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ABSTRACT We report a one-pot synthesis of silver nanoparticle-polymer composites (Ag-PNCs) in water by a novel finding involving
the polycondensation of methoxybenzyl chlorides (MeO-BzCl) directly on Ag nanoparticle surfaces at room temperature, leading to
highly soluble antimicrobial nanocomposites. The composites, which are soluble in a range of organic solvents, precipitate in the
reaction vessel, making their separation simple. Solutions of the composites can be casted directly on substrates or made into
freestanding films. The material was found to be stable for nearly 2 years. A range of substrates have been shown to become
antibacterial by direct application of this material. The experiments were conducted with Ag-PNC-loaded filter paper strips and glass
substrates. The samples were found to be antimicrobial (against Escerichia coli and Aspergillus niger). The simple one-pot approach
of this kind to make organic-soluble antibacterial coatings could have wide implications.
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INTRODUCTION

The utility of metal nanoparticles as reagents/catalysts
in chemistry has tremendous potential in organic
synthesis and materials science (1-3). Nanoparticle-

polymer composites prepared by single-step and multistep
methodologies have advantageous optical, electrical, and
mechanical properties and have found widespread applica-
tions in catalysis, health care, bioengineering, photonics, and
electronics (4). Nanosilver is a versatile antimicrobial agent
(5) and is an excellent substrate for surface-enhanced Raman
scattering (SERS) (6) and metal-enhanced fluorescence (7).
Synthesis of silver nanoparticle-polymer composites (Ag-
PNCs) by simple and efficient methodologies provides tre-
mendous opportunities in the ever-expanding markets of
polymer nanocomposites (8). We note that the current global
consumption of polymer nanocomposites is worth ∼$250
million with a potential annual growth rate of 24%, and the
demand is expected to reach $500-800 million in 2011 (8).

Water-soluble Ag-PNCs could be synthesized by green
methodologies using polysaccharides as reducing and cap-

ping agents (9). However, the weak binding interactions
between Ag and the polymers usually lead to phase separa-
tion of the components. Several bio-organisms were also
used as reducing and/or capping agents in the syntheses of
water-soluble Ag-PNCs (10). However, there exist limited
methods for the synthesis of organic-soluble Ag-PNCs (11).
Commonly adopted physical and chemical methods for the
syntheses of Ag-PNCs are the dispersion of previously
prepared nanoparticles in a polymer matrix (12), in situ
synthesis of nanoparticles in the polymer matrix (13), and
simultaneous metal reduction and polymerization (14).
However, inhomogeneous distribution of nanoparticles, the
absence of solubility and repeated redispersibility in sol-
vents, cumbersome synthetic procedures, and the absence
of demonstrable antimicrobial nature have contributed to
poor applications for the composites (4f, 15).

Here we report a novel one-pot methodology of synthe-
sizing antimicrobial Ag-PNCs by Ag nanoparticle catalyzed
polycondensation of methoxybenzyl chlorides in a water-
isopropyl alcohol mixture at room temperature. The Ag-
PNCs formed precipitate from the reaction mixture but are
freely soluble in common organic solvents and could be
stored for extended periods in solid form or as solutions
without losing physical or chemical characteristics of the
embedded nanoparticles. To the best of our knowledge, the
polycondensation of the monomers on the surfaces of Ag
nanoparticles is an absolutely novel and simple methodology
to synthesize Ag-PNCs at room temperature.
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EXPERIMENTAL SECTION
(a) Synthesis of Ag@citrate. AgNO3, trisodium citrate dihy-

drate, and 2-propanol were obtained from Wako Pure Chemi-
cals (Japan) and were used as received. 2-Methoxy- and 4-meth-
oxybenzyl chloride (MeO-BzCl) and sodium borohydride
(NaBH4) were purchased from Aldrich and used as received.
Distilled water (resistivity >18 MΩ cm), obtained from an
Advantec GS-200 automatic water distillation apparatus, was
used for the reactions. Citrate-capped Ag nanoparticles (∼4 nm,
abbreviated as Ag@citrate in further discussions below) were
synthesized by the NaBH4 reduction method. As per the pro-
cedure, 10 mL of 10-2 M AgNO3 was mixed with 10 mL of 10-2

M trisodium citrate solution (in water) at room temperature. The
mixture was diluted to 390 mL using distilled water. Ten
milliliters of a 0.1 M ice-cooled solution of NaBH4 was then
added dropwise (at a rate of 120 mL/h using a syringe pump)
to the above solution with stirring. The solution became golden
yellow. The Ag nanoparticles thus produced have an absorption
maximum at 382 nm, corresponding to an average particle
diameter of ∼4 nm. The size, size distribution, and shape of the
nanoparticles were additionally confirmed by a high-resolution
transmission electron microscope (HR-TEM). The nanoparticle
solution was checked for the presence of free Ag+ ions, and the
absence of them confirmed that the reduction was complete.

