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5.1 Introduction

An augmenting requisite to cultivate environment-friendly materials with enhanced
functionalities such as sophisticated mechanical, thermal and chemical stability with
biodegradation feature encourages to elaboration of flexible nanocomposites system based on
green polymers. These materials have distinctive signature perspectives such as ease of
processability, low-weight, economical, energy and time conserving, fatigue and corrosion
resistance, etc. [1]. These features explicitly relied on the characteristics of the host and kind
of micro to nano-sized fillers. Moreover, the nano-sized filler of dimension less than 100 nm
prevailing unique behavior owing to the quantum size effect as compare to bulk [2]. The
nanoparticles used as reinforcing are of conducting nature capably yields the matrix of superior
dielectric and conductivity properties, which can be used in contrives into fields where such
soft and flexible semiconducting and conducting materials being potentially encouraged to use
[3]. An enormous efforts are established by concerning the natural and biodegradable
nanocomposites in distinctive areas dealing with sensors, photovoltaic cells, UV and
electromagnetic shielding materials, actuators, microwave absorbers, robotics, and wearable
medical devices, etc. [1,4]. In the present chapter, biodegradable polymer nanocomposites,
namely, chitosan—-Ag and CP blend—-Ag nanocomposites systems to be pretended and
functionalized using MeV ions. The important signatures and literature reviewed relevant to
these matrices discussed in Chapter 1 (section 1.4.3). The preparation of self-standing matrices,
MeV ions irradiation and subsequent characterizations were explained in sections 2.2, 2.3 and

2.3 of Chapter 2, respectively.
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5.2 Results and Discussion

5.2.1 XRD Analysis
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Figure 5.1 XRD of (a) CS, (b) CSNA, (c) CSNB, (d) CSNC, (e) CP, (f) CPNA, (g) CPNB,
and (h) CPNC matrices.

Figure 5.1 shows concentration-dependent XRD spectra of CSN and CPN matrices. The peaks
in the case of concentration-dependent CSN evolved at 38.1°, 44.3°, 64.5° and 77.4° 2-theta.
These peaks are an evidence of distinguishing Bragg’s reflections from the crystalline planes
of the face-centred cubic lattice Ag NPs phase as (111), (200), (220) and (311) [5]. Similar
crystalline peaks with negligible shifts appeared for concentration-dependent CPN matrices. In
both the matrices, the presence of fundamental Bragg’s reflection of CS and CP blend matrices
(as discussed in section 3.2.1 of Chapter 3) are also persisted. However, the relative intensity
of the polymer crystalline peaks decreased with an increase in Ag NPs concentration indicating
an increase in the degree of an amorphous phase. These results are indicating the successful

integration of Ag NPs in the respective matrices. On comparing the XRD spectra of equal Ag
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Figure 5.2 XRD of (a-h) CSNA and CPNA, (i-p) CSNB and CPNB, and (g-x) CSNC and
CPNC matrices irradiated with C*™ and Ni*’ ions at the fluence of 1x10! and 1x1012

ions/cm?, respectively.
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Table 5.1 Variation in the crystallite size of pristine and irradiated CSN and CPN
matrices with 60-MeV C*® and 100-MeV Ni*’ ions at the fluence of 1x10* and 1x10%?
ions/cm?,

Sample Crystallite Size (nm)

- c*s c*s Ni*? Ni*7
f Oi':/f:’rfg Pristine — 1x101)  (1x10%)  (1x10Y)  (1x10%)

CSNA 14.02 13.41 12.95 12.85 12.00
CSNB 15.58 15.27 14.58 15.13 13.81
CSNC 17.61 16.23 16.17 14.48 14.23
CPNA 19.93 18.15 16.83 16.26 15.78
CPNB 22.29 20.48 20.24 21.39 18.36
CPNC 22,56 22.50 22.46 22.35 22.27

NPs concentration revealed a relative change in intensity indicate the interaction of
nanoparticles influenced by the structural properties of the host matrix. The dispersion of Ag
NPs in the respective matrix considered at the molecular level could influence the separation,

mobility and relaxation of the polymeric chain.

Figure 5.2 illustrates the effect of SHIs irradiation on CSN and CPN matrices with varying
fluences. The peaks correspond to the polymer phase suppressed and become broader,
indicating a decrease in the degree of polymer crystalline or semi-crystalline nature. Whereas
the intensity of crystalline peak associated with Ag NPs moderately decreased. However, as an
impact of MeV ions, the polymer assembly’s localized structural feature of with Ag NPs
convincingly modified. These structural amendments can be predicted by the crystallite size as
obtained from the measured broadening (512) of peaks was used in Scherrer equation [6] as
inferred in Chapter 2 (section 2.4.1) and tabulated in Table 5.1. The crystallite size of CPN
seems more than that of the CSN matrix showed an involvement of the crystalline phase of
PEO. The crystalline size of CSN and CPN matrices decreased and revealed Se and fluence
dependent responses ascribed to disordering caused by MeV ions based on deposition of the
abundant localized energy density into the polymeric assembly along the ion tracks [7].

