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A B S T R A C T   

Self-sustained films of biodegradable chitosan (CS) and chitosan-Ag nanocomposites (CSN) were prepared by 
chemical route followed by C+5 and Ni+7 ions irradiation with varying fluences. The crystallite size decreased 
from 11.1 to 2.7 nm for CS and 17.6 to 14.2 nm for CSN with increasing ions fluence as observed from the 
analysis of X-ray Diffraction (XRD) spectra. ATR-FTIR spectra revealed assorted vibrational modes and degra
dation of polymeric chains in both, CS and CSN matrices upon irradiation. The molecular interactions between 
main and side-chain functional groups impeded due to nanoparticles confining effects. MeV ions yield low- 
molecular-weight fragments with degassing of some volatile gaseous species during irradiation. An acute 
amendment in absorption spectra ascribed to change in surface color and differential absorbance at the wave
length of 370 nm showing blocking of UV radiation. The formation of conjugated linkages and carbonization of 
CS and CSN matrices lead to decrease in bandgap. Modifications in the physicochemical properties were found to 
be in persuasive association with changes in frequency-dependent dielectric responses. The shape parameter was 
moderately decreased and indicating non-Debye relaxation. The conductivity of CS and CSN matrices enhanced 
and follows the universal dielectric response. The amendment in surface morphology was also revealed upon 
irradiation.   

1. Introduction 

The recent innovation in the field of electronic equipment required 
flexibility, wispy, low-weight and environment-friendly multifunctional 
materials. Currently, flexible, compact and wearable technology are 
concerning significant attention worldwide owing to relevance in the 
wearable healthcare devices, energy storage devices, actuators, bio
sensors, radiofrequency sensing platforms, and electromagnetic shield
ing (Moura et al., 2016). Transformable solid-state matrices are the vital 
needs of these appliances that can accomplish by polymer
− nanocomposites, which exhibits superior or newer properties. As a 
host matrix, polymer materials are explicitly suited due to their viability 
of processing, flexibility and film-forming capability. Also, polymers 
having biocompatibility and biodegradability characteristics are pref
erable and have great importance in diverse applications because of 
their trivial environmental hazard. 

Chitosan (CS) is derived by deacetylation of biopolymer chitin and 
established as a promising host matrix for the assembly of biomolecules, 
cells, nanoparticles, and other substances (Koev et al., 2010). Chitosan is 

a biodegradable, biocompatible and non-toxic polysaccharide having 
distinctive hydroxyl (− OH) and amine (− NH2) groups and has the 
excellent film-forming ability (Piroonpan et al., 2020). It shows an 
impressive mechanical strength, chemical resistance, and thermal sta
bility up to 200 ◦C (Sakurai, 2000). However, the major difficulty to use 
pristine chitosan in electronics devices is its low permittivity. This dif
ficulty can be overcome by incorporating weak acids, conducting 
polymers, plasticizers, salt, and ceramics, etc. into the chitosan. In 
addition, it can also be solved by embedding nanostructured additives 
like BaTiO3, TiO2, SiO2 as well as Fe, Cu, Ag, and Au nanoparticles. 
Among the latter approaches, silver nanoparticles (Ag NPs) were chosen 
as an additive because of higher-order 106 S/cm electric conductivity 
and have less probability to oxidize or corrode. Moreover, it also exhibits 
pronouncedly unique behavior in nanosize (<100 nm) due to the 
quantum size effect as compare to bulk (Parak et al., 2005). Incorpo
rating Ag NPs in the chitosan developed assembly of chitosan− silver 
nanocomposites (CSN) matrices through interacting with hydroxyl and 
amine functional groups. Consequently, inter and intra-molecular 
hydrogen bonds of chitosan macromolecular might affect, which leads 
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to modification of physicochemical behavior. Hence, the dielectric 
response of the CSN matrices is also affected. Nowadays, numerous ef
forts are being elaborated to establish the implementation and func
tioning of biodegradable nanocomposites in distinctive areas 
(Sadasivuni et al., 2017). 

González-Campos et al. (2010) studied the relaxation processes 
employing the thermal and dielectric behavior of chitosan-Ag NPs as a 
function of NPs loading and moisture content. Prokhorov et al. (2011) 
explored variation in the conductivity of the chitosan-Ag NPs system 
with temperature using a percolation mechanism. It has been also re
ported that the electrical and antimicrobial properties of bio
nanocomposites depend on the Ag NPs concentration (González-Campos 
et al., 2013). Kumar-Krishnan et al. (2015) studied the relationship 
between electrical, structural, and antibacterial properties of chitosa
n/Ag NPs and chitosan/Ag+ nanocomposites. All these studies proposed 
a relationship between electrical properties and antibacterial activities 
by concerning Ag NPs loading. However, beyond a certain extent of 
nanoparticles loading in matrix ascending ambiguity and hence the 
system become heterogeneous. Several reports have been published 
concerning chitosan and Ag NPs in a wide range of fields associating 
different parameters and conditions (Moura et al., 2016). 

Functionalization of CS and CSN importantly broaden its relevance 
areas and effects. It can be derived by the chemical modification 
involving grafting of functional molecules and the physical modification 
involving the physical mixing of organic and/or inorganic constitutes. 
Apart from these, the ionizing radiation approach emerges as an inge
nious tool, which can capably functionalize the polymeric materials. The 
electromagnetic radiation (e.g. UV–rays, X–rays, gamma rays) and 
particle (electrons, neutrons, or charged species) with energies promi
nently higher than the dissociation energy of the polymeric linkages 
considered as an ionizing radiation. These radiations cause irreversible 
amendments in physicochemical, optical, dielectric, and morphological 
responses of polymeric matrices (Avasthi and Mehta, 2011; Demina 
et al., 2014). In the case of photon-matter interactions, the energy of 
electromagnetic radiation attenuated in a discontinuous manner. The 
electromagnetic radiation could change the polymeric materials up to a 
specific level owing to lower deposition of localized energy density in 
comparison with the particle radiation. Moreover, electrons and charged 
species have immense capabilities to modify various properties of the 
polymeric systems than the neutrons irradiation. Fink et al. (1995b) 
observed that for the same transferred energy density, energetic elec
trons were slightly less efficient in the polymer damage than the ener
getic ions. It turned out that the required threshold energy density for 
the creation of carbonaceous by electron irradiation was found 
tremendously larger in comparison to heavy ions. 

In recent years, well-controlled swift heavy ions (SHIs) irradiation 
techniques have been found its novel applications and advancement in 
the discipline of polymer science (Apel, 2019). The effect of SHIs irra
diation on materials at the electronic and molecular level are instigated 
due to the loss of energy of the energetic ions travelling through the 
materials. The energy loss of SHIs mainly through two distinct processes: 
(i) nuclear energy loss (Sn) by elastic collisions with the nuclei (ii) 
electronic energy loss (Se) by inelastic collisions with the atomic elec
trons of the target material. The electronic energy loss is found to 
dominates for SHIs (>10 MeV) and is transferred mainly through exci
tation and ionization of the atomic electrons (Avasthi and Mehta, 2011). 
The threshold value for the polymer is of the order of few MeV/μm and 
hence relatively large scale electronic energy loss (Se) of energetic ions 
could proficiently yield noteworthy changes, which could not achieved 
by the electromagnetic radiation, electron beam, and low energy ions 
irradiation (Avasthi, 2009; Hnatowicz, 1999). As the electronic energy 
loss exceed the threshold value, ionized cylindrical zones are formulated 
in the irradiated solids due to the passage of energetic ions. The creation 
of ionized cylindrical regions due to the interaction of SHIs with mate
rials is well-described by the Coulomb explosion model and thermal 
spike model (Hnatowicz, 1999). Although, the thermal spike model 

utterly suit to explain the interaction of SHIs with polymeric host 
matrices (Singhal and Rattan, 2016). As per this model, the deposited 
energy is transmitted to the atomic lattice by electron-phonon coupling 
(Avasthi and Mehta, 2011). Consequently, there is localized thermal 
quenching for a transient period depending on the energy and kind of 
incident ion. As an effect, the polymeric macromolecules reorganized 
owing to a rapid cool-down process lead to a remarkable amendment in 
the target materials. The reordering of the nanoparticles in the array is 
also perceived around the ionized cylindrical province of highly doped 
polymeric matrix. 

Biswas et al. (2004) reported that SHIs irradiation introduce 
realignment of the silver nanocluster into distinct carbonaceous nano
regions in polymeric host. They reveal tailoring of nanoparticles shape 
and size located on the surface as well as residing the polymer matrix. 
Mishra et al. (2010) studied that the optical response of polyethylene 
terephthalate-Ag NPs matrices tuned using SHIs irradiation. The phys
ical properties of Ag NPs embedded polystyrene (Gavade et al., 2011) 
and polymethyl methacrylate (Gavade et al., 2014) matrices showed an 
improved response upon SHIs irradiation. Singhal et al. (2016) studied 
that SHIs irradiation enhances the dispersion of constituent within the 
polymeric matrix. 

The CS and CSN matrices have high-end devotions in biomedical and 
electrochemical devices (Begum et al., 2016; González-Campos et al, 
2010, 2013; Kumar-Krishnan et al, 2014, 2015; Prokhorov et al., 2011; 
Sadasivuni et al., 2017). As the SHIs irradiation being implicated as a 
tool to obtain enhanced response of polymer and polymer nano
composites. The influence depends upon ion range, Se and diameter of 
ion track, governed by the informed selection of energy, mass, and flu
ence of SHIs. The present investigation aimed to study the effect of MeV 
ions irradiation on the physicochemical response of CS and CSN matrices 
as a function of electronic energy loss (Se) and ion fluence. The impacts 
of these variables on relaxation and conductivity of matrices were 
investigated by dielectric spectroscopy. Amendment in surface 
morphology was explored by using SEM and AFM studies. The CS and 
CSN matrices proposed in the existing investigation can be possibly 
utilized in optical devices and dielectric applications. 

2. Experimental 

2.1. Materials 

Powder chitosan (degree of deacetylation 75–85%, CAS No. 9012- 
76-4), acetic acid (ACS reagent, ≥99.7%, CAS No. 64-19-7) and silver 
nanoparticle (<100 nm) were purchased from Sigma-Aldrich. The mo
lecular weight of chitosan was evaluated using Ubbelohde capillary 
viscometer. The viscometric parameters were determined in 0.1 M 
CH3COOH/0.2 M NaCl solution at 25 ◦C. The experimental evaluation of 
intrinsic viscosity, [η], was performed as per Huggins extrapolation 
method. After that, the viscosity-average molecular weight(Mv) was 
measured using Mark–Houwink–Sakurada equation, [η] = ​ K ​ (Mv)

a, 
where K = 0.00181 mL/g and a = 0.93 are the viscometric constants 
(Yomota et al., 1993). The average molecular weight of chitosan was 
equal to 52,408 g/mol. 

2.2. Preparation and SHIs irradiation of CS and CSN matrices 

The stock solution of chitosan to fabricate the CS and CNS matrices 
was acquired by the solution casting approach. To yield the matrices of 
thickness (~80 μm), 2% (w/v) concentration of chitosan solution was 
prepared by dissolving chitosan powder in 1% (v/v) of acetic acid so
lution. Then, the stock solution was dialyzed to remove undissolved 
reactants using a qualitative filter paper (Indicator, India). To prepare 
the nanocomposites matrices with higher Ag NPs concentration (>5 wt 
%), direct dispersion of Ag NPs powder into the chitosan suspension was 
employed despite the chemical reduction approach. It was magnetically 
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stirred at ambient temperature. To obtain the homogeneous dispersion 
of NPs, the solution was further sonicated for 30 min (Citizen, Model CD 
4820). A bath type sonicator having low ultrasonic power (90 W) with 
42 kHz frequency was used to minimize the degradation by sonication. 
The acquired solution was cascaded into a properly balanced and well- 
cleaned Teflon petri dish. Finally, the CS and CSN matrices severed from 
the petri dish. For convenience, the CSN matrices were labeled as CSNA, 
CSNB, and CSNC for 5, 10, and 15 wt% of Ag NPs doping by concerning 
dry-based chitosan. Moreover, doping of Ag NPs higher than 15 wt% 
resulted in a heterogeneous matrix. Finally, the acquired matrices were 
conditioned for additional desiccation in desiccators with silica gel. 

The CS and CSN matrices were irradiated with 60-MeV C+5 and 100- 
MeV Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/cm2, 
accessible at the Inter University Accelerator Centre (IUAC), New Delhi, 
India from 15 UD Tandem Pelletron accelerator (Patel et al, 2016, 
2017). The self-sustained films affixed on a rectangular copper ladder 
and entrenched into a cylindrical vessel, preserved at a high vacuum of 
~10− 6 Torr. The (1 × 1) cm2 section of pre-fixed matrices were 
sequentially scanned in the x–y coordinate by utilizing the electro
magnetic scanner for homogeneous irradiation with low current (~0.5 
pnA) ion beam to prevent the heating effects. The SHIs profile, explicitly, 
mass, energy, and fluence decide the magnitudes of the electronic as 
well as nuclear energy losses during its passage through polymeric 
materials (Avasthi, 2009). The projected ranges (Rp) of C+5 (60-MeV) 
and Ni+7 (100-MeV) ions and electronic energy loss (Se) and nuclear 
energy loss (Sn) for CSNC matrices were calculated using SRIM 2013 
code (Ziegler et al., 2010). The simulated values of Se, Sn and Rp for C+5 

ion are 108.7 keV/μm, 0.06263 keV/μm, and 360 μm, respectively. On 
the other hand, for Ni+7 ion, the corresponding values are 1686 keV/μm, 
2.979 keV/nm, 84 μm, respectively. The Sn value of C+5 and Ni+7 ions 
considered to be fairly trivial than the value of Se for the given matrix. 
Also, the electronic energy loss of Ni+7 ion was found to be presumably 

higher than the C+5 ion. 

2.3. Characterizations of CS and CSN matrices 

The phase structure of the CS and CSN matrices (pristine and radi
ation treated) was studied by X-ray diffraction (XRD, Bruker D8- 
Advance diffractometer). These matrices were scanned in 2-theta 
range of 5◦ ≤ 2θ ≤ 80◦ with a monochromic Cu-Kα wavelength of 
1.5418 Å to record the diffraction patterns. The chemical structure was 
investigated by ATR-FTIR spectroscopy (JASCO-4100 spectrometer) 
performed with multi-reflection ATR accessories (ATR PRO410-M). 
ZnSe was used as an ATR crystal for which the incidence angle of the 
infrared radiation was 45◦. FTIR spectra were collected with a resolution 
of 1 cm− 1 after hundred progressive scans to infer a superior signal-to- 
noise ratio. The UV–Visible spectrometer was performed in absorption 
mode to record the optical responses in the span of 200–800 nm 
wavelength (Hitachi Model U-3300 spectrometer). The dielectric mea
surements as a function of frequency were executed by using a precision 
LCR meter in the frequency range 20 Hz to 2 MHz (Agilent E4980A). The 
self-sustained matrices were sorted between the electrodes of the solid 
dielectric test fixture (Agilent 16451B) to procure the data at ambient 
temperature via an entirely computer-assisted interface. The modifica
tion of surface morphology was explored by using a field-effect scanning 
electron microscope (FESEM, Zeiss Merlin VP Compact). Atomic Force 
Microscopic (AFM) images were used to explore the surface character
istics and roughness parameters (AFM Nanoscope digital instruments, 
Canberra, USA). 

Fig. 1. XRD of (a) pristine CS and CSN matrices irradiated with (b) C+5 ions (c) Ni+7 ions at the fluence of 1 × 1012 ions/cm2.  
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3. Results and discussion 

3.1. XRD analysis 

Fig. 1 shows the XRD patterns for pristine and irradiated CS and CSN 
matrices at the highest fluence of C+5 and Ni+7 ions. The XRD patterns of 
the CS illustrate the characteristic diffraction peaks at 8.2◦, 11.6◦, 15◦, 
18◦, and 21.7◦ belong to pure chitosan structure (Patel et al., 2017). It is 
noticed that hydrated crystalline (8.2◦ and 11.6◦) and anhydrous crys
talline (15◦) structures along with amorphous structure (18◦, and 21.7◦) 
(Wang et al., 2005) were suppressed upon irradiation indicating struc
tural disordering. The hydrated form of chitosan has bonded with water 
molecules in the chitosan matrix (Murugaraj et al., 2011). At the time of 
SHIs irradiation, a random cascade of ions within the matrix (Avasthi, 
2009) destroyed the feeble hydrogen linkages with water molecules as 
well as –NH or –OH groups of CS promoted deficiency of water mole
cules along with increasing polymeric free volume. Fig. 1 revealed that 
due to the incorporation of Ag NPs, only peak at 23◦ of amorphous 
structure is seen in the XRD pattern of chitosan, the peaks at 8◦ and 12◦

of hydrated crystalline structure of chitosan are much less clear, all the 
diffraction peaks from Ag NPs are seen in XRD spectra of CSN matrices 
with 10 and 15% of NPs, but not with 5%. The peaks at 2-theta values of 
38.1◦, 44.3◦, 64.5◦ and 77.4◦ correspond to Bragg’s reflections from 
(111), (200), (220) and (311) planes of the face-centred cubic lattice 
phase of Ag NPs (Kumar-Krishnan et al., 2015). It is evidence of effective 
integration of Ag NPs in CS assembly. These results are attributed to a 
strong interaction, mainly at the interfaces between hydroxyl, amine 
and hydrogen linkages of CS with Ag NPs yielding delocalization in 
polymeric chains upon additive loading. Moreover, the increase in the 
degree of amorphization revealed a decrease in the intermolecular 
interaction between the CS chains. 

The percentage crystallinity of CS was estimated using the area ratio 
method (Singh et al., 2011). For pristine CS, the calculated value of 
percentage crystallinity is 22.5%. The percentage crystallinity of CS was 
suppressed upon SHIs irradiation and attained the values of 19.6% and 
14.9% for C+5 ions, 15.9% and 13.5% for Ni+7 ions at the fluences of 1 ×
1011 and 1 × 1012 ions/cm2, respectively. Also, there is a detectable 
broadening of the peaks pointed to the alteration in the crystallite 
domain size. The change in crystalline domain size ascribed to the for
mation of defects and disorders or grain splitting. The average crystallite 
size of CS and CSN (pristine and irradiated) matrices was calculated 
through Scherrer’s approach, and listed in Table 1. Incorporating Ag NPs 
lead to an increase in the average crystallite size of the CSN system due 
to the dispersion of tiny crystalline NPs. Due to C+5 and Ni+7 ions 
irradiation, the average crystallite size of the CSN matrices is consider
ably reduced with increasing fluence. Indicating that the ions with the 
higher value of electronic energy loss and higher fluence induced 
considerable amorphization due to increase in nanoscale free polymeric 

volume. Moreover, the SHIs induced effects on the pristine polymer are 
predominant than the CSN matrices. 

