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The interaction of the dyes Safranin-O (SO) and Orange II (OII) with aqueous colloidal Q-CdS clusters,
which emit single fluorescence bands with maximum wavelengths at 481 nm (excitonic band) or 559 nm
(trapped band), has been studied. This was carried out by monitoring both the photodegradation of the dye
in the presence of the clusters and the quenching of the clusters fluorescence by the dyes. The photolysis
experiments were carried out by excitation either at 520 nm (the wavelength at which the dyes, but
not the clusters absorb light) or at 350 nm (the wavelength at which the clusters strongly absorb light,

Keyworqs: and the dyes have absorbance minima). At 520 nm, photodegradation of SO could be observed, which
Nanoscience . R . . . .

Q-cds follows a first-order kinetics (for trapped-band clusters) and a second-order kinetics (for excitonic-band
Safranin-O clusters). For the excitation wavelength of 350 nm, photodegradation of either of the dyes could not be
Orange II observed. The Stern-Volmer plots for the quenching of the excitonic band-clusters fluorescence by SO

show an upward curvature, pointing to the occurrence of more than one species acting as the fluorescence
quencher, whereas the Stern-Volmer plots for the quenching of the trapped band-clusters fluorescence
by SO are linear, indicating that only one species acts as a fluorescence quencher. Lambert-Beer type
plots (absorbance vs. concentration) are linear for SO in water and in trapped band-clusters solutions,
but a similar study of SO in excitonic band-clusters solution show the occurrence of a new band, which
can be assigned to a ground-state dimer of the dye. The latter can be used to explain both the upward
curvature of the Stern-Volmer plots and the second-order kinetics observed for SO photodegradation in
the SO-excitonic band-clusters system. The Stern-Volmer plots for the quenching of both fluorescence
bands by OII are linear.

Fluorescence

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Scientific and technological applications of nanomaterials are
currently of great interest and their uses are rapidly growing [1-3].
In particular, semiconductor nanoparticles (SC-NPs) show charac-
teristic physicochemical properties that are different from those of
both the bulk and the molecular substance, these properties facil-
itate their use in diverse fields, such as in optoelectronics [4], for
solar-energy conversion [5,6] and in photocatalysis [7].

A process that is common to the latter two fields concerns the
interaction between SC-NPs and some dye present in the aqueous
solution and/or adsorbed onto the NP surface. For solar-energy con-
version, a number of dyes are used as photosensitizers for wide
band-gap (UV-absorbing) semiconductors; to extend the wave-
lengths absorbed by the system to the visible range [8-10].

Moreover, the textile industry uses many dyes, which enter
the wastewater as pollutants and therefore must be degraded,
for which purpose SC-NPs promise to be very useful [11-17].
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Among the dyes that are very commonly used in the textile indus-
try, chemicals for which photodegradation using SCs is currently
under investigation, are the sulfonated azo dyes [18-20] and the
phenazine dyes [21].

Azo dyes comprise the largest class of textile dyes in industrial
use [22]. The sulfonated azo dye Orange II (4-(2-hydroxy-1-
naphthylazo) benzene sulfonic acid sodium salt, Scheme 1) is
widely used in the dyeing of textiles, food, and cosmetics. For
this reason, there have been several publications dealing with its
degradability using different methods for wastewaters [23-25].

The phenazine dye Safranin-O (3,7-diamino-2,8-dimethyl-
5 phenylphenazinium chloride, Scheme 2), similar to other
phenazine dyes, has been extensively used as a photosensitizer in
energy-transfer and electron-transfer reactions [26], in addition to
being used as a sensitizer in visible-light photopolymerization [27].
Safranin-O has been found to act as either a photochemical oxi-
dant or a reductant [28], and its spectroscopic and photophysical
properties in aqueous solutions are well documented [29,30].

A study of the interaction between colloidal CdS-NPs in an aque-
ous solution and two dyes, the anionic dye Orange II (OII) and the
cationic dye Safranin-O (SO), is presented herein. The experiments
have been carried out by monitoring both the photodegradation of
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Scheme 1. Orange II.

the dye in the presence of Q-CdS-NPs and the quenching of the NP
fluorescence by the dyes.

