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a  b  s  t  r  a  c  t

Solid  acid–base  sensors  were  prepared  by  encapsulating  two  pH  indicators  (brilliant  yellow  or  acridine)
within  a silica  matrix  by  the  sol–gel  method  using  three  different  routes:  (1) non-hydrolytic,  (2)  acid  cat-
alyzed  and  (3)  base  catalyzed.  The  interactions  of  the  silica-indicator  with  the  resulting  materials  were
then investigated  by  cyclic  and  differential  pulse  voltammetry.  Complementary,  ultraviolet–visible,  pho-
toacoustic  spectroscopy  was  employed  for  the  characterization  of  the  interactions  by  monitoring  the
band shifts  (bathochromic  or hypsochromic,  depending  on the  sol–gel  route)  between  the  neat  pH indi-
cators  and  those  encapsulated  within  the  silica  network.  Furthermore,  X-ray  photoelectron  spectroscopy
showed  that  the  N 1s  binding  energy  in  brilliant  yellow  was  shifted  for the  material  resulting  from  the
acid  route.  The  electrochemical  behavior  and  the  pH  indicator  interactions  with  the silica  network  were
dependent  on  the  nature  of  the  employed  sol–gel  route.  For  the  sensors  prepared  with  acridine,  the inter-
actions  with  the  silica  network  took  place  through  the  nitrogen  group  from  the  pyridinic  ring.  For  the

brilliant  yellow  indicator,  different  behaviors  were  observed  depending  on  the  route,  suggesting  differ-
ent processes  during  preparation  or analysis.  For  the  basic  catalyzed  and  non-hydrolytic  routes,  it  was
not  possible  to  assign  a specific  interaction.  Nevertheless,  it seemed  that  interactions  might  have  taken
place  through  the  hydroxyl  and/or  sulphonic  groups.  Furthermore,  for the  brilliant  yellow  sensor  pre-
pared through  the  acid  route,  it was  possible  to show  that  the  interaction  probably  or  partially  occurred
through  the  azo  groups.
. Introduction

A common method for preparing optical sensors is by the immo-
ilization of the receptor element within a matrix of interest, and
he choice of matrix is dependent upon the sensor application itself.
or this goal, the sol–gel process has been successfully employed
ue to its singular versatility and the following characteristics:
ptic transparency, mechanic stability, chemical resistance and
exibility of sensor morphological configurations [1–3]. In addi-
ion, this kind of matrix is permeable to analytes, while keeping the
eceptor element incorporated inside. Furthermore, this process
llows for the possibility of tuning matrix characteristics according

o the application that is being used [4,5]. In the case of acid–base
ensors, an important feature is the receptor element leaching
esistance behavior of the material, especially for continuous
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E-mail address: jhzds@iq.ufrgs.br (J.H.Z. Dos Santos).
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© 2011 Elsevier B.V. All rights reserved.

monitoring sensors. For this purpose, it is important that a strong
interaction between the receptor element and the silica network
occurs. However, immobilization or encapsulation methods always
require a commitment between non-leaching and maintenance of
the activity of the sensor [6].

Acid–base sensors have usually been prepared from pH indi-
cators that have been encapsulated by the sol–gel method [4,7,8].
This kind of sensor has been extensively investigated to improve
its performance in terms of response time, durability, sensibility
and response range. For such purposes, several properties, such as
spectrum shifts, sensible pH range shifts, cyclic repeatability, leach-
ing, response rates and isosbestic points, have been described in
the literature [8–11]. These aspects have been exploited as crite-
ria for evaluating the modifications and improvements applied to
the sol–gel route, which, in turn, may affect the performance of

the pH indicator when encapsulated within the silica matrix. The
interactions between silica and the indicator molecules are nor-
mally increased by the presence of functional groups on the pH
indicators such as hydroxyl, methyl or carbonyl with the hydroxyl

dx.doi.org/10.1016/j.colsurfa.2011.10.002
http://www.sciencedirect.com/science/journal/09277757
http://www.elsevier.com/locate/colsurfa
mailto:jhzds@iq.ufrgs.br
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Scheme 1. Structure of the investigated pH indicators.

