conformation. 

 Other classification parameters, which may not have been mentioned here, could 

exist. Figure 1.1 shows the classification of hydrogels according to different point of 

views.    

While the hydrogel properties can be improved via copolymerization, or 

nanoparticles incorporation, hydrogels can be used in environmental, medical, 

pharmaceutical, and agricultural applications. For example, they find uses as drug 

delivery systems, tissue engineering matrixes and as components of regenerative 

medicines. Other examples include coal dewatering, food additives, pharmaceuticals, 

biosensor applications, and others shown in Table 1. 

 
Figure  1.1: Classifications of Hydrogels 
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Table  1.1: Examples of hydrogels and their applications 

Hydrogel Applications 

Poly Vinyl Alcohol Packaging [30]  

Chitosan Tissue Engineering [31]   

Polyacrylamide/guar gum 

graft copolymer 

Heavy metal removal [32]   

Water transport and drug release [33]   

Sorbent material for chromium ion (Cr (VI) [32]   

Guar gum 

Biomedical application [34]  

Drug delivery [35]   

Glycol chitosan Drug delivery [36]   

Hydroxamated alginates Drug delivery [37]   

Alginate bead Drug delivery [38]   

Poly(acrylic-co-vinyl sulfonic) 

acid 

Drug delivery [39]  

Chitosan/poly(acrylamide-co-

acrylic acid) 

Waste water treatment [40]   

 

1.2 Superabsorbent Hydrogels 

Superabsorbent hydrogels are loosely crosslinked hydrophilic polymers which show 

high swelling capacity, where they can absorb water till thousands times of their own 

dry masses. They are high swelling rate, and good strength of the swollen gel 

compared to conventional hydrogels. These materials were initially made in the 

United States as water retention agents in agriculture. In general, different 

approaches can be used to synthesize superabsorbent hydrogels such as 

polymerization of synthetic monomers, polymerization of functionalized 

natural/synthetic polymers, and copolymerization of functionalized polymers [41]. 
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 Free radical polymerization of synthetic monomers was broadly carried out in order 

to obtain superabsorbent hydrogels. Vinyl monomers such as methacrylate, 

acrylamide, and acrylate, were used in superabsorbent hydrogel preparation due to 

their hydrophilic nature [42]. Several methods were used to enhance the poor 

mechanical properties of the obtained hydrogels such as crosslinking the surface of 

the hydrogel, increasing the crosslinking density, and incorporating microsized 

and/or nanosized particles into the hydrogel matrix [43]. 

Functionalized biopolymers such as polysaccharides represent the natural based 

superabsorbent hydrogels. The polar function groups such as hydroxyl and carboxyl 

on the polysaccharides backbone are the reactive sites used in superabsorbent 

hydrogels synthesis [44]. The esterification process of cotton cellulose [45], chitin 

[46], and starch [47], with succinic anhydride, using of 4-dimethylaminopyridine as 

the esterification agent, was effectively used to prepare biodegradable 

superabsorbent hydrogels. Chemically modified arabic gum, polyacrylamide, and 

polyacrylate were used together for the synthesis of superabsorbent hydrogels that 

found a place in dye adsorption applications [48]. 

In general, copolymerization with functionalized polymers, and oligomers, or 

monomers via radical-induced, graft copolymerization, are common approaches for 

superabsorbent hydrogel synthesis [49, 50]. 

 Superabsorbent hydrogels can be prepared by UV irradiation without any chemical 

crosslinker. Poly(2-acrylamido-2-methyl-1-propanesulfonic acid) superabsorbent 

hydrogel  was successfully obtained via UV irradiation in aqueous solution and 

showed large swelling capacities exceeding 1000 times their original weight [51]. 
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Poly(poly(ethylene glycol) methacrylate-co-diethyl amino ethyl methacrylate) 

hydrogels were synthesized by photoinitiation  and showed large swelling capacities 

exceeding 2000 times their original masses  in acidic medium within an  hour [52].  

 Superabsorbent hydrogels are used in soil due to their ability to enhance the 

fertilizer absorption, extend the water retention, and reduce the water required for 

irrigation [53].  They find many other applications in controlled release of drugs, 

fertilizers, pesticides, agrochemicals or pharmaceuticals, artificial snow for skiing 

regions, and in baby napkins because of their high swelling rate [54]. Super-porous 

superabsorbent hydrogels are used in controlled drug delivery systems [55, 56]. 

1.3 Copolymerization 

Copolymerization involves simultaneous polymerization of two or more monomers. 

Copolymerization is carried out to achieve a copolymer with desired properties 

resulted from combining two polymers with different chemical and physical 

properties. The properties of the obtained copolymer will depend on the composition 

and sequence distribution of each monomer in the copolymer [57].  

1.3.1 Types of Copolymers 

1.3.2.1 Statistical Copolymers 

Statistical copolymers are random copolymers in which the monomers are distributed 

randomly in the chain and defined as poly[(monomer one)-ran-(monomer two)]. The 

low cost methods, such as standard free radical and controlled radical polymerization 

methods are usually used to obtain random copolymers.   

The macroscopic level of random copolymers prepared by both methods is almost 

the same, but the molecular level is different. During normal free radical process 
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different chains undergo initiation, propagation, and termination processes, resulting 

in complex mixture of random copolymers with different chain lengths and different 

monomer compositions. Using the controlled radical polymerization method gives 

opportunity to enhance the homogeneity of the obtained copolymer [58]. 

1.3.2.2 Block Copolymers 

A block copolymer is made up of blocks of two or more linear monomers, it is 

defined as poly(monomer one)-block-poly(monomer two) [59]. Due to their specific 

microstructure, the block copolymers have superior properties compared to random 

copolymers. The block copolymers are not gradient copolymers where the 

comonomer composition regularly changes as a function of the copolymer chain 

length [60]. 

1.3.2.3 Graft Copolymers 

A graft copolymer is a branched copolymer that consists of sequences of one 

comonomer type grafted onto the polymer backbone consisting of another type of 

monomer and is defined as poly(monomer one)-graft-poly(monomer two) [59] . 

During grafting active sites are formed on the substrate backbone together with 

activation of the monomer to be grafted via free radical or ionic initiation or by 

irradiation or enzymatic activity [61]. Figure 1.2 shows a general mechanism of free 

radical grafting copolymerization.  

 



 10 

 
Figure  1.2: General mechanism of free radical grafting 

 

UV irradiation (Figure 1.3) can be used in order to generate active sites on polymers 

either by mutual irradiation or pre irradiation. There are several advantages of using 

irradiation technique as it provides an optional usage of initiator, highly pure 

products, and makes the molecular weight of products controllable. In mutual 

irradiation both polymer and monomer are simultaneously irradiated [62], while in 

the pre irradiation process, the substrate polymer is exposed to UV irradiation and 

then treated  with the monomer, in the absence of air (O2) or in the presence of air to 

form peroxides following decomposition in the presence of the monomer [63]. 

Peroxides and hydroperoxides are common initiators for vinyl polymerization 

reactions to achieve graft copolymers. These groups should be either pre irradiated or 

thermally decomposed in order to create active sites on monomer or polymer 

backbone.  
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Figure  1.3: Photoinitiated grafting mechanisms. 

1.3.2.4 Alternating Copolymers 

An alternating copolymer holds two repeating units in equimolar amounts with 

regular alternating distribution [64]. It is defined as poly[(monomer one)-alt-

(monomer two)]. Normally, electron acceptor systems of an acrylic monomer 

(acrylonitrile, methyl acrylate, methyl methacrylate, and methyl vinyl ketone) and an 

electron donor monomer (propene, isobutylene, vinyl chloride, and vinyl acetate) can 

be synthesized into an alternating polymer using a Lewis acid as catalyst [65]. 
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Figure  1.4: Representation of common copolymer a) random copolymers b) block 

copolymer c) graft copolymer d) alternating copolymer. 

1.3.2 Copolymer Composition 

In order to design a new copolymer with desired properties through free radical 

copolymerization, understanding the factors that control and determine the final 

structure of copolymer chains is needed. Copolymer composition and comonomer 

sequence distribution are unique features and main variables used to describe the 

copolymer chains. 

 

Writing a set of differential equations, which represent rates at which each of the two 

monomers enters the copolymer chain by attacking the growing macro radical, will 

increase the ability of predicting the copolymer composition. As a result, kinetic 

model of the copolymerization process is needed. The following section examines 
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the general bases of the most important and the simplest copolymerization kinetic 

model. 

1.3.2.1 Terminal Model; Monomer Reactivity Ratios 

Two homopropagation and two crosspropagations reactions are considered in 

copolymerization process rather than one reaction that exists in homopolymerization. 

Knowing the homopolymerization rates of both monomers is not enough to 

determine the copolymerization composition. An assumption was created, indicating 

that the chemical reactivity of the propagating chain in a copolymerization depends 

only on the ultimate monomer unit. This is mentioned as the first order Markov or 

terminal model of copolymerization [64]. 

 

Consider the case for the copolymerization of the two monomers M1 and M2. 

Copolymerization of the two monomers ends up with two kinds of propagating 

species; one with M1 at the propagating end and the other with M2. These can be 

represented by M1* and M2* where the asterisk denotes an active chains end.  If it is 

assumed that the reactivity of the propagating species is dependent only on ultimate 

unit i.e. the monomer unit at the end of the chain, four propagation reactions are 

available. Monomers M1 and M2 can each add either to a propagating chain ending in 

M1 or to one ending in M2, that is, 

 

where k11 is the rate constant for a propagating chain ending in M1 adding to 

monomer M1, k12 that for a propagating chain ending in M1 adding to monomer M2, 
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k21 that for a propagating chain ending in M2 adding to monomer M1, and  k22 that for 

a propagating chain ending in M2 adding to monomer M2. The propagation of a 

reactive center by addition of the same monomer (i.e., Reactions 1.1 and 1.4) is often 

referred to as homopropagation or self-propagation; propagation of a reactive center 

by addition of the other monomer (Reactions 1.2 and 1.3) is referred to as 

crosspropagation or a crossover reaction. All propagation reactions are assumed to be 

irreversible. 

 

Writing differential equations that describe the rates of disappearance of monomers 

M1 and M2, and by assuming steady-state concentrations of the radical centers MI* 

and M2*, one arrives at a simple expression that relates the ratio of monomers in the 

copolymer (d[Ml]/d[M2]) to the concentrations of monomers in the feed mixture 

([M1] and [M2]) 

𝑑[𝑀1]

𝑑[𝑀2]
=

[𝑀1](𝑟1[𝑀1]+ [𝑀2] )

[𝑀2]( [𝑀1]+ 𝑟2[𝑀2] )
                                                                                        (1.5)      

where r1 and r2 are monomers reactivity ratios , defined as    r1= k11/k12  and    r2= 

k22/k21. This copolymerization equation (equation 5) can also be expressed in terms 

of mole fractions instead of concentrations. If f1 is the mole fraction of M1 in solution 

and F1 is the mole fraction of M1 in the copolymer then: 

    𝑓1 = 1 − 𝑓2 =
[𝑀1]

[𝑀1]+[𝑀2]
                                                                                      (1.6) 

    𝐹1 = 1 − 𝐹2 =
𝑑[𝑀1]

𝑑[𝑀1]+𝑑[𝑀2]
                                       (1.7) 

Combining equations (1.5 - 1.7), the following instantaneous composition equation, 

also known as the Mayo-Lewis equation, is obtained:  

 𝐹1 =
𝑟1𝑓1

2+ 𝑓1𝑓2

𝑟1𝑓1
2+ 2𝑓1𝑓2 +𝑟2𝑓2

2                                    (1.8) 
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Equation 1.8 gives the copolymer composition as the mole fraction of monomer M1 

in the copolymer and is often more convenient to use than the previous form (Eq. 

1.5) of the copolymerization equation. 

1.4 Photopolymerization 

Light can interact with light-sensitive materials, photoinitiators, to generate free 

radicals that can initiate polymerization to produce crosslinked hydrogels.  

Photopolymerization technique has three main components: monomer, photo 

initiator, and additives. Photopolymerization can be used to convert monomer to a 

hydrogel via free radical polymerization in a fast and controllable manner under 

ambient or physiological conditions. The crosslinking procedure typically requires 

seconds to a few minutes. Reaction parameters like photoinitiator amount, UV 

intensity, UV irradiation time, and a distance between the hydrogel and the UV light 

source should be accurately adjusted to end up with the required products.  

