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ABSTRACT: A silver—polycarbonate (Ag—PC) matrix was prepared by a +y-radiation-assisted diffusion method, and its antibacterial
properties were studied. Rutherford backscattering spectroscopy, X-ray diffraction, and transmission electron microscopy results
showed the diffusion of good, crystalline-structured (face-centered cubic) silver nanoparticles (AgNPs) inside polycarbonate (PC) after
irradiation. Ultraviolet—visible spectroscopic results indicated a blueshift in the surface plasmon resonance of the AgNPs; this revealed
a particle size decrease with increasing vy-radiation dose. This was also supported by the scanning electron microscopy results. The
microstructure of the pristine PC and silver-doped PC was monitored with positron annihilation spectroscopy, and it showed
decreases in the free-volume hole size and fractional free-volume for Ag—PC and vy-ray-irradiated PC. This corroborated the Doppler
broadening spectroscopy results. The thermal degradation temperature of PC was increased because of the diffusion of AgNPs in PC.
The antibacterial activity of the synthesized Ag—PC matrix was evaluated by the zone of inhibition, and the results demonstrated its
bacterial growth inhibition ability. The results indicate the potential to produce an Ag—PC matrix for various applications in medical
and food industries. © 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43729.
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INTRODUCTION The synthesis of AgNPs in a polymer matrix by the irradiation
method has gained much attention because of its advantages
over other methods, as it is environmentally friendly and pre-
vents the use of harsh reducing agents.” The synthesis of AgNPs
40-150 nm in size in poly(vinyl alcohol) by low-energy electrons
was reported by Mahapatra et al® Bogle et al® synthesized
AgNPs with sizes in the range 100-200nm in poly(vinyl alco-
hol) by 6-MeV electron-beam irradiation. Pattabi et al.® studied
the growth and stability of AgNPs in poly(vinyl alcohol) by 8-
MeV electron-beam irradiation. A comparative study of vy-ray,
electron-beam, and synchrotron X-ray irradiation methods for
the synthesis of AgNPs in poly(vinyl pyrrolidone) was carried
out by Misra et al,” and they concluded that the particle size
distribution was larger in case of y-ray irradiation compared to

The synthesis of noble metal nanoparticles have been investi-
gated extensively because of their optical, catalytic, and elec-
tronic properties. Among various noble metal nanoparticles,
silver nanoparticles (AgNPs) have attracted much attention
because of their applications in several fields, including optoe-
lectronics, information storage, biomedical imaging, catalysis,
and antibacterial applications." Several methods have been
reported for the synthesis of AgNPs; these include chemical
reduction, photoreduction, an electrochemical method, atom
beam sputtering, and a radiation-assisted method.” Among all
these, the radiation-assisted, in situ synthesis of AgNPs has been
termed a simple, clean, and efficient method.?

© 2016 Wiley Periodicals, Inc.

M""(T%uﬁ WWW MATERIALSVIEWS.COM 43729 (1 of 10) J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43729
(]


http://www.materialsviews.com/

ARTICLE

that of electron beams and synchrotron X-rays. Recently, Vacik
et al® studied the diffusion of silver (Ag) into polyimide, high-
density polyethylene, and poly(ether ether ketone) by in situ
electron irradiation. The ultraviolet-assisted in situ synthesis of
AgNPs on silk fibers for antibacterial applications was reported
by Lu et al’ y-radiation was used by many researchers for the
synthesis of AgNPs in poly(vinyl alcohol)'*™2 and in poly(vinyl
pyrrolidone).’*™"> Mukherjee et al.'® studied the annihilation
characteristics of positrons in polyacrylamide containing AgNPs.
Positron annihilation spectroscopy (PAS) of trimethylol propane
trimethacrylate silica was reported by Zaleski et al'” The free-
volume properties in a system of 20-nm zinc oxide nanopar-
ticles dispersed in waterborne polyurethane were measured with
positron annihilation lifetime spectroscopy by Awad et al'®
However, there is a lacuna in the literature for the PAS study of
silver—polycarbonate (Ag—PC). <y irradiation alters the micro-
structural properties of polymers through several routes, for
example, chain scission/crosslinking, the creation of free radi-
cals, and changes in the fractional free volume (Fy)."*! Infor-
mation about chain scission/crosslinking and changes in Fy can
be accurately obtained by the PAS technique because of its effi-
cacy in the detection of free-volume holes at the subatomic level
and its high sensitivity for microstructural changes. In poly-
mers, ortho-positronium (o0-Ps; metastable bound state of elec-
trons and positrons with parallel spin) preferentially localizes
and annihilates in the free-volume holes of a polymer.** This
characteristic of 0-Ps makes it the microprobe of choice, and its
lifetime and intensity become a measure of the electron density
and free-volume size in the study of the microstructural behav-
ior of polymers.**™*