3.2. ATR-FTIR analysis 

To characterize the SHIs induced effect on functional modes/chem
ical linkages of CS and CSN as a function of beam parameters and the 
interaction between CS and Ag NPs within CSN matrices, the IR spec
troscopy was employed. The fundamental vibrational modes of CS (Patel 
et al., 2017) are presented in Fig. 2. The acetate form of CS verified by 
the band appeared at 1540 cm− 1 (− NH3

+) rather than at 1590 cm− 1 

(− NH2). At wave number 1710 cm− 1, new vibrational mode evolved 
owing to SHIs irradiation with lower intensity attributed to carbonyl 
bond vibrations (See inset of Fig. 2). Also, the shifts in amide I group 
(C––O stretching vibrations) located at 1639 cm− 1 towards the higher 
wavenumber (See inset of Fig. 2) attributed to the removal of the 
adsorbed water due to destruction of intra-chain hydrogen linkages 
between representative (− OH and –NH2) modes of CS with water 
molecule (Nogales et al., 1997). The intensity of vibrational modes at 
1149 and 1070 cm− 1 (glucose rings) with 1008 cm− 1 (glycosidic link
age) decreased, which is ascribed to cleavage of glycidyl linkages exist in 
C–O–C groups linking tetrahydropyran rings. The stronger overlapping 
vibrations of O–H stretching with the N–H stretching at 3346 cm− 1 is 

Table 1 
Variation in crystallite size, optical energy bandgap (Eg), the number of carbon atoms per conjugation length (N) and R2 for pristine and irradiated CS and CSN matrices 
with C+5 and Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/cm2, respectively.  

Sample C+5 (60 MeV) Ni+7 (100 MeV) 

Crystallite Size (nm) Eg (eV) N R2 Crystallite Size (nm) Eg (eV) N R2 

Pristine CS 11.1 5.6 - 0.97 11.1 5.6 - 0.97 
CS (1 × 1011 ions/cm2) 8.5 5.5 39 0.91 6.1 5.0 48 0.97 
CS (1 × 1012 ions/cm2) 3.0 3.4 100 0.98 2.7 3.1 122 0.96 
Pristine CSNA 14.0 5.0 47 0.97 14.0 5.0 47 0.97 
CSNA (1 × 1011 ions/cm2) 13.4 4.8 51 0.90 12.9 4.6 56 0.98 
CSNA (1 × 1012 ions/cm2) 13.0 3.2 113 0.84 12.0 3.1 121 0.93 
Pristine CSNB 15.6 4.9 49 0.96 15.6 4.9 49 0.96 
CSNB (1 × 1011 ions/cm2) 15.3 3.9 77 0.99 15.1 3.8 83 0.99 
CSNB (1 × 1012 ions/cm2) 14.6 3.2 115 0.96 13.8 2.7 162 0.85 
Pristine CSNC 17.6 4.7 54 0.96 17.6 4.7 54 0.96 
CSNC (1 × 1011 ions/cm2) 16.2 3.9 79 0.97 14.5 3.6 93 0.88 
CSNC (1 × 1012 ions/cm2) 16.2 2.7 162 0.92 14.2 2.4 203 0.92  

Fig. 2. ATR-FTIR spectra of pre and post C+5 and Ni+7 ions irradiated CS.  
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affected upon radiation but does not vanish. The band at 1258 cm− 1 

associated with bending vibration of –OH became weak without peak 
broadening. Moreover, there is momentous suppression of the vibra
tional modes at 1377 cm− 1 (symmetric CH3 deformation and CH 
bending), 1410 cm− 1 (CH2 bending and CH3 deformation), 1445 cm− 1 

(CH2 scissoring) and 1340 cm− 1 (CH2 wagging) (Kemp, 1991). Asym
metric C–H stretching mode at 2962 cm− 1 suppressed considerably, 
while symmetric C–H stretching mode at 2907 cm− 1 (Kemp, 1991) was 
not altered. SHIs caused persuasive transformation in vibrational bands 
of CS concerning intensity and broadening of the peaks. These results 
revealed to fundamental group abstraction (− OH, –NH2, acetyl, and 
glycidyl linkages) along with hydrogen abstraction. 

Fig. 3 shows the additive-dependant IR spectra of CSN matrices. At 
first, reduction in the intensity and change in peak width upon Ag NPs 
loading corresponds to strong overlapped stretching mode at 
3500− 3300 cm− 1 is attributed to Ag NPs attachments with N–H (Wei 
and Qian, 2008). Moreover, the band at 1540 cm− 1 relatively shifted 
(~8 cm− 1) owing to the linkage of Ag NPs with the nitrogen atom of CS. 
On account of Ag loading, peak broadening and peak shifting toward 
lower wavenumber position with diminishing intensity have also been 
observed (González-Campos et al., 2013; Kumar-Krishnan et al., 2015; 
Wei and Qian, 2008). The vibrational modes at 1377, 1445 and 1340 
cm− 1 start merging to 1410 cm− 1 upon increasing the additive level. In 
addition, 1410 cm− 1 shifted towered lower wavenumber region 
revealed hydrogen bonding due to dipolar coupling between surface 
charge of Ag NPs and proton in CS. Broadening and increase in intensity 
of asymmetric vibrational mode at 1149 cm− 1 attributed to the creation 
of defects through the charge transfer reaction between Ag NPs and CS 
matrix. The molecular interactions between main and side-chain func
tional groups constrained due to presence of silver nanoparticles. The 
nanoparticles within the polymeric assembly caused confining effects. 
The adjacent polymeric coating on the surface of the nanoparticles re
stricts the mobility of macromolecular chains (Mortazavian et al., 2016). 
The SHIs impact on the CSN matrices (See Fig. 4) revealed a similar 
trend as observed for the CS, i.e. noteworthy fall in transmittance in
tensity, broadening, new carbonyl band at 1710 cm− 1 and overlapping 
of modes with negligible shift for all vibrational modes. 

Figs. 2 and 4 revealed macromolecular polymer structural modifi
cation at a molecular level upon SHIs irradiation. Since the electronic 
energy loss of both the ions is quite higher as compared to the threshold 
energy (few MeV/μm) for the polymer is yielding columnar type defect 

or creation of the latent track along the ion trajectory in the polymeric 
assembly (Avasthi, 2009). The various linkages of polymer structure 
have a strength of the order of eV (Huheey et al., 1993) and are greatly 
trivial than Se values of ions. The kinetic energy of ion in the MeV range 
gradually decreases during the passage due to the transformation of ions 
energy to electrons excitation and internal ionization in the keV range. 
Hence, all kinds of the localized covalent linkages along the ions tra
jectory experience heterolysis and/or homolysis scission due to random 
and short time collision cascades producing ionic species and radical 
species, respectively (Fried, 2014). Accordingly, SHIs cause randomi
zation of macromolecular chains as a result of long chains cleave and 
disordering due to reorientation of chains. Depending on the molecular 
mass of the producing species, they may be permanently residing in the 
bulk or leave the assembly due to a high vacuum. Also, the tremendous 
elimination in –OH and C–H modes reduced an atomic ratio of hydrogen 
and carbon. The degradation strongly depends on beam parameters 
because an ion with greater Se, heavier mass, and higher fluence caused 
considerable degradation of polymeric chains in both, CS and CSN 
matrices. 

3.3. Optical analysis 

The optical absorption spectra for pre and post C+5 and Ni+7 ions 
irradiated CS matrices are demonstrated in Fig. 5. The peak at 310 nm is 
evidence of the acetate nature of the CS matrix (also revealed from 
FTIR). Pristine CS exhibits minimal absorption in the visible region 
(~400–800 nm) revealed the entirely bound nature of the electrons 
(Daniels, 1989) in the polymeric materials. Inset of Fig. 5 indicated 
perceptible enhanced in differential absorbance (A–A0) at the wave
length 370 nm by varying fluence. Also, an abrupt increase in the ab
sorption intensity of the existing peak at 310 nm indicating the 
formation of color responsive resonating matrix (Abou-Taleb, 2014). 
Increased intensity of the peak at 310 nm indicating the formation of 
C––O, C––C and C––NH. The existence of such chromophores within the 
matrix responsible for change in polymeric material from pale yellow to 
dark yellow, brown and dark brown with increasing fluence (images not 
presented here). There is a moderate increase in absorption along with 
shifting of absorption edge (AE) towered higher wavelength side. 

Fig. 6 exhibited a trend of absorption of CS upon treating with 
various doping levels of Ag NPs. UV absorption response of the metallic Fig. 3. ATR-FTIR spectra of Ag NPs dependent CSN matrices.  

Fig. 4. ATR-FTIR spectra of pre and post C+5 and Ni+7 ions irradiated 
CSNC matrices. 
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nanoparticles depending on the dimensions, profiles, and composition of 
the particle as well as its surrounding medium (Karak, 2019). Further, 
the separation among the particles within the matrix exhibits substantial 
influence. The surface plasmon resonance (SPR) peak relevant to Ag NPs 
appeared at 412 nm, 416 nm, and 424 nm for CSNA, CSNB, and CSNC 
respectively. Also, the SPR peak exhibited broader and asymmetric na
ture with a prolonged tail tower the higher wavelength region. This may 
be ascribed to multipolar excitations and radiative damping due to 
higher doping and variable-sized Ag NPs dispersion. The SPR peak in
tensity depends on the excited electrons on account of coherent exci
tation of the nanomaterials and the surrounded dielectric medium 
(Persson, 1993). 

Upon SHIs irradiation of CSN matrices, the absorption response 
revealed an appearance of a peak contrary to the pristine one as 
observed from Fig. 7. SPR peak of CSN exhibited red shift along with an 
increase in intensity as a function of fluence for both the ions indicating 
change in size dispersion of Ag NPs and enhance in dielectric constant of 
a surrounding medium (Garcia, 2011). Modified optical behavior of CSN 

subjected to scattering effect of the electron from the surface and the 
charge transfer process occurred at the particle-polymer interface (Zojer 
et al., 2019). The surface feature of the nanoparticles may change 
because of polymer grafting, that is, the polymeric layer adjoined 
around the nanoparticles might constrain the mobility of the polymer 
chain and the nanoparticles in consort with increase the effective vol
ume of the nanoparticles. Consequently, influence in inter-particle 
coupling affect the SPR band (Prakash et al., 2016). The polymer 
grafting is facilitated by the rapidly occurred cool down events of molten 
polymeric assembly within 10− 14 s afterward the MeV ions travel 
through the host matrix (Avasthi and Mehta, 2011; Fink, 2004). The 
peak evolved in 300–340 nm range for each CSN matrix ascribed to the 
formation of chromophores as seen in pristine CS upon irradiation. 

Figs. 5 and 7 depicted that the CS and CSN matrices have alike 
tendency in AE alteration, that is, broadening and red shift, due to ion- 
material interaction. The broadening ascribed to the creation of defects 
in terms of wrecking vital linkages and randomization of macromolec
ular polymeric chains (Kumar et al., 2011). These arguments quite 
resemble with XRD and FTIR outcomes. The red shift is credited to 
enhance low molecular-weight species and ions (i.e. charge density). 
Additionally, the free volume of polymer is enhanced due to profuse 
mass loss because of outgassing volatile molecular fragments of assorted 
species. All post-irradiated samples with both the ions at a fluence of 1 ×
1012 ions/cm2 exhibit expressive absorption from 370 to 510 nm. It 
shows that CS and CSN biodegradable materials can be used for 
shielding of UV radiation. The transformation in AE further modified 
localized energy states, which improve the optical energy bandgap (Eg) 
of the polymeric matrix. 

The optical bandgap and nature of electronic transition between 
parabolic bands estimated using Tauc’s equation, 

αhυ=B
(
hυ − Eg

)n (1)  

where h, υ and B are Planck’s constant, photon frequency and the 
energy-independent constant respectively (Tauc et al., 1966). The na
ture of electronic transition adopts the value of exponent n. In the 
existing case, the values of Eg were obtained from (αhυ)2→hυ plot by 
extrapolating the linear least-squares fit of (αhυ)2 to zero. By using linear 
regression, an adequate fitting is attained for n = 1/2 with reliable 
goodness-of-fit (R2). Indicating that the CS and CSN matrices obey 
quantum mechanically direct allowed transition. Table 1 revealed that 
due to incorporating Ag NPs, the Eg value of CS eased by ~17%, that is, 
from 5.6 eV (CS) to 4.7 eV (CSNC). Suggesting coordination at the 
interface between Ag NPs and CS due to profuse accessibility of vital 
amino and hydroxyl groups resulted in the long-term stability of the 
matrix. Also, the lower energy transition ensuing foundation of charge 
transfer complexes between the HOMO and LUMO energy bands. These 
discussions are also supported by FTIR. The Eg values of CS and CSN 
were further decline upon C+5 and Ni+7 ions irradiation. SHIs irradiation 
proficiently tune the bandgap of CS and CSN matrices as a function of 
ion fluence. The Ni+7 ions remarkably diminishing the bandgap than 
C+5. Because Ni+7 ions caused substantial structural rearrangements, 
defects formation through unsaturation (Hnatowicz, 1999). 

As explained in the ATR-FTIR section, C–H and –OH coordinates 
have significantly affected by SHIs irradiation. SHIs induced enhance in 
optical responses also depend on the ratio of hydrogen to carbon atom 
concentration (H/C) (Compagnini et al., 1990). The excitation and 
ionization of polymer due to MeV ions interactions may facilitate the 
phase alteration of sp3 and sp2. Precisely, the hybridization of sp3 to sp2 

resulted in carbonaceous clustering plus liberation of hydrogen gas 
(Baptista and Zawislak, 2004). Fink et al. (1995a) presuming that hy
drogenated amorphous carbon clusters structure as C60. The number of 
carbon atoms per conjugation length (N) was evaluated by employing 
Fink model (Fink et al., 1995a) and tabulated in Table 1. Also, the 
clustering upon Ni+7 ions irradiation consisted excess carbon atoms than 
C+5 ions. This is credited to the abundant deposition of energy within 

Fig. 5. UV–Vis spectra of (a) pre and post C+5 and Ni+7 ions irradiated CS.  

Fig. 6. UV–Vis spectra of Ag NPs dependent CSN matrices.  
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nanometre province could raise the temperature around 104 K nearby 
the ion trajectory (Avasthi and Mehta, 2011). So, the transient products 
having a short lifetime existing within the formed molten domain along 
the ion trajectory. Afterward the hyper-thermal circumstances, the 
physicochemical responses of polymeric matrices modified. These re
forms are indorsed to creation of stable fragments with lower molecular 
masses along with species having unsaturated double or triple bonds 
(Baptista and Zawislak, 2004; Hnatowicz, 1999). Indeed, modified 

physicochemical responses of biodegradable matrices as a function of Ag 
NPs and beam parameters yielding relevant prompt on dielectric 
properties. 

3.4. AC electrical frequency response 

Frequency-dependent dielectric spectroscopy is a versatile technique 
to avail prominent evidence about the internal behavior of polymer 

Fig. 7. UV–Vis spectra of pre and post C+5 and Ni+7 ions irradiated CSNC matrices.  

Fig. 8. Plot of dielectric constant versus log frequency for (a) pre and post C+5 and Ni+7 ions irradiated CS, (b) Ag NPs dependent CSN and (c) pre and post C+5 and 
Ni+7 ions irradiated CSNC matrices and plot of dielectric losses versus log frequency for (d) pre and post C+5 and Ni+7 ions irradiated CS, (e) Ag NPs dependent CSN 
and (f) pre and post C+5 and Ni+7 ions irradiated CSNC matrices, respectively. 
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specimens with nano-filler because of prevailing the distinctive phases 
(Psarras, 2010). Indeed, the confining effects of nanoparticles and SHIs 
interaction were reflected in the dynamic fragility and conduction 
mechanism of the polymer matrix, which could not perceivable by 
former macroscopic techniques. Therefore, the response of such a 
complex system can be investigated by using distinctive dielectric for
malisms. In which, the integrated consequences of polymeric matrices 
under the action of the oscillating electric field were explored. The 
dielectric response of a polymeric matrix is instigated by the atomic, 
electronic, interfacial, and orientation polarization of the component 
molecules (Wang et al., 2018). 

The real part ε′(ω) of complex permittivity (ε*) obtained using the 
measured capacitance (Cp), thickness of self-sustained matrix (d in m) 
and radius of electrode–matrix contact area (r in m) by following 
equation, 

ε′

(ω) =Cpd∕πr2ε0 (2)  

where dielectric permittivity of air (ε0) is 8.854 × 10− 12 C2/Nm2. Fig. 8 
(a) shows the graph of ε′(ω)→logf for pre and post C+5 and Ni+7 ions 
irradiated CS matrices. Indeed, there is an overall increase in ε′(ω) was 
perceived with moderately alike frequency dependence trend upon C+5 

and Ni+7 ions irradiation. The broader dispersion in 20 Hz to 3 kHz, 
whereas beyond 3 kHz a frequency-independent plateau revealed and 
increased ε′(ω) with fluence for both the ions. The ε′(ω) value for Ni+7 

ions irradiation in the dispersion region seemed higher for the fluences 
of 1 × 1011 and 1 × 1012 ions/cm2. The ε′(ω) response in dispersion 
region ascribed to modify molecular dynamics, specifically, as revealed 
from FTIR, the Ni+7 ions tremendously rupture polymeric main and side 
chains yielding lower-mass macromolecular and enhancing chain 
segmental mobility. Also, enhanced free polymeric volume as revealed 
from XRD may reduce the cohesive forces functioning between the 
polymeric chains also improve chain segmental mobility. The lower 
frequency response of matrices attributed to space charges/interfacial 
and electrode electric double-layer polarization due to succeeding con
sequences of –NH2 and –Ö– groups dipoles orientation plus long-range 
charge carriers fluctuations across the matrix owing to a slower rate of 
time-dependent electric field (Pal et al., 2019; Patel et al., 2019). 
Whereas beyond 3 kHz, dipoles begin to lag behind the field yielded 
frequency-independent response of matrices. However, the improved 
value of ε′(ω) in plateau section indorsed to induce charge carrier den
sity and instigation of defect sites due to matrix-ion interactions as 
argued in UV–Visible findings. 

