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A green approach to the biosynthesis of amino acid functionalized silver nanoparticles (AgNPs) using
Neem gum is reported herein. To the best of our knowledge, this is the first attempt at biosynthesizing
AgNPs. The AgNPs show good colloidal stability with surfactants and dyes. The reduction of Methylene
blue (MB) by SnCl; in micellar media, and Congo red/4-nitrophenol by NaBH, validate the high catalytic
efficiency of the AgNPs. This is the first report, as far as we know, on a detailed kinetic study of AgNPs
catalyzed MB reduction in cationic, anionic and nonionic micellar media. The highest MB reduction rate
was observed in anionic micellar medium with tryptophan functionalized AgNPs. The AgNPs were
responsible for the backward oxidation of reduced MB in acidic nonionic micellar medium, which is the
first ever demonstration of a one-cycle redox MB clock reaction involving silver nanoparticles. The clock
reaction elucidated the potential use of the AgNPs as low-cost sensors for oxygen leakage in vacuum-
packed food packages, and for creating an oxygen deficient environment in acidic aqueous and micellar
media, where catalyst poisoning by O, prevails. The deactivation of the catalytic activity of tryptophan
functionalized AgNPs observed during the Congo red and 4-nitrophenol reduction may find application
in catalytic reduction where improved selectivity is required. With the possibility of the large-scale pro-
duction of the AgNPs on an economic platform, the AgNPs may thus hold great promise in effective and
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1. Introduction

In the design of a new synthetic route for the production of
metal nanoparticles, the key factors that merit important con-
sideration include the utilization of nontoxic chemicals,
renewable materials and environmentally benign solvents.
Compared to physical and chemical processes, biological
systems-based synthetic routes for the production of nano-
particles (NPs) are economical and do not pose potential bio-
logical and environmental risks."”> The production of NPs
using plants, as compared to other biological resources, is
advantageous on account of the enhanced scalability and
safety.® Plant extracts provide more flexible control over the
size, shape, crystallinity, and size distribution of the NPs, with
faster synthesis and easy purification."® Many methods have
been reported for the synthesis of copper, gold, silver, plati-
num and iron NPs using plant extracts.” ' In these methods,
the carbonyl, hydroxyl and carboxylic functional groups
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eco-friendly wastewater treatment, with potential application in oxygen sensing.

present in the plant extract facilitate metal ion complexation
and reduction. Further, the proteins and polysaccharides
present in plant extracts increase the stability and functionality
of the Nps."*

Compared to other metallic nanoparticles, silver NPs
demonstrate superior optical sensing, catalytic and anti-
microbial properties. To exhibit these properties efficiently,
silver NPs need to be stable and compatible in different
aqueous environments, avoiding aggregation and corrosion.
Their synthesis methods using plant extracts from leaves,">™*°
fruit,"” ' gum,*®° flowers,””*® seeds,”*>' and other
sources®>*° are well-established, but there are gaps in knowl-
edge regarding their colloidal stability in aqueous media of
high ionic strength, variable pH, surfactants, and dyes.

Since the chemical routes to silver NPs synthesis are expen-
sive and hazardous, the discovery and use of new natural
resources toward their synthesis is greatly needed. Neem gum
(NG) is a water-soluble plant gum exudate from the Azadirachta
indica bark and contains proteins, complex polysaccharides
and many organic compounds that could facilitate the Ag" ion
reduction to Ag(0).>”*' Such features of NG have encouraged
us to use this natural resource as a reductant for the biosyn-
thesis and stabilization of silver nanoparticles (AgNPs).

Inorg. Chem. Front, 2018, 5, 233-257 | 233
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However, due to the complexity of the active functional groups
in NG, good colloidal stability of the biosynthesized AgNPs
may be difficult to achieve. Amino acids are known to form
coordinate complexes with Ag" ions through various sites such
as >C=0, -NH,, -COOH, thiol, imidazole and indole
groups.*”** The formation of the Ag"-amino acid complexes
may thus provide a compact domain for the controlled nuclea-
tion of Ag nuclei with defined shape and increased stability.
Amino acids like histidine (His), tryptophan (Trp), methionine
(Met), asparagine (Asp), glutamic acid (Glu) and alanine (Ala)
have strong affinity for Ag" ions;** they are present in very
small amounts in NG, but are not in sufficient amounts to
provide the controlled nucleation of Ag.*® Therefore, in order
to achieve controlled nucleation with defined shape and
enhanced stability in various aqueous environments, the
AgNPs are functionalized with Ala, Trp, Met, His, Glu, and
Asp, and are noted as f-AgNPs.

Despite the structural potential of amino acids to interact
with silver, and the presence of electron rich active com-
ponents in plant extracts, there have been no reports on their
combined impact on silver NPs formation, their colloidal stabi-
lity and applicability. Our studies on the f-AgNPs would thus
lead the way in establishing an operational link between the
AgNPs and the structural activities of amino acids and electron
rich active components in plant extracts. This study is the first
of its kind to investigate the effects of pH, ionic strength, sur-
factant, and dyes on the colloidal stability of the f-AgNPs, and
it fills the gap regarding AgNPs science and the correlation
with natural resources for the advanced understanding of bio-
nanomaterials; furthermore, this study widens the applica-
bility of the AgNPs. We have also initiated studies based on the
effects of cationic, anionic and nonionic surfactants on the
f-AgNPs colloidal stability. A similar model has been extended
to cationic and anionic dyes, and such studies are yet to be
reported.

The good colloidal stability of the AgNPs prompted us to
use them as catalysts for reduction reactions. The catalytic
efficiency of the AgNPs was studied for the reduction of
Methylene blue (MB) by acidic SnCl, in aqueous and micellar
media, and for the reduction of Congo red and 4-nitrophenol
by NaBH, in aqueous media. Very limited work has been
reported on silver NPs catalyzed MB reduction in micellar
media and the detailed kinetics. Ghosh et al. demonstrated
the silver and gold NPs catalyzed reduction of MB by NaBH, in
the presence of sodium arsenate in a sodium dodecyl sulfate
(SDS) micellar system.** However, the focus of their work was
on the quantitative estimation of arsenic and hence, no kinetic
investigation was offered on the NPs catalyzed MB reduction
in anionic micellar systems. Pal et al. studied micellar cata-
lyzed MB reduction by ascorbate ions and observed that cat-
ionic micellar catalysis in the presence of ascorbate ion was
much higher than the reduction rate in the presence of silver
NPs in aqueous solution.”® Here also, no kinetic study was
carried out on the silver NPs catalyzed MB reduction in micel-
lar systems. Jiang and co-workers in their study on silver NPs
supported on silica spheres catalyzed dye reduction showed
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that cationic, anionic and nonionic surfactants decrease the
reduction rate of the dyes by deactivating or poisoning the
catalyst.”” Furthermore, the earlier reports on the redox MB
clock reaction were fast and reversible up to many cycles,*®™>°
and therefore, kinetic studies on the backward oxidation of
reduced MB to oxidized MB were not possible. Previously, the
MB clock reaction did not have any practical application other
than as an example of a simple and crowd-pleasing demon-
stration of a clock reaction. In this study, for the first time, we
report the kinetics of the backward oxidation of reduced MB
and illustrate a possible practical application of the one cycle
redox MB clock reaction in the presence of the AgNPs as low
cost sensors for oxygen leakage in vacuum-sealed packages.
The catalyzed MB reduction revealed that some of the f-AgNPs
could be successfully used to create an O, deficient environ-
ment in acidic aqueous and micellar media, where catalyst poi-
soning by O, prevails.

In this study, the combined science of AgNPs in association
with NG and amino acids on catalytic reduction have revealed
some new findings, such as pseudo-second order kinetics for
MB reduction, increased MB reduction rate in anionic micellar
medium, and selective catalytic reduction, which to the best of
our knowledge, have not been reported before with silver NPs.
The present work has therefore opened a new domain in the
biosynthesis of AgNPs, wherein plant extracts in combination
with amino acids, flavonoids, proteins and many others may
act as valuable natural resources and could be used for manip-
ulating AgNPs surface activities with wider and potential
applications.

2. Experimental section
2.1. Materials and methods

Neem gum (NG) was collected from neem trees located at
Gandhinagar, India. The following were procured from Sigma-
Aldrich and wused as received: t-alanine (Ala) (A7469),
p-tryptophan (Trp) (T9753), i-methionine (Met) (M9625),
t-histidine (His) (H8000), r-glutamic acid (Glu) (G1251),
L-asparagine (Asp) (A0884), AgNO; (209139), NaOH (S8045),
HCl (320331), NaCl (S7653), dodecyltrimethylammonium
bromide (DTAB) (D5047), sodium dodecyl sulfate (SDS)
(L6026), octyl p-p-glucopyranoside (OGP) (08001), dioctyl sulfo-
succinate sodium salt (AOT) (D1685), Tween-20 (T-20) (P1379),
sodium borohydride (NaBH,) (71320), 4-nitrophenol (4-NP)
(1048), stannous chloride (SnCl,) (208256), Congo red (CR)
(C6277), and Methylene blue (MB) (28514).

2.2. Synthesis of amino acid functionalized silver
nanoparticles (f-AgNPs)

For the synthesis of f-AgNPs, to 10 mL (2.75% w/v) aqueous
NG, 100 pL (1.75 M) of aqueous AgNO; and 10 mL (0.1 M) of
aqueous Ala/Trp/Met/His/Glu/Asp were added. The resulting
reaction mixture was transferred to a 50 mL centrifuge tube
(Tarson) and incubated for 20 min at 373.15 K. The f-AgNPs
dispersion thus obtained was purified by centrifugation at

This journal is © the Partner Organisations 2018
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17 500g for 20 min, followed by re-dispersion in 100 mL of
Milli-Q water. For the synthesis of non-functionalized AgNPs,
in place of 10 mL (0.1 M) of aqueous amino acid, 10 mL of
water was used. All the dispersions were stored in airtight
amber colored bottles at 4 °C, to be used in later experiments.
The NPs thus synthesized were non-functionalized AgNPs, and
amino acid functionalized AgNPs (f-AgNPs): Ala-AgNP (Ala
functionalized AgNPs), Trp-AgNP (Trp functionalized AgNPs),
Met-AgNP (Met functionalized AgNPs), His-AgNP (His functio-
nalized AgNPs), Glu-AgNP (Glu functionalized AgNPs), and
Asp-AgNP (Asp functionalized AgNPs).

