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Abstract The interaction of a perylene DBPI dye [V, N-bis(2,5-
di-tert-butylphenyl)-3,4:9,10-perylenebis(dicarboximide)] with
aqueous colloidal gold nanoparticles (AuNPs) was studied using
steady state fluorescence quenching measurements. The Stern—
Volmer quenching rate constant (K,) was calculated as ~2.2 %
10® and ~1.072x 10° M " in ethanol and ethylene glycol respec-
tively. From fluorescence quenching data, the static quenching
and energy transfer play a significant role in the fluorescence
quenching of DBPI with AuNPs. The apparent association con-
stant (K,,,) was calculated as ~1.4x 10° (EtOH)and ~3.7
10° M ! (ethylene). Due to AuNPs interaction with DBPI, the
average aggregated colloidal AuNPs size is increased from
~53.39 nm (before interaction) to ~94.12 nm (after interaction).

Keywords Colloidal gold nanoparticles - Perylene DBPI -
Fluorescence - Quenching - Stern—volmer interaction

Introduction

N,N-Bis(2,5-di-tert-butylphenyl)-3,4:9,10-
perylenebis(dicarboximide) (DBPI) is potentially useful in
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energy and electron transfer reactions [1, 2], site-selective
spectroscopy experiments with biological systems [3, 4], solar
cells [5], and as a laser dye [6]. Various photophysical char-
acteristics of DBPI have been studied, including fluorescence
quenching, excitation energy transfer [7-10], fluorescence
quantum yield and high-photostability [11], amplified sponta-
neous emission and electrochemical properties [12]. The ef-
fect of morphologically-dependent resonances on the fluores-
cence of DBPI dissolved in polymer microparticles and mi-
crocrystals has also been reported [13, 14]. Diffraction effi-
ciency of laser-induced transient gating and relaxation time of
DBPI has been studied [15]. The molecular structure of DBPI
is presented in Fig. 1.

Potential application of nano-scale material and mo-
lecular structures ranging from 1.0 to 100.0 nm is a
promising area of nano-science and nano-technology.
Metallic nanoparticles have large and highly specific sur-
face areas with a prominent fraction of surface atoms and
have been investigated because of their unique physico-
chemical properties including photo-catalytic activity, op-
tical or electronic sensors, anti-bacterial activity, and
magnetism [16-20]. On-site preparation of noble nano-
particles for the potential applications such as photo-ca-
talysis, opto-electronics, environmental, electrochemical,
and biotechnology is an area of growing attention [21,
22]. Usually, metallic low-dimensional nanoparticles are
prepared and stabilized by chemical techniques such as
chemical reduction, electro-chemical, photo-chemical
reactions, controlled thermometric, and recently by green
chemistry methods [23-27]. Use of reducing agents with
surfactants in synthesis and quenching of metallic nano-
particles with anchoric dye offers an improvement over
physico-chemical techniques since it is economic,
environmentally acceptable and easily scaled up for large
scale preparation. Using this technique, there is no need
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Fig. 1 Molecular structure of DBPI dye

to use high pressure, high temperature, sophisticated
tools or expensive and toxic chemicals. DBPI is an im-
portant highly photostable probe molecule. To the best of
our knowledege, there is no any report on fluorescence
quenching of DBPI by gold nanoparticles. In the present
work, we studied the fluorescence quenching by low-
dimensional gold nanoparticles in ethanol and ethylene
glycol in order to determine the mechanism of energy
transfer from DBPI to gold nanoparticles.

Experimental

Chloroform, methanol, ethanol, chloroform, ethylene glycol,
AuCls, tri-sodium citrate, and NaBH, were purchased from
Sigma-Aldrich and used as received without any further treat-
ments. All solvents used in this experiment were of spectro-
scopic grade. DBPI (Aldrich) was dissolved in a minimum
volume of chloroform. The DBPI dye was precipited by
adding methanol solvent. The precipitate was collected by
filtration and dried in vacuum. Low-dimensional gold nano-
particles (AuNPs) were prepared by a chemical reduction
route with tri-sodium citrate as surfactant. In a typical synthet-
ic procedure, 50.0 ml of 0.01 M gold chloride (AuCl;) was
stirred with 0.1 M trisodium citrate at room temperature for
10.0 min. To this mixture, 50.0 ml of 0.1 M of'ice-cold reduc-
ing agent (NaBH,4) was added drop-wise and the resulting
mixture was stirred for 20 min. After about 20 min, the orig-
inal transparent solution of AuCl; and tri-sodium citrate
turned light-yellow color indicating the formation of aggregat-
ed gold nanoparticles. Steady state emission spectra were
measured with a Shimadzu RF 5300 spectro-fluorometer
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using a rectangular quartz cell (dimensions 0.2x1.0 cm) to
minimize reabsorption effect. UV-visible electronic absorp-
tion spectra were measured using a Shimadzu UV-visible
1650-pc spectrophotometer. Morphology, size, and structure
of gold nanoparticles were recorded on FESEM instrument
(JSM-7600F, Japan).