Fig. 8 (b) exhibits the graph of ε′(ω)→logf for CSN matrices. The 
increased loading of Ag NPs in the matrix caused solely increase in the 
dielectric constant. Since the CSN matrices embraced metallic islands in 
an insulating host. Therefore, the substantial diversity in conductivities 
of two phases yielding the formation of interfacial dipole mainly at the 
interface due to partial charge transfer (Zojer et al., 2019). Under the 
influence of the field, these dipoles being polarized and indorsed to the 
dielectric constant. Fig. 8 (c) revealed graph of ε′(ω)→logf for pre and 
post C+5 and Ni+7 ions irradiated CSNC matrices. There is an overall 
noteworthy increment in ε′(ω) upon irradiation over the entire fre
quency region revealed in high dielectric materials in alternatives for 
flexible and stretchable electronics for electromagnetic shielding pur
pose (Wang et al., 2018). Indeed, the structural rearrangement upon 
SHIs irradiation of highly doped heterogeneous polymer matrix with 
variable-sized Ag NPs may facilitate cluster-to-cluster interaction due to 
increased correlation length. These discussions were further supported 
by the prior studies carried out by our group proposing the SHIs irra
diation induced modification of different polymer composites systems 
(Gavade et al, 2011, 2014; Qureshi et al., 2008; Singh et al, 2007, 2011). 

Fig. 8(d–f) illustrated ε′′(ω)→logf for pre and post C+5 and Ni+7 ions 
irradiated CS, Ag NPs dependent CSN and pre and post C+5 and Ni+7 ions 
irradiated CSNC matrices respectively. The dielectric loss diminished 
with the increase in the frequency up to 1 kHz, subsequently, the 

dielectric loss attained a lower value and fairly does not depend on 
frequency for all the matrices under study. The exponent nature re
sembles that the polarization influence is dominant in the matrices than 
the dc conductivity (Ku and Liepins, 1987). For CSN matrices, the ε′′(ω) 
increased in 20 Hz to 1 kHz frequency range as a function of Ag NPs 
loading. Except, minor relaxation in the frequency range 1 kHz–20 kHz 
for the CSNC matrix. This implies that the Ag NPs doping influences the 
relaxation of the polymeric chain due to nanoparticle confining effects. 
SHIs irradiated CS and CSN matrices exhibited alike frequency depen
dant response, except, lower frequency dispersion. 

The electric modulus spectra concern with the relaxation of a field in 
the bulk, hence being an ingenious perspective in the analysis of 
dielectric spectroscopy. Providing prospects to study and investigate 
phenomena involving relaxation and conduction response at a micro
scopic extent, excluding the low-frequency dispersion occurrences 
(Prokhorov et al., 2011). So, the electric modulus formalism has been 
introduced using the frequency-dependent ε′(ω) and ε′′(ω) values as 
explained elsewhere (Steinmetz, 2012). 

The imaginary modulus spectra showed a peak as perceived from 
Fig. 9(a–c). The M′′(ω)→logf plots have a loss peak at the distinctive 
relaxation frequency fmax for pre and post C+5 and Ni+7 ions irradiated 
CS and CSN matrices, respectively. Observed relaxation in window of (f 
< fmax) indorsed to the existence of interfacial polarization plus long- 
range migration of charge carriers, explicitly, efficient hopping be
tween the adjacent sites (Aziz et al., 2010). Whereas the relaxation for 
frequencies (f > fmax) attributed to short-range migration of charge 
carriers within potential wells (Patel et al., 2017). The Kohl
rausch− Williams− Watt (KWW) (Williams and Watts, 1970) elicited 
empirical exponential function explicitly well-fitted the experimental 
data of the frequency-dependent M′′(ω) graphic in the frequency prov
ince was amended by Bergman and can be expressed as follows (Berg
man, 2000): 

M˝(ω)=
M˝

max

(1 − βKWW) +

[(
βKWW

1+βKWW

)(

βKWW

(
fmax

f

)

+

(
f

fmax

)βKWW
)] (3)  

where βKWW is the Kohlrausch coefficient with the condition 0 ≤ βKWW 

≤ 1 and M ′′

max is the peak value of the imaginary electric modulus curve. 
The value of βKWW = 1 signifies the ideal Debye relaxation response and 
the value of βKWW less than unity signifies a non-ideal Debye relaxation 
response (Bergman, 2000; Williams and Watts, 1970). The solid symbol 
in Fig. 9(a–c) stands for the superior fitting of the M′′(ω) curve, whereas 
the hollow symbol resembles to experimental data. The defined fitting to 
the experimental frequency-dependent M′′(ω) values with simulated 
predictable values is endorsed using the figure of merit (FOM) estima
tion. The parametric values βKWW, M ′′

max and fmax estimated from the 
Bergman equation fit are summarised in Table 2 for pre and post irra
diated CS and CSN matrices. The value of βKWW is less than unity for all 
the matrices approved non-Debye relaxation response. The relocation in 
relaxation peak toward higher frequencies as a function of ion fluence 
perceived in the case of the CS matrix (see Fig. 9 (a)). While Ag NPs 
loading exhibited alike trend along with modification in peak shape, 
that is, broadening and the peak value of M′′(ω) curve, as indorsed from 
Fig. 9 (b). The relaxation peak of the CSNC matrix is broader and have a 
smaller value of M ′′

max (see Fig. 9 (c)). Indeed, owing to nanoparticles 
confining restrict, the molecular interactions between main and 
side-chain functional groups assisted the macromolecules movement of 
individual chains. Hence, the relaxation time of the process becomes 
shorter and the relevant loss peak is recorded at a higher frequency 
(Psarras, 2010). The Ag NPs loading affects the conduction phenomenon 
also. The ε′′(ω)→logf and M′′(ω)→logf curves of the CS does not indi
vidually involve loss peak indicating relaxation process, while in the 
case of CSNC matrix, the loss peak present in both graphics indicating 
conduction process, not a relaxation one (Begum et al., 2016). Upon 
SHIs irradiation, the relocation of relaxation peak to higher frequencies 
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is also perceived for CS and CSN matrices. Hence, the relaxation phe
nomenon can be a SHIs assisted consequence involving the fundamental 
hopping mechanism of the charge. In consequence of C+5 and Ni+7 ions 
irradiation, the values of M ′′

max decreased and shifted toward higher 
frequencies indicates the transformation of materials. The SHIs irradi
ation induced macroscopic dielectric response originates from the 
alignment of induced dipoles present in an amorphous province and the 
existence of free side chains and radicals in the matrix. The dielectric 
modulus behavior has a persuasive consonance with FTIR response. 

The total electrical conductivity, σ(ω, T), was estimated as the 
addition of the plateau region appeared at lower frequencies contrib
uting as direct current, σdc, and the frequency-dependent dispersive 
region emerged at higher frequency contributing as alternate current, 
σac = Bωs. The frequency-dependent conductivity principally obeys the 

Jonscher universal power law as follow (Jonscher, 1996): 

σ(ω,T)= σdc + Bωs (4)  

where B is pre-exponential parameter and s (0 ≤ s ≤ 1) is dimensionless 
temperature-dependent fractional exponent (Jonscher, 1996). Fig. 10 
(a–c) revealed the variation of frequency-dependent total conductivity 
for pre and post C+5 and Ni+7 ions irradiated CS, Ag NPs dependent CSN, 
and pre and post C+5 and Ni+7 ions irradiated CSNC matrices respec
tively. The σdc was evaluated by extrapolation of the σ plateau to zero 
frequency. Fig. 11 illustrates the variation in dc conductivity concerning 
ion beam parameters and Ag NPs loading. The dc conductivity moder
ately increased upon Ag NPs loading, this kind of response was reported 
in the literature for CSN matrices (Kumar-Krishnan et al., 2015; Pro
khorov et al., 2011). The dc conductivity enhanced upon C+5 and Ni+7 

ions irradiation infers successful hopping of charge carriers between 
adjacent sites due to increased amorphous phase. The migration of 
charge carriers with increasing frequencies is hindered. The conduc
tivity graphics revealed that beyond the critical frequency (fc), the 
conductivity of matrices increases steeply as stated by the power law. 
The values of σac beyond the fc further boosted with an increase in flu
ence attributed to the creation of defect in terms of degradation of 
macromolecules through chain scissioning, formation of C––O, C––C and 
C––NH linkages plus sp2 hybridization and enriched localized 
carbon-rich network (Compagnini et al., 1990; Fink, 2004; Fink et al., 
1995a; Gavade et al., 2014). The exponent “s” calculated from the slop 
(dσac/dω) of logσac→logω curve measured using linear regression 
approach at higher frequency window to suppress the interfacial po
larization influences. The modification in the value of “s” by considering 
the variable parameters of SHIs irradiation and Ag NPs loading observed 
from Fig. 12. The goodness-of-fit (R2) varies moderately between 0.97 

Fig. 9. Bergman equation fit of imaginary part of modulus versus log frequency for (a) pre and post C+5 and Ni+7 ions irradiated CS, (b) Ag NPs dependent CSN and 
(c) pre and post C+5 and Ni+7 ions irradiated CSNC matrices. 

Table 2 
Parameter values obtained from the Bergman equation fit.  

Sample M′′
max  fmax βKWW FOM (%) 

CS 0.08415 179 0.42121 5.32 
CS (C− 1 × 1011 ions/cm2) 0.08411 600 0.26855 4.31 
CS (C− 1 × 1012 ions/cm2) 0.08395 700 0.26121 4.06 
CS (Ni− 1 × 1011 ions/cm2) 0.07644 610 0.30427 5.49 
CS (Ni− 1 × 1012 ions/cm2) 0.07324 820 0.30124 6.18 
CSNA 0.10100 217 0.52577 9.83 
CSNB 0.04488 770 0.39114 9.61 
CSNC 0.02690 43,870 0.24855 5.05 
CSNC (C− 1 × 1011 ions/cm2) 0.02680 44,000 0.28847 10.30 
CSNC (C− 1 × 1012 ions/cm2) 0.02247 100,547 0.24180 7.63 
CSNC (Ni− 1 × 1011 ions/cm2) 0.02617 45,000 0.24642 1.73 
CSNC (Ni− 1 × 1012 ions/cm2) 0.02611 135,000 0.20121 3.62  

Fig. 10. Plot of conductivity versus log frequency for (a) pre and post C+5 and Ni+7 ions irradiated CS, (b) Ag NPs dependent CSN and (c) pre and post C+5 and Ni+7 

ions irradiated CSNC matrices. 
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and 0.99 showed a reliable accuracy of measurement. The frequency 
exponent attained the values in between 0.94 and 0.76 with a maximum 
standard deviation of ±0.02. This indicates hopping of charge carriers is 
suitable conduction mechanism and it is AC type (Jonscher, 1996). 
Fig. 13 revealed the linear response of log(fε’)→logf graph over a broad 
spectrum of frequency range for pre and post C+5 and Ni+7 ions irradi
ated CS and CSN matrices. This is credited to the well-defined domi
nance of the universal dielectric response (UDR) model, wherein the 
hopping of charge carriers between adjacent sites coupled with the 
dipolar relaxation, generally, observed in a persuasive disorder
ed/amorphous materials (Bowen and Almond, 2006; Elliott, 1994). 

3.5. Surface morphology 

Fig. 14(a–f) displays the Scanning Electron Micrograph (SEM) of pre 
and post C+5 and Ni+7 ions irradiated CS (Fig. 14(a–c)) and CSNC 
(Fig. 14(d–f)) matrices at a fluence of 1 × 1012 ions/cm2. The SEM 
micrograph of the CS revealed irregular surface morphology evolving 
the nodules possess the crystallized domains due to the slower rate of 
evaporation (Ghosal et al., 2018). Definitely belong to the hydrated 

crystalline (8.2◦ and 11.6◦) and anhydrous crystalline (15◦) structures of 
the CS as discussed in XRD. Inset micrograph of Fig. 14 (a) revealed 
crevices also attributed to the semi-crystalline nature of the CS. Pre
sumably, the extinction of the crevices upon the Ag NPs loading in the 
polymeric matrix as observed from Fig. 14 (d) ascribed to significant 
interaction between fillers and polymeric chains, mainly at the interface, 
as inferred in physicochemical responses. As can be perceived that the 
SHIs irradiation caused prominent modifications in the surface mor
phologies of the CS and CSNC matrices. Comparatively, the flatter 
morphologies of SHIs irradiated matrices than pristine one evidences of 
induced amorphous phase. The energetic C+5 and Ni+7 ions steeply 
boosted the localized temperature within a few picoseconds period 
originating from a rapid molten provinces nearby the ion trajectory 
(Avasthi and Mehta, 2011). Consequently, the polymeric chains rear
range themselves yielding enhanced interfacial interaction together 
with the formation of new chemical linkages and defects. The ion tra
jectories overlapped with an increase in ion fluence due to rapid 
quenching resulted in a carbon-rich network with an enhanced conju
gated system. Inclusively, the Ni+7 ion imparts a substantial impact on 
surface topography owing to tremendous electronic loss. 

Fig. 15(a–f) shows AFM images of CS and CSNC before and after 
exposure to C+5 and Ni+7 ions at the fluence of 1 × 1012 ions/cm2. One 
can notice that the surface morphology of CS and CSN reformed under 
SHIs irradiation. The analysis of AFM images was performed to obtain 
the Root Mean Square (RMS) roughness (Rq) and average roughness (Ra) 
parameters. The AFM images for virgin CS and CSNC appeared 
distinctive with hillock-like structures. The Rq and Ra for CS were found 
to be 15.2 nm and 11.8 nm, respectively. The Rq decreased to 10.4 nm 
and 10.3 nm, whereas, the Ra decreased to 8.4 nm and 8.3 nm upon C+5 

and Ni+7 ions irradiation, respectively. The values of Rq and Ra were 
moderately changed for chitosan. Although the substantial impact of 
MeV ions irradiation on the physicochemical properties of CS was 
experienced, which is not attributed to the roughness parameters. A 
similar kind of trend in surface morphology of the CS matrix was also 
observed upon UV treatment (Kowalonek, 2017). The reason behind 
such a respond upon SHIs irradiation is resembled to melting and 
resolidification cascades due to superlative temperature (~104 K) 
(Avasthi and Mehta, 2011) resulted in polymeric degradation and pro
duction of transient elements, which are eventually distributed on the 
surface with evacuation of some volatile gases. The smoothness and 
homogeny of the CS surface were enhanced due to SHIs irradiation. For 

Fig. 11. Variation in dc conductivity as a function of ion fluence.  

Fig. 12. Variation in frequency exponent “s” as a function of ion fluence.  

Fig. 13. Plot of log(fε’) versus log frequency for pre and post C+5 and Ni+7 ions 
irradiated CS, Ag NPs dependent CSN and pre and post C+5 and Ni+7 ions 
irradiated CSNC matrices. 
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the CSNC matrix, the Rq and Ra were found to be 71.2 nm and 50.3 nm, 
respectively. An incorporation of nano-filler within the matrix consid
erably increased the surface roughness. The increase in roughness pa
rameters is due to the increase of density and size of metal particles on 
the surfaces of the chitosan films (Qureshi et al., 2008; Singh et al., 
2011). After C+5 and Ni+7 ions irradiation, the value of Rq decreased to 
19.2 nm and 12.3 nm, whereas the value of Ra decreased to 15.2 nm and 
9.4 nm, respectively. These findings ascribed to the immense collision 
impact of ions over the relatively soft polymeric surface might wreck the 

hill-like features and caused localized surface diffusion of nanoparticles 
within the matrix. The AFM analysis was complemented to the SEM 
imaging admitted qualitatively and quantitatively investigations of the 
topographical features of the matrices. 

4. Conclusions 

Biodegradable self-sustained matrices of chitosan and hybrid chito
san were formed via solution casting route. The matrices were irradiated 

Fig. 14. SEM micrographs of pristine CS (a), irradiated with C+5 ions (b), Ni+7 ions (c) at the fluence of 1 × 1012 ions/cm2 and pristine CSNC (d), irradiated with C+5 

ions (e), Ni+7 ions (f) at the fluence of 1 × 1012 ions/cm2. 

Fig. 15. AFM images of pristine CS (a), irradiated with C+5 ions (b), Ni+7 ions (c) at the fluence of 1 × 1012 ions/cm2 and pristine CSNC (d), irradiated with C+5 ions 
(e), Ni+7 ions (f) at the fluence of 1 × 1012 ions/cm2. 
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with energetic C+5 and Ni+7 ions to study the perception of compre
hensive modifications induced as a function of beam parameters. The 
structural and microstructural/SEM revealed successful Ag NPs loading 
within matrices and an increase in the degree of disorder upon SHIs 
irradiation. Modifications in vibration modes of matrices due to Ag NPs 
confining effects and SHIs irradiation were monitored by ATR-FTIR 
spectroscopy. The ATR-FTIR analysis showed degradation of matrices 
due to the scission of multiple linkages of main and side chains 
accompanied by the appearance of new carbonyl bonds. Particularly, 
the vibrational mode concerning C–H linkages reduced drastically due 
to substantial hydrogen abstraction. Accordingly, double bonds are 
prompted due to sp2 clustering yielding a carbon-rich network as 
inferred in optical response. The optical band gap decreased upon Ag 
NPs loading and SHIs irradiation attributable to the origination of de
fects due to charge transfer reaction between polymer and surface of the 
nanoparticles and radiation-induced disorder respectively. Also, the 
successive red shift of the AE figure out the utilization of matrices under 
investigation as shielding of UV photons. The physicochemical modifi
cations are reflected in conduction and macromolecular relaxation as
pects and comprehensively interpreted in distinct dielectric formalisms. 
The frequency-dependent values of ε′(ω) increased over a wide span 
together with lower frequency dispersion. The dynamics of molecules 
also influence due to nanoparticle confining effects and SHIs irradiation. 
Interestingly, the higher loading of filler hindered the molecular inter
action and SHIs induced chains scissoring with lower molecular mass 
enhance molecular dynamics. The conductivity, that is, ac and dc both 
considerably enhanced with fluence and followed the power law. The 
transport of the charge carriers in the matrices is due to hopping cascade 
and the matrices under investigations imitate according to the UDR 
model. Inclusively, our investigation shows that the environment- 
friendly polymeric matrices functionalized respecting the many as
pects by suitably selecting privies parameters of MeV ion. The func
tionalized matrices are capably used as UV and electromagnetic 
shielding materials. 
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A B S T R A C T

In the present investigation, the effects of ion beam irradiations on physicochemical and dielectric properties of
the self-sustained chitosan/poly (ethylene oxide) blend film was studied. The blend film was formed via solution
casting route due to its cost-effectiveness and ease of processing. These polymeric blend films were irradiated
with C+5 (60MeV) and Ni+7 (100MeV) ions at different fluences. The tailored responses of polymeric material
depend on electronic energy loss (Se) of the ions. The electronic energy loss within the matrix depends on mass,
energy and atomic number of the impinging ion. XRD and FTIR analyses revealed alterations of crystalline size
and diminished diverse modes of molecular vibration, respectively. Optical parameters were analyzed by em-
ploying Tauc and Fink approaches and unveiling the waning in band gap, carbonization of the polymeric matrix,
respectively. The physicochemical modifications were well correlated with frequency dependent dielectric
properties in the broad interval ranging from 20Hz to 2MHz. It reveals a significant enhancement in the di-
electric outcomes owing to structural rearrangements upon a radiation treatment. Moreover, the XRD and FTIR
studies were well complemented by DSC analysis. Observation of the hillocks-like structures and alteration of
surface roughness upon exposure to radiation were examined by employing AFM.

