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FOREWARD 

The entire research work is summarized into four chapters. Chapter 1 deals with the 

general introduction of controlled drug delivery and its merits over conventional drug 

delivery, the use of N-vinyl pyrrolidone and n-alkyl methacrylate based polymers in drug 

delivery technology, dexamethasone and its applications as well as different kinetic 

models used to study drug release kinetics and mechanism. Chapter 2 entails the 

experimental detail regarding synthesis and characterization of uncrosslinked and 

crosslinked poly(N-vinyl pyrrolidone-co-n-alkyl methacrylate) copolymers along with 

the detail of drug loading and drug release study methodology. Chapter 3 incorporates 

the results of uncrosslinked poly(N-vinyl pyrrolidone-co-n-butyl methacrylate) and 

poly(N-vinyl pyrrolidone-co-n-hexyl methacrylate) copolymers and study of drug release 

characteristics of selected hydro-stable copolymers. Chapter 4 describes the synthesis 

and characterization of crosslinked poly(N-vinyl pyrrolidone-co-n-alkyl methacrylate) 

copolymers wherein the hydrophobic comonomers n-butyl methacrylate and n-hexyl 

methacrylate have been incorporated only at the concentration of 10 % by weight of 

monomer mixture while the concentrations of polyfunctional monomers have been 

varied. The effect of crosslinker concentration and its functionality on gel contents, 

thermal stability, water uptake characteristics and morphology is discussed in detail. 

Furthermore the drug release from selected crosslinked P(NVP-co-nAMA) copolymers 

has been investigated at physiological temperature of 37 °C and pH 7.4. The conclusion 

on the whole research work and future prospects of the study have been summarized at 

the end. 
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ABSTRACT 

Six series of N-vinyl pyrrolidone based copolymers were synthesized by free radical 
solution polymerization of N-vinyl pyrrolidone and n-alkyl methacrylate monomers. The 
n-butyl methacrylate and n-hexyl methacrylate were selected as the hydrophobic 
counterpart. In the first part of the study properties of uncrosslinked poly(N-vinyl 
pyrrolidone-co-n-alkyl methacrylate) copolymers were modified by varying the weight 
% ratio of the two monomers. Elemental analyses, FTIR, 1H and 13C NMR spectroscopic 
analyses techniques were used for structure elucidation of the copolymers. Thermal 
stabilities and glass transition temperatures of the copolymers were directly related to the 
amount of n-alkyl methacrylate as well as the alkyl chain length of methacrylate 
comonomer. The water uptake characteristics of the copolymers were related to the 
amount of hydrophilic NVP incorporated into these copolymers. The hydrophobic drug 
dexamethasone was loaded into the copolymers with optimum water uptake and 
prolonged aqueous stability. The drug release studies were carried out at physiological 
temperature 37 °C and pH 7.4 for 35 days. Controlled drug release was observed from 
the selected copolymer films during the study time period. The cumulative drug release 
was found to be mainly controlled by the amount of hydrophilic monomer and molecular 
weight of the copolymers. 
In the second part of present study crosslinked poly(N-vinyl pyrrolidone-co-n-alkyl 
methacrylate) copolymers were synthesized at fixed weight % ratio of N-vinyl 
pyrrolidone and n-alkyl methacrylate monomers (i.e NVP : nAMA = 90:10) using 
various concentrations of polyfunctional monomers employed as crosslinking agents. 
The effect of crosslinker concentration and functionality on gel content, thermal stability, 
water uptake, internal morphology and drug release was investigated. Gel contents and 
thermal stability of the crosslinked copolymers increased with increasing crosslinker 
concentration as well as its functionality. The water uptake at 37 °C decreased with 
increasing crosslinker concentration and functionality however the increase in alkyl 
chain length of alkyl methacrylate resulted in increased water uptake. The crosslinked 
copolymers with optimized crosslinker concentrations exhibited controlled drug release 
patterns at 37 °C and pH 7.4. Higher amounts of cumulative drug release were observed 
for copolymers crosslinked with trifunctional crosslinkers leading to complete drug 
release in 20-22 days while the copolymers crosslinked with difunctional crosslinker 
exhibited controlled drug release upto 35 days. The kinetics and mechanism of the drug 
release was also analyzed. 
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Chapter  1 

INTRODUCTION 

Polymers have a long history of use in drug delivery technology. These materials 

find numerous applications in the biomedical field due to their ease of handling, better 

control over permeability characteristics and incorporation of active pharmaceutical 

ingredients through variety of physical and chemical methods [1, 2]. The active 

pharmaceutical ingredient is a chemical compound that is intended for use in diagnosis, 

treatment or prevention of diseases and is usually mixed with the inactive ingredient also 

called as excipient. The drugs contain different types of excipients such as 

diluents/fillers, binders, coatings, disintegrants, preservants, stabilizers, colorants and 

flavorings [3]. 

Drug activity results from the molecular interaction of the drug with certain cell 

types, which necessitates that the drug should reach the site of action at adequate 

concentration after administration (oral, intravenous, local, transdermal etc.). Drug 

delivery is the scientific field dealing with this particular issue and essentially aims to 

deliver the drug at the desired place, with minimum loss of active ingredient for the 

required period of time [4, 5]. 

1.1 Controlled drug release 
The controlled release technology emerged as commercially sound methodology 

during the 1980s. The treatment of various diseases requires the development of 

administration methods.  The conventional methods of drug administration include use 

of creams and ointments (topical administration), tablets and capsules (enteral 

administration) and injection or infusion such as intravenous injection (parenteral 

administration). The conventional drug delivery often compromises in terms of achieving 

a drug concentration in plasma within therapeutic range over clinically effective time 

span. Multiple dosing will be necessary in this case to maintain the drug concentration 

within therapeutically effective range [6]. The conventional drug delivery is also plagued 

with the harmful side effects of drug when the drug concentration is raised above the 

therapeutic range while drug is wasted when its concentration is below the therapeutic 

range (Figure 1.1). Multiple dosing results in excessive drug requirement and low patient 

compliance. 
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The controlled release formulations have been developed for targeted, site-

specific delivery which minimizes the side effects often encountered in systemic 

administration. The controlled delivery of pharmaceutical agent results in reducing the 

dosing frequency and increasing the effectiveness of drug by localization at the site of 

action. The important consideration in controlled drug release is to improve safety and 

efficacy of drugs as well as to improve the patient compliance. This is achieved by a 

better control over the plasma drug level for an extended time period. 

Figure 1.1: Comparison of drug concentration in plasma in conventional administration 

and controlled release from drug delivery system [7] 

1.2 Use of polymers in drug delivery technology 
The polymeric materials suitable for drug delivery application are required to be 

biocompatible and may be biodegradable or non-biodegradable. If biodegradable 

polymers have to be used then it is necessary that the polymer itself and its degradation 

products should be nontoxic, non-allergic and should not provoke inflammatory 

response. The frequently used biocompatible and biodegradable polymers include 

poly(lactic-co-glycolic acid) (PLGA), poly(ethylene glycol) (PEG), poly(vinyl alcohol) 

(PVA), poly(N-vinyl pyrrolidone) (PVP) and triblock copolymers containing hydrophilic 

poly(ethylene oxide) (PEO) and hydrophobic poly(propylene oxide) (PPO) blocks 

represented as (PEO-PPO-PEO). These PEO-PPO-PEO triblok copolymers are called 

polaxamers and given the trade name Pluronics [8].  
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1.3 Hydrophilic polymers 
The interaction of polymer with water molecules through hydrogen bonding 

arises due to the presence of functional groups such as carboxylic acids, esters, ethers, 

alcohols, amines and amides. Hydrophilicity of the polymers originates from the 

presence of these functional groups. The hydrophilic polymers vary in their ability to 

interact with water, from being just surface wettable to being water permeable and also 

may uptake water many times greater than their original weight [9]. 

1.3.1 Hydrogels 
The class of polymeric materials capable of swelling in water and retaining a 

significant fraction of water within its network structure, yet unable to dissolve in water 

is termed as hydrogels [10]. These materials have been exploited for different biomedical 

applications including contact lenses [11], wound dressings [12] and skin contact devices 

[13] mainly due to their good biocompatibility and soft consistency. The unique 

properties of polymeric hydrogels originate from the combined properties of polymeric 

and aqueous phases. 

1.4 Modification of hydrophilic polymers 
The hydrophilic character of the polymeric materials may be controlled either by 

copolymerization with hydrophobic comonomer [14], crosslinking (chemical [15] or 

physical [10]) or blending with other polymers [16] etc. The incorporation of 

hydrophobic moiety into the hydrophilic polymer results in the formation of amphiphilic 

polymers that can interact or dissolve the hydrophobic or amphipihilic drug molecules. 

Copolymerization and crosslinking are discussed in more detail in following sections.  

1.4.1 Copolymerization 
The polymerization of monomers of different kinds is called copolymerization 

and the copolymers may be produced either by step-growth or chain-growth 

polymerization. 

1.4.1.1   Step-growth polymerization 
Step-growth polymerization is also called condensation polymerization. In most 

cases, small molecules such as water are eliminated during the formation of polymer 

chains that grow in a step-wise fashion. The initial stages are marked by the conversion 

of monomers into dimers and from dimers to low molecular weight oligomers. The high 

molecular weight materials are only achieved near the completion of polymerization 
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[17]. The monomers undergoing step-growth polymerization must have at least two 

reactive functional groups. For example polyamides are prepared by the step-growth 

polymerization of diamines and diacids. The trifunctional monomer leads to the 

formation of hyperbranched or crosslinked polymers while undergoing step-growth 

polymerization [18, 19]. 

1.4.1.2    Chain-growth polymerization 
Chain-growth polymerization is characterized by three main steps (i) initiation, 

(ii) propagation and (iii) termination. The polymerization can be initiated by using 

different types of initiators. On the basis of type of initiator the chain-growth 

polymerization may be termed as cationic, anionic, free radical or coordination 

polymerization. Free radical polymerization is discussed in more detail in the coming 

section. 

1.4.1.2.1   Free radical polymerization 
Free radical polymerization is frequently used for the preparation of many 

synthetic plastics, elastomers and some fibers. Free radical polymerization involves the 

attack of radical on carbon-carbon double bond and essentially involves the steps of 

initiation, propagation and termination. The radicals can be generated by thermal, light, 

high energy radiations and oxidation-reduction reactions of the initiator. Benzoyl 

peroxide (BPO) and 2,2-azo-bis-isobutyronitrile (AIBN) are common initiators used in 

free radical polymerization. Free radicals generated by thermal or photochemical 

decomposition of BPO and AIBN are depicted in scheme 1.1. 

The free radical generated by the decomposition of initiator attacks the monomer 

double bond resulting in the formation of a radical on the monomer. The monomer 

radical attacks another monomer and process continues leading to the propagation of 

polymer chains. The termination step involves either combination of two growing radical 

chains or disproportionation whereby hydrogen transfer produces a saturated and an 

unsaturated polymer chain. The mechanism of free radical polymerization is illustrated 

in scheme 1.2 with the example of polymerization of methyl methacrylate (MMA). 
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Biocompatible hydrogels with controlled hydrophobicity have been prepared by 

free radical copolymerization of N-vinyl-pyrrolidone (NVP) and fufuryl methacrylate 

using AIBN initiator [14]. Kumar and coworkers have reported the synthesis and 

characterization of copolymers of NVP and ethoxyethyl methacrylate (EOEMA) 

prepared by free radical polymerization using AIBN as initiator [22]. N-vinyl pyrrolidone 

has also been copolymerized with styrene, hydroxypropyl methacrylate (HPMA) and 

carboxyphenyl maleimide (CPMI) [23]. Self-reinforcing hydrogels have been prepared 

by copolymerization of methyl methacrylate macromers and NVP or 2-hydroxyethyl 

acrylate (HEA) by using gamma radiations [24]. In a recent investigation NVP has been 
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copolymerized with methyl methacrylate (MMA) using titanium (III)-dimethylglyoxime 

[Ti(III)-DMG)] redox initiator in aqueous-sulfuric acid-alcohol media improving the 

addition of NVP to MMA during copolymerization [25]. 

1.4.1.2.1.1    Reactivity ratio 
 The composition of the copolymer may be different from that of the reactant 

mixture or feed due to the differences in the reactivity of monomers represented as (r) the 

reactivity ratio. The reactivity ratio is expressed as the ratio of propagating rate 

constants. If two monomers M1 and M2 fall into a copolymerization reaction, then the 

reactivity ratio of M1 is 
12

11
1 k

kr   and that of M2 is
21

22
2 k

kr  . Here k11 and k22 are the rate 

constants of homopolymerizations or self propagating steps whereas k12 and k21 are the 

rate constants of heteropolymerization or cross-propagating steps [26].  

1.4.1.2.1.2    Determination of reactivity ratio 
The reactivity of two monomers M1 and M2 undergoing free radical 

polymerization may be depicted by the semi empirical Q  e  scheme proposed by Alfrey 

and Price in 1947 [27]. This scheme involves the empirical evaluation of reactivities or 

resonance effects of the reacting monomers and the macro-radicals. The rate constant for 

homopolymerization of monomer M1 (k11) is represented by the equation (1) whereas 

that of copolymerization (k12) is depicted by equation (2). In these equations 1P  and 2P  

are the general reactivities of the radical (M1 ̇ and M2̇ ) , 1Q  and 2Q  are the reactivities of 

monomers (M1 and M2)  and 1e  , 2e are related to the polarity of monomers (M1 and M2), 

respectively. Styrene, with Q  and e  values of 1.00 and -0.80, is used as the comparative 

standard. More reactive or resonance stabilized monomers possess high Q  values 

whereas greater electron withdrawing power of the α-substituents on the vinyl monomer 

is presented by higher e  value. 

 
2
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Therefore the reactivity ratio ( 1r ) of the monomer M1 is given as: 

 )(

2

1

12

11
1

211 eeee
Q
Q

k
kr         (3) 
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Similarly the rate constant for homopolymerization of monomer M2 (k22) and that 

of copolymerization (k21) are given by equation (4) and (5) respectively. 

 
2

2
2222

eeQPk          (4) 

 21
1221

eeeQPk           (5) 

Therefore, the reactivity ratio ( 2r ) of monomer M2 is represented by the equation 

(6) while the product of reactivity ratios ( 21rr ) follows the expression given in equation 

(7). 

 )(

1
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21

22
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Q
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21

eeerr           (7) 

It is imperative to note that the reactivity is determined by the resonance stability 

of macro-radical M1
· while the copolymer composition is established by the relative 

polarity of the two reacting monomers. 

1.4.2  Crosslinking 
Crosslinking of polymers is defined as the multidirectional chain extension of 

polymers leading to the formation of network structure. The polymers can be crosslinked 

either by chemical or physical methods. 

1.4.2.1    Chemical crosslinking 
Chemical crosslinking entails the formation of covalent linkage between the two 

polymer backbones. Chemically crosslinked copolymers can be prepared by (i) free 

radical polymerization of monomers in the presence of crosslinkers, (ii) reaction of 

functional side groups present on hydrophilic polymers, (iii) high energy irradiation and 

(iv) enzyme reaction [28]. The crosslinked copolymers prepared by chemical 

crosslinking offer good mechanical stability. 

1.4.2.1.1   Crosslinking by radical polymerization 

The radical polymerization of low molecular weight monomers in the presence of 

crosslinker lead to the formation of chemically crosslinked polymer. Crosslinked 

homopolymers PVP, poly(2-hydroxyethyl methacrylate) (PHEMA) and copolymers of 

NVP and 2-hydroxyethyl methacrylate (HEMA) were synthesized by free radical 
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polymerization technique using AIBN as initiator, melamine trimethacrylamide 

(MMAm) and melamine triacrylamide (MAAm) as crosslinking agents. The properties 

of the resulting polymers such as equilibrium water content and soluble fractions were 

modulated by the amount of crosslinker [29]. UV-initiated free radical polymerization of 

NVP and HEMA was carried out using 2,2-dimethoxy-2-phenylacetophenone (Irgacure 

651) photoinitiator and N,N′-methylenebisacrylamide (MBAm) as crosslinker. The 

swelling of the resulted copolymers increased with increasing NVP content and 

decreasing crosslinker concentration [30].  

1.4.2.1.2   Crosslinking by the condensation of functional groups  
The solubility of water soluble polymers originates from the presence of certain 

functional groups (mainly OH, COOH and NH2). These functional groups can be used 

for the formation of covalent linkages between the polymer chains by the reaction of 

complementary functional groups such as amine-carboxylic acid, isocyanate-OH/NH2 

and by Schiff base formation. Rasool and coworkers have reported the synthesis of silane 

crosslinked kappa carrageenan (KC) /acrylic acid hydrogel by the condensation of OH 

groups of KC and vinyltriethoxysilane [31]. 

1.4.2.1.3   Crosslinking by high energy radiation 
The crosslinking of both unsaturated monomers and saturated polymers can be 

carried out using high energy radiations such as gamma radiation and electron beam. The 

hydrogels based on NVP, HEMA and their copolymers were prepared by using gamma 

radiations and MBAm crosslinking agent. Factors affecting radiation crosslinking of 

these hydrogels such as solvent composition and irradiation dose were also investigated 

[32]. High energy irradiation of water soluble polymers also generates crosslinked 

network. For example aqueous solutions of PVP and poly(acrylic acid) were irradiated 

with high energy electron beam to produce interpolymer complexes (IPC) [33].    

1.4.2.1.4   Crosslinking by enzyme reaction 
Enzymes can be used to catalyze hydrogel formation under mild, physiological 

conditions. Transglutaminase and tyrosinase enzymes have been used for crosslinking of 

gelatin and gelatin-chitosan blends [34]. Recently a comprehensive review has been 

published by Teixeira and coworkers regarding enzymatically crosslinked hydrogels 

prepared by using different enzymes such as transglutaminase, tyrosinase, 

phosphopantetheinyl transferase, lysyl oxidase, plasma amine oxidase, phophatses, 

peroxidases etc. The mechanisms of enzyme catalyzed crosslinking and applications of 
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resulting hydrogels in the field of tissue engineering and regenerative medicine have 

been reported [35]. Enzymatic crosslinking is an innovative alternative to other 

crosslinking methods such as physical crosslinking and UV-mediated photocrosslinking 

whereby physical crosslinking yields less stable, low mechanical strength hydrogels and 

cytotoxicity may be induced by photocrosslinking.   

1.4.2.2    Physical crosslinking  
Physically crosslinked hydrogels are hydrophilic networks of amorphous 

hydrophilic polymer chains held together by highly ordered aggregated chain segments 

originating from secondary molecular forces (van der Waals forces) in combination with 

other type of molecular interactions like polyelectrolyte complexation, hydrogen bonding 

and hydrophobic association [10]. Physical crosslinking do not require the incorporation 

of crosslinking agent and the resulting copolymers are usually biodegradable and easily 

dissolve in water and organic solvents.  

1.5 N-vinyl pyrrolidone (NVP) 
 NVP monomer is amphiphilic in nature. The polar amide group of NVP 

produces hydrophilic and polar attracting properties whereas main chain methylene and 

methine groups impart hydrophobic characteristics [36]. NVP is transparent, non-ionic 

liquid, easily miscible with water, and is being used to prepare homopolymer PVP and 

copolymers with different vinyl monomers. NVP can be polymerized by a variety of 

techniques such as free radical and solution polymerizations [37].  

1.5.1 Poly(N-vinyl pyrrolidone) (PVP)  
PVP is a homopolymer of NVP and comprises of linear 1-vinyl-2-pyrrolidone 

groups (Figure 1.2). It is water soluble and biologically inert material available in 

different molecular weight ranges designated by different K-values. The K-value 

determines the mean molecular weight of PVP (K-12 (MW = 2000-3000), K-17 (MW = 

7000-11000), K-25 (MW = 28000-34000), K-30 (MW = 44000-54000) and K-90 (MW = 

1000000-1500000) [38]. In pharmaceutical applications PVP K-30 has been used to 

enhance the solubility of active ingredients such as benfotiamine [39], valsartan [40] and 

nevirapine [41]. 
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Figure 1.2: Structure of PVP homopolymer 

The addition of PVP, molecular composite PVP [42] and Plasdone S-630 

copolyvidonum into ethylcellulose matrix resulted into composite films with modified 

physico-mechanical properties. The glass transition temperature, elastic modulus, tensile 

and puncture strength were improved depending upon the modifier and concentration 

used [43]. 

The biodegradation properties of PVP have been considered in a recent 

investigation for the preparation of food packaging material. The superior mechanical 

and biodegradation properties of hydrogel films containing PVP and CMC in a ratio of 

20:80, makes them a useful primary food packaging material [44]. 

