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ABSTRACT

Designing anisotropic nano- and micro-structures are imperative in many technology oriented fields. Here we have reported a
self templating method, where flower like microstructure of silver particles were used as template to generate several
anisotropic structures such as rectangular cum dumbbell, cubes, hexagonal whiskers, and rectangular bars etc. under controlled
catalytic activity of Co®, Ni®*, Cu?*, and Zn*" respectively. The initial flower like microstructure (template) of silver particles
have been prepared from silver salt using disodium salt of 4,4’-dicarboxy-2,2’-bipyridyl(Na,dcbpy) as the reducing as well as
capping agent. Then this architecture was used as the initial template to generate several anisotropic structures. The
straightforward anisotropic microstructure preparation procedure does not require any other external template, which avoids the
subsequent complicated workup. The nucleation processes and optical properties were studied using optical absorption
spectroscopy. The anisotropic structure of the as-synthesized Ag particles and the formations of various shaped microstructures
have been confirmed by Scanning Electron Microscopy (SEM). A possible mechanism has been proposed explaining the role of
dcbpy in the growth of silver particles and the transition metal ion induced anisotropic structures. Copyright © 2013 VBRI
press.
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Introduction

Inorganic micro- and nano-structures are of great
importance because of their unique physical and chemical
properties which vary with nano- to micron sized metal
structures [1-3]. The fashion to prepare novel materials
with multidimensional morphologies at micro- to nano-
scales craft an innovative cultural impact on the scientific
environment for potential applications such as in catalysis,
electronics, photography, photonics, sensing, imaging
process, and medicine [4a-g]. Numerous methodologies
have been developed to syntheses size, shape and structure
selective formation of nanostructures using various capping
reagents such as sodium citrate, polyvinylpyrolidone
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(PVP), n-cetyltrimethylammonium bromide (CTAB),
amines, phosphines, thiols, micelles, dendrimers, polymers,
and biomolecules [5a-f]. In this regards, interface chemistry
in combination with self-assembly process play important
role for miniaturization of desirable nanostructures [5g-h].
This can be done through template-mediated decoration of
nanoparticles on the preformed nanotemplates, but this
process require further physical or chemical treatment,
which may modify surface morphology and properties of
the assembled materials [6-8]. Various anisotropic
structures such as Ag plates [9], Ag wires [10, 11], Pd
cubes [12] have been prepared by adopting diverse
methods. Apart from the conventional shapes as above,
some complex anisotropic shaped particles have been
synthesized recently, such as jelly-fish type gold
biomimetic fiber [13], star shaped gold [14], nanodendrites
(Pd, Pt, Au) [15]. The flower like structures of Ag particles
with sharp edges can be useful for Surface-Enhanced
Raman Scattering (SERS) study, which are capable of
focusing electromagnetic field of excitation light at their
ends to realize extremely large field enhancement for SERS
[16, 17]. The surface roughness and possible high index
planes of star-shaped structures may have special
applications in catalysis due to much higher active sites
[18]. Despite such fascinating applications, synthesis of
noble metal nano and micro-structures with a high degree
of structural anisotropy is still a great challenge. Recently,
Tang et al. prepared silver micro particles constructed of
mutually intersecting 2D nanoflakes using electrochemical
approach [19]. L. Hong et al. prepared silver microstructure
composed of nanopetals using ascorbic acid and citric acid
[20]. Further, recently A. Tiwari and his group have
reported several biomedical related applications of these
nano/micro-particles and nanocomposites [21]. Apart from
these fascinating reports, there are few other reports where
novel synthesis procedures for Ag particles using biological
methods and application thereof have been described [22].

Mostly, template free nanostructure constructions utilize
carboxylate containing reagents due to its dual role, strong
reducing as well as surface stabilizing property [23-25]. As
an example, shapes of the silver nanoparticles are fully
influenced by the configuration of surface capping agent on
its surface in order to stabilize its specific facets [26].

A unique structural evolution process is fully based on
the relative rates of nucleation and the crystal growth
process. In such a process, control over size can be
achievable by changing parameters such as concentration of
metal precursor, the nature of stabilizing agent,
temperature, and solvent of the reaction medium [27].
Attempts to understand structural transformation at
nanoscale level through nucleation and growth process are
still under exploration [28].

