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Sodium dodecyl sulfate (SDS) and cetyltrimethylammonium bromide (CTAB) were used as stabilizers for
the preparation of silver nanoparticles (AgNPs) by the reduction of silver nitrate with proanthocyanidines
(Pas). UV-visible spectra shows that the surface Plasmon resonance (SPR) intensity of AgNPs increases
and decreases with increasing SDS and became constant at higher concentration. CTAB has no effect
on the nucleation of AgNPs due to the insolubility of Pas. The position of SPR band (Amax = from 438 to
476 nm) depends on the concentration of Pas and a red shift of 38 nm was observed in absence of exter-

ﬁz"l"e‘ﬁ; nally added SDS. The micellar pseudo phase proposed by Menger and Portnoy, modified by Bunton was
Raman spectra used to determine the rate constants in micellar media. The Ag* ions were formed complex with negative
Kinetics head group (—0—SO3) of SDS electrostatically. Raman scattering spectroscopy, transmission electron
Surfactant microscopy, and scanning electron microscopy were used to discuss the capping action of SDS. Zeta

Silver nanoparticles

potential of SDS-capped AgNPs was negative and resulting sols were stable for many months.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Due to the potential application of transition metal nanoparti-
cles in different aspects of human life, fabrication and characteriza-
tion of plasmonic advanced nanoparticles have been the interest of
various investigators from many decades [1,2]. Generally, surfac-
tant (normal and Gemini), polymer (natural and synthetic), lipids,
protein, organic solvents, plants extract and ligands have been
used as stabilizing agents [3-7]. Surfactants have advantageous
over the other capping agent due to the formation of micelles (var-
ious aggregates) and their unique solubilization properties. For
example, Bakshi and his coworkers used different surfactant as a
capping agent for the synthesis of silver, gold, iron, selenium, tel-
lurium metal nanoparticles and reported that the presence of sur-
factant acted as a capping agent, which be easily removed by
washing from the surface of nanoparticles [1,8-10]. Transition
metal nano-crystals have shown an excellent potential catalytic
and adsorption activities, these depends on the size and shape.
Morphology of nanoparticles strongly depends on the nature of
reducing agent (strong and weak) and presence of a stabilizer
[11]. The selection of stabilizer was a crucial problem for prepara-
tion of nanoparticles having desired morphology [12]. It has been
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established that the presence of a suitable stabilizer was essential
to control the unlimited growth of NPs formation [13-15].

Silver and gold nanoparticles have a sharp well-defined local-
ized surface Plasmon resonance band in the UV-visible region
and exhibit a unique optical property due to the collective oscilla-
tion of conduction band electrons confined in the nanoparticles.
Optical properties of plasmonic nanoparticles can be altering by
adding additives as well as stabilizer. Multi-branched gold
nanoparticles (mono-, bi-, tri-, tetra-, and multi-pods) were pre-
pared by using CTAB [16,17], bis-(p-sulfonatophynyl)phenylpho
sphine dihydrate dipotassium [18], and SDS as a stabilizing agents
[19]. Bakr et al. reported the high yield synthesis of urchin-like
gold nanoparticles using different sulphur containing ligands as
capping agents [20]. Xaio and Qi discussed the various surfactant
based strategies such as adsorbate-directed, seed-mediated,
template-assisted, control of growth Kkinetics, single surfactant-
directed, mixed surfactant-directed, super molecular surfactant-
directed and metal-surfactant complex template for the prepara-
tion of gold nanoparticles in his pioneering feature article [21].
Out of these, metal-surfactant complex strategy is a simple and
cost effect technique for the synthesis of advanced metal nanoma-
terials having different morphologies. The use of natural plants
extract avoid the necessity of toxic chemicals as a stabilizing agent
[22,23]. Proanthocyanidines (water soluble and condensed tan-
nins) are the colorless polyphenolic polymeric compounds widely
found in plant kingdom, exist in many food and protects the plant
against predator and ultraviolet radiation [24]. They are the
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oligomers and polymers of flavan-3-ol units, mainly (+)-catechin,
(-)-epicatechin and their derivatives [25,26]. Valls and his cowork-
ers pointed out that the separation of Pas from the plant and food
sources was complicated due to the presence of enormous isomeric
oligomers by chromatographically [27].

