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Abstract
                         

One of the rapidly growing fields of nanotechnology is its manipulation of laser dyes’ properties using 
nanoparticles and nanostructures due to its various applications, ranging from biomedical imaging to 
green energy. Silver nanoparticles (Ag NPs) of various concentrations and nanostructures with silver 
nanowire (Ag NW) were prepared using an electrical exploding wire technique (EEW) and was mixed 
with a fixed concentration of R6G dye. The behavior of energy transfer from the dye molecules (R6G) 
to nanomaterials (Ag NPs or plasmonic nanostructures) was examined using fluorescence spectra. The 
experimental results showed that the fluorescence intensity quenched with increasing concentration 
and density number of Ag NPs. The distance between the dye molecules and the nanostructures was 
studied, which was found to decrease as the concentration and density number of Ag NPs increased 
in the mixture. The energy transfer efficiency of nanostructures was compared. It was obtained that 
nanostructure (Ag NW@PDA@Ag NPs) achieved the best energy transfer efficiency of 85%. Our 
results indicated that this nanostructure could sense a distance around the metal nanoparticles (≈ 27.2 
nm); thus the nanoparticle-based surface energy transfer (NSET) mechanism is dominated rather 
than Förster resonance energy transfer (FRET) mechanism. This process is affected by concentration 
increasing of Ag NPs and coated morphology of Ag NWs by polydopamine (PDA) layer decorated by 
Ag NPs. The findings can be utilized in the large field of bio diagnostics and biochemistry. Regardless 
of bio-applications, the quenching mechanisms and rates are also of interest for SERS, (dye-sensitized) 
solar cells or nanooptics. However, we see the best potential in bio-sensing by managing the 
quenching rate by adjusting the shape or the concentration of nanostructures.

Keywords: Fluorescence quenching, Plasmonic nanostructures, Nanoparticles, Rhodamine 6G (R6G) 
dye, Density number of Ag NPs, Energy transfer efficiency

Introduction

Nanoparticles can be synthesized using electro-
exploding wire (EEW) technique, while surrounded 
by a non-flammable liquid medium such as deionized 
water. The particles evaporated during the explosion 
will condense into the liquid more efficiently than 

surrounding air. Properties of nanoparticles created by 
EEW rely upon numerous parameters, which include 
wires’ material and diameter, features of the electrical 
circuit and the surrounding medium [1, 2].

The fluorescence characteristics of organic dye 
molecules are highly impacted if these molecules are 
placed on the surface of noble metallic nanoparticles, 
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such as silver and gold nanoparticles (Ag NPs and 
Au NPs) [3]. So, the effect of metallic nanoparticles 
on organic dye molecules has taken a wide field of 
research in the field of materials science, random 
laser, imaging and mapping applications and chemical 
or biomedical applications [4-7]. These applications 
are most likely a direct result of the unique surface 
properties of Ag NPs including surface-enabled 
molecular interactions and chemical reactions [8, 9]. 
Such interactions can result in biological consequences 
such as the detection of various toxins [10, 11], and 
antimicrobial activities [12, 13]. Two widely studied 
surface phenomena of Ag NPs are Surface Enhanced 
Raman Scattering (SERS) [14, 15], and protein corona 
formation [16, 17]. Therefore, it is very important to 
understand the surface interactions of Ag NPs with 
small organic molecules [18, 19].  By enhancement 
of fluorescence spectra, better sensitivity and a high 
signal to noise ratio can be obtained in the molecular 
sensing/imaging, while quenching of the fluorescence 
spectra can be used for negative sensing [20-22]. 
There are three essential mechanisms that determine 
the fluorescence characteristics in the presence of 
nanoparticles: electron transfer, Förster resonance 
energy transfer (FRET) and nanoparticles-based 
surface energy transfer (NSET). All of them have been 
widely studied and they are all dependent upon the 
distance. The effective distance in FRET mechanism 
is mainly limited to a maximum of 10 nm [23-25]. 
NSET mechanism dominates at average distances up 
to about 30 nm [26]. The electron transfer mechanism 
takes place only when the distance between the NP 
surface and the dye molecules is shorter than 1.5 nm 
[27]. Generally, in the mixtures of dye, the acceptor 
and the donor are deemed as point dipoles, and the 
resonance energy transfer between them is clarified 
in terms of the Forster Resonance Energy Transfer 
(FRET) mechanism. However, some of the latest 
studies indicates that the Nanoparticles Surfaces 
Energy Transfer (NSET) is more convenient to clarify 
the transfer of energy between the dye molecule 
and metallic nanoparticle [23, 28, 29]. Both these 
mechanisms can serve as a spectroscopic ruler 
about the nanoparticles and can take a look at the 
surrounding or the dielectric environment about the 
nanomaterial in a dye–nanomaterial mixture. The 
FRET mechanism in dye-NPs systems operates at a 
distance of less than 10 nm (Forster’s radius, R0 ≈ 6 
nm), while the NSET mechanism can sense a higher 
distance about the metallic NPs (~22 nm). In NSET 

mechanism, the nanoparticle-fluorophore interaction 
is considered as the interaction between a dipole and a 
nanoparticle surface compared with the dipole-dipole 
interaction in FRET. The influence of interaction 
depends on different factors such as the shape and size 
of the nanoparticles, the relative orientation of dipole 
moments and overlap of the plasmon band of the 
nanoparticles with the emission and absorption bands 
of the dye [30-32]. 