5.2.2 ATR-FTIR Analysis

Figure 5.3 displays the Ag NPs concentration-dependent ATR-FTIR spectra of CSN matrices.
Due to the incorporation of nanoparticles, the relative intensity of stronger overlapped O-H

and N-H stretching modes evolved within the wavenumber regime of 3500-3300 cm™
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Figure 5.3 FTIR spectra of concentration-dependent CSN matrices.

observed to be diminishing, which is evidence of Ag NPs affinity to N—H [8]. The band at
1540 cm! assigned to (~NHs") shifted (~8 cm™) because of the formation of linkages on the
surface of Ag NPs due to the availability of excess protons. Broadening and shifting toward
lower wavenumber side with waning in intensity due to Ag NPs incorporating have been
remarked in literature [5,9]. The bonds at 1377 (symmetric CHs deformation and CH bending),
1340, and 1445 cm™, merged with 1410 cm™. The 1410 cm™ (CH: bending and CHg
deformation) shifted toward the lower wavenumber region. The vibrational mode associated
with glucose rings of CS at 1149 cm™* becomes intense and broader.

Figure 5.4 shows the Ag NPs concentration-dependent ATR-FTIR spectra of CPN matrices. A
distinctive discrepancy in CSN matrices is observed in comparison with CPN vibrational
modes. Like CSN matrices, the hydrogen-bonded O—H and N-H groups, as perceived across
the 3000-3600 cm™ wavenumber are immensely diminished [10]. The vibrational mode for
CS observed at 1540 cm~ (NH bending (amide 11)) is shifted (~20 cm ™) to lower wavenumber

side. The modes at 1636 cm~* and 1258 cm! assigned to C=0 stretching (amide I) and OH

~105 ~




Modification of Chitosan and CP Blend-based Biodegradable Polymer Nanocomposites by Irradiation with MeV lons Chapter 5

4
= e j
U;.. " ﬁ == i
%w’ I [} ]
1 1 |:| :I
i . i I A
| [ ! ! 1
= ! | i R e
I I I I
L ! n | e :g
I 1 -
@ - 1 oo
2 @ 3 e 2 8! g
~ ™ 0 |
S LT '~ © B <@
] -] - - T -
o I I
I
£ ® .
7] -2} ™~
c (3] -—
© l -
S ]
= o
o ©
o~ g ]
1
I
—CP
[+=]
——CPNA © si:.
ob .
—— CPNB = e 2
CPNC - 2
vy Ml
T T T T 1 7/7 T T T T
O O O o o o o o o
o O O O O o o o o
© I N O © «© <r o~ o
M O MmO N — -

Wavenumber (cm™)

Figure 5.4 FTIR spectra of concentration-dependent CPN matrices.

bending, respectively, seem to be suppressed. The relative intensity of vibrational modes at
1069 and 1008 cm! ascribed to CS’s saccharide feature is also diminished. The 1412 cm™
(CH2 bending and CH3 deformation) shifted (~6 cm™) to the lower wavenumber side. The
mode appeared at 1145 cm ™ assigned to glucose rings of CS is intensify. Whereas the signature
vibrational modes of PEO are also suppressed. However, there is a moderate change in peak
intensity of 1060 cm~* (C-O-C stretching), 1341 cm~ (CH2 wagging) and 842 cm (CH;
rocking) modes assigned to PEO [11] in comparison with vibrational modes of CS. Also, the
peak position of this mode does not shift. The shift in peak position and amendment in peak
intensity implying that —-NH, and —OH groups of CS as well as C-O-C group PEO, remarkably
interact with Ag NPs. However, Ag NPs moderates the interaction between CS and PEO on
account of the prominent contribution of amine, hydroxyl and ether groups to the interaction
with silver NPs [12].

In both cases, the presence of Ag NPs constrains the interactions among main and side-chain

functional groups. Indeed, the abundant availability of excess proton facilitates
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Figure 5.5 FTIR spectra of (a) CSNC (b) CPNC matrices irradiated with C*> and Ni*’

ions at the fluences of 1x10* and 1x10'? ions/cm?, respectively.
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hydrogen bonding due to dipolar coupling between the surface charge of Ag NPs and proton
in CS. The change in vibrational mode relevant to glucose rings implying defects formation
via charge transfer reaction between Ag NPs and CS. The adjacent polymeric coating on the
nanoparticle surface restricts the mobility of macromolecular chains. Therefore, the

nanoparticles within the polymeric assembly caused confining effects [13].

Figure 5.5(a) and Figure 5.5(b) revealed the fluence-dependent effect of C*™ and Ni*’ ions
irradiation on CSNC and CPNC matrices’ vibrational modes, respectively. For both the
matrices, the vibrational modes appeared at 2907 cm™* (asymmetric C—H stretching), 1258
cm~ (—OH bending) as well as 1070 cm™ (glucose rings), 1008 cm™ (glycosidic linkage) and
1060 cm~t (C-O-C stretching) are remarkably suppressed. Therefore, an atomic ratio of
hydrogen to carbon (H/C) declined upon SHIs irradiation due to polymer degradation. The
macromolecular degradation occurred via rupture of numerous polymeric linkages and the
formation of low-molecular species associated with the degassing of some volatile products
[7]. Consequently, a newer carbonyl band developed at 1710 cm™* for CSN matrices, as seen
from Figure 5.5(a). Although, the carbonyl band does not grow in the case of irradiated CPN
matrices. This is revealed to the mutual stabilizing effect of coexisting binary polymeric
systems. While the vibrational modes in the range of 3500-3000 cm™ and 1540 cm
associating with —NH. groups are moderately changed upon SHIs irradiation. This implied a

stronger affinity of amine groups in the confining effects of NPs.