Metal-surfactant (Ag*-SDS) complex strategy was used for the
synthesis of advanced SDS capped AgNPs for the first time. We
have demonstrated the capping action of ionic surfactants on the
stability of AgNPs using water soluble Rubus leaves extract as a
reducing agent, which are the rich exporter of Pas, anthocyanins,
and other polyphenolic antioxidants [28,29]. A series of kinetic
experiments were performed in presence of anionic and cationic

1. Methanol/ water 30°C
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surfactants, namely, CTAB and SDS to establish the head groups
of stabilizers on the morphology of AgNPs. Raman scattering spec-

troscopy was used to determine the mode of action of SDS towards
AgNPs for the first time.

2. Experimental

2.1. Materials

Rebus sanctus leaves were collected from the garden of King
Abdulaziz University, Jeddah. Silver nitrate (AgNOs;, molar

2. Acetone/water 30 °C

v

Scheme 1. Extraction of Pas from Rebus Sanctus leaves.
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Fig. 1. UV-visible of proanthocyanidins, time-resolved UV-visible spectra and optical images of AgNPs formation at 25 °C. Reaction conditions: [AgNO3] = 1.0 mM, [Pas] = 40

% (A), and 10, 30, 40% (B).
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Fig. 1 (continued)

mass = 169.87 g/mol), cetyltrimethylammonium bromide (C;gH3-
NBr, molar mass = 364.45 g/mol), sodium dodecyl sulfate (C;,H;s-
SO4Na, molar mass = 288.372 g/mol), NaCl, NaBr and other
reagents (All Sigma-Aldrich and purity > 99.9%) were used as
received without further purification. The stock solutions were
prepared in deionized water on the molarity basis. Silver nitrate
solution was kept in amber color glass container.

2.2. Preparation of extract and separation of Pas

Rebus Sanctus leaves (15 g) washed with tap water followed by
distilled water, cut in small pieces and ground well into powder by
milling. The 250 ml of water + acetone (70%, v/v) was taken in a
conical flask and shrubs powder was added. It was stirred with
magnetic stirrer for 24 h at room temperature and filtered with
Whatman paper No.1. For extraction of water soluble PAs, the
reported method was used with slight modification [30]. In briefly,
the resulting filtrate was recovered, washed with 100 ml chloro-
form and separated by liquid-liquid extraction with separating
funnel to remove the non-polar and lipophilic impurities. The
extraction procedure was repeated for 2 times with chloroform.
The water-acetone layer was again treated with 100 ml ethyl acet-
ate for two times to remove the monomeric flavonoids and was
concentrated by using rotatory evaporator at 50 °C. The 50% (v/v)
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Fig. 2. Effects of Pas concentration (red shift) on the Anax of silver sols.
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methanol-water mixture was added into resulting aqueous solu-
tion and then loaded on a manually packed Sephadex LH 20-
column (pre-equilibrated with 50% (v/v) methanol-water solu-

2.2
2.0
1.8

1.6

14 Time (min)
g " 30
§ 1.2 —— 60
5 1.0 —90
2 —— 120
< 08 —— 150

0.6 — 180

0.4 |

0.2 |-

0.0 |-

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 3. Time-resolved UV-visible spectra of AgNPs formation as a function of AgNO3;
concentration at 25 °C. Reaction conditions: [Pas] = 50%, [AgNOs] = 1.0 (A), 3.0 (B)
and 4.0 mM (C).

1.5
Time (min)
g 10 pure extract|
c — 30
S — 60
e — 90
3 120
< 0.5} — 150
— 180
— 210
0.0 |
1 1 1 1 1 1 1 1 1 1
250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)
Fig. 3 (continued)
1.5
1.2 Time (min)
8 Pure extract
s 09 —30
.g — 60
1 —90
2 o6 —120
— 150
— 180
0.3 | —_—210
0.0 |
1 1 1 1 1 1 1 1 1 1

250 300 350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 3 (continued)



H. Alsubaie, Z. Zaheer and Elham Shafik Aazam

Journal of Molecular Liquids 341 (2021) 117309

(Radical)

Complexation

Ag* + Ag°

Dimerization or

2Ag,"

Ag,

Scheme 3. Reduction of Ag* into metallic silver by Pas.

