
Chapter - IV
Effect of swift heavy ions on physical 
properties of PMMA/Cu and PS/Cu 
nanocomposites

Abstract

Effect of swift heavy ions (120 MeV Si ions, 85 MeV C ions) 
induced modifications of Copper nanoparticles dispersed 
PMMA and PS nanocomposites films at different fluences were 
studied. 120 MeV Si swift heavy ions induced more prominent 
effects on the physico-chemical properties of polymer 
nanocomposites compared to those of C-ions. An XRD analysis 
reveals that the crystallite size of the composites decreased after 
ion beam irradiation which is also corroborated by the DSC 
analysis due to the chain scissioning upon irradiation in PMMA 
nanocomposites. In PS nanocompsoites, we observed cross 
linking upon irradiation. It was observed from the UV- visible 
spectroscopy analysis that the band gap value moved to the 
lower energy on doping with metal nanoparticles, as well as 
upon irradiation. SEM images showed damages upon ion beam 
irradiation. The dielectric constant of the composites increased 
with the increase of metal content. These phenomena could be 
interpreted from interfacial polarization of heterogeneous 
systems.
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4.0 Introduction:

Polymers have traditionally been considered as excellent host matrices for composite 

materials. Several advanced polymer composites have been synthesized with a wide 

variety of inclusions like metals, semiconductors, carbon nanotubes and magnetic 

nanoparticles [1-3]. Many attractive properties of polymers like non-corrosiveness, 

light weight, mechanical strength and dielectric tenability can be utilized along with 

magnetic and optical properties of nanoparticles to make multifunctional materials. 

Inclusion of nanoparticles exhibit novel properties that significantly differ from those 

of corresponding bulk solid state owing to the different effects in terms of the small 

size effect, surface effect, quantum size effect and macroscopic quantum tunnel effect 

[4-6]. Copper nanoparticles have potential applications as fillers in polymers in many 

electronic devices. The progress in miniaturized nano devices that integrate electronic, 

photonic, chemical, and/or biological features is important for electronic as well as 

sensing devices [7].

Ion beam irradiation of polymeric materials can induce irreversible changes in their 

macroscopic properties, such as, electrical, thermal and surface related mechanical 

properties. These changes are responsible to fundamental events like electronic 

excitation, ionization, chain scission and cross-linking as well as mass loss, which 

take place due to ion beam irradiation [8].

In this chapter we are dealt with polymer nanocomposites and effect of irradiation 

upon

(i) PMMA + Cu [9]

(ii) PS + Cu [10]

Properties and preparation methods of nanocomposites have been discussed in chapter 

2. All the films were irradiated with 120 MeV Si- ions and 85 MeV C- ions at the



fluences of 1 x 10u, 1 x 1012 ions/cm2 at Inter University Accelerator Centre (IUAC), 

New Delhi, India. We have studied changes in the structural, thermal, optical and 

dielectric properties of composites due to swift heavy ion irradiation by means of X- 

ray diffraction, differential scanning calorimetry, UV-visible spectroscopy and 

impedance gain phase analyzer.

4.1 Effect of swift heavy ions irradiation on PMMA + Cu 

nanocomposites:

4.1.1 X-ray diffraction analysis:

Fig. 4.1(a-g) shows XRD spectra of the copper nanocomposite films, which illustrate 

the amorphous nature of PMMA and the crystalline behavior of copper nanoparticles. 

The average particle size of the copper nanoparticles was obtained around 10.81 nm. 

The diffraction patterns of the irradiated samples by 85 MeV C ions and 120 MeV Si 

ions exhibited decrease in the peak intensity and an increase in the full width at half 

maximum (FWHM) corresponding to all observed peaks of copper. This behavior 

may be attributed to chain scissioning taking place, which may results in the 

alignment of the polymeric chains. The average crystallite size (t) for pristine and 

irradiated samples was calculated using Scherrer’s formula [11] as dicussed in chapter 

2 in section 2.3.1 from the realtion 2.2.3. 