AuCI3, tri-sodium citrate, and NaBH4

Results and Discussion
Steady State Emission Measurements

Figure 2 shows the fluorescence spectra of 1.0x 10~ mol
dm > of DBPI in the presence of variable concentrations
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Fig. 2 a Emission spectra of 1.0x107° mol dm ™ solution of DBPI in
EtOH in presence of different concentrations of AuNPs . The
concentrations of AuNPs at decreasing emission intensity are 0.0,
0.277, 0.555, 1.109, 1.387, 1.664,1.942 and 2.219 nM (A=480.0 nm);
b Emission spectra of 1.0x10~® mol dm > solution of DBPI in ethylene
glycol in the presence of different concentrations of AuNPs . The
concentrations of AuNPs at decreasing emission intensity are 0.0,
0.138, 0.277, 0.555, 1.1096, 1.387, 17 =14 Kgy [Au] 1.664, 1.942,
and 2.19 nM (A,=480.0 nm)
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of gold nanoparticles in ethanol and ethylene glycol.
The fluorescence emission of DBPI exhibits a maximum
at ~548.0 nm upon excitation at ~480.0 nm. As the
concentration of quencher was increased, A.x of the
fluorescence bands of DBPI did not change but a sub-
stantial decrease in fluorescence intensity was observed.
This indicates the absence of molecular aggregation under the
prevailing experimental conditions. Under the experimental
conditions used, the excitation wavelength of ~480.0 nm
was about 80.0 nm from the maximum of absorption peak
of gold nanoparticles; no such quenching of DBPI was seen
in the presence of the low concentrations of capping agent
indicating that gold nanoparticles are responsible for the fluo-
rescence quenching.

Figure 3 shows the Stern—Volmer plot derived from Eq (1)
of DBPI fluorescence quenching using gold nanoparticles as a
quencher [28]

170: 1 + Kgy[Au] (1)

where Io and I are the fluorescence intensities in the ab-
sence and presence of the quencher concentration [Au®].
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Fig.3 Stern—Volmer plot of fluorescence quenching of DBPI by AuNPs.
a in ethanol and b in ethylene glycol

The was calculated as 2.2x10* and 1.07x10° M in eth-
anol and ethylene glycol respectively. The quenching ef-
ficiency increases as the medium viscosity increases indi-
cating that the quenching process is not completely diffu-
sion—controlled. This is consistent with a static quenching
model in which increasing the medium viscosity leads to a
cage effect that enhances fluorophore uptake on gold
nanoparticles surfaces. Taking the fluorescence lifetime
of DBPI in absence of gold nanoparticles as 3.5 ns [8],
the values of the bimolecular quenching rate constant
(kq)=K,, /T are calculated as 6.2x10'¢ and 3.11x
10" M™" 57! in ethanol and ethylene glycol respectively.
These values are much higher than the diffusion rate con-
stant kg (kq=9.2x10'" M ! for ethanol and 5.8x10° M
for ethylene glycol). It is concluded that static quenching
and Forster-type energy-transfer plays a major role in
fluorescence quenching beween DBPI and AuNPs, due
to a significant overlap between electronic absorption of
AuNPs and emission of DBPI. In addition, the reverse
effect of ethylene glycol on K, values indicates that static
quenching plays a major role in the quenching of DBPI
by gold nanoparticles.

The Perrin-model is valid for energy transfer between
donor—acceptor components unable to change spatial po-
sition with respect to each other on the time scale of the
quenching process. The Perrin relationship [29, 30] is
given by Eq. (2):

In (17) = VN,[0] 2

where I, and I are emission intensities in the absence and
presence of quencher, V is the volume of the quenching sphere
in cubic centimeters, N, is the Avogdaro’s number, [Q] is the
molar concentration of the quencher, and r is the radius of
quenching sphere volume. A plot of In (%) versus [Q] (Fig. 4)
should demonstrate linear behavior with slope equal to VN, . V
values were found to be 2.82x10'® (»=40.6 nm) and 1.11 x
107" cm® (r=64.2 nm) in ethanol and ethylene glycol,
respectively.