tion). For the removal of anthocyanins, monomeric flavonoids and
reducing sugars, the column was eluted with 50% methanol-water
solution [31]. The acetone-water 70% was used for the elution of
Pas form the column. The acetone was removed at room tempera-
ture and resulting aqueous solution was used for the estimation of

Pas by recording the UV-visible spectra from 250 to 800 nm. Most
of the polyphenolic compounds show a well-defined absorption
peak at 250-320 and are colorless. On the other hand, anthocyans
exhibited sharp peak in the vicinity of 520 nm and produces dark
red color [32]. The aqueous phase was also lyophilized to dryness
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to obtain the Pas in solid form. The aqueous fraction was used as a
reducing agent for the synthesis of AgNPs. Schematic extraction of
Pas from Rebus Sanctus leaves are given in Scheme 1.

2.3. AgNPs preparation and characterization

To establish the reducing nature of Pas, the AgNPs were pre-
pared at room temperature. In a typical experiment, the aqueous
solution Pas (from 10% to 70%) was added in a reaction vessel con-
taining the required amount of AgNOs3 (1.0 mM). The reaction mix-
ture was stirred magnetically at room temperature. The pale,
yellow, orange to red color appeared with increasing the reaction
time, indicating the formation of AgNPs (reduction of Ag® by Pas
into metallic Ag). The progress of redox-reaction was followed by
measuring the UV-visible spectra of resulting silver sols in the
entire UV-visible region. The same experiment was performed
with CTAB and SDS to determine the stability of AgNPs. For the
solid separation, the sols were centrifuged with 1500 rpm for
20 min. the solid was washed with distilled water, and dried at
room temperature. UV-visible spectroscope provides preliminary
information about the shape, size and the size distribution of metal
NPs. Therefore, UV-visible spectra of AgNPs were recorded on A
Perkin Elmer Lambda-25 UV/visible spectrophotometer equipped
with 1.0 cm quartz cell. Surface morphology, composition, and cap-
ping action of stabilizers were established with using conventional
spectroscopic methods such as transmission electron microscopy
(TEM), scanning electron microscope (SEM), and Raman scattering
spectroscopy. The TEM images were recorded by using JEOL JEM-
1011, Japan, and transmission electron microscope operating at

) = = . ""' @ = TN

Scheme 4. Effect of CTAB on the solubility of Pas.

Table 1
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200 kV accelerating voltage with a specimen set at an 8 mm work-
ing distance. For the Raman experiments, few drops of the SDS-Ag
suspensions were deposited onto glass slides and dried in air at
room temperature. We used a Labram HR800 Horiba Jobin-Yvon
spectrometer with an Ar* laser beam excitation at 514.5 nm.

3. Results and discussion
3.1. General consideration

The UV-visible spectrum of Pas shows a sharp symmetrical
absorption peak at 275 nm in the range of 250-300 nm and no sig-
nificant absorbance beyond 300 nm (Fig. 1A; blue line), which is
the spectral characteristic of catechin-like Pas (m — 7* electronic
transition) isolated with aqueous acetone [33]. Lin and Harnly used
ultraviolet absorbance for the quantification of standard hydroly-
sable tannins and reported that the position of absorption peak
(Mmax) Were remains constant for the various isomers stereo-
isomers of dimer standard as compared to the monomer of Pas
[34]. Optical images also show that the resulting Pas exhibit pale
yellow color (Fig 1.0). Flavonoids absorb light in the UV-visible
spectrum between 250-290 nm and 320-385 nm due to the tran-
sition of ring A and ring B, respectively, and produces pale yellow
and colorless to the human eye [35]. Ku and Mun also reported
the absorption peak at 280 nm for the Pas isolated from pinus radi-
ate bark using hot water [36]. Revilla et al. reported that the cate-
chins and Pas show an absorption peak in the vicinity of 270-
280 nm [37]. Thus we may state confidently that the Pas were
the main chemical constituents of Rebus sanctus leaves extract
under our experimental conditions.

3.2. Reducing nature of Pas

For the synthesis of AgNPs, Pas was used as a reducing agent. In
the first set of kinetic experiments, the different amounts of Pas
solutions (ranging from 10% to 70%) were added in different stop-
pered conical flask containing the same concentration of AgNO3
(=1.0 mM) and distilled water to maintaining the volume constant.
The observed results are depicted graphically in Fig. 1 as
absorbance-wavelength reaction profile. Inspection of these results
indicates that the absorbance of Pas peak intensity at 270 nm
decreases with the reaction time. A new peak appeared at ca.
450 nm, indicating the formation of AgNPs [38]. The intensity of

Effects of Pas, Ag*, CTAB and SDS concentrations of the stability and morphology of AgNPs.