r chemical groups of the silica network [10,12].  For example, some
tudies have reported the use of chemically modified silicas that
an increase the interaction with the receptor elements, there-
ore, decreasing leaching problems. However, an increase in the
esponse time once the pH indicator was more committed to an
nteraction with the silica network, thus, hindering the reaction

ith the analytes, has also been reported [9,13–15].
Taking into account the wide variation and dependence of the

btained sensors as a function of the sol–gel route, we  have pre-
iously studied the influence of three different sol–gel routes on
cid–base sensors [4].  The employed routes tested were the fol-
owing: acid catalyzed, basic catalyzed and non-hydrolytic, and the
ested pH indicators were as follows: alizarin red, brilliant yellow
nd acridine. The structure of the obtained materials was well char-
cterized, but the interactions between the silica network and the
H indicators were not investigated. Attempts to evaluate them
ailed due to the low content of encapsulated indicator, which made
outine techniques such as infrared spectroscopy not suitable for
his evaluation. A good strategy to overcome such constraints was
he use of cyclic voltammetry, which has been shown to be very
ffective in the description of alizarin red performance [16].

Therefore, in the present study, we report the electrochemi-
al behavior of brilliant yellow (BY) and acridine (AC) (Scheme 1),
s a function of the pH, and their interactions with the silica net-
ork. These interactions were generated through encapsulation by

hree sol–gel processes: the hydrolytic acid catalyzed route (AR),
he hydrolytic basic catalyzed route (BR) and the non-hydrolytic
oute (NHR) sol–gel processes. The resulting systems were charac-
erized by cyclic voltammetry (CV), differential pulse voltammetry
DPV) and, complementarily, by ultraviolet–visible photoacous-
ic spectroscopy (UV-PAS) and X-ray photoelectron spectroscopy
XPS). This was done in order to evaluate the behaviors of the
H indicators in the silica networks that had been created by the
hree different methods, which might influence the electroactiv-
ty and/or the interactions between the silica and indicator as a
unction of different conditions (i.e., pH synthesis and hydrolytic or
on-hydrolytic medium).

. Materials and methods
.1. Materials

Tetraethoxisilane (Si(OCH2CH3)4, TEOS, Merck, >98%) and sili-
on tetrachloride (SiCl4, Sigma–Aldrich, 99%) were used as received.
icochem. Eng. Aspects 392 (2011) 256– 263 257

The acid–base indicators brilliant yellow (BY, 70%) and acridine (AC,
97%) were provided by Sigma Aldrich. Chloridric acid (HCl, Nuclear,
38%), ammonium hydroxide (NH4OH, Nuclear, 29%) and iron(III)
chloride (FeCl3, Merck, 98%) were employed as catalysts. High-
purity grade graphite was  provided by Fisher Scientific, and buffer
solutions were prepared using sodium tetrafluoroborate (NaBF4,
Aldrich, 98%), glacial acetic acid (CH3COOH, Merck, 100%), phos-
phoric acid (H3PO4, Merck, 85%) and boric acid (H3BO3, Merck,
99.9%).

2.2. Synthesis of sensors by sol–gel process

Three different routes were employed to prepare the sensors by
the sol–gel process using TEOS as the raw material, and these pro-
cedures were performed as described in the literature [17–19].  The
employed acid–base indicators were brilliant yellow (BY) and acri-
dine (AC), and the three utilized routes were labeled as follows:
acid catalyzed route (AR), base catalyzed route (BR) and non-
hydrolytic route (NHR). The acid route was catalyzed by chloridric
acid (1:20 (HCl:TEOS) ratio) [17], and the basic route was catalyzed
by ammonium hydroxide (1:1 (NH4OH:TEOS) ratio) [19]. The non-
hydrolytic route utilized TEOS and SiCl4 and was  catalyzed by FeCl3
(0.5 wt.% of the final product weight) [18]. The amount of acidic
or basic indicators was  0.1 mol.% of the total amount of alkoxide
groups.

