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Abstract In this work, we report the preparation and char-
acterization of novel dye doped fluorophore Eosin yellowish
silica nanoparticles (ESNPs). We synthesized ESNPs by the
Stober method via encapsulation of Eosin Yellowish in
silica particles by the condensation of tetraethyl orthosilicate
under alkaline condition at room temperature. The resulted
ESNPs were characterized by transmission electron micros-
copy, atomic force microscopy; UV—Visible, fluorescence
and Fourier transform infrared spectroscopy. The sizes of
the nanoparticles have been found to be 300.0 (+1.0), 400.0
(x1.1) and 500.0 (£5.2) nm depending the reaction condi-
tions under which they were synthesized. Furthermore, be-
cause of intense light emission, the ESNPs were used as
fluorophore in a peroxyoxalate chemiluminescence system.
The effect of solvent and concentrations of necessary
reagents, bis(2,4,6-trichlorophenyl)oxalate, sodium salicy-
late, hydrogen peroxide and the effects of size of the ESNP
and temperature on the luminescence efficiency of the sys-
tem were examined. The activation kinetic parameters of the
system were also evaluated from the temperature
investigation.
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Introduction

Dye doped silica (DDS) nanoparticles (NPs) as a new type
of fluorophores has been developed in recent years [1-5].
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Application of DDS NPs has recently aroused much interest
due to their large surface area, high photostability, chemical
stability and easy surface modification for bioconjugation
[3-8]. Generally, two methods can be used to prepare silica
nanoparticles: the Stober synthesis [9] and the reverse
microemulsion method [10]. However, the Stober method
is a robust and easy-to-implement technique, which involves
the hydrolysis of tetraethyl orthosilicate (TEOS) in an eth-
anol solution at room temperature and the reaction is cata-
lyzed by ammonia. The resulting NPs have spherical shapes
and narrow size distributions [9, 11].

2'.4' 5" T'-tetrabromo fluorescein disodium salt or Eosin
Yellowish (EY, Fig. 1) is a well-known fluorescent dye and
one of the derivatives of fluorescein that has been used as
photosensitizer on semiconductors, histological tissue sec-
tions and fluorescent labels [12—14]. We believe that one
could construct emitting elements by doping EY that be
used as useful chemosensors in analytical purposes.

Chemiluminescence is the generation of electromagnetic
radiation as light by the release of energy from a chemical
reaction that involves the production of an electronically
excited species from a number of reactants which goes on
to release light in order to revert to its ground state energy.
Chemiluminescence is a simple, low cost and very sensitive
technique that has been used for the analysis of compounds
in various fields such as clinical and analytical chemistry
[15, 16]. Peroxyoxalate chemiluminescence (PO-CL) sys-
tem is a well-known and powerful method that has been
widely utilized in environmental, pharmaceutical and bio-
medical analyses [1, 17]. PO-CL is based on the reaction
between hydrogen peroxide with an activated oxalate that
emits clear luminescence light in the presence of different
fluorophores [2].

In this paper, we report the synthesis of eosin Yellowish
nanoparticles (ESNPs) via the Stober method and then the
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Fig. 1 The chemical structure of 2',4",5',7'-tetrabromo fluorescein
disodium salt (Eosin Yellowish, EY)

use of synthesized ESNPs as efficient fluorophores in
chemiluminescence reaction of bis(2,4,6-trichlorophenyl)
oxalate (TCPO) with hydrogen peroxide in the presence of
sodium salicylate (SS).

Experimental
Materials and Apparatus

All chemicals were of analytical grade (from Merck) and
used without further purification. TCPO was prepared from
the reaction between 2,4,6-trichlorophenol and oxalyl chlo-
ride in the presence of triethylamine as described by Mohan
and Turro [18]. For PO-CL measurements, freshly prepared
solutions were used daily and kept in a dark place.
Transmission electron microscopy (TEM) was performed
on a PHILIPS CM120 electron microscope (120 kV) and
atomic force microscopy (AFM) analysis was taken using a
Dual scope/Raster scope C26-DME microscope. A Shimadzu
1650 (Japan) UV-Vis spectrophotometer was used to record
the electronic absorption spectra. The FT-IR spectra were
collected on a FT-IR 8400s (Japan) spectrophotometer. The

Fig. 2 A schematically o

presentation of the preparation "
of ESNPs achieved by =  jo— s,
hydrolysis and condensation of .