2,2’-bipyridine-4,4°-dicarboxylic acid (H,dcbpy) is a
well-known potential candidate for rich coordinating ability
with series of metals in different modes of bonding through
primary and exodentate sites [29]. In this study, we have
considered this dual coordinating ability of H,dcbpy as an
advantage to make desirable and novel shaped materials.
Therefore, a novel synthesis procedure for the formation of
flower like morphology of silver particle without using any
structure directing agent is very important. Moreover, use
of this morphology to produce various anisotropic shaped
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silver particles in presence of transition metal ions would
be interesting. Here, we have reported a novel synthesis
method to prepare flower like morphology of Ag particles
and change of the parent morphology to other anisotropic
shape, such as rectangular dumbbells, cubes, hexagonal
whiskers, and rectangular bar etc. We have synthesized
dcbpy-Ag particles via a simple one pot synthesis in
aqueous media (reducing silver precursor in aqueous
media) and the resulting dcbpy-Ag microstructure used as a
template for the formation of various anisotropic shaped
microstructures, including rectangular dumbbells, cubes,
hexagonal whiskers, and rectangular bar with dendrites, in
presence of series of transition metal nitrates (Co, Ni, Cu
and Zn) at room temperature. The selective introduction of
transition metal ions to the resulting dcbpy-Ag colloid
resulted in the formation of renewed structures. To the best
of our knowledge, this is the first report of synthesis of
anisotropic flower like Ag microstructure formation using
4,4’-dicarboxy-2,2’-bipyridine and its various anisotropic
structures in the presence of series transition metal nitrates.
The novelty of present work is that, by utilizing flower like
silver particles as starting material, various anisotropic
structures such as rectangular cum dumbbell, cubes,
hexagonal whiskers, and rectangular bars with dendrites
formed by reacting with transition metal ions (Co*, Ni%,
Cu®* and Zn®") in room temperature.

The formation of selective various anisotropic
architectures achieved through ionic interaction between
silver microparticle and transition metal ions introduced at
room temperature without external structure directing agent
was the core objective of this work. These silver
anisotropic structures with features are expected to find
applications in catalysis and SERS studies.

Experimental
Materials and methods

AgNO; (99+%, Alfa Aesar), 4,4’-dimethyl-2,2’-bipyridyl
(Sigma  Aldrich, 99%), (Co(NOs),.6H,0, 97.0%),
(Ni(NO3),.6H,0, 98.0%), (Zn(NOj3),.6H,0O, 98.0%) are
purchased from Thomas Baker, (Cu(NOs),.3H,0, 95-
103%) from Fischer scientific, India. All the chemicals
were used as received without further purification. Solvents
such as hexane (AR grade) from spectrochem, acetone from
Merck, ethanol was distilled and stored on molecular
sieves. All the agueous solutions were prepared with double
distilled water unless mentioned otherwise. Microscopic
cover glass (2 x 2 cm?) was used as a substrate for the
sample surface image studies. Microscopic slides were
treated with aqua regia (1:3 mixture of HNOz/HCI) to
remove any adsorbed organic impurities and washed with
ample amount of double distilled water followed by
sonication in ethanol for 5 min and dried at 85°C. All glass
wares were thoroughly cleaned with aqua regia (1:3
HNO/HCI) and rinsed extensively with double distilled
water before use.

Safety caution

Aqua regia is an aggressive oxidizing agent; it should be
handled with care.
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Synthesis of 4,4 -dicarboxy-2,2-bipyridine (DcbpyH,)

This compound has been prepared following literature
procedure [30] and purity has been checked by *HNMR.
[*H-NMR, 400MHz, DMSO-dg, 8]: 7.90 (dd, J=4.8 Hz and
2H, 1.6Hz, HS, H5”), 8.83(s, 2H, H3, H3”) 8.90(m, 2H, H6,
H6").