This article deals with the synthesis of an Ag—PC matrix by a +y-
radiation-assisted, in situ method and their characterization by
Rutherford backscattering spectroscopy (RBS), ultraviolet—visi-
ble (UV-vis) spectroscopy, X-ray diffraction (XRD), scanning
electron microscopy (SEM) attached with energy-dispersive
spectroscopy (EDS), transmission electron microscopy (TEM),
thermogravimetric analysis (TGA), Fourier transform infrared
(FTIR) spectroscopy, and its free-volume study by PAS and
Doppler broadening (DB) spectroscopy measurements. The
antibacterial properties of the prepared samples were also
checked by an agar diffusion method against a Gram-negative
bacteria (Escherichia coli) and Gram-positive bacteria (Staphylo-
coccus aureus). These two bacteria spread via water or meat and
may cause serious food poisoning, anemia, fever, and more.
Therefore, it is important to synthesize a nanoparticle-diffused
polymer matrix that will inhibit these kinds of bacteria. In this
study, we prepared an Ag-PC matrix by a y-radiation-assisted
method and studied it effectively for the inhibition of the over-
all growth of these types of bacteria.

MECHANISM OF FORMATION AND DIFFUSION OF AgNPs

The process of metal nanoparticle synthesis by radiolysis can be
depicted by the following reactions:

y—irradiation

n-H,0 H,O0H,H,,H;0" H,0,,...... etc (1)

€

e;]+Agn+ _)Ag(n*l)+ (2)

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

43729 (2 of 10)

Applied Polymer

SCIENCE

€q T Ag"T — Ag’ (3)

In the radiolytic method, aqueous solution is exposed to high-
energy y-rays to generate free electrons through Compton scat-
tering. During y-ray exposure, they also produce species, such
as hydrated electrons (e,) and hydrogen radicals arising from
the radiolysis of water.*® Ag ions will get reduced to a zero-
valent state by the generated electrons, which are strong reduc-
ing agents. In turn, electrons reduce Ag ions into Ag atoms.
These Ag atoms are transferred into the free volume in the pol-
ycarbonate (PC) created during vy irradiation by thermal activa-
tion. During irradiation, the rate of diffusion is governed by the
net concentration of free volume in the polymer matrix. The
neutral atoms transferred to the defect sites start coalescing to
form aggregation of AgNPs in the polymer as depicted by fol-
lowing reaction. Simultaneously, the reduced Ag atoms start
coalescing to form colloidal metal nanoparticles in the
solution:'?

nAg’ — (Ag), — ...(Ag), ... — (A8) g (4)

The nanoparticles size is related to the y-ray dose, and it is well
explained in the report of Naghavi et al?” For Ag ions, the elec-
tron capture is high, and this produces a large number of neu-
tral Ag atoms:

Ag+ + eaCI_)Ag0 (5)
Ag’ +Ag’ Ag, (6)

The bonding between neutral atoms/clusters with unreduced
ions is also strong, and hence, association between them occurs
quickly.”” The neutral Ag atoms and unreduced Ag ions com-
bine results in the formation of AgNPs:

Ag’ +Ag"  Agy (7)
Ag, +Ag" — Ag.., (8)
Agrii t €q — A8mi1 )