The studies implemented using dye-Ag NPs mixture 
showed quenching as well as the enhancement of 
intrinsic photoluminescence (PL) of the dye molecules, 
depending on the type of test and the distance between 
the NPs and the dye molecules [33, 34]. As reported 
in previous study at shorter distances, the fluorescence 
quenching dominates over enhancement due to the 
mechanism of the efficient nonradiative energy 
transfer among the dye molecules and the metallic 
nanoparticles [35].

The novelty of this work is that have been 
fabricated nanostructures in a fast, simple, low-
cost and environmentally friendly technique without 
chemical additives. As well as know the mechanisms 
adopted for energy transfer among dye molecules and 
nanoparticles or nanostructures prepared with EEW 
technique. Likewise, knowing the AgNW@PDA@
AgNPs nanostructures that achieve the best energy 
transfer efficiency, for later use as biological and 
chemical sensors and for food security applications 
[36].

Experimental
Materials and characterization instruments

The Rhodamine  6G (R6G)  (C 28H 31N 2O 3Cl , 
molecular weight 479.02 g/Mol) was purchased from 
EXCITON CHEMICAL CO. INC. The silver bullion 
was purchased from the Central Bank of Iraq by a 
jeweller. Ag NWs were purchased from XFNANO 
with an average diameter of 90 nm and length of 
1micron (500 mg dissolved in 25 mL water), where the 
concentration was ≈ 0.2 M. Dopamine hydrochloride, 
tris-base (≥ 99.9%) was purchased from Sigma-
Aldrich. The R6G dye solution was prepared by 
gravimetric method, where the prepared concentrations 
of R6G dye were from 1 × 10−1 to 1 × 10-6 M. From 
silver bullion, a wire of 0.3 mm diameter and the plate 
of 3 cm × 2 cm × 3 mm dimensions were used as 
electrodes in an electrical exploding wire technique. 
The details of internal nanostructures features were 
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examined by X-ray diffraction (XRD), where a few 
drops from aqueous colloid of Ag NPs, Ag NWs, 
AgNW@AgNPs, AgNW@PDA and AgNW@PDA@
AgNPs nanostructures were dried on glass substrate, 
and X-ray diffraction (XRD) data were taken in 
the range of 10-90 2θ degree. The XRD pattern 
was performed with XRD 6000 Shimadzu. X-ray 
diffractometer using a Radiation: CuKα1 λ: 1.5406 Å. 
The morphologies of the Ag NWs and AgNW@AgNPs 
nanostructure were characterized with a field-emission 
scanning electron microscope (FE-SEM). Analysis 
was performed on samples deposited onto a rinsed 
silicon wafer and dried under ambient conditions. The 
particle size and morphologies of Ag NPs, AgNW@
PDA, and AgNW@PDA@AgNPs nanostructures 
were further characterized by scanning transmission 
electron microscopy (STEM) and performed using 
FESEM, STEM Nova NanoSEM 450 with accelerating 
voltage of 1000 kV. The concentration of prepared 
Ag NPs by EEW technique was measured using 
AA-7000 Atomic Absorption Spectrophotometer 
Shimadzu. The absorption spectra of the prepared 
nanostructures at a different concentration before 
and after mixing them with the R6G were measured 
in the wavelength range of 300-800 nm at room 
temperature for all samples using Shimadzu-1800 UV-
Vis double beam spectrophotometer. Fluorescence 
spectra of the prepared samples were recorded using 
Spectro-fluorophotometer (Shimadzu RF-5301 PC). 
Fluorescence spectra of the R6G dye were measured 
before and after mixing it with varied concentrations of 
the plasmonic nanostructures. 

Preparation of Ag NPs by EEW technique

The role and mechanism of EEW to generate Ag 
NPs: 30 mL of deionized water was placed in a shock 
wave resistant container with a magnetic stirring for 
all time of preparation at room temperature as shown 

in Fig. 1. Preparation of Ag NPs was achieved by 
exploding a high purity Ag wire (0.3 mm in diameter) 
against Ag plate that was held in 82.2 V respect to the 
wire and 100 A steady current to getting the Ag NPs. 
The electric exploding of wire was done when the wire 
is connected to the plate mechanically. So, the weight 
of the Ag NPs prepared is 30 mL at a concentration of 2 
× 10-4 M. It was diluted to obtain other concentrations.