Synthesis  of
(DcbpyNay)

disodium-4,4 -dicarboxy-2,2 -bipyridyl

A solution of NaOH (25% wi/v in water, 2 mL) was added
to dcbpyH, (0.104g, 4.25mmol) until the solid was
dissolved completely, at this condition the solution pH was
adjusted from 3 to 9. Acetone (70 ml) was added to
precipitate out the title compound as white crystalline solid
(0.129g, 99%).

Synthesis of Dcbpy-stabilized flower like silver particles -
(Dchpy-Ag particles)

Aqueous solution of AgNO; (1 mM, 25 ml) was
ultrasonically pretreated for 5 minutes to ensure the
complete solubility, and heated over an oil bath at 80 °C
with constant vigorous stirring. At this temperature
disodium salt of dcbpy (0.5% wi/v, 5ml water) was added
dropwise quickly with vigorous stirring. A pale yellow
color appeared after 5 minutes, the solution was allowed to
stir for another 10 min. which resulted in the intense yellow
colour Ag microsized particle formation. The solution were
cooled down to room temperature naturally and stored
under dark for further analysis at room temperature.

Transition metal ion-induced anisotropic architectures of
Ag-nanoparticles

For silver anisotropic structures, about 1 ml (0.01 M) of
metal nitrate solutions, M(NOj3),'6H,0 (M = Co, Ni, Zn) or
Cu(NO3),-3H,0 were added into 2 ml of dcbpy-Ag
particles solution at room temperature and allowing for 24
hr. During this time, dark brown, brown, yellow, and
yellowish brown precipitate were observed for Co*, Ni?,
Cu®", and Zn*" respectively.

Characterization

Scanning electron microscopy: The samples for SEM
analysis were first centrifuged and washed with ethanol
thrice and then redispersed in ethanol. 20 pl of sample
solution was deposited on the cleaned microscopic glass
slide under dark by drop casting method and the substrates
were allowed to get dry at room temperature. The samples
surface morphologies and size were characterized by
scanning electron microscopy (Oxford Instrument, EVO/
MA 15 ZEISS SEM) operated at accelerated electron beam
energy 20.0 kV under vacuum (10 torr) and secondary
electron images were recorded.

UV-visible spectroscopy: Each samples after washed
with ethanol, redispersed in 3 ml of ethanol and utilised to
record UV-visible spectroscopy. This procedure is followed
for all nanostructures to obtain respective UV-Vis spectra
of anisotropic silver particles.
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Fig. 1.(a) UV-Vis spectra of silver nitrate solution (i), 4,4’-dicarboxy -
2,2’-bipyridine  solution (i), 4,4 -dicarboxy-2,2’-bipyridine-silver
particles (Dcbpy-Ag particles) (iii), after washing with hexane (iv), and
(b) UV-Vis spectra of silver particles after reaction with Zn?*(i), Co?*(ii),
NiZ*(iii), Cu?*(iv), and blank dcbpy-Ag particles (v) respectively.

Results and discussion

Dcbpy-capped Ag Particles formation was followed by
recording UV-Visible spectra of the resulting colloidal
solution, which showed surface plasmon band at 415 nm
(Fig. 1a). This value is well corroborated with literature
value for surface plasmon of silver particle [11]. It could be
noted that, there are different kind of binding modes are
available for dcbpy [31]. Out of all modes, the possible
mode of chemisorption of dcbpy on Ag particle surface is
shown in Scheme 1.
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Scheme 1. Representation of various possible binding sites and
orientation of 4,4’-dicarboxy-2,2’-bipyridine over Ag particles surface.
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The dcbpy-Ag particles were washed with hexane,
which resulted in the enhancement of absorbance without
changing the stability (i.e. no aggregation, no red or blue
shift in the UV-Vis region) of dcbpy-Ag particles (Fig. 1a).
During this process, about 1 ml of dcbpy-Ag particles was
taken and kept along with hexane. The slow distribution of
dcbpy-Ag particles into nonpolar hexane was noticed after
long waiting time at room temperature. This confirms the
possible orientation of dcbpy on Ag surface would be as in
Scheme (I, 1I), but these configurations must be less
populated.