b=TQ/Lcos8

where b is FWHM in radians, X is the wavelength of X-ray beam (1.5418 A), L is the 

crystallite size in A, 0 is the angle between the atomic plane and both the incident and 

reflected planes, K is a constant which varies from 0.89 to 1.39, but for most of the
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cases it is close to 1.
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Fig. 4.1 X-ray diffraction patterns of (a) copper nanoparticles (b) pure PMMA 
(c) PMMA+ Cu( pristine) (d) C beam (1 x 1011 ions/cm2) (e) C beam (1 x 1012 

ions/cm2) (f) Si beam (1 x 1011 ions/cm2) (g) Si beam (1 x 1012 ions/cm2)

The crystallite size was calculated corresponding to the peak of the pristine and

irradiated samples and the results are listed in Table 4.1 [12], Irradiation deposited
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large amount of energy in material and leads to decrease in crystallite size. This may 

be attributed to splitting of crystalline grains. The decrease in crystallite size 

suggested the chain scissioning mechanism.

Table 4.1 Crystallite size of pristine and irradiated samples

Sample Pristine C Beam Si Beam

20 Crystallite 
size (nm)

Crystallite 
size (nm) 
(lxlO11) 
ions/cm2

Crystallite 
size (nm) 
(lxlO12) 
ions/cm2

Crystallite 
size (nm) 
(lxlO11) 
ions/cm2

Crystallite 
size (nm) 
(lxlO12) 
ions/cm2

PMMA+
5%Cu

46.73 12.16 11.64 11.26 11.56 11.21

58.05 12.64 11.61 11.14 11.20 11.08

Average 12.40 11.63 11.2 11.38 11.15

PMMA +
10%Cu

46.56 12.23 11.78 11.56 11.48 10.86

58.05 12.89 11.51 11.34 11.16 10.58

Average 12.56 11.65 11.45 11.32 10.72

PMMA +
15%Cu

46.39 12.36 11.81 11.68 11.11 10.54

58.01 12.24 11.25 11.22 10.89 10.39

Average 12.30 11.53 11.45 11.00 10.47

4.1.2 Thermal response (Differential scanning calorimetry (DSC)):

A differential scanning calorimetry experiment was performed using a reference 

material, and a predetermined heating (or cooling) rate was imposed to the system 

with a temperature excursion. The sample followed the temperature of the reference, 

and the heating power difference between the sample and reference was recorded. The 

values of 7g were taken as the midpoint of the glass transition event and collected as 

shown in Fig. 4.2. The pure PMMA has a Tg value of 64.60°C, while the tendency of 

increase in Tg value after insertion of copper nanoparticles was observed for 

Cu/PMMA nanocomposites. We found the value of Tg for pristine and irradiated 

samples at 71.89° C and 61.8°C, respectively, for the highest concentration of copper.



The value of Tg for highest fluence is listed in Table 4.4. The results reveal that the 

glass transition temperature increases for the composites as compared with the pure 

PMMA and may be due to the interactions of the filler nanoparticles and PMMA in a 

more ordered state and resulting in the cross-linking of the polymer and nanoparticles. 

After irradiation, it was found that 7g shifted to lower temperature. It reveals that the 

ion irradiation leads to polymer chain scissioning and a subsequent reduction in the 

molecular weight. As a result, the system moved toward the more disordered state, 

which is also corroborated with XRD results [13].

Table 4.2 Values of glass transition for pristine and irradiated composites

Sample name Tg (Pristine) Tg (C beam) Tg (Si beam)

PMMA + 10 %Cu 70.2 65.7 64.2

PMMA + 15 %Cu 71.9 61.8 61.5

(a)
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Fig. 4.2 DSC spectra of (a) composites (b) irradiated films (1 x 1012 ions/cm2) 

4.1.3 Optical response:

The promotion of electrons in the o, 7t and n orbitals from ground state to the higher 

energy states which are described by molecular orbitals due to the absorption of light 

energy by polymeric samples in the UV and visible regions. Many of the optical 

transitions which occur due to the presence of impurities have energies in the visible 

region of the spectrum, consequently the defects are referred to as colour centres. The 

effect of ion beam interaction with polymers produces damage and leads to the 

generation of new defects and charge states [14, 15]. A shift in the absorption edge 

towards longer wavelength is observed for irradiated samples. This behaviour is 

generally interpreted as caused by the formation of extended systems of conjugated 

bonds, i.e. possible formation of carbon clusters. In the investigated range of 

wavelengths the absorption bands are associated to the electronic transitions. 