1.5.2  Applications of NVP based polymers in drug delivery 
PVP homopolymer has long history of use in controlled drug delivery due to its 

biocompatibility, chemical stability, and water solubility [45, 46]. It has been used in 

combination with carboxymethyl cellulose (CMC) for the preparation of wound 

dressings due to its biocompatibility, better moisture retention and improved swelling 

rate [47]. 

NVP monomer as well as PVP homopolymer is water soluble. Therefore NVP is 

used in conjuncture with some hydrophobic segments to copolymers and/or blends to 

overcome the problem of hydro-solubility. Vinyl pyrrolidone-co-(meth) acrylic acid 

inserts have been studied for ocular drug delivery [48]. Biopolymer based superabsorbent 

hydrogels have been reported in a recent investigation, where NVP and 2-acrylamido-2-

methyl propane sulfonic acid have been grafted onto collagen backbones [49]. 

Biocompatible and biodegradable copolymeric hydrogels based on PVP and 

poly(ethylene glycol diacrylate) have been prepared for in vitro release of anti cancer 

drug 5-fluorouracil [50].  
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Copolymers and terpolymers containing n-butyl methacrylate (nBMA) and n-

hexyl methacrylate (nHMA) monomers besides NVP and vinyl acetate have been used 

for biocompatible coatings for medical devices [51, 52]. Shalaby and coworkers have 

reported the tissue protecting spray on copolymer film composition based on NVP and 

nHMA [53]. Poly(N-vinyl-2-pyrrolidone/itaconic acid) copolymer hydrogels have been 

synthesized by radiation induced polymerization using MBAm crosslinker. The 

percentage swelling of these copolymers increases with increasing pH from 4 to 10 

making them a promising candidate for drug delivery application [54].  

Poly(propylene fumarate) (PPF) macromer was copolymerized with NVP by 

photo-induced copolymerization technique and release kinetics of ophthalmic drugs, 

acetazolamide and timolol maleate from these matrices was studied. The results show 

strong dependence of drug release rate on PPF macromer molecular weight [55]. 

Biocompatible copolymer hydrogels of NVP and methacrylic acid (MAA) were 

prepared by free radical polymerization using AIBN as initiator and cubane-1,4-

dicarboxylic acid linked to two HEMA groups as crosslinker.  The in vitro drug release 

studies of model drug olsalazine from these hydrogel matrices carried out in enzyme free 

simulated gastric fluid (SGF) and simulated intestinal fluid (SIF). The pH-sensitive drug 

release of these hydrogels revealed their suitability for colon specific drug delivery [56]. 

Biodegradable copolymer hydrogels of NVP and lactose acrylate (LA) have been 

prepared by free radical copolymerization of monomers in the presence of AIBN initiator 

and MBAm crosslinker. Propranolol hydrochloride was selected as a model drug and in-

vitro drug release studies show near zero-order pattern during initial six hours followed 

by fast release of upto 90 % drug in 48 h [57].  

Poly(N-vinyl pyrrolidone-co-acrylic acid) hydrogels have been synthesized  and 

characterized for pH responsive swelling and vitamin B12 release. These hydrogels 

demonstrated low swelling and drug release at pH 1.2 and high swelling and drug release 

at pH 6.8, a behavior favorable for gastro-intestinal application [58]. 

Copolymers of N-vinyl pyrrolidone and 2-hydroxyethyl methacrylate containing 

varying amounts of the two monomers have been studied for the release of low 

molecular weight drugs such as proxyphilline and theophylline at constant rates [59]. 

Free radical polymerization of NVP with sulfadiazine monomer (SDM) was 

carried out using AIBN initiator and MBAm crosslinker. The resulting poly(N-vinyl-
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pyrrolidone-co-sulfadiazine) hydrogels exhibited change in swelling characteristics as a 

function of pH and crosslinker concentration. The release of chloramphenicol from these 

hydrogels represented excellent pH sensitivity [60].   

Ethyl cellulose and PVP matrix films containing 30 % dibutyl phthalate as a 

plasticizer have been prepared for the delivery of diltiazem hydrochloride and 

indomethacin. The hydrophilic PVP leaches out of the matrix resulting in the formation 

of pores. The solubility of a drug in the matrix is increased by the presence of PVP. Here 

PVP acts as anti-nucleating agent and keeps the drug in amorphous state leading to rapid 

solubilization in the penetrating dissolution medium [61].  

A polymeric blend made up of povidone (PVP) and polyvinyl acetate (PVAc) has 

been used for the preparation of sustained release dosage form. The slow leaching of 

water soluble PVP creates channels for the releasing drugs [62]. 

Hydrogels comprising of PVA, PVP and chitosan have been loaded with 

antibiotic drug ciprofloxacin lactate and chitosan. The high gel contents, optimum 

equilibrium swelling ratio and acceptable mechanical properties of PVA/PVP/chitosan 

hydrogels make them a suitable material for medicated wound dressing application [12].   

1.6 Methacrylate based polymers in drug delivery 
Alkyl methacrylates have numerous applications in medical field. Poly(methyl 

methacrylate) has been employed as a base material for the fabrication of bone cement 

intended for bone tumor treatment [63].   

Multifunctional poly(alkyl methacrylate) films have been reported for dental care 

application [64]. Methacrylate polymers are being used in dental care applications. 

Poly(ethyl methacrylate) (PEM) powder and tetrahydrofurfuryl methacrylate (THFM) or 

n-butyl methacrylate based polymer systems were studied for fluoride ion release [65].  

The intra-oral device comprising of a copolymer of methyl methacrylate and 2-

hydroxyethyl methacrylate has been investigated for controlled drug release [66]. 

Copolymers of ethyl methacrylate (EMA) and nHMA were prepared and the 

release of antimicrobial and antiviral drugs was studied [67]. 

A cytocompatible terpolymer containing nHMA, MMA and MAA has been 

reported as a biomaterial with tunable mechanical properties [68]. The modulation of 

mechanical properties was achieved through variation of nHMA to MMA ratio and the 
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terpolymers rich in nHMA exhibited low moduli, tensile strength and large percentage 

elongations. The excellent in vitro stability in hydrolytic and oxidative environments 

entails the use of these materials in applications demanding long term maintenance of 

physical properties [69]. 

Poly[(dimethylaminoethyl methacrylate)-co-(ethyleneglycol dimethacrylate)] 

hydrogels have been synthesized using gamma radiation and loaded with anticancer drug 

flutamide. The in-vitro drug release studies show pH sensitivity attributed to the presence 

of amino groups [70]. 

Copolymeric hydrogels based on HEMA and itaconic acid has been investigated 

for release studies of theophylline and fenethylline hydrochloride. Faster drug release 

was observed for the copolymers containing higher amount of hydrophilic itaconic acid 

[71]. 

1.7 Dexamethasone as a model drug  
Dexamethasone is a synthetic glucocorticoid having anti-inflammatory and 

immunosuppressive characteristics. Since dexamethasone has many clinical applications 

in conventional drug delivery, the prolonged use of dexamethasone causes harmful side 

effects including hypertension, hydroelectrolytic disorders, hyperglycemia, peptic ulcers 

and glucosuria [72]. Due to these side effects the dexamethasone should be ideally 

administered at the place where it is required. 

1.7.1  Structure and physical properties of dexamethasone  
The IUPAC name of dexamethasone is 9-fluoro-11β,17,21-trihydroxy-16α-

methylpregna-1,4-diene-3,20-dione.The molecular structure of dexamethasone is shown 

in Figure 1.3 while its physical properties are given in Table 1.1 [73, 74]. 

 
Figure 1.3: Molecular structure of dexamethasone 
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Table 1.1: Physical properties of dexamethasone 

S.no Physical properties 

1. Molecular formula C22H29FO5 

2. Molecular weight 392.47 g mol-1 

3. Melting point  262-264 °C 

4. Solubility at 25 °C < 0.1 g 100 mL-1 (H2O), 25 mg mL-1 (methanol) 

5. UV absorption λmax = 239-242 nm 

6. Light sensitivity Yes (stored in dark) 

1.7.2  Polymeric systems used for delivery of dexamethasone  
Dexamethasone release from different polymeric systems has been actively 

investigated with the aim of treatment of different diseases [75, 76]. Some of the 

polymeric drug delivery systems, used for dexamethasone delivery are discussed in the 

following sections.  

1.7.2.1    pH Sensitive drug delivery system  
A pH sensitive drug delivery system based on dexamethasone-N-(2-

hydroxypropyl methacrylamide) copolymer (P-dex) was developed for the treatment of 

rheumatoid arthritis. Here the systemic administration of P-Dex appeared to produce 

superior and long lasting anti-inflammatory effects due to its selective accumulation, 

retention and pH sensitive drug release in arthritic joints. The drug release occurred by 

the cleavage of hydrazone bond linking dexamethasone to N-(2-hydroxypropyl) 

methacrylamide copolymer side chain under acidic pH [77]. The putative mechanism of 

acid catalyzed hydrolysis of P-dex is given in scheme 1.3. 
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1.7.2.2     Intravascular drug delivery system (Stents) 
Drug eluting stents are coated with anti-restenotic agents to prevent post-

angioplasty restenosis. Dexamethasone is one of these pharmaceutical agents. It is 

capable of inhibiting restenosis through several possible mechanisms.  

1. It is a potent anti-inflammatory agent that inhibits leukocyte adhesion and 

aggregation [78]. 

2. It has strong anti-proliferative effects and is capable of preventing smooth muscle 

cell proliferation [79]. 

3. The extracellular matrix deposition may be reduced through the ability of 

corticoids to decrease the synthesis of collagen [80]. 

Controlled release of dexamethasone from biodegradable polymer matrix coated 

stent for intravascular drug delivery has been investigated wherein dexamethasone was 

incorporated in base layer comprising of blend of biodegradable poly-L-lactide-co-

caprolactone and poly(vinyl pyrrolidone) [81].  

1.7.2.3     Colon specific drug delivery system 
Naturally occurring polysaccharide guar gum has been tested for colonic delivery 

of dexamethasone using pharmacoscintigraphy. The results of pharmacoscintigraphic 

evaluation revealed the release of 72-82 % of the dexamethasone into the colon that is 

useful for the cure of ulcerative colitis [82]. 

1.7.2.4     Implant systems 
Dexamethasone loaded poly(lactic-co-glycolic acid) (PLGA) microspheres were 

embedded within physically crosslinked PVA hydrogels containing polyacids and 

controlled drug release was followed for one month. The entrapment of microspheres 

alone into PVA hydrogels resulted in negligible drug release whereas the incorporation 

of polyacids into microspheres embedded PVA hydrogels accelerated the drug release. 

These modified hydrogels show potential for coating of implantable devices. Here, 

dexamethasone was used to control the inflammatory response and tissue repair process 

at the implant site [83]. 

1.7.2.5     Ocular drug delivery system 
A sustained-release intravitreal dexamethasone implant (Ozurdex(R) Allergan Inc, 

Irvine, CA) is being used for the treatment of macular edema and is shown in Figure 1.4 

alongwith the applicator. In this implant dexamethasone (0.7 mg) is dispersed through 

biodegradable copolymer of lactic acid and glycolic acid (PLGA). The clinical studies 
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prove it to be a promising new treatment for persistent macular edema resulting from 

retinal vein occlusion, diabetic retinopathy and posterior segment inflammatory diseases 

[84].  

 

Figure 1.4: Dexamethasone intravitreal implant with applicator 

1.7.2.6     Transdermal drug delivery system 
Topical administration of dexamethasone is not suitable for its prolonged, 

systemic delivery through intact skin. Matrix type transdermal drug delivery systems 

were designed for in vitro skin permeation of dexamethasone.  Blends of povidone 

(PVP) with ethyl cellulose (EC) and Eudragit RL 100 (a copolymer of ethyl acrylate, 

methyl methacrylate and a low content of a methacrylic acid ester with quaternary 

ammonium group i.e trimethyl ammonioethyl methacrylate chloride) with PVP had been 

studied for transdermal delivery of dexamethasone. The results demonstrated that PVP-

EC polymer blends are more suitable for the transdermal delivery of dexamethasone than 

PVP-Eudragit polymer blends [85]. 

1.7.2.7     Tissue engineering (Scaffold system) 
The bioactive scaffolds have been designed in the field of tissue engineering 

wherein the scaffold provides cells a support to grow as well as it induces their 

differentiation and proliferation. Dexamethasone releasing porous biodegradable PLGA 

scaffolds show controlled drug release for 30 days and released drug drastically 

suppressed the proliferation of lymphocytes and smooth muscle cells [86].  

1.8 Drug loading in the polymer matrix 
Drug may be incorporated into the polymer matrix either by physical means or 

through chemical reaction. The physical entrapment of active pharmaceutical agent is 

carried out either during polymerization or at later stage. The entrapment of drug during 

polymerization involves the mixing of monomers with drug, alongwith other essential 

ingredients such as initiator and crosslinking agent, followed by polymerization [87]. 

The incorporation of drug into polymer may also be carried out either by equilibrium 

swelling in drug solution or by casting drug loaded films from the blended polymer/drug 

solutions. 
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The entrapment of drug in the polymer matrix through chemical means involves 

the reaction of the drug and the polymer. The drug is released into the biological system 

by the hydrolysis of chemical bonds. The example of chemical entrapment is the 

preparation of dexamethasone-N-(2-hydroxypropyl) methacrylamide copolymer (P-dex). 

The chemical structure of P-dex is shown in Figure 1.5 [77]. 
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Figure 1.5: Chemical structure of dexamethasone-N-(2-hydroxypropyl) methacrylamide 

copolymer (P-dex) conjugate. 

1.9 Physical state of drug in the polymer matrix 
Physical state of drug in the polymer matrix plays a key role in the diffusion of 

drug from polymer matrix. The drug may be present in amorphous or crystalline form. 

The amorphous form of drug enhances the dissolution rate of drug. The amorphous 

materials do not have long range order in comparison to crystalline materials. They 

possess high internal energy, large free volume and greater mobility. These 

characteristics of amorphous form incorporate greater solubility and faster drug release. 

Crystallization of small drug molecules may also take place. Hence inside the polymer 

matrix both crystalline and amorphous drug states are possible. 

Instrumental techniques such as differential scanning calorimetry (DSC) and X-

ray diffraction (XRD) analysis give useful information regarding crystalline or 

amorphous drug state. The crystalline drug state is manifested by a sharp melting 

endotherm in DSC thermogram while amorphous drug form is represented by 
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disappearance of any such transition. In XRD analysis of drug loaded polymers the 

crystalline drug state is indicated by the sharp diffraction patterns while the amorphous 

drug state is shown by the absence of characteristic diffraction patterns of drug. 

Suknuntha and coworkers prepared felodipine-poly(vinyl pyrrolidone) solid 

dispersion films containing 10 % drug and used XRD and DSC techniques for evaluation 

of physical state of drug. The DSC studies reflected physical miscibility of felodipine 

and PVP whereas powder XRD analysis indicated amorphous nature of these films. The 

drug was dispersed at molecular level and remained in amorphous state after being kept 

for 2 months [88].   

1.10     Factors effecting drug release  
Drug release from the drug loaded polymer is controlled by different factors, 

which are related to the polymer matrix, incorporated drug and release medium. A brief 

description of the effect of these factors on drug release is given below:  

1.10.1      Factors related to polymer matrix 
The properties of polymer matrix such as its composition, structure, molecular 

weight, the nature and type of substituents as well as the amount of polymer in tne drug 

loaded polymer matrix strongly influence the drug release characteristics of the final 

drug loaded polymer.  

1.10.1.1     Polymer type 
The structural and physicochemical properties of the polymer are very important 

factors influencing drug release. The polymers may be classified as hydrophilic and 

hydrophobic depending upon their affinity for water. In general faster drug release 

occurs from hydrophilic polymers than hydrophobic polymers [89].   

1.10.1.2    Polymer molecular weight 
Molecular weight of the polymer determines the gel strength and hence controls 

the drug release rate by controlling the passage of water molecules. It has been 

demonstrated by Tallury and coworkers [67] that drug release rates decrease with 

increasing molecular weight. The chain entanglements are increased with increasing 

molecular weight and impede the diffusion of drug molecules through polymer matrix. 

1.10.1.3     Substituent on the polymer side chain 
The nature of substituent on polymer side chain controls the hydration rate of the 

polymer and diffusion of drug molecules into the release medium. The presence of polar 
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substituent is expected to enhance the hydrophilic nature of the polymer and facilitates 

drug release. Moreover, faster drug release rates are observed for the polymers having 

hydrophilic substituent than those containing hydrophobic substituent. The slowest drug 

release was observed for methoxyl (a hydrophobic substituent) substituted 

hydroxypropyl methyl cellulose (HPMC) [90]. The polymers having longer side chains 

are comparatively more hydrophobic than those having shorter side chains. The effect of 

alkyl chain length on swelling and drug release has been investigated [91]. 

1.10.1.4     Polymer content 
The drug release rate decreases with increasing amount of polymer in the matrix 

irrespective of the physicochemical properties of the polymer and the drug. The higher 

polymer percentage decreases the porosity of the matrix and slower drug release rates are 

observed [89].  

1.10.2      Factors related to the incorporated drug 
The drug release characateristics of drug loaded polymer matrix are also 

influenced by the molecular weight, solubility, particle size and the amount of drug 

loaded.  A succinct description of the effect of these parameters on drug release is given 

below:  

1.10.2.1     Molecular weight  
The drug release from the polymer matrix is also affected by the molecular 

weight of drug. In general low molecular weight drugs diffuse faster from the polymer 

matrix as compared to high molecular weight drugs [92]. 

1.10.2.2     Solubility 
Drug solubility plays an important role in modifying the extent and drug release 

rate. The drug release of highly water soluble drugs mainly occurs by diffusion 

controlled mechanism whereby high drug concentration gradient within the swollen gel 

matrix facilitates drug release. Slower drug release rates are observed for water insoluble 

drugs [93, 94].  

1.10.2.3     Particle size 
Particle size of the drug molecules can alter its diffusion from the hydrated 

polymer matrix. Highly water soluble drugs create channels in the hydrated gel layer and 

change the porosity of the system. In this case larger particle size of the drug results in 

large pore size and enhanced the drug release rate [95]. 
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1.10.2.4     Amount of drug loaded 
The amount of drug loaded into the polymer matrix also effects drug release rate. 

Tallury and coworkers have demonstrated that the release rate of antiviral drug acyclovir 

and antibacterial drug chlorhexidine diacetate from copolymer of ethyl methacrylate and 

hexyl methacrylate increases with increasing amount of drug loaded [67]. As the water 

molecules come in contact with the drug loaded polymer matrix, they diffuse in through 

the dispersed phase and dissolve the drug. Pores are generated into the polymer matrix 

when drug molecules are dissolved. The dissolved drug molecules leave the matrix 

through interconnecting pores. As the drug loading increases, it is expected that the 

number of pores generated by the occupied drug molecules will be larger in size and/or 

greater in number resulting in a fast drug release rate. 

1.10.3      Factors related to the release medium (pH, temperature, ionic   
strength) 

Besides the factors related to the polymer matrix and the incorporated drug, there 

are certain factors related to the release medium like pH, ionic strength and temperature 

which also affect drug release rate. Different pH values are encountered within different 

body organs, cellular compartments and tissues as shown in Table 1.2 [96]. The pH and 

thermo-responsive polymers find applications in gastrointestinal tract and hyperthermia 

related with cancers, respectively. The drug release is generally hindered by the presence 

of ions and slower drug release rates are encountered with increasing ionic strengths of 

the release medium due to the poor hydration of the polymer matrix [97].  

Table 1.2: pH values of body organs, tissues and cellular compartments etc. 

Organ / cellular compartment pH 

Blood 7.35-7.45 

Stomach 1.0-3.0 

Duodenum 4.8-8.2 

Colon 7.0-7.5 

Tumor, extracellular 6.5-7.2 

Lysosome 4.5-5.0 
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1.11   Kinetics of drug release 
The kinetics of drug release from polymer matrices can be explained by using 

different mathematical models. A brief description of these models is as follows: 

1.11.1     Zero-order model 
The zero-order model describes the drug dissolution from several types of drug 

delivery systems including some transdermal delivery systems, matrix tablets with slow 

dissolving drugs and osmotic systems etc [98, 99].  

The zero-order release is represented by the equation (8). 

tKQQt 00           (8) 

Where, tQ  is the cumulative amount of drug released at time t , 0Q is the initial 

amount of drug in solution and 0K is the zero-order release constant expressed in the 

units of concentration/time. Here the drug release rate is independent of its concentration 

[100]. 