Preparation of AgNW@AgNPs nanostructures

The role and mechanism of EEW to generate Ag 
NPs, and simultaneously decorate them on the surface 
of Ag NWs: To prepare the Ag NWs decorated by Ag 
NPs, 1.25 mL of aqueous colloid of the Ag NWs (0.2 M) 
was dispersed by 30 mL of deionized water. Magnetic 
stir has been used of aqueous colloid of the Ag NWs 
for 30 min at room temperature, and then ultra-
sonicated for 15 min for obtaining a homogeneous 
aqueous colloid and ensuring complete dispersion. 
The final aqueous colloid of Ag NWs were placed in 
resistant container of the shock wave with a magnetic 
stirring for all time of preparation at room temperature 
as shown in Fig. 1. Preparation of Ag NPs decorated 
Ag NWs was achieved by exploding a high purity Ag 
wire (0.3 mm in diameter) against Ag plate that was 
held in 82.2 V respect to the Ag wire and 100 A steady 
current to getting the AgNW@AgNPs nanostructures 
(e.g. Metal-metal nanostructures). When the explosion 
occurs, the Ag NPs will be generated and move at 
a high speed (hypersonic) forming a shock wave 
within the surrounding colloid (Ag NWs). These high-
speed moving nanoparticles will collide with the 
surrounding colloid and stick tightly to its surface to 
form plasmonic nanostructures AgNW@AgNPs. As 
a result of the explosion of the silver wire inside the 
surrounding colloid, Ag NWs were decorated with 
Ag NPs to form metal-metal nanostructures AgNW@
AgNPs. In this method, the number of Ag NPs that 

Magnetic stirrer

AgNWs or AgNW@PDA
colloidal

Ag wire to
be exploded

Plasma

Wire holder

30 mL
Connecting wire

Push button

Diodes

High current
power supplyAg plate

Fig. 1  Experimental set-up for fabricating Ag NPs, AgNW@AgNPs and AgNW@PDA@AgNPs nanostructures.
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has been decorated on the surface of Ag NWs was 
dependent on the number of explosions, and also the 
distribution of them on the surface of Ag NWs was 
random. The @ symbol represents the adhesion of Ag 
NPs to the surface of Ag NWs. A number of explosions 
(5, 10, 15 and 20) were generated to get three different 
samples of the plasmonic nanostru`ctures AgNW@
AgNPs have different number of Ag NPs on the 
surface. The resulting nanostructures were collected by 
centrifugation for separating the fabricated plasmonic 
nanostructures AgNW@AgNPs from Ag NWs and 
free Ag NPs that did not decorate on the surface of Ag 
NWs.

Preparation of the AgNW@PDA@AgNPs 
nanostructures

The role and mechanism of EEW to generate Ag 
NPs, and simultaneously decorate them on the surface 
of silver nanowires coated with polydopamine layer 
(AgNW@PDA): In this part of the preparation there 
were two parts of the work (firstly coating Ag NWs 
and secondly decorating it after coating). In coating 
Ag NWs, 1.25 mL of aqueous colloid of the Ag NWs 
(0.2 M) was dispersed in 30 mL of deionized water 
with magnetic stirring for 30 min at room temperature 
and then ultra-sonicated for 15 min for the purpose 
of ensuring complete dispersion. Then 0.05 g of 
dopamine hydrochloride powder were added into the 
aqueous colloid of the Ag NWs. The PH of the final 
reaction solution was adjusted to 8.5 by adding Tris-
HCl buffer solution with a gently stirring speed at 
room temperature for 24 h. After the color of aqueous 
colloid is starting to become brown, that mean the 
polydopamine has been coated the Ag NWs. After 
centrifuging of solution at 4000 rpm and washing with 
deionized water several times, the AgNWs@PDA were 
obtained and stored in deionized water to be used at 
another time. 

In decorating AgNWs@PDA, the PDA-coated 
Ag NWs were dispersed in 30 mL deionized water 
with ultrasonicating. The final aqueous colloid of the 
AgNWs@PDA was placed in resistant container of 
the shock wave with a magnetic stirring for all time 
of preparation at room temperature as shown in Fig. 
1. Preparation Ag NPs decorated AgNWs@PDA was 
achieved by exploding a high purity Ag wire (0.3 
mm in diameter) against Ag plate that was held in 
82.2 V respect to the wire and 100 A steady current 
to getting the AgNW@PDA@AgNPs nanostructures 
(e.g. Metal-insulator-metal). When the explosion 
occurs, the Ag NPs will be generated and move at 

