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ABSTRACT 
 This thesis presents the results of the surface modification study of the elastomers 

that have been feebly addressed. Our study was mainly focused on the surface modification 

using mild techniques viz. photo-grafting and plasma-grafting. The influence of surface 

modification on the properties of elastomers was deduced from their dyeability, 

biocompatibility and photo-stability. The influence of various reaction parameters on the 

surface grafting efficiency has been thoroughly investigated.  Amongst the monomers 

studied, the reactivity was in the order HEMA > AA > GMA > AAm > NVP. Other 

reaction parameters also have a significant influence on the photo-grafting efficiency. A 

favorable effect of elevated reaction temperature (i.e. 50 ºC) was observed for low reactivity 

monomers like NVP whereas highly reactive monomers like HEMA produced thick grafted 

layer of approximately 5 microns. When surface grafting was carried out using reactive 

monomers at elevated temperature, subsequent homopolymerization also took place, which is 

the primary shortcoming of photografting technique. By using the multi functional acrylates, 

homopolymer formation was substantially reduced. Solvent with high chain transfer constant 

did not offer good grafting efficacy. Acetone for this purpose is the most suitable solvent. 

Interestingly, we found that additions of a small amount of H-donating solvent, toluene in 

our case, significantly reduced the homopolymerization and facilitated efficient surface 

grafting. Amongst the photoinitiators employed, the efficacy was in the order XT > BP > Bz 

> BPO > AIBN. The degree of grafting also increased  linearly with the increase in the 

reaction time but only upto a critical point, beyond which it either leveled off or decreased. 

The modifications attained at the elastomer surfaces were substantiated using different 

surface sensitive analytical techniques like contact angle measurement, ATR-FTIR, XPS, 

AFM, SEM and Optical microscopy. The biocompatibility of the surface modified films was 

examined by in vitro human cell adhesion tests.  

 Another technique that was utilized for achieving surface functionality was plasma 

induced surface modification. The surfaces of the elastomers were modified by plasma 

treatment and plasma induced grafting. Oxygen and carbon dioxide were used as reactive 

gases to generate functional groups onto the surface of elastomer films. It was found that the 

oxygen plasma treated films generated hydroxy/ hydroperoxy groups, along with a small 

amount of carbonyl functionalities whereas the carbon dioxide plasma treated films 

predominantly produced carbonyl and carboxyl species on the modified surfaces. The plasma 

treatment conditions and reaction parameters greatly influence the degree of surface 

modification. The substrates PP, PE, EPDM, SBS and SR were taken up for these studies. It 



was found that the hydrophilicity of the plasma treated films increased with an increase in the 

plasma power and plasma treatment time upto a critical point. Treatment at high plasma 

power and treatment time led to a loss in the attained hydrophilicity. Moreover, it was also 

observed that the functionality attained at the air polymer interface is lost with the storage 

time. The mechanism for this behavior has been discussed in details and hypothesis being 

proposed. The orientation of the functional groups towards the subsurface was very fast in 

elastomers compared to other thermoplastics. Moreover, upon hydrating the elastomer 

surface, the lost hydrophilicity is readily retained. Thus, this orientation and reorientation 

process is very fast in the elastomers. From our study, we learnt that the presence of surface 

cross-links hinders the migration/orientation of the functional groups. We utilized this 

demerit of cross-linked surfaces to achieve long-term hydrophilic surfaces by deliberately 

cross-linking functional monomers with functional cross-linkers onto the surface of EPDM 

films under the influence of oxygen plasma.  

 The application of the modified surfaces was determined by performing the 

biocompatibility tests. The surface hydrophilicity and functionality were found to play major 

role in determining the biocompatibility of the polymer films. The type of functional groups 

implanted also determined the success of the bio-material. The non-homogeneously grafted 

films led to poor cell adhesion. In the present study we have also synthesized some novel 

vinylic stabilizers and evaluated their photostability against conventional melt blended 

stabilizers by grafting them onto the surface of PP, PE and SBS films. It was found that the 

PMPA, a vinylic HALS, performs best, when located at the surface of polymer film. This is 

for the reason that degradation of any polymer initiates from the surface and proceeds into 

the matrix. Photostabilizer, when located at the surface, effectively retards the degradation 

process. It is well known that polymers with hydrocarbon backbone are highly hydrophobic 

and difficult to stain but we could attain a very good dyeability of these polymer surfaces after 

surface modification. Thus, our work focuses on both fundamental and applied aspects of 

surface chemistry.  
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1.1 INTRODUCTION 

 

Polymers are important commercial materials and constitute one of the fast moving 

frontiers of the daily life. Polymers enjoy their importance in a wide range of applications, 

conventionally from packaging, protective coatings, adhesion, friction & wear, composites, 

home-appliances, to the most recent ones in bio-materials, micro-electronic devices, high 

performance membranes, micro-lithography etc. Although, polymers have excellent bulk 

physical/chemical properties, are cost-effective and easy to process, yet they do not gain any 

considerable importance as speciality products, except few, due to their inert surface1-5. Thus, 

special surface properties which polymers do not possess, such as chemical resistance, 

hydrophilicity, roughness, lubricity, selective permeability, adhesion of micro-organisms are 

required for their success for specific applications 6-11.  

Surface properties are of especial concern because the interaction of a polymer with 

its environment chiefly occurs at the surface12-15. Tailoring of these properties using surface 

modification techniques have become an important tool to convert the inexpensive polymers 

into valuable commercial products. The generation of technologically useful surface with 

tailor-made interfaces has generated considerable interest in the scientific and industrial 

community. Advances have been made in recent years to render polymer surfaces with 

desired chemical and morphological properties with negligible changes in the polymer bulk 

properties16-18. Many recent studies in the field of polymers have emphasized the need of 

material compatibility in multiphase systems to provide new materials with improved 

properties. The modif ication of the polymer surfaces is thus proposed. Modification of 

polymer surface with desired properties could be brought about depending upon the type of 

its application7, 19-22. The following changes at the polymer surface are desired to enhance the 

surface properties: 

− Generation of secondary functionalizable reactive groups at the surface. 

− Increase the surface free energy of polymers. 

− Increase hydrophilicity thereby improving the dyeability, bondability and paintability. 

− Improve adhesion of cells and micro-organisms to obtain bio -functional surfaces. 

− Improve surface electrical conductivity. 

− Improve the chemical and wear resistance. 

Tailoring of these surface properties would open an avenue to the most lucrative market.   
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1.2 DIFFERENT METHODS OF SURFACE MODIFICATION 

The necessity of surface modification is underscored by the above-mentioned pre-

requisites of the polymer for speciality applications. Moreover, it is very difficult to synthesize 

polymers with distinct bulk and surface properties. The ability to tailor surface properties has 

therefore, become an important and challenging area of research. Technologies such as 

surface engineering and surface coating, which convert inexpensive materials into valuable 

finished goods have become even more important in the present scenario, as the material cost 

has become a significant factor in determining the success of any industry. Advances in the 

surface modification of the polymeric substrate can be brought about by overcoming the 

drawbacks of conventional methods and devising neoteric tools, depending upon the desired 

morphological properties and their potential applications. An in-depth understanding and a 

close survey of the physical and chemical properties of polymer surface are required to bring 

about surface modification of the polymers. Polymers like polyolefins with versatile physio-

chemical properties would be an obvious choice for tailoring surface properties. 

Most of the commodity polymers exhibit inert and hydrophobic surfaces restricting 

their applications. During the last two decades, researchers have extensively studied radiation 

induced graft copolymerization23-30. However, these techniques still suffer from shortcomings 

such as damage to the substrate, non-homogeneous grafting, high degree of subsequent 

homopolymerization and practical inconvenience. As a result of this, the area of surface 

modification still remains a matter of curiosity. Oster and coworkers31-33 have reported several 

chemical and photo-physical methods of surface modification from their pioneering work in 

this area. 

Some of the traditional as well as modern techniques of surface modification with 

their merits and demerits are briefly discussed in the following sections. Since, some of these 

techniques are still in their infancy, they need to be thoroughly explored. 

1.2.1 Flame treatment 

Flame is probably the oldest plasma known to the humanity and is one of the most 

traditional methods used by the industries for the modification of the polymeric surfaces. It is 

mainly employed to enhance the hydrophilicity of the polymer surface. Though it consists of 

a very simple set-up (comprising of a burner and a fuel tank), a very high degree of 

craftsmanship is needed to produce consistent results. Oxidation at the polymer surface 

brought about by the flame treatment leads to the formation of functional groups like 

hydroxyl (-OH), carbonyl (>C=O) and carboxyl (-COOH and -COOR). This surface 
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oxidation is attributed to interaction of the polymer with different excited species in the 

flame. For an efficient flame treatment, the variables like air-to-gas ratio, air and gas flow 

rates, distance between the tip of the flame and the object to be treated, treatment time and 

the nature of the gas should be optimised 34. Flame treatment of different polymers has been 

widely reported in the literature35-37. The associated shortcomings of this technique are its 

limitation to small objects, dependence of its success on the worker’s skill and ambient 

treatment conditions. 

1.2.2 Metal deposition 

Metal coatings can also help to achieve many desirable surface properties such as 

electrical conductivity and optical characteristics. This method was initially developed in the 

early 70's and still continues to fascinate the industries38-40. Typically, there are two major 

industrial techniques for metalization of the polymer surface: electroless plating and vacuum 

deposition. Metal coating by electroless plating is different from electroplating in the sense that 

the electrons required for reduction are supplied by a chemical reducing agent present in the 

solution whereas in the case of electroplating, the electrons are supplied by an external source 

like battery or generator. Moreover, electroless plating can be applied to non-conductors like 

polymers and ceramics.   

The most widely used vacuum deposition techniques are evaporation and sputtering. 

In the evaporation process, heating the metal by an electron beam or by direct resistance 

produces metal vapors, which gets deposited on the polymer surface. This system is operated 

at very high vacuum (between 10-5 and 10-6 torr) and the rate of metal deposition varies from 

100 to 250,000 A°/min. Though the possibility of converting this process to a batch or 

continuous scale is its prime merit, the excellent vacuum requirement makes this process 

expensive and impractical for large-scale commercial applications. 

1.2.3 Chemical treatment 

It is the most conventional method known to bring about the surface modification of 

polymers. This method involves the use of chemical enchants to render the smooth 

hydrophobic polymer surfaces to rough hydrophilic ones by surface oxidation/ dissolution of 

amorphous regions as shown in Figure 1.1. This treatment has been widely used to treat large 

objects that would be difficult to treat by any other prevalent industrial techniques. The 

choice of echant strictly depends on the type of polymer. Usually strong acids like chromic 

acid are used for such treatment. McCarthy and coworkers41-50 claim to have developed etching 

reactions that change only the chemical structure of different polymer surfaces. However, the  
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main shortcoming of chemical treatment is the lack of control over the process, leading to 

excessive bulk degradation. 

Figure 1.1. Sulphuric acid treated a) poly(sulfone) b) poly(ether ketone) 

 

1.2.4 Corona discharge               

Corona discharge is a well accepted, relatively simple and most widely used industrial 

surface treatment for continuous polyolefin films46-51. This technique is used mainly in the 

plastic industry to improve the printability52 and adhesion53,54 of the polyolefin films and 

articles. The corona treatment device, which is very simple and cost effective, consists of a 

high voltage and high-frequency generator, an electrode and a grounded metal roll covered 

with an insulating material, as shown in the Figure 1.2. The whole system works as a large 

capacitor with the electrode and the grounded roll as the plates of the capacitor and the roll 

covering and air as the dielectric. In this system a high voltage applied across the electrodes 

ionizes the air producing plasma (often identified by the formation of a blue glow in the air 

gap).  

Figure 1.2. Corona treatment assembly. 
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This atmospheric pressure plasma, popularly known as corona discharge brings about 

physical and chemical changes on the polymer surface for improved bondability and 

dyeability. A number of chemical reactions are bound to take place at the polymer surface as a 

result of corona treatment. Electrons, ions, excited neutrals and photons that are present in a 

discharge react with the polymer surface to form radicals. These radicals react with 

atmospheric oxygen55 yielding products shown in Scheme 1.1 and Scheme 1.2. The 

decomposition of the hydroperoxide groups produce >C-OH, >C=O, -COOH on the 

corona-treated polymer surface53. Moreover, the chain-scission produces low-molecular 

weight oxidized products56. 

 

                  Scheme 1.1                                                           Scheme 1.2 

This technique has its distinct advantages like, very simple equipment and cost 

effective treatment. It can be used in continuous operation. However, this method associates 

some limitations like, non-consistent treatment due to the variation in ambient conditions 

(such as temperature and humidity), a high possibility of contamination due to the treatment 

carried out in air and the lack of homogeneity/ uniformity of surface modification. 

1.2.5 Irradiation 

Radiations can be basically differentiated into three different categories on the basis of 

their energy. High-energy radiation, mainly delivered by X-rays, γ-rays and electron beam 

from the cobalt (60Co) and magnesium (58Mg) sources, are often known as ionizing radiation. 

Mid -energy radiation usually obtained from the UV rays57, pulsed/ excimer laser58,59 and 

plasma sources60,61 (employing microwave/radio -frequency) and low-energy radiation 

delivered by infra-red, ultrasonic, microwave and visible sources can bring about desired 

changes in the polymer backbone depending upon the irradiation time and energy of 

radiation. The primary role of any of these radiations is to activate the molecules on the 

polymer backbone, which in-turn reacts with the functional species present in its vicinity to 

render a functional surface. Toth et al.62 studied surface modification of polyethylene by low 

keV ion beams where, ultra high molecular weight polyethylene (UHMWPE) and linear 
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polyethylene (LPE) were treated by low keV H
2

+, He+ and N
2

+ ion beams and the chemical 

changes induced on the surface were investigated by FTIR and XPS. Upon treatment by N
2

+ 

ions, incorporation of nitrogen (N) took place on the surface.  The N-content of the surface 

layer reached the saturation value, ~11 atm % at m~1017 ions/cm 2.  Ranby63 has briefly 

reviewed photoinitiated surface modification of PE in the recent past. Kavc and coworkers64 

accomplished surface modification of polyethylene by photochemical introduction of sulfonic 

acid groups. Polyethylene samples were irradiated with UV light in a gas atmosphere 

containing SO2 and air to achieve photosulfonation of the surface.  The modification, 

degradation and stability of different polymeric surfaces treated by reactive plasmas65 were 

investigated in terms of surface morphology, etching rate and fluid holding capacity. The 

wetting instability reflected the hydrophobic recovery, which was attributed to the surface 

configurational changes. Reversible hydrophobic recovery was caused by configurational 

changes whereas permanent hydrophobic recovery was the result of surface cross-linking and 

formation of oligomers. 

1.2.6 Graft copolymerization 

This is the most popular and fundamental method of surface modification66-71 in the 

recent time. A graft copolymer is a polymer comprising of molecules with one or more 

species of blocks connected as side chains to the backbone having configurational features 

different from those in the main chain. 

Graft copolymerization can be represented by: 

 
           
 where, M is the monomer unit in the backbone polymer and G is the pendant grafted chain 

and X is the unit in the backbone to which the graft is attached. Graft copolymerization can 

be brought about mainly through free-radical mechanism72-76 and ionic mechanism77-81. The 

former mechanism includes ionization radiation-induced grafting, photografting and plasma 

grafting whereas the later involves grafting via redox systems using various transition metal 

ions. A detailed discussion of these methods is given in the following sections: 

M XM M M M MX MM M
G
G
G

G
G
G
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1.3 DIFFERENT METHODS OF SURFACE GRAFTING 

Although, graft copolymerization is a fundamental method of surface grafting, there is 

a large variety of techniques to obtain graft copolymers82-84. Normally, graft copolymerization 

involves diffusion across a phase boundary between a monomer and the polymeric material. 

With the advancement of technology and as an outcome of extensive research, it is possible 

to obtain graft copolymer with definite chain length and lateral spacing on the polymer 

backbone85,86. In the following sections we have described the different techniques of surface 

grafting. 

1.3.1 Ionic mechanism 

Ionic polymerization is a well-known technique for the preparation of graft 

copolymers but the fate of these reactions is determined by the reaction conditions. Since the 

discovery of 'living polymerization', anionic polymerization87,88 has become an excellent method 

for obtaining block and graft copolymers. In anionic polymerization, the graft 

copolymerization is initiated from the anion generated by the reaction of bases with the acidic 

protons in the polymer chain as shown in the Scheme 1.3: 

 

 

 

 

 

 

 

                                                          Scheme 1.3 

Similarly, in the case of cationic method, the initiation reaction between labile alkyl halide89 and 

Lewis acid have been utilized for cationic grafting onto halogenated polymers (Scheme 1.4): 

These reactions can be further employed for achieving desired surface modification. 
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                                                          Scheme 1.4 

1.3.2 Coupling mechanism 

In this metho d the active hydrogens on the polymer surface are utilized to 

form graft copolymers. Polyamide is grafted with poly(ethylene oxide) as shown 

below: The same method is applicable for the polyamide surface modification. 

 

 

 

 

 

1.3.3 Free-radical mechanism 

Free-radical mechanism can be divided into three main categories, which are 

described in details as under: 

1.3.3.1 Chemical grafting 

This method involves graft copolymerization using redox initiators90-92 or free radical 

initiators93-97 usually in the solution phase, occasionally under the influence of temperature in 

the later case. Redox systems have extensively been used to generate active sites especially on 

the natural polymers98-101 (like cellulose). Transition metals viz. Cr+6, V+5, Ce+4, Co+3, Mn+2 and 

Fe+2 effectively produce free radical sites on the cellulose backbone through the alcohol 

groups present on them. In a similar approach, several vinylic monomers viz. acrylates, vinyl 

acetates, methyl acrylates and acrylic acid have been grafted onto chitosan via redox 

initiation102. In an alternative method, the free radical initiators like BP, XT, BZ, BPO and 

AIBN are thermally activated to give rise to macro-radical sites on polymer backbone to 

initiate grafting of desired vinylic monomers. David et al.103 in a similar experiment studied the 
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graft copolymerization of maleic anhydride, methyl methacrylate and acrylamide onto SBS, 

using AIBN and BPO as radical initiators.  The efficiency of these initiators was found to be 

predominantly dependent on the nature of monomer while, the course of reaction depended 

on the relative reactivates of monomer versus that of the macro-radical.  

Mario et al.104 have reported grafting of maleic anhydride onto [bis-(4-ethylphenoxy) 

phosphazene] a  new versatile polymer with outstanding properties of heat and flame 

resistance. The following reactions are assumed to operate during the initiation processes 

involving redox systems (Scheme 1.5 (a) and (b)). The resultant radicals (S•, HO• and SO4
•̄) 

were assumed to interact with the polymer, producing macroradicals (via H abstraction) and 

initiating grafting in the presence of monomer105,208,211. 

 

 

 

 

 

 

 

 
 
 
 
 
 

                     (a)                                      Scheme 1.5                                  b) 

1.3.3.2 Radiation-induced grafting 

Radiation grafting106-114 is a very versatile technique by which surface properties of 

almost all polymers can be tailored through the choice of different monomers. In this 

method the most commonly used radiation sources are high- energy electrons, γ-radiation, 

X-rays, UV-Vis radiation, plasma radiation and more recently used pulsed lasers115, infra-

red116, microwave117 and ultrasonic radiation118. Grafting is performed either by pre-

irradiation or simultaneous irradiation technique119-122. In the former technique, free 

radicals are trapped in the polymer surface/ matrix in an inert atmosphere and a monomer 

is then introduced into the system to graft it onto the polymer backbone. In the later case, 

the polymer is irradiated in the presence of a solvent containing a monomer and a 

photoinitiator. In both these methods, graft copolymerization starts from the radical sites 

generated along the polymer backbone due to the high-energy radiation. The major 
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disadvantage of these techniques is  homopolymerization and is now successfully 

overcome by adding varying amount of homopolymer inhibitors. The modifications 

brought about at the polymer surface as a result of irradiation are schematically presented 

in the Figure 1.3. 

Figure 1.3. The surface modifications brought about by irradiation. 
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The grafting carried out under irradiation conditions can be broadly divided into three main 

categories: 

1.3.3.2.1  High-energy induced grafting 

High-energy radiations123-125 viz. high-energy electrons, X-rays and γ-rays are often 

known as ionization radiation since they displace electrons from the atoms and molecules, 

producing ions. These radiations deliver a large amount of energy to the substrate, much 

greater than those associated with their chemical bonds. Ionization radiation can be classified 

into two categories: direct ionization radiation, which include electrically charged α/β-

particles, electrons and protons of kinetic energy sufficient enough to produce ionization with 

electrons of the irradiated material through Coulombic interaction. Indirect ionization 

radiation constituting of X-rays and γ-rays do not produce ionization upon interaction with 

the irradiated material but interact in a way that produces direct ionizing radiation. The 

commonly used  industrial ionization radiation sources are high-energy electrons (0.1-10 MeV) 

and cobalt-60 (60Co) source (~1.25 MeV). Irradiation of polymers with ionization radiation 

produces several chemical effects126,127 such as degradation, cross-linking as well as co-

polymerization and grafting in the presence of monomer. As previously mentioned, grafting 

of vinylic monomers onto a polymer can be achieved by simultaneous or pre-irradiation 

techniques. 
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In the early stages, radiation induced grafting was lavishly employed for the bulk 

grafting. Claramma et al.28 has prepared acrylonitrile-g-NR using γ-rays at different rubber and 

monomer concentrations and compared the properties of the modified rubbers with those of 

natural rubber and nitirile rubber. The reaction procedure is described in deatils128,129. Methyl 

methacrylate grafted natural rubber was prepared by initiating the polymerization using γ-

radiation. The combined effect of radiation and chemical initiation was also studied and the 

properties of graft rubbers were compared with those prepared exclusively using redox 

catalyst130. Bhin et al.131 studied the kinetic aspects of acrylic acid grafting onto natural rubber 

using cobalt-60 source. Kurbanov and coworkers132 studied the radiation grafting of different 

nitrogen-containing monomers onto polyolefins and Lavsan articles for medical use. Here, 

the grafting was initiated by γ-irradiation and the effect of grafting conditions on the yield of 

the product and activity of various alkylating agents towards the modified surfaces was 

established. Yamamoto et al.133 carried out vapor-phase mutual grafting of methyl acrylate onto 

polyethylene at high dose rates from electron accelerator and found that the reaction yields 

the same surface graft structure as those obtained upon grafting at low dose rates from 60Co 

sources. The same research group134 also studied the kinetics of the γ-radiation induced 

surface grafting of methyl acrylate onto polyethylene using quartz helix micro-balances and 

found that under typical graft conditions, the grafting rate increased, leveled off, and then 

accelerated with irradiation time. Saidov et al.135 carried out the grafting of UV absorber N-

methylacryloyl benzoxazolinone onto the PE films using γ-radiation in acetone solution in the 

absence of oxygen. Ameya et al.136 prepared polyethylene films showing electric surface-

conductivity by radio-chemically grafting functional monomers onto the polymer surface. 

Wang137 studied γ-radiation and electron beam radiation-induced graft copolymerization of 

acrylic acid and methacrylic acid on PVC in the presence of homopolymerization inhibitors. 

The graft percentage increased with increasing dose rate.  The study of γ-radiation and 

electron beam induced grafting revealed almost similar results, however, the later favored the 

mass graft-process on PVC films and induced a big improvement in tensile strength and 

excellent printing ink adhesion138. A series of polyether-urethane films were grafted with 

hydrophilic monomers by the means of γ-radiation. The water uptake of the grafted films 

increased with the grafting yield and the contact angle studies revealed that all the grafted 

films had more hydrophilic surfaces than the un-grafted trunk polymer139.  The γ-radiation 

induced grafting of N-vinylpyrrolidone was performed by pre-swelling techniques onto 

segmented polyetherurethane and the grafting was found to occur only in the alkaline 
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medium. The modified films were found to be thrombo-resistant140. Sommer et al.141 brought 

about hydrophilization of the surface of plastic packaging materials viz. LDPE and PP with γ-

rays and X-rays in an inert atmosphere with acrylic acid to give surfaces with reduced contact 

angles. Thus, an immense literature is now available on the high radiation induced surface 

grafting. 

1.3.3.2.2 Photo grafting 

The different energy sources commonly used in radiation grafting are high-energy 

radiation or ionization radiation (electron beam, X-rays and γ-rays) medium energy (UV and 

Plasma radiation) and low energy radiation (IR, microwave and ultrasonic radiation). The 

basic difference between ionization radiation and photo -radiation is that the energy of 

ionization radiation is much higher than that of the light source employed in photo 

radiation142. The phenomenon of photografting is initiated by the UV radiation obtained from 

various sources143 including the most commonly used mercury vapor lamps. Although, 

wavelength of UV light ranges from 100-400 nm, the working range for surface photografting 

is 200-400 nm. The wavelength below 200 nm bears very high energy and leads to undesirable 

degradation of the polymer. It is known that in a photochemical process, absorption of a 

photon by organic molecule (commonly called chromophore) results in the excitation of the 

molecule from its ground state giving rise to n-π* and π-π* transitions. The extra energy 

associated with the excited molecule is then dissipated by various processes, amongst which 

energy transfer is the most desirable process for grafting reactions. Absorption of UV light 

produces an excited singlet (S1*) transition; which then releases a part of its absorbed energy 

to form a excited triplet (T1*). Before the excited triplet undergoes decay, the absorbed energy 

is used for photochemically-induced reactions144.  

The two main advantages of photo grafting over ionization radiation grafting are: 1) 

the modification produced by this technique is virtually restricted to the surface and is then 

helpful in generating properties like adhesion, antifogging, wear resistance, antistaticness, 

printability, dyeability and biocompatibility at the polymer surfaces 2) the energy associated 

with UV light is in competence with the chemical bond energies associated with any two 

atoms145. Hence, UV radiation often has the potential for retention of the properties of 

monomers and polymers while, the other surface grafting techniques, which use ionization 

radiation cause damage to the substrate polymer due to excessive degradation. Organic 

ketones, peroxides and their derivatives are well known photo-initiators for surface 

photografting. Benzophenone (BP) and its derivatives are most commonly used 
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photoinitiators. Benzophenone, when absorbs a UV photon, is excited to the short-lived 

singlet state and then relaxes to a more stable triplet state. Benzophenone in the triplet state 

abstracts a hydrogen atom from the polymer backbone generating a polymer macro-radical, 

which then becomes the active site for the surface grafting. The mechanism of surface 

photographing is represented in the Scheme 1.6. Polyethylene and polypropylene films with 

hydrophilic surfaces were obtained by grafting functional monomers like acrylamide, vinyl 

pyrrolidone and methacrylic acid using benzophenone as a photoinitiator146. ABS films with 

uniformly grafted acrylamide were prepared by exposing the monomer sandwiched films to 

UV radiation (400 Watt) for short period. A significant decrease in the water contact angle 

was observed for the grafted films147. The hydrophobic surface of an oriented polypropylene 

was modified to a hydrophilic surface by grafting it, photochemically with acrylamide. The 

influence of solvent, additives and sensitizer showed that graft copolymerization was initiated 

by hydrogen abstraction from the polymer surface by the triplet excited state of the sensitizer. 

The water contact angle of the modified PP films decreased from 100º to ~ 40º after 

grafting148. Polystyrene films were coated with maleic anhydride in acetone and exposed to 

UV light to get films with improved wettability149. Kinstle et al.150 carried out gas phase 

photochemical surface modification of polyethylene with chlorine and nitrogen dioxide. The 

reactive sites thus generated enhanced the photo-induced radical formation in the presence of 

benzophenone to initiate graft copolymerization of methyl methacrylate and 2-ethylhexyl 

methacrylate onto the PE surface. 
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Tazuke and coworkers151 deduced that when photografting onto polypropylene was 

initiated by H-abstraction by an excited sensitizer, the rate of surface grafting and the surface 

structure of the grafted polymer depended on the solvent used. In the case where the solvent 

to polymer interaction was strong, the grafted surface was not sufficiently hydrophilic, 

although the rate of grafting was fast. This was attributed to the bulk grafting. The use of a 

solvent with the appropriate affinity to the base polymer is essential to compromise the rate 

of grafting and the degree of surface modification. The introduction of vinyl monomer (viz 

acrylic acid, methacrylic acid, methyl methacrylate, acrylonitrile) onto LDPE and PP plates by 

photografting in liquid/ vapor phase resulted in the formation of grainy and flat structures, 

respectively, on the surface of the plates. The irradiation in the photografting process was 

carried out with a high-pressure mercury lamp at 60 ºC using photochemical reactor. The 

surface structure when analyzed by SEM revealed that the LDPE grafted with acrylic acid and 

methacrylic acid developed grainy surface structures while, flat surface structures were 

observed for methyl methacrylate and acrylonitrile grafted PP. It was then concluded that the 

strong hydrogen bonding in the case of former two monomers was responsible for the 

formation of the grainy structure on the plates152. Decker153 carried out the coating of 

photocurable epoxy-acrylate on the PVC surface, to protect the superficial degradation of 

PVC. Adhesion of the coating to the PVC could be improved by photochemical grafting 

using photoinitiator viz hydroxy acetophenone. Gosh et al.154 studied photografting of 

poly(methyl methacrylate) chains on natural rubber backbone in benzene using quinoline-Br 

charge transfer catalyst as photoinitiator and methyl methacrylate as monomer at 35 ºC under 

visible light. The effects of variation of different reaction parameters are discussed. Ikada et 

al.155 prepared poly(ethylene terepthalate) film with improved hydrophilicity by coating the 

surface of the film with Irgacure 651 and treating it with 10% aqueous solution of N,N-

dimethyl acrylamide followed by irradiation of UV light for 20 minutes. The contact angle of 

the surface-treated film with water declined from 80º to 10º. Uyama and Ikada156 carried out 

graft copolymerization of acrylamide onto nylon 6, PP, PE and ethyl vinyl acetate films. The 

grafting yield was affected by thermal and photo -irradiation applied simultaneously during the 

reaction. Vapor phase photografting of methyl methacrylate on nylon 6 was carried out and 

the effects of solvent mixed with monomer on benzophenone-sensitized grafting were 

investigated. The grafting on nylon 6 was promoted by adding a pertinent quantity of the 

solvent, such as phenol, m-cresol and formic acid. Such an accelerating effect was supposed 

to originate due to the swelling of substrate film by the solvent. It was also observed that 

adding small quantity of solvents such as decalin or p-xylene retarded grafting on LDPE and 
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PP films. The differences in the solvent effects on the different types of film substrates are 

discussed in terms of photo -induced radical formation on the substrates in the presence of 

different solvents157. Ranby and coworkers158 have developed two new processes for surface 

photografting on sheets, films and fibers of PE, PP and PET.  In the first method, vapor phase 

transfer of sensitizer and monomer from a volatile solution brought about uniform grafting of 

the monomer on the substrate upon UV irradiation. The second method describes UV 

induced surface grafting of a polymer sheet in a continuous operation. The photochemical 

grafting of HEMA onto LDPE film was carried out by simultaneous grafting technique159 

wherein, a solution of HEMA, acetone and benzophenone spread between two LDPE films 

was irradiated by UV light to give grafted surfaces with water contact angle of the films 

reduced to 50º from initial 90º. Surface photo-grafting of acrylamide onto the ethylene-vinyl 

alcohol copolymer film was investigated at 60 °C in aqueous medium, where photoinitiators 

were previously coated on the film. The effect of different photoinitiators (benzophenone, 

xanthone, benzoylperoxide and anthraquinone) was also evaluated and it was found that 

xanthone gave the highest grafting yield. Based on the results of electron probe microanalysis, 

it was substantiated that for the samples prepared by photo-grafting the grafted, chains were 

distributed below the surface of the film, while for those samples prepared by ceric salt 

initiation, the grafted homopolymer chains were located mainly at the surface160. A two-step 

heterogeneous polymer surface modification of poly(acrylonitrile) (PAN) ultra filtration 

membrane was developed, involving photo-bromination as an activation step and subsequent 

UV-induced grafting with acrylic acid and methyl acrylate monomers. For relatively low 

degrees of modification, thin and smooth graft polymer layers were generated which specially 

altered the membrane-surface hydrophilic161. Graft copolymerization of methacrylic acid and 

acrylamide from an aqueous solution onto acrylonitrile-butadiene-styrene terploymer (ABS) 

was initiated by the thermal decomposition of polymeric hydroperoxides, which were formed 

upon UV irradiation of ABS containing anthracene. The graft copolymerization was found to 

occur above 100 ºC at the endo-peroxide decomposition temperature. The effect of other 

reaction parameters was also investigated162.  

1.3.3.2.3  Plasma grafting 

In the present scenario plasma modification is the most accepted technique for the 

surface modification of polymers in their different physical forms on a laboratory scale163. A 

plasma can be broadly defined as a gas containing charged and neutral species which include, electrons, + 

ve ions, - ve ions, radicals, atoms and molecules. Plasmas are generally categorized on the basis of 
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electron densities and electron energies. The low electron energy plasma, often called cold 

plasma is most commonly used for surface modification of polymers. The other plasmas 

known are interstellar plasma, alkaline vapor plasma and the hot plasma and are often used 

for controlled fusion. In glow discharge plasma, the temperature of the ions and molecules is 

often ambient whereas that of electrons is higher by a factor almost up to 100. Thus, plasmas 

produced by glow discharges are called non-equilibrium  plasmas because the electron 

temperature is much higher than the gas temperature. A typical plasma reactor is shown in the 

Figure 1.4.  

The energy required to form and to sustain a plasma used for surface modification/ 

polymerization is obtained by an electric field which is produced either by ac or dc supply. The 

different ac frequencies employed for the excitation are 100 kHz, 13.56 MHz in the radio 

frequency (RF) range and 2.45 GHz in the microwave (MW) range. The frequency in the 

range of 10-20 MHz is most commonly used for industrial applications. The externally 

applied electric field brings about the ionization process whereby; an electron gains sufficient 

energy and becomes a free electron leaving behind a positive ion. This excited state usually 

stays for a very short period of time (< 100 ns) and falls to a lower energy level or ground 

state by radiative decay. This relaxation process is known as “glow discharge” and a typical 

nitrogen glow in the plasma reactor is shown in the Figure 1.5. The general mechanism of 

ionization taking place in a plasma chamber is represented in the Scheme 1.7. 

Scheme 1.7: 

The ionization of an atom can be brought about under the influence of external energy 

source: 

   A  +  e  à   A+  + 2e 

The atoms in the ground state can be promoted to excited state by electron impact: 

   A  +  e  à   A*  +  e 

The excited state usually stays for a very short period of time normally less than 100ns and 

then falls to the lower energy level or ground state by radiative decay: 

   A*   à A  +  hv 

This relaxation produces a glow discharge. 

When a metastable atom (energy-rich chemical reagent with a longer radiative time) collides 

with a neutral, it causes ionization of the later if the ionization energy of the neutral is less 

than that of the excited atom: 

   A* +  B  à   A    +  B+  + e ( A* is metastable atom) 

       or 
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              A*  +  B  à    B*  +  A 

Some other reaction like electron impact dissociation, secondary ionization, symmetrical 

resonant transfer, asymmetrical charge transfer, electron-ion recombination and ion-ion 

recombination  also takes place under the influence of the plasma conditions. 

 Figure 1.4: Plasma-grafting reactor. 

 

Figure 1.5 Nitrogen glow discharge. 

 

                                    

Jacna and coworkers164 carried out plasma treatment and plasma initiated grafting of 

acrylic acid onto polypropylene and polyester fibers. The grafting was found to be most 

successful with polypropylene, giving wettable fibers with a large change in the water contact 

angle. Surface modification of polyethylene for improved adhesion to epoxy resins, was 
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attained by plasma-induced grafting of methyl acrylate. The grafted polyethylene joints 

showed much high bond durability than that shown by surface oxidized polyethylene165. 

Gil’man et al.166 studied the effects of a glow discharge plasma on the properties of natural 

rubber surface. The glow discharge in air was found to induce weight loss and an increase in 

surface wettability of the sample. The weight loss and the increase in wettability were directly 

proportional to the exposure time. Sakamoto and coworkers167 observed that grafting ratio 

increased by first-treating the surface of the polyester fiber with a low–temperature plasma 

(110 KHz frequency and 0.64 W/cm2) for 40 sec in a non-oxidative medium, followed by 

grafting the material with a radically polymerizable monomer (50 % acrylamide solution) with 

0.0001-1.0 % of a transition metal salt [(NH4)2Fe(SO4)2] for 30 min at 60 ºC.    

Epaillard and coworkers168 accomplished the plasma modification of cellulose acetate by 

applying cold plasma of tetrafluoromethane and sulfur hexafluoride. The interaction of these 

cold plasmas and cellulose acetate rendered the later with fluorinated surface. As a 

consequence, the surface energy decreased leading to the surface with significant 

biocompatibility. Recently, Epaillard et al.85 have also reported the post-grafting of NVP onto a 

plasma modified PP surface. The equipment used to generate plasma, consisted of microwave 

generator (433 MHz) with a variable power out-put (0-250 W) which was coupled to a 

resonant cavity. Before each run, the system was evacuated to 10-6 mbar and maintained for 

2h. The plasma treated films were dipped into a solution of NVP /distilled water/NH4OH 

(60/38/2 wt %) for different time duration and the grafting yield was estimated using ESCA, 

ATR-FTIR and contact angle measurements. The comparison of the O/C and N/C 

elemental ratios determined by XPS analysis given in Table 1.1 shows that the increase in the 

carbon to oxygen and carbon to nitrogen ratio was due to the grafting of poly(vinyl 

pyrrolidone) onto PP. The new band corresponding to the carbonyl valance vibration of PVP 

Table 1.1 The comparison of the O/C and N/C ratios for PVP-g-PP determined by XPS.  
 

 
 

Sample 

Elemental     ratios  
(× 100) 

______________________ 
        O/C                    N/C 

Virgin film 5.3 0 
Control sample 21.7 2.3 

Plasma modified 14.3 28.6 
Extracted after Plasma modification 26.8 3.9 

Grafted sample 10.9 10.3 
Polyvinylpyrrolidone 16.5 16.5 
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generated at 1683 cm-1 in the ATR-FTIR spectrum also confirmed that the grafting had taken 

place onto the PP film. Plasma treatment and plasma-grafting has been extensively studied for 

polymers, but elastomers.  

1.4 RECENT ADVANCES IN SURFACE GRAFTING 

1.4.1 Use of novel initiators 

 Initiators play a prime role in any polymerization reaction90-92. Organic ketones and 

peroxides are well accepted as free radical initiators93-97. Under the influence of light/heat of 

suitable amplitude, they undergo sensitized decomposition followed by generation of a free 

radical site on the polymer backbone (P .) which subsequently reacts with the monomers in 

their vicinity of yield grafted polymers. A variety of free radical initiators viz. benzophenone, 

xanthone, benzoyl peroxide, dicumyl peroxide, azo bis-isobutyronitrile etc. and their mode of 

action are well documented in the literature169-174 Scientists world wide, as a result of their 

extensive research, have developed a range of novel macro and micro-initiators, which 

outperform the conventional ones. Katot et al.175 developed novel micro-initiators, which use 

IR irradiation/ microwave/ high voltage for their excitation; modifying the surface of 

materials such as metals, polymers, fibers etc to impart lubrication, hydrophilicity and/or bio-

functionality. In order to overcome the hassles associated with solvent handling during 

copolymerization and to meet the environmental norms of the global scenario, the free radical 

graft copolymerization of several functional monomers on the polyolefins was studied under 

melt processing conditions176,177. In a recent trend, graft copolymerization during reactive 

processing and in extrusion reactor, is accomplished using organic peroxide initiators178. In a 

similar experiment Naqvi et al.179 studied the graft copolymerization of acrylic acid and ethyl 

methacrylate on LDPE under simulated melt-processing conditions.  