A graph is plotted between cumulative amount of drug released (on y-axis) and 

time (on x-axis) producing a straight line with slope equal to K0. 

1.11.2     First-order model 
The concentration dependent drug release from drug delivery formulations is 

explained by the equation (9). 

 303.20
ktLogCLogC               (9) 

Where, 0C is the initial concentration of drug, k is first-order rate constant 

expressed in units of time-1 and t is time [101]. 

To analyze the first-order kinetics, the drug release data is plotted as log 

cumulative percentage of drug remaining versus time. A straight line is obtained with 

slope equal to -k/2.303. 

1.11.3     Higuchi model 
The diffusion dependent drug release from solid matrices is explained by the 

equation (10) [102]. 

 2
1

tkQ           (10) 
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Where, Q is the cumulative drug release at time t  and k is the constant reflecting the 

design variables of the system. The drug release data is plotted as cumulative drug 

release versus square root of time giving a straight line. 

1.11.4     Korsmeyer-Peppas model 
The mechanism of drug release from polymer matrices is described by the simple 

relationship (equation 11) derived by Korsmeyer and coworkers [103]. The data of first 

60 % drug release is incorporated into Korsmeyer-Peppas model to find out the drug 

release mechanism.  

M
M t nkt                 (11) 

Where, 
M

M t  is the fraction of drug released at time t , k is the rate constant and n 

is the release exponent, indicative of the mechanism of drug release. The Fickian 

diffusion is depicted by value of n = 0.45, whereas 0.45 <  n < 0.89 determines 

anomalous (non-fickian) diffusion. The value of n = 0.89 corresponds to case-II 

(relaxational) transport and n > 0.89 to super case-II transport [104, 105]. The drug 

release data is plotted as log cumulative percentage drug release versus log time giving 

straight line. The value of n is evaluated from the slope of straight line. 

1.12  Present work 
The hydrophilicity of N-vinyl pyrrolidone based polymers plays an important 

role in various drug delivery applications. Therefore it was planned to synthesize poly(N-

vinyl pyrrolidone-co-n-alkyl methacrylate) copolymers having tunable hydrophilicity by 

varying weight percentage ratios of monomers. The n-alkyl methacrylate (nAMA) 

monomers such as n-butyl methacrylate and n-hexyl methacrylate were selected as 

hydrophobic counterpart. In present work the hydrophobic comonomers were expected 

to control the hydrophilicity of the system and provide unique blend of properties such as 

elasticity, aqueous stability, water uptake and controlled drug delivery for extended time 

period. The water uptake characteristics of these copolymers at physiological 

temperature 37 °C were expected to provide an insight into the drug release rate i.e the 

higher hydrophobic content lead to slower drug release rate. Moreover the copolymers 

with amphiphilic character can interact or dissolve the hydrophobic or amphiphilic drugs 

and act as drug carrier. The interaction of amphiphilic polymers containing hydrophobic 
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moieties, like N-isopropylacrylamide poly(ethylene glycol)-dodecyl methacrylate [106] 

and hyaluronic acid [107] has been reported in the literature. The hydrophobic drug 

dexamethasone was planned to be loaded into the selected P(NVP-co-nAMA) 

copolymers and its physical state inside the polymer matrix to be investigated.  

The internal structure of the P(NVP-co-nAMA) copolymers can be modified by 

chemical crosslinking using polyfunctional monomers (PFMs) to improve the water 

uptake characteristics as well as mechanical strength. Crosslinked P(NVP-co-nAMA) 

copolymers were planned to be synthesized by using bifunctional and trifunctional 

monomers as crosslinking agents while fixing the weight ratio of NVP:nAMA at 90:10. 

The effect of crosslinker concentration and functionality on gel content, thermal stability, 

water uptake and drug release was planned to be studied. The concentration of PFMs was 

planned to be optimized for obtaining hydro-stable and organo-soluble P(NVP-co-

nAMA) copolymers for controlled drug delivery over extended time period.  

Further it was planned to compare thermal stability, gel content, water uptake and 

drug release characteristics of chemically crosslinked P(NVP-co-nBMA) and P(NVP-co-

nHMA) copolymers to study the effect of alkyl chain length on various properties. 

The controlled release of dexamethasone from both uncrosslinked and 

crosslinked P(NVP-co-nAMA) copolymers was planned to be monitored at physiological 

temperature 37 °C and  pH 7.4 to mimic the application of these polymeric materials to 

blood and intestine specific drug delivery.
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Chapter  2 

EXPERIMENTAL 

2.1 Materials 
 The liquid monomers such as N-vinyl pyrrolidone (NVP), n-butyl methacrylate 

(nBMA) and n-hexyl methacrylate (nHMA) and solid homopolymer poly(N-vinyl 

pyrrolidone) PVP K-30 (molecular weight 40,000) were purchased from Tokyo 

Chemical Industry Japan.  The monomers were vacuum distilled and stored below 5 °C 

before use. The syntheses of chemically crosslinked copolymers were carried out using 

bifunctional crosslinker, diethyleneglycol dimethacrylate (DEGDMA) and trifunctional 

crosslinker, trimethylol propane trimethacrylate (TMPTMA). The crosslinkers were 

procured from Sigma Aldrich, Germany and used as received. Benzoyl peroxide (BPO) 

was purchased from ACROS organics, Belgium and used as a free radical initiator. It 

was activated prior to use by drying at 45 °C till constant weight. The high purity 

solvents, methanol, 2-propanol, petroleum ether (boiling point 40-60 °C) and chloroform 

were acquired from Panreac, Spain. Dexamethasone (Dx) micronized was generously 

donated by Tabros Pharmaceuticals Pvt. Ltd. Karachi, Pakistan and was used as a model 

drug. Disodium hydrogen phosphate (Na2HPO4) was purchased from Panreac, Spain. 

Potassium dihydrogen phosphate (KH2PO4), potassium chloride (KCl) and sodium 

chloride (NaCl) were received from Merck, Germany. All chemicals were of analytical 

reagent grade.   

2.2 General procedure for the synthesis of poly(N-vinyl 
pyrrolidone-co-n-alkyl methacrylate) P(NVP-co-nAMA) 
copolymers 
The monomer mixtures comprising of NVP and n-alkyl methacrylate (n-AMA) 

where n-alkyl = n-butyl or n-hexyl, were prepared by mixing the two components in 

percentage weight ratios of NVP/nAMA = 90:10, 70:30, 50:50, 30:70, 10:90, 00:100 and 

the corresponding sample codes for P(NVP-co-nBMA) and P(NVP-co-nHMA) series 

copolymers are mentioned in Table 2.1.  The monomer mixture was purged with high 

purity nitrogen gas for 30 minutes to avoid oxygen inhibition. Afterwards BPO (at the 

concentration of ≈ 0.1 % by weight of monomers) and 20 mL 2-propanol solvent were 

added to the reaction vessel. The free radical polymerization was done under nitrogen 

atmosphere, at 70 °C temperature. As the reaction proceeded, the viscosity of solution 
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increased. The reaction was stopped after seven hours and highly viscous copolymer thus 

obtained was dissolved in chloroform. The copolymer was purified by repeated 

precipitations in ice-cold petroleum ether/ methanol. The copolymers prepared using 

NVP 90 %, 70 % and 50 % were purified with petroleum ether whereas those 

synthesized using less than 50 % NVP were purified with methanol. The homopolymers, 

poly(n-butyl methacrylate) PnBMA and poly(n-hexyl methacrylate) PnHMA were 

prepared under similar conditions and purified from cold methanol. 

Table 2.1: Sample codes for P(NVP-co-nAMA) copolymers according to monomer 
composition 

P(NVP-co-nBMA) 
copolymer code 

NVP 
(Wt %) 

nBMA 
(Wt %) 

P(NVP-co-nHMA) 
copolymer code 

NVP 
(Wt %) 

nHMA 
(Wt %) 

NB91 90 10 NH91 90 10 

NB73 70 30 NH73 70 30 

NB55 50 50 NH55 50 50 

NB37 30 70 NH37 30 70 

NB19 10 90 NH19 10 90 

2.3 General procedure for the synthesis of crosslinked 
P(NVP-co-nAMA) copolymers 
The monomer mixture comprising of vacuum distilled monomers NVP, nAMA 

where n-alkyl = n-butyl or n-hexyl and varying amounts of crosslinkers were purged 

with high purity nitrogen gas for 30 minutes to prevent oxygen inhibition. The weight 

ratio of monomers was fixed at NVP: nAMA 90:10, designated later as NB91 and NH91 

for P(NVP-co-nBMA) and P(NVP-co-nHMA) series copolymers respectively. The 

various concentrations of DEGDMA and TMPTMA crosslinkers were used for chemical 

crosslinking. The corresponding sample codes are presented in Table 2.2, wherein the 

nominal crosslinking ratio was calculated by the reported method [108].  

The concentration of the free radical initiator, BPO was ≈ 0.1 % by weight of 

monomers. The initiator and 2-propanol (20 mL) solvent were added to the reaction 

mixture and polymerization reaction was carried out at 70 °C under nitrogen atmosphere. 

The viscosity of the reaction mixture increased with time due to the formation of 

crosslinked network. The P(NVP-co-nBMA) copolymers crosslinked with DEGDMA 
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concentration ≤ 1 mmol and TMPTMA concentration ≤ 0.25 mmol were dissolved in 

chloroform and precipitated from cold petroleum ether. However the purification of 

P(NVP-co-nHMA) copolymers crosslinked with DEGDMA concentration ≤ 1 mmol and 

TMPTMA = 0.1 mmol was carried out with chloroform and petroleum ether as described 

above. The purification from chloroform / petroleum ether was repeated to remove the 

unreacted monomers. At higher crosslinker concentrations DEGDMA ≥ 1.5 mmol, 

TMPTMA ≥ 0.5 mmol for P(NVP-co-nBMA) copolymers and DEGDMA ≥ 1.5 mmol, 

TMPTMA ≥ 0.25 mmol for P(NVP-co-nHMA) copolymers, the polymerization product 

was highly viscous jelly insoluble in any solvent, and was vacuum dried to remove 

volatile impurities. 

Table 2.2: Sample codes and crosslinker concentration data of the crosslinked P(NVP-
co-nAMA) copolymers 

Sample code DEGDMA 
(mmol) 

*XR (%) Sample code TMPTMA 
(mmol) 

XR (%) 

NB91-D1 
NH91-D1 

0.50 
0.62 

0.23 
0.28 

NB91-T1 
NH91-T1 

0.10 
0.11 

0.05 
0.05 

NB91-D2 
NH91-D2 

1.13 
1.07 

0.50 
0.49 

NB91-T2 
NH91-T2 

0.25 
0.25 

0.11 
0.12 

NB91-D3 
NH91-D3 

1.51 
1.49 

0.69 
0.68 

NB91-T3 
NH91-T3 

0.50 
0.56 

0.23 
0.26 

NB91-D4 
NH91-D4 

2.10 
2.08 

0.93 
0.93 

NB91-T4 
NH91-T4 

1.00 
0.95 

0.37 
0.43 

*XR= nominal crosslinking ratio 

2.4 Solubility studies 
The solubility of the copolymers was tested in different organic solvents at room 

temperature (≈ 25 °C). The dried copolymer sample 5-10 mg was added to 5 mL of the 

organic solvent and kept at room temperature for 24 h to check the solubility [23]. 

2.5 Characterization techniques 
2.5.1 Elemental analyses 

Elemental analysis was carried out using CHNS analyzer model CHNS-932, 

Leco USA. The copolymer composition was established using the measured percentage 

of nitrogen. 
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2.5.2 FTIR spectroscopy 
The structural characterization of copolymers was done using FTIR 

spectrophotometer model 6700 Nicolet, Thermo Scientific USA in the range of 4000 to 

400 cm-1 with resolution of 4 cm-1. The equipment was fitted with ATR accessory 

containing diamond crystal. The spectra were averaged over 120 scans. The IR data was 

processed using Omnic software. 

2.5.3 1H and 13C NMR spectroscopy  
1H and 13C NMR spectra were obtained on 300 MHz NMR Spectrometer by 

BRUKER, USA in CDCl3 solvent using tetramethylsilane (TMS) as internal reference. 

These spectra were recorded at instrument operating frequency of 300.13 MHz for 1H 

and 75.47 MHz for 13C nuclei respectively. 

2.5.4 UV-visible spectroscopy 
The UV-visible spectroscopy was used to determine the drug concentration and 

spectra were recorded using UV-visible spectrophotometer model UV-1601 PC by 

Schimadzu, Japan. The measurements were carried out in the wavelength range of 200-

400 nm. 

2.5.5  Thermogravimetric analyses (TGA) 
Thermal stability of the copolymers was determined using thermogravimetric 

analyzer model TGA-7 by Perkin Elmer USA. The P(NVP-co-nAMA) copolymer 

samples were dried for 15 minutes at 100 °C. TGA run was carried out from 100 °C to 

700 °C at 20 °C min-1 heating rate in air (50 cm3 min−1). Thermogravimetric data was 

used for the determination of activation energy by Broido's method [109]. 

2.5.6 Differential scanning calorimetry (DSC)  
The glass transition temperatures (Tg) of the P(NVP-co-nAMA) copolymers were 

determined using differential scanning calorimeter model DSC-7 by Perkin Elmer, USA 

under argon (30 cm3 min−1). The instrument was equipped with subambient accessory 

and calibrated using indium standard. The samples (5-10 mg) were sealed in aluminum 

pans, heated to 200 °C and then cooled to -20 °C to remove thermal history. The second 

heating scan was performed from -20 °C to 200 °C at heating rate of 20 °C min-1. The 

midpoint of the transition appearing in second heating scan was recorded as glass 

transition temperature.  

The physical state of drug (dexamethasone) in the polymer matrix was 
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determined by carrying out DSC analyses of dexamethasone, blank and drug loaded 

copolymers. Samples (5-10 mg) were sealed in aluminum pans and heating scan was 

carried out from ambient to 300 °C at the heating rate of 10 °C min-1. 

2.5.7   Gel permeation chromatography (GPC)  
The molecular weights of the P(NVP-co-nAMA) copolymers were determined on 

a gel permeation chromatograph manufactured by WATERS USA. The GPC instrument 

was equipped with refractive index detector model RID-6A by Schimadzu, Japan and 

styragel columns (HR1, HR2, HR3) by WATERS, USA. The samples were dissolved in 

tetrahydrfuran (THF) at a concentration of 1-5 mg mL-1 and introduced into the gel 

permeation chromatograph using micro-syringe. The flow rate of THF was adjusted to 1 

mL min-1 and polybutadiene standards (Mw = 2800, 6050, 11400, 16900, 29100 and 

32800 g mol-1) were used for calibration. Empower software was used for data 

processing. 

2.5.8   Wide-angle X-ray diffraction analysis (WAXD) 
The amorphous nature of the copolymers as well as the physical state of drug in 

the polymer matrix was estimated by wide-angle X-ray diffraction analyses.  The X-ray 

diffraction patterns were recorded in transmission mode with Ni-filtered Cu Kα 

radiation.  The X-ray diffractometer model X’Pert PRO by PANalytical, Netherlands 

was used and samples were scanned in the range of diffraction angle 2θ = 5-40 ° and at 

0.04 ° 2θ s-1 scan rate.  

2.5.9   Scanning electron microscopy (SEM) 
The samples were fully swollen, frozen in liquid nitrogen and then freeze dried 

using freeze dryer model CHRIST Alpha 1-2 LD plus, Germany fitted with rotary vane 

vacuum pump by Vacuubrand, Germany. The SEM images of the copolymers were 

obtained on the scanning electron microscope model JEOL JSM 6460 using secondary 

electron image (SEI) detector. The samples were tested at accelerating voltage of 10kV. 

The surfaces of the freeze dried samples were made conductive by sputter coating with 

platinum for 40 seconds using autofine coater model JEOL JFC-1600. The images were 

collected at different resolutions. 

2.6 Determination of gel content 
The gel content of the copolymers was determined by Soxhlet extraction. The 

copolymers were extracted in distilled water for eight hours and then vacuum dried at 60 
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°C for 24 h. 

The gel contents (%) were calculated gravimetrically using the equation (1): 

   100%
0


W
W

contentGel g       (1) 

Where 0W  and gW  are the weights of dried samples before and after extraction 

respectively. 

2.7 Water uptake studies 
The water uptake behavior of the copolymers was investigated at 37 °C in 

deionized water. The completely dried samples (100.0 ± 0.1 mg), were dipped in 

deionized water maintained at 37 °C. At selected time intervals the samples were 

removed from water and surface was gently blotted with tissue paper. Samples were 

weighed and again dipped in deionized water. The water uptake, W  (%) was determined 

by measuring the weight changes of samples before and after dipping in deionized water 

according to the equation (2) [110]: 
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When the water uptake reached to an equilibrium state, the equilibrium water 

content, EWC (%) was determined according to the equation (3): 

 100(%) 0 
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Where, 0W is the initial weight, tW  and eW  are weights at time t and final weight 

of the copolymer on equilibrium swelling respectively [111]. 

2.7.1   Study of diffusion mechanism  
The mechanism of transport of water molecules into the polymer matrix was 

analyzed using the following equation (4): 

 

nt kt
M
M




         (4) 

Where tM and M are the amount of water uptake at time t and ∞, respectively; 

“k” is constant characteristic of the polymer and “n” is the characteristic exponent of 
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transport of penetrating molecule [112]. 

2.8 Preparation of phosphate buffer saline 
The phosphate buffer saline (PBS) having pH 7.4 was prepared using Na2HPO4 

(8.3 mM), KH2PO4 (1.7 mM), KCl (3.0 mM) and NaCl (137 mM) and used as a medium 

for drug release studies [113].  

2.9 Drug loading and drug release 
Methods of loading drug into polymer matrix and its subsequent release studies 

by UV-visible spectroscopic analyses are discussed in this section. 

2.9.1   Drug loading 
The 10 % drug loaded copolymer films of selected uncrosslinked P(NVP-co-

nAMA) copolymers were prepared by solution casting method. However for crosslinked 

P(NVP-co-nAMA) copolymers two types of copolymers were obtained depending upon 

the crosslinking ratio, (i) soluble in organic solvents (ii) insoluble in organic solvents. 

Dexamethasone has limited solubility in water but easily dissolved in methanol. 

Therefore different strategies were used for loading of dexamethasone into copolymers 

depending upon solubility and drug delivery application. The organo-soluble copolymers 

(NB91-D2, NH91-D2, NB91-T2 and NH91-T1) were loaded with 10 % dexamethasone 

by solution casting method whereas the similar amount of Dx was loaded into organo-

stable copolymers (NB91-D4 and NH91-D4) by equilibrium swelling method. The detail 

of drug loading methods is as follows:   

2.9.1.1    Drug loading by solution casting 
The drug loaded copolymer films were casted from the blended solutions of 

copolymer and drug. The solution blend was prepared by mixing copolymer solution in 

chloroform (0.9 g / 10 mL) and dexamethasone solution in dry methanol (0.1 g / 5 mL), 

and stirring at room temperature for 24 h. The solution blend was then poured in teflon 

coated petri dish and evaporated at room temperature to form dry copolymer films. For 

drug release study, samples of 20 x 20 mm2 dimensions were cut from the drug loaded 

copolymer film and stored in dark in vacuum desiccator. 

2.9.1.2    Drug loading by equilibrium swelling 
The copolymer samples were loaded with dexamethasone in water/methanol 

(water: methanol, 2:1) mixture for longer than equilibrium swelling time. The 

concentration of the drug solution was selected to get loading of 10 % wt / wt the dry 
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copolymer. The swollen drug loaded copolymers were surface wiped and dried under 

vacuum at room temperature till constant weight. The amount of drug entrapped was 

determined by UV-visible spectrophotometry, by measuring the solution concentration 

before and after drug loading. 

2.9.2   Drug release study 
The dexamethasone release from drug loaded copolymers was studied in 

phosphate buffer saline (PBS) at pH 7.4 and maintained at physiological temperature (37 

°C).The pre-weighed drug loaded copolymers were immersed in 100 mL of release 

medium.   At pre-selected time intervals an aliquot of 10 mL was taken from the release 

medium and replenished with an equal amount of complementary PBS pre-maintained at 

37 °C. The amount of drug release in each aliquot was measured by monitoring its 

absorbance at a wavelength of 242 nm using standard calibration plots. The amount of 

dexamethasone in each sample was determined using the equation (5) [114]: 
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Where Cn  = true concentration of sample, Cnmass  = apparent concentration of sample, 

Cmass = concentration of dexamethasone in each sample directly before calculation of 

the true concentration, V = volume of sample, and Vt = total volume of release medium. 

