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ABSTRACT: Gamma ray induced synthesis of Ag clus-
ters in the aqueous medium has been carried out using
natural polysaccharide guar gum as a stabilizer. The
results showed that guar gum is very effective in binding
the Ag clusters and restricts their size in the nano region.
The surface plasmon resonance band in the wavelength
range of 410-425 nm of visible region has confirmed the
formation of Ag clusters. The size of the clusters is gov-
erned by the concentration of both, i.e. precursor Ag™ and
guar gum. The clusters were characterized by TEM and
XRD, which shows that the size of clusters is in the range
of 10-30 nm. The results have shown that silver clusters

stabilized by guar gum are stable in acid media and alka-
line media is not a desired media for the synthesis. From
thermogravimetric analysis it has been demonstrated that
incorporation of nano sized Ag clusters within guar gum
improves the thermal properties of irradiated guar gum.
To the best of our knowledge, the use of guar gum as a
stabilizer in the gamma ray induced synthesis of Ag nano
clusters is being reported first time in the literature. © 2009
Wiley Periodicals, Inc. ] Appl Polym Sci 114: 2348-2355, 2009

Key words: biodegradable; colloids; irradiation; nano-
composites; thermogravimetric analysis (TGA)

INTRODUCTION

The study of metal nanoparticles is of interest in
both research and technology, as metal nanoparticles
possess specific properties not available in isolated
molecules or bulk metals. These characteristics,
namely, optical, magnetic, catalytic, and electro-
chemical properties, are dependant to a great extent
on their dimensions, shape, and chemical surround-
ings and can be advantageously used for the
purpose of the development of novel biosensors,
chemical sensors, electrooptical devices, material for
high-capacity data storage media,'” and substrates
for enhanced Raman spectroscopy.® "> The metal of
choice for many of the aforementioned applications,
as well as for other applications, is silver because of
its facile preparation and the good application pro-
perties of the silver colloidal particles.

The synthesis of nanoparticles of metals involves
the reduction of metal ion with a suitable reducing
agent. The reduction can be achieved chemically,"*
photochemically,'> by microwave heating,'® and by
high-energy radiation,'” ™" such as y and electron
beam radiation. Among the various methods men-
tioned previously, the use of ionizing radiation for
the synthesis of metal nanoparticles is promising;
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because of the extreme range of reactivity of the
species produced by the radiation, it creates redox
levels that are hard to achieve by other methods.
Furthermore, because of its ability to fine-tune the
radiation dose and dose rate, it may offer better con-
trol over the size and the size distribution.

It is now well established that polymers are excel-
lent host materials for nanoparticles of metals. When
the nanoparticles are embedded or encapsulated in
a polymer, the polymer acts as a surface-capping
agent. Various synthetic polymers, such poly(vinyl
alcohol),'** poly(vinyl pyrrolidone),* polystyrene,*
and poly(methyl methacrylate),” have been used in
the synthesis of metal nanoparticles. However, very
little work has been carried out in which a natural
polysaccharide has been used as a capping agent for
the stabilization of metal nanoparticles. Recently, the
synthesis of natural-polymer-stabilized selenium
nanoparticles by the reduction of selenious acid by
ascorbic acid was reported.** Natural polymers,
because of their large abundance, biodegradability,
and reactivity (due to the presence reactive func-
tional groups), may show a better ability to stabilize
nanoparticles. Guar gum (GG)* is a naturally occur-
ring edible carbohydrate polymer found in the
seeds of Cyamopsis tetragonolobus. It is a nonionic,
branched-chain polymer, consisting of straight-chain
mannose units joined by B-p-(1-4) linkages having
a-D-galactopyranose units attached to this linear
chain by (1-6) linkages. The structure of GG is
shown in Figure 1. The structure of GG is very
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Figure 1 Chemical structure of GG. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

complex, and it has several hydroxyl groups, which
can effectively bind metal clusters. To the best of
our knowledge, the use of GG in the stabilization of
metal nanoclusters prepared by v irradiation has not
reported in the literature. In this article, we report
the y-radiation-induced synthesis of silver nanoclus-
ters in an aqueous medium stabilized by GG.