These types of transitions occur in the unsaturated centers of the molecules, i.e. in 

compounds containing double or triple bonds and also in aromatics. The excitation of 

n electron requires smaller energy and hence, transition of this type occurs at longer

wavelengths [16].
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Fig. 4.3 Absorbance spectra for (a) PMIMA+ Cu( pristine) (b) C beam (1 x 10n 
ions/cm2) (c) C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 10" ions/cm2) (e) Si

beam (1 x 1012 ions/cm2)

Determinations of band gap:

The change in optical properties has been studied by Perkin- Elmer 25 Lambda UV- 

Visible spectrophotometer for the pristine and irradiated samples in the frequency 

range 200-800 cm'1. The optical band gap Eg is obtained by Tauc’s equation [17] as 

explained in chapter 2 in section 2.3.3 by relation 2.2.4.

G)£(A.)=(hto-Eg)2
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where s(X) is the optical absorbance and X is the wavelength. The intersection of the 

extrapolated spectrum with the abscissa of the plot e.m/X versus MX yields the gap 

wavelength Xg from which the energy gap is derived as Eg = hc/Xg. It is noticed that 

the band gap (energy gap) value shifted to lower energy from 4.30 eV upto 3.22 eV 

due to doping of copper nanoparticles and also upon irradiation. This is because of the 

scissioning of polymer chain and as a result, creation of free radicals, unsaturation etc. 

and thus a capability of increasing the conductivity of the composites [18].

Table 4.3 Band gap (B.G) and no. of carbon atoms (N) of pristine and irradiated 

samples

Pristine C Beam Si Beam

Sample B.G eV B.G eV B.G eV B.G eV B.G eV

IxlO11
ions/cm2

1 x 1012 
ions/cm2

1 x 1011 
ions/cm2

1 x 1012 
ions/cm2

PMMA + 5%Cu 4.30 4.24 4.13 4.12 4.10

PMMA+ 10%Cu 4.11 4.05 3.95 3.80 3.62

PMMA+ 15%Cu 3.78 3.65 3.55 3.40 3.22

Pristine C Beam Si Beam

Sample No. of
carbon

atoms(N)

No. of
carbon

atoms(N)

1 xlO11 
ions/cm2

No. Of
carbon

atoms(N)

1 x 1012 
ions/cm2

No. of
carbon

atoms(N)

1 x 10n 
ions/cm2

No. Of
carbon

atoms(N)

1 x 1012 
ions/cm2

PMMA + 5%Cu 67 68 69 69 70

PMMA+ 10%Cu 72 73 75 84 90

PMMA+ 15%Cu 82 85 90 93 113



The number of carbon atoms per cluster (N) can be calculated by following the 

relation 2.2.5 [12] given in chapter 2; the values of are listed in Table 4.3. 

Eg=34.3/VNeV

where N is the number of carbon atoms per cluster and Eg is the energy band gap.

4.1.4 Surface morphology:

Fig. 4.4(a-d) shows the SEM images of pristine, composites and irradiated composite 

films at a fluence of 1 x 1012 ions/cm2 with magnification of X250. The analysis 

shows that the filled partilces are distributed randomly in the matrix which display 

continuous contact between themselves and formed conducting paths. After 

irradiation, significant changes in surface morphology were observed. Considerable 

damage in the polymeric structure was observed after irradiation, which is also 

responsible for decrease in crystallinity of the material as indicated by XRD analysis

[19].

(c) (d)
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Fig. 4.4 SEM images of (a) PMMA+ 15 % Gu (pristine) (b) PMMA + 15 % Cu (C 
beam) (c) PMMA +15 % Cu (Si beam) and (d) Copper nanoparticles

4.1.5 AC Electrical Frequency Response:

Conductivity: AC electrical measurement was carried out for pristine and irradiated 

samples. Fig. 4.5 (a-e) shows the variation of conductivity with log of frequency for 

the pristine and irradiated samples at different copper nanoparticles concentrations. 

