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Abstract. We describe a facile growth of chain-like Au nanostructures and their spontaneous transformation to multi-twined nanostructure using a mild reducing agent bisphenol A (BPA). The growth Au nanostructures involves the chemical reduction of HAuCl4 by BPA in the presence of cetyltrimethylammonium bromide
(CTAB) as capping agent in alkaline condition without any seeds. Wire and chain-like Au nano-network structures with diameter in the range of 4 to 9 nm are obtained in the initial stage of the reaction. These chainlike nanostructures undergo spontaneous transformation into multi-twined nanostructures within 24 h. These
nanocrystalline multi-twined structures have an average size of 80-90 nm. X-ray and selected area electron
diffraction measurements reveal that the Au nanoparticles have (111), (200), (220) and (311) planes of a face
centered cubic structure. High resolution transmission electron microscopic measurement shows that the nanostructures are mainly composed of (111) lattice plane with twin boundaries. The concentration of HAuCl4 , BPA
and CTAB has pronounced effect in the growth of nanostructures. The multi-twined nanostructures are highly
stable at room temperature over a period of one month and can be used for catalytic applications.
Keywords. Bisphenol A; chain-like Au nano-network; spontaneous transformation; multi-twined Au
nanostructures.

1. Introduction
Shape controlled synthesis of metal and semiconducting nanostructures is one of the major areas of research
in nanoscience and nanotechnology, as the shape and
surface structure of these materials have great control
over their optical, electronic, and catalytic properties.
The tailor-made nanomaterials have potential application in various areas such as, catalysis,1 biosensing,2
photovoltaics,3 nanoelectronics, etc.4 The growth of
transition metal nanostructures is of special interest
for analytical chemists owing to their unique optical
and electronic properties. For instance, the fascinating
optical properties of Au nanoparticles attracted significant interest in the development of sensing/biosensing
methodologies. The anisotropic Au nanostructures are
known to display transverse and longitudinal surface
plasmon resonance and have been used as a potential substrate for surface enhanced Raman scattering,5
excellent catalyst for various industrially important
reactions,1 and a color indicating reagent for the sensing
of biomolecules.2 The properties of these nanoparticles
can be tuned according to the requirement by tailoring
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their shape and surface structure. Various attempts have
been made to tailor the shape of the metal particles by
changing the synthetic methodology. Au nanoparticle
of different shapes such as nanocube, rod, wire, prism,
plate, belt, star, etc.6–23 were traditionally synthesized
using suitable reducing agents, surfactants, polymers,
seeds, and templates. Murphy’s group has extensively
studied the seed-mediated growth of anisotropic Au
nanostructures using cetyltrimethylammonium bromide
(CTAB) as a capping agent in aqueous solution.24,25
Xia’s group pioneered the synthesis of anisotropic
metal nanostructures by polyol route.26,27 Sastry and
co-workers exploited biological extracts for the synthesis of anisotropic Au and Ag nanostructures.28–31
The capping and reducing agents play a vital role in
controlling the shape and morphology of the metal
particles. Umar and Oyama have reported the high
yield synthesis of branched Au nanostructures using
binary mixture of CTAB and hexamethylenetetramine
by the seed-mediated growth approach.32 Liz-Marzan
reported the synthesis of thorned nanowires by the
seed-mediated approach in non-aqueous solvent.33 Tsai
and co-workers recently reported the controlled synthesis of Au nanopyramids, nanostars and nanorods by
seed-mediated growth.34 In the popular seed-mediated
growth approach, ascorbic acid is traditionally used as
2111
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a mild reducing agent and the growth of Au nanostructures was induced by NaOH or Au nanoseeds and the
capping agent CTAB is known to regulate the growth
of nanostructures. The nature of reducing agent plays
important role in controlling the growth of nanoparticles. The morphology, shape and size can be regulated
by selecting appropriate reducing agents. Small organic
molecules having suitable functional groups and reduction potential can serve as ideal reducing agents.35–39
The mild reducing agents are of special importance as
the controlled reduction of metal precursors can yield
nanoparticles of desired shape and morphology. In an
effort to develop a new synthetic method, herein we
demonstrate the use of a mild reducing agent bisphenol A (BPA) and the growth of chain-like Au nanostructures and their spontaneous self-transformation into
thermodynamically stable multi-twined nanostructures.