UV-visible spectroscopy was used to optimize the reaction
parameters such as NG and AgNO; concentration and reaction
time. To optimize the NG and AgNO; concentration, 10 mL
(0.21 to 3% w/v) aqueous NG was added to 100 pL (1.75 M)
aqueous AgNO;, and (2.5 to 100 pL) 1.75 M aqueous AgNO;
was added to 10 mL (2.75% w/v) aqueous NG, followed by incu-
bation for 20 min at 373.15 K. For reaction time optimization,
spectra were recorded every min for the reaction mixture con-
taining 10 mL (2.75% w/v) aqueous NG and 100 pL (1.75 M)
aqueous AgNOj3, incubated at 373.15 K.

2.3. Surface functionalization efficiency of amino acids for
f-AgNPs

UV-visible absorbance spectroscopy was used to investigate the
surface functionalization efficiency (S.F.E.) of the respective
amino acids. The development of a purple colored
(Ruhemann’s purple) complex on reaction of ninhydrin with
free a-amino groups of amino acids was the genesis of the S.F.
E. In the determination of S.F.E., the supernatants obtained
from all the washing cycles of the individual f-AgNPs were
mixed together and an aqueous ethanolic solution of ninhy-
drin was added. The reaction mixture was maintained at
373.15 K for 15 min, for completion of the reaction. The absor-
bance of the reaction mixtures at 570 nm (Aax Of amino acid-
ninhydrin complex) was recorded and the concentrations of
the respective amino acids in the supernatant were calculated
using the standard curve (absorbance vs. concentration) for
the amino acids. S.F.E. was calculated using the following
formula:
[Amino acid]; — [Amino acid],

S.F.E. = 100
(%) [Amino acid]; .

where, [Amino acid]; and [Amino acid]s are the concentration
of amino acid used for f-AgNPs synthesis, and the concen-
tration of amino acid in the supernatant, respectively.

The absorbance spectra of the purple colored amino acid-
ninhydrin complex could be sensitive to the other reactive moi-
eties present in the medium. Since the AgNPs supernatants
may contain some reactive moieties (due to NG) that may
affect the spectra of the colored complexes, the standard curve
of the amino acid-ninhydrin complexes was obtained by dis-
solving different concentrations of amino acids in the super-
natant obtained after washing the non-functionalized AgNP.
An aqueous ethanolic solution of ninhydrin was added and
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the reaction mixture was maintained at 373.15 K for 15 min.
The absorbances of these amino acid containing reaction solu-
tions were recorded at 570 nm using a UV-visible spectrophoto-
meter. In all the S.F.E. experiments, the absorbance measure-
ments were performed in triplicate and the overall solution
volume and quantity of ninhydrin used were kept constant.
Fig. S1t depicts the standard curve for the alanine-ninhydrin
complex, illustrating the unreacted Ala concentration during
Ala-AgNP synthesis.

For the f-AgNPs, the S.F.E. of Ala, Trp, Met, His, Glu, and
Asp were found to be 64.59, 72.09, 78.07, 64.33, 54.13, and
59.58%, respectively. Thus, when 107> moles of the amino
acids were used to synthesize 100 mL aqueous dispersions of
f-AgNPs, 57.54 mg Ala, 147.23 mg Trp, 116.49 mg Met,
99.81 mg His, 79.63 mg Glu, and 78.72 mg Asp were involved
in the formation and surface functionalization of Ala-AgNP,
Trp-AgNP, Met-AgNP, His-AgNP, Glu-AgNP, and Asp-AgNP,
respectively. Interestingly, NG did not develop the purple color
on reaction with ninhydrin, indicating the absence of free
amino groups.

2.4. Structural characterization of AgNPs

The UV-visible absorbance spectra were recorded using a UV-
visible spectrophotometer, Spectro 2060 plus at 298.15 K. For
AgNPs morphology, high-resolution transmission electron
microscopy (HR-TEM) was performed using a JEOL JEM-2100
HR-TEM, at 180 kV. X-ray diffraction (XRD) was performed on
a Bruker D8 Focus instrument of Cu-Ka wavelength (4 =
1.54 A), with scanning over a 26 range of 20-90°, with 0.017°
step size. For high-resolution UHV X-ray photoelectron spec-
troscopy (XPS), an Omicron ESCA+ was used for the compo-
sitional confirmation of the AgNPs. The Al Ka radiation of
energy 1486.7 eV was operated at 15 kV and 20 mA throughout
the measurements. The high-resolution XPS spectra were
obtained at pass energy of 20 eV. For the XPS analysis, dried
powder samples of AgNPs were mounted on carbon-coated
tape. A Malvern Zetasizer 3000 was used to determine the size
distribution, polydispersity index (PDI) and zeta potential of
the AgNPs. The FTIR spectra were recorded using a
PerkinElmer Spectrum 65 series FTIR Spectrophotometer. For
FTIR sample preparation, the AgNPs dispersions were dried in
a vacuum oven for 24 h at 313.15 K. The dried samples (2 mg)
were blended with KBr (200 mg) and pressed into pellets. The
pellets were placed in the sample holder and FTIR spectra
were recorded in the range 4000-400 cm™' in transmission
mode. The FTIR spectra were derived from the average of 64
scans with 1 cm™" resolution. The "H NMR studies were per-
formed on a Bruker Advance 500 MHz instrument at 298.15 K.
The second derivative FTIR calculations and Gaussian curve
fitting analyses were made using the OriginPro 8 software. The
total silver concentration of the AgNPs stock suspension was
measured in triplicate by an inductively coupled plasma
optical emission spectrometer (ICP-OES; model: 7300 DV,
PerkinElmer) against a standard AgNO; solution.

Inorg. Chem. Front, 2018, 5, 233-257 | 235
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2.5. Colloidal stability of AgNPs

2.5.1. Influence of pH, ionic strength, surfactant and dyes
on the colloidal stability of AgNPs. The influences of pH (2 to
14), ionic strength (0.1 to 2 M aqueous NaCl), surfactant
(0.0025 to 0.010 M) and dyes (10 to 50 pM) on the AgNPs col-
loidal stability were investigated using UV-visible spec-
troscopy, as reported in the ESL.{

2.6. Catalytic activity of AgNPs

The catalytic efficiency of AgNPs in the reduction of MB by
acidic SnCl, in aqueous/surfactant micellar media, and
reduction of CR and 4-NP by NaBH, in aqueous media were
monitored using UV-visible spectroscopy, as reported in the
ESL+

3. Results and discussion
3.1. Synthesis of AgNPs

The formation of AgNP by the reduction of Ag' ions with
aqueous NG was illustrated by the concomitant color change
of the reaction mixture. As the biosynthesis proceeded, a
change in color from colorless to yellowish occurred within
2 min, but a brown color appeared after 20 min (Fig. 1a). The
spectra of the dispersion had a characteristic absorption
maximum at 420 nm (Fig. 1), attributed to the surface
plasmon resonance (SPR) band of silver NPs. For the pro-
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Fig. 1 (a) Color change of the reaction mixture during the biosynthesis
of AgNP, (b) the optimization plot for NG concentration, (c) the optimiz-
ation plot for AgNO3 concentration, and (d) the optimization plot for
reaction time for the biosynthesis of AgNP.
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duction of AgNP, the optimum conditions of NG and AgNO;
concentration and reaction time were determined by UV-
visible spectroscopy. Fig. 1 shows the UV-visible spectra
recorded for the optimized (a) NG concentration, (b) AgNO;
concentration and (c) reaction time. Fig. 1b depicts the UV-
visible spectra of AgNP produced using 100 pL (1.75 M) AgNO;
with different NG concentrations, after 20 min incubation at
373.15 K. The population of AgNP increased with increasing
NG concentration, depicted by increased absorbance (Fig. 1b).
The highest absorbance at 420 nm with 2.75% (w/v) NG illus-
trates the conversion of all Ag" ions into Ag(0), and the sub-
sequent decrease in absorbance with >2.75% (w/v) NG illus-
trates the aggregation of the AgNP. The production of AgNP
with 2.75% (w/v) NG was also studied by varying the AgNO;
concentration, as depicted in Fig. 1lc. The absorbance
increased with increasing AgNO; concentration, due to the
enhancement in the oxidation of hydroxyl groups by Ag" ions.
No change in the absorbance was observed with >100 pL (1.75
M) AgNO;, illustrating that at this AgNO; concentration, all the
reducing agents present in NG were consumed, with no
further reduction of Ag" ion being possible. The synthesis was
also assessed by varying the reaction time at fixed NG and
AgNO; concentrations (Fig. 1d). The reducing ability of NG
increased with increasing incubation period, possibly because
more and more hydroxyl groups were converted to carbonyl
groups through oxidation by dissolved oxygen present in
water, which in turn reduced the Ag' ions. The initial blue
shift in the SPR peak of AgNP, observed within 3 min of incu-
bation (Fig. 1d), indicates the initiation of a controlled nuclea-
tion rate, resulting in decreased particle size. No change in the
SPR peak position from 3 min onwards implies the pro-
gression of nucleation at a constant rate. Meanwhile, no
change in the absorbance after 20 min of incubation indicates
complete consumption of the precursors. Thus, based on the
optimal results from AgNP synthesis, 10 mL (2.75% w/v) of
aqueous NG with 100 pL (1.75 M) aqueous AgNO; and 20 min
as reaction time were used to synthesize the f-AgNPs with
10 mL (0.1 M) aqueous Ala/Trp/Met/His/Glu/Asp.