1. Introduction

Global climate changes are a worrying environmental issue, af-
fecting current and forthcoming deeds. Everyday uses of traditional
polyethylene products are one of the major cause of climate change,
owing to their non-biodegradable characteristics, challenging waste
management to develop eco-friendly and low-cost solid waste disposal
[1]. Therefore being necessitated to replace conventional polymeric
materials with sustainable, biodegradable and renewable resource-
based materials [2]. To diminish the adverse environmental impacts,
the use of the biodegradable polymer is quite fascinating.
Chitosan is a cationic biopolymer with functional groups amino

(eNH2) and hydroxyl (eOH) with captivating physicochemical features
viz. nontoxicity, biodegradability, biocompatibility, antibacterial, and
film forming capacity, which intensifies its relevance in food, medical,
pharmaceutical, agricultural, and optoelectronics industries [3]. The
physicochemical property of chitosan yields flexible and permeable film
due to stabilized hydrogen bond network. To develop the new class of
biomaterials with optimized properties for an explicit desire in various
applications is blending of biodegradable polymers [3,4]. In addition,
the polymeric blend can be formed using an easy route. Chitosan is

being blended with other polymeric materials, in order to expand the
horizon of its applications [2,4,5]. Among these, poly (ethylene oxide)
(PEO) with ether groups is emerged as an ensuring one, owing to un-
charged, semi-crystalline, biodegradable, nontoxic, and water-soluble
polymer. Particularly, PEO is broadly used in biomedical, pharmaceu-
tical sectors as well as solid polymer electrolytes (SPEs) used in the
innovation of electronic techniques in batteries, fuel cell, super-
capacitors [5–7]. Although such advantages, self-standing PEO films
exhibited low flexibility and weak mechanical properties owing to
semi-crystalline nature [5]. The presence of chitosan within PEO matrix
enhanced its physical, optical and dielectric properties. Moreover,
proton donor amino group of chitosan effectively interact with proton
acceptor ether group of PEO yielding homogeneous, flexible and opti-
cally improved polymeric blend [7,8]. It revealed significant interac-
tions between the amino groups and the ether groups of chitosan and
PEO respectively. Chitosan/PEO (CP) blend is a polymeric material
with unique and enhanced performance over their individual short-
comings. CP blend does not lead to phase separation and amorphous
chitosan chains may facilitate a decrease in PEO crystallinity [5]. Also,
it tends to improve in dielectric and optical properties of the materials
which can be used in various electrochemical applications because
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conductivity is significant in the amorphous state [9].
Zivanovic et al. [5] studied physical, mechanical, and antibacterial

properties of CP blend. Li et al. [10] reported the functionality of CP
films with respect to film thickness, composition and synthesis
methods. Shukur et al. [6] studied the conductivity of ammonium ni-
trate doped CP blend base electrolytes for electrochemical devices ap-
plications. Cassani et al. [11] explored the physicochemical and nano-
mechanical properties of electrodeposited CP blend. Buraidah et al. [7]
investigated ammonium iodide embedded CP blend for plasmonic dye-
sensitized solar cell. To date, enormous efforts have been made to im-
prove the CP blend as a function of different variables depending on the
required applications [5,7,10,11]. However, the chemical modification
involves complicated methodology and the subsequence yielding ex-
planation became difficult due to involvements of many parameters.
An alternative and facile technique to modify the physicochemical

responses of the biodegradable blend by electromagnetic (e.g. UV, X-
ray or Gamma photons) or particle (electron, neutron or charged spe-
cies) induced irradiation in a well-controlled manner. Kowalonek [12]
recently reported the surface and thermal properties of UV-irradiated
chitosan/poly (ethylene oxide) blends. However, the deposited loca-
lized energy density to the matrix by UV radiation is rather small and
hence it may transform the materials up to a certain extent through
photooxidative degradation. Swift heavy ions (SHIs) modify the poly-
meric matrices by depositing extremely high localized energy density
within a very small volume (∼10−17 to 10−16 cm3), in a very short
time (∼10−17 to 10−15 s) [13]. The influence depends upon ion range,
electronic energy loss (Se) and diameter of ion track, can be regulated
by informed selection of the energy, mass, and fluence of the SHIs. To
the extent, the influence of SHIs irradiation on the subsequent struc-
tural, optical, dielectric, and surface properties of CP blend have not yet
been investigated although their relevance toward high-end applica-
tions in medical and electrochemical devices [5–7,10]. The objective of
this work is to investigate the effect of electronic energy loss, fluence
and mass of MeV ions, i.e. C+5 (Z=6) and Ni+7 (Z= 28) on physi-
cochemical and dielectric responses of CP blend.

2. Experimental

2.1. Materials

Commercially available 50–190 kDa molecular weight and 75–85%
deacetylated chitosan powder (CAS No. 9012-76-4) and 300 kDa mo-
lecular weight PEO powder (CAS No. 25322-68-3) were purchased from
Sigma-Aldrich and Alfa Aesar respectively. Acetic acid (ACS reagent,
≥99.7%, CAS No. 64-19-7) procured from Sigma-Aldrich was used as a
solvent.

2.2. Preparation of CP blend films

A film-forming solution of CP blend was prepared by a solution
casting technique. Initially, to obtain the film with a desired thickness,
an equal amount of chitosan and PEO powder were diluted separately
in 1.0% glacial acetic acid using stirrer and to obtain a homogeneous
film-forming solution at ambient temperature. They were filtrated and
poured into a beaker for further vigorous stirring followed by half an
hour sonication. To obtain a self-standing film of thickness about
∼80 μm, the sonicated film-forming solution was poured into a well
levelled and cleaned Teflon petri dish at room temperature. Finally, the
desiccated film was detached and conditioned in desiccators.

2.3. SHI irradiation of CP blend films

The desiccated CP blend film was carefully cut into the units of area
1.5×1.5 cm2. These films were affixed on a vertically portable copper
ladder and irradiated under a high vacuum by C+5 (60MeV) and Ni+7

(100MeV) ions, at fluences of 1× 1011 and 1× 1012 ions/cm2,

accessible at the Inter University Accelerator Centre (IUAC), New Delhi,
India from 15 UD Tandem Pelletron Accelerator amenity. Pre-loaded
self-supported films were uniformly irradiated in x-y coordinate of area
1×1 cm2, utilizing magnetic scanning system. C+5 and Ni+7 ions
beam current were kept ∼0.5 particle nano-ampere (pnA) to prevent
the thermal decomposition in CP blend films [14,15].

2.4. Energy loss and range of C+5 and Ni+7 ions in CP blend films

C+5 and Ni+7 ions undergo electronic energy loss (Se) and nuclear
energy loss (Sn) during the interaction with the polymeric materials
along its trajectory. As shown in Fig. 1 and its inset, the values of Se, Sn
and ranges of C+5 and Ni+7 ions in CP blend matrix were simulated
using SRIM 2013 code [16]. The Se value was found to be 0.095 keV/
nm and 1.5 keV/nm; while Sn value was 0.000 keV/nm and 0.002 keV/
nm, and simulated range was 403 μm and 92 μm for C+5 and Ni+7 ions,
respectively. It should be noted that Sn value for both the ions seems to
be diminutive than Se values. Moreover, the electronic energy loss is
substantial and hundred times higher for Ni+7 than C+5. The range of
ions revealed that the possibility of ions implantation was moderately
trivial.

2.5. Characterizations of CP blend films

To investigate the tailored physicochemical characteristics of CP
blend, we exploited X-ray diffraction (XRD), FTIR and UV–visible, three
powerful techniques. Modified structural responses of CP blend were
monitored by XRD with an X-ray source of monochromic Cu-Kα having
wavelength of 1.5418 Å (Bruker D8-Advance diffractometer). ATR-FTIR
spectra were executed in 4000–800 cm−1 interval to analyze the vibra-
tional functional modes (JASCO-4100 spectrometer). Each spectrum
obtained after 100 sequential scans to confirm a higher signal-to-noise
ratio in multi-reflection ATR mode (ATR PRO410-M). The optical re-
sponse in absorption mode was explored in 200–800 nm wavelength
region (Hitachi Model U-3300 spectrometer). The impedance behavior
performed by using a precision LCR meter in the broader frequency
range of 20Hz–2MHz at room temperature (Agilent E4980A). The dif-
ferential scanning calorimetry (DSC) was investigated using 2mg seg-
ment of the CP blend under the dynamic N2 gas environment at flow rate
of 60ml/min by heating at the rate of 10 °C/min (SII EXSTAR 6000).
Atomic Force Microscopic (AFM) images were used to investigate the
surface morphology and roughness, recorded in the air at ambient tem-
perature (AFM Nanoscope digital instruments, Canberra, USA).

Fig. 1. Electronic and nuclear energy loss in CP blend. Inset shows the pene-
tration depth of 60-MeV C+5 and 100-MeV Ni+7 ions as a function of energy in
CP blend.
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3. Results and discussion

3.1. XRD analysis

The XRD patterns obtained for C+5 and Ni+7 ions irradiated CP
blend films are shown in Fig. 2(a–f) to infer the structural alteration. To
detach the probable overlapping peaks in CP blend matrix, the decon-
volution method was employed. The peaks appeared at 2-theta value of
8.9°, 15° and 21.1° were identified as hydrated crystalline, anhydrous
crystalline and amorphous form of chitosan [15]. The intense and sharp
peaks at 2-theta value of 19.1° and 22.9° 2θ were attributed to PEO
crystalline phase [14]. The same positions of peaks coming from chit-
osan and PEO in the blend compared to these peak positions for pure
polymers, observed in XRD spectra, suggests the weak or lack of in-
teractions between the components in the blend. The existence of
chitosan in the blend will lead to regulate the crystallization of the PEO
and enhance the mobility of polymeric chains within the blend matrix,
and enhanced the optical and dielectric responses. The FWHM of the

peak was attained by deconvolution technique and used to estimate the
crystallite size (L) using the Scherrer’s formula, L=0.89λ/β1/2 cosθ,
where β1/2 is FWHM of the peak at 2θ= 22.9°.
As presented in Fig. 2(f) and tabulated in Table 1, the FWHM was

moderately increased by 15.3% and profoundly achieved greater values
for higher fluence and heavier ion irradiation with negligible deviation
in 2θ. The crystallite size was explicitly decreased by 10.7% due to
localize melting taking place at the surface and nearby province of the
cylindrical latent track of ions within the matrix. Hence, the segmental
motion within the molten zones considerably enhanced nearby the ions
trajectory and caused randomization of macromolecular chains by re-
orientation along with increased nano-scale free volume.

3.2. FTIR analysis

Fig. 3(a) shows the allocation of the vibrational modes of pristine CP
blend. The broader vibrational modes in range of 3000–3600 cm−1

attributed to hydrogen bonded OeH and NeH groups and also OeH/

Fig. 2. XRD of (a) pristine CP blend, and irradiated with (b) C+5 ions at the fluence of 1×1011 ions/cm2, (c) C+5 ions at the fluence of 1×1012 ions/cm2, (d) Ni+7

ions at the fluence of 1× 1011 ions/cm2, (e) Ni+7 ions at the fluence of 1×1012 ions/cm2, and (f) variation in crystallite size and FWHM as a function ion fluences.
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NeH interacting with oxygen from C]O group of chitosan [17]. The
vibrational modes for chitosan observed at 1258 cm−1 (OH bending),
1636 cm−1 ((C]O stretching (amide I)) and 1540 cm−1 (NH bending
(amide II)). The modes at wave number 1008 cm−1 and 1069 cm−1

attributed to the saccharide structure of chitosan. The fundamental

modes of PEO appeared at 842 cm−1 (CH2 rocking), 1341 cm−1 and
1360 cm−1 (CH2 wagging) and 1060 cm−1 (CeOeC stretching) [18].
The ATR-FTIR spectrum exhibits vibrational groups at 1412 cm−1 (CH2
bending and CH3 deformation), 1447 cm−1 and 1465 cm−1 (CH2 scis-
soring), 2877 cm−1, 2928 cm−1 and 2962 cm−1 (CH stretching). The
vibrational bands of the prepared blend were well consistent with
previous investigations [14,15]. However, a trivial shift in some vi-
brational bands appeared in CP blend imply feeble interactions between
molecules of two polymers, probably mainly at the interphase.
The exploration of FTIR spectra of radiation exposed CP blend

(Fig. 3(b)) revealed no noticeable shift in peak position. However, the
intensities of bands corresponding to all the vibrational modes de-
creased. These results imply the intense materials reforms by 60-MeV
C+5 and 100-MeV Ni+7 ions, which lose their energy predominantly
through electronic ionization having an order of few keV/nm as stated
from SRIM analysis. Moreover, it is dominant at fluence of
1×1012 ions/cm2 for nickel ion. Since, the Se value is very high and
efficient to break entire linkages within a few nanometres along the
trajectory of the ions, which yields an overall fall of the intensities
corresponding to all the vibrational bands. This confirms randomization
of macromolecular chains, explicitly, the long chains cleave, degrada-
tion at backbones and side-chains of the macromolecular structure
through extrication of hydrogen and carbon. The hydrogen ravage is
more than carbon. Also, there will be the creation of ions and radicals,
which may become a part of bulk or leave the host owing to high va-
cuum [9,14,15,19]. The authentic controlled alteration in macroscopic
characteristic will boost optical and dielectric responses of the biode-
gradable blend and can be relevant in wide-ranging utilizations.

3.3. Optical analysis

The optical responses of the radiation treated polymeric materials
are very imperative for their optoelectronic applications. Fig. 4(a)
shows optical absorption data upon ions irradiations collectively for
comparison and revealed noteworthy alterations. Pristine CP blend
shows minimum absorption in 400–800 nm (i.e. visible range) indicates
the completely bound state of electrons [20] in the matrix. After SHIs
irradiations, absorption intensity increases in the UV region with flu-
ence for both the ions. Also, at an ion fluence of 1×1012 ions/cm2 for
both ions, the absorption is significantly higher in UV region (i.e.<
370 nm), indicating shielding of UV photons. These results ascribed to
transformation in color of bulk materials (images not shown here)
owing to the creation of color sensitive conjugated linkage upon irra-
diations. As a result of it, π electrons can able to excite and change the
color of materials [21]. Another assuring reason for coloration is rup-
ture of CeC bonds of polymeric chains, which will lead to sp2 hy-
bridization plus an increase in charge density (i.e. radicals and ions
formation within the matrix). In addition, there are no absorption
bands in UV–Vis spectrum of the pristine CP blend. But after SHI
treatment, a new band appeared at about 310 nm, which can be as-
signed to new chromophores C]C, C]O. After SHI irradiation, this
peak became instance and broader revealed sp2 hybridization due to H
abstraction along with volatile outgassing. The absorption edge of the
post-irradiated films became wider and persist red shift. These results
ascribed to complex phenomenon involving structural alteration
through destroying characteristic polymeric linkages and randomiza-
tion of the macromolecular chains (as examined from XRD and FTIR
data) [9,14,15,19,21]. The variation in optical responses is understood
by means of optical band gap (Eg) and carbonaceous cluster evolution
by Tauc [22] and Fink [23] approaches, respectively.
The Tauc’s plots are shown in Fig. 4(b) and obtained values of Eg are

listed in Table 1 with standard deviation and respective R2 values. The
values of R2 indicates a reliable linear fitting of the Tauc’s plots to
evaluate Eg. The decreasing tendency in Eg upon irradiation is observed
owing to band edge alteration and/or creation of intermediate energy
level in forbidden gap and enrichment in localized charge carrier

Table 1
Variation of FWHM, crystallite size, optical energy band gap (Eg), the number of
carbon atoms per conjugation length (N) and R2 for pristine and irradiated CP
blend with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluence of 1×1011 and
1×1012 ions/cm2, respectively.

Sample FWHM
(in
radians)

Crystallite
Size (in Å)

Eg (eV) N R2

Pristine CP 0.0285 48.45 5.40 ± 0.01 40.40 0.97
C (1×1011 ions/cm2) 0.0286 48.25 5.19 ± 0.02 43.67 0.95
C (1×1012 ions/cm2) 0.0319 43.27 3.92 ± 0.04 76.72 0.93
Ni (1× 1011 ions/cm2) 0.0305 45.25 4.54 ± 0.03 56.96 0.96
Ni (1× 1012 ions/cm2) 0.0336 41.03 3.23 ± 0.02 112.86 0.95

Fig. 3. FTIR spectra of (a) pure CP blend, (b) CP blend irradiated with 60-MeV
C+5 and 100-MeV Ni+7 ions at the fluence of 1×1011 and 1× 1012 ions/cm2,
respectively.
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density as a result of structural rearrangement [15,21]. Diminishing in
Eg due to low energetic and lighter C-ion is ∼27%, whereas for highly
energetic and heavier Ni-ion is ∼40%. That is, decrease in Eg due to Ni-
ion is ∼17% greater than C-ion due to extremely high electronic loss of
Ni-ion cause a noteworthy impact on polymeric materials.
Fink at al. [23] assumed the hydrogenated amorphous carbon

clusters structure formed within the polymer matrix upon SHI irradia-
tion as C60. The number of carbon atoms per conjugation length (N) was
studied using Fink methodology [23] and listed in Table1. Upon in-
creasing ion fluence, the values of N goes on increasing. Also, N values
are significantly high for Ni-ion owing to substantial dehydrogenation
than C-ion along with an alteration in the grain structure of polymeric
materials [24]. Fig. 5 exhibits the Eg and N values vs. ions fluence used
for irradiations. It illustrated that the Eg decreased and N value in-
creased as a function of ion fluence. This effect leads to modification in
optical property yielding a noteworthy impact on dielectric responses of
the materials.