[Pas] (%) [Ag*] (mM) CTAB/SDS Observations

10 1.0 0.0 Pale yellow, Amax = 438 nm, stable one week
20 1.0 0.0 Pale yellow, Amax = 443 nm, stable one week
30 1.0 0.0 yellow, Amax = 440 nm, stable one week

40 1.0 0.0 Orange, Amax = 454 nm, stable one week

50 1.0 0.0 Orange, Amax = 465 nm, stable one week

60 1.0 0.0 Light orange, Amax = 476 nm, unstable

70 1.0 0.0 Light yellow, Amax = 464 nm, unstable

40 3.0 0.0 Orange, broad shoulder, stable for one week
40 4.0 0.0 Orange, broad shoulder, stable one week

10 0.0 0.4 mM (CTAB) White turbidity

10 0.0 1.0 White turbidity

10 1.0 4.0 mM (SDS) Orange, Amax = 420 nm, stable one week

10 1.0 8.0 Orange, Amax = 420 nm, stable one week

10 1.0 12.0 Orange, Amax = 420 nm, stable one week

10 1.0 16.0 Orange, Amax = 420 nm, stable one week

10 1.0 24 Yellow, No SPR band, stable one week

10 1.0 32.0 Yellow, No SPR band, stable one week

10 1.0 40.0 Yellow, No SPR band, stable one week

10 1.0 48.0

Yellow, No SPR band, stable one week
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Fig. 4. Effects of SDS on the time-resolved UV-visible spectra of AgNPs formation at

25 °C. Reaction conditions: [Pas] = 10%, [AgNOs] = 1.0 mM, [SDS] = 4.0 (A), 16.0 (B),
and 20.0 (C).
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SPR peak was remained constant with increasing reaction time
from 30 to 180 min at a fixed Pas concentration (Fig. 1A and sup-
porting information Fig.S1). For the comparison, the time-
resolved UV-visible spectra of AgNPs were summarized in Fig. 1B
for different Pas concentrations. Position of SPR band was red
shifted from 438 nm to 475 nm (total = 37 nm shift) with increas-
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ing concentration of Pas from 10 to 70% (Fig. 2). The appearance of
new SPR peak at 450 nm, intensity decreases at 270 nm and Aax Of
peak clearly indicates the reduction of Ag* ions into Ag® by —-OH
group of Pas and leads to the formation of stable AgNPs. An optical
image of resulting AgNPs also shows that the color of silver sols
depends on the concentration of Pas. These observations can be
rationalized due to the reducing and capping nature of PAs.

In the second set of kinetic experiments, the AgNOs concentra-
tion was varied from 1.0 mM to 4.0 mM at constant concentration
of Pas (50 %) and UV-visible spectra were recorded at different
time intervals. The peak intensity remain constant with increasing
reaction time at [AgNO3; = 1.0 mM (Fig. 3A) and sharp SPR band
appeared at 450 nm, indicates that the nucleation was stopped at
lower concentration. As the AgNOs; concentration increases, the
SPR intensity increases with time and broad shoulder were formed
instead of SPR band (Fig. 3 B and C). Thus Ag" ions also controlled
the nucleation as well as growth processes. Finally, the as prepared
AgNPs was stabilized by Pas due to the adsorption of PAs onto the
surface of NPs through electrostatic and van der Walls forces
between the positive surfaces of NPs and —OH groups lone pairs
of electrons (Scheme 2).

3.3. Mechanism of AgNPs formation and capping of Pas

Henglein used photochemical radiation technique to the reduc-
tion of Ag" ions and reported that the various colloidal silver spe-
cies were formed in an aqueous solution [39]. They also
suggested the formation of AgZ" as a stable colloidal silver species
in absence of any polymeric stabilizer. The reduction potential of
Ag*/Ag® is 0.799 V, which can easily, takes the electron from the
available reducing agent and stable colloidal silver was formed.

i i[SD'g T

Scheme 5. Effect of SDS on the SPR intensity of AgNPs.
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Scheme 6. Effect of SDS on the reduction of Ag* by Pas.