(b) Silver Nanoparticle-Polymer Composites (Ag-PNCs)
by Polycondensation. The procedure for the synthesis of
silver-polymer nanocomposites (Ag-PNCs) was as follows: a
200 mL portion of the as-prepared Ag@citrate nanoparticles
was added to 300 mL of 2-propanol in a round-bottom flask,
and the mixture was stirred for about 5 min for homogeneity.
Two milliliters of 2-MeO-BzCl or 4-MeO-BzCl was then added
to the nanoparticle-2-propanol mixture dropwise with stirring.
The golden yellow color of the nanoparticle solution slowly
changed to brownish yellow over a period of ∼6 h, and finally
a reddish brown residue precipitated (∼12 h). The residue was
separated by centrifugation and washed with water and 2-pro-
panol several times. The precipitate was then washed with 25%
NH3 (with sonication) to remove adsorbed AgCl (a part of the
Ag gets converted to AgCl during the polycondensation reaction
and lies attached to the polymer) on the polymer (XRD of the
sample was taken before NH3 wash as we wanted to see the
AgCl peaks in the XRD) and again with 2-propanol and then
freeze-dried. The freeze-dried material was soluble in organic
solvents such as benzene, toluene, chlorobenzene, dichlo-
romethane, chloroform, tetrahydrofuran, dimethylformamide,
and dimethyl sulfoxide. Freeze-dried powders and their solu-
tions in benzene or toluene were used for characterization by
spectroscopy and microscopy.

(c) Characterization Methods. Absorption spectra (in respec-
tive solvents) were measured using a Perkin-Elmer Lambda 25
UV-visible spectrometer and a Hitachi U-4100 spectrophotom-
eter. Transmission electron micrographs were taken using a
Hitachi H-8100 electron microscope operating at 200 kV and a
JEOL 3010 UHR transmission electron microscope (TEM) op-
erating at 300 kV. A drop of the solution was cast on a carbon-
coated copper grid, and the solution was allowed to evaporate
under ambient conditions. The grid was then subjected to
vacuum overnight and used for TEM measurements. Fourier
transform infrared (FT-IR) spectra were acquired with a Perkin-
Elmer Spectrum One spectrometer. Spectra of pure MeO-BzCl
were measured in a standard liquid cell. Spectra of Ag-PNCs
were measured using a KBr pellet having 5% of the vacuum-
dried materials. Raman spectra of the Ag-PNCs (solutions were
drop-casted and evaporated on cover glass slides) were acquired
with a CRM 200 Confocal Raman spectrometer (Witec, Ger-
many). Raman spectra of pure MeO-BzCl were measured by
taking the samples in a glass capillary. XRD measurements
(concentrated solutions of the materials were drop-casted on
standard cavity mounts and dried) were taken with a Rigaku

RINT/DMAX-2000 X-ray diffractometer with Cu KR radiation (40
kV, 20 mA). Nuclear magnetic resonance (NMR) spectra (in C6D6

solvent) were recorded with a JEOL (AS-600) 600 MHz multi-
nuclei FT-NMR instrument. X-ray photoelectron spectra were
measured using an ESCA probe from Omicrometer Nanotech-
nology. Al KR radiation was used for excitation, and a 180°
hemispherical analyzer and a seven-channel detector were
employed. The pressure in the analyzer chamber was on the
level of 10-10 mbar during spectra collection. Thermogravimet-
ric (TG) data were acquired with a Netzsch STA 409C instru-
ment. Data in the range 28-1200 °C were measured under an
N2 atmosphere. A scan speed of 10 °C/min was used in these
measurements. The pH changes during the course of the
reaction were measured using a conventional instrument.

(d) Antimicrobial Tests. Antimicrobial properties of Ag-PNCs
were tested against Escherichia coli (ATCC 8739, gram negative)
and Aspergillus niger (ATCC 16404) strains procured from the
American Type Culture Collection (ATCC, The Global Biore-
source Center). Nutrient agar was obtained from Oxoid Limited
(U.K.). Antimicrobial tests were done as per standard protocols,
as explained in the appropriate section below.

