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Abstract:The radiation induced changes taking place in Polymethyl methacrylate (PMMA) 

polymer samples exposed to gamma rays were investigated in correlation with the applied 

doses. Samples were irradiated in vacuum at room temperature by a 1.25 MeV Co
60

 source 

with the doses ranging from 0-300 kGy. The optical, chemical, structural and morphological 

properties of the irradiated as well as un-irradiated PMMA samples were studied using UV-

Visible, FTIR and SEM techniques. Gamma irradiation induced changes were found to vary 

and depend on the radiation dose. Band gap study shows an oscillatory behaviour with 

increasing dose. An irregular increase and decrease in the transmittance intensities have been 

found in FTIR spectra without causing significant change in their peak positions. Optical 

analysis shows recovery characteristics due to irradiation. Morphological study shows the 

formation of granular network structure at lower doses and voids formation at higher doses 

on the surface of irradiated PMMA samples. They may be due to exfoliation of blisters 

formed due to evolved gases from the polymer. 

. 
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1. INTRODUCTION 

 

Polymethyl methacrylate (PMMA) is one of the promising class of polymers which finds 

application in the field of telecommunication for fabrication of optical components such as 

splitters, material for ion beam lithography and as a photo-resist in the semi-conductor 

industry. The high radiation sensitivity of PMMA has already led to numerous investigations 

on radiation effects of PMMA [1-5]. It can be produced in different forms and colours, and 

has been studied as dosimeter material, considering the changes of optical properties as a 

function of radiation dose [6]. Polymer materials are used extensively under terrestrial sun 

light. In order to understand the effect of irradiation on polymer, its final structure must be 

studied [7, 8]. The two main processes induced by radiation are chain crosslinking and chain 

scissioning, the ratio of which determines the resulting polymer structure and properties. The 

high energy photon may cause ionization events in polymeric material that can create peroxy 

radicals. In the presence of oxygen these species can initiate degradation. The PMMA is 

found to have undergone chain scission decarboxylation and colour change when it is 

subjected to gamma rays. It has been reported that carbon-carbon double bonds of UV-

absorber are particularly susceptible to the damage caused by gamma radiation [9]. At modest 

levels, irradiation can lead to a decrease in the molecular weight of the polymer and a 

temporary colour change. At higher doses, irradiation of   PMMA in particular, can cause a 

permanent change in colour, production of large amount of volatiles, surface crazing, 
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cracking and embrittlement, eventually reducing it to dust [10-12]. Number of scission events 

in PMMA per unit dose of radiation have been studied by Wall and Brown et al. [13]. Optical 

transmittance and recovery of optical transmittance in irradiated polymer have also been 

studied by Lin and Lee et al. and Cheng et al. [14, 15]. The optical properties of many types 

of polymer have been reported [16-18], but to our knowledge a little attention has been paid 

to the study of optical band gap for PMMA polymer at different doses. The aim of the present 

work is to investigate the effects of gamma irradiation on samples of PMMA in terms of 

optical, chemical and structural modifications. 

 

2. Experimental Details 

 

Research grade pure PMMA sheet of thickness 125 m was procured from MS Goodfellow, 

U.K. The polymer samples of size (1x1 cm
2
) were prepared and irradiated with 1.25 MeV 

Co
60 

gamma rays with dose rate of 4 kGy/h.  2K, Co
60 

gamma irradiation experiment 

(Cylindrical irradiation chamber with length  14 cm and diameter  10 cm) was conducted 

at UGC-DAE Consortium for Scientific Research, Kolkata Centre. PMMA samples were 

exposed to gamma rays with doses 48, 110, 148, 174 and 300 kGy. Four techniques were 

employed to study the effect of gamma induced irradiation on PMMA polymer. The samples 

were analyzed with UV-Visible spectrophotometer (UV 1601 PC) in the wavelength range 

(200-900 nm) to observe the energy gap (Eg) variation with the increase of radiation dose. 

Chemical modifications were evaluated using Fourier Transform Infra Red Spectroscopic 

technique (Perkin Elmer) in the range (4300 – 500 cm
-1

) and the morphology of the surface of 

polymer was characterized by scanning electron microscope using (JEOL, Model No. 3300) 

operating at 30 kV accelerating voltage. Surface of the samples were coated with a thin layer 

of gold (3.5 nm) by using the vacuum evaporation technique to minimize sample charging 

effects due to the electron beam. 