Since photopolymerization is a fast, low energy consumption process, which allows 

working with pure monomer with no solvent, it has become popular among 

scientists. Many commercial applications of hydrogels produced by photo- 

polymerization are available [66]. Hydrogels resulting from photo- polymerization 

have been widely explored as biomaterials in drug delivery systems, scaffolds, and 

coatings [67]. Photopolymerization  is suitable for thin film applications such as 

photocurable solvent-free paints, lacquers, inks and other coating formulations 

wherever fast drying or setting is important [68], curing of dental fillings [69],   

fabrication of 3D objects by stereolithography [70] , and in 

encapsulation of microelectronic components [71] .  

https://www.sciencedirect.com/topics/materials-science/photopolymerization
https://www.sciencedirect.com/topics/materials-science/additive
https://www.sciencedirect.com/topics/materials-science/hydrogel
https://www.sciencedirect.com/topics/materials-science/photopolymerization
https://www.sciencedirect.com/topics/materials-science/biomaterials
https://www.sciencedirect.com/topics/materials-science/photopolymerization
https://www.sciencedirect.com/topics/materials-science/thin-films
https://www.sciencedirect.com/topics/chemistry/lacquer
https://www.sciencedirect.com/topics/materials-science/stereolithography
https://www.sciencedirect.com/topics/chemistry/encapsulation
https://www.sciencedirect.com/topics/chemistry/microelectronics
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1.5 Poly(diethyl amino ethyl methacrylate) 

Poly[2-(diethylamino ethyl methacrylate)] PolyDEAEM (Figure 1.5) is a 

biodegradable and dual responsive polymer. It shows both pH and temperature 

responsive behavior. It has a pKa about 7.3, and shows pH-dependent 

swelling/collapse behavior in aqueous solution. Changing the pH can change its 

hydrophilicity/hydrophobicity behavior; when pH is less than 7.3 due to protonation 

of its tertiary amines, polyDEAEM is a cationic hydrophilic polymer. In contrast,  at  

pH values more than 7.3, polyDEAEM becomes hydrophobic because its tertiary 

amino groups undergo deprotonation [72]. PolyDEAEM is a weak polybasic polymer 

with a good charge density. It is able to form cationic polyelectrolyte in aqueous 

solution and to bind with DNAs carrying negative charges. PolyDEAEM is cytotoxic 

but this disadvantage can be reduced through crosslinking or copolymerization with 

cross-linkers such as PEG, so its biocompatibility can be improved [73]. 

PolyDEAEM is a polymer with high potentials in nanomedicine, biotechnology, 

biomedicine and gene/drug delivery systems [74].  

 
Figure  1.5: Poly[2-(diethylamino ethyl methacrylate)] 

PolyDEAEM and its hydrogels through grafting or copolymerization have been 

synthesized by several ways, such as anionic polymerization [75], reversible addition 

fragmentation chain transfer polymerization (RAFT) [76, 77], atom transfer radical 

polymerization (ATRP) [74, 78], photoinitiated polymerization [52], as a part of this 

thesis work and by free radical polymerization [79].   
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1.6  Poly(poly(ethylene glycol)methacrylate 

Poly(ethylene glycol) methacrylate polyPEGM, owns advantageous features as being 

a thermoresponsive polymer with biocompatibility, blood compatibility, and 

antifouling behaviors [80, 81]. 

Poly(ethylene glycol) (PEG) is nontoxic, and biocompatible macromolecule. It can 

be formed either as linear or branched macromolecule that can be dissolved in water 

or organic solvents. PEG can form hydrogels by crosslinking through ultraviolet 

irradiation or end functionalization with methacrylate and acrylate. Using its terminal 

hydroxyl group, PEG can covalently bind to other molecules [82]. 

Polyglycol esters are categorized as nonionic surfactants, which increase the 

possibility for numerous industrial applications. They are broadly used as non-ionic 

surfactants, thickening agents for creams, anti-static agents for plastics, and bases for 

cosmetics and pharmaceuticals.  

Poly(ethylene glycol) is a promising substance for enhancing membrane 

hydrophilicity  due to its high  flexibility, excluded volume, and hydrophilicity. It is 

generally used for the antifouling modification of membranes [83]. The chemical 

structure of polyPEGM is shown in Figure 1.6. PolyPEGM is used as anti-adherent 

material to avoid the unnecessary bacterial adhesion of biodegradable polylactide 

(PLA) [84].  

Flexible composite polymer electrolytes (CPEs) are easily fabricated with 

poly(ethylene glycol) methacrylate to be used in lithium battery systems [85]. In 

addition polyPEGM hydrolysable microspheres were synthesized for biomedical 

https://www.sciencedirect.com/topics/materials-science/polymer-electrolyte
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microsphere
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applications [86]. Finally PEGM was successfully photocopolymerized with 

DEAEM to achieve crosslinked hydrogel for dye adsorption [52], as part of this 

thesis work. 

 
Figure  1.6: Poly(poly(ethylene glycol)methacrylate) 

1.7  Poly(2-hydroxyethyl methacrylate ) 

Poly(2-hydroxyethyl methacrylate) polyHEMA  has proved to be a promising 

polymer for applications in biomedical fields since it was first synthesized in 1960. 

These applications include the use of polyHEMA in the fields of contact lenses, 

artificial corneas and skins, drug delivery, and degradable scaffolds for tissue 

engineering [87]. PolyHEMA hydrogels have a wide range of appliactions due to 

their safety,  biocompatibility,  and thermal stability [88],  polyHEMA has also been 

used as a carrier for numerous water-soluble anticancer medicines, like 5-

fluorouracil, topical mitomycin-C, and doxorubicin [89], polyHEMA was also used 

in biomedicine and in electronic devices, due to its chemical and physicochemical 

stability and high biocompatibility [90]. PolyHEMA has been demostrated to be a 

good adsorbent for heavy metals [91]. PolyHEMA can be used as a polymer host for 

polymer electrolytes due to its compatibility to some organic solvents on account of 

the amphiphilic groups (-OCH2CH2OH) makes it an appropriate backbone for gel 

electrolytes [92]. 

Copolymer hydrogel established from 2-hydroxyethyl methacrylate (HEMA) and 2- 

(diisopropylamino)ethyl methacrylate (DPA) and , poly(HEMA-co-DPA), has found 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/2-hydroxyethyl-methacrylate
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/methacrylate
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a place in therapeutic contact lenses applications [93], and in specific ocular drug 

delivery systems like (Rhodamine 6G (Rh6G)) [94]. Figure 1.7 shows the chemical 

structure of polyHEMA. 

 
Figure  1.7: Chemical structure of Poly(2-hydroxyethyl methacrylate ) 

1.8 Poly(vinyl cinnamate )  

Vinyl cinnamate, and especially its copolymers are well known for their photo 

responsive behavior including photoinitiated polymerization, photo crosslinking [95], 

and light induced bending of its gels [96].  

Some of the cinnamoyl groups in poly(vinyl cinnamate) (polyVCi) (Figure 1.8) 

become excited under UV light, while some of them remain in ground state. These 

two forms react through photocycloaddition reaction and form crosslinked polymer, 

as schematically depicted in Figure 1.9. Photo responsive hydrogels/ nanogels of 

polyVCi can undergo UV induced bending or volume transition [97], which may find 

use in phototherapy, as drug carriers, or in medical imaging in addition to application 

in optoelectronics, and in photoresists tools such as circuits, printing substances, 

coatings, paint, compact discs, and cathode tubes. PolyVCi and its copolymers with 

hydrophilic polymers can form micelles in solution and molecular arrangement 

leading to liquid crystal behavior [98]. 

Studies on either homopolymerization or copolymerization of VCi are scarce in the 

literature. Homopolymerization to poly(vinyl cinnamate) (polyVCi) had been 

recorded [99], but its details are still missing. Detailed data and analysis on the 
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polymerization and copolymerization of vinyl cinnamate will be useful due to the 

photoresponsive nature of poly(vinyl cinnamate) that may lead to several biomedical, 

and physicochemical applications the following polymerization systems and polymer 

characteristics were reported in the studies given below.  

Poly(vinyl cinnamate) (PolyVCi) was produced  by the reaction between poly(vinyl 

alcohol) and cinnamic acid. However, this reaction is not a complete one. So 

polyVCi obtained is actually a copolymer of vinyl cinnamate and the alcohol [100]. 

Homopolymers of polyVCi were usually prepared after the synthesis the monomer 

itself via other small molecules whether by using the free radical method [99], or by 

cationic method, or the photopolymerization method.  

Cinnamoyl moiety can dimerize using ultraviolet light to form a force-sensitive and 

highly strained bond that can be severed by the external application of a mechanical 

force [101]. Although polyVCi is a conjugated polymer, its usage is restricted due to 

some disadvantages such as lower strength, poor heat resistance, poor electrical 

properties. In order to synthesize polyVCi with better mechanical, thermal and 

electrical properties, incorporation of  nanoparticles such as ZnO and NiO into the 

polyVCi composite was carried out [102,103]. 

Various poly(vinylalcohol-co-vinylcinnamate) derivatives including 

poly(vinylalcohol-co-vinylcinnamate), poly (vinylalcohol-co-vinyl-4 

methoxycinnamate), and poly(vinylalcohol-co-vinyl-2,4,5-trimethoxycinnamate) 

were synthesized by grafting poly(vinylalcohol) with appropriate cinnamoyl groups. 

Amphiphilic copolymers have the ability to form micelle using suitable solvents 

[104].  

https://www.sciencedirect.com/topics/materials-science/conjugated-polymer
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Figure  1.8: Poly(vinyl cinnamate 

 
Figure  1.9: [2+2] cycloaddition of PolyVCi under UV irradiation 
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Chapter 2 

2 PHOTOINITIATED SYNTHESIS OF 

POLY(POLY(ETHYLENE GLYCOL) 

METHACRYLATE-CO-DIETHYL AMINO ETHYL 

METHACRYLATE) SUPERABSORBENT HYDROGELS 

FOR DYE ADSORPTION 

2.1 Introduction 

Crosslinked hydrophilic polymers form three-dimensional network structures known 

as hydrogels. Hydrogels are soft and elastic materials that swell in aqueous media by 

absorbing large amounts of water to attain an equilibrium swelling degree 

determined by the polymer characteristics such as the nature and degree of 

crosslinking, the initial monomer concentration present during gel formation, and the 

type of the hydrophilic groups present in the polymer structure. Several external 

factors such as the ionic strength, pH of the medium, and the temperature are other 

factors that affect the degree of swelling [105,106,107]. Hydrogels are capable of 

adsorbing/absorbing of small molecules present in the external environment [108].
 

They also allow diffusion of entrapped molecules into the outer medium. Due to 

these properties, they have found applications in biomedicine, pharmacy [109] and in 

cleaning of the contaminated water and soil [105, 110]. 
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Vinyl polymerization carried out in the presence of a crosslinker is one of the most 

common routes used to synthesize hydrogels. Besides chemical initiation, network 

polymers can be obtained by photoinitiation either by using multifunctional 

monomers, using polymers modified with crosslinkable functional groups or by 

using photosensitizers, which act by hydrogen abstraction from the polymer 

backbone [111]. Photoinitiation has got the advantage of avoiding use of chemical 

initiators in many cases. It also offers the   possibility of controlling the degree of 

crosslinking, and the amount of the polymer yield by adjusting the dose of the 

radiation [112]. The photopolymerization of multifunctional (meth)acrylate 

monomers and oligomers have been reported to lead to the formation of highly cross-

linked insoluble products [113]. 

Hydrogels with desired properties can be synthesized by copolymerization of 

different monomers. Copolymerization systems are characterized by the chemical 

composition of the copolymer, and the monomer reactivity ratios. These are 

important characteristics that allow design and synthesis of copolymers with required 

properties [114].  

Nowadays, polymeric adsorbents synthesized via versatile polymerization techniques 

are needed to deal with the growing water pollution problem. Our waters are 

contaminated with heavy metals, dyes, pesticides, drugs and many others [115]. 

Around 15 % of dyes, for example, used in the paper, textile, plastics and other 

industries are released into water, causing pollution to the environment [116]. These 

are harmful substances causing adverse environmental and health effects [117]. 

Among many other techniques like membrane filtration, coagulation/flocculation, 

ion exchange biological treatment, ozone treatment, and photocatalytic degradation 
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used to clean wastewater from dyes, adsorption is a relatively easy, efficient and 

cost-effective method [118,119,120,121]. 

The subject of this study is the synthesis of cationic copolymer hydrogels of 2-

(diethyl amino ethyl methacrylate) and poly(ethylene glycol methacrylate) and 

investigate their potential as dye adsorbents. Poly[2-(diethyl amino ethyl 

methacrylate)] PDEAEM  is a pH sensitive polymer acting as a polycation under 

acidic conditions. Reports are available demonstrating the potentials of PDEAEM in 

nanomedicine, biotechnology, biomedicine and gene/drug delivery systems 

[122,123], as well as in waste water treatment acting as adsorbent [124]. 

Poly(ethylene glycol methacrylate) PEGM possesses useful features such as being a 

thermoresponsive polymer with biocompatibility, blood compatibility and antifouling 

behavior [81,125]. Examples of copolymers of both monomers with several different 

other monomers by several different techniques have been reported.  For example, 

hyperbranched polymers of poly(diethyl amino ethyl methacrylate-block-

polyethylene glycol methyl ether methacrylate-block ethylene dimethacrylate) were 

synthesized using atom transfer radical polymerization and tested for gene delivery 

[126]. Beads of 2-(diethyl amino)ethyl methacrylate-co-ethyleneglycol 

dimethacrylate(DEAEM-co-EGDMA) were synthesized by suspension 

polymerization method, in order to study their adsorption properties towards 

sulfamethoxazole [127]. 
 
Nanogels of poly(N,N-diethyl amino ethyl methacrylate)-

core-polyethyleneglycol-shell (PDEAEM-core-PEG-shell) were synthesized  by 

using a “surfactant-free” emulsion polymerization [128]. On the other hand, free 

radical copolymers of 2-(N,N-diethylamino)ethyl methacrylate (DEAEMA) and 

poly(ethylene glycol) methyl ether methacrylate with (PEGMA500) were prepared in 
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ethanol and their reactivity ratios were estimated as rDEAEMA = 0.81 ± 0.20 and 

rPEGMA500 = 0.73 ± 0.18 by Tidwell and Mortimer method [129]. 