RESULTS AND DISCUSSION
Polycondensation of benzyl chlorides is an electrophilic

aromatic polysubstitution process generally catalyzed by
some metal halides and group VIB and VIIB carbonyls
(16, 17). We have found that water-soluble Ag@citrate also
facilitates polycondensation of MeO-BzCl on Ag nanosur-
faces in a water-isopropyl alcohol mixture, resulting in
organic-soluble Ag-PNCs. This is a novel finding, as the
monomers are polymerized at the Ag nanoparticle surfaces
at room temperature without the help of any external
catalyst. The amount of Ag-PNC formed from one typical
synthesis was ∼13 mg (after freeze-drying). Polybenzyls are
insoluble in solvents such as hexane (while the monomers
are soluble) but are freely soluble in benzene, toluene,
chlorobenzene, dichloromethane, and chloroform. The Ag-
PNCs in the present case also exhibited the same selective
solubility. The saturation solubility of the material in toluene
was found to be ∼1.2 g/mL. In terms of Ag content, this
corresponds to 122 mg/mL. We believe that the halogeno-
philicity of the Ag nanoparticles (18) facilitates adsorption
of MeO-BzCl on the surfaces, which further drives the
polycondensation reaction through a carbocation mecha-
nism (see below).

(a) Characterization of Ag-PNCs. Figure 1 shows
the UV-visible spectra of Ag@citrate (trace a) and the Ag-
PNCs (in toluene medium) formed from 4-MeO-BzCl (trace
b) and 2-MeO-BzCl (trace c), respectively. The UV-visible
spectrum of the Ag@citrate shows the surface plasmon
resonance at 382 nm, characteristic of the ∼ 4 nm particles.
The peak maxima of Ag-PNCs in traces b and c are 417 and
425 nm, respectively. The red-shift as well as the increase
in the width of the surface plasmon peak of Ag in the Ag-
PNCs compared to that of the parent Ag@citrate is due to
the effect of the dielectric constant of the polymer matrix in
which the nanoparticles are embedded (19) and an increase
in the size of the nanoparticles (20) (see the TEM images,
below). Inset in Figure 1 shows a view of the freeze-dried
Ag-PNC, which could be stored of the order of tens of months
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without any physical or chemical changes to the nanopar-
ticles. We have tested the samples for two years.

Figure 2A shows the color of the Ag@citrate (golden
yellow, left) used for Ag-PNC synthesis and the Ag-PNC (in
toluene medium) formed from 2-MeO-BzCl (reddish brown,
right). The color of the concentrated solution (note that there
is a reduction in volume by a factor of 40 in the composite
solution) of the Ag-PNC is due to the combined effect of the
higher dielectric constant of the polymer matrix and the
decreased interparticle distance between the nanoparticles
in the composite in comparison to the parent Ag@citrate
particles (20). Figure 2B-D shows thin films of Ag-PNC
fabricated on a glass plate, a filter paper disk, and a metal
plate, respectively, using dip-coating, demonstrating the
flexibility of the material for surface coatings and thin films.

The Ag@citrate particles used for Ag-PNC syntheses and
the Ag-PNCs formed were characterized using transmission
electron microscopy (TEM). In Ag@citrate, most of the
particles were of ∼4 nm diameter and were spherical in
geometry with a few elongated and much smaller particles
(Supporting Information, Figure S1). The TEM images of the
Ag-PNCs formed from 4-MeO-BzCl and 2-MeO-BzCl are
shown in Figure 3. Figure 3A gives the Ag-PNC formed from
4-MeO-BzCl, showing the presence of Ag nanoparticles in
the polymer matrix. Figure 3B is an HR-TEM image of the
periphery of a nanoparticle in the composite showing the
polymer shell around it. Figure 3C is the TEM of the Ag-PNC
formed from 2-MeO-BzCl, showing the nanoparticles em-
bedded in the polymer matrix. Figure 3D gives a TEM image
of a nanoparticle, showing its proximity to the polymer
matrix. Its inset represents a high-resolution image showing
the (111) lattice spacing of Ag. The presence of Moiré fringes
in the nanoparticle indicates its polycrystalline nature. The
presence of the polymer layer around the particles imparts
long term stability and repeated redispersibility to the Ag-
PNCs without affecting the physical and chemical charac-
teristics of the nanoparticles. It should be noted that the