The last two reactions [egs. (8) and (9)] of ion association with
atoms/clusters are fast and important in the cluster growth
mechanism. There is the simultaneous reduction of free Ag ions
and absorbed ones, and both are controlled by the rate of for-
mation of reducing radicals. Cluster formation by direct reduc-
tion followed by coalescence is dominant at higher -y-ray doses,
and the final aggregates are smaller in size compared to those
formed at lower doses. In the case of higher doses, the adsorp-
tion of ions takes place on neutral Ag atoms or small clusters
formed at an earlier stage. This process is independent and can-
not be controlled by the reduction in situ of ions by electron
transfer from reducing radicals. The electrons from smaller
aggregates can be transferred to larger ones coated with
adsorbed ions.?” In this manner, during +y-ray irradiation, the
number of AgNPs increases, and Ag particles of nanometric
dimensions can be synthesized.

EXPERIMENTAL

Preparation of the Ag-PC Matrix
We prepared an AgNO; solution (1 mM) by dissolving AgNO;
in double-distilled water and stirring it for 30 min. A volume of

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43729



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

10mL of this solution was put into a glass bottle. PC
(C16H,403; Lexan) with a size of 1.5 X 1.5cm?” and a thickness
of 200 pm was immersed in the glass bottle containing the
AgNOj; solution. This bottle was exposed to a Co-60 +y-radia-
tion chamber (dose rate = 5.4 kGy/h), and a 50-kGy irradiation
dose was delivered. A similar type of experiment was repeated
with doses of 100, 200, 300, 400, 500, and 600 kGy. After irradi-
ation, the sample was removed from the bottle, washed with
double-distilled water, dried, and used for further characteriza-
tion. PC by itself was also irradiated at the same doses with no
AgNOj; solution.

Characterization of the Ag-PC Matrix

The diffusion of Ag in PC was estimated by an RBS technique
with a 2-MeV “He beam (with a 0° incidence angle and 165°
laboratory scattering angle), and the backscattered particles
were detected with a surface barrier detector with a detector
active area of 80mm?* and a crystal thickness of 350 um. The
surface plasmon resonance of Ag was studied with a UV-vis
spectrophotometer (Jasco, V-670) with PC as a reference in the
wavelength range 300-700nm. X-ray diffractograms were
recorded in the 26 range (10-80°) with a Bruker AXS D8
Advance X-ray diffractometer with Cu Ka radiation at a wave-
length of 1.5406 A. The surface morphology and atomic per-
centage (A) was studied with SEM (JEOL JSM 6390LV)
attached with EDS and TEM (model Technai G* U-thin 200kV,
LaBg filament). To carry out TEM, a very small amount of Ag—
PC sample was dissolved in methylene chloride and sonicated
for an hour. Then, it was drop cast onto a carbon-coated TEM
grid and allowed to dry under ambient conditions, and the
TEM images were recorded. FTIR spectroscopy was carried out
for all of the samples in transmittance mode with a Jasco 1600
FTIR spectrophotometer in the wave-number range 400-

4000 cm ™' with 100 scans at a resolution of 1cm™ .

Positron Annihilation Lifetime and DB Measurements

The free-volume study of the vy-irradiated PC and Ag-PC sam-
ples were studied with PAS. When a positron from a radioactive
source such as *?Na enters a solid material, it will lose energy
by colliding with electrons and thermalize. A thermalized posi-
tron may annihilate with an electron from any material and
emit two <y photons within 0.2 ns, or it can be trapped in
defects and open-volume sites, in which case its lifetime will
increase up to 0.5 ns. However, in polymers, a thermalized posi-
tron may form a bound state of positronium (Ps) with unique
time properties. Ps may be formed in either of two spin states
of the electron and positron. para-Positronium (p-Ps) with
antiparallel spins and a mean annihilation lifetime of 0.125 ns
with the emission of two y photons and o-Ps with parallel spins
annihilating in free space with three-photon emission and a
mean lifetime of 142 ns. However, in polymer systems, the life-
time of o-Ps may be shortened to 1-5 ns through the picking
off of an electron of opposite spin from the surrounding
medium and the emission of two photons. Before annihilation,
the neutral o-Ps particles were localized in regions of low elec-
tron density, such as free-volume holes or cavities of the poly-
mer. The probability of a pickoff process is related to the
electron density near the cavity of the inner surface and, hence,
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to its size such that longer o-Ps lifetimes correspond to larger
free-volume holes.'®?

