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Abstract The bark extract of the traditional ayurvedic

medicinal plant Saraca indica containing redox active

polyphenolic compounds has been utilized for the one-step

synthesis of gold nanoparticles at room temperature. The

polyphenolic compounds acted as the reducing agent as

well as the stabilizing agent without any additional capping

agent. The synthesis of the gold nanoparticles of 15–23 nm

size was complete in several minutes and no photo irradi-

ation or heat treatment was necessary. Surface plasmon

resonance, HRTEM, AFM, X-ray diffraction, and FTIR

studies have been carried out to characterize the nanopar-

ticles. Gold nanoparticles synthesized were of triangular,

tetragonal, pentagonal, hexagonal, and spherical shapes.

The synthesized gold nanoparticles have been used as a

catalyst for the reduction of 4-nitrophenol to 4-aminophe-

nol at room temperature and the kinetics of the reduction

reaction has been studied spectrophotometrically.
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Introduction

Gold nanoparticles (AuNPs) have attracted tremendous

attention in recent years because of its unique optoelec-

tronic properties and also because of its applications in

catalysis, biotechnology, drug delivery (Jain et al. 2008)

and biodiagnostics (Rosi and Mirkin 2005; Dykman and

Khlebtsov 2012; Iravani 2011a, b; Judy et al. 2011),

medicine and electronics (Brust et al. 1998; Tanaka 1999;

McConnell et al. 2000; Troiani et al. 2003). AuNPs exhibit

different colors depending upon its size, shape, and degree

of aggregation and, hence, have been used as probes for the

detection of heavy metal ions colorimetrically (Liu and Lu

2003). AuNPs have also been utilized as advanced building

blocks for nanoscale self-assembled systems (Pankau et al.

2001; Christopher et al. 2011). Techniques for the synthesis

of nanoparticles fall mainly under two main catagories:

‘top-down’ and ‘bottom-up’ (Kulkarni 2007). Although,

there are many reports in the literature for the synthesis of

AuNPs, most are time consuming or tedious (Kundu and

Liang 2008; Zhou et al. 2007). Whereas, the chemical ‘top-

down’ methods have the risk of environmental contami-

nations due to the generations of large amount of hazardous

by-products, the bio-based ‘bottom-up’ approach provides

an environmentally benign alternative for the generation of

nanostructures with more homogeneous chemical compo-

sitions (Haynes and Nordle 1994; Ghosh and Pal 2009;

Sinha et al. 2010). AuNPs have been successfully synthe-

sized from Bayberry tannin and medicinally important

alpha–alpha (Montes et al. 2011; Armendariz et al. 2004;

Huang et al. 2010). During the course of our investigations

with plant secondary metabolites as renewable chemicals

(Bag et al. 2012, 2013; Bag and Dash 2011; Bag and Dinda

2007; Bag and Paul 2012; Bag and Majumdar 2012), it

occurred to us that the polyphenolic compounds present in
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the bark extract of the Saraca indica can be utilized for the

synthesis of AuNPs from gold tetrachloroaurate (AuCl4
-)

(Sadhu et al. 2007; Indrani and Balasubramanian 1985a,

1985b; Middelkoop and Labadie 1985; Duggal and Misra

1980; Dash and Bag 2013, Majumdar and Bag 2012).

Herein, we report a simple method for the synthesis of

AuNPs utilizing the medicinally important S. indica bark

extract without any additional capping agent. Our method

for the synthesis of AuNPs, utilizing S. indica bark extract

reported here, is more efficient or comparable to other

reported methods in the literature utilizing plant extracts.

The synthesized AuNPs have been characterized by high-

resolution transmission electron microscopy (HRTEM),

atomic force microscopy (AFM), surface plasmon reso-

nance spectroscopy, X-ray diffraction (XRD) and Fourier

transform infrared (FTIR) studies. Catalytic application of

the synthesized gold nanoparticles has been studied for the

sodium borohydride reduction of 4-nitrophenol to 4-ami-

nophenol and the catalytic rate constants have been

determined spectrophotometrically.

