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Ruthenium functionalized silver nanocomposites (Ag NCs) and hybrid nanotubes (HNTSs) were prepared
in a one-pot process using tris(4,4’-dicarboxy-2,2’- bipyridyl)ruthenium(Il)- sensitizer as reducing and
molecular capping reagent involving Ag nitrate as metal precursor. Ag NCs and HNTs were architectured
10 with unique structural features by tuning Ag nitrate concentration while keeping other parameters
constant such as temperature, time, and solvent of the reaction by exploiting bottom-up approach. The
newly synthesized hybrid materials were well characterized by various electron microscopic methods
such as transmission electron microscopy (TEM) and scanning electron microscopy (SEM) and powder
X-ray diffraction (PXRD) studies. TEM and SEM studies revealed the morphological features of Ag NCs
15 and HNTs. PXRD study showed the crystallinity of Ag NPs having (111) crystal plane on HNTs. Optical
properties have been studied through UV-vis, fluorescence and Raman spectroscopy and showed the
formation of Ag NPs decorated hybrid nanostructures with fluorescent properties and enhanced Raman
scattering properties. The presence of morphological diversity in Ag nanohybrids formation studied in
detail by comparing structural features of capping molecules, Ru (II)-sensitizer and trisodium citrate.

1. Introduction sodium borohydride' or ethylene glycol as a medium.”’
Alternatively, the reduction of metal precursor also performed on

so a carbon nanotube surface electrochemically by allowing current
through an aqueous metal salt solution with carbon nanotubes as
one of the electrode.”’ In order to achieve noble metal
nanoparticles decorated HNTs with enhanced properties, the rich
coordination nature of metal ions along with multi-chelating

ss ligands play a major role and provide versatility from both the
structural as well as functional aspects.”® In order to mimic
nanotubular structure, the molecular structure of the complexes
utilized during the synthetic process dictates the structure and
shape of resulting hybrid nanomaterials.?*
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One dimensional (1-D) inorganic hybrid nanostructures tailored
with desirable shape and structure is of great interest in the field
of nanoelectronics,' nanobioelectronics,” energy storage and
conversion,® photocatalytic,* and SERS processes.” Among the
abundant inorganic nanotube chemistry evolved in the past
decade, the incorporation of one-dimensional nanostructures
along with zero dimensional nanoparticles into hybrid structures
have received much attention in recent years.”” These
nanoparticle-loaded HNTs often possess extraordinary structural,
electrochemical, electromagnetic, and other properties that are not
available to the respective components alone.® o
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Decomposing metal salts thermally (i.e., pyrolysis) have been

Several nanoparticles, prepared from variety of materials followed' repeatedly for t121§27preparati0n of metal-containing
including metals, semi’conductors and polymers, act as suitable nanopartlcle:‘s and nanorods. Of course, to achlg Ve nanometer
building blocks for complex nanoscaled material architectures.’ ' scaled particles, the meta.l preeursor dep omposttion “"‘fmauzyg
Their dimensions, typically several nm to hundred nm, provide P erfqrmed ata slower heating rate and/or in a SOlVCI'lt' medlum.

unique flexibility in the synthesis of hybrid nanomaterials with « Studies on the direct metal precursor decomposition in the

. 2031 :
desirable morphologies. Examples include controlled aggregation presence 323£ nanosized sgbstrates 1nplud1ng . carbon
in solution,' as well as binding to templates such as macro- nanotubes for the preparation of nanohybrid materials have

molecules," and to solid substrates of planar'® or curved'® bqen qu@te less explpred. In Chen et al. report, aluminium oxide
geometries. For example, Lahav et al. used amine functionalized Wl.ﬂ.l an inner pore diameter of 0.0 pm.and height of 60 um were
monolayer on nanoporous alumina as a structure directing utilized as a temp late for the p reparation of Ru-Pt-cor}eg/Naﬁon-
template to form gold nanoparticle nanotubes.”” sheath composite nanotubes'by a dip-and-dry process.” Park et
al. reported silver nanoparticles (Ag NPs) decorated poly(3,4-
The first study on a metal nanoparticle decorated carbon ethylenedioxythiophene) (PEDOT) nanotubes via vapour
nanotubes reported by Planeix et al. using hydrogen as reducin deposition polymerization (VDP) methodology.”’
agent for an organic ruthenium salt in the presence of SWCNTs.'
Since, such a carbon nanotube incorporated hybrid material
synthetic process involves the reduction of metal precursor using
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75 We have been working on design, synthesis and characterization
of functionalized monolayer materials.®** In the present study,
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we synthesized Ag NPs decorated hybrid nanotubes (HNTSs) as
one-dimensional inorganic hybrids by simply refluxing Ag nitrate
with Ru(Il)-sensitizer. Here, Ag NPs used as building blocks and
Ru(Il)-sensitizer as three-dimensionally connecting molecular
unit to form various Ru(Il)-Ag hybrid nanostructures. HNTSs
formation process performed by excluding structure directing
templates like nanoporous alumina® or carbon nanotube with
anionic functionalities.** Compared to most of the synthetic
strategies adopted so far,* this is simple method involving, “mix-
and-reflux” in the presence of mixture of solvents. In addition,
this study covers the effect of Ag nitrate concentration over
molecular-assembly, Ag loading levels in hybrid nanostructures,
role of capping agents used, optical properties performed and
evaluated to interpret the synthetic mechanism.

