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Abstract The fluorescence quenching N,N-bis(2,6-
dimethylphenyl)-3,4:9,10-perylenetetra-carboxylic diimide
(BDPD) by colloidal silver nanoparticles (AgNPs) was stud-
ied in methanol and ethylene glycol by steady state fluores-
cence measurements. The Stern - Volmer quenching rate con-
stant (K,,) was calculated as 8.1x10® and 8.22x10°* M ! in
methanol and ethylene glycol respectively. Taking the fluores-
cence lifetime of BDPD in the absence of silver nanoparticles
as 3.2 ns, the values of the fluorescence quenching rate con-
stants (kq=K, /T) are calculated as 2.54 % 10'7 and 2.56x
10" M' 57" in methanol and ethylene glycol respectively.
From the data, fluorescence resonance energy transfer and /
or electron transfer processes play a major role in the fluores-
cence quenching of BDPD by AgNPs in methanol and low
concentrations of Ag NPs in ethylene glycol. The static
quenching rate constant in ethylene glycol was calculated by
modified Stern - Volmer equation as V=8.86x10° M ' . For
dynamic quenching, the radius of quenching sphere volume r
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values were found to be 68.3 and 70.6 nm in ethanol and
ethylene glycol, respectively. For static quenching in ethylene
glycol the effective radius of quenching sphere action (kinetic
radius) was calculated as ¥=152 nm.
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Introduction

The rapid development of nanotechnology over the last sev-
eral decades has opened new possibilities for investigating the
interaction between photo-excited molecules and metallic
nanoparticles. Thus, in recent years there has been a growing
interest in the interactions of fluorophores with metallic nano-
structures or nanoparticles [1]. The spectral properties of
fluorophores can be dramatically modified by near-field inter-
actions with the electron clouds present in metals. These in-
teractions modify the emission in ways not seen in ensemble
fluorescence experiments [2]. The type, size and shape of the
metallic nanoparticles can modulate the fluorescence of a tar-
get dye close to the metal surface. The enhancement of fluo-
rescence efficiency due to electronic coupling of the electronic
transition dipole moment with surface Plasmon is a desirable
effect owing to the use of medium to low-quantum yield
fluorophores in molecular probing devices [3, 4]. The
quenching of organic fluorophores by small molecules is
thought to arise from dynamic quenching [5-7]. Other reports
conclude that both dynamic and static mechanisms are in-
volved in the quenching process [8—10]. Interactions between
fluorophores and noble nanoparticles have been investigated

@ Springer



380

J Fluoresc (2015) 25:379-385

intensively in recent years due to important applications in
optical materials, biosensing and scanning probe micrroscopy
[11].

Perylene has been widely used as a dye molecule [12—-14],
because of its high fluorescence quantum yield and chemical
stability. The intimate packing of perylene molecules provides
rich photophysical and photochemical properties that are im-
portant for many technological applications [15, 16]. N-
annulation of perylene [17-19] where nitrogen atoms are
annulated at the bay position offer improved solubility be-
cause flexible alkyl chains can be easily introduced. In addi-
tion, the electron-donating character of amines increases the
electron density of the entire p-system loading to new opto-
electronic properties. Furthermore, Ong et al. reported that the
introduction of nitrogen atoms can significantly increase ma-
terial stability [20]. On the other hand, based on their large

p-conjugated system, perylene derivatives possess excellent
chemical, thermal, and optical stabilities, and broad absorp-
tion and photoconductive properties. Perylene derivatives can
also be self-assemble to form a liquid-crystalline phase [21]
and are therefore widely used as organic light emitting diodes,
fluorescent chemosensors, liquid crystal displays, organic so-
lar cells, and organic field-effect transistors [22-26].
Furthermore, 3,4:9,10-perylenetetracarboxylic dianhydride is
the archetypal p stacking organic perylene dye with desirable
electronic and optical properties [27, 28]. BDPD is an impor-
tant highly photostable probe molecule and to the best of our
knowledege, there is no any report on fluorescence quenching
of BDPD by silver nanoparticles. In the present work, we
studied fluorescence quenching by silver nanoparticles in
methanol and ethylene glycol in order to determine the mech-
anism of energy transfer from BDPD to Ag nanoparticles

CH; O O HsC
CH; O O HsC

BDPD

Experimental

N,N-bis(2,6-dimethylphenyl)-3,4:9,10-
perylenetetracarboxylic diimide (BDPD) was used as received
from Aldrich. All solvents used in this work were of spectro-
scopic grade. Silver nitrate (AgNO3) was purchased from
Sigma-Aldrich. Citrate trisodium salt (95 %,
C¢Hs07Na3.2H,0), hydrochloric and nitric acids were pur-
chased from Fluka. All glassware and magnetic stirring beads
were cleaned prior to use with freshly prepared aqua regia (1:3
HNO;: HCI) followed by rinsing with doubly distilled water.

