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Abstract. We have applied a response surface approach to study the fluorescence
quantum yield (FQY) of rhodamine 6G (Rh6G) mixed with Au-Pd core—shell
nanorods (Au-Pd NRs). The FQYs have been measured for the Rh6G
concentrations varying from 3.53x10” to 1.70x10™° mol/L and the concentrations of
Au-Pd NRs from 7.06x107° to 1.36x107* mol/L. Our experimental results testify
that the FQY depends notably on the proportions of Rh6G and Au—Pd NRs. A
specific relationship between the FQY and the concentrations has also been
confirmed by a response surface plot. It is found that the discrepancy between the
experiment and the calculations is less than 2%.
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1. Introduction

Interactions between metal nanoparticles and fluorophores have been extensively studied because
they offer diverse applications in the fields of biosensors [1], cell imaging [2] and photovoltaics
[3]. It has been reported that the emission intensity of fluorophores can be either enhanced or
quenched when they are located near metal nanoparticles. This depends on the distance between
the metal nanoparticles and the particles of fluorophores. Enhancement of fluorescent signals due
to the presence of metal nanoparticles, which is referred to as a metal-enhanced fluorescence, is
commonly attributed to excitation of surface plasmons on the metal surfaces [4]. Then the nano-
particles act as fluorescence amplifiers. On the other hand, another phenomenon known as a
fluorescence resonance energy transfer can become dominant, whenever the fluorophores are in a
close (less than 10 nm) proximity to the metal nanoparticles [5]. This effect leads to reduction, or
even quenching, of the fluorescent signal.

A number of studies have been reported on the fluorescence enhancement and quenching
caused by different metal nanoparticles. Suslov et al. [6] have shown that the fluorescence of rho-
damine B is enhanced by monodispersed silver nanoparticles. Chen et al. [7] have found that silver
nanoparticles can either enhance or quench the fluorescence of organic LEDs. Finally, Boonpi-
phobanun et al. [8] have presented some results concerned with enhancement and quenching that
occurs in the emission spectra of Au—Pd core—shell nanorods (Au—Pd NRs). Nevertheless, there
are only few studies on the effect of metal nanoparticles upon one of the main fluorescence
parameters, a fluorescent quantum yield (FQY). This parameter, which is given by the ratio of
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number of the emitted photons to that of the absorbed photons, is very important for determining
the efficiency of fluorophores. In particular, the influence of different concentrations of the metal
nanoparticles on the FQY remains unknown. We intend to fill this gap in the present work. We are
going to focus on the Au—Pd NRs mentioned above and rhodamine 6G (Rh6G) clusters in liquid
solution, instead of solid matrices. We have restricted our analysis to Rh6G dye, since it offers a
high FQY.

The FQY is usually derived using a relative method [9, 10]. The latter relies on measuring the
signals obtained from an unknown sample and a reference sample, of which FQY is known under
the same conditions. By comparing the fluorescence intensities detected from the sample with that
from the reference, one can determine the FQY of the sample under test as

2
FQY = FQY, iﬁ[iJ , (1)
Ip A\ ng
where / is the integrated fluorescence intensity, 4 the absorbance, n the refractive index of a
solvent, and the subscript R refers to the reference fluorophore in all cases.

To examine possible relationships between the FQY and the proportions of Au—Pd NRs and
Rh6G, a response surface methodology with a central composite design has been employed. The
response surface methodology is a combination of statistical and mathematical techniques for im-
proving and optimizing different processes [11]. The method has attracted a lot of attention beca-
use it is capable of determining both the individual and interactive effects of many factors of inte-
rest. Moreover, it requires a smaller number of experiments, if compared to conventional methods.
For example, the response surface methodology has been used to study the effect of temperature
on the thermoelectric properties [12] and to optimize production of biodiesel from the waste
cooking oil [13]. In our study, we use the response surface methodology to create analytical model
for the dependences of FQY on the Rh6G and Au—Pd NR concentrations. Then the accuracy of the
model can easily be validated with the experimental data. Besides, such a model would be very
useful when determining proper concentrations of mixture-sample solutions that enhance the FQY.

2. Experimental

An Rh6G dye powder was purchased from Sigma Aldrich, USA. No further purification was
performed. An Rh6G stock solution (6x107° mol/L) was prepared by dissolving a desired quantity
of the dye in deionised water. Au—Pd NRs were purchased from NonoSeedz Limited, Hong Kong.
They had the diameters 40+3 nm and the lengths 96+6 nm.