 Photoactivation of the heterocyclic azides to generate highly reactive nitrenes have 

been demonstrated as a novel route for the photomodification of metal, glass and polymer 

surfaces180. The use of these novel photoinitiators led to the insertion of organic functional 

groups into C-H, N-H, O-H bonds. Surface macromolecular architecture with dimensional 

precision, control of the thickness of grafted layer/ blocks of grafted chains was achieved by 

using the surface photo -graft copolymerization method. UV irradiation of a benzyl N,N-

dimethyldithiocarbamyl group-immobilized polymer surface in the presence of vinyl 

mono mers viz. methacrylic acid and/or styrene at room temperature, allowed precise control 

of the macromolecular architecture of the grafted chains on the polymer surfaces. The 
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patterned surfaces thus synthesized by irradiation through a projected mask were visualized 

by dye staining and cell-culturing181.  Anders et al.182 developed an unusual method of surface 

modification based on dip -coating of a substrate with a macro initiator and subsequent free-

radical polymerization of functional monomer viz. poly(acrylic acid) hydrogel to give surface 

with relevant biological properties. The synthesis and application of the novel water insoluble 

macro initiator poly(octadecene-co-maleic anhydride-tert.-butyl perester) is reported in the 

literature183.    

1.4.2 Use of advanced initiation techniques 

    During the past three decades, radiation induced graft copolymerization of monomers 

onto the surface of polymeric materials by the use of energy source such as UV, γ-irradiation 

and e-beam has provided convenient means to impart desired surface properties7-10. However, 

these techniques still suffer from some shortcomings such as subsequent 

homopolymerization and possible damage to the substrate16-18. Hence, low energy initiation 

techniques (viz. near infrared, line tuneable pulse laser and ultrasonic radiations have emerged 

to be better alternatives184186. 

 Laser induced polymerization of monomers have attracted significant attention in the 

recent years, generating a considerable literature published on both, pulsed and continuous 

lasers to initiate polymerization187,188. However, a little work has been done on laser induced 

graft copolymerization of monomers onto the surface of polymeric substrates. Lasers have 

several distinct advantages over other light sources, including narrow wavelength band, which 

could be tuned to the maximum absorption of the photoinitiator thus, making laser treatment 

an energy efficient process. Moreover, high energy could be concentrated over a small area, 

which allows polymerization to be initiated from a remote position within a very short time 

and with low beam penetration. Pulsed lasers allow short exposure times and less thermal 

damage by optimizing the time intervals between the pulses. Pulsed CO2 lasers have large 

beam sizes, large pulse energy, uses nontoxic gases, have high laser efficiency, are cheap and 

easy to operate. Hamid et al. 189 generated peroxides on the surface of polymer using CO2 

pulsed laser through peroxidation mechanism. Decomposition of these peroxides successfully 

initiated the graft copolymerization of acrylic acid onto the surface of ethylene-propylene 

rubber (EPR). The graft level was found to increase with the pulse and then declined above 

25 pulses. The CO2 laser induced surface grafting of HEMA, NVP and acrylamide (Am) onto 

EPR surface, to achieve biocompatibility was studied by Mirzadeh et al. 190. 
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 The efficiency of ultrasonic vibration to induce the graft copolymerization is known 

since the mid 70s'. But, this versatile technique has hardly been explored191-195. Surprisingly 

only Yoshida et al 196. prepared synthetic resin moldings with improved adhesion to a coating 

by grafting the surface with vinyl monomers by the means of ultrasonic waves. Thin PVC 

films containing plasticizer, stabilizer and lubricant were exposed to ultrasonic waves for 3 

hours at 60 °C in the presence of styrene to give a grafted copolymer sheet with 5.6 % 

increase in weight. Grafting of maleic anhydride on PP was carried out using ultrasound as 

energy source and 80 % grafting was attained with a 3.2 % decrease in the molecular weight 

under 62 W ultrasound irradiation for 30 min at 60 °C indicating controlled degradation197. A 

highly hydrophilic surface of contact lenses was achieved by grafting [g-methacryloxypropyl-

tris(trimethylsiloxy)silane-2,2,2-triflouroethyl methacrylate-1,3-bis(g-methacryloxypropyl)-

1,3,3-tertrakis(trimethylsiloxy) disiloxane] onto SR  under ultrasound irradiation198 for 10 – 

600 sec. Effect of ultrasonic irradiation on ceric salt (Ce+4) initiated aqueous grafting of 

methyl methacrylate on regenerated cellulose film was investigated at 60 °C. The reaction of 

cellulose with Ce+4 was found to accelerate under ultrasonic irradiation. However, no 

accelerated effect of grafting due to the ultrasonic irradiation was observed for the system 

under reduced pressure186 of 5 torr.                                                 

1.5 SURFACE GRAFTING ONTO DIFFERENT ELASTOMERS            

Elastomers by virtue of their flexibility hold a very special position amongst all the 

existing polym ers and are thus employed for a wide range of applications153, 199,200. Extensive 

research has been carried out to achieve bulk modification of various elastomers153,154, 201-203. 

But, the literature on the surface modification of elastomers is still scarce. The inert surface of 

elastomers restricts them from many potential applications. This shortcoming of the 

elastomers raises an opportunity for their surface modification. For the last three decades, 

scientists are engaged in developing functional elastomers using different techniques.  

Kowalski et al.204 performed radiation induced surface modification onto nitrile, butadiene, 

neoprene and EPDM rubber via sulphochlorination, chlorination and fluorination. The study 

of the reaction kinetics revealed that all these reactions followed the free-radical mechanism 

with sulphochlorination having the highest reaction rate. The initiation step was found to 

depend on the irradiation intensity. Misra and Kaul 205 explored the solution grafting of methyl 

acrylate onto  NR using benzoyl peroxide (BPO), azo -bisisobutyronitrile (AIBN) and 

potassium persulphate (K2S2O8). The results of the study revealed that significant grafting 
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took place in the presence of BPO in benzene at 60 °C whereas using AIBN and K2S2O8 in 

the same reaction medium at 65 °C and 70 °C, respectively, gave only homopolymer. NR 

latex containing CCl4 and methyl methacrylate was treated with ionizing radiation to give 

grafted rubber with good transparency and crack resistance206. If it is closely noticed, in all 

these attempts researchers have focused on the bulk modification of elastomers via graft 

copolymerization. This leaves a room for the surface modification of elastomers, developing 

novel applications of this useful material. 

1.5.1 Natural rubber and Natural rubber latex  

Natural rubber is one of the most versatile natural polymers with excellent elasticity, 

which is attributed to its highly irregular and coiled structure. Enormous work has been done 

on redox initiator induced bulk grafting of functional monomers onto the elastomers207-211. 

The graft copolymerization of methyl methacrylate onto natural rubber212 was carried out 

using the potassium peroxydisulphate-thiourea redox system in the presence of silver nitrate 

solution. The resultant generated radicals (R?, ?OH and SO4
¯? ) were assumed to interact with 

the rubber, producing rubber macro radical (via H abstraction) and then initiated grafting in 

the presence of monomer. The grafting was found to increase with the monomer 

concentration and reaction time when the initiator concentration was kept constant. The 

grafting reaction was studied in the presence of different solvents and the order of reactivity 

was found to be in the order DMF > DMSO > CCl4 > CHCl3. In an attempt to improve the 

tensile strength, GMA, HEMA and diethyl aminoethylmethacrylate (DEAEM) were co-

polymerized with NR by γ-irradiation213.  

  Burfield et al.214 studied potassium persulphate initiated graft copolymerization of 

methacrylamide on the surface of NR latex particles. The grafting efficiency (G.E.) of the 

monomer was found to be independent of initiator and latex concentration and increased 

with reaction temperature. The grafting onto the rubber particles was confirmed from the 

SEM analysis. From the study of the reaction kinetics, it was found that the rate of 

polymerization was inversely proportional to the induction time. Moreover, the overall 

activation energy decreased with an increase in the rubber concentration at constant 

monomer as well as initiator concentrations. The grafting efficiency investigated over a 

temperature range of 50-70 °C at constant monomer, initiator and rubber concentrations was 

found to increase markedly with the temperature, reaching 61% at 70 °C. In one of the few 

attempts of surface modification, Razzak et al.215 carried out radiation-induced simultaneous 

grafting of N,N-dimethyl-acrylamide (DMAA) onto natural rubber (NR) tubes and studied 
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their blood compatibility. Thoroughly cleaned NR tubes of definite dimension and monomer 

with/without solvent were taken in specially designed glass reactor. The reactor was 

repeatedly degassed under reduced pressure and then warmed upto the room temperature and 

irradiated with γ-radiation from a 60Co-source at a fixed position. The grafted NR tubes were 

thoroughly cleaned to remove the adhered homopolymer and then dried under vacuum at 

room temperature. The studied effect of different solvents on the grafting yield clearly 

suggested that CCl4 was the best solvent for this system. Moreover, a maximum grafting yield 

was obtained with 30 vol.% of DMAA in CCl4. At constant temperature, the degree of 

grafting increased with irradiation time and a similar trend was observed when dose rate was 

kept constant upon increasing reaction temperature as shown in Figure 1.6 (a) and (b), 

respectively. The blood compatibility of the grafted NR tubes were determined using the ex 

vivo test developed by Ikada et al.216.  

Figure 1.6 (a) Here at 27 ºC, dose rates are (�) 1.50 kGy/h (�) 0.33 kGy/h (®) 0.1 kGy/h 

(b) Here at, 1.50 kGy/h, reaction temperatures are (¾) 42 ºC  (�) 27 ºC  (�) 0 ºC. 

 1.5.2 EPDM and EPR elastomers 

Rubbers based on ethylene-propylene copolymer are widely used due to their good 

mechanical properties, very low unsaturation and associated resistance to aging and ozone 

deterioration. However, they suffer the shortcomings of low hydrophilicity and therefore, low 

biocompatibility. This limitation of EP rubbers could be overcome by introducing functional 

groups onto their surface via different methods of surface modification217-219. The literature 

survey shows that bulk grafting has been preferentially attempted over surface grafting for 

reasons not known.  Wang and coworkers220 have recently reported atom transfer radical 

polymerization (ATRP) as a novel method to graft methyl methacrylate onto EPDM backbone 

via controlled free radical grafting. In an another attempt glycidyl methacrylate (GMA), maleic 
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anhydride (MA) and acrylic acid (AA) were grafted onto EPDM and EPR using 2,5-di-

methyl-2,5-di-(tert-butyl peroxyhexane) as the initiator. The increase in the diene content of 

the EPDM was found to improve the grafting yield. The chemical titration method was used 

to measure the degree of grafting221. Barra et al.222 studied the chemical modification of EPDM 

in solution phase using dibenzoyl peroxide as an initiator and maleic anhydride (MA) as a 

monomer with attempts to optimize the grafting conditions by varying the reaction 

parameters. The graft copolymerization of N-vinylpyrrolidone (NVP) onto ethylene-

propylene-ethylidenenorbornene terpolymer (EPDM) was carried out in toluene using 

benzoyl peroxide (BPO) as an initiator223.   

Haddadi-asl and coworkers217 studied radiation grafting of biomonomers (HEMA, NVP, 

Acrylamide and Acrylonitrile) onto ethylene-propylene elastomers of varying molecular 

weight with ethylene content ranging from 40 to 70%. The grafting was carried out by 

simultaneous method at room temperature in sealed ampoules containing monomer and rubber 

samples irradiated at 0.4 to 7.5 kGy/h and yielded best results for highest ethylene content 

and highest molecular weight of the sample. The same trend has been reported by Katbab et 

al.224 during the grafting of functional monomers onto EPDM rubber. This result was 

attributed to the steric effect of side groups of pure PP in EPDM. Another simple 

explanation of this behavior could be based on the stability [tertiary > secondary] and density 

[secondary > tertiary] of both the tertiary and secondary macroradicals generated due to the 

hydrogen abstraction from the polymeric substrate225. Although, the macroradicals produced 

by PP are more stable than those produced by PE, the higher G-value226 of radicals produced 

by PE, resulted in higher grafting yield on EPM (with higher ethylene content). In the 

continuation of this work Haddadi-asl and coworkers227 have also studied the effect of novel 

multifunctional acrylates on surface grafting yield. Bhowmick and coworkers228 investigated the 

bulk and surface modification of ethylene propylene diene monomer (EPDM) rubber and 

fluoroelastomer by electron beam irradiation. The resultant properties of the modified EPDM 

were correlated with the structural alterations. 

1.5.3 Styrene butadiene styrene  

SBS is also one of the few versatile commodity elastomers that deserve wide range of 

applications. An application-oriented research has been taking place since almost two decades 

to improve the surface properties of this useful polymer229-232. Surface 

perfluorofunctionalization of polystyrene and styrene-butadiene-styrene block copolymer by 

perfluorodiacyl peroxides was carried out to improve the stabitity of SBS in the outdoor 
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applications233 Ultraviolet-initiated photografting of glycidyl methacrylate onto styrene-

butadiene rubber with influence of monomer concentration, irradiation time and the carbon 

black content has been studied by Yu et al.234. Vinylpyridine (VP) was photo-grafted onto 

styrene-butadiene-styrene (SBS) triblock copolymer membrane by UV-radiation. The 

membrane was then treated with heparin to prepare heparin-containing VP-g-SBS copolymer 

membrane for biomaterial usage229. Surface modification of different elastomers including 

SBS and EPDM was attempted to improve their tribological properties230. Halogenation of 

styrene-butadiene rubber to improve its adhesion to polyurethanes is also reported231. Flame 

retardancy of methacrylic acid grafted SBS was investigated by Wilkie and coworkers232. A two-

step mechanism of surface modification of SBS is reported in the literature where 

photooxidation of SBS containing anthracene was carried out, followed by grafting initiated 

by photo generated hydroperoxides235.  

1.5.4 Silicone rubber 

Silicone rubber (SR) known for its inertness, stability and excellent flexibility, is the 

most widely studied elastomer from the point of view of its biocompatibility and protective 

coating applications236-243. Chapiro244 carried out grafting of NVP onto SR for biomedical 

applications. Boelens et al. 245 assessed the perseverance of the antibacterial activity of shunts 

made out of conventional silicone rubber (SR) and SR-g-poly(vinyl pyrrolidone) hydrogel, 

which had been soaked in various antibiotics before their in vitro applications. It was detected 

that when the SR-g-PVP shunts pretreated with antimicrobials were implanted in the human 

body for the relief of hydrocephalus, the incidences of shunt-associated infections (SAI) were 

significantly reduced.  For any antibiotic or combination using an arbitrary breakpoint, SR-g-

PVP remained anti-bacterially active for longer periods than neat SR. Chang and coworkers246 

fabricated heterobifunctional membranes of SR by plasma induced graft polymerization as an 

artificial organ for penetration keratoprosthesis.  These heterobifunctional SR membranes 

were prepared by grafting different functional polymers on each side of the membrane which 

possessed upper-side favoring cell attachment and growth, and the lower-side suppressing cell 

adhesion. Surface characterization and biological properties of plasma grafted phospholipid, 

poly(2-methacryloyloxyethyl phosphorylcholine) (pMPC), onto the silicone rubber membrane 

was studied by Hsiue et al.247. The SR membrane onto which the pMPC was grafted was 

activated by argon plasma.  ATR-FTIR, ESCA and SEM techniques were employed to 

characterize the effect of different plasma grafting parameters on the surface properties of SR 

whereas the blood compatibility was examined by platelet adhesion. Many more studies on 
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surface modification of SR by graft copolymerization of hydrophilic monomers have been 

reported in the recent past248,249. Oppermann et al.250 investigated the photochemical surface 

modification of SR and found that photocoupling of water-soluble polymers onto the surface 

of SR led to greatly enhanced bond strengths even with conventional adhesives. Surface 

modification of PDMS based  vulcanizate by CO2-pulsed laser was studied as a novel 

technique for the preparation of blood compatible materials251. The data from in vitro blood 

compatibility assessments indicated a significant reduction of platelet adhesion and 

aggregation for the modified surfaces whereas those platelets which were adherent remained 

unspread. The extent of platelet adhesion was correlated to the number of laser pulses. Laser-

induced surface modification of polydimethylsiloxane as a super-hydrophobic material was 

also  carried in the recent past252.  

  RF plasma treatment of polydimethyl siloxane (PDMS) is a useful way of increasing 

wettability for its enhanced adhesion253. Moreover, the plasma treated films undergo 

hydrophobic recovery with storage time. The behavior of mild flourinated and neat PDMS 

was compared directly using air, O 2, He, and Ar plasma gases, monitoring hydrophobic 

recovery by water contact angle changes. Hydrophobicity recovery of PDMS upon storage 

after exposure to plasma and corona discharges has been studied by contact angle 

measurements254. Initially after the treatment, the samples showed a low surface 

hydrophobicity but upon storage in dry air, a continuous increase in hydrophobicity was 

observed. The hydrophobic recovery in all the above-mentioned studies can be attributed to 

the thermodynamically favorable orientation of the functional groups. Umaya et al.255 observed 

that hydrophilized SR films by Ar plasma became hydrophobic after storage for a long period 

of time. This behavior was explained  as gradual overturn or the reorientation of polar groups 

into the hydrophobic bulk due to temperature and environmental effects. They found that the 

contact angle of plasma-treated SR film increased from 5 to 53° due to storage in air at 25° 

for 7 days, while it increased to 59° after a storage in air at 105° within 1 h.  Many more 

researchers have studied the effects of reactive gas plasma and corona treatment on the 

surface of SR films256-259. The depth profiling of functional groups was investigated by Stewart 

et al.260.  The study have shown that Ar plasma treatment using 2-200 W of power produced 

carbonyl groups on the surface with the maximum concentration of carbonyl species at 50 W 

of power. The CO2 plasma treatment led to the formation of both C=O and C=C species on 

pendant groups attached to the silicone backbone whereas NH3 plasma treatment resulted in 

the formation of primary amide groups on the rubber surface. 

Although, enormous literature on SR surface modification is available today, a 
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systematic study on the simultaneous effect of various reaction parameters on the surface 

properties of SR is still lacking.  

1.6 SURFACE ANALYSIS  

 An in-depth understanding and a close survey of the physical and chemical properties 

of polymer surface are required in order to bring about surface modification of polymers. It is 

therefore, necessary to characterize the neat and modified polymer surfaces at their molecular 

level. Depending upon the type of information required, a variety of sophisticated analytical 

techniques are available, which provide results with a high degree of accuracy.  

The term "surface" though seems to be generalized, changes its definition with 

respect to various surface analytical techniques. A surface defined by one technique may be 

the bulk defined by another. Thus, the most appropriate definition of a surface is the sampling 

depth of a surface measured by a particular technique. The sampling depth usually varies from merely 

few angstroms (A°) to a micrometer (µm) or more. A large variety of analytical techniques, 

based upon the information desired, are well documented in the literature262-266 for the 

characterization of polymer surface. Figure 1.7 presents a comparative chart of the sampling 

depth offered by different surface analysis techniques. The choice of the surface analysis 

technique must be made, keeping in mind; the sample suitability, sample depth, analysis 

environment and surface-information desired. The information supplied by each technique is 

often different and complementary. The techniques like scanning electron microscopy (SEM), 

atomic force microscopy (AFM), tunneling electron microscopy (TEM) and confocal laser 

scanning microscopy (CLSM) are employed when high resolution, three-dimensional images 

of the surfaces are desired 267-269. 

          Figure 1.7 The sampling depth offered by different surface analysis techniques. 
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Contact angle measurement and static/dynamic secondary ion mass spectroscopy 

(SSIMS) are the best choice, when the most surface-sensitive analysis270-271 is desired. X-ray 

photo -electron microscopy (XPS), Auger electron spectroscopy (AES), Rutherford back 

scattering (RBS) and the most recent Two-laser ion trap mass spectrometry (L2ITMS) 

techniques are utilized when quantification and chemical-state information are required 272-274.  

L21TMS is usually employed in conjugation with XPS. One of the most recent techniques for 

the explicit nanoscopic surface analysis is scanning force microscopy275. Angle-resolved 

surface sensitive soft X-ray absorption spectroscopy276,277 (NEXAFS) can be used to observe 

preferential orientations of segments of macromolecules at the surface of polymer by varying 

the angle between the linearly polarized synchrotron light beam and the surface normal to the 

investigated sample.  

Emoto et al.278 have recently developed two methods involving determination of 

partition coefficient and determination of electroosmosis or particle electrophoretic mobility 

for evaluating polymer (such as polyethylene glycol)-coated surfaces, including surface 

grafting chemistry, thickness, stability and surface alteration or "masking". Surface plasmon 

resonance279 (SPR) and AFM helps in the determination of kinetics and three-dimensional 

visualization of the alterations on the polymer surface280. Murgasova et al.281 have developed the 

application of liquid chromatography at the critical adsorption point (LC CAP) to analyze 

PEO-g-PS with short side chains. Using this technique, same authors have determined the 

apparent molecular weight of polystyrene backbone, the number graft chains per unit 

backbone and the amount of poly(ethylene oxide) in the graft copolymers. The data obtained 

by LC CAP were compared with results of static light scattering (SLS), differential 

refractometry and conventional SEC.  

1.6.1 Contact Angle Measurement 

 This technique helps to reveal the contact angle of a liquid with a solid surface. It is 

the most simple and sensitive technique to determine the changes in the surface energy and 

hence hydrophilicity or hydrophobicity of a surface282,283. Since, it is very difficult to obtain 

exquisite information of the outermost few angstroms of a solid surface by any other 

technique, solid/liquid/ vapor (S/L/V) contact angle measurement emerges to be one of the 

most surface sensitive probes. The basis of the contact angle technique is the three-plane 

equilibrium, which exists at the contact point at solid/ liquid/ vapor interface shown in 

Figure 1.8. This equilibrium is normally considered in terms of the surface and interfacial 

tension or surface and interfacial free energies present in the system.  
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Figure 1.8 The coexisting solid / liquid/ vapor interface for a water droplet on a non-

deformable polymer film. 

 

 

 

 

 

 

 

 

 

 

The contact is governed by the force balance at the three-phase boundary and is defined by 

Young’s equation284. 

    γLV Cosθ  = γSV
 -γ

SL
 

γLV = surface tension of the liquid in equilibrium with its saturated vapor. 

γSV = surface tension of the solid in equilibrium with the saturated vapor of the liquid 

γSL = interfacial tension between the solid and liquid. 

Stable equilibrium is obtained only if the following conditions are met: 

- The solid surface is rigid, immobile and non-deformable.  

- As shown in Figure 1.8, the vertical component of the liquid surface tension γLV sinθ  is 

balanced by the elastic stress induced in the solid.  

- The solid surface is highly considerably smooth and homogenous. i.e. the surface does 

not consist of regions, which vary greatly in surface free energy 

- The liquid does not swell the solid surface. 

- The liquid vapor does not get adsorbed onto the solid surface. 

- The polymer surface dynamics does not exist during the time course of the measurement. 

Contact angle hysteresis 

 Equilibrium contact angle is rarely observed and the measured contact angle shows 

different extent of hysteresis because, one or more of the conditions mentioned above are not 

met. It is commonly observed that if one measures the contact angle of a liquid drop being 

advanced slowly over a polymer surface, known as advancing contact angle and then makes the 

measurement with the drop receding over the previously wetted contact surface, known as 
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receding contact angle, the two contact angles are different. The difference between the advancing 

and the receding contact angle is commonly known as contact angle hysteresis. Langmuir285 was 

perhaps the first person to suggest that the contact angle hysteresis was caused by the 

rearrangement of functional groups on the surface.  

 Some of the commonly used techniques to measure contact angle286-288 are Sessile drop 

method, Captitive bubble method and Wilhelmy plate method as shown in Figure 1.9 (a), (b) and (c). 

Figure 1.9 (a) Sessile drop method (b) Captive bubble method (c) Wilhelmy plate method. 

 

 

Water is the most versatile liquid probe in contact angle measurement. The water 

contact angle on the surface is an inverse measure of surface hydrophilicity289. Water and 

diiodomethane are commonly used as liquid probes to estimate surface energies of the solids 

in terms of polar and non-polar component. Aqueous solutions of different pH are useful to 

study the acid-base properties of surface ionic groups and also used to determine effective 

pKa values. 
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1.6.2 Attenuated Total Reflectance Infrared Spectroscopy (ATR-IR) 

Infra-red (IR) spectroscopy is a well-established and widely used technique for the 

identification of functional groups. Harrick and Fahrenfort290,291 with their pioneering efforts, 

developed a technique, called attenuated total reflectance spectroscopy in which IR spectra of 

the thin films/ plates can be obtained from near surface region. In ATR-IR, the IR light 

passes through the optically denser crystal and reflects at the surface of the sample as shown 

in the Figure 1.10. An ample literature292-297 is now available on the characterization of 

polymer surface using ATR-FTIR. According to Maxwell’s theory, “when the propagation of 

light takes place through an optically thin, non absorbing medium, it forms a standing wave 

perpendicular to the total reflecting surface. If the sample absorbs a fraction of this radiation, 

the propagating wave interacts with the sample and becomes attenuated, giving rise to a 

reflection spectra, very similar to the absorption spectra”.    

Figure 1.10. Working of ATR-FTIR. 

 

 

 

 

 

The depth of penetration (d p) of ATR-FTIR, can be determined using the following equation. 

             λ0 
   d p   =     ____________________  

           2πn (Sin2θ  - n21
2)1/2 

where  θ  = angle of incidence between the radiation beam and the normal to the surface. 

λ = wave length of the radiation. 

n21 = n2/n1 = refractive index of the sample/refractive index of the optical element. 

From the above equation it is obvious that the depth of penetration is linearly dependent on 

the wavelength of the radiation. Moreover, dp also depends on the angle of incidence of the 

radiation, the refractive index of the ATR crystal and the refractive index of the sample. In 

order to undergo total internal reflection, the IR light should be incident on the ATR crystal 

at an angle θ , greater than the critical angle θc, where θc = arc sin (n2/n1). 
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1.6.3 Scanning Electron Microscopy (SEM) 

 This technique is essentially employed when high resolution-three-dimensional images 

of the surface morphology are desired 298-301. When an electron beam impinges on a sample, 

back scattered electrons, secondary electrons and x-rays are produced as seen in the Figure 

1.11. A scintillation detector detects secondary electrons, which are emitted from a surface 

with low energy 50 eV. They are primarily produced within the top few nanometers of the 

sample. Back-scattered electrons are of high energy and come from the depth of 1µm or 

more.  

Figure 1.11 shows the outline and working of SEM. 

If the system is equipped with an X-ray detector, which measures either the 

wavelength or the energy of the X-rays, elemental analysis can also be performed302,303. The 

primary electron beam can be focused down to nanometer scale. High-energy electrons are 

used to obtain high spatial resolution, whereas low-energy electrons are used to increase 

surface details. To attain a conducting surface and to minimize the beam damage, polymer 

samples are usually coated with a metal such as gold. 

1.6.4 Atomic Force Microscopy 

 Atomic force microscopy (AFM) is a neoteric tool designed to achieve a high degree 

 



Chapter: 1 

 33 

of sensitivity while investigating surfaces of conductors as well as insulators on an atomic 

scale304,305. AFM is based on the concept of scanning tunneling microscope (STM) and is a 

combination of the principles of the STM and the stylus profilometer306 (SP). AFM 

incorporates a probe that does not damage the sample surface and imparts a lateral-resolution 

of 30 Aº and vertical resolution less than 1 Aº. The SEM and SP have emerged to be powerful 

microscopic techniques for studying the surfaces of conductors at an atomic level. The lust of 

a similar technique for the bulk insulators is now fulfilled by AFM. Using this technique, it is 

possible to measure all types of forces from inter-atomic to electromagnetic forces307.   

AFM images are obtained by measurement of the force on the tip of the scanner 

(usually diamond), which is generated by its proximity to the surface of the sample. When the 

tip is moved horizontally, it follows the path along the surface contours represented by the 

trace B in the Figure 1.12. From the experimental setup308 shown in the Figure 1.12 it can be 

noticed that the cantilever with the attached stylus, is sandwiched between the AFM sample 

and tunneling tip, which is fixed to a small piezoelectric element called the modulating piezo, 

which drives the cantilever beam at its resonant frequency.  

Figure 1.12 The experimental setup of AFM and the path of tip along the surface contours. 

 

Recently, this technique is often used to detect the interaction of biological systems 

with organic/polymeric surfaces [341]. AFM with chemically modified tips is more recently 

used to study the pH dependent changes in the  + ve and – ve charges on the substrate 

surface310.  
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1.6.5 X-ray Photoelectron Spectroscopy (XPS) 

 XPS is perhaps the foremost and widely accepted method for organic surface analysis 

since, it can identify and quantify elements/functional groups on a surface311-313. When a 

material is irradiated with electromagnetic radiation of sufficient energy, the core electron 

from the atom is knocked out. This knocked out electron is called photoelectron and this effect 

is called photoelectric effect. The excess energy of the irradiation is converted to the kinetic energy 

of the ejected photoelectron. The binding energy (E b) of the inner shell electron is determined 

by the difference between the X-ray photon energy and the kinetic energy, (E k) of the ejected 

photoelectron:      

Eb = hν - Ek 

 XPS involves irradiation of the material surface with soft X-rays and measurement of 

the Ek of the photoelectron. Since the binding energy of the particular shell of an atom is 

unique for each element; measurement of kinetic energy and hence the binding energy allows 

the identification of the element314.  

 An XPS instrument consists of an X-ray source, an electron analyzer to measure the 

kinetic energy of photoelectrons, and a data acquisition and processing system315. Just as many 

other surface analysis techniques, XPS is also conducted in an ultra-high-vacuum 

environment (< 10-9 torr). This is essential because the mean elastic path of the 

photoelectrons is just few centimeters. High vacuum enables to increase this mean elastic 

path of the photoelectrons in order to cover the distance between the sample and the 

analyzer. Moreover, it also helps to minimize the contamination from the atmosphere and to 

avoid the formation of the monolayers of adsorbed material, which affects the quantitative 

and qualitative analysis of the sample.  

 In most commercial spectrometers, Al and Mg are used as X-ray target materials, 

because they produce an X-ray with narrow line width and have sufficient energy to excite the 

core level electrons of most of the atoms. Many researchers have extensively studied surface 

modifications using XPS316-319. 

1.6.6 Static secondary ion mass spectroscopy (SSIMS) 

SSIMS is another surface selective technique for the characterization320-322 of modified 

surfaces. The information obtained from SSIMS complements XPS because, SSIMS can 

differentiate those polymers that give very similar XPS spectra. Moreover, it offers higher 

surface selectivity than XPS. The typical sampling depth of SSIMS is approximately 1 nm. 

This method has sensitivity, sufficient enough to detect amounts less than a monomolecular 
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layer, particularly, when a high-resolution time-of-flight (ToF) mass analyzer is used 323.  

 In this technique, a primary noble gas atom or ion (e.g. Ar0, Ar+, Xe0, Xe+) beam is 

bombarded on the sample under ultra high vacuum, penetrating to a depth of 30-100 A°. The 

kinetic energy of the particle is assumed to dissipate via a collision cascade process, which 

causes the emission of electrons, neutral species and secondary ions, the yields of which vary 

with polymer surface composition and obviates the possibility of quantitative SIMS 

information. The positively and negatively charged ions are analyzed in terms of their mass-

to-charge ratio by a quadruple or (ToF) mass spectrometer, yielding a positive and negative 

secondary ion mass spectrum.  

 The sampling depth of the SSIMS analysis of polymers under these ‘static’ conditions 

is of the order 10-12 A0.  Since, the irradiation of the samples may induce sample charging, 

which will suppress secondary ion yields, the optimum conditions for surface potential are 

controlled by the simultaneous irradiation of the sample with a flood of low-energy electrons. 

More recently, ToF SIMS instruments with improved transmission characteristics, good mass 

discrimination and high working mass ranges (m/z = 0-10000 Da) have been developed 324,325. 

The immobilization of unsaturated surfactant; sodium 10-undecenoate and the saturated 

surfactant sodium dodecanoate carried out on PE surfaces was recently studied by SSIMS326. 

1.6.7 Two Laser Ion Trap Mass Spectroscopy (L2ITMS) 

Secondary ion, secondary neutral and laser desorption/ photoionization mass 

spectrometries are increasingly being applied to organic surface analysis327-329. L2ITMS is used 

for the detection of microscopic amounts of organic materials on the sample surfaces. Many 

methods of organic surface analysis are although best in their present form provide either 

insufficient or ambiguous data. For example, XPS has a limited chemical resolution and 

usually cannot distinguish the sequence of functional groups in a molecule. On the other 

hand, techniques like high resolution electron energy loss (HREEL), resonance Raman and 

infrared reflection spectroscopies can identify functional groups and their orientation at the 

surface but limit themselves to the molecular complexity, optical selection rule and film 

thickness, giving rise to surface vibrational spectra often, difficult to interpret. Although, ion 

trap mass spectrometer is less sensitive than the TOF-SIMS, its advantage lies in its tandem 

mass spectrometry (MS2) capability330. The relative simplicity and low cost of the ion trap are 

particularly the attractive features of this surface analysis technique. 

Principle 

 The recently developed Two laser ion trap mass spectroscopy uses one laser to desorb 
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intact molecules from the surface, a second laser for photo-ionization, and an ion trap for 

single or tandem mass spectrometric analysis. 

Instrumental details 

 The schematic diagram of the apparatus is shown and it’s working can be understood 

from Figure 1.13. This modern apparatus possesses separate lasers for desorption and post-

ionization, a 170 L/s turbo molecular pump and a MS2 analyzer. Sample desorption is 

achieved with the 1064 or 355 nm pulses of Nd: YAG laser. The distance between the probe's 

surface and the first end cap is 29 ± 2 mm. Laser ionization is achieved with 266 nm pulses. 

The ion trap experimental conditions are optimized to obtain maximum ion current at 

minimum peak broadening. The ion trap is operated in rf-mode only, with occasional addition 

of SWIFT pulses to eject unwanted low-mass ions.  

Figure 1.13 The L2ITMS apparatus and it’s working. 
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Application 

L2ITMS is increasingly being used to analyze the organic mixtures/ complex 

molecules on the polymer surfaces331. Since, the mass spectra of these mixtures are often 

difficult to interpret, Kornienko et al.328 used L2ITMS in conjunction with XPS to chemically 

analyze the surface of an ion-bombarded polystyrene thin film.  

1.6.8 Scanning Kelvin Microprobe (SKM) 

 The scanning Kelvin microprobe is one of the most recent tools for 

investigating the surface-related processes due to its high sensitivity towards structural 

variations332, surface modification333 and contamination334. This technique involves the 

measurement of the work functions of the surfaces. Work function can be measured either 

directly, by the emission of electrons from the surface (i.e. via photoelectric or thermionic 

methods) or indirectly, by the measurement of the potential difference, which appear upon 

keeping the materials with different work functions in close proximity. Since, there is no 

contact between the two plates, this technique is one of the few nondestructive methods of 

investigating sample surface. For this technique lateral resolution is 1µm and the contact 

potential difference is in the millivolt range. The instrument is capable of simultaneously 

imaging the contact potential difference and topography of a scanned surface. Thus, this 

tandem characterization provides unique information regarding material properties and yields 

high-resolution topographical images.  

Principle  

The SKM is based on a parallel plate capacitor model335. This historical development 

of a scanning microscope is based upon the principles proposed by Lord Kelvin336 where one 

plate with known work function is used as a reference and the sample with unknown work 

function represents the other plate. SKM measures the potential difference between the 

vibrating tip and the sample surface.  

Instrumentation 

Figure 1.14 represents schematic diagram and working of the instrument, with 

technical details described elsewhere337. The system consists of five units; a distance control 

unit, scanner, a current to voltage converter, a signal collection unit and a measurement 

system. The cardinal component of the instrument is its sensing tip. The tip is made from a 

material with a known work function, usually tungsten.  Recently, SKM with voltage 

modulation has been developed to obtain the discrete surface potentials338.  
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Application 

 Scanning Kelvin Microprobe is a new valuable tool to study the surface chemistry of 

different conducting, semiconducting and insulating materials339. The application of SKM to a 

non-conducting surface of polymer-based-breast implants340 is recently reported. 

 

Figure 1.14 represents schematic diagram and working of the SKM. 

 

 

 

 

 

 

 

 

 

 

 

 

1.7 INFLUENCE OF SURFACE ANCHORED STABILIZERS ON POLYMER 

DEGRADATION AND STABILIZATION 

1.7.1 Polymer Degradation 

Degradation is an irreversible change, resembling the phenomenon of the metal 

corrosion. Degradation of the polymers is a very crucial aspect, which affects their 

performance in daily life. Throughout the life of a polymer, it encounters different kinds of 

degradation at various stages, starting from the reactor where a polymer is synthesized, in 
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extruder where it is processed, during service life and after its failure when it is discharged 

into the environment. The degradation of polymers involves several chemical and physical 

processes accompanied by small structural changes, which lead to significant deterioration in 

useful properties of the polymeric materials341. Most of the oxidative degradations342 take 

place at the surface of polymeric material because oxidative processes are more intense at 

surface due to greater availability of oxygen and high temperature. Thus, a brittle outer layer is 

formed on the polymer surface due to its weathering. Polymer degradation can be manifested 

from the changes in their chemical structure, reduction in their molecular weight due to chain 

scission, yellowing, embrittlement and the loss of transparency. 

Based on the factors causing the degradation, various types of degradations are as 

follows: 

(a) Thermal degradation: by heat and oxygen 

(b) Photo-oxidative degradation: by UV light and oxygen 

(c) Mechano-chemical degradation: mechanical energy in shear during melt 

processing 

(d) Chemical degradation: by corrosive chemicals and gases 

(e) Radiation induced degradation: by high-energy radiations viz. X-rays and γ-rays 

(f) Degradation due to natural weathering: by combination of agents such as wind, 

rain & light 

 1.7.2 General mechanism of degradation 

 Bolland and Gee343 discovered that the photo- and thermo-oxidative degradation are 

radical chain processes initiated by the functional groups present in the polymer chain. The 

degradation mechanism is divided into three main steps, (a) Initiation (b) Propagation (c) 

Termination 

1.7.2.1 Initiation 

When polymers are exposed to UV radiation, ionizing radiation, heat etc., they 

generate free radicals in the polymer backbone as shown in the Scheme 1.8 (a): 

  Scheme 1.8 (a) 

1.7.2.2 Propagation 

In the propagation reaction, the degradative chain is prolonged by the following reactions: 

RH                         R   +  H
hv ∆,
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(a) Formation of polymeric hydroperoxides  

The polymeric radicals and atmospheric oxygen react very fast to form alkoxy and 

alkylperoxy macroradicals. These macroradicals often, abstract H atom from their vicinity 

generating many more radicals in the polymer backbone to further react with the atmospheric 

oxygen (Scheme 1.8 (b)): 

 

 

 

 

                                                               

Scheme 1.8 (b) 

(b) Decomposition of polymeric hydroperoxides:  

The free hydroperoxides under the influence of heat and light undergo decomposition 

to form either homolysis or heterolysis products as shown in the Scheme 1.8 (c):       

 

 

 

 

 

  Scheme 1.8 (c)     

The Scheme 1.8 (d) and (e) shows that hydroxyl groups are formed as a result of the reaction 

between alkoxy macro radicals and other polymer molecules. Reaction between two polymer 

alkoxy radicals by disproportionation method results in the formation of C=O and O-H 

species.  
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         Scheme 1.8 (d) and (e) 

1.7.2.3 Termination 

The termination of the radical chain takes place by the recombination of the free 

radicals with the other molecules, forming inactive products Scheme 1.8 (f): 

 

 

 

 

 

 

                                        Scheme 1.8 (f) 

The polymer radicals usually undergo coupling or crosslinking, depending upon the 

steric factors. The type of inactive products formed, depends upon the chemical and physical 

structure of the exposed polymers.  

