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Revealing the high efficiency of fluorescence
quenching of rhodamine B by triangular silver
nanodisks due to the inner filter effect mechanism

Tran Thu Trang,® Thi Thu Ha Pham,® Nguyen Van Dang,® Pham Thi Nga,®®
Mac Van Linh?@ and Xuan Hoa Vu (2 *@

Performing effective fluorescence quenching based on a metal nanomaterial is essential to construct
fluorescence sensors. Silver nanomaterials are well known as an excellent candidate for an absorber in
fluorescence sensing systems. Herein, we investigated the fluorescence quenching of rhodamine B (RhB) in
the presence of triangular silver nanodisks in which perfect overlap between the absorption of the absorber
and the fluorescence of the fluorophore was observed. The fluorescence quenching mechanism of RhB
was investigated under various excitation wavelengths, together with measurement of the fluorescence
lifetime. The quenching efficiency of RhB was proportional to the wavelength excitation. Remarkably, the
highest efficiency of fluorescence quenching of RhB was achieved (~60%). The quenching mechanism was
investigated and revealed to be mostly due to the inner filter effect (IFE) mechanism, without the
contribution of energy transfer. This result shows a completely different story from most previous studies

rsc.li/rsc-advances

1 Introduction

The interaction of dye molecules and metal nanoparticles is
gaining popularity due to their potential application in optical
sensors as well as biosensors.”” Sensors based on changes in
fluorescence intensity are the most commonly used because they
are highly sensitive, simple, and adaptable to a wide range of
analytes and systems.>* One of the most powerful techniques for
sensing based on changes in fluorescence intensity is fluores-
cence quenching.® Quenching is the process of reducing the
intensity of an emitting molecule's fluorescence without
changing its spectrum. Depending on the nature of fluorescence
quenching, it could be static quenching or dynamic quenching.
Fluorescence quenching due to the presence of metal nano-
particles generally occurs as a result of Forster resonance energy
transfer (FRET) or nanomaterial surface energy transfer (NSET).*”
These fast quenching processes serve as a spectroscopic ruler to
measure the intra- or intermolecular distances between inter-
acting moieties. It has been reported that the efficiency of FRET
and NEST are inversely proportional to the sixth and fourth
orders of the distance between the fluorophore and absorber,
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based on silver nanoparticles, where energy transfer was reported to play a significant role.

respectively.®* However, the design of such systems generally
requires a complicated process. Moreover, constructing this type
of fluorescence sensor with high stability in practice is often
complicated and extraordinarily time-consuming.>®

Together with FRET and NEST, fluorescence quenching
based on the inner filter effect (IFE) mechanism is also one of
the most common in the design of fluorescent sensors.'®'*
Here, IFE refers to the absorption of excitation and/or emission
radiation by identical chromophores in a system.” In the
beginning, the IFE was known as a source of errors in fluores-
cence measurement.'® However, the IFE has been extensively
explored for application in constructing fluorescence sensing
thanks to the exponential changes in the fluorescence inten-
sity.* The IFE can effectively occur when the absorption band of
the absorber completely overlaps with the excitation and/or
emission spectra of the fluorophore and the high optical
density of samples at the excitation and emission wavelength.*®
Fluorescence sensing based on the IFE mechanism has already
been exploited with different types of fluorophores from pho-
toluminescent nanomaterials to dye molecules."*™*®

Noble metal nanoparticles are known as excellent quenchers
due to their high molar extinction coefficients and tunable
absorption spectra in the visible region. The spectrum of the
localized surface plasmon resonance (LSPR) is significantly
dependent on a nanostructure's size, shape, dielectric constant,
and the dielectric constant of the surrounding environment.”**
Thus, noble metal nanoparticle properties have generated
much interest in optical sensing applications based on fluo-
rescence quenching.>**>* It should be noted that the high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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extinction coefficient of the absorber is significantly important
in fluorescence quenching based on the IFE. In particular, at the
same size, the extinction coefficient of silver nanoparticles is
much larger than that of gold nanoparticles.* Therefore, silver
nanoparticles are an excellent candidate for application in
fluorescence quenching based on the IFE. Many studies have
reported that energy transfer between noble metal nano-
materials and fluorophores plays a significant role in the fluo-
rescence quenching of fluorophores. For example, the
fluorescence quenching of coumarin,***” RhB and rhodamine
6G,’> and indopolycarbocyanine*® in the presence of silver
nanoparticles has been revealed by the FRET effect. Although
these studies reported that FRET is the primary mechanism of
fluorescence quenching, the specific interaction mechanism
between the silver nanomaterials and dye has been shown to
depend on the size and shape of the nanomaterials.?**