5.2.3 Optical Analysis

Figure 5.6(a) and Figure 5.6(b) illustrate Ag NPs concentration-dependent UV-Visible
absorption spectra of CSN and CPN matrices, respectively. The optical response of metallic
nanoparticles strongly relies on profiles of particle (i.e. dimensions, shape, surface feature),
composition, adjacent medium, separation among particles, etc. [14]. Surface plasmon
resonance (SPR) peak originated at around 410 nm is evidence of silver nanoparticles within
the assembly of polymeric matrices [8,15]. A broader and asymmetric shape of SPR peak for
CSN and CPN matrices with a prolonged tail observed from Figure 5.6(a) and Figure 5.6(b).
The nature of the SPR peak revealed multipolar excitations and radiative damping due to

elevated concentration of Ag NPs with variable-sized dispersion. The coherent excitation of
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the nanoscale constitute and its surrounding dielectric medium excite the electrons [16]. These

excited electrons govern the intensity of the SPR peak.

Figure 5.7(a) and Figure 5.7(b) show the UV-Visible absorption spectra of C**> and Ni*’ ions

irradiated CSN and CPN matrices at the fluence of 1x10* and 1x10'? ions/cm?, respectively.

The SPR peak exhibited a successive redshift as the ion fluence increased for both the matrices.

An amendment in the optical response contributed from both the polymeric system and

nanoparticles, that is, improvement in dielectric constant and redistribution of Ag NPs,

respectively [17]. Indeed, the scattering effect of electron and the charge transfer process

occurred at the NPs surface govern by the particle-polymer interface features [18]. Hence,

reform in the particle-polymer interface is reflected in the optical properties of the polymer
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Table 5.2 Variation in optical energy bandgap (Eg), the number of carbon atoms per
conjugation length (N) and (R?) of pristine and irradiated CSN and CPN matrices with
60-MeV C* and 100-MeV Ni*’ ions at the fluence of 1x10 and 1x10%2 jons/cm?2.

C*5 (60 MeV) Ni*7 (100 MeV)

Sample E, (V) N R? E, (eV) N R?

Pristine CSNA 501+0.02 47 0.97 5.01+002 47 0.97
CSNA (1x10% jons/cm?) 4.83+0.04 51 090 459+0.04 56 0.98
CSNA (1x10% ions/cm?) 3.22+0.01 113 0.84 311+002 121 0.93
Pristine CSNB 489+0.02 49 096 4.89+002 49 0.96
CSNB (1x10' ions/cm?) 3.92+0.01 77 099 377+001 83 0.99
CSNB (1x10 ions/cm?) 3.20+0.01 115 096 2.69+0.01 162 0.85
Pristine CSNC 465+0.02 54 096 465+002 54 0.96
CSNC (1x10' jons/cm?) 3.87+0.01 79 097 356+004 93 0.88
CSNC (1x10'? jons/cm?) 2.70+0.01 162 092 241+001 203 0.92
Pristine CPNA 457 +0.01 56 0.99 457+0.01 56 0.99
CPNA (1x10* ions/cm?) 4.48+0.01 59 0.97 428+002 64 0.93
CPNA (1x10* jons/cm?) 3.80+0.05 81 0.87 2.83+0.02 147 0.84
Pristine CPNB 436+0.02 62 094 436+002 62 0.94
CPNB (1x10 ions/cm?) 4.27+0.02 65 0.94 392+001 77 0.96
CPNB (1x10'? jons/cm?) 3.77+0.04 83 093 256+0.02 180 0.96
Pristine CPNC 412+0.01 69 098 4.12+001 69 0.98

3.82+0.01 81 0.98
245+0.01 196 0.98

CPNC (1x10' ions/cm?) 3.86+0.01 79 0.99
CPNC (1x10'? ions/cm?) 2.66+0.01 166 0.81

nanocomposites matrices. The setup of the polymeric layer around the surface of nanoparticles,
that is, polymer grafting, may build up the effective volume of the nanoparticles and restrict
the mobility of the polymer chain and the nanoparticles. The grafting of polymer is enhanced
upon SHiIs irradiation caused by tremendous electronic energy loss of MeV ions. Which is
ascribed to the reordering of polymeric materials as a result of the rapid cool-down process of

the molten phase of polymer [7,19].

The peak evolved within a wavelength regime of 300 to 350 nm indicating chromophores’
formation (see Figure 5.7(a-b)) for both CSN and CPN matrices upon MeV ions irradiation. It
is also observed that the SHIs yielded reformation in AE shape and monotonic redshift as a
function of ion fluence. An amendment in the AE is attributed to the formation of defects,
explicitly, randomization of polymeric chain and wrecking of vital linkages [7]. Whereas the
persistent redshift of AE indorsed to the instigation of lower molecular-weight species and
ions, that is, improved charge carrier density. Also, outgassing of volatile molecular fragments