a high speed (hypersonic) forming a shock wave 
within the surrounding colloid (AgNWs@PDA). 
These high-speed moving nanoparticles will collide 
with the surrounding colloid and stick tightly to its 
surface to form plasmonic nanostructures AgNW@
PDA@AgNPs. As a result of the explosion of the 
silver wire inside the surrounding colloid, AgNW@
PDA nanostructures are decorated with Ag NPs to 
form metal-insulator-metal nanostructures AgNW@
PDA@AgNPs. In this method, the number of Ag NPs 
(density number of Ag NPs) that have been decorated 
on the surface of AgNWs@PDA is dependent on the 
number of explosions, and also the distribution of 
them on the surface of AgNWs@PDA was random. 
A different number of explosions (5, 10, 15 and 20) 
were generated to get three different samples of the 
plasmonic nanostructures AgNW@PDA@AgNPs 
have different density number of Ag NPs on the 
surface. The resulting nanostructures were collected by 
centrifugation for separating the fabricated plasmonic 
nanostructures AgNW@PDA@AgNPs from AgNWs@
PDA and free Ag NPs that did not decorate on the 
surface of AgNWs@PDA.

Preparation of samples for fluorescence test
Fluorescence test was performed using 1 cm quartz 

cuvette transparent from four sides. The fluorescence 
test in this research was in two parts (increasing the 
concentration of Ag NPs and Ag NWs then increasing 
the density number of Ag NPs on surface of Ag 
NWs or PDA layer). In the first part, increasing the 
concentration of the each of the Ag NPs and Ag NWs 
was tested and its effect on the fluorescence properties 
of the R6G dye. While in the second part, the effect 
of increasing the density number of Ag NPs on the 
surface of prepared nanostructures was tested on the 
fluorescence properties of R6G dye (increasing the 
number of 5, 10, 15 and 20 explosions that leading to 
increasing in density number of Ag NPs on the surface 
of nanostructures AgNW@AgNPs and AgNW@
PDA@AgNPs). The excitation wavelength was set at 
532 nm with a split width of 2 nm. The mixing ratio 
was 2 : 1, where 2 mL of R6G dye was mixed with 1 
mL from each of Ag NPs, Ag NWs, AgNW@AgNPs 
and AgNW@PDA@AgNPs.

Results and Discussion
X-ray diffraction patterns of samples

Fig. 2 shows typical XRD patterns of Ag NPs, 
Ag NWs,  AgNW@AgNPs,  AgNW@PDA and 
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AgNW@PDA@AgNPs nanostructures. The results 
demonstrated that the prepared Ag NPs, AgNW@
AgNPs and AgNWs@PDA@AgNPs nanostructures 
are having face-centred cubic phase for Ag metal. 
All patterns have 5 peaks with a slight difference in 
the peak location of each sample, were observed at 
2θ degrees of 38.116°, 44.227°, 64.425°, 77.472° 
and 81.536° and have been indexed to hkl values of 
(111), (200), (220), (311) and (222), respectively, 
indicating that the prepared Ag NPs, AgNW@AgNPs 
and AgNW@PDA@AgNPs nanostructures by EEW 
technique no oxidation had occurred during and 
after EEW and preserved the high purity and good 
crystalline nature that was identical to JCPDS card 
No. 4-0783. The peak position of the XRD pattern is 

similar to that for standard bulk silver.

EDX element analysis test
Fig. 3 illustrates the EDX element analysis of 

Ag NW before and after its coating with PDA layer 
and after it has been exposed to 20 explosions. EDX 
analyses showed strong peaks attributed to Ag element, 
while the other weak peaks that appeared in all samples 
was attributed to C, O and N it may be due to the glass 
slide and PDA layer. The results were presented in 
a table attached with each analysis. The Ag element 
appears in all samples before and after Ag NW coating 
with PDA layer and after it has been exposed to 20 
explosions, indicating that technique of decorating 
Ag NPs on the AgNW@PDA surface was successful. 
The content of the detected Ag element decreased 
clearly from 96.74% to 74.34% due to that Ag NWs 
have been coated with PDA layer. Then increased to 
79.69 after it has been exposed to 20 explosions. On 
the other hand, the content of the PDA layer decreases 
with the occurrence of an explosion that decorates 
the surface of the AgNW@PDA with Ag NPs. This 
result corresponds to TEM images in Fig. 4, which 
demonstrate the formation of AgNW@PDA@AgNPs 
nanostructures.