After purification, dcbpy-Ag particles (2 ml) were
reacted with 0.01 M aqueous solution (1 ml) of a series of
representative transition metal nitrate salt of Co, Ni, Cu and
Zn. The changes in homogeneous dcbpy-Ag particles were
noticed visually after addition of metal nitrates and
chemical changes (shape transformation) were monitored
through recording UV-Vis spectra (Fig. 1b). These changes
were analyzed based on the nature of metal ions, and dcbpy
ligand orientation on Ag particles surface.

The anisotropic morphology growth mechanisms were
studied to understand the crystal formations through shape
transformation in  nanocrystal synthesis [32]. The
attachment of ions/molecules to a primary dcbpy-Ag
particle forming an anisotropic crystal, such crystallization
can proceeds along nanoparticle based reaction channels
[33]. For Ag, the final shapes of anisotropic crystals were
determined primarily by the internal structure of the
corresponding seed and the facets exposed on it [34].

Nucleation and growth of microarchitectures

We hypothesized the possible nucleation and growth for the
formation of flower like silver morphology. In this reaction,
initially, the univalent Ag® ions start to nucleate by the
reduction over carboxylate group on dcbpy molecules.
Thus formed Ag® nuclei act as nucleation center for the
further growth via seed formation and further reduction of
unreduced Ag” in the solution resulted in the formation of
anisotropic flower like Ag structure.

Fig. 2. Optical image of shape transformations of dchpy-Ag particles in
the presence of metal nitrates (Co?*, Ni?*, Cu?*, Zn?') in agueous
medium and dcbpy-Ag particles. The flower like Ag structure has the size
of 20 um with petal in nanometer scale which was surrounded by fibrous
networks at the bottom. Thus formed structures are expected to from an
intermolecular interaction between dcbpy ring N-atom and Ag particles
protected by other dcbpy molecules forming a network which are
connected to the bottom of the flower like structures (Fig. 3).

While adding dcbpy solution in silver nitrate solution
drop wise, initially lower concentration of dcbpy and higher
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Ag" ions present in reaction (Fig. 2). So, carboxylate group
may be engaged on both sides of the dcbpy in the
beginning. But after continuous addition of dchpy provides
enough carboxylate to reduce remaining Ag*, makes them
water miscible. In growth stage, the interaction between N-
atom of dcbpy ring with Ag particles would make fibrous
network around flower like morphology (Fig. 3). Unless
mentioned interaction, the flower like Ag morphology
formation was in question. The interaction between N-atom
and Ag particles were predominant, because during
synthesis enough amount of dcbpy was used.

2 um ENT = 2000V Sagral A« SE1 ZEITS
WO+ 130mm Mags 218X AGNP

Fig. 3. SEM images of dcbpy-capped Ag particles structure at higher
magnification (single dcbpy-Ag particle) and collection of dchpy-Ag
flower like particles. Higher magnification clearly showed the presence of
fibrous network at the bottom of every flower like structure.

Ag particle morphologies in the presence of metal nitrates

The chemical growth of micro- or nanometer-sized
materials inevitably involves the process of precipitation of
a solid phase from solution [35]. The addition of an excess
of metal nitrates (Co?", Ni?*, Cu**, Zn?") in stable colloidal
dispersion of dcbpy-Ag particles would result in
precipitation and formation of an anisotropic structures.
Thus, in the case of various anisotropic structure
formations, to induce precipitation, the solution was made
supersaturated by adding 10 times more concentrated metal
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nitrate solutions (0.01M) to homogeneous dcbpy-Ag
particles. This precipitation process consist of particle
growth through selective metal ion induced self-assembly
process [36]. The addition of aqueous solution of Co* to
dcbpy-Ag particles lead to the formation of rectangular cum
dumbbell structures. Many changes were noticed after
addition of Co*, complete dismantles of the former
structure of Ag particles (flower like structure), the
formation of renewed structure followed by disappearance
of nest fibrous networks around flower like morphology
were noticed (Fig. 3).This shape/morphology transfer
process informs that the flower like morphology composed
completely with ionic interactions and these interactions
were get disturbed by the addition of Co" ions. This shape
transformation process was observed not only with Co?* but
commonly noticed with all three metal nitrates (Ni%*, Cu?",
Zn?") in dcbpy-Ag particles.