2.10 Quantification of dexamethasone 
The amount of dexamethasone in release medium was monitored using UV-

visible spectroscopy. A stock standard solution (0.5 mg mL-1) was prepared by dissolving 

25 mg Dx micronized in a mixture of methanol: water (1:2) in 50 mL volumetric flask. 

From the stock standard solution the standard solutions of 5, 10, 15, 20, 25 and 30 ppm 

concentration were prepared by dilution with water and scanned from 200 to 400 nm 

wavelength using quartz cells (1×1×4 cm). The λmax was observed at 242 nm. The UV-

visible spectra of dexamethasone solutions in the concentration range of 5-30 ppm are 

shown in Figure 2.1. The absorbance of standard solutions was measured at 242 nm in 

triplicate. A linear relationship was found between the absorbance at 242 nm and 

concentration of dexamethasone within the used concentration range. The linear fit of the 

data of calibration plot (Figure 2.2) gave the value of correlation coefficient R2 = 0.999. 

The equation of the straight line was calculated as y = 0.0398x, where y is the 

absorbance and x is the concentration of dexamethasone solution. The slope (0.0398) 
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was used in conjunction with measured absorbance to calculate the concentration of drug 

in each aliquot of release medium and subsequently converted to the mass of Dx 

released. The cumulative amount of Dx was plotted against time to get release profile. 

 

 

Figure 2.1: UV-visible spectra of dexamethasone in the concentration range of 5-

30 ppm showing λmax at 242 nm 

 

 

Figure 2.2: Dexamethasone calibration curve (5-30 ppm)
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Chapter  3 
SYNTHESIS AND CHARACTERIZATION OF POLY(N-VINYL 
PYRROLIDONE-co-n-ALKYLMETHACRYLATE) 
COPOLYMERS 

3.1 Synthesis of poly(N-vinyl pyrrolidone-co-n-alkyl 
methacrylate) P(NVP-co-nAMA) copolymers 
The general procedure for the synthesis of P(NVP-co-nAMA) copolymers where 

nAMA = nBMA, nHMA, is outlined in scheme 3.1. 

C

N
O

CH2 CH CH2

O R'O

R' = n-butyl, n-hexyl
Poly(N-vinyl pyrrolidone-co-n-alkyl methacrylate)

n

N-vinyl pyrrolidone

+

C

n-Alkyl methacrylate

BPO, 70 °C

2-propanol

C

N
O

CH2 CH CH2
n

N
O

CHH2C
H2C

O R'O

O O R'

m
+

 
Scheme 3.1: General procedure for the synthesis of P(NVP-co-nAMA) copolymers 

The P(NVP-co-nAMA) copolymers have been synthesized by varying the ratio of 

NVP to nAMA and the feed composition data are given in Table 3.1 and Table 3.2. The 

solubility of these copolymers has been studied in different solvents and the solubility 

data are given in Table 3.3. It is apparent from the solubility data that as the NVP content 

decreases the hydrophilic character is reduced and hence solubility in water and alcohols 

decreases. These copolymers are soluble in different organic solvents and can be easily 

exploited for the preparation of drug loaded films. 
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Table 3.1: The feed composition data for synthesis of P(NVP-co-nBMA) copolymers 

Sample code NVP 
(g) 

nBMA 
(g) 

*fNVP †fnBMA BPO 
(g) 

Precipitating 
solvent 

NB91 
24.3625 

(90.07 %) 

2.6855 

(9.93 %) 
0.9207 0.0793 

0.0271 

(0.1002 %) 

Pet ether 

(b.p 40-60 °C) 

NB73 
17.5213 

(69.78 %) 

7.5873 

(30.22 %) 
0.7471 0.2529 

0.0270 

(0.1075 %) 

Pet ether 

(b.p 40-60 °C) 

NB55 
12.5390 

(50.00 %) 

12.5390 

(50.00 %) 
0.5613 0.4387 

0.0257 

(0.1025 %) 

Pet ether 

(b.p 40-60 °C) 

NB37 
7.5798 

(30.14 %) 

17.5676 

(69.86 %) 
0.3557 0.6443 

0.0255 

(0.1014 %) 
Methanol 

NB19 
2.5188 

(10.07 %) 

22.5014 

(89.93 %) 
0.1253 0.8747 

0.0261 

(0.1043 %) 
Methanol 

PnBMA  
25.6035 

(100.00 %) 
  

0.0269 

(0.1051 %) 
Methanol 

*fNVP = mole fraction of NVP in feed, †fnBMA = mole fraction of nBMA in feed 

Table 3.2: The feed composition data for synthesis of P(NVP-co-nHMA) copolymers 

Sample code 
NVP 

(g) 

nHMA 

(g) 
*fNVP †fnHMA 

BPO 

(g) 
Precipitating 

solvent 

NH91 
27.3861 

(89.89 %) 

3.0785 

(10.11 %) 
0.9316 0.0684 0.0341 

(0.1119 %) 
Pet ether 

(b.p 40-60 °C) 

NH73 
21.3416 

(70.03 %) 

9.1352 

(29.97 %) 
0.7816 0.2184 

0.0324 

(0.1063 %) 

Pet ether 

(b.p 40-60 °C) 

NH55 
15.0870 

(49.52 %) 

15.3807 

(50.48 %) 
0.6002 0.3998 

0.0322 

(0.1057 %) 

Pet ether 

(b.p 40-60 °C) 

NH37 
9.1593 

(30.03 %) 

21.3434 

(69.97 %) 
0.3966 0.6034 

0.0322 

(0.1056 %) 
Methanol 

NH19 
3.3757 

(9.96 %) 

30.5086 

(90.04 %) 
0.1449 0.8551 

0.0341 

(0.1007 %) 
Methanol 

PnHMA  
30.0429 

(100.00 %) 
  

0.0316 

(0.1052 %) 
Methanol 

*fNVP = mole fraction of NVP in feed, †fnHMA = mole fraction of nHMA in feed 
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Table 3.3: Solubility data of P(NVP-co-nAMA) copolymers at 25 °C 

Sample 
code 

Water Methanol Ethanol 2-Propanol Chloroform DCM Acetone THF 

PVP + + + + + + + + 

NB91 + + + + + + + + 

NH91 + + + + + + + + 

NB73  + + + + + + + 

NH73  + + + + + + + 

NB55  + + + + + + + 

NH55  + + + + + + + 

NB37    + + + + + 

NH37    + + + + + 

NB19    + + + + + 

NH19    + + + + + 

PnBMA    + + + + + 

PnHMA    + + + + + 

DCM = Dichloromethane, THF = Tetrahydrofuran, (+) = soluble, () = insoluble 

3.2 Characterization of P(NVP-co-nAMA) copolymers 
P(NVP-co-nAMA) copolymers were characterized by using different techniques. 

The detailed description of these characterizations is as follows: 

3.2.1 Determination of copolymer composition by elemental analyses 
Due to the differences in the reactivity of monomers, the amount of each 

monomer incorporated into the copolymer is different from the amount added in the 

feed. Elemental analysis is a useful tool for the determination of copolymer composition. 

The elemental analyses data for the homo- and copolymers of P(NVP-co-nBMA) and 

P(NVP-co-nHMA) series are presented in Table 3.4 and Table 3.5 respectively.  
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Table 3.4: Composition of NVP and nBMA in the feed and in the copolymers 

Sample 
code 

% Weight 
ratios of 

monomers 

Mole fraction of 
monomers in feed Elemental analyses data 

Mole fraction 
of monomers in 

copolymer 

NVP/nBMA fNVP fnBMA Nitrogen 
(%) 

Carbon 
(%) 

Hydrogen 
(%) FNVP FnBMA 

PVP 100/0 
(100/0)   

*12.59 
(11.55) 

64.78 
(58.32) 

8.09  
(8.37) 

  

NB91 90/10 
(82.05/17.95) 0.921 0.079 11.34 

(10.34) 
65.06 

(58.27) 
8.27 

(8.85) 0.854 0.146 

NB73 70/30 
(57.41/42.59) 0.747 0.253 8.82 

(7.23) 
65.60 

(62.46) 
8.62 

(8.56) 0.633 0.367 

NB55 50/50 
(39.68/60.32) 0.561 0.439 6.29 

(5.00) 
66.15 

(63.14) 
8.97 

(8.94) 0.457 0.543 

NB37 30/70 
(10.14/89.86) 0.356 0.644 3.78 

(1.28) 
66.69 

(66.38) 
9.32 

(9.95) 0.126 0.873 

NB19 10/90 
(3.07/96.93) 0.125 0.875 1.26 

(0.39) 
67.24 

(66.52) 
9.67 

(10.08) 0.039 0.961 

PnBMA 0/100 
(0/100)    67.51 

(66.80) 
9.84 

(10.15)   

*Calculated (Actual) 

Table 3.5: Composition of NVP and nHMA in the feed and in the copolymers 

Sample 
code 

% Weight 
ratios of 

monomers 

Mole fraction of 
monomers in 

feed 
Elemental analyses data 

Mole fraction of 
monomers in 

copolymer 

NVP/nHMA fNVP fnHMA Nitrogen 
(%) 

Carbon 
(%) 

Hydrogen 
(%) FNVP FnHMA 

PVP 
100/0 

(100/0) 
  *12.59 

(11.55) 
64.78 

(58.32) 
8.09  

(8.37) 
  

NH91 90/10 
(86.99/13.01) 0.932 0.068 11.34 

(10.96) 
65.36 

(60.42) 
8.35  

(8.41) 
0.911 0.089 

NH73 70/30 
(73.70/26.30) 0.781 0.218 

8.82  
(9.28) 

66.52 
(62.78) 

8.84  
(9.27) 

0.811 0.189 

NH55 50/50 
(50.42/49.58) 0.600 0.399 

6.29  
(6.35) 

67.68 
(64.19) 

9.34  
(9.34) 

0.609 0.391 

NH37 30/70 
(12.69/87.31) 0.396 0.603 

3.78  
(1.60) 

68.84 
(69.13) 

9.84  
(10.67) 

0.182 0.818 

NH19 10/90 
(1.12/98.88) 0.145 0.855 

1.26  
(0.15) 

70.01 
(70.31) 

10.34  
(10.68) 

0.017 0.983 

PnHMA 
0/100 

(0/100) 
   70.59 

(69.21) 
10.59 

 (10.83) 
  

*Calculated (Actual) 
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The measured percentage of nitrogen in PVP homopolymer was 11.55 %. For 

P(NVP-co-nAMA) copolymers the percentage of nitrogen measured by elemental 

analyses, was used to determine the copolymer composition according to the equation (1) 

[115]: 

NMNM
NMF

NVPnAMA

nAMA
NVP 


1400

                                                    (1) 

where NVPF  is the observed mole fraction of NVP in the copolymer, nAMAM  and 

NVPM are the molecular weights of nAMA (nBMA, nHMA) and NVP respectively, and 

N is the measured percentage of nitrogen in the copolymer. The mole fraction of nAMA 

in the copolymer nAMAF  was calculated using equation (2): 

 NVPnAMA FF 1         (2) 

The mole fractions of monomers in the P(NVP-co-nAMA) copolymers were 

computed by the above method and results are presented in Table 3.4 and Table 3.5 

respectively. 

 These tables show that the mole fractions of monomers in the copolymers are 

different from feed and in general a copolymer rich in nAMA is being produced. This 

behavior is expected to be due to difference in the reactivity of two monomers. For 

P(NVP-co-nAMA) copolymers, the reactivity ratios for the two monomers i.e 1r  (NVP) 

and 2r  (nAMA) were calculated by Alfrey-Price equation [27] using Q  and e  (reactivity 

and polarity) values of monomers from the literature [116]. The corresponding data for 

P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers series are shown in Table 3.6. It 

is clear from the data presented in this table that for a given P(NVP-co-nAMA) 

copolymer system, a high value of reactivity ratio was observed for n-alkyl methacrylate 

monomer as compared to NVP. Wei-Dong He and coworkers have reported the 

corresponding values of reactivity ratios NVPr  = 0.034 and BMAr  = 2.44 for the poly(n-

butyl methacrylate-co-vinyl pyrrolidone) nanoparticles prepared through microemulsion 

polymerization [117]. The higher values of nAMAr  indicated faster consumption of nAMA 

than NVP, thus a copolymer rich in nAMA could be expected. This fact is further 

supported by the data presented in Table 3.4 and Table 3.5 where in general the mole 

fraction of nAMA is greater in the copolymer than the corresponding value in the feed. 

The comparison of reactivity ratios of nBMA and nHMA for copolymerization with 
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NVP (Table 3.6), indicated a higher value of reactivity ratio of nHMA ( nHMAr = 20.20) 

than that of nBMA ( nBMAr = 8.42) reflecting rapid reaction of nHMA with NVP than that 

of nBMA. However the actual incorporation of nHMA in the P(NVP-co-nHMA) 

copolymer at a fixed NVP to nAMA feed weight % ratio was less than nBMA  in 

P(NVP-co-nBMA) copolymer (Table 3.4 & Table 3.5) except for NH19 copolymer. 

Similar findings have been reported for acrylic acid /n-alkyl methacrylate hydrogels 

prepared at fixed weight % ratio of acrylic acid to methacrylate 70: 30, where increase in 

alkyl chain length of n-alkyl methacrylate comonomer lead to an increase in mole 

fraction of acrylic acid [118]. This anomalous behavior may be attributed to the steric 

effect of long alkyl chain of nHMA that might reduce the reactivity of nHMA towards 

NVP as compared to that of nBMA towards NVP. The decrease in reactivity with 

increasing size (bulkiness) of the acrylate side chain has been reported previously for 

HEMA/acrylate copolymerization [119]. 

The properties of copolymers depend upon their chemical composition as well as 

on the distribution of monomer units along the macromolecular chains. The product of 

reactivity ratios 21rr  for a copolymer system is a useful parameter in this regard and 

reflects its tendency towards alternation. In case of P(NVP-co-nAMA) copolymers 

where monomer 1 is NVP and monomer 2 is nAMA, the values of 21rr  are given in Table 

3.6. For P(NVP-co-nBMA) copolymer system the 21rr  was calculated to be 0.35 

indicating alternating copolymer with long sequences of nBMA in copolymer chain 

while increasing the alkyl chain length results into 21rr greater than 1 for P(NVP-co-

nHMA) copolymer system depicting the formation of block copolymer [120]. 

Table 3.6: Q , e  values and reactivity ratios ( r ) of NVP, nBMA and nHMA 

Copolymer type Monomer Q  e  r  21rr  

P(NVP-co-nBMA) 
NVP 0.08 -0.2 1r  = 0.042 

0.354 
nBMA 1.50 1.0 2r = 8.421 

P(NVP-co-nHMA) 
NVP 0.08 -0.2 1r = 0.065 

1.313 
nHMA 1.00        0.8 2r = 20.201 
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3.2.2    FTIR spectroscopic studies 
FTIR spectroscopy was used for structure elucidation of homopolymers 

(PnAMA, PVP) and P(NVP-co-nAMA) copolymers. The representative FTIR spectra are 

shown in Figure 3.1 and 3.2, respectively. The IR spectrum of NB73 (Figure 3.1) shows 

C=O stretching of ester group at 1715 cm-1 and that of amide group at 1681 cm-1 with 

peak intensities corresponding to the amount of corresponding monomers. Similar 

pattern of C=O peaks are also present in IR spectrum of NH73 copolymer (Figure 3.2) 

with C=O ester peak at 1714 cm-1 and that of amide at 1681 cm-1. The C=O stretching of 

amide in PVP appears at 1645 cm-1 and that of ester in PnBMA and PnHMA appear at 

1722 cm-1 and 1724 cm-1 respectively. The C-H stretching at 2957, 2926 and 2873 cm-1, 

C-H deformation vibration of CH2 at 1461 cm-1 and C-O-C anti-symmetric stretching at 

1164 cm−1 are characteristic peaks of nBMA monomer and also present in the IR 

spectrum of PnBMA. For NH73 copolymer, the characteristic peaks of nHMA monomer 

include C-H stretching at 2953, 2927 and 2858 cm-1, C-H deformation vibration of CH2 

at 1461 cm-1 and C-O-C anti-symmetric stretching at 1165 cm−1. These peaks are also 

present in the IR spectrum of PnHMA homopolymer. The incorporation of NVP unit is 

also inferred by the appearance of CH2 scissoring at 1421 cm-1 and C-N stretching at 

1283 cm-1 in IR spectra of both NB73 and NH73 copolymers [121].  

The FTIR spectroscopic data of the homopolymers and P(NVP-co-nAMA) 

copolymers shown in Table 3.7 and Table 3.8 indicate that C=O stretching of amide 

group in PVP and NB91, NH91 copolymers appear at 1645 cm-1. In comparison to these 

samples the FTIR spectra of remaining copolymers show amide C=O stretching vibration 

at higher wavenumbers. Also, the FTIR spectrum of PVP (Figures 3.1 and 3.2) and 

NB91, NH91 copolymers show a broad peak at 3412 cm-1 due to hydroxyl group arising 

from traces of moisture adsorbed in the polymer. The presence of C=O peak at low 

wavenumbers signifies the presence of some O-H bonded carbonyl groups in these 

samples [122]. 

The disappearance of the C=C absorption of NVP (1630 cm-1) and nAMA (nBMA 1636 

cm-1 and nHMA 1635 cm-1) monomers and appearance of the C=O absorptions of amide 

and ester units in IR spectra of NB73 and NH73 samples indicate the formation of 

copolymers. 
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Figure 3.1: FTIR spectra of PVP, PnBMA homopolymers and NB73 copolymer 

 

 

Figure 3.2: FTIR spectra of PVP, PnHMA homopolymers and NH73 copolymer 
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Table 3.7: FTIR spectroscopic data of monomers, P(NVP-co-nBMA) copolymers and 
homopolymers 

Sample 
code ν (C-H) ν (C=O) ν (C=C) *ν (C-H def) †ν (C-H scis) ν (C-N) ν (C-O-C) 

NVP 2973, 2889 1703 1630 1460 1426 1282  

nBMA 2961, 2875 1721 1636 1457   1168 

NB91 2956, 2877 1709, 
1645  1461 1421 1286  

NB73 2957, 2873 1715, 
1681  1461 1428 1283 1163 

NB55 2957, 2889 1715, 
1681  1461 1421 1283 1144 

NB37 2957, 2873 1721, 
1688  1463 1414 1267 1143 

NB19 2957, 2933, 
2873 

1721, 
1684 - 1462 1418 1269 1143 

PnBMA 2955, 2931, 
2869 1720  1465   1142 

PVP 2951 1645  1461 1421 1286  

*ν (C-H def) = C-H deformation vibration, †ν (C-H scis) = C-H scissoring vibration  
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Table 3.8: FTIR spectroscopic data of monomers, P(NVP-co-nHMA) copolymers and 
homopolymers 

Sample 
code 

ν (C-H) ν (C=O) ν (C=C) *ν (C-H def) †ν (C-H scis) ν (C-N) ν (C-O-C) 

NVP 2973, 2889 1703 1630 1460 1426 1282 - 

nHMA 2933, 2863 1720 1635 1457 - - 1168 

NH91 2954, 2926 1715, 
1645 

- 1461 1422 1287 1165 

NH73 2953, 2926, 
2857 

1715, 
1681 

- 1459 1421 1283 1165 

NH55 2954, 2927, 
2858 

1716, 
1660 

- 1461 1421 1283 1166 

NH37 2953, 2927, 
2857 

1726, 
1691 

- 1464 - 1270 1151 

NH19 2953, 2928, 
2857 

1724 - 1456 - - 1144 

PnHMA 2953, 2928, 
2857 

1724 - 1467 - - 1144 

PVP 2951 1645 - 1461 1421 1286 - 

*ν (C-H def) = C-H deformation vibration, †ν (C-H scis) = C-H scissoring vibration  
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3.2.3      NMR spectroscopic studies 
1H and 13C NMR characterizations were performed on P(NVP-co-nAMA) 

copolymers for structure elucidation.  

