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Fabrication and Photostability of Rhodamine-6G Gold Nanoparticle Doped

Polymer Optical Fiber
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We report on fabrication of a rhodamine-6G-gold-nanoparticle doped polymer optical fiber. The gold nanoparticle
is synthesized directly into the monomer solution of the polymer using laser ablation synthesis in liquid. The
size of the particle is found from the transmission electron microscopy. Rhodamine-6G is then mixed with the
nanoparticle-monomer solution and optical characterization of the solution is investigated. It is found that there
is a pronounced quenching of fluorescence of rhodamine 6G due to fluorescence resonance energy transfer. The
monomer solution containing rhodamine 6G and gold nanoparticles is now made into a cylindrical rod and drawn
into a polymer optical fiber. Further, the photostability is calculated with respect to the pure dye doped polymer

optical fiber.

PACS: 81.05.Lg, 81.07.—b

Poly methyl methacrylate (PMMA) finds appli-
cations in photonics especially for developing opti-
cal fibers due to its good optical properties such as
high transparency, excellent light transmission and
ease of fabrication. One of the important advan-
tages of transparent polymers compared to the tra-
ditional optical materials such as glass is that it
is possible to introduce organic dyes or other com-
pounds into the polymers that can play the role of ac-
tive components.!'! Recently, dye doped polymer op-
tical fibers (POFs) have found applications in a va-
riety of devices such as fiber amplifiers, fiber lasers
and sensors.’) Gold (Au) nanoparticles have been
very attractive among metal nanoparticles since they
possess several interesting features such as their op-
tical properties are tunable throughout the visible
and near-IR region of the spectrum as functions of
nanoparticle size, shape, aggregation state and local
environment.[>] When Au nanoparticles are added
to a dye medium, it can affect the emission of the
dye in two ways. FEither it can quench the emission
intensity or enhance it. Recently there have been sev-
eral results showing that fluorescence can be manip-
ulated by Au nanoparticles from entire quenching to
immense enhancement. The factors that affect the
alteration are the size of the nanoparticle and the dis-
tance between the dye molecule and nanoparticle.!”!
In previous works it is noted that fluorescence reso-
nance energy transfer (FRET) is one of the possible
reasons for fluorescence quenching of rhodamine 6G
(Rh6G) by Au nanoparticles.[”"] Because of the devel-
opment in the field of nanotechnology especially in the
area of Au nanoparticles, organic dyes incorporating
Au nanoparticles are gaining attention. Both liquid
and solid media such as films with dye-nanoparticle
combination®! find many tremendous applications
in the field of surface enhanced Raman scattering
(SERS),!"! radiative decay engineering!''! and sens-
ing applications.['”] Even though several reports have
already come up with Rh6G-Au nanoparticle combi-
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nation in solid as well as liquid media showing how
the particle size, concentration can affect the lasing
activity of the dye,[®"'%'4 this is the first time that
one reports Rh6G-Au nanoparticle doped polymer op-
tical fiber fabrication and its characterization such as
photostability measurement.

There has already been a work by Xie et al.l'”) that
POFs with Au nanoparticles coated on the tapered
part of the fiber can be used for SERS sensing of Rh6G
molecule. Pettingger et al.l'”! suggested that fluores-
cence quenching of the adsorbent by nanoparticles can
again enhance the SERS signal. Also it is reported by
Michaels et al.l'%! that trapping the molecule, which
has to be detected, between the nanoparticles makes
intense Raman signals. In light of these results,
dye-nanoparticle doped POF may be used to get an
even higher order of magnitude SERS signal of Rh6G
molecule.

In this work, we incorporate Au nanoparticles
into the monomer solution, i.e. methyl methacrylate
(MMA) by laser ablation synthesis in solution (LA-
SiS). This solution containing nanoparticles is then
doped with Rh6G and optical characterization is in-
vestigated. Then the monomer solution containing
dye-nanoparticles is polymerized into cylindrical rods
and successfully drawn to a Rh6G-Au nanoparticle
doped polymer optical fiber. Photostability of the
same is then measured. This work is really promising
since it is a preliminary step towards the development
of polymer optical fiber lasers and amplifiers incorpo-
rating noble metal nanoparticles for better operations.

Figure 1 shows the schematic diagram of the exper-
imental setup used for the preparation of Au nanopar-
ticles due to laser ablation of a gold plate immersed
in the solution by Nd-YAG laser. A 24-Carat gold
plate of 1g/cm? is used as the substrate. The gold
plate is purchased from Sigma-Aldrich. Ablation is
carried out at the fundamental wavelength 1064 nm
with a fluence of 10°.J/cm?, pulse width 9ns and rep-
etition rate 10 Hz. Lens of focal length 100 mm is used
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to focus the laser beam onto the substrate. A beaker
containing both gold plate and liquid is placed at the
focal point of the lens for the maximum ablation rate.