3.2. Characterization of AgNPs

The HR-TEM micrographs revealed that AgNP were irregular
shaped, while the f-AgNPs were primarily spherical shaped
with no agglomeration (Fig. 2), and size ranging from 5 nm to
50 nm (Table 1). The hydrodynamic diameter of the AgNPs,
measured by DLS showed an average diameter of 14-39 nm,
with relatively narrow size distribution (PDI) (Table 1). It
appears that the amino acids, with their high complexation
ability toward the Ag' ion, resulted in ordered nucleation of
the Ag nuclei, thereby providing a narrow size distribution for
the f-AgNPs. Furthermore, the amino acids could have associ-
ated around the NG constituents at the f-AgNPs surface by
H-bonding, thereby preventing further nucleation. In the
absence of amino acids, disordered nucleation could have
resulted in a wider size distribution for the AgNP colloids
(Table 1). Amino acids therefore play a monitoring role during
the nucleation and growth process of the f-AgNPs and based
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Fig. 2 HR-TEM micrographs of (a) AgNP (b) Ala-AgNP (c) Trp-AgNP (d) Met-AgNP (e) His-AgNP (f) Glu-AgNP (g) Asp-AgNP.

Table 1 Particle size ranges, average particle diameters, polydispersity indices (PDI), and zeta potentials obtained from HR-TEM and DLS analysis of
the AgNPs: AgNP, Ala-AgNP, Trp-AgNP, Met-AgNP, His-AgNP, Glu-AgNP and Asp-AgNP

Zeta
Size range in Average diameter in potential

AgNPs nm (HR-TEM) nm (DLS) PDI (mv)
AgNP 5-50 39 +24 0.602 + 0.078 —20.68 £1.01
Ala-AgNP 5-40 40+7 0.176 + 0.025 —40.98 £ 1.56
Trp-AgNP 5-20 14 +3 0.215 + 0.029 —80.84 £ 2.73
Met-AgNP 15-35 34+9 0.268 + 0.035 —53.93 £2.15
His-AgNP 5-20 25+8 0.333 +0.041 —=72.22 £2.12
Glu-AgNP 20-30 30+8 0.283 + 0.039 —63.85 +£2.29
Asp-AgNP 10-40 38+ 12 0.499 + 0.067 —47.50 £ 1.89

on their affinity towards Ag' ions, they vary the size distri-
bution of the f-AgNPs. Fig. S2t depicts the HR-TEM micro-
graphs of AgNPs, revealing capping by proteins and polysac-
charides in NG, wherein Trp-AgNP and His-AgNP exhibit thick
layers of capping over their surfaces.

For investigating the crystalline structure of the AgNPs,
XRD analysis was performed. The XRD patterns of the AgNPs
are shown in Fig. 3. The d-spacings obtained from XRD are
consistent with the standard cubic Ag,0 and Ag phases. The
sharp diffraction peaks indicate the high crystallinity of the
Ag,0 and Ag crystallites, and were indexed to fce cubic silver
(JCPDS PDF 04-0783)°" and cubic Ag,0 (JCPDS 76-1393),>
reported in Table S1.7 The sizes of Ag and Ag,O crystallites
were calculated using the Debye-Scherrer equation (Table S17).
The cubic Ag planes are in close agreement with the unit cell

This journal is © the Partner Organisations 2018

of the fec structure (JCPDS file no. 87-0720)°* with a lattice
parameter of a = 4.09 A. The Ag,O planes are in close agree-
ment with the unit cell of a hexagonal structure (JCPDS file no.
76-1393) with a lattice parameter of a = 4.76 A. The 100%
intensity peak of Ag (111) planes illustrate the maximum con-
centration of Ag crystallites in Trp-AgNP and His-AgNP.
Fig. S31 elucidates the percentage of Ag and Ag,O crystallite
planes in the AgNPs. Ala, Trp and His seem to be responsible
for Ag (200) plane formation in Ala-AgNP, Trp-AgNP and His-
AgNP, respectively. Furthermore, Trp and His assist in Ag (111)
plane formation, while Ala, Glu, and Asp assist in Ag,0 (111)
plane formation. Moreover, Trp, Met and His strongly suppress
the Ag,O (110) plane formation in the f-AgNPs. Therefore,
during the nucleation and growth stages of the f-AgNPs,
amino acids introduce peculiar features into their crystalline

Inorg. Chem. Front,, 2018, 5, 233-257 | 237
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Fig. 3 XRD patterns of (a) AGNP (b) Ala-AgNP (c) Trp-AgNP (d) Met-AgNP (e) His-AgNP (f) Glu-AgNP (g) Asp-AgNP.

structures, which may improve their functionality and stability.
Fig. S21 illustrates the HR-TEM micrograph of AgNPs depicting
the lattice spacing of the Ag (111)/Ag,O (110) plane, in good
agreement with the XRD results. The biosynthesis of the Ag/
Ag,0 nanocomposites thus observed in this work establishes a
functional linkage between their formation and the structural
activities of amino acids and the electron rich active com-
ponents of plant extracts, and adds to an otherwise limited
area of literature.”*"’

The capping of f-AgNPs by proteins and polysaccharides in
NG and their functionalization with amino acids introduce
electron rich sites at the surface of the f-AgNPs. With these
electron rich sites, a negatively charged electrostatic double-
layer is formed around the f-AgNPs colloids in water. The
overall negative charge carried by these electrostatic double-
layers governs the colloidal stability of the f-AgNPs. Hence,

238 | Inorg. Chem. Front.,, 2018, 5, 233-257

zeta potential measurement of the f-AgNPs colloids is inevita-
ble, providing a clear view of their stability. NG contains
complex polysaccharides that are rich in uronic acid, which is
for the most part in the form of p-glucuronic acid and aldo-
biuronic acid.>””*' The negative zeta potential of the AgNPs
(Table 1) may therefore be due to the negatively charged car-
boxyl groups present in the complex polysaccharides of NG,
which get adsorbed over the surface of the AgNPs. The higher
negative zeta potential observed for the f-AgNPs may be due to
their functionalization with amino acids. Since amino acids
contain the carboxyl group, the surface functionalization with
amino acids may thus increase the concentration of carboxyl
groups adsorbed at the f-AgNPs surface, thereby making their
surface more negatively charged. A high value of zeta potential
denotes a high electrical charge on the surface of AgNPs,
which can cause a strong electrostatic repulsive force among
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Fig. 4 FTIR spectra of NG, AgNP, and Trp-AgNP.

the nanoparticles to prevent agglomeration, and increase col-
loidal stability. Thus, functionalization with amino acids may
have resulted in the higher colloidal stability of the f-AgNPs
compared to the AgNP (non-functionalized).

The AgNPs surface chemistry was further explored by FTIR
spectroscopy. Fig. 4 shows the FTIR spectra of NG, AgNP, and
Trp-AgNP. The FTIR spectra of Trp-AgNP are also the represen-
tative spectra of f-AgNPs, since the f-AgNPs spectra were
similar. The IR spectrum of NG shows specific peaks at 1076,
1307, 1554, 1644, 2090, 2934 and 3394 cm™'. The stretching
vibration band at 1307 cm™" indicates the C-N aromatic func-
tional groups of proteins in NG.>® The peak at 1644 cm™" in
the amide I band (1700-1600 cm™) corresponds to C=O
stretching modes, while the peak at 1554 cm™" in the amide II
band (1600-1500 cm™') is due to the N-H bending and C-N
stretching modes of the peptide linkages of proteins in NG.*”
The bands at 1076 and 3394 cm™" indicate the presence of
amine and hydroxyl groups, respectively.’® The broad band at
2090 cm™' could be assigned to various carbonyl species,
while the band at 2934 cm™" corresponds to asymmetric
stretching and scissoring vibrations of various methylene
groups present in NG.>* In comparison with the FTIR spec-
trum of NG, major shifts for the AgNPs were observed in the
regions of 1700-1500 cm™" and 3500-3300 cm ™', suggesting
the presence of carbonyl, carboxyl, hydroxyl and amino groups
at their surface. The changes associated with the vibrational
energies of these groups present in NG and amino acids may
provide detailed information on their association with the
AgNPs. In view of this, the FTIR spectra of NG, AgNP, and Trp-
AgNP were deconvoluted in the regions of 1700-1500 cm™*
and 3500-3300 cm™', and a Gaussian multiple-peak-fitting
procedure was employed after baseline correction (Fig. S47).
The multiple peaks resulting from the deconvolution indicate
changes associated with the vibrational energies of carbonyl,
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carboxyl, hydroxyl and amino groups, while the area under the
deconvoluted peaks may represent the qualitative changes
associated with their composition. The relative changes (peak
center and peak area) perceived in the deconvoluted spectra of
AgNP and Trp-AgNP, when compared with of that NG
(Fig. S4t) confirmed that the carbonyl, carboxyl, hydroxyl, and
amine groups resulting from amino acid and NG proteins are
strongly bound to the AgNPs surfaces. These spectral changes
mostly originated from to changes in N-H bending, C-N
stretching and C=O0 stretching vibrations of the amide linkage
of proteins, carboxylic stretching vibrations of uronic acid,
O-H stretching vibrations of polyphenols and stretching
vibrations of -C-O-C- linkages of flavonoids present in NG
along with N-H, carbonyl and carboxylic stretching vibrations
in amino acids. The variable area under the deconvoluted
peaks (Fig. S41) for AgNP and Trp-AgNP indicate that their
growth process is regulated by changing the interaction
dynamics induced by amino acids. No specific band at
~877 ecm™ " corresponding to Ag-O bonds was observed in the
FTIR spectra of AgNPs, contrary to the XRD results that
showed the presence of Ag,O. This may be due to the strong
binding of amino acids to the f-AgNPs surfaces and robust
capping by the polysaccharides and proteins of NG (see
Fig. S17).