EXPERIMENTAL

All reagents used were of high purity. AgNO;
(Sarabhai Chemicals, Vadodara, India) and isopropyl
alcohol (M/s S. D. Fine Chemical, Mumbai, India)
were used as received. The GG used in this study
was from M/s Sigma and was used as received. The
molecular weight of GG was determined with the
viscosity method with the relation n = kMj, where
1 is the intrinsic viscosity, M, is the viscosity-aver-
age molecular weight, and k and o are constants,
whose values are 3.8 x 10°* and 0.732, respec-
tively.*® M, was found to be 1.9 x 10°. All solutions
were prepared in double-distilled water and purged
with N, gas to eliminate oxygen before irradiation.
The concentration of GG used in this study was
0.5% w/v; therefore, the direct purging of N, did
not pose any problem. Irradiations were carried out
in a ®*Co y chamber with a radiation dose rate of 3.5
kGy/h determined with Fricke dosimetry.”” The
absorption spectra were recorded on a Shimatzu
model 4600 recording spectrophotometer. The X-ray
diffraction (XRD) patterns were recorded on a Phi-
lips XRD spectrometer (model PW 1729) in the range
20 = 10-70°. Thermogravimetric experiments were
carried out under a N, flow with a TGA Mettler
3000 instrument at a heating rate of 10° C/min. The
sample for transmission electron microscopy (TEM)

was prepared by the irradiation of the aqueous solu-
tion of 0.5% GG containing 1 x 10> mol/dm® Ag"
and 0.2 mol/dm? isopropyl alcohol. The radiation
dose delivered to the sample was adjusted in such a
way so that entire Ag” was converted into Ag. A
drop of this solution was placed on a carbon-coated
copper grid; this was followed by drying. The pic-
tures of the particles were taken by the placement of
the grid under TEM (Jeol, model 100 S).

Synthesis of the silver nanoparticles

The silver nanoparticles were prepared by the disso-
lution of a known weight of AgNO; in a 0.5% (w/
w) aqueous solution of GG containing 0.2 mol/dm?
isopropyl alcohol. The solution was stirred until a
viscous homogeneous solution was obtained. It was
then purged with N, gas to eliminate the dissolved
oxygen present in the solution. Because the concen-
tration of GG used was 0.5% (w/w), the direct purg-
ing of N, gas through the solution did not pose any
problem. The resultant solution was irradiated in a
®9Co v chamber to a desired radiation dose. A bright
yellow solution, characteristic of silver nanoparticles,
was obtained; this was confirmed by ultraviolet—
visible (UV-vis) spectrophotometry.

RESULTS AND DISCUSSION

The reduction of silver ions in aqueous solutions in
the presence of a polymeric stabilizer generally
results in the formation of colloidal silver with a
particle diameter of several nanometers. These par-
ticles have specific optical properties indicated by
the presence of an intense absorption band at 390-
450 nm caused by the collective excitation of all the
free electrons in the particle.®® To investigate the

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Absorption spectra of GG solutions irradiated at
various doses: (a) unirradiated GG and GG irradiated with
(b) 0.15, (c) 0.29, (d) 0.46, (e) 0.58, (f) 0.70, and (g) 0.87 kGy in
the presence of 1 x 10> mol/dm® Ag" and 0.2 mol/dm?
isopropyl alcohol. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

ability of GG to stabilize the Ag clusters, the irradia-
tion of an aqueous solution of GG in the presence of
Ag" was carried out. The absorption spectrum of an
aqueous solution of 0.5% GG containing 10> mol/
dm® Ag* and 0.2 mol/dm® isopropyl alcohol when
irradiated with y radiation with various radiation
doses is shown in Figure 2. The unirradiated GG
solution showed a shoulder at 350 nm without any
peak in the visible region. With increasing radiation
dose, the absorption in the region of 300-600 started
to develop, with an absorption maxima at 427 nm.
Under the same experimental conditions, when irra-
diation was carried out in the absence of Ag™, no
absorption band in the region 300-600 nm was
observed. Thus, the absorption band observed at 427
nm was attributed to silver clusters stabilized by GG.

When Ag* dissolved in an aqueous solution of
GG containing isopropyl alcohol was irradiated with
v radiation, most of the energy was absorbed by
water, which resulted in the generation of e,
(hydrated electron), H®, and OH®. Among these spe-
cies, e, and H*® were very strong reducing agents:
E°H,O €q = —2.87V x NHE, where E° is the stand-
ard reduction potential, V is the volt, NHE is the
normal hydrogen electrode, and E°H"/H = —2.3V x
NHE. These species reacted with Ag™ and resulted
in its reduction to AgO [egs. (1) and (2)]:

€q T Agh — Ag’ (1)

H* + Agt — Ag’ + HY 2)

The purpose of the addition of isopropyl alcohol
was twofold: (1) it reacted with the OH® radical to
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form an isopropgl radical, which thus prevented the
oxidation of Ag’ formed back into Ag™ by the OH
radical, and (2) the isopropyl radical formed in eq.
(3) was highly reducing and reduced Ag' to Ag’

leq- D]
OH* + (CH3), —CH —OH —
(CH;), —C* —OH + H,O (3)
Ag* 4 (CH3), —C* —OH —
Ag’ + (CH3), —C=0+H" (4)