Sgrel A SE

10 um s-t'-.*:oéw
l Vags 30X AGNP

WO+ 3 0mm

J

Fig. 4. SEM images of Co?" added dcbpy-Ag particles, at different
magnifications.

Addition of Co? solution to the as-prepared Ag-particle
solution brought a great change to the morphology of the

parent particles. Images in Fig.4 show the absence of
fibrous network and formation of rectangular cum dumbbell
structures due to the addition of Co®* ions. By the addition
of Ni?* solution, symmetric flower like structure of dcbpy-
Ag particles were sliced into cubic shape with rough
surface, approximately 2-3 pum in size (Fig. 5). The most
common shape formation by nickel was cubic [37].

Fig. 5. SEM images of nickel nitrate added dcbpy-Ag particles, at two
different magnifications. Closer look of Ni?*-dcbpy-Ag particles showed
cubic structures and its shape uniformity showed in lower magnification
image.

The addition of Cu® in dcbpy-Ag particles creates
hexagonal whisker like structures and having average
diameter about 1.5 pm, and this showed enhanced optical
property out of all remaining structures (UV-Vis spectra,
(Fig. 1b)). The hexagonal whisker like morphology
formation through replacement of nitrate in an octahedral
coordination site of Cu?* in an aqueous medium with nitrate
counterpart in axial and remaining position through
carboxylate group was possible [38, 39]. Such crystals
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include twin defects and stacking faults, which provide a
break to cubic symmetry naturally [40].

Fig. 6. SEM images of hexagonal whisker morphology observed with
Cu?*-dcbpy-Ag particles at different magnifications.

Adv. Mat. Lett. 2013, 4(4), 252-260

Fig. 7. SEM images of dcbpy-Ag particles, with Zn®" at different
magnifications, rectangular bars (a, b, ¢ and d) with dendrite
morphologies (e and f). Both anisotropic structures were found to be
rough morphology which may act as platform for surface catalysis.

Among the fcc metals, Ag have the lowest energy
barriers for incorporating stacking faults and planar defects
introduced self-propagating ledges which can act as active
sites for crystal growth [41]. When a simple planar defect
was involved, hexagonal plates can form in an initial stage
of growth due to six-fold symmetry of an fcc lattice [42].
The interaction of Zn®* with dcbpy-Ag particles forms
dendrites morphology along with rectangular bar structures.
The SEM images of the Zn®* ion added dcbpy-Ag particles
are shown in Fig. 6. Introduction of Zn?* induces dendrite
structure formation in dcbpy-Ag particles [43].

The overall length of dendrite was about 200 um and
the bars were distributed in two size ranges about 45 um

ADVANCED MATERIALS Letters

and 80 um, respectively. The morphology of bar structure
was found to be rough [Fig. 7d]. Two distinct structures
were created by Zn?* system, and behave analogous with
dcbpy-Ag-Ni** optically (UV-Vis spectra, Fig. 1b). The
fusion of cubic structure was observed, which produce
rectangular bars. This unique rectangular bar morphology
correlated with the process of sharing of common facets to
minimize surface energy favors cubes to rod morphology
[Fig. 7]. Even though the exact mechanism of formation of
dendrites by divalent zinc along with Ag is not understood
clearly [43].

Table 1. The added transition metal ions and corresponding
morphologies. [Reaction conditions: 1 ml of M(NOgz),'6H20 (M = Co, Ni,
Zn) addition into 2 ml of dcbpy-Ag particles solution at room temperature
and standing for 24 h].

Transition metal ion Shape selectivity

Co™ Rectangular cum dumbbell
iz Cubes

cu® Hexagonal whiskers

7n2 Dendrites with rectangular bars

In all cases, the larger anisotropic structures were
formed at the expense of Ag flower like anisotropic
structure. Thus, the dcbpy-Ag particles (petal width about
0.3 um) act as a precursor/template for different structure
formations in the presence of metal ions. Dcbpy-Ag
particles symmetry was entirely vanished in each case and
produced different unique metal selective morphologies
(see Table 1.). Hence, the use of a capping agent directs the
shape of a crystal in thermodynamic point with respect to
the metal system. It makes some facets thermodynamically
more favorable by reducing their interfacial free energies
through chemisorptions on the exposed facets of the metal
surface [40]. Apart from, a number of spectroscopic
techniques (XPS, EDXS, FTIR) used to confirm the
presence of a capping layer, the exact orientation of the
surface capping agent on the surface of crystals is not clear
[44].