3.4. AC electrical frequency response

Dielectric response of polymeric materials as a function of frequency
investigated by the atomic, electronic, interfacial and orientation po-
larizations of the macromolecules. The dielectric constant (ε′) vs. log

frequency is plotted in Fig. 6 for all the samples under investigations. At
first sight, the patterns of pristine and radiation treated CP blend ap-
peared identical and show a broad dispersion in frequency from 20Hz
to 4 kHz. Also, ε′ exhibits greater value at low frequency region, while
inferior value at high frequency region. The trends observed for fre-
quency of less than 4 kHz is due to electrical double layer creation (i.e.
space charge/interfacial polarization) at boundaries of polymer and
electrode [8]. This occurrence is endorsed to the following response of
the dipoles exist due to eNH2 and eÖe groups as well as long-range
drift of free radicals due to a slower rate of varying electric field at low
frequency. The ε′ response decreased beyond 7 kHz frequency owing to
a reduction in charge carrier density at the interface because of short-
range drift of charge carriers and slower response of polymeric dipoles
with a large moment of inertia to prompt electric field at high frequency
[8,25]. Due to the effects of SHI irradiation, the overall value of ε′ in-
creased. The increased value at low frequency ascribed to the creation
of low molecular polymeric macromolecules as revealed by FTIR data.
Because their moment of inertia decreased and hence they can easily be
aligned in the direction of the electric field. While the increased ε′ at
higher frequency is attributed to increased charge carrier density and
defect sites upon irradiation as discuss in optical response.
Dielectric modulus over a wide frequency range gives an adequate

perception of relaxation and conduction phenomenon via minimizing
space charge effect at low frequency. To overcome some difficulties viz.
nature of the electrode, electrical contact between electrode and spe-
cimen, absorbed impurities etc. occurring during the investigation of
the dielectric spectra can be ceased in the electric modulus spectra [25].
Figs. 7 and 8 show frequency-dependent plots of the real modulus (M′)
and imaginary modulus (M″) respectively for pristine and irradiated
films. As the frequency f→0, the real modulus M′→0, which is at-
tributed to space charge polarisation ceases at low frequency. For an ion
fluence of 1×1012 ions/cm2 for both ions, the values of M′ at higher
frequency seems to be reduce which indorsed the increased free volume
(as revealed by XRD analysis) and formation of low molecular segment
owing to abstraction occurred at polymeric backbones and side-chains
(as revealed by FTIR). Accordingly, there is a reduction in moment of
inertia or rigidity of polymer chains may enhance the chain segmental
and charge carriers mobility. As expected, two distinct relaxation ob-
served in the plot of M″→ logf due to the coexistence of semi-crystalline
and amorphous phase in the CP blend. The relaxation at lower fre-
quency revealed the transformation of long-range motion to rotational
or segmental motion of charge carriers, while the faster relaxation at
higher frequency attributed to polar side group motion [26]. In case of
post-radiated films, as fluence and energy of incident ions increased,
the relaxation peak at a lower frequency shifted towards higher

Fig. 4. (a) UV–Vis spectrum of CP blend irradiated with 60-MeV C+5 and 100-
MeV Ni+7 ions at the fluence of 1× 1011 and 1×1012 ions/cm2, respectively,
and (b) Tauc’s plot for all the CP blend samples.

Fig. 5. Variation in band gap and number of carbon atoms per conjugation
length as a function ion fluence.
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Fig. 6. Plot of dielectric constant versus log frequency for pristine and irradiated CP blend with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluence of 1×1011 and
1×1012 ions/cm2, respectively.

Fig. 7. Plot of real part of modulus versus log frequency for pristine and irradiated CP blend with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluence of 1× 1011 and
1×1012 ions/cm2, respectively.
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Fig. 8. Plot of imaginary part of modulus versus log frequency for pristine and irradiated CP blend with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluence of
1×1011 and 1×1012 ions/cm2, respectively.

Fig. 9. Plot of dielectric losses versus log frequency for pristine and irradiated CP blend with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluence of 1×1011 and
1×1012 ions/cm2, respectively.
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frequency with a reduction in the value of M″max. This results ascribed
to an increase in charge carrier density and reduced moment of inertia
due to rupture of polymeric linkages. The value of M″max and corre-
sponding relaxation frequency remain unaffected in case of high fre-
quency dispersion upon SHIs irradiation. However, the widening of the
peak is observed, ascribed to structural reform and creation of defects.
The plot of ε″→ logf as shown in Fig. 9 revealed deficiency of peak and
exponentially decreasing response with increasing frequency. In-
dicating the effectively collective motion of induced charge carriers
upon irradiation and modified polymeric components during the con-
duction processes. These results enhanced the conductivity upon SHI
irradiation owing to the formation of conducting track and the increase
in number of free radicals and charge carriers in the host matrix [15].
The frequency dependent conductivity response of all the samples is

portrayed in Fig. 10. It perceived that due to SHI irradiation, the con-
ductivity of the blend matrix for all the frequency increased. Moreover,
the plot shows identical patterns of conductivity response as well as
obeys “Jonscher universal power law” as follow:

= +T( , ) Bdc
s

The lower frequency response attributed to dc conduction (σdc),
while the higher frequency dispersion attributed to ac conduction
(σac=Bωs, B is pre-exponential factor). Fig. 11 revealed that the dc
conductivity improved as a function of ion fluence and energy. Further,
upon carbon and nickel ions irradiation at an ion fluence of
1× 1012 ions/cm2, σdc increased by ∼165% and ∼279% respectively.
This indicates moderate decrease in moment of inertia upon heavier
and energetic nickel ion irradiation owing to macromolecular chain
disruption as revealed by FTIR. Fig. 12 depicts plot of logσac→ logω
and its slop (dσac/dω) at higher frequency to avoid the interfacial po-
larization yielding fractional exponent (s). The value of temperature
dependent and dimensionless ‘s’ lies between 0 and 1. The value of s
was precisely acquired by employing linear regression technique. The

value of the regression coefficient (R2) is nearly 0.99, suggesting reli-
able fitting. The estimated values of ‘s’ is ranging between 0.86 and
0.82, indicating that the conduction phenomenon in blend matrix is
owing to the hopping of charge carriers, and it is AC type [27]. The
transition in σac is accompanied by modifications upon a radiation
treatment is an evidence of formation of free radicals, randomization of
polymeric chains, sp2 hybridization, and development of carbon-rich
conductive network within the matrix as well as increasing an extent of
amorphization and free volume [9,14,15,19,21,23]. These results col-
laborated with physicochemical observations.

Fig. 10. Plot of conductivity versus log frequency for pristine and irradiated CP blend with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluence of 1× 1011 and
1×1012 ions/cm2, respectively.

Fig. 11. Variation in dc conductivity as a function of ion fluence.
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3.5. Thermal analysis

DSC is a versatile tool to explore the thermal response as well as the
degree of crystallinity of the polymeric system. Fig. 13 illustrates the
DSC curves of the pristine and irradiated CP blend at an ion fluence of
1× 1012 ions/cm2. It seems that the thermal responses of CP blend
were immensely perturbed by radiation treatment. The degree of

crystallinity (Xc%) calculated as described in the literature [14]. The
inset of Fig. 13 shows the relative change in the degree of crystallinity
(ΔXc%) of blend matrix. The values of Xc% decreased by ∼4.7% and
∼7.9% because of carbon and nickel ions irradiation respectively.
Implying enhancement in inter and intra chains free volume resulted in
flexibility of the polymer chains and hence decrease in moment of in-
ertia. Moreover, it is because of molecular weight loss of polymer owing
to scissoning of polymeric chains. DSC results clearly justify the XRD
and FTIR discussions. Hence, modification of physicochemical proper-
ties of the blend matrix moderately governed by the incident ion beam
parameters.

3.6. Surface morphology

Fig. 14(a) displays micrographs of AFM images of pure CP blend,
Fig. 14(b) and (c) show CP blends irradiated at highest fluence with
C+5 and Ni+7 ions, respectively, selected for probing the alteration in
surface morphology. The surface of pure CP blend seemed considerably
rough owing to hillock-like structures. In addition, the average surface
roughness (Ra) at magnification of 5× 5 μm2 was obtained 68.0 nm. At
a higher fluence, Ra value was significantly varied and attained 43.3 nm
and 29.6 nm upon C+5 and Ni+7 ions, respectively. Implying prominent
alterations of surface topography because of nickel ion, in fact, its
hitting impact was potential as compared to C+5 ion at a time of pe-
netration owing to higher mass and energy. Moreover, the small size
uniform structure developed on the surface upon irradiation attributed
to overlapping of ions tracks leading to carbonization of the matrix
along the development of conjugated system of bonds as explained in
optical data. Inclusively, the radiation treated polymeric surface be-
came considerably smoother and could be modified by changing the
beam parameters.

Fig. 12. Plot of log ac conductivity versus log angular frequency for all the CP blend samples.

Fig. 13. DSC of pristine and irradiated CP blend with 60-MeV C+5 and 100-
MeV Ni+7 ions at the highest fluence.
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4. Conclusions

Biodegradable blend matrix was formed with the help of chitosan
and PEO polymer via solution blending route, which was irradiated by
different ions in a controlled manner and characterized accurately. The
physicochemical properties of the CP blend were affected by SHIs ir-
radiation. The crystallite size and the degree of crystallinity were
monotonously decreased by 10.7% and 7.9%, respectively. In addition,
the functional vibration groups were not affected/shifted upon varying
beam parameters, however yielding structural degradation and rupture
of polymeric linkage. Due to the structural modifications, the absorp-
tion edge was shifted towards the longer wavelength and the band gap
was decreased. These results also suggest that SHIs irradiation may
initiate the defects by enhanced nano-scale free volume holes, chain
scissions and randomization of macromolecular chains as well as evo-
lution of carbon-rich network due to substantial dehydrogenated pro-
cess along with the creation of conjugated system of bonds due to vo-
latile outgassing. Dielectric responses after radiation treatment
considerably enhanced with both fluence-dependent and frequency-
related, which led from the physicochemical modifications. The hop-
ping mechanism in the process of charge conduction is observed with
change in only hopping parameters upon irradiation. The incident ions
with higher Se value caused a momentous impact on overall polymeric
spectroscopic responses. In addition, the outcome of the experiment
reveals the effectiveness of the radiation treatment by heavier ions in
tailoring the blend properties with variable fluence, energy and mass of
the incident ion, which therefore grows to be a valued technique to
design the tailor-made polymeric matrix for desired applications.
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A B S T R A C T

Effect of swift heavy ion irradiation on electrical and optical properties of chitosan-based solid polymer elec-
trolyte system, prepared by the solution casting technique, was investigated. The solid polymer electrolyte films
were irradiated with C+5 and Ni+7 ions of energy 60 and 100 MeV, respectively, at different fluences. X-ray
diffraction (XRD) analysis revealed the transformation of chitosan structure to the amorphous phase due to the
addition of salt. FTIR spectra showed diverse vibrational modes and scissioning of bonds due to ion beam
irradiations. Ions produce volatile low-molecular-weight species and results in the evolution of gas during ir-
radiation processes. The polymer electrolyte became carbon rich with more conjugated bonds and diminished
the band gap, as found by the UV–Vis analysis. The variable parameters obtained by the Bergman fitting specify
that the relaxation process in the polymeric matrix is non-Debye, and the conductivity of electrolyte enhanced
as a function of beam parameters.

1. Introduction

Climate change is a global challenge and one of the major issues for
human beings. It is necessary to control the recent and imminent ac-
tivities of indigenous people that affect the environment worldwide.
Eco-friendly natural polymers are used as solid polymer electrolytes
(SPEs) because of their low toxicity, biodegradability, and less polluting
nature. Presently, SPEs are widely used in the applications of electrical
and optical devices as solid state batteries, gas sensors, electrochromic
display devices, supercapacitors, and fuel cells [1-8]. Biodegradable
polymers such as polyethylene oxide [6], polyvinyl alcohol [7], methyl
cellulose [8], and chitosan [1–4] have been studied widely, and further
research studies using SPE system are in progress. The advantages of
SPEs are their compactness and reliability without leakage of liquid
constituents.

Chitosan is a biopolymer used as a host for SPE and is derived from
chitin by deacetylation [4]. After cellulose, chitosan is the second most
abundant natural amino polysaccharide with distinctive structures,
multidimensional properties, and wide-ranging applications in biome-
dical and other industrial areas [9]. Chitosan has attracted considerable
attention because of its ease of processability and customization of
properties to achieve the desired functionalities [10,11]. The chitosan
structure contains oxygen and nitrogen atoms with a lone pair of
electrons, which help to form complexes with the salt. In the SPE

system, doped inorganic salts are dissociated in the polymeric matrix,
which is responsible for the ionic conductivity. At room temperature,
the ionic conductivity is about 10−8–10−7 S/cm [12]. The SPEs may
have crystalline and amorphous phases, but the conductivity is sig-
nificant in the amorphous state. Numerous attempts have been made to
reduce the crystalline structure of biopolymer-based SPEs, including
blending with conducting biopolymer and addition of nano fillers,
ceramic fillers, and plasticizers. All these fillers improve various prop-
erties of the host polymer up to a certain extent. Hence, further mod-
ifications in the physical property of SPE matrix can be performed by
irradiation with swift heavy ions (SHIs). This technique provides a
unique process to modify the microstructures of materials by electronic
excitation and ionization processes in a controlled manner [13,14]. We
particularly preferred the silver nitrate salt as it has been rarely in-
vestigated in the SPE system with chitosan as a host. Morni et al. [4]
studied the electrochemical cell performance of chitosan-doped silver
nitrate salt and concluded that it can be used as an electrolyte for the
fabrication of solid-state batteries. Yulianti et al. [15] used the ion
implantation technique for polymer electrolyte synthesis by employing
a low-energy ion (Li, Cu, or Ag) beam. In addition, the electrical
properties of ion implanted-chitosan-based polymer electrolytes are
enhanced by using a low energy beam. The low-energy beam cannot
penetrate deep into the materials and is primarily responsible for sur-
face modifications. Despite the vast applications of biodegradable
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chitosan-based polymer, few studies have studied the SHI irradiation-
induced effects on chitosan-based SPE as a function of additive level,
ion beam species, and ion fluences. A comparative study of ion beam
effects on the electrical and optical properties of SPE was also con-
ducted.

2. Experimental

2.1. Materials

Chitosan powder (deacetylation 75–85%, molecular weight
50,000–190,000 Da) and acetic acid were purchased from Sigma-
Aldrich. Silver nitrate with a molecular weight of 169.87 g/mol was
supplied by Suvidhinath Laboratories, India. Double-distilled water was
used during the synthesis procedure.

2.2. Preparation of SPE

The solution casting method was used for the synthesis of chitosan-
based SPE. The chitosan powder was dissolved in 1.0% acetic acid. To
this chitosan suspension, different amounts of silver nitrate were added
separately. The mixture was stirred continuously with heating until it
became completely homogeneous. Furthermore, it was sonicated for
half an hour. The sonicated solution was poured into a Teflon petri dish
at room temperature to get free-standing SPE thin films (thickness
∼60 μm). For simplicity, the SPE films were labeled as CS, CSA, CSB,
CSC, and CSD for 0, 5, 10, 15, and 20 wt% of silver ions in the re-
spective chitosan acetate solution. In addition, we restrict our discus-
sions up to 15 wt% concentration because, recrystallization of salt oc-
curred beyond 15% concentration, as observed in many literatures [1-
3,5,6,12,16]. The obtained films were kept in desiccators with silica gel
for further desiccation.

2.3. SHI irradiation of SPE

The SPE films of area 1.5 × 1.5 cm2 were fixed on a vertical sliding
copper ladder. After achieving vacuum around 10−6 Torr, these films
were irradiated with 60-MeV C+5 and 100-MeV Ni+7 ions in the ma-
terials science beam line scattering chamber at IUAC, New Delhi, India.
The ion beam current was 0.5 pnA. The irradiation was performed at
room temperature by scanning 1 × 1 cm2 area of the SPE film in the x-y
plane at fluences of 1 × 1011 and 1 × 1012 ions/cm2.

2.4. Energy loss and range of carbon and nickel ions in SPE

The SRIM 2013 code [17] was used to obtain the electronic energy
loss (Se), nuclear energy loss (Sn), and projected range of 60-MeV C+5

and 100-MeV Ni+7 ions in chitosan (C6H11O4N) polymer matrix having
an approximate mass density of 0.25 g/cm3. The simulated values of Se
and Sn and the projected range for C+5 ion were 69.29 keV per micron,
3.88 × 10−2 keV per micron, and 554 μm, respectively. In the case of
Ni+7 ions, the obtained values of Se and Sn and the projected range
were 11.1 × 102 keV per micron, 1.81 keV per micron, and 126 μm,
respectively. This implies that the nuclear energy loss during SHI irra-
diation is almost negligible for both ions, while the electronic energy
loss seems to be dominant. In addition, the value of Se for Ni+7 ions is
hundred times higher than that for C+5 ions.