The sensors (powder) obtained by the acid or basic routes were
prepared using aqueous or ethanolic solutions of the acid–base
indicators, respectively, to which catalyst and TEOS were added
with stirring at room temperature. The resulting solution was
stirred further until gelation (ca. 4 h for the acid route) or until
precipitation followed by one additional hour of stirring (total of
1 h and 15 min  for the basic route). For the non-hydrolytic route,
all procedures were carried out under inert atmosphere. First, the
catalyst and the indicator were contacted, and this was  followed by
the addition of TEOS and SiCl4. The resulting solution was  stirred
at 80 ◦C until gelation (ca. 2 h). All solids were milled, washed with
water and ethanol and then dried at 110 ◦C for 12 h. For each route,
a corresponding blank (silica without the encapsulation of the pH
indicators BY and AC) was prepared.

Thereafter, the resulting sensors were labeled according to the
sol–gel route. For example, AL stands for alizarin red; therefore,
ALNHR refers to the sensor prepared through the non-hydrolytic
route and that contained alizarin red as the indicator.

2.3. Cyclic voltammetry and differential pulse voltammetry

Cyclic voltammetry (CV) and differential pulse voltamme-
try (DPV) measurements were performed using a potentio-
stat/galvanostat (PARC, model 273) and a conventional three-
electrode cell. The silica electrode (S = 0.152 cm2) with glassy
carbon (S = 0.082 cm2) was  used as the working electrode. The
working silica electrode consisted of a PVC body containing a
graphite disk, which supported the carbon paste. The carbon paste
was  prepared by mixing highly purified graphite with the modi-
fied silica containing alizarin red in an 8:2 (w/w)  ratio and a few
drops of oil. Ag/AgCl was  used as the reference electrode, and a
platinum wire was  used as the auxiliary electrode. All measure-
ments were carried out in high purity argon. DPV experiments
were performed using two  media to support the electrolytes: (i) a
0.1 mol  L−1 NaBF4 solution at pH = 1 and (ii) BR buffer that was  pre-
2.14, 7.20 and 12.15) and boric acid (pKa = 9.24, 12.74, 13.80) at
0.1 mol  L−1 each. The pH of the BR buffer solution was adjusted by
adding a NaOH solution (1 mol  L−1 and 0.5 mol  L−1) and measured
potentiometrically.
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ig. 1. Cyclic voltammograms of brilliant yellow (BY). Conditions: 1 × 10 mol  L
t pH = 3 in a BR buffer solution (v  = 100 mV  s−1). (—) Scan to positive E and (- -) scan
o  negative E.

.4. Photoacoustic spectroscopy analysis

A spectrometer manufactured by Optical Properties Laboratory
Physical Institute of UFBA, Brazil) was employed. This instrument
ore a halogen lamp (250 W/24 V) source that was mounted at the
ocus of a concave mirror that projected the filament image into

 collimator slit-convergent lens set, generating a parallel beam.
he white or polychromatic beam was sent to the monochroma-
or, which was composed of a grating, convergent lens, collimator
nd output slit. The monochromatic light that emerged from the
ollimator was intersected by a chopper-type mechanical mod-
lator (SR540 by Stanford) at a frequency of 24 Hz. The angular
osition of the grating was  based on the selected wavelength, deter-
ined by a stepper motor and controlled by a purchase and control

oftware. At the end of each mechanical step, the analogical infor-
ation provided by the light sensors and detected by the SR540

ock-in amplifiers (Stanford Research) was acquired and stored
n a personal computer. The spectra were collected within the
00–1800 nm range.

.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy was performed using an
micron-SPHERA station using Al K� radiation (1486.6 eV). The
node was operated at 225 W (15 kV, 15 mA), and the spectra were
ecorded with a 50 eV pass energy. The detection angle of the photo-
lectrons (�), with respect to the sample surface (take-off angle),
as fixed at 53◦ for all measurements, and the C 1s signal from

dventitious carbon at 285 eV was used as an internal energy refer-
nce. All spectra were fitted assuming a Shirley background, and all
ines were fitted by 70% Gaussian + 30% Lorentzian functions, with
et values of full width at half maximum for each line.

. Results and discussion

The cyclic and differential pulse voltammetry were employed
o evaluate the brilliant yellow and acridine sensors behavior, and
hese electroanalytical techniques were fundamental to confirm

yes encapsulation as well as to propose their interactions with
he silica network and to confirm the dyes encapsulation.