TEOS in a mixture of ethanol, ot
water and ammonia

chemiluminescence and fluorescence spectra were recorded
on a Perkin-Elmer LS-50 spectrofluorometer.

Synthesis of Eosin Yellowish Doped Silica Nanoparticles

As schematically shown in Fig. 2, the preparation of ESNPs
was achieved by the hydrolysis and condensation of TEOS
in a mixture of ethanol, water and ammonia. The appropriate
amount of EY was dissolved in a mixture of ethanol and
ammonia that then dispersed by sonication for 10 min. Then
TEOS was added into the vessel dropwise while the mixture
being stirred. The stirring was continued for 1 h and the
results centrifuged at 8000 rpm for 10 min to obtain the
produced NPs. Finally, the NPs were filtered and washed
three times with ethanol and distilled water alternatively.

Results and Discussion
Characterization of ESNPs

The Stober’s method includes two basic steps as follows:

. NH3 .
Si(OC,Hs), + 4H,0 ———Si(OH), + 4C,HsOH (1)
H,O
Si(OH), —2— [Si0,](OH )5 )

At first, TEOS hydrolyzes into silicon tetra hydroxide in
the presence of ammonia in ethanol solution while silica
nanoparticles are resulted by a poly-condensation reaction in
the second step. As has been reported before [9], larger sized
NPs could be synthesized by increasing the amount of
ammonia.

Here, in order to be encapsulated inside the silica nano-
particles, we added EY at beginning the hydrolysis reaction.
The morphology and sizes of the resulted ESNPs were
investigated by TEM and AFM measurements. We could
synthesis three different sized 300, 400 and 500 nm ESNPs

"l ’ ESNP
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by controlling the concentration of ammonia in the solution.
The conditions are summarized in Table 1. TEM (Fig. 3)
reveals that all NPs demonstrate spherical morphologies
with a low aggregation which is due to the interaction
between the hydroxyl groups on the surface of NPs. As
seen, some of the spherical images show that cores of
particles are denser than their outer layers. This fact con-
firms that the synthesized nanoparticles are including two
inner and outer spherical layers, within them the doped dye
cores are surrounded by peripheral silica particles,
respectively.

Using AFM micrograph of each sample, we studied the
dimensions of ESNPs. A typical sample is demonstrated in
Fig. 4 (b and c), in which the particle dimensions are clearly
measureable (a and d).

Figure 5 presents the FT-IR spectra of EY (a) and ESNPs (b).
From this figure, the absorption bands for carboxylic acid
stretching (3250-3500 cm ') are slightly broader for the case
EY is encapsulated by NPs because of interaction between this
functional group and silanol hydroxyls. The vibration bands
of surface silanols are appeared in 960 cm™' while the peak at
797 cm ' can be assigned to the symmetric stretching vibra-
tion of Si-O. The peak at 1090 cm ™ is due to the asymmetric
stretching vibration of the Si-O-Si band. Comparison the
fingerprint regions in (a) and (b) show that the structural
vibration characteristics of EY have changed extremely when
incorporated into NPs that is indicative the encapsulation of
this molecule by silica particle.

Figure 6 displays the electronic absorption spectra of EY
in the absence (a) and in the presence of NPs (b). The
absorption spectra of ESNPs show a maximum around
517 nm, which appear at the absorption region of EY. This
reveals that the electronic structure of EY has not been
changed at all while the shoulders of the spectra for (b) are
at higher levels (relative to the horizontal axis). These facts
confirm existence of EY as a core within the produced silica
nanoparticles.

As can be seen from the spectra shown in Fig. 7, the
fluorescence spectra of free EY is the same as the encapsu-
lated in NPs’ cage, which proves the fluorophore was
retained without any considerable change in structural char-
acteristics. In addition, the emission light of ESNPs are
more intense than free EYs, from which we can say that
the fluorophores are protected from the external conversion
within a more rigid matrix and prevented from giving up the
excitation energies in non-radiative pathways.

135 nm

Fig. 3 A TEM image of ESNPs of 300 (£1) nm (the composition of
reagents for the synthesized particles is listed in Table 1)

ESNPs as Fluorophores in a Chemiluminescent Reaction
Theoretical Aspects

In 1963 Chandross [19] found a bluish white light from the
reaction of oxalyl chloride and hydrogen peroxide in the
presence of 9,10-diphenylanthracene. Hydrogen peroxide
reacts with aryl oxalate ester to form one or more energy-
rich intermediates capable of exciting different types of
fluorophores through chemically initiated electron exchange
luminescence (CIEEL) mechanism [20]. Fluorophores or
fluorescent molecules could be divided into three groups,
organic dyes, biological fluorophores and quantum dots
[21-26].