In the present study, the appearance of stable colored AgNPs indi-
cates that the Ag* gains the electron from the —-OH groups of Pas
and leads to the formation of AgNPs (Scheme 3).

In Scheme 3, first step represents the reduction of Ag* into Ag
by —OH of PAs (one-step oxidation-reduction mechanism as a rate
determining step. The resulting corresponding radical loss the elec-
tron and converted into stable oxidation product of PAs. The Ag®
was formed complex with Ag* very rapidly (Ag3), which undergoes
dimerization and Ag3* was generated as the stable colloidal silver.
The AgZ* was stabilized for ca. one week by the adsorption of PAs
molecules (Scheme 2). In support of the proposed mechanism,
the 5.0 ml of acrylonitrile (CH, = CHCN) was added in three differ-
ent reaction mixtures having only Ag*, Pas and Ag" + Pas. The white
precipitate was appeared in the solution of Ag" + Pas after some
time. Such type of precipitate was not formed with only Ag* and
Pas solutions. The appearance of precipitate indicates the genera-
tion of in-situ free radical during the redox reaction of Ag" + Pas
[40].

0

Scheme 7. Probable schematic role of SDS during the AgNPs formation.

3.4. Effect of CTAB and SDS on nucleation and growth

It is well known that the surfactants formed aggregates (mi-
celles) at a specific concentration, solubilizes the hydrophilic and
hydrophobic compounds into its small volume and governed the
morphology of NPs. CTAB acted as excellent stabilizer and its pres-
ence is essential for the preparation of Nps having different mor-
phology [16,17]. Therefore, CTAB was used as a stabilizer in the
present study. Preliminary observations shows that the aqueous
solution of CTAB (0.4 mM) became white turbid after the addition
of 10% Pas solution (Scheme 4).

The turbidity increases with increasing the CTAB concentration
(Table 1). Due to the solubility problem with CTAB, we use SDS as
capping agent for the synthesis of AgNPs. A series of experiments
were carried out with different concentrations of SDS (from 4.0
to 48.0 mM) at fixed Pas concentration. No white precipitate
and/or turbidity were formed with SDS and Pas. Time-resolved
UV-visible spectra of AgNPs clearly show that the SDS changed
the entire shape of SPR band. At lower SDS (=4.0 mM), the resulting
silver sol show SPR band at ca. 420 nm after 120 min (Fig. 4A). As
the SDS concentration increases, a broad shoulder was formed
instead of sharp band in the entire visible region (Fig. 4B and
4C). No significant SPR band and intensity was appeared at higher
SDS concentrations ranging from 16.0 mM to 48.0 mM. These
results are summarized in supporting information (Fig. S2A, S2B,
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010 @ \._./o\. o
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Fig. 5. Effects of SDS on the SPR intensity of AgNPs after 150 min of reaction time at
25 °C. Reaction conditions: [Pas] = 10% and [AgNOs] = 1.0 mM.
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S2C and S2D) for different SDS concentrations. Interestingly, the
peak intensity of PAs increases at 270 nm with increasing the reac-
tion time, as indicated by red arrow in Fig. 4. Optical images of SDS
capped AgNPs were also the color intensity decreases with increas-
ing SDS concentrations (Scheme 5). The resulting silver sols were
stable for ca. one week for all SDS and no agglomeration and pre-
cipitation was observed.
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Fig. 5 (continued)
Table 2

Effects of Pas, Ag®, and SDS concentrations on the nucleation-growth kinetics of
AgNPs Formation.

[Pas] (%) [Ag'] (mM) SDS (mM) 10%Kops (571)
10 1.0 0.0 2.4
20 1.0 0.0 2.8
30 1.0 0.0 3.4
40 1.0 0.0 3.9
50 1.0 0.0 44
60 1.0 0.0 49
70 1.0 0.0 3.0
10 1.0 8.0 54
10 1.0 8.0 5.2
10 1.0 8.0 54
10 1.0 8.0 53
10 1.0 4.0 2.8
10 1.0 6.0 3.5
10 1.0 10.0 5.4
10 1.0 12.0 5.8
10 1.0 16.0 54
10 1.0 20.0 4.7

(Aqueous) Ag* + (Aqueous) PAs

+D_ |K +D

n S n

(Micellar) Ag* - D,

(Micellar) PAs-D_
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In presence of SDS, the Scheme 3 mechanism was modified as
Scheme 6.