1.7.2 General mechanism of stabilization 

As described earlier, the polymers undergo degradation at various stages of their 

production and service life. Exposure of most polymers to the natural and induced 

environmental conditions, UV radiation, either alone or in combination with oxygen, 

profoundly deteriorates their mechanical and optical properties. Small quantities of additives 

called stabilizers are added into the polymer matrix to retard degradation or depolymerization 

and impart long -term outdoor stability to the polymers. The stabilizers quench the electronic 
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excitation energy associated with specific chromophores as a result of photon absorption. It 

has been established that light screeners, UV absorbers, antioxidants, peroxide decomposers, 

radical scavengers and excited-state quenchers effectively help in achieving polymer 

stabilization. The commonly used polymer stabilizers are listed below. 

1.7.3.1 Light screeners 

The light screeners are interposed as shields between the radiation and the polymer. 

They function either (1) by absorbing the radiation before it reaches the photoactive species 

in the polymer or (2) by limiting the damaging radiations penetration into the polymer matrix. 

Reflection of radiation can be achieved by the selection of suitable paints, coatings or 

pigments or by metallizing the surface344. The pigments used in dispersed form in the polymer 

matrix show protective activity as screeners due to their low surface energy. Carbon black is 

commonly used as a pigment because it is the most-effective light screener344, especially at 

high temperatures. 

1.7.3.2 UV absorbers 

The function of the ultraviolet absorber is the absorption and harmless dissipation of 

ultraviolet radiation, which would otherwise initiate degradation of polymer material. . The o-

hydroxybenzophenones and o-hydroxybenzotriazoles are important groups of UV absorbers 

since both the groups absorb strongly in the UV region. The photostabilization mechanism 345 

of o-hydroxybenzophenone and o-hydroxybenzotriazoles are believed to be a rapid 

tautomerism of the excited state as it is shown in Scheme 1.9. 

 

Scheme 1.9 

The more basic the hetero-atom (O) in the ground state, the more photo stable is the 

compound. It is assumed that, in the ground state, the enol form is energetically preferred, 

whereas the reverse is true for the first excited singlet. An argument for this viewpoint lies in 

the fact that, in the excited state, phenol becomes much more acidic, whereas the hetero-atom 

O becomes more basic than in the ground state346. 
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1.7.3.3 Antioxidants 

Antioxidants act as a chain-terminating agent. They stabilize the polymer through the 

well-known electron delocalization or resonance methods. The unique merit of antioxidant 

radical is that it does not react with the polymer to initiate a new radical. The antioxidants 

react faster with peroxide radical (ROO•) then with macro radical (R•) and the activity 

depends upon their structure347. The low molecular weight derivatives of BHT (2,6-ditert 

butyl-4-methyl phenol) though being effective antioxidants, are highly volatile due to the 

labile CH3
 group. The secondary arylamine antioxidants are more effective compared to the 

hindered phenolic antioxidants and they are often used as antiozonants. 

1.7.3.4 Hindered amine light stabilizers 

 Tetramethyl piperidines are commonly known as hindered amines. The hindered 

amine light stabilizers (HALS) are multifunctional photostabilizers. Ever since their discovery, 

HALS has gained enormous importance as photostabilizers. The interest in this area was 

developed because of stable 2,2,6,6-tetramethyl-4-oxopiperidine-N-oxyl free radical348, which 

showed an excellent radical scavenging property. They showed UV stabilization in 

polypropylene, polyethylene, polystyrene and nylon with excellent regenerative radical 

scavenging capability. The mechanism and mode of action of HALS is well documented by 

many researchers349,350. In the stabilization process HALS can function as: 

(a) Decomposer of hydroperoxides and peracids 

(b) Deactivators of the charge transfer complexes 

(c) Quenchers of singlet oxygen and ketones 

(d) Decomposer of ozone 

1.7.4 Polymer bound stabilizers 

Protection of polymer against thermal and photo -oxidative degradation is achieved by 

blending the stabilizers in the polymer matrix. Compatible and mobile stabilizers usually give 

the best protection, but low molecular weight stabilizers are easily lost from the polymer 

through evaporation or leaching. In order to avoid this loss, polymeric stabilizers have been 

devised, but their low mobility and poor compatibility often decrease their efficiency.  To 

further improve the performance of the stabilizers, polymerizable stabilizers351 have been 

employed with successful results of stabilization compared to the previous methods. These 

stabilizers generally have a vinyl group or a condensable functional group as a side arm, which 

can be copolymerized during processing.   
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1.7.4.1 In-chain copolymerized stabilizers 

This class of copolymers mainly comprise of the vinylic stabilizers, which are either 

added to the feed reactor (in an additive proportion) along with the monomer to yield 

random block copolymers containing active stabilizers in their backbone or are added during 

the polymer processing to yield  insitu grafted copolymers (Scheme 1.10 (a) and (b).  

 

 

 

 

 

                                                   Scheme 1.10 (a)  

 

                                                   Scheme 1.10 (b) 

This class of stabilizers has recently generated a lot of industrial applications. The striking 

examples of these stabilizers are acryloyloxy HALS and acryloyloxy benzotriazole 

derivatives352. 

A similar class of stabilizers have also been devised where copolymers with definite 

proportion of succinic anhydride were first synthesized, followed by secondary reactions 

between the anhydride group and functionalized HALS to yield polymer with pendant HALS 

moieties. The secondary reaction takes place via anhydride ring opening mechanism 353.  

1.7.4.2 Surface-grafted polymer stabilizers 

 The thorough understanding of the mechanism of polymer degradation and 

stabilization has brought about many changes in the design and application of polymer 

stabilizers354, 355. Since, the degradation of any polymer commences from the surface and 

proceeds towards the bulk, stabilizers are expected to be more efficient when they are also 

located at the surface. The concept of surface grafted stabilizers has thus emerged. Surface 

St
+

St

StSt
St

St

+
StM

n

StM
M
St

monomer
stabilizer

=
=



Chapter: 1 

 45 

grafting of stabilizers can be brought about either by directly grafting the vinylic stabilizers to 

the polymer surface356 or by first grafting a functional monomer followed by coupling the 

stabilizer with its functional groups via condensation reactions. However, it should be noted 

that unreacted functional groups on the polymer surface may act as chromophores leading to 

unfavorable reactions. Hence, quantitative transformation of the functional groups is the key 

to the successful stabilization in the later case.   

1.8 APPLICATIONS OF SURFACE MODIFIED POLYMERS  

Automotive Applications  

PP-bumper-paintability 

 Thermoplastic olefin polymers such as PP and HDPE are used in the manufacture of 

numbers of automotive parts such as bumpers, window shield, handle and other accessories. 

However, they have a poor paintability to match the finishing of other automobile body parts. 

In order to overcome this shortcoming, the polymer surface is either treated by nitrogen 

plasma or flame treatment.  During this treatment, the functional groups are generated on the 

polymer surface, which enhances its adhesion to paints.  

HDPE-fuel tank-permeability  

High-density polyethylene is used to make fuel tanks of the automotives, which is an 

alternative material for steel tanks. HDPE has many advantages over steel, especially the 

design freedom to utilize unused space and low weight but the shortcoming of HDPE is its 

permeability to the gasoline. Since, the permeability of a liquid in the polymer depends both 

on the nature of the bulk as well as surface of the polymer, the surface modification of this 

polymer by fluorinating it using plasma/corona treatment could successfully overcome the 

shortcoming. 

Conductivity applications 

Metallization of plastic surface 

  Polymer/metal interfaces are encountered in many applications of polymers such as 

electronic devices, packaging application, electrical appliances etc. Many desirable surface 

properties, such as electrical conductivity and optical characteristics can be achieved with 

metal coating. Typically, there are two major techniques for the deposition of metal coating 

on polymer surface–sputtering and electroless plating. Third and most recent approach for 

metallization of PE surface is the surface grafting of conducting polymers357 viz. 
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polythiophene. PE surface was modified in a three-step process to obtain surface conductivity 

of 10-6 S/cm2. A similar attempt to fabricate conducting polymer surface was made by Neoh et 

al.358. 

Membranes  

Selective permeability 

Polymeric membranes are frequently used to control selective flow of mixtures of 

gases and liquids. The transport of material through a membrane depends on the chemical 

and physical characteristics of both the bulk and  the surface. Cation-exchange membranes359 

modified with the carboxylic acid groups for battery separator were prepared by radiation-

induced grafting of acrylic acid (AA) and methacrylic acid (MA) onto a polyethylene (PE) 

film. Ion-exchange membranes360 modified with sulfonic (-SO3H) and phosphonic acid (-

PO3H) groups were prepared by radiation-induced grafting of glycidyl methacrylate (GMA) 

onto polyethylene (PE) films and subsequent sulfonation and phosphonation of poly(GMA) 

graft chains. The PE membrane modified with -PO3H group had a lower specific electrical 

resistance than that of PE membrane modified with -SO3H group. 

Adhesion 

  Due to their inert surface, polyethylene suffers from a large number of adhesion 

problems, which can be overcome by well-known surface modification techniques.  For 

example, the auto adhesion of PE films, to enhance the “heat sealing” of PE films can be 

improved considerably by plasma, corona discharge and oxidation by inorganic oxidants. 

Ishihara and coworkers361 have recently reported photoinduced graft polymerization of a 

phospholipid, (2-methacryloyloxyethyl phosphorylcholine) on polyethylene membrane 

surface, which improved its resistance towards blood cell adhesion. This shows that resistance 

to adhesion is equally important for some specialty applications. Surface modification of 

HDPE by DC glow discharge significantly improved its adhesive bonding to steel.  Surface 

modification of polymer films by graft copolymerization led to adhesive-free adhesion.  

Excimer laser induced surface modification of ultra-high-strength polyethylene fibers 

enhanced their adhesion with epoxy resins. Polyethylene-polypropylene core materials upon 

subsequent surface modification with peelable laminated films can be used for confidential 

postcards362. The PE-wood interfacial bonding strength was improved by using the surface 

modified PE363 in the composite material. Plasma-pretreated and graft copolymerized HDPE 

films significantly improved their adhesion with evaporated copper. 
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Stabilization against degradation  

The oxidation and degradation of polymers begin from the surface and slowly 

proceeds into the bulk. Stabilizers are therefore expected to be the most effective if they are 

concentrated at the surface, where oxidation takes place.  Singh et al.356 have reported single 

and two-step grafting procedures to covalently link photostabilizer onto the surface of 

polyolefins including PE. This novel stabilizer is found to be extremely efficient in preventing 

the photo-oxidation compared to the conventional melt blended stabilizers364.  

Biomedical applications 

Together with the advances made in structural and functional substances over the last 

few decades, there have been an increasing number of developments in materials for use in 

biomedical technology. Amongst these were the first artificial heart valves, pacemakers, 

vascular grafts and kidney dialysis. In the following years, advance in materials engineering 

made possible the use of orthopeadic devices such as knee and hip joint replacement as well 

as intraocular lenses in the treatment of cataract patients. A true bio -compatible material 

should certainly possess surface merits like blood compatibility, antibacterial activity, cell/ 

immuno adhesivity, tissue binding etc.  Due to the freedom of design, inert and non-corrosive 

nature, polymers have proved to be the most favorable alternative for biomedical 

applications365. Temperature responsive controlled drug delivery using biodegradable 

polymers is presently under extensive study worldwide. Biocompatible materials have been 

prepared by various methods since their discovery. Efforts were made to improve the 

surfaces of silicon rubber, polyethylene and polypropylene via graft copolymerization of vinyl 

functional monomers for their biomedical applications. Biocompatibility and 

antithrombogeneity of several plastic materials have been improved by radiation-induced 

grafting of functional monomers like HEMA and AAm. Surface modification of polyethylene 

balloon catheters for local drug delivery has been recently reported. Surface modification of 

poly(ethylene-co-vinyl alcohol) (EVA) films via carboxyl group introduction and subsequent 

immobilization of collagen form excellent biocompatible films.  The Table 1.2 shows the 

polymers and their potential biomedical applications.  
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Table 1.2 shows the polymers and their potential biomedical applications. 
 

Polymers Applications 
Polyethylene Articular replacement 
Polypropylene Suture material 
Polytetrafluoroethylene Vascular grafts 
Polyester Resorbable systems 
Polyurethane Blood contact device 
Polyvinyl chloride Tubes and Bags 
Polymethyl methacrylate Intraocular lenses  
Polyacrylate Dental implants  
Silicone rubber Soft tissue replacement, Ophthalmology 
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2.1 INTRODUCTION AND OBJECTIVES 

Today polymers enjoy their importance in almost all fronts of human life. Polyolefins 

are amongst the oldest and well-accepted synthetic polymers, due to their excellent 

manufacturer cum user-friendly properties. Although, they have excellent bulk 

physical/chemical properties, are inexpensive and easy to process, yet they do not gain 

considerable importance as speciality materials due to their inert surface. Thus, special surface 

properties which polymers do not possess, such as functionality, dyeability, chemical 

resistance, hydrophilicity, roughness, lubricity, selective permeability, conductivity, 

biocompatibility etc are required for their success as specialty materials1-4. Surface 

modification of polymers has been extensively studied for decades, using conventional   

tools5-9. Although, some of these techniques are still in use but they suffer from distinct 

shortcomings. During the last two decades, alternative means of surface modification have 

been extensively explored 10-14. Since, herculean efforts are required to synthesize polymers 

with distinct bulk and surface properties15, tailoring of desired properties using surface 

modification techniques have become an important tool to convert the inexpensive polymers 

into valuable commercial products. The increasing modernization and expectancy for smart 

materials has, of late, sharply influenced the research in this area. Technologies such as 

surface engineering, which convert inexpensive materials into valuable finished goods, have 

become even more important in the present scenario, as material cost has become a 

significant factor in determining the success of any industry. The primary objective of the 

present study is to devise mild techniques for primary surface functionalization of elastomeric 

films with high degree of chemo- and topographical selectivity without causing any changes in 

their inherent physio -chemical properties.  

Many researchers have attempted to tailor the surface properties of various polymers 

like polyethylene, polypropylene, polyamide, polyethylene terephthalate, polyacrylonitrile, 

polytetrafluoroethylene and polyethersulphone, using traditional and existing surface 

modification techniques16-22. However, there are only a few reports on the surface 

modification of elastomeric films of ethylene propylene diene elastomer23, natural rubber24, 

styrene butadiene styrene25 and polydimethylsiloxane26,27 using plasma- and photo-induced 

modification techniques, with hardly any systematic efforts of investigating the effects of 

different reaction parameters on the surface properties of these elastomers. Hence, our 

secondary objective was to bring about surface modification of above-mentioned elastomers 

in a systematic manner. 
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Many recent studies in this area have emphasized the need of material compatibility in 

the multiphase systems to provide new materials with improved properties. Surface modified 

PP, PE, PS, PTFE and PES have long been studied as biocompatible materials28, 29. However, 

a little attention has been paid on the development of elastomeric biomaterials30. Elastomers 

are far pertinent candidates as biomaterials due to their inherent flexibility and freedom of 

design. The surface modified elastomers are therefore, prospective biomaterials for a range of 

applications yet unimagined viz. soft cartilages, artificial nerves, blood vessels, diaphragms, 

flexi-valves etc. The modification of elastomeric surface was thus proposed with a view of 

improving their biocompatibility and examining their performance under in vitro conditions.  

It is well known that the interaction of polymeric substrates with reactive plasmas of 

gases like oxygen, carbon dioxide, ammonia and sulphur dioxide generates hydrophilic groups 

on the substrate surface31-33. However, the plasma treatment of material with non-

polymerizing gases has one serious drawback - on most of the polymers surfaces, the gained 

superior effect upon plasma treatment is usually not permanent. It disappears or diminishes 

significantly with the time of storage34,35. Although, this surface dynamics depends on polymer 

physio-chemical properties, temperature, storage time and many other parameters, it is a 

feebly understood complex phenomenon, which differs from substrate to substrate. Thus the 

objective of the present work is also to understand the dynamics of the elastomer surface 

upon storage, after treatment with reactive plasma.    

Natural and synthetic polymers in common use are susceptible to photo-oxidative 

degradation36 upon exposure to natural and artificial weathering. The net result of degradation 

is the loss in the molecular weight and macroscopic physical properties.  Incorporating 

suitable stabilizers into the polymer matrix can efficiently prevent polymer degradation. 

Generally stabilizers are melt-blended in the polymer matrix for enhancing its service life. 

However, these stabilizers are low molecular weight organic compounds, which can be lost 

from the polymer by leaching, evaporation and migration under the influence of 

environmental conditions during their use. Chemical attachment of stabilizers to the polymer 

molecule offers a solution to this problem37. Moreover, since the degradation of a polymer 

commences from the surface and slowly proceeds into the matrix of the polymeric substrate, 

the stabilizers are therefore expected to be most potent if they are concentrated at the surface. 

Therefore, they should be anchored covalently to the polymer surface.  

Hindered amine light stabilizer, hydroxy benzotriazoles and hindered phenols are 

efficient polymer stabilizers38 that are widely used to protect polymers against thermal- and 
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photo -oxidative degradation.  Since, vinylic light stabilizers are expected to be better choice to 

attain the desired thermal and photostability, the present study was also aimed at devising 

polymer-bound and polymerizable stabilizers. 

 

2.2 APPROACHES 

2.2.1 Photochemical surface grafting of functional monomers onto EPDM and NR films  

2.2.1.1 EPDM films were grafted with various functional monomers using mild 

photochemical reactions 

2.2.1.2 Surface selective functionalization was substantiated by ATR-FTIR and XPS 

study 

2.2.1.3 The morphological changes upon surface grafting were examined using SEM 

and AFM techniques 

2.2.1.4 The degree of surface modification was determined using water contact angle, 

optical microscopy and gravimetric measurements 

2.2.1.5 The biocompatibility of the modified surfaces was determined by in vitro cell 

culture tests 

2.2.1.6 Effect of reaction conditions (concentration, time, temperature etc.) on the 

surface grafting efficacy were studied 

2.2.2 Plasma induced surface grafting of functional monomers onto EPDM and NR films 

2.2.2.1  Surface grafting of functional monomers using mild plasma treatments 

2.2.2.2  Evaluation of hydrophilicity and surface energy of modified substrates 

2.2.2.3  Chemical and morphological changes were determined using XPS, ATR-FTIR, 

SEM and AFM 

2.2.2.4 Comparison of surface changes brought about by photo-grafting and plasma- 

grafting 

2.2.3 Implantation of functional groups onto EPDM films using reactive plasma  

         2.2.3.1 Functionalization of EPDM films using O 2 plasma 

         2.2.3.2 Functionalization of EPDM films using CO2 plasma 

 2.2.3.3 Spin-coating of functional monomers with MFAs’ and subsequent   

                     plasma induced  surface crosslinking  
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2.2.3.4 Influence of storage time on migration of functional groups generated by O2 and 

CO2 reactive plasma 

2.2.4 Plasma induced surface functionalization of SBS and SR films        

         2.2.4.1 Plasma-grafting of functional monomers onto of SBS and SR films  

         2.2.4.2 Functionalization of SBS and SR films using O2 and CO2 plasma 

         2.2.4.3 Influence of storage time on migration of functional groups generated by O2 and 

CO2 reactive plasma 

2.2.5 Design, synthesis and performance evaluation of novel thermal and photo stabilizers 

         2.2.5.1 Design and synthesis of novel vinylic HALS 

         2.2.5.2 Design and synthesis of HALS coupled to UV absorber 

         2.2.5.3 Design and synthesis of copolymerizable thermal stabilizer (BHT) 

         2.2.5.4 Surfaces grafting of vinylic HALS onto PP, PE and SBS films and its 

performance evaluation against conventional melt blended stabilizers 
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3.1 INTRODUCTION 

Synthetic routes to chemically modified polymer surfaces with controllable structures 

continue to be an area of contemporary research having both theoretical and practical 

interests. As discussed in Chapter I, there is large variety of techniques for the surface 

modification of polymeric substrates. However, many of these techniques associate high 

energy, leading to detrimental effects when used for the elastomeric substrates. The energy 

sources commonly used in radiation grafting are high-energy radiation or ionization radiation 

(electron beam, X-rays and γ-rays). The two main advantages of photo-grafting over 

ionization radiation grafting are: 1) the modification produced by this technique is virtually 

restricted to the surface and 2) the energy associated with UV light is in accordance with the 

chemical bond energies associated with any two atoms1. Hence, UV radiation often has the 

potential to retain the properties of monomers and polymers while the other surface grafting 

techniques which use ionization radiation cause damage to the substrate polymer due to 

excessive degradation. The most widely used methods involving moderate energy (35 to105 

kcal/mol) for the modification of polymer surfaces are photo -grafting and plasma-

grafting/plasma treatment.  

The objective of the present study is to devise placid techniques for primary surface 

functionalization of elastomeric films with high degree of chemo- and topographical 

selectivity. Additionally, the primary functional groups on the surface should be capable of 

generating properties like hydrophilicity, antifogging, wear-resistance, printability, dyeability 

and biocompatibility at the polymer surfaces. Although functionalization of the elastomer 

surfaces has been an interesting and challenging area of research yet, there are only few 

examples of modification of diene-elastomer surfaces which satisfy the rigorous criteria of 

chemo- and topographical selectivity2,3. Surface modification of EPDM using pulsed laser 

technique leads to high amount of subsequent homopolymerization with very thick grafted 

layers4. These drawbacks along with few more like fractal formation have been least 

addressed. Longer hours of photochemical grafting lead to undesirable changes in the 

polymer backbone as well as the topography of the substrate. However, bulk grafting of 

functional monomers onto elastomer backbone has been well reported 5-7. The two versatile 

techniques involving initiation at low energies viz. short exposure photochemical grafting and 

simultaneous plasma grafting have been rarely addressed for the surface grafting of functional 

monomers onto the EPDM films. Simultaneous plasma-grafting is well known for its merit of 
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delivering functional surfaces by a solvent free process. Green chemistry avoiding the use of 

solvents is the need of the day, thereby making this process value added.  

 This chapter describes the use of two unprecedented mild techniques of surface 

modification viz. short exposure photochemical grafting (at 400 W) and simultaneous low- 

pressure cold plasma-grafting (range 40 - 75 W), for the introduction of functional monomers 

onto the surface of EPDM films. In the present work, the photochemical surface grafting of 

different functional monomers (viz. HEMA, AA, GMA, AAm and NVP) onto the surface of 

EPDM films have been accomplished under mild reaction conditions. A medium pressure 

mercury vapor lamp emitting UV-Vis radiation with wavelength > 290 nm was employed for 

the activation of the photosensitizers. The efficiency of different photosensitizers (viz. 

benzophenone, xanthone, benzil, benzoyl peroxide and AIBN) has been investigated for 

reactions carried out at room temperature and elevated temperature. The effect of various 

reaction parameters on the surface grafting efficiency has also been deeply studied. In the 

second approach, the surface grafting of functional monomers onto elastomeric substrates 

was achieved by simultaneous plasma-grafting technique, where monomer vapors were 

simultaneously introduced into the plasma reaction chamber. The influence of the plasma 

grafting conditions has also been thoroughly investigated.  The functionalized surfaces 

obtained as a result of surface grafting were characterized by contact angle measurements, 

ATR-FTIR, SEM, XPS, AFM and optical microscopy techniques. The influence of the 

functional groups and their density on the biocompatibility (cell adhesion tests) of these 

surface modified films has also been investigated.  

3.2 MATERIALS AND METHODS 

3.2.1 Materials 

All the monomers viz. 2-hydroxyethyl methacrylate (HEMA), acrylic acid (AA), N-

vinyl pyrrolidone (NVP), acrylamide (AAm) and glycidyl methacrylate (GMA), procured from 

M/s Aldrich, USA, were purified by fractional distillation at reduced pressure using fractional 

distillation column. Benzophenone procured from (M/s Aldrich) was used after 

recrystalization. All solvents obtained from M/s E. Merck India Ltd. were of L.R. grade.   

EPDM obtained through the courtesy of Prof. J. Lacoste, ENSCCF, Clermont-Ferrand, 

France was dissolved in toluene and precipitated with acetone, followed by drying under 

vacuum at room temperature to a constant weight to remove the processing additives.  The 

purified EPDM sample was characterized with 1H NMR and spectra were recorded on a 
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‘Bruker AC 200 FT-NMR’ instrument (200 MHz) at 25 ºC. The EPDM terpolymer, used 

throughout the study comprised of ethylene: propylene: vinylidene in the proportion 55:41:4. 

The nitrogen and argon gases (Grade I) supplied by M/s Inox Ltd., India, were used to 

maintain inert reaction conditions in the photo-grafting and plasma-grafting reactions, 

respectively. 

3.2.1.1 Preparation of EPDM films 

 Commercially obtained EPDM was dissolved in toluene and precipitated from 

acetone to remove the additives. The precipitates was thoroughly washed with fresh acetone 

to remove the traces of additives, followed by drying to a constant weight at room 

temperature in a vacuum oven. A 5 % w/v homogeneous solution of purified EPDM was 

prepared in analytical grade toluene. 50 ml of this solution was carefully poured in a flat-

bottomed evaporation bowl (10 cm diameter) and the solvent was evaporated at room 

temperature to obtain EPDM films (thickness ~ 200 microns). The film, thus obtained were 

thoroughly washed with methanol, water, and acetone successively and dried in vacuum oven 

at 40 °C to remove any trapped solvent. The dried films were cut into a fixed size (4 cm × 1.5 

cm) for all experiments. 

3.2.1.2 Reactor design 

 In the present study, the surface modification of the EPDM films was carried out mainly by 

two methods, photo -grafting and plasma-grafting. The reactors for both the processes were 

tailor-made with in-house glass blowing facility. 

3.2.1.2.1 Photo-grafting reactor 

The Photoreactor used in all our photo-grafting reactions was a special type of Pyrex 

glass assembly bearing a grounded joint mouth and with a facility of bubbling nitrogen into 

the reaction medium, when operated at room temperature [Figure 3.1(a)]. A water condenser 

was fitted at the mouth of the reactor [Figure 3.1(b)], for reactions carried out at elevated 

temperature, in order to avoid any solvent loss. A digital thermocouple was placed at the base 

of the photoreactor to maintain it at a desired temperature. The photo-reactor was irradiated 

with an irradiation source consisting of a 400 W medium pressure mercury vapor lamp from a 

fixed distance (15 cm) for a fixed time under preset reaction conditions. The films (4 cm × 1.5 

cm) were immersed in this photoreactor containing solvent, photoinitiator and monomer  in a 

definite proportion, under nitrogen flux. 
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Figure 3.1  Reactor for  (a) photo-grafting at R.T. (b) photo-grafting at 50 °C  
 

 (a) 

 

   (b) 
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3.2.1.2.2 Plasma-grafting reactor 

Experimental set-up consists of a reactor system, gas flow system and a radio 

frequency (RF) power source (13.56 MHz, RFX-600 from Advanced Energy) with a matching 

unit (ATH-50 from Astech), shielding and a vacuum system as originally designed by Hori8 for 

plasma polymerization (Figure 3.2). An inductively coupled tubular type glass reactor was 

used to carry out the plasma polymerization of functional monomers. Initially the reactor was 

evacuated to   10-2 Torr, followed by flushing the system for 10-15 min by passing the inert 

gas (argon in the present study) at a high flow rate. Argon flow rate was set to 1.5-2.0 sccm 

and reactor pressure 0.2 Torr for carrying out plasma grafting. The monomers were heated to 

boil in presence of an inert carrier gas in the temperature range of 50-75 °C/ 0.2 Torr. The 

reactor pressure was maintained at 0.2 Torr and gas flow was 2.5 sccm for all experiments, 

unless mentioned. 

3.2.1.3 Irradiation source 

 A medium pressure mercury vapor lamp (Mazda, Germany) was used as the 

irradiation source. The lamp emits polychromatic radiation of λ ≥ 290 nm. The lamp was 

immersed in a pyrex glass jacket with cold -water circulation facility  [Figure 3.1(b)] in order to 

maintain the system at room temperature and avoid heat transfer to the reaction.  

 

Figure 3.2  Outline of Plasma grafting reactor used in the present study.  
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3.2.2 Experimental Methods 

 The surface modification of the EPDM films was accomplished by two methods 

involving moderate energy a) photo -grafting and b) plasma-grafting. 

3.2.2.1 Photo -grafting procedure 

Photo -grafting was carried out in a special type of Pyrex-glass photo-reactor irradiated 

with a 400 W medium pressure mercury vapor lamp from a fixed distance (15 cm) for a fixed 

time at room temperature [Figure 3.1(a)] and elevated temperature [Figure 3.1(b)]. The films (4 

cm × 1.5 cm) were immersed in this photoreactor containing solvent, photoinitiator and monomer 

in a definite proportion, under nitrogen flux. The photo-grafted elastomer films in all cases 

were subjected to sonication, followed by soxhlet extraction in acetone/water for 12 hrs in 

order to remove homopolymer. These films were finally dried in a vacuum oven at 35 °C till 

constant weight. 

3.2.2.2 Plasma-grafting procedure 

The plasma reactor was evacuated to 10-2 Torr, followed by flushing the system for 

10-15 min by passing the inert gas (argon in the present study) at a high flow rate. Argon flow 

rate was set to 1.5 - 2.0 sccm and reactor pressure 0.2 Torr for carrying out plasma grafting. 

The monomers were heated to boil in an RB in presence of carrier gas (argon) in the 

temperature range of 50 - 75 °C (depending upon b.p. of monomer) at 0.2 Torr. The reactor 

pressure was maintained at 0.2 Torr and the monomer flow was 2.5 sccm.  

After the reactor pressure was stabilized, argon plasma was initiated by an RF power 

supply through a matching network and output power was varied from 50-75 Watts (W) and 

the irradiation time varied from 10-40 min. The monomer vapor was introduced after 5 min 

of glow discharge, through the second opening (from left) in (Figure 3.2) at distance 12 cm 

from the substrate in the downstream of the argon plasma (glow discharge). The monomer 

flow was stabilized and maintained at 2.0-2.5 sccm. After the plasma was terminated, the 

monomer vapor purging was continued for 10-20 min in order to utilize all the free radicals 

generated on the surface. 

3.2.3 Characterization methods 

 The surface grafted EPDM films were characterized by contact angle Goniometer, 

ATR-FTIR, SEM, XPS, AFM and optical microscopy techniques. The change in the weight 

of the grafted samples was determined using microbalances: Precisa 205 ASCS, Switzerland 

and Sartorius BP 210D, Germany. 
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 Contact angles were measured on a Rame-Hart NRL, USA contact angle Goniometer 

(Model 100-00 230) using freshly prepared deionized water, filtered through membrane filter. 

The drop volum e was 2 µL.  The static advancing contact angles of the water on the substrate 

surface were determined by ‘sissile drop’ method, measured within 30 sec of placing the drop 

at room temperature (28 ± 3 °C). The reported values are an average of minimum 7 values, 

measured at different places on the sample. The standard deviation in the measured value is 

within ± 3°. 

The humidity and temperature during the conditioning of the grafted EPDM films 

was monitored using the hygrometer Sipco, USA.  

 ATR-FTIR spectra were recorded on a Perkin-Elmer 16 PC FTIR spectrometer. Each 

spectrum was recorded using 4 cumulative scans, using KRS-5 (Thallus bromide iodide) 

crystal with an incident angle (θ i) of 45° as an ATR crystal element. The depth profiling study 

was done using the equation: 

   dp  =  _______     λ_________  
              2πn1 [ sin2 θ  - (n2/n1)2 ]1/2       
 

where, dp is the sampling depth, n1 = refractive index of crystal, n2 = refractive index of the 

polymer, λ = wave length of incident light and θ is the angle of incident light. 

Scanning electron micrographs were obtained from Leica SEM Stereoscan-440, 

Cambridge, UK. The polymeric samples, before analysis, were coated with gold in a sputter 

coater, in order to achieve conducting surface and were analyzed at an accelerated voltage 

(potential) of 10 KV.  

 The XPS spectra were recorded on V.G. Scientific ESCA-3MK-II spectrophotometer 

using MgKα (1253.6 eV) radiation (non monochromatic) X-ray source and ESCA 3000 

electron spectrophotometer with twin anode, AlKα  (1486.6 eV) and MgKα  (1253.6 eV) to 

investigate the chemical changes on the surface of polymer at an atomic level. The XPS 

spectra were acquired at 50 eV pass energy, 5mm slit width and vacuum better than 10-8 Torr 

at take off angle of 30° and 60°. 

The atomic force micrographs were recorded on the BERLIGH  AFM in the contact 

mode using silicon-nitride tips. 

 In order to determine the thickness and homogeneity of the grafting, the cross-section 

of the samples were selectively stained with eosin/crystal violet and  observed under 

OLYMPUS BX50 optical microscope. 



Chapter: 3 

 76 

3.2.3.1 Determination of graft copolymerization 

Weight gain  (WG): Weight gain is defined as the difference of the weight of the whole 

sample (Ww) after grafting and the initial weight of the EPDM film (Wo) divided by the initial 

weight of EPDM film as shown in equation (1)     

                           WG (%) =  [ ( Ww - Wo  ) ] × 100                       ………….. (1)  
                                                   Wo 

 

Degree of grafting (Gd): Degree of grafting is expressed in equation (2) 

  Gd  (mg/cm 2) =   [ ( Wgr - Wo ) / 2 × SA ]                …………….. (2) 
            Wo 

where, Wo is the initial weight of the film, Wgr is the weight of grafted film after extraction 

and SA  is the surface area of each film. 

Grafting efficiency (Ge): is expressed by the equation (3)  

     Ge  (%) =  Wg /Wp  × 100                          …..……….. (3) 

where, (Wg) is the weight of grafted polymer after extraction and  (Wp) is the total weight of 

polymer formed (after evaporation of solvent and unreacted monomer).  

3.2.4 Biocompatibility Tests 

The biocompatibility of the modified and pristine EPDM films was tested by 

incubating the samples in a cell culture of human cervical carcinoma (SIHA) and oral 

carcinoma (KB) cell lines, at 37 °C, 5% CO2, 90 % humidity in standard culture media and 

subsequently being monitored for cell adhesion after 24 and 48 hours of incubation using an 

optical microscope equipped with a camera. 

3.3 RESULTS AND DISCUSSION 

 Different functional groups were introduced onto the surface of EPDM films 

depending upon the type of monomer grafted by the two mild surface modification 

techniques. The effects of different reaction conditions on the modification reaction were 

thoroughly investigated. The surface selectivity of the process was established by the surface-

sensitive analytical techniques.  

3.3.1 Surface photo-grafting onto EPDM films 

Photochemical grafting is one of the most widely used techniques to introduce 

functional groups on the surface of polymeric films9. It is known that in a photochemical 

process, absorption of a photon by organic molecule (commonly called chromophore) results 
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in excitation of the molecule from its ground state giving rise to n-π* and π-π* transitions. 

The extra energy associated with the excited molecule is then dissipated by various processes, 

amongst which energy transfer  is the most desirable process for grafting reactions. Absorption 

of UV light by a photoinitiator produces an excited singlet (S1*) transition, which then releases 

a part of its absorbed energy to form excited triplet (T1*). Before the excited triplet undergoes 

decay, the absorbed energy is used for photochemically induced reactions9. The 

photochemical grafting of vinylic functional monomers onto the EPDM surfaces was 

activated using photoinitiators viz. BP, BZ, XT, BPO and AIBN.  Irradiation of 

photoinitiators effectively gives the triplet exited state via intersystem crossing from the 

initially formed singlet state. These triplets are effective in abstracting hydrogen atom from 

polymer surface to leave macro radicals that can initiate graft polymerization10-12. The 

photochemical reactor (due to pyrex glass) absorbs radiation below 300 nm and is thus 

expected to decrease the amount of homopolymerization formed during irradiation13 since, 

vinyl homopolymer can be readily initiated by short wavelength UV radiation. 

3.3.1.1 Reaction mechanism 

The well-known mechanism of surface grafting is shown in the scheme 3.1, where, 

upon absorption of UV irradiation, the photosensitizer gets excited giving rise to the triplet-

excited state from the initially formed singlet state. These triplets effectively abstract hydrogen 

atom from polymer surface to generate macro radicals which, upon reaction with vinylic 

monomer results in ‘grafting from the polymer’. However, when the abstraction of hydrogen 

atom takes place from the monomer, ‘homopolymer’ is formed. This growing homopolymer 

chain when interacts with the polymer surface, gives rise to ‘grafting onto the polymer’. By 

using the Pyrex glass reactor, which has a cut off limit at 300 nm, one can minimize the 

possibility of the later two reactions (that is homopolymer and grafting onto the polymer). All 

the three simultaneous reactions taking place in this process undergo the traditional ‘free 

radical mechanism’.  
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Scheme 3.1 

3.3.1.2 Control experiment 

 The reactions were carried out according to the procedure mentioned in the section 

3.2.2.1. Separately, in five different reactions, (0.2 M) of each photo-initiator/sensitizer (viz. 

BP, BZ, XT, BPO and AIBN) was taken along with a solvent mixture of acetone and toluene 

(44 + 3 ml) and a pair of pre-weighed EPDM films in absence of monomer in the 

photoreactor maintained at 50 ± 2 °C under inert conditions and irradiated for 3 hours. These 

films were then washed with fresh acetone, dried and characterized by ATR-FTIR, which did 

not show any additional peak with respect to the pristine EPDM. However, the ATR-FTIR 

spectra of the control experiments were taken as reference for comparing them with the 

photo -grafted samples. Further, there was no change in weight as well as the water contact 

angle of these control samples.  

 It was confirmed by carrying out following control experiments that the 

functionalities generated on the surface of EPDM were due to the photografted monomers 

and not due to the surface degradation induced by photo-initiations/sensitizers in the 

presence of UV light. 

3.3.1.3 Surface photo-grafting of functional monomers 

The irradiation of a pair of EPDM films (4 cm × 1.5 cm), in each photo-reactor was carried 

out in the presence of 0.2 M benzophenone, 1.0 M of monomer (HEMA, AA, GMA, AAm 

and NVP) in a solvent mixture of (44 ml acetone + 3 ml toluene) under inert reaction 
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condition for 1 hr at 50 ± 2 ºC. The reaction mixture was deaerated with high purity nitrogen 

gas for 20 minutes before commencing the reaction and the inert atmosphere was maintained 

throughout the reaction. A small amount of toluene was added to the reaction mixture with a 

view of improving the degree of grafting by swelling the surface of the film and making the 

polymer chains flexible. The characterization of these surface grafted films after soxhlet 

extraction and thorough drying revealed the following information. The scheme 3.2 shows 

the photo-grafting of these functional monomers onto the EPDM films. The primary 

evidence of the successful accomplishment of the surface photo-grafting reaction was 

obtained from the results of degree of grafting and contact angle measurements, revealed in the 

Figure 3.3. The difference in the degree of grafting is attributed to the dissimilarity in the 

reactivity of functional monomers. The grafting efficiency (Ge) observed here is in the order 

HEMA>AA>GMA>NVP which is well in accordance with the % conversion of 

polymerization reaction (Cp) and grafting conversion (Cg) of these monomers during their 

photo -grafting onto LDPE14 at 50 ºC and 2 wt % BP. The same report also revealed that the 

non-acrylates have a lower polymerization rate compared to the acrylates. 