The increase in conductivity with copper nanoparticles concentration for pristine 

samples may be attributed to the conductive phase formed by dispersed copper 

nanoparticles in polymer matrix [20-22]. As shown in Fig. 4.5(a-e), we observed two 

behaviors (i) the frequency independent conductivity in the region of 100 Hz to 1 

MHz which is due to free charge carriers available in the composite system and (ii) 

the frequency dependent conductivity in the region of 1-10 MHz because of trapped 

charges, which are active at higher frequency only and it contributed to sudden rise in 

conductivity [23]. The electrical conduction in pure PMMA may occur by the electron 

jumping (hopping or tunnelling) between filled and empty sites localized in the 

energy band gap due to the presence of carbonyl group (C=0) in PMMA which may 

be acted as an electron donor group at higher frequency range [24]. The increase in 

conductivity is related to a possible increase in the number of conduction paths 

created between the filler (copper nanoparticles) particles aggregates in the composite 

and as a consequence electrical path in the polymer matrix due to a decrease in the 

width of the potential barriers within the bulk region of composites. Therefore, more 

charge carriers may be able to ‘hop’ by tunnelling, resulting in the increase in the bulk 

conductivity and it also increases with increasing filler concentrations [25]. Irradiation 

is expected to promote the metal to polymer bonding and convert polymeric structure



into hydrogen depleted carbon network that is believed to make the polymer more 

conductive [26].

(a)

(b)
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20

(e)

Fig. 4.5 Conductivity Vs Log f for (a) pristine (b) C beam (1 x 1011 ions/cm2) (c) 
C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 1011 ions/cm2) (e) Si beam (1 x 1012

ions/cm2)

Dielectric properties of composites:

The variation of dielectric constant with respect to frequency for the PMMA/ copper 

nano composites at different filler concentrations are shown in Figure 4.6 (a -e). The 

dielectric constant depends on the filler concentration and irradiation fluence. Due to 

doping of copper nanoparticles, the quantity of the accumulated charge increases 

because of polarization of the polymer/metal at interfaces. The polarization makes an 

additional contribution to the charge quantity. From this point of view, the dielectric 

constant of the composites will be higher than the pure polymer. Permittivity is a 

frequency dependent parameter in polymer/polymer composites systems. All the free 

dipolar functional groups in the polymer chain can orient themselves resulting in a 

higher permittivity value at lower frequencies. The slow migration of the active 

species may be the cause of decrease in the dispersion at higher frequencies.
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Commonly at low frequency region, the variation of dielectric constant with 

frequency suggests the presence of higher space charge polarizability of the material. 

The dielectric constant is found to decrease with increasing frequency. In the direction 

of applied field, the electronic exchange of the number of ions provides local 

displacements of electrons which produce the polarization in the polymeric 

composites. This gradually decreasing dielectric constant with increased frequency is 

thought to be caused by the slow dielectric relaxation of the matrix and the interface 

of the composite [27-29],

X N
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8
Si Beam

Irradiated 1 x 1011 ions/cm2
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Log f (f in Hz)

(e)

Fig. 4.6 Dielectric constant Vs Log f for (a) pristine (b) C beam (1 x 10n 
ions/cm2) (c) C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 10M ions/cm2) (e) Si

beam (1 x 1012 ions/cm2)

Fig. 4.7 (a -e) shows frequency dependence of the dielectric loss of the PMMA/Cu 

nano composites for pristine and irradiated samples. The dielectric loss decreased
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exponentially at low frequency and then became less dependent on frequency. This is 

because the induced charges gradually fail to follow the reversing field causing a 

reduction in the electronic oscillations as the frequency increased. It is noticed that 

dielectric loss increases moderately with the concentration of filler and also with the 

fluence which may be attributed to the interfacial polarization mechanism of the 

heterogeneous system [30, 31].
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(e)

Fig. 4.7 Dielectric loss Vs Log f for (a) pristine (b) C beam (1 x 1011 ions/cm2) (c) 
C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 1011 ions/cm2) (e) Si beam (1 x 1012

ions/cm2)

Conclusion:

Dispersion of copper nanoparticles in PMMA films has enhanced the properties of the 

pure polymer significantly. The increase in dielectric properties with different 

concentrations may be pointed to the conductive phase formed by dispersed 

nanoparticles in polymer matrix. Ion beam irradiation also has been shown to 

significantly enhance the dielectric properties may be due to conversion of the 

polymeric structure into a hydrogen-depleted carbon network. It was found that the 

band gap value moved to lower energy (from 4.30 eV upto 3.22 eV) on doping with 

copper nanoparticles as well as upon irradiation as observed from the UV- visible 

spectroscopy analysis. An XRD analysis reveals that the crystallite size of the samples 

decreased after ion beam irradiation which is also corroborated with the DSC analysis 

due to the chain scissioning upon irradiation.
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4.2 Effect of swift heavy ions irradiation on PS + Cu nanocomposites: 