In this chapter, new crosslinked polymers of poly(PEGM-co-DEAEM) were 

obtained by photoinitiation using benzophenone as the photoinitiator  and without 

using any additional chemical cross linker during polymerization. The copolymer 

compositions were determined by elemental analysis and the monomer reactivity 

ratios were calculated for the comonomer pair under given conditions. The thermal 

stability, swelling behavior, and morphology of the copolymers were characterized. 

Adsorption behavior of an anionic dye, methyl orange (MO) onto the copolymers 

synthesized was studied. 

2.2 Experimental Part 

2.2.1  Materials 

Poly(ethylene glycol)methacrylate (PEGM) (Mn=360) (Aldrich), 2-(Di-

ethylamino)ethyl methacrylate (DEAEM) (Aldrich), benzophenone  (Aldrich), 

carbon tetrachloride (CCl4) (Merck), methyl orange (MO) dye (Aldrich),  were used  

without any further purification. 

2.2.2 Synthesis of PolyDEAEM, PolyPEGM Homopolymers, and Poly(PEGM-

co-DEAEM) Copolymers 

Homopolymers and copolymers of PEGM, and DEAEM were synthesized by UV 

initiation using a Luzchem  photoreactor LZC 4V equipped with 6 top and 8 side 

UVA lamps of 350 nm wavelength and 7670 µW.cm
-2

 power. Only 3 top lamps were 

used during polymerizations that correspond to 1643 µW.cm
-2

. Quartz tubes of 10 

mL capacity were used. All samples were placed 15.0 cm distance from the lamps. 
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For homopolymerization, the monomer (1.0 mL) was dissolved in 2.5 mL of CCl4 

solvent, where the mole percent (mol%) of benzophenone to PEGM, and DEAEM 

monomers are (0.18%), and (0.09%) respectively. Homopolymerizations were 

carried out for 5 h to obtain products that will precipitate out of solution as 

crosslinked polymers, and in high yields.  

For copolymerization, desired monomer feed ratio of the two monomers was 

dissolved in the solvent. The volume percent of monomers in solutions was kept as 

28% and benzophenone was used as the photoinitiator with a mole percent of 0.05% 

with respect to both monomers. The procedure was carried out for 10 min at low 

conversions and 110 min for high conversion copolymerizations to end up with 

crosslinked polymers. Both homopolymer and copolymer gels formed were soaked 

in CCl4 for (2-3) days and the solvent was refreshed every 6 h. The samples were 

always kept in closed containers while treated with CCl4 under the hood, and were 

handled with gloves and a mask. They were then dried overnight under vacuum at 50 

°C. The solvent was collected via a cold solvent trap, and was disposed of properly.  

A set of nine feed ratios of PEGM and DEAEM, monomers were prepared with 

different monomer fractions of PEGM (fPEGM), and DEAEM (fDEAEM) by mole. In the 

photocopolymerization process (monomer feed ratio fPEGM/fDEAEM: 0.90/0.10, 

0.80/0.20, 0.70/0.30, 0.60/0.40, 0.50/0.50, 0.40/0.60, 0.30/0.70, 0.20/0.80, and 

0.10/0.90) were used. Copolymers were labeled according to feed ratios with respect 

to PEGM fraction. For example, a copolymer denoted as poly(PEGM-co-DEAEM) (1) 

indicates that fPEGM = 0.1, and fDEAEM = 0.9. The copolymers were characterized by 

FTIR, TGA, DSC, and SEM, analyses. The mole fractions of the monomers in the 

copolymer (FPEGM, and FDEAEM) were experimentally determined by elemental 
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analysis. Percent yield for each polymerization was calculated according to equation 

(2.1). 

% Yield of Polymerization =
mass of the copolymer(g)

total mass of monomers(g)
X 100%                                (2.1) 

2.2.3 Characterization Techniques 

The infrared absorption spectra (FTIR) of samples were taken using a Perkin Elmer 

Spectrum-Two spectrophotometer with ATR.  

Thermal properties of the polymers were studied using a Perkin Elmer Diamond 

Differential Calorimeter and Perkin Elmer Pyris 1 at METU Central Laboratory in 

Ankara. The samples were studied under nitrogen atmosphere at 10 °C min
-1

 heating 

rate. 

The surface morphology of the samples was investigated by Quanta 400F field 

emission scanning electron microscope using Au-Pd coating. 

The samples were analyzed for elemental composition using LECO, CHNS-932 

instrument at METU Central Laboratory in Ankara. Each sample was studied in 

duplicate, and the average of the two values was reported. 

Copolymer composition was calculated according to the following equations: 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐸𝐴𝐸𝑀 =

   𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝐷𝐸𝐴𝐸𝑀 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑋  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟                  (2.2) 

where 

  𝑤𝑒𝑖𝑔ℎ𝑡 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐷𝐸𝐴𝐸𝑀 =      
% 𝑜𝑓 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟

%𝑜𝑓 𝑁𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑎𝑡𝑜𝑚 𝑖𝑛 𝐻𝑜𝑚𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟
                                     (2.3) 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑃𝐸𝐺𝑀 =  𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟 –  𝑚𝑎𝑠𝑠 𝑜𝑓 𝐷𝐸𝐴𝐸𝑀                                             (2.4) 
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  𝐹𝐷𝐸𝐴𝐸𝑀=  
𝑛 𝐷𝐸𝐴𝐸𝑀

  𝑛 𝐷𝐸𝐴𝐸𝑀+ 𝑛 𝑃𝐸𝐺𝑀 
                                                                                                           (2.5) 

where, 

 FDEAEM represents the mole fraction of DEAEM monomer in the copolymer, and 

nDEAEM, nPEGM are the number of moles of DEAEM, PEGM in the copolymer 

respectively. 

𝐹𝑃𝐸𝐺𝑀  =  1 – 𝐹𝐷𝐸𝐴𝐸𝑀                                                                                                         (2.6) 

2.2.4 Equilibrium Swelling Behavior 

Known mass of bulk samples of roughly cylindrical hydrogels of high conversion 

poly(PEGM-co-DEAEM)(3), poly(PEGM-co-DEAEM)(5), and poly(PEGM-co-

PDEAEM) (7) were placed in water, 0.01 M NaOH, or 0.01 M HCl solution. The 

swollen samples were weighed at given time intervals after removing the excess 

water on the surface. Each sample was tested three times. The swelling capacity was 

determined using equation (2.7) 

% 𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝐷𝑒𝑔𝑟𝑒𝑒 =
𝑊𝑠−𝑊𝑑

𝑊𝑑
X 100%                                                                             (2.7) 

where 𝑊𝑑 is the initial weight of dried gel and 𝑊𝑠 is the final weight of the swollen gel after 

a certain period of time. 

2.2.5 Adsorption Isotherms 

Distilled water was used to prepare dye solutions with the desired concentration. 

Adsorption isotherms were conducted at room temperature by a batch method. A 

0.05 g of each of the copolymer samples poly(PEGM-co-DEAEM) (3), (5), and (7), 

which were obtained at high conversion conditions, was added into 50.0 mL of (20, 

40, 60, 80, 100, and 200 mg L
−1

) dye solution (pH=3.0). The pH adjustment was 

made by using 0.1 M HCl and 0.1 M NaOH solutions. The dye solutions and 

copolymers were added to a 100 mL Erlenmeyer flask at room temperature under an 

agitation speed of 200 rpm. The dye concentration was then determined by 
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measuring the absorbance of the solution at 464 nm, using a UV–vis 

spectrophotometer. The percent removal (%R) of dye and the amount of adsorption 

(qt) were calculated according to equations (2.8) and (2.9) as given below. 

% 𝑅 =  
(𝐶𝑜−𝐶𝑡)

𝐶𝑜
 × 100%                                                                                                      (2.8) 

𝑞𝑡 =
(𝐶𝑜−𝐶𝑡)𝑉

𝑊
                                                                                                                        (2.9) 

where C0 and Ct (mg L
−1

) are the dye concentration in solution at initial time and at 

time t, respectively. The amount of dye adsorbed onto the adsorbent is given by qt 

(mg g
−1

) at time t. In equation (2.9), V (L) is the volume of dye solution in liters and 

W (g) is the mass of the adsorbents in grams. 

The adsorption equilibrium data were analyzed by Langmuir, Freundlich, and 

Temkin
 
isotherms linear models [130,131,132] given below: 

Langmuir equation: 

𝐶𝑒

𝑞𝑒
=

1

𝐾𝐿𝑞𝑚𝑎𝑥
+

𝐶𝑒

𝑞𝑚𝑎𝑥
                                                                                                            (2.10) 

Freundlich equation: 

ln 𝑞𝑒 =
1

𝑛
 ln 𝐶𝑒 + ln 𝐾𝐹                                                                                                     (2.11) 

Temkin equation: 

𝑞𝑒 =
𝑅𝑇

𝑏𝑇
 ln 𝐶𝑒 +

𝑅𝑇

𝑏𝑇
ln 𝐾𝑇                                                                                                  (2.12) 

where Ce is the equilibrium adsorbate concentration (mg L
-1

), qmax is the monolayer 

maximum adsorption capacity (mg g
-1

), KL is the Langmuir adsorption constant (L 

mg
-1

) related to the free energy of adsorption, KF the adsorption capacity, n is 

adsorption intensity (how favorable is the adsorption process). KT is the equilibrium 

binding constant (L mg
-1

), bT is Temkin constant, R is the gas constant (J K
-1 

mol
-1

), 

T is the room temperature (K). 
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2.2.6 Thermodynamics of Adsorption 

The adsorption process was studied at three different temperatures (298, 308, and 

318 K). The standard Gibbs free energy change ΔG
°
 (kJ mol

−1
), standard enthalpy 

change ΔH
°
 (kJ mol

−1
), and standard entropy change ΔS

°
 (J mol

−1
 K

−1
) were 

calculated using the dependence of thermodynamic equilibrium constant (KC) on 

temperature using equations (2.13) – (2.15).  

𝐿𝑛𝐾𝐶 
=

ΔS°

𝑅
+  

−ΔH°

𝑅𝑇
                                                                                               (2.13) 

𝐾𝑐 =
𝑞𝑒

𝐶𝑒
                                                                                                                     (2.14) 

ΔG° = ΔH° − 𝑇ΔS°                                                                                                 (2.15) 

where qe is the amount of adsorbed dye (mg g
-1

) at equilibrium, Ce is the equilibrium 

concentration of MO in the solution (mg L
-1

). KC (L g
-1

) is the equilibrium constant 

of the adsorption. R is the universal gas constant (8.314 J.K
-1

 mol
-1

). T is the 

temperature in Kelvin. The values of ΔS
°
 and ΔH

° 
are calculated from the intercept 

(ΔS
°
/R) and slope (-ΔH

°
/R) of the linear plot of ln KC against 1/T respectively. 

2.2.7 Adsorption Kinetics 

In order to describe the kinetics of MO adsorption onto poly(PEGM-co-DEAEM) 

(3), (5), and (7) hydrogels, the pseudo-first-order and pseudo-second-order kinetic 

models were examined. The pseudo-first-order equation can be expressed with 

equation (16). 

ln(𝑞𝑒 −  𝑞𝑡) = 𝑙𝑛 𝑞𝑒 − 𝑘1𝑡                                                                                   (2.16) 

where qe and qt (mg g
−1

) are the amounts of dye adsorbed at equilibrium and time t, 

k1 (min
−1

) is the rate constant of the pseudo-first-order kinetics. 

The pseudo-second-order model assumes that the rate limiting step may be 

chemisorption, which can be given in equation (17).  
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𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +  

𝑡

𝑞𝑒
                                                                                                       (2.17) 

where  k2 ( g mg
-1

 min
-1

) is the rate constant of pseudo-second-order model. 

2.3 Results and Discussion  

2.3.1 Copolymer Synthesis 

The polymer yields for the homopolymer and copolymer samples obtained by 

photoinitiation using benzophenone as the photoinitiator are given in Table 2.1. The 

reactions were carried out in CCl4 solvent. The percent yield of the homopolymers 

polyDEAEM, and polyPEGM that phase separated from solution due to crosslinking, 

were 50%, and 62% respectively within 5h polymerization time.  

Copolymerization reactions were given enough time to allow crosslinking and 

precipitation of the product out of solution. For low conversion photoco-

polymerizations, the conversion yield was kept in the range 1.20%-21.4% within 10 

min polymerization time. The set of samples obtained at 10 min polymerization time 

are classified as low conversion samples. The high conversion samples were 

obtained at 110 min photopolymerization time with polymer yield values in the range 

40.6%-67.9% except for poly(PEGM-co-DEAEM)(1) and (9) samples. No 

crosslinked polymer could be observed at 10 min polymerization time for the first 

copolymerization sample number (1). According to the monomer reactivity 

calculations given below, PEGM is the more reactive monomer. Hence, it can be 

concluded that when the fraction of PEGM is small in the comonomer mixture (fPEGM 

= 0.1), there is not enough amount of the more reactive monomer to obtain 

substantial copolymer yield within the time period given. When the molar fraction of 

PEGM is as high as 0.9, the polymerization rate is so high that it cannot be limited to 

a conversion yield lower than 20% within 10 minutes polymerization time.  
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One important characteristic of the samples obtained, whether homopolymer or 

copolymer, is that they are all insoluble in either organic solvents or in aqueous 

media. They swell in aqueous media and act as hydrogels. The formation of 

crosslinked polymers under the photopolymerization conditions given can be 

explained by the characteristics of the methacrylate/benzophenone monomer/initiator 

polymerization system. Benzophenone photoinitiator has been reported to undergo 

hydrogen abstraction from a hydrogen donor molecule upon UV irradiation [133].
 

