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UNAM – Dirección General de Bibliotecas 

Tesis Digitales 

Restricciones de uso 
  

DERECHOS RESERVADOS © 

PROHIBIDA SU REPRODUCCIÓN TOTAL O PARCIAL 
  

Todo el material contenido en esta tesis esta protegido por la Ley Federal 
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México). 

El uso de imágenes, fragmentos de videos, y demás material que sea 
objeto de protección de los derechos de autor, será exclusivamente para 
fines educativos e informativos y deberá citar la fuente donde la obtuvo 
mencionando el autor o autores. Cualquier uso distinto como el lucro, 
reproducción, edición o modificación, será perseguido y sancionado por el 
respectivo titular de los Derechos de Autor. 
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Radiation modification of silicone rubber with glycidylmethacrylate
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� A graft copolymer with silicone rubber was synthesized by gamma pre-irradiation method.
� SEM–EDS analysis showed that the surface and the bulk of the new copolymer were grafted.
� The thermal properties of the silicone rubber used were modified with grafting.
� The new copolymer could be used to immobilize nucleophilic biomolecules.
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a b s t r a c t

The grafting of glycidilmethacrylate(GMA) was grafted onto silicone rubber (SR) by using the γ-ray

pre-irradiation grafting method under different conditions. The effect of reaction time, total dose,

reaction temperature and monomer concentration on the graft yield was studied. It was found that the

degree of grafting can be controlled by adjusting these parameters. The chemical structure of SR before

and after grafting was characterized using FTIR-ATR and SEM–EDS. The analysis revealed that the surface

of the SR was uniformly covered by GMA and the cross-section analysis indicated that the grafting

occurred in the bulk. Thermogravimetric analysis (TGA) showed that the graft copolymer was more

thermally stable than polyglycidylmethacrylate but less stable than SR, and the DSC confirmed that the

GMA was grafting onto silicone rubber.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Polymeric structures are frequently modified by grafting

(Zhu et al., 2012; Deng et al., 2009). Such graftings can be initiated

by different methods widely described in the literature (Battacharya

and Misra, 2004; Nasef and Hagazy, 2004.). Because gamma

radiation has high penetrability and does not require chemical

radical initiators, it has gained popularity over other grafting

techniques (Park et al., 2005, Hasegawa et al., 2011). Moreover,

gamma irradiation offers the ability to select from three irradiation

methods available for grafting, depending on polymeric matrix type

and monomer reactivity, the direct method, the simultaneous

irradiation method and the pre-irradiation method (Stannett

et al., 1989). Therefore, grafting by gamma radiation has been a

powerful tool for modifying polymeric surfaces that can be applied

in the biomedical field. In this field, the inert surface of silicone

rubber, polyethylene or polypropylene has been modified to

improve their biocompatibility (Cho et al., 2005) and hemocompat-

ibility (Chapiro et al., 1981) or to prevent microbial adhesion and

biofilm formation (Contreras-Garcia et al., 2011). Meanwhile glyci-

dylmethacrylate is one of the most useful monomers with which to

functionalize polymers through grafting (Kunita et al., 2005, Sekine

et al., 2010, Takács et al., 2012), because it contains a reactive epoxy

group that can be used to react with different nucleophilic func-

tions, such as carboxylic, hydroxyl and amine groups (Kim and

Saito, 2000, Sokker et al., 2009) or to provide sites for immobiliza-

tion of biomolecules such as enzymes (Kartal et al., 2009) or

cyclodextrins (Desmet et al., 2011). These changes have allowed

the resulting polymers to be applied in the preparation of drug

delivery systems (Nava-Ortiz et al., 2009), ion-exchange membranes

(Choi et al., 2001), biosensors (Hervás-Pérez et al., 2006) and other

uses. In recent years our laboratory has been involved in several

projects pertaining to the functionalization of several inert poly-

meric structures to immobilize biomolecules through grafting by

gamma radiation (Nava-Ortiz et al., 2010, Garcia-Uriostegui et al.,

2012). In this context, silicone rubber, an elastomer which belongs

to polydimethylsiloxane family has occupied much of our attention.

This polymer is one of the commonest biomaterial used in implan-

table medical devices due to its biocompatibility, low toxicity and

good mechanical properties (Rochow, 1946). A variety of techniques

have been proposed to functionalize the surface of silicone rubber

with the aim of incorporating biologically important molecules
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(Volcker et al., 2001, Chen et al., 2005, Yang and Park, 2006). This

approach has been extensively investigated and nowadays we

continue to explore some techniques to incorporate new biomole-

cules to silicone rubber surface. The aim of the present study was to

functionalize silicone rubber with glycidylmethacrylate using the

pre-irradiation grafting method to obtain a polymeric material that

could potentially be used to immobilize nucleophilic biomolecules.