The silver atoms formed in reactions 1, 2, and 4
dimerized when they encountered each other or
associated themselves with excess Ag™ ions by a cas-
cade of coalescence processes, and these species pro-
gressively grew into larger clusters, as shown in the
following reactions:

Ag’ +Ag’ — Ag) (5)

Ag’ +Ag" — Agy (6)

Agn +Agt — Agl, 7)
A1 +eq/H — Agni +HT (8)

The clusters of silver atoms thus formed were not
allowed to grow further because of the presence of
GG, which anchored them. The structure of GG is
shown in Figure 1. As shown from the structure of
GG, there were several OH groups that could bind
the growing Ag clusters and also, because of the
presence of a long linear chain of mannose units and
a side chain of galactose units, the anchored Ag
clusters were prevented from growing further by
steric hindrance, and thus, they were stabilized. Evi-
dence for the interaction of hydroxyl groups in the
stabilization of the silver clusters was obtained from
the Fourier transform infrared (FTIR) spectra of the
GG-containing Ag clusters. The FTIR spectra of GG
and Ag/GG are shown in Figure 3. GG exhibited
characteristics bands® at 3426 and 2926 cm '
because of the O—H stretching vibrations of the
polymer associated with C—H stretching vibrations.
Additional characteristics absorption bands of GG
appeared at 1418 and 1026 cm ' because of C—H
bending and O—H bending vibrations, respectively.
As shown in Figure 3, the band at 3426 cm ™' shifted
to 3457 cm ! in the presence of Ag; also, the band
was broader in Ag/GG compared to GG. These
observations clearly indicate the interaction of Ag
with the —OH group of GG. Similar results were
reported earlier in the synthesis of silver nanopar-
ticles stabilized by Konjac Glucomannan, which is
structurally similar to GG, by a photochemical
reduction method.*
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Figure 3 FTIR spectra of (a) GG and (b) Ag/GG. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Effect of the GG and Ag"* concentrations

The effect of the GG concentration on the formation
of the Ag clusters was studied by the irradiation of
a solution containing 1 x 107> mol/dm® Ag" and
0.2 mol/dm? isopropyl alcohol and various amount
of GG. As mentioned earlier, when the aqueous
solution is irradiated with y radiation, most of the
energy was absorbed by water, which resulted in
the generation of e,;, H®, and OH". Typically, in the
presence of isopropyl alcohol, the yield of reducing
species is 6 per 100 eV of absorbed energy.®' Thus, a
radiation dose of 1 kGy could reduce about 5.7 x
107* M of Ag*, or in other words, a radiation dose
of about 2 kGy in principle is sufficient to bring
about the complete reduction of 1 x 107> M Ag™ to
metallic silver. Because GG could also react with the
radicals generated from water radiolysis, a higher
radiation dose of 3.5 kGy was selected to ensure the
complete reduction of Ag". The absorption spectra
recorded after irradiation at various concentrations
of GG are shown in Figure 4. The spectrum at a low
concentration of GG (0.1%) was very broad, with a
shoulder at 520 nm and a maximum at 408 nm.
However, with increasing concentration of GG, the
absorption spectrum became narrower, and the
shoulder at 520 nm also disappeared. The narrowing
of the absorption spectrum with increasing concen-
tration of GG indicated that the cluster size became
more and more uniform. At low concentration, GG
was not very effective in stabilizing the Ag clusters,
and therefore, there was no control over the cluster
size, as evident from the broad absorption spectrum.
Similar results have been observed in the synthesis
of Ag/chitosan and Au/chitosan by a chemical
reduction method with NaBH, as a reducing
agent.32
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Similarly, we studied the effect of Ag" concentra-
tion on the formation of Ag cluster by keeping the
concentration of GG fixed (0.5%) and varying the
concentration of Ag™. The radiation dose delivered
to sample was calculated on the basis of the concen-
tration of Ag" (3.5 kGy per 1 x 107> mol/dm?). The
absorption spectra of the irradiated solutions are
shown in Figure 5. As shown in Figure 5, the inten-
sity of the surface plasmon band of the Ag clusters
increased with increasing concentration of Ag™, and
the band was quite symmetrical up to a 2-mol/dm?
Ag™ concentration. Further increases in the concen-
tration affected the symmetry of the surface plasmon
band, which became quite broad at a Ag™ concentra-
tion of 3 x 10~2 mol/dm?, and a shoulder at 520 nm
also appeared. At high Ag® concentrations, more
nuclei were formed and the concentration of GG,
which was kept constant at 0.5%, was not sufficient
to control the growth and stabilization of the Ag
clusters, and hence, the size distribution was not
uniform, as evident from the broadness of the sur-
face plasmon band. Thus, it appears that cluster size
was governed by both GG concentration and precur-
sor Ag™ concentration.