mL of Millipore water under constant stirring to obtain
bright orange colored solution. To this solution, 400
μL of BPA (0.3 mM) was added. After the addition of
BPA the orange color of the mixture changed initially
to pale yellow and then it became colorless within 30
min. Then 15 μL of NaOH (1 M) was added to the
reaction vessel to induce the growth of Au nanoparticles. Greenish-blue color was observed immediately
after the addition of NaOH, indicating the formation
of Au nanoparticles. The color of the reaction mixture
changed from greenish-blue to blue within 1 h and it
turned to purple-red after 24 h. The ﬁnal concentration of HAuCl4 , CTAB, BPA, and NaOH in the reaction vessel was 0.4, 6.6, 0.04 and 5 mM, respectively.
The resulting colloidal nanoparticle sample was stored
at room temperature.
3. Results and Discussion

2. Experimental
2.1 Materials
HAuCl4 and BPA were purchased from Sigma-Aldrich.
Analytical grade CTAB and NaOH were purchased
from Merck. All other reagents used in this investigation were of analytical grade (>99% purity) and used
without further puriﬁcation.
2.2 Instrumentation
Electronic absorption spectral measurements were performed using CARY 5000 UV-Visible-NIR spectrophotometer. Transmission electron microscopy (TEM)
images were acquired with JEOL JEM-2010 microscopes at an operating voltage of 200 kV. X-ray diffraction (XRD) patterns of the samples were collected
using a Philips X’pert PRO R-ray diffraction unit using
Ni ﬁltered Cu Kα (λ = 1.54 Å) radiation. Dynamic
Light Scattering (DLS) measurement was performed
with Malvern Nano ZS instrument employing a 4 mW
He-Ne laser (λ = 632.8 nm). Electrochemical experiments were performed with CHI643B electrochemical
analyzer (CHI, Austin, Texas). Two-compartment, three
electrode electrochemical cell with glassy carbon (GC)
working, Ag/AgCl (3 M KCl) reference and Pt wire
auxiliary electrodes were used in the electrochemical
studies.
2.3 Synthesis of colloidal nanoparticles
In a typical synthesis, 40 μL of HAuCl4 (30 mM) was
mixed with 1 mL of aqueous CTAB (20 mM) and 1.5

3.1 Synthesis and characterization of Au
nanosructures
The synthesis of multi-twined Au nanostructures
involves the reduction of HAuCl4 by BPA in the presence of CTAB and NaOH in aqueous solution. The
growth of Au nanoparticles was monitored in real time
by UV-Vis spectral measurements. Figure 1 displays the
time-dependent spectral response obtained during the
growth of Au nanoparticles. In the initial stage (after
addition of NaOH), a broad absorption band at ∼600
nm was observed. The appearance of broad band may
be ascribed to the interaction of smaller particles produced at initial stage of the reaction. Gradual increase in
the absorbance at 600 nm associated with a slight blue
shift was observed during the progress of the reaction,
suggesting the further growth of nanoparticles.
Moreover, a signiﬁcant raise in the absorbance in the
near-IR region was also noticed during the ﬁrst 1 h of
the reaction (ﬁgure 1B). The band at ∼600 nm continues to grow with time and shifted to shorter wavelength side. However, the absorbance in the near-IR
region starts to decrease after 1 h of the reaction and
∼41% decrease in the absorbance was observed after
12 h. The change in the spectral proﬁle continued and
ﬁnally the absorption band stayed off at 540 nm after 24
h. It should be pointed out here that ∼88% decrease in
the absorbance in the near-IR region (at 1350 nm) was
observed (ﬁgure 1B), suggesting the structural transformation of the nanostructures. No further change in the
spectral proﬁle was noticed after 1 day; the absorbance
and band position of the nanoparticle remained same
up to 1 month. The spectral proﬁles obtained at different stages of the reaction suggest that shape/size of the
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Figure 1. (A) Time-dependant absorption spectra illustrating the growth of Au
nanoparticles. The spectra were recorded at regular time interval of 10 min (a-i), at 12
h (j) and after 24 h (k). Inset shows the phtograph of (a) HAuCl4 -CTAB mixture and
(b-e) nanoparticle at different reaction times: (b) 0; (c) 0.16; (d) 1 and (e) 24 h. (B)
Plot of absorbance vs time at (a) 540 nm (b) 1350 nm.