 

3. Result and discussion 

 

3.1 Study of Optical behavior 

 

The absorption of light energy by polymeric materials in the ultra violet and visible regions 

involves the promotion of electrons in ,  and n- orbitals from the ground state to higher 

energy state [19]. It is well known that many molecules contain electrons that are not directly 

involved in the bonding process, e.g. the compound containing fluorine, chlorine, nitrogen 

and oxygen etc. are capable of showing these types (,  or n)  of characteristic absorptions 

due to transition of nonbonding electrons. Ultraviolet-visible (UV/VIS) spectroscopy has 

become an important tool for investigating these electronic transitions. It is used to estimate 

the value of optical gap energy (Eg) in polymers. 

 

The optical absorption spectra of PMMA polymer at various radiation doses have been 

shown in Figure 1. A significant increase and decrease in the optical absorption with 

increasing dose has been observed in UV region (200-280 nm). This change is observed due 

to n transition, occurring as a result of double bond between carbon and oxygen present 

in the polymer. The effect of gamma irradiation on PMMA polymer results in shifting of 

peaks as shown in Figure 1. This shift may be correlated with the formation of conjugated 

bonds showing the possibility of formation of carbon clusters. It seems that both types of 

reactions i.e. crosslinking and chain scissioning occur due to irradiation. The change in 

absorption may also be attributed to the creation of some intermediate energy levels due to 
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structural rearrangements. During irradiation, electronic excitation and ionization produce 

excited atoms and ions, and Coulombic interactions among these ions can cause excessive 

bond stretching or breakage, and nuclear reactions can cause atomic displacements. By these 

processes, various gaseous molecular species are released during irradiation. The most 

prominent species are hydrogen, molecular scission products from end groups as well as 

pendants groups of polymer. Radicals or dangling bonds are created by the release of pendant 

atoms due to main chain scission. Crosslinking occurs when two free dangling bonds on 

neighboring chains unite, whereas double and triple bonds are formed if two neighboring 

radicals in the same chain unite. 

 

200 300 400 500 600 700 800 900

0.0

0.2

0.4

0.6

 

 

A
b

s
o

r
b

a
n

c
e

 (
a

.u
.)

Wavelength (nm)

 0kGy

 16 kGy

 110 kGy

 142 kGy

 174 kGy

 300 kGy

 
 

Figure 1. The optical absorption spectra of virgin and irradiated PMMA polymer at various 

doses 

 

The absorption coefficient, (λ) has been calculated from the absorbance (A) spectra using 

the formula 

 

(λ) = 2.303 AX
-1

                                                     (1) 

where X is the sample thickness. 

Determination of Band Gap 

The absorption edge of semicrystalline materials gives the measure of the band strength or 

band gap Eg, and the position of the sharp absorption edge is  

Eg= hc/g                                                                     (2) 

where h is the Planck’s constant, c is the velocity of light and λ is the wavelength. The 

present polymer obeys the rule of indirect transition as well as direct transition and various 

papers [20-24] give the relationship among the optical band gap, absorption coefficient and 

incident photon energy as 

 

 (h)=B (h- Eg)
n
 /h                                             (3) 
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Figure 2. Plots for the optical indirect band gap (eV) of PMMA polymer at various doses 

 

where h is the photon energy of the incident photons, B is a constant, Eg is the value of the 

optical energy gap between the valance band and the conduction band, n is the power which 

characterizes the electronic transition, whether it is direct or indirect during the absorption 

process in the K-space. Specially, n is 1/2, 3/2, 2, and 3 for direct allowed, direct forbidden 

allowed, indirect allowed and indirect forbidden transitions, respectively. 

The variation of (h)
1/2  

with photon energy (h) for PMMA polymer is shown in figure 2. 

The value of band gap has been determined by taking the intercept on the x-axis. It is clear 

that the value of optical indirect band gap increases up to 48 kGy but decreases at 110 kGy 

and remains constant up to 142 kGy, again increases at 174 kGy and decreases at 300 kGy. 

Similar trend has been observed in direct band gap. The variation of energy gap with the 

irradiation dose is provided in Table 1.  

Table1. Variation of energy gap with radiation dose 

 

-radiation 

dose 

(kGy) 

Absorption 

edge(λg) (nm) 

Band Gap Energy 

(eV) 

Urbach’s 

energy (eV) 

(N) 

Indirect  Direct  Indirect Direct 

  

0 319 3.06 3.13 0.25 6 6 

48 320 3.10 3.18 0.20 6 6 

110 321 2.97 3.10 0.30 5 6 

142 322 2.97 3.10 0.25 5 6 

174 323 3.02 3.16 0.26 6 6 

300 324  2.92 3.08 0.42 6 6 
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Figure 3. Plots for the optical direct band gap (eV) of PMMA polymer at various doses 

 

The variation of (h)
2
with photon energy (h) for PMMA polymer is shown in Figure 3. It 

is clear that the value of optical direct band gap increases up to 48 kGy but decreases at 110 

kGy and remains constant up to 142 kGy, again increases at 174 kGy and decreases at 300 

kGy. This clearly indicates the simultaneous existence of indirect and direct band gaps in the 