As already mentioned, the influence of the concentration of Au—Pd NRs on the FQY of Rh6G
was investigated using the response surface methodology based on the central composite design. A
Design Expert Software 9.0.3 was employed for this aim. Since there were two input factors,
Rh6G and Au—Pd NR concentrations (k = 2), the total number of samples needed for our experi-
ments was equal to 25+ 2k + n = 13, with n being the number of replicated runs (n = 5) [14].
The dye stock solutions were prepared to obtain the test solutions with the concentrations ranging
from 3.53x107 to 1.70x10 *mol/L (see Table 1). To minimize the interactions between the mo-
lecules, these concentrations were chosen so as to produce the absorbance less than 0.1 at the
excitation wavelength. The concentrations of Au-Pd NRs varied between 7.06x10°° and
1.36x107* mol/L. As seen from Table 1, we prepared thirteen different solution samples in total.

The optical absorbance and the fluorescence of our solutions were measured, using optical
apparatus shown respectively in Fig. 1 and Fig. 2. A tungsten lamp ‘Mega Light100° and a high-
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power LED (the wavelength 525 nm and the optical power 1.4 mW) were used as excitation
sources for the absorbance and fluorescence measurements, respectively. The spectra were
recorded with an optical spectrometer ‘Avantes’. The Rh6G solution with the concentration
1.0x107® mol/L was taken as a reference. Its absorbance was equal to 0.055, the integrated relative
fluorescence intensity was 1.49x10° and the FQY amounted to 0.95 [15]. Finally, the refractive
index of the reference measured with a refractometer ‘ATAGA” was equal to 1.3320.
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Fig. 1. Block diagram of our absorption measurement system.
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Fig. 2. Block diagram of our fluorescence measurement system.

Once the optical experiments were completed, we performed the ANOVA variance analysis
to produce a prediction model. ANOVA was conducted to find out whether the model obtained
from the response surface methodology was significantly reliable, or not. The modified model
for estimating the response surface methodology was a quadratic polynomial given by the relation
[16,17]

k k k

2

FOY =By + 2. BiX; + 2 B X, +ZﬁiinXj : 2)
i=1 i=1 i=1

Here FQY is the predicted FQY, X; and X; denote the independent variables, and S are

constants. Namely, S, stands for the intercept, f; the linear coefficient, f; the quadratic coefficient,

and f; the interaction coefficient.

3. Results and discussion

As an example, Fig. 3a and Fig. 3b show respectively the absorption and fluorescence spectra
obtained for the sample #4, both with the pure Rh6G and the Rh6G and Au—Pd NR mixture. Note
that the absorption reveals a peak at about 526 nm, which is typical for all of our samples. The
fluorescence peak observed at about 556 nm (see Fig. 3b) also refers to all of the samples. These
peaks are therefore used to calculate the FQY according to Eq. (1).

The FQY values calculated for all of our samples are summarized in Table 1. One can see
that adding of Au—Pd NRs affects efficiently both the absorbance and the fluorescence. Eventually,
the first fact is evident since any scattering particles increase the light path through a cuvette,
resulting in a relevant FQY change.
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Fig. 3. Absorption spectra (a) obtained for the reference, the pure Rh6G and the mixed solution of Rh6G with
Au—-Pd NRs, and fluorescence spectra (b) obtained for the reference, the pure Rh6G and the same mixed
solution. All of the spectra correspond to sample #4.

Now we apply the response surface approach to fit the concentration dependence. Fig. 4a

shows the relationship between the empirical FQY and the FQY value predicted by the analysis of
variance. The FQY dependence on the concentrations of Rh6G and Au—Pd NRs can be written as

FOY =1.48345—(2.93524x10° x A)— (11949.31203x B) +(9.20837x10° x Ax B)

, )
+(6.64820x10'° x 4%) +(3.34804x107 x B?)

where 4 and B represent the concentrations of Rh6G and Au—Pd NRs in mol/L, respectively. The
analysis of this model has given the R” parameters and the p-values (see Ref. [16]), which are
displayed in Table 2. When compared with the experimental data, the mathematical model given
by Eq.(3) should be deemed acceptable. Indeed, the R’ parameter is equal to 0.9923, thus
confirming that the model is statistically reliable.