Effect of pH on the formation of Ag clusters

In our earlier study on the radiation-induced synthe-
sis of Ag clusters on silica,®® we observed that the
pH of the solution affected the formation of metal
clusters. To assess the role of the pH of the solution
on the formation of GG-stabilized Ag clusters, solu-
tions of GG (0.5%) containing 1 x 107> mol/dm?®

Abrortance
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Figure 4 UV-vis spectra of the Ag clusters formed upon
irradiation at various GG concentrations: (a) 0.1, (b) 0.2, (c)
0.3, (d) 0.4, and (e) 0.5% w/v. [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Changes in the surface plasmon resonance band
of the Ag clusters upon irradiation at various precursor
concentrations: (a) 0.5 x 1072, (b) 1.0 x 1073, (c) 2.0 x
1073, and (d) 3.0 x 1072 mol/dm?>. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com. ]

Ag" were irradiated at various pH values, which
were varied by the addition of appropriate amounts
of KH,PO, or Na,HPO, to the solutions before irra-
diation. The absorption spectra recorded after the
irradiations are shown in Figure 6. The surface plas-
mon resonance band was symmetrical and had very
low absorbance at wavelengths below 600 nm at pH
values of 2.8 and 4.75; this indicated narrow size dis-
tribution. However, at a pH above 5, the symmetry
of band was lost, and it became broad with
enhanced absorption at wavelengths above 600 nm.
In the alkaline region at pH above 10, no surface
plasmon resonance band was observed. In the radia-
tion-induced synthesis of copper nanoparticles,® in
alkaline media, a yellow precipitate of Cu(OH), was
obtained. During the chemically induced reduction
of silver ions by formaldehyde™ in aqueous media,
in alkaline medium, silver nanoparticles were not
stable. Similar results were also observed in our ear-
lier study on the radiation-induced synthesis of Ag
clusters on silica.>® Thus, it appears that silver clus-
ters stabilized by GG are stable in acid media and
that alkaline media are not desirable for the
synthesis.

Role of alcohol in the formation of Ag clusters

Although isopropyl alcohol was used as an OH radi-
cal scavenger throughout this study, the ability of
other alcohols to scavenge the OH radical and the
subsequent reactions of alcohol radicals in the reduc-
tion of Ag" to metallic silver were also investigated.
We studied this by irradiating a 0.5% aqueous solu-

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Absorption spectra of the Ag clusters formed
upon irradiation at various pH values of the solution: (a)
2.8, (b) 48, (c) 5.9, (d) 7.2, (e) 9.1, (f) 10.9, and (g) 11.4.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

tion of GG containing 1 x 107> mol/dm> Ag" and
0.2 mol/dm?® of various alcohols, including metha-
nol, ethanol, isopropyl alcohol, butanol, and tert-
butyl alcohol. The solutions were purged with N, to
eliminate oxygen. The UV-vis spectra of the irradi-
ated samples are shown in Figure 7. As shown in
this figure, the intensity of the surface plasmon reso-
nance band in the case of all alcohols except tert-
butyl alcohol was higher compared to that in the
absence of alcohol. This indicates that radicals

Abrorbance
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Figure 7 Formation of the Ag clusters in the presence of
various alcohols used for scavenging OH radicals: (a) no
alcohol, (b) methanol, (c) ethanol, (d) isopropyl alcohol, (e)
n-butanol, and (f) tert-butanol (concentration of alcohol =
0.2 mol/dm?). [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 8 XRD pattern of Ag/GG. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

generated from the reaction of all these alcohols
with the OH radical were effective in reducing Ag™
to metallic silver. Another very important observa-
tion that can be made from Figure 7 is that the in-
tensity of the surface plasmon band in the presence
of tert-butyl alcohol was lower than that in the ab-
sence of alcohol. It is known from the literature that
the radical produced from the reaction of OH with
tert-butanol is highly unreactive®® and cannot reduce
Ag™ to Ag, and therefore, in both cases, e;, and H
bring about the reduction of Ag™ to Ag. In that case,
the intensity of the surface plasmon band should
have been same in both the cases. The only differ-
ence between these two cases was the fate of the OH
radical in the absence of alcohol where it can react
with GG. Therefore, it appears that the radical gen-
erated from the reaction of OH with GG was able to
reduce Ag™ to Ag and because of this, the intensity
of the plasmon band was higher in the absence of
alcohol.