The initiation of photopolymerization usually occurs through a donor molecule. The 

ketyl radical is expected to react with the growing chains by radical coupling 

reactions [134]. The DEAEM monomer, on the other hand, possesses hydrogen 

donating sites as well as a polymerizing methacrylate functional group [135]. 

Monomers having both initiating sites and a polymerizable group can lead to the 

formation of hyper branched polymers via so-called self-condensing vinyl 

polymerization. In this process, chain addition polymerization is combined with self-

condensation of chains. Therefore, the nature of the photoinitiator, benzophenone, 

and the structure of the monomer DEAEM combined together leads to the formation 

of branched [136], and further crosslinked polymers. Furthermore, PEGM should 

also take part in the crosslinking via chain transfer reactions. The proposed 

polymerization and crosslinking mechanism are shown in (Figure 2.1). Presence of 

CCl4 as the solvent increases the possibility of chain transfer reactions. All of these 

factors act together to form poly(PEGM-co-DEAEM) crosslinked copolymer 

hydrogels. 
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Table  2.1: Polymer Yields (%) for polyPEGM, polyDEAEM and poly(PEGM-co-

DEAEM)  Samples. (* t=5h) 

Polymer Sample 

Comonomer 

feed ratio 

fPEGM:fDEAEM 

% Yield of 

 polymerization 

t=10 min 

% Yield of  

polymerization 

t=110 min 

polyPEGM* 1.0:0.0 - 62.0 

poly(PEGM-co-DEAEM) (1) 0.1:0.9 - 
3.00 

 

poly(PEGM-co-DEAEM) (2) 0.2:0.8 2.21 
5.80 

 

poly(PEGM-co-DEAEM) (3) 0.3:0.7 1.60 
40.6 

 

poly(PEGM-co-DEAEM) (4) 0.4:0.6 3.60 
40.9 

 

poly(PEGM-co-DEAEM) (5) 0.5:0.5 4.20 
58.3 

 

poly(PEGM-co-DEAEM) (6) 0.6:0.4 15.5 
65.1 

 

poly(PEGM-co-DEAEM) (7) 0.7:0.3 1.20 
65.2 

 

poly(PEGM-co-DEAEM) (8) 0.8:0.2 21.4 
66.2 

 

poly(PEGM-co-DEAEM) (9) 0.9:0.1 - 
67.9 

 

polyDEAEM* 0.0:1.0 - 50.0 
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Figure  2.1: Synthesis of poly(PEGM-co-DEAEM) hydrogels. 
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2.3.2 FTIR Analysis 

The FTIR spectrum of poly(diethylamino ethyl methacryalte), poly DEAEM, and 

poly(poly(ethylene glycol methacrylate)), polyPEGM, and their copolymer, 

poly(PEGM-co-DEAEM) (5) is shown in (Figure 2.2(a-c)), respectively. Both 

homopolymers have C-H stretching of the methylene groups in the region 2800 –

2900 cm
-1

. Bending vibrations of the methylene groups are observed in the region 

1380 –1450 cm
-1

. In the spectrum of polyDEAEM given in (Figure 2.2(a)), the C=O 

stretching of the carbonyl group is at 1725 cm
-1

, and the stretching vibrations C-O-C 

are identified in the region 1000 – 1100 cm
-1

. Absorption band at 1000–1200 cm
-1

 

region corresponding to the (CH3CH2)2N group is observed in the spectrum of both 

the homopolymer, polyDEAEM and that of the copolymer (Figure 2.2(c)). 

 The absorption band in the region 2750-2950 cm
-1

 refers to symmetric stretching 

vibration of –NCH2- for the tertiary amine of PolyDEAEM.
 
A broad band is 

observed for both polyPEGM whose FTIR spectrum is given in (Figure 2.2(b)), and 

in the spectrum of the copolymer (Figure 2.2(c)) in the region 2450-2300 cm
-1

 

corresponding to the hydroxide group O-H. Photocopolymerization was confirmed 

by the clear changes observed in the region 1000-1200 cm
-1

 represented by a broader 

absorption including overlap of C-O-C stretching, and in the region 2800-2900 cm
-1

 

exhibiting C-H stretching of methylene groups, and a more intense peak observed for 

C=O group at 1726 cm
-1

 . 
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Figure  2.2: FTIR Spectrum for a) poly DEAEM, b) poly PEGM, c) poly( PEGM-co-

DEAEM)(5). 

2.3.3 Determination of the Copolymer Composition 

The copolymer compositions were determined by elemental analysis. The nitrogen 

content of each sample was used to calculate the mole fraction of the DEAEM in the 

copolymer. The results confirm that the copolymerization has been successfully 

achieved at low, and at high conversions (Table 2.2, Table 2.3). The high conversion 

samples have slightly higher DEAEM fractions in the copolymer (FDEAEM) than the 

corresponding low conversion samples, indicating that the reactivity of DEAEM 

increases at higher reaction times due to decreased PEGM fraction in the comonomer 

feed in time.  
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The effect of the solvent on the copolymer composition was investigated by carrying 

out the copolymerization for sample poly(PEGM-co-DEAEM)(5) in bulk, in carbon 

tetrachloride and in acetone. Table 2.4 shows elemental analysis results and the 

copolymer compositions for the sample poly(PEGM-co-DEAEM)(5) at high 

conversions in CCl4, in acetone, and in bulk . As the solvent polarity changes from 

polar to nonpolar and when there is no solvent, FDEAEM increases from 0.186 to 0.376 

to 0.689 respectively. In acetone, the monomers are solvated by the polar solvent 

molecules. DEAEM and PEGM molecules are not in close proximity, and hence 

PEGM can exhibit its higher reactivity. In a nonpolar solvent, namely in CCl4, the 

monomers are poorly solvated by the solvent molecules and hence DEAEM 

monomer may establish stronger dipole-dipole interactions with the growing chain 

rather than with the solvent molecules. Consequently, DMAEM monomer finds a 

medium to incorporate into the growing copolymer chain. When it is in bulk, the 

effect is even more pronounced. In this case, the smaller molecule, DEAEM, has a 

higher mobility than PEGM, and hence may add to the growing copolymer chain 

more freely than PEGM. 
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Table  2.2: Elemental analysis for the copolymers at low conversions and their 

compositions. 

                 Sample %C %H %N F PEGM F DEAEM 

polyPEGM 

 
52.14 8.81 - - - 

polyDEAEM 

 
64.25 10.61 7.58 - - 

poly(PEGM-co-DEAEM) (2) 56.55 9.18 2.83 0.423 0.577 

Poly(PEGM-co-DEAEM)  (3) 53.62 8.76 2.11 0.531 0.468 

Poly(PEGM-co-DEAEM) (4) 55.38 8.80 2.18 0.519 0.480 

Poly(PEGM-co-DEAEM) (5) 54.41 8.89 1.48 0.642 0.357 

Poly(PEGM-co-DEAEM) (6) 54.49 8.80 1.31 0.676 0.323 

Poly(PEGM-co-DEAEM) (7) 52.11 7.87 0.38 0.892 0.107 

Poly(PEGM-co-DEAEM) (8) 52.93 8.46 0.37 0.894 0.105 

Poly(PEGM-co-DEAEM) (9) 52.76 8.11 - 1 0 

Table  2.3: Elemental analysis for the copolymers at high conversions and their 

compositions. 

Sample %C %H %N F PEGM F DEAEM 

poly(PEGM-co-DEAEM) (1) 59.15 8.79 4.86 0.196 0.803 

Poly(PEGM-co-DEAEM) (3) 56.98 8.38 2.89 0.414 0.585 

Poly(PEGM-co-DEAEM) (4) 56.30 8.41 2.44 0.479 0.520 

Poly(PEGM-co-DEAEM) (5) 55.17 8.14 1.58 0.623 0.376 

Poly(PEGM-co-DEAEM) (6) 53.91 8.08 1.24 0.690 0.309 

Poly(PEGM-co-DEAEM) (7) 53.33 7.92 0.90 0.764 0.235 

Poly(PEGM-co-DEAEM) (8) 53.28 7.97 0.62 0.830 0.169 

Poly(PEGM-co-DEAEM) (9) 52.82 7.90 0.30 0.913 0.086 
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Table  2.4: Solvent effect on the copolymer composition. 

Sample  Solvent %C %H %N FPEGM FDEAEM 

Poly(PEGM-co-DEAEM) (5) Bulk 58.75 8.97 3.73 0.311 0.689 

Poly(PEGM-co-DEAEM) (5) CCl4 55.17 8.14 1.58 0.623 0.376 

Poly(PEGM-co-DEAEM) (5) Acetone 53.29 7.76 0.67 0.818 0.182 

2.3.4 Monomer Reactivity Ratios  

The copolymer composition was determined based on elemental analysis method. 

The monomer reactivity ratios were calculated for low conversion using Fineman-

Ross (FR) [137] and Extended Kelen-Tüdøs (EKT) [138] methods, while Extended 

Kelen-Tüdøs (EKT), and Mayo Lewis [139] methods were used at high conversions. 

The linearized equation used for Finemann – Ross is  

𝐺 = 𝑟1𝐹 − 𝑟2                                                                                                         (2.18) 

where 𝐺 = 𝑋(𝑌 − 1) 𝑌⁄ , 𝐹 = 𝑋2 𝑌⁄  , 𝑋 = 𝑓1 𝑓2⁄  and 𝑌 = 𝐹1 𝐹2⁄ . 

The slope gives r1, the PEGM monomer reactivity ratio, and the intercept is r2, the 

DEAEM monomer reactivity ratio. The FR plot is given in Figure 2.3(a). 

Extended Kelen-Tüdøs (EKT) was used for both low and high conversions 

copolymers, and the effect of conversion was considered: 

η = (𝑟1 + 𝑟2 α⁄ ) ξ − 𝑟2 α⁄                                                                                     (2.19) 

where: 

𝐹 = (𝐹1 𝐹2⁄ ) [(𝑙𝑜𝑔 𝑧1) (𝑙𝑜𝑔 𝑧2)⁄ ]2⁄                                                                       (2.20) 

𝐺 = (𝐹1 𝐹2 − 1⁄ ) [(𝑙𝑜𝑔 𝑧1) (𝑙𝑜𝑔 𝑧2)⁄ ]⁄                                                                 (2.21) 

where z1= f1,f/ f1,o , z2= f2,f/ f2,o and f1,o,  f1,f , f2,o, and f2,f  are the initial and final mole 

fraction of  monomer 1( PEGM) and monomer 2 (DEAEM), respectively. The partial 

molar conversion of monomer 2 is defined as: 
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𝜉2 = 𝑤 (µ + 𝑋) (µ + 𝑌)⁄                                                                                       (2.22) 

where w = weight conversion of polymerization, and µ= ratio of molecular weight of 

monomer 2 to that of monomer 1. The partial molar conversion of monomer 1 is: 

𝜉1 = 𝜉2(𝑌 𝑋⁄ )                                                                                                        (2.23) 

and 

𝑍 = log (1 − 𝜉1) log (1 − 𝜉2)⁄                                                                                (2.24) 

where 𝐹 = 𝑌 𝑍2⁄ , 𝐺 = (𝑌 − 1) 𝑍⁄ , η = 𝐺 (α + F)⁄ , ξ = 𝐹 (α + F)⁄  and α =

√𝐹𝑚𝑖𝑛 𝐹𝑚𝑎𝑥. From [equation (2.19)], the intercept at ξ = 0 and ξ = 1 of the η versus 

ξ plot gives  − 𝑟2 α⁄  and 𝑟1, respectively. The Extended Kelen-Tüdos plots for both 

low, and high conversion are given in [Figure 2.3(b,c)], respectively. 

Mayo-Lewis (ML) method was used for the calculation of the monomer reactivity 

ratios at high conversion copolymers [139], ML plot for high conversion is given in 

Figure 2.3(d). 

In all of these calculations, PEGM was considered as monomer 1, and DEAEM as 

monomer 2. The monomer reactivity ratios for both monomers at low and high 

conversions are given in (Table 2.5). The results obtained by Finemann-Ross (FR) 

and Extended Kelen-Tüdøs (EKT) methods at low conversions are in well agreement 

with each other. PEGM is the more reactive monomer with a monomer reactivity 

value of 0.90 by EKT method. DEAEM has a reactivity ratio of 0.15. At low 

conversions, r2 (DEAEM) value is lower than r1 (PEGM) showing that the DEAEM 

terminated growing chains prefers to add PEGM over adding to DEAEM.  Similarly, 

PEGM terminated species active chains prefer adding to PEGM rather than DEAEM. 

Both r1and r2 values are less than 1, and (r1×r2=0.13) value is closer to zero than 1 



 41 

indicating random copolymerization with alternating tendency. At high conversions, 

DEAEM has a considerably higher reactivity ratio (r2=0.40) by EKT than at low 

conversions reflecting the effect of conversion on the comonomer feed ratio and 

consequently on the average copolymer composition.  The multiplication of (r1 × r2) 

equals 0.40 indicating random copolymerization. The copolymerization behavior of 

the PEGM/DEAEM comonomer pair is shown according to the mole fraction of 

monomer feed versus the copolymer composition in [Figure 2.4 (a,b)] at low and 

high conversions respectively. The deviation from ideal copolymerization behavior 

in favor of random copolymerization is clearly illustrated by the (F vs f) plots given 

in [Figure 2.4 (a,b)]. 