Nonspherical nanostructures have been shown to exhibit
increased LSPR sensitivities due to their sharp geometries.
Triangular silver nanodisks have optical properties where the
surface plasmon resonance bands are tunable throughout the
visible to near-infrared regions of the spectrum by controlling
the edge length, thickness, and tip morphology.>***** It has
been postulated that triangular silver nanodisks could contain
both dipole and quadrupole plasmon resonances, which can
cause a shift in the frequency and extinction cross-section as
a function of their size, shape, and dielectric surrounding
environment.*® This characteristic of plasmon resonances is
different from that of spherical particles, which can not be
distinguished between the two. Furthermore, triangular silver
nanodisks possess a higher absorption coefficient at the exci-
tation wavelength than that of other shapes.*

In this work, triangular silver nanodisks (denoted as Ag
nanodisks) were used as an absorber to study the fluorescence
quenching of RhB. Unexpectedly and remarkably, although the
absorption of Ag nanodisks and the fluorescence of RhB pre-
sented a perfect overlap, FRET could not occur. This phenom-
enon was confirmed through an examination of the fluorescence
lifetime of RhB with and without Ag nanodisks. Instead of the
energy-transfer mechanism, the high efficiency of fluorescence
quenching was clarified as the major effect, stemming from the
IFE, while a minor contribution to the quenching of fluorescence
stemmed from static quenching, and the highest fluorescence
quenching efficiency was about 60%. This high efficiency of
fluorescence quenching is consistent with the high absorption
coefficient of Ag nanodisks, together with the completely over-
lapping spectra of the absorption spectrum of Ag nanodisks and
the absorption and fluorescence spectra of RhB. This result
clearly provides a simple approach for designing fluorescence
quenching systems based on Ag nanodisks and fluorophores for
application in fluorescence sensing.

2 Experimental section

2.1. Materials
Silver nitrate (AgNP3, 99.98%) was used as the precursor of Ag.
Trisodium citrate dihydrate (TSC, 99%) and sodium
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borohydride (NaBH,, 99%) acted as reducing agents. Polyvinyl
pyrrolidone (PVP) served as the stabilizer.

2.2. Chemical synthesis of Ag nanodisks

First, colloidal silver nanoparticle seeds (denoted as Ag NPs) were
fabricated by the reduction process of AgNO; with the presence of
NaBH,. The synthesis of colloidal Ag NPs started with a simple
aqueous phase mixing of AgNO; with TSC, PVP, and NaBH,
solutions.* In short, a mixture of 2 ml of AgNO; (0.02 M), 400 pl
TSC 0.6 M, 100 ul PVP (0.03 M), and 200 pl deionized water was
prepared and magnetically stirred at room temperature for
15 min. Then, 800 ul NaBH, was dropwise added to the mixture.
Finally, 200 pl of NaOH (1 M) was injected into the solution. After
that, the total mixture was magnetically stirred for 15 min.

Then, to synthesize Ag nanodisks, the obtained solution
above was irradiated by a green LED (light emitting diode) with
a power output of ~0.5 mW cm 2 and the LED's wavelength
centered at 520 nm. Then, the absorption spectra of the mixture
were examined after each interval of 10 min of green LED
irradiation. The intent of the irradiation process was to turn the
spherical nanoparticles into silver triangular nanodisks. This
process was carried out at room temperature.