3.2.3.1      1H NMR spectroscopic studies  

The 1H NMR spectra of the homopolymers PVP, PnBMA, PnHMA and the 

copolymers NB73, NH73 are shown in Figure 3.3-3.7, respectively.  The peak appearing 

at 7.3 ppm in the 1H NMR spectra of all samples corresponds to the CDCl3 solvent. The 
1H NMR spectrum of PVP (Figure 3.3) shows main chain methylene (5CH2) proton 

signal at 1.7-1.4 ppm and that of methine proton signal at 3.7-3.4 ppm.  The side chain 

methylene (4CH2), (3CH2) and (2CH2) protons signals appear at 3.2 ppm, 2.0 ppm and 

2.4-2.2 ppm respectively [123]. The 1H NMR spectrum of PnBMA is displayed in Figure 

3.4. The side chain methylene protons (aCH2) show resonance signal around 3.9 ppm. 

The resonance signal of methyl protons (dCH3 & 
eCH3) appears in the range 1.0-0.9 ppm 

whereas main chain methylene protons (fCH2) signal appears at 2.1-1.4 ppm [124]. The 

side chain methylene protons (bCH2) and (cCH2) show resonance at 1.6 ppm and 1.4 ppm 

respectively. The 1H NMR spectrum of PnHMA homopolymer is shown in Figure 3.5. 

The main chain methylene protons (fCH2) show resonance around 1.9-1.8 ppm and the 

corresponding signals of side chain methylene protons (aCH2), (bCH2), and (cCH2) appear 

at 3.9 ppm, 1.6 ppm and 1.3 ppm respectively. The methyl protons (dCH3 & 
eCH3) signals 

appear at 1.0-0.9 ppm. 

 

Figure 3.3: 1H NMR spectrum of PVP homopolymer 
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Figure 3.4: 1H NMR spectrum of PnBMA homopolymer 

 

Figure 3.5: 1H NMR spectrum of PnHMA 

The peak assignments in the 1H NMR spectra of the copolymers (NB73 and 

NH73) were made by comparison with the corresponding 1H NMR spectra of the 

homopolymers. The 1H NMR spectra of NB73 (Figure 3.6) and NH73 (Figure 3.7) 

copolymers indicate the incorporation of both NVP and nAMA (nBMA, nHMA) units. 

In the 1H NMR spectrum of NB73, the resonance signals for the methine protons (1CH) 

of NVP and side chain methylene protons (aCH2) of nBMA appear in the range 4.1-3.4 
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ppm. The methylene protons of nBMA (fCH2), (bCH2), (cCH2) and main chain methylene 

protons (5CH2) of NVP give overlapping signals in the range 2.1-1.1 ppm. The 

incorporation of NVP monomer is further confirmed by the appearance of resonance 

signals of side chain methylene protons at 3.4-3.0 ppm (4CH2), 2.1-1.9 ppm (3CH2) and 

around 2.5-2.1 ppm (2CH2) respectively [123].  The protons from two methyl groups (d 

and e) show overlapping signals appearing around 1.0-0.8 ppm.  

 

Figure 3.6: 1H NMR spectrum of NB73 copolymer 

The 1H NMR spectrum of NH73 copolymer (Figure 3.7) displays the resonance 

signals of methine protons (1CH) of NVP and side chain methylene protons (aCH2) of 

nHMA in the range 4.1-3.4 ppm. The methylene protons of nHMA (fCH2), (bCH2) and 

main chain methylene protons (5CH2) of NVP give overlapping signals in the range 1.9-

1.4 ppm. The incorporation of NVP monomer is further confirmed by the appearance of 

resonance signals of side chain methylene protons at 3.5-3.0 ppm (4CH2), 2.1-1.9 ppm 

(3CH2) and around 2.5-2.1 ppm (2CH2) respectively [123]. The side chain protons of 

nHMA (cCH2) resonate at 1.3 ppm. The protons from two methyl groups (dCH3 & 
eCH3) 

show overlapping signals appearing around 1.0-0.8 ppm [125]. 

The disappearance of vinyl proton resonances in the range 7.0-4.5 ppm and 

appearance of NVP, nBMA protons resonances in the 1H NMR spectrum of NB73 

copolymer and NVP, nHMA proton resonances in the 1H NMR spectrum of NH73 

copolymer clearly confirm the copolymerization. 
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Figure 3.7: 1H NMR spectrum of NH73 copolymer  

3.2.3.2      13C NMR spectroscopic studies 
The 13C NMR spectroscopy was used for structure elucidation of homopolymers 

and copolymers and the representative 13C NMR spectra of PVP, PnBMA, PnHMA 

homopolymers and NB73, NH73 copolymers are shown in Figure 3.8-3.12 respectively. 

In these 13C NMR spectra, the resonance signal of CDCl3 carbon appears at 77 ppm. The 
13C NMR spectrum of PVP homopolymer (Figure 3.8) shows resonance signals of side 

chain methylene carbons (2CH2) at 31.5 ppm, (3CH2) at 18.3 ppm and (4CH2) at 42.1 ppm 

respectively. The main chain methylene and methine carbons show resonances at 36.9-

34.9 ppm and 44.8-43.6 ppm respectively. The resonance signal of carbonyl carbon 

appears at 175.5 ppm [123]. The 13C NMR spectrum of PnBMA is displayed in Figure 

3.9. The resonance signal appearing at 13.6 ppm is assigned to methyl carbon of side 

chain (dCH3), whereas the side chain methylene carbons (bCH2) and (cCH2) resonate 

around 30.0 ppm and 19.3 ppm respectively. The oxymethylene carbon (-OCH2) signal 

appears at 65.0 ppm, main chain methylene carbon (fCH2) at 54.6-52.3 and quaternary 

carbon at 45.7-44.7 ppm. The carbonyl carbon is sensitive towards configurational 

sequences and appears as a multiplet in the range 177.8-173.8 ppm [126-128]. The 13C 

NMR spectrum of PnHMA (Figure 3.10) shows methyl carbon signals (dCH3) and 

(eCH3) at 14.0 ppm and 18.3 ppm respectively. The main chain methylene carbon (fCH2) 

signals appear at 54.5 ppm whereas quaternary carbon signal appears at 45.1-44.7 ppm. 

The side chain methylene carbons (aCH2), (bCH2), (c1CH2), (c2CH2), (c3CH2) show 
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resonance signals at 65.0 ppm, 28.2-28.1 ppm, 25.7 ppm, 31.5-31.4 ppm and 22.5 ppm 

respectively. The carbonyl carbon resonances appear at 177.8-176.8 ppm.  

 

Figure 3.8: 13C NMR spectrum of PVP homopolymer 

 

 

Figure 3.9: 13C NMR spectrum of PnBMA homopolymer 
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Figure 3.10: 13C NMR spectrum of PnHMA homopolymer 

The 13C NMR spectrum of NB73 copolymer (Figure 3.11) shows incorporation 

of both NVP and nBMA monomers. The carbonyl carbon signals of NVP and nBMA 

units appear at 180-170 ppm. The appearance of OCH2 carbon signal at 65.0 ppm, side 

chain methylene (bCH2) carbon signal at 30.0 ppm and methyl carbon dCH3 signal at 13.6 

ppm show the incorporation of nBMA unit into NB73 copolymer. The resonance signals 

of methine carbon and side chain methylene carbon (4CH2) of NVP unit as well as 

quaternary carbon of nBMA appear in the range 50.0-40.0 ppm.  

In the 13C NMR spectrum of NH73 displayed in Figure 3.12, the carbonyl carbon 

(C=O) signals of NVP and nHMA units appear at 175.5 ppm and 176.2 ppm 

respectively. The incorporation of nHMA unit was confirmed by the resonance signals of 

methyl carbons dCH3 and 
eCH3 signals at 13.8 ppm and 17.5 ppm respectively, and OCH2 

carbon signal at 65 ppm. The spectral region from 44.6 to 41.8 ppm contains signals due 

to main chain methylene carbon of nHMA unit, side chain methylene carbon (4CH2) and 

main chain methine carbon of NVP unit. The side chain methylene carbon (c2CH2) and 

(bCH2) of nHMA unit and side chain methylene carbon (2CH2) of NVP give resonances 

in the range 30.6 to 30.2 ppm. The incorporation of NVP unit was further confirmed by 

the appearance of side chain methylene carbon (3CH2) signal at 18.3 ppm.    
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The disappearance of vinyl carbon resonances in the range of 150.0-100.0 ppm 

and appearance of resonance signals characteristic of NVP and nBMA, nHMA unit in 

the 13C NMR spectra of NB73 and NH73 copolymers confirm copolymerization.  

 

Figure 3.11: 13C NMR spectrum of NB73 copolymer 

 

 

Figure 3.12: 13C NMR spectrum of NH73 copolymer 
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3.2.4   Wide-angle X-ray diffraction analyses  
The homopolymers PVP, PnBMA, PnHMA and P(NVP-co-nBMA) and P(NVP-

co-nHMA) copolymers were characterized by WAXD technique. The XRD 

diffractogram of PVP shows two broad peaks at 2θ = 10.7 ° and 21.6 ° which represents 

the amorphous nature of PVP. Abou Taleb reported the similar amorphous features with 

2θ positions of 11.5 ° and 22.5 ° respectively [129]. 

 
Figure 3.13: Wide-angle X-ray diffraction patterns of P(NVP-co-nBMA) copolymers 
and homopolymers PVP, PnBMA 

 

Figure 3.14: Wide-angle X-ray diffraction patterns of P(NVP-co-nHMA) copolymers 
and homopolymers PVP, PnHMA 
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The diffraction patterns of P(NVP-co-nBMA) copolymers and homopolymers 

PVP, PnBMA are shown in Figure 3.13 whereas the diffraction patterns of P(NVP-co-

nHMA) copolymers and homopolymers PVP, PnHMA are given in Figure 3.14. The 

broad diffraction patterns of the homo- and copolymers revealed the amorphous nature 

of these materials. 

3.2.5    Thermogravimetric analyses  
Thermal stability of the pure homopolymers (PVP, PnBMA, PnHMA) and 

P(NVP-co-nBMA), P(NVP-co-nHMA) copolymers was investigated by TGA. The effect 

of copolymer composition on thermal stability is shown in Figure 3.15, by the 

representative thermograms of P(NVP-co-nHMA) copolymer series and homopolymers 

PVP, PnHMA. It can be seen from this figure that all samples undergo single stage 

thermal degradation. The PnHMA is least stable and PVP shows maximum stability 

whereas thermal stability of the copolymers lies in between the two extremes. This is 

related to the chemical structure and strength of chemical bonds. PVP is more stable to 

thermal degradation whereas PnHMA, with long pendant alkyl chain is more prone to 

thermal degradation resulting in low thermal stability. Similar trend was observed for 

P(NVP-co-nBMA) copolymer series wherein the thermal stability of copolymers is 

tailored by the copolymer composition and increases with increasing NVP content.  

 

Figure 3.15: TGA overlap of P(NVP-co-nHMA) copolymers and homopolymers PVP, 

PnHMA. 



 54

PVP undergoes thermal degradation in the temperature range of 400-500 °C 

resulting in liberation of esters due to the scission of N-C-O bonds. In a previous study it 

was demonstrated that thermal degradation of PVP at 480 °C leads to the formation of 

NH3, CO2 and CO [130]. Thermal decomposition of poly(n-alkyl methacrylates) mainly 

involves the random main chain scission and n-alkyl methacrylate monomers are the 

predominant decomposition products [131]. Poly(NVP-co-nAMA) copolymers undergo 

thermal degradation in the temperature range of 200 to 500 °C with the degradation 

products characteristics of both PVP and PnAMA homopolymers. 

Thermogravimetric (TG) and derivative thermogravimetric (dTG) analyses data 

of P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers are presented in Table 3.9 and 

Table 3.10 respectively. The peak temperature “T” is obtained from the dTG curve and 

“M” is the corresponding mass loss. The data indicates that the addition of NVP in NB19 

copolymer increases temperature of 10 % weight loss (T10 %) from 218.1 °C for PnBMA 

to 279.7 °C. Similarly, increase in T10 % was observed for NH19 copolymer with the 

addition of NVP from 212.6 °C for PnHMA to 225.6 °C. Further addition of NVP in the 

P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers results in corresponding increase 

in thermal stabilities. The increasingly high thermal stability of copolymers having 

greater number of NVP units is ascribed to the cyclic structure of NVP. 

The TGA data was also used to calculate the activation energy (Ea) and results 

are presented in Table 3.9 and Table 3.10 for P(NVP-co-nBMA) and P(NVP-co-nHMA) 

copolymers respectively. The activation energy was calculated by using Broido's method 

according to equation (3) [109].  
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where Y   is the fraction of number of initial molecules not yet decomposed and 

expressed as in equation (4): 
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tW  is weight at any time t, 0W and W are the initial sample weight and weight at 

infinite time (equal to zero). Thermogravimetric data of each sample was fitted to 
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equation (3) and a graph of 







Y
1lnln  versus 








T
1 gave straight line in the range of 

0.999 >Y  > 0.001. The activation energy was thus calculated from the slope of straight 

line. The representative Broido's plots for P(NVP-co-nHMA) copolymers are shown in 

Figure 3.16. Activation energies of 233.2 kJ mol-1, 73.4 kJ mol-1 and 67.5 kJ mol-1 were 

calculated for the homopolymers PVP, PnBMA and PnHMA respectively. The Ea values 

of the P(NVP-co-nBMA) copolymers lie in the range of 158.1 to 77.9 kJ mol-1 whereas 

those of P(NVP-co-nHMA) copolymers appear in the range of 156.7 to 73.9 kJ mol-1. 

Comparatively high values of activation energies were observed for P(NVP-co-nBMA) 

copolymer series than P(NVP-co-nHMA) copolymer series indicating decrease in 

thermal stability with increasing alkyl chain length. The flexibility of alkyl side chain of 

n-alkyl methacrylates increases with increasing alkyl chain length (methyl < ethyl < n-

butyl < n-hexyl) [132] whereas thermal stability of poly(n-alkyl methacrylates) decreases 

(PMMA > PnBMA > PnHMA). The Ea data of P(NVP-co-nBMA)  and P(NVP-co-

nHMA) copolymers support the dependence of thermal stability of the copolymers on 

NVP content i.e thermal stability increases with increasing NVP content. 

 

Figure 3.16: Broido’s plots for P(NVP-co-nHMA) copolymers 
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Table 3.9: Thermal analyses data of PVP, PnBMA homopolymers and P(NVP-co-
nBMA) copolymers 

Sample 
code 

T10 % 
(°C) 

T 
(°C) 

M 
(%) 

Mr 
(%) 

Ea 
(kJ mol-1) 

Tg 
(°C) 

PnBMA 218.07 298.57 63.71 0.62 73.38 27.00 

NB19 279.66 335.52 47.05 1.86 77.93 *31.75 (32.62) 

NB37 316.99 360.35 49.19 4.21 117.89 42.89 (45.13) 

NB55 343.27 408.97 64.38 7.14 129.37 89.68 (92.86) 

NB73 347.46 412.39 57.19 4.64 148.69 117.52 (118.23) 

NB91 370.30 423.74 64.21 4.77 158.08 147.20 (150.09) 

PVP 410.74 458.19 64.03 4.77 233.19 171.12 

*Actual (calculated by Gibbs DiMarzio equation), T10 % = temperature of 10 % mass loss, T = dTG peak 
temperature, M = mass loss at dTG peak temperature, Mr

 = Residue at 500 °C, Ea = Activation energy 

 

Table 3.10: Thermal analyses data of PVP, PnHMA homopolymers and P(NVP-co-
nHMA) copolymers 

Sample 
code 

T10 % 
(°C) 

T 
(°C) 

M 
(%) 

Mr 
(%) 

Ea 
(kJ mol-1) 

Tg 
(°C) 

PnHMA 212.56 289.72 65.53 1.59 67.52 5.00 

NH19 225.75 294.07 56.94 0.55 73.87 *1.06 (2.00) 

NH37 326.44 384.23 51.95 2.56 100.66 26.55 (27.05) 

NH55 347.41 402.69 53.45 6.82 122.53 100.11 (102.26) 

NH73 375.38 434.07 63.17 5.18 141.11 136.87 (137.83) 

NH91 393.36 447.84 63.49 5.65 156.69 152.98 (155.44) 

PVP 410.74 458.19 64.03 4.77 233.19 171.12 

*Actual (calculated using Gibbs DiMarzio equation), T10 % = temperature of 10 % mass loss, T = dTG peak 
temperature, M = mass loss at dTG peak temperature, Mr

 = Residue at 500 °C, Ea = Activation energy 

 

3.2.6    Differential scanning calorimetric analyses  
The glass transition temperatures (Tg) of the dried homopolymers and P(NVP-co-

nBMA), P(NVP-co-nHMA) copolymers were measured by DSC and results are shown 
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in Table 3.9 and Table 3.10 respectively. The Tg values of the copolymers are related to 

the mole fractions of the monomers according to Gibbs DiMarzio equation (5) [133]: 

 


 ggT 211g   copolymer   theof T      (5) 

1  and 2  are the mole fractions of the two monomers NVP and nAMA and 
1gT , 


g  are the glass transition temperatures of their respective homopolymers. Tg values of 

PVP, PnBMA and PnHMA homopolymers were measured to be 171.1 °C, 27.0 °C and -

5.0 °C respectively which are consistent with the literature reported values [134, 135, 

125]. Tg values of the copolymers were found to be inversely related to nAMA content 

for P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers i.e low Tg was exhibited by 

the copolymers with high nAMA content. The effect was more pronounced for P(NVP-

co-nHMA) copolymer series owing to the greater flexibility of nHMA unit as compared 

to nBMA. Correspondingly low Tg values were observed for P(NVP-co-nHMA) 

copolymer series relative to P(NVP-co-nBMA) copolymer series. There is a good 

agreement between the measured and calculated Tg values of all P(NVP-co-nAMA) 

copolymers.  

3.2.7  Gel permeation chromatographic (GPC) analyses 
 GPC technique was used for the determination of molecular weight and 

polydispersity index of synthesized P(NVP-co-nAMA) copolymers and PnAMA 

homopolymers. The samples were dissolved in THF and run on gel permeation 

chromatograph. The GPC data of the synthesized P(NVP-co-nBMA), P(NVP-co-nHMA) 

copolymers and PnBMA, PnHMA homopolymers are given in Table 3.11 and Table 

3.12. The number average molecular weights (Mn) of P(NVP-co-nBMA) copolymers are 

in the range 16,014-17,321 g mol-1 whereas the polydispersity index ranges from 1.07-

1.36. For P(NVP-co-nHMA) series copolymers, the number average molecular weights 

(Mn) lie in the range 13,465-18,634 g mol-1 and the polydispersity index ranges from 

1.27-1.35. The molecular weights of the P(NVP-co-nAMA) copolymers and PnBMA, 

PnHMA homopolymers are expected to be controlled by the polymerization conditions 

(reaction temperature, reaction time and initiator concentration). 
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Table 3.11: GPC data of P(NVP-co-nBMA) copolymers and PnBMA homopolymer 

Sample code Mw 
(g mol-1) 

Mn 
(g mol-1) 

Polydispersity 
Index 

NB91 21,625 16,656 1.29 

NB73 23,359 17,121 1.36 

NB55 20,528 16,014 1.28 

NB37 17,205 16,074 1.07 

NB19 22,356 17,321 1.29 

PnBMA 24,182 19,668 1.23 

 

Table 3.12: GPC data of P(NVP-co-nHMA) copolymers and PnHMA homopolymer 

Sample code Mw 
(g mol-1) 

Mn 
(g mol-1) 

Polydispersity 
Index 

NH91 22,022 17,205 1.28 

NH73 19,780 15,215 1.30 

NH55 18,201 13,465 1.35 

NH37 23,754 18,634 1.27 

NH19 21,657 16,919 1.28 

PnHMA 23,394 18,407 1.27 

3.2.8  Water uptake studies 
PVP is completely soluble in water at room temperature whereas PnBMA and 

PnHMA are not dissolved due to their hydrophobic nature. The synthesized copolymers 

show varying degree of water uptake related to the percentage of hydrophilic N-vinyl 

pyrrolidone content. The NB91 and NH91 copolymers were dissolved in water giving 

milky solution. As the NVP content decreases, the copolymers become stable in water. 

The copolymeric films become white and opaque, and show stability in their structure on 

prolonged dipping in water. The change of copolymer films from transparent to white 

and opaque upon water uptake, indicates the phenomenon of phase segregation. Similar 
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behavior has been reported in self reinforcing hydrogels obtained by copolymerization of 

methyl methacrylate with 2-hydroxyethyl acrylate [24]. 

The water uptake (W ) behavior of P(NVP-co-nBMA) and P(NVP-co-nHMA) 

copolymer films against time are presented in Figure 3.17 and Figure 3.18 respectively. 