For better understanding the surface chemistry of the
AgNPs and their interactions with NG and amino acids, X-ray
photoelectron spectroscopy (XPS) analysis was performed.
Fig. 5 shows the fully scanned spectrum of the AgNPs in the
range of 200 eV to 800 eV. In the XPS survey spectra, the atoms
of C, N, O and Ag were detected, with no other peaks, indicat-
ing the high purity of the AgNPs. The high-resolution Ag 3d
spectrum of the AgNPs (Fig. S51) demonstrated two peaks at
~368 eV (Ag 3ds.,) and ~374 eV (Ag 3ds,,) with a peak splitting
of ~6.0 eV, which corresponds to metallic silver (Ag°).>® The
peak shape of the Ag 3ds, and Ag 3d;,, levels suggest that a
single Gaussian peak function cannot be successfully applied
to fit each Ag 3d level. Therefore, each Ag 3d level was deconvo-
luted into two splitting peaks, and the corresponding binding
energies are tabulated in Table S2.1 The deconvoluted curve of
the Ag 3ds,, level were well fitted by two peaks centered at
~368.2 eV and ~367.3 €V, corresponding to Ag’ and Ag,O,
respectively,®”®" illustrating the presence of both forms of
silver in the AgNPs and supporting the XRD results. The esti-
mated percentage of Ag® and Ag,0 in the AgNPs was calculated
from the ratio of the area under the curve of the splitting
peaks of Ag 3ds,, level and are reported in Table S3.7 Table S37
indicates that Trp-AgNP, Met-AgNP, and His-AgNP have >70%
Ag® content, while AgNP, Ala-AgNP, and Asp-AgNP have <40%.

Fig. S57 shows the deconvoluted O 1s spectrum of the
AgNPs, and the corresponding binding energies are tabulated
in Table S2.7 The peak at #532.9 eV is assigned to the C-OH,
C-0, and C=0 bonds available for silver ions to bind with,®*
and is present only in the f-AgNPs spectra (Fig. S51), implying
their functionalization by amino acids, which are rich in these
bonds. Functionalization is further supported by the presence
of the peak at 532-533 eV in the f-AgNPs spectrum, which is
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Fig. 5 XPS spectral analysis of (a) AGNP (b) Ala-AgNP (c) Trp-AgNP (d) Met-AgNP (e) His-AgNP (f) Glu-AgNP and (g) Asp-AgNP showing full scans.

attributed to the oxygen associated with the surface hydroxyl
groups from the carboxylic groups of the amino acids,*® and is
absent in the AgNP spectrum (Fig. S5T). The additional peaks
observed in the deconvoluted O 1s spectrum of the AgNPs in
the range 528-532 eV suggest the presence of O~ in Ag,0 and
Ag-O bond formation.®*

Fig. S57 illustrates the deconvoluted C 1s spectrum of the
AgNPs, and the corresponding binding energies are tabulated
in Table S2.7 The C 1s spectra were deconvoluted into two dis-
tinct peaks for AgNP, His-AgNP and Trp-AgNP, while into three
distinct peaks for Ala-AgNP, Met-AgNP, Glu-AgNP and Asp-
AgNP. In the C 1s spectrum, the peaks at ~284.4 eV, =285,
~286, ~289, and ~290 eV are attributed to C=C, C-C, C-0/
C-N, C=0, and O-C=0, respectively.”> The AgNP spectrum
does not have peaks at ~286 and ~290 eV, whereas for the
f-AgNPs, their spectra have at least one of their peaks at ~286
or =290 eV. This further provides strong evidence for the
f-AgNPs being functionalized by the amino acids, since they
have the C-O/C-N and O-C=0 functional bonds.

Fig. S5t shows the deconvoluted N 1s spectrum of the
AgNPs, and the corresponding binding energies are tabulated
in Table S2.1 The deconvoluted peak at ~399.2 eV for f-AgNPs
(except Ala-AgNP) is due to the C-N unit of the amino acids,
signifying the interaction between these N atoms and the
f-AgNPs.°® The peak at ~398.4 eV in the AgNP and Ala-AgNP
spectra suggest the presence of charged nitrogen atoms,’”
implying an electrostatic interaction with the Ag® surface. The

240 | Inorg. Chem. Front.,, 2018, 5, 233-257

peak at ~402.4 eV for Trp-AgNP is attributed to N-oxide, while
the peak at 400.1 eV for Met-AgNP is attributed to amide nitro-
gen.®® The deconvoluted N 1s spectrum of the AgNPs further
revealed that the area under the curve of the deconvoluted
peaks was highest for Asp-AgNP, and least for AgNP. Since
AgNP is capped by proteins and polysaccharides, while the
f-AgNPs are additionally functionalized with amino acids, the
N content is therefore the least in AgNP. Furthermore, among
the amino acids used in this study, only Asp contains two
-NH, groups, and therefore the N content was highest in Asp-
AgNP.

To validate the percentage of Ag° and Ag,O content in each
of the AgNPs as obtained from the XPS analysis, UV-visible
spectroscopic experiments were conducted. The basis of these
experiments is that Ag,0 (brown) dissolves in excess aqueous
ammonia yielding a clear, transparent solution, represented by
the following equation:

Ag,0(s) + 4NH; + H,0 — 2[Ag(NHj;),]OH(aq)

To a known volume of AgNPs aqueous dispersion (contain-
ing 1.68 mM Ag" ions as estimated from ICP-OES), an excess
amount of aqueous ammonia (25% w/v) was added and stirred
at 750 rpm for 30 min in the dark. The AgNPs dispersion thus
obtained only contained Ag’ in the dispersed phase, whereas
all the Ag,O content of the AgNPs were converted to [Ag(NH;);]
OH (aq). The UV-visible absorbance spectra of the AgNPs dis-
persion before and after addition of ammonia were recorded.
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In all the experiments, the overall volume of the aqueous dis-
persion was kept constant. Since the absorbance of the AgNPs
dispersion (Ag° + Ag,0) at their respective Ay is proportional
to the concentration (known from ICP-OES analysis), AgNPs
having the highest Ag,0 concentration suffer the highest
decrease in the absorbance on addition of ammonia. Thus,
the absorbance recorded for the AgNPs aqueous dispersion
after the addition of ammonia is only due to Ag° left in the
AgNPs dispersion. The change in absorbance of the AgNPs dis-
persion before and after ammonia addition is proportional to
the Ag,O concentration in the AgNPs dispersion. Fig. S67
shows the absorbance spectra of the AgNPs dispersion before
and after the addition of ammonia. Fig. S67 elucidates that the
Amax Of the AgNPs undergoes a blue shift with decreased absor-
bance on addition of ammonia, implying decreased particle
size due to the dissolution of Ag,O (s) crystallites into [Ag
(NH;3);]JOH (aq). The percentages of Ag’ and Ag,O content
present in the AgNPs as obtained from the absorbance spectra
are reported in Table S3,7 which shows that Trp-AgNP, Met-
AgNP and His-AgNP have >78%, while AgNP, Ala-AgNP and
Asp-AgNP have <46% Ag® content, in good agreement with the
XPS results.

The observations from FTIR indicate the participation of
functional groups in NG, not only in the formation of Ag/Ag,0O
crystallites, but also in retaining certain structure stabilizing
groups, facilitated by amino acids. The binding of amino acids
to the f-AgNPs surfaces was further confirmed using 'H NMR
spectroscopy and is explained in the ESI (Fig. S7-S147).

3.3. Mechanism of AgNPs formation

HR-TEM, XRD, FTIR and "H NMR analyses provided adequate
information on the AgNPs formation mechanism. The
hydroxyl and carboxylic groups in NG first facilitated the com-
plexation of Ag" ions. Consequently, these Ag" ions oxidized
the hydroxyl groups to carbonyl groups and were reduced to
Ag(0). The dissolved oxygen also favored the oxidation of
hydroxyl groups to aldehydes and carboxylates, which in turn
reduced more Ag' ions to Ag(0). To begin with, the Ag" ions
were trapped on the surfaces of proteins and polysaccharides
present in the NG through electrostatic interactions. The redu-
cing agents present in NG such as flavonoids, reducing sugars,
and tannin then reduced the Ag" ions (Scheme 1), resulting in
the nucleation of silver. The oxidation products of these redu-
cing agents were mainly acidic, confirmed by the decreased
pH of the reaction mixture after AgNPs synthesis (see
Scheme 1).°*7° In the absence of amino acids, the nucleation
occurred over a longer period, resulting in uncontrolled
growth of the AgNP, confirmed by HRTEM (Fig. 2). With
amino acids, Ag" ions form di-coordinate (Ala) and tri-coordi-
nate (Trp/Met/His/Glu/Asp) complexes. Shoeib et al. optimized
the structure of these complexes and found the affinity of Ag"
ions for the amino acids was of the order His > Met > Trp >
Asp > Glu > Ala.*> The optimized structure of amino acid-Ag*
complexes and Ag' ion affinity are illustrated in Scheme 2. The
strong affinity of Ag" ions for amino acids is the foundation for
the ordered nucleation of Ag, resulting in the controlled
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growth of the f-AgNPs, confirmed by HRTEM (Fig. 2). The
absence of amino acid functionalization in AgNP and the
lower affinity of Ag* for Ala, Glu and Asp could have resulted in
the increased oxidation probability of Ag nuclei undergoing
Ostwald ripening, resulting in high concentrations of large
sized Ag,O crystallites in AgNP, Ala-AgNP, Glu-AgNP, and Asp-
AgNP. The strong affinity of the Ag" ion for Trp, Met, and His
resulted in the decreased oxidation probability, with low Ag,O
crystallite concentration in Trp-AgNP, Met-AgNP, and His-
AgNP, which was indicated by XRD results (Fig. S37).
Furthermore, the chances of Trp being involved in Ag'-r inter-
actions additionally create a compact and ordered atomic
arrangement of Ag nuclei undergoing nucleation, resulting in
the smallest size Trp-AgNP with the highest Ag (111) and Ag
(200) crystallite concentrations (see Scheme 2, and Fig. S27).
Likewise, Ag" ions having the strongest affinity for His resulted
in smaller sized NPs with high Ag (111) and Ag (200) crystallite
concentrations (see Scheme 2, and Fig. S2f). Among the
f-AgNPs, the weakest Ag” ion affinity for Ala resulted in the
highest Ag,O crystallite concentration in Ala-AgNP, and in the
formation of Ag (200) crystallites, which is absent in AgNP.

3.4. Influence of pH, ionic strength, surfactants, and dyes on
AgNPs colloidal stability

FTIR and 'H NMR studies indicated that the amino acid sup-
plemented NG matrices at the f-AgNPs surfaces may signifi-
cantly contribute to their colloidal stability in different
environments. Since the catalytic activity, bioavailability, and
toxicity of NPs depend on their colloidal stability, it is there-
fore critical to study their stability in different aqueous
environments. The stability of AgNPs was therefore investi-
gated in different aqueous environments of variable pH, ionic
strength, surfactants and dyes, using UV-visible absorbance
spectroscopy. The spectra were analyzed for SPR peak shifting,
SPR band broadening, and decrease in the absorption
intensity.