STEM image analyses

Fig. 4 demonstrates the particle size and structure 
informat ion  morphology of  the  Ag NPs and 
nanostructures AgNW@PDA and AgNW@PDA@
AgNPs. As shows in Fig. 4(a), an average size of Ag 
NPs was 40 nm. The Ag NPs were nearly spherical and 
slightly agglomerated. As clearly seen from Fig. 4(b), 
the PDA layer could be fixed onto Ag NWs surface and 
the Ag NWs have been coated completely to form the 
AgNW@PDA nanostructure, where the Ag NWs act 
as a core and PDA formed as an amorphous shell. Fig. 
4(b), demonstrates that the PDA molecules are coated 

Fig. 2  X-ray diffraction patterns of (a) Ag NPs, (b) Ag NWs, 
(c) AgNW@AgNPs, (d) AgNW@PDA and (e) AgNW@PDA@
AgNPs nanostructures.
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on the surface of Ag NWs, and creation of assembled 
functional PDA layer by self-polymerization. It is 
interesting to mention that the thickness of PDA layer 
can be controlled simply by changing the reaction 
time, so that thickness increases as the reaction time 
increases [37]. On the STEM scale in Fig. 4(b), we can 
estimate that the PDA layer thickness is ~ 50 nm. Fig. 
4(c) shows that the density number and the distribution 
of Ag NPs that’s decorated on AgNW@PDA surface 
were randomly. The Ag NPs were adhered to the 
surface of AgNW@PDA very tightly to form the 
nanostructures AgNW@PDA@AgNPs. The nanogaps 
among nanoparticles on the surface were not uniform 
in distance. The PDA layer served as a spacer molecule 
(nanogap) to separate the two metals Ag NWs and Ag 
NPs. The density number of the Ag NPs on the surface 
of the AgNW@PDA nanostructures was depended on 
number of explosions.

FESEM image analyses

Fig. 5(a) illustrates that the Ag NWs have a 
uniform straight morphology and smooth surface. 
In Fig. 5(b), the AgNW@AgNPs nanostructures 
displayed a relatively irregular morphology, which 
indicated that Ag NWs surface was decorated by Ag 

NPs. After performing the EEW technique, many Ag 
NPs appeared on the surface of Ag NWs along the 
long axis, and all of the Ag NWs have successfully 
been decorated with Ag NPs and formed a series of 
AgNW@AgNPs nanostructures. Also, can be seen 
that the scattered Ag NPs were adhered tightly to the 
Ag NWs surface randomly and formed irregular rough 
surface contain plentiful Ag NPs.

UV-visible absorption spectra

Fig. 6 illustrates the UV-visible absorption 
spectra of Ag NPs with different concentrations of 2 
× 10-5, 4 × 10-5, 6 × 10-5, 8 × 10-5, 1 × 10-4 M with and 
without R6G dye (1 × 10-6 M). The absorption spectra 
of prepared nanoparticles in deionized water confirm 
the position of absorption due to surface plasmon 
resonance (SPR) [38]. SPR peaks were distinctive and 
their locations are almost constant. In Fig. 6(a), the 
surface Plasmon resonance of the Ag NPs appeared at 
404 nm, and the SPR peak intensity was increased with 
increasing of Ag NPs concentrations. The increase 
in the intensity of SPR peaks is due to the increase 
in resonance between the collective oscillations of 
conduction electrons with incident electromagnetic 
field [39]. On the other hand, as shows in Fig. 6(b), 

Fig. 4  STEM images of (a) Ag NPs, (b) AgNW@PDA and (c) AgNW@PDA@AgNPs.
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the absorption peak position of R6G (1 × 10-6 M) was 
at 525 nm. The absorption peak of the R6G dye was 
increased with increasing of Ag NPs concentration. 
The SPR peaks of the Ag NPs were decreased after 
Ag NPs had mixed with the dye because the energy is 
transferred from the nanoparticles to the dye [40].

Fig. 7 illustrates the UV-visible absorption 
spectra of Ag NWs at different concentrations of 1 
× 10-4, 2 × 10-4, 3 × 10-4, 4 × 10-4 and 5 × 10-4 M with 
and without R6G dye (1 × 10-6 M). In Fig. 7(a), the 
SPR of the Ag NWs has two peaks, the first appeared 
in 351 nm, due to the longitudinal Plasmon resonance 
absorption of the Ag NWs and the second at 374 nm 
due to transverse Plasmon resonance of Ag NWs 
[41]. The intensity of these peaks increased with the 
increasing of the Ag NWs concentration. For other 
hand, as shows in Fig. 7(b), the R6G dye molecules 
have absorption peaks at 524 nm and the intensity of 

this peak increased with the increasing of the Ag NWs 
concentration. This behaviour can be illustrated as 
follows. Plasmonic metal nanostructures have shown 
to be able to enhance optical processes. The enhanced 
effect of surface absorption is enhanced based on 
the excitation of localized surface plasmons giving 
enhanced electromagnetic fields; thus, the molecules 
placed inside this enhanced field adsorbed on the 
nanostructures will be excited more often due to the 
electromagnetic field enhancement of the incident light 
on the active substrate, which leads to improve the 
absorption [40].