2. Materials and methods

4,4’-Dimethyl-2,2’-bipyridine (99.5%), and RuCl;.3H,0 were
purchased from Sigma-Aldrich. AgNO; (99+%) and trisodium
citrate dihydrate (99%) were purchased from Alfa Aesar,
Massachusetts, USA. Acetonitrile (HPLC grade) was purchased
from Rankem, India, while absolute ethanol (99.9%) was
received from J. H. Inter. trade co. Ltd, China. All chemicals of
highest purity were used as such. All aqueous solutions were
prepared using double distilled water unless otherwise specified.
All glasswares treated with acid and cleaned with ample amount
of double distilled water prior to use.

2.1 Measurements

The morphologies of materials analysed and its elemental
composition ?erformed using transmission electron microscopy
(TECNAI G~ T30) working at 300 kV accelerating voltage
coupled with EDS facility. Additionally, scanning electron
microscopy (SEM) images captured using EVO/ MA 15 ZEISS
instrument operating at 20.0 kV accelerating voltage. In the
sample preparation, nanomaterials diluted in ethanol were cast
onto a copper grid/microscopic cover glass for electron
microscopic studies. The powder X-ray diffraction pattern was
recorded using Rigaku Miniflex diffractometer employing Cu-
K(o) radiation. The electronic absorption spectra were recorded
using a Jasco V-670 spectrophotometer at room temperature. The
electronic emission spectra were recorded on a Varian Cary
Eclipse Fluorescence Spectrophotometer at room temperature.
The Raman spectra of Ag nanocomposite particles and HNTs on
microscopic cover glass were recorded using a Renishaw invia
Raman spectrometer using laser of 785 nm from HPNIR diode
laser source. In all Raman spectra measurements, spectral
resolutions (with a grating of 1200 lines/mm) of 1 cm™ have been
achieved. The signals were collected (10 s) in a backscattering
geometry and guided to an air-cooled charge-coupled device
(CCD) detector. The Ru(II)-Ag nanostructures with various ratios
were separated by centrifugation and washed repeatedly with the
solvent mixture (ACN: EtOH: H,O, 3:1:1 v/v). The resulting
material dispersed in 5 ml solvent mixture for optical studies.

2.2 Sample preparation for Raman scattering studies

About 1 ml of Ru(IT)-Ag nanostructure solutions were dropped
on cleaned microscopic cover glass and allowed to dry at room
temperature in dark. Thus obtained dry thin films utilized to
characterize SERS performance of Ru(II)-Ag NCs and HNTs.

2.3 Fluorescence spectroscopy sample preparation

In each case, 250 pl of Ru(Il)-Ag nanostructure solutions were
dispersed in 10 ml of the solvent mixture (ACN: EtOH: H,O,
3:1:1 v/v) and fluorescence performance were measured by
exciting the sample at 460 nm.
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2.4 UV-Vis spectroscopy

The electronic absorption spectra of Ru(Il)-Ag nanostructures
obtained by dispersing 250 pl of each sample in 3ml of the
solvent mixture (ACN: EtOH: H,O, 3:1:1 v/v) and recorded in
the range of 200-800 nm.