Experimental

Synthesis and characterization of gold nanoparticles

HAuCl4 was purchased from SRL (Sisco Research Labo-

ratory) and used without further purification. HAuCl4
(35.4 mg) was dissolved in deionized water (10 mL) to

obtain a 10.42 mM Au(III) stock solution. Aliquots of

Au(III) solution (0.16 mL, 10.42 mM each) were added

dropwise to the bark extract solution (containing polyhy-

droxy aromatic compounds) to prepare a series of stabi-

lized AuNPs where concentration of the bark extract varies

from 20 to 200 mg L-1 and the concentration of Au(III)

was fixed at 0.42 mM. UV–visible measurements of the

solutions were carried out 30 min after HAuCl4 and S.

indica bark extract were mixed together. TEM images of

AuNPs were recorded in JEOL JEM-2100 instrument.

AFM was carried out in Vecco dicp II Model no. AP0100.

XRD patterns of the stabilized AuNPs were recorded in

Rigaku Miniflex II diffractometer with Cu-Ka radiation

(k = 1.54 Å
´

). Mass spectra were recorded in Shimadzu

GCMS QP 2100 Plus. UV–visible spectra were recorded in

Shimadzu 1601 spectrophotometer. FTIR spectra of the

samples were analyzed using a Perkin-Elmer Spectrum 2

instrument at a resolution of 1 cm-1.

Results and discussion

The bark extract of S. indica contains several compounds

containing multiple phenolic hydroxyl groups, such as

quercetin, (-) epicatechin, (?) catechin, leucopelargoni-

din-3-O-p-D-glucoside, leucopelargonidin, gallic acid,

leucocyanidin, etc. (supporting information Fig. S1)

(Sadhu et al. 2007). The o-dihydroxyl groups can easily

form five-member chelate ring and also be oxidized to the

corresponding benzoquinones either by air or by metal

ions. Thus, these phenolic hydroxyl containing compounds

can be used as an effective reducing agent for Au(III)

which has a high oxidation–reduction potential (Ferrer

et al. 1999). The Au(0) thus formed may collide with the

neighboring Au(0) atoms forming Au nanoparticles and get

stabilized by the concomitantly generated benzoquinone

derivatives (Kim and Nakano 2005). To test this, we

treated aqueous HAuCl4 solutions with increasing con-

centration of the bark extract of S. indica. Interestingly, we

observed the appearance of pinkish red coloration almost

instantly indicating the formation of AuNPs. The intensity

of the color increased on standing the solution at room

temperature for several hours (Fig. 1).

UV–visible spectroscopy studies

Due to charge transfer interactions between the metal and

the chloro ligands, a strong absorption peak at 220 nm and

Fig. 1 UV–visible spectra of (1) HAuCl4 (0.42 mM), (2–6) AuNP’s

at 20, 40, 60, 80, 100 mg L-1 concentrations of Saraca indica bark

extract, respectively. Inset photograph of the vials containing the

solutions (after 24 h of mixing)
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a shoulder peak at 290 nm were observed in the UV–vis-

ible spectrum of HAuCl4 (Fig. 1). With increasing con-

centration of the S. indica bark extract, the intensities of

these peaks decreased and new peaks in the region of

530–570 nm appeared due to surface plasmon resonance

(SPR) of the AuNPs (Esumi et al. 2000). A blue shift of the

SPR band was observed from 570 to 530 nm with

increasing concentration of the bark extract from 20 to

80 mg L-1. This blue shift is perhaps due to the formation

of more stabilized, smaller-sized nanoparticles with

increasing concentration of the S. indica bark extract.