Fig. 8 illustrates that two observed distinctive 
SPR peaks appeared at about 351 nm and 373 nm 
in the absorption spectrum of Ag NWs. The peaks 
nearly vanished when the Ag NWs were coated with 
PDA layer by self-polymerization as seen clearly 
in the absorption spectrum of AgNW@PDA in Fig. 

Fig. 6  The UV-visible absorption spectra of different Ag NPs concentrations (a) without R6G dye and (b) with R6G dye (1 × 10-6 M).
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8(a). The absorption peaks of AgNW@AgNPs and 
AgNW@PDA@AgNPs were clearly observed at 
391 and 400 nm respectively. They have wider and 
higher absorption peaks than the rest, indicating of 
the plentiful Ag NPs formation on the surfaces of 
the Ag NWs and the PDA layer. The stimulation to 
the enhancement of the electromagnetic field arises 
due to the coupling between the localized surface 
plasmon (LSP) of Ag NWs and the dense hot spots 
of the AgNW@AgNPs that formed by the decoration 
of Ag NPs on the surface of Ag NWs. While the 
nanostructures were constructed by Ag NPs decorated 
AgNW@PDA to form AgNW@PDA@AgNPs 
nanostructures that have nanogaps between Ag NWs 
and Ag NPs that have surface plasmon polariton (SPP). 
The electromagnetic field was enhanced remarkably 
due to the coupling of LSP-LSP and LSP-SPP [42]. 
Moreover, the closely adjacent Ag NPs usually 
exhibited collective LSP mode whose electromagnetic 
field was much stronger than that of non-adjacent Ag 
NPs; therefore, AgNW@AgNPs and AgNW@PDA@
AgNPs nanostructures can absorb more energy in the 
UV-visible range. The intensity of the electromagnetic 
field increased with decreasing of the distance between 
nanoparticles. This phenomenon needs more research.  

Two peaks of the Ag NWs at 351 and 373 nm 
became less obvious due to the overlap of the two 
absorption peaks with the absorption peak of the Ag 
NPs after forming nanostructures. An absorption peak 
of nanostructures became wider when nanostructures 
mixed with the R6G dye. As clearly seen, in the Fig. 
8(b), the R6G dye molecules have absorption peaks 
at 524 nm and the intensity of this peak increased 
when R6G dye mixed with Ag NPs, Ag NWs, 

AgNW@AgNPs and AgNW@PDA@AgNPs, where 
the intensities were 0.237, 0.298, 1.1 and 1.128 
respectively. 

The SPR peaks of the AgNW@PDA@AgNPs 
nanostructures were enhanced more than other 
nanostructures due to the SPR of metal nanostructures 
was greatly sensitive to the dielectric environment 
around surface morphology [36].

Fluorescence emission spectra

As mentioned previously,  the efficiency of 
energy transfer depends on the spectral overlap of 
the absorption spectra of the acceptor (Ag NPs, Ag 
NWs, AgNW@AgNPs and AgNW@PDA@AgNPs 
nanostructures) and the photoluminescence emission 
spectrum of the emitter (R6G dye). Fig. 9 shows 
the partial spectral overlap between the absorption 

Fig. 8 The UV-visible absorption spectrum of R6G dye and R6G with Ag NPs, Ag NWs, AgNW@AgNPs and AgNW@PDA@
AgNPs nanostructures.
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spectra of the acceptor (Ag NPs, Ag NWs, AgNW@
AgNPs and AgNW@PDA@AgNPs nanostructures 
and emission spectrum of R6G dye. An absorption 
spectrum of Ag NPs, Ag NWs, AgNW@AgNPs 
and AgNW@PDA@AgNPs nanostructures exhibit 
reasonable overlap with the PL spectrum of the 
R6G dye (started from 525 nm to 540 nm). So, the 
wavelength of excitation of fluorescence samples was 
532 nm).

In order to understand the energy transfer efficiency 
from R6G dye molecules to the nanostructures, stable 
concentration (1 × 10-6 M) of the dye has been taken 
and mixed with nanostructures. Fluorescence spectra of 
R6G dye that mixed with nanostructures are measured 
using a spectrofluorophotometer (Shimadzu RF-5301 
PC) at an excitation wavelength 532 nm. Fig. 10(a) 
shows the fluorescence spectra of R6G dye mixed with 

different Ag NPs concentrations of 2 × 10-5, 4 × 10-5, 
6 × 10-5, 8 × 10-5 and 1 × 10-4 M. Fig. 10(b) shows the 
fluorescence spectra of R6G dye mixed with different 
Ag NWs concentrations of 1 × 10-4, 2 × 10-4, 3 
× 10-4, 4 × 10-4 and 5 × 10-4 M. It is clear from Fig. 
10(a) and (b) that the fluorescence intensity of R6G 
dye has been quenched obviously with an increase in 
the concentration of both Ag NPs and Ag NWs in the 
R6G dye solution, and the quenching increases as the 
concentration of both Ag NPs and Ag NWs increases 
in the mixture.