4.2.1 X-ray diffraction analysis:

The X-ray diffraction patterns of pristine and irradiated Cu nanocomposites are shown 

in Fig. 4.8. It clearly indicates that copper is a crystalline but polymer is amorphous in 

nature and its composites show semi-crystalline behaviour. The diffraction patterns of 

the irradiated samples by 85 MeV C ions and 120 MeV Si ions which exhibited an 

increase in the peak intensity and a decrease in the frill width at half maximum 

(FWHM) corresponding to all observed peaks of copper. This behavior may be 

attributed to cross-linking effect, which may results in the alignment of the polymeric 

chains.

Table 4.4 Crystallite size of pristine and irradiated samples

Sample Pristine C Beam Si Beam

20 Crystallite 
size (nm)

Crystallite 
size (nm) 
(lxlO11) 
ions/cm2

Crystallite 
size (nm) 
(lxlO12) 
ions/cm2

Crystallite 
size (nm) 
(lxlO11) 
ions/cm2

Crystallite 
size (nm) 
(lxlO12) 
ions/cm2

PS+ 5%Cu 46.13 11.67 11.74 11.86 12.06 12.21

57.22 11.94 12.07 12.14 12.20 12.38

Average 11.80 11.90 12.00 12.13 12.29

PS + 10%Cu 46.16 11.78 11.88 11.96 12.08 12.36

57.25 12.02 12.11 12.34 12.16 12.58

Average 11.90 11.99 12.15 12.12 12.47

PS + 15%Cu 46.18 11.89 11.98 12.98 13.21 13.52

57.23 12.06 12.25 13.11 13.29 13.78

Average 11.97 12.11 13.05 13.25 13.65

The average crystallite size (t) for pristine and irradiated samples was calculated using 

Scherrer’s formula [11] as given in the chapter 2 in section 2.3.1 by relation 2.2.3.

b=IQ/Lcos0



where b is FWHM in radians, k is the wavelength of X-ray beam (1.5418 A), L is the 

crystallite size in A, K is a constant which varies from 0.89 to 1.39, but for most of 

the cases it is close to 1.

30 SC

Bragg angle (in d egree) Bragg angle (in d egree)

(a) (b)

s:
Bragg angle (in d egree) Bragg angle (in degree)

(C) (d)
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Si Beam |1 xIO 1 ions/cm')

(e)

Fig 4.8 X-ray diffraction patterns of (a) PS+ Cu (pristine) (b) C beam (1 x 10n 
ions/cm2) (c) C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 10u ions/cm2) (e) Si

beam (1 x 1012 ions/cm2)

The crystallite size was calculated corresponding to the peak of the pristine and 

irradiated samples and the results are listed in Table 4.4. The increase in crystallite 

size suggested the cross linking mechanism [32],

4.2.2 Thermal response (Differential scanning calorimetry (DSC)):

The glass transition temperature (Tg) is an important physical parameter to 

characterize the structural property of an amorphous polymer in terms of chain 

rigidity and intermolecular forces [30], The interaction of polymer chains and 

nanoparticles surfaces can alter the chain kinetics by decreasing or increasing glass 

transition temperature of the polymer. Tg of the pure PS is observed at 66.2 °C and of 

that compositess are ahown in Fig 4.9. The value of Tg at highest fluence is listed in 

Table 4.5. Also, it should be pointed out that increase of

f \
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Fig. 4.9 DSC spectra of pure, composites and irradiated (1 x 1012 ions/cm2) films 

Table 4.5 Values of glass transition for pristine and irradiated composites

Sample name Tg (Pristine) Tg (C beam) Tg (Si beam)

PS + 10 %Cu 65.9 71.4 72.2

PS + 15 %Cu 72.9 73.3 74.8

Tg with the increase of energy loss as well as with filler content indicates that the 

mobility of the matrix is altered due to decrease of the interparticle distances. This 

result is in agreement with previous DSC measurements of Bergeret and Alberola 

[33], So after irradiation with ions, glass transition temperature is shifted further 

towards higher temperature, this further reveals cross linking between nanoparticles 

and polymer matrix which is also corroborated with XRD results. This behavior 

probably arises due to branching formed (cross linking effect) when islands of 

nanoparticles are bonded with polymeric chains. This lowers the mobility of the 

chains, and as a result the glass transition temperature increases in the 

nanocomposites [34],

/ \
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4.2.3 Optical response:

UV-vis spectroscopy is an important tool to investigate the value of optical band gap 

energy (Eg). The electronic transitions (—>) that are involved in the ultraviolet and 

visible regions are of the following type a —► a *, n —» Jt*, and 7i —> n* [35]. The 

absorbance edge of the UV-vis spectra of pristine nanocomposites and irradiated by C 

ions and Si ions shown in Fig 4.10 (a-e). The absorbance in aromatic compounds is 

due to the Jt to n* transition. This is very sensitive to the change in the environment 

around the phenyl ring [36], It is observed that optical absorption increases with 

increasing energy loss and this absorption shifts from UV-vis to the visible region for 

all irradiated nanocomposite samples. With increase of electronic energy loss, the 

nanocomposites become gradually opaque to the visible light and the absorption edge 

shifted from UV to the visible. This is consistent with the observation that the 

material changes from transparent to opaque with increase of energy deposition. The 

increase in absorption with irradiation may be attributed to the formation of a 

conjugated system of bonds due to bond cleavage and reconstruction [37]. The 

shifting of absorption edge towards visible is generally considered to result from 

carbonization of the material under irradiation [38] which is also corroborated with

dielectric results.
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(e)

Fig. 4.10 Absorbance spectra for (a) PS+ Cu( pristine), (b) C beam (1 x 1011 
ions/cm2) (c) C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 1011 ions/cm2) (e) Si

beam (1 x 1012 ions/cm2)

Determination of optical band gap:

Optical feature of the pristine and irradiated samples have been studied by Perkin- 

Elmer 25 Lambda UV-Visible spectroscope in the frequency range 200-800 cm'1 as
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illustrated in Fig. 4.10(a-e). The optical band gap Eg is obtained by tauc’s equation 

[17]-

i. e. coe(X.) = (hco-Eg)2

Where e(X) is the optical absorbance and X is the wavelength. The intersection of the 

extrapolated spectrum with the abscissa of the plot el/2A, versus IIX yields the gap 

wavelength Xg from which the energy gap is derived as Eg = hc/Xs. It is noticed that 

the band gap (energy gap) value shifted to lower energy from 4.33 eV upto 3.40 eV 

due to doping of copper nanoparticles and also upon irradiation of both ions. This 

behavior of the optical gap of ion-irradiated samples can be explained following the 

model of Robertson and O Reilly [39,40].

The number of carbon hexagon rings in the cluster (M) is then found from the relation 

[40]

Eg ~ 2 |P| VM

Where, |p| is a bond integral that represents the interaction energy of two % atomic 

orbitals. A theoretical value for |P| proposed by Robertson and O Reilly is 2.9 eV, 

which according to Compagnini et al. [28] is an overestimation of the true value. So, 

the best-fit value of |p| given by them is 2.2 eV. In the present study on the aromatic 

polymer, given equation has been used to calculate the value of M and its behaviour 

with different ions is summarized in Table 4.6. The number of rings (M) remains 

constant with the filler and upon irradiation except for Si-ions at a fluence of 1 x 1012 

ions/cm2.



Table 4.6 Band gap by direct allowed transitions, number of carbon atoms in 

pure PS, composites and irradiated films.

Sample

Pristine C Beam Si Beam

Band 
gap in 

eV

No. of
carbon

hexagon
rings

Band 
gap in 

eV

No. of
carbon

hexagon
rings

Band 
gap in 

eV

No. of
carbon

hexagon
rings

PS + 5%Cu (1 x 
1011 ions/cm2)

4.33 ~1 4.28 ~1 4.04 ~1

PS + 5%Cu (1 x 
1012 ions/em2)

4.30 ~1 3.94 ~1 3.88 ~1

PS + 10%Cu (1 x 
1011 ions/cm2)

4.24 ~1 3.90 ~1 3.78 ~1

PS + 10%Cu(l x 
1012 ions/cm2)

4.17 ~1 3.82 ~1 3.60 ~1

PS + 15%Cu (lx 
10n ions/cm2)