2.3. Absorption and fluorescence spectral studies

Mixtures of Ag nanodisks and RhB (1.2 uM) in water were
prepared with different amounts of stock solutions of Ag
nanodisks (ODsgp nm ~ 1.45). The amounts of the stock Ag
nanodisks were varied by 130, 200, 270, 340, 425, 495, and 565 pl
in the titration mixtures with RhB (1.2 uM) in an identical total
volume of 1800 pl. The absorption spectra of all samples were
collected using a UV-vis spectrometer (Jasco V-770). The char-
acteristics of fluorescence spectra and fluorescence lifetime
were measured by fluorescence spectroscopy (model FLS 1000,
UK). The excitation wavelengths were chosen as 349, 515, and
530 nm for the fluorescence measurements. The slit widths of
the spectroscopy were kept precisely the same for all mixtures
under the same excitation wavelengths. The relative fluores-
cence quantum yields, @, were estimated using rhodamine 590
(@& = 0.95 in ethanol) as a reference.’ The fluorescence lifetime
decay was fitted to a single exponential decay by Igor Pro 6 with

the equation: I(¢) = A X exp(—i:).

2.4. Other instrumental techniques

The morphology of the as-prepared nanostructures was examined
using an 80 kV JEOL JEM-1010 transmission electron microscopy
device (TEM). The X-ray powder diffraction (XRD) spectra were
obtained utilizing an X-ray diffractometer (Bruker D8 Advance,
Germany) at 30 kv with Cu-K, radiation (0.154056 nm) and
a parallel-beam geometry ranging from 30° to 80°.

3 Results and discussion
3.1. Absorption spectroscopy study

First, absorption spectroscopy analysis was performed to
determine the first sign of the changes in the Ag seeds under

RSC Adv, 2024, 14, 9538-9546 | 9539
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green light irradiation. The optical absorption spectra and
a digital photo of the Ag seeds under different time intervals of
green light irradiation were recorded and are presented in
Fig. 1. The color of the Ag NPs solution indicated there was
a change in the color from light yellow to navy, with a simulta-
neous red-shift in the absorption spectrum from 400 to 573 nm.
Given the connection between the nanoparticle morphology
and optical properties, it follows that these characteristics can
be used to assess the shape, size, and distribution of nano-
structures in solution for structures with such properties. The
color and absorption spectra changes have been reported as the
change in size and shape of Ag seed under a shining light
because of aggregation. Specifically, after 70 min of irradiation,
the typical LSPR spectrum showed three peaks at around
570 nm corresponding to an in-plane dipole, at 336 nm pre-
senting an out-of-plane quadrupole, and at 420 nm describing
an in-plane quadrupole.®>*® Then, these characteristic LSPR
bands could be anticipated to form triangular silver nanodisks
based on around a 100 nm-edge dimension with 10 nm
snips.?®* In this work, the solution of Ag seeds after 70 min of
shining light was used to study its effect on the fluorescence
of RhB.

3.2. Morphology and crystal structure

To confirm the size and shape and reinforce the results of the
absorption properties of the fabricated samples, the
morphology and crystal structure of Ag seeds and Ag seeds after
70 min of green shining light were studied by TEM spectroscopy
and XRD.

The TEM technique was implemented for the Ag seed sample
and Ag seeds after 70 min of shining green light to elucidate the
shape and size of the obtained samples. Fig. 2a shows the image
of the Ag seeds before shining green light on them, showing
that the Ag seeds were well-separated and fairly round, with
a diameter of approximately 7-8 nm. This indicated there would
be a good agreement between the characteristic absorption
spectrum band centered at 400 nm and the round shape,
together with the size being in the order of ten nanometers.**°
After the green light irradiation process (70 min), the Ag seeds
grew into truncated triangular Ag nanodisks, with the length of
each edge varying around 70-100 nm (Fig. 2b). This was in good
agreement with the anticipated effects indicated by the
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Fig. 1
the Ag seed solution under different times of green light exposure.
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(b)

Fig. 2 TEM images of (a) Ag seeds and (b) Ag nanodisks.

characteristics of the absorption spectrum.* It is well known
that LSPRs are formed by the coherent oscillation of conduction
electrons on the surface of the nanostructure when they interact
with the oscillating electric field of incident light. The frequency
of this oscillation is dependent not only on the density and
effective mass of the electrons but also on the size and shape of
the charge distribution. Therefore, the tips of the triangular
disks become rounded as the electron cloud density changes
across the particular surface.”