The lifetime measurements were performed at room tempera-
ture with a fast—fast coincidence system with BaF, scintillators
coupled to XP2020Q photomultiplier tubes. The positron life-
time spectrometer had a time resolution of 220 ps. A 30 uCi
*Na positron source, deposited on Kapton foil is sandwiched
between two identical pieces of the sample (1 mm thick). As the
samples were thin films, they were stacked to obtain a 1 mm
thick sample to ensure the annihilation of all positrons within
the samples. Each spectrum containing at least 10° counts was
analyzed with the PAT fit program.”®

The DB measurements used a high-purity germanium detector
with 1.1 keV (full width at half-maximum) of the 662 keV
line of '*’Cs radioactive source and a constant channel width of
0.169 keV/channel. The source—sample sandwich prepared for
positron lifetime measurement was placed at a distance of
20 cm away from the detector. This distance was long enough to
prevent any increase in the background due to 3-y annihilation.
Around 10°-10” counts were collected under each Doppler-
broadened 511 keV +y-ray spectrum. The DB spectra were ana-
lyzed with the SP-I computer program to evaluate the line-
shape parameters S and W.

Antibacterial Properties of Ag—PC Samples

The antibacterial activity of the Ag-PC samples against the
Gram-negative bacteria E. coli and the Gram-positive bacteria S.
aureus was studied by the agar well diffusion method. The sam-
ples were dissolved in dichloromethane and used for antibacte-
rial activity. The bacterial cultures of known inoculum size
(0.2mL, 10° cfu/mL) of the test microorganisms were spread
onto nutrient agar plates. In aseptic conditions, a sterile borer
was used to prepare wells 5mm in diameter in the nutrient
agar medium of each Petri dish. The sample with a 2 mg con-
centration was used in each well, and the plates were incubated
further for 18-24h at 37°C. The antibacterial activity was eval-
uated by the measurement of the zone of inhibition.

RESULTS AND DISCUSSION

RBS Results

RBS was carried out to study the diffusion of AgNPs in PC.
The depth profile of the incorporated Ag atoms was determined
by a simple channel-by-channel method with the energy
dependence of the a-particle stopping power calculated for a
pristine polymer with the database from the stopping and range
of ions in matter (SRIM) code taken into account.”’ The RBS
spectrum for the pristine PC and Ag-PC sample prepared at
600 kGy are shown in Figure 1. As shown in Figure 1, curve 2
showed a peak edge around 1725, which corresponded to Ag.
The appearance of this peak edge confirmed the diffusion of Ag
in PC, and the depth of diffusion of Ag in PC was found to be
1.02 um. In our previous study,’® we diffused gold nanoparticles
in PC, and the diffusion depth of the gold nanoparticles in PC
was found to be 0.85pum. However, in the case of Ag-PC, the
diffusion depth of the AgNPs in PC was found to be 1.02 pm.
Therefore, the polymer surface was protected more against
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Figure 1. RBS spectrum for the (1) pristine PC and (2) Ag-PC matrix.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

bacteria such as E. coli and S. aureus in the case of Ag—PC com-
pared to that of gold—PC.