The samples of colloidal CdS-NPs (Q-CdS) are prepared as
described in a previous work [31]. They emit characteristic single
fluorescence bands, identified as the excitonic band and the trapped
band, and therefore, the particles have been named respectively, as
excitonic-band nanoparticles (NPgg) and trapped-band nanoparti-
cles (NPtg).

2. Experimental
2.1. Chemicals

Cadmium sulfate (Mallinckrodt), sodium polyphosphate,
sodium sulfide, and Orange II (Merck) were of analytical grade and
they were used without further purification. Safranin-O (Aldrich)
was recrystallized twice from methanol before use.

2.2. Preparation of Q-CdS colloids

Samples of colloidal Q-CdS, which emitted single fluorescence
bands with maximum wavelength at 481 nm (excitonic band) or
559 nm (trapped band), have been prepared. The excitation and
emission spectra of Q-CdS are shown in Fig. 1. The samples were
prepared as described in a previous work [31]. The following is a
brief explanation of the experimental procedure.

An aqueous solution of CdSO4 containing sodium polyphos-
phate as stabilizer, was de-oxygenated by nitrogen bubbling for
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Fig. 1. Fluorescence excitation and emission spectra of the clusters: (a) excitonic
band (Amax =481 nm) and (b) trapped band (Amax =559 nm).

30min. Subsequently, a specific quantity of HpSi was added,
depending on the clusters to be prepared (see Table 1), while keep-
ing the vessel hermetically closed. In nearly 2 min, the solution
became pale yellow and, after 10 min, the excess H,S(g) was elim-
inated by nitrogen purging, the pH was adjusted to its final value
of pH 10.5. These clusters emitted a very weak fluorescence that
was greatly enhanced by the addition of excess Cd2*; therefore,
all the samples were prepared with a final Cd?* concentration of
8 x 1074 M.

2.3. Quenching procedures

The quenching experiments were carried out by adding a
solution of concentrated quencher in colloidal Q-CdS to the cor-
responding Q-CdS-clusters solution. Moreover, to detect if there
was some interaction between the quenchers and the stabilizing
polyphosphate (or the cadmium ion), solutions of the quenchers
with polyphosphate and/or CdSO4 at several concentrations were
prepared. No detectable effect on the absorbance of the quenchers
was observed in these control solutions.

2.4. Photolysis experiments

The photolysis experiments were carried out by preparing solu-
tions with varying concentrations of the dye, in the range of 2 x 10>
to 5 x 10~ M, using the corresponding clusters solution (NPg or
NPgg) as the solvent. Irradiation was carried out with a Photon Tech-
nology International (PTI) illumination system comprising a 150 W
Xe lamp and a monochromator. The irradiation wavelengths were
520 nm or 350 nm and the bandwidth was 8 nm.

NPs are not excited at A=520nm (v~19,200cm~1, see Fig. 1),
only the dyes absorb here, whereas at A =350 nm (v~ 28,600 cm™~!)
NPs strongly absorb (see Fig. 1), and the dyes have absorbance min-
ima. The samples to be irradiated with A =350 nm wavelength, were
prepared to obtain a dye absorbance that was:

For SO: Asp <0.01Anps.
For OI1: Aoy < 0.1Axps.

Photolysis experiments at 520 nm with aqueous solutions of the
dyes in the absence of the clusters have additionally been carried
out.

2.5. Lambert-Beer experiments

To determine the occurrence of possible interactions between
the dye molecules and the Q-CdS clusters or associations between
the dye molecules in the aqueous solution or in Q-CdS clusters
solution, we have carried out Lambert-Beer law experiments at
variable dye concentrations, using either water or the correspond-
ing clusters solution (NPrg or NPgg) as the solvent. Starting with
the corresponding solvent in both the sample and reference cell, a
concentrated solution of the dye in the solvent was added with a
microliter syringe to obtain a given dye concentration and magnet-
ically stirred until a stable absorbance reading was obtained, which
taked less than 5 min.