 

  

 

 

 

 

 

 

 

 

 

Scheme 3.2 

The exceptionally low grafting of NVP is attributed to the abstraction of the more reactive 

hydrogen (H) from the carbon (C) adjacent to nitrogen (N) than the H-abstraction from the 

EPDM backbone as shown in the Scheme 3.3. The degree of grafting also depends on the 

affinity of the monomer towards the surface free radicals.   
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   Scheme 3.3 

From the Figure 3.3, it is understood that HEMA and AA grafted films generate 

highly hydrophilic surfaces. However, the hydrophilicity of the modified surfaces shows their 

dependence on the degree of grafting and the type of monomer grafted. The polymers with water 

contact angle (θ) < 70° are considered to exhibit good hydrophilicity and thereby 

biocompatibility.  

 The presence of respective functional groups of the grafted monomers was 

substantiated by spectroscopic techniques. In the ATR-FTIR spectrum, the characteristic 

peaks with stretching vibrations at 1720 cm-1 (O-C=O) & 3440 cm -1 (O-H) for EPDM-g-

HEMA, 1663 cm -1 (N-C=O) for EPDM-g-NVP, 1707 cm-1 (COOH) for EPDM-g-AA and 

3350 cm-1 (N-H) & 1660 cm -1 (N-C=O) for EPDM-g-AAm and 1728 cm -1 (O-C=O) & 1157 

cm-1 (C-O-C) for EPDM-g-GMA are obvious in the Figure 3.4. These results are 

complementary to the XPS analysis performed on the surface photo-grafted films, which 

showed C1s, O1s and N1s binding energies (eV) of respective monomers grafted on the 

surface of EPDM films. Accordingly, C1s values of 285.0 (C-H), 288.8 (O -C=O), 286.2 (C-

OH) and O1s values of 532.4 (C-O), 533.3 (O-C=O) for HEMA, C1s values of 286.4 (C-O), 

288.5 (O-C=O) and O1s values of 532.2 (C-O) and 533.3 (C=O) for GMA, C1s values of 

286.0 (C-N), 288.2 (N -C=O), N1s value of 399.8 (N-C=O) and O1s value of 532.6 (N-C=O) 

for NVP are observed in the Figure 3.5. Different morphologies arising upon photo -grafting 

of functional monomers are evident from the SEM images shown in the Figure 3.6.  It can 

be noticed that roughness of the surface increases with the increase in the degree of grafting. 

Moreover, grafting of each monomer resulted in a different morphological pattern. For 

reactions carried out at very low monomer concentrations, grafting is often non-uniform.  
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Figure 3.3 Changes in the degree of grafting (Gd) and water contact angle  upon photo-

grafting of functional monomers (1.0 M) onto the EPDM films at 50 ºC. 

 

 

 

 

 

 

 

 

Figure 3.4 ATR-FTIR spectra of HEMA, AA, GMA, AAm and NVP photo-grafted onto 

the surface of EPDM films at 50 ºC. 
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Figure 3.5 The binding energy peaks of neat and photografted EPDM in the C1s region of 

XPS analysis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6  SEM images of (a) neat EPDM (b) HEMA-g- (c) AA-g- (d) GMA-g-  (e) 

AAm-g- (f)  NVP-g- photografted EPDM films.  
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       (c)                      (d) 

 

                  (e)                  (f)   

 

3.3.1.4 Influence of reaction conditions on surface photo -grafting 

3.3.1.4.1 Effect of monomer concentration 

The degree of grafting is significantly affected by the change in the monomer 

concentration in the reaction medium, which is evident from the Figure 3.7 (a) and (b). For 

the two monomers viz. HEMA and AA, the Gd increases steeply with the monomer 

concentration, reaches a maximum value at 1.5 M and then gradually decreases with a further 

increase in the monomer concentration for reaction carried out at 50 ± 2 ºC. However, the 

same monomers show a steady rise in Gd  with the concentration and levels off at 2.0 M, for 

grafting carried out at R.T. AAm and NVP having low monomer reactivity showed a lenient 

rise in the grafting yield even at higher monomer concentration for reaction carried out at 

room temperature. However, for photo -grafting carried out at 50 ± 2 ºC, the same monomers 
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showed a plateau above 1.5 M. For reactions carried out at elevated temperature, the mobility 

of the surface free radicals is enhanced with an additional excitation of the photosensitizer 

leading to better grafting yields. The dependence of water contact angle on the Gd can be 

clearly understood from the Figure 3.7 (c).  

 

Figure 3.7 Effect of monomer concentration on the Gd of  (a) HEMA (b) AA onto EPDM 

films and (c) effect of Gd of HEMA on contact angle. 

                           

                              (a)                          (b) 

               (c) 
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concentration, the abstraction of the H-atom by the exited photoinitiator takes place readily 

from the monomer instead of the polymer surface due to the high density and close proximity 

of monomer molecules, leading to a decrease in the efficiency to photoinitiator and thereby 

reducing the initiating sites on the polymer surface, 2) the abstraction of the H-atom from the 

monomer leads to excessive homopolymerization whereby the propagating polyHEMA and 

polyAA homopolymer chains undergo rapid termination via radical coupling, leading to a 

decrease in the grafting efficiency and 3) with the rapid homopolymer formation at higher 

monomer concentration, the opacity of the reaction medium increases, obstructing the UV 

radiations reaching the photosensitizers, resulting in less number of surface free radicals, 

leading to a further decrease in grafting yield. The results of ATR-FTIR spectroscopy and 

optical microscopy further support this explanation. 

The reflectance ATR-FTIR spectra (Figure 3.8) of EPDM-g-HEMA intelligibly 

depict the effect of monomer concentration on the intensity of the hydroxyl and carbonyl 

groups of grafted polyHEMA chains present on the surface. The intensity of the respective 

peaks of functional groups increased with monomer concentration indicating a rise in the 

density of the functional groups on the film surface.  The optical micrographs (Figure 3.9) 

show that the thickness of the grafted layer increases with the degree of grafting. However, 

the films grafted at R.T. reveal very thin grafted layers (Figure 3.10) of the order of few 

microns, which is often desired for biocompatibility applications. 

Figure 3.8 ATR-FTIR spectra showing the effect of monomer concentration and reaction 

temperature (a) hydroxy peak (b) carbonyl peak (at 50 ºC) and (c) hydroxyl peak (at R.T).   
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        (c) 
 

 

 

 

 

 

 

 

 

 

 

Figure 3.9 Optical micrographs of cross-section of EPDM-g-HEMA representing effect of 

monomer concentration on the thickness of grafted layer of HEMA for reaction carried out 

at 50 ºC where (a) 0.5 M (b) 1.0 M and(c) 1.5 M. 
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Figure 3.10  Optical micrographs of cross-section and top view of EPDM-g-HEMA films 

representing the effect of monomer concentration on the thickness of grafted layer of 

HEMA for reaction carried out at room temperature where (a) 0.5 M (b) 1.5 M. 

  (a)                    
                            top-view                    cross-section 

                                                                                      

(b) 

 

3.3.1.4.2 Effect of solvent  

The irradiation of a pair of EPDM films (4 cm × 1.5 cm), in each photo-reactor was 

carried out in the presence of 0.2 M benzophenone, 1.0 M of monomer, HEMA and AA in 

each solvent under inert reaction condition for 1 hr at R.T. and 50 ± 2 ºC, according to 

procedure described earlier. In this study, the effect of three different solvents viz. methanol, 

acetone and a solvent mixture (acetone + toluene) on the surface photo-grafting of HEMA 

and AA onto the EPDM films has been examined. Addition of a small amount of toluene was 

preferred with an intention of swelling the surface of EPDM films, to allow the diffusion of 

monomer15 in order to achieve better grafting yield. 
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The effect of solvents16,17 in the liquid phase grafting was widely studied in the past. 

The accelerating function of solvents is supposed to originate either from their 

photosensitizing capacity10 or swelling the polymeric substrates18,19.  The weight gain (WG) of 

HEMA and AA grafted EPDM films under the influence of different solvents is compiled in 

the Table 3.1.  

 

Table 3.1 Effect of solvent on the WG of HEMA and AA grafted onto EPDM films 

 

Methanol as expected, proved to be a poor solvent4 compared to acetone and mixture 

of acetone & toluene. The poor performance of methanol as a solvent is attributed to its high 

chain transfer constant, which is a very influencing factor in the graft copolymerization 

reactions and it is presumably governed by the inductive effect of OH. For methanol as a 

solvent with high chain transfer constant, a competition between reactions (I) and (II) takes 

place as shown in the scheme 3.4.  If the reaction (II) prevails, •CH2OH leads to the 

formation of homopolymer rather than a graft copolymer.  

 

 

 

 

                 Scheme 3.4.   

In contrast to this, acetone is stable against hydrogen abstraction by [BP]*T therefore, 

[BP]*T can abstract hydrogen atoms from the polymer surface to initiate grafting. Although, 

the use of acetone gave good grafting yields, acetone being a chromophore, led to subsequent 
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homopolymerization under UV irradiation due to its self-sensitizing nature (ET = 78 

kcal/mole). Other researchers10 have also observed the favorable effect of acetone as a 

solvent for photo-grafting reactions. Surprisingly, a negligible amount of 

homopolymerization, with a slightly reduced degree of grafting was observed, when reaction 

was carried out in a solvent mixture of acetone & toluene  (44 + 3 ml). This unusual behavior 

is due to the photo -reduction of photoinitiator by toluene, leading to low homopolymer 

formation.  The photoreduction reactivity of the five different types of hydrogen is shown in 

Figure 3.11. 

Figure 3.11 The photoreduction reactivity of the five different types of hydrogen atoms. 

 

 

 

 

 

 

 

 

 

 

 

 

Toluene bearing an allylic H, readily donates the H-atom and causes the photoreduction of 

ketonic photoinitiators viz. [XT]*T or [BP]*T. The resultant C6H5CH2• radical formed has 

lower initiation energy (E i) due to its stable structure and is therefore, incapable of initiating 

the homopolymerization of the monomer in the reaction medium. This explanation20 is in 

accordance with the H-donating capacity of toluene, when present as 5 wt % additive in 

system comprising of 5 wt % BP at 70 °C. An additive proportion of toluene in the reaction 

mixture also facilitates the swelling of polymer surface helping the monomer to accommodate 

in the close proximity of the grafting sites. This phenomenon leads to thin grafted layers as 

seen in the optical micrographs (Figure 3.12). But for reaction carried out at elevated 

temperature toluene along with monomer penetrates into the surface/sub -surface (upto ~5 

microns) and gives comparatively thick grafted layer (Figure 3.13).   
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Figure 3.12 Effect of solvent (acetone + toluene) on thickness of grafted layers of HEMA 

onto EPDM film surface for photo-grafting carried out at R.T (a) 1.0 M and (b) 2.0 M.  

                               (a)               (b) 

 

Figure 3.13 Effect of solvent (acetone + toluene) on thickness of grafted layer of HEMA 

(1.5 M) onto EPDM film surface for photo-grafting carried out at 50 °C.  

 

3.3.1.4.3 Effect of photoinitiator 

The effect of five different photoinitiators viz. xanthone (XT), benzil (BZ), 

benzophenone (BP), benzoyl peroxide (BPO) and α,α’-azo bisisobutyro nitrile (AIBN), on 

the surface photo-grafting efficiency of HEMA and AA onto the EPDM films was also 

studied.  The photoirradiation of a pair of EPDM films (4 cm × 1.5 cm), in each photo-

reactor was carried out in the presence of 0.05 M of each photoinitiator, 1.0 M of monomer 

HEMA and AA, in solvent mixture (44 ml acetone + 3 ml toluene) under inert reaction 

condition for 1 hr at R.T. and 50 ± 2 ºC, according to procedure described in section 3.2.2.1.  

The unimolecular fragmentation (Norrish type I, α-cleavage) of ketones into  two 

radicals under UV radiation forms the chemical basis of photoinitiators for photo-curing 
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applications whereas the hydrogen abstraction by ketones (or photo-reduction) from a 

macromolecular hydrogen-donor under UV radiation forms the chemical basis for the 

photoinitiation of free radical grafting polymerization. Ample literature14,21 is available on the 

photoinitiated grafting systems, however, not much systematic research work about the 

photoinitiators and their relevant photochemistry has been reported. Photoinitiators play a 

very vital role in the photografting phenomenon because, their efficiency is dependent on 

many components and parameters of the grafting system. The selection of photoinitiators 

therefore, forms the basis of the successful grafting reaction.  

  The Figure 3.14 shows that the efficiency of photoinitiators is in the order             

XT > BP = Bz > BPO > AIBN for surface photo-grafting of HEMA and AA. The influence 

of photoinitiator on the grafting efficiency can also be understood from the intensity of the 

functional groups in the ATR-FTIR spectra of the EPDM-g-HEMA and EPDM-g-AA 

(Figure 3.15 and 3.16). The grafting efficiency of HEMA for almost all the photoinitiators is 

greater than AA, which is mainly dependent on the reactivity of the monomer. According to 

Mayo22 the reactivity of the functional monomers is attributed to the electron donating ability 

of the substituents adjacent to the double bond. Since -OCH3 is a better electron donor than 

OH, the ester may be expected to be more reactive than the acid. This explanation is true 

only for reactions of short durations but the monomers with high reactivity, readily undergo 

homopolymerization to give rise to macro radicals with low mobility and therefore, with a 

reduced reactivity with time.   

 

Figure 3.14  Effect of photo-initiator on the grafting efficiency of HEMA and AA onto the 

surface of EPDM films for reaction carried out at 50 °C. 
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Figure 3.15  Influence of photoinitiator on the photo-grafting efficiency of HEMA  in  

ATR-FTIR spectra. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16  Influence of photoinitiator on the photo-grafting efficiency of AA in ATR-

FTIR spectra. 
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The performance and the efficiency of the photoinitiators depend on the four main 

factors A) stable molecular structure, B) stable ketyl radical, C) high triplet energy state and 

D) high UV absorption. The basic difference in the reactivity of XT & BP versus BPO & 

AIBN lies in their behavior in the photo-grafting conditions. Broadly it can be explained that 

upon UV irradiation, XT & BP act as H-abstracting photoinitiators whereas BPO & AIBN act 

as fragmenting  photoinitiators. This behavior of the photoinitiators can be systematically 

explained on the basis of the scheme 3.5.  BPO and AIBN undergo fragmentation23 upon 

absorption of UV radiation or sufficient energy in the later case. The ketyl/alkyl free radical 

so formed being non-capable of abstracting a H-atom from the polymer backbone, initiates 

the formation of homopolymer (Mn) as shown in reaction (1) and (2). This explanation is in 

accordance with the observation made by Wilkie et al.24 and other researchers25. It has also 

been reported that hydrogen-abstracting photoinitiators26,27 such as XT and BP are more 

effective compared to photo-fragmenting 28 type initiator (BPO). The grafting, if any, taking 

place using photo-fragmenting type initiators, mainly depends on the reactivity of the 

monomer/homopolymer radical29.  Photoreduction by hydrogen abstraction from a H-donor 

shown in reaction (3) and (4) gives rise to a ketyl radical which may initiate 

homopolymerization when H-donor is a monomer and graft copolymerization when H-

donor is a macromolecular free radical. This type of reactions gives rise to surface photo-

grafting when H-abstraction takes place from the surface of an organic material (PH). As the 

polymerization proceeds, secondary and tertiary hydrogens appear on the newly formed 

polymer chains (grafted from the polymer surface) or homopolymer, as shown in reaction (7). 

These hydrogens become new targets of excited photoinitiators. A secondary photoreduction 

then occurs with H-abstraction from the newly formed grafted polymer and newly formed 

homopolymer to give rise to secondary grafting as shown in reaction (5) and (6). Ranby et al.20 

have recently shown that when reactions (1) and (2) are predominant, no significant photo-

grafting occurs. Although reactions (3) and (4) are important, but reactions (1) and (4) also 

take place simultaneously. For reactions where ki3 > ki4, homopolymerization prevails but, a 

very thin grafted layer is still obtained. However, the amount of grafted polymer formed on 

the polymeric substrate may be too low to be measured gravimetrically.  Only when reactions 

(4) and (6) prevail over all the other reactions, a thick grafted layer is obtained.  

In all our experiments we observed the homopolymer formation along with surface 

grafting. BP being a well-known classical photoreducible agent, the homopolymerization here 

is attributed to the reactivity of semipinacol radicals and not fragmentation of initiator. In this 

process although the surface free-radicals have higher reactivity compared to the semipinacol 
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radical, the surface free radicals have restricted mobility. As a result the initiating reactivity of 

the semipinacol free radical become relatively more important. Xanthone was found to be a 

better grafting initiator than BP, the reasons for which may be attributed to its stable rigid 

structure, which prevents the fragmentation reaction30. Moreover, the higher triplet state 

energy of XT (ET = 74 kcal/mol) than BP (E T = 69 kcal/mol) also contributes towards its 

better performance. It is also known that the higher the ET, the lower is the energy barrier 

required for the hydrogen abstraction (C -H, Ed = 90 kcal/mol) and higher is the grafting 

efficacy. 
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                                                                                   Scheme 3.5 
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In addition to this, the extinction coefficient for XT is (? 254 = 1 × 104 and ? 313 = 3 × 

103) whereas that for BP is (? 254 = 1.7 × 104 and ? 313 = 50). Although, the extinction 

coefficient for BP is higher at λ = 254 nm, the reaction being carried out in a Pyrex reactor 

with cut off level at λ ≥ 290 nm, the efficiency of XT prevails. The relatively lower reactivity 

of BZ compared to BP is attributed to the homolytic cleavage of weak α,β-dicarbonyl bonds 

as in case of diketones. This homolytic cleavage results in the reaction (1) and (2), which are 

insignificant in bringing about surface grafting eventually.  AIBN is known to have good H-

abstracting capacity from organic molecules for reactions carried out at ~ 70 °C. But in our 

case the H-donors are macromolecules and the reactions are carried out at 50 ± 2 °C. Hence 

the energy may not be sufficient for the rapid homolytic cleavage of AIBN to initiate 

polymerization.  

3.3.1.4.4 Effect of reaction temperature 

The effect of temperature on the surface photo -grafting efficiency of HEMA and AA, 

onto the EPDM films was investigated.  The photoirradiation of a pair of EPDM films (4 cm 

× 1.5 cm), in each photo-reactor was carried out in the presence of 0.2 M BP photoinitiator, 

1.0 M of monomer HEMA and AA, in a solvent mixture of acetone and toluene (44 + 3 ml), 

under inert reaction condition, for 1 hr at R.T. and 50 ± 2 ºC, in the photo-grafting reactors 

described earlier. An advantageous effect of elevated reaction temperature on the degree of 

grafting (Gd) of HEMA and AA was observed. The effect of reaction temperature on the WG 

of the EPDM film is compiled in the Table 3.1. This favorable effect of reaction temperature 

on the grafting efficiency is the unique feature of surface photo -grafting polymerization and 

can be explained using the following scheme 3.6.  Of the two initiation reactions [equation 

(1) and (3)] and propagation reactions [equations (2) and (4)], species (I) and (II) both have a 

much higher reactivity than that of the semipinacol radical. This difference in reactivity 

constitutes the basis of the ketone photografting system. Since, (I) is a surface free radical 

located on the solid surface and (II) is a macromolecular free radical anchored to the polymer 

substrate, the mobility and the vibrational frequency of these species are much lower than 

those of the semipinacol free radical and that of the homopolymer chain free radial. As a 

consequence, (I) and (II) show a greater sensitivity towards reaction temperature i.e. they 

have higher activation energy than that of reaction (3) and (4). 
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                                                            Scheme 3.6 

Therefore, elevating the reaction temperature (50 ± 2 °C) increases the flexibility and mobility 

of these macroradicals to attack the monomer in the medium, leading to higher grafting 

yields20. For reactions, carried out at elevated temperature and monomer concentration (~ 1.0 

M), higher grafting leads to thick grafted layers (~ 5 microns) (Figure 3.17) and reactions 

carried out at room temperature with same monomer concentration delivers thin grafted 

layers (~ 1 micron) (Figure 3.18).  

 

Figure 3.17  and 3.18  Optical micro-images of cross-section of EPDM-g-HEMA revealing 

the influence of reaction temperature on the thickness of grafted layer of HEMA (1.0 M) 

for reaction carried out at 50 ºC. 
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Figure 3.18 

 

Thus, by varying the reaction temperature, one can effectively control thickness of the 

grafted layers. However, the choice of the monomer and type of photoinitiator has their own 

influence, as mentioned earlier.   

3.3.1.4.5 Effect of reaction time 

The effect of reaction time on the surface photo-grafting efficiency of HEMA onto 

the EPDM films was also investigated in the present study.  The photoirradiation of a pair of 

EPDM films (4 cm × 1.5 cm), in each photo-reactor was carried out in the presence of 0.2 M 

BP photoinitiator, 1.0 M of monomer HEMA, in a solvent mixture of acetone and toluene 

(44 + 3 ml), under inert reaction condition, at R.T. and 50 ± 2 ºC, for different reaction time, 

in the photo-grafting reactors described in section 3.2.1.2.1.  

As is obvious from the Table 3.2, the Gd and Ge values increase with the reaction 

time. With the increase in the reaction time, the macroradicals on the surface of EPDM films 

gets formed under the influence of radiation and triplet-exited state of photoinitiators. The 

maximum grafting yield was observed for reaction time of 1 hr, beyond which the grafting 

yield remained constant. We assume that after 1 hr of reaction, the factors like radical 

coupling, restricted mobility of growing chain, homopolymerization and light scattering 

become detrimental. But for reaction time less than 10 min a very non-homogenous and 

localized grafting was observed. The SEM images of EPDM-g-HEMA for different grafting 

time are shown in Figure 3.19. 
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Figure 3.19  SEM images of EPDM-g-HEMA for different photo-grafting time (a) 30 min 

(b) 60 (c) 90 min (d) 120 min. 

 

(a)       (b) 

 

          

 

                           

 (c)                   (d) 
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Table 3.2 Effect of reaction time on the Gd and Ge of HEMA onto the EPDM films. 

 

 

 

 

 

 

 

 

 

3.3.1.4.6 Effect of homopolymer inhibitor 

The effect of three different photoinitiators viz. TEGDA, EGDA and DAA on the 

surface photo -grafting of HEMA onto the EPDM films was investigated with a view of 

improving the grafting efficiency.  The photoirradiation of a pair of EPDM films (4 cm × 1.5 

cm), in each photo -reactor was carried out in the presence of 0.05 M BP photoinitiator, 1.0 M 

of monomer HEMA and AAm, 5 % v/v of an MFA, in 47 ml of acetone, under inert 

reaction condition, for 1 hr at R.T. and 50 ± 2 ºC, in the photo -grafting reactor described 

earlier.  

Ever since the discovery of graft copolymerization, homopolymerization has been an 

associated menace and the main drawback of the radiation induced grafting systems. Metal 

based homopolymerization inhibitors31-33 including Mohr’s salt, Cu(NO3)2 and FeSO4 have 

been successfully employed by various researchers to prevent homopolymerization and 

increase graft yield. However, the use of these inhibitors inevitably imparts colour to the 

substrate as observed by us.  A new class of homopolymer inhibitors popularly known as 

multi functional acrylates (MFAs’) have been successfully used by Dworjanyn et al.2 as well as 

Haddadi and coworkers34. The multi functional acrylates, when present in additive amount, work 

on the principle of chain transfer from the growing macro radical chain. With the MFA 

present in the system, branching occurs by the attachment of the MFA onto the growing 

grafted substrates chains. The tail of MFA is unsaturated and hence free to initiate new chain 

growth via scavenging the radicals. The newly branched substrate chain may eventually 

terminate or cross-link by reacting with a free radical or an immobilized MFA radical. 

     Gd   (mg/cm2) Ge (%)   Grafting  

time  
(min) 

RT 50 ±  2  °C RT 50 ± 2  °C 

15 3.3 4.1 0.8 0.66 

30 5.0 8.3 0.76 1.05 

60 10.0 14.2 1.03 1.36 

90 13.3 20.8 1.14 1.58 

120 14.1 19.1 0.89 1.16 
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Grafting is thus enhanced mainly through branching of grafted substrate chains. The mode of 

action of MFA is schematically represented in scheme 3.7. 

                                                             Scheme 3.7 

We have used this approach to deal with the homopolymerization snag in our system. A 

significant drop in the homopolymerization was visually evident, with a slight decrease in the 

grafting yield compared to the system where acetone was used as a solvent in absence of 

MFA. The results are quite encouraging as evident from the Table 3.3.  The efficacy of the 

multi functional acrylates was in the order TEGDA>EDGA>DAA. The difference of MFA 

performance may be due to the amphiphillic nature of TEGDA, leading to higher absorption 

of monomer into the substrate backbone. This effect termed as ‘partitioning effect’, 

determines the attraction of monomer towards the substrate surface35.  

Table 3.3 Effect of TEGDA on the homopolymer inhibition  

Ge  (%) Monomer   M/L 

RT 50 ± 2  °C 
1.0 1.22 2.0 HEMA 

1.5 1.51 2.57 
1.0 0.8 1.36 AAm 

1.5 1.4 1.99 
 

3.3.2 Plasma induced surface grafting onto EPDM films 

A significant amount of research has been undertaken, harnessing the versatilities of 

low temperature plasmas to graft functional monomers onto the surface of polymeric 

substrates36. It is known that plasma treatment of polymeric material leads to functional 

surfaces, however, this treatment with non-polymerizing gases has one serious drawback: on 

most of the polymer surfaces the gained superior effects are usually not permanent. It 
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disappears or diminishes with the storage time, due to the dynamic nature of functional 

surfaces37. The attachment of polymer chain with functional groups to the polymer surface 

offers an effective solution to the foresaid problem. Accordingly, solution phase post-plasma 

surface grafting has been thoroughly studied 38,39 for a wide range of polymers giving rise to 

desired functionalities on the substrate surface. However, this technique remains at a lower 

profile since, the success of grafting depends on combination of various reaction parameters 

like, plasma treatment conditions, post-grafting time, solvent, reaction temperature, monomer 

reactivity, density of peroxides on surface and their decomposition rate etc. Moreover, due to 

its complex reaction mechanism, many undesired processes like crosslinking, loss of free 

radicals, incomplete decomposition of peroxides, dissolution of grafted chains also take place 

simultaneously.  In addition to this, longer reaction time (12 to 48 hrs) is mandatory for the 

better grafting efficiency40. Simultaneous vapor phase plasma-grafting thus, forms a better 

alternative to the post plasma-grafting technique41. Short reaction time, ambient temperature, 

solvent free grafting, homogenous modification confined to surface, lack of undesirable side-

reactions are some of the merits of vapor phase plasma-grafting. The resultant functionalities 

generated, are found to improve hydrophilicity, hydrophobicity, adhesion property, 

biocompatibility and non-fouling properties of the substrate surface. Moreover, the functional 

groups generated are permanent and are not lost with time, but may undergo reorientation. 

However, the elastomers like EPDM and NR, for these purposes, have been hardly 

addressed42-44. Recently, evaluation of biocompatibility of various elastomers was under taken 

by Lebret and coworkers45. Razzak et al.46 succeeded to some extent in improving the blood 

compatibility of NR by radiation induced grafting of N,N-dimethyl acrylamide and N,N-

dimethyl aminoethyl acrylate. 

Medical products from elastomers have found plenty of applications, ranging from 

surgical devices, tubings, catheters to balloons and implants. The elastomers with excellent 

flexibility and resistance against splitting would be more advantageous than other polymers. If 

improvement in body compatibility of EPDM, is accomplished, the biomedical applications 

of EPDM could be greatly extended. Although, plasma induced surface modification has 

distinct advantages, the high vacuum requirements for low-pressure plasmas, expensive 

treatment and difficulty in scaling up a plasma process from laboratory size to industrial 

continuous processes are at the top of the critic’s list. But, in the present scenario with strict 

environmental norms, plasma treatments have an edge over the conventional wet chemistry 

processes, where cost of handling solvent and higher waste disposal expenses exceeded those 

for plasma processes. Moreover, the increasing capability of computer systems, especially with 
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the use of Monte-Carlo47 codes nowadays, allow effective model calculation for cases close to 

real plasma processes. A solution for problems related to reactor scaling will become available 

with future progress in simulation techniques.  

3.3.2.1 Reaction mechanism 

The EPDM films when exposed to the argon plasma, generates reactive centers 

(mainly free-radicals) on their surface upon interaction with the highly active species 

(electrons, ions, radicals etc) in the plasma. The life and the density of the active species 

depend on the plasma power and treatment time. So, more the power/treatment time, more 

are the active species. When the monomer vapor is simultaneously introduced into the same 

chamber, the radicals generated on the surface of EPDM films (P•) readily react with the 

vinylic monomer  (    ), leading to surface anchored functional groups as shown in the 

scheme 3. 8. These monomers being chemically bonded to the polymer backbone (on the 

surface) cannot be removed upon mechano-physical treatments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

    Scheme 3.8 

3.3.2.2 Control experiment   

In order to understand the effect of plasma treatment on the EPDM films, the 

pristine films were exposed to various plasma-grafting conditions (viz. treatment time, plasma 

power, post exposure time) in absence of monomer vapor. Each of these films was then 

characterized by ATR-FTIR and contact angle measurements. Almost all the films showed 
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the presence of carbonyl and hydroxyl groups on the surface, depending upon the treatment 

conditions. The spectra obtained for each condition were then taken as reference when 

compared with the plasma-grafting of monomers under those conditions.  

3.3.2.3 Plasma-grafting of functional monomers 

Plasma-grafting is a clean and solvent free technique to obtain grafted surfaces with 

desired functional groups. This method is known to be highly surface-selective, where 

modification is confined to a depth of few angstroms without altering the bulk properties. 

Unlike the conventional post plasma-grafting48,49 which involves decomposition of primarily 

formed hydroperoxides in presence of monomer and solvent at elevated temperature, we 

have carried out simultaneous plasma-grafting by introducing monomer vapors along with a 

carrier gas in an inductively coupled plasma reactor at ambient reactor temperature, according 

to the detailed procedure disclosed in the section 3.2.1.2.2. In the present study, four 

different monomers (HEMA, AA, GMA and NVP) have been employed under variable 

plasma-grafting conditions. The plasma power was varied from (40-75 W) and grafting time 

(10-50 min) with and without post-treatment exposure to monomer vapors. The post 

treatment exposure time allowed all the monomers in the reaction chamber to react with the 

surface free-radicals. The plasma-grafted films were then sonicated in water, methanol and 

acetone and dried in vacuum oven before characterization. 

Upon applying the plasma power, excitation of the carrier gas takes place, generating 

active species (viz. ions, radicals and atoms) in the plasma.  These active species upon 

interaction with the substrate, generates reactive sites (mainly free radicals) on the EPDM 

surface. The monomer vapors in the plasma chamber easily react with these radicals, yielding 

grafted surfaces as represented in scheme 3.9. 

 

                                                              Scheme 3.9 

The successful accomplishment of plasma-grafting is evident from the decrease in the 

water contact angle and the gravimetric changes in the EPDM films, as apparent from the 

Figure 3.20. The Table 3.4 shows that the weight gain is much less for grafting time  ≤ 10 

plasma 
treatment

monomer
vapourEPDM film

Argon



Chapter: 3 

 105 

minutes and plasma power ≤ 50 W.  Although, the degree of grafting observed here is in the 

order HEMA>AA>GMA>NVP, the difference in the grafting efficiencies of the employed 

monomers is much less, unlike in photo-grafting. This is mainly because, the dependence of 

the monomer reactivity on the grafting efficiency is much less in plasma-grafting compared to 

that in the case of photo-grafting. Moreover, the molecular weight of all the grafted chains on 

a substrate is expected to be almost similar as the initiation and propagation occurs under 

similar reaction conditions. Chain termination50 occurs after exposing the samples to the air. 

It has also been reported that the membranes modified by vapor phase plasma-grafting has 

many short chains on the surface, giving rise to a brush like structure50. 

Figure 3.20 Effect of plasma-grafting on Gd and contact angle measurements. 

Table 3.4 Gravimetric changes in the plasma grafted EPDM films 

% WG 

AA HEMA NVP 

 

Grafting time 

(min) 
50 W 75 W 50 W 75 W 50 W 75 W 

10 # 0.22 # 0.25 # # 

40 4.95 5.78 5.11 5.90 4.33 4.6 

#  too small to measure gravimetrically 

 

The use of plasma gas, distance of the substrates from the plasma edge and plasma-

grafting temperature were carefully chosen after studying the optimized reaction conditions in 

the literature50-52 Argon has been shown to be the best plasma medium for vapour phase 

grafting The distance of 12 cms from the substrate was found to be optimum, going with the 

fact that the increase in the distance of the substrate from the plasma edge causes lowering of 
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the grafting yield. Hirotsu et al.53,54 reported a decrease in grafting yield for plasma induced 

grafting at elevated temperature. This observation was explained with an assumption that the 

deactivation of free radicals on the surface takes place at elevated temperature. Johnsen et al.55 

gave an alternative explanation for the observed temperature dependence of grafting yield, 

assuming that, at elevated temperature monomer tends to distill away from the sample along 

with the carrier gas whereas at ambient temperature (27 °C) monomer vapors condense on 

the substrate surface forming a thin film resulting in a higher grafting yield.  The higher 

grafting yield of AA may be due to its comparatively lower boiling point (under reduced 

pressure), which favors rapid vaporization, resulting in its higher density in the reaction 

chamber. HEMA and GMA being high boiling monomers give slightly lower grafting yields. 

A similar effect of monomer, boiling point has already been reported55.   

XPS Analysis 

The XPS analysis performed on the plasma grafted EPDM films showed C1s, N1s 

and O1s binding energies (eV) of corresponding functional monomers present on the film 

surface. Accordingly, C1s values of 285.0 (C-H), 288.8 (O -C=O), 286.2 (C -OH) and O1s 

values of 532.4 (C-O), 533.3 (O-C=O) for HEMA, C1s values of 289.2 (COOH) for AA, C1s 

values of 286.2 (C-O-C), 287.0 (C-O), 289.2 (O-C=O) and O1s values of 532.2 (C-O) and 

533.3 (C=O) for GMA, C1s values of 286.0 (C-N), 288.2 (N-C=O), N1s value of 399.8 (N-

C=O) and O1s value of 532.6 (N-C=O) for NVP are observed in the Figure 3.21. The 

values mentioned over here are with a standard deviation of 0.4 eV in the binding energy. The 

presence of grafted chains on the surface was further substantiated from the measurement of 

atomic concentration of various species, complied in Table 3.5. There may be a contribution 

of the C1s from the alkoxy/peroxide groups generated by the termination of radials by 

oxygen upon exposure to air after polymerization reaction but this effect is expected to be 

negligible compared to the total oxygen values. 
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Figure 3.21  Binding energy peaks in the C1s spectra of EPDM grafted with different 

functional monomers measured by XPS analysis. 

 

 

 

 

 

 

 

 

 

 

 

Table 3.5 The atomic concentrations of C, N and O on the plasma grafted EPDM films 

C1s1 (C-C) = C1s 285.0 ± 0.2 , C1s2 (C-O + C=O) = C1s 286 - 289 ±  0.2 , N1s = N1s 400.5 ± 0.4 , O1s = O1s 534.5 ± 0.4 

Atomic concentration (%) Monomer 

grafted 

Take off 

angle 
C1s1 C1s2 N1s O1s 

30° 77.84 11.77 1.23 9.16 neat  

EPDM 
60° 79.13 12.88 0.95 7.04 

30° 56.02 12.20 - 31.77  

HEMA 
60° 60.57 10.28 - 29.15 

30° 57.09 17.21 1.03 24.72  

AA 
60° 57.47 15.99 0.95 25.56 

30° 46.97 29.82 5.13 18.08  

NVP 
60° 50.48 28.66 4.67 16.19 
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ATR-FTIR spectroscopy 

The presence of respective functional groups of the plasma grafted monomers, was 

substantiated by the characteristic peaks in the ATR-FTIR spectra with stretching vibrations 

at 1734 cm -1 (C=O) and 3440 cm -1 (O-H) for HEMA-g-EPDM, 1663 cm -1 (N-C=O) for 

NVP-g-EPDM, 1707 cm -1 (COOH) for AA-g-EPDM and 1730 cm -1 (O-C=O) and 1157 cm -1 

(C-O-C) for GMA-g-EPDM, are obvious in the Figure 3.22. Moreover, it can be noted from 

the Figure 3.23 that the intensity of the peaks for respective functional groups in the ATR-

FTIR spectra are more at θi= 60° (dp = 0.25 µm) than those at θi = 45° (dp = 0.45 µm), 

indicating that density of the functional groups is more towards the surface and decreases 

with the sampling depth. The results of the depth profiling study are also supported by the 

XPS analysis. 

 

Figure 3.22  ATR-FTIR spectra showing the peaks for respective functional groups of 

monomers plasma grafted onto the surface of EPDM films.  
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Figure 3.23 Depth profiling of functional groups on the surface of EPDM films using 

angle resolved ATR-FTIR. 

                                (a)          (b) 

 

 

 

 

 

 

 

 

 

 

 

Morphology imaging by SEM and AFM analysis 

 The morphological investigation of the plasma grafted films indicated a uniform 

grafting throughout the film surface. However, the surface roughness in all cases increased 

compared to the pristine EPDM films. Figure 3.24 shows the SEM micrographs of the 

plasma grafted EPDM films. The AFM analysis also reaffirmed that the surface roughness is 

less in case of plasma grafted samples compared to the photo grafted (Figure 3.25). This is 

mainly due to the controlled grafting and absence of agglomerated homopolymer chains in 

the former case.  

Figure 3.24  SEM images of low -pressure cold plasma grafted EPDM films at 50 W for 40 

minutes  (a) neat (b) HEMA (c) NVP (d) AA (e) GMA. 

                                (a)         (b) 
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     (c)              (d)     
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Figure 3.25 AFM images of (a) neat (b) photo- (c) plasma grafted HEMA onto EPDM. 

(a) 

(b) 

  (c)                                                 
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3.3.2.3.1 Effect of plasma power and grafting time 

 The parameters of plasma treatment and degree of grafting of three different 

monomers on the EPDM films have been compiled in the Table 3.4. Under the examined 

conditions, we were able to achieve degree of grafting almost 6 % WG. It is obvious from the 

table that the % WG increases with the increase in plasma treatment time, which is in 

agreement with some literature data. An increase in the plasma power beyond 75 W (30 min) 

had some detrimental effect on the Gd and % WG. However, there has been a discrepancy in 

the results reported by different researchers for the dependence of grafting yield on plasma 

power56,57. This difference may be attributed to the nature of substrate and cannot be 

generalized. Usually amorphous substrates undergo surface etching upon longer exposure to 

the plasma and the rate of etching depends on the plasma power. This might be the prime 

cause for the decrease in the % WG under aggressive conditions in our system. However, the 

ATR-FTIR spectra (Figure 3.26) did not show a decrease in the carbonyl peak intensity for 

longer irradiation time and high plasma power. Epaillard et al.56 observed that for post plasma-

grafting, the grafting yield increased with the plasma power and treatment time. Moreover, at 

high plasma power, the EPDM surface is assumed to undergo crosslinking, hindering the 

diffusion and interaction of the monomers with the underlying free radicals as shown in 

Figure 3.27. The surface crosslinking also hinders the orientation of the functional groups 

towards the polymer surface causing an increase in the hydrophobicity for samples treated 

with high plasma power and long exposure time.  