Table  2.5: Monomers reactivity ratios at low and high conversions, using different 

methods. 

Method r1 (PEGM) r2 (DEAEM) r1 × r2 

                                                     Low conversion 

FR 0.88 0.15 0.14 

EKT 0.90 0.14 0.13 

                                                     High conversion 

EKT 1.01 0.40 0.40 

ML 0.82 0.70 0.58 

Table  2.6: Tg values obtained by DSC for homopolymers and copolymers. 

Sample Tg (°C) 

Poly PEGM -10.0 

Poly DEAEM 16.0 

Poly(PEGM-co-DEAEM)(4) 11.5 

poly(PEGM-co-DEAEM) (8) 1.00 

 



 42 

 
Figure  2.3: (a) FR at low conversion, (b) EKT at low conversion, (c) EKT at high 

conversion, and (d) ML at high conversion 
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Figure  2.4: Variation of copolymer composition (F) as a function of mole fraction of 

PEGM in the initial comonomer feed (f) (a) low conversion and (b) high conversion. 

2.3.5 Thermal Analysis of the Copolymers 

Thermal properties of the polymers were characterized by DSC and TGA analyses. 

The influence of the PEGM molar ratio on the Tg values of the copolymers was 

followed by DSC analysis. The Tg values of the homopolymers and the copolymer 

samples are given in Table 2.6 The Tg value of poly PEGM hydrogel is expected to 

be lower than 0 °C [80], and has been determined as -10.0 °C. The Tg value of 

polyDEAEM is 16°C which is close to other values reported in the literature [140].
 

The measured Tg values of the copolymer samples namely poly(PEGM-co-
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DEAEM)(4), and poly(PEGM-co-DEAEM)(8) are 11.5 °C and 1.0 °C. Thus, 

increasing the amount of PEGM in the copolymers reduces the Tg value. The PEGM 

used in this work has 6 ethoxy units on the side chain and is viewed as a flexible 

segment. Thus, the flexibility of the hydrogel is enhanced after introducing PEGM, 

which leads to the decrease in Tg value. Similar results have been reported by other 

workers [129,141]. 

 

The thermogravimetric analysis of polyPEGM is shown in Figure 2.5(a). Around 4.0 

% weight loss of polyPEGM was observed when the temperature rose to 120°C. This 

refers to evaporation of water from the sample. While 73% weight loss was observed 

from 120°C to 370°C, which was presumed as the decomposition of C-O backbone. 

A 23 % weight loss was observed from 370°C to 400°C, and this was presumed as 

the decomposition of the methacrylate component [142]. 

The homopolymer polyDEAEM has two decomposition peaks in the TGA curve 

shown in Figure 2.5(b). The main decomposition peak is observed around 370 °C 

and it is due to the loss of the diethyl amino ethyl groups. The second peak which is 

shorter than the first one, and is around 425 °C, it may relate to the elimination of 

CO2 and CO groups and to the carbonization processes.  

 

The main decomposition peak is attributed to the decomposition of the main chain, in 

both homopolymers. The general mechanism of the thermal degradation of the 

polymethacrylates involves the loss of the ester side group to form methacrylic acid 

followed by cross-linking [143]. It appears that diethyl amino ethyl groups provide 

higher thermal stability compared to the glycol groups. In other words, the 

thermolysis of the side groups of PEGM is favored. 
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TGA curves of copolymer samples obtained at low conversions and at high 

conversions are given in [Figure 2.5(c-e)], [Figure 2.5(f-h)], respectively. The 

copolymers, whether produced at low conversions or at high conversions show 

similar thermal stabilities. This refers to random distribution of the comonomers in 

the copolymer structure. However, the decomposition behavior shows similar 

characteristics to that of polyPEGM for the sample richer in polyPEGM and vice 

versa. 

 
Figure  2.5: TGA curve of ( a) poly PEGM , ( b) PolyDEAEM homopolymers;(c) –(e) 

low conversion poly(PEGM-co-DEAEM)(3),(5), and (7);(f) –(h ) high conversion 

poly(PEGM-co-DEAEM)(3),(5), and (7) respectively. 
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2.3.6  Gel Content 

The gel percent is one of the most important factors that affect the swelling of 

hydrogels. Highly crosslinked hydrogels have a tighter structure and swell less 

compared to the hydrogels, which have lower crosslinking. When the composition of 

PEGM and DEAEM was changed, the gel percent changed. 

The gel content of the hydrogels poly(PEGM-co-DEAEM)(3),(5), and (7), which 

were synthesized at high conversion,  was measured by placing them in distilled 

water for 48 h to ensure dissolution of all noncrosslinked components. They were 

then dried at 80 °C for about 48 h to constant weight. The gel percent was calculated 

by using equation (2.25) given below [110]. 

𝐺𝑒𝑙 % =
𝑊𝑑

𝑊𝑖
×  100                                                                                             (2.25) 

where: Wd is the weight of dried insoluble part and Wi is the initial weight of dried 

sample. 

The Gel % of the poly(PEGM-co-DEAEM)(3), (5), and (7) are: 53.9, 58.1, and 78.5 

%, respectively. As the gel content increases, the crosslinking density increases so the 

equilibrium swelling degree decreases as shown in Figure 2.6, and as explained later. 

2.3.7 Equilibrium Swelling Behavior 

Swelling degree affects several characteristics of hydrogels, such as the permeability, 

mechanical properties, surface properties, and others [144]. The swelling degree is 

also related to the chemical structure of the polymer network, the crosslinking 

density, the type of ionic groups in the polymers, the acid dissociation constant of the 

ionizable groups, and external factors, such as the ionic strength, pH, and 

temperature of the solution [141,145]. 
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Swelling behavior of the copolymer was studied, in water [Figure 2.6(a)], 0.01 M 

HCl [Figure 2.6(b)], and in 0.01 M NaOH solution [Figure 2.6(c)]. Equilibrium 

swelling capacities increased in all solutions with increasing DEAEM fraction, and 

with increasing acidity of the solution. This is related to the protonation of amino 

groups of DEAEM and to more electrostatic repulsive force between ionized groups. 

Thus, more space in the polymer network, more water is allowed to diffuse into the 

hydrogel structure. On the other hand, the gel content reveals that the crosslinking 

degree of poly(PEGM-co-DEAEM)(3) is the minimum, so the swelling degree is 

expected to be the highest.  SEM analysis given below reveals that this sample has 

got a loose network structure and larger pores (average diameter 4.5 µm) compared 

to the other samples. These factors contribute to the larger swelling capacity of 

poly(PEGM-co-DEAEM)(3). It reaches around 2000% for poly(PEGM-co-

DEAEM)(3) after 1 hour in 0.01 M HCl solution. 
 

When the swelling kinetics are considered in different pH values it can be followed 

from Figure 2.6(a) that at pH = 7.4 five minutes are enough for poly(PEGM-co-

DEAEM)(3), (5), and (7) to reach a swelling degree of 613%, 429%, and 46.7%, 

respectively. During the first hour, the % swelling of poly(PEGM-co-DEAEM)(3), 

(5), and (7), are 904%, 565%, and 147%, respectively.  Two hours are enough to 

reach the equilibrium swelling capacity. 

Figure 2.6 (b) shows that when the pH is decreased to 2, better swelling behavior is 

achieved for all copolymers.  Within the first five minutes, the % swelling of 

poly(PEGM-co-DEAEM)(3), (5), and (7) copolymers, are  784%, 308%, and 152%, 

respectively. During the first hour, the % swelling of poly(PEGM-co-DEAEM)(3), 
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(5), and (7), are 2024%, 1179%, and 315%, respectively. All copolymers need around 

two hours to reach equilibrium swelling capacity. 

Figure 2.6 (c) shows that under alkaline conditions, when the pH is 12, the lowest 

swelling capacities are observed for all copolymers studied. Within the first five 

minutes, the % swelling of poly(PEGM-co-DEAEM)(3), (5), and (7)copolymers, are  

289%, 220%, and 60.9%, respectively. During the first hour, the % swelling of 

poly(PEGM-co-DEAEM)(3), (5), and (7), are 382%, 346%, and 194%, respectively. 

All copolymers need around 2 hours to reach equilibrium swelling capacity. 

Hence, the fastest and the highest % swelling degree is achieved when the pH is 

equal to 2, with poly(PEGM-co-DEAEM)(3) sample.  
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Figure  2.6: Swelling behavior of the copolymers in (a) distilled water, (b) 0.01M 

HCl, and (c) 0.01M NaOH. 
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2.3.8 Dye Adsorption  

2.3.8.1 SEM Analysis 

The surface morphologies of the poly(PEGM-co-DEAEM)(3), (5), and (7) before 

and after the MO adsorption analyzed by using SEM are shown in [Figure 2.7(a-f)]. 

The poly(PEGM-co-DEAEM)(3)  shows a rougher surface with bigger pores [Figure 

2.7(a)] while the other copolymers exhibit smoother surfaces with smaller pores 

[Figure 2.7(b-c)]. Furthermore, it can be observed that increasing PEGM content 

from sample (3) to (5) to (7) gives tighter network structures with smaller pores and 

higher pore density per unit area. A two dimensional pore size analysis based on 

SEM pictures reveals that the average diameters of pores are 4.6±0.5 µm, 2.7±0.5 

µm, and 1.8±0.5 µm in samples poly(PEGM-co-DEAEM) (3), (5), and (7) 

respectively. On the other hand the surface morphologies of the copolymers after the 

adsorption process [Figure 2.7(d-f)] show that most voids have been occupied by the 

adsorbed dye. Smoother surfaces with a noticeable layer of the MO dye can be 

observed. 

2.3.8.2 Effect of pH on MO Adsorption 

Adsorption experiments were carried under different pH values (2, 3, 4, 6, 8, and 10), 

where the other parameters were kept constant as follows: mass of the copolymer 

=0.05 g, MO concentration = 20 ppm, Temperature = 298K, and the contact time = 

24 h. The results are shown in Figure 2.8(a). 

The maximum dye removal for all copolymer compositions was achieved at pH 3. 

This may be attributed to electrostatic interaction between protonated tertiary amino 

group of polyDEAEMA chains and negative charge of sulfonate group on the MO 

dye. 
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Figure  2.7: SEM micrographs (x2000); (a) –(c ) poly(PEGM-co-DEAEM)(3),(5), 

and (7) ( before adsorption)  ; (d) –(f) poly(PEGM-co-DEAEM)(3),(5), and (7) (after 

adsorption) respectively. 
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Figure  2.8:  (a) The effect of pH on the MO adsorption onto copolymers;  The effect 

of initial MO concentration (0.05 g  adsorbent; 50 mL MO solution  ; adsorption time 

12 hrs ; room temperature; and  pH value of 3) on (b) adsorption capacity, (c) on the 

% removal 
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2.3.8.3 Effect of Initial Concentrations on the Adsorption Capacity, and % 

Removal.  

Figure 2.8(b) shows that as the initial concentrations of MO, Co value, increases, the 

qe value increases for all samples studied. Poly(PEGM-co-DEAEM)(3) has a slightly 

higher value of qe at different initial concentrations values than the others. On the 

other hand, Figure 2.8(c) shows that the % removal, %R, is always more than 95%, 

which indicates excellent adsorbing capacity of the hydrogels towards MO dye. 

Poly(PEGM-co-DEAEM)(3) has the highest % R value even at low Co, (20 ppm). As 

the Co value increases the differences in % R values between the hydrogels decrease. 

2.3.8.4 Kinetics Studies  

Studying the kinetics of adsorption is important to know adsorption equilibrium time, 

and to design treatment systems that depend on interaction rates. The pseudo-first-

order and pseudo-second-order kinetics were used to study the MO adsorption onto 

poly(PEGM-co-DEAEM)(3), (5), and (7) copolymers, the calculated parameters at 

different initial concentration are given in Table 2.7. 

Table 2.7 shows that at all of the studied initial concentrations, the adsorption 

kinetics is described by pseudo second order model better than the pseudo first order 

model. The corresponding values of the correlation coefficient (R
2
) of this model are 

higher compared to those of pseudo first order model. On the other hand, the 

theoretical (qe) values, which were calculated from the pseudo second order model 

are closer to the experimental values. 

From the previous observations, MO adsorption onto poly(PEGM-co-DEAEM) 

copolymers follows pseudo second order kinetic, which assumed that the rate 

limiting step is a chemisorption . 
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Table  2.7: Kinetic parameters of MO adsorption onto poly(PEGM-co-DEAEM) 

copolymers. 