Silver nanoparticles (AgNPs) were prepared by a chemical
reduction technique using tri-sodium citrate as surfactant. In a
typical synthetic procedure, 50.0 ml of 0.01 M silver nitrate
(AgNO;) was stirred with 0.1 M trisodium citrate volume at
room temperature for 10 min. To this mixture, 50.0 ml of a
0.1 M solution of ice-cold reducing agent (NaBH,) was added
drop-wise and the resulting mixture was stirred for 20 min.
After about 10 min, the original transparent solution of silver
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nitrate and trisodium citrate turned pale-yellow and finally to a
light-golden yellow color indicating the formation of aggre-
gated silver nanoparticles. The morphology, size, and struc-
ture of silver nanoparticles (AgNPs) were recorded on FE-
SEM instrument (JSM-7600F, Japan). A typical solution of
39 nm diameter silver nanoparticles exhibiting a characteristic
surface Plasmon band around 431 nm was obtained.

Steady state emission spectra were measured with a
Shimadzu RF 5300 spectrofluorometer using a rectangular
quartz cell of dimensions 0.2% 1.0 cm to minimize reabsorp-
tion effect. UV-visible electronic absorption spectra were mea-
sured using a Shimadzu UV-visible 1650-pc
spectrophotometer.

Results and Discussion

Figure la shows the TEM image of the prepared silver NPs,
confirms the nanoscale dimension of the particles and shows
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Fig. 1 a TEM image of Ag NPs. b: Electronic absorption spectra of
different concentrations of Ag NPs

that the particles have an average diameter of about 39 nm.
The electronic absorption spectra of different concentrations
(0.39, 0.78, 1.17 and 3.9 nM) of the prepared silver NPs used
in the study are shown in Fig. 1b. The fluorescence emission
of BDPD was studied in presence of various concentrations of
silver NPs in MeOH and ethylene glycol at room temperature.
The fluorescence emission of BDPD exhibits a maximum at
530 nm upon excitation at 480 nm. As the concentration of the
quencher (Ag NPs) increases, the position of the fluorescence
bands of BDPD remains unchanged despite the substantial
decrease in the fluorescence intensity as shown in Fig. 2a, b.
This indicates the absence of molecular aggregation under the
prevailing experimental conditions. No such quenching of
BDPD was observed in the presence of low concentrations
of capping agent indicating that the silver nanoparticles are
responsible for the fluorescence quenching. When the absorp-
tion spectra of 1x 10> M BDPD were recorded after addition
of 1.17 nM Ag NPs in methanol or ethylene glycol, the spec-
tral pattern and absorption maxima remained unchanged. This
observation suggests that the fluorophore-quencher
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Fig. 2 Emission spectra of 1x10~> mol dm > solution of BDPD in a
methanol and b ethylene glycol in different concentrations of Ag NPs.
The concentrations of Ag NPs at decreasing emission intensity are: 0.00,
0.03, 0.078, 0.117, 0.156, 0.195, 0.234, 0.273 and 0.312 nM, (Ax=
480 nm)

interaction does not change the spectral absorption properties
of both fluorophore and quencher and there is no observable
photochemical reaction between fluorophore and quencher
[29].

Figure 3a, b shows the Stern-Volmer plot (derived from
Eq. (1)) of BDPD fluorescence quenching using silver nano-
particles as quencher [30].

1,
T: 1+st[Ag] (1)
where lo and I are the fluorescence intensities in the ab-
sence and presence of the quencher AgNPs. The Stern-Volmer
plots of the quenching process of BDPD by Ag NPs in MeOH
and ethylene glycol (Fig. 3a, b) show different behavior, a
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Fig.3 Stern-Volmer plot of fluorescence quenching of 1 x 10> mol dm >
BDPD by Ag NPs in: a methanol and b ethylene glycol, (Ax=480 nm)
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Fig. 4 Electronic absorption spectrum of 1.17 nM of Ag NPs and
emission spectrum of 1x 10> mol dm™> solution of BDPD
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Fig.5 Perrin plot of fluorescence quenching of 1x 10> mol dm > BDPD
by Ag NPs in: a methanol and b ethylene glycol, (A.,=480 nm)
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Fig. 6 Plot of modified stern-volmer equation of fluorescence quenching
of 1x10~° mol dm™ BDPD by Ag NPs in ethylene glycol
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Fig. 7 Plot of In W against [Q] of fluorescence quenching of 1x

10 mol dm > BDPD by Ag NPs in ethylene glycol

linear correlation in methanol but non linear in ethylene
glycol.