Figure 3.26  Influence of plasma power and grafting time on the intensity of the carbonyl 

peaks of HEMA in the ATR-FTIR spectra of surface grafted EPDM films. 
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 Figure 3.27 Effect of surface morphology on the monomer diffusion  

 

 

 

 

 

 

 

 

 

 

3.3.2.3.2 Effect of post exposure time 

The ATR-FTIR spectra in the Figure 3.28 shows that upon post-exposure of the 

plasma grafted substrates for 10 min, an increase in the intensity of the characteristic peaks 

was observed. Although a longer exposure (20 min) of these films did not improve the 

grafting yield. This indicates that a short post-exposure is favorable for exploiting all the 

radicals on the surface for achieving higher grafting yields.   As it is already known that upon 

plasma treatment of polymer films, radicals are generated on their surface. Polymerizable 

species when present in their vicinity, readily react with these radicals to give rise to surface 

grafted polymer. But in the case of steric hindrance/ surface cross-linking, the monomer 

d iffusion to the radical site may not be instantaneous. In such cases, post-exposure of the 

plasma treated films would allow all the radicals to react with the monomer vapor present in 

the chamber to give rise to higher grafting yields. The results obtained in our studies are in 

accordance with the above assumption. However, a similar study has not been reported yet to 

support this assumption.   
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Figure 3.28 ATR-FTIR spectra show the effect of post exposure time on the plasma 

grafted EPDM films (a) EPDM-g-HE MA (b) EPDM-g-NVP. 
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3.3.2.3.3 Effect of storage time  

The functionalization of polymer surface is preferred by the grafting method over the 

traditional irradiation process to obtain permanently hydrophilic surfaces. In the former 

method, although the functional groups are chemically bound to the polymer surface, they are 

not permanently available at the surface58. Most of the researchers59,60 claim of completely 

wettable and permanently hydrophilic polymer surfaces prepared  by grafting techniques but it 

is refuted by others. The orientation of the functional groups takes place leading to a 
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reconstructed surface. The phenomena of reconstruction is governed by the surface dynamics 

(surface free-energy) under the influence of various parameters like 1) storage temperature, 2) 

size of the grafted chains, 3) nature of substrate, 4) Tg of the substrate, 5) density of 

functional groups, 6) grafting conditions and 7) surface morphology. The migration of the 

functional groups is represented in Scheme 3.10. 

In the present study, it is observed that the migration of the functional groups takes 

place towards the sub-surface of the grafted polymer in order to minimize the surface free-

energy. However, the phenomenon of re-orientation being a reversible process60, the 

functional groups were not permanently lost as observed in some other cases61. The Table 

3.6 shows the contact angles measured by the sissile drop method for different storage time. 

It can be noticed that there is a minor difference in the water contact angle before and after 

washing the grafted films but a rapid hydrophobic recovery upon storage of these grafted 

films at RT is obvious from the contact angle measurements. Upon conditioning the samples 

at 20 °C and 64 % humidity for 2 hrs, a partial recovery of the buried functional groups at the 

surface of the EPDM films was observed. It is assumed that direct hydration of the substrate 

with water may result in almost complete recovery of hydrophobic groups. A slow orientation 

of the functional groups with partial hydrophobic recovery upon storage of polystyrene and 

polypropylene films is reported in the literature62,63. It was also observed that these substrates 

undergo a slow hydrophilic recovery upon hydrating them. Thus, in case of EPDM the rapid 

hydrophobic/hydrophilic recovery observed is due to the highly flexible polymer chains and 

free volume available unlike in PP and PS. This explanation is supported by similar mobility 

of functional groups observed for surface oxidized 1,4-polybutadiene64. A partial hydrophilic 

recovery was attained just within 5 min of contact with water. Therefore, the rate of re-

orientation is assumed to be dependent on the Tg of the polymeric substrates. 
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Table 3.6 Effect of storage time on the hydrophilicity of plasma grafted EPDM films. 

 

 

 

 

 

 

 

 

 

 

 

          Scheme 3.10 

Contact Angle [50 W, 30 min] Contact angle [75 W, 40 min]  
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GMA 47.3 54.4 56.2 61.0 72.5 62.4 40.1 46.2 49.2 55.8 62.4 57.5 

NVP 53.5 51.7 58.8 70.0 78.1 67.3 45.2 47.8 52.2 61.1 66.6 59.0 
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A close examination of the Table 3.6 also reveals that the process of re-orientation 

depends on the size of the grafted chain. The AA and NVP grafted EPDM films represents a 

faster hydrophobic recovery compared to the HEMA and GMA grafted samples. It is also 

understood from the results that the hydrophilicity achieved at higher plasma power and 

grafting time is more stable compared to that lower conditions. This behavior may be 

hypothesized on the basis of the surface cross-linking at higher plasma power, which hinders 

the migration of the functional groups towards the sub -surface63. Thus, the phenomenon of 

functional group re-orientation, although reversible, is inevitable and depends on the 

combined effects of various parameters mentioned above. 

3.4 Biocompatibility study of surface grafted EPDM films 

 An ample literature is available on the surface modification of polymers to achieve 

biocompatibility65. Different techniques have been employed to generate functional surfaces. 

However, very few researchers have attempted to deduce the factors influencing the success 

and failure of these materials45. The present study, to some extent, highlights the factors 

influencing the biocompatibility of the surface modified elastomers under in vitro conditions. 

The fact that in the dehydrated state of a grafted polymer, the functional groups are not 

entirely located at the surface and re-orient towards the surface upon hydration, is already 

established62-64. In this scenario, if a hydrogel grafted polymeric material is implanted in the 

dehydrated state with an assumption that all the functional groups are available at the surface, 

the organism might initially interact with a very different type of surface from that, which was 

originally intended for the particular application. This is of concern as it has been documented 

that the series of events that occur within the first few seconds of implantation (eg. protein 

adhesion) determine the long-term success and failure of the implant. Thus, the phenomenon 

involving the orientation/re-orientation equilibrium plays a vial role. The elastomers bearing a 

low Tg show a rapid functional group re-orientation towards the surface compared to other 

thermoplastics and are therefore, more suitable as biomaterials. 

The biocompatibility of the surface modified samples was estimated by human cell 

adhesion/growth. In addition to a control sample, only those samples, which showed the 

presence of functional groups on the surface (by ATR/XPS), were taken for the 

biocompatibility tests. The photo/plasma surface-grafted EPDM films were immersed in the 

cell-culture media in presence of SIHA (Cervical carcinoma cells) and KB (Oral carcinoma 

cells) in each case, incubated for 24 hrs and 48 hrs. The cell adhesion and growth were 

monitored under optical microscope after 24 hrs and 48 hrs of incubation (Figure 3.29-3.30).  
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Figure 3.29 Optical micrographs of KB Cell (left) and SIHA cells (right) cultured on the 

photografted  EPDM films monitored after 48 hrs of incubation (a) neat EPDM (b) 

HEMA-g- (c) AA-g- (d) GMA-g- (e) NVP-g- EPDM. 
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Figure 3.30  KB cell cultured on the surface of plasma grafted EPDM films after 24 hrs of 

incubation (a) HEMA (b) AA (c) GMA (d) NVP. 

 

        (a)      (b) 

 

             (c)                             (d) 

 

The results of KB and SIHA cell adhesion after 24 hrs of incubation tabulated in 

Table 3.7 shows that HEMA (photo and plasma) grafted EPDM films demonstrate excellent 

cell adhesion with a high degree of uniformity through out the film surface. This substantially 

high biocompatibility is attributed to the uniform carpeting of polyHEMA chains on EPDM 

films (Table 3.7), which is again accredited to its higher grafting efficiency. The acrylic acid 

photo -grafted films exhibited better cell adhesion (number of cells adhered/cm 2) compared to 

plasma-grafted samples. The density of the cells adhered depends on the number of the freely 

available carboxylic acid groups, which is more in the case of photo-grafted films. However, 

the visual homogeneity of the cells adhered in both the cases was almost similar. Glycidyl 

methacrylate being moderately grafted on the EPDM surface in both the cases, exhibited 
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mediocre cell adhesion with less uniformity in case of photo-grafting. N-vinyl pyrrolidone 

having a very low grafting coefficient, was feebly grafted onto the film surface and resulted in 

poor cell adhesion, although its biocompatibility was good when it was plasma-grafted. 

 

Table 3.7 Immobilizatio n of KB and SIHA cell lines on the surface of grafted EPDM films 

 
Cell adhesion# Grafting 

technique HEMA AA GMA NVP 

Photo  é + é + • − O − 

Plasma é + • + • + • + 

                    #Cell adhesion: Good é   Average  •    Poor  O  Uniform  +    Non-uniform  −    
 

It is evident from the Table 3.8, that the growth/immobilization of both KB and 

SIHA cells increases upto 24 hrs of incubation for all plasma grafted and photo-grafted 

samples, except for NVP. The plasma-grafted samples show better adhesion/growth even 

after 48 hrs of incubation. Thus, cell growth/adhesion depends on the uniformity of grafting. 

The decrease in the adhesion, particularly of the KB cells, after 48 hrs of incubation, is 

attributed to their higher sensitivity towards foreign environment. Both the cell lines 

demonstrated a significant adhesion, however, KB cells being more sensitive, exhibited a 

slightly lower cell growth compared to SIHA cells. Amongst all the monomers, acrylic acid 

and hydroxyl ethyl methacrylate grafted samples exhib ited excellent results, however, AA was 

found to be the best monomer for achieving biocompatibility.  The decrease in the 

biocompatibility of photo -grafted HEMA during the initial hours of incubation is observed. 

This is due to excessive homopolymerization, which leads to clustered chains on the grafted 

surface where functional groups (OH) are likely to be buried, thus not freely available for the 

bio -interactions. 
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Table 3.8 Dependence of Cell adhesion/growth on incubation time 

Increase:   photo ?       plasma ⇑             Decrease:   photo ?     plasma ⇓ 

3.5 CONCLUSIONS 

The photo -grafting efficiency (Ge) of monomers observed here is in the order 

HEMA>AA>GMA> NVP. The surface of the grafted substrates examined by the SEM 

shows progressive roughness with the increase in the degree of grafting. A rise in the 

thickness of the grafted layer observed in the optical micrographs, is attributed to the multi-

layer formation arising from the grafted homopolymer chains. The ketonic photo-initiators, 

due to their hydrogen abstraction capacity prove to be better initiating species compared to 

the peroxy-initiators. Multifunctional acrylates demonstrate substantial homopolymer 

inhibition capacity with a little influence on the grafting efficiency. Toluene as an additive 

suppresses the homopolymer formation and increases the grafting yield.  The degree of 

photo-grafting increases linearly with the reaction time and temperature. The plasma grafting 

efficiency mainly depends on the reaction time, whereas the rate of grafting depends on the 

plasma power. For reaction time less than 10 minutes, grafting is almost negligible leading to 

poor biocompatibility. The plasma-grafted samples exhibit better cell adhesion/ growth even 

after 48 hrs of incubation. Thus, cell growth/adhesion depends on the uniformity of grafting 

and density of functional groups. In other words, hydrophilicity of the polymer surface plays 

a major role in determining the biocompatibility of the substrate. Both the cell lines 

demonstrated a significant adhesion, however, KB cells being more sensitive exhibited a 

slightly lower cell adhesion/growth compared to SIHA cells. Amongst all the monomers, AA 

and HEMA grafted samples exhibited excellent biocompatibility. However, it should be noted 

that the grafting yield of each monomer is different and at similar grafting yield the results 

might be different.   

 

Cell adhesion/growth 

HEMA AA GMA NVP 

 
Cell lines 

 
24 h 48 h 24 h 48 h 24 h 48 h 24 h 48 h 

SIHA ↑ ⇑ ↑ ⇑ ↑ ⇑ ↑ ⇑ ↑ ⇑ ↓ ⇑ ↓ ⇑ ↓ ⇑ 

KB ↓ ⇑ ↑ ⇑ ↑ ⇑ ↑ ⇑ ↑ ⇑ ↓ ⇓ ↓ ⇑ ↓ ⇓ 
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4.1 INTRODUCTION  

Tailoring a polymer with properties different at its surface and in the bulk, is now-a- 

days one of the most important areas of research in polymer chemistry. Polyolefins are the 

oldest and well-accepted synthetic polymers, due to their excellent manufacturer cum user-

friendly properties. Surface modification of PP and PE is most widely studied, although, 

olefinic elastomers are almost untouched.  Many chemical and photo-physical treatments are 

known to bring about these changes but are often non-uniform and uncontrolled1-3. Amongst 

the alternative means of surface modification, functional group implantation using reactive 

gas cold-plasma treatment appears to be a rational alternative4.  

A plasma is broadly defined as “a third state of matter consisting of charged and neutral species 

which include electrons, + ve ions, - ve ions, radicals, atoms and molecules”. Plasmas are generally 

categorized on the basis of their electron densities and electron energies. The low electron 

energy plasma, often called cold plasma, is most commonly used for the surface modification of 

polymers. The formation of the functional groups on a polymer surface by plasma treatment 

is interpreted from the action of the radicals in the plasma. In the implantation process, 

hydrogen atoms are first abstracted from the polymer chains located at the surface to generate 

free-radicals. Some of the carbon radicals in the polymer chain combine with the radicals 

formed in the plasma to generate functionalities of the respective gas. The other carbon 

radicals, when exposed to the air after the plasma treatment, are oxidized to form oxygen 

functionalities such as carbonyl, hydroxyl and carboxyl groups5. The commonly used gases for 

the reactive plasma treatment are oxygen, carbon dioxide, sulphur dioxide, chlorine, fluorine 

and ammonia. The plasmas with oxygenated gases are known to induce efficient and rapid 

hydrophilation of the polymer surfaces. The formation of the functional groups as a result of 

plasma treatment is restricted to  a depth of few hundred nanometers on the polymer surface 

and sometimes a couple of layers6 . 

Classical surface chemistry assumes that solid surfaces are rigid, immobile, at 

equilibrium and do not respond in any way or reorient with respect to different 

environments7, although, such assumptions may be correct only for truly rigid solids or 

polymers with high Tg. It is often reported that functionalities generated on the polymer 

surface as a result of plasma implantation, are temporary and are lost with time8. This 

phenomenon is termed as ‘hydrophobic recovery’. Hydrophobic recovery is usually attributed 

to the surface configurational change. There are actually two possibilities: (i) reversible and (ii) 
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permanent change. The former one is attributed to the configurational changes whereas the 

later one is due to the formation of oligomeric products upon surface degradation9. Thus, the 

stability of the surface state after plasma treatment is a major concern for any investigator 

attempting to improve wettability by plasma surface modification. Hydrophobic recovery, 

that is, the decrease in the surface hydrophilicity as indicated by an increase in the contact 

angle with the storage time, is a common example of surface instability encountered after the 

modification with reactive gas plasma10,11. Although, these surface dynamics depend on 

polymer physio-chemical properties, temperature, storage time and many other parameters, it 

is a feebly understood complex phenomenon, which differs from substrate to substrate12,13. 

Thus, the prime objective of the present study is to devise a placid technique for surface 

functionalization of elastomeric films with a topographical selectivity without altering their 

inherent physio-chemical properties with an insight into the surface dynamics from the 

fundamental point of view.  

Surface functionalization of elastomeric substrates like silicon rubber, polyurethane 

and polyvinyl chloride is well documented in the form of patents14,15 and publications16,17. 

Researchers have attempted to tailor the surface properties of various polymers like 

polyethylene, polypropylene, polyamide, polyethylene terephthalate, polyacrylonitrile, 

polytetrafluoroethylene and polyethersulphone using traditional and existing surface 

modification techniques18-20. However, there are only a few reports on the surface 

modification of EPDM21, natural rubber22 and styrene butadiene styrene23 films using plasma-

induced modification techniques, with hardly any systematic efforts to investigating the 

effects of different reaction parameters on the surface properties of these elastomers. 

Therefore, elastomeric substrate was our obvious choice. 

Surface modified polymers are rapidly achieving the status of biomaterials24. However, 

a limited number of elastomers enjoy this distinction25. Elastomers are potential candidates for 

biomedical applications due to their inherent flexibility and freedom of design. Moreover, the 

phenomenon of functional group re-orientation being a very rapid process in case of 

elastomers26a, the functionalities are readily available at the surface upon hydrating them, 

unlike in other thermoplastics. The surface modified elastomers are therefore, prospective 

biomaterials for a wide range of applications. The modification of elastomeric surface was 

thus proposed with a view of improving their biocompatibility and examining their 

performance under in vitro conditions.  

In the present study, two reactive gases viz. oxygen and carbon dioxide are used to 



Chapter: 4  

 128
 

obtain functional hydrophilic surface of EPDM films. The effect of reaction parameters like 

plasma power, gas flow, treatment time, post treatment exposure to the system gas and 

surface dynamics upon storage are examined carefully. In another approach, functional vinylic 

monomers along with functional cross-linkers were spin coated onto the surface of the 

EPDM films and exposed to the plasma radiation to obtain long -term hydrophilic surfaces. 

All the samples are analyzed using surface sensitive techniques like contact angle 

measurement, XPS and ATR-FTIR spectroscopy.  

4.2 MATERIALS AND METHODS 

4.2.1 Materials  

All the monomers viz. 2-hydroxyethyl methacrylate (HEMA), N-vinyl pyrrolidone 

(NVP), glycidyl methacrylate (GMA), allyloxy-1,2-propanediol (AOPD), acryloyloxyethyl 

trimethyl ammoniumsulphate (AOETMAS) and cross-linkers; diallyl amine (DAA) and 

ethylene glycol dimethacrylate (EGDMA) procured from M/s. Aldrich, USA, were purified 

by fractional distillation under reduced pressure using fractional distillation column. 

Diiodomethane was procured from LOBA Chemicals. India. The nitrogen, carbon dioxide 

and oxygen gases (Grade I) supplied by M/s. Inox Ltd., Thane, India, were used for the 

plasma-treatment reactions. 

4.2.1.1 Preparation of polymer films  

LDPE film preparation 

 The LDPE pellets obtained from IPCL, Baroda, India, were dissolved in toluene and 

precipitated from methanol to remove the processing additives. Films were prepared by 

compression molding in a laboratory Carver press using the purified LDPE (density, 0.916 

g/cc) at 205 °C for 2 minutes and quench cooling with cold water. The films were then cut 

into definite size. These films were sonicated in chloroform followed by methanol and dried 

in vacuum oven at 40 °C before use. 

PP film preparation 

PP pellets were also made additive free by the above mentioned procedure for LDPE 

purification. Films of PP were prepared by compression molding in a laboratory Carver press 

using purified PP pellets at 175 °C for 2 minutes and quench cooling with cold water. The 

films were then cut into definite size. These films were sonicated in chloroform followed by 

methanol and dried in vacuum oven at 40 °C before use. 
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EPDM film preparation 

The detailed procedure for the preparation of EPDM films is described in the section 

3.2.1.1. 

4.2.1.2 Reactor  

 In the present study, the surface modification of the EPDM films is carried out 

mainly by plasma implantation and cross-linking of functional monomers spin coated on the 

surface of the EPDM films. 

4.2.1.2.1 Plasma-treatment reactor 

The plasma treatment of the EPDM films was carried out using MARCH (USA), RF 

plasma reactor (model MPA 300) operating at a frequency of 13.56 MHz. The experimental 

conditions were, flow rate = 5 .0 and 12.5 sscm, power = 50 - 100 W, time = 30 - 300 sec. 

4.2.1.2.2 Spin coating reactor 

 The spin coating reactor was also built with the in-house engineering facility at the 

Department of Physics, University of Pune, Pune. The coating can be done from 1-8000 rpm.   

4.2.2 Experimental methods 

The surface modification of the EPDM films was accomplished by two methods       

namely, plasma treatment and plasma induced grafting. 

4.2.2.1 Plasma-treatment procedure 

 The PE, PP and EPDM films of definite size were fixed in the plasma treatment 

chamber at a distance of 8 cm from the gas aperture as shown in Figure 4.1. The reaction 

chamber was evacuated to 0.2 torr and desired gas was then introduced with a definite flow. 

After the reaction pressure and gas flow were stabilized, a potential was applied for a fixed 

time from the RF generator. After the irradiation, the samples were maintained in the same 

gaseous atmosphere for different periods viz. 10 min and 1 hr. The samples were then 

immediately taken up for the contact angle measurements. 
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Figure 4.1 Plasma treatment reactor. 

 

4.2.2.2 Spin coating procedure 

 DAA and EGDMA were used as cross-linking agents for anchoring the vinylic 

functional monomers onto the surface of EPDM films. A separate composition of monomer: 

cross-linker (3:1) was prepared and 0.5 ml of this formulation was placed on the EPDM film      

(4 cm × 1.5 cm) and spin-coated at 5000 rpm for 3 min to form a micro-coating.  

4.2.2.3 Plasma induced grafting 

 The spin coated EPDM films bearing a monomer and cross-linker in (3:1) proportion 

were placed in the plasma reactor and irradiated for 300 sec in oxygen plasma to facilitate 

rapid cross-linking of the vinylic monomers at the film surface. The films were taken up for 

the weight gain measurements after irradiation and also after washing.  

4.2.3 Characterization methods 

 The surface modified EPDM films were characterized by contact angle goniometer, 

ATR-FTIR and XPS. The change in the weight of the grafted samples was determined using 

microbalances: Precisa 205 ASCS, Switzerland and Sartorius BP 210D, Germany, with a 

standard deviation of 0.05 mg. 

The water and diiodomethane contact angles were measured on a Rame-Hart NRL, 

USA contact angle Goniometer (Model 100-00 230) using freshly prepared deionized water, 

filtered through membrane filter. The drop volume was 2 µL.  The static contact angles of the 

water on the substrate surface were determined by ‘sissile drop’ method, measured within    

30 sec of placing the drop at room temperature (27 ± 3 °C). The reported values are an 

average of minimum 7 values, measured at different places on the sample. The standard 

deviation in the measured value is within ± 3°. The details of ATR-FTIR, XPS and SEM are 

described in section 3.2.3. 
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Surface free-energy calculation 

The surface free-energy was calculated using the Fowkes equation26b for the total work of 

adhesion (WSL): 

WSL = Wd
SL + Wnd

SL 

where, Wd
SL is the work of adhesion due to dispersive interactions and Wnd

SL work of 

adhesion due to nondispersive interactions. The adhesion work corresponds to the 

expression:  WSL = γS + γL  - γSL and WSL = γL  (1 + cosθ) 

moreover,  

Wd
SL = 2(γd

L  γd
S)1/2   and Wnd

SL = 2(γnd
L  γnd

S)1/2  

therefore, 

γL1  (1 + cosθ) = 2(γd
L 1 γd

S)1/2    + 2(γnd
L 1 γnd

S)1/2 

γL2  (1 + cosθ) = 2(γd
L 2 γd

S)1/2    + 2(γnd
L 2 γnd

S)1/2 

where, L 1 is water and L2 is diiodomethane. 

using this equation we have calculated γd
S and γnd

S for the polymer film  

γtotal ( mJ m-2) = γd
S + γnd

S   

4.2.4 Biocompatibility Tests 

The biocompatibility of the modified and pristine EPDM films was tested by the 

procedure disclosed in section 3.2.4. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Functional group implantation using O 2 and CO2 plasma 

 Oxygenated gases used for the plasma treatment are known to generate hydroxyl, 

carbonyl and carboxyl functionalities, thereby increasing the polarity of the treated surfaces27 . 

The mechanism of polymer surface modification by reactive gas plasma can be differentiated 

as oxidation and degradation, where degradation is further categorized into etching and cross-

linking. Polymers giving rise to volatile products undergo etching whereas those producing 

non-volatile oligomers often undergo surface cross-linking. Thus, there is no general 

mechanism of plasma modification of polymers as such, since they behave distinctly in each 

plasma, under variable conditions. Scheme 4.1 and 4.2 show the modification of PP upon 

carbon dioxide and oxygen plasma treatment.  
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          Scheme 4.1  

      Scheme 4.2 

  

It can be noticed that the functionalization of PP under oxygen plasma is a complex process 

and gives rise to hydroxyl and carbonyl species whereas carbon dioxid e plasma predominantly 
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generates carbonyl and carboxyl species on the polymer surface28. This explanation is 

supported by the XPS spectra in Figure 4.2 (a) and (b). The plot in Figure 4.3 represents 

the changes in the surface energy of the functionalized polyolefin films. The ATR-FTIR 

spectra did not show any difference between the untreated and moderately treated samples. 

The reason is that the modified layer is not thick enough to induce detectable changes in ATR 

spectra29. 

 

Figure 4.2 XPS spectra of (a) O2 and  (b) CO2  plasma treated PP films.  

   (a)      (b) 

4.3.1.1 Effect of plasma power and irradiation time 

The water contact angle (θ) measurements of PP, PE and EPDM films treated with 

oxygen and carbon dioxide plasma are compiled in the Table 4.1 and Table 4.2, respectively. 

The θ  values clearly reveal an increase in the hydrophilicity of the surfaces treated with both 

the plasmas. However, a close observation of the θ  values for low plasma power and small 

treatment time also reveals that surface of PP undergoes rapid hydrophilization compared to 
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EPDM and PE. This effect is due to the spontaneous elimination of tertiary hydrogens from 

the polymer chains located at the surface during the first few seconds of the treatment. Once 

all the tert-H atoms are eliminated, the functionalization of these polyolefins is assumed to be 

sterically controlled whereas amongst the sec-H atoms, those that are sterically less hindered, 

are easily knocked off. A close look into the contact angle measurement also depicts that the 

surface hydrophilicity at low plasma power increases with treatment time, but at high plasma 

power, hydrophilicity decreases with the treatment time irrespective of the system gas. This 

indicates that either surface cross-linking or etching takes place simultaneously. Charlesby30 has 

reported that PP and PE undergoes cross-linking under high-energy radiation. The 

thermodynamically favored orientation of functional groups takes place with the loss of 

functional groups from the interface. Moreover, it can also be noticed that hydrophilicity 

achieved using carbon dioxide plasma is better than that obtained by oxygen plasma. This is 

in accordance with a previous report31. This may be due to the higher cross-linking and 

degradation at the polymer surface in case of the oxygen plasma. In addition to this, the 

peroxides generated on the polymer as a result of oxygen plasma treatment are bound to 

undergo decomposition, leading to a cross-linked surface. The proposed hypothesis is 

schematically expressed in the scheme 4.3. At very high plasma power, the chain scission at 

the polymer surface takes place, giving rise to dangling hydrocarbon chains or low molecular 

weight oligomers32. The initially generated functional groups are assumed to be buried below 

these chains of low surface free-energy. Thus, a decrease in the hydrophilicity is observed 

upon irradiating the polymer films at higher plasma power for a longer time. The formation 

of gel, with small amount of insoluble mass upon dissolution of the plasma treated (100 W, 

300 sec) polyolefin samples in toluene reaffirmed the cross-linking during the treatment.  

 

Figure 4.3 Surface free-energy changes in O2 plasma treated polyolefin films. 
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             Scheme 4.3 

 

4.3.1.2 Effect of gas flow rate and post-treatment exposure to the system gas 

 It is known that all the plasma treatment parameters have their distinct influence on 

the modifications brought about at the polymer surface. The surface energy of the treated 

polymer varies with the flow rate of the system gas. The effect of the oxygen and carbon 

dioxide flow rate on the surface free- energy of the EPDM films is represented in the Figure 

4.4 (a) and (b).  It is observed that at low gas flow rate (i.e. 5.0 sscm) the hydrophilicity 

achieved is better than that at higher gas flow rate (i.e. 12.5 sscm). The two possibilities for 

the detrimental effect at higher flow rate are, the decrease in the reactive species due to rapid 

recombination of the active species in the plasma and subsequent etching of the polymer 

surface, giving rise to volatile/non volatile degradation products34. However, there is no 

precise tool other than contact angle measurement to determine the chemical modifications 

brought about at the θ  interface. 
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     Table 4.1 Water contact angle of O2 plasma treated polyolefin films 

 

       Table 4.2 Water contact angle of CO2 plasma treated polyolefin films. 

water contact angle ( ° ) 

PP PE EPDM 

Irradiation 

time 

(sec) 50 W 75 W 100 W 50 W 75 W 100 W 50 W 75 W 100 W 

30 59.0 54.4 61.6 69.0 59.2 56.8 64.0 55.3 64.0 

60 52.2 41.4 35.8 41.3 40.1 36.2 62.6 56.5 50.0 

150 44.4 37.0 43.8 28.5 24.0 35.1 61.5 53.6 40.2 

300 38.2 40.4 45.5 27.0 33.7 43.0 66.0 70.8 80.2 

water contact angle ( ° ) 

PP PE EPDM 

Irradiation 

time 

(sec) 50 W 75 W 100 W 50 W 75 W 100 W 50 W 75 W 100 W 

60 34.0 38.4 43.2 44.7 41.4 54.5 57.6 58.1 58.6 

150 57.1 44.6 58.8 53.9 49.0 41.5 54.3 55.0 52.5 

300 56.9 46.5 52.2 51.5 43.0 44.9 54.4 55.0 58.7 
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We have also studied the effect of post-exposure of the treated films to the system 

gas. After the plasma treatment with a particular gas the polyolefin films were maintained 

under the environment of the system gas for different time. The objective of the post-

exposure was to utilize all the radicals generated on the polymer surface for the reaction with 

the system gas rather than with the atmospheric oxygen. It is well-known that exposure of the 

polymer films to the atmosphere, immediately after the plasma treatment, leads to the 

reaction between the surface free radicals and atmospheric oxygen, giving rise to 

functionalities other than those of the system gas. An advantageous effect of the post-

treatment exposure can be understood from the Figure 4.5, which shows the XPS spectra of 

the plasma modified EPDM films. The increase in the intensity of the carbonyl and hydroxyl 

species in the XPS spectra of CO2 and O2 plasma treated films undoubtedly justifies our 

assumption. The contact angle measurements are also in accordance with the results of XPS 

analysis.  

 

Figure 4.4 Effect of gas flow rate on the surface energy of plasma-treated  polyolefin films.         
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Figure 4.5 XPS spectra show the effect of post exposure time (T=0 min and T=10 min) on 

enhanced surface functionality of O2 and CO plasma treated EPDM films. 
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 4.3.1.3 Surface re-construction during storage 

The importance of polymer surface dynamics to its surface properties was realized by 

the medical community a couple of decades back35.  The terms like re-orientation, re-structuring , 

re-construction and hydrophobic recovery have been used time to time by different researcher36,37 

studying the decrease in wettability of the functionalized surfaces with the storage time. In 

few cases attempts have been made to determine the mechanism of recovery process10, 38,. 

One of the most common observation is that, while the chemically modified polymer surface 

bearing grafted chains is stable at room temperature in contact with air, the plasma modified 

polymer surfaces are dynamic in nature even at room temperature and undergo hydrophobic 

recovery in contact with air or vacuum10,39. Apart from the demand of surface 

thermodynamics for a minimum free-energy, the physical properties of the polymer also play 

a major role in governing the surface re-construction.  The Table 4.3 shows the effect of 

storage time at R.T. (24 % humidity) and re-orientation of the functional groups upon 

conditioning at 20 °C (58-66 % humidity) on the hydrophilicity of the polyolefin film surface. 

It can be seen from the table that EPDM undergoes rapid re-orientation compared to PP and 

PE. At the same time the hydrophilicity regained is faster in EPDM than in the other two 

thermoplastics. Ferguson et al.40 in their study on re-orientation in oxidized polybutadiene have 

shown that the entropic forces associated with rubber elasticity, influence the process of re-

construction. According to them, since the interfacial region of polybutadiene-oxy contains a 

small number of polar groups relative to the total number of non-polar groups, the migration 

of the polar groups to the polymer / water interface likely requires extension of polymer 

chain out of their entropically preferred, random coil conformations. In case of PE and PP, 

the possible mechanisms of hydrophobic recovery are: rotational motion of polymer 

segments bearing polar groups, slippage of chain segments or diffusion of polymer segments 

containing functional groups into the bulk of the polymer41. Ferguson et al. 41 has also suggested 

that the surface motions in case of glassy polymers is attributed either to the increase in the 

free volume caused by the enrichment of chain ends at the surface or to a reduction in 

entanglement density at the surface. According to Yasuda and Mishra10, the slow decay in the 

hydrophilicity of the oxygen plasma treatment PP is due to the difference in the polarity at the 

surface and in the bulk. They found that the hydrophilicity in oxygen plasma treated PP was 

completely lost after 20 days of the treatment, however, the similarly treated surface of plasma 

polymerized PP, which had much higher degree of crosslinking, lost its wettability much more 

slowly. Reports also suggest that re-construction is initially driven by minimization of the 

interfacial free-energy. A slower process-probably driven simply by the dilution of 
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concentrated interfacial functionalities by diffusion into the polymer sub -surface and then 

results in further re-construction38. All these processes causing re-construction appear to take 

place faster in EPDM. Elastomers, in this case posses the most dynamic surfaces, which 

readily reorient in response to the changes in their environment. This orientation of the 

elastomeric chains is favored by their inter-chain free-volume and highly flexible coiled 

structure. However, the main driving force for the dynamic nature of the polymer surface 

molecules is the tendency of the surface to decrease its surface/interfacial free energy36,39,42,43. 

The rate of surface re-structuring depends on the nature of the polymer, temperature and 

polarity of the environment9. From the tabulated data, it can be seen that this rate varies from 

a few minutes in case of EPDM to a few hours and days in case of thermoplastics (PE and 

PP). Some researchers have also observed these variations in the rate of re-structuring for 

different types of polymers44,45. It is understood from Table 4.3 that hydrophobic recovery 

increases with the temperature. This is due to the fact that with the increase in temperature 

the molecular motion becomes more rapid. Further, even those motions that require more 

energy start operating causing a decrease in the hydrophilicity of the modified surface. 

Moreover, the hydrophobic recovery in all the three polymers is not complete even after one 

month of storage. This indicates that the movement of the polymer segments bearing the 

functionalities is probably restricted, which might be due to the cross-links formed during the 

plasma treatment or entanglement of the polymer chains bearing the functional groups. It is 

documented that the polyethylene molecules, present at the surface undergo cross-linking 

mainly due to the UV irradiation generated during the plasma treatment46. Another possible 

explanation for the incomplete re-construction is on the basis of the relation between 

interfacial thermodynamics and Tg of the polymer. Full re-construction can be achieved only 

above the bulk Tg of the polymer; at R.T removal of all hydrophilic functionalities from the 

surface would  be restricted by the remainder of the segments embedded within the glassy 

interior of the polymer41. In case of EPDM, a part of the diene segments readily undergo 

cross-linking under the influence of plasma. The cross-linked surface-network hinders the 

free rotation of the functional groups towards the bulk47. Yasuda et al. 10 described the 

hydrophobic recovery of different polymers at room temperature, a result of rotation of 

polymer chains at surface.   
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Table 4.3 Effect of storage time and conditioning  on the water contact angle of oxygen plasma treated polyolefin films 

 

 

 

# films treated at 75 W, in O2 plasma 

water contact angle# ( ° ) 

PP PE EPDM 

Irradiation 

time 

(sec) Storage 
time 

(0 min) 

Storage 
time 

(3 hrs) 

Storage 
time 

(24 hrs) 

Hydrated 

(2 hrs) 

Storage 
time 

(0 min) 

Storage 
time 

(3 hrs) 

Storage 
time 

(24 hrs) 

Hydrated  

(2 hrs) 

Storage 
time 

(0 min) 

Storage 
time 

(3 hrs) 

Storage 
time 

(24 hrs) 

Hydrated 

(2 hrs) 

150 37.0 40.9 48.5 44.3 24.0 29.6 36.2 30.4 53.6 58.5 70.3 60.6 

300 40.4 41.5 44.8 42.0 33.7 35.5 39.7 38.6 70.8 74.1 76.9 73.0 
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We further suggest that, since the mobility of the flabby chains especially in EPDM is 

more than the whole polymer chain, the surface of EPDM films probably becomes enriched 

with these unmodified chains, which screen the polar functional groups from water. In 

addition to this, since the surface polar moieties with overlying water interact via hydrogen 

bonding and dipole-dipole interactions, these short-range interactions operate effectively only 

when water is in direct contact with the polar group. A monolayer or bilayer of hydrocarbon 

chains can effectively screen these interactions and thus water cannot sense the buried polar 

groups48. However, the thickness and number of hydrocarbon layers are not known in this 

case. It is known from the literature49 that a 5 °A thick PE layer is sufficient enough to screen 

the underlying carboxylic acid groups.  

4.3.2 Plasma induced surface grafting onto EPDM films  

 This section describes an unusual method of surface grafting of functional monomers 

onto the EPDM films. It is now well-known that the functionalities generated upon plasma 

treatment on the EPDM films are not permanently available at the surface due to the 

exceptional flexibility of elastomer chains and dynamic nature of the polymer surface. 

However, the functionalities generated as a result of chemical modification can lead to 

permanently hydrophilic/polar surfaces. Moreover, it is also established that surface cross-

linking restricts the free rotation of the functional groups towards the sub-surface. Taking the 

advantage of these drawbacks of cross-linked surfaces, we have successfully accomplished the 

deliberate cross-linking of functional monomers and multi-functional acrylates (cross-linking 

agents) on the EPDM surface. 

 4.3.2.1 Reaction mechanism  

    The mechanism of grafting functional monomers using reactive gas plasma is shown 

in scheme 4.4. A thin layer of monomer and cross-linker is formed on the surface of the 

EPDM film upon spin coating. When this micro-coated film is exposed to reactive gas 

plasma, the vinyl groups present on the surface readily undergo crosslinking with each other 

as well as with the pendant dienes of the EPDM. The idea employed here is similar to plasma 

immobilization reported earlier50,51. The technique used by the researchers then involved coating 

of a thin layer of unsaturated surfactant having specific functional group onto the surface of a 

polymeric substrate (PP, PE and PBD). Subsequently, the substrate was treated with argon 

plasma by which a part of the coated surfactant was covalently coupled to the polymer 

surface. In case of PP and PE the secondary and tertiary radicals formed upon plasma 

treatment reacted with the unsaturated surfactant whereas in case of PBD opening of the 

double bond resulted in the immobilization of the surfactant via cross-linking, a process 
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similar to the vulcanization of the diene rubber. The results of the gravimetric analysis and 

contact angle measurements are compiled in the Tables 4.4 - 4.6. It is understood from the 

results that EGDMA is a better cross-linker compared to DAA for obvious reasons like 

higher reactivity and polarity. The ATR-FTIR spectra in the Figure 4.6 show the presence of 

surface anchored functional monomers and cross-linkers. 

It can also be observed from the gravimetric results that each monomer when solely 

coated on the polymer surface does not undergo effective anchoring, which may be due to 

the less number of vinylic moieties. 