of various species upon MeV ions irradiation [19].
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The AE variation is reflected in the optical bandgap (Eg) of CSN and CPN matrices. The
bandgap of pristine and MeV ions irradiated matrices were estimated using Tauc’s approach,
as discussed in section 2.4.3 of Chapter 2. Eg’s calculated value of for CSNA, CSNB and CSNC
is 5.01 eV, 4.89 eV and 4.65 eV, respectively. Whereas the corresponding value for CPNA,
CPNB and CPNC matrices is found to be 4.57 eV, 4.63 eV and 4.12 eV, respectively. A
decrease in electron transition energy upon Ag NPs loading is indorsed to the configuration of
charge transfer complexes between the HOMO and LUMO energy bands. From Table 5.2, the
wide bandgap of CSN and CPN can be engineered using suitable beam parameters as a result
of the formation of new energy levels (traps) between the HOMO and LUMO band. Indeed,
MeV ions induced change in optical response is due to the generation of unsaturation and
structural reform of sp® and sp? [19,20]. Compagnini et al. [21] revealed that the polymeric
system’s optical properties govern by the atomic ratio of hydrogen to carbon (H/C). A decrease
in bandgap upon irradiation corresponds to low H/C concentration. This is collaborated with
substantial breaking of C—H and —OH coordinates, as demonstrated in section 5.2.2. In the
present case, sp to sp? hybridization facilitates carbonaceous clustering. The number of carbon
atoms per conjugation length (N) was evaluated by employing the Fink model as explained in
section 2.4.3 of Chapter 2 and tabulated in Table 5.2. The carbon-rich matrices have been
developed because of substantial hydrogen gas liberation, subsequently, altering the
surrounding environments of the NPs. Which in turn affects the dielectric constant may
responsible for a monotonic red shift [22]. The remarkable red shift of AE and bandgap
tunability as a function of beam parameters denotes that the CSN and CPN are suitable
materials that can be utilized as UV shielding and bandgap tuner to advance the optical devices.

5.2.4 AC Electrical Frequency Response

Frequency-dependent dielectric spectroscopy is a versatile technique to avail prominent
evidence about polymer specimens’ internal behavior of with nano-filler because of prevailing
the distinctive phases [23]. The MeV ions interaction with polymer nanocomposites matrices
were indefinitely influenced the macromolecular dynamics and conduction mechanism.
Former macroscopic techniques could not perceive such changes. Hence, distinctive dielectric
formalisms were employed to evaluate and explore the MeV ions induced amendments. The
variation of dielectric constant as a function of log frequency for CSN and CPN matrices is

shown in Figure 5.8. These matrices involving constitutes of distinct phases with diversity in
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Figure 5.8 Plot of dielectric constant versus log frequency of Ag NPs dependent (a) CSN

and (b) CPN matrices, respectively. Inset depict the variation of €' at 1 kHz versus Ag
NPs wt% for CSN and CPN matrices.

conductivity. In polymer nanocomposites matrices, metallic islands of NPs existed in an
insulating host. The interfacial dipole is formed at the interface due to partial charge charge
transfer [18]. Therefore, the dielectric constant solely increases with increasing Ag NPs
concentration, as perceived from Figure 5.8. The &' values of CSNA and CSNB matrices
exhibited frequency-independent response over 40 kHz to 2 MHz, while CSNC showed except
frequency-dependent response over the entire frequency range. Simultaneously, there is a quick
and rapid increase as frequency decrease from 40 kHz to 20 Hz observed for CSN matrices
from Figure 5.8(a). Figure 5.8(b) revealed that CPN matrices showed a frequency-independent
response over 20 kHz to 2 MHz. At the same time, there is a slow and gradual increase with a
decrease in frequency from 20 kHz to 20 Hz. Inset of Figure 5.8(a) and Figure 5.8(b) revealed
a non-linear increase in ¢’ as a function of Ag NPs wt% for CSN and CPN matrices at the fixed

frequency of 1 kHz. Therise in ¢’ at 1 kHz is about 272% and 66% with 15% of Ag NPs loading
in CS and CP blend, respectively.

Figure 5.9 depicts the variation of dielectric constant (¢') as a function of log frequency for pre
and post C*® and Ni*’ ions irradiated CSN and CPN matrices at the fluence of 1x10*! and
1x10'? ions/cm?. The values of €' increases over the entire frequency region with fluence for
both the ions. The rise in &’ upon Ni*’ irradiation is more abrupt, indicating the charge carriers’
formation is more than C*® irradiation. Also, increased lower frequency dispersion upon
irradiation is attributed to the increased contribution of electrode polarization effects [24]. The

properties of materials were significantly transformed due to grafting of polymer with nano-
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Figure 5.9 Plot of dielectric constant versus log frequency for (a) CSNA, (b) CSNB, (c)

CSNC, (d) CPNA, (e) CPNB, and (f) CPNC matrices irradiated with C*> and Ni*’ ions at
the fluence of 1x10* and 1x10'? ions/cm?, respectively.

sized materials, which is governed by the size, surface and confining effects of nanomaterial.
Biswas et al. [25] demonstrated the silver nanocluster’s reordering within carbonaceous
nanoregions in a polymeric host. They reveal tailoring of nanoparticles shape and size located
on the surface and residing in the polymer matrix. The prior studies carried out by our group

with the objective of SHIs effect on the physical properties of PS-Ag NPs [26] and PMMA-
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Figure 5.10 Plot of dielectric loss versus log frequency of Ag NPs dependent (a) CSN
and (b) CPN matrices, respectively

Ag NPs [27] revealed that the physicochemical amendments may be facilitated cluster-to-
cluster interaction due to increase in correlation length. These studies validate the discussions

of MeV ions induces modified response of dielectric constant for CSN and CPN matrices.

The variation of dielectric loss (¢") as a function of log frequency for CSN and CPN matrices
is shown in Figure 5.10. The dielectric loss increases monotonically with decreasing frequency
ascribed to the interfacial polarization mechanism of the heterogeneous system [27]. Whereas
the frequency region below 1 kHz is attributed to the dc conductivity behavior obeying the
relation, s”oc f ~1. Except, minor relaxation in the frequency range 1 kHz to 20 kHz for the
CSNC matrix. Also, the exponent nature of the dielectric loss spectra indicates the dominant

of polarization effect over the dc conductivity [28].