Fig. 1 shows the cyclic voltammogram for brilliant yellow in
queous solution pH = 3, ran in potential range from +1 to −0.7 V
icochem. Eng. Aspects 392 (2011) 256– 263

versus Ag/AgCl at a potential scan rate at 100 mV s−1 and 25 ◦C.
When the potential sweep begins at 0.0 V and goes toward the neg-
ative potential, a cathodic current peak at −200 mV  versus Ag/AgCl
is observed (Ic). Following the sweep in the positive potential scan
direction, an anodic current peak at +380 mV  (IIa) and its cor-
responding anodic current peak at +440 mV  (IIc), in the reverse
potential sweep, are detected. In addition a cathodic current peak
at +145 mV  is observed. In the reverse scan the I–E profile does not
show the pair of current peaks IIa/IIc, and Ic illustrates a low current
peak. These results suggest that the electrode process exhibited a
redox process with coupled chemical reaction. The electrochemical
behavior of brilliant yellow (BY) in terms of electroactive species
adsorbed on porous solid matrix has been little investigated. In
the literature, the electrochemical properties of brilliant yellow
dye immobilized on silica and silica/titania hybrid xerogels con-
taining bridge positively charged 1,4-diazoniabicyclo[2.2.2 octane]
was  related to Em (midpoint potential) at +129 mV versus ECS
in (R2dabco)BY/SiO2 (R2dabco = 1,4-diazoniabicyclo[2.2.2 octane])
[20], probably the current peaks is centered in brilliant yellow.
Differential pulse voltammetry was chosen since, in this case,
the current peaks intensity were more pronounced than those
observed in the cyclic voltammetry.

The pulse voltammograms for brilliant yellow dissolved in aque-
ous solution at pH 2 (Fig. 2a) is shown to be as complex as
those cyclic voltammograms. When the potential sweep begins
at −1000 mV  and goes toward positive potential, with scan rate
100 mV  s−1, anodic current peaks corresponding to cathodic ones
(Fig. 2b) are detected at approximately +770 mV (Epc1), +580 mV
(Epc2), +390 mV  (Epc3) and e −1 mV (Epc4) versus Ag/AgCl.

In Ref. [20], (R2dabco)BY/SiO2 was  evaluated in terms of elec-
trode response depending on the pH values. In the present work,
we have observed shifts in the cathodic and anodic current peaks
values according to the pH conditions. The analysis of the cathodic
current peak (Epc) (Fig. 3) and of the anodic current peak (Epa) at
different pH showed a linear correlation (slope around 60 mV). In
the case of Epc4 × pH curve, the slope is 77 mV,  probably due to
the occurrence of a coupled reaction, as reflected in the cathodic
current peak values (Epc). It is worth noting that in the cyclic
voltammogram (see Fig. 1) the difference between anodic current
peak IIa and cathodic one IIc is 60 mV,  indicating that the redox
process involves one electron. In analogy to this current peaks pair,
and taking into account that (i) each redox process illustrated in the
DPV of dye requires one electron, and (ii) assuming that the concen-
tration ratio between oxidized and reduced species is equal, it can
be assumed that Ep/pH is equal to 59 mV,  according to the Nernst
equation [21]. Thus, the results suggest that each redox process
involves one proton. Further studies are necessary to understand
thoroughly the involved electrode mechanism of brilliant yellow in
aqueous solution. Nevertheless, in the present study it was already
possible to realize the suitability of BY as an optical pH sensor.

Fig. 4 shows the DPV of free BY compared to the encapsu-
lated materials that were produced by the three sol–gel routes.
For AR, there was  a significant change in the curve shape in the
800–100 mV  range versus Ag/AgCl, and this corresponded to the
Epc1 and Epc2 cathodic processes. The Epc3 signal had a decreased
current intensity and the Epc4 signal was  shifted to values that indi-
cated a non-favored reduction. In the anodic scan, the Epa3 anodic
signal showed an increased current intensity, and the other signal
(Epa4 investigation at different pH values) showed in the I–E profile
curves anodic current peak shifts from +430 mV  versus Ag/AgCl in
pH = 2 to approximately +210 mV  versus Ag/AgCl in pH = 5 (Fig. 5a).
Analysis of potential relative values (Epa) as a function of pH, as

such showed in solution, illustrated a linear correlation and a slope
of 60 mV  (Fig. 5b). This behavior might indicate an oxidation pro-
cess that included the same number of electrons and protons with
results equal to one.
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.