                                 Scheme 4.4 

Monomers when present along with either of the cross-linkers undergo efficient 

cross-linking resulting in significant number of hydrophilic groups to generate long-term 

wettable surfaces50. It is also obvious that the wettability of the modified surfaces increase 

with the degree of grafting. Oxygen being easily converted into its biradical state in the plasma 

was used as system gas to facilitate the cross-linking of the coated monomers and MFA with 

the film surface. The use of oxygen as system gas additionally contributes to the 

hydrophilicity of the EPDM surface. 

spin coating

plasma  irradiation
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Figure 4.6.  ATR-FTIR spectra of plasma induced surface grafted monomers and MFA. 
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Table 4.4 Gd and contact angle of spin coated and surface grafted functional monomers 

Monomer G d
B 

(mg/cm2) 
Gd

A 

(mg/cm 2) 
θA 

( ° ) 

AOETMAS 1.16 0.60 41.0 
AOPD  0.46 0.1 51.2 
HEMA 0.34 0.16 54.6 
GMA 0.40 0.12 66.1 
NVP 0.82 0.50 55.0 

 

Table 4.5 Gd and contact angle of grafted functional monomers and cross-linker (DAA) 

 

 

 

 

 

 

 

 

 Table 4.6  Gd and contact angle of grafted functional monomers and cross-linker (EGDMA) 

 

 

 

 

 

 

 

 

                    A= after washing, B = before washing and θ = water contact angle 

4.3.2.2 Effect of storage time 

A favourable effect of anchoring the functional groups on the EPDM films surface 

via cross-linking is clearly reflected in the Table 4.7, which is self-explanatory. As discussed 

in the section 4.3.1.3, the cross-links present at the polymer surface have a significant influence 

on the mobility of the functional groups. A small increase in the water contact angle with 

Monomer 
+ DAA 

G d
B 

(mg/cm2) 
Gd

A 

(mg/cm 2) 
θA 
( ° ) 

AOETMAS 1.35 0.90 36.8 
AOPD  0.86 0.55 47.2 
HEMA 0.64 0.56 49.6 
GMA 0.50 0.60 48.1 
NVP 0.89 0.66 51.5 

Monomer 
+ EGDMA 

G d
B 

(mg/cm2) 
Gd

A 

(mg/cm 2) 
θA 

( ° ) 

AOETMAS 1.40 1.04 30.0 
AOPD  1.06 0.86 33.2 
HEMA 1.02 0.64 45.6 
GMA 1.20 0.78 44.8 
NVP 1.04 0.61 47.0 
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storage time may be due to the orientation of those functional groups generated by the 

oxygen plasma. However, upon conditioning the samples at low temperature (20 °C and 58 % 

humidity), the surface hydrophilicity is regained. This reaffirms the migration of only those 

functionalities that are developed as a result of oxygen plasma. Whitesides et al.38 in their study 

have deduced that the process of re-construction is slow when the interfacial functional 

groups are large and polar. Thus, the structure of interfacial groups significantly influence the 

rate of re-construction. 

Table 4.7 Effect of storage time on the hydrophilicity of surface modified EPDM films  

 

 

 

 

 

 

4.4 BIOCOMPATIBILITY STUDY OF SURFACE MODIFIED EPDM FILMS 

 The ultimate objective of our study was to develop biocompatible surfaces of 

elastomers. It is assumed that dynamic nature of elastomers has restricted their use as 

biomaterials. The functional groups those are generated onto the elastomer surface are not 

permanently available at the air-polymer interface. From our study we have deduced that the 

functional groups generated on any polymer surface by whichever method are not fully 

available at the interface at a given point of time, particularly if the surfaces are not 

rehydrated/conditioned in a humid environment before use. An interesting observation is 

that the functional groups oriented towards the sub θ interface in elastomers, reorient faster 

towards the interface than those for other thermoplastics like PE and PP, which is attributed 

to the higher flexibility of their polymer chains. For a polymeric material to be a successful 

biomaterial, the reactions taking place during the first few minutes of implantation play a vital 

role in determining their long-term success. The processes like cell clustering, blood clotting, 

platelet adhesion and protein adsorption operate as soon as the biomaterials are implanted. 

water contact angle ( ° ) Monomer 

+ 

EGDMA 

Storage 
time 

(0 min) 

Storage 
time 

(24 hrs) 

Storage 
time 

(1 week) 

Storage 
time 

(4 weeks) 

Conditioning 

(12 hrs) 

AOPD 33.2 36.7 38.8 40.0 34.1 

GMA 44.8 49.1 50.9 51.5 47.0 

NVP 47.0 51.7 54.9 55.4 46.3 
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When a dehydrated surface-functionalized polymer is implanted into a biological system 

assuming that all the functional groups are available at the interface, a totally different surface 

is actually interacting with the components of this system, leading to unfavorable side 

reactions. Therefore, elastomers with their dynamic surfaces are expected to be better 

alternatives.   

It can be seen from the optical micrographs (Figure 4.7 and 4.8) of cell adhesion 

study that the difference in the number of cells adhered on hydrated and dehydrated PP is 

more than that in case of EPDM although, the cell adhesion observed after 12 hrs of 

incubation is similar for hydrated PP and EPDM. The difference in the cell adhesion on the 

hydrated and dehydrated surfaces may be due the different types of interaction of the cells 

with the surfaces. This indicates that functional group re-orientation is a faster process in 

elastomers compared to thermoplastics. The qualitative biocompatibility study on AOPD 

plasma grafted EPDM films showed that the cell adhesion was in the order AOPD < AOPD 

+ DAA < AOPD + EGDMA. This is attributed to the capacity of the cross-linked network 

to capture the functional groups on the EPDM surface. Thus, immobilization of the 

functional groups at the polymer-air interface significantly influences performance of the 

biomaterials.   

 

Figure 4.7 a) dehydrated PP b) dehydrated EPDM after 12 hrs of incubation in KB cell 

culture 

 

         (a)         (b) 
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Figure 4.8 a) hydrated PP b) hydrated EPDM after 12 hrs of incubation in KB cell culture 

                 (a)        (b) 

4.5 CONCLUSIONS 

 The plasma treatment using reactive gases like oxygen and carbon dioxide generates 

OH/OOH and C=O functionalities onto the surface of the polyolefin films. Exposure of 

polymer films to low power plasma for short irradiation time generates functional groups 

respective to the system gas but exposure to high plasma power for long time causes surface 

cross-linking and etching, which significantly decreases the surface hydrophilicity. 

Hydrophobic recovery due to surface re-construction is a slow process in thermoplastics, 

which is attributed to the lower mobility of the polymer chains and rotation of only functional 

groups and not the polymer chain bearing them. EPDM elastomer surface re-construction is 

a rapid process and is an outcome of very high mobility of the flexible elastomer chains. 

Hydrophobic recovery may also be due to the screening of the polar functional groups by the 

hydrocarbon chains. Restricted mobility of the functional groups on a cross-linked surface 

can be used as a tool to permanently immobilize functional groups at the polymer-air 

interface. By using this technique, functional groups can be permanently made available at the 

elastomer surfaces, which further helps in improving their biocompatibility.    
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5.1 INTRODUCTION 

The past decade has witnessed a tremendous surge in the interest regarding 

techniques for material surface preparation and modification. After thoroughly exploring the 

surface modification of thermoplastics (viz. PP, PE and PS) in the past four decades, the 

interest of the scientific community is now focused at the surfaces of diene elastomers1-3. 

Researchers previously believed that elastomers aren’t suitable candidates for surface 

modification mainly due to their highly dynamic surfaces but with time and genuine research 

inputs this perception has proved false4. However, systematic studies are still required to 

understand the complex mechanisms of surface modification in case of elastomers. 

Significant efforts have gone into the bulk modification of NR via graft copolymerization5,6. 

The traditional systems involved the use of free-radical and redox initiators to bring about 

functionalization of the NR7,8. Medical products prepared from natural rubber have found 

extensive applications, ranging from surgical gloves, tubings, catheters to balloons etc. 

However, the blood compatibility of devices made up of NR is poor compared to those made 

out of silicone and polyurethanes. The excellent elasticity, flexibility and resistance against 

splitting of NR would be more advantageous than those of other polymers. If improvement 

in blood/body compatibility of NR could be accomplished, the biomedical applications of 

NR could be greatly extended.  Not many but few genuine attempts have been made to 

improve the blood compatibility of NR9-11.  

In the present study natural rubber was preferred as a substrate due to its low cost and 

free abundance in the Indian subcontinent. Moreover, we found that a systematic research 

related to the surface modification of NR has not been done yet. In fact, only few articles on 

the surface modification of natural rubber have appeared till now3,4,10. One of the main 

reasons for this is the tedious procedure for the preparation of self-standing thin films of 

natural rubber. The films of natural rubber readily crimp due to their excellent elasticity and 

very strong adhesive nature. During the present study we have developed a very simple and 

consistent technique for the preparation of NR thin films. Photo -grafting and plasma-grafting 

techniques are preferred for the surface modification of the NR films for obvious merits like 

moderate energy and surface selectivity. Surface modification of NR using pulsed laser 

technique leads to high amount of subsequent homopolymerization with very thick grafted 

layers12,13. These drawbacks along with few more like fractal formation have been least 

addressed in the past. 
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The objective of the present study is to determine the suitability of two versatile 

techniques involving initiation at low energies viz. short exposure photochemical grafting and 

simultaneous plasma-grafting for the generation of desired functionalities onto the surface of 

the NR films without altering their native properties. Additionally, the functional groups 

anchored onto the surface should be capable of generating properties like hydrophilicity, 

dyeability and biocompatibility of the NR films. Green chemistry avoiding the use of solvents 

is the need of the day, thereby making the plasma-grafting process value added. The present 

chapter describes the use of two unprecedented mild techniques of surface modification viz. 

short exposure photochemical grafting (at 400 W) and simultaneous low-pressure cold 

plasma-grafting (between 40 - 75 W), for the introduction of functional monomers onto the 

surface of NR films. In the present work, the photochemical surface grafting of different 

functional monomers (viz. hydroxyethyl methacrylate, acrylic acid and acrylamide) onto the 

surface of NR films has been accomplished and the efficiency of different photoinitiators 

(viz. benzophenone, hydrogen peroxide and xanthone) has been investigated for reactions 

carried out at variable temperature. The effect of various reaction parameters on the surface 

grafting efficiency has also been thoroughly studied. In the second approach, the surface 

grafting of functional monomers onto these elastomeric substrates was achieved by 

simultaneous plasma-grafting technique, where monomer vapors were simultaneously 

introduced into the plasma reaction chamber. The influence of the plasma grafting conditions 

has also been thoroughly investigated. The functionalized surfaces obtained as a result of 

surface grafting were characterized by contact angle measurements, ATR-FTIR, SEM, XPS, 

AFM and optical microscopy techniques. The influence of the functional groups and their 

density on the biocompatibility (cell adhesion tests) of these surface modified NR films has 

also been investigated.  

5.2 MATERIALS AND METHODS 

5.2.1 Materials 

The monomers viz. 2-hydroxyethyl methacrylate (HEMA), acrylic acid (AA) and 

acrylamide (AAm) procured from M/s. Aldrich, USA, were used after purification. All 

solvents obtained from M/s. E. Merck India Ltd. were of L.R. grade.  The photoinitiators 

obtained from E. Merck, India, were used as received. Natural rubber was obtained from 

Kottayam, Kerala, India, by the courtesy of Prof. Sabbu Thomas. It was purified by dissolving 

in toluene and precipitating with acetone, followed by drying under vacuum at room 
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temperature to a constant weight.  The nitrogen and argon gases (Grade I) supplied by M/s. 

Inox Ltd., India, were used for photo-grafting and plasma-grafting reactions. 

5.2.1.1 Preparation of NR films 

 A 1.5 % w/v homogeneous solution of purified NR was prepared in analytical grade 

toluene and 125 ml of this solution was carefully poured (avoiding air bubbles) in a flat-

bottomed evaporating bowl (10 cm diameter) containing 2.0 % NaCl solution in distilled and 

filtered water. This bowl covered with perforated aluminium foil was kept in dark and the 

toluene was evaporated at room temperature to obtain NR films (thickness ~ 200 microns). 

The films thus formed were carefully removed and immediately kept in acetone to avoid 

crimping, followed by a thorough wash with methanol, water and acetone successively. The 

films were dried in vacuum oven at 40 °C to remove any trapped solvent. The dried films 

were cut into a fixed size (4 cm × 1.5 cm) and stored in deep freezer till use. 

5.2.1.2 Reactor design 

  In the present study, the surface modification of the NR films was carried out mainly 

by two methods, short exposure photo -grafting and simultaneous plasma-grafting. The 

reactors for both the processes were tailor-made with in-house glass blowing facility. 

5.2.1.2.1 Photo-grafting reactor 

The details of the photografting reactor are described in the Chapter 3, section     

3.2.1.2.1.  

5.2.1.2.2 Plasma-grafting reactor 

The experimental set-up and the details of plasma-grafting assembly are described in 

the Chapter 3, section 3.2.1.2.2  

5.2.1.3 Irradiation source 

 A medium pressure 400 W mercury vapor lamp (Mazda, Japan) was used as the 

irradiation source. The lamp emits polychromatic radiation of λ ≥ 290 nm. The lamp was 

immersed in a pyrex glass jacket with cold -water circulation facility  [Figure 3.1(b)] in order to 

maintain the system at room temperature and avoid heat transfer to the reaction.  

5.2.2 Experimental methods 

 The surface modification of the NR films was accomplished by two methods 

involving moderate energy a) photo -grafting and b) plasma-grafting. 
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5.2.2.1 Photo -grafting procedure 

Photo -grafting was carried out in a special type of pyrex-glass photo-reactor irradiated 

with a 400 W medium pressure mercury vapor lamp from a fixed distance (15 cm) for a fixed 

time at room temperature [Figure 3.1(a)] and elevated temperature [Figure 3.1(b)]. The films 

(4 cm × 1.5 cm) were immersed in this photoreactor containing solvent, photoinitiator and 

monomer in a definite proportion, under nitrogen flux. The photo -grafted NR films in all cases 

were subjected to sonication, followed by Soxhlet extraction in acetone/water for 12 hrs in 

order to remove homopolymer. These films were finally dried in a vacuum oven at 35 °C till 

constant weight. 

5.2.2.2 Plasma-grafting procedure 

The plasma reactor was evacuated to 10-2 Torr, followed by flushing the system for  

10 - 15 min by passing the inert gas (argon in the present study) at a high flow rate. Argon 

flow rate was set to 1.5 - 2.0 sccm and reactor pressure 0.2 Torr for carrying out plasma 

grafting. The monomers were heated  to boil in a RB in presence of carrier gas (argon) in the 

temperature range of 50 - 75 °C (depending upon b.p. of monomer) at 0.2 Torr. The reactor 

pressure was maintained at 0.2 Torr and the monomer flow was 2.5 sccm.  

After the reactor pressure was stabilized, argon plasma was initiated by an RF power 

supply through a matching network and output power was varied from 50 - 75 W and the 

irradiation time varied from 10 - 40 min. The monomer vapor was introduced after 5 min of 

glow discharge, through the second opening (from the left) in the Figure 3.2 at distance 12 cm 

from the substrate in the downstream of the argon plasma (glow discharge). The monomer 

flow was stabilized and maintained at 2.0 - 2.5 sccm. After the plasma was terminated, the 

monomer vapor purging was continued for 10 - 20 min in order to utilize all the free radicals 

generated on the surface. 

5.2.3 Characterization methods 

 The surface grafted NR films were characterized by contact angle Goniometer, ATR-

FTIR, SEM, XPS, AFM and optical micro scopy techniques. The change in the weight of the 

grafted samples was determined using microbalances: Precisa 205 ASCS, Switzerland and 

Sartorius BP 210D, Germany. The details of all these analytical instruments are revealed in 

Chapter 3, section 3.23. 
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5.2.3.1 Determination of graft copolymerization 

Weight gain  (WG): Weight gain is defined as the difference of the weight of the whole 

sample (Ww) after grafting and the initial weight of the NR film (Wo) divided by the initial 

weight of NR film as shown in equation (1)     

                           WG (%) =  [ ( Ww - Wo  ) ] × 100                       ………….. (1)  
                                                       Wo 

 

Degree of grafting (Gd): Degree of grafting is expressed in equation (2) 

  Gd  (mg/cm 2) =   [ ( Wgr - Wo ) / 2 × SA ]                …………….. (2) 
            Wo 

where Wo is the initial weight of the film, Wgr is the weight of grafted film after extraction 

and SA  is the surface area of each film. 

 

Grafting efficiency (Ge): is expressed by the equation (3)  

     Ge  (%) =  Wg /Wp  × 100                          …..……….. (3) 

where (Wg) is the weight of grafted polymer after extraction and  (Wp) is the total weight of 

polymer formed (after evaporation of solvent and unreacted monomer).  

5.2.4 Biocompatibility tests 

The biocompatibility of the modified and pristine NR films was tested by incubating 

the samples in a cell culture of human oral carcinoma (KB) cell lines, at 37 °C, 5% CO2, 90 % 

humidity in standard culture media and subsequently being monitored for cell adhesion after 

24 and 48 hours of incubation using an optical microscope equipped with a camera. 

5.3 RESULTS AND DISCUSSION 

 Different functional groups viz. hydroxyl, carboxyl, ester, amide and bromide were 

introduced onto the surface of NR films depending upon the type of monomer grafted by the 

two mild surface modification techniques. The effect of different reaction conditions on the 

surface modification was thoroughly investigated.   

5.3.1 Surface photo-grafting onto NR films 

A typical photo-grafting system in our experiments has BP, XT and H2O2 as 

photoinitiators and HEMA, AA and AAm as functional monomers. The selected 

photointiators have their λmax in the range of the radiation emitted by the UV lamp i.e. 290 - 

400 nm. The photochemical grafting reaction is carried out in a Pyrex reactor since it absorbs 
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all the radiation below 290 nm responsible for the homopolymer formation14. Ranby et al.15 in 

their recent findings have reported that the dissolved oxygen in the reaction system is 

responsible for the induction period caused by the scavenging/quenching reactions with the 

photoinitiator thus, significantly retarding the graft copolymerization. Hence, all the 

experiments in the present study are conducted under inert atmosphere. All the reactions are 

found to proceed via typical photo-grafting mechanism. 

5.3.1.1 Control experiment 

 The control reactions were carried out according to the procedure mentioned 

in the section 3.2.2.1. In individual reaction, (0.2 M) of each photo -initiator (viz. BP, XT and 

H2O2) was taken along with a solvent and a pair of pre-weighed NR film in absence of 

monomer in the photoreactor maintained at 50 ± 2 °C under inert conditions and irradiated 

for a specific period. These films were then washed with fresh acetone, dried and 

characterized by ATR-FTIR, which did not show any significant change with respect to the 

pristine NR. However, the ATR-FTIR spectra of the control experiments were taken as 

reference for comparing them with the photo -grafted samples. Further, there was no change 

in weight of these samples. It was confirmed by carrying out following control experiments 

that the functionalities generated on the surface of NR films were due to the photografted 

monomers and not due to the surface degradation induced by photo-initiations/sensitizers in 

the presence of UV light. 

5.3.1.2 Reaction mechanism 

The mechanism of surface grafting onto natural rubber is shown in the scheme 5.1. 

Upon absorption of UV radiation, the photoinitiator gets excited giving rise to the triplet-

excited state from the initially formed singlet state. These triplets effectively abstract hydrogen 

atom from polymer surface to generate allyl macro radicals which, when reacts with vinylic 

monomer results in ‘grafting from the polymer’. However, when the abstraction of hydrogen 

atom takes place from the monomer, ‘homopolymer’ is formed. This growing homopolymer 

chain when attacks the unsaturation on the polymer back-bone, gives rise to ‘grafting onto the 

polymer’. However, the possibility of homopolymerization arises only under specific reaction 

conditions. Moreover, Sundberg et al.16 have shown that the grafting via double bond addition is 

not a major reaction. Thus, photo-grafting predominantly takes place ‘from the polymer’.  
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Scheme 5.1 

5.3.1.3 Photo -grafting of functional monomers 

The irradiation of a pair of NR films (4 cm × 1.5 cm), in each photo-reactor was 

carried out in the presence of 0.2 M benzophenone, 1.0 M of monomer (HEMA, AA and 

AAm) in 47 ml acetone under inert reaction condition for 1 hr at 50 ºC. The reaction mixture 

was de-aerated with high purity nitrogen gas for 20 minutes before commencing the reaction 

and the inert atmosphere was maintained throughout the reaction. The characterization of 

these surface grafted films after Soxhlet extraction and thorough drying revealed the 

following information. The primary evidence of the successful accomplishment of the surface 

photo -grafting reaction was obtained from the results of degree of grafting and contact angle 

measurements, revealed in the Figure 5.1. The difference in the degree of grafting  is attributed 

to the dissimilarity in the reactivity of functional monomers. The grafting efficiency (Ge) 
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observed here is in the order HEMA > AA > AAm. The degree of grafting also depends on the 

affinity of the monomer towards the surface free-radicals.  From the Figure 5.1, it is also 

understood that HEMA and AA grafted films generate significantly hydrophilic surfaces. 

However, the hydrophilicity of the modified surfaces shows their dependence on the degree of 

grafting  and the type of monomer grafted.  

Figure 5.1 Effect of surface photo-grafting of functional monomers onto NR films 

The presence of respective functional groups of the grafted monomers was 

substantiated by spectroscopic techniques. In the ATR-FTIR spectrum, the characteristic 

peaks with stretching vibrations at 1725 cm -1 (C=O) and 3440 cm -1 (O-H) for NR-g-HEMA, 

1704 cm-1 (COOH) for NR-g-AA and 3350 cm-1 (N-H) and 1660 cm -1 (N-C=O) for NR-g-

AAm are obvious from the Figure 5.2. These results are supported by the XPS analysis, 

which shows the peaks corresponding to the binding energies of C1s, O1s and N1s of 

respective monomers grafted onto the surface of NR films. Accordingly, C1s values of 285.0 

(C-H), 288.8 (O-C=O), 286.2 (C-OH) and O1s values of 532.4 (C-O), 533.8 (O-C=O) for 

HEMA, C1s values of  (COOH) of 289.2 and O1s values of 533.0 (C -O) for AA, C1s values 

of 286.2 (C-N), 288.2 (N-C=O), N1s value of 399.9 (N-C=O) and O1s value of 532.4 (N-

C=O) for AAm are observed in the Figure 5.3. The Figure 5.4 reveals the morphology of 

NR-g-HEMA.  

Figure 5.2   ATR-FTIR of photo-grafted NR films.                           
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Figure 5.3 XPS spectra showing C1s and O1s binding energies corresponding to the 

functional groups in the HEMA and AA grafted EPDM films. 
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Figure 5.4 The surface roughness as seen in the SEM image of NR-g-HEMA. 

  

5.3.1.3.1 Effect of monomer concentration 

The degree of grafting is significantly affected by the change in the monomer concentration in 

the reaction mixture as is evident from the Figure 5.5. For the two monomers studied viz. 

HEMA and AAm, the G d increases sharply with the monomer concentration. For HEMA, 

which is a highly reactive monomer, the grafting yield reaches a maximum value at 1.25 M 

and then gradually levels off with a further increase in the monomer concentration for 

reaction carried out at 50 ºC. However, it was found that at higher monomer concentration a 

very high amount of homopolymer was formed in the reaction vessel. For AAm the Gd 

increases upto 2.0 M in the reaction medium and then gradually decreases. The higher limiting 

value of monomer concentration in this system is due to the comparatively lower reactivity of 

AAm.   

Figure 5.5 Effect of monomer concentration on contact angle and Gd for NR-g-HEMA. 
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The reflectance ATR-FTIR spectra (Figure 5.6) of NR-g-HEMA clearly depict the 

intensity of the carbonyl groups of grafted polyHEMA chains as a function of monomer 

concentration. The intensity of the ester peak increased with monomer concentration 

indicating a rise in the density of the carbonyl groups on the film surface.  The optical 

micrographs in the Figure 5.7 (a) and (b) reveal the dependence of grafted layer thickness 

on the monomer concentration.  

Figure 5.6 Increase in the intensity of the ester peak with the HEMA concentration in the 

reaction mixture a) neat NR, b) 0.2 M, c) 0.6 M, d) 0.8 M and e) 1.0 M. 

 

Figure 5.7 Optical micro-images of NR-g-HEMA: Effect of HEMA concentration in 

reaction medium.  

                           (a) 1.0 M/L                                          (b) 1.25 M/L  
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The decrease in the degree of grafting with the increase in the monomer 

concentration (> 1.5 M) is attributed to the reactions (2) and (3) shown in the scheme 5.1. 

The reaction (2) proceeds with a very slow rate due to the exceptionally high stability of 

tertiary free radicals. Moreover at high monomer concentration, the photoreduction of the 

photoinitiator readily takes places via H-abstraction from the monomer instead of the 

polymer surface due to the high density and close proximity of monomer molecules leading 

to a decrease in their efficiency. In addition to this, the growing homopolymer chains undergo 

rapid termination via radical coupling, leading to a decrease in the grafting efficiency. Also 

with the rapid homopolymer formation at high monomer concentration, the clarity of the 

reaction medium decreases, hindering the UV radiations reaching the photosensitizers, 

leading to a further decrease in the grafting yield 17. 

5.3.1.3.2 Effect of solvent 

In this study, the effect of three different solvents viz. methanol, acetone and water 

on the surface photo-grafting of HEMA onto the NR films has been examined. The effect of 

solvents on liquid phase grafting is widely studied for different polymers18-20. The efficiency of 

the solvents determined from the degree of grafting of HEMA onto the NR films is in the 

order: acetone > water > methanol. Acetone when used as a solvent acts as a sensitizer, 

which is capable of abstracting hydrogen atom from the polymer backbone/ monomer to 

form graft copolymer or homopolymer. Moreover, since acetone is stable against hydrogen 

abstraction by excited photoinitiator (e.g. BP*3), BP*3 can abstract hydrogen only from the 

polymer backbone to yield graft copolymer. Thus, the accelerating effect of solvents is 

supposed to originate either from their photosensitizing capacity21 or swelling the polymeric 

substrates22,23 but in the case of acetone, the former one rules.    

Methanol proved to be a poor solvent compared to acetone and water. The poor 

performance of methanol as a solvent is attributed to its high chain transfer constant, which is 

a very influencing factor in free radical graft copolymerization reactions. Methanol24,25 has also 

been reported to negatively affect grafting of AAm and acrylonitrile onto PE and PP. In 

contrast to this, alcohols have been found to improve the grafting efficiency of functional 

monomers onto the cellulose. The explanation for this advantageous effect is the favorable 

interactio n of the alcohols with the hydroxyl groups of the cellulose, where alcohols tend to 

swell the cellulose and accommodate the monomers in the proximity of the grafting site26. In 

case of NR, no such interaction with methanol occurs. On the other hand, methanol is a non-

solvent for NR, so the possibility of the grafting due to swelling is also eliminated. Water 
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having a zero chain transfer constant27 emerges to be a better solvent compared to methanol, 

although influence due to swelling does not play any role in this case.  

5.3.1.3.3 Effect of photoinitiators 

The effect of three different photoinitiators viz. benzophenone (BP), xanthone (XT), 

and hydrogen peroxide (H2O2) on the surface photo -grafting efficiency of HEMA was 

investigated.  The photoirradiation of a pair of NR films (4 cm × 1.5 cm), in each photo-

reactor was carried out in the presence of a photoinitiator, 1.0 M of HEMA, under inert 

reaction conditions for 1 hr at R.T. and 50 ± 2 ºC, according to procedure described in 

section 3.2.2.1.  

The photo-reduction (or hydrogen abstraction) by organic ketones from a 

macromolecular hydrogen-donor under the influence of UV light forms the chemical basis of 

photoinitiation for free radical grafting polymerization. In early investigations, hydrogen 

peroxide has been used as a photoinitiator for free radical polymerization of acrylonitrile28. 

Hydrogen peroxide has a weak O-O linkage with about 34 kcal/mol bond energy and can 

readily undergo homolytic bond cleavage to yield hydroxy radicals29. Ample literature is 

available on the photoinitiated grafting systems, but with very few systematic studies 

involving their efficiency and relevant photochemistry30,31. The Figure 5.8 shows that the 

efficiency of photoinitiators is in the order H2O2 > XT > BP for surface pho to-grafting of 

HEMA. The influence of photoinitiator on the grafting efficiency can also be understood 

from the intensity of the functional groups in the ATR-FTIR spectra of the NR-g-HEMA. 

The grafting efficiency of HEMA for almost all the photoinitiators was found to be greater 

than that for AA, which is mainly dependent on the reactivity of the monomer. The effect of 

the monomer reactivity on grafting efficiency has been discussed in details in the Chapter 3.  

The performance and the efficacy of the photoinitiators depend on four main factors 

a) stable molecular structure, b) stable ketyl radical, c) high triplet energy state and d) high 

UV absorption. The basic difference in the reactivity of XT & BP versus H2O2 lies in their 

behavior in the photo -grafting conditions. Broadly, it can be explained that upon UV 

irradiation, XT & BP act as H-abstracting  photoinitiators whereas H2O2 acts as fragmenting 

photoinitiators. Merz and Waters32 were the first to suggest that •OH can be used to graft vinyl 

monomers onto polymer backbone. Mishra26 suggested that the •OH formed in the solution 

can abstract hydrogen atom from the polymeric backbone to leave sites on which grafting can 

occur. It is also known that H2O2 undergoes fragmentation via homolytic cleavage upon 

absorption of sufficient energy. The hydroxy free radicals so formed initiates all the three 
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reactions shown in scheme 5.1, simultaneously, out of which, the reaction (3) is incapable in 

bringing about any surface-grafting. From reaction (1) and (2), it is difficult to determine the 

predominant one. The highly reactive hydroxyl radicals generated up homolytic cleavage of 

H2O2 undergoes two reactions 1) allylic H-atom abstraction from the NR backbone to initiate 

graft copolymerization and 2) interaction with the monomer to generate growing 

homopolymer radical which can back attack the C=C of NR to yield a graft copolymer. This 

explanation is in accordance with the observation made by Wilkie et al.33 and coworkers34. It 

has also been reported that hydrogen-abstracting photoinitiators35,36 such as XT and BP are 

more effective compared to photo-fragmenting type initiator (H2O2). However, this is in 

contrast to our observations in the present system. H2O2 was found to yield very good surface 

grafting for reaction time ≤ 30 min at room temperature. We propose that the grafting, taking 

place using photo-fragmenting type initiators also depends on the reactivity of the monomer 

and mobility of homopolymer radical37.    

Xanthone was found to be a better grafting initiator than BP, the reason for which 

may be attributed to its stable rigid structure, which prevents the fragmentation reaction38. 

Moreover, the higher triplet state energy of XT (ET = 74 kcal/mol) than BP (E T = 69 

kcal/mol) also contributes towards its better performance. It is also known that the higher the 

ET, the lower is the energy barrier required for the hydrogen abstraction (C-H, Ed = 90 

kcal/mol) and higher is the grafting efficacy. In addition to this, the extinction coefficient for 

XT is (? 254 = 1 × 104 and ? 313 = 3 × 103) whereas that for BP is (? 254 = 1.7 × 104 and ? 313 = 

50). Although, the extinction coefficient for BP is higher at λ = 254 nm, the reaction being 

carried out in a Pyrex reactor with cut off level at 290 nm, the efficiency of XT prevails.  

Figure 5.8 Effect of photo -initiator on WG  of NR-g-HEMA. 
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5.3.1.3.4 Effect of reaction temperature 

The effect of reaction temperature on the surface photo-grafting efficiency of HEMA 

and AA, onto the NR films was also investigated.  The photoirradiation of a pair of NR films 

(4 cm × 1.5 cm), in each photo -reactor was carried out in the presence of 0.2 M XT, acetone, 

1.0 M of HEMA for 1 hr at R.T. and 50 ± 2 ºC, in the photo-grafting reactors described 

earlier. In another set of experiments, 0.25 % v/v H2O2 and water were used keeping rest of 

the parameters same.  

The effect of reaction temperature on the Gd of the NR film is compiled in the Table 

5.1. For BP the favourable effect of increasing the reaction temperature is obvious from the 

tabulated results but for H2O 2 a very high amount of homopolymerization took place instead 

of grafting. An advantageous effect of elevated reaction temperature on the degree of grafting 

Gd was observed for all three monomers. This favorable effect of reaction temperature on the 

grafting efficiency is the unique feature of surface photo-grafting and is already explained 

using the scheme 3.6 in Chapter 3.  As seen in the Figure 5.9, there are four main 

constituents of the free-radical photografting system:  [1] polymer macro -radical, [2] radical 

on the grafted chain, [3] ketyl radical and [4] homopolymer radical. Out of these four species, 

[1] and [2] have high reactivity but low mobility/flexibility whereas [3] and [4] have low 

reactivity and high mobility. Moreover, since species [1] and [2] are responsible for the graft 

copolymerization, they show higher sensitivity towards the reaction temperature.  

 

  

 

 

 

 

    Figure 5.9 

At room temperature, the mobility and flexibility of macromolecular free radical is 

much less compared to the semipinacol free radical and the homopolymer chain free-radical. 

By elevating the reaction temperature, the mobility of the macroradicals on the substrate 

backbone increases which in turn attacks the monomer in the reaction medium, leading to 

higher grafting yields17. It has also been observed that by varying the reaction temperature, 

one can effectively control thickness of the grafted layers.  
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 Table 5.1 Effect of reaction time on the Gd of HEMA onto the NR films 

 

 

 

 

 

 

 

 

 

 

5.3.1.3.5 Effect of reaction time 

The effect of reaction time on the surface photo-grafting efficiency of HEMA onto 

the NR films was also investigated in the present study.  The photoirradiation of a pair of NR 

films in each photo-reactor was carried out in the presence of 0.2 M BP and 0.25 v/v H2O2 as 

photoinitiator, 1.0 M of HEMA, under inert reaction condition at R.T. and 50 ºC and R. T. 

respectively for different reaction times in the photo-grafting reactors described earlier. 

As it is obvious from the Table 5.1, the Gd  values increase with the reaction time upto 

a critical point, for reactions carried out with different photoinitiators at different 

temperatures. It is assumed that with the increase in the reaction time, the macroradicals on 

the surface of NR gets formed under the influence of radiation and triplet-excited state of 

photoinitiators. For BP, maximum grafting yield was observed for reaction time of 1.5 hrs 

beyond which the grafting yield remained constant, but homopolymerization increased. The 

increase in the homopolymerization is probably due to the chain transfer from the growing 

graft chain to the monomer. We also assume that after 1.5 hr of reaction, the factors like 

radical coupling, restricted mobility of growing chain, homopolymerization and light 

scattering become detrimental to the graft yield. But for reaction time less than 10 min, a very 

non-homogenous and localized grafting was observed. For H2O2 as a photoinitiator 

maximum grafting yield was obtained just within 45 min at room temperature. This high rate 

of grafting is attributed to the highly reactive hydroxy radicals29. For reaction time beyond one 

hour, very thick grafted layers were formed on the surface of NR films, which may be 

attributed to the secondary grafting initiated from the grafted chains anchored onto the 

Gd   (mg/cm2) 

XT H2O2 

Grafting 

time 

(min) RT 50 ±  2  °C RT 50 ± 2  °C 

15 0.0 0.0 0.08 0.63 

30 0.39 0.85 0.11 1.07 

45 1.46 2.11 2.45 8.75 

60 1.89 4.63 32.66 39.30 

120 4.82 9.40 29.4 20.56 
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surface of NR films.  The SEM images of NR-g-HEMA for different grafting time are shown 

in Figure 5.10. 

  Figure 5.10 Effect of grafting time on the morphology of the NR-g-HEMA films: a) 15 

min, b) 60 min and c) 120 min. 

      (a)             (b) 

 

      (c) 

 

5.3.2 Plasma induced surface grafting onto NR films 

The plasma induced anchoring of functional monomers onto the polymer surface is 

an effective tool to achieve tailor made surfaces.  A significant amount of research has been 

undertaken, harnessing the versatilities of low temperature plasmas to graft functional 

monomers onto the surface of polymeric substrates39,40. Sufficient literature is now available 

on the surface modification of polymeric substrates facilitated by different types of plasmas41. 

Although, post plasma treatment grafting provides an effective solution to achieve 

homogenous grafting, the associated shortcomings like longer reaction time (12 to 48 hrs), 

elevated reaction temperature and use of solvent limits its applications42. Simultaneous vapor 

phase plasma-grafting with merits like short reaction time, ambient temperature, solvent free 

grafting, homogenous surface modification, form a better alternative to the post plasma-

grafting technique43. The lack of sufficient literature on plasma-grafting onto NR encouraged 
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us to under take this research 44,45. After the pioneering work of Razzak et al.46 improving the 

blood compatibility of NR some more attempts have recently been made to develop natural 

rubber latex with functionalized surfaces47,48.  

5.3.2.1 Reaction mechanism 

The reaction mechanism of simultaneous plasma-grafting is the same as described in 

section 3.3.2.1 in Chapter 3. The NR films upon interaction with highly active species 

(electrons, ions, radicals etc) in the argon plasma, generates reactive centers (mainly free-

radicals) on their surface. In the case of saturated polyolefins, hydrogen abstraction leads to 

radical formation whereas in case of unsaturated polymer C=C opens up, to render polymer 

surface with free-radicals49. When the monomer vapor is simultaneously introduced into the 

same chamber, the radicals generated on the surface of NR films (P •) readily react with the 

vinylic monomer (      ), leading to surface linked functional groups as shown in scheme 5.2.  

 

Scheme 5.2 

5.3.2.2 Control experiment   

In order to understand the effect of plasma treatment on the NR films, the pristine 

films were exposed to various plasma-grafting conditions (viz. treatment time, plasma power, 

post exposure time) in the absence of monomer vapor. Each of these films was then 

characterized by ATR-FTIR and contact angle measurements. Almost all the films showed 

the presence of small amount of carbonyl and hydroxyl species on their surface, depending 

upon the treatment conditions. The spectra obtained for each condition were then taken as 

reference when compared with the plasma-grafted samples.  

5.3.2.3 Plasma-grafting of functional monomers 

Plasma-grafting is a highly surface-selective technique to obtain tailored surfaces with 

desired functional groups. The modification achieved by this technique is confined to a depth 

of few microns without altering the bulk properties. Unlike the conventional post plasma-
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grafting50,51 which involves decomposition of primarily formed hydroperoxides in presence of 

monomer and solvent at elevated temperature, we have carried out simultaneous plasma-

grafting by introducing monomer vapors alongwith a carrier gas in an inductively coupled 

plasma reactor at ambient reactor temperature, according to the detailed procedure disclosed 

in the section 3.2.1.2.2. In the present study, three different monomers (HEMA, AA and 

allyl bromide) have been employed under variable plasma-grafting conditions. The plasma 

power was varied from (40 - 75 W) and grafting time (10 - 50 min) with and without post-

treatment exposure to monomer vapors. All the plasma-grafting parameters were selected on 

the basis of optimized conditions reported in the literature52,53. The post treatment exposure 

time allowed all the monomers in the reaction chamber to react with the surface free-radicals. 

The plasma-grafted films were then sonicated in water, methanol and acetone and dried in 

vacuum oven before characterization. 

The successful accomplishment of plasma-grafting is evident from the decrease in the 

water contact angle and the appearance of characteristic peaks of functional groups in the 

ATR-FTIR spectra. The ATR-FTIR spectra did not show any significant peaks of functional 

groups for grafting time ≤ 10 minutes and plasma power ≤ 50 W.  Although, the contact angle 

measurements performed on these films showed an increase in the hydrophilicity as 

compared to the pristine films. This discrepancy is mainly because of the extremely thin 

grafted layer generated upon plasma-grafting for short reaction times, which are beyond the 

sensitivity of ATR-FTIR technique. It has also been reported that the membranes modified 

by vapor phase and simultaneous plasma-grafting, have many short chains on the surface, 

giving rise to a brush like structure52. 