The formation of Ag nanodisks could be interpreted as
a result of the accumulation of tiny silver seeds via the Ostwald
ripening mechanism under green LED irradiation.*' This result
is in agreement with previous studies using a similar green light
for the irradiation process.***® The XRD spectra were measured
to further prove the Ag nanodisks’ structural evolution (Fig. 3).
In the XRD analysis results, the diffraction peaks at around 38°
(111), 44.09° (200), 63.9° (220), and 76.7° (311) corresponded to
the face-centered cubic structure of silver (ICCD no. 01-071-
3752).*> The high intensity peaks, without any other strange
peak in the XRD patterns, proved the pure crystal structures of
the silver nanostructures.

3.3. Study of the optical properties of RhB in the presence of
Ag nanodisks

The optical properties of RhB in the presence of Ag nanodisks
were investigated in comparison with those of RhB alone to
clarify the effect of the Ag nanodisks on RhB, where Ag nano-
disks were expected to act as a quencher.

Fig. 4a shows the absorption spectra of Ag nanodisks with
different amounts of Ag nanodisks stock solution varying from

_ !
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(a) Absorption spectra of the Ag seeds under different time intervals of green irradiation (A;;ragiation ~ 520 nm). (b) Image of a digital photo of
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Fig. 3 XRD patterns of the Ag seeds (red line) and Ag nanodisks (black
line).

130 to 565 pl. The absorption spectra of the mixing solution,
including Ag nanodisks and RhB 1.2 uM, simply presented the
overall absorption spectra of the Ag nanodisks and RhB. It could
thus be deduced that there was no specific interaction between
RhB and triangular Ag nanodisks to form a new band (Fig. 4b).
This was different from the case of RhB and graphene, where
the absorption spectrum of RhB revealed a decrease in intensity
due to the formation of a RhB-graphene complex.*

To investigate the optical properties of RhB in the presence of
Ag nanodisks, all the prepared samples were examined using
fluorescence spectroscopy. First, the excitation spectra were
measured to determine the fluorescence characteristics of the
mixing solutions (Ag nanodisks + RhB) in comparison to the
solution of RhB alone. The Ag nanodisks + RhB mixture in
aqueous solution displayed excitation and emission character-
istic bands centered at 553 and 578 nm, respectively. These
characteristic bands were identical to those of RhB alone (Fig. 5).
Thus, the excitation and fluorescence spectra of the mixing
solution of Ag nanodisks + RhB revealed the characteristic of only
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the RhB component. Therefore, the fluorescence properties of
the mixture solution of Ag nanodisks + RhB stemmed from only
the RhB component, and we can thus ignore the possible inter-
action between Ag nanodisks and RhB to form a complex.

Fluorescence spectroscopy was implemented to study the
optical properties of the mixture of Ag nanodisks + RhB further.
The fluorescence intensities of the mixtures of Ag nanodisks +
RhB and the solution of RhB alone were compared under the
same conditions of measurements and are shown in Fig. 6. It is
clear that the fluorescence intensity of RhB was quenched
depending on the amount of Ag nanodisks. The fluorescence of
RhB in the mixture solution with Ag nanodisks showed fairly
strong quenching compared to the case of RhB alone. In this
study, we examined the dependence of fluorescence quenching
on the amount of stock Ag nanodisks and the excitation wave-
length (Fig. 6a—c).

The quenching efficiencies of the mixture solution of RhB
(1.2 uM) with varying amounts of Ag nanodisks were calculated
using the following equation:*

Quenching efficiency (QE) =1 — FEO (1)
where F and F, refer to the fluorescence intensity of RhB with
and without the added Ag nanodisks. Fig. 6d displays the
fluorescence quenching efficiency of RhB depending on the
amount of Ag nanodisks stock solution as well as the excitation
wavelength. The quenching efficiency (QE) of RhB seemed to be
linear, increasing with the increasing amount of Ag nanodisks
stock solution in the range of 130 to 425 pl. The QE at the larger
amount of Ag nanodisks stock solution of 425 pl revealed
though that the trend was not linear. When reaching the
amount of the stock solution of Ag nanodisks at 565 pl, the
fluorescence quenching was retained and reached a saturated
state.