In this work also the effect of pre-irradiation dose, temperature,

time reaction, and monomer concentration on the degree of

grafting was also investigated (Scheme 1).

2. Materials and methods

2.1. Materials and reagents

SR of density 1.1–1.5 g cm−3 and thickness 1 mm was provided

by GoodFellow, England. It was extracted with isopropyl alcohol

for 24 h and then with dichloromethane for 2 h to remove

impurities from its surface and finally dried in vacuum at 60 1C

before being used. Glycidylmethacrylate (GMA) was obtained from

Aldrich Co, USA and was vacuum-distilled before it was used.

Isopropyl alcohol, methanol and dichloromethane all of analytical

grade were purchased from Baker Mexico, and were used without

any further purification.

2.2. Irradiation

Silicone rubber films (1�5 cm) were irradiated with a 60Co

gamma source (Gamma Beam 651 PT from Nordion Co., Canada) in

air, with doses between 10 kGy and 120 kGy, at a dose rate of

13.5 kGy h−1.

2.3. Grafting procedure

The pre-irradiated SR films were placed into glass ampoules

containing different concentrations of GMA/methanol solution

(8 mL) and degassed in a vacuum line by repeated freeze-thaw

cycles for 1 h. Then, the glass ampoules were sealed and placed in

a water bath at constant temperature, for different time periods.

After a prescribed reaction time, the grafted films were taken out

of the glass ampoules, washed with dichloromethane at room

temperature (8 h) and then refluxed for 24 h with dichloro-

methane to remove ungrafted homopolymer and residual mono-

mer occluded in the grafting system. Finally, the graft films were

dried under vacuum and then placed in an oven at 60 1C until

reaching constant weight.

The degree of grafting was calculated by gravimetry using the

following equation:

%grafting¼
W−Wo

Wo
ð1Þ

where Wo and W are the weights of a SR film before and after

grafting, respectively.

2.4. Characterization of SR film and SR graft film

2.4.1. FTIR-ATR

The attenuated total reflectance Fourier transform infrared

(ATR-FTIR) spectra of SR film and SR-g-GMA were recorded with

a Perkin-Elmer Spectrum 100 spectrometer (Perkin Elmer Cetus

Scheme 1. Graft copolymerization of GMA onto silicone rubber by pre-irradiation oxidative method.
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Instruments, Norwalk, CT) with 16 scans, taken over the range of

4000 to 600 cm−1.

2.4.2. DSC

The thermal properties of SR-g-GMA and polyglycidilmetha-

crylate were determined by differential scanning calorimetry DSC

TA Instruments Model 2010 (TA Instruments, New Castle, DE) over

the temperature interval from 25 1C to 400 1C, under nitrogen

atmosphere at a flow rate of 60 mL min−1 and a heating rate of

10 1C min−1.

2.4.3. TGA

The thermal stability of the SR, SR-g-GMA, and polyglicidyl-

methacrylate was determined by thermogravimetric analyses

(TGA) using a TGA Q50 (TA Instruments, New Castle, DE) at a

heating rate of 10 C min−1 in the temperature interval from

25 1C to 800 1C under nitrogen atmosphere.

2.4.4. SEM–EDS microscopy

The morphology of the original SR film and SR grafted was

observed using a scanning electron microscope SEM operated at

1.5 kV (EVO LS 15), and energy distribution X-ray spectroscopy of

the transversal sides was carried out using an EDS (FESEM ULTRA

Plus). For the SEM analysis, small pieces of each sample were

mounted on metal studs and were then observed under high

vacuum. EDS spectra were obtained applying and acceleration

voltage of 4 kV.

2.4.5. Contact angle

To confirm the surface modification of silicone rubber after

grafting, contact angle was recorded using a drop shape analyzer

Kruss DSA 100 apparatus (Matthews NC, USA). Small drops of

bidistilled water were deposited onto dry films and the contact

angle was measured after 1 min.