2.5 Preparation of citrate stabilized Ag NPs

Literature procedure followed for the synthesis of colloidal citrate
stabilized Ag NPs as mentioned in previous work.*®

2.6 Preparation of Ag NPs decorated hybrid nanotubes
(HNTSs)

4,4’-Dicarboxy-2,2’-bipyridine, =~ Ru(H,dcbpy);].6H,0O  were
prepared  following literature  procedure.*”” Briefly,
[Ru(H,dcbpy),(dcbpy)].6H,0 (96 pmol) was mixed with AgNO;
(using concentration from 0.1 to 0.6 mmol) in 10 ml of
ACN:EtOH:H,0 (3:1:1 v/v). The resulting mixture was
sonicated, followed by reflux over oil bath at 80°C for 24hr in
dark under nitrogen atmosphere. This procedure was followed for
all set of reactions throughout the synthesis of hybrid
nanostructures.

3. Results and discussion

The molecular structures employed to syntheses of Ag
nanostructures are, tris(4,4’-dicarboxy-2,2’-bipyridine)
ruthenium(IT)hexahydrate, trisodium citrate dihydrate molecules.

[0} OH (0]

- - Nat
0 6H,0 Na* 'O O"Na 2H,0

[0}

Na* O *

I

Fig. 1. The molecular structure of capping agents used in the

present study are, ) tris(4,4’-dicarboxy 2,2°-
bipyridine)ruthenium(Il)hexahydrate, (II) trisodium citrate
dihydrate.

Among these two molecules, the structural difference is that,
molecular rigidity with aromatic rings in Ru(Il)-sensitizer with
six carboxylate (-COOH) groups (I) and structural flexibility in
trisodium citrate molecule with three -COOH groups (II). This
contrast structural feature in two molecules play a vital role in
forming Ru(Il)-Ag hybrid nanostructures and citrate capped few
Ag nanorod with spherical nanoparticles.

The reducing and stabilizing chemistry of -COOH group over Ag
precursor is well established in many reports.* By taking the
advantage of rich coordination carboxylate chemistry, 2,2’-
bipyridine ligand functionalized with -COOH group at 4,4’-
position known for three dimensional binding ability and by
incorporating Ru(Il)-metal through N-atoms which control
number of coordination sites toward Ag" ion and enhance Ag"
ion reducing ability and thus act as a structure directing molecular
linker for Ag NPs.™

The formation of Ag NPs and hybrid nanostructures in the
presence of mixture of solvents (ACN: EtOH: H,0) are
represented in Figure 2.
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ACN:EtOH:H,0
D=
%, 80°C, Ny atm, Reflux

() =Ag NPs
Fig. 2. The general schematic representation of molecular-
assembly in presence of Ag NPs with tris(4.4’-dicarboxy-2,2"-
bipyridyl)ruthenium(IT).

Electron microscopy (TEM, SEM) studies clearly suggested the
progressive formation of hybrid nanostructures starting from Ag
NPs and also partially underwent misfolded irregular sheets for
[Ag"/Ru®] ratio = 1.04 (Figure 3A and Figure S1). The irregular
sheet became open ended regular tube shape with well-defined
morphologies for [Ag"/Ru*"] ratio = 3.1 shown in Figure 3B.

B
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Fig. 3. (A) Representative TEM micrograph of Ru(ll)-Ag
nanoparticles with [Ag"/Ru**] ratio = 1.04. (B) TEM micrograph
represents HNTs with broken open ended morphology having
diameter greater than 100 nm with [Ag”/Ru*"] ratio = 3.1.

The diameter of HNTs is formed in the range of > 2 um length,
90-110 nm wider with [Ag"/Ru*"] = 4.2 as given in Figure S3 and
Figure 4. In this reaction conditions, Ru(IT)-sensitizer and Ag
NPs are well assembled to form longer range HNTs with 4 + 2
nm sized Ag NPs. Additionally, hetero droplet Ag NPs 50 = 5 nm
in size observed and submerged on hybrid nanotube wall. Such a
large diameter nanotubes might be attractive for catalysis and
nanoelectronic circuit connectors.”'

To analyse structural chemical components of hybrid
nanostructures, nanoprobe X-ray energy dispersive spectrometry
(EDS) and selected area electron diftraction (SAED) studies were
performed which showed that, all hybrid nanostructures were
decorated with crystalline Ag NPs and were composed of Ru(Il)-
sensitizer and Ag” NPs (Figure S4- S7 and table S2). Moreover,

30 the presence of single peak at 38 with (111) crystal plane further

confirmed Ag NPs crystallinity on hybrid nanostructures as
shown by powder X-ray diffraction (PXRD) profile (Figure S9).
No peaks were seen at 44.2°, 64.3°, 77.2° for Ag’ crystal planes
(200), (220), (311) strongly suggest that Ag NPs are crystalline
with (111) plane.>