Above 100 mg L-1 concentration of the bark extract, the

intensity of the SPR band did not increase further on

increasing the extract concentration perhaps due to com-

plete reduction of the accessible Au(III) to Au(0) (Huang

et al. 2010). A broad peak at 270–275 nm region observed

in the case of AuNPs might be due to the quinone moiety

resulting from the oxidation of phenolic compounds.

HRTEM, EDX, FTIR, XRD, and AFM studies

The morphologies of the AuNPs obtained at different con-

centration of the S. indica bark extract were studied by

Transmission Electron Microscopy. The size of the nano-

particles formed at various concentrations of the S. indica

bark extract is shown in Fig. 2 (and supporting information

Fig. S3 and S4). The average size of the AuNPs showed a

gradual decrease from 23 to 15 nm when the concentration of

the bark extract increased from 80 to 200 mg L-1 that is

consistent with the blue shift observed in the SPR bands

(Fig. 1). Nanoparticles were of different shapes such as

triangular, pentagonal, hexagonal, and spherical (Fig. 2). The

gold nanoparticles were so stable that no further aggregation

took place on standing the solutions for several months.

Selected area electron diffraction (SAED) image (Fig. 2h)

and energy disperse X-ray (EDX) spectrum (supporting

information Fig. S5) confirmed the formation of AuNPs.

We have compared the FTIR spectra of S. indica bark

extract and stabilized AuNPs (Fig. 3). The broad peak in

the 3,600–3,200 cm-1 region of the FTIR spectrum of bark

extract is due to stretching vibration of the intermolecularly

hydrogen-bonded phenolic hydroxyl groups. The 1,612,

1,517, 1,444 cm-1 peaks are due to the presence of aro-

matic rings in the extract. In the FTIR spectrum of the S.

indica extract stabilized AuNPs, the absorption peak for the

phenolic hydroxyl groups became narrower. This is due to

the interaction of phenolic hydroxyl groups with AuNPs

with concomitant weakening of H-bonding among the

Fig. 2 a–d TEM images of AuNPs obtained with Saraca indica bark extract at 80, 100, 120, and 200 mg L-1 concentration, respectively; e–

g histograms are for the AuNPs at 100, 120, and 200 mg L-1 of the bark extract. D mean particle diameter, h SAED image of AuNPs

Fig. 3 FTIR (KBr) Spectrum of a Saraca indica bark extract;

b stabilized AuNPs; the arrow indicates the presence of carbonyls due

to the formation of quinones in the AuNPs
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phenolic hydroxyl groups. The appearance of newer peaks

around 1,690 cm-1 in the FTIR of AuNPs indicated the

formation of quinones.

The crystalline nature of the metallic face-centered cubic

gold nanoparticles was confirmed from the intense peaks in

the XRD pattern of gold nanoparticles [2h = 38.3�, 44.3�,
64.8�, and 77.9� corresponding to planes (111), (200),

(220), and (311), respectively] (see supporting information

Fig. S6 for details). These values agreed well with the

reported standards JCPDS file no. 04-0784.

The morphology of the stabilized AuNPs was also

studied by AFM (supporting information, Fig. S7). It is

evident from the images that most of the particles are tri-

angular and spherical shaped. The surface of the AuNPs

observed by AFM contains high concentration of organic

moieties along with the stabilized AuNPs. The presence of

the organic matrix is also evident from TEM images

(supporting information Fig. S4).

Mechanism of the formation of stabilized AuNPs

The bark of S. indica is rich in different types of medici-

nally important compounds containing multiple phenolic

hydroxyl groups such as quercetin, (-) epicatechin, (?)

catechin, leucopelargonidin-3-O-p-D-glucoside, leucope-

largonidin, gallic acid, leucocyanidin, etc. (supporting

information Fig. S1). Mass spectral analysis carried out by

us also indicated the presence of most of the above poly-

phenolic compounds (supporting information Fig. S2).