2.5. Characterizations of SPE

XRD measurement was performed using a Bruker D8-Advance dif-
fractometer to study the amorphous or crystalline structure of SPE. The
wavelength of monochromatic Cu-Kα radiation is 1.5418 Å, and the
diffraction patterns were recorded at angles of 5° ≤ 2θ ≤ 65°. FTIR
analysis was performed using a JASCO-4100 spectrometer to confirm
the complexation between polymer and salt and the radiation-induced

modifications in the structural properties of the electrolyte. The FTIR
spectra were recorded in the transmission mode from 400 to
4000 cm−1, with a resolution of 1 cm−1 after 100 accumulated scans.
UV–visible spectroscopy was performed to study the optical properties
of the electrolyte using a Hitachi Model U-3300 spectrometer. The
absorption spectra were recorded in 200–800 nm wavelength range.
Complex impedance spectroscopy was performed using a Solartron SI-
1260 impedance gain/phase analyzer to investigate the electrical
properties of the SPE. The SPE films were sandwiched between two
silver electrodes under spring tension. The impedance was measured in
the frequency range of 10 Hz–10 MHz at ambient temperature with 1-V
AC signal amplitude. The data were collected using a fully automated
interfaced with a computer. The Z-View2 software was used to further
analyze the AC electrical data. The highest conductivity was obtained
for the CSC sample (similar observations on the conductivity were re-
ported by Morni et al. [4]). The surface morphology of the electrolyte
samples was studied in the tapping mode using AFM Nanoscope digital
Instruments, Canberra, USA, in air at ambient temperature. The elec-
tronic digital caliper (Forbes) was used to measure the thickness of the
electrolytes.

3. Results and discussion

3.1. XRD analysis

To investigate the effect of silver nitrate salt with chitosan-based
polymer, the XRD study of pure chitosan and chitosan–silver nitrate salt
complexes was conducted. Fig. 1 shows the X-ray diffraction patterns of
pure chitosan and silver nitrate-doped chitosan-based electrolytes.
Different peaks observed at 8.2°, 11.6°, 15°, 18°, and 21.7° were iden-
tified as the characteristic peaks of pure chitosan. The two peaks that
appeared at 8.2° and 11.6° indicate a hydrated crystalline structure,
while the peak at 15° may be attributed to the anhydrous crystalline
structure. In addition, the broader peaks that appear at 18° and 21.7°
show the existence of an amorphous phase of chitosan [18]. A com-
parison of the X-ray diffraction patterns of pure chitosan and silver
nitrate-doped chitosan-based electrolytes revealed that the different
peaks corresponding to chitosan disappeared and a broader peak
evolved upon the addition of salt. This confirms the interaction between
the silver nitrate salt and chitosan matrix. The broadening of peak can
be attributed to the increased separation of the polymeric chain of the
SPE incorporated with salt. In addition, the synthesis temperature of
SPE system (about 60 ± 2 °C) helped to achieve the amorphous phase.
In addition, the peak that corresponds to silver nitrate salt was not
observed in the XRD pattern. This suggests the structural rearrangement
of host polymer and salt with no surplus salt present in the SPE, but the
crystalline peaks with very small intensity that appeared at ∼38° and
∼44° correspond to the (1 1 1) and (2 0 0) planes of silver nano-
particles, respectively. During the synthesis, chitosan acts both as re-
ducing and capping agents in a lightly heated system, yielding silver
nanoparticles [19]. In addition, the pattern of irradiated SPE system did
not reveal any considerable change.

3.2. FTIR analysis

To understand the interaction of chitosan with silver nitrate salt and
the effect of SHI irradiation on existing chemical bonds/functional
groups within the compound, IR transmittance measurements were
made. Fig. 2 represents the IR spectra of CS and highest conducting
electrolyte system CSC. First of all, no peak was observed at 1590 cm−1

attributed to the−NH2, but a band appeared at 1540 cm−1 conforming
NH3

+ [20]. This implies that the SPE is basically in the acetate form.
The strong characteristic vibration band center at 3426 cm−1 corre-
sponds to the overlapping of O–H stretching vibrations with the N–H
stretching. The bands that appeared at 1639 cm−1 (amide I group) and
1329 cm−1 (amide III group) correspond to the mode of amino group
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[21]. In the IR spectra, vibrational modes at 1410 cm−1 (CH2 bending
and CH3 deformation), 1380 cm−1 (symmetric CH3 deformation and
CH bending), and 1320 cm−1 (CH2 wagging) were also observed [22].
The peaks at wavenumbers 2925 and 2881 cm-1 were due to the C–H
stretching vibrations (asymmetric and symmetric, respectively). The
bands at 1260,1154, 898, and 665 cm−1 can be attributed to the OH
bending, C−O stretching, C–H out-of-plane, and the −NH twisting
vibration mode, respectively [23].

The inset of Fig. 3 depicts the concentration-dependent FTIR spectra

of the electrolyte system. The characteristic absorption peaks of CS at
1639, 1540, 1410, 1329, 1154, and 898 cm-1 shifted to 1650, 1559,
1404, 1324, 1143, and 897 cm−1 upon the addition of salt in the CSC
electrolyte system. Furthermore, the intensities of peaks corresponding
to 2925, 2881, 1540, and 898 cm−1 increased, while the intensities of
other peaks corresponding to the vibrational modes decreased. In ad-
dition, the broadening of the peak may be due to increased con-
centration of free ions. A similar trend was observed for the con-
centration-dependent interaction of salt–chitosan host matrix. The

Fig. 1. XRD patterns of CS and SPE system with different concentra-
tions.

Fig. 2. FTIR spectrum of CS and CSC SPE samples.
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peaks at wave numbers 665 and 1380 cm−1 disappeared, while a new
peak appeared at wave number 826 cm−1. Moreover, the absence of
silver nitrate peaks in the IR spectra revealed the complexation of the
salt with chitosan matrix [16]. These discussions conclude that there is
a considerable interaction of the salt or metal ions with chitosan, which
is responsible for ionic conductivity.

Fig. 3 shows the FTIR spectra of pristine CSC and irradiated CSC
with carbon and nickel ions at different fluences. After the SPE film was
irradiated, the transmission intensity of all the peaks decreased con-
siderably without any significant shift in the peak position. The re-
duction in intensity may be ascribed to the changes in the bond struc-
ture of CSC due to the abstraction of intra-chain hydrogen linkage with
NH2 and/or OH groups of chitosan macromolecule. As the SHIs moved
through the polymeric material, inter ionization and excitation of
electrons occurred. As discussed in the earlier section, the electronic
energy loss of SHI in chitosan matrix is of the order of kilo electron volts
per micron. Because the strength of the chemical linkage in polymer
matrix is of the order of a few electron volts [24], there could be
scission of all the bonds in the zone of the ion track, thereby leading to
the formation of free radicals or ions due to the heterolysis or homolysis
bond cleavages in the SPE system, respectively [25]. These low-mole-
cular species generated become a part of bulk polymer or leave the
polymer due to high vacuum. Consequently, there will be localized
structural modification through the randomization of polymeric chain
and degradation of polymer. The degradation of SPE system increases
with the increase in fluence. In addition, heavier ions cause significant
amorphization than lighter ions because of larger electronic energy loss.

3.3. Optical analysis

The optical properties of concentration-dependent and SHI-exposed

SPE systems were investigated by UV–Vis absorption spectroscopy. The
nature of the optical band gap and its value can be determined using the
fundamental absorption data, which correspond to the electron ex-
citation. The absorption peak at 310 nm can be ascribed to the trans-
formation of glucosamine into glucosamine acetate. This indicates the
acetate form of SPE, which was revealed by the FTIR analysis also. The
concentration-dependent absorption plot of SPE film (see inset of Fig. 4)

Fig. 3. FTIR spectra of SPE samples irradiated with 60-MeV C+5 and
100-MeV Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/
cm2, respectively. Inset shows the concentration-dependent FTIR
spectra of SPE.

Fig. 4. UV–Vis spectrum of CS and CSC samples irradiated with 60-MeV C+5 and 100-
MeV Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/cm2, respectively. Inset
shows the concentration-dependent UV–Vis spectrum of SPE.
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shows the absorption peak centered at 428 nm as compared to CS re-
vealed the surface plasmon resonance (SPR) of Ag nanoparticles [1,26].
With the increase in doping concentration, the intensity of the peak
increased due to glucosamine acetate, which can be ascribed to the
chemical interaction between chitosan and AgNO3, and another peak
intensity was observed, which can be attributed to the concentration of
Ag nanoparticles. The increase in SPR peak intensity corresponding to
Ag nanoparticles revealed that the static charge transfer process [27]
occurred during the SHI irradiation due to the availability of an
abundant number of free electrons, resulting in the transformation of
Ag+ ions into metallic Ag0 nanoparticles. In addition, the red shift in
absorption edge (AE) is observed because of π → π∗ electronic transi-
tion [28]. In this type of transition, the excitation of electrons occurs
from the HOMO to the LUMO. In general, this type of transition occurs
in materials with double or triple bonds and triggers in the unsaturated
centers [28]. These observations indicate the strong interactions be-
tween the silver ions and NH2 and/or OH groups of chitosan after
doping. This resembles the change in crystallinity within the SPE
system, which affects the band gap. This agrees with their XRD and
FTIR responses. After irradiation, the AE become broader and shift to-
ward the visible region, and the level of Ag nanoparticles increases.
(shown in Fig. 4). The broadening of the AE is attributed to the for-
mation of SHI-induced defects along with the formation of some low-
molecular-weight radicals and ions. Moreover, these may cause ex-
citation of non-bonding electrons to the conduction band, which gen-
erates new energy levels [29]. This shows an attenuation in optical
band gap upon SHI irradiation, which enhances the conductivity of the
SPE.

Tauc’s method can be used to estimate the transition energy be-
tween parabolic bands and the nature of transition using the following
equation [30]:

= −αhυ B hυ E( )g
n

where n is the power that describes the transition processes in K-space,
namely phonon mediated (indirect) or not (direct) and dipole mediated
(allowed) or not (forbidden) (n = 0.5, 1.5 stand for a direct and in-
direct allowed, while 2 and 3 values correspond to direct and indirect
forbidden transitions), hν is the photon energy, Eg is the band gap, and
α is the absorption coefficient [30]. The Tauc plot yields a satisfactory
straight line fit for n = 0.5, which specifies that the SPE system obeys
direct allowed transition. The extrapolated intercept on hν axis for
(αhυ)2 → hυ plot yield Eg for unirradiated and irradiated SPE samples
and is listed in Table 1. After SHI irradiation, a decreasing tendency in
the values of Eg was observed for all the SPE samples. The decrease in Eg
may be attributed to the formation of intermediate sub-band state upon
SHI irradiation. The value of Eg for CS was 5.638 eV and that for CSC
was 4.619 eV, which decreased to 3.469 and 2.890 eV upon C-ion and
Ni-ion irradiation at highest fluence, respectively. In addition, the

decrease in Eg upon C-ion and Ni-ion irradiations for CSC electrolyte
sample was approximately ∼24.9% and ∼37.4%, respectively. A per-
suasive decrease in Eg was observed after Ni-ion irradiation as com-
pared to C-ion irradiation because of higher electronic loss of Ni-ions
than C-ions, and heavier Ni-ion may yield major defects below the
conduction band such that there may be shifting of the conduction band
edge into the forbidden gap. In addition, heavier Ni-ions effectively
yield structural disorder and may form a large number of radicals in the
polymer matrix compared to C-ions. As stated by the density of state for
polymeric materials, disorder in the polymeric matrix is responsible for
the increase in conductivity and decrease in band gap due to irradiation
[31,32]. Moreover, the SHI irradiation of polymeric materials is ac-
companied by the evolution of some volatile gases and H2 gas because
of the cleavage of C–H linkages. Compagnini et al. [33] explained that
optical behavior and H-concentration in the polymeric samples are
strongly correlated, and a decrease in the H/C atomic fraction is ob-
served because of hydrogen abstractions from polymeric structure upon
SHI irradiation, which is in good agreement with the FTIR analysis.
Hence, after irradiation, an increase in the number of C atoms was
observed as compared to the number of H atoms, thus inducing the
formation of carbonaceous clusters in the SPE sample [28,29,31,34].

As explained by Robertson and O’Reilly [31], the carbonaceous
compact cluster can be considered a system of autonomous cluster,
owing to the C6 structure. Thereafter, the Robertson and O’Reilly model
was revised by Fink at al. [34] by considering the cluster structure as
C60 rather than C6. The number of carbon atoms per conjugation length
(N) was evaluated by using the modified Fink model via the following
relation [34]:

=E
N

34.3 eVg

The value of N for pristine and irradiated SPE samples are listed in
Table 1. It reveals that with the increase in the level of doping and SHI
irradiation fluence, there was an increase in the value of N. The var-
iation in value of N upon C-ion irradiation was quite small when
compared with that upon Ni-ion irradiation. This is attributed to sig-
nificant energy density transferred per track and track overlapping in
the grain structures by high-energetic [35] Ni-ions in the SPE matrix.
Similarly, the formation of clusters ascribed to the transformation of the
polymeric grain structure in the SPE matrix along with the degassing of
volatile components and formation of radicals [34,35]. The electrical
response of irradiated SPE system strongly depends on the size and
density of carbonaceous clusters.

3.4. AC electrical frequency response

Dielectric spectroscopy is an ingenious tool for exploring the elec-
trical response of polymeric materials and their interfaces to understand
the conductivity mechanism and molecular relaxation behavior. The
fundamental principle implicated that when an oscillating electric field
is applied to the polymer film (sandwiched between the electrodes)
charges polarize due to the alignment of dipoles. Hence, the output
current failed to follow the oscillating field and lagged by a phase shift.
This information that determines the capacitance and conductance as a
function of frequency yields the dielectric properties of the materials.
The real part ε′(ω) of complex permittivity (ε∗) is given as follows:

′ =ε ω C πr ε( ) d/p
2

0

where Cp is the measured capacitance using Zview2 software, d is the
thickness (m) of SPE film, and r is the radius (m) of electro-
de–electrolyte contact area, and the dielectric permittivity of air is
8.854 × 10−12 C2/Nm2. Fig. 5 illustrates the graph of ε′(ω) → logf for
pristine SPE samples irradiated with carbon and nickel ions. At first
look, ε′(ω) increased with the increase in dopant level of silver nitrate
salt (See Fig. 5) and with the increase in ion fluence for both ions as-
cribed to some effect on dipoles. Furthermore, ε′(ω) exhibited a similar

Table 1
Variation in optical energy band gap (Eg) and the number of carbon atoms per conjuga-
tion length (N) at different fluences of 60-MeV C+5 and 100-MeV Ni+7 ion irradiation for
SPE samples.

Sample Carbon (60 MeV) Nickel (100 MeV)

Eg (eV) N Eg (eV) N

Pristine CS 5.638 ± 0.018 37 5.638 ± 0.018 37
Pristine CSA 5.196 ± 0.019 44 5.196 ± 0.019 44
CSA (1 × 1011 ions/cm2) 5.006 ± 0.017 47 4.661 ± 0.029 54
CSA (1 × 1012 ions/cm2) 3.958 ± 0.006 75 3.072 ± 0.010 125
Pristine CSB 4.869 ± 0.020 50 4.869 ± 0.020 50
CSB (1 × 1011 ions/cm2) 4.812 ± 0.020 51 4.454 ± 0.029 59
CSB (1 × 1012 ions/cm2) 4.186 ± 0.014 67 2.924 ± 0.035 138
Pristine CSC 4.619 ± 0.019 55 4.619 ± 0.019 55
CSC (1 × 1011 ions/cm2) 3.555 ± 0.004 93 3.424 ± 0.011 100
CSC (1 × 1012 ions/cm2) 3.469 ± 0.007 98 2.890 ± 0.014 141
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increasing tendency with the decrease in frequencies attributed to
polymer responses such as degree of polarization, deformation, and
macromolecular motion in a time-varying field. ε′(ω) can be explained
in terms of polarization due to the migration of charge and dipole or-
ientation. Fig. 5 shows that ε′(ω) exhibited a certain behavior; indeed,
ε′(ω) increased substantially at low frequencies (< 10 kHz) and at a
fluence of 1 × 1012 ions per square centimeter for Ni-ion and ap-
proached a constant value at higher frequencies. At low frequencies, the
charge carriers in the electrolyte matrix had a long-range drift owing to
enough time through a slow rate of change in the oscillation field. This
is attributed to the increased accumulation of charges on the surfaces of
the amorphous electrolyte/crystalline electrode regions (interfacial
polarization) in low-frequency regions [2,12,16]. In addition, the in-
duced dipoles follow the reversing field and attain the static dielectric
constant at low frequencies. As the frequency increased (> 10 kHz), the
induced dipoles lagged the reversing field, and a moderate decrease in
ε′(ω) was observed because of the vanishing orientation polarization. At
a higher frequency region, the induced dipoles failed to follow the field,
and they attained a constant value. Another promising reason for the
decrease in ε′(ω) at higher frequencies can be attributed to the migra-
tion of charge carriers through the dielectric and then the initiation of
neutralization of charge carriers at defect sites by trapping [36].
Moreover, the polarization of trapped and bound charges cannot occur
at higher frequency regions, thus decreasing the value of ε′(ω) [37].
The increase in ε′(ω) upon irradiation reveals the degradation of the
polymer by breaking numerous bonds (which is observed from the FTIR
data) and reduction of Ag+ to Ag0 (as explained in optical data). The
degradation leads to an increase in the polymeric chain mobility be-
cause of the formation of low-molecular-weight segments. We can state
that the heavier nickel ions caused considerable degradation of the SPE
system and thus enhanced the value of dielectric constant more effec-
tively.

The electric modulus spectra are a key tool to provide a prospect for
dielectric spectroscopy to investigate relaxation in SPE system and
conduction phenomena by vanishing the electrode polarization effects.
The measured data of ε′ and ε″ were used to obtain the frequency-de-
pendent electric modulus (i.e., real part M′(ω) and imaginary part
M″(ω)) as follows [38]:

′ =
′

′ + ″
″ =

″
′ + ″

M ω ε ω
ε ω ε ω

M ω ε ω
ε ω ε ω

( ) ( )
( ) ( )

, ( ) ( )
( ) ( )2 2 2 2

In SPE system, the relaxation process of the real dielectric is sup-
pressed because of ion conductivity. In addition, the electric potential
of the surrounding in SPE system was perturbed because of the move-
ment of ions from one site to another. This perturbed potential affects
the transport properties of the other ions in this region. Such a co-
operative motion of ions leads to a nonexponential decay or a con-
duction process with a distribution of relaxation time [39]. The long-
range conduction mechanism and localized dielectric response can be
interpreted by incorporating complex modulus and permittivity data.

Fig. 6 and Fig. 7 reveal the plot of M′(ω) → logf and M″(ω) → logf
for pristine and irradiated SPE samples in the frequency range of
1–100 kHz at ambient temperature. At low frequencies, the curve M′(ω)
almost tends to zero for all the samples (pristine and irradiated) as-
cribed to the ionic conduction/removal of the electrode polarization
effect at the low-frequency dispersion [38,39]. The spreading of M′(ω)
over a broader region of frequencies showed a maximum value (M∞).