By increasing [Ag”/Ru®'] ratio from 4.2 to 5.2, HNTs change
from open ended to closed tube morphology with hetero droplet
Ag NPs at their outer surface which had length of 800 = 10 nm
and width of 100 + 10 nm (Figure 5). In [Ag"/Ru*"] ratio = 6.4,
similar effects are observed with increase in size and intensity of
hetero droplet Ag NPs over walls of HNTs (Figure 6). Ag NPs
loaded over HNTs are 15 £ 5 nm in size and HNTs having 470 +
10 nm in length, 95 + 5 nm in diameter.

s Fig. 4. (A) TEM micrograph represents the formation of long
range HNTs having length of greater than 2 um. (B) A close view
of hetero droplet Ag’ NPs in contact with the hybrid nanotube
surface.

Additionally, hetero droplet Ag NPs population high than

s0 Ag/Ru”" ratio 5.2. informs that the saturation level of Ag NPs in
molecular-assembly process and deposition over HNT walls. The
transition from Ag NCs to HNTs formation clearly evidenced by
analysing SEM micrograph for ratio Ag/Ru®" = 2.0, where HNTs
cum sheets are formed as a major product (Figure S8).

ss Fig. 5. (A) Representative TEM micrographs of hybrids surface
composed with Ag NPs obtained with [Ag"/Ru*] = 5.2. (B) A
close look of Ag NPs having size of 10 + 2 nm on HNT.

Fig. 6. (A) Representative TEM micrographs of hybrid nanotubes

o surface composed with Ag NPs obtained with [Ag"/Ru*"] = 6.4.
(B) A close look of Ag NPs having size of 1545 nm on hybrid
nanostructures.

The evolution of carbon and inorganic nanotubular morphologies
involve the assembly of many number of sheets followed by a
o folding process.”® In an initial reaction condition, misfolded
sheets with Ag NPs having irregular morphology were observed
which was not suitable to form HNTs (Figure S1). No HNTs and
sheets were observed when the reaction was performed at room
temperature by only sonication for longer period of time. But, by
70 applying heat, sub-10 nm Ag NPs were observed on the walls of
thus formed HNTs, and were achieved with longer length-to-
diameter ratio. These observation suggest that the optimal level of
Ag nitrate with suitable Ru(Il)-sensitizer concentration in the
reaction mixture is essential to achieve uniform Ag NPs loading
75 as well as length of HNTs through self-assembly process.

3.1 Effect of capping molecules
In presented work, the different nanostructures were noticed at

This journal is © The Royal Society of Chemistry [year]
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distinct applied reaction ratios. Hetero droplet Ag’ NPs on HNTs
were noticed at higher ratio of two components [Ag'/Ru*'] = 4.2,
whereas for lower ratio of the same components [Ag'/Ru*'] =
1.04, decahedron (Dh) Ag nanocomposites were observed which
are shown in Figure 4B-6B and 7A respectively. These structural
features are assigned by analysing reports for Ag
nanostructures.’® First, decahedron (Dh) shape formation were
considered as the assembly of five Ag’ single crystal tetrahedral
units sharing a common edge, which comes into contact with
neighbour units through (111) plane and the defected part keep
increase in area as decahedral seed form and then enlarge
laterally. At final stage, multiply twinned seeds were only
preferred thermodynamically at small sizes.> The study report on
Ag NPs by Ferrando et al., informed that, icosahedron shaped
particles were found to be stable at relatively small sizes,
decahedron shaped particles at medium sizes for fcc metal.®
From this comparative studies, we concluded that the presence of
-COOH groups over Ru(Il)-sensitizer and applied reaction
conditions favoured thermodynamically stabilizing (111) crystal
plane and lead to decahedron (Dh) shaped Ag NCs formation as a

product (Figure 7A).
]

Fig. 7. (A) Representative TEM micrographs obtained with
Ru(Il)-Ag decahedron nanocomposite particles observed with
[Ag"/Ru”"]= 1.04. (B) Ru(ll)-Ag HNTs obtained with length-to-
diameter ( > 100 nm in diameter) obtained with molar ratio of
[Ag/Ru*"] = 4.2. (C) Citrate capped Ag NPs with twinned
decahedron (Dh) shape. (D) Citrate capped Ag nanorod of about
80 nm in length.