nanoparticle changes with time. The full width at half
maximum (FWHM) of the spectrum obtained at 1 h
is signiﬁcantly larger than those obtained at 24 h. The
SPR band width for the particles in the extrinsic size
region (>25 nm size) increases with increasing size.40
The extinction spectrum of larger nanoparticles is dominated by higher oscillation mode and the bandwidth is
known to increase with size and the broadening of SPR
is associated to the retardation effect.40 In the present
case, the decrease in the FWHM of SPR band for the
nanoparticles obtained at 24 h suggests the transformation of larger nanoparticles during the course of the
reaction.
TEM measurements have been performed to know the
size and morphology of the nanoparticles at different
stages of the reaction. Figure 2 is the TEM images of

the nanoparticles obtained at 1 h of the reaction. TEM
images obtained at 1 h of the reaction show chain and
wire-like nanostructures. The chain-like nanostructures
do not have uniform diameter and varies from 4 to 9
nm. The length of the chain is not measurable. The
magniﬁed image of the nanoparticle reveals that the
nanostructures have 2-dimensional network (ﬁgure 2).
These nanostructures are interconnected by small
spherical or ellipsoidal nanoparticles. The selected area
electron diffraction (SAED) pattern of the nanostructure can be indexed to (111), (200), (220) and (311)
planes of face centered cubic lattice (fcc) (ﬁgure 2).
HRTEM image reveals the fringe spacing of 2.39
Å, corresponding to the interplaner distance of (111)
planes (ﬁgure 2). On the other hand, the nanoparticles
obtained at 24 h are multi-twined and have an average

Figure 2. TEM images of the chain-like nanoparticle obtained at 1 h of the
reaction. Inset is the magniﬁed TEM image. (b) HRTEM image showing the
fringe spacing and (c) SAED pattern.
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Figure 3. TEM images of the nanoparticles obtained at 24 h of the reaction. Inset shows the magniﬁed image of the nanoparticles. The tadpole-like structures are shown separately. (b) HRTEM image
and (c) SAED pattern obtained for the tadpole-like structure.

size of 90 nm (ﬁgure 3). The chain and wire-like nanostructures formed at 1 h of the reaction spontaneously
transformed into nanoparticles of other shapes within
24 h. It has been demonstrated earlier that the
thermodynamically unstable branched Au nanoparticles transformed into spherical nanoparticles.41 The
Au atoms of the branched nanocrystal rearrange themselves to form thermodynamically more stable spherical nanoparticles.41 Teng and Yang have observed
the transition of branched Pt nanocrystal to spherical nanostructures.42 In the present case, the chain
and wire-like nanostructures undergo spontaneous selftransformation and yield thermodynamically stable
multi-twined nanostructures. The surface structure of
branched Au nanostructures was further characterized
by HRTEM measurement. As shown in ﬁgure 2 the
nanocrystals have twin boundaries. The lattice fringe
spacing was determined to be 2.36 Å corresponding to
the interplaner spacing between (111) planes (ﬁgure 3).
The SAED pattern can be indexed to (111), (200), (220)
and (311) plane of fcc structure of Au (ﬁgure 3). The
existence of such planes was further conﬁrmed by XRD
measurement (Figure S1 in Supporting information).
To understand the transformation of chain-like structure to multi-twined structure, TEM measurement was
done after 12 h of the reaction. It was observed that
the chain-like network structures spontaneously break
into small chain-like structure (Figure S2 in SI). Note
that the length and size of the nano-chains is relatively
smaller than that obtained at the initial stage of the
reaction. After 24 h, this small chain-like structures fur
ther transform into multi-twined structures (ﬁgure 3).
It is known that the peak position and intensity of
these spectral bands depends on the particle shape and