3. Results and discussion

High-energy radiation from gamma rays initiates ionization

and free radical formation in polymer structures. This process may

result in chain scission or crosslinking depending on the dose and

the polymer structure (Chapiro, 1995). It is well known that

polydimethylsiloxane undergoes mainly crosslinking when it is

exposed to high-energy radiation and hydrocarbons such as

ethane and methane are formed as a result of this radiation

damages (Palsule et al., 2008). The high-energy radiation has the

ability to break bonds in the polydimethysiloxane structure such

as Si–O due to chain scission or Si–C and C–H due to methyl or

hydrogen abstraction respectively. The free radicals that are

formed can react to produce crosslinking or some small molecules

like ethane and methane however during irradiation in the

presence of oxygen, inactive species are produced and do not

contribute to the crosslinking (Satti et al., 2008).

3.1. Effect of the pre-irradiated dose

The influence of pre-irradiation dose on the degree of grafting

was investigated in the irradiation range from 10 to 120 kGy and is

illustrated in Fig. 1. As shown, the grafting percentage increases

with the dose, which is expected because as the pre-irradiation

dose increases, more free radicals are produced, which can react

with oxygen in the air and generate peroxides within the polymer

matrix(Menhofer et al., 1987, Chapiro, 1977). These peroxides later

form macroradicals to initiate the grafting process upon heating.

The formation of peroxides on irradiated silicone rubber in the

presence of oxygen by the pre-irradiation method had been

confirmed and reported previously (Li et al., 1999).

3.2. Effect of monomer concentration

Fig. 2 shows the effect of monomer concentration on the

degree of grafting. The grafting yield increased with the monomer

concentration up to a maximum and then decreased. The sudden

drop can be explained as follows. Because the viscosity increases

with monomer concentration, the grafting solution is very viscous;

as a result, the diffusion of monomer into the polymer matrix is

hindered, and homopolymer formation is enhanced. In this study,

the enhancement in homopolymer formation was accompanied by

insolubility of the polyglicidylmetacrylate homopolymer in

methanol, which led to an increase in the viscosity of the grafting

mixture as well.

3.3. Effect of reaction time

The variation in the degree of grafting with the reaction time

for different monomer concentrations is shown in Fig. 3. The

grafting yield increases gradually with the reaction time for all

concentrations. However with 20% and 30% of GMA in methanol

the degree of grafting increases with the reaction time and reaches

equilibrium within 10 h. This behavior may be due to the fact that

at low concentrations, the monomer is consumed more quickly,

and with time, less monomer is available for the grafting reaction.

3.4. Effect of the reaction temperature

In the pre-irradiation method the temperature is a very

important factor that affects the grafting reaction because it is

responsible for the thermal decomposition of peroxides and

Fig. 1. Effect of the dose on the graft copolymerization. Dose rate: 13.5 kGy h−1,

GMA/MeOH 20/80 vol%, T¼60 1C, and t¼12 h.

Fig. 2. Effect of the monomer concentration on the graft copolymerization.

Dose rate: 13.5 kGy h−1, dose 20 kGy, T¼60 1C, and t¼12 h.
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hydroperoxides that are formed on the backbone of the polymer

during pre-irradiation in air. When peroxides and hydroperoxides

are heated, two different species are created an RO radical and an

OH radical; the former is capable of initiating the grafting reaction,

whereas the latter is responsible for the homopolymerization.

Previous studies have shown that the temperature that favors

grafting is between 60 and 70 1C (Bondar et al., 2004), as was

clearly demonstrated by studying the effect of the temperature on

the degree of grafting. Fig. 4 shows that almost no grafting was

detected below 50 1C. However in the range of 60–70 1C, the

degree of grafting increased considerably.

3.5. FTIR-ATR analysis

FTIR-ATR technique was used to confirm the incorporation of

GMA onto SR. Fig. 5 shows IR spectra of the SR and SR-g-GMA

films. The spectrum of the SR film shows an absorption band at

1000 cm−1 which corresponds to –Si–O–Si– stretching vibration,

furthermore, an absorption band occurs at 1263 cm−1, which was

assigned to the –Si–CH3 deformation vibration, and the absorption

band at 2978 cm−1 was assigned to the –C–H bond of the CH3

groups. By comparing the spectra of the grafted and non-grafted

SR films, it can be noticed that after grafting, two new absorption

bands appear, indicating the presence of the ester group: one at

1735 cm−1, which was assigned to the CQO stretching vibration,

and the other at 1167 cm−1, which was due to the –C–O–O

stretching asymmetric vibration. Absorption bands corresponding

to epoxy ring appear at 917 cm−1and 826 cm−1 respectively.

