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Abstract: Electron Spin Resonance (ESR) spectroscopy is an important tool to 
investigate radiation induced processes in polymer based materials. The major changes 
occur in irradiated polymers is through the formation of free radical intermediates. Thus 
identification of free radicals in irradiated polymers is one of the major tasks. In this 
context, the authors examine the case of poly (acrylic acid) (PAA), a water soluble 
polymer. ESR spectra of irradiated PAA are recorded at different temperatures and 
radiation doses. Hyperfine interactions under different conditions are reported in this 
article. 
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                                               1. INTRODUCTION                                                                                   

Poly acrylic acid (PAA) posess hydroxyl groups which makes it to have hydrophilic 
nature and they are responsible for inter molecular hydrogen bonding within itself or with 
any other molecular system. PAA is also soluble in polar solvents like methanol. Thin 
transparent films of PAA are prepared by dissolving the polymer in above solvent and on 
slow evaporation. PAA is also proved to be an efficient reducing agent to synthesize 
silver nano particles (1 2). The hydroxyl groups (OH) groups of the polymer are capable 
of reducing metal ions to metal nano particles (1, 2). Such polymer metal composites are 
reported to retrieve heavy metal particles from polluted water. Glass transition 
temperature of PAA is well above room temperature making it to use in different 
applications. PAA can easily co polymerized with poly acryl amide, which is also water 
soluble, making it to suitable for various applications, including super absorbent hydro 
gels. 
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Thermal degradation studies of PAA (3, 4) (164, 165) indicates that the polymer 
undergo random chain scission forming different molecular fragments but the monomer 

yield {i.e., CH2-ĊH (COOH) type products} was reported to be very low. Kamitakahara 

et al (5) (166) has reported thermal degradation of PAA with decarboxylation of the 
polymer at low temperatures; cyclization is predominant at higher temperatures. Effects 
of ionizing radiations on PAA have been reviewed by Campbell et al (6) (167). Solid state 
polymerization of acrylic acid monomer to form poly (acrylic acid) (solid state 
polymerization) and process of polymerization has been monitored by ESR spectroscopy. 
The process of solid state polymerization of acrylic acid monomer by UV- irradiation, has 
been reported by Bresler et al (7) (168), employing ESR spectroscopy. An ESR triplet 
spectrum with hyperfine splitting of 30 G has been reported for PAA, which was assigned 

to macromolecular free radicals of the type   CH2-Ċ(COOH)-CH2   Shioji et al (8) 

(169), have reported a double quartet spectrum for irradiated single crystals of acrylic acid 
(monomer), whose line shape is reported to depend on temperature of observation. The 
chemical structure of radiation product was identified as CH3-ĊH (COOH) and the 
change in line shape was attributed to the rotation of methyl group around the Cα-Cß bond 
axis of the free radical. The observed spectrum gradually decayed to a stable triplet 
spectrum with hyperfine splitting of 24.5 G on warming the sample to room temperature 

(RT). The quintet and triplet spectra were assigned to chain radicals of the type  CH2-
ĊH (COOH)), - CH2-CH-CH2 - respectively. Ormerod and Charlesby(9) (170), have 
studied radiation induced reactions in PAA at LNT and proposed the existence of trapped 
electrons. Charlesby (10) (171), have attributed the ESR spectrum of irradiated PAA 
(polymerized by gamma irradiation of monomer) to more than one free radical species, 

which include propagating radicals of the type,    CH2-ĊH (COOH) and ĊOOH 

radicals. The decay of singlet spectrum with a width of 9 G on warming indicates that free 
electrons are not trapped in the polymer matrix. The additional hyperfine structure 
observed at 77K reported to disappear gradually on heat treatment to room temperature 
(RT). 