The results of water uptake studies show that the amount of hydrophilic NVP controls 

water uptake (W) and equilibrium water content (EWC) of P(NVP-co-nAMA) 

copolymers. Also for a given feed weight % ratio of NVP and n-alkyl methacrylate a 

higher values of EWC are expected for P(NVP-co-nBMA) copolymers than P(NVP-co-

nHMA) copolymers due to greater hydrophobicity of nHMA than nBMA. The 

hydrophobicity of alkyl methacrylates increases as the length of alkyl group increases. 

Jung and coworkers [136] have reported the temperature dependant water uptake of 

poly(N-isopropyl acrylamide-co-n-alkyl methacrylate) copolymers prepared using 

ethyleneglycol dimethacrylate (EGDMA) as crosslinker. The water uptake decreased as 

the length of alkyl group increases from methyl, to ethyl, to n-butyl. The decrease in 

water uptake with increasing alkyl chain length (methyl, butyl, octyl and lauryl) has also 

been reported for N-vinyl pyrrolidone/n-alkyl methacrylate copolymeric gels prepared 

with feed weight ratio of NVP and alkyl methacrylate 90:10, 0.8 weight % Igracure 

initiator and 0.2 weight % N,N-methylene bisacrylamide (BIS) crosslinker [91].  

 
Figure 3.17: Water uptake behavior of P(NVP-co-nBMA) copolymers at 37 °C 
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Figure 3.18: Water uptake behavior of P(NVP-co-nHMA) copolymers at 37 °C  

The values of equilibrium water contents achieved within 30 h are shown in 

Table 3.13 where for both P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymer series, 

EWC decreases with increasing hydrophobic alkyl methacrylate content. The 

comparison of EWC of P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers revealed 

that at a given feed weight ratio of NVP and n-alkyl methacrylate higher EWC values 

were observed for P(NVP-co-nHMA) copolymers than P(NVP-co-nBMA) copolymers 

that is contrary to the previous studies reporting decrease in water uptake with increasing 

alkyl chain length [91, 136]. The copolymer composition calculated by elemental 

analyses (Table 3.4 & 3.5) indicated that at a fixed weight % ratio of NVP to n-alkyl 

methacrylate, actually the higher NVP contents are incorporated as alkyl chain length 

increases from n-butyl to n-hexyl (Table 3.1 & Table 3.2). Katime and coworkers have 

reported similar behavior for acrylic acid/n-alkyl methacrylate copolymers [137]. 

The mechanism of diffusion of water molecules into P(NVP-co-nAMA) 

copolymers was determined by the following equation: 

nt kt
M
M




           (6) 

tM and M  represent amount of water uptake at time t and ∞, respectively; “k” 

is rate constant and “n” is characteristic exponent of transport of penetrating molecule. 
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The values of “n” were found to be between 0.10 and 0.27 indicating non-Fickian 

diffusion mechanism whereby the driving force for the fluid penetration and drug release 

is a combination of concentration gradient and polymer relaxation as a result of 

thermodynamic interaction of the solvent with the polymer. 

Table 3.13:  Equilibrium water content and diffusion parameters of P(NVP-co-nAMA) 
copolymers 

Sample 
code EWC (%) n k *R2 †SD Diffusion 

mechanism 

NB73 

NH73 

70.15 

99.98 

0.181 

0.107 

0.412 

0.392 

0.983 

0.971 

0.004 

0.005 

Non Fickian 

Non Fickian 

NB55 

NH55 

58.02 

90.19 

0.219 

0.101 

0.243 

0.448 

0.996 

0.986 

0.006 

0.004 

Non Fickian 

Non Fickian 

NB37 

NH37 

7.02 

6.91 

0.274 

 

0.113 

 

0.998 

 

0.008 

 

Non Fickian 

 

NB19 

NH19 

2.67 

2.11 
     

*R2 = regression coefficient, †SD= standard deviation 

3.2.9   Drug release studies 
The P(NVP-co-nAMA) copolymer films NB55, NB73, NH55 and NH73 were 

short listed for the release studies of dexamethasone. These films were selected due to 

their prolonged stability in water as well as appropriate hydrophilicity required for drug 

release from insoluble matrices. The dexamethasone release profiles of 10 % drug loaded 

films in PBS (pH 7.4) release medium are shown in Figure 3.19 and 3.20 for selected 

P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymer films respectively. 

The cumulative drug release profiles of P(NVP-co-nBMA) copolymer films 

(Figure 3.19) indicated  initial burst release of dexamethasone in 24 h and a faster drug 

release upto 7 days followed by slow release for more than one month. The cumulative 

drug release pattern of NB55 show a burst release of 28 % and 73 % drug release in 

seven days whereas the remaining drug was released in a slow and sustained manner for 

more than one month. In comparison to NB55, the initial burst release is low (22 %) for 

NB73 copolymer as well as the drug released in 7 days (54 %) and total drug released in 
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35 days (70 %) also follow the same trend. The EWC (%) data and diffusion parameters 

(Table 3.13) depicted the greater hydrophilicity of NB73 as compared to NB55 and 

hence a higher cumulative drug release might be expected for NB73 than NB55 

copolymer. However the observed drug release profiles of NB73 and NB55 followed the 

opposite trend. Several factors such as polarity of the polymer segments, glass transition 

temperature of the polymers, flexibility of the polymer backbone, chain interactions, 

molecular weight of the polymers and presence of bulky co-monomer pendant groups 

control the diffusion of drug from the polymer matrix. The NB73 copolymer despite of 

being more hydrophilic than NB55 underwent slow drug release due to its higher 

molecular weight as compared to NB55 (Table 3.11). The previous studies demonstrated 

the effect of molecular weight on drug release wherein the drug release rates decrease 

with increasing molecular weights [67], as the molecular weight increases, the higher 

chain entanglements retard the diffusion of drug molecules through polymer matrix. 

 
Figure 3.19: Cumulative drug release profiles of P(NVP-co-nBMA) copolymer films at 

37 °C 

The cumulative drug release patterns of selected P(NVP-co-nHMA) copolymer 

films are shown in Figure 3.20. It can be seen here that the cumulative drug release 

profile of NH73 copolymer film shows an initial burst release of 35 % in 24 h and more 

than 50 % drug is released in 7 days followed by a slow and sustained release of 

remaining amount over a period of more than one month. The initial burst release of 

dexamethasone from the polymeric matrix is probably attributed to the greater 



 63

hydrophilicity of copolymer to swell in aqueous medium and permit greater water 

penetration. The swollen structure facilitates the release of incorporated drug. Whereas, 

in NH55 initial burst release of 55 % occurs in 24 h and about 77 % drug is released in 7 

days followed by slow and sustained release for more than one month. From the 

cumulative drug release patterns of NH73 and NH55, it is clear that faster drug release is 

observed in NH55, which is contrary to the water uptake trend (Figure 3.18) of these 

copolymer systems. In present case NH73 is more hydrophilic than NH55 but the 

molecular weights of the two copolymers are quite different as reflected in GPC data 

(Table 3.12). The comparatively high molecular weight of NH73 as compared to NH55 

accounts for the slow release profile of dexamethasone. 

 
Figure 3.20: Cumulative drug release profiles of P(NVP-co-nHMA) copolymer films at 

37 °C 

The effect of alkyl chain length on the drug release behavior of P(NVP-co-

nAMA) copolymers may be studied by comparing the drug release data of P(NVP-co-

nBMA) and P(NVP-co-nHMA) copolymers containing the same weight % ratio of NVP 

to nAMA (NVP: nAMA). The increase in alkyl chain length from n-butyl to n-hexyl 

increased the hydrophobicity of the system as discussed earlier [136]. Therefore the 

decrease in drug release might be expected with increasing alkyl chain length. In present 

study P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers were prepared with similar 

weight % ratios of monomers in the feed but their drug release profiles indicated an 

increase in drug release rate with increasing alkyl chain length from butyl to hexyl. The 
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elemental analyses data (Table 3.4 and Table 3.5) revealed the weight % ratio of 

monomers in the copolymers were different from those in the feed. The comparison of 

NB73 and NH73 copolymers indicated higher NVP content incorporated in NH73 

copolymer than NB73. The higher NVP content results in greater hydrophilicity of NH73 

and hence a faster drug release than NB73 copolymer film.  This fact is further supported 

by the molecular weight data (Table 3.11 and Table 3.12) indicating higher molecular 

weight of NB73 hindering the diffusion of drug molecules.  

The faster drug release from NH55 as compared to NB55 copolymer film is also 

ascribed to its higher NVP content and low molecular weight as compared to NB55. 

Therefore it may be concluded that the effect of NVP co-monomer hydrophilicity and 

molecular weight of the copolymer predominate the effect of increase in alkyl chain 

length (from butyl to hexyl) on the drug release behavior of P(NVP-co-nAMA) 

copolymers resulting in faster drug release from P(NVP-co-nHMA) copolymer films as 

compared to P(NVP-co-nBMA) copolymer films. 

3.2.10    Study of kinetics and mechanism of drug release 
The initial 10 h drug release data was used to study the drug release kinetics. The 

release constants were calculated from the slope of the appropriate plots, and the 

correlation coefficient (R2) by linear regression analysis using commercial software 

[138]. The representative drug release kinetics plots for zero-order, first-order, Higuchi 

and Korsmeyer-Peppas kinetics for NH73 copolymer are shown in Figure 3.21-3.24 

respectively. The correlation coefficient was selected as a criterion for the evaluation of 

appropriate kinetic model and the corresponding release kinetics data for the selected 

P(NVP-co-nAMA) copolymers is presented in Table 3.14. The value of R2 nearer to 1 

indicated the best fit of drug release data. 

For the selected P(NVP-co-nBMA) copolymer films NB55 and NB73, the higher 

values of R2 were found for the first-order and zero-order kinetics respectively. Whereas 

for the selected P(NVP-co-nHMA) copolymer film NH55, the comparison of R2 (Table 

3.14) identified that the in vitro drug release from NH55 was best explained by zero-

order kinetics equation, as compared to first-order and higuchi kinetics suggesting the 

release of drug from insoluble matrix is independent of its concentration. In NH73 drug 

release profile, the higher value of R2 was obtained for first-order kinetics suggesting 

that the in vitro drug release was best explained by first-order kinetics equation, as the 
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corresponding plot (Figure 3.22) show highest linearity.  Here the drug release rate is 

dependent on its concentration.  

 

Figure 3.21: Representative plot for zero-order drug release kinetics of NH73 

copolymer 

 

 

Figure 3.22: Representative plot for first-order drug release kinetics of NH73 

copolymer 
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Figure 3.23: Representative plot for Higuchi drug release kinetics of NH73 

copolymer  

  

 

Figure 3.24: Representative plot for Korsmeyer-Peppas drug release kinetics of 

NH73 copolymer  
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The mechanism of drug release was determined by incorporating the data of first 

60 % drug release; according to Korsmeyer-Peppas model, where “n” is the release 

exponent, indicative of the mechanism of drug release [103]. The values of “n” for NB55 

and NB73 were 0.40 and 0.63 respectively, indicating non-Fickian diffusion of drug 

molecules from the selected P(NVP-co-nBMA) copolymer films. However the analysis 

of drug release data for selected P(NVP-co-nHMA) copolymer films indicated the values 

of “n” to be 0.71 and 1.24 for NH73 and NH55 respectively, indicating non-Fickian and 

super case II transport respectively. 

Table 3.14: Release kinetics of P(NVP-co-nAMA) copolymers 

Sample 
code 

Zero-order 
kinetics 

First-order 
kinetics Higuchi kinetics Korsmeyer-Peppas 

kinetics 

K0 
(h-1) R2 K1 

(h-1) R2 KH 
(h-1/2) R2 R2 n *SD 

NB55 

NB73 

2.030 

1.598 

0.992 

0.987 

0.024 

0.016 

0.996 

0.982 

7.441 

6.653 

0.980 

0.936 

0.985 

0.969 

0.402 

0.628 

0.008 

0.009 

NH55 3.712 0.992 0.051 0.987 13.513 0.962 0.972 1.236 0.006 

NH73 3.247 0.990 0.037 0.994 12.012 0.993 0.906 0.707 0.005 

*SD = standard deviation 

3.2.11     Determination of physical state of drug in the polymer matrix 
The drug release characteristics of the polymers are also influenced by the 

physical state of drug inside the polymer matrix. XRD and DSC techniques have been 

used to determine the physical state of drug in the polymer matrix. The representative 

XRD patterns of the dexamethasone and drug loaded NB55 copolymer, are displayed in 

Figure 3.25. The amorphous nature of the NB55 copolymer as evidenced by the broad 

diffraction patterns remained unchanged by the incorporation of 10 % dexamethasone. It 

means that the drug loaded into the copolymer existed in amorphous form as the sharp 

peaks characteristic of the crystalline drug are completely absent in the corresponding 

XRD pattern of drug loaded sample. Similar features were present in the X-ray 

diffraction patterns of drug loaded NB73, NH55 and NH73 copolymers indicating 

amorphous nature of incorporated drug. 
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Figure 3.25: XRD overlap of (a) dexamethasone and (b) dexamethasone loaded NB55 

copolymer  

 
Figure 3.26: DSC overlap of (a) dexamethasone and (b) drug loaded NB55 copolymer  

The amorphous nature of drug in NB55, NB73, NH55 and NH73 copolymers was 

further confirmed by DSC analyses. The representative DSC thermograms of the drug 

loaded NB55 copolymer and dexamethasone are shown in Figure 3.26. The sharp 

endothermic peak at 270.8 °C represented the melting transition of crystalline drug. DSC 

thermogram of drug loaded NB55 copolymer did not contain any such transition 

representing the loss of crystalline character of drug inside the polymer matrix.
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Chapter  4 
SYNTHESIS AND CHARACTERIZATION OF CROSSLINKED 

POLY(N-VINYL PYRROLIDONE-co-n-ALKYL 
METHACRYLATE) COPOLYMERS 

The crosslinked copolymers with optimum hydrophilic-hydrophobic balance 

have wide range of applications in synthetic and biomedical fields. PVP is a highly water 

soluble polymer. The properties of poly(N-vinyl pyrrolidone-co-n-alkyl methacrylate) 

copolymers have been optimized for prolonged drug delivery in the previous chapter by 

varying the amount of hydrophobic co-monomer. However, the incorporation of 

hydrophobic monomers like n-butyl methacrylate (nBMA) and n-hexyl methacrylate 

(nHMA) at low concentrations (≈ 10 %) did not overcome the water solubility problem. 

In this chapter, polyfunctional monomers have been used to crosslink these P(NVP-co-

nAMA) copolymers containing the monomer weight ratio of NVP : nAMA = 90:10, for 

controlled drug delivery over extended time period.  

4.1 Synthesis of crosslinked poly(N-vinyl pyrrolidone-co-n-
alkyl methacrylate) copolymers  
The crosslinked P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers have 

been prepared using different concentrations of polyfunctional monomers such as 

DEGDMA and TMPTMA. The general procedure for the synthesis of crosslinked 

P(NVP-co-nAMA) copolymers is outlined in scheme 4.1, where nAMA = nBMA, 

nHMA and diethyleneglycol dimethacrylate (DEGDMA) is used as a crosslinker. 

DEGDMA is a homo-bifunctional crosslinking agent containing two vinyl groups on 

both sides that also react with the monomers during polymerization. As the reaction of 

the crosslinking agent occurs with the same functional group on the polymer, both 

intermolecular and intra-molecular crosslinking are possible. The mode of intermolecular 

crosslinking with bifunctional crosslinker (DEGDMA) is highlighted in Figure 4.1. 

The general procedure for the synthesis of crosslinked P(NVP-co-nAMA) where 

nAMA = nBMA, nHMA and trimethylolpropane trimethacrylate (TMPTMA) is used as 

crosslinker, is outlined in scheme 4.2. TMPTMA is a trifunctional crosslinker, having 

three identical functional groups that may enter into the crosslinking reaction. The mode 

of intermolecular crosslinking using trifunctional TMPTMA crosslinker is shown in 

Figure 4.2.  
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Scheme 4.1: General procedure for the synthesis of DEGDMA crosslinked P(NVP-co-

nAMA) copolymers 

 The uncrosslinked P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers having 

monomer weight ratio NVP : nAMA = 90:10 (i.e NB91 and NH91 discussed in Chapter 

3 are brittle and completely soluble in water. The hydro-solubility problem of this 

copolymer ratio has been solved by using various concentrations of polyfunctional 

monomers as crosslinking agents. The P(NVP-co-nBMA) copolymers containing 
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DEGDMA ≥ 1.0 mmol and TMPTMA ≥ 0.25 mmol exhibited prolonged stability in 

water while the hydro-stability was achieved at comparatively low TMPTMA crosslinker 

concentration (i.e ≥ 0.1 mmol) for P(NVP-co-nHMA) copolymers. The crosslinked 

copolymers with optimized crosslinker concentration (DEGDMA = 1.0 mmol, 

TMPTMA = 0.25 mmol for P(NVP-co-nBMA) series) and (DEGDMA = 1.0 mmol, 

TMPTMA = 0.10 mmol for P(NVP-co-nHMA) series) were completely hydro-stable and 

also soluble in organic solvents including methanol, ethanol, 2-propanol, chloroform, 

dichloromethane, acetone and tetrahydrofuran (THF). The solubility of the copolymer in 

organic solvents and hydro-stability is a characteristic feature required for the 

preparation of drug loaded copolymer film for drug delivery applications like implant 

coating and transdermal drug delivery.  

 

 

Figure 4.1: Representation of intermolecular crosslinking using bifunctional 

(DEGDMA) crosslinker  
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Scheme 4.2: General procedure for the synthesis of TMPTMA crosslinked P(NVP-co-

nAMA) copolymers 
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Figure 4.2: Representation of intermolecular crosslinking using trifunctional TMPTMA 

crosslinker 

4.2 Gel contents 
 The gel content is a measure of the extent of crosslinking in polymers and the 

effect of crosslinker concentration on gel content is shown in Figure 4.3. The data shown 

in this figure indicated the presence of high soluble fractions (low gel contents) at low 

crosslinker concentrations. The P(NVP-co-nBMA) copolymer prepared at DEGDMA 

concentration of 0.5 mmol was completely water soluble while at the same crosslinker 

concentration P(NVP-co-nHMA) copolymer gave 38.7 % gel content. Higher gel 

contents were obtained for P(NVP-co-nHMA) series copolymers than P(NVP-co-

nBMA) series copolymers at the same crosslinker (DEGDMA or TMPTMA) 

concentration. This shows greater strength of the corresponding P(NVP-co-nHMA) 

copolymer series as evident by thermogravimetric analyses data (discussed in section 

4.4) whereby greater thermal stability was achieved for P(NVP-co-nHMA) copolymers 

crosslinked with the same crosslinker concentrations (either of DEGDMA or TMPTMA) 

as for P(NVP-co-nBMA) copolymers. Furthermore nHMA is more hydrophobic than 

nBMA, therefore hydrophobicity of the system slightly increases and also contributes to 

the hydro-stability. 

 Figure 4.3 also indicated higher values of gel content for both P(NVP-co-nBMA) 

and P(NVP-co-nHMA) copolymer series crosslinked with TMPTMA in comparison to 

those crosslinked with DEGDMA at the same crosslinker concentration. The TMPTMA 

is a trifunctional monomer as compared to DEGDMA, a difunctional monomer; 
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therefore it is expected that at same crosslinker concentration more brittle structure is 

produced with TMPTMA, leading to decreased solubility and hence increased gel 

content.  

 

Figure 4.3: Effect of crosslinker concentration on gel contents of crosslinked P(NVP-co-

nAMA) copolymers 

 The soluble fractions were completely removed by multiple washings with 

distilled water at 37 °C to rule out the leaching of any water soluble impurity. The 

completely purified and dried samples were used for further analyses.  

4.3 Structure elucidation by FTIR spectroscopy 
 The structure of crosslinked P(NVP-co-nAMA) copolymers was characterized 

using FTIR spectroscopy. The IR spectrum of NVP monomer shows characteristic 

carbonyl stretching (C=O) at 1703 cm-1 and olefinic C=C stretching band at 1630 cm-1 

[139]. The nBMA monomer exhibits characteristic peaks at 2961, 2875 cm-1 (aliphatic 

C-H), 1721 cm-1 (C=O), 1636 cm-1 (C=C), and 1168 cm-1 for C-O-C stretching vibration 

of ester group. The FTIR spectrum of nHMA monomer contained similar characteristic 

peaks as for nBMA with slight difference in aliphatic C-H stretching region. The FTIR 

spectroscopic data of P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers crosslinked 

with DEGDMA and TMPTMA crosslinkers are given in Table 4.1 and Table 4.2 

respectively. The data presented in these tables show two C=O stretching peaks for the 

DEGDMA and TMPTMA crosslinked copolymers, where the low intensity peak 
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appearing in the range 1723-1712 cm-1 corresponds to C=O stretching of ester and high 

intensity peak in the range 1674-1651 cm-1 corresponds to amide C=O stretching of NVP 

unit. The high intensity of amide C=O peak is attributed to the higher percentage of NVP 

monomer in the copolymer.  