Fig. 5. Plot of dielectric constant versus log frequency for pristine and irradiated SPE with
60-MeV C+5 and 100-MeV Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/cm2,
respectively.

Fig. 6. Plot of real part of modulus versus log frequency for pristine and irradiated SPE
with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/
cm2, respectively.

Fig. 7. Bergman equation fit of imaginary part of modulus versus log frequency for
pristine and irradiated SPE with 60-MeV C+5 and 100-MeV Ni+7 ions at the fluences of
1 × 1011 and 1 × 1012 ions/cm2, respectively.
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This reveals the existence of a characteristic relaxation phenomenon in
M″(ω) → logf plot along with a loss peak. In addition, no peak ap-
pearing in the plot of M′(ω) → logf, which can be attributed to the fact
that the real part of M∗(ω) resembles the real part of ε∗(ω). A dominant
reduction in the peak of M′(ω) upon irradiation was observed compared
to that in the pristine sample, as revealed in Fig. 6 for nickel ion. This
can be ascribed to the increase in local polymeric segmental motion and
the mobility of the charge carriers [26,38,39] because of bond cleavage,
as confirmed by the FTIR analysis. The decrease in the M′(ω) value for
irradiated samples as a function of beam parameter could be caused by
the increase in the ε′(ω) values of the SPE samples.

The M″(ω) plot (Fig. 7) reveals a peak at a particular relaxation
frequency fmax for all the SPE samples. The relaxation frequency cor-
relates to the conductivity relaxation and mobility of charge carriers.
The figure shows that the fmax shifted toward higher frequencies along
with a decrease in the values of M″(ω), upon the inclusion of salt and
increase in fluence of irradiation. These results indicate that the con-
ductivity increased upon SHI irradiation because of the formation of
conducting track and the increase in number of free radicals and charge
carriers in the host matrix. Furthermore, the occurrence of relaxation
peak in the frequency (f < fmax) region shows a long-range movement
of charge carriers and reveals the presence of interfacial polarization. In
contrast, the occurrence of a relaxation peak in the frequency (f >
fmax) region shows a short-range transfer of free radicals and charge
carriers within potential wells. In addition, the induced dipoles that no
longer pursue the AC field revealed the elimination of the interfacial
polarization effect.

The Kohlrausch−Williams−Watt (KWW) [40] stretched ex-
ponential function for the best curve fitting of M″(ω) in the frequency
domain was modified by Bergman and can be expressed as follows [41]:

⎜ ⎟
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″
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where βKWW is the Kohlrausch coefficient, with the condition
0 ≤ βKWW ≤ 1, and ″Mmax is the peak value of M″(ω). The value of
βKWW = 1 indicates the ideal Debye relaxation behavior and the value
of βKWW less than unity indicates non-Debye relaxation behavior. The
red ball in Fig. 7 represents the fitted value of M″(ω), while the black
ball corresponds to experimental data. The figure shows that there is a
close agreement between the theoretical curve and experimental data.
The precise fit to experimental data of M″(ω) with theoretically esti-
mated values is obtained by calculating the figure of merit (FOM). A
summary of the M″(ω) parameters βKWW, ″Mmax , and fmax calculated by
the Bergman equation is listed in Table 2 for each plot of SPE. The
values of βKWW for all SPE films revealed non-Debye relaxation beha-
vior. In addition, the concentration, ion species, and ion beam fluence
dependent values of ″Mmax decreased and shifted toward higher fre-
quencies. This can be ascribed to the increase in conductivity of SPE
because of the increased charge carriers (i.e., Ag+ ions and polymer
radicals) owing to the scissioning of the polymer chain and release of
trapped charges. The plot of M″(ω) shows a peak, whereas the ε″(ω)
plot (see Fig. 8) does not show any peak, indicating a conduction

process and that the motion of ions and polymeric radicals are poten-
tially coupled. These results are attributed to structural degradation and
defects created upon irradiation. There is also a strong consonance
between modulus and FTIR data. Additionally, the M″(ω) spectrum for
all films was normalized using the parameters extracted from the
Bergman fitting, thereby yielding master-normalized spectra of (M″/
M″max) → (f/fmax), as represented in Fig. 9. This plot shows that the
relaxation mechanism in SPE matrix is not affected by dopant level or
irradiation parameters.

The frequency-dependent AC conductivity (σac) at constant tem-
perature of the SPE samples was obtained from the measured values of
Cp and tanδ. In addition, σac obeys the “Jonscher universal power law”
expressed as follows:

= +σ ω T σ ω( , ) Bdc
s

where σdc is the frequency-independent plateau at low frequency,
which is commonly known as the dc conductivity of the material; B is
the pre-exponential parameter; and s is the dimensionless temperature-
dependent fractional exponent ranging between 0 and 1. The electrical

Table 2
Parameter values obtained from the Bergman equation fit.

Sample Mmax″ fmax βKWW FOM (%)

Pristine CS 0.13200 178.50000 0.42121 5.32
Pristine CSA 0.11798 289.11018 0.47594 7.17
Pristine CSB 0.09673 310.74838 0.42400 7.07
Pristine CSC 0.07401 370.35681 0.40418 6.69
CSC (C−1 × 1011 ions/cm2) 0.07120 580.14059 0.36286 6.94
CSC (C−1 × 1012 ions/cm2) 0.06554 1000.19030 0.40534 4.81
CSC (Ni−1 × 1011 ions/cm2) 0.05102 590.16188 0.34333 5.96
CSC (Ni−1 × 1012 ions/cm2) 0.04533 1119.83290 0.37309 5.31

Fig. 8. Plot of dielectric losses versus log frequency for pristine and irradiated SPE with
60-MeV C+5 and 100-MeV Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/cm2,
respectively.

Fig. 9. Scaling behavior of imaginary part of modulus for all the SPE samples.
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conductivity is frequency independent or dc type for s=0, and it de-
pends on the frequency or AC type for s > 0.

Fig. 10 shows the graph of σ→ logf for all the SPE samples under
investigation. At low frequency, constant plateau-like region is seen
owing to the long-range drift of charges controlled by an external field.
For CS, the value of σdc was ∼3 × 10−8 S/cm at 10 Hz, as seen in
Fig. 11, while at 10 Hz, σdc for CSC irradiated with carbon and nickel
ions at a fluence of 1 × 1012 ions per cm2 attained a value of
∼2.78 × 10−7 and ∼3.46 × 10−7 S/cm, respectively. Optical studies
showed that the reduction of Ag+ to Ag0 is greater for 1 × 1012 ions/
cm2

fluence for both ions. In general, the values of σdc of electrolyte
system are higher in the presence of nanocomposites [42]. This trend
was observed in our case also; the increased σdc conductivity implies
the disruption of the crystallinity yield and increase in the mobility of
charge carriers through the amorphous phase. With the increase in
frequency, the mean drift range of charge carriers decreased, and at the
critical frequency (fc), the conductivity obeys the power law σ(ω) ≈ ωn.
In disordered or inhomogeneous materials, this trend is generally ob-
served. The AC conductivity of irradiated SPE samples was found to be

moderately higher than that of pristine. The increase in conductivity
can be ascribed to the increased free volume in the polymer matrix,
scissioning of macromolecule chain, structural degradation, creation of
defects, and carbon-rich localized network [13,14,36]. Furthermore,
the increase in conductivity for nickel ion irradiation is more pro-
nounced and increased with the increase in ion fluence, because the
SPE system follows the universal law. The hopping behavior of the
charge carriers can be explained by the exponent s. The slope (dσac/dω)
obtained from the plot of logσac → logω in higher frequency region
(where the space charge polarization is negligible) gives the value of s,
as shown in Fig. 12. To achieve the best fitting, the linear regression
method was used to obtain precise values of s, and the values of re-
gression co-efficient R2 ranging between 0.97 and 0.98 revealed a re-
liable accuracy. The value of s for all the SPE films was in the range of
0.98–0.83, with a standard deviation of± 0.02. Consequently, the
conduction phenomenon in the SPE matrix is because of the hopping of
charge carriers, and it is AC type [37].

3.5. Surface morphology

Fig. 13(a–d) shows the three-dimensional scanned topographical
images of selected SPE samples using atomic force microscopy (AFM) in
an area of 5 × 5 μm2. The AFM image for CS (pristine chitosan) ex-
hibited hillock-like structures (see Fig. 13(a)). The average surface
roughness (Ra) was found to be 11.2 nm. For the CSC film, Ra attained a
value of 101.7 nm, which implies an increase in the roughness after
embedding the dopant. The CSC SPE sample irradiated with carbon and
nickel ions at a fluence of 1 × 1012 ions/cm2 showed substantial
modification in surface roughness, as shown in Fig. 13(c and d). The
value of Ra for CSC samples exposed to carbon and nickel ions de-
creased to 30.1 and 8.9 nm, respectively. Upon SHI irradiation, the
surface became significantly smooth for both ions. In addition, the
decrease in Ra in heavier nickel ions was more pronounced than that in
carbon ions. This implies that the hitting impact and localized surface
diffusion for nickel ions on the polymeric surface is more than those for
carbon ions. Meanwhile, the breakage of hillock structure due to nickel
ions was dominant and resulted in a smoother surface than carbon ions.

4. Conclusions

SPE-based biodegradable chitosan and silver salt were synthesized
and exposed to 60-MeV carbon and 100-MeV nickel ions at different
fluences at ambient temperature. This study shows that the optical and
electrical properties of SPE system were modified by high energetic
ions. The FTIR spectroscopic tests performed to study the effect of MeV
ions on various band structure indicated scissioning and structural de-
gradation. Hence, the SPE matrix is carbonized, and this resulted in
decrease in Eg. Amendment in optical behavior is directly related to the
structural deterioration and/or ion-induced defects in the matrix.
Consequently, the AC electric response moderately changed upon SHI
irradiation. The increase in ε′(ω), M′(ω), and σdc was ascribed to the
reduction of Ag+ to Ag0, and the enhancement in ionic conduction was
due to structural modification. The fitting of M″(ω) revealed non-Debye
relaxation process in the SPE system. The present system ascribed to the
hopping of charge carrier transport mechanism, and σac obeys the
power law. AFM studies showed considerable decrease in Ra because of
the large effect of energetic ions. Moreover, various studies have shown
that heavier nickel ions more effectively affect the physicochemical
properties than the lighter carbon ions of the SPE matrix. Consequently,
in addition to ion fluence, ion properties (i.e., mass, size, and energy)
also play an important role in enhancing the environment of the
friendly biodegradable matrix, which can be potentially used as elec-
trolytes.

Fig. 10. Plot of conductivity versus log frequency for pristine and irradiated SPE with 60-
MeV C+5 and 100-MeV Ni+7 ions at the fluences of 1 × 1011 and 1 × 1012 ions/cm2,
respectively.

Fig. 11. Variation in dc conductivity as a function of salt concentration and ion fluence.
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Fig. 12. Plot of log ac conductivity versus log angular fre-
quency for all the SPE samples.

Fig. 13. AFM images of CS (a) and CSC (b) films and CSC films irra-
diated with 60-MeV C+5 ions (c), 100-MeV Ni+7 ions (d) at the flu-
ence of 1 × 1012 ions/cm2.
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a b s t r a c t

Poly ethylene oxide (PEO) films were synthesized by solution cast method. These self-standing films were
exposed with 60 MeV C+5 ion and 100 MeV Ni+7 ion at different fluences. SHI induced effect was investi-
gated by employing various techniques. The crystalline size decreased upon irradiation as observed from
XRD analysis. FTIR analysis reveals the decrement in the peak intensity upon irradiation. Tauc’s method
was used to determine the optical band gap (Eg), which shows decreasing trends with increase of fluence.
The dielectric properties were investigated in the frequency range 10 Hz to 10 MHz for unirradiated and
irradiated films. The dielectric constant remains same for the broad-spectrum of frequency and increases
at lower frequency. The dielectric loss also moderately influence as a function of frequency due to irra-
diation. DSC analysis validated the results of XRD. Scanning electron microscopy (SEM) reveals that there
is significant change in the surface morphology due to irradiation.

� 2016 Elsevier B.V. All rights reserved.

1. Introduction

Polymers with very high molecular weight having vast applica-
tions in all field of modern life. The physical and chemical proper-
ties of polymers are being modified by neutron, electron, gamma
rays and ion beam irradiation for desired applications. Investiga-
tion of polymer modification through energetic ions is extremely
important because of versatile functional desire of polymers in
radiation backgrounds like nuclear reactor, ballistic capsule, high
energy particle accelerators, sterilization irradiators, etc. [1,2].
Swift heavy ion (SHI) beam causes irreversible modification of
the structural, optical, dielectric, thermal and surface properties
through depositing the energy in materials at macro-level. There
may be breaking of covalent bond and chain scissoning and as a
result creation of carbon cluster and cross-linking of polymeric
chains in the polymer matrix. The extent of modification of these
properties depends on the nature of polymers and irradiation con-
dition, like charge, mass, energy and fluence of incident ion [3].

Poly ethylene oxide (PEO) is a semi crystalline, biodegradable,
nontoxic and water soluble polymer having versatile applications.
Many efforts had been devoted in the past few years to modify the
properties of PEO for synthesis of hydrogel and to tailor the prop-

erties of PEO base electrolytes by gamma, ultraviolet and ion beam
irradiation [4–11].

In this work, comparative analysis of 60 MeV C+5 and 100 MeV
Ni+7 ions induced modifications in structural, optical, dielectric
and thermal behavior of PEO polymer film has been discussed as
a function of ion beam parameters.

2. Materials and methods

2.1. Sample preparation and SHI irradiation

Self-standing PEO films of thickness about 200 lm were pre-
pared by solution casting method. The PEO (CH2–CH–O)n was pur-
chased from Alfa Aesar in powder form. It was used without
further purification and dissolved in water by stirrer at ambient
temperature. The solution was cast on Teflon petridish to form
PEO film. The films were irradiated at different fluences using
60 MeV C+5 and 100 MeV Ni+7 ions having beam current of
0.5 pnA (particles per nano-ampere). The beam was scanned on
the film in xy-plane of area (1 � 1) cm2 using the 15UD Pelletron
at the Inter University Accelerator Center (IUAC), New Delhi. The
SRIM 2013 [12] code was used to calculate range and energy loss
of C+5 and Ni+7 ions in PEO film. The projected range (Rp) are
�149.0 and 34.0 lm, the electronic stopping power (Se) � 256
and 4161 keV/lm, and the nuclear stopping power (Sn) � 0.15
and 6.79 keV/lm, for C+5 ion and Ni+7 ion, respectively.
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2.2. Sample characterization

The structural modifications of the film was examined with the
help of powder X-ray diffractometer and the spectra were recorded
for Bragg angle of 18� < 2h < 24� with Cu Ka radiation (Bruker D8-
Avance diffractometer). The FTIR spectroscopy was performed in
wavenumber range 500–3500 cm�1 in the transmission mode
(JASCO-4100). The FTIR spectrum with hundred times scanned
averaged were taken with a resolution of 4 cm�1. The UV–visible
spectra were studied in the region of 200–800 nm to observe opti-
cal properties (Hitachi Model U-3300 spectrometer). The frequency
dependent dielectric properties of pristine and irradiated films
were carried out by employing impedance gain/phase analyzer in
the frequency range 10 Hz to 10 MHz at ambient temperature
(Solartron SI-1260). The differential scanning calorimetry (DSC)
analysis was performed by heating 1–2 mg of the sample in the
temperature range 35–90 �C in nitrogen environment at the rate
of 10 �C/min (SII EXSTAR 6000). The surface morphology was stud-
ied using SEM (Scanning electron microscopy, Hitachi SU1510).

3. Results and discussion

3.1. X-ray diffraction analysis

The XRD patterns are presented in Fig. 1 to investigate the
structural changes in irradiated (with C+5and Ni+7 ions) PEO films.
Two peaks are observed at 2h angle 19.12� and 22.98�, which indi-
cate semi-crystalline nature of PEO.

The Scherrer’s formula was used to determine the crystallite
size (L) [13],

L ¼ Kk
b1=2 cos h

where k = 1.5418 Å is the incident X-ray wavelength, K is a constant
varied from 0.89 to 1.39, b1/2 is the FWHM of the diffraction peak
and h is the Bragg angle (in radian). In this calculation, K = 0.89
was taken as per literature. The calculated values of L for unirradi-
ated and irradiated PEO films with C+5 and Ni+7 ions at different flu-
ences are listed in Table 1. The full width at half maximum (FWHM)
increases and hence reduction in crystallite size is observed due to
irradiation. In consequence of C+5 and Ni+7 ions irradiation, the crys-
tallite size of PEO reduced to �26.2% and �36.3%, respectively. It
reveals that the heavier mass ion caused more amorphization of
the material than that of lighter one and resulted in the carboniza-
tion and production of low molecular weight radicals. This result is
in agreement with the DSC result.

3.2. FTIR analysis

The vibration mode of PEO was studied by means of infrared
spectroscopy in transmission mode. Fig. 2 presents the FTIR spectra
of the unirradiated and irradiated PEO films using C+5 and Ni+7 ions.
The pristine PEO shows bands at 529 cm�1 (C–O–C bending vibra-
tions), 946 cm�1 (C–O–C vibration mode), while 1050 cm�1 and
1150 cm�1 (C–O–C stretching vibrations). The vibration bands
appeared at 846 cm�1, 1275 cm�1, 1350 cm�1, 1462 cm�1 are due
to rocking mode, twisting mode, wagging mode and scissoring
mode, respectively for CH2 vibrational band [14]. The strong wide
absorption band appeared in the region of 2950–2700 cm�1, attrib-
uted to C–H stretching modes (symmetric and asymmetric) of the
CH2 group [15].

There is no significant shifting of vibration mode and no new
mode of vibration appeared due to irradiation. This mean that
the overall polymeric structure remains same. However, there is
a reduction in transmission intensity of all vibration modes due
to irradiation. It was also noticed that the decrease in peak inten-
sity is more significant for Ni+7 ion compared to C+5 ion irradiated
samples. This implies that heavier ion caused considerably more
amorphization than that of lighter ion. The reduction in intensity
is ascribed to the breakage of few carbonate bonds and�H abstrac-
tion from the backbone of the polymeric structure along with
release of hydrogen and /or other volatile gases [16]. This resulted
into the creation of low molecular weight segment and formation
of conjugated bonds. These results validated with the results of
XRD, UV–vis and dielectric analysis.