Besides examining the fluorescence intensity depending on
the amount of Ag nanodisks, we evaluated the fluorescence
quenching under various excitation wavelengths and the results
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Fig.4 UV-vis absorbance spectra for (a) varying the amounts of stock solution of Ag nanodisks from 130 ul to 565 ulin a total volume of 1700 pl;
and (b) absorption spectra of mixing solutions of RhB (1.2 pM) and different amounts of Ag nanodisks. Inset figure: absorption spectrum of RhB

(1.2 uM).
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Fig. 5 (a) Normalized absorption spectrum of RhB and excitation spectrum of RhB + Ag nanodisks; and (b) normalized fluorescence spectra of
RhB and mixed solution of Ag nanodisks and RhB for comparison. The samples were prepared in an aqueous solution, and the fluorescence
spectra were recorded with excitation at Aexc = 515 nm. The excitation spectrum was collected with monitoring at A, = 570 nm.

are presented in Fig. 6d. Three distinguished excitation wave- the mixture solutions of Ag nanodisks and RhB. As seen from
lengths at 349, 515, and 530 nm were utilized to excite RhBin all the absorption spectra of RhB and Ag nanodisks, the excitation
the prepared samples to clarify the effect of excitation energy on  wavelengths at 349, 515, and 530 nm showed an increase in the

(a) (b)

6
1x10 ==
— RhB+ 130 uL Ag 6 ——RhB
8x10°- — RhB+200 uL. Ag 1x10 —RhB+ 130 uL Ag
= /\ —RIB+270pLAg| ——RhB +200 uL Ag
£ 6x10° | \\ RhB+340uL Ag | S 9x10° ——RhB +270 uL Ag
é\ /’ ——RhB +425 uL Ag 2 RhB + 340 uL Ag
z ——RhB+495uLAg | Z " ——RhB +425 uL Ag
3 4x10°A \——RhB+565uLAg | 5 6x10° ——RhB +495 L Ag
RS \ K=} ——RhB + 565 L Ag
2x10° 3x10°
0 T T T 0 d i . -
550 600 650 700 550 600 650 700
Wavelength (nm) Wavelength (nm)
. (©) (d)
2x10 0.75
. B 349nm
® 515mm
RhB + 130 uL Ag > A
3 1x10%] —RmBe00uAe | D geof T RN s A
S —RhB+270 uL Ag 3 —Fitof 515 nm & o
B RiB+340LAg | {5 ——Fit of 530 nm i
= 8x10°1 ——RhB +425 uL Ag Q045 n
s ——RhB +495 uL Ag o
k= ——RhB +565 uL Ag %
5 =
/ o
5 600 s N N ; ; ; :
100 200 300 400 500 600
Wavelength (nm) ul (Ag)

Fig. 6 Fluorescence spectra of RhB (1.2 uM) in comparison with the mixtures of Ag nanodisks + RhB (1.2 uM), with the amount of stock Ag
nanodisks varying from 130 pl to 565 ul in a titration volume of 1700 ul, under different excitation wavelengths at 349 nm (a), 515 nm (b), and
530 nm (c); (d) fluorescence quenching efficiency of mixed solutions of Ag nanodisks + RhB depending on the amount of stock Ag nanodisks
solution and the excitation wavelength.
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Table1 Fluorescence quantum yields of RhB with various amounts of
Ag nanodisks in aqueous solution depending on the excitation
wavelength; abbreviation: ¢ = excitation wavelength

Fluorescence quantum yields (9y)

Amount of Ag nanodisks (pl)

Aexc

(nm) 0 130 200 270 340 425 495 565
349 0.35 0.30 0.28 0.27 0.26 0.24 0.20 0.20
515 0.35 0.28 0.26 0.24 0.22 0.21 0.17 0.17
530 0.35 0.27 0.25 0.23 0.22 0.20 0.16 0.16