Optical and Structural Properties

The surface plasmon resonance of the AgNPs was studied with
a UV-vis spectroscopic study, and the absorbance spectrum is
shown in Figure 2. At a dose of 50 kGy, a small peak around
403 nm appeared that corresponded to Ag. The absorbance of
this peak increased with the increase in the +y-ray dose, and
also, it shifted toward a lower wavelength region; that is, it blue-
shifted. A similar kind of variation was reported by Jelena
et al.'"' The same was depicted in the mechanism section. This
indicated that the particle size decreased with an increase in the
y-ray dose. The AgNPs present in PC were also confirmed by
XRD, as shown in Figure 3. After irradiation, a peak appeared
at 37.45° that corresponded to the (111) crystal planes of Ag
with a face-centered cubic crystal structure.” The d-spacing cor-
responding to this angle was found to be 2.405 A. The intensity
of this peak increased with the increase in the vy-ray dose; this
may have been because of the diffusion of more Ag in PC. Fig-
ure 4 shows the SEM images of the pristine PC and Ag-PC
samples. We found from the SEM images also that the particle
size of Ag decreased with increasing y-ray dose. The A values of
Ag in all of the samples were calculated with EDS, and they
were found to increase with increasing y-ray dose, as tabulated
in Table I. Figure 5 shows the TEM images of the Ag—PC sam-
ple. The EDS spectra [Figure 5(f)] of TEM also showed the
presence of Ag in the Ag-PC matrix (the copper peak in the
EDS spectra was due to the copper grid used for TEM analysis).
The TEM image showed [Figure 5(c)] the interplanar spacing
to be 2.41 A; this was in agreement with the XRD results and
corresponded to the (111) crystal planes of Ag. The electron dif-
fraction pattern of Ag [Figure 5(d)] showed that the AgNPs in
PC were crystalline in nature. The average particle sizes of the
AgNPs were found to be about 10 nm, as shown by the TEM
analysis. All of these results confirmed the diffusion of the
AgNPs in PC.
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Figure 2. UV-vis spectrum for the pristine PC and Ag—PC matrix.

PAS

PAS was carried out to study the microstructural changes
caused by +y-ray irradiation in the Ag—PC samples. To get clear
information, we carried out PAS measurements for PC irradi-
ated without the Ag solution at the same +y-ray doses. The typi-
cal PAS spectra for the pristine PC, +y-ray-irradiated PC (600
kGy), and Ag—PC (600 kGy) samples are shown in Figure 6(a).
The obtained lifetime spectra were resolved into three-lifetime
components, Ty, T, and T3, with the PAS fit program with var-
iances y> of fits of approximately 1 and with the respective
intensities I, I, and I;. The shortest lifetime, t;, with an inten-
sity of I, was attributed to the annihilation of p-Ps and free
positrons. The lifetime component, t,, with an intensity of I,
was the contribution due to the positrons trapped at the defects
present in the crystalline regions or trapped at the crystalline—
amorphous interface regions. The longest lived component, Ts,
with an intensity of I5, was due to the pickoff annihilation of o-
Ps from the free-volume sites present mainly in the amorphous
regions of the polymer matrix.”’ The long-life component (t5)
of 0-Ps responded very sensitively to the size and distribution of
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Figure 3. XRD of the Ag-PC matrix.
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Figure 4. SEM images of the pristine PC and Ag-PC samples.

the free volumes, as Ps atoms were preferentially trapped in
holes of atomic dimensions.

In this study, we used a relation connecting the o-Ps lifetime (1)
and free-volume hole radius (R) given by the following equation®:
! 73=0.5]1 R + ! sin —ZTER 71ns (10)
— =1.=05|1— —si
P R+AR ' 2n° \R+AR
where AR is a fitting parameter. The best fitted value of AR for
all of the known data was 1.656 A.** The average free-volume
hole size (V) was then evaluated as Vy= (4/3)nR* and Fy; or
the free-volume content, was given by

Fv = Cl3 Vf

(11)

where C is 0.0018 A7>.*2 The obtained values of T3, I3, and Vy
were tabulated for +y-ray-irradiated PC without and with Ag
solution in Tables IT and III, respectively.

The typical energy distribution curve of the Ag—PC sample (600
kGy) is shown in Figure 6(b). The ratio of the area of the cen-
tral part of the DB spectrum (low momentum) to the total area
under the DB spectrum gives S. W is taken in the high-
momentum regions far from the center. It is the ratio of the
area under the wings in a fixed window divided by the total
area.”»>>> The momentum conservation in the annihilation
process gives rise to a Doppler shift in the energies of individual
v rays. For positrons localized in open-volume defects, the frac-
tion of valence electrons taking part in the annihilation process

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
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increases compared to that of core electrons, and because the
momentum of valence electrons is significantly lower, the
momentum distribution of annihilating electrons shifts to
smaller values. This means a reduced Doppler shift (which leads
to a smaller broadening of the annihilation peak, ie., an
increase in S) and provides the basis for defect studies. S and W
are sensitive to the type and concentration of defects. W is
more sensitive to the chemical environment than S, as core elec-
trons have a higher momentum, and thus contributes mainly to

the high-momentum regions of the spectra.**~>”