3.3. UV–visible analysis

SHI induced modification of optical property of unirradiated
and irradiated (with C+5and Ni+7 ions) PEO samples was investi-
gated in the UV–visible region. The irradiation may create some
defect in the material and cause the formation of unsaturated con-
jugated bonds and carbon clusters in the polymer matrix, which
led to the modification in optical property. The optical absorbance
was used to determine the change in the optical band gap (Eg) due
to irradiation using following equation:

aht ¼ Bðht� EgÞn

Fig. 1. XRD spectra of PEO irradiated with 60 MeV C+5 and 100 MeV Ni+7 ions at the
fluences of 1 � 1011 and 1 � 1012 ions/cm2.

Table 1
Variation of crystallitesizeat different fluences of 60 MeV C+5 and 100 MeV Ni+7 ions irradiation for PEO polymer.

Ion fluence (ions/cm2) Carbon (60 MeV) Nickel (100 MeV)

FWHM (in radians) Crystallite Size (in nm) FWHM (in radians) Crystallite Size (in nm)

Pristine PEO 0.0048 29.0 ± 2.5 0.0048 29.0 ± 2.5
1 � 1011 0.0050 28.3 ± 5.4 0.0057 24.2 ± 0.3
1 � 1012 0.0068 21.4 ± 4.8 0.0076 18.5 ± 2.3
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where ht is photon energy, a is the absorption coefficient, B is con-
stant, Eg is band gap, n is a constant having values 0.5, 1.5, 2 or 3
accounting for a direct and indirect allowed, direct and indirect for-
bidden optical transitions, respectively [17]. In the present investi-
gation, allowed direct transition has been observed. The value of Eg

was obtained by extrapolating the graph of (aht)1/2 ? ht on the
photon energy axis and is shown in Fig. 3. The optical band gap
for unirradiated and irradiated PEO films is tabulated in Table 2. It
shows that on increasing the fluence of SHI irradiation, the optical
band gap of the PEO polymer exhibits decreasing trends. Further,
the attenuation in band gap is about �9.1% and �30.8% due to C+5

ion and Ni+7ion irradiation, respectively. Hence, the change in the
band gap due to Ni+7 ion is large as compared to C+5 ion. It may
be attributed to a large amount of energy deposited by heavier
and bigger size Ni+7 ion than the lighter and smaller size C+5 ion.
The hydrogen and/or other volatile gases are released due to SHI
irradiation because of scissoning of polymeric chain. This leads to
increase in number density of carbon atoms in host material as
compared to hydrogen atom, i.e. reduction in H/C atom ratio and
formation of conjugated bond, resulted in the decrease of optical
band gap [18].

Fig. 2. FTIR spectra of PEO irradiated with 60 MeV C+5 and 100 MeV Ni+7 ions at the fluences of 1 � 1011 and 1 � 1012 ions/cm2.

Fig. 3. Variation in (aht)1/2 versus (ht) for PEO films irradiated with 60 MeV C+5 and 100 MeV Ni+7 ions at the fluences of 1 � 1011 and 1 � 1012 ions/cm2.

Table 2
Variation of optical energy band gap (Eg) and the number of carbon atoms per
conjugation length (N) at different fluences of 60 MeV C+5 and 100 MeV Ni+7 ions
irradiation for PEO polymer.

Ion fluence ions/cm2 Carbon (60 MeV) Nickel (100 MeV)

Eg (eV) N Eg (eV) N

Pristine PEO 5.36 40.95 5.36 40.95
1x1011 5.06 45.95 4.82 50.64
1x1012 4.87 49.61 3.71 85.47

158 G.B. Patel et al. / Nuclear Instruments and Methods in Physics Research B 379 (2016) 156–161



The number of carbon atoms (N) per conjugation length was
calculated by using Robertson and O’Reilly formula, in which the
structure of clusters was assumed to be C6 [19]. Later on, Fink
et al. modified the Robertson and O’Reilly’s relation by considering
the structure of cluster to be like a C60 [20]. The value of (N) was
calculated employing Fink method by following formula [20],

Eg ¼ 34:3
ffiffiffiffi

N
p eV

The values of (N) are tabulated in Table 2. It indicates that the
size of carbon cluster increases with increasing fluence. It is also
revealed that the cluster size is bigger for Ni+7 ion than that of
C+5 ion irradiated films. This is attributed to a large electronic
energy loss due to Ni+7 ion. The modification in optical properties
of the polymer is considerably depends on the profile of incident
ion beam such as energy, mass and dimension.

3.4. Dielectric properties

The dielectric behaviors of the polymeric material are expressed
by complex permittivity (e⁄) and is defined as [21],

e�ðxÞ ¼ e0ðxÞ � je00ðxÞ
Fig. 4 shows the graph of e0 ? log f at ambient temperature for

unirradiated and irradiated PEO films. The increase in dielectric
constant in lower frequency is mainly due to the orientation of
induced dipoles in the direction of the applied field. The dielectric
constant decreases exponentially as frequency increases up to a
frequency of 5 kHz and then became constant beyond this fre-
quency. The induced dipoles are gradually failed to follow the
direction of the applied field and decreases exponentially up to
5 kHz. The dielectric constant probably remains same beyond
5 kHz frequencies, attributed to constant motion of free charge car-
riers beyond these frequencies [22,23]. It is observed that the influ-
ence of Ni+7 ion on dielectric constant is more significant than the
C+5 ion in the low frequency regions by virtue of high electronic
energy loss due to Ni+7 ion. The increase in dielectric constant after
SHI irradiation ascribe to scissoning of polymer chain and forma-
tion of few free radicals, unsaturation etc.

The dielectric materials have an ability to store the electrical
energy. The dissipation factor (tan d) expressed as the fraction of
loss to storage:

tan d ¼ e00=e0

Fig. 5 shows the graph of tand? log f for unirradiated and irra-
diated PEO films. It illustrates that the dielectric loss decreases
exponentially and then became almost independent at higher fre-
quency. At higher frequencies, the induced dipoles no longer follow
the reversing field and start lagging behind the oscillating field.
Also, the dielectric loss increases moderately upon ion irradiation
attributed to random orientations of polymeric radicals produced
due to scissoning of polymer chains [24].

3.5. DSC analysis

DSC is a vital method to understand the thermal behavior and
degree of crystallinity of the polymeric material. DSC thermograms

Fig. 4. Plot of dielectric constant versus log frequency for PEO films irradiated with
60 MeV C+5 and 100 MeV Ni+7 ions at the fluences of 1 � 1011 and 1 � 1012 ions/cm2.

Fig. 5. Plot of dielectric loss versus log frequency for PEO films irradiated with
60 MeV C+5 and 100 MeV Ni+7ions at the fluences of 1 � 1011 and 1 � 1012 ions/cm2.

Fig. 6. DSC thermograms of PEO films irradiated with 60 MeV C+5 and 100 MeV Ni+7

ions at the fluences of 1 � 1011 and 1 � 1012 ions/cm2.

Table 3
Variation in Tm and Xc% upon 60 MeV C+5 and 100 MeV Ni+7 ions irradiation at highest
fluences.

Sample (Tm) Xc%

Pristine PEO 66.6 80.5
Carbon (1 � 1012 ions/cm2) 64.7 66.4
Nickel (1 � 1012 ions/cm2) 62.7 50.1
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of unirradiated and irradiated PEO at the maximum fluence of
1 � 1012 ions/cm2 for C+5 ion and Ni+7 ion are presented in Fig. 6.
The thermograms show a sharp single endothermic peak in the
temperature range 35–90 �C. This peak reveals the melting temper-
ature (Tm) of the PEO and indicates the phase transition of PEO
from semicrystalline to the amorphous phase. The degree of crys-
tallinity at the maximum fluence was evaluated by the following
formula [25]:

Xc ¼ DHm=DHm;0

where DHm is the enthalpy of melting per gram of PEO sample and
DHm,0 is the melting enthalpy per gram of completely crystalline
polymer, equal to 213.7 J/g [26]. Table 3 depicts the melting tem-
perature and percentage crystallinity of unirradiated and irradiated
PEO polymer films. In present case, Tm value is �66.6 �C for pristine
PEO and percentage crystallinity of pure PEO exhibited decreasing
nature upon irradiation. It is attributed to reduction in the molecu-
lar weight of polymer due to the scissoning of polymeric chain. The
DSC analysis reveals that the amorphization of the polymer upon
ion irradiation. This result is also corroborated with the FTIR and
XRD results.

3.6. Surface morphology

The SEM images of the unirradiated and irradiated PEO films
with C+5and Ni+7 ions at fluences of 1 � 1011 and 1 � 1012 ions/
cm2 are presented in Fig. 7(a–e). The pristine PEO shows a rough
surface and surface became significantly smooth upon irradiation.
The SHI irradiation led to the defect enhanced surface diffusion
resulted in decrease of surface roughness [22]. The cracks seemed
on the surface of PEO upon irradiation revealed destruction of
spherulites structure of PEO polymer. The size of crack observed
to be larger for Ni+7 ion as compare to those of C+5 ion irradiation.
It is attributed to large electronic energy loss due to Ni-ion irradi-
ation than C-ion.

4. Conclusions

PEO films irradiated with SHI of C+5 and Ni+7 ions at different
fluences of ion beam. The XRD, FTIR and DSC analyses revealed that
the crystallinity of the PEO decreases with increasing ion fluence.
The crystalline nature was affected because of degradation of PEO’s
structure after irradiation by SHI. UV–Vis studies revealed a reduc-
tion in band gap and increase in cluster size, which may lead to
change in dielectric property of the irradiated samples. The degra-
dation caused some changes in the structure of PEO because of for-
mation of carbon clusters, defects, decrease in molecular weight
and unsaturation due to cleavage of the polymer chain. The
changes in structural properties enhance the optical and dielectric
properties of PEO. Scanning electron micrographs indicate
decrease in surface roughness and exhibits destruction of spheru-
lites structure of PEO upon irradiation. It is also observed that
heavier Ni+7 ion caused more impact in the properties of PEO than

the lighter C+5 ion. It specified that energy, size and fluence of ion
beam play a vital role in transforming the properties of the host
polymer.

Acknowledgments

We express gratitude to IUAC, New Delhi, India, for providing
SHI irradiation, characterization facilities and financial support.
Gnansagar B. Patel is obliged to DST-PURSE for providing JRF.
DRS materials laboratory is gratefully acknowledged.

References

[1] E. Grossman, I. Gouzman, Space environment effects on polymers in low earth
orbit, Nucl. Instr. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms. 208
(2003) 48–57, http://dx.doi.org/10.1016/S0168-583X(03)00640-2.

[2] R.J. Woods, A.K. Pikaev, Applied Radiation Chemistry: Radiation Processing,
John Wiley & Sons, 1994.

[3] P.Y. Apel, A.Y. Didyk, B.I. Fursov, L.I. Kravets, V.G. Nesterov, G.S. Zhdanov,
Particle track detection and relaxation transitions in polymer, Nucl. Instr.
Methods Phys. Res. Sect. B 105 (1995) 91–96, http://dx.doi.org/10.1016/0168-
583X(95)00997-3.

[4] Hou-Ching Yang, Joseph Silverman, Development and testing of radiation
crosslinked poly(ethylene oxide) for sutureless anastomosis, Radiat. Phys.
Chem. 25 (1985) 375–381.

[5] E. Nedkov, S. Tsvetkova, Effect of gamma irradiation on the crystalline
structure of ultra high molecular weight poly(ethylene oxide), Radiat. Phys.
Chem. 43 (1994) 397–401, http://dx.doi.org/10.1016/0969-806X(94)90034-5.

[6] I.P. Tanja Jurkin, Irradiation effects in poly(ethylene oxide)/silica
nanocomposite films and gels, Polym. Eng. Sci. 47 (2013) 21–25, http://dx.
doi.org/10.1002/pen.

[7] M. Doytcheva, R. Stamenova, V. Zvetkov, C. Tsvetanov, UV irradiation-induced
crosslinking of solid poly(ethylene oxide) modified with tetraalkyl ammonium
salt, Polymer (Guildf) 39 (1998) 6715–6721, http://dx.doi.org/10.1016/S0032-
3861(98)00133-5.

[8] C. Zhou, Q. Wang, Q. Wu, UV-initiated crosslinking of electrospun poly
(ethylene oxide) nanofibers with pentaerythritol triacrylate: effect of
irradiation time and incorporated cellulose nanocrystals, Carbohydr. Polym.
87 (2012) 1779–1786, http://dx.doi.org/10.1016/j.carbpol.2011.09.095.

[9] M. Ramakrishna Murthy, E. Venkateshwar Rao, Ion-beam modifications of the
surface morphology and conductivity in some polymer thin films, Bull. Mater.
Sci. 25 (2002) 403–406, http://dx.doi.org/10.1007/BF02708018.

[10] S. Kishore, N.L. Singh, 120 MeV Si 10+ ions induced modifications of PEO/SnO2

composites, Radiat. Effects Defects Solids 168 (2013) 547–556, http://dx.doi.
org/10.1080/10420150.2013.777442.

[11] B. Rupp, M. Schmuck, A. Balducci, M. Winter, W. Kern, Polymer electrolyte for
lithium batteries based on photochemically crosslinked poly(ethylene oxide)
and ionic liquid, Eur. Polym. J. 44 (2008) 2986–2990, http://dx.doi.org/
10.1016/j.eurpolymj.2008.06.022.

[12] J.F. Ziegler, M.D. Ziegler, J.P. Biersack, SRIM – The stopping and range of ions in
matter, Nucl. Instr. Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms.
268 (2010) 1818–1823, http://dx.doi.org/10.1016/j.nimb.2010.02.091.

[13] P. Scherrer, Bestimmung der Größe und der inneren Struktur von
Kolloidteilchen mittels Röntgenstrahlen, Nachrichten von der Gesellschaft
der Wissenschaften zu Göttingen, Math. Klasse. (1918) 98–100.

[14] V.M. Mohan, V. Raja, A.K. Sharma, V.V.R. Narasimha Rao, Ion transport and
battery discharge characteristics of polymer electrolyte based on PEO
complexed with NaFeF4 salt, Ionics (Kiel) 12 (2006) 219–226, http://dx.doi.
org/10.1007/s11581-006-0035-1.

[15] S.J. Wen, T.J. Richardson, D.I. Ghantous, K.A. Streibel, P.N. Ross, E.J. Cairns, FTIR
characterization of PEO+LiN(CF3SO2)2 electrolytes, J. Electroanal. Chem. 415
(1996) 197, http://dx.doi.org/10.1016/S0022-0728(96)01010-8.

[16] S. Singh, S. Prasher, The optical, chemical and spectral response of gamma-
irradiated Lexan polymeric track recorder, Radiat. Meas. 40 (2005) 50–54,
http://dx.doi.org/10.1016/j.radmeas.2004.11.005.

[17] E. Tauc, in: A. Ables (Ed.), Optical Properties of Solids, 1970.

Fig. 7. SEM images of pristine PEO film (a), PEO films irradiated with 60 MeV C+5 at the fluences of 1 � 1011 ions/cm2 (b) and 1 � 1012 ions/cm2 (c), PEO films irradiated with
100 MeV Ni+7 ions at the fluences of 1 � 1011 ions/cm2 (d) and 1 � 1012 ions/cm2 (e).

160 G.B. Patel et al. / Nuclear Instruments and Methods in Physics Research B 379 (2016) 156–161



[18] Z. Zhu, Y. Sun, C. Liu, J. Liu, Y. Jin, Chemical modifications of polymer films
induced by high energy heavy ions, Nucl. Instr. Methods Phys. Res. Sect. B
Beam Interact. Mater. Atoms. 193 (2002) 271–277.

[19] J. Robertson, E. O’Reilly, Electronic and atomic structure of amorphous carbon,
Phys. Rev. B. 35 (1987) 2946–2957, http://dx.doi.org/10.1103/
PhysRevB.35.2946.

[20] D. Fink, W.H. Chung, R. Klett, A. Schmoldt, J. Cardoso, R. Montiel, M.H. Vazquez,
L. Wang, F. Hosoi, H. Omichi, P. Goppelt-Langer, Carbonaceous clusters in
irradiated polymers as revealed by UV–Vis spectrometry, Radiat. Eff. Defects
Solids 133 (1995) 193–208.

[21] A.K. Jonscher, P. Place, Presentation and interpretation of dielectric data, Thin
Solid Films 50 (1978) 187–204.

[22] N.L. Singh, A. Qureshi, F. Singh, D.K. Avasthi, Effect of swift heavy ion
irradiation on dielectrics properties of polymer composite films, Mater. Sci.
Eng. B. 137 (2007) 85–92, http://dx.doi.org/10.1016/j.mseb.2006.10.013.

[23] F.M. Reicha, M. El-Hiti, A.Z. El-Sonbati, M.A. Diab, Conducting polymers V:
electrical conductivity of polymer complexes of bis-2,6-
diaminopyridinesulphoxide-copper halides, J. Phys. D Appl. Phys. 24 (1991)
369–374.

[24] N. Shah, D. Singh, S. Shah, A. Qureshi, N.L. Singh, K.P. Singh, Study of
microhardness and electrical properties of proton irradiated polyethersulfone
(PES), Bull. Mater. Sci. 30 (2007) 477–480, http://dx.doi.org/10.1007/s12034-
007-0075-9.

[25] N.L. Singh, A. Qureshi, N. Shah, A.K. Rakshit, S. Mukherjee, A. Tripathi, et al.,
Surface modification of polyethylene terephthalate by plasma treatment,
Radiat. Meas. 40 (2005) 746–749, http://dx.doi.org/10.1016/j.
radmeas.2005.01.014.

[26] J.H. Shin, K.W. Kim, H.J. Ahn, J.H. Ahn, Electrochemical properties and
interfacial stability of (PEO)10LiCF3SO3–TinO2n-1 composite polymer
electrolytes for lithium/sulfur battery, Mater. Sci. Eng. B Solid State Mater.
Adv. Technol. 95 (2002) 148–156. pii: S0921-5107(02)00226-X.

G.B. Patel et al. / Nuclear Instruments and Methods in Physics Research B 379 (2016) 156–161 161


	Binder1
	17_Reprints of Published Research Papers
	1
	2
	3

	4