average sizes of the nanoparticles in both the Ag-PNCs (∼20
nm) are larger than those of the nanoparticles used for the
reaction (∼4 nm). This is because of the adsorbate (MeO-
BzCl)-induced aggregation (18, 21) of the nanoparticles
during the course of the polycondensation reaction. This was
further confirmed by a time-dependent UV-visible study
(Supporting Information, Figure S2) of the interaction of
MeO-BzCl with the Ag nanoparticles at the initial stages of
the polycondensation reaction (taken at 5 min intervals, up
to 30 min), which showed a reduction in the intensity of the
original surface plasmon peak and the emergence of another
broad plasmon feature at longer wavelengths, which is a
clear indication of the adsorbate-induced aggregation of the
nanoparticles. The very small particles observed in the
Ag@citrate (see Figure S1 in the Supporting Information)
were not seen in the composite, and this could be because
of the Ostwald ripening process.

The Ag-PNCs formed were further characterized by in-
frared and Raman spectroscopy, X-ray diffraction, 1H NMR,
and X-ray photoelectron spectroscopy (XPS) (Supporting
Information, Figures S3-S7). Infrared spectra of the mono-
mers and the Ag-PNCs (Supporting Information, Figure S3)
showed the disappearance of the C-Cl features of MeO-BzCl
(657 cm-1, sym C-Cl stretch; 724 cm-1, asym C-Cl stretch)
in the nanocomposites due to the polycondensation reac-
tion. Raman spectra (Supporting Information, Figure S4) also
showed similar features. The IR and Raman features of the
polymers in the composites showed slight shifts from those
of pure MeO-BzCl, owing to their proximity to the nanosur-
faces. X-ray diffraction of the thin films of the nanocompos-
ites (before NH3 wash; Supporting Information, Figure S5)
showed diffraction from (111), (200), and (220) planes of
Ag in addition to a peak for AgCl assigned to (200). The peaks
due to AgCl disappeared upon NH3 wash, as expected. The
average size of the particles estimated from the XRD line
broadening using the Scherer formula was ∼22 nm, in close
agreement with TEM observations. The presence of the
polymer in the composite was also confirmed by a 1H NMR
study. A comparison of the NMR spectra of 2-MeO-BzCl and
the Ag-PNC formed from the same (traces A and B, respec-
tively, in Figure S6 of the Supporting Information) showed
that the peaks get broadened in the latter. The features in
Ag-PNC occur at δH 7.1-6.5, 3.2, and 4.1 ppm, correspond-
ing to-Ph,-OMe, and-CH2. The XPS survey spectrum and
scans in the various core level regions are consistent with
the chemical structure (Supporting Information, Figure S7).
The thermal stability of the polymers was investigated
by thermogravimetry (Supporting Information, Figure S8).
For the Ag-PNCs formed from both 4-MeO-BzCl and 2-MeO-
BzCl, the polymers were stable up to 320 °C, and thereafter
they degrade. The composites retain ∼38% of the mass
even at 1200 °C.

(b) Mechanism of Polycondensation. A general
schematic of the Ag nanoparticle catalyzed polycondensa-
tion is shown in Scheme 1. As mentioned previously, the
polycondensation in the present case results from the halo-
genophilicity of the Ag nanoparticles. MeO-BzCl adsorbs on