Fig. S15F shows the spectra of aqueous AgNPs at pH 2 to
14. The SPR band of the AgNPs does not change in the pH
2-10 range, illustrating their good colloidal stability. Fig. S15
reveals that for Trp-AgNP, its SPR peak absorbance at pH 5
increases and for His-AgNP, it decreases at pH 2. Since the iso-
electric point of His is 7.47, it seems that at pH 2, the -COO™
group of His at the His-AgNP surface is protonated, with a con-
sequent reduction in electrostatic repulsion. The formation of
intermolecular H-bonding between the protonated -COO™
groups of surface-bound His molecules could also contribute
to aggregation. The observed SPR band broadening of AgNP
and Ala-AgNP at pH > 10, and of Glu-AgNP and Asp-AgNP at
pH > 11, may be due to increased particle aggregation.”* For
the AgNPs except Trp-AgNP, a characteristic hyperchromic
effect observed at pH 14 illustrates the deprotonation of the
surface-bound -COOH group by OH™ ions, with increased
repulsive electrostatic double-layer forces and stabilization.”

The colloidal stability of the AgNPs was further investigated
by increasing the ionic strength from 0.1 M to 2 M NaCl
Fig. S167 illustrates the spectra of f-AgNPs at pH 7.0 with
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increasing ionic strength. Except for Met-AgNP, a blue shift in
the respective SPR peaks was observed at 0.1 M NaCl. For
AgNP and Ala-AgNP, the SPR peaks shifted by 10 nm, while for
Trp-AgNP, His-AgNP, Glu-AgNP and Asp-AgNP, they shifted by
5 nm. A further blue shift by 5 nm was observed for Trp-AgNP

242 | Inorg. Chem. Front, 2018, 5, 233-257

at 1.5 M NaCl, and by 15 nm for Asp-AgNP at >0.4 M NaCl. The
decreased agglomeration with increasing ionic strength may
explain these blue shifts. The salt-induced decreased agglom-
eration arose as a result of the increased electrostatic repulsion
between the negatively charged nanoconjugates. Electrostatic
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repulsion was initiated by the electrical double layer for-
mation, and for the AgNPs (except Met-AgNP), the Cl™ ions
could have diffused into their electrical double layer with
increased electrostatic repulsion. At 0.1 M NaCl, AgNP and Ala-
AgNP nanoconjugates exhibited the strongest electrostatic
repulsion, depicted by the 10 nm blue shift. For Trp-AgNP and
Asp-AgNP, further diffusion of Cl™ ions occurred at 1.5 M NacCl
and >0.4 M NaCl, respectively. Asp-AgNP nanoconjugates with
an overall 15 nm blue shift indicated the strongest electrostatic
repulsion with highest C1™ ion concentration in their electrical
double layer. For AgNP, Ala-AgNP, Glu-AgNP, and Asp-AgNP,
the hyperchromic effect observed at [NaCl] < 1 M was due to
their increased dispersibility, while the hypochromic effect
observed at [NaCl] > 1 M indicated the formation of aggregates
due to their surface charge neutralization by increasing the
Na' ion population. For Met-AgNP, with up to 2 M NaCl, the
observed hypochromic effect with no SPR peak shifting indi-
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cates that the negatively charged Met-AgNP electrical double
layer was neutralized with increasing electrolyte concentration,
with CI™ ions having the least tendency toward diffusion. No
considerable change in the absorbance of Trp-AgNP and His-
AgNP dispersions with increasing ionic strength confirmed
their high colloidal stability even at high ionic strength.

The AgNPs colloidal stability was further explored with cat-
ionic, anionic and nonionic surfactants. Fig. S17+ illustrate the
UV-visible spectra of AgNPs with (0.0025 to 0.010) M aqueous
surfactants. With increasing cationic surfactant (DTAB) con-
centration, significant changes in the AgNPs absorption
maxima and peak broadening were observed. This could be
due to the surface charge neutralization by the cationic qua-
ternary nitrogen of DTAB, leading to aggregation with
decreased colloidal stability. In aqueous nonionic surfactant
(OGP), the SPR peak of the AgNPs showed no major peak
broadening, as compared to water, which may be due to the
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absence of electrostatic interactions prevailing between the
AgNPs surface and the glucose head of OGP. Similarly, in
aqueous anionic surfactants (SDS), the AgNPs illustrated good
colloidal stability, demonstrated by no major peak broadening.
The existence of repulsive Coulombic forces between the nega-
tively charged AgNPs surface and the anionic sulfate head may
have resulted in their good colloidal stability. Fig. S171 thus
elucidates the good colloidal stability of Ala-AgNP in OGP, Trp-
AgNP in OGP and SDS, Met-AgNP in OGP, His-AgNP in OGP
and SDS, Glu-AgNP in OGP, and Asp-AgNP in OGP. Fig. S177
(inset) illustrates the stability of AgNPs in aqueous surfactants,
in terms of dispersion transparency. With DTAB, the AgNPs
dispersions were turbid, but were transparent with SDS and
OGP. With increasing alkyl chain length and concentration of
the cationic surfactant, the turbidity of AgNPs dispersions
increased, indicating the formation of larger aggregates with
decreased colloidal stability (image not reported).

The AgNPs colloidal stability was further investigated in
aqueous cationic and anionic dyes. The UV-visible spectrum of
each dye at 10 to 50 uM concentration, and aqueous AgNPs,
were taken separately. The two curves were combined math-
ematically, giving the absorption spectra that would be
expected if the AgNPs and dyes showed no interaction with
each other. This combined spectrum was compared with the
absorption observed for the AgNPs with dyes. The comparison
is shown in Fig. S18.7 The observed spectra of Trp-AgNP, His-
AgNP, Glu-AgNP, and Asp-AgNP were similar to the mathemat-
ically combined absorption spectrum of solutions, illustrating
their high stability in cationic dye (MB). Furthermore, AgNP,
Ala-AgNP, Trp-AgNP, Glu-AgNP, and Asp-AgNP were found to
have good stability in anionic dye (CR). Possibly, the dyes inter-
act with the surface of the AgNPs via the -NH,, -COO™ and
—-OH groups; these groups may be engaged in H-bonding with
the -COO™ and -NH, groups present over the AgNPs surface.
There is an additional possibility for electrostatic interactions
between the -COO™ group present at the AgNPs surface and
the delocalized positive charge present over the aromatic rings
in MB.”>”* These factors may have resulted in bringing the
AgNPs in the close vicinity of each other, leading to their
agglomeration. This could have led to enhanced retention of
incident light by the larger agglomerates, with increased absor-
bance. The extreme stability of Trp-AgNP with dyes may be due
to the extreme hydrophobic surface provided by the polymeriz-
ation of Trp as predicted by "H NMR (Fig. $S10%), thereby
restricting the formation of hydrogen bonds.

3.5. Catalytic activity of AgNPs on methylene blue (MB)
reduction

MB has the basic dye skeleton of the thiazine group, and in
aqueous medium has an absorption maximum at 665 nm (due
to n-m* transition).”>”® Fig. 6 illustrates the catalytic activity of
AgNPs on MB reduction by acidic SnCl, in aqueous and AOT/
SDS/DTAB micellar media. Fig. 6 indicates that MB reduction
progressed without AgNPs, but with a very slow rate. In
aqueous and AOT/SDS/DTAB micellar media and in the pres-
ence of 30 uM AgNPs, the blue color of the MB solution
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changed to green, and was finally bleaches to a colorless solu-
tion (except with Trp-AgNP and His-AgNP), and the MB absorp-
tion maximum at 665 nm diminished, indicating the
reduction of MB to its reduced form Leuco MB (LMB). This
confirmed the substantial catalytic activity of the AgNPs on
MB reduction in these media. With Trp-AgNP and His-AgNP,
the green colored solution turned yellowish after complete MB
reduction, depicting their good stability in these reaction
media. It is clear from Fig. 6 that the reduction of MB pro-
ceeded almost instantaneously, with more than 84% of MB
reduced within the first 1 min in AOT and SDS micellar media.
Comparatively, the MB reduction was slower in DTAB micellar
and aqueous media, with more than 63% and 57% of MB
reduced, respectively, within the first 1 min. With the AgNPs,
almost complete reduction of MB was achieved within 4 min
in micellar AOT and SDS, 5 min in micellar DTAB and 7 min
in aqueous mediums. Trp-AgNP exhibited the highest catalytic
activity, with almost 100% MB being reduced within 40 s in
AOT/SDS/DTAB micellar mediums.

In T-20 micellar medium and in the absence of AgNPs, the
intensity of the MB absorption maximum at 665 nm slowly
increased with time (Fig. 7), indicating the incapability of
acidic SnCl, to reduce MB. Fig. 7 shows the effect of AgNPs at
different doses on the MB reduction by acidic SnCl,. With
AgNPs (except Trp-AgNP and His-AgNP), the MB reduction was
accelerated, but became reversible (i.e. re-appearance of blue
color due to oxidation of LMB to MB) after 2-3 min at all
AgNPs doses. Fig. S197 illustrates the extent of MB reduction
in T-20 micellar medium after 3 min in the presence of
different AgNPs doses. After 3 min and at 30 pM AgNPs con-
centration, ~65% MB was reduced in the presence of AgNP
and Ala-AgNP, while 82, 87 and 80% MB was reduced in pres-
ence of Met-AgNP, Glu-AgNP and Asp-AgNP, respectively. With
Trp-AgNP, a complete reduction was observed, while with His-
AgNP, 92% reduction was observed. The transition between
blue and colorless solution and then from colorless to blue
solution is a well-known redox cycle called the MB clock reac-
tion. To check whether MB reduction was reversible in the
presence of AgNPs in aqueous and AOT/SDS/DTAB micellar
mediums, the MB reduction by acidic SnCl, was carried out
with 20 pM AgNPs as the catalyst and the progress of the
reduction reaction is illustrated in Fig. $20.7 No backward oxi-
dation of LMB to MB was thus observed, depicted by decreased
absorbance at 665 nm, and indicating the irreversible MB
reduction in these reaction mediums. Fig. 8a illustrates the
snapshots of MB + acidic SnCl, in different mediums, taken
after 2 h of AgNPs addition. It strongly supports the fact that,
except in micellar T-20, no backward oxidation of LMB
occurred in aqueous and AOT/SDS/DTAB micellar mediums,
indicating the good stability of LMB, which is otherwise
unstable in aerated conditions. Furthermore, on shaking these
reaction mixtures, the solutions remained bleached. In all the
MB solutions, the AgNPs yellowish color diminished except for
Trp-AgNP and His-AgNP, thus exhibiting their good stability in
such reaction mediums. There are only a few reports of a
reversible reaction involving MB in the acidic range.*®*° This
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work reports the first ever demonstration of the MB clock reac-
tion in acidic pH in the presence silver NPs and in nonionic
micellar medium. Since among the AgNPs, in the presence of
which the MB clock reaction was observed, Glu-AgNP exhibited
the highest MB reducing ability, it was chosen to represent the
MB clock reaction, as shown in Fig. 8b.