absorbance of both Ag nanodisks and RhB. The QE apparently
increased with the excitation wavelength and reached about
60% at the highest concentration of Ag nanodisks (565 pl). For
further clarification of the quenching property of RhB by Ag
nanodisks, the fluorescence quantum yields of RhB with
various amounts of Ag nanodisks were calculated and are pre-
sented in Table 1. The fluorescence quantum yield of RhB in
aqueous solution was 0.35. This value matches the previously
reported value.** In contrast, the fluorescence quantum yields of
RhB with Ag nanodisks showed a significant decrease,
depending on the excitation wavelength and the amount of Ag
nanodisks. These results strengthen the fact that the fluores-
cence quenching was correlated with the amount of Ag nano-
disks and the excitation wavelength as well. More interestingly,
the increase according to the increasing wavelength excitation
also was only linear in the range of amount of Ag nanodisks
from 130 to 425 pl. The fluorescence quenching mechanism of
RhB in the presence of Ag nanodisks will be clarified in the next
section.

3.4. Fluorescence quenching mechanism of RhB under the
influence of Ag nanodisks

It is generally accepted that fluorescence quenching can cause
dynamic quenching and/or static quenching. Dynamic
quenching is known as the deactivated excited state of fluo-
rophores by quenchers, generally through a collisional mecha-
nism. A significant signature to recognize the dynamic
quenching is the decrease in the fluorescence lifetime of fluo-
rophores due to an additional rate process that depopulates the
excited state without fluorescence emission. However, statics
quenching also causes a decrease in fluorescence intensity, but
it shows no changes in the fluorescence lifetime of fluo-
rophores.” The fluorescence quenching mechanism based on
metal nanomaterials and chlorophores has attracted much
research. It is popularly believed that the dynamic quenching
mechanism mostly plays an important role in those cases,
particularly due to FRET. Seliverstova et al. reported the effect of
Ag nanoparticles on the fluorescence properties of indopoly-
carbocyanine dyes with FRET, which acted as a significant
factor for changes in the fluorescence intensity.”® The fluores-
cence quenching of coumarin dye by silver nanoparticles acting
as a quencher was also elucidated due to the FRET mecha-
nism.”® It was indicated that the FRET mechanism occurred as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a result of the spectral overlap of the absorption of silver
nanoparticles and emission of coumarin dye.

As a suggestion to evaluate the fluorescence quenching
mechanism of RhB in the presence of Ag nanodisks, the
absorption and fluorescence spectra of RhB can be compared
with the absorption spectrum of Ag nanodisks to compare the
relative positions of these spectra (Fig. 7). Fig. 7 shows there was
an excellent overlap of Ag nanodisks absorption with both the
fluorescence and absorption spectra of RhB. Additionally, as
indicated from previous reports, with the presence of Ag
nanoparticles, the fluorescence of some dyes (coumarin,*®
rhodamine 6G,® RhB?) was quenched due to energy transfer
between the Ag nanoparticles and dyes.

In our case, we initially considered that the fluorescence
quenching of RhB might be expected due to several reasons
involving dynamic quenching, IFE, and/or static quenching. To
gain a better assessment, the time-resolved fluorescence life-
times of RhB and the mixtures of RhB and Ag nanodisks were
compared. Fig. 8a reveals the fluorescence decays of RhB alone
and RhB + Ag nanodisks at two different amounts of stock Ag
nanodisks solution in water. The fluorescence decay times of
the three solutions were exactly the same. The fluorescence
lifetimes of these solutions could be well fitted with a single
exponential function. The fluorescence lifetime was 1.63
(£0.01) ns, which corresponded to a radiative rate constant (k)
of 6.13 x 10% (s7"). This lifetime indicates a good agreement
with the fluorescence lifetime of RhB in aqueous solution.***
Thus, the presence of Ag nanodisks, at either high or low
concentrations, had no effect on the fluorescence lifetime of
RhB. It is inferred that there were no additional processes that
depopulated the excited state of RhB. Therefore, we can rule out
the contribution of the dynamic mechanism in fluorescence
quenching. This observation differs from most previous studies
on silver nanoparticles and dye mixtures, in which energy or
electron transfer was reported to play a key role in the fluores-
cence quenching of fluorophores.>**** Then, the IFE and/or
static quenching are considered the major factors in fluores-
cence quenching of RhB with Ag nanodisks. Due to the high

= A g nanodisks

124 Absorption of RhB
; " | =-=--Fluorescence of RhB
a .
=
2 0.81
)
<
=
= 0.4

0.0 +— T T T =t

450 500 550 600 650 700
Wavelength (nm)