As we have already mentioned, DDS has been developed
as a new type of fluorophores in recent years. However, to
the best of our knowledge, this is the first time that a DDS is
applied in a PO-CL system as a fluorophore. The proposed
mechanism for PO-CL reaction is shown in Scheme 1. In the
first step, an aryl oxalate ester (like TCPO) react with
hydrogen peroxide to produce a key intermediate 1,2-diox-
etanedione. The decomposition of 1,2-dioxetanedione pro-
duces an oxalate biradical intermediate, which releases two
carbon dioxide molecules having enough energy to sensitize
the fluorophore [27]. Ultimately, the excited fluorophore
returns to the ground state and gives up its energy by
emission of light.

Table 1 The conditions for

synthesis of three different sized Eosin yellowish (g) Ethanol (mL) NH4OH (30%) (mL) TEOS (mL) Mean diameter (nm)
ESNPs by controlling the con-
centration of ammonia in the 0.1 115 45 25 300.0 (£1.0)
solution 0.1 9 7 2.5 400.0 (£1.1)

0.1 6 10 2.5 500.0 (£5.2)
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Fig. 4 A typical sample [16.5nm] 16.7 nm
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Experimental Results cell containing 1.5 mL of 6.80x10 % g/mL EY or 2.0x

10 g/mL of ESNPs, 100 uL of 5.3x10> M TCPO (in
The reaction was initiated by injecting 100 uL solution of  ethyl acetate) and 100 uL of 2.5x10 2 M SS (in methanol)
2.0 M H,O,; (in acetonitrile) to a fluorescence measuring  at room temperature. The resulted chemiluminescence
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Fig. 5 The FT-IR spectra of EY (a) and ESNPs (b)
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Fig. 6 The electronic absorption spectra of EY (a) and ESNPs (b). The
absorption spectra of ESNPs show a maximum around 517 nm, which
appears at the absorption region of EY

spectra are shown in Fig. 8. As demonstrated in this figure,
there are no differences between the chemiluminescence
spectra of the fluorophores EY (a) and ESNPs (b). This
implies that the energy transfer is governed by long-range
fashion (Forster resonance energy transfer) [28] and should
be named as an indirect chemiluminescence.

The PO-CL reaction of the present system was also
studied using a UV-visible spectrophotometric method. In
Fig. 9, UV-visible spectra for the chemiluminescence sys-
tem before (a) and after (b) the PO-CL reaction are shown.
This figure illustrates that the spectral characteristics of the
absorbing system (EY) have not been changed during the
chemiluminescence reaction, at which no decomposition or
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Fig. 7 Fluorescence emission spectra of (a) EY and (b) ESNPs in
ethanol

any side reaction has occurred along the energy transfer
process. However, the minor decrease in the absorption of
the peak at 519 nm could be due to dilution by addition of
the required agents for initiation the chemiluminescence
reaction.

In order to investigate the influence of sizes of the par-
ticles on chemiluminescence signal of the system, the
intensity-time plots for three typical particles sizes 300,
400 and 500 nm were constructed and the results are shown
in Fig. 10. This figure reveals that the chemiluminescence
intensity of the system collapses when the sizes of the
particles are increased. This fact is actually in good agree-
ment with the proposed long-range energy transfer mode
that governs the luminescence route, in which the larger
sized particles have more difficulties to absorb the sensitiz-
ing energy because of further distance between the energy
donor and acceptor. However, we used the ESNP size of
300.0 (£1.0) nm in subsequent studies.

Optimization of the Required Reagents for the PO-CL
System

As expected, the intensity of the PO-CL emission was found
to be affected by the type of solvent [29]. Therefore, the role
of type of solvent on chemiluminescence emission was
studied, for which the influences of different solvents on
the PO-CL intensity were examined while the concentra-
tions of all other reactants were kept constant. The results
(Fig. 11) indicated that THF enhances chemiluminescence
signal intensity more than other used solvents acetone, ace-
tonitrile and ethyl acetate. So, THF was selected as the best
solvent for the reaction. However, the chemiluminescence
intensities nearly were quenched in dimethyl formamide,
dimethy! sulfoxide, ethanol and methanol.