Figure 5.11 represents the variation of dielectric constant (¢”) as a function of log frequency
for pre and post C*® and Ni*’ ions irradiated CSN and CPN matrices at the fluence of 1x10%!
and 1x10'2 ions/cm?. It is noticed that the values of &” increases across the overall frequency
range with increasing fluence. Also, a moderate rise in €” upon MeV ions irradiation is noticed
for CPN matrices concerning CSN matrices. However, a small relaxation peak within 1 kHz to
20 kHz frequency span upon SHIs irradiation is perceived for certain fluence. This kind of
strange response is attributed to the release of the frozen dipoles due to the scission of the

macromolecule chain and their cooperative movement with the adjacent polymer segment.
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Figure 5.11 Plot of dielectric loss versus log frequency for (a) CSNA, (b) CSNB, (c)
CSNC, (d) CPNA, (e) CPNB, and (f) CPNC matrices irradiated with C*> and Ni*’ ions
at the fluence of 1x10% and 1x10'? ions/cm?, respectively.

As explained in section 2.4.4 of Chapter 2 that there is an inverse relationship between complex
electrical modulus (M*) and complex dielectric permittivity (e*) [23,24,29,30]. The electric
modulus formalism is an ingenious approach indorse to study the relaxation phenomenon by
suppressing the low frequency electrode/interfacial polarization effect [24]. The polymer-

metal nanocomposites matrices are disorder in nature and may exhibit various overlapped
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Figure 5.12 Plot of real part of electric modulus versus log frequency of Ag NPs
dependent (a) CSN and (b) CPN matrices, respectively.

relaxation processes, which can be explored and distinguishable through the electric modulus

analysis.

Figure 5.12 shows the variation of real part of electric modulus (M’) as a function of log
frequency for CSN and CPN matrices. It is perceived that the frequency-dependent values of
M'" decreased monotonically with the increasing Ag NPs loading for CSN and CPN matrices.
At low frequency window, the graphics of M’ tends to reasonably trivial. The values of M’
increase asymptotically with increasing frequency and tend to level off by reaching a maximum
value (M.=1/ex) at higher frequency. The frequency-dependent M’ seem to be reduced over

the entire range of frequency with increasing Ag NPs loading.

Figure 5.13 illustrates the variation of the real part of electric modulus as a function of log
frequency for pre and post C*® and Ni*" ions irradiated CSN and CPN matrices at the fluence
of 1x10™ and 1x10'? ions/cm?. Analogous to the Ag NPs dependent response of CSN and CPN
matrices, the M’ spectra upon MeV ions irradiation also exhibits a decreasing tendency as a
function of fluence throughout the frequency range. This may be ascribed to constrained
polymeric chains within a narrow space due to high Ag NPs doping accompanied by polymeric
degradation yielding isolated behavior of the macromolecules at the nanoscale extent. The
response of M’ at lower frequency is indorsed to the suppression of dispersion owing to

interfacial/electrode electric double-layer polarization [23]. At the same time, the high-
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Figure 5.13 Plot of real part of electric modulus versus log frequency for (a) CSNA, (b)
CSNB, (c) CSNC, (d) CPNA, (e) CPNB, and (f) CPNC matrices irradiated with C*°> and
Ni*’ ions at the fluence of 1x10%* and 1x10% ions/cm?, respectively.

frequency saturation is ascribed to the dispersion of conductivity relaxation in a broad span of

frequencies [31]. Indicating a consequence of the characteristic relaxation phenomenon
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Figure 5.14 Plot of imaginary part of electric modulus versus log frequency of Ag NPs
dependent (a) CSN and (b) CPN matrices, respectively.

involving a loss peak in the imaginary part of electric modulus spectra.

The imaginary electric modulus spectra (M”) as a function of frequency for CSN and CPN
matrices is presented in Figure 5.14, confirms well-resolved peaks ascribed to the phenomena
of relaxation processes. The graphics of M” reveal a solely single relaxation phenomenon for
CSN, while two different relaxation phenomena for CPN. For the case of CSN, as discussed in
the ATR-FTIR section, the confined effect of nanoparticle indicating the hydrogen bonding
and weaken the interactions among the main and side-chains of polymeric functional groups.
As aresult, with increasing the Ag NPs loading peak of M” spectra is shifting towards the high-
frequency side. The shape of relaxation peak, that is, peak value (M,,,.) and peak broadening,
is also remarkably amended. The relaxation observed in the window of (f < fmax) is indorsed to
the existence of interfacial polarization plus long-range migration of charge carriers, explicitly,
efficient hopping between the adjacent sites [31]. The relaxation for frequencies (f > fmax)
indorsed to the short-range drift of charge carriers within potential wells [32]. For the case of
CPN matrices, two distinct relaxation phenomena in M” spectra is perceived due to the
coexistence of semi-crystalline and amorphous phase in the CP blend, as we have discussed in
section 3.2.4 of Chapter 3. Upon embedding the Ag NPs, both relaxation peaks shifted to lower
frequency concerning the CP blend. Indeed, there is a rearrangement of the main chain and the
reorientation of polar side groups due to interaction with NPs, consequently restricting the

macromolecular motions [23,33]. Also, the M" spectra of CPN revealed anomalous shift of
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Figure 5.15 Plot of imaginary part of electric modulus versus log frequency for (a) CSNA,
(b) CSNB, (c) CSNC, (d) CPNA, (e) CPNB, and (f) CPNC matrices irradiated with C*®
and Ni* ions at the fluence of 1x10 and 1x10'? ions/cm?, respectively.
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Table 5.3 Parameter values obtained from the Bergman equation fit of pristine and
irradiated CSN matrices with 60-MeV C*° and 100-MeV Ni* ions at the fluence of
1x10* and 1x10% ions/cm?.