The diffusion of AgNPs has a direct influence on the free vol-
ume of a polymer, and the diffusion of the dopant in such sys-
tems is controlled by the free volume and its content. Hence,
the 0-Ps 1; and 5 are the most appropriate lifetime parameters
for understanding the free-volume modifications because of the
diffusion of AgNPs into PC. As shown in Table II and Figure 6,
we observed that values of 13, I3, and Fy for y-ray-irradiated PC
decreased with increasing dose, and at the highest dose, that is,
at 600 kGy, a decrease in 15 was about 4.69%. The decreases in
I; and Fy, were associated with a decrease in the concentration
of free-volume holes,”® as a consequence of crosslinking process
in the polymer matrix.”” They could have been due to the for-
mation of free radicals and the crosslinking of these free radicals
with residual polymer.”® Furthermore, the decrease in T3 could
have been due to the chemical reaction of these free radicals
with Ps.*® In the crosslinked state, the polymer chains were
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Figure 5. (a—c) TEM images of the Ag—PC matrix prepared at 600 kGy, (d) corresponding electron diffraction pattern, (e) particle size distribution, and

(f) EDS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Mn"‘“lj WWW.MATERIALSVIEWS.COM 43729 (6 of 10) J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43729

View'S


http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

- ARTICLE WILEYONLINELIBRARY.COM/APP Applied Polymer -

CIENC

Table I. A Values and Antibacterial Properties of the Ag—PC Matrix Table II. PAS Results for the y-Irradiated PC Samples
Zone of inhibition (mm) Dose 13+ 0.0089 I3+0.23 V¢+0.8 Fyv

kG % As %
Dose (kGy) A (%) S. aureus E. coli Gyl (ns) (%) A %)

0 2.128 32.14 109.8 6.35
50 0.02 1.3+0.37 1.1+0.10

200 2.04 29.66 101.31 541
100 0.26 1.6=0.38 1.1+0.46

400 2.027 28.75 100.16 518
200 0.31 1.8+0.46 1.3x0.22

600 2.028 27.87 100.26 5.03
300 0.49 21+012 1.6=0.20
400 = 2.3+0.58 1.8=0.31

Similar to the +-ray-irradiation of pristine PC, when the PC

500 0.95 28+074 22+036 ¢ y-ray-irr !
600 128 324048 5440415 sa?%ies(\l;\r.ere 1rr7a)d1atled 1121 the Agdsolugonl,1 the rd3, It3 6((;1;11112 11I),
Control _ 12+106 11+ 035 and Fy (Figure 7) values decreased gradually, and a Vs T3

decreased by 4.22%. The decrease in the values of 13, 5, and Fy,

tetracycline
( ycine) for this set of samples was attributed to the following:

expected to have closer packing; this would result in decreased 1. The crosslinking of the polymer chains, which resulted in
sizes of the free-volume holes. This was evident from the the close packing of polymer chains and, thereby, decreased
decrease in the 13 values. the average free-volume size and number density of free-
volume sites.
2. The diffusion of AgNPs into the free-volume holes.

10" — T T y T - T y T Figure 8 shows the changes in S and W for the Ag-doped PC,
‘ *  Pristine PC as calculated from the DB spectrum. As shown in the figure, S
Z(g:_';z? :ﬂGl.:k &y decreased and W increased with increasing dose. This result was

consistent with the RBS and XRD results, which show an
increase in the diffusion of Ag particles into the polymer matrix
as the irradiation dose increased. Furthermore, the electron dif-
fraction pattern of Ag [see Figure 5(d)] showed that the AgNPs
in PC were crystalline in nature. As the diffusion of Ag particles
into the PC matrix increased, the overall crystalline region of
the sample increased. Thus, with an increase in the dosage, the
crystallinity of the sample increased; this was supported by the
decrease in Iy values.”” This interpretation was in agreement
with the PAS results given in Tables II and III.