2.6. Apparatus

UV-vis absorption measurements were conducted with a
Hewlett-Packard HP-8453 Diode-Array Spectrophotometer.

Fluorescence lifetimes were measured using the time-
correlated single-photon counting technique on an Edinburgh
Analytical Instruments OB900 fluorometer.
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Table 1

Experimental conditions for the preparation of the clusters and their fluorescence characteristics.

Band [CdSO4]i [(NaPO3)s] pHi [HaS]/[Cd?* ]i T1 T2 T3 (Rel)1% (Rel)2% (Rel)3%
481 nm 2x 1074 M 2x 104 M 8.7 Excess H,S 6.7 53 350 25 44 31

559 nm 2x 1074 M 2x 104 M 10.5 1/1 3 70 385 8.4 31.6 60

The irradiation system for photolysis experiments was a Photon
Technology International (PTI) illumination system comprising a
150 W Xe lamp and a monochromator.

3. Results and discussion

A study of the possible photodegradation of the dyes SO and
OIl in the presence of CdS-NPs, which emit single fluorescence
bands with the maximum wavelengths at 481 nm (excitonic band)
or 559 nm (trapped band) is presented in this article.

The photolysis experiments have been carried out for all the
dye-NP systems using (i) exciting wavelengths at which the NPs
strongly absorb light and the dyes have absorbance minima and (ii)
wavelengths at which the dyes absorb light whereas the NPs do not.

The effects produced by the dyes on the fluorescence bands of
both types of Q-CdS clusters have also been studied.

3.1. Photolysis of the dyes in the presence of CdS-NPs

During the photolysis experiments, using exciting wavelength
at 520 nm, which is absorbed by the dye (SO or OII) and not by the
CdS-NPs, degradation of SO was observed, in the presence of both
kinds of NPs: those emitting the excitonic and those emitting the
trapped bands. For OIl, however, degradation could not be detected
in the presence of any of the bands.

On the contrary, photodegradation of the dyes could neither be
observed by excitation of the CdS-NPs with a wavelength of 350 nm,
where the absorption of the dyes is negligible, nor when the aque-
ous solutions of the dyes were excited at 520 nm in the absence of
NPs. We have also monitored the absorption band of NPs, to detect
possible changes in the clusters during the photolysis experiments
with A =350 nm, and we could not observe any change.

For the photolysis of SO in the presence of the CdS-NPs that
emit the excitonic band, a second-order kinetics was observed with
SO concentration, as shown in Fig. 2, whereas for the photolysis of
the same dye in the presence of the CdS-NPs emitting the trapped
band, a first-order kinetics was observed (Fig. 3). The values of the
corresponding pseudo-rate constants are provided in Table 2.
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Fig. 2. Second-order plot for the kinetics of photodegradation of SO in CdS-NPgg
solution. Initial concentration of SO=1.9 x 10~ M.

The results obtained for the photodegradation of the dyes can
be justified through a reduction-potential diagram, as depicted in
Fig. 4. The conduction band (CB) potential for the bulk CdS (powder)
is nearly —1V vs. normal hydrogen electrode, (NHE), whereas the
corresponding valence band (VB) potential is nearly 1.5V vs. NHE,
yielding a band gap of nearly 2.5 V[19]. The reduction potentials for
the dyes, from previous reports, are —1.21V for the singlet excited
state of SO [32] and —1.25V for the singlet excited state of OII [19].
These values indicate that the excited state of both dyes can release
electrons to the conduction band of the CdS powder (—1V vs. NHE).
This prediction was confirmed practically for the dye OII [19].

In the above experiments, photodegradation of SO, but not of OII,
was observed. Instead of CdS powder (band gap ~2.5V), colloidal
CdS-NPs have been used, for which band gaps of ~2.9V for the
excitonic-band NPs and ~2.8 V for the trapped-band NPs have been
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Fig. 3. First-order plot for the kinetics of photodegradation of SO in CdS-NPrg solu-
tion. Initial concentration of SO was 4.8 x 10-> M.
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Fig. 4. Reduction potentials of CdS powder, SO and OIL
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Table 2

Rate constants and fluorescence-quenching constants for the experimental systems.