Taking quercetin as a representative of the o-dihydroxy-

phenolic compounds, a schematic representation of the

possible mechanism for the synthesis of stabilized AuNPs

is shown in Fig. 4. A five-member chelate ring can form

from the o-dihydroxy groups of the polyphenolic com-

pounds with Au(III) ion. Reduction of the chelated Au(III)

ions to Au(0) takes place with concomitant oxidation of the

ortho-hydroxyl groups to quinones. Neighboring Au(0)

atoms collide with each other forming AuNPs which are

then stabilized by the polyphenolic compounds as well as

quinones (Huang et al. 2010).

Study of the catalytic activity of stabilized AuNPs

To study the catalytic activity of the synthesized AuNPs,

the reduction of 4-nitrophenol to 4-aminophenol in the

presence of NaBH4 was studied as a model reaction. In our

study, 0.2 mL of 4-nitrophenol (0.05 mM), 3.6 mL NaBH4

(15 mM) and 0.2 mL of distilled water were mixed toge-

ther and UV–visible spectra were taken. The absorption

peak at 318.5 nm for 4-nitrophenol shifted to 400 nm

(A = 0.949) due to the formation of 4-nitrophenolate ion.

Even though the reduction of 4-nitrophenol to 4-amino-

phenol is a thermodynamically favorable reaction (E0 for

4-nitrophenol/4-aminophenol -0.76 and for H3BO3/BH4
-

-1.33 V), no reduction took place on standing the reaction

mixture for several days due to a large kinetic barrier for

the reduction reaction. Interestingly, in the presence of S.

indica bark stabilized AuNPs (0.2 mL, 60 mg L-1) the

intensity of the absorption peak decreased immediately

with a concomitant formation of a new peak at 295 nm

region indicating the reduction of 4-nitrophenol to 4-ami-

nophenol. The progress of the reaction was monitored by

the UV–visible spectroscopy at different time intervals

(Fig. 5). The absorption peak of 4-nitrophenolate ion (at

400 nm) completely disappeared and the solution became

almost colorless indicating the completion of reduction

reaction. The UV–visible data at different time interval

have been utilized for the determination of catalytic rate

constant (k). Since the concentration of NaBH4 greatly

exceeds the concentration of 4-nitrophenol, the reaction

rate can be assumed to be pseudo first order. From the plot

of lnA vs time, the rate constant for the reduction reaction

was calculated to be 0.25 min-1 (supporting information

Fig. S8). In the presence of 0.3 mL of the stabilized AuNP

Fig. 4 Mechanism of the formation and stabilization of AuNPs by polyphenolic compounds present in Saraca indica bark extract: (i) Saraca

indica bark extract containing polyphenolic compounds, (ii) auto reduction and stabilization of nanoparticles by the polyphenolic compounds

488 Appl Nanosci (2014) 4:485–490

123



solution (60 mg L-1), the rate constant was calculated to

be 0.29 min-1 (Table 1). The higher value of rate constant

observed with larger volume of AuNP solution was due to

more number of reaction sites (Gangula et al. 2011). The

rate constant values were comparable to the values

observed by us previously (Dash and Bag 2013) and others

(Gangula et al. 2011) on similar systems.

Conclusion

We have demonstrated an extremely simple and efficient

method for the green synthesis of gold nano particles using

the bark extract of S. indica. The polyphenolic compounds

present in the bark extract acts as an effective reducing

agent for the reduction of Au(III) to Au(0) and no addi-

tional capping agent or stabilizer were necessary for the

synthesis of stabilized gold nanoparticles. By increasing

the concentration of the bark extract, smaller-sized poly-

shaped gold nanoparticles were obtained which has been

supported by UV–visible spectroscopy and transmission

electron microscopy. Room temperature reduction of

4-nitrophenol to 4-aminophenol has been achieved by the

use of synthesized gold nanoparticles as a catalyst and the

efficacy of the catalysts has been studied using spectro-

photometric kinetic studies. As S. indica is used in ay-

urvedic medicine, the results described here will be useful

for its application in medicine as well as other areas of

nano research.
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