Counts
T MO % & HO % G % PO RO O e RO R RO, T

11 1_*

1400 1600 1800 2000 2200
Channel No. (23.9 ps/channel)

The shape of the DB spectrum was determined by the momen-

tum distribution of electrons with which the positron inter-

(b) acted, that is, valence or core, and the type of atom donating

e — the electron. When the annihilation occurred in a large open-

120000 4 volume site, such as a defect in a crystalline material or free vol-

\ ume in an amorphous material (polymer), the fraction of low-

\ i momentum conductions and valence electrons (represented by

/ e el ] S) participating in the process increases relative to the fraction

/ of high-momentum core electrons (represented by W). Thus, a

defect-rich/higher free-volume material will have a narrower

electron momentum distribution than would a defect-free mate-

w rial. In this study of +y-ray-irradiated Ag—PC samples, as the
P |é high Dose 13+0.0089 I3+0.23 \/thO.8 Fv

505 506 507 508 509 510 511 512 513 514 515 516 517 (kGy) (ns) (%) (A%) (%)

Energy in keV 0 2128 3214 109.8 6.35

Figure 6. (a) Typical PAS spectrum for the pristine PC, y-ray-irradiated PC 200 2069 30.71 10417 576
(600 kGy), and Ag—PC sample (600 kGy). (b) Typical DB energy distribution 400 2025 5955 99 95 532
curve of the Ag—PC matrix (600 kGy). Py is the momentum. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.] 600 2.038 28.31 10121 516

100000

80000

60000

DB counts

40000

W parameter |

20000 | Table III. PAS Results for the Ag-PC Samples
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Figure 7. Variation of Fy, with the y-ray dose.

dosage increased, the free-volume size decreased, and the
observed increase in Wand the reduction in S were in complete
agreement.

Thermal Properties

The thermal behavior of the pristine PC, +y-ray-irradiated PC
(at 600 kGy), and Ag—PC sample (at 600 kGy) was studied with
TGA and thermograms, as shown in Figure 9. All of the curves
showed a stable zone up to 350°C, and at high temperatures,
Ag—PC showed little weight loss in comparison with the y-ray-
irradiated pristine PC samples. The vy-ray-irradiated PC sample
showed a stable zone up to 385°C, after which a slight weight
loss up to 410°C occurred, and then, a sudden decrease in the
weight loss up to 520 °C occurred (fast decomposition zone). In
this region, almost 80% of the sample was decomposed. The
pristine PC showed a fast decomposition zone in the tempera-
ture range 440-540°C, whereas the Ag—PC sample showed a
fast decomposition zone in the temperature range 460-580°C.
The thermal decomposition temperature of the pristine PC was
found to be 455°C, whereas in the case of y-ray-irradiated PC,
it decreased to 440 °C, and in the case of the Ag—PC sample, it
increased to 468 °C. This increase in the thermal decomposition
temperature was due to the diffusion of AgNPs in PC, and the

0.516 - ——5 - 0.00375
3 —a— W L
0.515 - - 0.00370
0514 4 0.00365
Bosizf 1 <
2 I - 0-00360 =
g 05121 1 £
= 3 - 0-00355 £
& 0.511 | 2
r 4 0.00350 %
0.510 | |
0500 -4 0.00345
0.508 - -{ 0.00340
1 1 Il 1
0 200 400 600

Dose in kGy

Figure 8. Plot of S and W as a function of the vy-ray dose for the Ag-
doped PC.
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Figure 9. TGA curves for the pristine PC, y-ray-irradiated PC, and Ag—
PC samples at a dose of 600 kGy. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

carboxyl groups in PC were expected to be the binding sites of
the AgNPs. This may possibly have protected the polymer from
thermal degradation; this was in agreement with the literature
results.’