Sample Mo fmax Prww FOM (%)
CSNA 0.10100 217 0.52577 9.83
CSNA (C-1x10" ions/cm?) 0.07078 250 0.41480 14.82
CSNA (C-1x10*jons/cm?) 0.05778 265 0.35581 12.82
CSNA (Ni-1x10ions/cm?) 0.07557 350 0.32577 4.99
CSNA (Ni-1x10*jons/cm?) 0.06241 1600 0.31524 8.73
CSNB 0.04488 770 0.39114 9.61
CSNB (C-1x10* jons/cm?) 0.03951 2800 0.29542 7.00
CSNB (C-1x10*?jons/cm?) 0.02435 13000 0.34542 4.06
CSNB (Ni—1x10 ions/cm?) 0.05816 13000 0.22114 9.88
CSNB (Ni—1x10'?ions/cm?) 0.03444 140000 0.39745 6.18
CSNC 0.02690 43870 0.24855 5.05
CSNC (C-1x10" jons/cm?) 0.02680 44000 0.28847 10.30
CSNC (C-1x10?jons/cm?) 0.02247 100547 0.24180 7.63
CSNC (Ni-1x10! ions/cm?) 0.02617 45000 0.24642 1.73
CSNC (Ni—1x10%jons/cm?) 0.02611 135000 0.20121 3.62

Table 5.4 Parameter values obtained from the Bergman equation fit of pristine and
irradiated CSN matrices with 60-MeV C*> and 100-MeV Ni* ions at the fluence of 1x10*!
and 1x10% ions/cm?.

Peak at low frequency  Peak at high frequency FOM
M;’an fmax  Prww M;,an fmax Srww (%)

CPNA 0.12154 80 0.78551 0.06875 3620 0.44555 5.86
CPNA (C-1x10%ions/cm?) 0.10245 141 0.73935 0.06866 4200 0.42488 5.97
CPNA (C-1x10'?ions/cm?) 0.09985 270 0.58097 0.06981 4300 0.35562 4.14
CPNA (Ni-1x10*ions/cm?) 0.16245 90 0.73214 0.06079 4450 0.42473 8.73

CSNA (Ni-1x10*ions/cm?) 0.14651 160 0.62034 0.08976 8850 0.36411 6.13
CPNB 0.08185 100 0.64424 0.03475 3880 0.48314 ©6.96
CPNB (C-1x10ions/cm?) 0.08277 100 0.51352 0.02407 4250 0.41321 3.68

CPNB (C-1x10%ions/cm?) 0.07777 280 0.48382 0.01621 4410 0.25304 5.39
CPNB (Ni-1x10'ions/cm?) 0.08282 210 0.41587 0.01422 4410 0.26321 3.92

CPNB (Ni-1x10*2ions/cm?) 0.08112 190 0.45624 0.01315 9110 0.24980 4.69
CPNC 0.07085 36 0.64614 0.03275 3910 0.40482 3.04
CPNC (C-1x10ions/cm?) 0.04857 11 0.63652 0.04767 3520 0.42144 7.78

CPNC (C-1x10%ions/cm?) 0.06055 70 0.61624 0.04915 5500 0.41985 3.13
CPNC (Ni-1x10ions/cm?) 0.06461 25 0.71618 0.04582 3520 0.41282 4.91
CPNC (Ni-1x10%%ions/cm?) 0.05957 80 0.63614 0.04215 9500 0.28985 2.85

Sample

~121 ~




Modification of Chitosan and CP Blend-based Biodegradable Polymer Nanocomposites by Irradiation with MeV lons Chapter 5

relaxation peak appeared at a lower frequency, whereas, the relaxation peak evolved at high
frequency window is shifted to higher frequency. This deviation in the imaginary modulus

profile indicates that the localized environment of CPN is modified upon filler loading.

The variation of imaginary part of electric modulus as a function of log frequency for pre and
post C*® and Ni*’ ions irradiated CSN, and CPN matrices at the fluence of 1x10! and 1x102
ions/cm? are illustrated in Figure 5.15. The graphics show a remarkable amendment in the
relaxation phenomena of macromolecule with confinement of NPs is affected by beam
parameters. The shifting in relaxation peak is due to the long drift of trapped charge carriers,

released from the defect sites upon irradiation [7,19].

Each M" spectra is fitted using a fit-function developed by Bergman, as discussed in section
2.4.4 of Chapter 2. The double relaxation peaks are fitted using two Bergman functions [34].
Due to deviation in fitting at the high-frequency window, the good fitting is focused around the
peak and monitor using the figure of merit (FOM) evaluation. The solid symbol in Figure 5.14
and Figure 5.15 is stands for the well-fitted modulus spectra as per the Bergman approach,
whereas the hollow symbol depicts the experimental data. The parametric values of M, ., fmax
and Bxww are estimated from the fitting formalism for pre and post C*® and Ni*7 ions irradiated
CSN and CPN matrices at the fluence of 1x10* and 1x10'? ions/cm? are summarised in Table
5.3 and Table 5.4, respectively. The shape parameter Sxww for CSN matrices attained the values
in the span of 0.53 to 0.20. For CPN, the Skww found between 0.83 to 0.42 and 0.45 to 0.25 for

(@

TT200.0y

Figure 5.16 Plot of conductivity versus log frequency of Ag NPs dependent (a) CSN and
(b) CPN matrices, respectively.
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Figure 5.17 Variation in dc conductivity for (a) CSN and (b) CPN matrices as a
function of ion fluence. Variation in frequency exponent “s” for (¢) CSN and (d) CPN

matrices as a function of ion fluence.

the relaxation peaks at low frequency and high frequency, respectively. Therefore, the
relaxation events for both matrices are a non-Debye type. Also, the Skww values are relatively
lower than unity, indicating that the relaxation event is non-exponential and charge carrier

movement is cooperative events, that is, hopping from one site to adjacent site cannot be treated

as an isolated event [35].