Liquid medium used for Au nanoparticle forma-
tion using LASiS is MMA so that it can be directly
polymerized into a transparent rod. A gold plate in
40 ml of MMA is ablated for half an hour and the con-
centration of Au nanoparticles in the solution is found
to be 2.3 x 10~* M. Rh6G is doped into this solution
of MMA containing Au nanoparticles. The concen-
tration of Rh6G in MMA is fixed at a low value, i.e.,
3% 1075 M since its solubility is less in MMA.['"] Con-
centration of Au nanoparticles is varied at a fixed con-
centration of Rh6G in the present study. A total of
five samples (named R, A1, A2, A3, and A4), where
R is taken as the reference, are made. Al contains
6.7 x 107> M, A2 contains 3 x 107> M, A3 contains
6.7 x 107 M and A4 contains 6.7 x 107" M concen-
tration of Au nanoparticles. MMA usually contains
inhibitors to prevent polymerization at room temper-
ature. Inhibitors are removed by repeatedly wash-
ing the monomer with 5% NaOH solution followed by
flushing with distilled water. The remaining water is
removed by adding suitable drying agents like CaCls.
The monomer is purified by distillation under reduced
atmosphere to get the pure MMA.'®] All chemicals
in this experiment are purchased from Sigma-Aldrich,
USA.
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Fig. 1. Experimental setup for laser ablation.
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Experimental setup for photostability measure-

The solution containing Rh6G-Au nanoparticle is
polymerized into a rod of diameter 1.2cm by adding
appropriate quantities of initiator and chain transfer
agent. The rods were drawn into fibers of varying
thickness using a conventional polymer optical fiber
drawing tower.

Photostability is measured using the experimen-
tal setup shown in Fig. 2. The Rh6G-Au nanoparticle
doped POF sample is placed in a fiber holder. The
holder is placed at the focus of a biconvex lens of focal
length 5cm. A cw laser beam from a diode pumped
solid state laser of 100 mW power is focused onto the

fiber having diameter 600 pum. The fiber is trans-
versely pumped and the fluorescence emission from
the fiber is collected from the side of the fiber using a
collecting fiber and intensity is recorded using a spec-
trometer. The experiment is repeated by noting the
fluorescence intensity from the fiber in due times.

7 nm) “ 1.7nm

12 nm

o’a» & , g
L s &Y ’ h
@0 nel o #A
5. ;f‘?ﬂ,,

SO

Fig.3. TEM of Au nanoparticles in MMA produced by
laser ablation.
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Fig. 4. Histogram of Au nanoparticles, showing the aver-
age size of the particles formed by laser ablation.
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Fig. 5. Absorption spectra of Au nanoparticles in MMA:
(a) taken after synthesis using LASIS, (b) taken after a
month.

Absorption spectra of the samples are recorded by
using a Jasco UV-ViS NIR Spectrophotometer. The
fluorescence spectrum of the Au doped in the solu-
tion of Rh6G in MMA is recorded by using a Var-
ian Cary Eclipse Fluorometer. Transmission electron
microscopy is obtained with a 300kV high-resolution
transmission electron microscope (FEI, Model: 30
G2 S-twin). Time-resolved fluorescence measure-
ments are carried out using a Horiba Jobin Yuvon
Fluorocube-01-NL fluorescence lifetime system. A pi-
cosecond diode laser (469 nm) is used as the excitation
source, and a highly integrated picosecond PMT mod-
ule is used as the detector. The instrument response
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function of the experimental setup is limited by the
FWHM of the excitation laser pulse and is 18 ns for the
469 nm source. The lamp profile is recorded by placing
a dilute scattering solution (Colloidal Silica/Ludox in
water) in place of the sample. Decay curves are ana-
lyzed by a nonlinear least-square iteration procedure
using the F900 decay analysis software. The quality
of the fit is accessed by the chi square (x?) values and
distribution of residuals. Temperature is controlled by
the quantum northwest (TC125) instrument.

Fig. 6. Au nanoparticles prepared by LASiS in MMA.
All the samples are irradiated for 5 min showing the con-
sistency of the yield of nanoparticles.
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Fig. 7. Absorption spectra of Rh6G with and without Au
nanoparticles.

Figure 3 shows the transmission electron micro-
scopic image (TEM) of laser ablated Au nanoparticles
in MMA. Spherical nanoparticles of varying sizes are
found in the solution. The size variation is due to the
high value of laser fluence used for ablation. Figure
4 shows the histogram of Au nanoparticles in MMA.
It is inferred that the average size of laser ablated Au
particle is 1.5 nm. Also it is found from the absorption
spectra (Fig. 5) that the SPR peak of Au nanoparticles
in MMA is at 540nm. The nanoparticles so formed
in MMA by LASiS are found to be stable for weeks
and after a month a shift of 11 nm in the SPR peak is
found, as shown in Fig.5. As shown in Fig. 6, LASiS
results in the synthesis of Au nanoparticles in MMA
which is violet in appearance.