XPS Analysis 

The XPS analysis performed on the plasma grafted NR films showed C1s, O1s and Br 

3d binding energies (eV) of corresponding functional monomers present on the film surface. 

Accordingly, C1s values of 285.0 (C -H), 288.8 (O-C=O), 286.4 (C-OH) and O1s values of 

532.4 (C-O), 533.3 (O-C=O) for HEMA, C1s values of 289.2 (COOH) O1s values for AA, 

C1s values of 286.3 (C-Br), 286.6 (C-O) and Br3d value of 70.4 (C-Br) for allyl bromide were 

observed. Figure 5.11 shows the peaks corresponding to the C-Br and Br 3d binding energies 

in the XPS spectra of NR-g-allyl bromide. In all the spectra recorded, there may be a 

contribution of the C1s from the alkoxy/peroxide groups generated by the termination of 

radicals by oxygen upon exposure to air after polymerization reaction but this effect is 

expected to be negligible compared to the total oxygen values. 
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  Figure 5.11 XPS spectra of NR-g-allyl bromide by plasma-grafting. 

ATR-FTIR spectroscopy 

The presence of respective functional groups of the plasma grafted monomers were 

substantiated by the characteristic peaks in the ATR-FTIR spectra with stretching vibrations 

at 1734 cm-1 (C=O) and 3440 cm-1 (O-H) for NR-g-HEMA, 1704 cm -1 (COOH) for NR-g-

AA and 684 (C-Br) for NR-g-allyl bromide, which are obvious in the Figure 5.12. Moreover, 

it can be noticed from the Figure 5.13 that the intensity of the peaks for respective functional 

groups in the ATR-FTIR spectra are higher at θi= 60° (d p = 0.25 µm) than those at θ i = 45° 

(dp = 0.45 µm), indicating that density of the functional groups is more towards the surface 

and decreases with the sampling depth. The results of the depth profiling studies are in 

accordance with the XPS analysis performed at different grazing angles.   

 

Figure 5.12 ATR-FTIR spectra of allyl bromide plasma-grafted onto NR film.  
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Figure 5.13 ATR-FTIR spectra of NR-g-HEMA taken at different incident angles. 

 

Morphology imaging by SEM and AFM analysis 

 The morphological investigation of the plasma-grafted films indicated a uniform 

grafting throughout the film surface. However, the surface roughness in all cases increased 

compared to the pristine NR films. Figure 5.14 shows the SEM micrographs of the plasma 

grafted NR films. The AFM analysis also reaffirmed that the surface roughness is less in case 

of plasma grafted samples compared to the photo grafted (Figure 5.15). This is mainly due to 

the controlled grafting and absence of agglomerated homopolymer chains.  

 

Figure 5.14 SEM image of HEMA plasma grafted onto NR film. 
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Figure 5.15 AFM images of (a) photo-grafted and (b) p lasma-grafted NR films.  

(a) 

(b) 

5.3.2.3.1 Effect of reaction parameters on surface grafting 

 The influence of plasma power and grafting time on the NR films is apparent from 

the ATR-FTIR spectra (Figure 5.16). NR being a highly amorphous polymer is susceptible to 

etching and surface cross-linking when irradiated at high plasma power for a longer time54. 

Hence, it is difficult to gravimetrically estimate the exact grafting yield as a function of 

treatment time and plasma power. However, a satisfactory am ount of hydrophilicity is 

achieved for reactions carried out under mild conditions.  An increase in the plasma power 

beyond 75 W and irradiation time over 20 min had some detrimental effect on the surface 

hydrophilicity. It was observed that for grafting attempted beyond 75 W led to a significant 

decrease in the C=C peak in the ATR-FTIR spectra, which suggests surface crosslinking. This 

was followed by an increase in the water contact angle, which is an additional indication of 
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the increased hydrophobicity. The generation of the cross-links is further supported by the gel 

formation upon dissolution of the treated NR in toluene.  It is assumed that surface cross-

linking hinders the diffusion and interaction of the monomers with the underlying free 

radicals. Moreover, the previously generated functional groups are possibly buried below the 

cross-linked network55. The favorable effect of post treatment exposure to the monomer 

vapors was established by the increase in the intensity of the characteristic peaks in the ATR-

FTIR spectra, which is supported by the XPS analysis (Figure 5.17). It can be noticed that 

the intensity of the Br 3d peak is more for the sample with post grafting exposure time of 10 

min, compared to the sample without any post exposure to the monomer vapors. 

 

Figure 5. 16 ATR-FTIR spectra showing the effect of plasma power and grafting time. 

 

Figure 5.17 Effect of post plasma exposure time on grafting efficiency of NR-g-ally bromide. 
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5.4 BIOCOMPATIBILITY STUDY OF SURFACE GRAFTED NR FILMS 

 The excellent flexibility and resistance against splitting of NR has attracted the 

attention for the development of biomaterials. The hydrophobicity of NR has limited its 

applications to surgical devices and medico-tubings. If the biocompatibility of NR is achieved 

it can find many more applications including blood transfusion tubes and implants. In the 

present study, we have tried to determine the biocompatibility of surface functionalized NR 

by in vitro cell adhesion test. From the biocompatibility test it was found that plasma and 

photo -grafted HEMA and AA gave better cell adhesion compared to the pristine NR films, 

however, plasma grafted films showed the highest efficiency. One possible reason is that, 

since the photografted samples gave thick grafted layers, the functional groups in the 

dehydrated state are assumed to be buried in the agglomerated grafts and require more time 

to reorient to the surface. Moreover, the interaction of the cells with the feebly functionalized 

interface leads to poor compatibility and thereby moderate cell adhesion. In contrast to this 

for plasma modified samples having thin grafted layers, the functional groups even if oriented 

towards the sub -surface reorient rapidly towards the surface in the culture media leading to 

better cell adhesion. Another possible explanation is that during the plasma treatment the 

surface of NR becomes crosslinked leading to hindered rotation of the functional groups 

towards the sub -surface and thus hydrophilicity of the modified surfaces is retained for a 

longer time favoring better cell adhesion. The cell adhesion and growth were monitored 

under optical microscope after 24 hrs and 48 hrs of incubation.  

This substantially high biocompatibility is attributed to the uniform carpeting of 

polyHEMA chains on NR films (Table 5.2), which is again accredited to its higher grafting 

efficiency. The acrylic acid photo-grafted films exhibited better cell adhesion (number of cells 

adhered/cm 2) compared to plasma-grafted samples. The density of the cells adhered depends 

on the number of the freely available carboxylic acid groups, which is more in the case of 

photo -grafted films. 
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Table 5.2 Adhesion of KB cell lines on the surface of functionalized NR films after 48 hrs of 

incubation. 

 
Cell adhesion# Grafting 

Technique HEMA AA 

Photo é • é + 

Plasma é + é + 

                         # Good é   Average  •    Uniform  +     

 

5.5 CONCLUSIONS 

The photo -grafting efficiency (Ge) of monomers observed here is in the order  

HEMA > AA > NVP. The surface of the grafted substrates examined by the SEM shows 

progressive roughness with the increase in the degree of grafting. A rise in the thickness of 

the grafted layer is also observed in the optical micrographs, which is attributed to the multi-

layer formation arising from the grafted homopolymer chains. The ketonic photo-initiators, 

due to their hydrogen abstraction capacity proved to be better initiating species compared to 

the peroxy-initiators.  Although, hydrogen peroxide gave very high grafting yield, the reaction 

being uncontrolled led to very thick grafted layers, undesirable for biocompatibility. The 

degree of photo-grafting increases linearly with the reaction time and temperature and 

gradually falls beyond a certain limit due to unfavorable reactions like chain transfer, radical 

coupling and homopolymerization. The plasma grafting efficiency mainly depends on the 

reaction time, whereas the rate of grafting depends on the plasma power. For reaction time 

less than 10 minutes, grafting is very less. The plasma grafting generated thin grafted layers 

with functional groups available at the interface. The plasma-grafted samples exhibited better 

cell adhesion/ growth compared to the photo grafted ones. Thus, cell growth/adhesion 

depends on the uniformity of grafting and density of functional groups. In other words, 

hydrophilicity of the polymer surface plays a major role in determining the biocompatibility of 

the substrate.  
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6 .1 INTRODUCTION  

In the recent years, elastomers have spun major interest in different specialty 

applications. Amongst the existing elastomers, silicone rubber and styrene butadiene styrene 

have a well-defined backbone structure. While the backbone network is responsible for the 

bulk properties, in many applications, the elastomer surfaces need to be modified in order to 

achieve desirable surface energy or functionality. Tailoring a polymer with properties different 

at its surface and in the bulk, is nowadays one of the most important areas of research in 

polymer chemistry. Amongst the different surface modification techniques1 plasma treatment 

employing reactive gases is the most controlled means of achieving desired interfaces. Plasma 

treatment can bring about surface modification of polymers by three different methods: a) 

functional group implantation, b) simultaneous grafting and c) post-treatment grafting. In the 

implantation process, hydrogen atoms are first abstracted from the polymer chains to 

generate radicals within the polymer chains located at the surface. Some of these carbon 

radicals in the polymer chain combine with the radicals formed in the plasma to form 

functionalities of the respective gas. The other carbon radicals, when exposed to the air, form 

oxidized species on the surface2. The formation of the functional groups as a result of plasma 

treatment is restricted to a depth of few hundred nanometers on the polymer surface3. It is 

well known that functionalities generated on the polymer surface as a result of plasma 

implantation are temporary and are lost with time irrespective of the Tg of the polymer4. 

Urban et al.5 has proved from their study that the assumption that surface cross-linking 

increases with plasma treatment is not always true. This behavior of polymer surfaces treated 

with the reactive plasmas is studied over here.   

In comparison to thermoplastics, there are only few references disclosing the 

systematic study on the surface modification of elastomers6-8, except for silicone rubber. In 

the past few years efforts have been made to modify the surface of SEBS, SBS and SR by 

grafting techniques9,10. Amongst these, the most widely studied technique is the surface 

photografting 11,12. A few attempts have also been made to improve the surface properties via 

plasma immersion ion implantation technique13. Breaking the monopoly of thermoplastics, 

researchers are now switching over to explore the biocompatibility of unattended 

conventional elastomers14-16. During the biocompatibility test performed in the recent past, 

some misconceptions about the biocompatibility of a material has been exposed. In one such 

study Lee et al.9 found that excessive grafting leads to a decrease in the corneal epithelial cell 

adhesion. They found that surface of SR films grafted with 150 µgm/cm 2 polyHEMA gave 
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better cell adhesion compared to 1650 µgm/cm2 for reasons not mentioned.  The 

modification of elastomeric surface is thus undertaken with a view of improving their 

biocompatibility and examining their performance under in vitro conditions. In the present 

study, two reactive gases viz. oxygen and carbon dioxide are used to obtain functional 

hydrophilic surface of SR and SBS films. The effect of reaction parameters is carefully 

examined. Moreover, the functional monomers viz. HEMA, AA and NVP are also plasma 

grafted onto the surface of these films. All these samples are analyzed using surface sensitive 

techniques like contact angle measurement, XPS and ATR-FTIR spectroscopy. The causes of 

the hydrophobic recovery have also been revealed. 

6.2 MATERIALS AND METHODS 

6.2.1 Materials  

All the monomers viz. 2-hydroxyethyl methacrylate (HEMA), acrylic acid (AA) and 

N-vinyl pyrrolidone (NVP) procured from M/s Aldrich, USA, were used after purification. 

The argon, nitrogen, carbon dioxide and oxygen gases (Grade I) supplied by M/s Inox Ltd., 

Thane, India, were used for the plasma-treatment reactions. The silicone rubber was received 

by the courtesy of GE Silicones, India, which contains 21% fumed silica filler and linear 

PDMS into the vinyl terminated PDMS. The styrene butadiene styrene terpolymer was 

obtained from Shell Ltd., USA and ATV-prene, India. The butadiene : styrene content in 

Shell sample was (81:19) and in ATV-prene was (77: 23).  

6.2.1.1 Preparation of elastomer films  

SR film preparation 

 A 3.3 % w/v homogenous solution of silicone rubber was prepared in chloroform. 

To this solution 0.15 % w/v benzoyl peroxide was added as a cross-linking agent. A 25 ml of 

this homogenized solution as carefully poured in a petri dish (10 cm diameter). The solvent 

was evaporated naturally at room temperature. The films were then cured in a vacuum oven 

for   3 - 4 hrs at 90 - 100 °C. The films thus obtained were thoroughly washed with methanol 

to remove impurities and decomposed BPO. The thickness of films obtained was 

approximately 125 microns.  

SBS film preparation   

A homogenous solution of 2.5 % w/v SBS was prepared in dichloromethane. 25 ml 

of this solution was carefully poured in a petri dish (8 cm diameter). The solvent was 

evaporated naturally at R.T. to obtain thin films of SBS. These films were then dried in 
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vacuum oven at 45 °C to remove any trapped solvent. The thickness of the films was 

approximately 150 microns.    

6.2.1.2 Reactor  

The details of the plasma grafting and plasma treatment reactor are given in the 

Chapter 4, section 4.2.1.2. 

6.2.2 Experimental methods 

The surface modification of the SR and SBS films was accomplished by two methods       

a) plasma treatment and b) plasma grafting. The details of which are given in section 4.2.2. 

 6.2.3 Characterization methods 

 The surface modified elastomer films were characterized mainly by contact angle 

goniometer, ATR-FTIR and XPS techniques. The details of all these techniques are given in 

section 4.2.3. The contact angle measurements are an average of seven measurements taken at 

different places on the treated sample. 

6.2.4 Biocompatibility test 

The biocompatibility of the modified and pristine SR and SBS films was tested by 

method mentioned in section 4.2.4. 

6.3 RESULTS AND DISCUSSION 

6.3.1 Functional group implantation using O 2 and CO2 plasma 

 The plasma treatment of the SR and SBS films generated highly hydrophilic surfaces, 

as expected. Interestingly, the hydrophilicity achieved on both these films was better than that 

obtained for EPDM films. The static water contact angle measurements taken by the sessile 

drop method for the oxygen and carbon dioxide plasma treated SR and SBS films are 

aggregated in the Table 6.1 and 6.2. From the table, it can be noticed that just 60 secs of 

oxygen plasma treatment of both the films generated highly hydrophilic surfaces. For the 

carbon dioxide plasma treated films, the hydrophilicity initial attained was slightly less 

compared to the oxygen plasma treated films. The composition of the polymer backbone also 

plays a vital role in determining the surface properties. It was observed that the ATV-prene 

samples produced higher hydrophilicity compared to the SHELL samples. This indicates that 

the unsaturation at the polymer surface is one of the major influencing factors. The contact 

angle results are very well supported by the XPS analysis, which shows a significant increase 
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in the C-O and C=O species on the surface of the plasma treated films. Figures 6.1 and 6.2 

show the XPS spectra of the plasma treated SR and SBS films. The asymmetry in the spectra 

corresponds to the C1s peaks at 286.5, 287.7 & 289.2 eV. However, for small treatment time 

at low plasma power the ATR-FTIR spectra in the Figure 6.3 did not show any significant 

change in the surface functionality. This is due to the lack of sensitivity of this technique to 

identify functionalities present at the interface17. This further reaffirms that only the interface 

of the polymer is modified during the plasma treatment under controlled conditions. 

Figure 6.1 XPS spectra of CO2 and O 2 plasma treated SBS films.  

Figure 6.2 XPS spectra of O2 plasma treated SR films. 
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 Table 6.1 Oxygen plasma treatment of elastomer films for 60 seconds. 

Water contact angle ( ° ) Plasma 
power  SR SBS  EPDM 

50 W 28.0 48.4 62.6 

75 W 22.2 42.4 56.5 
 
 
Table 6.2 Carbon dioxide plasma treatment of elastomer films for 60 seconds. 

Water contact angle ( ° ) Plasma 
power  SR SBS  EPDM 

50 W 37.6 57.0 57.6 

75 W 32.2 42.0 58.1 
 

Figure 6.3 ATR-FTIR spectra of O2 plasma treated SR and SBS films.  

6.3.1.1 Effect of plasma power and irradiation time 

The water contact angle measurements of SR and SBS films treated with oxygen and 

carbon dioxide plasma are compiled in the Table 6.3 and 6.4, respectively. From the table, it 

is obvious that the SR films undergo excellent hydrophilization amongst all the samples 

treated under the identical conditions. Moreover, the surface hydrophilization of silicone 

rubber requires a very little time. The plasma treatment conditions i.e. 75 W and 150 sec gives 

the best hydrophilicity for oxygen plasma treatment. It is also observed that hydrophilicity 

increases with the treatment time and then falls for irradiation time longer than 150 seconds. 

It is believed that the process of degradation dominates once the sample is continuously 

irradiated for a longer time. Yasuda et al.18 has shown that SR being less susceptible to weight 

loss degradation favors the formation of non-volatile oligomers upon O2 plasma treatment. 
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From the table it can also be understood that irradiation time has a more detrimental effect 

than the plasma power, for, treatments with high plasma power with short irradiation time 

gave better hydrophilicity than the treatments with low plasma power for long irradiation 

times. Thus, a combination of plasma power and treatment time should be optimized in order 

to achieve exceptional hydrophilicity of the treated surfaces. The carbon dioxide plasma 

treated SR films also show a fairly good surface hydrophilicity. The best hydrophilicity is 

achieved for the 50 W and 150 secs. Urban et al.5 has reported that continuous irradiation of 

silicone rubber films at higher plasma power, causes the delinking of the reinforced silica and 

aggregation of the silica fillers towards the surface.  

      Table 6.3 Effect of O2 plasma treatment parameters on the hydrophilicity of the films. 

 

The formation of short segments of silicone elastomer as a result of chain scission has also 

been mentioned in the same report. These segments also undergo oxidation during the 

treatment and are said to form a layer of approximately 10 microns over the sample surface. 

This is the reason why the longer plasma treatment time reveals functional groups in the 

ATR-FTIR spectra shown in the Figure 6.4. It is evident from the Table 6.3 that the SBS 

films upon plasma treatment show a relatively slow hydrophilization but the hydrophobic 

recovery is quicker compared to the SR films. The possible reason for this behavior is the 

higher surface cross-linking. Moreover, the degradation in SBS leads to either volatile 

products or dangling hydrocarbon chains unlike in SR. It is reported by Morra et al.4 that 

polystyrene upon plasma treatment undergoes cross-linking and reduces the efficiency of the 

hydrophobic recovery. This is in contrast to our observation. But it is believed that the cross-

linking hinders the orientation phenomenon and restricts the free-movement of either of the 

groups.   

Water contact angle ( ° ) 

SR SBS  

Irradiation   
time (sec) 

50 W 75 W 100 W 50 W 75 W 100 W 

30 40.6 27.1 23.3 53.6 46.0 38.5 

60 28.0 22.5 19.0 48.4 42.4 27.2 

150 21.2 13.5 21.4 46.8 23.6 18.3 

600 40.5 24.0 29.1 51.4 52.8 62.1 
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Figure 6.4 ATR-FTIR spectra of O2 plasma treated SR and SBS films. 

Table 6.4 Effect of CO2 plasma treatment parameters on the hydrophilicity of the films 

Water contact angle ( ° ) 

SR SBS  

Irradiation   
time (sec) 

50 W 75 W 100 W 50 W 75 W 100 W 

60 37.6 32.2 26.0 57.0 42.0 34.6 

150 18.0 43.3 28.6 40.3 30.7 28.2 

600 18.1 30.3 33.0 41.3 37.5 38.9 
 

6.3.1.2 Effect of post-treatment exposure to the system gas 

 The effect of post-exposure of the treated elastomer films to the system gas is studied 

for different exposure time. It was assumed that during the plasma treatment, all the radicals 

generated on the polymer surface do not react immediately with the reactive species in the 

plasma. If the samples are exposed to the atmosphere immediately after plasma treatment, the 

radicals present on the surface react with the components of air to give rise to undesired 

functionalities19. In order to avoid these undesired reactions the films were maintained in the 

system gas for different times to access the effect of post exposure on the surface 

functionality. The contact angle measurements and XPS analysis substantiates our assumption 

of enhanced functionality upon post exposure to the system gas. It was observed that post 

exposure of 10 min is sufficient to allow all the surface free-radicals to react with the system 

gas. A further exposure time did not bring about any significant increase in the surface 

functionality or hydrophilicity. The increase in the intensity of the carbonyl species in XPS 
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spectra upon post exposure of the  plasma treated films to the system gas, clearly supports our 

assumption. This effect of post exposure is revealed in the Figure 6.5.  

Figure 6.5 The XPS spectra of SR films treated with CO2 gas plasma showing: effect of post 

exposure time on the surface functionality.  

6.3.2 Plasma-grafting onto SR and SBS films 

 Now it is established that the surfaces modified by plasma treatment gradually lose the 

gained hydrophilicity with the storage time. Although, this loss is not permanent, the 

hydrophilicity diminishes with time as observed in different polymers20. The phenomenon of 

hydrophobic recovery is swift and reversible in the case of elastomers as compared to that in 

thermoplastics. Moreover, the plasma treatment generates only a small variety of functional 

groups on the treated surfaces, most of them are either hydroxy or carbonyl derivatives21. It is, 

therefore, necessary to graft selective functional monomers to achieve desired functionalities 

on the polymer surface. Figures 6.6 and 6.7 show the ATR-FTIR spectra of HEMA and 
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NVP grafted onto the surface of SR and SBS films, respectively. The characteristic peaks of 

hydroxyl  (3450 cm-1), ester (1725 cm -1) and tert-amide (1670 cm –1) are evident in the spectra.  

Figure 6.6 and 6.7 Plasma grafted SR and SBS films 

 6.3.2.1 Effect of plasma power and grafting time 

 A linear rise in the surface functionality and hydrophilicity with an increase in the 

plasma power and plasma treatment time is evident from the Table 6.3 and  6.4. The 

hydrophilicity and functionality levels off above treatment at 75 W for 30 min. It is assumed 

that beyond this treatment, the phenomena like cross-linking, chain scission and etching of 

the grafted layers become very prominent. As a result, there is no further improvement in the 

surface properties. Upon comparison of the water contact angle with the plasma grafted 

EPDM, it can be noticed that the hydrophilicity achieved in the case of SBS is faster than that 

achieved for EPDM under similar conditions. This is attributed to the higher unsaturation in 

the SBS backbone, which facilitates the radical formation and hence grafting. The increase in 

the intensity of stretching vibrations of O-H at 3500 cm-1 and COOH at 1707 cm -1 with the 

plasma power is evident from the ATR-FTIR of SBS-g-AA (Figure 6.8). It should be noted 

that the intensities of both these peaks for SR-g-AA are relatively less (Figure 6.9). The low 

plasma grafting efficiency of the SR films is due to the lack of active hydrogens in the SR 

backbone. Moreover, the primary alkyl radicals are less efficient in bringing about surface 

grafting. In a unsaturated polymer, there are large number of active allylic hydrogen atoms 

which can be easily abstracted 22. This reaffirms our hypothesis that the unsaturation at the 

polymer surface favorably influences the plasma grafting efficiency of functional monomers.  
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Figure 6.8 Effect of plasma power on the plasma grafting of AA onto SBS  

 

Figure 6.9 Effect of plasma power on the plasma grafting of AA onto SR  

 

6.4 BIOCOMPATIBILITY STUDY OF SURFACE MODIFIED EPDM FILMS 

 The optical micrographs of cell adhesion test are shown in Figure 6.10. The 

biocompatibility test revealed that the plasma grafted SR films offered better cell adhesion 

compared to plasma treated the samples. One possible reason is the less/localized 

hydrophilicity at the film interface in case of treated samples. Amongst the HEMA and AA 

grafted films, the later generated better biocompatible surface. This may be due to the specific 
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interactions between the carboxylic acid groups and the cells. In case of SBS, plasma grafted 

and plasma treated films offered good biocompatibility. The cell adhesion was homogenous 

throughout the film surface. 

  Figure 6.10 Optical micro-graphs of a) neat b) CO2 plasma treated c) AA plasma grafted 

onto SR films. 

(a)              (b) 

         (c)



Chapter: 6 

 192 

6.5 CONCLUSIONS 

Exposure of polymer films at lower plasma power for short irradiation time generates 

functional groups respective to the system gas but exposure at high plasma power for longer 

time, causes surface cross-linking, chain scission and etching, which decreases the surface 

hydrophilicity. ATR-FTIR spectroscopy is not a very efficient tool to detect functional groups 

located at the film interface. The water contact angle measurements clearly reflect the surface 

profile. The functionalities generated on the surface depend on the type of the system gas 

used. Hydrophobic recovery observed in the elastomeric samples is due to the exceptional 

mobility of the elastomer chains. Vapor phase plasma grafting is an effective method of 

generating desired functionalities at the polymer-air interface. The unsaturation at the polymer 

surface favors the rapid hydrophilization due to the easily abstractable allylic H-atoms. 

Hydrophilicity is not the only criteria of achieving biocompatibility. The type of functional 

groups also determines the extent of biocompatibility of the polymeric materials. 
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CHAPTER VII 

DESIGN, SYNTHESIS AND PERFORMANCE EVALUATION 

OF NOVEL POLYMER STABILIZERS  
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7.1 INTRODUCTION 

Most of the polymers are susceptible to degradation by oxygen under an additional 

influence of UV light or heat. The net result of degradation is the loss in the molecular weight 

and macroscopic physical properties1. This oxidative-degradation can be partially prevented 

by melt blending the polymers with appropriate stabilizers that ensure the desired polymer 

properties throughout its service life. Antioxidants like hindered phenols are found to be 

effective in preventing oxidative degradation2. The most widely used antioxidants are the 

derivatives of 2,6-ditert-butyl-p-cresol (BHT), which act as chain terminating agents by 

reacting with the alkyl peroxy radicals (ROO•) or alkyl radicals (R•). However, their low 

molecular weight, high mobility and rapid volatility from the polymer matrix are main 

drawbacks3. Attempts have been made to overcome this problem by designing high molecular 

weight stabilizers by linking them to long saturated hydrocarbon chains4,5. But, stabilizers with 

low mobility are often found to under perform against their capacity. Thus, we have designed 

and synthesized diol-functionalized BHT that can be used to synthesize nylon and 

polyurethane bearing pendant BHT moieties. Nylons and polyurethane are most widely used 

polymers for the out door applications and are thus prone to undergo rapid oxidative-

degradation influenced by light and heat. We assume that diol functionalized BHT- 

antioxidant would enhance the service life of these polymers.  

The photo -stabilization of polymer involves retardation or elimination of destructive 

photochemical processes in polymers. UV absorbers, antioxidants and radical scavenger are 

widely used stabilizers to prevent photo-oxidative degradation in variety of polymers6,7. The 

most efficient UV absorbers include o-hydroxy phenyl benzotriazoles and o-hydroxy phenyl-s-

triazines. This class of stabilizers bear intermolecular hydrogen bonded phenol moiety, which 

helps in converting incident UV-energy into less harmful form heat8. The compatible and 

mobile stabilizers usually prove to be the best choice in attaining the desired stability. Most of 

these stabilizers are commercially available and are successfully employed, single and/or in 

combination with other stabilizers for the polymer stabilization. Researchers have even 

attempted to study the combined effect of screeners, quenchers, ultraviolet absorbers and 

thermal stabilizers9,10. Depending upon the type of combination, the effect of the stabilizers 

can be synergistic and antagonistic. The efficacy of the stabilizer depends on many factors viz. 

type of combination, proportion of additive, compatibility with the polymer and molecular 

weight of the stabilizer. Hindered amine light stabilizer (HALS) and benzotriazole based UV 

absorbers are known to work in synergism and there is no literature on the synthesis of the 
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coupled derivatives of HALS and UV absorbers. Keeping in mind, all the above-mentioned 

requirements, we have designed and synthesized a novel photostabilizer: HALS coupled to an 

UV absorber.   

During the past decade, the chemistry of synthesis of stabilizers and their mechanism 

has been extensively studied 11 and the interaction between polymer and the stabilizer at 

molecular level has been elucidated. Since the degradation of a polymer commences from the 

surface and slowly proceeds into the bulk of the polymeric substrate, the stabilizers are 

therefore expected to be most potent if they are anchored at the surface. With an objective to 

enhance the stabilizing efficiency of HALS, a vinylic HALS; 1,2,2,6,6-pentamethyl piperidinyl-

4-acrylate (PMPA) is designed, synthesized, surface grafted and evaluated for the photo-

stabilization of SBS, PE and PP.  

Thus, in the present study we have synthesized three novel photo-stabilizers from 

existing commercial light stabilizers. The vinylic photostabilizer (PMPA) is photo-grafted 

onto the surface of polypropylene, polyethylene and styrene rubber butadiene styrene thin 

films. The photostabilizing efficacy of the surface anchored stabilizers against the 

conventional melt blended stabilizers is evaluated.  

7.2 MATERIALS AND METHODS 

7.2.1 Materials 

The styrene butadiene styrene thermoplastic elastomer [SBS block copolymer] and 

unstabilized oil extended used in the present investigation were supplied by M/s ATV 

projects India Ltd., Nagothane, India. While ENICHEM and SHELL are their competitor’s 

SBS samples. The contents of styrene and butadiene are given in Table 7.1. Commercial 

samples of isotactic polypropylene (i-PP, Koylene S30330), low density polyethylene (LDPE, 

Indothene 16MA400) were obtained from Indian Petrochemicals Corp. Ltd., Baroda, India. 

The stabilizers: 2,6-di-tert-butyl-4-methylphenol [BHT], 2-(2′-hydroxy-5-methylphenyl) 

benzotriazole [Tinuvin P] and tris(nonylphenyl)phosphite [Irgafos TNPP] were obtained from 

M/s Hindustan Ciba-Geigy Ltd., Bombay. The reagents 2,2,6,6-tetramethyl-4-piperidinol, 4-

dimethyl aminopyridine, tetrabutyl ammonium fluoride, tert-butyl dimethylsilylchloride, 

benzophenone and acryloyl chloride were procured from Aldrich Chemicals. Maleic 

anhydride obtained from E. Merck, India, was recrystallized from chloroform. Triethyl amine 

was obtained from Ranbaxy Laboratories Limited, India and dichloromethane from S.d. Fine 

Chemicals Limited, India. 
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            Table 7.1: Polybutadiene contents in different grades of SBS rubber.  

Sample PB (mole %) Styrene (mole %) 

ATV-prene 77 23 
ATV-oil 78 22 

ENICHEM 82 18 
SHELL 81 19 

 

7.2.2 Methods 

7.2.2.1 Sample preparation 

SBS film preparation 

Films of unstabilized oil-extended [ATV-oil], stabilized oil-extended SBS [ATV-

prene], ENICHEM and SHELL samples of SBS rubbers were prepared by solution casting. 

The pellets of the copolymer were dissolved in dichloromethane (1.5 % w/v) at room 

temperature and different concentrations (0.15 and 0.3 wt %) of the stabilizers were 

incorporated in ATV-oil solution. The solution was homogenized and casted on glass plates, 

evaporated the solvent and dried under vacuum till constant weight. The unstabilized films of 

SBS were also prepared by the same method, except for the addition of stabilizer.  

PE and PP film preparation 

Minimax, ATLAS , U.S.A, blender was used for blending 0.2 wt % of 2,2,6,6-

tetrametyl-4-piperidinol with LDPE and i-PP for the accelerated weathering study. Thin films 

(~100 µm thickness) were prepared by pressing the polymer pallets (containing stabilizer) in a 

preheated Carver press (M/s Carver, USA) at 205 °C and 175 °C, respectively, by applying 

150 kg/cm 2 platen pressure for 2 min, followed by quenched cooling with cold water 

circulation.  

7.2.2.2 Performance evaluation of stabilized polymer films 

The polymer films bearing stabilizers were exposed to UV light (4 × 400 W MPM UV 

lamps) supplying λ ≥ 300 nm, under controlled temperature (45-50 °C), in photo -irradiation 

chamber SEPAP 12/24, procured from M/s. Le Materiel Physico Chimique, Neuilly, France, 

for accelerated weathering study. The details of the equipment are described elsewhere12. The 

films were examined for the structural changes using FTIR spectroscopy and morphological 

changes by scanning electron microscope (Leica, Cambridge, Stereoscan 440 model). 
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7.2.3 Analysis 

Spectroscopy 

FTIR measurements of the synthesized molecules were carried out with a Perkin 

Elmer 16 PC Spectrophotometer (supplied with ATR accessory). 1H and 13C-NMR spectra 

were obtained for samples dissolved in CDCl3 at 25 °C on a ‘Bruker AC 200 FT-NMR’ 

instrument at a frequency of 200 MHz.  The purity of the compound was determined by Gas 

Chromatography (Auto System XL Gas Chromatograph, Perkin Elmer). 

Gravimetry 

Gravimetric analysis was used to calculate the amount of HALS on the polyolefin film 

after surface grafting of the stabilizer. The concentration of HALS (mole/cm2) present on the 

surface of the film was calculated from the increase in the weight of the polyolefin films.  

7.2.4 Experimental  

7.2.4.1 Synthesis of vinylic HALS (Scheme 7.1) 

7.2.4.1.1  Synthesis of 1,2,2,6,6-pentamethyl-4-piperidinol (a) 

1,2,2,6,6-pentamethyl-4-piperidinol was synthesized from 2,2,6,6-tetramethyl-4-

piperidinol following a reported procedure13. 2,2,6,6-tetramethyl-4-piperidinol (3.55 g, 0.02 

mol), 37 % formalin (3.3 ml) and 1 ml formic acid were taken in a 25 ml round bottom flask 

(RB) fixed with a reflux condenser. The contents were heated over a steam bath for 5 h. The 

reaction mixture was made basic using 1.0 M potassium hydroxide and the product was 

extracted with diethyl ether (5 × 15 ml) and dried over anhydrous sodium sulphate. The ether 

extract was evaporated to get the product, which was purified by sublimation at 88 °C under 

reduced pressure (0.05 mm). The white sublime weighed 3.5 g. Yield 92 %, m.p. 72-74, Lit: 

m.p.  (73 - 74 °C).  
1H NMR (δ  ppm)  : 1.0 (s, 6 H), 1.1 (s, 6 H), 1.25-1.4 (t, 2H), 1.75-1.85 (dd, 2H), 

(200 MHz, CDCl3)         2.45 (s, 3H) (N-CH3). 

FTIR (cm -1)                  : 3525-3145 (broad), O-H stretching, 1048 (C-N) stretching.  

7.2.4.1.2  Synthesis of 1,2,2,6,6-pentamethyl piperidinyl-4-acrylate (PMPA) (b) 

1,2,2,6,6-pentamethyl piperidinyl-4-acrylate (PMPA) was synthesized under strictly 

inert and dry reaction conditions. 1,2,2,6,6-pentamethyl piperidinyl-4-acrylate (PMPA) was 

synthesized from 1,2,2,6,6-pentamethyl-4-piperidinol (a). 
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Scheme 7.1 

1,2,2,6,6-pentamethyl-4-piperidinol  (1.0 M) was taken in a two neck RB along with 4-

dimethylaminopyridine (0.4 mol equiv.) [DMAP], dry dichloromethane (10 ml/gm), triethyl 

amine (1.5 mol equiv.) [TEA]. This reaction mixture was initially stirred for 10 min followed 

by the addition of acryloyl chloride (1.2 mol equiv.) at 0-4 °C with stirring. The reaction 

mixture was allowed to stir at room temperature for approximately 10 hrs. This reaction 

mixture was then quenched in ice water and the product was extracted in dichloromethane   

(4 × 25 ml). The combined extract was given (2 × 20 ml) washes of saturated sodium 

bicarbonate solution and finally dried over anhydrous magnesium sulfate. The solvent was 

evaporated under vacuum at 38 °C over a rotavapor. The product was in the form of pale 

yellow viscous liquid. The TLC didn’t show any spot of either the starting material or the 

catalyst (DMAP) after the workup. The yield of 1,2,2,6,6-pentamethy piperidinyl-4-acrylate 

was 1.11 gm (85 %). The product was found to be 98.7 % pure by Gas chromatography. 

 

1H NMR (δ ppm)         

(200 MHz, CDCl3)          

(Figure 7.1)                 

(a) 5.75 (d, 1H), (b) 6.4 (d, 1 H), (c) 6.2 (q, 1 H), (d) 5.15 (m, 1H),  

(e) 1.8 (dd, 2H), (f) 1.5 (dd, 2 H), (g) 1.1 (s, 6 H) axial, (h) 1.2 (s,                                           

6 H) equatorial, (i) 2.2 (s, 3 H) N-CH3.      

FTIR (cm-1)           

(Figure 7.2)          

1730, vinyl ester, 1636, C=C stretching and 985, C-H bending. 
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Figure 7.1 1 H NMR of 1,2,2,6,6-pentamethyl piperidinyl acrylate. 

Figure 7.2 FTIR of 1,2,2,6,6-pentamethyl piperidinyl-4-acrylate. 
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7.2.4.2 Synthesis of a HALS coupled to UV absorber  

The synthetic route to the foresaid stabilizer is schematically represented in the 

Scheme 7.2. 

7.2.4.2.1 Synthesis of 2-(2'-hydroxy-5'-bromomethyl phenyl) benzotriazole  (Step-I) 

2-(2'-hydroxy-5'-bromomethyl phenyl) benzotriazole was prepared by the bromination 

of 2-(2'-hydroxy-5'-methyl phenyl) benzotriazole (Tinuvin P) 14. In a 500 ml three necked 

round -bottomed flask (a), 5.0 gm (0.0223 mol) of 2-(2'-hydroxy-5'-methyl phenyl) 

benzotriazole and 100 mg of AIBN were taken and dissolved in 150 ml of dry carbon 

tetrachloride. In a separate conical flask 4.18 gm (1.5 ml, 0.03 mol) of bromine was dissolved 

in 75 ml of dry carbon tetrachloride and solution was transferred to a cylindrical addition 

funnel with a pressure equalizing tube. Three-necked round-bottomed flask with the solution 

of (a) was kept in an oil-bath at temperature 47 °C. Nitrogen was continuously bubbled 

through the solution to maintain an inert atmosphere. Cylindrical funnel containing bromine 

solution was mounted on the three-necked round -bottomed flask. Solution was continuously 

stirred with the help of magnetic stirrer. Bromine solution was added, drop-wise from the 

addition funnel to the flask in a span of 4-5 hours till all the solution was poured out. Heating 

was then stopped and the final reaction mixture was allowed to gradually cool to room 

temperature. Product was separated by solvent evaporation. Finally, the product was purified 

by recrystalization from acetone. The yield of 2-(2'-hydroxy-5'-bromomethyl phenyl) 

benzotriazole was 5.5 g (80 %) m.p. 169-171 °C. 