4.10 ~1 3.75 ~1 3.50 ~1

PS + 15%Cu(l x 
1012 ions/cm2)

3.98 ~1 3.65 ~1 3.40 ~2

4.2.4 Surface morphology:

Fig. 4.11(a-c) shows the SEM images of pristine, composites and irradiated 

composite films with magnification of X250. The analysis shows that the filled 

partilces are distributed randomly in the matrix which display continuous contact 

between themselves and formed conducting paths. The surface becomes smoothen 

upon irradiation.The decrease in roughness with Cu-nanoparticles may be attributed 

to the decrease in density of metal particles on the surfaces of the films, which is also 

responsible for increase in crystallinity of the material as indicated by XRD analysis.



(C)

Fig. 4.11 SEM images of (a) PS+ 15 % Cu (pristine) (b) PS + 15 % Cu (C beam- 
1 x 1012) (c) PS + 15 % Cu (Si beam-1 x 1012)

4.2.5 AC electrical frequency response:

Conductivity: The ac conductivity of the composites as a function of the frequency is 

shown in the Fig.4.12 (a-e). The conductivity of composite was studied with respect 

to irradiation fluence and filler concentration. The conductivity of composite was 

increased with concentration of filler that is possibly due to the electronic interaction 

process taking place in the composites and therefore resulted composites show more 

conductive with the increase of the filler content [41]. It is known that the electrical 

conductivity of such composites depends on the type and concentration of the fillers. 

Irradiation is expected to promote the metal to polymer bonding and convert the 

polymeric structure into a hydrogen depleted carbon network due to emission of
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hydrogen and/or other volatile gases. It is this carbon network that is believed to make 

the polymer more conductive [32],
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20

(e)

Fig. 4.12 Conductivity Vs Log f for (a) pristine (b) C beam (1 x 10n ions/cm2) (c) 

C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 1011 ions/cm2) (e) Si beam (1 x 1012

ions/cm2)

Dielectric properties of composites:

Fig. 4.13 (a-e) shows the variation of dielectric constant of pristine and irradiated 

PS/Cu nanocomposites at different concentrations (5%, 10%, 15%) of Cu 

nanoparticles as a function of frequency with C-ions and Si-ions respectively. The 

increase in the dielectric content with filler content is a direct consequence of 

interfacial polarization effect between polymer and the filler particles [42, 43], It is 

observed that dielectric permittivity remains almost constant up to 100 kHz, because 

the motion of charge carriers is almost constant at these frequencies. As frequency 

increases further the polarization of trapped and bound charges cannot take place due 

to the charge carriers migrate through the dielectric and get trapped against defect 

sites and induces an opposite charge in its vicinity and hence the dielectric constant
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Fig. 4.13 Dielectric Constant Vs Log f for (a) pristine (b) C beam (1 x 10" 
ions/cm2) (c) C beam (1 x 1012 ions/cm2) (d) Si beam (1 x 10M ions/cm2) (e) Si

beam (1 x 1012 ions/cm2)

decreases. Also according to Dissado and Hill theory at high frequency, intra-cluster 

motions are dominant. In intra-cluster motions, the relaxation of a dipole will produce 

a ‘chain’ response in its neighboring dipoles and the reaction of the neighboring 

dipoles will, in turn, affect the first dipole, so the overall effect will be seen as a single 

cluster dipole moment relaxation [30, 44], This reduces the dielectric constant at these 

frequencies. It was also observed that dielectric constant increases after ion beam 

irradiation by both ions (C and Si) which may be attributed to chain scission and the 

resulting an increase in free radicals, unsaturation etc.

The increase in dielectric loss with increasing filler contents may be attributed to the 

interfacial polarization mechanism of the heterogeneous system. Fig. 4.14 (a-e) shows 

the variation of dielectric loss with frequency of pristine and irradiated with C-ion and 

Si-ion respectively. The dielectric loss decreases exponentially and then becomes less 

dependent on frequency. This is because the induced charges gradually fail to follow
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the reversing field, causing a reduction in the electronic oscillations as frequency 

increases [301.
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(e)

Fig. 4.15 Dielectric loss Vs Log f for (a) pristine (b) C beam (1 x 10n ions/cm2) 
(c) C beam (1 x 1012 ions/cm2) (d) Si beam (lx 10n ions/cm2) (e) Si beam (1 x 1012

ions/cm2)