 The representative IR spectra of the crosslinked P(NVP-co-nBMA) copolymers 

(NB91-D3 and NB91-T2) are shown in Figure 4.4. The FTIR spectrum of NB91-D3 

shows aliphatic C-H stretching at 2957, 2869 cm-1, two C=O peaks at 1716 cm-1 and 

1670 cm-1 (for ester nBMA and amide NVP units respectively) , C-N stretching at 1283 

cm-1 and C-O-C stretching of ester group at 1164 cm-1. These values of peak assignments 

are in good agreement with earlier work [140,141]. The FTIR spectrum of NB91-T2 

shows aliphatic C-H stretching at 2957, 2926, 2873 cm-1, C=O peaks of ester and amide 

units at 1715 cm-1 and 1661 cm-1 respectively, C-N stretching at 1284 cm-1 and C-O-C 

stretching at 1167 cm-1. Similar peak assignments are made to other crosslinked 

copolymers as shown in Table 4.1 and Table 4.2. 

 The FTIR spectra of both NB91-D3 and NB91-T2 contain broad peak at 3435 

cm-1 and 3446 cm-1 respectively due to moisture as higher NVP contents lead to greater 

affinity for water that also contributes to the appearance of some hydrogen bonded C=O 

groups of amide appearing at low wavenumbers i.e 1670 cm-1 and 1661 cm-1 in these 

samples. The appearance of peaks characteristic of the monomer units in the FTIR 

spectra of crosslinked copolymers and disappearance of vinyl stretching peaks confirmed 

the copolymerization. 

 
Figure 4.4: Representative FTIR spectra of crosslinked P(NVP-co-nBMA) copolymers  
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Table 4.1: FTIR spectroscopic data of DEGDMA crosslinked P(NVP-co-nAMA) 
copolymers 

Sample 
code ν (C-H) ν (C=O) ν (C=C) *ν (C-H def) †ν (C-H scis) ν (C-N) ν (C-O-C) 

NVP 2973, 2889 1703 1630 1460 1426 1282  

nBMA 2961, 2875 1721 1636 1457   1168 

nHMA 2933, 2864 1721 1636 1457   1168 

DEGDMA 2958, 2872 1720 1636 1452   1172 

NB91-D1 2953, 2868 1713, 
1651  1460 1430 1284 1168 

NH91-D1 2952, 2928, 
2869 

1713, 
1652  1460 1421 1284 1167 

NB91-D2 2957, 2873 1715, 
1667  1459 1421 1283 1166 

NH91-D2 2949,2927,2861 1714, 
1668  1460 1421 1283 1162 

NB91-D3 2957, 2869 1716, 
1670  1458 1421 1283 1164 

NH91-D3 2949, 2926, 
2858 

1715, 
1668  1460 1421 1283 1166 

NB91-D4 2955, 2869 1715, 
1651 - 1460 1421 1285 1167 

NH91-D4 2955, 2923, 
2856 

1714, 
1673  1460 1421 1283 1165 

*ν (C-H def) = C-H deformation, †ν (C-H scis) = C-H scissoring 
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Table 4.2: FTIR spectroscopic data of TMPTMA crosslinked P(NVP-co-nAMA) 
copolymers 

Sample 
code ν (C-H) ν (C=O) ν (C=C) *ν (C-H def) †ν (C-H scis) ν (C-N) ν (C-O-C) 

NVP 2973, 2889 1703 1630 1460 1426 1282  

nBMA 2961, 2875 1721 1636 1457   1168 

nHMA 2933, 2864 1721 1636 1457   1168 

TMPTMA 2968, 2933 1723 1636 1460   1158 

NB91-T1 
2954, 2920 

2870 
1712, 
1651  1461 1421 1284 1162 

NH91-T1 
2955, 

2919, 2876 
1713, 
1658  1460 1421 1285 1168 

NB91-T2 2957, 2926, 
2873 

1715, 
1661  1460 1421 1284 1167 

NH91-T2 2952, 2926, 
2867 

1710, 
1653  1460 1421 1284 1168 

NB91-T3 2969, 2925, 
2870 

1723, 
1668  1459 1421 1283 1162 

NH91-T3 2952, 2928, 
2858 

1715, 
1674  1459 1421 1283 1166 

NB91-T4 

 
2957, 2926, 

2873 
1714, 
1668  1461 1421 1283 1164 

NH91-T4 2949, 2928, 
2858 

1713, 
1674  1460 1421 1283 1165 

*ν (C-H def) = C-H deformation, †ν (C-H scis) = C-H scissoring 
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4.4 Thermogravimetric analyses 
 Thermogravimetric analyses of the crosslinked copolymers were carried out to 

assess the effect of crosslinker concentration on thermal stability. The P(NVP-co-

nAMA) copolymers like NB91-D1, NH91-D1 and NB91-T1 contained very low gel 

contents (section 4.2) and were not considered for further studies whereas 

thermogravimetric analyses of the remaining samples were carried out  after removal of 

the soluble fraction and subsequent drying. 

4.4.1   Thermal stability of crosslinked P(NVP-co-nBMA) copolymers 
 TGA thermograms of the P(NVP-co-nBMA) copolymers crosslinked with 

different concentrations of DEGDMA and TMPTMA crosslinkers are shown in Figure 

4.5 and Figure 4.6 respectively and the corresponding data is shown in Table 4.3. It is 

apparent from these data that the thermal stability of the crosslinked copolymers 

increases with increasing crosslinker concentration. The increase in crosslinker 

concentration leads to an increase in extent of crosslinking resulting in the formation of 

more compact and strong structure. The increase of thermal stability with increasing 

crosslinker concentration is also reflected in the corresponding increase in temperature of 

10 % mass loss (T10 %), temperature corresponding to dTG peak maximum (T) and the 

activation energy (Ea) shown in Table 4.3. The initial mass loss of 7-12 % is due to the 

loss of moisture entrapped in the crosslinked structure. For all copolymers, the main 

thermal degradation occurs between 330 °C to 600 °C that corresponds to the 

degradation of main polymer units. The thermogravimetric behavior of these copolymers 

resembles with that of pure PVP which undergoes thermal degradation in the range of 

400-485 °C, leading to the formation of esters as a consequence of the scission of the N-

C-O bonds at 480 °C [130]. Thermal degradation of n-alkyl methacrylates mainly occurs 

by depolymerization mechanism [142]. The alkyl methacrylate content is very low as 

compared to NVP hence major degradation patterns of all crosslinked copolymers 

resemble that of PVP homopolymer; however the possibility of degradation products of 

n-alkyl methacrylate component cannot be precluded. 
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Figure 4.5: TGA thermograms of P(NVP-co-nBMA) copolymers crosslinked with 

different concentrations of DEGDMA 

 

 

Figure 4.6: TGA thermograms of P(NVP-co-nBMA) copolymers crosslinked with 

different concentrations of TMPTMA 
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Table 4.3: Thermogravimetric analyses data of crosslinked P(NVP-co-nBMA) 
copolymers 

Sample 
Code 

T10 % 
(°C) 

T 
(°C) 

M 
(%) 

Mr 
(%) 

Ea 
(kJ mol-1) 

NB91-D2 328.89 430.34 45.85 9.96 86.92 

NB91-D3 375.21 470.39 32.08 10.19 99.48 

NB91-D4 386.70 470.54 37.26 11.54 104.58 

NB91-T2 348.23 420.22 50.84 14.43 85.49 

NB91-T3 360.16 450.10 37.88 11.08 90.64 

NB91-T4 375.35 451.95 41.85 10.62 103.56 

T10 % = Temperature at 10 % mass loss, T = Temperature at DTG max, M = mass remaining at T, Mr = 
Residual mass at 500 °C, Ea = Activation energy 

 

Figure 4.7: Broido’s plots for DEGDMA crosslinked P(NVP-co-nBMA) copolymers 

 Thermogravimetric data collected by TGA was used to calculate the activation 

energy (Ea). The Broido’s plots of P(NVP-co-nBMA) copolymers crosslinked with 

different concentrations of DEGDMA and TMPTMA crosslinkers are shown in Figure 

4.7 and Figure 4.8 respectively, whereas the Ea values calculated from the slopes of 

appropriate plots are given in Table 4.3. The Ea values of both DEGDMA and 

TMPTMA crosslinked copolymers increase with increasing crosslinker concentration 

owing to the formation of stable network. It can be further seen that at the same 
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crosslinker concentration of 1 mmol, comparatively high Ea value (103.6 kJ mol-1) was 

obtained for TMPTMA crosslinked P(NVP-co-nBMA) copolymer (NB91-T4) than for 

corresponding DEGDMA crosslinked copolymer (NB91-D2) where Ea = 86.9 kJ mol-1. 

The greater functionality of TMPTMA gives rise to compact structure than the low 

functionality crosslinker. Hence it was concluded that thermal stability increased with 

increase in crosslinking.   

 

Figure 4.8: Broido’s plots for TMPTMA crosslinked P(NVP-co-nBMA) copolymers 

4.4.2   Thermal stability of crosslinked P(NVP-co-nHMA) copolymers 
 The effect of DEGDMA and TMPTMA crosslinker concentration on thermal 

stability of P(NVP-co-nHMA) copolymers is shown in Figure 4.9 and Figure 4.10 

respectively and the corresponding thermogravimetric data is displayed in Table 4.4. 

From these data it is inferred that thermal stability of these copolymers increase with 

increasing crosslinker concentration as observed for corresponding crosslinked P(NVP-

co-nBMA) copolymers, TMPTMA crosslinked copolymers being more stable to thermal 

degradation than those crosslinked with DEGDMA. 

 Thermal stability of P(NVP-co-nHMA) copolymers crosslinked with DEGDMA 

and TMPTMA was higher than those of the corresponding crosslinked P(NVP-co-

nBMA) copolymers. This behavior is in agreement with the gel content data given in 

section 4.2, where high gel contents were observed for crosslinked P(NVP-co-nHMA) 
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copolymers. These results follow opposite trend as compared to the corresponding 

uncrosslinked P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers NB91 & NH91 

respectively, where NB91 exhibited greater thermal stability than NH91 (Chapter 3, 

Table 3.9 & 3.10). The increase in alkyl chain length increases the flexibility of poly(n-

alkyl methacrylates). Clearly the introduction of nHMA instead of nBMA in crosslinked 

P(NVP-co-nAMA) copolymers is expected to increase flexibility and decrease thermal 

stability while all other parameters are kept same. Thermogravimetric data of crosslinked 

P(NVP-co-nAMA) copolymers do not follow this trend. The flexibility of polymers 

depends upon the backbone as well as on the substituent groups. The addition of 

DEGDMA or TMPTMA crosslinkers might hinder the flexibility of n-hexyl 

methacrylate in crosslinked copolymer structure leading to stiff network that leads to 

higher thermal stability of crosslinked P(NVP-co-nHMA) copolymers as compared to 

crosslinked P(NVP-co-nBMA) copolymers. 

 The Broido’s plots were used for the calculation of Ea values of both DEGDMA 

and TMPTMA crosslinked P(NVP-co-nHMA) copolymers as previously described for 

crosslinked P(NVP-co-nBMA) copolymers and results are summarized in Table 4.4. The 

high Ea values of TMPTMA crosslinked copolymers than those of DEGDMA 

crosslinked copolymers indicated their higher thermal stability that is attributed to higher 

functionality of TMPTMA as discussed earlier. Furthermore Ea values increase with 

increasing crosslinker concentration for both DEGDMA and TMPTMA crosslinked 

P(NVP-co-nHMA) copolymers.  

 The comparison of Ea data of either DEGDMA or TMPTMA crosslinked 

P(NVP-co-nHMA) copolymers (Table 4.4) with the corresponding data of crosslinked 

P(NVP-co-nBMA) copolymers (Table 4.3) revealed greater thermal stability of these 

copolymers as inferred from high Ea values. The Ea values of DEGDMA crosslinked 

P(NVP-co-nBMA) copolymers range from 86.9 to 104.6 kJ mol-1 whereas those of 

DEGDMA crosslinked P(NVP-co-nHMA) copolymers range from 115.8 to 140.8 kJ 

mol-1. Similarly the Ea values of TMPTMA crosslinked P(NVP-co-nBMA) copolymers 

range from 85.5 to 103.6 kJ mol-1 while those of TMPTMA crosslinked P(NVP-co-

nHMA) copolymers range from 205.3 to 214.1 kJ mol-1. 



 83

 

Figure 4.9: TGA thermograms of P(NVP-co-nHMA) copolymers crosslinked with 

different concentrations of DEGDMA 

 

 

Figure 4.10: TGA thermograms of P(NVP-co-nHMA) copolymers crosslinked with 

different concentrations of TMPTMA 
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Table 4.4: Thermogravimetric analyses data of crosslinked P(NVP-co-nHMA) 
copolymers 

Sample 
Code 

T10 % 
(°C) 

T 
(°C) 

M 
(%) 

Mr 
(%) 

Ea 
(kJ mol-1) 

NH91-D2 376.32 450.50 34.77 1.77 115.76 

NH91-D3 393.46 460.15 37.97 2.77 135.21 

NH91-D4 403.67 480.26 31.36 11.21 140.81 

NH91-T1 391.55 430.11 51.87 0.31 205.28 

NH91-T2 392.76 440.01 37.82 1.37 209.94 

NH91-T3 402.59 460.12 24.23 2.57 213.43 

NH91-T4 407.65 460.22 36.50 3.56 214.09 

T10 % = Temperature at 10 % mass loss, T = Temperature at DTG max, M = mass remaining at T, Mr = 

Residual mass at 500 °C, Ea = Activation energy 

4.5 Wide-angle X-ray diffraction analyses 
 Wide-angle X-ray diffraction analyses of the crosslinked P(NVP-co-nBMA) and 

P(NVP-co-nHMA) copolymers were carried out to investigate the crystalline or 

amorphous nature of these materials. The representative X-ray diffractograms of 

DEGDMA and TMPTMA crosslinked P(NVP-co-nHMA) copolymers are given in 

Figure 4.11 and Figure 4.12 respectively. The broad diffraction patterns indicated that 

these copolymers are amorphous in nature. Similar X-ray diffractograms were recorded 

for the DEGDMA and TMPTMA crosslinked P(NVP-co-nBMA) copolymers reflecting 

the amorphous behavior of these copolymer systems. 

 

Figure 4.11: XRD overlap of DEGDMA crosslinked P(NVP-co-nHMA) copolymers 
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Figure 4.12: XRD overlap of TMPTMA crosslinked P(NVP-co-nHMA) copolymers  

4.6 Determination of physical state of drug in the polymer 
matrix 

 Physical state of drug in the drug loaded copolymer matrix films was examined 

using WAXD and DSC techniques and the representative results are shown Figures 4.13 

and Figure 4.14. The X-ray diffraction patterns of pure dexamethasone and 

dexamethasone loaded copolymer (NB91-D2) are shown in Figure 4.13. The X-ray 

diffractogram of dexamethasone represented characteristic diffraction patterns of 

crystalline form whereas the diffraction pattern of the drug loaded copolymer manifested 

completely amorphous nature indicating that during loading the drug lost its crystalline 

state.  

 The DSC thermograms of dexamethasone and dexamethasone loaded copolymer 

are shown in Figure 4.14. In this figure, DSC thermogram of dexamethasone indicated a 

typical crystalline substance with sharp melting endothermic peak at 270.8 °C. Whereas 

the corresponding thermogram of drug loaded copolymer provided further evidence of 

amorphous nature of drug in the polymer matrix by the absence of endothermic melting 

peak for dexamethasone. The XRD and DSC results of dexamethasone are consistent 

with those reported in the literature and also confirmed that the drug present in the drug 

loaded copolymers existed in non-crystalline state [143, 144]. Similar behavior was 

noted for drug loaded NB91-T2 copolymer film.  

 The study of physical state of dexamethasone in drug loaded crosslinked P(NVP-

co-nHMA) copolymer films, NH91-D2 and NH91-T1 also reflected the amorphous 
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nature of incorporated drug that was evidenced by the absence of melting endotherm of 

dexamethasone in DSC and crystalline peaks in the XRD results of these samples.  

 

Figure 4.13: XRD overlap of (a) dexamethasone and (b) dexamethasone loaded NB91-

D2 copolymer  
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Figure 4.14: DSC thermograms of (a) dexamethasone and (b) dexamethasone loaded 

NB91-D2 copolymer 
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4.7 Water uptake studies 
 The uncrosslinked P(NVP-co-nAMA) copolymers NB91 and NH91 yielded 

milky white solution in water as discussed in the previous chapter. Similarly P(NVP-co-

nBMA) copolymer NB91-D1, obtained at low DEGDMA concentration gave milky 

solution in water rather than producing swollen polymers. However, P(NVP-co-nHMA) 

copolymer NH91-D1 and P(NVP-co-nBMA) copolymer NB91-T1, produced at low 

DEGDMA and TMPTMA crosslinker concentrations gave white polymer solution with 

suspended white  fragments. Similar phenomenon was observed by Hong and coworkers 

for polymers of 1-vinyl-2-pyrrolidone [145]. As the crosslinker concentration increased 

the copolymer’s stability in water also increased and the resulting copolymers become 

opaque and white after water uptake. 

4.7.1   Water uptake behavior of crosslinked P(NVP-co-nBMA) 
copolymers 

 The effect of crosslinker concentration on water uptake of DEGDMA and 

TMPTMA crosslinked P(NVP-co-nBMA) copolymers at 37 °C is shown in Figure 4.15 

and Figure 4.16 respectively. It can be observed in these figures that water uptake (%) 

increases with time and decreases with increasing crosslinker concentration in the 

crosslinked copolymers. Further it was observed that the equilibrium water content EWC 

(%) decreased in the order: NB91-D2 (350 %) > NB91-D3 (292 %) > NB91-D4 (263 %). 

Similar trend was observed for TMPTMA crosslinked copolymers, where maximum 

equilibrium water content was observed in NB91-T2. On increasing TMPTMA 

concentration beyond 0.5 mmol the water uptake (%) of crosslinked P(NVP-co-nBMA) 

copolymers drastically decreases. These results indicate that in crosslinked copolymers, 

the water uptake is being controlled by two important factors: the hydrophilicity of the 

polymer chains and the crosslink density. At higher crosslinker concentration the 

crosslink density increases which can contribute to lower water uptake. This observation 

is supported by the data presented by Wu and coworkers for crosslinked N-vinyl-2-

pyrrolidone/N,N'-methylenebisacrylamide (MBAA) films, where increasing MBAA 

crosslinker content lead to low water absorption [140]. 

 It was further observed that at the same crosslinker concentration (0.5 and 1.0 

mmol) comparatively high equilibrium water content was achieved for DEGDMA 

crosslinked copolymers as compared to TMPTMA crosslinked copolymers. The possible 

explanation for this behavior is the difference in the functionality of crosslinkers. The 
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DEGDMA is a bifunctional crosslinker and TMPTMA is trifunctional crosslinker. The 

water uptake properties of the crosslinked copolymers are expected to be changed by 

changing the functionality of the crosslinker. At same molar ratio trifunctional monomer 

incorporate more change and formed more compact structure as compared to 

bifunctional monomer. Davis and Huglin have reported smaller values of equilibrium 

water contents for poly(2-hydroxyethyl methacrylate) hydrogels crosslinked with 1,1,1-

trimethylolpropane trimethacrylate than those crosslinked with ethyleneglycol 

dimethacrylate (EGDMA), both having different functionalities [146]. 