Figure 5.16 depicts the variation of total conductivity (o) as a function of log frequency for

CSN and CPN matrices. Using the Jonscher universal power law [36], direct current, odc, was
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Figure 5.18 Plot of conductivity versus log frequency for (a) CSNA, (b) CSNB, (c)
CSNC, (d) CPNA, (e) CPNB, and (f) CPNC matrices irradiated with C*> and Ni*’ ions
at the fluence of 1x10% and 1x10'? ions/cm?, respectively.

estimated by extrapolating of the plateau region of o to zero frequency. As observed from
Figure 5.17 that the oqc raise moderately upon increasing the Ag NPs composition for both

matrices. A similar trend is also perceived for Ag NPs based polymer nanocomposites systems
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Figure 5.19 Scaling of the conductivity spectra for (a) CSNA, (b) CSNB, (c) CSNC, (d)
CPNA, (e) CPNB and (f) CPNC matrices irradiated with C*> and Ni*’ ions at the
fluence of 1x10% and 1x10% ions/cm?, respectively.

[5,9,26,27]. This is assigned to the crystalline phase of PEO in CPN matrices, responsible for

the impeded hopping processes between coordination sites.

Figure 5.18 presents the variation of frequency-dependent total conductivity for pre and post
C* and Ni*" ions irradiated CSN and CPN matrices. It is noted that higher fluence and Ni*’
ions enhances the conductivity more effectively. lon with superior Se value may profoundly
establish the carbonaceous clustering, enhancing the correlation length facilitating cluster-to-
cluster communications [19,21,25-27]. Also, the rise in frequency-dependent ac conductivity,

oac, at high frequency window is perceived upon irradiation. It is attributed to enhanced charge
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Figure 5.20 Plot of log(fe') versus log frequency of (a) CSN and (b) CPN matrices
irradiated with C*®> and Ni*’ ions at the fluence of 1x10*! and 1x10'? ions/cm?,
respectively.

carriers density, chain scission and formation of C=0, C=C and C=NH linkages. The flexible
materials with high dielectric constant and conductivity are highly important and can be utilized

as electromagnetic interference shielding materials.

To comprehend the dependence of conductivity relaxation dynamics on the MeV ions
irradiation, the conductivity spectra’s scaling has been investigated. Figure 5.19 represents the
scaling plots of total conductivity of pre and post C*® and Ni*” ions irradiated CSN and CPN
matrices at different ion fluences. The scaling procedure is performed as per the literature
reported elsewhere [35,37]. It is observed that the spectra of each sample irradiated with carbon
and nickel ions at different fluences merge to a single master curve. The spectra’s superior
overlapping implies that conductivity relaxation in the nanocomposites matrices is independent

of beam parameters.

The frequency exponent “s” calculated as per the formalism described in section 2.4.4 of
Chapter 2. The variation of “s” with Ag NPs composition and beam parameters for CSN and
CPN is shown in Figure 5.17(c) and Figure 5.17(d), respectively. The values of “s” is decreased
with increasing fluence. It is found that the values are varied between 0.90 to 0.76 for CSN and
0.87 to 0.75 for CPN matrices. This indicates hopping of charge carriers is a suitable

conduction mechanism, and it is AC type [36].
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Kramer-Kronig interpretation presents an appropriate perceptive of the variation of power-law
exponent. In this approach, €' is proportional to f™, which can be express as &'f =Bf ™, where
m is the exponent [38]. Therefore, log(f ¢")—logf plot over a broad spectrum of frequency range
has a linear response with a slop of m [38]. This kind of trend is observed in Figure 5.20 for
CSN and CPN matrices. This is credited to the universal dielectric response (UDR) model’s
well-defined dominance. The hopping of charge carriers between adjacent sites coupled with
the dipolar relaxation, generally, observed in a persuasive disordered/amorphous materials
[39,40].

5.2.5 SEM Analysis

{aPESNE i B (b) CSNC(C-1x10" jons/cm?) -

200 nm
m

1 1
(d) CPNC (e) CPNC(C-1x10"2 jons/cm?) () CPNC(Ni-1x102 jons/cm?) wmm

Figure 5.21 FESEM micrographs of (a) CSNC irradiated with (b) C*®ions, (c) Ni*’ ions
at the fluence of 1x10*? ions/cm? and (d) CPNC irradiated with (e) C*® ions (f) Ni*” ions
at the fluence of 1x102 ions/cm?.