Dye Excitonic band (Aem =481 nm)

Trapped band (Aem =559 nm)

Dye photodegradation

Stern-Volmer constants

Dye photodegradation Stern-Volmer constants

Rate constant Ky (M) Rate constant Ky (M1)
Safranin-O 12 x 103 M- min-! Ko1 =6.6 x 103; Ky =3.8 x 108 2.2x10"2min"! 9.4 %103
Orange Il - 5.8 x 103 - 3.9x10°
determined from the onset of the excitation spectra. The shift in the SOaq +S0,4 = (503,24 (2)
band gap could indicate a correlative shift in the potential of one .
or both bands (VB and/or CB). This probably would in turn affect (S0)2,2a +hv— (SO)2.a4 3)
the 0x1'dat10n react}ons of bqth SO and OII, because the reduction (S0)3.ad"* — (SO).d (4)
potentials for the singlet excited states of both dyes are very close
in value (SO~ —1.21V and Oll~ —1.25 V). However, SO undergoes (S0)3,2a*— P (5)

photodegradation whereas OII does not.

A probable explanation for these results could be provided as
follows: since the excited singlet-state lifetime of the dye is very
short, the electron transfer from the dye to the NP-conduction band
requires that the dye remain adsorbed onto the NP surface at the
time of photoexcitation. The pH value of the colloidal CdS-NP solu-
tion is nearly 10 and, under these conditions, CdS-NPs have an
excess negative surface charge. The anionic dye OIl would be elec-
trostatically repelled by this surface, but the cationic dye SO would
be electrostatically attracted and would be adsorbed onto the NP
surface, thus supporting the oxidation of the SO photoexcited sin-
glet state.

The effect of pH on the photodegradation of OIl by ZnO was
observed by Daneshvar et al. [23], they determined an optimum
pH of nearly 7.5 and a lowering of the photodegradation of the dye
at higher pH. This effect was attributed to the negative charge of
the dye as well as the ZnO nanopowder. At pH lower than 7, photo-
corrosion of ZnO takes place and the photodegradation of the dye is
less efficient. In our working group, we have observed an apprecia-
ble corrosion effect for CdS colloids at pH values lower than nearly
8. Gupta et. al. [21] have observed a noticeable rise in the pho-
todegradation of Safranin with TiO, at high pH values, attributed
to an increment of the negative charge on the TiO, photocatalyst.

In the photolysis experiments, a remarkable difference was
observed between the kinetic behaviors of the SO-trapped-band
NP system, which is of the first order, and the SO-excitonic-band NP
system, which is of the second order (Fig. 3 and Fig. 2, respectively)
with respect to the SO concentration. To determine the source of
this difference, UV-vis spectra were obtained under variable SO
concentrations, for the following systems: SO, SO-trapped-band
NPs, and SO-excitonic-band NPs in water.

For the SO and SO-trapped-band NPs systems, a linear depen-
dence of absorbance (measured on the characteristic absorption
band of SO) with molar concentration of SO was observed. However,
for the SO-excitonic-band NP system, a new blue-shifted absorption
band was observed, which absorbance increased with the increase
in SO molar concentration (Fig. 5). Many dyes show this charac-
teristic behavior, which may be due to the formation of molecular
associations such as dimers or higher aggregates, when the dye
concentration increases [33]. From the results obtained, it can be
concluded that, even though the dye SO can be adsorbed onto the
surfaces of both, NPtg and NPgg nanoparticles, the formation of
dimers is evident only for NPgg.