Table 2. ANOVA variance analysis for our quadratic response surface model: df denotes the
number of degrees of freedom, F-value is the random variable from the F-distribution, and p-value

the probability.
Source Sum of squares  df Meansquare F-value  p-value
Model 0.690 5 0.140 129.45  <0.0001
A =Rh6G 0.015 1 0.015 14.05 0.0072
B=Au-Pd NRs 0.640 1 0.640 599.73  <0.0001
AB 1.60x10°° 1 1.60x10°° 1.49 0.2616
A 1.56x107° 1 1.56x107° 1.46 0.2664
B’ 0.034 1 0.034 31.77 0.0008
“Residual sum of squares 7.51x107 7 1.07x107 — -
Lack of fit sum 7.11x10°° 3 2.37x10°° 23.70 0.0052
Pure error sum 4.00x107* 4 1.00x107* - -
Corrected total 0.700 12 - - -

*. . . . .
Residual sum of squares is a combination of pure error sum of squares and lack of fit sum of squares

The ANOVA vyields in a response surface plot shown in Fig. 4b. The FQY decreases with
increasing concentration of Au—Pd NRs. In other words, addition of Au—Pd NRs into Rh6G results
in reduced FQY, as compared with the pure Rh6G for which we have a typical value of 0.95 [15].
This is understood as a result of nonradiative energy transfer between the Rh6G dye and the Au—
Pd NRs. In simple terms, the Au—Pd NRs act as a fluorescence quencher. One can notice the FQY
values larger than unity for the samples #2 and #4. In fact, these data points remain within the
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limits of experimental errors, which are typically equal to 10%. The two following factors
contribute mainly to the FQY uncertainty. The first of them is fluctuations of spectral radiance of
exciting light and changes in ambient temperature. The second is Rayleigh scattering at our metal
nanoparticles, of which sizes are smaller than the light wavelength. The incoming light is therefore
elastically scattered by the Au—-Pd NRs, and the scattered light does not easily reach a
photodetector. Hence, the light scattering at relatively short wavelengths can result in the
absorbance tails.

As evidenced by the ANOVA (see Table 2), our model appears to be reliable for expressing
the relationship between the FQY and the proportions of Rh6G and Au—Pd NRs. In particular, the
p-value is less than 0.0001 and the F-value amounts to 129.45 [18].
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Fig. 4 (a) Correlation of actual and predicted FQY values, and (b) response surface plot obtained for the
dependence of FQY on the Rh6G (A) and Au—Pd NR (B) concentrations.

To check reliability of Eq. (3), we have additionally studied the FQY from different samples
that deviate from the conditions provided by the model in Table 1. The information on these
samples is gathered in Table 3. We find that the discrepancies of the predicted and measured FQY's
are less than 2%. This implies that the equation derived from this model is accurate and reliable

enough to predict the relationship between the FQY and the concentrations of Rh6G and Au-Pd
NRs in the solution.

Table 3. Comparison of empirical and theoretical FQY values obtained for our Rh6G and Au-Pd
NR solutions.

Molar concentration, FQY for the system of Rh6G and

Sample # mol/L Au—Pd NRs Error, %
Rh6G Au-Pd Model Measured
14 6.00x107  3.00x107° 1.00 1.02 2.0
15 9.00x107  6.00x107 0.71 0.70 1.41
16 1.20x10°  8.00x10° 0.55 0.56 -1.82

4. Conclusion

In this work we report the studies of the influence of Rh6G and Au—Pd NR concentrations on the
FQY, which are performed using the response surface methodology. Our experiments have
demonstrated that the FQY is sensitive to the concentrations of Rh6G and Au—Pd NRs. The
dependence of FQY on the Rh6G and Au-Pd NR concentrations is derived using a general
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quadratic-polynomial model. A comparison of the empirical and theoretical FQY's testifies that the

errors of the model are less than 2%.
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Anomauyia. V yiii npayi 3acmoco8ano nioxio nosepxti 8i02yKy 00 GUGUYEHHS K8AHMOBO20 GUX0OY
dnyopecyenyii (KBJI) pooaminy 6G (P6G), smiwanozco 3 wuanmonanuuxamu Au—Pd muny
cepyeguna-ooonouka (Au—Pd HII). KBJI 6yno sumipano ona kouyenmpayiii P6G y dianasoni 6i0
3,53x107 0o 1,70x10° moaw/n i romyemmpayiii Au—Pd HIT 60 7,06x10° oo
1,36x10"* monwv/1. Excnepumenmansui pesynomamu 3aceiouunu, wjo KBJI icmomuo 3anesicums 6io
nponopyiti P6G i Au—Pd HII. Konkpemnuil 63aemo38 ’siz0x mioie KBJI i koHyenmpayisimu maxoic
niomeepodiceHo epagixom nosepxti 6i02yKy. Busieneno, wjo po30ixicHicms Midc eKCnepumeHmom
ma po3paxynkom cknaoae menute 2%.
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