    Sanjeeva Rao and Ramakrishna Murthy (11) (172) have reported the ESR studies of 
gamma irradiated poly acrylic acid. They have (9) observed a ten- line ESR spectrum at 
RT and well resolved spectrum was observed at liquid nitrogen temperature (LNT. The 
resolution of the spectrum is reported to be associated with the hindered rotation of 

adjacent methyl/ (methylene) groups of free radicals CH2-ĊH-CH2 These authors 
have used computer simulation techniques to analyze the ESR spectra. Based on the 
magnetic parameters used in computer simulations, cleavage of side (COOH) groups in 
PAA and formation of macro radicals is reported (9). The results are further confirmed by 
comparing the IR spectra of irradiated and unirradiated PAA. The observed decrease in 
intensity of 3400-3100 cm-1 absorption band indicates the decrease in intensity of COOH 
groups indicating their cleavage on irradiation. 

    Though gamma irradiation effects on PAA have been attempted previously, little is 
known about temperature and radiation dependent changes. The present studies devoted 
to these aspects. Hyperfine interactions of free radicals at different temperatures are 
studied and activation energy associated with free radical decay is calculated.  

2. EXPERIMENTAL 

    Poly acrylic acid (PAA) in powder form was procured from BDH laboratory. Polymer 
films have been prepared by solution casting method. 1 gm of PAA is dissolved in 10 ml 
water/ methanol and stirred for few hour and resultant mixture is vacuum dried at 600C 
for several hours to obtain thin films of polymer. Gamma irradiation is performed using 
Cobalt 60 gamma source with a dose rate of 0.15 M rad (15 K Gy)/hr in air at room 
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temperature. ESR spectra of irradiated polymer are recorded on VARIAN E-112 
spectrometer operated at X-band frequency and 100 KHz modulation. 

  

3. RESULTS AND DISCUSSION 

Temperature Dependency: 

    ESR spectra of PAA irradiated to 5 M rad radiation dose at different temperatures of 

30,40,60,70,80,90,100 and 110, 120,130,1400 C are shown as curves 1,2,3,4,5,6,7,8,9,10 

and 11 in Figure 1. The spectrum at RT (30 C) consists of ten hyperfine lines with 

splitting of, 23 G and 10-12 G (Listed in Table 1) is shown as curve1 Figure 1. With the 

increase of temperature intensities of some of the hyperfine lines (lines 3, 5, 7 and 9) 

increase at the expense of others (lines 2, 4, 6, 8). A shift in line positions is also 

observed. The peak to peak separation and spread of the spectrum gradually decreased 

with temperature. The ESR spectra observed at other temperatures are shown as curves 

2,3,4,5,6,7,8,9,10 and 11 in Figure 1.  At the temperature of 1400C (curve 10) quintet 

spectrum corresponding to hyperfine line, 2,4,6,8 appeared. Finally the quintet also 

reduced and the ESR signal totally vanished above 1400C. ESR spectra under different 

conditions are assigned to the following types of free radicals. 

    They are (i) -CH2 –ĊH -CH2- I (macro radical) (ii) CH2 –ĊH-(COOH) (iii) ĊH2 –CH 

(COOH) -CH2 . The hyper fine lines arising due to these free radicals depend on the 

hyper fine interaction of alpha and beta protons with the unpaired electron as observed in 
case of irradiated poly acrylates [ poly (methyl methacrylate), Poly methyl acrylate etc) 
which are reported to give doublet of quintet ESR spectrum] ( 12 ). Formation of radical I 
is reported in most of the cases. Chemical constitution of (I) indicate the presence one 

proton in α-position (which gives two hyperfine lines) and four protons in  position 
(five lines are expected). Therefore radical I have to give (2x5=10) ten-line hyperfine 
spectrum in case of isotropic interaction of alpha and beta protons. The proton in alpha 
position give doublet spectrum with an intensity distribution of 1 : 1 and four protons in 
beta protons results in quintet spectrum with an intensity distribution of 1:4:6:4:1. When 
the quintet superpose on the doublet, the intensity distribution of resultant ESR spectrum 
is 1:1:4:4:6:6:4:4:1:1 and it appear as ten-line spectrum. However in most of the observed 
ESR spectra, the hyperfine pattern deviate from the theoretical values due to the 
variations in line width to hyperfine splitting constant ratio ( 13 ). Due to in - equivalency 
of protonic interaction, the hyperfine lines due to radical I will vary. Consequently the 
ESR spectrum  of irradiated PAA also resemble double quintet shape with 2,4,6,8,10 lines 
as first quintet with a hyper fine splitting of 20-22 G while hyperfine lines 1,3,5,7,9 
giving quintet II with splitting of 20-22 G. It is observed that intensity of first quintet 
increased while quintet II decreased with increase of temperature. With regard to other 
free radicals II to give quintet spectrum and radical III gives quintet spectrum. In view of 
hyper fine line separation and intensity distribution presence of II and III is ruled out and 
radical I is proposed in the present studies. Spread of the spectrum is related to chain 
length of the free radical (14 Indira). 
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            Curve 1:30 0C,      Curve 2:40 0C,       Curve 3:60 0C,      Curve 4:70 0C,  