Figure 5.21(a—f) depicts the FESEM micrographs of C*® and Ni*’ ions irradiated CSNC (Figure
5.21(a—c)) and CPNC (Figure 5.21(d—f)) matrices at a fluence of 1x10'? ions/cm?2. The SEM
images present with 1 um and 200 nm scales at 25 Kx and 50 Kx magnifications, respectively.
The FESEM image of CSNC (Figure 5.21(a)) reveals a non-porous and crack-free surface with
some espies of NPs. Whereas, the CPNC (Figure 5.21(d)) shows dissimilar sized nodules
indicating the presence of spherulites crystalline structure of PEO. Both matrices exhibit porous
free morphology is ascribed to better surface packing owing to electrostatic interaction between
polymeric chains and Ag NPs, mainly at the interphase. Also, the silver nanoparticle might

aptly be distributed in matrices. Upon C*° ions irradiation, the surface of CSNC (Figure
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5.21(b)) becomes smooth with some specs, whereas, little phase separation is perceived for
CPNC (Figure 5.21(e)). For the case of Ni*’ ions irradiation, the surface morphology becomes
considerably smoother for both the matrices (Figure 5.21(c and f)), which directly belong to
the amorphous phase of the polymer nanocomposites. The XRD results are closely associated
with the FESEM micrographs. The irradiation promotes the temperature within the picosecond
time nearby the ion trajectory [41]. Afterward, the polymeric chains rearrange themselves and
yielded enhanced interfacial interaction with NPs in association with new chemical linkages
and defects [21,25,42]. The rapid quenching phenomenon is rising with increasing ion fluence.
Then, there is an overlapping of ion trajectories, consequently, yielded a carbon-rich network
with an enhanced conjugated system.

5.2.6 AFM Analysis

Figure 5.22(a—f) demonstrate illustrative AFM micrographs of C*> and Ni*’ ions irradiated
CSNC (Figure 5.22(a—c)) and CPNC (Figure 5.22(d-f)) matrices at a fluence of 1x10%
ions/cm?. The AFM images of CSNC (Figure 5.22(a)) have sharp hillock-like structures. While
CPNC (Figure 5.22(b)) exhibits, homogeneous, and smoother morphology is attributed to the

(a) CSNC (b) CSNC (C-1x10"2 ions/cm?) (c) CSNC (Ni-1x102 ions/cm?)

(e) CPNC (C-1x10"2 ions/cm?) (f) CPNC (Ni—1x10'2 jons/cm?)

Figure 5.22 AFM images of (a) CSNC irradiated with (b) C*®ions, (c) Ni*" ions at the
fluence of 1x10*? ions/cm? and (d) CPNC irradiated with (e) C*° ions (f) Ni*’ ions at the
fluence of 1x10% ions/cm?.
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compatibilizing effect of Ag NPs [43]. The parametric values, namely, Root Mean Square
(RMS) roughness (Rq) and average roughness (Ra), are evaluated for the morphological studies.
The obtained values of Rq and Ra for CSNC are 71.2 nm and 50.3 nm, respectively. Whereas,
for CPNC, the corresponding values are 33.6 nm and 23.5 nm, respectively. Relatively rough
morphology of CSNC is promoted by espies of metal NPs over the surfaces. For C*® and Ni*’
ions irradiated CSNC sample, the value of Rq diminished to 19.2 nm and 12.3 nm, whereas the
value of R, reduced to 15.2 nm and 9.4 nm, respectively. For C** and Ni*’ ions irradiated CPNC
sample, the value of Rq moderated to 21.4 nm and 20.4 nm, whereas the value of Ra lowered
to 15.7 nm and 16.2 nm, respectively. The decrease in surface parametric values due to
irradiation indicates significantly smoother morphology. These verdicts indorsed to the
imperative collision level of massive ions on the surface of relatively soft materials might
wreck the hill-like topographies and caused localized surface diffusion of NPs within the
matrix. The AFM study is found to be in accordance with the SEM imaging involving the
qualitatively and quantitatively evaluations of the polymer nanocomposites’ morphological

features.

5.3 Conclusions

The self-sustained nanocomposites matrices of chitosan and (chitosan-PEQO) with 5, 10 and 15
wt% of silver nanoparticles were prepared via solution casting approach. These matrices were
irradiated under high vacuum conditions with carbon and nickel ions of energy 60 MeV and
100 MeV at fluence of 1x10' and 1x10% ions/cm?, respectively. XRD studies revealed
amendments in polymer-nanoparticle and polymer-polymer interaction with composition level.
These matrices exhibit a dominant amorphous phase; however, the existence of the spherulites
structure of PEO ensures the crystalline phase. The crystallite size shows an increasing trend
with composition; on another hand, it decreases with increasing fluence. An overall
amorphization of the nanocomposites system due to MeV ions irradiation is also noticed from
the XRD analysis. ATR-FTIR analysis showed that the inclusion of NPs moderates the
interaction among main and side-chain functional groups. The shift of vibration modes to the
lower wavenumber with broadening and merging with increasing additive level is also
perceived due to the interaction between functional groups of polymer and nanoparticles. The
degradation of macromolecular due to the rupture of numerous polymeric linkages owing to

SHIs irradiation. The carbonyl band evolved as a result of ions polymer interactions for CSN
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matrices, while CPN matrices confirmed the mutual stabilizing effect. The matrices irradiated
with 1x10% ions/cm? have substantially high absorbance across the UV regime and have
comparatively lower absorption in the visible region. Which confirms their suitable relevance
as UV shielding and optical filters. Moreover, the bandgap can reliably tailored by varying the
beam parameters of both matrices, which comprehend the materials as bandgap tuner in optical
devices. The frequency-dependent dielectric constant and conductivity enhance with
composition and fluence recognize their relevance as electromagnetic interference shielding.
These materials follow the universal dielectric response. The SEM analysis supports the XRD
data. AFM studies showed that surface morphology becomes smoother upon MeV ions

irradiation.
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