Conclusion:

Dispersion of copper nanoparticles in PS films has enhanced the properties of the pure 

polymer significantly. An XRD analysis reveals that the crystallite size of the samples 

increased after ion beam irradiation which is also corroborated with the DSC analysis 

due to the cross linking effect upon irradiation. It is found that the band gap value 

moved to lower energy (from 4.33 eV upto 3.40 eV) on doping with copper 

nanoparticles as well as upon irradiation as observed from the UV- visible 

spectroscopy analysis. The increase in dielectric properties with different 

concentrations may be pointed to the conductive phase formed by dispersed 

nanoparticles in polymer matrix. Ion beam irradiation also has been shown to 

significantly enhance the dielectric properties may be due to conversion of the 

polymeric structure into a hydrogen-depleted carbon network. So we have concluded 

that effect of Si-beam is more effective than that of the C-beam in the present study 

because of large energy loss of heavy ion.

170

Si Beam

O
 - 

<:

NX

r~
 -» o ? (Q

D
ie

le
ct

ric
 L

os
s



4.3 Summary

In this chapter, two different nano composites i.e (PMMA/Cu, PS/Cu) have been 

studied using two different ions beams (C and Si) irradiations. Structural, optical, 

thermal, electrical properties and surface morphology have been examined by 

different characterization techniques.

XRD analysis; In PMMA/Cu nanocomposites, results show that the crystallite size of 

fillers decreases slightly upon both ions beams irradiations as observed from XRD 

analysis. It is also observed that the intensity of the peak decreases and to some extent 

broadening of the peak after irradiation offers confirmation of decrease in 

crystallinity. Since no significant change in the peak position is observed, this reveals 

that lattice parameters do not change significantly in both ions irradiations. Whereas 

in the case of PS nanocomposites, crystallite size of fillers increases upon both ions 

irradiations which may be attributed to cross linking phenomenon.

DSC thermograms; the Tg value decreases upon irradiations in PMMA 

nanocomposites and increases upon irradiations in PS composites. This behavior 

probably arises due to branching (cross-linking effect) when islands of nanoparticles 

are bonded with polymeric chains. This lowers the mobility of the chains, and as a 

result, the glass transition temperature increases in the nanocomposites.

UV-Vis analysis; the band gap values for both composites were increased upon 

concentration of fillers and both ions irradiations. It was observed from the UV- 

visible spectroscopy analysis that the band gap value moved to the lower energy.

Surface morphology; SEM images showed that increase in density in PMMA 

nanocomposites and decrease in density in PS nanocomposites upon irradiations.
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Dielectric analysis; Ac electrical conductivity of all pristine and irradiated samples at 

different filler concentrations is shown in Fig.4.16. The increase in conductivity with 

copper nanoparticles concentration for pristine samples may be attributed to the 

conductive phase formed by dispersed metal nanoparticles in polymer matrix. The 

conductivity of composite was studied with respect to irradiation fluence and filler 

concentration. The conductivity of composite was increased with concentration of 

filler that is possibly due to the electronic interaction process taking place in the 

composites and therefore resulted composites show more conductive with the increase 

of the filler content. It is known that the electrical conductivity of such composites 

depends on the type and concentration of the fillers. Irradiation is expected to promote 

the metal to polymer bonding and convert the polymeric structure into a hydrogen 

depleted carbon network due to emission of hydrogen and/or other volatile gases. It is 

this carbon network that is believed to make the polymer more conductive Fig 4.16 

shows comparison of conductivity of all composites before and after irradiation. For 

the sake of comparison filler concentration (5, 10, 15 wt%) at a fluence of 1 x 1012 

ions/cm2 for C and Si ions beam at a frequency 10 MHz have considered. In Fig 4.17, 

shows similar comparison for dielectric constant of all composites.

Fig.4.17 shows the dependence of the dielectric constant on the frequency of the 

applied field at different filler concentrations and irradiation fluences.

In all the cases, it reveals that dielectric loss is positive and signifies inductive

behaviour of the material.
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Fig. 4.16 Comparison of Conductivity of pristine and irradiated samples at 10
MHz
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Fig. 4.17 Comparison of Dielectric constant of pristine and irradiated samples at
10 MHz
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