The structural transformations were analyzed by
anisotropic structure growth mechanisms which are more
applicable for crystalline materials growth in aqueous
media viz.,, Ostwald Ripening (OR) and Oriented
Attachment (OA) growth mechanism. In both OR and OA,
the crystal growth were involved at the expense of small
sized particles through diffusion-controlled process. These
mechanisms were suitable for aqueous media based
anisotropic structure growth where particles can move
freely [45]. Moreover, the role of the oriented attachment in
the formation of natural twins, although more likely to
occur in environments where crystals were free of moving
and interacting, which was not explainable by a nucleation
stage also possible [46].

In general conditions, both [OR + OA] mechanisms
favorable along with phase and structure transformations
[47]. The charge distribution on dcbpy after binding on Ag
surface and charge induced selective metal ion binding
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matters in each anisotropic structure formation. The
selective surface adsorption of metal ions at enough metal
concentration slower OR growth rate [48]. This eliminates
the possibility of OR mechanism in this study. This makes
unclear boundaries to study the crystal growth process. By
considering all processes, the metal ion induced anisotropic
structure formation followed OA mechanism with defects.
If crystal growth follows only OA, it should produce
defect-free single crystals with uniform distribution [49],
but not found without any defect. Nickel system alone gave
cubic structure without any other morphology (Fig. 5).

The emerging oriented attachment process observed
under near natural crystallization conditions and
spontaneous self-organization of nanoparticles could shed
new light on understanding of the detailed interaction
mechanism between inorganic nanoparticles and their
subsequent higher order self-assembly mechanism [50].To
make clear the mechanism for this type of anisotropic
structure growth studies, more extensive work have to be
done with advancement of theories with clear boundaries,
which can give distinguishable key factors for their growth
out of OA and OR theories.

This method has salient features as follows: a) Template
free synthesis of silver flower like structure through simple
reduction process in water, b) Usage of aqueous medium
instead of organic solvents for anisotropic morphologies
formation, c) Instead of using Polyvinylpyrolidone (PVP),
n-Cetyltrimethylammonium bromide (CTAB), etc., a
coordinating rich moiety, 4,4’-dicarboxy-2,2’-bipyridyl
utilized for first time for silver flower like anisotropic
structure synthesis, d) The flower petals of silver structure
was tuned into various anisotropic structures with unique
structural features with respect to each transition metal ion,
e) Transition metal ion induced self-assembly of different
anisotropic structures were observed, f) Environmentally
benign approach, no toxic chemicals involved throughout
anisotropic  structure  formation.  These  selective
morphologies are expected to find applications in SERS
and shape selective metal sensor, catalysis, magnetism
studies and minerals formation in nature with specific metal
selective binding studies.

Conclusion

We have synthesized dcbpy-Ag particles using a
coordination rich 4,4’-dicarboxy-2,2’-bipyridyl as a surface
capping agent. Its optical and structural behaviors were
analyzed and discussed. Dcbpy-Ag particles unique
symmetrical flower like morphology formation was proved
via nucleation and growth mechanism. The change in
optical properties in dcbpy-Ag particles, after addition of
metal nitrates were discussed and morphological changes
were monitored via SEM. Dcbpy-Ag particles showed
better optical property in the presence of Cu®" is key factor
to design novel material for electronics. The SEM images
clearly showed that the formation of various anisotropic
structures induced by the transition metal ions. The metal
ions induced self-assembly of anisotropic structures of
dcbpy-Ag particles were studied by compiling crystal
growth mechanisms (OR and OA mechanism). Each theory
has its certain limits on morphology formation discussions.
By comparing these theories, we believe that the presence
of defects and high surface energy minimization factors
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may play the main role in the anisotropic structures growth.
For complete understanding of such growth in solution
phase, detailed theories with experimental advancements
are yet to explore.
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