The results of the photodegradation kinetics for the SO-NPgg sys-
tem can be explained with reference to a mechanistic scheme that
assumes initially the formation of a dimer of SO that is adsorbed
on the NP surface {(SO); ,q}, and this process may be represented
as follows:

SOaq +NPgg = SOaq (M

where (P) indicates the photodegradation products. From steps (1)
and (2), which account for the adsorption of the dye molecules and
the formation of dimers on the NP surface, the following equation
is obtained:

[(SO),2d] =K1K2[NPgg][SOaq]? (6)

Steps (4) and (5) represent the deactivation and the photochem-
ical reaction of the adsorbed dimers, respectively, the rate of the
photochemical reaction being expressed as:

—d[(SO
% = Plp o« PE[(SO)3 aa] 7

where ¢ is the quantum yield for step (5), I, is the intensity of the
light absorbed by the dimer and ¢ is the corresponding extinction
coefficient. Eq. (7) holds good for low absorbances of the dye at the
excitation wavelength, in which case the quantum yield is obtained
from the following equation:

¢ =ks/(ks+ks) (8)

where k4 and ks are the rate constants for steps (4) and (5), respec-
tively. From Eqgs. (6) and (7) the following relation for the kinetics
of photodegradation of SO in the presence of NPgg is obtained::

—d[(50)3,ad]
de

which shows a second-order dependence on the aqueous concen-
tration of SO.

o« &K1 Ko [NPgg] [SOaq]? = K[SOaq]* (9)

A (a)

1,2

00 :‘::oll]'lw 6,0x10°

0,8
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0,0
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Fig. 5. Absorption spectra of SO at pH 10 in solutions containing: (a) NPgg,
[SO]=6.4 x 10~ M; (b) NP, [SO] =3.8 x 10~> M and (c) solvent (water) without NPs,
[SO]=2.6 x 10-3 M. (Inset) Lambert-Beer plots for SO (Aso at A =520 nm vs. [SO]) at
pH 10 in solutions containing NPgg (4 ), NPrg (O), and solvent (water) without NPs

(m).
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Fig. 6. Stern-Volmer plots for the quenching of the two fluorescence bands by SO:
excitonic band (a) and trapped band (O).

For the photodegradation of SO in the presence of trapped-band
NPs, the kinetics results can be explained through a mechanistic
scheme which is similar to the one provided above, except the
dimer-formation step (2)

SOaq + NP1 S SOuq (1b)
SOaq+hv— SO.4* (3b)
SO,¢* — SOaq (4b)
SO,q*— P (5b)

where (NPrp) indicates the trapped-band NPs. According to this
scheme, Eq. (9) changes to

—d[SOad]
de
which is of the first order with respect to the aqueous SO concen-

tration. The values of the rate constants for Eq. (9) and Eq. (9b) are
presented in Table 2.

x ¢peK1p[NPrg][SOaq] = k'[SOaq] (9b)

3.2. Quenching of the fluorescence from CdS-NPs by SO and OII

The quenching of the fluorescence from NPs emitting both, in
the excitonic band and the trapped band has been studied. The
Stern-Volmer plots for the quenching of the trapped band by SO
are linear, whereas those corresponding to the quenching of the
excitonic-band fluorescence by the same dye show an upward cur-
vature, as shown in Fig. 6.

The Stern-Volmer plots for the quenching of the fluorescence
bands from both the excitonic-band NPs and the trapped-band
NPs with OII are linear, as shown in Fig. 7. The values of the
Stern-Volmer constants (Ksy ), obtained from the slopes in the lin-
ear Stern-Volmer plots, are listed in Table 2.

To explain the results observed for fluorophores with multi-
ple luminescent states, such as the SC-NPs, a multisite quenching
model must be used [34-36]. Our results show dynamic quenching
in all the experiments, and so the application of the model to fit
our experimental data requires the use of preexponential factor-
weighted mean lifetimes, defined by the following equation:

_ 2 (10)
>

where ¢; is the preexponential factor for each decay component.
Figs. 6 and 7 show plots of t5,/Tm vs. [Q], for which the Ty, val-

ues have been calculated from the luminescence-decay data using

Eq. (10) and [Q] is the dye concentration in the aqueous solution.

Tm

Moreover, 75, and Ty, are the mean lifetimes in the absence and
presence of quencher, respectively.