As in the case of free BY, DPV for the modified electrode for ARBY
nd BRBY showed cathodic and anodic current peaks values that
ere dependent on the pH, and they presented significant poten-

ial value shifts when compared to free BY. These results suggested
hat the silica–pH indicator interaction might produce an intensity
ignal that could change the electronic density of the pH indica-
or structure. The pulse voltammograms for BRBY showed shifted
ignals at different pH values. However, these shifts were not sys-
ematic as a function of the pH values, making their interpretation
ifficult. Nevertheless, the results in these curves supported the
roposition of using BRBY as a potential pH sensor.

In the case of the NHRBY sensor, the shape of the cathodic
oltammogram showed the same number of reduction processes
ut with a more pronounced change in the cathodic current peaks
Epc3) cathodic. The anodic scan presented significant changes in
he potential range from +200 to −600 mV  versus Ag/AgCl when
ompared to free BY. At a different pH, this observed behavior was
imilar to what was detected in the case of BRBY. However, in the
nodic scan, a shift of an anodic signal in the range of +400 to

 mV  was registered, indicating that this system was  more prone
o oxidation. The obtained results proved the existence of the pH
ndicators within the silica matrices prepared by all three routes.

.1. Acridine

In the case of acridine (AC) in an aqueous solution at pH = 1,
he voltammogram showed processes centered at +830 mV (Epc1),
150 mV  (Epc2), corresponding anodic Epa1 and Epa2 values,

espectively, and Epc3 and Epa* values at −415 mV and +570 mV,
espectively (all values relative to the Ag/AgCl reference electrode).
he analyses of AC at different pH values showed changes in the
hapes of the pulse voltammogram in the range between the Epc1
nd Epc2 signals (Fig. 6). The cathodic signal, Epc3, was  slightly
hifted from pH = 0 to 1, and a more pronounced modification
ccurred at pH = 2, illustrating that the reduction became unfa-
ored (e.g., a more negative Epc3). In the pH range of 2–4, the
hanges were small. The Epa1 oxidation process in more acid solu-
ions (pH = 1, approximately +830 mV  versus Ag/AgCl) showed an
ncrease in current intensity to potential values that were higher

han 800 mV,  which indicated a less favored acridine oxidation.
owever, because this evaluation took place in aqueous medium, a
onclusive statement was not possible because the scan range could
Scheme 2. Acridine oxidation process and coupled reactions [22].

not be extended as a function of the current discharge limitation.
Moreover, in the I × E curve, the Epa* anodic signal was  shifted.

The acridine electrochemical behavior in a non-aqueous solu-
tion has been reported in the literature, whereby two  oxidation
processes have been identified [22]. Investigations on the addition
of an acidic aqueous solution led to the proposition that one pro-
cess corresponded to the acridine oxidation and the other one to
its protonation. Therefore, it was  proposed that acridine oxidation
in aqueous medium was  followed by a coupled chemical reaction,
and the product of this reaction was  a tetramer (Scheme 2) with
a cathodic wave around −0.5 V versus SCE (saturated calomel elec-
trode). Thus, the Epc3 signal could result from acridine oxidation
product reduction, and the Epa1 signal could result from its oxida-
tion, as shown in Scheme 3: the conversion step from A to A+.

According to Scheme 3, one mole of hydrogen in protonated
form (H+) is produced and reacts with acridine to form proto-
nated acridine. In the pulse voltammograms in the pH range of
0–4, the Epc3 cathodic and Epa* and Epa1 anodic signals shifts could
be attributed to the protonation of the acridine pyridine ring
(Scheme 3). Studies in a pH range above 4 were limited because
of the low solubility of acridine under these conditions.

For the sample of acridine that was  encapsulated through the

acid route (ARAC), the DPV scan showed current cathodic peaks
(Fig. 7) and current anodic peaks correspondent signals that were
indicative of pH indicator redox processes, confirming the presence
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f the indicator in the material. This behavior was  also verified
or the other routes. It can be noted that this behavior was evi-
ent in materials that lacked the pH indicator (blank), but when
btained by the same routes in the studied potential range, these
ignals were not present. Like free acridine, DPV of the modified
lectrodes with the acridine sensors presented anodic and cathodic
ignals that were pH-dependent and had values that were close to
hose of the free species. These results confirmed that the silica–pH
ndicator interactions did not change the electronic density of the
yridine ring, which was the acridine redox center (Scheme 2) [22].