size/aspect ratio. In our case, the nanoparticles show
only one band. As described earlier, the nanoparticle
shows signiﬁcantly high absorbance at near-IR region
(ﬁgure 1), though no distinct band was obtained. Unlike
the anisotropic nanostructures, our multi-twined nanostructures do not exhibit both transverse and longitudinal bands, probably due to the polydispersity of the
nanostructures.20 We suggest that the superposition of
the longitudinal bands corresponding to the nanoparticles of various size/aspect ratios could be a reason for
the absence of a separate band. The dynamic light scattering measurement for the nanoparticles obtained after
24 h indicates that the particles have the size distribution between 40 and 150 nm (ﬁgure S3 in SI). The
majority of particles have the size of 90 nm, which
is in good agreement with the TEM measurement. It
is worth mentioning here that although several small
organic molecules have been used as mild reducing
agents for the synthesis of Au nanoparticles of various
morphologies (table S1 in SI), the growth of chain-like
nanostructures and the spontaneous self-transformation
to multi-twined nanostructures have not been observed.
3.2 Effect of the concentration of CTAB, HAuCl4 and
BPA
The growth of the nanoparticle is highly sensitive to
the concentration of capping agent CTAB, HAuCl4
and reducing agent BPA. The concentration of CTAB
strongly inﬂuences the formation of nanoparticles. It
is generally expected that the high concentration of
CTAB slows down the reduction of metal precursor
and controls the kinetics of the growth of nanostructures. In our case, the reaction is very fast at lower
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The absorption spectra obtained at low concentration of HAuCl4 show a band at 530 nm with FWHM
of ∼67 nm. The band position shifts to longer wavelength side and the FWHM increases while increasing
the concentration of HAuCl4 (Figure S6). The increase
of FWHM suggests that the shape/morphology changes
with the concentration HAuCl4 . Further increase in the
concentration does not bring any change in the spectral
pattern. Blue shift of the surface plasmon band position and increase in the absorbance were observed when
the concentration of BPA was increased from 10 to
240 μM. The spectrum obtained at high concentration
of BPA is narrow and is similar to those of spherical
nanoparticle (Figure S7). The effect of very high concentration of BPA was not tested due to its limited solubility in aqueous solution. The decrease in FWHM at
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concentration of CTAB and we could observe the rapid
formation of nanoparticle by naked eye. For instance,
the formation of nanoparticle was observed within 30
min at the CTAB concentration of 0.12 mM. The colloidal nanoparticle obtained at low CTAB concentration shows single intense surface plasmon band ∼530
nm. The band position and absorbance do not change
with time. Figure 4A displays the UV-Vis spectra of
the nanoparticles obtained at different concentrations
of CTAB. All spectral measurements were performed
after 1 h of the reaction. Following spectral features
were obtained while decreasing the concentration of
CTAB from 6.6 to 0.7 mM: (i) signiﬁcant increase in
the absorbance of the band at 575 nm and decrease in
the absorbance in the near-IR region, (ii) blue shift (1015 nm) in the surface plasmon band position, and (iii)
decrease in the FWHM of the plasmon band. After
24 h of the reaction all the samples show single band
∼539 nm with very low absorbance in the near-IR
region (ﬁgure 4B). However, the spectral feature of
the nanoparticle obtained at high concentration (6.6
mM) of CTAB is distinct from others (ﬁgure 4B). The
absorbance at the near-IR region and the FWHM are
relatively high with respect to the others, indicating that
the concentration of CTAB has major role in controlling the shape of the nanoparticle. High concentration
of CTAB favor the growth of tadpole-like structure as
the rate of reduction is signiﬁcantly low. It is believed
that CTAB slows down the reduction process and controls the shape of nanoparticles. The spectral pattern
obtained at low concentration of CTAB (ﬁgure S4 in
SI) suggests the formation of spherical nanostructures.
The formation of spherical nanoparticle at low concentration of CTAB was conﬁrmed by TEM measurements
(ﬁgure S5 in SI).
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Figure 5. The absorption spectra obtained for Au(III)CTAB complex in the presence of BPA (HAuCl4 : 0.4 mM,
CTAB: 6.6 mM, and BPA: 40 μM) at 6 min time interval. Inset shows the absorption spectra for the Au(III)-CTAB
complex in the absence of BPA.
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Figure 4. UV-Vis spectra of the nanoparticles obtained at different concentrations
(0.7, 0.9, 1.6, 3.6 and 6.6 mM) of CTAB at (A) 1 h and (B) 24 h of the reaction. Inset in
Figure 4B shows the photograph of the nanoparticles obtained at CTAB concentration
of (a) 0.7 (b) 6.6 mM.
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Scheme 1. Proposed reaction mechanism for the reduction of Au(III) to Au(0) by BPA.