An interesting finding for this MB clock reaction is that the
reversible color alteration goes on for one cycle, irrespective of
the catalyst concentration; it usually continues for several
cycles, as reported in earlier studies.*>”” This phenomenon
indicates the instability of the AgNPs: AgNP, Ala-AgNP, Met-
AgNP, Glu-AgNP and Asp-AgNP as catalysts in the reaction
medium, as earlier depicted through their diminished yellow-
ish color. This may be due to their degradation resulting from
exposure to a range of chemical species generated during the
reduction reaction. Such an important phenomenon illustrat-
ing one redox cycle may find application in oxygen sensing. An
example of this is illustrated in Fig. 9, where two Whatman
filter papers were dipped into a 3 min old decolorized formu-
lation of MB/SnCl,/T-20/Glu-AgNP (30 puM). The Whatman
filter paper kept inside a vacuum-sealed plastic package
remained bleached, while the one kept in open air regained its
blue color within 90 min, confirming aerial oxidation.

This journal is © the Partner Organisations 2018

The AgNPs catalyzed MB reduction in aqueous and SDS/
DTAB/AOT micellar media followed a linear relationship
observed for pseudo-second order kinetics (Fig. 10), expressed
by the following equation:

1
€], [cl

where [C]; is MB concentration at time ¢, [C], is the initial con-
centration of MB. &, is the slope of the straight-line depicting
second-order rate constant, reported in Table 2. Trp-AgNP and
His-AgNP catalyzed MB reduction in T-20 micellar medium fol-
lowed pseudo-second order kinetics and the k, values are
reported in Table 2. The k, values established the AOT micellar
medium as the most efficient medium for MB reduction, and
Trp-AgNP with highest catalytic efficiency. The order of
efficient solvent medium for MB reduction revealed by k,
values is AOT > SDS > DTAB > aqueous (Table 2). A possible
explanation for the pseudo-second order kinetics is the for-
mation of molecular associations of MB such as dimers or
higher aggregates in aqueous medium. AgNPs, due to their
negative surface charge, must have resulted in the strong
adsorption of cationic MB, thereby bringing them in close
vicinity of each other. Thus, attractive, noncovalent inter-

= kzt
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-

After 120 min in open air

(@) Snapshots of MB + acidic SnCl, in aqueous and AOT/SDS/DTAB/T-20 micellar media, taken after 2 h of 30 uM AgNPs addition.

(b) Schematic representation of the MB clock reaction involving MB, acidic SnCl, and 30 pM Glu-AgNP in T-20 micellar medium.

246 | Inorg. Chem. Front, 2018, 5, 233-257

This journal is © the Partner Organisations 2018


http://dx.doi.org/10.1039/c7qi00569e

Published on 28 November 2017. Downloaded on 23/01/2018 09:50:45.

Inorganic Chemistry Frontiers

(after 3 min) )

‘ Vacuum sealed

package

20 min
Fig. 9 Photographs of Whatman filter paper dipped in a formulation of

MB/SnCl,/T-20/Glu-AgNP (30 pM) (a) placed in open air, (b) inside a
vacuum-sealed airtight plastic package.

Io,mp SAB-AGNP ATrp-AZNP *Met-AgNP #HisAgNF oGlu-AgNP o_-a.,.nm-l

A=
" u .
w] @ 3 b)
¥ 1 #
u . -
2 . . = 1
. - e
o o B & ,a«""e-‘
i ¥ ottt
4 T _‘,,‘g.tﬂ”: it
2 .‘;_%g:z-*'
o
o M m om0 we o wme
"
.
2] @ 4
L A
x e
=~ 1
T 7 st
¥ s
b A g ﬂ"‘?
o .
LA * -
S, & 22 e:‘:'::
e gzieres
. [, ! 2
it

£y

. » o " oe " L ne L
Time {sec) =

Fig. 10 The plot of [(1/C,) — (1/Co)] versus time for the reduction of MB
by acidic SnCl; (a) in 0.01 M aqueous AOT, (b) in 0.01 M aqueous SDS, (c)
in 0.01 M aqueous DTAB, (d) aqueous (e) in 0.01 M aqueous T-20; cata-
lyzed by AgNPs: AgNP, Ala-AgNP, Trp-AgNP, Met-AgNP, His-AgNP, Glu-
AgNP, and Asp-AgNP.

actions between aromatic rings of the MB, ie. n-n stacking,
must have developed, resulting in their increased extent of
molecular association. Moreover, similar behavior has been
reported recently.”>”® Golz et al. showed that MB does not
follow the linear relationship as predicted by Beer-Lambert
law and concluded that aggregation was the cause.”® This
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Table 2 Pseudo-second order rate constant (k»/10° Mt s™) for the
reduction of MB by SnCl, in 0.01 M aqueous SDS/DTAB/AOT media,
catalyzed by AgNPs: AgNP, Ala-AgNP, Trp-AgNP, Met-AgNP, His-AgNP,
Glu-AgNP and Asp-AgNP

AgNPs k, (AOT) &, (SDS) k, (DTAB) k,(T-20) k, (Aqueous)
AgNP 1.90 1.78 1.53 — 1.34
Ala-AgNP 1.60 1.57 1.27 — 0.91
Trp-AgNP  28.10 23.98 14.53 12.26 11.20
Met-AgNP 9.05 2.83 1.66 — 1.21
His-AgNP  12.03 8.30 4.38 1.93 1.56
Glu-AgNP 3.41 1.90 1.56 — 1.19
Asp-AgNP  3.56 3.08 1.77 — 0.49

characteristic behavior is common to many organic dyes of
which aggregation was proposed to be the reason.”®

To date, there has been no study on the kinetics of the
backward oxidation of LMB to MB because in the earlier
studies, at the time of recording the backward reaction, the
simultaneous onset of the forward reaction created a problem.
Fig. 7 shows that in T-20 micellar medium, from 3 minutes
onwards, the backward oxidation of LMB in the presence of
AgNPs (except Trp-AgNP and His-AgNP) followed a typical
pattern, wherein the absorbance at 665 nm increased linearly
with time. The observation thus elucidates that the AgNPs
must have played a crucial role in the backward oxidation of
LMB to MB. For the backward oxidation of LMB to MB in the
presence of these AgNPs (20-30 pM), the plot of MB concen-
tration vs. time shows a straight line with a positive slope
(Fig. 11), indicating a zeroth-order reaction pathway, with the
kinetics expressed by the following equation:

[Cl, = [Cl + kot

where [C], is the MB concentration at time ¢, [C], is the initial con-
centration of MB during the onset of LMB backward oxidation,
and k, denotes the zero-order rate constant. The k, values
reported in Table 3 reveal that irrespective of the AgNPs concen-
tration, k, remains constant, and is lowest for AgNP. Therefore,
the rate of backwards oxidation LMB to MB is independent of the
AgNPs concentration, but depends on the nature of the AgNPs.
Fig. S217 presents the absorbance spectra of the reaction
mixture containing MB and acidic SnCl, in AOT and
T-20 micellar media, recorded 20 min after the addition of
Trp-AgNP and Glu-AgNP. The spectra observed with Trp-AgNP
also represents that of His-AgNP, while the spectra observed with
Glu-AgNP also represents that of AgNP, Ala-AgNP, Met-AgNP and
Asp-AgNP because of the similarity of Ag and Ag,O crystallite con-
centration. Fig. S217 elucidates that in AOT and T-20 micellar
media, the SPR peak of Trp-AgNP suffers a blue shift with
decreased absorbance in the presence of MB and acidic SnCl,,
compared to its SPR peak in acidic SnCl,. In AOT and
T-20 micellar mediums, the SPR peak of Glu-AgNP disappears in
the presence of MB and acidic SnCl,, compared to its SPR peak
in acidic SnCl,. Furthermore, in AOT and T-20 micellar mediums
with Trp-AgNP, no peak was observed at 665 nm, which strongly
indicates the complete reduction of MB to LMB with enhanced
LMB stability. In AOT micellar medium with Glu-AgNP, the
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Fig. 11 The plot of MB concentration versus time for the backward oxidation of LMB to MB in AOT micellar medium; catalyzed by 30 uM AgNPs:

AgNP, Ala-AgNP, Met-AgNP, Glu-AgNP, and Asp-AgNP.

Table 3 Zero-order rate constant (ko/10~° mol L™t s7%) for the revers-
ible oxidation of LMB in 0.01 M Aqueous T-20, catalyzed by AgNPs:
AgNP, Ala-AgNP, Met-AgNP, Glu-AgNP and Asp-AgNP

AgNPs 20 uM 25 M 30 uM
AgNP 2.7 2.8 3.0
Ala-AgNP 6.1 5.8 5.7
Met-AgNP 4.7 4.8 5.0
Glu-AgNP 5.3 4.9 5.0
Asp-AgNP 4.0 3.8 3.7

absence of the peak at 665 nm signals the complete reduction of
MB to LMB with enhanced LMB stability, while in T-20 micellar
medium and with Glu-AgNP, the peak at 665 nm re-appears, indi-
cating backward oxidation of LMB to MB.