From the linear plot and linear portion of the Stern-Volmer
plots shown in Fig. 3a, b, the values of Kgy in methanol and in
ethylene glycol were calculated as 8.1x10% and 8.5x10° M
in methanol and ethylene glycol, respectively. The bimolecular
quenching rate constant (k,) was calculated as k,=2.54 107
and 2.56x10'7 M™" s™" where, Ksy=k, 71 taking lifetime of
BDPD as 7¢= 3.2 ns in methanol [31]. These values are much
higher than the diffusion rate constant kg (kq =9.2x10' M
for ethanol and 5.8x10® M ' for ethylene glycol). This sug-
gests fluorescence resonance energy transfer and / or electron
transfer processes play a major role in quenching the fluores-
cence of BDPD by Ag NPs due to a significant overlap between
electronic absorption of Ag NPs and the emission of
BDPD(Fig. 4). Thus a long range energy transfer is obeyed
due to coupling of the electronic transition dipole moment of
BDPD with surface Plasmon of Ag. The large values of kg
suggest the existence of strong dipole-dipole interactions be-
tween excited sate BDPD and the Plasmon absorption band of
AgNps.

Scheme 1 [llustration of the
fluorescence quenching

BDPD*

/

th

BDPD + Ag’

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 [32, 33] is
given by Eq. (2):

In (17) VN, (O] @)

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. 5a, b) demonstrats linear behavior with slope equal to
VN, and the V values were found to be 1.34x107"° (r=
68.3 nm) and 1.48x10 !> cm® (¥=70.6 nm) in ethanol and
ethylene glycol, respectively.

The nonlinear plot in ethylene glycol showed positive
deviation as was observed earlier [34]. The positive de-
viation from linearity suggests that the quenching is not
purely static or purely dynamic, and may be due to
simultaneous dynamic and static quenching mechanisms.
Analysis of the data was carried out by employing the
sphere of action static model using a modified form of
Stern-Volmer Eq. (3) [34] given as:

I, 1

(T> = (1 +Ka[0) (3)

Where W is expressed as:

w=¢"0 (4)

and where, ‘V” is the static quenching constant that repre-
sents an active volume element surrounding the fluorophore in
its excited state. Since W depends on the quencher concentra-
tion [Q], the S-V plots for a quencher with high quenching

hv ab

Kp
» (BDPD - Ag)*
non - emissive
Ks
< > BDPD+Ag
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ability generally deviate from linearity. Thus, Eq. (3) is rewrit-
ten as:

=) o

According to Eq. (5), 17[((2?) was plotted against (%) (Fig. 6)
and the S-V dynamic quenching constant, Kgy, was obtained
by a least-square fit to determine the slope, Kgy=0.822x
10® M™'. The intercept of the plot was used to calculate W
values for each quencher concentration [Q]. A plot of In W
against [Q] was linear correlation with negative slope (Fig. 7)
to give the static quenching constant ‘V°=8.86x10° M ' .
From the value of ‘77, the effective quenching radius of the
sphere of action (kinetic distance) ‘r was calculated as 1520

(152 nm) (V = 3m* x {35). The radius of the BDPD dye
(Rg) was determined using the additive model of Edward
[35]as Rg=5.2 . The sum of the molecular radii, i.e. ‘encoun-
ter distance’, R=R4+R,, is determined as 200.2 . We noted
that the value of the kinetic distance 7’ was greater than the
encounter distance R. Therefore, according to Andre [36] and
Zeng [37], the static effect occurs irrespective of the ground
state complex formation provided the reactions are diffusion
limited indicating that the sphere of action model holds. It may
also be noted that a positive deviation in the S-V plot is ex-
pected when both static and dynamic quenching occur simul-
taneously [34, 38]. Scheme 1 illustrates the possible interac-
tion between BDPD and AgNPs in ethylene glycol where Ks
and Kp, are the static and dynamic quenching rate constants.

Conclusion

BDPD displays fluorescence quenching by colloidal AgNPs
in methanol and ethylene glycol. From the quenching data,
energy transfer and static quenching from excited dye to
AgNPs play major role in the quenching of DBPI fluorescence
by AgNPs. The dynamic quenching rate constants are calcu-
lated as 8.1x10® and 8.22x 108 M in methanol and ethylene
glycol respectively. The second order fluorescence quenching
rate constants (kq=Ks, /T) are caculated as 2.54 % 10" and
2.56x10"" M 57! in methanol and ethylene glycol respec-
tively. By application of the modefided Stern - Volmer equa-
tion of fluorescence quenching in ethylene glycol, the static
quenching rate constant is calculated as V=8.86x10° M.
The effective quenching radius of the sphere of action(kinetic
distance) ‘7 is found to be 1520 (152 nm).
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