high concentration evidences the formation of smaller
particles.
3.3 Mechanistic pathway for the reduction of Au(III)
by BPA
HAuCl4 in aqueous solution displays absorption band
∼290 nm due to metal-to-ligand charge transfer.43 On
the other hand, CTAB-HAuCl4 mixture shows three
bands at 260, 407 and 475 nm (ﬁgure 5, inset) and are
ascribed to the complexation of anionic AuCl−4 with
cationic surfactant.44 The absorbance of these bands
gradually decreases upon the addition of BPA and
the band disappears completely in 30 min. The bright
orange color of the solution became colorless, indicating the reduction of Au(III) to Au(I) by BPA. A new
absorption band at 318 nm, presumably due to the oxidation product of BPA, was observed after 30 min (vide
infra). The color of the solution turned to greenish-blue
immediately after the addition of a small quantity of
NaOH, conﬁrming the growth of nanoparticles. These
observations are similar to the reduction of HAuCl4 CTAB complex by ascorbic acid.44,45 Electrochemical
oxidation of BPA in neutral aqueous solution displays a
broad voltammetric peak at 0.58 V (vs Ag/AgCl). The
peak potential shifts to less positive side while increasing the solution pH. As the oxidation peak potential
of BPA falls within the oxidation and reduction potential of Au (ﬁgure S8 in SI), the reduction of HAuCl4
to metallic Au by BPA is thermodynamically feasible.
It is worth pointing out that addition of alkaline BPA
to the CTAB-HAuCl4 mixture immediately turns the
bright orange color to colorless and then to greenish
blue color. The immediate disappearance of the orange
color of the CTAB-HAuCl4 mixture upon the addition
of alkaline BPA suggests that BPA has higher reducing
strength in alkaline condition. It has been demonstrated
recently that the reducing strength of hydroxyl reducing
agents depends on the solution pH at which the reaction
is conducted.46 The acid dissociation constant (pKa ) of
BPA is reported to be 9.4647 and it deprotonates in alkaline pH. The pH of the solution alters the oxidation
potential of BPA and can favor the formation of Au
nanoparticles. The oxidation of BPA is known to yield
different products such as 1,4-benzoquinone and monoquinone derivatives of BPA, etc., depending on the

experimental conditions.48–50 The absorption spectrum
of BPA in neutral aqueous solution shows two bands
at 225 and 275 nm; these bands appear at 245 and 297
nm in alkaline solution (ﬁgure S9). The oxidation product 1,4-benzoquinone is known to display one strong
absorption band at ∼244 nm and a weak band at ∼330
nm.48 On the other hand, the monoquinone derivative
of BPA shows two bands at ∼394 and ∼270 nm.48–50
The absorption spectra recorded for the Au(III)-CTAB
complex in the presence of BPA in neutral solution at
different time intervals points out that Au(III) is reduced
to Au(I) (ﬁgure 5). The new absorption bands observed
at 249 and 318 nm (ﬁgure 5) can be attributed to 1,4benzoquinone. To delve into the detailed mechanism for
the reduction of Au(III) to Au(0), the colloidal nanoparticle was centrifuged at the speed of 14000 rpm in an
ultra centrifuge and the supernatant was subjected to
spectral measurements. Three distinct spectral bands
∼251, 314 and 400 nm were observed for the supernatant (ﬁgure S10 in SI). These bands are ascribed
to the oxidation products 1,4-benzoquinone and
monoquinone derivative of BPA. Thus we suggest that
reduction of Au(III) to Au(0) occurs according to the
mechanism proposed in scheme 1. It should be mentioned here that the oxidation of BPA can also give
other byproducts which are not identiﬁed in our spectral measurements. The formation of other such byproducts cannot be ruled out and the identiﬁcation of
other product(s) is beyond the scope of the present
investigation.
4. Conclusions
We have for the ﬁrst time demonstrated that BPA
can be used as a mild reducing agent for the synthesis of multi-twinned Au nanoparticle in aqueous
solution. Self-transformation of chain and wire-like
Au nanostructure into multi-twined structures was
observed. The thermodynamically unstable wire-like
nanostructures formed in the initial stage transform
with time. The multi-twined nanostructures obtained
after 24 h are stable for months. The concentration
of CTAB, HAuCl4 and BPA controls the growth of
Au nanostructure. The reduction of Au(III) to Au(0)
proceeds through formation of Au(I) species. The
possible oxidation products of BPA were identiﬁed by
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spectral measurements. The phenolic endocrine disruptors can be conveniently used for the synthesis of metal
nanoparticles of different shapes and morphology.
Supplementary Information
XRD proﬁle obtained for the Au nanoparticles of
tadpole-like structure, TEM image at 12 h of the reaction, DLS plot, absorption spectra for the nanoparticles obtained at various concentrations of HAuCl4 , and
BPA, low concentration of CTAB, cyclic voltammogram of BPA, absorption spectra of supernatant solution, BPA in neutral and alkaline solution and spectra
obtained for the optical sensing at lower concentration
of BPA are shown in ﬁgures S1 – S10 and table S1.
Supplementary Information is available at www.ias.ac.
in/chemsci.
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