 
Figure 4.15: Effect of DEGDMA concentration on water uptake of crosslinked P(NVP-
co-nBMA) copolymers at 37 °C 

 

Figure 4.16: Effect of TMPTMA concentration on water uptake of crosslinked P(NVP-
co-nBMA) copolymers at 37 °C 
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4.7.2   Water uptake behavior of crosslinked P(NVP-co-nHMA) 
copolymers  

 The effect of DEGDMA and TMPTMA crosslinker concentrations on water 

uptake behavior of crosslinked P(NVP-co-nHMA) copolymers is shown in Figure 4.17 

& 4.18 respectively. The water uptake behavior of TMPTMA crosslinked P(NVP-co-

nHMA) copolymers follow same trend as for the corresponding P(NVP-co-nBMA) 

copolymer series. However the DEGDMA crosslinked P(NVP-co-nHMA) series 

copolymers absorb more water as compared to corresponding P(NVP-co-nBMA) 

copolymer series as apparent in Figure 4.17. The water uptake of crosslinked P(NVP-co-

nHMA) copolymers was expected to decrease with the incorporation of more 

hydrophobic nHMA co-monomer. The same phenomenon would have been expected 

from the gel content and thermogravimetric analyses data of crosslinked P(NVP-co-

nHMA) copolymer series. The EWC and diffusion parameters of crosslinked P(NVP-co-

nAMA) copolymers are given in Table 4.5. This table shows that EWC of the 

crosslinked P(NVP-co-nHMA) follow opposite trend. These results are correlated with 

the internal morphology of the respective copolymers elaborated in SEM studies (section 

4.9). Furthermore the flexible nHMA unit was expected to act as a spacer in the 

DEGDMA crosslinked P(NVP-co-nHMA) copolymers and assisted the greater water 

uptake. 

4.7.3    Study of diffusion behavior of crosslinked P(NVP-co-nBMA) 
and P(NVP-co-nHMA) copolymers 

 The diffusion behavior of the crosslinked copolymers was analyzed using the 

power law expression (equation 6, chapter 3). The “n” and “k” values were determined 

from the slope and intercept of the plot of log Mt/M∞ vs. log t and the results are given in 

Table 4.5. The values of “n” were found to be < 0.5 for these copolymers indicating 

diffusion of water molecules into the copolymer matrix through non-Fickian mechanism. 
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Figure 4.17: Effect of DEGDMA concentration on water uptake of crosslinked P(NVP-

co-nHMA) copolymers at 37 °C  

 

 

 
Figure 4.18: Effect of TMPTMA concentration on water uptake of crosslinked P(NVP-

co-nHMA) copolymers at 37 °C 
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Table 4.5: Equilibrium water content and diffusion parameters of the crosslinked 
P(NVP-co-nAMA) copolymers at 37 °C 

Sample code EWC (%) k n †R2 *SD 

NB91-D2 
NH91-D2 

300.50 
350.09 

0.252 
0.244 

0.199 
0.229 

0.988 
0.926 

0.011 
0.018 

NB91-D3 
NH91-D3 

292.92 
367.19 

0.146 
0.158 

0.239 
0.269 

0.995 
0.998 

0.008 
0.004 

NB91-D4 
NH91-D4 

263.55 
426.67 

0.162 
0.102 

0.261 
0.305 

0.998 
0.993 

0.006 
0.007 

NB91-T2 
NH91-T2 

410.30 
408.60 

0.180 
0.150 

0.203 
0.290 

0.985 
0.996 

0.012 
0.005 

NB91-T3 
NH91-T3 

142.98 
61.25 

0.891 
0.577 

0.090 
0.032 

0.994 
0.982 

0.003 
0.001 

NB91-T4 
NH91-T4 

65.12 
42.02     

*SD = standard deviation, †R2 = correlateon coefficient 

4.8 Study of morphology by scanning electron microscopy 
 The morphology of the crosslinked copolymers was studied using scanning 

electron microscopy. The representative SEM micrographs of the crosslinked P(NVP-co-

nBMA) copolymers are shown in Figure 4.19. These micrographs show the presence of 

porous network structure which is responsible for swelling and solvent uptake. It is 

evident from these micrographs that the pore size of the copolymers crosslinked by 

DEGDMA decreases with increasing crosslinker concentration. Whereas, in TMPTMA 

crosslinked copolymers, the pore size is decreased significantly on increasing crosslinker 

concentration from 0.5 mmol (NB91-T2 Figure 4.19d) to 1 mmol (NB91-T3 Figure 

4.19e) but its further increase (NB91-T4 Figure 4.19f) showed anomalous trend. At the 

same crosslinker concentration of 1 mmol, the TMPTMA crosslinked copolymer NB91-

T4 exhibited more organized, macroporous structure than DEGDMA crosslinked 

copolymer (NB91-D2). Furthermore the fragile nature of NB91-D3 and compact 

macroporous structures of NB91-T3 and NB91-T4 copolymers are also manifested in the 

corresponding SEM micrographs. 

 The SEM micrographs of the DEGDMA and TMPTMA crosslinked P(NVP-co-

nHMA) copolymers are presented in Figure 4.20. The SEM image of NH91-D2 

copolymer indicated loose network structure whereas spongy and moderately organized 

structure was observed for NH91-D3. Further increase in DEGDMA concentration upto 

2 mmol in NH91-D4 copolymer lead to the formation of larger irregularly shaped voids 
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as opposite to the compact macroporous structure of NB91-D4. The SEM images of 

TMPTMA crosslinked P(NVP-co-nHMA) copolymers indicated the formation of porous 

structures with pore size getting smaller on increasing concentration of TMPTMA. 

  

(a) NB91-D2×1000 (b) NB91-D3×1000 

  

(c) NB91-D4×1000 (d) NB91-T2×100 

  

(e) NB91-T3×1000 (f) NB91-T4×1000 

Figure 4.19: SEM micrographs of crosslinked P(NVP-co-nBMA) copolymers  
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(a) NH91-D2×1000 (b) NH91-D3×1000 

  

(c) NH91-D4×1000 (d) NH91-T2×1000 

  

(e) NH91-T3×1000 (f) NH91-T4×1000 

Figure 4.20: SEM micrographs of crosslinked P(NVP-co-nHMA) copolymers 
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4.9 Drug release studies 
 Two methods were used for drug loading: (a) solution casting method and (b) 

equilibrium swelling method. The first method was used for drug loading in those 

copolymers that were soluble in organic solvents and stable in water. The second method 

was used for drug loading in other copolymers that were insoluble in all solvents, stable 

in drug solution and exhibited optimum water uptake.  

4.9.1    Drug release from crosslinked P(NVP-co-nBMA) copolymers 
 The P(NVP-co-nBMA) copolymers prepared at low crosslinker concentrations 

i.e. NB91-D1 and NB91-T1 contained quite high soluble fractions. However NB91-D2 

and NB91-T2 copolymers were suitable for drug loading because of their solubility in 

organic solvents and insolubility in water. The NB91-D3 copolymer yielded fragile 

structure in drug solution and hence was not considered for drug release study. The 

NB91-T3 and NB91-T4 were also not selected for drug release study due to extremely 

low water uptake.  

 The organo-soluble crosslinked copolymers NB91-D2 and NB91-T2 were 

selected for drug loading by solution casting method whereas NB91-D4 was selected for 

drug loading by equilibrium swelling method  as this particular composition yielded a 

stable structure in drug solution with optimum solvent uptake. The release of 

dexamethasone in both cases was monitored at physiological temperature (37 °C) and pH 

7.4 in phosphate buffered saline release medium.  

 The cumulative drug release patterns from solution casted copolymer films are 

highlighted in Figure 4.21. The release profiles show two distinct parts: a fast release of 

drug during initial five days, followed by a more sustained release during the remaining 

time period. The initial release of 60 % drug was observed in 24 h for NB91-D2 

copolymer crosslinked with 1 mmol DEGDMA; however NB91-T2 copolymer 

crosslinked with one fourth concentration of TMPTMA released 12 % more drug than 

NB91-D2 copolymer in 24 h. This increased release of drug from NB91-T2 copolymer 

as compared to NB91-D2 was attributed to the high functionality of TMPTMA 

crosslinker that gave optimum pore size at low concentration level. The water uptake 

data collected at 37 °C shown in Table 4.5 further support this where high equilibrium 

water content was observed for NB91-T2 than NB91-D2. The initial drug release is also 

ascribed to the rapid swelling of the copolymer that facilitates the drug release. The 
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diffusion occurs through the amorphous polymeric regions and diffusivity of the drug 

molecule depends upon the free volume of the system [147]. Complete drug release was 

observed in 22 days from NB91-T2 whereas about 96 % drug was released from NB91-

D2 in 35 days. Song and coworkers have reported 85 % in-vitro release of 

dexamethasone in 25 days from poly(lactic-co-glycolic) acid nanoparticles [148]. 

 The cumulative dexamethasone release from NB91-D4 copolymer is shown in 

Figure 4.22. In this case the initial burst release is minimized to 19 % during 24 h 

followed by sustained release for remaining time period with maximum drug release of 

79 % in 35 days. The comparison of cumulative dexamethasone release patterns of 

NB91-D2 and NB91-D4 revealed that the release of dexamethasone from DEGDMA 

crosslinked P(NVP-co-nBMA) copolymers depends on degree of crosslinking. At higher 

DEGDMA crosslinker concentration (double as compared to NB91-D2), the initial drug 

release was reduced accompanied by slow drug release followed for extended period of 

time. This drug release behavior is consistent with the decrease in swelling with 

increasing crosslinker concentration and formation of compact macroporous structure of 

NB91-D4 as evidenced by the SEM micrographs.  

 

Figure 4.21: Dexamethasone release profiles of NB91-D2 and NB91-T2 copolymer 

films at 37 °C and pH 7.4  
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Figure 4.22: Dexamethasone release profile of NB91-D4 copolymer at 37 °C and pH 7.4 

4.9.2    Drug release from crosslinked P(NVP-co-nHMA) copolymers 
 The P(NVP-co-nHMA) copolymer NH91-D1 prepared at low DEGDMA 

concentration  yielded white solution in water containing suspended polymer fragments 

and was not suitable for drug loading. The crosslinked P(NVP-co-nHMA) copolymers 

with optimized crosslinkers concentration i.e NH91-D2 and NH91-T1 having superior 

water uptake characteristics, being organo-soluble and hydro-stable were selected for 

drug loading by solution casting method. The NH91-D3 and NH91-T2 yielded unstable 

structure in drug solution whereas NH91-T3 and NH9-T4 did not uptake significant 

amount of water. Therefore these copolymer compositions were not selected for drug 

loading. The NH91-D4 copolymer exhibited optimum water uptake and stability in drug 

solution. The drug loading into NH91-D4 was carried out by equilibrium swelling 

method.  

 The cumulative drug release profiles of NH91-D2 and NH91-T1 copolymer films 

are shown in Figure 4.23.  The comparison of drug release profiles of NB91-D2 (Figure 

4.21) and NH91-D2 (Figure 4.23) revealed a faster drug release from NH91-D2 than 

NB91-D2. The initial drug release of 65 % was observed for NH91-D2 in 24 h followed 

by sustained drug release for the remaining time leading to complete release in 30 days. 

The drug release pattern of NH91-D2 is consistent with the water uptake behavior (Table 

4.5) wherein higher EWC (%) was observed for NH91-D2 than NB91-D2. This 



 97

observation is further supported by SEM study (section 4.8) wherein loose structure was 

found for NH91-D2 copolymer. 

 
Figure 4.23: Dexamethasone release profiles of NH91-D2 and NH91-T1 copolymer 

films at 37 °C and pH 7.4 

 The cumulative drug release pattern of NH91-D4 copolymer is shown in Figure 

4.24. As compared to drug release pattern of solid NB91-D4 slightly greater drug (26 %) 

was released during initial 24 h that was followed by slow and sustained release giving 

total 90 % drug release in 35 days.   

 
Figure 4.24: Dexamethasone release profile of NH91-D4 copolymer at 37 °C and pH 7.4



 98

 The slow and sustained drug release from solid NB91-D4 and NH91-D4 

copolymers identifies the use of these copolymers in the fabrication of scaffolds and 

implants to control inflammatory diseases.  

4.10  Kinetics and mechanism of drug release from 
crosslinked P(NVP-co-nAMA) copolymers 

 The drug release kinetics was calculated using zero-order, first-order and Higuchi 

kinetic models. The initial 10 h drug release data was incorporated into these models and 

the release constants were determined from the slopes of appropriate plots, whereas the 

correlation coefficients (R2) were calculated by linear regression analysis of the data 

using software [138]. The representative plots for drug release kinetics of NH91-T1 

copolymer prepared using zero-order, first-order, Higuchi and Korsmeyer-Peppas kinetic 

equations are shown in Figure 4.25-4.28 respectively. The values of release constants 

evaluated for the crosslinked P(NVP-co-nAMA) copolymers as well as the 

corresponding R2 values are given in Table 4.6. The comparison of the R2 identified that 

the drug release from NB91-D2 was best explained by first-order kinetics, as the 

corresponding plot shows highest linearity.  Here the drug release rate is dependent on its 

concentration. The higher values of correlation coefficient were obtained for Higuchi 

kinetics for NB91-D4 and NB91-T2 copolymers, as compared to first-order and zero-

order release kinetics suggesting the release of drug from insoluble matrices by time-

dependent diffusion process based on Fick’s law. 

 The drug release kinetics data of crosslinked P(NVP-co-nHMA) copolymers i.e 

NH91-D2, NH91-D4 and NH91-T1 presented in Table 4.6 indicated highest values of R2 

for first-order kinetics as compared to zero-order and Higuchi kinetics. It was therefore 

concluded that concentration dependent drug release kinetics is prevalent in these 

samples. 

 The data of initial 60 % drug release was incorporated to Korsmeyer-Peppas 

model [103] to determine the mechanism of drug release from crosslinked P(NVP-co-

nAMA) copolymers. In this model “n” is the release exponent, indicative of the 

mechanism of drug release. The values of “n” for NB91-D2, NB91-D4 and NB91-T2 

were found to be between 0.56 to 0.67 indicating non-Fickian or anomalous diffusion 

mechanism. Similarly the values of release exponent “n” for NH91-D2, NH91-D3 and 

NH91-T1 were also > 0.45 depicting non-Fickian diffusion mechanism. 
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Figure 4.25: Representative plot for zero-order drug release kinetics of NH91-T1 

copolymer 

 

 

Figure 4.26: Representative plot for first-order drug release kinetics of NH91-T1 

copolymer 
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Figure 4.27: Representative plot for Higuchi drug release kinetics of NH91-T1 

copolymer 

 

 

Figure 4.28: Representative plot for Korsmeyer-Peppas drug release kinetics of 

NH91-T1 copolymer 
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Table 4.6:  Release kinetics of crosslinked P(NVP-co-AMA) copolymers. 

Sample 
code 

Zero-order 
kinetics 

First-order 
kinetics Higuchi kinetics Korsmeyer-Peppas 

kinetics 

K0 
(h-1) R2 K1 

(h-1) R2 KH 
(h-1/2) R2 R2 n *S.D 

NB91-D2 4.821 0.986 0.069 0.997 18.870 0.995 0.996 0.672 0.006 

NB91-D4 1.738 0.991 0.018 0.994 7.236 0.996 0.994 0.611 0.003 

NB91-T2 4.253 0.983 0.062 0.995 16.721 0.999 0.999 0.555 0.007 

NH91-D2 4.670 0.985 0.071 0.995 20.051 0.992 0.991 0.673 0.022 

NH91-D4 1.176 0.990 0.011 0.992 5.025 0.990 0.996 0.515 0.009 

NH91-T1 5.914 0.983 0.104 0.995 25.390 0.992 0.997 0.738 0.014 

*SD = Standard deviation 
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CONCLUSIONS 

 Poly(N-vinyl pyrrolidone-co-n-butyl methacrylate) P(NVP-co-nBMA) and 

poly(N-vinyl pyrrolidone-co-n-hexyl methacrylate) P(NVP-co-nHMA) copolymers with 

various ratios of N-vinyl pyrrolidone to n-alkyl methacrylate monomer have been 

successfully synthesized. The FTIR and NMR (1H, 13C) spectroscopic studies clearly 

demonstrated the incorporation of both NVP and nAMA (nBMA, nHMA) monomers in 

the P(NVP-co-nAMA) copolymers series. The copolymer compositions of both P(NVP-

co-nBMA) and P(NVP-co-nHMA) copolymer series were established by elemental 

analyses and depicted the preferential addition of nAMA (nBMA, nHMA) monomer into 

the respective P(NVP-co-nAMA) copolymer. Thermal stability of both P(NVP-co-

nBMA) and P(NVP-co-nHMA) copolymer series increase with increasing NVP content 

while the glass transition temperatures decrease with increasing nAMA content as well 

as with increasing alkyl chain length of methacrylate comonomer. The water uptake 

studies of the P(NVP-co-nAMA) copolymers carried out at 37 °C revealed that the water 

uptake increases with increasing hydrophilic character of the copolymer. P(NVP-co-

nBMA) copolymers undergo greater water uptake than the corresponding P(NVP-co-

nHMA) copolymers due to increase in hydrophobicity associated with increasing alkyl 

chain length. The diffusion of water molecules into these copolymers follows non-

Fickian diffusion mechanism. The in vitro dexamethasone release studies of selected 

P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymer films in PBS pH 7.4 release 

medium maintained at 37 °C revealed controlled drug release upto 35 days. The drug 

release from P(NVP-co-nBMA) copolymer films involved non-Fickian diffusion 

mechanism while non-Fickian and super case II transport mechanisms were followed for 

the drug release from P(NVP-co-nHMA) i.e NH73 and NH55 copolymers respectively. 

Dexamethasone was dispersed at molecular level and existed in non-crystalline state in 

the studied copolymers as indicated by WAXD and DSC studies. 

 The crosslinked P(NVP-co-nBMA) and P(NVP-co-nHMA) copolymers with 

fixed monomer feed ratio NVP : nAMA = 90 : 10 have been synthesized using various 

concentrations of DEGDMA and TMPTMA crosslinking agents. The concentration of 

crosslinker was optimized to get water-stable and organo-soluble copolymers. FTIR 

spectroscopic studies confirmed the incorporation of monomers. The gel content and 

thermal stability of the crosslinked P(NVP-co-nAMA) copolymers increased with 
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increasing concentration and functionality of the crosslinker. Higher values of activation 

energy were obtained for P(NVP-co-nAMA) copolymers crosslinked with trifunctional 

(TMPTMA) crosslinker than those crosslinked with difunctional (DEGDMA) crosslinker 

due to the formation of compact structure. Greater thermal stability was observed for 

P(NVP-co-nHMA) copolymers crosslinked with DEGDMA and TMPTMA as compared 

to the corresponding copolymers of P(NVP-co-nBMA) series. The amorphous nature of 

all the crosslinked copolymers was indicated by wide-angle X-ray diffraction (WAXD) 

analyses. The WAXD and DSC studies of drug loaded copolymers indicated that the 

drug lost its crystalline nature and dispersed at molecular level within the amorphous 

polymer matrix. The water uptake at 37 °C and equilibrium water contents of the 

crosslinked P(NVP-co-nAMA) copolymers generally decreased with increasing 

crosslinker concentration and its functionality. The water uptake of crosslinked P(NVP-

co-nAMA) copolymers drastically decreased with increasing concentration of TMPTMA 

owing to the more compact structure produced due to its greater functionality. The 

diffusion of water molecules into the crossslinked P(NVP-co-nAMA) copolymers 

followed non-Fickian mechanism. The SEM studies of the crosslinked copolymers show 

the formation of porous structure where the pore size decreased with increasing 

crosslinker concentration resulting in more organized compact structure that imparted 

greater thermal stability and reduced water uptake. 

 Dexamethasone was incorporated into the organo-soluble crosslinked P(NVP-co-

nAMA) copolymers with optimized crosslinker concentration by solution casting 

method. The drug release from these copolymer films involved two steps: initial faster 

release during five days followed by slow and sustained release for remaining period of 

time.  The TMPTMA crosslinked copolymers such as NB91-T2 and NH91-T1 exhibited 

faster drug release than DEGDMA crosslinked copolymers NB91-D2 and NH91-D2 due 

to the presence of larger pores. The drug release also decreased with increasing 

DEGDMA concentration in the crosslinked P(NVP-co-nAMA) copolymers due to 

increased crosslink density. The initial ten hours drug release was also studied using 

different kinetic models. 
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FUTURE WORK 

 The selected P(NVP-co-nAMA) copolymers (both uncrosslinked and crosslinked 

with polyfunctional monomers) having the characteristics of water-stability and organo-

solubility are suitable candidates for certain biomedical applications like coating of 

implants (stents etc.) and formation of medicated wound dressings. The water-insoluble 

crosslinked copolymers with optimum water uptake and prolonged controlled drug 

release are suitable candidates for the preparation of scaffolds. However it is of great 

interest to study the biocompatibility of these copolymers and undertake in vivo studies. 

When these are to be applied for implant coating it is necessary to evaluate the 

mechanical properties in wet-state and study the adhesion of coating with the substrate 

through peel test. 
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