3.6. TGA analysis

TGA analysis (Fig. 6) was performed to investigate and compare

the thermal degradation behavior of the SR, the grafted SR and

polyglicidylmethacrylate. The virgin SR film showed one degradation

step at 516 1C, ascribed to the decomposition of the polymer main

chain. Meanwhile, the SR-g-GMA film showed two degradation steps

at 291 1C and 431 1C. The first was attributed to the decomposition of

polyglicidylmetracrylate and the second to the thermal degradation of

the polymeric matrix. On the other hand, the pure polyglicidylmetha-

crylate showed one degradation step at 251 1C. As can be seen in the

thermogram, thermal stability followed the trend SR film4SR-g-

GMA4pure polyglicidylmethacrylate.

3.7. DSC

The DSC thermograms of the grafted SR and polyglycidyl-

methacrylate are presented in the Fig. 7. We used this technique

to confirm the grafting of glycidylmethacrylate onto silicone

rubber. The polyglicidylmethacrylate presented a melting point

of 253 1C and a glass transition temperature of 85 1C. The transi-

tions present in the DSC diagram of SR-g-GMA at 267 1C and 87 1C

are associated with the melting point and the glass transition

temperature of the pGMA, respectively, and confirm that grafting

Fig. 3. Effect of the reaction time on the graft copolymerization at different

monomer concentrations of GMA. Dose rate: 13.5 kGy h−1, dose 20 kGy, T¼60 1C,

and t¼12 h.

Fig. 4. Effect of the reaction temperature on the graft copolymerization. Dose rate:

13.5 kGy h−1, dose 20 kGy, GMA/MeOH 20/80 vol%, t¼12 h.

Fig. 5. FTIR-ATR spectrum of SR (a) and SR-g-GMA (b).

Fig. 6. TGA of SR, pGMA and SR-g-GMA.

Fig. 7. DSC spectra of (a) SR-g-GMA and (b) pGMA.
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was carried out, with an increase of 14 1C due to the formation of a

new system.

3.8. SEM

The changes in the surface structure induced by grafting were

investigated by SEM. Fig. 8 shows SEM micrographs of the SR and

SR-g-GMA films. Compared with the virgin film, obvious changes

can be observed in the grafting samples, which suggest that

grafting occurred over the entire surface, On the other hand, the

data obtained by EDS for an SR-g-GMA cross-section show signals

corresponding to silicon, carbon, and oxygen. As shown in Table 1,

there is no significant difference between the three analyzed

points; these results confirm that grafting occurred over the

surface and in the bulk of the polymer film.

We expected grafting to occur preferentially on the SR surface.

Therefore, methanol was chosen as a solvent for the grafting

reaction. Methanol is a good solvent for the monomer but is a bad

swelling agent for SR; thus, we expected that monomer diffusion

into the polymer matrix would not occur. However, the results

show the opposite. GMA may have diffused through the SR matrix

because the graft chains on the surface promote the diffusion GMA

through the polymer; thus, grafting would be initiated at the

surface of the polymer and occur continuously through the film.

These results are in agreement with those reported in previous

studies which suggest that grafting proceeds by a front mechanism

(Nasef, 2001; Kimura et al., 2008).

Fig. 8. SEM micrographs of (a)SR and (b)SR-g-GMA.

Table 1

Results of the three-points analysis by EDS.

Element Composition

C O Si

Point 1 4.86 18.53 24.25

Point 2 4.87 16.57 25.72

Point 3 5.27 18.23 25.61
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3.9. Contact angle

Contact angle of SR film and SR-g-GMA was measured to

determinate the changes in the surface after grafting. Fig. 9 shows

that the contact angle value of SR-g-GMA was lower than SR. It is

well know that the surface of SR is hydrophobic due to the

presence of apolar methyl groups around the Si–O–Si polymer

backbone but when GMA is grafted on silicone rubber surface,

methyl groups are replaced and the polar groups present in the

GMA such as carbonyl and epoxy promote the hydrogen bounding

interactions and therefore the contact angle decreases.

4. Conclusion

The grafting of glycidylmethacrylate onto silicone rubber was

achieved by the gamma pre-irradiation method. IR-ATR and SEM

showed that the surface of SR was uniformly grafted. EDS analysis

of the cross-section of SR-g-GMA film revealed that grafting

occurred in the bulk and on the surface of the polymeric matrix

and suggested that grafting proceded by a front mechanism. The

decrease of the contact angle on the SR-g-GMA was directly

related to the presence of carbonyl and epoxy groups of GMA.

Several factors such as the pre-irradiation dose, temperature,

monomer concentration, and time of reaction were found to

strongly influence the degree of grafting. The functionalization of

SR with GMA opens the possibility of immobilizing nucleophilic

molecules on the surface of the copolymer synthesized.
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