Fig. 11(a) shows the fluorescence spectra of 
R6G dye mixed with nanostructures AgNW@
AgNPs. The increase in the number of explosions 
represents an increase in the density number of Ag 
NPs on the surface of the Ag NW. Fig. 11(b) shows 
the fluorescence spectra of R6G dye mixed with 
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Fig. 10  Fluorescence spectra of R6G dye solution (1 × 10-6 M) quenched after mixed with (a) Ag NPs with different concentrations 
and (b) Ag NWs with different concentrations.

Fig. 11  Fluorescence spectra of R6G dye solution (1 × 10-6 M) quenched after mixed with nanostructures of (a) AgNW@AgNPs and 
(b) AgNW@PDA@AgNPs.  
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nanostructures AgNW@PDA@AgNPs. It appears from 
Fig. 11(a) and (b) that the fluorescence intensity of 
R6G dye has been quenched obviously as the number 
of explosions increased.

The quant i ta t ive  re la t ionship  between the 
concentration of the acceptor (Ag NPs or Ag NWs) and 
intensity of the donor fluorescence (Rh6G dye) can be 
acquired from the well-known Stern-Volmer equation:

FD/FDA = 1 + KSV[A] = 1 + Kqτ0[A], (1)

where FD and FDA are the relative fluorescence intensity 
of the donor (R6G dye) in the absence and presence of 
the acceptor (Ag NPs or Ag NWs) respectively, KSV is 
the Stern-Volmer dynamic-quenching constant, τ0 is the 
lifetime of the excited donor (R6G dye) in the absence 
of the acceptor, [A] is the acceptor concentration (Ag 
NPs or Ag NWs).

All the results depicted in Fig. 12 have been 
subjected to the well-known Stern–Volmer equation. 
The values of quenching constants in the R6G-
nanostructures system have been calculated for 
four states. For R6G + Ag NPs system, the ratio 
fluorescence intensity of the donor alone (R6G dye) at 
concentration of 1 × 10-6 M to the fluorescence intensity 

of the mixture (R6G + Ag NPs) with acceptor (Ag NPs) 
concentrations of 2 × 10-5, 4 × 10-5, 6 × 10-5, 8 × 10-5 
and 1 × 10-4 M as in Fig. 12(a), where the quenching 
constant of this system was Ksv = 1.476 × 104 M-1. For 
R6G + Ag NWs system, the ratio fluorescence intensity 
of the donor alone (R6G dye) at concentration of 1 × 
10-6 M to the fluorescence intensity of the mixture (R6G 
+ Ag NWs) with acceptor (Ag NWs) concentrations of 
1 × 10-4, 2 × 10-4, 3 × 10-4, 4 × 10-4 and 5 × 10-4 M as in 
Fig. 12(b), where the quenching constant of this system 
was Ksv = 0.342 × 104 M-1. The nearly linear conduct of 
Fig. 12 denotes that there is no hyper-quenching.

For R6G + AgNW@AgNPs system, the ratio 
fluorescence intensity of the donor alone (R6G dye) 
at concentration of 1 × 10-6 M to the fluorescence 
intensity of the mixture (R6G + AgNW@AgNPs) with 
increasing of number of explosions (5, 10, 15 and 
20 explosions) as in Fig. 13(a), where the quenching 
constant is a function of the number of explosions. For 
a R6G + AgNW@PDA@AgNPs system in Fig. 13(b), 
the same procedure is used for system R6G + AgNW@
AgNPs, where the quenching constant is a function of 
the number of explosions.

The energy transfer efficiencies from R6G dye to Ag 

Fig. 12  Stern-Volmer plot for (a) R6G + Ag NPs system and (b) R6G + Ag NWs system. 
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NPs, Ag NWs, AgNW@AgNPs or AgNW@PDA@
AgNPs are calculated from the fluorescence measured 
can be evaluated using the equation: 

ϕET = 1- FDA/FD. (2)

The energy transfer efficiencies obtained and the 
corresponding acceptor concentrations are listed in 
Table 1.

The energy transfer efficiencies obtained and the 
corresponding acceptor concentrations (number of 
explosions) are listed in Table 2. 