Characterization of Ag/GG

The formation of Ag clusters stabilized by GG with
v radiation as a tool for the reduction was success-
fully demonstrated in the UV-vis spectra, which
clearly showed the characteristic surface plasmon
band of the Ag cluster in the region 400-450 nm.
These clusters were further characterized by several
physical techniques, including XRD, TEM, and ther-
mogravimetry. The XRD pattern recorded in the 20
region of 20-70° is shown in Figure 8. The X-ray dif-
fractogram of metallic silver’” showed prominent
peaks at 26 values of 38.1, 44.25, 64.54, and 77.35
representing the 111, 200, 220, and 311 Brags reflec-

2353

tions. In the XRD pattern, peaks at 20 values of 38.1,
44.25, and 64.54 were clearly visible, which thus con-
firmed the formation of metallic silver. The broad
bandwidth of the main peak at a 20 value of 38.1
indicated that the size of clusters was small, which
was confirmed from the TEM analysis. The TEM pic-
ture of Ag/GG is shown in Figure 9. It showed
nearly spherical particles with size distributions in
the range 10-30 nm.

It is well known that GG, like other naturally
occurring polymers, undergoes chain scission when
exposed to ionizing radiation; this results in a
decrease in the molecular weight®® The changes
occurring in thermal properties of GG upon irradia-
tion and after the formation of a composite with Ag
were studied with thermogravimetric analysis. For
this, a sample containing a 5% loading of Ag nano-
particles in the GG was prepared by the irradiation
of 50 mL of a 5% aqueous solution of GG containing
220 mg of AgNO; with a radiation dose of 56 kGy.
The 5% loading of Ag was chosen so as to obtain
noticeable changes in the thermogram. The radiation
dose was selected to achieve the complete conver-
sion of Ag" to metallic silver. We precipitated the
irradiated solution by adding it to acetone followed
by washing with acetone to eliminate radiolytic
products. Finally, it was dried at 50°C in vacuo. Simi-
larly, a 5% solution of GG was also irradiated in the
absence of Ag'. The thermograms of unirradiated
GG, irradiated GG, and GG irradiated in the pres-
ence of Ag™ are shown in Figure 10. The decomposi-
tion of unirradiated GG started at 278°C, whereas
GG irradiated in the absence of Ag" started decom-
posing at much a lower temperature (~ 237°C). The
observed decrease in the decomposition temperature

Figure 9 TEM images of the Ag clusters formed upon
irradiation in aqueous GG solution (bar length = 100 nm).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 Thermograms of (a) GG, (b) irradiated GG,
and (c) GG irradiated in the presence of Ag™. [Color figure
can be viewed in the online issue, which is available at
www interscience.wiley.com.]

was due to the degradation of GG upon irradiation.
As mentioned earlier, GG belongs to the class of nat-
ural polymers that undergo depolymerization when
exposed to ionizing radiation such as y rays. The
reduction in the molecular weight was responsible
for the decrease in the observed decomposition tem-
perature. Alternatively, when GG was irradiated in
the presence of Ag™, this resulted in the formation
of Ag; the decomposition of the resultant Ag/GG
composite started at 258°C, which was higher than
the one observed for the GG irradiated in the ab-
sence of Ag’. In both the cases, that is, in the ab-
sence and the presence of Ag", the radiation dose
delivered to the GG solution was the same. Thus, it
appears that presence of nanosize silver, which acted
as a filler, in the irradiated GG was responsible for
the improvement in its thermal properties. The anal-
ysis of the latter part of thermogram also indicated
that the thermal properties of irradiated guar were
improved upon the incorporation of Ag. As shown
in Figure 10, the complete decomposition of irradi-
ated GG in the absence of Ag" was over at a much
lower temperature (530°C), unlike the one irradiated
in the presence of Ag", where complete decomposi-
tion was not even over at 700°C. Similar results
were also reported for the Ag/PVA nanocomposites
synthesized with the chemical reduction method."*

CONCLUSIONS

GG was a very effective stabilizer for Ag clusters
generated by vy radiation. The size of the clusters
was in the nanodomain. An acid medium was best
for the generation of Ag clusters in the presence of

Journal of Applied Polymer Science DOI 10.1002/app
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GG. The incorporation of Ag clusters in the GG
improved the thermal stability of the irradiated GG.

The authors thank A. K. Tyagi, Chemistry Division, Bhabha
Atomic Research Centre, for his help with the XRD of the
Ag/GG and Hari Kumar, Food Technology Division, Bhabha
Atomic Research Centre, for providing the spectrophotome-
ter to record the UV-vis spectra.
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