Fig. 7 Spectral overlap of the normalized absorption spectrum of Ag
nanodisks (bold black line) in comparison with normalized absorption
(short dot line) and fluorescence (dot and dash line) spectra of RhB in
aqueous solution.
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fluorescence intensity of RhB with and without the various stock Ag nanodisks solution; the solid lines = the fitting curves.

extinction absorption coefficient and complete overlap of the
absorption spectrum of Ag nanodisks with the absorption and
fluorescence spectra of RhB, the IFE was anticipated to impact
RhB fluorescence quenching significantly. First, looking back at
examining the fluorescence quenching efficiency under
different excitation wavelengths, a clear trend of increasing
quenching efficiency corresponding to the increasing excitation
wavelength from 349 to 530 nm was obtained (Fig. 6d). Based on
the primary IFE, this observation is appropriate and can be
explained as follows. The fluorescence intensity is proportional
to the fluorophore's quantum yield, the molar extinction coef-
ficient of the fluorophore at the excitation wavelength, and the
intensity of the excitation radiation. Then, when the excitation
wavelength shifts from 349 to 530 nm, it means that the exci-
tation wavelength shifts to the higher absorption coefficient of
RhB, leading to the attenuation of the excitation beam.®
Furthermore, when the excitation wavelength is shifted from
349 m to 530 nm, this also corresponds to an increase in the
ability to reabsorb the excitation radiation and emission radi-
ation of RhB by Ag nanodisks in the solution, known as
secondary IFE.">* As a result, the fluorescence intensity of RhB
will significantly decrease when increasing the excitation
wavelength. In order to quantify the contribution of EFE, the
correction for EFE can be calculated as follows:***

_ Awdo(1 =104 (1 10°4)
T A (T 10 (1= 10740)

(2)

where A,, and Ay, are the absorbances of the solution of the
fluorophore alone (only RhB solution), and A,; and Ay, are the
absorbances of the mixture solution of the fluorophore and
quencher (RhB + Ag nanodisks), at the excitation and emission
wavelengths, respectively. The IFE correction was then applied
by replacing Ignp/Irnp+ag With 1 Ixnp/Irnp+ag. FOI OUr case, n was
estimated for three excitation wavelengths at 349, 515, and
530 nm; while the emission wavelength was taken as 579 nm. As
calculated, the 7 values varied from 0.46 (for the case of exci-
tation at 530 nm with the largest amount of Ag nanodisks) to 1

9544 | RSC Adv, 2024, 14, 9538-9546

(for the case without Ag nanodisks). After the correction of the
IFE contribution, it was revealed that the fluorescence intensity
had no dependence on the excitation wavelength, as shown in
Fig. 8b (the open symbol curvature); and the ratios of Iznp/
Irnhp+ag Were approximately 1.1 (0.02) in the case of the amount
of stock solution Ag nanodisks lower than 425 pl. It is thus
evident that the IFE plays an important role in the fluorescence
quenching of RhB when the presence of Ag nanodisk at the
concentration of Ag nanodisks corresponded to the amount of
stock Ag nanodisk solution lower than 425 pl. At an amount of
stock Ag nanodisks solution larger than 425 pl, the ratio of Ix,p/
Ipnpiag Was around 1.2 (+0.03). Therefore, except for the
contribution of IFE, at higher concentrations of Ag nanodisks,
the fluorescence quenching of RhB might be affected by static
quenching; this quenching generally occurs at high quencher
concentrations.”

In the case of static quenching, two distinguished possibil-
ities should be mentioned: (i) the formation of a ground-state
non-fluorescent complex, and (ii) the quencher located inside
a sphere of effective quenching.” For the former case, the
absorption spectra of the mixture of Ag nanodisks and RhB
simply described the overall Ag nanodisks and RhB without any
new band. Therefore, we can ignore the case of the formation of
non-fluorescent complexes. To estimate the second possibility
of the quencher (Ag nanodisks) located inside or outside
a sphere of effective quenching of the fluorophore RhB, the
changes in fluorescence intensity depending on the amount of
Ag nanodisks need to be evaluated. It is known that if
a quencher is outside the active sphere of a fluorophore, it has
no effect on the fluorophore.