Tonic surfactant acted as an electrolyte in aqueous solution and
formed corresponding ions at lower surfactant concentration
[41,42]. They formed various aggregates such as monomer-, dim-
mer, trimmer, etc. at lower concentration. Micelles were formed
at critical micellar concentration. In case of SDS, Ag" interacts with
ionized dodecyl sulphate and dodecyl sulphate-Ag complex was
formed, which takes the electrons from the Pas. Finally SDS capped
AgNPs was formed under the experimental conditions. The reduc-
tion potential of Ag*/Ag® was reduced to some extent after the
complex formation (dodecyl sulphate-Ag) [43], which delayed
the electron transfer between the reductant and oxidant. As a
result, nucleation and growth rate of AgNPs would be slow for
the SDS assisted synthesis of AgNPs. Comparison of Figs. 1 and 4
clearly indicates that the SPR intensity of AgNPs is different for
the same reaction time. Three factors, namely, complexation,
decrease in reduction potential, and solubilization of reactants
(Ag" and PAs) occurred simultaneously in presence of SDS
(Scheme 7).

Fig. 5A indicates that the SPR intensity of AgNPs increases with

SDS concentrations and reaches a maxima at ca. 0.01 mol/L. SPR
intensity decreases from 0.35 to 0.09 with SDS ranging from 0.01
to 0.02 mol/L and became constant at higher concentration
(>0.02 mol/L). Reaction-time profiles also shows the nucleation
and growth kinetics strongly depends on the SDS concentrations
(Fig. 5B). The values of pseudo-first-order rate constants were cal-
culated with the following kinetic equation for the SDS-capped
AgNPs formation [44].
Kops = %lnf‘z _2‘; (1)
where A is the absorbance of AgNPs at completion of the reaction
(Ay), initial time (Ap), and different time intervals (A;). Table 2
shows that the kops increases with increasing SDS concentrations
(from 4.0 to 10.0 mM) and decreases at higher [SDS] (>12.0 mM).
Pre-, Post-, and dilution- micellar effect was observed in presence
of SDS [44,45]. The micellar pseudo phase Menger and Portnoy
model [46], modified by Bunton et al. [42,45,47] was employed
for the explanation of catalytic role of SDS (Scheme 8).

In Scheme 8, ky, and ki, represents the first-order rate constants
in aqueous and micellar media, respectively. K; and Kpa are the
binding constants of Ag" and PAs with the micellized SDS (D, = [-
SDS] - CMC]. Eq.(2) was derived for the bimolecular reaction by
considering the mass balance of Ag* ions into aqueous and micellar
media ([Ag ]}t = [Ag']w + [Ag"]m) and Scheme 8.

o KulPAs]y + (Kski, K, ) D1 ,
v = A+ KD @

kW
o
"

(A =420 nm)

PA

max

Scheme 8. Role of SDS on the micellization of AgNPs.
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where ki, ki, and Mjg are the second-order rate in aqueous, micel-
lar media and the mole ratio of bound Ag* with SDS micellar head
group, respectively. The values of ki, = 3.2 x 10~ mol~! dm?3 s,
K = 80 mol~! dm? and Kpa = 53 mol~! dm? were calculated by using

a computer programme [24,48,49].

3.5. Morphology and stability of AgNPs
In order to evaluate the shape, size, and the size distribution of

as-prepared AgNPs, TEM, SEM and Raman scattering spectrum
were recorded. Fig. 6 shows the TEM images of Pas and SDS capped
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AgNPs. The morphology depend on the concentrations of both Pas
and SDS. The particles are spherical, poly-dispersed along with
irregular shaped. The truncated triangular nano-plates was also
formed. Tiny dots were also appeared in TEM images. Inspection
of these images clearly indicates the presence of black spot on
the surface of AgNPs, which might be due to the capping action
of organic moiety of Pas [50]. SEM images of SDS-capped AgNPs
clearly shows that the aggregated and spherical AgNPs were
formed and morphology strongly depends on the SDS concentra-
tions (Fig. 7). Surface Enhanced Raman Spectrum (SERS) of SDS-
capped AgNPs is given in Fig. 8, which shows the various peak at
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Fig. 6. TEM images of AgNPs for various Pas and SDS concentrations.
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Fig. 7. SEM images of AgNPs for different SDS concentrations.