A probable quenching mechanism, which can account for the
experimental results shown in Figs. 6 and 7, is provided below,
beginning with the excitation of Q-CdS-NP:

NP+ hv — NP* (=h',e") (11)

Radiative recombination:
K
(h™, e")—>NP + hv' (12)

Non-radiative pathway:
(h*, e )22 NP (13)

The quenching process for the quencher dye SO, which is
adsorbed onto the NP surface, occurs through the transfer of one
electron from the dye in its ground singlet state to a hole in
the valence band of the CdS-NP {NP’(h*)}. For NPgg, two dis-
tinct quenching processes are possible: quenching by the adsorbed
monomer and quenching by the adsorbed dimer

+ kaom .

NPgg*(h™) + SO,q— quenching (14)
+ kap .

NPgg*(h") + (SO) og—> quenching (15)

where kqu and kqgp indicate the quenching rate constants
for the monomer and dimer, respectively. The corresponding
Stern-Volmer equation is

TrO
- =1+ Ksym[SOaq] + Ksvp[(SO)7,ad] (16)

m

This equation allows for the adsorption of SO onto the CdS-NP sur-
face, both as a monomer {(SO),q} and as a dimer {(SO);,q}. To
express it as a function of aqueous solution concentrations, Eqgs.
(1) and (2) and the corresponding adsorption constants for the
quencher are used, and the following equation is obtained:

Tm

=1+ Ksy1[SOaq] + Ksv2[SOaq]* (17)
m

This accounts for the upward curvature in the Stern-Volmer plot
in Fig. 6 for the quenching of NPgg luminescence and corresponds
to the SO dimer formation on the NP surface, as evidenced through
the absorbance experiments (see above).

For the SO-NPrg system, in which the formation of dimers is not
detected through the absorption spectra, only one quenching step

T T
0,0 1,0x10*

[on (m)

Fig. 7. Stern-Volmer plots for the quenching of the two fluorescence bands by OII:
excitonic band (a) and trapped band (O).
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similar to step (14) has been considered:

K
NPrg*(h*) + SO,4—> quenching (14b)

Thus, the Stern-Volmer equation for this system is represented as:

I — 14 Ksy[SOaq]
Tm
which accounts for the linearity of the Stern-Volmer plot in Fig. 6.
For both the systems of Q-CdS nanoparticles with the dye OII,
NP1g-OIl and NPgg-Oll, due to the electrostatic repulsion between
the dye and the NPs, both being negatively charged, the quenching
process is produced by the interaction of the NPs with the dye in the
bulk solution. The Stern-Volmer plots, shown in Fig. 7, are linear
and are represented by the equation

(17b)

™M _ 1 4 Ksy[Ollaq] (18)
Tm

The constants Ksy1, Ksy2, and Ksy present in Eqgs. (17) and (17b)
include terms that account for the adsorption of the dye onto the NP
surface, which are not included in the Ksy of Eq. (18). The values of
these constants, as obtained for the several systems studied above,
are provided in Table 2.

4. Conclusions

The results of the experiments on quenching of the fluores-
cence of Q-CdS-NPs distinctly point to quenching processes that are
mainly dynamic between the valence-band holes (h*) generated by
the photoexcitation of the clusters and the dye in its ground state.
The results obtained by the authors in previous studies are coin-
cident with the finding that the process of electron transfer from
the quencher to the valence-band holes in the photoexcited NPs is
mainly dynamic [31].

Stern-Volmer plots for the quenching of the fluorescence from
excitonic-band NPs show an upward curvature, which is indicative
of the occurrence of more than one route of interaction between
the NPs and SO adsorbed onto the clusters surface. This fact can be
related to the second-order kinetics for the photodegradation of SO
with excitonic-band NPs. We propose that SO produces a dimeric
species adsorbed onto the excitonic-band NP surface, which thus
accounts for the observed second-order kinetics of SO, in addition to
explaining the upward curvature of the Stern-Volmer plots derived
for the quenching process of the excitonic band by SO.
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