C0 

(ppm) 

 

                 1st order                 2nd     order          

qe 

(Exp) 

(mg/g) 

 

Copolymer qe 

(mg/g) 

K1 

(min-1) 

 

R2 

qe 

( mg/g) 

K2 

(g/mg.min) 

 

R2 

 

20 

 
46.31 

 
0.042 

 
0.978 

 
20.41 

 
0.0027 

 
0.9991 

 
19.79 

 

Poly(PEGM-co-DEAEM(3) 

24.05 0.0177 0.9392 20.37 0.00124 0.9979 19.14 Poly(PEGM-co-DEAEM(5) 

35.45 0.0168 0.8835 13.68 0.0015 0.9404 17.35 Poly(PEGM-co-DEAEM(7) 

40 

5.93 0.0125 0.6765 39.84 0.0039 0.9989 38.98 Poly(PEGM-co-DEAEM(3) 

13.03 0.0047 0.9288 40.16 0.0012 0.9998 40.00 Poly(PEGM-co-DEAEM(5) 

20.68 0.0065 0.9843 39.37 0.0008 0.9995 38.5 Poly(PEGM-co-DEAEM(7) 

60 

10.85 0.0044 0.7619 59.52 0.0014 0.9998 58.98 Poly(PEGM-co-DEAEM(3) 

25.16 0.0086 0.9834 59.88 0.00085 0.9997 62.89 Poly(PEGM-co-DEAEM(5) 

18.71 0.0042 0.9832 57.47 0.0001 0.9985 57.5 Poly(PEGM-co-DEAEM(7) 

80 

11.92 0.0047 0.5736 79.36 0.0016 0.9999 78.66 Poly(PEGM-co-DEAEM(3) 

23.64 0.0080 0.971 79.36 0.001 0.9999 78.60 Poly(PEGM-co-DEAEM(5) 

64.82 0.0026 0.8615 75.19 0.001 0.9999 74.4 Poly(PEGM-co-DEAEM(7) 

100 

18.34 0.0144 0.9303 99.01 0.0023 1 98.78 Poly(PEGM-co-DEAEM(3) 

25.62 0.0083 0.9668 100 0.0009 0.9999 99.01 Poly(PEGM-co-DEAEM(5) 

19.95 0.0053 0.8638 98.4 0.007 0.9993 92.8 Poly(PEGM-co-DEAEM(7) 

200 

29.55 0.017 0.9184 196.1 0.0019 1 197.3 Poly(PEGM-co-DEAEM(3) 

13.80 0.0032 0.9512 196.1 0.0012 1 197.24 Poly(PEGM-co-DEAEM(5) 

29.55 0.032 0.8165 185.2 0.048 1 185.4 Poly(PEGM-co-DEAEM(7) 
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Table  2.8: Adsorption isotherms Parameters of MO onto poly (PEGM-co-DEAEM) 

copolymers. 

Copolymer 

Langmuir Freundlich Temkin 

qmax KL R
2
 KF n R

2
 bT KT  R

2
 

Poly(PEGM-co-DEAEM)(3) 212.7 0.52 0.9753 6.34 1.2 0.9412 41.5 4.6 0.7225 

Poly(PEGM-co-DEAEM)(5) 208.3 0.55 0.9542 6.32 1.4 0.9880 35.6 3.1 0.9068 

Poly(PEGM-co-DEAEM)(7) 178.6 0.18 0.9503 4.32 1.6 0.9537 42.6 1.0 0.8285 

2.3.8.5 Adsorption Isotherms 

A comparison of three isotherms, Langmuir, Temkin and Freundlich models for MO 

adsorption onto poly(PEGM-co-DEAEM) hydrogels ,  is given in Table 2.8. It can be 

found that Langmuir isotherm fits to the data describing the adsorption behavior of 

MO onto poly(PEGM-co-DEAEM)(3). On the other hand, Freundlich model 

describes the adsorption process better for both poly(PEGM-co-DEAEM)(5) and  

poly(PEGM-co-DEAEM)(7), where higher R
2 

values were obtained. 

The Langmuir isotherm [130] suggests mono-layer adsorption on a uniform surface 

with a finite number of adsorption sites. The main characteristic of the Langmuir 

isotherm can be expressed in terms of a constant called dimensionless separation 

factor (RL) 

RL  =  
1

1+KLC0
                                                                                                                     (2.26)   

RL describes the shape of adsorption to be either, unfavorable (RL > 1), linear (RL = 

1), favorable (0 < RL < 1) or irreversible (RL = 0) [146].
 
For poly(PEGM-co-

DEAEM)(3), (5), and (7) results were found for RL to be between (0.009  to 0.088), 

(0.009 to 0.045 ), and (0.026 to 0.121), respectively  which represents a favorable 

adsorption. Furthermore, the Low RL values indicate the strong interaction between 

the MO and hydrogels [147]. 
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Freundlich isotherm [131] assumes that adsorption occurs on heterogeneous surfaces 

with different energy of adsorption and non-identical rare sites. The Freundlich 

constant n describes the favorability of the adsorption process. For favorable process 

n should be more than 1 and less than 10. It was found that the values of n ware 

greater than 1, suggesting that the adsorption of MO onto the poly(PEGM-co-

DEAEM) hydrogels was a favorable. 

The Temkin isotherm model is based on the assumption that the adsorption energy 

decreases linearly with the surface coverage due to adsorbent–adsorbate interactions 

[132]. 

From Table 2.8, the correlation coefficient (R
2
) was less than that obtained for both 

Langmuir and Freundlich models, for all poly(PEGM-co-DEAEM) hydrogels 

indicating that Temkin isotherm model does not fit with experimental data as well as 

the other models. 

Table 2.9 lists a comparison between our copolymers with other adsorbents reported 

in other studies [148,149,150,151] towards MO, it shows that poly(PEGM-co-

DEAEM)(3), (5), and (7) hydrogels have an excellent adsorption capacity, with 

higher qmax values, supporting that these hydrogels can act as alternative  adsorbents  

to the others due to their considerably higher adsorption capacities. 

2.3.8.6 Thermodynamic Parameters 

The thermodynamic parameters, including the Gibbs free energy change (ΔG°), 

entropy change (ΔS°), enthalpy change (ΔH°) were calculated to examine the 

spontaneity of the adsorption of MO onto the poly(PEGM-co-DEAEM)(3), (5), and 

(7) hydrogels. Table 2.10 lists these parameters and from the data it is clear that the 
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negative values of ΔH° show an exothermic nature of MO adsorption where MO 

adsorption efficiency decreases with the increase of temperature. The negative values 

of ΔS° indicate decreasing of the degree of randomness of the dye molecule at the 

solid-liquid interface during the adsorption process. The negative values of ΔG° in 

all the temperature confirm that the adsorption process is spontaneous in nature.  

Table  2.9: Comparison of the adsorption capacities of various adsorbents toward MO 

dye 

Adsorbent  
Adsorption 

conditions  

qmax 

(mg g
-1

) 
Reference 

Poly(PEGM-co-DEAEM(3) pH 3, 298K  212.77 This work 

Poly(PEGM-co-DEAEM(5) pH 3, 298K  208.3 This work 

Poly(PEGM-co-DEAEM(7) pH 3, 298K  178.57 This work 

Graphene oxide pH 3, 298 K 16.83  [149] 

Chitosan pH 3, 298 K 29  [150] 

20CMC-Bent pH 6.86, 298K  110.7  [148] 

Activated carbons of corncob derived char wastes pH 7, 298K 11.57  [151] 

Table  2.10: Thermodynamic parameters of the adsorption of MO dye onto 

poly(PEGM-co-DEAEM) copolymers. 

 
poly(PEGM-co- 

DEAEM)(3) 

poly(PEGM-co- 

DEAEM)(5) 

poly(PEGM-co-

DEAEM)(7) 

ΔS° (J mol-1 K-1) -272.08 -34 -49.32 

ΔH° (kJ mol-1) -87.05 -11.08 -16.14 

ΔG° (kJ mol-1), T=298 K -5.98 -0.942 -1.44 

ΔG° (kJ mol-1), T= 308 K -3.26 -0.607 -0.947 

ΔG° (kJ mol-1), T=318 K -0.53 -0.267 -0.453 
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2.4 Conclusions 

Photoinitiated copolymerization of PEGM and DEAEM monomers was successfully 

achieved at low and high conversions. Crosslinked polymers were obtained without 

using any chemical cross linker during polymerization in the presence of CCl4 

solvent. The crosslinked polymers of PEGM-co-PDEAEM act as superabsorbents in 

aqueous solution. Equilibrium swelling capacities increased in all solutions with 

increasing DEAEM fraction, and with increasing acidity of the solution, reaching 

2000 % within an hour in 0.01 M HCl solution. 

The monomers compositions in the copolymers were determined using elemental 

analysis method and the monomer reactivity ratio was calculated, PEGM is more 

reactive monomer at low and high conversions. The MO adsorption onto the 

copolymers was highly efficient, (% R reaches 98%), and  (qe=212.7 mg g
-1

), 

favorable (0<RL<1) and spontaneously occurred (ΔG°<0). In addition, these 

poly(PEGM-co-DEAEM) hydrogels would exhibit less environmental negative 

effects due to their environment friendly nature. 



 59 

Chapter 3 

3 PHOTOINITIATED GRAFTING OF POLY(2-

HYDROXYETHYL METHACRYLATE) ONTO 

POLY(VINYL CINNAMATE) FILMS FOR 

FLURBIPROFEN LOADING AND RELEASE 

3.1 Introduction 

Vinyl cinnamate (VCi), and especially its copolymers are well known for their photo 

responsive behavior including photoinitiated polymerization, photo crosslinking [95], 

and light induced bending of its gels [96]. 

Cinnamoyl groups undergo 2+2 photocylo addition to form crosslinked gels under 

UV light of the order of 350 nm wavelength. Photo responsive hydrogels/nanogels of 

PolyVCi can undergo UV induced bending or volume transition [97], which may 

find use in phototherapy, as drug carriers, or in medical imaging in addition to 

application in optoelectronics. PolyVCi and its copolymers with hydrophilic 

polymers can form micelles in solution and molecular arrangement leading to liquid 

crystal behavior [98].  

Studies on either homopolymerization or copolymerization of VCi derivatives are 

scarce in the literature. Homopolymerization to poly(vinyl cinnamate) (PolyVCi) had 
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been reported [99,100]. Amphiphilic copolymers have the ability to create micelle in 

selective solvents [104].   

Poly(2-hydroxyethyl methacrylate) (polyHEMA)  has proved to be a promising 

polymer for applications in biomedical fields since it was first synthesized in 1960. 

These applications include the use of PolyHEMA in the fields of contact lenses, 

artificial corneas and skins, drug delivery, and degradable scaffolds for tissue 

engineering [87], polyHEMA hydrogels are versatile due to their non-toxicity, 

biocompatibility, and thermal stability [88].  

Grafting is one of the most efficient methods in order to achieve well modified 

polymers. In principle, graft copolymerization is an attractive method to impart a 

variety of functional groups to a polymer backbone [61]. Photoinitiation process 

shows ability to control the degree of crosslinking, and the amount of the polymer 

yield by adjusting the dose and time of the UV irradiation [52]. 

Flurbiprofen is classified as  nonsteroidal anti-inflammatory drug (NSAID). It is used 

during eye surgery and for the treatment of rheumatoid arthritis, ankylosing 

spondylitis, and degenerative joint disease for the reduction of pain, fever and 

inflammation [152]. 

Pulsatile drug delivery systems are developed to deliver drug according to circadian 

behavior of diseases. In other words, these systems will deliver drug at certain time 

when it is neeeded within a circadian cycle (24 hs.). In these systems, there is an 

initial release period followed by a lag time characterized by no release behaviour, 

which is followed by rapid and complete drug release. A sigmoidal release profile is 
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observed. These systems allow delivery of the drug to the right side, at required dose 

and needed time [153]. 

This part of the thesis work presents synthesis of poly(vinyl cinnamate)-graft-poly(2-

hydroxyethyl methacrylate) (PolyVCi-graft-PolyHEMA) copolymers by UV 

initiation via free radical mechanism, and the physicochemical properties of the 

products. The significance of the work lies on the fact that synthesis of these  

copolymers has not been reported in the literature before. PolyVCi/PolyHEMA 

hybrid systems have a potential to blend the more hydrophilic nature of PolyHEMA 

and hydrophobicity of PolyVCi polymer. These systems may find biomedical 

applications as surfaces with tunable hydrophilicity. 

Grafting of polyHEMA onto polyVCi backbone by UV initiation has been achieved 

and optimum grafting conditions have been investigated. In addition to 

photocrosslinking, the products were further crosslinked by ethylene glycol 

dimethacrylate (EGDMA). Crosslinked films with swelling capability in water and in 

ethanol were obtained. The products have been characterized with respect to their 

chemical structures, chemical compositions, and physical properties such as surface 

morphology and thermal properties in addition to their swelling kinetics. The 

PolyVCi-graft-PolyHEMA films proved to be suitable loading and release matrixes 

for flurbiprofen demonstrating pulsatile release behavior, which has not been 

reported for flurbiprofen before.  
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3.2 Experimental Part 

3.2.1 Materials 

HEMA (Aldrich), and EGDMA (Aldrich) were cleaned from inhibitor by passing 

through inhibitor removal column (Aldrich). Flurbiprofen was provided by Pharma 

Mondial, North Cyprus. PolyVCi (Aldrich) was purified before use as described 

below. Benzophenone (Aldrich), chloroform (Aldrich), ethanol (Aldrich), methanol 

(Aldrich), tetrahydrofuran (THF) (Aldrich), and n-hexane (Aldrich) were used as 

received.  

3.2.2 Purification of PolyVCi 

PolyVCi was cleaned from any poly(vinyl alcohol)  impurity as follows: 0.5 g of 

polyVCi (Aldrich) was dissolved in 10.0 mL of chloroform. The solution was 

refluxed at 50°C in an oil bath for 24 h.  Then the flask was cooled down, and 30.0 

mL of n-hexane was added to precipitate PolyVCi. The suspension was stirred 

overnight, filtered and dried at 60°C.  