FTIR Spectroscopy

To understand the interaction between the AgNPs and PC matrix,
FTIR spectroscopy of the pristine PC and Ag-PC samples were car-
ried out, and they are shown in Figure 10. As no visible changes
took place for the samples irradiated at 50 and 100 kGy, the FTIR
spectra for these doses were not plotted. As shown in Figure 10, all
of the curves exhibited the characteristic signature of the —CH,—,
benzene ring, and asymmetric vibrations of CH; at 1014, 1505,
and 2968 cm ™, respectively. The peaks present between the wave
numbers 1150 and 1220cm™' were due to C—O—C vibra-
tions.”®? It was clear that there was a change/decrease in the inten-
sities of the band at 1014cm™' and bands between 1150 and
1220cm ™", This indicated the scissioning of the corresponding
bonds after y-ray irradiation. There must have been simultaneous
crosslinking of polymer chains during irradiation, and this was
confirmed by the new band that appeared prominently at
2884 cm™ ! for samples irradiated at higher doses. This new bond
was responsible for the asymmetric vibrations of CH3.>® A peak at
1558 cm ™! was assigned to the stretching band of C—O and shifted
from 1558 to 1590 cm ™~ '. This shift identified that the oxygen lone
pair in —C—O— participated in the interaction and was the main
interaction between the surface of the AgNPs and PC chains; this
confirmed the coordination between the Ag and oxygen atoms.*’
Antibacterial Properties

The photographs (on a dark background) of the zone of inhibi-
tion of the pure PC, Gram-positive bacteria (S. aureus), and
Gram-negative bacteria (E. coli) are shown in Figure 11. There
were no antibacterial patterns in the pristine PC, but the Ag—
PC sample showed a zone of inhibition pattern (some white
patches) for both kinds of bacteria. The zones of inhibition by
the prepared Ag-PC sample are given in Table I, and they
showed moderate antibacterial activity against both Gram-

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43729
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negative and Gram-positive bacteria. The zone of inhibition by the
Ag—PC sample may have been due to the following two reasons:

1. AgNPs produced reactive oxygen species in the vicinity of
the bacterial cell membrane, and this led to the cell perme-
ability and, hence, cell death. "2

2. The metallic nanostructures may have released metal ions
slowly from the surface, and this might have interacted with
the DNA and cellular enzymes. This was done by the coor-
dination of electron-donating groups of microbes.*>**

The damage to the cell membrane resulted in the disruption of
respiratory chain reactions. In such a way, metal ion—-DNA inter-
action inhibited bacterial cells and finally killed the cells.*> In
addition, as shown in Table I, the zone of inhibition was greater
in the case of Gram-negative bacteria compared to that of Gram-
positive bacteria; this may have been due to the difference in
their cell wall structure. The cell wall of the Gram-positive bacte-
ria consisted of a thick layer of peptidoglycan (linear polysaccha-
ride chains crosslinked by short peptides) and thus formed a
more rigid structure; this led to difficulty for the AgNPs to pene-
trate inside the cell, but the cell walls of the Gram-positive bacte-
ria possessed a thinner layer of peptidoglycan.*®

CONCLUSIONS

The Ag—PC samples were prepared by an easy and cost-effective
approach. The RBS results show the diffusion of Ag in PC
down to a depth of 1.02 um. The surface plasmon resonance of
the AgNPs decreased with increasing dose; this indicated the
decrease in the particle size of Ag, which was also corroborated
by the SEM results. The XRD results reveal that the diffused
AgNPs had an FCC structure, and this was supported by the
TEM results. The effects of y-radiation with various dosages on
the PC and Ag-PC samples were studied through PAS. The
observed reduction in lifetime parameters was due to the cross-
linking of chains and the diffusion of AgNPs into the amor-
phous region of the polymer matrix. These results were further

b 600kGy

“ ' \M} H U 2884 \I
400kGy
W’V v W

% Transmittance

200kGy
PC
H ak
2968
1505
Ll 1768
1150-1220
Ll ' Ll I Ll I L l L] I L]
1000 1500 2000 2500 3000 3500

Wavenumber (cm™)

Figure 10. FTIR spectra of the PC and Ag-PC samples. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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Figure 11. Antibacterial effects of the Ag—PC samples on (a) E. coli and
(b) S. aureus along with pristine PC. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

supported by S and W. The immobilization of AgNPs in PC
increased the thermal decomposition temperature of the Ag—PC
sample. The zone of inhibition of both the Gram-positive and
Gram-negative bacteria increased with increasing dose for the
prepared sample because of the decrease in the Ag particle size
with y-ray dose. The prepared Ag—PC matrix may find uses in
the food industry and medical applications.
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