            Curve 5:80 0C,      Curve 6:90 0C,       Curve 7:100 0C,    Curve 8:110 0C, 

            Curve 9:120 0C,    Curve 10:140 0C,   Curve 11: above 140 0C. 

Figure 1: ESR spectrum of irradiated PAA at different temperatures. 

    As the spread decrease with temperature, length of the free radical I is thought to 
decrease as shown in Figure 2. With regard to peak to peak separation, it also found to 
decrease with temperature as shown in Figure 2. In order to study the hyperfine 
interaction of spectral lines their intensity variation against temperature has been plotted 
as shown in Fig 2.   
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Table 1: Hyperfine parameters of irradiated PAA at different 
temperatures 2,4,6,8 decrease 3,5,7,9 increases 

Temperature dV Spread 
Line –

2 

Line - 

3 

Line - 

4 

Line - 

5 

Line –

6 

Line –

7 

30 38 140 3.8 - 4.2 9.0 10 5.2 

40 37 130 3.4 0 4.0 8.0 9.5 5.2 

60 36 120 3.2 - 3.8 4.0 9.0 4.6 

80 35 110 1.2 - 3.5 2.2 8.0 4.4 

90 33 110 0.8 0.3 3.0 1.4 6.6 4.0 

100 32 100 0.5 0.35 2.5 1.2 4.4 3.2 

110 30 100 0.2 - 2 - 4 2 

 

                                                   

                              Curve 1                                                         Curve 2 
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                     Curve 3                                                             Curve 4 

Curve 1: Variation of Spread against Temperature. 

Curev 2: Temparature vs Intensity of line 1. 

Curev 3: Temparature vs Intensity of line 2. 

Curev 4: Temparature vs Intensity of line 3. 

       

                            Curve 5                       Curve 6

  

                          Curve 7                                                            Curve 8    
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Curev 5: Temparature vs Intensity of line 4. 

Curev 6: Temparature vs Intensity of line 5. 

Curev 7: Temparature vs Intensity of line 6. 

Curev 8: Temparature vs Intensity of line 7. 

Figure 2: Variation of hyperfine parameters with temperature 

The results suggest that hyper fine interactions also cease to exist with increase of 
temperature. Melting temperature (Tm) of PAA is reported to be around 2000 C ( 15 
Srinivas ).  ESR signal decay of irradiated PAA below the Tm indicates that the free 
radicals are trapped in amorphous region of polymer. Such type of free radical decay 
below the Tm has also been observed for several semi - crystalline polymers (Rajesh)(16). 
Free radical formed on gamma irradiation of PAA gain thermal energy with the increase 
of temperature and initiate reaction with un - fragmented parts of polymer chains to form 
stable cross linked structures. 

     Bloch analysis is used to calculate activation energy associated with free radical decay 
(11 EvRao) (17). This analysis requires measurement of line width (mu) at different 
temperatures, which can be calculated using the Lorentzian and Gaussian line shape 

properties (18 Sanjeevarao). Using the values of line width ( , the values of  are 

calculated (18). Then by plotting 1/T on X- axis and log 1/  on Y-axis a straight line is 
obtained as shown in Figure3. Using the slope of straight line, the value of activation 

energy associated with free radical decay is calculated. The values of ,  and other 
parameters are as listed in Table 2. Using this method the activation energy is around 145 
KJ/ Mole. 