Firstly the optical characterization of Rh6G-Au
nanoparticles in MMA is carried out using the absorp-
tion and fluorescence spectra shown in Figs.7 and 8.
It is found from the absorbance that as the concentra-
tion of Au nanoparticles in the solution is increased,
the total absorbance of the Rh6G-Au nanoparticle sys-
tem is increased. This is because both Au nanoparti-
cles and Rh6G absorb around 540 nm, and as the con-
centration of Au is increased, more absorption for the
system and so high absorbance appear. However, the
reverse is observed in the case of the fluorescence spec-

trum. The reason is found to be because of fluores-
cence resonance energy transfer (FRET) from Rh6G
to Au nanoparticles.[:"]
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Fig. 8. Fluorescence spectra of the sample solutions ex-
cited at 500 nm.
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Fig. 9. Decay curves of sample solutions R and Al.

Since FRET quenching affects the lifetime of the
dye, time resolved fluorescence spectra are taken for
the samples R and Al. The spectrum is illustrated
in Fig.9. The decay curves are fitted with a biexpo-
nential decay function with an iterative reconvolution
program (F900) maintaining the x? between 1 and
1.2 as a measure of goodness of fit. From Table 1 it is
found that the reduction in lifetime is only 3% and this
is because in FRET the rate at which energy is trans-
ferred depends upon the magnitude of spectral overlap
of the emission spectrum of the donor with the absorp-
tion spectrum of the acceptor, the quantum yield of
the donor, the relative orientation of the donor and
acceptor transition dipoles, and the distance between
the donor and acceptor molecules.['”] The rate of en-
ergy transfer is small in Rh6G-Au nanoparticle pair in
MMA and there may be other types of non-radiative
decay paths giving rise to entire quenching.

Table 1. Calculations of lifetime measurements.

Sample T (ns) T» (ns) B; (normalised) Ba (normalised) 7 (ns)
R 3.51  5.04 0.8379 0.1619 3.76
Al 3.37  4.92 0.8148 0.1852 3.66

Also quantum yields of Rh6G in MMA in the pres-
ence and absence of Au nanoparticles are calculated
using the comparative method. Reference fluorophore
is taken as Rh6G dissolved in distilled water whose
quantum is already known. Calculated quantum yield
of samples R and Al are 0.85ns and 0.17 ns, respec-
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tively.

Now with these inferences we polymerized five
samples. Optical characterization such as absorp-
tion spectra and fluorescence spectra of the rods is
also taken and found to be almost similar to that of
Figs. 7 and 8. However, for sample A4 there is a very
slight enhancement in fluorescence intensity as shown
in Fig.10. This enhancement is because when the
monomer solution is polymerized into a solid medium
such as a rod, the spacing between Rh6G and Au
nanoparticles is changed to favor the metal enhanced
fluorescence.
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Fig.10. Fluorescence spectra of Rh6G-Au nanoparticle
doped polymer rods.
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Fig.11. Photostability of Rh6G-Au nanoparticle doped
POF.

Further, the rods are drawn and the photostability
of the fibers is recorded. For the measurement, fibers
with the same diameter are taken from all sets (R, A2,
A3 and A4). Figure 11 shows the photostability curves
of all the fibers. It is found that for samples A2 and
A3, the photostability is less in comparison with the
bare Rh6G sample (R). This is because of the small
size of the Au nanoparticle generated in MMA as well
as the high concentration of Au.l'*) However, for sam-
ple A4, since it exhibits a slight MEF when it is in
the rod form/fiber, its SPR locally enhances the up-
coming field from the laser radiation and so it shows
a better stability up to 5 min compared to sample R.
However, since the strength of MEF is low, it starts
getting deteriorated in its stability as time goes on (as
shown in Fig.9). A similar result was also observed
earlier.l”) Anyway, the detailed mechanism behind the
phenomena needs to be studied.

We have successfully incorporated Au nanopar-
ticles directly into MMA solution by laser ablation
synthesis in solution technique. Formation of spheri-

cally shaped nanoparticles in the solution is confirmed
from TEM and absorption spectra. Average size of
the nanoparticles is found to be 1.5nm and the sur-
face plasmon resonance peak of Au nanoparticles is
at 540nm. Rh6G is added into the solution contain-
ing Au nanoparticles. It is found that fluorescence of
Rh6G in MMA is quenched by the presence of laser ab-
lated Au nanoparticles due to FRET. Further confir-
mation of FRET is carried out by taking lifetime mea-
surements and quantum yield. We then polymerize
the monomer solution containing Rh6G-Au nanopar-
ticles into rods. Optical characterization is performed
using fluorescence spectra as well as absorption spec-
tra. The result seems to be similar to that of the
solution except that for sample A4, there is a slight
enhancement in fluorescence when polymerized. Pho-
tostability of Rh6G-Au nanoparticle doped POFs is
studied using a cw laser. It is found that photosta-
bility of POFs containing Rh6G-Au nanoparticles de-
teriorates compared to the bare Rh6G doped POFs.
However, for sample A4, photostability enhancement
is observed for five minutes. We vary concentration of
Au nanoparticles in MMA even below the concentra-
tion of A4. There is no photostability enhancement
observed. Thus it is necessary to increase the size of
the nanoparticles in the monomer solution as shown
in a previous study.l) However, we have opened a
new area of polymer optical fiber incorporating metal
nanoparticles for the first time so that other metal
nanoparticles such as silver and copper can be easily
incorporated with fiber for various applications.
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