3.2.3 Characterization Techniques 

FTIR-ATR analysis of the films was made by using Perkin-Elmer Spectrum Two 

FTIR-ATR spectrometer. 

Thermal Gravimetric Analysis (TGA) of the films was made using Perkin Elmer 

Diamond Differential Calorimeter and Perkin Elmer Pyris 1 under nitrogen 

atmosphere at 10°C/min heating rate in Central Laboratory of Middle East Technical 

University, Ankara. 

Scanning Electron micrographs (SEM) of the films were taken in Central Laboratory 

of Middle East Technical University, Ankara using Quanta 400F field emission 
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scanning electron microscope using Au-Pd coating. 

The original PolyVCi sample as provided by the producer and purified PolyVCi used 

as the backbone for PolyHEMA grafting was characterized by GPC in Middle East 

Technical University Central Laboratory using Malvern-OmniSEC instrument. The 

solvent was THF and the flow rate was set as 1 mL/min. 

Optical contact angle measurements on the films were made using Attension Theta 

goniometer in in Central Laboratory of Middle East Technical University, Ankara, 

Turkey. 

3.2.4 Photoinitiated Grafting of PolyHEMA onto PolyVCi  

Purified PolyVCi was dissolved in THF to obtain a 0.125 mM solution. Then 

different amounts of HEMA monomer (20.6, 41.2, 82.5, 123.8 mM) the crosslinker 

EGDMA (13.2, 26.5, 52.9 mM), photoinitiator benzophenone (Ph2CO), (6.86, 13.7, 

27.4 mM), were added to the polymerization solution and closed, and connected to 

N2 gas bubbling at room temperature for 20 min. The reaction was carried out at 

different time intervals. Non grafted PolyVCi film was prepared for comparison of 

physichochemical properties with those of PolyVCi-graft-PolyHEMA films. The 

reaction conditions are shown in Table 3.1  

The homogeneous solutions (20 mL) were transferred into glass petri dishes and 

exposed to UV-irradiation using a Luzchem photoreactor LZC 4V equipped with 6 

top and 8 side UVA lamps of 350 nm wavelength and 7670 µW.cm
-2

 power. All 

samples were placed 15.0 cm distance from the lamps. Film samples were obtained 

after UV irradiation. The samples were taken from the chamber at given time 

intervals, soaked in ethanol for 2 days during which ethanol was refreshed regularly 
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every 6 hours. Then, the films were dried at room temperature, to constant weight. 

The films were insoluble in aqueous media, or in organic solvents. The grafting 

percentage was calculated according to equation (3.1). 

% 𝑔𝑟𝑎𝑓𝑡𝑖𝑛𝑔 =  
𝑊2−𝑊1

𝑊1
𝑥100%                                      (3.1) 

where W1 and W2 stand for the initial weight of polyVCi film, and the weight of the 

film after UV irradiation, respectively. 

3.2.5 Swelling Behavior  

Known masses of films were placed in water and in ethanol. Swollen samples were 

weighed at given time intervals after removing the excess water on the surface. Each 

sample was tested three times. The swelling degree was determined using equation 

(3.2) given below.  

% Swelling Degree =
W𝑠−W𝑑

W𝑑
×  100%                              (3.2) 

where W𝑑 is the initial weight of dried film, and W𝑠 is the final weight of the swollen 

film after a certain period of time. 

3.2.6 Flurbiprofen Loading 

PolyVCi was dissolved in THF to obtain a 0.125 mM solution. Then a 41.2 mM of 

HEMA monomer, 26.5 mM of EGDMA, 13.7 mM of Ph2CO, and FB (20.5 or 10.25 

mM) were added to the polymerization solution and closed, and connected to N2 gas 

bubbling at room temperature for 20 min. The reaction was carried out for 8 h. The 

homogeneous solutions (20 mL) were transferred into glass petri dishes and exposed 

to UV irradiation using a Luzchem photoreactor LZC 4V equipped with 6 top and 8 

side UVA lamps of 350 nm wavelength and 7670 µW.cm
-2

 power. Both samples 

were placed 15.0 cm distance from the lamps. Loaded films were obtained after UV 

irradiation, washed with ethanol several times, dried at room temperature, the 

obtained films were labeled as FB1 and FB2 according to initial concentration of the 
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added drug; FB1 for 10.25 mM of the drug, and when the initial concentration of 

drug is 20.5 mM the film obtained was labeled as FB2.  

3.2.7 Flurbiprofen Release 

Loaded films (FB1and FB2) were soaked in 100-mL of ethanol at room temperature. 

Aliquot volume of 1.0 mL of solution was drawn from the release medium at several 

given time intervals, and was measured using a (UV_Win 5.0, Bejjing, T80+) UV/vis 

spectrometer at 249 nm. Each measurement was repeated three times, and the 

average results were used in calculations. The release medium was replaced with 1.0 

mL pure ethanol after each draw. The UV absorbance of the aliquot taken from the 

release medium was evaluated according to the flurbiprofen calibration curve using 

the best fit linear equation (y = 0.0716 x + 0.0846, R
2 

= 0.9914), and the 

concentration of flurbiprofen in the release medium was calculated.  The cumulative 

release % was calculated according to equation (3) [152,154]. 

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =
𝑀𝑇

𝑀∞
× 100%                                                                      (3.3) 

where MT is the amount of drug released from loaded films (FB1, FB2) at time t, and 

M∞ is the amount of drug released from the loaded films at time infinity taken as 45 

h.  

3.3 Results and Discussion 

3.3.1 Synthesis of poly(vinylcinnamate)-graft-poly(2-hydroxyethylmethacrylate) 

Copolymers 

PolyVCi-graft-PolyHEMA films were prepared by using PolyVCi (Aldrich) as the 

substrate after purification as described above. The PolyVCi sample was found to 

have number average molecular weight of 9.20 x 10
4
 g/mol and weight average 

molecular weight of 1.74 x 10
5
 by SEC analysis. Grafting of polyHEMA onto 

polyVCi was carried out by photoinitiation at 350 nm by simultaneous 
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photocrosslinking of polyVCi polymer backbone. PolyVCi-graft-polyHEMA films, 

both photocrosslinked and EGDMA crosslinked were prepared. The polyVCi-graft-

polyHEMA samples crosslinked with EGDMA in addition to photocrosslinked 

polyVCi backbone may also contain some polyHEMA crosslinked with EGDMA. 

The synthesis route and a schematic representation of the gel system formed are 

given in Figure 3.1 
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Figure  3.1: Proposed structure of PolyVCi-graft-PolyHEMA. 
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3.3.2 Optimization of Grafting Conditions  

The grafting parameters were optimized with respect to initiator concentration, 

monomer and crosslinker concentrations and with respect to time. The reaction 

conditions and %G values are shown in (Table 3.1).  The concentration of polyVCi 

solution was set as 0.125 mM in all experiments. A blank sample of photocrosslinked 

polyVCi film (Phot. PolyVCi) was prepared to establish any mass changes during 

photocrosslinking. No loss or gain in mass was observed after photocrosslinking of 

polyVCi.  

Studying the effect of Ph2CO concentration on the grafting yield, Figure 3.2(a), 

revealed that increasing concentration of Ph2CO from 6.86 mM to 13.7 mM, results 

in an increase in %G value from 54% to 112%, due to higher number of active sites 

created in the reaction medium. Further increase in the Ph2CO concentration to 27.4 

mM causes a slight decrease in %G to 90%. This effect can be an indication of 

radical-radical combination reactions at higher initiator concentrations causing a 

decrease in initiator efficiency and hence less grafting yield. Since a decreasing trend 

started above 27.4 mM, no higher concentrations of the photoinitiator were tested. 

Since 13.7 mM Ph2CO gave the highest grafting yield value as 112% (sample B), in 

all other experiments Ph2CO was used as 13.7 mM.  

The effect of EGDMA concentration on the grafting yield is shown in Figure 3.2(b). 

PolyVCi grafted with polyHEMA, sample M in Table 3.1, gave 40% grafting yield 

value using 41.2 mM HEMA, and 13.7 mM Ph2CO after 4 h UV irradiation. Sample 

B prepared under the same conditions as sample M, but by adding 26.5 mM 

EGDMA to the system resulted in 112% grafting value providing gravimetric 

evidence for insertion of EGDMA in the chemical structure. While 26.5 mM (sample 
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B) and 13.2 mM EGDMA (sample D) result in similar grafting yields as 112% and 

110% respectively, increasing EGDMA concentration to 52.9 mM does not result in 

any further increase in the grafting yield (90%), represented by sample E.  Hence, it 

can be concluded that 41.2 mM HEMA: 13.2 mM EGDMA (3:1) ratio gives 

optimum crosslinking by EGDMA. Excess EGDMA is wasted unreacted.  

It was observed that increasing HEMA concentration resulted in considerable 

increase in the grafting yield value at 82.5 mM HEMA concentration (sample G), as 

shown in Figure 3.2(c). While 41.2 mM (sample B) and 20.6 mM (sample F) HEMA 

gave similar grafting yields with 112 and 111% values, 82.5 mM led to a product 

with 175% grafting yield. Again, we observe a 3:1 optimum HEMA: EGDMA (82.5 

mM: 26.5 mM) ratio. Further increase in HEMA concentration to 123.8 mM (sample 

Y) gives 76.8% grafting yield indicating that non crosslinked polyHEMA is formed, 

which is removed by ethanol extraction (Figure 3.2(c)). 

Increasing time from 4 to 8 and to 12 h, increases the grafting yield from 112% 

(sample B) to 119 % (sample H) and to 193% (sample I) respectively, since more 

polymerization of HEMA is achieved at longer reaction times. But 16 h (sample Z) 

lead to lower % grafting yield (Figure 3.2(d) probably due to more homopolymer 

formation. Optimum reaction duration was taken as 4 h since increasing UV 

irradiation time leads to more crosslinked products with limited swelling capacities 

as will be discussed below.  

The optical pictures of polyVCi, M, B, G, F, and I film samples are shown in Figure 

3.3. Homogeneous, transparent films of average film thickness 10 µm have been 

obtained.  
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Table  3.1: Grafting Yield (%G) of PolyEMA onto PolyVCi under different 

conditions. 

Sample 
PolyVCi 

(mM) 

HEMA 

(mM) 

Ph2CO 

(mM) 

EGDMA 

(mM) 

Time 

(h) 
% G 

Phot. PolyVCi 0.125 - 13.7 - 4 - 

M 0.125 41.2 13.7 - 4 40 

A 0.125 41.2 6.86 26.5 4 54 

B 0.125 41.2 13.7 26.5 4 112 

C 0.125 41.2 27.4 26.5 4 90 

D 0.125 41.2 13.7 13.2 4 110 

E 0.125 41.2 13.7 52.9 4 90 

F 0.125 20.6 13.7 26.5 4 111 

G 0.125 82.5 13.7 26.5 4 175 

Y 0.125 123.8 13.7 26.5 4 76.8 

H 0.125 41.2 13.7 26.5 8 119 

I 0.125 41.2 13.7 26.5 12 193 

Z 0.125 41.2 13.7 26.5 16 89.4 
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Figure  3.2: Effect of grafting parameters a) Ph2CO, b) EGDMA, c) HEMA, and d) 

Time, onto the % grafting 
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Figure  3.3: Optical photos of Phot. PolyVCi, M, B, G, F, and I films. 
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3.3.3 Swelling Kinetics 

Swelling kinetics of the films was followed in distilled water and in ethanol. Figure 

3.4(a) shows the swelling behavior of the films in distilled water. All samples reach 

equilibrium swelling within an hour. Sample M shows the highest equilibrium 

swelling value (550%) even though the grafting yield of polyHEMA is low with 

40%. PolyVCi backbone, which is photocrosslinked gains a hydrophilic nature due to 

polyHEMA chains grafted. Sample G exhibits an equilibrium swelling value 

comparable to that of sample M with 500%.  Although it is expected that 

crosslinking with EGDMA should limit the equilibrium swelling capacity to lower 

values, higher amount of polyHEMA grafted (175%) overcomes this effect. 

Photocrosslinked PolyVCi-graft-polyHEMA samples crosslinked with EGDMA and 

with increasing %G values (sample B, %G=112, and sample G, %G=175) 

demonstrate that increasing polyHEMA in the network structure results in higher 

equilibrium swelling capacities with 151% and 500% respectively. Sample I 

(%G=193) that has been exposed to UV irradiation for 12 h, bear smaller equilibrium 

swelling capacity (56%) than the others showing that longer exposure to UV light 

increases the crosslinking density leading to smaller degree of swelling. It is 

interesting to note that the equilibrium swelling capacity of photocrosslinked 

PolyVCi is unexpectedly high and comparable to those of polyHEMA grafted 

samples (307%) even though it is more hydrophobic than polyHEMA grafted 

PolyVCi samples. This behavior should be due to the microporous morphology of 

the PolyVCi sample as revealed by SEM analysis discussed below.  

Figure 3.4(b) shows that the maximum % swelling values in ethanol are higher 

compared to the values in water. This may be attributed to lower polarity of ethanol 
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than water, which results in more favorable interactions with the hydrophobic 

polyVCi backbone. PolyVCi film exhibits the highest swelling capacity in ethanol 

with 907% equilibrium swelling percentage. Grafting polyHEMA and crosslinking 

with EGDMA result in a decrease in equilibrium swelling capacities in ethanol. 