 

Figure 3: Bloch analysis of irradiated PAA [1/T vs. log 1/τ graph] 
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Table 2 :  Parameters used in Bloch analysis for evaluation of activation 
energy. 

S. No 
Temp(t) 

in oC   
 1/Tx10-3 Log(1/ ) 

1 30 303 29 - 3.300 - 

2 40 313 27 2.83 3.194 2.532 

3 60 333 25.5 2.74 3.003 2.560 

4 70 343 24.25 2.29 2.915 2.593 

5 80 353 23.5 2.24 2.832 2.640 

6 90 363 22.85 2.16 2.754 2.657 

7 100 373 21.97 1.71 2.680 2.681 

8 110 383 21.15 1.21 2.610 2.763 

 

 

Figure 4: Intensity variation of gamma irradiated PAA with temperature. 

Variation of overall intensity of ESR spectra at different temperatures is also plotted as 
shown in Figure 4. Linear of the graph indicate homogeneous decay of free radicals. 

 Radiation Dose Dependency 

ESR spectra of PAA irradiated to different radiation dose rate (1, 1.5 and 2 M rad dose) 
are as shown curves 1, 2, 3 in Figure 5. The intensity and spread of the spectra gradually 
increases with the radiation dose. Therefore more number of chain cleavages occurs 
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increasing the free radical concentration. Hyperfine parameters are listed in Table 3. 
Variation of hyperfine parameters with radiation dose is as depicted in Figure 6. 

 

Figure 5: ESR spectrum of PAA irradiated to different radiation doses (1) 

1.0 M rad (2) 1.5 M rad (3) 2.0 M.rad. 

Table 3: Hyperfine parameters at different radiation doses 

Dose 

M 

rad 

dV Spread 
Line 

- 1 

Line 

– 2 

Line 

- 3 

Line 

- 4 

Line – 

5 

Line 

- 6 

Line 

– 7 

1.0 36 120 3.0 3.2 3.0 8.0 7.0 0.5 4.0 

1.5 37 130 3.5 3.9 5.0 9.0 10.0 0.6 5.0 

2.0 38 140 4.2 4.3 4.4 9.2 10.0 0.8 6.0 
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                           Curve 1                                                                Curve 2                                               

        

                             Curve 3                                                               Curve 4 

  

                              Curve 5                                                              Curve 6 
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             Curve 7 

Curve 1: Variation of Intensity of line 1 against Radiation Dose. 

Curve 2: Variation of Intensity of line 2 against Radiation Dose. 

Curve 3: Variation of Intensity of line 3 against Radiation Dose. 

Curve 4: Variation of Intensity of line 4 against Radiation Dose. 

Curve 5: Variation of Intensity of line 5 against Radiation Dose. 

Curve 6: Variation of Intensity of line 6 against Radiation Dose. 

Curve 7: Variation of Intensity of line 7 against Radiation Dose.  

Figure 6: Variation of hyperfine parameters with radiation dose. 

Micro-Structure Analysis (SEM STUDIES) 

Change in surface morphology of PAA has been investigated by Scanning Electron 
Microscope technique. PAA is a water soluble polymer. Hence treatment of PAA with 
radiation induces several interesting changes. These changes are observed by SEM 
micrographs. Surface of un irradiated PAA is shown in Figure 7; while surface of 
irradiated PAA is as shown in Figure 8. SEM pictures indicates that, irradiation brought 
cracks and bores on the surface of PAA as shown in Figure 8.   
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Figure 7: SEM micrograph of unirradiated PAA. 

 

 

Figure 8: SEM micrograph of irradiated PAA. 
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4. CONCLUSIONS 

In conclusion radiation induced change in PAA has been investigated using ESR 
technique. Homo polymer contains more number of hyper fine lines than the copolymer. 
Free radical decay temperature of PAA is more than the copolymer. Since the copolymer 
poses more number of free radicals, they can form intermediate structures by cross linking 
reactions, so that number of hyperfine lines in ESR spectra is less. SEM studies suggest 
that due to irradiation, cracks and bores are created on PAA due to gamma irradiation.   
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