3.5.1. Proposed mechanism for the MB redox reaction. The
pH of the aqueous and AOT/SDS/DTAB/T-20 micellar solutions
containing MB, acidic SnCl, and AgNPs was ~1.5, thus making
the solutions acidic. In acidic medium, the standard reduction
potential (E°) of Sn**/Sn>" is 0.15 V, whereas at pH ~ 1.5, the
E° value of MB/LMB is 0.532 V.”° Thus, in acidic medium, the
redox reaction between Sn>* and MB (depicted in eqn (1)) is
thermodynamically favorable because the E° of the overall
reaction is positive, thus making the reaction spontaneous
(AG® = —nFE° = —ve).

Sn?t — Sn*t 4 2e” E°=—-015V
MB + 2e~ — LMB E° = +40.532V (1)
MB + Sn?>* — LMB + Sn*t E° = +0.382V

The reaction represented in eqn (1) does not happen on the
experimental time scale, possibly be due to the low frequency

248 | Inorg. Chem. front,, 2018, 5, 233-257

of molecular collisions among the reactants. The micellar
medium increases the frequency of molecular collisions due to
the close association of the reactants at the micellar interface,
while AgNPs helps in electron relay from donor to acceptor,
thus catalyzing the MB reduction by Sn*". In acidic medium,
the oxidation of metallic Ag on the AgNPs surface by dissolved
O, is thermodynamically favorable, since E° of the reaction is
positive, as depicted in eqn (2).

2 X [2Ag +20H~ — Ag,0+ H,0+2e~ E°=—-0.34V
0, +4H" 4 4e~ — 2H,0 E°=+123V (2)
4Ag + 0, — 2Ag,0 E°= 14055V

This elucidates the degradation of AgNPs in aqueous and
AOT/SDS/DTAB micellar media, thus explaining the dis-
appearance of the AgNPs yellowish color during MB reduction
(Fig. 8a). Since among the AgNPs, Trp-AgNP and His-AgNP
contain the highest Ag crystallite concentrations (Fig. S2t), a
high concentration of dissolved O, is thus required to oxidize
all the Ag crystallites, whereas a low concentration of dissolved
O, is required in the cases of the other AgNPs with much
lower Ag crystallite concentration. Thus, with Trp-AgNP and
His-AgNP in aqueous and AOT/SDS/DTAB micellar mediums,
dissolved O, was completely utilized, making the solutions O,
deficient, while with the other AgNPs, Ag crystallites were com-
pletely oxidized (eqn (2)). This explains the persistence of the
yellowish color in solutions with Trp-AgNP and His-AgNP, and
the disappearance of yellow color in the other AgNPs catalyzed
MB reduction in aqueous and AOT/SDS/DTAB/T-20 micellar
media (Fig. 8a). This important observation with Trp-AgNP
and His-AgNP may find major application in organic synthesis
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for generating an O, deficient environment in acidic aqueous
and micellar media, where catalyst poisoning by O, prevails.
The same mechanism further explains the disappearance of
the SPR peak of Glu-AgNP, and the persistence of the SPR peak
of Trp-AgNP as observed in Fig. S21.f The blue shift with
decreased absorbance observed for Trp-AgNP in Fig. S217 is
due to the decreased Ag crystallite concentration resulting
from their oxidation to Ag,O crystallites by dissolved O, in
acidic medium (eqn (2)), followed by their dissolution.*® In
acidic medium, the backward oxidation of LMB to MB,
depicted by eqn (3) is thermodynamically favorable due to the
overall positive E° value.

2 x [LMB — MB + 2¢~ E°=-0532V
O, + 4H' + 4~ — 2H,0 E°=+1.23V (3)
2LMB + O, + 4H" — 2MB + 2H,0 E° = +0.166 V

Among the solvent media studied in his work, the
T-20 micellar medium has strong affinity towards aerobic
0,.5" Thus, in comparison to aqueous and AOT/SDS/DTAB
micellar media, the T-20 micellar medium contains a higher
concentration of dissolved O,. The reaction depicted in eqn (3),
thus becomes possible, confirmed by the generation of the MB
peak at 665 nm (Fig. S217), due to the backward oxidation of
LMB to MB. The reaction depicted in eqn (3) is not possible in
the other solvent media, due to the deficiency of dissolved O,
created by the reaction represented in eqn (2), thus barring the
occurrence of the backward oxidation of LMB. The reason for
not observing the backward oxidation of LMB in the presence
of Trp-AgNP and His-AgNP in the T-20 micellar medium may
be due to the high Ag crystallite concentration. The high Ag
crystallite concentration in Trp-AgNP and His-AgNP further
engages the additional dissolved O, incorporated in the reac-
tion solution due to the affinity of T-20 for aerobic O,, as
depicted by the oxidation reaction in eqn (2). In T-20 micellar
medium, in the presence of the other AgNPs, their Ag crystal-
lite concentration was not sufficient to utilize the overall dis-
solved O,. Therefore, dissolved O, persisted in these solutions,
thus making the thermodynamically favorable backward oxi-
dation of LMB possible, as depicted in eqn (3). Since Ag,0 is a
widely used catalyst for aerobic oxidation reactions,®® it is pro-
posed here that with increased Ag,O concentration in the reac-
tion solutions left after MB reduction, they could have assisted
the LMB oxidation to MB. The lowest k, value observed for
AgNP may be due to the presence of large sized Ag,O crystal-
lites (Table 3). The highest catalytic activity of Trp-AgNP fol-
lowed by His-AgNP is therefore attributed to its highest Ag crys-
tallite concentration. The highest negative zeta potential of
Trp-AgNP could have resulted in strong adsorption of MB, a
cationic dye, over its surface. The presence of n-n interactions
between MB and the indole group of Trp present over the Trp-
AgNP may have further facilitated MB adsorption.
Furthermore, the highest content of Ag® in Trp-AgNP, as
shown by XPS and UV-visible spectroscopy results (Table S37),
along with a bigger active contact surface for MB due to its
smaller size, must have contributed to its highest MB reducing
ability.
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3.5.2. Proposed mechanism for micellar medium facili-
tated MB reduction. To act as an efficient catalyst, the redox
potential of the AgNPs should remain between the redox
potential of donor (Sn**) and acceptor (MB). The AgNPs may
then accept electrons from Sn** ions and transfer them to MB
through a process called the electron relay effect.”> The MB
reduction by acidic SnCl, in aqueous medium is not observed
on the experimental time scale. This may be due to their low
probability of encounter, wherein the solvated nature of the
reactants generates a kinetic barrier. The surfactant micellar
medium removes this barrier, thereby increasing the encoun-
ter probability.> MB has the dye skeleton of the thiazine
group, and exists as aggregates in water.”” Due to the hydro-
phobic effect, MB has a tendency to form aggregates in
aqueous solution so as to minimize the hydrophilic-hydro-
phobic interfacial area.”” MB is bound to the anionic surfac-
tant by both electrostatic and hydrophobic interactions and to
cationic and nonionic surfactants by only hydrophobic forces.
The stronger force of attraction between anionic surfactants
qualitatively explains the faster MB reduction rate in AOT/SDS
micelles. Anionic micelles ultimately assist to increase the col-
lision probability between MB and Sn®* ions through their
incorporation into the anionic micellar Stern layer. Possibly,
MB and Sn*" ions align themselves around the negatively
charged SDS and AOT micellar surfaces, and form a compact
reaction zone. When added to the anionic micellar medium,
the negatively charged AgNPs align themselves around the
compact reaction zone in a MB-AgNPs-Sn*" sequence. A
compact electron relay is thus generated due to the large
surface area of AgNPs, and electrons from Sn** could be easily
transferred to MB. The activation energy of the reduction reac-
tion was thus considerably decreased, making the reduction
fastest in AOT and SDS micellar media. In contrast, the posi-
tively charged DTAB micellar surface dispersed and scattered
the MB and Sn*" ions away from its surface due to electrostatic
repulsion, thus not favoring a compact reaction zone. Since
AgNPs aggregate in aqueous cationic surfactant (Fig. S177),
once in DTAB micellar medium, they align around the posi-
tively charged micellar surface, and aggregate with decreased
surface area. Thus, a compact electron relay is not generated,
as in the case of AOT/SDS micellar media. The AgNPs aggrega-
tion thus causes a decrease in the activation energy of the
reduction reaction with decreased reduction rate in the DTAB
micellar medium, compared to AOT/SDS micellar media. In
T-20 micellar media, the MB molecules may remain close to
the micellar surface due to hydrogen bonding and hydro-
phobic forces. When added to the T-20 micellar medium,
AgNPs align themselves around the uncharged micellar
surface due to the electrostatic interaction between its nega-
tively charged surface and cationic MB, and forms a weak
MB-AgNPs-Sn** sequence. A compact electron relay is not poss-
ible and therefore, the reduction is not as fast as in SDS/AOT/
DTAB micellar media. The affinity of T-20 towards aerial oxi-
dation may in-turn re-oxidize the reduced leuco MB form,
without completing the MB reduction. A working model illus-
trating the sequence of MB, Sn>" ions and AgNPs in aqueous
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and AOT, SDS, DTAB and T-20 micellar media is depicted in
Scheme 3.

3.6. Catalytic activity of AgNPs on congo red (CR) and
4-nitrophenol (4-NP) reduction

In aqueous media, CR showed absorption bands at 240 nm
(n-r* transitions associated with di-substituted benzene ring),
340 nm (n-n* transitions associated with naphthalene rings),
and 500 nm (n-n* transitions associated with the azo group).®”
Fig. 12 illustrates the catalytic activity of AgNPs for the
reduction of CR by NaBH,. Without AgNPs, CR reduction pro-
gressed, but with a very slow rate. In the presence of AgNPs,
the red color of CR was bleached to a colorless solution
(Fig. 12), and the absorption maximum at 500 nm diminished,
indicating the reduction of azo bonds, while the absorbance of
340 and 240 nm peaks gradually decreased, indicating the
reduction of the naphthalene and benzene derivatives. This
confirmed the substantial catalytic activity of AgNP, Ala-AgNP,
His-AgNP, Glu-AgNP and Asp-AgNP on CR reduction. The
AgNPs catalyzed CR reduction followed a linear relationship
observed for pseudo-first order kinetics (Fig. 13). The absor-
bance of CR is proportional to its concentration; the ratio of
absorbance at time ¢ (4,) and time ¢ = 0 (4,) are equivalent to
the ratio of CR concentration at time ¢ (C;) and time ¢ = 0 (Cy).
The rate constant (k;) was determined from the linear plot of
In(C,/Cy) versus reduction time in seconds, reported in Table 4.