Increasing the UV exposure time causes decrease in the equilibrium % swelling 

values, due to higher crosslinking density, as was observed in water. The equilibrium 

swelling capacities of the samples studied are as follows: Phot. PolyVCi, M, B, F, G, 

H, I exhibit values 907%, 565%, 255%, 297%, 197, 176, and 175% respectively.  

 
Figure  3.4: Swelling behavior of films in a) water, b) ethanol. 
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3.3.4 FTIR Analysis 

Figure 3.5(a) shows the FTIR spectrum of PolyVCi film. An absorption band at 1636 

cm
-1

 corresponds to exocyclic C=C stretching   of cinnamate moieties [155]. 

Aromatic C-C and C-H stretchings are observed at 703 and 766 cm
-1

   respectively. 

C=O stretching of unsaturated ester can be observed at 1710 cm
-1

 [156]. 

Two characteristic peaks of polyHEMA  (Figure 3.5(c)) are at 3400 cm
-1

 and 1720 

cm
-1

 corresponding to hydroxyl (OH) and carbonyl (C=O) stretching vibration bands, 

respectively [157]. Figure 3.5(b) that belongs to a PolyVCi-graft-PolyHEMA sample 

B (G%=112 ) shows a carbonyl band at 1724 cm
-1

, and the absorption band of 

PolyVCi at 1636 cm
-1 

besides overlap of PolyVCi and polyHEMA bands in the 

region of 1000-1200 cm
-1

 represented by a broader band for C-O-C stretching at 

1151 cm
-1

. Furthermore, the peak intensity of C=C stretching vibration at 1636 cm
-1 

has decreased.  All of these characteristics provide evidence for successful of the 

grafting of PolyHEMA onto PolyVCi. 

 
Figure  3.5: FTIR spectrum a) PolyVCi film; b) B film, and c) PolyHEMA 
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3.3.5 Thermal Analysis 

Figure 3.6(a) shows the TGA thermogram of polyVCi film. The first decomposition 

peak is observed at 180°C with around 45% weight loss, while the main mass loss 

occurs at a temperature around 330 
°
C.  These observations indicate the 

decomposition of the polymer from the cinnamate groups are mainly occurred at 330 

°
C, and the detached cinnamates groups are evaporated, resulting in the weight loss 

[95, 158]. For polyHEMA (Figure 3.6(b)) the decomposition takes place in three 

stages.  In the first stage, around 7% weight loss occurs at 180 °C. The second stage 

and third stages where the main weight loss is observed are in the range of 300-400 

°C. The first peak is at 300 °C and refers to the decomposition of C-O backbone, 

while the peak at 370°C, can be presumed as the decomposition of the methacrylate 

component. The general mechanism of the thermal degradation of the 

polymethacrylates involves the loss of the ester side group to form methacrylic acid 

followed by cross-linking. 

Figure 3.6(c) shows the thermogram of the film M that has been prepared in the 

absence of the crosslinker EGDMA.  It has two decomposition peaks.  The first one 

appears at 120°C with 30% weight loss, which refers to water loss. On the other 

hand, the main decomposition is peak observed at 330°C. For sample B (Figure 

3.6(d)) three decomposition peaks at 120 °C, 330 °C and 400 °C are observed 

indicating further crosslinking by EGDMA in addition to grafting of polyHEMA onto 

polyVCi backbone.  For both films G and I (Figure 3.6(e-f)) similar thermal stability 

has been observed as for film B, with an increase in the % weight loss at 400 °C due 

to more crosslinking. 
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Figure  3.6: TGA thermogram of a) phot.polyVCi film; b) polyHEMA; c) M film; d) 

B film; e) G film and f) I film. 

3.3.6 SEM Analysis 

Figure 3.7 shows the surface morphology of polyVCi film and polyVCi-graft-

polyHEMA films. The surface of polyVCi film shown in Figure 3.7(a) exhibits 

regular fine pores. The pore size as measured from the SEM picture is of the order of 

1-2 microns. The formation of pores has been attributed to the evaporation of THF 

solvent during the photopolymerization. The surfaces of the grafted films exhibit 
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heterogeneity. The grafted regions are observed as islands in continuous PolyVCi 

phase in all B, H, and G films (Figure 3.7 (b-d)). 

 
Figure  3.7: SEM micrographs (X2000) of a) Phot. PolyVCi, b) B film, c) H film, and 

d) G film 

3.3.7 Contact Angle  

Figure 3.8 shows that grafting with polyHEMA modifies the surface of polyVCi film 

into a more hydrophilic one. The contact angle of polyVCi film decreases from 

77.23° to 64.11° after being grafted with polyHEMA (sample B   G%= 112) (Figure 

3.8(a-b)).  Film I (Figure 3.8(c)) shows more hydrophilicity than polyVCi, but less 

than that of B film with a contact angle of 70°. This may be due to more 

hydrophobicity (due to the 2+2 photocycloaddition) inserted during 
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photocrosslinking process of polyVCi backbone as a result of more time of UV 

irradiation (12 h).  

 

 
Figure  3.8: Contact angle of a) Phot. PolyVCi, b) B film, and c) I film. 

 

3.3.8 Flurbiprofen Loading and Release  

Flurbiprofen was loaded into polyVCi-graft-polyHEMA matrix during photografting 

process. Two film samples loaded with flurbiprofen FB1 and FB2 were used in the 

release study. The amount of flurbiprofen encapsulated into the film was assumed to 

be the same as the amount of drug released from the loaded films at time infinity 

(m∞). These values are 36.5 mg and 43.6 mg FB1and FB2 respectively. Accordingly, 
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the encapsulation efficiency of FB1 and FB2 has been calculated as 73% and 43.6% 

respectively. 

As can be observed from Figure 3.9(a), the drug release from FB1 shows a fast 

release within first 5 h with a total of 32% cumulative release, followed by no release 

for a period of 15 h that can be identified as lag time period. After the lag time 

period, a second release period begins at 20 h which is completed at 35 h. A similar 

behavior has been observed for FB2 film, except that the total release at the first 

release stage, within the first 5 h, is 22% (Figure 3.9(b)). In both cases, it is clear that 

a time controlled flurbiprofen release system is obtained by loading it into polyVCi-

graft-polyHEMA films. 

 
Figure  3.9: Flurobiprofen release profile from a) FB1, b) FB2 films (mean±SD, n=3). 
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Figure  3.10: Chemical structure of flurbiprofen. 

3.3.9 Flurbiprofen Release Kinetics 

The obtained release results were studied for two periods of release separately. The 

first one was from (time 0-5) h and denoted by PI, while the second period, PII, was 

used for the second release (20-30) h. The data were fit into different kinetic 

equations such as: zero order model (plotting cumulative % drug released versus 

time), first order (plotting log cumulative % drug remained versus time), Higuchi 

(plotting cumulative % released versus √time), and Korsmeyer Peppas (plotting log 

of cumulative % drug released versus log time, where the slope represents the n 

value). The kinetic model that best fits the dissolution data was estimated by 

comparing the correlation coefficient (R
2
) values obtained in various models. In the 

Peppas (Fickian diffusion) model, mechanisms of drug release are characterized 

using the release exponent (n value). An n value of 1 corresponds to zero-order 

release kinetics (case II transport); 0.5 < n < 1 indicates an anomalous (non-Fickian) 

diffusion release model; when n = 0.5 indicates Fickian diffusion, and n > 1 indicates 

a super case II transport relaxational release [159]. In flurbiprofen loaded polyVCi-

graft-polyHEMA films studied in this work, it has been established that these 

systems obey zero order release kinetics, which is an important advantage. Zero-

order release is the ideal in controlled drug release and has an advantage of 

delivering drugs at a constant rate. Usually, zero order release kinetics is not 

observed in matrix systems. This behavior has been related to the changes in the 
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concentration of the drug in the as it is released from the matrix in time. Another 

factor is the diffusional path length [160].  

Table 3.2 shows that the most probable release mechanism for the flurbiprofen 

loaded films (FB1, and FB2) in both periods (PI, and PII), are zero order since a 

higher “R
2
” values were obtained. The zero-order rate describes systems where drug 

release rate is independent of its concentration. This mechanism is confirmed by its 

Ritger-Peppas “n” value (1.00 to 1.41), which indicates super case II release 

mechanism. 

Two factors can be considered to explain the lag time behavior. These are the drug-

matrix interaction nature and the morphology of the polyVCi-graft-polyHEMA 

matrix. Carbonyl functionalities available both on polyHEMA and polyVCi interact 

with flurbiprofen molecule via dipole-dipole interactions. Secondary interactions 

such as dispersion forces and dipole-dipole interactions are also available between 

benzene rings that exist in both polyVCi and flurbiprofen. Flurbiprofen, shown in 

Figure 3.10, and polyHEMA component of the matrix may interact via hydrogen 

bonding interaction between the -OH groups available on both molecules or via 

strong dipole-dipole interaction between the fluorine atom and the hydroxyl group. 

So, it may be concluded that there are stronger favorable interactions between 

polyHEMA component of the copolymer than between polyVCi and flurbiprofen. 

Furthermore, polyVCi-graft-polyHEMA films show two phase morphology as can 

be observed in the SEM pictures given in Figure 3.7.  The islands embedded in the 

continuous polyVCi matrix have been attributed to the polyHEMA grafted regions. 

Two types of crosslinked areas are available in the matrix; the photocrosslinked and 

EGDMA crosslinked areas. Flurbiprofen is distributed randomly in the polyVCi-

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3748778/table/tab2/
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graft-polyHEMA matrix during the photo encapsulation process. Hence, diffusion 

rate of the flurbiprofen molecule through these two different regions with different 

chemical nature and crosslinking density should be different resulting in the two-

stage release behavior. 

Table  3.2: Drug release kinetic data. 

 
FB1 FB2 

Period I (0-5 h) Period II (20-30 h) Period I (0-5 h) Period II (20-30 h) 

Zero order  R
2
=0.8867 R

2
=0.9456 R

2
=1 R

2
=1 

First order R
2
=0.8568 R

2
=0.8118 R

2
=0.9997 R

2
=0.9994 

Higuchi R
2
=0.8087 R

2
=0.9356 R

2
=0.9129 R

2
=0.9993 

Korsmeyer 

Peppas 

R
2
=0.7508 R

2
=1 R

2
=0.9089 R

2
=1 

n=1.42 n=1.12 n=1.28 n=1.0 

3.4 Conclusions 

Photoinitiated grafting of polyHEMA onto polyVCi backbone was successfully 

achieved and optimized. The polyVCi-graft-polyHEMA films are homogenous at the 

macroscopic level, and they are transparent film material. Hydrophilicity of the 

polyVCi-graft-polyHEMA films increases with increasing polyHEMA grafting as 

demonstrated by contact angle measurements and equilibrium swelling capacities in 

water and in ethanol. The films are thermally stable up to around 300 °C, as revealed 

by TGA. 

Successful photo-encapsulation of flurbiprofen into the film matrixes was achieved. 

The PolyVCi-graft-PolyHEMA films proved to be suitable release matrixes for 

flurbiprofen demonstrating pulsatile release behavior. As a result polyVCi-graft-
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PolyHEMA films are promising devices for a time-pulsatile controlled release of 

flurbiprofen. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/controlled-drug-release
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Chapter 4 

4 CONCLUSION 

Photoinitiated copolymerization of PEGM and DEAEM monomers can be achieved 

at low and high conversions. Crosslinked polymers are obtained without using any 

chemical cross linker during polymerization in the presence of CCl4 solvent. There is 

a solvent effect operation on copolymer composition. The crosslinked polymers of 

PEGM-co-PDEAEM act as superabsorbents in aqueous solution. Increasing DEAEM 

fraction results in higher equilibrium swelling capacities. Equilibrium swelling 

capacities are higher in acidic solution due the protonation of DEAEM fraction of the 

copolymer. Monomer reactivity ratios at low conversions are r1(PEGM) = 0.90, 

r2(DEAEM) = 0.14.  At high conversions the monomer reactivity ratios are 1.01, 0.4, 

respectively.The MO adsorption onto the copolymers was highly efficient, (% R 

reaches 98%), and  (qe=212.7 mg g
-1

), favorable (0<RL<1) and spontaneously 

occurred (ΔG°<0). In addition, these poly(PEGM-co-DEAEM) hydrogels would 

exhibit less environmental negative effects due to their environment friendly nature. 

Photoinitiated grafting of polyHEMA onto polyVCi backbone can be achieved in 

THF solvent. The polyVCi-graft-polyHEMA films are homogenous at the 

macroscopic level, and they are transparent film material. Hydrophilicity of the 

polyVCi-graft-polyHEMA films increases with increasing polyHEMA grafting as 

demonstrated by contact angle measurements and equilibrium swelling capacities in 
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water and in ethanol. The films are thermally stable up to around 300 °C, as revealed 

by TGA. SEM pictures reveal two-phase morphology. 

Successful photo-encapsulation of flurbiprofen into the film matrixes can be 

achieved. The polyVCi-graft-polyHEMA films are suitable release matrixes for 

flurbiprofen demonstrating pulsatile release behavior. As a result polyVCi-graft-

polyHEMA films are promising devices for a time-pulsatile controlled release of 

flurbiprofen. 

  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/controlled-drug-release
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