In order to see the effect of -COOH functionality in the Ag
nanostructures formation, we selected two different molecules
with same -COOH functional group. In case of ruthenium
functionalized Ag NCs, it forms decahedron nanocomposites at
lower ratio ([Ag'/Ru?'] = 1.04) while hybrid nanotubes were
formed with increasing concentration of Ag nitrate. Further,
similar -COOH functionality, in case of citrate capped Ag NPs, a
nanorod structure was observed along with Ag twinned
decahedron (Dh) nanoparticles suggested that, a capping
molecule with more than one -COOH group might be able to
produce nanorod, but in case of aromatic -COOH groups on
Ru(II)-sensitizer produce nanotubular morphology (Figure 7B-D)
rather than nanorod morphology.

3.2 Optical studies of Ru(II)-Ag hybrid nanostructures

The electronic absorption spectra of resulting Ru(I)-Ag
nanostructures were confirmed the formation of Ag NPs loaded
HNTs. The surface plasmon of Ag NPs observed at 426 nm* and
MLCT of Ru(Il)-sensitizer at 480 nm.**

so nanostructure with [Ag'/Ru
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Fig. 8. (A) The electronic absorption spectra of Ru(Il)-Ag hybrid

*1=3.1, showed plasmon band of Ag
NPs at 426 nm along with MLCT band of Ru(II)-sensitizer at 480
nm. (B) The emission spectra of Ru (II)-Ag hybrid nanostructures
recorded by exciting the samples at 460 nm, where R = Ratio.

The emission spectra showed that all Ru(Il)-Ag hybrid
nanostructures highly fluorescent active in the region of 620-635
nm (Figure 8B). Optically, citrate stabilized Ag NPs showed
surface plasmon resonance band at 420 nm and its progressive Ag
nanocluster growth monitored upto 48 days and showed red shift
in UV-vis spectra shown in Figure S10.

3.3 Raman spectroscopy on Ag NPs decorated hybrid
nanostructures
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Fig. 9. The Raman scattering pattern of Ru(Il)-Ag hybrid
nanostructures at excitation of 785 nm, showing the scattering
enhancement in Ag NPs decorated hybrid nanostructures, R =
Ratio.

The optical Raman scattering properties of Ag nanostructures are
well documented phenomena.’’ In order to evaluate optical
properties of nanostructures formed in this study, we used 785
nm laser Raman excitation for scattering studies. The chemical
proximity of the Ag NPs to the nanotubes is expected to induce
the electronic transitions (charge transfer), which can be explored
in Raman spectroscopy studies.® The surface enhancement
results from the interaction of chemisorbed Ru(Il)-sensitizer
molecules with ballistic (“hot”) electrons that are generated
through plasmon excitation from Ag NPs surface and thus
enhanced Raman signal® in hybrid nanostructures shown in
Figure 9. Enhancement of Raman signals indicated that increase
of Ag NPs load on HNTs enhances scattering property of hybrid
nanostructures in the same order. This informed that nanohybrids
with different composition and size of Ag NPs might be act as
SERS probes for single molecule studies.

4. Conclusions

A novel one-pot method was reported for the preparation of Ag

ss NPs decorated HNTs using Ag nitrate as metal precursor and
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Ru(Il)-sensitizer as molecular linker without the use of any
commercial reducing agent or templates. The formation of Ag
NPs and HNTs processes observed as a result of in situ
coordination polymerization phenomena.

Thus obtained Ag NPs decorated hybrid nanostructures
characterized in detail via various instrumental techniques such as
TEM with EDS, SAED, SEM, PXRD, optical absorption and
emission spectroscopy, Raman spectroscopy. The average
nanoparticle size increased with high Ag nitrate concentration.
The molar ratio [Ag’/Ru®"] = 4.2 was proved to be excellent
combination of molecules with Ag NPs as building units in order
to achieve uniform Ag-loading in sub-10-nm size and long range
HNTs. Raman studies showed that nanohybrids are suitable
materials for optical scattering studies and single molecule
probing processes. These Ru(I[)-Ag hybrid plasmonic-
nanostructures may act as promising materials for efficient
heterogeneous photo-catalyst for energy conversion system® and
in nanoelectronics fabrication.®® These findings, in general,
indicate that the molecules with well-designed architecture,
combined with the bottom-up approach, can be effectively used
to synthesis of Ag NCs to hybrid nanostructures of up to several
micrometers long approaching > 2 um. The various metals that
can coordinate to the used molecule open up new avenue to form
novel hybrid nanostructures with fascinating properties.
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