The effects of various concentrations of effective reac-
tants were investigated and the results are demonstrated in
Fig. 12. It was found that the signal increases with increas-
ing in the concentration of SS (Fig. 12a) until a concentra-
tion of 5.94x107> M is reached, which confirms the
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Fig. 8 Chemiluminescence spectra of the fluorophores EY (a) and
ESNPs (b)

catalytic role of SS in the PO-CL system [30]. The chemi-
luminescence intensity was nearly constant in the range
5.94x107°-9.49x107> M where the intensities falls ex-
tremely at higher concentrations of SS that maybe due to
the decomposition of 1,2-dioxetanedione. Thus, the opti-
mum concentration of SS 7.50x107> M was selected for
next investigations.

The chemiluminescence response of the H,O,-TCPO-
SS-ESNPs system was measured against the concentrations
of H,O, (Fig. 12b). The emission intensity sharply increases
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Fig. 9 UV-visible spectra for PO-CL 300 (+1.0) ESNPs (a) before and
(b) after the injection of H,O,
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Fig. 10 The effect of particle size on the chemiluminescence of PO-
CL system

with increasing the concentration of H,O, until 6.53x
10> M but there was a gradually increase in the emission
intensity in the concentration range of 1.39x10 ?-3.67x
102 M. However, chemiluminescence intensity was rela-
tively constant in the range of 3.67x10°—4.57x 10> M of
H,0,. Thus, we used 4.0x107> M as optimal concentration
for the further studies.
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Fig. 11 The influence of the type of solvent on the chemiluminescence
emission of the ESNPs:SS:TCPO:H,0O, system with concentrations of
6.8x107* g/mL, 2.5x 1072 M, 5.3x107> M and 1.965 M, respectively
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Fig. 12 The effect of concentrations (a) of SS (0.00-2.36x10~* M) on
the intensity of TCPO (7.50x 1073 M), ESNPs (2.12x10 * g/mL) and
H,0, (4.00x 1072 M) system; (b) of H,0, (0.00-4.57x 107> M) in the
system containing SS (7.50x107> M), TCPO (5.12x107> M) and
ESNPs (2.12x10™* g/mL); (c) chemiluminescence intensity in the
presence of the SS:H,0,:ESNPs with concentrations of 7.50x

The chemiluminescence intensity of the system was stud-
ied over the range of 1.29x107° to 1.26x10™* M of TCPO.
The effect of TCPO concentration resulted in construction a
plot was linear with r=0.98 (Fig. 12c). These results show
that the intensities will increase linearly if we increase the
concentration of TCPO in the solution. Therefore, 5.12x
107> M TCPO was chosen as optimal concentration.

Finally, the study of influence of the ESNPs concentra-
tion on the intensity of the emitted light showed that there is
a linear relationship between the emission intensity and the
concentration of ESNPs (Fig. 12d). From this relationship,
we used 2.12x107* g/mL of ESNPs as the best concentra-
tion for any emission measurement. Optimum values for
different variables are summarized in Table 2.

400 - b

300 4

200 4

Intensity (nau)

100 4

0 0007 0.014 0021 0.028 0035 0.042
Concentration of H.O. AD

T

280

230 4

180

Intensity (an.)

130

80

R¥=0.9864

30

0.5 1.1 1.7 23 29 3.5 4.1
Concentration of ESNPs x 104 (gimL)

107° M, 4.00x107> M and 2.12x10™* g/mL, respectively, over the
range of 1.29x1075 to 1.26x10™* M of TCPO; (d) The chemilumines-
cence intensity as a function of ESNPs concentrations (5.67x10° to
431x10* g/mL) in the presence of SS (7.50% 107> M), H,0, (4.00x
107%) and TCPO (5.12x107° M) system

Evaluation the Activation Parameters

Effect of temperature on intensity of emitted light is a very
important factor that an analyst should investigate during the

Table 2 Summary of

the optimal conditions Variables Optimum value

were used for the

chemiluminescence of Solvent type THF

EYNPs Particle size 300 (£1.0) nm
SS 7.50x10° M
TCPO 5.12x10° M
H,0, 400102 M
ESNPs 2.12x107* g/mL
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Fig. 13 The chemiluminescence intensity-time plot of ESNPs-TCPO-
H,0,-SS (2.12x107* g/mL, 5.12x107°, 4.00x1072, 7.50x107> M)
system at different temperatures. The inset shows the plot of In(k/T)
against 1/T, from which the activation parameters are evaluated

study of chemiluminescence of a system. The method for
such a study has already been introduced by Eyring’s
transition-state theory [31, 32]. We will be considering the
bimolecular reaction of A with B to form C, as shown
below:

A+B5C (3)

k is the bimolecular rate constant for conversion of A and B
to C. According to the transition state model, the reactants
are getting over into an unsteady intermediate state (AB") on
the reaction pathway:

. K
A+B?’>AB*—k—>C 4)

In this equation, k" is the unimolecular rate constant for
decomposition of the activated complex AB” to form C, k¢
and k, are rate constants for the forward and the backward
reactions, respectively. The high-energy complex represents

an unstable molecular arrangement, in which bonds break
and form to generate the product C or to degenerate back to
the reactants A and B. The linear form of Eyring’s equation
is finally found as follows:

ln<ﬁ> :—AH*~i+ln<k—B)+£ (5)

T R T h R

k = k" .kg.T/h, where kg is Boltzmann constant (1.381 x
1072 JK "), h is Palnk constant (6.626x10>* J.s), AH"
and AS” are activation enthalpy and entropy changes, re-
spectively. T is absolute temperature (in degrees Kelvin) and
R is universal gas constant (8.3144 J.mol '.K™"). Clearly, a
plot of In(k/T) versus 1/T produces a straight line that AH"
can be calculated from the slope of this line. A precise
determination of the activation enthalpy (and the other acti-
vation parameters) requires at least three different rate con-
stants. This means three kinetic runs at different
temperatures should be carried out.

The influences of different temperatures of the reaction
solution 293, 298, 303 and 308 K on the chemiluminescence
of the system were studied under the optimized condition
(Fig. 13, points). This figure shows that the intensity of the
system increases when the temperature of the solution rises.
From Eyring’s transition-state theory, the corresponding
response curves were constructed theoretically (Fig. 13, sol-
id lines) by using the computerized curve-fitting program
KINFIT [33]. As shown in this figure, the experimental data
fits the theoretically predicted values very good that is
indicative the proposed rate mechanism steps are governed
by a bimolecular fashion. The theoretically predicted acti-
vation parameters thus were determined as listed in Table 3.

In addition, using the plot of In(k/T) versus 1/T, the
activation parameters AH" and AS” of the system were
evaluated from the slope and intercept of the linear
regression plot of In(k/T) versus 1/T (inset in Fig. 13).
Gibb’s free energy change (AG") and activation energy
(E.) were also evaluated. Thus, they were determined as
follows: AH*(153.94kImol '), AS*(3.30kImol 'K™"),
AG* = 153.94 — 3.30T(r = 0.997) and E, = 153.94 +
0.008T (r = 0.999).

As seen, a positive value for entropy of activation
indicates that the transition state is highly disordered
compared to the ground state. Degrees of freedom are

Table 3 Activation parameters

AH* (kJ mol ") AS* (kJ mol ' K1) —AG* (kJ mol ™)

evaluated from the temperature- Temperatures (K) k(s
effect study
293 217.3+£5.2
298 115.74£3.8
303 25.9+1.4
308 11.1£0.2

17.4+0.7 3.4+0.1 1029.9+6.7
19.3+0.8 2.7+0.1 798.8+4.1
22.2+1.1 1.5+0.1 424.9+2.8
30.1+1.3 1.1£0.1 292.0+1.6
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‘liberated’ in going from the ground state to the transi-
tion state, which, in turn, increase the rate of the reac-
tion. The existence of a bimolecular interaction between
the intermediate 1,2-dioxetanedione (C,0O4) and ESNPs,
which is in agreement with the CIEEL mechanism in
the chemi-excitation step and excludes the ESNPs exci-
tation by an electronic energy transfer [7], proves the
proposed theoretical models.

As shown in Fig. 13, a clear increase in chemilumines-
cence signal is observed at higher temperature which is
probably due to the increase in the population of excited
ESNPs at higher temperatures that proves the enhanced
chemiluminescence intensity at higher temperatures due to
the higher rate constants [34].

Conclusion

In this work, we have synthesized a new dye-doped (DDS)
fluorophore by using the Stober method. The synthesized
Eosin yellowish silica nanoparticles showed excellent sta-
bility. Based on the obtained results, it can be inferred that
such optimized core/shell architectures could be expanded
to be a unique platform for potential applications such as the
detection of analytes formed during in situ chemical trans-
formations. Here, this is the first time that a DDS is applied
in a PO-CL system as a fluorophore. We created highly
sensitive particles capable of being used as fluorophore in
a PO-CL system that emits an intense light, thus leading to
monitor analytes in real samples.
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