View Article Online
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In order to compare the catalytic activity of the AgNPs with the
ones reported in the literature, the activity parameter « = k;/m,
which is the ratio of the pseudo-first order rate constant (k;) to
the total mass of the catalyst added, was used to compare the
catalytic efficiency of the AgNPs. The catalytic efficiency of
AgNPs, indicated by the k; values, follows the trend AgNP >
Asp-AgNP > Ala-AgNP > His-AgNP > Glu-AgNP > Trp-AgNP >
Met-AgNP. The highest Ag crystallite concentration in Trp-
AgNP and aggregation behaviour observed for Met-AgNP in
aqueous CR may have played a crucial role in decreasing their
catalytic activity. Since the amino acid functionalization
decreases the Ag,O crystallite concentration in the f-AgNPs,
and AgNP, with highest Ag,0 and lowest Ag crystallite content
(Table S3t) showing the highest catalytic efficiency, it seems
that Ag,O crystallites are responsible for the catalytic activity
on CR reduction.

The catalytic activity of AgNPs for the reduction of 4-NP by
NaBH, is shown in Fig. 14. Aqueous 4-NP shows an absorption
maximum at 320 nm, but after NaBH, addition, the peak
shifted to 400 nm with increased intensity, due to the phenol-
ate ion formation, which is fully conjugated with the benzene
moiety.®® Without AgNPs, negligible change in the absorbance
at 420 nm indicates the ineffective reduction of 4-NP to
4-aminophenol by NaBH,. In the presence of the AgNPs
(except AgNP and Trp-AgNP), the yellow color of the 4-nitrophe-
nolate ion bleaches to colorless solution, and absorption

Abs

lGII- 'T]

FLUE |

Fig. 12 (A) Time dependent UV-visible absorption spectra for the catalytic reduction of CR by NaBH, (a) in the absence of AgNPs and in the pres-
ence of 30 uM AgNPs: (b) AgNP, (c) Ala-AgNP, (d) Trp-AgNP, (e) Met-AgNP, (f) His-AgNP, (g) Glu-AgNP and (h) Asp-AgNP.
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Fig. 13
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(f) Glu-AgNPs (g) Asp-AgNPs.

Table 4 Pseudo-first order rate constant (ky/min~%) for CR and 4-NP
reduction by NaBH,4 in aqueous medium catalyzed by AgNPs: AgNP,

Ala-AgNP, Trp-AgNP, Met-AgNP, His-AgNP, Glu-AgNP and Asp-AgNP

AgNPs ki (CR) ky (4-NP)
AgNP 0.2486 N/A
Ala-AgNP 0.1486 0.0729
Trp-AgNP 0.0152 N/A
Met-AgNP 0.0146 0.0741
His-AgNP 0.1222 0.0169
Glu-AgNP 0.1162 0.0397
Asp-AgNP 0.2210 0.0541

maxima at 400 nm diminished with appearance of a new peak
at 300 nm (Fig. 14). This confirmed the reduction of 4-NP and
formation of 4-aminophenol.”® AgNP and Trp-AgNP were able
to reduce 4-NP initially, but the reduction ceased as the reac-
tion progressed (Fig. 14). The AgNPs catalyzed 4-NP reduction
followed a linear relationship observed for pseudo-first order
kinetics (Fig. 15). The rate constant (k;) was determined from
the linear plot of In(C,/C,) versus reduction time in seconds,
reported in Table 4. In order to compare the catalytic activity
of the AgNPs with the ones reported in the literature, the x
value was used to compare the catalytic efficiency of the
AgNPs. The catalytic efficiency of AgNPs inferred by &, values
follows the trend Met-AgNP > Ala-AgNP > Asp-AgNP > Glu-
AgNP > His-AgNP. The lowest Ag crystallite concentration and
unsymmetrical size of AgNP may have a profound effect on
limiting its catalytic activity, while possibility of the Trp-AgNP
surface poisoning due to strong n-n interactions between Trp
and 4-aminophenol could have resulted in the stalling of its
catalytic activity. The important observation on the de-
activation of catalytic activity of AgNP and Trp-AgNP may be

252 | Inorg. Chem. front.,, 2018, 5, 233-257
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(B) The plot of In(C/Cy) versus time for the reduction of CR, catalyzed by (a) AgNP (b) Ala-AgNP (c) Trp-AgNP (d) Met-AgNP (e) His-AgNPs

useful for such reduction reactions where improved selectivity
(such as Lindlar’s catalyst) is required.

3.6.1. Proposed mechanism for CR and 4-NP reduction. In
the catalytic reduction of CR and 4-NP, AgNPs, due to their
large surface area, can act as an electron relay system. Since
the redox potential of the Ag cluster lies between that of BH,~
(donor) and CR/4-NP (acceptor), the electron relay effect invol-
ving AgNPs is thermodynamically favorable. Just before the
electron transfer reaction, CR/4-NP and BH,  ions are
adsorbed on the AgNPs surface. The catalytic reduction then
proceeds by electron transfer from BH, , wherein AgNPs
accept electrons and convey them to CR/4-NP, subsequently
reducing them. NaBH, ionizes in water to BH, , and provides
surface hydrogen for the reaction. The surface hydrogen is first
transferred to the AgNPs surface, which enables the reduction
of CR/4-NP, as shown in Scheme 4. Furthermore, as the reac-
tion progresses, the H, generated by NaBH, can cause convec-
tion of water, thus removing the reduction products away from
the AgNPs surface, consequently maintaining the high reactiv-
ity of the AgNPs.

3.7. Comparison with literature

Owing to the uniqueness of the resources used in this work for
the synthesis of the AgNPs, their catalytic abilities may not be
directly comparable to those shown by other nanomaterials.
An example of this is the catalytic reduction of MB, which in
this work followed pseudo-second order kinetics. Nevertheless,
the AgNPs catalytic activities in the reduction of MB, CR and
4-NP presented in this work, when compared to the literature,
are on par with those in the literature in some cases and better
in the other cases. For MB reduction, when compared to the
literature, either the amount of catalyst/reducing agent used

This journal is © the Partner Organisations 2018
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Fig. 14 (A) Time-dependent UV-visible spectra for the catalytic reduction of 4-nitrophenol by NaBH, (a) in the absence of AgNPs and in the pres-
ence of 30 uM AgNPs: (b) AgNP, (c) Ala-AgNP, (d) Trp-AgNP, (e) Met-AgNP, (f) His-AgNP, (g) Glu-AgNP and (h) Asp-AgNP.

was high or the reduction time or % MB reduction was higher
than with the AgNPs reported here. Furthermore, for CR and
4-NP reduction, the « values with AgNPs reported here are
much higher, when compared with literature. All the compari-
son parameters such as activity parameter, rate constant,
amount of catalyst and reagents used, % reduction and
reduction time for the catalytic reduction of MB, CR and 4-NP
are summarized in Tables S4, S5, and S6,t respectively. In this
context, it is important to note that irrespective of the compari-

This journal is © the Partner Organisations 2018

son, the results in this work are far better, compared to those
normally required for the respective applications. This is
because of the possibility for producing these cost-effective
AgNPs on a large scale and their extreme colloidal stability in
harsh aqueous environment of variable pH, ionic strength,
surfactants, and dyes.

The good catalytic activity of AgNPs is attributed to their
high monodispersity and stability in solution, their relatively
smaller size and Ag/Ag,0 nanocomposite polycrystallinity.
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Moreover, the multiple functional groups present over the
AgNPs surfaces due to amino acid functionalization and
various NG components provide a suitable environment for
the development of electrostatic interaction and H-bonding
with the reagents, resulting in their enhanced adsorption over
their surfaces. Furthermore, the AgNPs smaller size results in
high surface-to-volume ratio and more atoms on the surface as
potential catalytic sites, thereby generating a strong electron
relay effect.

4. Conclusions

A green protocol has been developed for the synthesis of
amino acid functionalized AgNPs using Neem gum as a multi-
functional reagent. The XRD and XPS analysis of the AgNPs
revealed that they were composed of Ag/Ag,0 nanocrystallites.
The f-AgNPs exhibited good colloidal stability against high
ionic strength, variable pH, surfactants and dye solutions. The
catalytic efficiency of the AgNPs was demonstrated for MB
reduction by acidic SnCl,, and CR/4-NP reduction by NaBH,.
The order of the most efficient solvent system for MB
reduction was AOT > SDS > DTAB > aqueous media, and 100%
MB reduction was achieved within 40 s with Trp-AgNP in all
solvent systems. The catalytic efficiency of AgNPs on CR and
4-NP reduction by NaBH, followed the trend (AgNP > Asp-
AgNP > Ala-AgNP > His-AgNP > Glu-AgNP > Trp-AgNP > Met-
AgNP) and (Met-AgNP > Ala-AgNP > Asp-AgNP > Glu-AgNP >
His-AgNP), respectively. Here, the AgNPs-catalyzed clock reac-
tion was demonstrated using MB and acidic SnCl, in
T-20 micellar medium. To the best of our knowledge, this is
the first attempt at demonstrating a one-cycle redox MB clock
reaction using silver NPs in acidic nonionic micellar medium.
The clock reaction suggests the potential use of the AgNPs as
low cost sensors for oxygen leakage in vacuum-packed food
packages, and for creating oxygen deficient environments in
acidic aqueous and micellar media, where catalyst poisoning
by O, prevails. The deactivation of catalytic activity observed
for Trp-AgNP may find application in such catalytic reduction,
where improved selectivity is required.
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