PMMA polymer samples and their increasing/decreasing tendency with increasing gamma 

radiation dose. These results confirm that the irradiation produces faults in PMMA polymer 

structure (band rupture, free radical, etc.). Consequently, there is an increase in the electronic 

disorder inducing the creation of a permitted state in the forbidden (interdict) band or the 

deformation of valence band. The change in band gaps is also attributed to the chain 

scissioning and crosslinking of the PMMA polymer. The optical gap increases when the 

sample gets amorphised and decreases as the new crystallite formation starts. This means the 

structural changes have more impact on the optical properties of the polymer, which in turn 

show the effect of irradiation on the optical properties. 

The number of carbon atoms per conjugation length N (i.e. the number of carbon hexagonal 

atoms in a cluster) can be calculated by Robetson relation [25]. 

N = 2π Eg(4) 

Here 2 gives the band structure energy of a pair of adjacent π sites. The value of  is taken 

to be -2.9 eV as it is associated with π  π
*
 optical transitions in -C=C- structure. A shift in 

the absorption edge can be attributed to an increase of the conjugation length. The number of 

carbon atoms per conjugation length is found to increase up to 5 at the highest dose i.e., 300 

kGy. The increase of unsaturated conjugation length in polymer samples results in their 

discoloration i.e., the PMMA samples turn light yellow from transparent with increasing 

gamma radiation dose. Gamma radiation can induce the formation of unsaturated bonds in 

polymers and contribute to coloration, since as a rule, the conjugated double bonds are 

responsible for the colour of most organic compounds.  

 

 

 



International Journal of Emerging Trends in Engineering and Development        Issue 3, Vol.6 (November 2013) 

Available online on http://www.rspublication.com/ijeted/ijeted_index.htm                                  ISSN 2249-6149 

R S. Publication (rspublication.com), rspublicationhouse@gmail.com  Page 493 

 

Determination of Urbach Energy 

The absorption coefficient near the band edge for non – crystalline materials shows an 

exponential dependence on the photon energy (hv) given by the expression known as Urbach 

formula [26].  
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Figure 4.  Variation of Urbach energy with irradiation dose for PMMA polymer 

 

 

()  = o exp (h/E u)                                                 (5) 

 

The exponential absorption edge (known as Urbach's rule) observed in most materials is 

interpreted in terms of thermal fluctuations in the band-gap energy. In eq. 5, o is a constant, 

Euis an energy which is interpreted as width of the tail of localized state in the forbidden band 

gap,  is the frequency of radiation and h is Planck’s constant. The origin of Eu is supposed to 

be due to thermal vibrations in the lattice [27]. The logarithm of the absorption coefficient 

() was plotted as a function of the photon energy (h) for PMMA irradiated with different 

doses of gamma rays as in Figure 4, the value of the Urbach energy Euin each case was 

calculated by taking the reciprocal of the slope of the linear portion in the lower photon 

energy region of these curves and listed in Table 1. The variation of Urbach energy with 

irradiation dose for PMMA polymer is shown in Figure 5. The decrease in Urbach’s energy 

in the case of PMMA may be due to the decrease in the crystalline nature of the polymer. 

 

3.2 Chemical response of irradiated PMMA 

 

Figure 5 (a) shows the FTIR spectrum of virgin PMMA polymer sample. Three absorption 

peaks at 3620, 3553 and 3441 cm
-1

 can be seen in the range of 3700-3000 cm
-1

 which can be 

identified as C-H stretching due to CH3 and CH2   side groups present in PMMA. A broad 

bump is observed near 3000 cm
-1

 because of these two side groups. Absorption peaks 1715, 

1654 and 1636 cm
-1

 are to be seen due to C=O vibrations and C=C stretching. The peaks at 

1456 cm
-1

 corresponding to CH2  symmetric bending and at 1385 cm
-1

  CH2  asymmetric 

bending have been observed in the virgin sample of PMMA. The vibrational frequency at 

1114 cm
-1

 is assigned to C-O stretching of PMMA and absorption peaks at 1487, 1385 and 

751 cm
-1

 are assigned to CH2scissoning, twisting, and rocking modes of PMMA. The band at 
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940 cm
-1

 is attributed to the symmetrical stretching of the C-O bond in the C-O-C linkage of 

PMMA. 

Figure 5 (b) shows the spectrum of gamma irradiated PMMA at 48 kGy. A general increase 

in the transmittance intensity of bands due to irradiation is observed. No significant change in 

the peak position is found in the spectrum. Absorption peaks at 1715, 1654 and 1636 cm
-1

 

gets disappeared which were present in the spectrum of virgin PMMA polymer sample. 