From the above results it is clear to us that the 
energy transfer efficiency increases as the concentration 
and number of Ag NPs increases in all systems. The 
energy transfer efficiency is good in R6G + Ag NPs 
system and very good in R6G + AgNW@PDA@
AgNPs system. Fluorescence quenching efficiency 
is related to the size and number density number of 
Ag NPs [43]. This is due to the phenomenon of self-
assembly of R6G molecules on Ag NPs [44]. The self-
assembly of R6G molecules on Ag NPs increases as 
concentration of Ag NPs increases. Also, Ag NPs on 
the surface of the PDA layer achieves the phenomenon 
of self-assembly of R6G molecules on Ag NPs and 

PDA layer. Thus, the nanostructures AgNW@PDA@
AgNPs with a high-density number of Ag NPs have the 
best fluorescence quenching. 

The distance in nano unit (R) between the R6G 
molecules and nanomaterial for different concentrations 
of Ag NPs and Ag NWs can be calculated using the 
equation [45, 46]:

R0(nm) = 0.735/[A]1/3. (3) 

The values of the different concentrations of Ag 
NPs and Ag NWs in the R6G + Ag NWs system and 
R6G + Ag NWs system and the corresponding dye-
nanomaterial distances are given in Table 3.

The distance R decreases as the concentration 
of nanomaterial increases. So, the energy transfer 
efficiency increases as the distance decreases. The Ag 
NPs prepared by EEW technique and the nanostructure 
of PDA coated Ag NWs and decorated with Ag NPs by 
EEW technique have achieved the best energy transfer 
efficiency. Our results indicate that our systems can 
sense a distance around the metal nanoparticles (≈ 27.2 
nm), and thus the nanoparticles-based surface energy 
transfer (NSET) mechanism is dominated rather than 
Förster resonance energy transfer (FRET) mechanism. 

Table 3 The distance R between the R6G molecules and nanomaterials of the R6G+AgNPs system and R6G+Ag NWs system
R6G + Ag NPs system R6G + Ag NWs system

[A] [A]1/3 R0 (nm) [A] [A]1/3 R0 (nm)

2×10-5 M 0.027 27.2 1×10-4 M 0.046 16.0

4×10-5 M 0.034 21.6 2×10-4 M 0.058 12.7

6×10-5 M 0.039 18.8 3×10-4 M 0.067 11.0

8×10-5 M 0.043 17.1 4×10-4 M 0.074 9.9

1×10-4 M 0.046 16.0 5×10-4 M 0.079 9.3

Table 2 The energy transfer efficiencies of R6G + AgNW@AgNPs system and R6G + AgNW@PDA@AgNPs system

R6G + AgNW@AgNPs system R6G + AgNW@PDA@AgNPs system

Number of explosions FDA/FD ϕET Number of explosions FDA/FD ϕET

5 0.68 32% 5 0.40 60%

10 0.61 39% 10 0.27 73%

15 0.58 42% 15 0.25 75%

20 0.44 56% 20 0.15 85%

Table 1 The energy transfer efficiencies of R6G + Ag NPs system and R6G + Ag NWs system
R6G + Ag NPs system R6G + Ag NWs system

Concentration FDA/FD ϕET Concentration FDA/FD ϕET

2×10-5 M 0.40 60% 1×10-4 M 0.58 42%
4×10-5 M 0.31 69% 2×10-4 M 0.46 54%
6×10-5 M 0.28 72% 3×10-4 M 0.44 56%
8×10-5 M 0.27 73% 4×10-4 M 0.40 60%
1×10-4 M 0.26 74% 5×10-4 M 0.31 69%
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This process is affected by concentration increasing 
of Ag NPs and coated morphology of Ag NWs by 
PDA layer that decorated by Ag NPs. A better and in-
depth study of this phenomenon would aid research 
advances and applications of this system for imaging 
and sensing. 

Conclusions

It can be concluded that EEW technique is a simple 
and efficient technique to fabricate nanostructures. 
The fabricated nanostructures can be used to test 
the fluorescence spectra. The experimental results 
showed that the fluorescence intensity quenched with 
increasing concentration and density number of Ag 
NPs. The distance between the dye molecules and 
the nanostructures decreased as the concentration and 
density number of Ag NPs increased in the mixture. 
The energy transfer efficiency of nanostructures was 
obtained, where the nanostructure AgNW@PDA@
AgNPs achieved the best energy transfer efficiency 
of 85%. Our results indicate that this nanostructure 
can sense a distance around the metal nanoparticles 
(≈ 27.2 nm), and thus the nanoparticles-based surface 
energy transfer (NSET) mechanism is dominating 
rather than Förster resonance energy transfer (FRET) 
mechanism. This process is affected by concentration 
increasing of Ag NPs and coated morphology of Ag 
NWs by PDA layer decorated by Ag NPs. The findings 
can be utilized in the large field of bio diagnostics 
and biochemistry. Regardless of bio-applications, the 
quenching mechanisms and rates are also of interest 
for SERS, (dye-sensitized) solar cells or nanooptics. 
However, we see the best potential in bio-sensing by 
managing the quenching rate by adjusting the shape or 
the concentration of nanostructures.
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