FIGURE 1. UV-visible spectra of (a) citrate-capped Ag nanoparticles
and Ag-PNCs formed from (b) 4-MeO-BzCl and (c) 2-MeO-BzCl,
respectively. The surface plasmon peak of ∼4 nm Ag@citrate is at
382 nm, and those for Ag-PNCs are at 417 and 425 nm, respectively.
The inset shows a picture of the freeze-dried Ag-PNC from 2-MeO-
BzCl in a round-bottom flask.
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the surfaces of the Ag nanoparticles (see the time-dependent
UV-visible study mentioned earlier in Figure S2 of the
Supporting Information), and subsequent halide abstraction
(a part of the Ag gets converted into AgCl (22), as was seen
from the XRD of the Ag-PNCs) generates carbonium ion
(steps A and B in the scheme), which stabilizes via resonance
on the phenyl ring. The presence of an -OMe group in the
phenyl ring further facilitates generation of carbonium ions
on the nanosurfaces. The carbonium ions then react with
methoxybenzyl chlorides to produce primarily benzyl iso-
mers of ortho (to the methoxy group in the case of 4-MeO-
BzCl) and para (to the methoxy group in the case of 2-MeO-
BzCl) substituted bis(methoxyphenyl)methane (step D). As
the polycondensation proceeds, the generated oligomers
provide more feasible benzene rings for attack by the
carbonium ions, resulting in the formation of polymers (step
E). The polymer formed by the polycondensation process
remains attached to the surfaces of the nanoparticles (cata-
lyst) because of the insoluble nature of the polymer in the
solvent mixture (water-isopropyl alcohol mixture). This is
expected to deactivate the catalyst surfaces due to the
occupation of the catalytically active sites. The protons
released during the polycondensation process are respon-
sible for the decrease of pH of the medium from 11.0 (that
of the Ag@citrate-isopropyl alcohol mixture) to 1.70 (pH
of the supernatant after the polycondensation). No attempt
was made to find the molecular weight of the polymers, as
the polydisperse nanoparticles catalyze the polycondensa-
tion reaction to varying extents, resulting in a mixture of
polymers having different molecular weights in the Ag-PNCs.
The reaction was also found to occur with 1-propanol,
ethanol, and methanol instead of 2-propanol. A control

experiment of MeO-BzCl with the same quantity of AgNO3

(instead of Ag nanoparticles) in the presence of a
H2O-isopropyl alcohol mixture did not give any polymer.
This confirmed that the polycondensation of MeO-BzCl is
indeed catalyzed by the surfaces of the Ag nanoparticles.
Other noble metal nanoparticles of gold and copper did not
bring about the polycondensation of MeO-BzCl, indicating
that the reaction is specific to the surfaces of Ag nanopar-
ticles (23). The exact mechanistic aspects of the polycon-
densation on single Ag nanocrystals could be unraveled
using surface plasmon spectroscopy (a similar attempt to
directly observe chemical reactions on single nanocrystals
was reported recently) (24), which could be be investigated
in the future.

(c) Antimicrobial Activity of Ag-PNCs. The anti-
microbial nature of Ag-PNCs was investigated using the “disk
diffusion qualitative assay method”. The materials are highly
soluble in benzene, toluene, CCl4, etc., but the solvents
themselves are antibacterial. Therefore, the more accurate
“multiple serial dilution methodology” was not adopted in
the present case. The composites exhibited good antimicro-
bial activity. The sample obtained from one typical synthesis
(after NH3 treatment to remove AgCl and a subsequent wash
with water and ethanol, respectively) was freeze-dried and
dissolved in 3 mL of toluene. Portions of the above solution
(10, 20, and 50 µL) were placed on three filter paper disks
(of area ∼10 mm2, labeled 1-3 in Figure 4A). The fourth
disk was kept in the Ag-PNC solution overnight for saturated
loading of the composite material. A control disk (labeled 5
in Figure 4) soaked in toluene was also processed under
similar conditions. The disks were then kept in a fume hood

FIGURE 2. (A) The color of Ag@citrate (golden yellow, left) used for the Ag-PNC synthesis and the Ag-PNC (in toluene medium, right) synthesized
from 2-MeO-BzCl. (B-D) images of thin films of the Ag-PNC fabricated on glass, a filter paper strip, and a metal sheet, respectively, by dip-
coating.
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overnight so as to completely evaporate toluene. The per-
fectly dried disks were used for antimicrobial studies. These
disks were aseptically applied to the surface of agar plates
having 200 µL of E. coli (of 24 h culture, 106 CFU/mL) spread
uniformly. The plates were incubated at 37 °C for 24 h, and
the zones of inhibition were measured. All the disks except
the control showed nearly the same width of zones of

inhibition of 2.3 mm. This implies that the nano Ag in the
Ag-PNCs was active against E. coli. The amount of atomic
Ag in the 10 µL Ag-PNC loaded disk (the one with the lowest
amount of Ag) was ∼16 µg. The lowest concentration of Ag
at which the zone of inhibition was visible was ∼3 µg/disk.
The plates stored at 37 °C were further observed for several
weeks. It is important to mention that the observed anti-

FIGURE 3. TEM images of the Ag-PNCs formed from 4-MeO-BzCl (A and B) and 2-MeO-BzCl (C and D). The large area image A shows the Ag
nanoparticles embedded in the polymer matrix. Polydispersity is common for silver, as is evident from the TEM image. Image B is a high-
resolution image of a nanoparticle of the composite, showing the presence of a thin polymer matrix around the nanoparticle. (C) TEM image
of the Ag-PNCs from 3-MeO-BzCl, showing the nanoparticles in the polymer matrix. (D) HRTEM image of a nanoparticle in the polymer matrix.
The Ag(111) lattice can be seen in an expanded image in the inset.