The investigations of ARAC in aqueous solutions at a pH range
rom 5 to 9 did not show cathodic or anodic signals in the range
here the acridine was electroactive, as in the 0–4 pH range. This

ehavior may  suggest that at pH above 5, a chemical reaction result-
ng in a change for both free and encapsulated acridine took place.
his proposition was based on the fact that the encapsulated mate-
ial, as well as the free indicator, did not have any problems with
olubility, and, therefore, the signals should have been present. As
escribed for ARAC, the shape of the BRAC curve indicated the pres-
nce of acridine. In this case, structural changes may  have occurred
uring preparation of the sensor (i.e., during the hydrolytic, sol–gel
rocess), once the shape of the final material from DPV in aqueous
olution in the 0–4 pH range was similar to that which was  detected
or ARAC. Therefore, one can state that changes in acridine in aque-
us medium were reversible and; moreover, one could infer that
he presence of the indicator on the silica surface explained the
ow interaction between silica and acridine. Like free acridine and

RAC, the BRAC showed pH-dependent, cathodic and anodic sig-
als with similar values. These results suggested that independent
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Fig. 8. PAS spectra in the UV–visible region for (a) AC and (b) BY and the corre-
sponding encapsulated sensors that were obtained by AR and NHR.

of the indicator encapsulation route, the interaction with silica was
not altered and, therefore, the pulse voltammograms were similar.

The system obtained by NHR (Fig. 7) showed a cathodic signal
at +330 mV,  which was  absent in the voltammograms of free acri-
dine and of the BR system, but in the case of ARAC, this signal was
less intense. Additionally, for NHRAC, the DPVs at varying pH were
measured, and those results showed signal shifts similar to ARAC.
This behavior could indicate a medium dependence for the loss of
electrons (Scheme 3).

In an attempt to find more information about the chemical
change that acridine seemed to show in its structure under basic
conditions, the ARAC was  mixed with buffer solutions at vary-
ing pH of 1, 5, 7 and 9. After 24 h of magnetic stirring, the solid
was  collected by filtration. The DPV curve shapes for these differ-
ent samples showed the same behavior as the ARAC system, thus
confirming that the involved chemical process was  reversible.

At first, the results of free and encapsulated acridine that had
been prepared through the different routes showed that the solid
pH sensor prepared by these sol–gel processes could offer a sim-
ilar response. However, in terms of electrochemical analysis, the
acid route seemed to be the most promising one because of its less
complex redox mechanism.

Photoacoustic (PAS) analysis also showed different profiles in
the spectra that were recorded for the free pH indicator and for the
encapsulated sensors (for AC, see Fig. 8a and for BY, see Fig. 8b).
As discussed before for the AC sensors, cyclic and pulse voltamme-
try analysis indicated weak interactions between AC and the silica
network. This behavior was in agreement with PAS analysis, and
the band shifts could be explained by the protonation of nitrogen
in the acridine molecule. Thus, the interactions with the silica net-
work could occur through this site, as is illustrated in Scheme 4a,
and seemed to be weak, as discussed in the voltammetric analysis.
For the NHRAC, the results could be affected by the presence of the
sol–gel process catalyst (FeCl3) residue, which has an intense red
color.

According to spectra b of Fig. 8, different band shifts for the BY
sensors were also observed: the ARBY sensor showed a broader
signal, while the NHRBY sensor showed a narrower one. Gener-
ally, the maximum band position of a molecule on the surface of a

solid can be affected by several factors, for example: steric effects,
medium polarity, hydrogen bond and the surface acidity [23]. In
the case of the NHRBY sensor, a hypsochromic shift (blue shift)
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Scheme 4. Interactions between the 

Table 1
Binding energies of the components of the N 1s signal.