ca. 647, 924, 1049, 1287, 1357, 1458, 191, 1nd 2938 cm™. The
characteristics part of the SDS SERS were the appearance of peaks
in the region from 500 to 900 cm™~!, 1050 to 1500 cm™~! and 2800 to
2900 cm ! associated to the head group (—0SO5 and S—0—C vibra-
tional modes), carbon skeleton (C—C stretching, CH, twisting and
bending modes), and C—H stretching vibration modes, respectively
[51-53]. Table 3 indicates that the main characteristic peaks of our
SDS-AgNPs are in the close agreement to the reported Raman peaks
in the literature for SDS with different complex forming agents
[51-53]. In SDS-AgNPs, the polar head group, C—C, CH, and C—H
peaks were shifted in comparison to pure SDS, which might be
due to the strong interaction between them (Table 3). The appear-
ance of major two peaks at ca. 1049 and 1489 cm™! (Fig. 8) with
high Raman intensity clearly suggested that the Raman spectrum
of surfactant was mainly dominated by the vibrational modes of

600
1458

400 -
2
‘®
c
[
o2
£
&
£ 200
5]
(14

647
0k
1 1 1 1 1
500 1000 1500 2000 2500 3000
Wavenumber (cm'1)
Fig. 8. Raman spectra of SDS-capped AgNPs.
Table 3
Characteristics SERS peaks (in cm™!) of SDS and SDS-Ag NPs.

SDS SO3 S—0—C S—O c—C CH, C—H Reference
Solid 635 841 1000 1065 1458 2961 54
Solid 600 995 1063 1132 1468 2935 56
Solid 685 920 1070 1130 1429 2965 55
SDS-Ag 647 924 1049 1287 1458 2938  Present work
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the hydrocarbon chain [51]. The vibrational peaks of SDS head
group (SO3, S—0—C, and S—O) depends on the nature of ligands.

No aggregation, color changes, and any type of visual turbidity
was observed for ca. 6 months, indicating that the SDS-capped
AgNPs were stable. Our observations are in good agreement to
the results of other investigators regarding the higher stability of
SDS-capped AgNPs than that of CTAB [54], citric acid [55] and
PVP [56]. This can be attributed to the formation of complex and/
or double layer of SDS onto the surface of AgNPs. In order to see
insight into the stability of AgNPs, zeta potential of SDS-AgNPs
and extract-AgNPs were also estimated by using the following
equation (Smoluchowski relation; Eq. (3)) [57].

4mn

(= x Electrophoretic mobility

3)

where, { = zeta potential, © = 3.14, 1 = viscosity of the solvent (wa-
ter), and D = dielectric constant of water. Fig. 9 shows the values of
zeta potential as a function of days, which was found to be constant
(ca. —24.8 mV) with increasing the days, indicating the SDS-AgNPs
are stable at room temperature [58]. For extract-AgNPs, zeta poten-
tial decreases with time from —9.0 to 4.0, indicating SDS is a better
capping agent in comparison to the plant extract.

28
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2y » & & » = » =
20
16 |-
z
~ 1 2 -
wp
8 -
Extract-AgNPs
4L
o 1 1 1 1 1
0 2 4 6 8
Days

Fig. 9. Zeta potential of Pas-AgNPs and SDS-AgNPs as a function of time. Particle
charge was negative in both cases.
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4. Conclusion

We described the role of ionic head groups of anionic SDS and
cationic CTAB on the nucleation and growth of AgNPs. The SDS-
capped AgNPs was stable at room temperature. SPR intensity and
peak position depends on the concentrations of SDS and Pas. The
negative head group of SDS interacts with Ag* ions and formed a
complex. Due to the formation of white precipitate, CTAB is not a
suitable stabilizer in the present redox system (Pas + Ag*). Ag" ions
solubilized into the anionic micelles of SDS. The reduction of coor-
dinated silver ions by -OH group of PAs occurred in the Stern-
layer. Thus we may state confidently that the presence of a suitable
stabilizer is essential to the fabrication of prefect transparent and
stable AgNPs. The presented approach appears to be a successful
methodology to the evaluation of capping action of stabilizer that
govern the morphology of transition metal NPs and Raman spec-
troscopy can be used to integrate the role of surfactant.
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