In contrast, if a quencher is located inside a quenching
sphere of a fluorophore, it will lead to its fluorescence
quenching. A specific characteristic of the case of fluorescence
quenching due to the quencher located inside the active sphere
is that the concentration dependence of the quencher versus
fluorescence intensity is almost linear at low concentrations
an upward curvature at high quencher

and shows

© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentrations.” According to Perrin's model, the ratio I,/I can
be expressed by

N AAC) ®)

where V is a sphere of volume surrounding the fluorophore, N, is
Avogadro's number, and [Q] is the quencher concentration. At low
concentration, exp(VqNa[Q]) = 1 + VyN,[Q], which is why the
concentration dependence was almost linear, similar to the case
of the Stern-Volmer plot. In comparison to our case, the depen-
dence of the Igpp/Irhpiag ratio on the amount of stock Ag nano-
disks well fitted with a growing exponential function (Fig. 8b).
Therefore, we inferred that there was a minor contribution of
static quenching of RhB in the presence of Ag nanodisks. This
contribution was negligible when the amount of Ag nanodisk
stock solution was less than 425 ul, and reached about 17% when
the amount of Ag stock solution was greater than 475 pl. Silver
nanoparticles have been reported to be able to act as acceptors
and/or quenchers of fluorophores due to electron transfer and
energy transfer.*”*?”?° For our case, although the spectra overlap
between the absorbance (Ag nanodisks) and fluorescence of the
fluorophore (RhB) were favorable in terms of fluorescence energy
transfer, the fluorescence quenching mechanism of RhB due to
triangular silver nanodisks was consistent with the greater
contribution of the IFE mechanism. As mentioned above, FRET
and/or NEST frequently are predominant contributors to fluo-
rescence quenching due to silver nanomaterials acting as
a quencher. The major role of IFE in the fluorescence quenching
of RhB was thus unexpected. For suggesting an interpretation, we
suppose that the size and shape of Ag nanodisks might be the
crucial issue leading to the different quenching mechanisms in
comparison to the previous studies based on spherical silver
nanomaterial.>***® It is worth noting that FRET can occur effec-
tively in inverse proportion to the six orders of the center-to-center
distance (1/r°) between dyes and absorbers. Likewise, the inter-
action between the fluorophore and absorber due to IFE is more
predominant at much longer distances, with an 1/7> dependence
within the solution.*” Then, we suppose that the main reason for
the significant role of the IFE mechanism in fluorescence
quenching stemmed from the interaction distance between the
Ag nanodisks and RhB. This interaction is different from the case
of silver nanoparticles. In the case of triangular silver nanodisks,
it might be due to the shape of the triangular silver nanodisks and
the change in charge distribution across their surface.” Fluores-
cence quenching due to the IFE and/or static quenching has also
been reported based on some fluorophores, such as carbon
nanodots,” and azamonardine.” Kathiravan et al. investigated
fluorescence quenching due to the IFE mechanism based on
phenothiazine derivatives acting as fluorescence system and
picric acid acting as the quencher.> Our results provide great
guidance for simply designing a high-efficiency fluorescence
quenching system for performing fluorescence sensing.

4 Conclusions

In summary, we clarified the fluorescence quenching mecha-
nism of a system involving RhB dye and Ag nanodisks in water

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solutions based on steady-state absorption and fluorescence
spectroscopies together with the time-resolved fluorescence
lifetime technique. In this system, the Ag nanodisks acted as
fluorescent quenchers, leading to quenching of the fluores-
cence of RhB, mostly due to IFE as the predominant contribu-
tion. Additionally, the location of Ag nanodisks inside the
sphere of effective quenching of the fluorophore RhB also made
a minor contribution to the fluorescence quenching. Interest-
ingly, this study revealed that energy transfer between Ag
nanodisks and RhB could not be observed as in most previous
studies. This could be due to the size and shape of the trian-
gular silver nanodisks. Our results pave the way to design
fluorescence sensing systems, which is a hot and contemporary
research theme, with an insight into the fluorescence quench-
ing mechanism.
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