Again no significant change is found in the region 1500-900 cm
-1

.  In Figure 5 (c), peak 

intensities at 3627, 3553 and 3440 cm
-1

 increase with increasing dose up to 110 kGy. 

Transmittance intensity decreases with increasing dose. Small absorption peaks at 1732, 1715 

and 1684 cm
-1

 appears again due to C=O and C=C stretching.  

Figure 5 (d) is almost similar to Figure 5 (c) which shows that structure of PMMA is 

chemically stable up to 142 kGy. In Figure 6 (e), intensities of absorption peaks at 3629, 

3553 and 3440 cm
-1

 decreases with increasing dose up to 174 kGy. No other significant 

change has been observed in Figure 5 (d).  

 

 

Figure 5. FTIR spectra of (a) virgin and gamma irradiated PMMA at (b) 48 kGy (c) 110 kGy 

(d) 142 kGy (e) 174 kGy and (f) 300 kGy 
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Transmittance intensity in Figure 6 (f) increases significantly due to irradiation at 300 kGy.  

However, peak positions did not change in the region 4000-2000 cm
-1

. Absorption peaks at 

1732, 1715 and 1684 cm
-1

 can be seen clearly which were present in the virgin PMMA 

sample. The peaks at 1455 and 1385 cm
-1

 are not showing any appreciable change at highest 

dose of 300 kGy. This indicates that gas evolution (either methane or hydrogen) is not taking 

place after irradiation. The band around 3000 cm
-1

 corresponding to CH2 is also not showing 

any change after irradiation, indicating that CH2 groups are also intact. A significant change 

has been found in the range 1300-1000 cm
-1

 gives rise to certain possibilities of modification 

in PMMA polymer. It may be due to the occurrence of crosslinking when two or more C-H 

bonds on neighboring chains unite. 

 

3.3 Surface Morphological study  

 

 
 

Figure 6. SEM Micrographs of (a) virgin and gamma irradiated PMMA polymer at (b) 48 

kGy (c) 110 kGy (d) 142 kGy (e) 174 kGy and (f) 300 kGy 

 

The SEM micrographs of the virgin and gamma irradiated samples at various doses are 

shown in Figure 6 (a-e). The Figure 6 (a) displays the surface morphology of un-irradiated 

PMMA polymer. The micrograph surface is clear, smooth, it does not show any distinct 

feature.  Figure 6 (b) shows the SEM micrograph of the polymer sample irradiated up to the 

dose level of 48 kGy. It can be seen that the surface morphology has been dramatically 

changed due to irradiation and homogeneous granular feature are produced at this dose. 

Figure 6 (c) shows the SEM micrograph at further higher dose of 110 kGy, the formation of 

granular network become more prominent with increasing grain size. However, the grain size 

varies from 1 to 3 m which is homogeneously distributed throughout the scanned region. At 

further higher dose of 142 kGy, SEM micrograph has been shown Figure 6 (d). The 

micrograph is similar to previous dose except the granular size. One can clearly observ that 

the grain size increases with increasing dose and the homogeneity is maintained throughout 
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the scanned region. Figure 6 (e) shows the SEM micrograph of the polymer sample at a dose 

of 174 kGy. The photograph reveals that the grain size is more or less similar to the previous 

dose but the formation of voids has been observed within the scanned region indicating 

exfoliation has started at this dose. Figure 6 (f) shows the SEM micrograph of the polymer 

sample at the maximum dose of 300 kGy. The photograph reveals that the voids become 

wider (8 to 15 m) and an appreciable change in surface morphology has been observed 

within the scanned region. 

 

4. Conclusion  

 

UV-VIS spectroscopic analysis of irradiated PMMA samples reveals oscillatory behaviour 

with dose, which may be due to both degradation (scission) and cross-linking of polymer 

chains competing simultaneously. The change in the UV-VIS spectrum is due to complex 

formation which can be reflected in the form of increase and decrease in the optical energy 

gap. The optical band gap (Eg), and Urbach energy (Eu) were determined from the optical 

absorption spectra. Simultaneous existence of indirect and direct band gaps in the PMMA 

polymer samples and their increasing/decreasing tendency with increasing gamma radiation 

dose have been observed. 

FTIR analysis reveals that ionizing radiation results in an increase and a decrease in the 

transmittance intensities of some of the prominent peaks without causing significant changes 

in their positions. This study indicates that this material should not be used in gamma ray 

environment.                 

Formation of granular network structure at lower doses and voids formation at higher doses 

were seen on the surface of irradiated PMMA which may be correlated with the scissoning 

and crosslinking of the polymer chain. 
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