N 1s (1) (eV) N 1s (2) (eV)

BY 399.7 402.3
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ARBY 399.4 401.7
NHRBY 399.8 402.0
BRBY 399.8 402.1

ould be observed, and for the ARBY sensor, this shift was broad-
ned. However, for AC, a bathochromic effect was detected in both
ases (NHRAC and ARAC), and this behavior could be explained by
n increase in medium polarity, which could occur if the indicator
nteracted with silanol groups of the silica. In this situation, n–�*
ype transitions tend to be hypsochromic shifts [23], which was
he case for BY [4]. On the other hand, �–�* transitions tend to
ave bathochromic effects (red shift) [23], as was observed in the
ase of the AC transition band. This suggested that nitrogen proto-
ation occurred on the sensor in acid medium [24] (Scheme 4a).
or the BR sensors, no bands could be detected for AL or BY,
nd this was probably due to the low amount of encapsulated
ndicators.

The systems were further investigated by XPS in an attempt to
xplain the interactions with the silica network. The analysis for
he AC sensors was impossible because the concentration of the pH
ndicator caused the most plentiful atom (O) signals to be super-
mposed by the silica signals. However, for the BY sensors, this
nalysis was possible because of the presence of nitrogen atoms
four units per molecule). The N 1s binding energies for these sen-
ors are shown in Table 1, and the numbers (1) and (2) refer to the
wo different nitrogens in the BY molecule that were resolved in
he XPS spectrum. Every pair of nitrogens (azo group) generated
ne peak, which could be deconvoluted into two  signal contribu-
ions that corresponded to each azo nitrogen. Once the BY molecule
as symmetric, the two azo groups produced exactly the same

ignal.
According to Table 1, only the ARBY sensor showed a significant

nergy shift for the N 1s signals. This result indicated an interaction
ith the silica network by the azo groups, and it was in agreement
ith the voltammetry results. Probably, the electronic structure

hange that was observed by DPV occurred at the azo group nitro-

en, which was probably the preferential site for interaction with
he silica network, as illustrated in Scheme 4b. For the other routes,
nergy shifts were not observed at the nitrogen, indicating that the
nteraction occurred at another chemical group, such as –OH or
silica matrix and pH indicators.

–SO3. However, one cannot ignore that the molecules exhibiting a
stronger interaction, including nitrogen, might be located in silica
cavities within deeper layers that could not be detected by XPS,
which has a depth penetration in the range of 5 nm.

These results could help to understand the sensors response
behavior to the analyte (NH3 gas), as was  reported in a previ-
ous study [4].  The interaction of acridine with silica through the
pyridinic group (nitrogen protonation) seemed to hinder analyte
detection in the AC sensors that showed the longest response times:
135 s (ARAC) and 164 s (NHRAC). In addition, AC lost the ability to
change color in solutions at different pH values, which should occur
after nitrogen protonation. But, for the ARBY sensor, the interac-
tion with the azo group did not hinder the color changes or the
detection of the analyte. Furthermore, this sensor had the shortest
response time (98 s). This behavior might indicate that the inter-
action with the silica network could favor the interaction with the
analyte, as a type of activator/promoter on these sites. However,
it is important to highlight that these results might also be influ-
enced by the following sensor characteristics: matrix surface area,
indicator content and type of sensor, as was  reported in a previous
paper [4].

4. Conclusions

The present study showed that differential pulse voltamme-
try is an excellent tool for investigating the interactions of pH
indicators within silica networks, and these results agreed with
those obtained by complementary techniques such as photoacous-
tic ultraviolet–visible or X-ray photoelectron spectroscopies. The
electrochemical behavior and the pH indicator interactions with
the silica network were dependent on the nature of the employed
sol–gel route. For the sensors that were prepared with acridine,
the interactions with the silica network took place through the
nitrogen group from the pyridinic ring, and this behavior was
verified by ultraviolet–visible spectroscopy and voltammetry tech-
niques. For the brilliant yellow indicator, different behaviors were
observed that were dependent on the route, suggesting different
processes during preparation or analysis. For the basic catalyzed
and non-hydrolytic routes, it was  impossible to uncover a specific

interaction. However, for the sensor that had been prepared by the
acid route, once the XPS had shown shifts in the nitrogen 1s binding
energies, it was concluded that the interaction probably or partially
occurred at azo groups.
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