                                      

1H NMR (δ ppm)  

(Figure 7.3)           

(a) 7.90-8.05 (q, 2H), (b) 7.45- 7.60 (q, 2H), (c) 11.45-11.55 (s, 1H), 

(d) 7.15-7.25 (d, 1H), (e) 7.35-7.45 (d, 1H), (f) 8.45-8.53 (d, 1H),    

(g) 4.5-4.7 (s, 2H) 

FTIR (cm-1)         

(Figure 7.4)               

3450, O-H stretching, 1258, CH2 wagging, 1222, C-O stretching, 684 

and 571, C-Br stretching.   
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7.2.4.2.2 Synthesis of 2-(2'-tert-butyldimetylsilyloxy-5'-bromomethylphenyl) 

benzotriazole (Step-II) 

2-(2'-tert-butyldimetylsilyloxy-5'-bromomethylphenyl) benzotriazole was synthesized 

strictly under dry and inert reaction conditions. In a 50 ml capacity RB, 2-(2'-hydroxy-5'-

bromomethyl phenyl) benzotriazole (3.0 gm, 0.00986 mol) was taken along with imidazole 

(2.1 gm, 0.0295 mol), closed the RB with rubber septum and applied an inert atmosphere 

using argon gas balloon. In RB flask, 10 ml of dry pyridine was added and then the reaction 

mixture for 20-60 min. The reaction mixture becomes very thick and difficult to stir. To this 

mixture, tert-butyl dimethylsilylchloride (5.2 gm, 0.0345 mol) was added under inert condition 

and continued agitating the reaction mixture for 10-14 hrs. After checking the TLC for the 

completion of the reaction, the pyridine from the RB was evaporated to dryness under 

vacuum. The contents of the RB were consequently dissolved in 15 ml dichloromethane. The 

insoluble mass, mainly pyridinium hydrochloride, was filtered off and the mother liquor was 

evaporated under vacuum to give (a semi crystalline rust colored compound) 2-(2'-tert-butyl-

d i-metylsilyloxy-5'-bromomethylphenyl) benzotriazole. The crude product weighed 3.30 gm 

to give 80 % yield. The crude compound was purified by column chromatography, employing 

a solvent system of 4:6 ethyl acetate: petroleum ether. The yield of the pure compound was 

76 % and its m.p.  162-164 °C. 

1H NMR (δ ppm) 

(Figure 7.5)                   

(a) 0.05-0.1 (s, 6H) (b) 1.1-1.25 (s, 9H) (c) 7.15-7.2 (d, 1H), (d) 7.3- 

7.45 (dd, 1H), (e) 8.45-8.55 (d,1H), (f) 4.5-4.7 (s, 2H), (g) 7.8-8.15      

(dd, 2H), (h) 7.5-7.75 (dd, 2H). 

FTIR  (cm -1)                

(Figure 7.6)                  

3300, O-Si stretching, 1258, CH2 wagging, 1590, C=N, 1220, Si-CH3, 

672 and 571, C- Br stretching.        

 

7.2.4.2.3  Synthesis of 2-[2'-tert-butyldimetylsilyloxy-5'-methyleneoxy (( 1”, 2”, 2”, 6”, 

6”-pentamethyl-4”- piperidinyl) phenyl )]benzotriazole (Step-III) 

This compound was synthesized strictly under dry and inert reaction conditions. The 

compound 2-(2'-tert-butyl-di-metylsilyloxy-5'-bromomethylphenyl)benzotriazole (2.1 gm, 

0.00501 mol) was taken in one 25 ml capacity RB (A) and dissolved with 8 ml dry N,N-

dimethyl formamide (DMF) under Argon atmosphere with stirring. In an another two necked 

RB (B), 1,2,2,6,6-pentamethyl-4-piperidinol (1.0356 gm, 0.00601 mol) and sodium hydride 

(0.3 gm, 0.01252 mol) were taken and dissolved in 6 ml dry DMF with stirring under Argon 
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atmosphere. This reaction mixture was agitated for almost 1 hr and then cooled to 4-8 °C. To 

this reaction mixture (B), the contents of the RB (A) were gradually added over a period of 

30-60 min. This reaction mixture was further agitated for 2 hrs followed by refluxing the same 

for an additional period of 2 hrs. The contents of the RB were cooled to room temperature 

and further agitated for 4 hrs at room temperature. The solvent in the RB was evaporated 

under reduced pressure and the solid mass in the RB was dissolved in 15 ml water and 

repeatedly extracted with dichloromethane  (4 × 10 ml). Dichloromethane was then 

evaporated under vacuum at 38 °C over a rotavapor to give pale yellow colored crystalline 

product 2-[2'-tert-butyldimetylsilyloxy-5'-methyleneoxy ((1”, 2”, 2”, 6”, 6”-pentamethyl-4”-

piperidinyl) phenyl) benzotriazole. The TLC showed very little amount of unreacted starting 

material. The crude yield was 2.22 gms (87 %). The product was purified by recrystalization 

technique using polar solvents like ethanol or acetone to get (83 %) yield of pure product. 

FTIR  (cm -1)           3700-3300, Si-O, stretching, 1220, C-O, stretching, 1048, C-N, stretching 

 

7.2.4.2.4 Synthesis of 2-[2'-hydroxy-5'-methyleneoxy(( 1”, 2”, 2”, 6”, 6”-pentamethyl –

4”- piperidinyl) phenyl )]benzotriazole (Step-IV) 

This step involves the deprotection of the phenolic -OH group upon cleavage of O-Si 

bond. The compound 2-[2'-tert-butyldimetylsilyloxy-5'-methyleneoxy ((1”, 2”, 2”, 6”, 6”-

pentamethyl-4”-piperidinyl)phenyl)] benzotriazole (2.0 gm, 0.003937 mol) was taken in an RB 

with tetrabutyl ammonium fluoride [ 4.71 ml, (1.0 M solution in THF)] and agitated the 

reaction mixture at room temperature for 1-3 hrs under anhydrous conditions, followed by 

addition of 10 ml water and extracted the product in DCM (4 × 10 ml). The combined extract 

was dried with anhydrous magnesium sulfate after neutralization with anhydrous potassium 

carbonate. Evaporating the solvent gave a lemon yellow crystalline product, 2-[2'hydroxy-5'-

methyleneoxy((1”,2”,2”,6”,6”-pentamethyl-4”-piperidinyl)phenyl)benzotriazole with a crude 

yield of 1.39 gms  (90 %). 

1H NMR (δ ppm) 
(500 MHz, 
CDCl3)        
(Figure 7.7)      

2.2-2.4 (a) (s, 3H), 1.21-1.24 (b) (s, 6H), 1.15-1.20 (c) (s, 6H),              
1.25-1.45 (d)(dd, 2H), 1.75-2.1 (e) (dd, 2H), 3.8-4.1 (f) (s, 2H),  
7.15-7.2 (g) (d, 1H), 7.2-7.25 (h), (d, 1H), 11.4-11.5 (i) (s, 1H),  
7.8- 8.15 (j) (dd, 2H), 7.5-7.75 (k) (dd, 2H), 7.35-7.45 (m) (dd, 1H)  

FTIR  (cm -1)        
(Figure 7.8)            

3250, O-H stretching, 1375, C-OH bending, 1258, CH2 wagging, 1222, 
C-O stretching, 1070, C-O-C stretching, 1048, C-N stretching. 
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Figure 7.3 1H NMR of 2-(2'-hydroxy-5'-bromomethyl phenyl) benzotriazole.   

Figure 7.4 FTIR spectrum of 2-(2'-hydroxy-5'-bromomethyl phenyl) benzotriazole.   
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Figure 7.5 1H NMR of 2-(2'-tert-butyldimetylsilyloxy-5'-bromomethylphenyl) benzotriazole. 

 

Figure 7.6 FTIR of 2-(2'-tert-butyldimetylsilyloxy-5'-bromomethylphenyl) benzotriazole. 
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Figure 7.7 1H NMR of 2-[2'-hydroxy-5'-methyleneoxy (( 1”, 2”, 2”, 6”, 6”-pentamethyl-4”- 

piperidinyl) phenyl )]benzotriazole. 
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Figure 7.8 FTIR of 2-[2'-hydroxy-5'-methyleneoxy(( 1”, 2”, 2”, 6”, 6”-pentamethyl-4”- 

piperidinyl) phenyl )]benzotriazole. 

 

7.2.4.3 Synthesis of diol functionalized BHT 

7.2.4.3.1 Synthesis of 3,5-di-tert-butyl-4-hydroxy benzylbromide  

The synthetic route to the desired product is out lined in the Scheme 7.3.  

 

 

 

 

 

 

 

 

 

 

Scheme 7.3 

3,5-ditert-butyl-4-hydroxy benzyl bromide was prepared from the bromination of 2,6-

ditert-butyl-4-methyl phenol. In a 250 ml three-necked round bottomed flask, 2.5 g (0.0113 

mol) of 2,6,-ditert-butyl-4-methyl phenol and dissolved in 25 ml of dry carbon tetrachloride. 

In a separate conical flask, (0.3 ml, 1.05 mol equiv.) of bromine was dissolved in 25 ml of dry 

carbon tetrachloride and solution was transferred to a cylindrical funnel with pressure 

equalizing tube. Three-necked round-bottomed flask containing solution of 2,6-ditert-butyl-4-
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the solution for creating inert atmosphere. Cylindrical funnel containing bromine solution was 

mounted on the three-necked round -bottomed flask. Solution in the flask was continuously 

stirred with the help of magnetic stirrer. Bromine solution was added, drop-wise from funnel 

to the flask for a span of 3-4 hours till all the solution was poured out. After the heating was 

stopped, the reaction mixture was allowed to cool to the room temperature. Product was 

separated by solvent evaporation. The product obtained was a viscous yellow liquid, which 

was absolutely pure and was identified from the 1H NMR and FTIR. The product was found 

to be unstable upon longer exposure to air and was stored under argon atmosphere for 

further use. The yield of 3,5-ditert-butyl-4-hydroxy benzyl bromide was 3.15 g (> 90 %). 

 

 

1H NMR (δ  ppm) 
(Figure 7.9)                  

4.45 - 4.55 (a) (s, 2H), 7.2 – 7.25 (b) (s, 2H), 1.4 -1.6 (c) (s, 18 H),  
5.3 - 5.35 (d) (s, 1H) 

FTIR  (cm-1)               3600-3200, O-H stretching, 1222, C-O stretching/ O-H bending, 684  
 and 571, C-Br stretching 

 

7.2.4.3.2 Synthesis of 3,5-ditert-butyl-4-(bis-N-(2-hydroxyethyl)aminomethylene)    

phenol) 

  This step involves elimination of hydrogen bromide to give the desired product. In a 

two neck RB, 3,5-ditertbutyl-4-hydroxy benzylbromide (515 mg, 0.0017 mol), diethanol amine 

(3.14 gm, 1.1 mol equiv.) were taken alongwith 25 ml distilled benzene. The reaction mixture 

was refluxed under inert atmosphere for 6 hrs. Upon cooling the contents of the RB, the 

product crystallized out in the form of sharp long colorless needles. The solvent was then 

removed by decantation and the crystals were repeatedly washed with fresh benzene. Product 

was identified by 1H-NMR and FTIR. 

1H NMR (δ  ppm) 
(500 MHz, CDCl3) 
(Figure 7.10)                       

7.35 – 7.45 (a) (s, 2H), 4.05 - 4.2 (b) (t, 4H), 3.35 - 3.5 (c) (t, 4H) 
4.45 - 4.55 (d) (s, 2H), 7.25 – 7.3 (e) (d, 2H), 1.4 -1.6 (f) (s, 18 H), 
5.45- 5.5 (g) (s, 1H). 

FTIR  (cm -1)  
(Figure 7.11)                              

 3600-3250, O-H stretching, 1220, C-O (stretching) and O-H 
(bending) phenol, 1050, C-O (stretching) and O-H (bending)  alcohol                         
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Figure 7.9 1H NMR of 3,5-d itert-butyl-4-hydroxy benzyl bromide. 

Figure 7.10 1H NMR of 3,5-d itert-butyl-4-(bis-N-(2-hydroxyethyl)aminomethylene) phenol). 

 

Figure 7.11 FTIR of 3,5-ditert-butyl-4-(bis-N-(2-hydroxyethyl)aminomethylene) phenol). 
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7.2.4.4 Synthesis of SBS-, iPP- and LDPE -g-HALS (Scheme 7.4) 

7.2.4.4.1   Surface-grafting of PMPA on Styrene butadiene styrene (SBS) film 

A pair of unstabilized thin film of styrene butadiene styrene thermoplastic elastomer 

was taken in a specially designed photoreactor, with acetone (30 ml), benzophenone (0.2 M) 

and PMPA (0.166 M) under nitrogen atmosphere and irradiated (λ ≥ 290 nm) for 1 hr at 55-

60 °C. The films were soxhlet extracted in methanol for 6 hrs and then dried under vacuum. 

 

 

 

 

 

 

 

 

 

Scheme 7.4 

7.2.4.4.2 Surface photo -grafting of PMPA onto polyolefin films 

The films of LDPE and i-PP were taken in a specially designed photo -reactor 

(mentioned in Chapter 3, section 3.2.2.1) with 42 ml of acetone, 0.4 M benzophenone and 

allowed to stand under nitrogen atmosphere for 1½ h, added (0.27 M) PMPA with 7 ml of 

acetone and thoroughly deareated with nitrogen for 10 min. The films were UV irradiated for 

1 hr at 60 ± 2 °C under nitrogen atmosphere followed by extraction in methanol for 6 hrs and 

dried under vacuum at room temperature till constant weight. 

7.2.4.4.3   Preparation of polyolefin surface bearing succinic anhydride groups 

The LDPE and i-PP films were taken in a photo -reactor (pyrex glass) with 25 ml dry 

acetone, (2.0 M) pure maleic anhydride and (0.29 M) benzophenone at 60 °C under UV 

irradiation (λ ≥ 290 nm) for 2 hrs using 400 W medium pressure mercury vapor lamp.  The 

reaction was carried out under nitrogen atmosphere. After the completion of reaction, these 

films were soxhlet extracted at reflux temperature with acetone for 8 hrs in order to remove 

physically adhered/ homopolymerized maleic anhydride. The films were dried at room 
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temperature under vacuum till constant weight. A control experiment was carried out to 

prove that the generation of characteristic peak is due to grafting and not due to the photo-

degradation caused by the UV irradiation used for the photo-grafting. The same procedure 

was followed in case of i-PP films also.  

 

 

 

 

 

 

 

Scheme 7.5 

7.2.4.4.4 Preparation of polyolefin surface-bound HALS 

Surface modified LDPE films (3 x 1 cm2) bearing succinic anhydride (SA) group were 

reacted with (0.016 M) PMPO in dry chloroform for 48 hrs at room temperature with 

occasional stirring. FTIR spectroscopy was used to monitor the completion of reaction. The 

film was soxhlet extracted with chloroform for 5 hrs to remove any unreacted HALS. 

7.2.4.4.5 Control Experiment 

 The virgin films of LDPE and i-PP were taken in the pre-mentioned photo-

reactor with 42 ml of acetone, (0.4 M) benzophenone without PMPA, thoroughly de-aerated 

with nitrogen for 10 min followed by UV irradiation for 1 hr at 60 ± 2 °C under nitrogen 

atmosphere, washed the films with methanol and dried under vacuum at room temperature 

till constant weight. These films were then taken up for the determination of structural 

changes by ATR-FTIR spectrophotometer. The control samples did not show any changes 

compared to the ATR-FTIR spectra of the virgin samples.  

7.3 RESULTS AND DISCUSSION 

The stabilizing efficacy of PMPA is studied for two different classes of polymers 

against conventionally melt blended photostabilizers. The discussion section is sub -divided 

into two parts for the sake of convenience. 
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7.3.1 Photo-stabilizing efficiency of PMAP-g-SBS  

Since SBS rubber contains an unsaturated rubber mid-block, the degradation 

mechanism may resemble to that of polybutadiene15 (Scheme 7.6) and styrene butadiene 

rubber16 to some extent but it is expected to be more complex as SBS rubber is a triblock 

copolymer. The degradation of SBS arises from the generation of free radicals by U.V. light 

causing undesirable reaction of double bonds in polybutadiene segment. The initial photo-

oxidation17 of polybutadiene block initiates the rapid degradation of polystyrene segment. The 

photo -oxidation of styrene block leads to yellowing. The hydroperoxide, alcohol and hydroxyl 

groups formed due to photo -oxidative degradation are observed in the hydroxyl region 

whereas the acidic, carboxyl and ketonic groups are identified in the carbonyl region of FTIR 

spectra. The 13C NMR spectrum of the photo-oxidized SBS rubber17,18, showed the resonance 

peaks at 71.2 and 58.5 ppm which were assigned to alcohol and epoxides, respectively. 

The photo -oxidative degradation of the four different unstabilized SBS samples (ATV-oil, 

ATV-prene, ENICHEM and SHELL) revealed that the degradation of ATV samples were 

faster compared to ENICHEM and SHELL samples, which is obvious from the hydroxyl and 

carbonyl peak evolution in the FTIR spectra of the irradiated samples (Figure 7.12 and 7.13). 

Since, the ATV-oil sample showed highest rate of degradation, it was further taken up for the 

efficiency evaluation of surface grafted-PMPA against melt-mixed conventional stabilizers. 

The ATV-oil films containing 0.3 % w/w of stabilizer (BHT, Tinuvin P, Irgafos TNPP) each, 

were U.V. irradiated along with 0.32 % w/w surface grafted PMPA. A very broad hydroxy 

region (3700-3200 cm-1) with a maximum at 3400 cm-1 appeared in the FTIR spectra and the 

carbonyl region (1850-1600 cm-1) showed several overlapping bands (Figure 7.14 and 7.15). 

These broad bands often contain absorptions at 1715, 1722 and 1740 cm-1 assigned to 

carboxylic acid, ketone and ester, respectively. The area under the carbonyl region increases 

with the increase in the irradiation time. Figure 7.15 shows that the PMPA grafted film gives 

the best stabilization of ATV-oil sample. The rate of hydroxyl and carbonyl absorption for 

different photo-irradiated samples plotted against irradiation time, presented in the Figures 

7.16 and 7.17 show that amongst the unstabilized samples ENICHEM offer the best 

stabilization. On the other hand, amongst the ATV-oil samples stabilized with different 

stabilizers, PMPA grafted ATV-oil film showed minimum hydroxyl/carbonyl group 

formation, indicating that it is the better stabilizer compared to BHT, Tinuvin P and Irgafos 
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TNPP. This remarkable stabilization capability of PMPA may be due to its availability at the 

surface, from where the degradation commences.  

 

Scheme 7.6 

7.3.2 Photo-stabilizing efficiency of iPP and LDPE-g-PMPA 

The polyolefin (PO) surface modification was characterized using ATR-FTIR 

spectroscopy. In the IR overlay spectra (Figure 7.18), the pristine LDPE film is denoted by A  

whereas a sharp peak at 1735 cm-1 in film B is due to the carbonyl group (ester) of the grafted 

1,2,2,6,6-pentamethylpiperidinyl-4-acrylate (PMPA). The characteristic peaks at 1868 and 

1789 cm-1 emerge from the vibrational frequencies of succinic anhydride group anchored on 

the film C, due to the grafting of maleic anhydride. The complete disappearance of peaks at 

1868 and 1789 cm -1 in D confirms that the succinic anhydride groups present on the films 

have completely reacted with 1,2,2,6,6-pentamethyl-4-piperidinol (PMPO). The presence of 

some carboxylic acid/ carboxylate on the surface results in the appearance of bands at 1500 
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cm-1 and 1600 cm-1 in the ATR-FTIR spectrum, which is due to the ring opening of succinic 

anhydride upon reaction with PMPO (Scheme 7.7). The concentration of different HALS on 

the surface of LDPE and i-PP films determined by gravimetric analysis are given in             

(Table 7.2).  It is clear from the table that the concentration of HALS on the polymer surface 

is significantly high when PMPA is grafted on the polyolefins. Moreover, the effective 

concentration of HALS in case of PO-g-SA-PMPO may even be still less since the weight 

gain is attributed to the combined effect of SA and PMPO moieties, unlike that for PO-g-

PMPA.  

Table 7.2. Concentration of HALS on the iPP and LDPE film surface.  

Sample Conc. in µmol/cm2 

LDPE -g-PMPA 1.11 

LDPE-g-SA-PMPO 0.98 

i-PP-g-PMPA 0.74 

i-PP-g-SA-PMPO  0.66 

 

Since, it is almost impossible to control degree of grafting, the studies are carried out with 

closest possible concentration of stabilizer. The photo -stabilization efficiencies of PMPA and 

SA-PMPO in i-PP and LDPE were studied from carbonyl group formation at 1740 cm -1 

(Figure 7.19). The area under carbonyl peak was plotted against the irradiation time (Figure 

7.20) and their performance was compared with those prepared by melt blending. The 

Figure 7.20 shows that the unprotected polyethylene developed a drastic increase in carbonyl 

absorbance just within the initial hours of irradiation. The LDPE-g-PMPA and LDPE-g-SA-

PMPO films showed a remarkable photo-stability compared to the polymer stabilized with 

melt blended 2,2,6,6-teramethyl-4-piperidinol (HALS). Since the stabilizer is not 

homogeneously dispersed into the system in case of melt blending, it offers a poor stability to 

the substrate as compared to the surface anchored HALS. Ranby et al.11 have demonstrated an 

effective stability of i-PP against U.V.-initiated degradation by grafting the i-PP surface with 

glycidyl methacrylate followed by chemical attachment of HALS to the oxirane group. 

It can be clearly noticed from Figure 7.21 that the photo -stability offered by PMPA is 

maximum. It is assumed that in case of polymer grafted with SA-PMPO, the free carboxyl 

group may act as a chromophore and sensitize the degradation thus, decreasing the efficiency 

of the stabilizer, which is not so in case of PMPA. A similar trend was observed when the 

change in the hydroxyl peak intensity in the FT- IR spectrum was measured with the 

irradiation time. The fact is well established that the degradation of a polymer commences 
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from its surface and proceeds towards the bulk of the substrate. When the availability of the 

photo -stabilizer is extended to the degradation site, the rate of degradation is minimized. 

Being a monomeric HALS, PMPA is directly attached to the surface of the polymer without 

any pre-grafting by a functional monomer. These are the reasons for which PMPA 

outperforms all other melt blended conventional photo-stabilizers.  

 
Figure 7.12 FTIR spectral changes in the hydroxyl region for various hours                 

irradiated ATV-prene (     ), ENICHEM (-----), SHELL (…..) and ATV-oil (--•--) samples. 

Figure 7.13 FTIR spectral changes in the hydroxyl region for various hours   irradiated ATV-

prene (), ENICHEM (-----), SHELL (…..) and ATV-oil (--•--) samples. 
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Figure 7.14 FTIR spectral changes in the hydroxyl region for various hours   irradiated ATV-

oil in presence of 0.3 wt % each of BHT(), Irgafos TNPP (-----), Tinuvin P (…..) and 0.32 

wt % of grafted PMPA (--•--•--). 

 

Figure 7.15 FTIR spectral changes in the hydroxyl region for various hours   irradiated ATV-

oil in presence of 0.3 wt % each of BHT(), Irgafos TNPP (-----), Tinuvin P (…..) and 0.32 

wt % of grafted PMPA (--•--•--). 
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Figure 7.16 FTIR spectral changes in the hydroxyl region for various hours   irradiated ATV-

prene (–? –), ENICHEM (--•--), SHELL (–¦–), and ATV-oil (--••--) in presence of 0.3 wt % 

each of BHT(), Irgafos TNPP (-----), Tinuvin P (…..) and 0.32 wt % of grafted PMPA      

(--•--•--). 

 
Figure 7.17 FTIR spectral changes in the hydroxyl region for various hours   irradiated ATV-

prene (–? –), ENICHEM (--•--), SHELL (–¦–), and ATV-oil (--••--) in presence of 0.3 wt % 

each of BHT(), Irgafos TNPP (-----), Tinuvin P (…..), and 0.32 wt % of grafted PMPA (--

•--•--). 
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Figure 7.18 ATR-FTIR spectra of A) neat LDPE B) LDPE-g-PMPA C) LDPE-g-MA and 

D) LDPE-g-succinic anhydride-HALS. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 7.19 Photostabilizing efficiency of surface-grafted HALS in LDPE films. Here        

(¡) is polymer-g-PMPA, (l) is polymer-g-SA-PMPO, (6) is polymer-blend TMPO and (5) 

denotes the unstabilized polymer film.  
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Figure 7.20 Photostabilizing efficiency of surface-grafted HALS in  i-PP films. Here (¡) is 

polymer-g-PMPA, (l) is polymer-g-SA-PMPO, (-6-) is polymer-blend TMPO and (-5-) 

denotes the unstabilized polymer film. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.21 FTIR overlay spectra of photo -irradiated LDPE films. 
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7.4 CONCLUSIONS 

Three novel and highly potential photostabilizers have been devised. Upon evaluation 

of efficiency, hindered amine light stabilizers exhibited better photo -stability compared to the 

other melt blended conventional stabilizers. Amongst the HALS, polymer bound photo-

stabilizers showed extra-ordinary stabilization capacity. Surface grafted PMPA proved to be 

the best stabilizer amongst all the stabilizers used for the study. This is attributed to the higher 

concentration of HALS at the degradation site, when directly anchored to the polymer 

surface. Moreover, PMPA showed excellent stabilization capacity and compatibility for two 

different classes of polymers studied.  
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8. 1 SUMMARY AND CONCLUSIONS 

 The present study was initiated with a primary objective of modifying the surface of 

elastomers with chemo- and topographical selectivity, without causing any changes in their 

inherent physio-chemical properties.  Although, surface modification of polymers is not a 

new area of research, elastomers have been very little explored. Our study was mainly focused 

on the surface modification using photo-grafting and plasma-grafting techniques. The 

influence of surface modification on the properties of elastomers was deduced from their 

dyeability, biocompatibility and photo -stability.  

 From our study, we found that the reactivity of the monomer plays a major role in 

determining the success of the surface grafting. Monomers with low reactivity either donot 

get grafted onto the polymer surface or form a non-uniform grafted layer. Amongst the 

monomers studied, the reactivity of monomers was in the order HEMA > AA > GMA > 

NVP. Other reaction parameters also have a significant influence on the grafting efficiency. 

For reactions carried out at room temperature, monomers give thin and uniform grafted layer 

less than 1 micron. A favorable effect of elevated reaction temperature (i.e. 50 ºC) is observed 

for low reactivity monomers like NVP whereas highly reactive monomers like HEMA form 

thick grafted layer of approximately 5 microns. For surface grafting carried out using reactive 

monomers and at elevated temperature subsequent homopolymerization also takes place, 

which is the primary shortcoming of photografting technique. By using the multi functional 

acrylates, homopolymer formation is substantially reduced. The multifunctional acrylate 

(MFA) works on the principle of chain transfer from the growing grafted chain. The reaction 

solvent also determines the success of surface grafting. Solvents with high chain transfer 

constant are not suitable to achieve good grafting efficacy. Acetone for this purpose is the 

most suitable solvent. Interestingly, we found that additions of a small amount of H-donating 

solvent, toluene in our case, significantly reduced the homopolymerization and facilitated 

efficient surface grafting. One of the most influencing factor is the choice of photoinitiator. 

From our study we found that ketonic H-abstracting photoinitiators are better than the 

photo -fragmentation type initiators. The main reason is that the photo-fragmentation type 

initiator is incapable of generating a free-radical on the polymer backbone and leads to 

homopolymerization. Amongst the photoinitiators examined, the efficacy observed was    XT 

> BP > Bz > BPO > AIBN. The degree of grafting also increased linearly with the increase 

in the reaction time. However, it attained a plateau after a critical point, beyond which we 

assume that the reactions like radical coupling, chain transfer and homopolymerization play a 
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detrimental role. In the present study we have developed an elegant technique for the 

preparation of NR thin films.  

 The other technique that was utilized for achieving our aim was plasma induced 

surface modification. Here, the surfaces of the elastomers were modified by plasma treatment 

and plasma induced grafting. Oxygen and carbon dioxide were used for this purpose. It was 

found that the oxygen plasma treated films predominantly generated hydroxy/ hydroperoxy 

groups on the films surface whereas the carbon dioxide plasma treated films yields carbonyl 

and carboxyl species on the modified surfaces. The plasma treatment conditions and reaction 

parameters greatly influence the degree of surface modification. The substrates studied are 

PP, PE, EPDM, SBS and SR. In this study, PP and PE were taken up to compare the results 

with the EPDM and to understand the influence of each component on the surface 

properties and underlying mechanisms. It was found that the hydrophilicity of the plasma 

treated films increased with the increase in the plasma power and plasma treatment time. 

However, treatment at high plasma power i.e. above 75 W and treatment time above 150 sec 

causes a loss in the attained hydrophilicity. This loss is known as the hydrophobic recovery. 

Some of the causes of hydrophobic recovery are surface etching, surface cross-linking, chain 

scission and dangling hydrocarbon chains and formation of a layer of non-volatile oligomers. 

The functional groups generated under mild plasma treatment conditions are either lost or 

screened by any of the above-mentioned effects. Moreover, it is also observed the 

functionality attained at the air polymer interface is lost with the storage time. The migration 

of the functional groups is due to the nature of the polymer surface to attain minimum 

surface free-energy. The orientation of the functional groups towards the subsurface is very 

fast in elastomers. This is attributed to the high mobility of the elastomer chains and inter-

chain free volume. Moreover, upon hydrating the elastomer surface, the lost hydrophilicity is 

readily retained. Thus this orientation and reorientation process is very fast in the elastomers. 

From our study, we learnt that the presence of surface cross-links hinders the 

migration/orientation of the functional groups. We utilized this demerit of cross-linked 

surfaces to achieve long-term hydrophilic surfaces by deliberately cross-linking functional 

monomers with functional cross-linkers onto the surface of EPDM films under the influence 

of oxygen plasma. The results are encouraging and supporting the assumption.   

 The application of the modified surfaces was determined by performing the 

biocompatibility tests. It is found that the surface hydrophilicity and functionality plays a 

prime role in determining the biocompatibility of the polymer films. The type of functional 

groups implanted also determines the success of the material. The rapid reorientation of the 
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functional groups back to the interface also influences the cell adhesion in the elastomeric 

films. In the present study we have also synthesized some novel vinylic stabilizers and 

evaluated their photostability against conventional melt blended stabilizers by grafting them 

onto the surface of PP, PE and SBS films. It was found the PMPA, a vinylic HALS, performs 

best when located at the surface of polymer film. The reason is that degradation of any 

polymer initiates from the surface and proceeds into the matrix. Photostabilizer, when located 

at the surface, effectively retards the degradation process. Thus, it gives the best stabilization. 

It is well known that polymers with hydrocarbon backbone are highly hydrophobic and 

difficult to stain but we could attain a very good dyeability of these polymer surfaces after 

surface modification. Thus, our work focuses on both fundamental and applied aspects of 

surface chemistry.  

8.2 FUTURE SCOPE 

Looking at the present scenario, it would be right to say that polymers have become 

an irresistible element of human life. With the emerging novel applications of the polymers 

their importance in our society is continuously increasing. Though, there is a wide scope for 

the synthesis of new polymers, scientists today are looking forward to develop novel 

applications of the existing polymers. In this situation, the properties of polymer surface play 

a vital role. By tailoring the desired properties of the polymer surface, it would be possible to 

develop a wide range of applications of the existing polymers. However, an in depth 

knowledge of the polymer and its surface associated processes is required to bring about these 

changes. The progress in the field of surface modification and characterization shall lead to 

the development of next generation materials like micro-electronic devices and biomimetic 

systems. 
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The thesis entitled Surface Modification of Diene Elastomers via Radiation Grafting of 

Functional Monomers is divided into eight chapters 

 

Polymers are important commercial materials and constitute one of the fast moving 

frontiers of daily life. Polymers enjoy their importance in a wide range of applications 

conventionally from packaging, protective coatings, adhesion, friction & wear, composites, 

home-appliances, to the most recent ones in bio-materials, micro-electronic devices, high 

performance membranes etc. Although, polymers have excellent bulk physical/chemical 

properties, are inexpensive and easy to process, yet they do not gain any considerable 

importance as commercial specialty products due to their inert surface. Thus, special surface 

properties which polymers do not possess, such as functionality, chemical resistance, 

hydrophilicity, roughness, lubricity, selective permeability, conductivity, biocompatibility are 

required for their success as specialty materials1-4. 

 Surface properties are of especial concern because the interaction of any polymer 

with its environment mainly occurs at the surface. Since it is almost impossible to synthesize 

polymers with distinct bulk and surface properties, tailoring of these properties using surface 

modification5,6 techniques have become an important tool to convert the inexpensive 

polymers into valuable commercial products. The need for developing engineered interfaces 

is underscored by the above mentioned prerequisites of surface properties.  

Many researchers have attempted to tailor the surface properties of various polymers 

using traditional and existing surface modification techniques7. However, there are only a few 

reports on the surface modification of elastomers viz. ethylene propylene diene elastomer8, 

natural rubber9, styrene butadiene styrene10 and silicon rubber11 using plasma- and photo-

induced modification techniques. Advances have been made in recent years to render 

chemical and morphological properties of surface in a desired way with negligible change in 

the polymer bulk properties. Many recent studies12 in the field of polymers have emphasized 

the need of material compatibility in the multiphase systems to provide new materials with 

improved properties. Surface modified polypropylene, polyethylene, polystyrene, 

polytetrafluoroethylene and polyether sulphone have long been studied as biocompatible 

materials13,14, however, a little attention has been paid on the development of elastomeric 

biomaterials15,16 . Elastomers are far pertinent candidates as biomaterials due to their inherent 



flexibility and freedom of design. The surface modified elastomers are therefore, prospective 

biomaterials for a range of applications yet unimagined viz. soft cartilages, artificial nerves, 

blood vessels, diaphragms, flexi-valves etc.  The modification of the polymer surface is thus 

proposed depending upon the type of its application.  

 

 The following changes at the polymer surface have been used to enhance the surface 

properties: 

−  Generation of special functional groups at the surface, which can  be   used for 

secondary functionalization. 

−  Increase the surface free energy of polymers. 

−   Increase hydrophilicity thereby improving dyeability and paintability. 

−   Improve adhesion of cells and microorganisms to obtain bio -     functional surfaces. 

−   Improve the chemical and wear resistance. 

The conventional methods7 of surface modification viz. flame treatment, high-energy 

radiation, corona treatment, chemical etching and so lution grafting often suffer from different 

shortcomings, making them trivial. In recent years, a variety of technologies have been 

proposed for improving surface properties of polymers, amongst these; surface-initiated 

grafting is a rather new technology, which offers versatile means for providing existing 

polymers with desired surface properties. Photochemical17 and plasma-grafting18 are the most 

efficient methods of surface modification, being studied for last one and a half-decade, yet 

they have not been thoroughly explored. Since, a polymer tends to react distinctly with each 

surface modification technique, it leaves a wide scope for in-depth explorations and novel 

applications.  

Objectives of the present study 

The objectives of present study are: 

1. To carryout surface modification of ethylene propylene diene elastomer (EPDM) and 

natural rubber (NR) thin films via   plasma- and photo- induced grafting of different 

functional biomonomers and to explain the effect of various reaction parameters on 

the grafting efficiency and their biocompatibility. 

2. To achieve surface hydrophilicity of EPDM, styrene butadiene styrene (SBS), silicone 

rubber (SR) thin films by implanting different functional entities using oxygen and 

carbon dioxide plasma irradiation and to explain the underlying mechanism. 



3. To understand the surface dynamics involving the migration of different functional 

groups generated upon plasma irradiation. 

4. The correlate and explain the changes in the morphology of the grafted films 

rendered by different grafting techniques. 

5. To apply the knowledge of surface modification to the development of biocompatible 

elastomeric substrates. 

6. Synthesis and performance evaluation of novel photo-stabilizers involving surface 

photo -grating. 

 

Outline of the thesis 

Chapter I 

This introductory chapter explores with a discussion of various types of surface modification 

techniques for polymeric substrates. This chapter meticulously delivers a comprehensive 

literature incorporating the significant work done by prominent scientists in this area.  The 

general background on the mechanisms of photo -grafting and plasma-induced surface 

modification has also been discussed. The existing and emerging applications of this work are 

also presented. 

Chapter II 

The objective and scope of the present investigation are described in this chapter. 

Chapter III 

This chapter deals with the surface modification of ethylene propylene diene elastomer thin 

films via   plasma- and photo - induced grafting of different functional biomonomers. The 

effect of various reaction parameters is also discussed in details. The functional groups 

generated on the film surface upon grafting are evaluated using ATR-FTIR and ESCA 

spectroscopic techniques. The surface hydrophilicity is determined by water contact angle 

measurements and staining technique. The surface morphology/topography of the modified 

surfaces are investigated using microscopic imaging techniques. The thickness of the grafted 

layers is determined using optical microscopy. The biocompatibility of the grafted  surfaces is 

also determined. 

Chapter IV 



This chapter discusses the results of plasma induced surface modification of EPDM using 

implantation technique. The two gases used for this purpose are oxygen and carbon dioxide. 

The effects of different reaction parameters viz. grafting time, plasma power and post 

exposure are evaluated and a suitable explanation has been put forward. A comparative study 

of EPDM with PP and PE substrates has also been carried to understand the role of back-

bone chemistry. The biocompatibility of the modified surfaces is determined from the human 

cell adhesion tests. 

Chapter V 

This chapter presents the results of surface modification of natural rubber thin films via 

photo - and plasma-induced grafting of different functional biomonomers. The effect of 

various reaction parameters is also discussed in details. The functional groups generated on 

the film surface upon grafting are evaluated using ATR-FTIR spectroscopy. The surface 

hydrophilicity is determined by water contact angle measurements and staining techniques. 

The surface morphology and topography of the modified surfaces are investigated using 

microscopic imaging techniques. The thickness of the grafted layers is determined using 

optical microscopy. The biocompatibility of the grafted surfaces is also determined. 

 Chapter VI 

Plasma-induced surface modification of two more elastomers viz. Styrene butadiene styrene 

and silicon rubber has also been studied. The effects of different reaction parameters viz. 

grafting time, plasma power and post exposure on the surface functionalization are explained 

with justification. The functional groups generated on the film surface upon grafting are 

evaluated using ATR-FTIR and ESCA spectroscopic techniques. The surface 

morphology/topography of the modified surfaces is investigated using microscopic imaging 

techniques. The surface hydrophilicity is determined by water contact angle measurements. 

The biocompatibility of the modified surfaces is determined from the human cell adhesion 

tests. 

Chapter VII 

This chapter deals with the synthesis of novel photo-stabilizers, namely  

1,2,2,6,6-pentamethylpiperidinyl-4-acrylate (PMPA) and 2-[2'-hydroxy-5'-methyleneoxy(( 1”, 

2”, 2”, 6”, 6”-pentamethyl –4”- piperidinyl) phenyl )]benzotriazole. These molecules are 

characterized using FTIR, NMR and GC techniques. Most of the polymers are susceptible to 

degradation by oxygen under an additional influence of UV light or heat. This consequent 



oxidative-degradation can be partially prevented by melt blending the polymers with 

appropriate stabilizers. Low molecular weight stabilizers being mobile are easily lost from the 

polymer through evaporation, migration and extraction. Since the degradation of a polymer 

commences from the surface and slowly proceeds into the bulk of the polymeric substrate, 

the stabilizers are therefore expected to be most potent if they are anchored at the surface. 

Keeping this in view, PMPA is photo-grafted onto the surface of PE, PP and SBS films. The 

efficacy of this photo-stabilizer is tested against commercially available photostabilizers.  

Chapter VIII 

This chapter summarizes the results and describes the salient conclusions of the study. 

Additional thoughts for further research are also expressed. 

APPENDIX - I 

The studies on surface initiated grafting via atom transfer radical polymerization and surface 

grafting facilitated by cross-linkers is in progress. 
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