We can express the equilibrium between adsorbed
and unadsorbed DBPI dye molecules by Eq. (4). Here,
kapp is the apparent association constant which can be
calculated from the fluorescence data according to

Eq. (4) [31] (Fig. 5),

DBPI + Aucs|[DBPIAul (3)
kapp = [DBPI"Au| | [DBPI] [Au] (4)
1 1 1 1 1
= + X X — (5)
F~F  F'-F ' K, F-F  Au
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Fig. 4 Perrin-plot of fluorescence quenching of DBPI by Au NPs. a in
ethanol and b in ethylene glycol

where F°, is the initial fluorescence intensity of dye mol-
ecules, F' is the fluorescence intensity of Au adsorbed
dye and F is the observed fluorescence intensity at its
maximum. The physical interaction between DPBI mol-
ecules and AuNPs is investigated using Benesi—
Hildebrand approach by Eq. 5. The calculated k,pp
values are 1.4x10° and 3.7x10° M™' for ethanol and
ethylene glycol, respectively which indicate the viscosi-
ty of the medium play an important role for interaction
of DPBI molecules with AuNPs.

Investigation of AuNPs Interaction with DBPI Dye

UV/visible spectroscopy referred to absorption spectros-
copy in the UV-Visible spectral region. Absorption in the
visible range directly affects the apparent color of the
target materials involved in this region of the electromag-
netic spectrum, where the target molecules undergo elec-
tronic transitions. The formation of metallic gold nanopar-
ticles (eg, AuNPs) by NaBH, reduction of the aqueous
metal ions in presence of surfactant (tri-sodium citrates)
is investigated using UV/vis. Spectroscopy, which is pre-
sented in Fig. 6a. Fluorescence quenching is exhibited by
the downfall of arrow, which indicated the emission
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intensity is decreased significantly by the interaction of
DBPI-AuNPs (Fig. 6b). The wavelength of prepared
AuNPs solution remains close to ~431.0 nm in the aque-
ous system, suggesting that the NPs were well-dispersed
in the aqueous medium. The probable interaction of a
DBPI-dye molecule with AuNPs is presented schematical-
ly in Fig. 6c¢.

FESEM is a method whereby a beam of electrons is trans-
mitted through an ultra-thin specimen, interacting with the
sample as it passes through. An image is generally formed
from the interaction of the electrons transmitted through the
specimen; the image is magnified and focused onto an imag-
ing target. FESEM analysis exhibited that the AuNPs prepared
by this technique had an average size of ~53.39+£5.0 nm
(ranges, 45.0 to 60.0 nm), which is presented in Fig. 6d. It is
concluded that the prepared nanoparticles are spherical in
morphology and stable. Finally the AuNPs are stabilized by
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Fig. 5 Benesi—Hildebrand plot for the adsorption of DBPI on Au NPs: a
in ethanol and b in ethylene glycol
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Fig. 6 A schematic representation of the formation of DBPI dye-AuNPs
interactions. a UV/visible spectrum of AuNPs prepared by reducing agent
in presence of active surfactants (Ap,.x=431.0 nm), b Fluorescence

aggregation of adsorbed citrate ions with the corresponding
cation around them.

This DBPI-molecule has four carbonyl groups, which it
can be bonded with AuNPs. Thus, it is more electro-
negative and can bind to NPs significantly to form a DBPI-
AuNPs complex. Due to the affinity of DBPI-dye molecule
with AuNPs, electron transfer becomes easier as is demon-
strated from earlier fluorescence investigation. Due to poten-
tial AuNPs interaction with DBPI dye, the average AuNPs
size is increased from ~53.39 nm (before interaction) to
~94.12 nm (after interaction). The diameter of DBPI dye
interacted AuNPs is enlarged by ~40.73 nm, which is present-
ed in Fig. 6d—e.

Conclusions

DBPI displays fluorescence quenching by colloidal
AuNPs in ethanol and ethylene glycol simultaneously.
From quenching data, static quenching and energy trans-
fer from excited dye to AuNPs play a significant role in
the quenching in fluorescence of DBPI by AuNPs. The
Stern—Volmer quenching rate constant (Ky,) was calcu-
lated as ~2.2x10® and ~1.072x10° M in ethanol and
ethylene glycol respectively. The apparent association
constant (K,,,) was calculated as ~1.4x10° (EtOH)
and ~3.7x10° M ! (ethylene). Due to AuNPs interaction
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quenching is shown by the arrow (Emission intensity is decreased by
the interaction of DBPI-AuNPs), ¢ Interaction of AuNPs-DBPI, d
FESEM image of AuNPs, and e FESEM image of DBPI adsorbed AuNPs

with DBPI, the average aggregated colloidal AuNPs size
is increased from ~53.39 nm (before interaction) to
~94.12 nm (after interaction).
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