Scheme 1. Polycondensation Reaction of MeO-BzCl on Ag Nanosurfaces
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bacterial activity is static, as the clear zone of inhibition
persisted for several months (a slight increase in the width
was observed over a period of time) under observation. To
confirm the reproducibility of the results, we have performed
the experiments with three disks having saturately loaded
Ag-PNCs (Figure 4B). The width of zone of inhibition was
found to be nearly the same for all three disks (∼ 2.5 mm).
The materials coated on glass slides also showed similar
antibacterial activities (Figure 4C). It should be noted that
the antibacterial activity of nano Ag depends on its size and
shape (25). In previous reports, bamboo charcoal adsorbed
Ag nanoparticles (35-100 nm size prepared by chemical
reduction routes), protein-capped Ag nanoparticles (∼ 22
nm) synthesized by bacterial reduction, sodium dodecyl
sulfate (SDS)-capped Ag nanoparticles (∼ 45 nm), uncapped
Ag nanoparticles (∼ 3 nm), and citrate-capped Ag nanopar-
ticles (∼12 nm) were used for antibacterial studies (26) by
the zone of inhibition method. They showed widths of the
zone of inhibition of ∼12 mm (the concentration of Ag was
6 mg/mL per disk), ∼9 mm (Ag load of 10 µg/disk), ∼6 mm
(5 µg Ag/disk), and ∼14 mm (Ag load of 100 µg/disk),
respectively. Even for citrate-capped Ag nanoparticles (∼12
nm size); the bactericidal concentration was 25 µg/disk
(26e). A comparison of the zone of inhibition widths in the
present case with those in the literature (having comparable
sizes of the nanoparticles) indicates that the bactericidal
action of the Ag-PNCs is promising. The width of zone of
inhibition observed in the present case was slightly smaller
compared to that of proteins and SDS-capped Ag nanopar-
ticles (hydrophilic), and this could be because of the hydro-

phobic nature of the Ag-PNCs in the present case, which
restricts the diffusion of the Ag nanoparticles into the hy-
drophilic growth medium. Additionally, SDS is an ionic
surfactant and may have the ability to penetrate and/or
disrupt the bacterial cell wall and the bactericidal action of
the material could be because of the combined effect of nano
Ag and the SDS (25c). A direct comparison of the antibacte-
rial results of the present material with those in the literature
may not, therefore, be appropriate.

We have further checked whether the Ag-PNCs are active
against fungi as well. Separate experiments were done with
Aspergillus niger (with a spore load of 106 CFU/mL) and a
mixture of several fungi recovered from the wall of a
building. The plates were observed after 2 weeks of incuba-
tion. While there was growth of fungi for the control in both
cases (note that the control is not even visible due to fungi
growth over them), the same was not seen for the disks
having the Ag-PNCs (Supporting Information, Figure S9).
This implies that the Ag-PNCs could also resist the growth
of fungi. The fact that the Ag-PNCs are freely soluble even
at very high concentrations in organic solvents makes them
excellent candidates for hydrophobic surface coatings and
provides enormous flexibility in devising thin films on
various substrates.

CONCLUSIONS
A novel one-pot route for the syntheses of Ag-PNCs at

room temperature is presented. Ag nanoparticle surfaces
catalyze the polycondensation of methoxybenzyl chlorides
in H2O-isopropyl alcohol mixtures, resulting in nanopar-

FIGURE 4. Antibacterial tests with E. coli strains on Ag-PNCs coated on filter paper disks (A and B) and glass plates (C). The zone of inhibition
is very clear from the images. Image D shows an antifungal test against Aspergillus niger.
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ticle-polymer composites. The nanocomposites were thor-
oughly characterized by UV-visible, TEM, IR, Raman, 1H
NMR, XRD, XPS, and thermogravimetry analyses. The nano-
composites were stable and could be stored in solid and
solution forms for extended periods without any chemical
or physical changes to the nanoparticles. The Ag-PNCs are
highly soluble and showed good antimicrobial activity. We
anticipate applications for the nanocomposites in areas such
as high-temperature adhesives, coatings, antibacterial paints,
varnishes, textiles, health care, and defense.
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