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a b s t r a c t

ET(33) (2,6-dichloro-4-(2,4,6-triphenyl-N-pyridino)-phenolate) was proven to be an effective tool to
determine the polarity of the pore environment in sol–gel matrices prepared using acid catalysis. The
probe molecules have been trapped during the formation of the organically modified silica matrices,
occupying both, the inner porosity and the outer porosity of the matrix.

The effect of the chemical modification of the silica film on the polarity of the pore environment was
studied as a function of the organic modifying groups and their relative amount in the silica matrix. The
usage of the ET(33) polarity probe allowed the identification of different pore environments (sites) within
a matrix, attending to the relative amount of functional groups in the pores. A progressive decrease of
the polarity of the samples prepared was observed as the amount of the organic modifying groups was
increased. Hybrid matrices could be prepared via sol–gel processing, having polarities between 40 and
60 kcal mol−1 in the Reichardt’s ET(30) scale, which can be controlled by the amount and nature of the
organic modifying groups. A particular case was observed in samples modified with pentafluorophenyl
groups (–C6F5), which showed very high pore polarities, close to that of unmodified matrices, in which

pore environments rich in OH groups and rich in –C6F5 groups could not be distinguished, due to their
similar polarity.

The ET(33) polarity dye was found to provide a four times higher sensitivity than the known probe Nile
Red for the determination of the polarity of the pore environment, as reflected by the much larger shift of
the absorption peak of the dye due to changes in polarity. Due to its stability in acidic media, the ET(33)
is suitable to be used in hybrid matrices prepared using acid catalysis, as are most of those prepared by

the sol–gel method.

. Introduction

The usage of polarity probes as a general tool for the determi-
ation of environmental polarities in different media has found
idespread applications during the last years. Solvatochromic dye
robes were used to determine the polarity of solvents [1,2] and
olid matrices, such as polymers [1,3,4] or hybrid organic inorganic
aterials [5–9].
Among the different solvatochromic dyes, the most widely used

s a betaine derivative ET(30), known as Reichardt’s dye (2,6-
iphenyl-4-(2,4,6-triphenyl-N-pyridino)-phenolate) (Fig. 1). This

ye exhibits a charge-transfer absorption band in the visible range
f the spectrum, whose spectral position depends strongly on the
olarity of the environment where the dye molecules are located
10]. In strongly acidic solvents the dye is protonated at the oxygen

∗ Corresponding author. Tel.: +34 913 349 076; fax: +34 913 720 623.
E-mail address: d.levy@icmm.csic.es (D. Levy).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.12.011
© 2009 Elsevier B.V. All rights reserved.

atom of the phenolate, preventing the charge-transfer transition
and losing, therefore, its capability as a polarity probe [10]. The
dichloro-substituted betaine ET(33), shown in Fig. 1, is less basic
(pKa = 4.78) than ET(30) (pKa = 8.64) and therefore it can be used
as a polarity probe in acidic environments [11]. The ET(33) dye
exhibits negative solvatochromism, showing a spectral shift of the
absorption maxima to the blue as the polarity of the environment
increases [10,12].

Hybrid organic inorganic materials, most of them prepared by
the sol–gel procedure, have been widely used to entrap active
molecules in its porosity, conferring their specific properties to
the hosting material (matrix). The chemical environment where
these molecules are located is of a great importance, as it affects
the properties of these molecules, and hence the performance of
the active material. In previous works we have demonstrated the

important effect of the pore environment of the host matrices on
the properties and performance of optical devices based on disper-
sion of active organic molecules in modified silica matrices [13–15].
This effect was tentatively attributed to changes in the polarity of
the environment, even though we had no way to determine this

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:d.levy@icmm.csic.es
dx.doi.org/10.1016/j.jphotochem.2009.12.011
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Table 1
Chemical composition of the sols used for film deposition. R accounts for Me, Et, Pr,
Bu, pFPh and Ph.

Molar composition

R/Si = x TAS RTES H2O

0.975 0.05 1.95 6.05
0.95 0.10 1.90 6.10
0.90 0.20 1.80 6.20
0.70 0.60 1.40 6.60
0.50 1.00 1.00 7.00

trophotometer.
ET(33) was used due to its lower pKa value as compared to ET(30),

4.78 and 8.64 respectively [10,11], allowing its usage on more acidic
solutions. The ET(33) scale is defined equally to that of ET(30) via
Fig. 1. Structures of the ET(30) and ET(33) polarity probes.

olarity, since the preparation of the samples involves the usage of
cids.

In most cases, the preparation of materials via the sol–gel pro-
edure includes the usage of acid as a catalyst for the hydrolysis
nd condensation reactions, typical of this method. Acid catalysis
eads to materials with much better mechanical properties as com-
ared with those prepared using base catalysis, as it forms closer
tructures, conferring the resulting materials higher durability and
egular surfaces [16–18].

The usage of betaine derivatives as polarity probes in sol–gel
repared materials was first reported by Rottman et al. [19,20],
ho successfully embedded ET(30) dye in bulk matrices prepared

rom methyltrimethoxysilane and tetramethoxysilane. ET(33) dye
as used by different researchers to examine the outer surface
olarity of organically modified silica particles [21], synthesized
y reacting thermally pre-treated silica particles with different
lkyltrimethoxysilanes. The evolution of the polarity during the
elation process of sol–gel materials was also studied using fluo-
escent probes such as 7-Azaindole, Nile Red, PRODAN or pyranine
22–24].

The aim of this work is to determine the resulting polarity of the
ore environment in sol–gel matrices prepared using acid catal-
sis, by the spectral behaviour of the polarity probe molecules
ET(33)) incorporated into the network of different matrices. The
robe molecules will be added to the precursor sol and will be
rapped into the hybrid silica networks during the gelation pro-
ess, occupying both, the inner porosity and the outer porosity of
he matrix. The effect of the organic modification of the silica film
n the polarity of the pore environment will be studied as a func-
ion of the modifying group and their relative amount in the silica

atrix.
The possibility of determining the polarity of the pore environ-

ent in modified silica matrices is of a great importance for the
esign of new hybrid materials, as it will allow adapt the environ-
ent of the host matrix to the specific requirements of the trapped
olecules.

. Experimental

.1. Materials

Tetracetoxysilane (TAS), phenyl triethoxysilane (PhTES),
entafluorophenyl triethoxysilane (pFPhTES), isobutyl triethoxysi-
ane (iBuTES) and propyl triethoxysilane (PrTES) were from ABCR.
ethyl triethoxysilane (MeTES), 2,6-dichloro-4-(2,4,6-triphenyl-
-pyridino)-phenolate [ET(33)] and tetrahydrofuran (THF) were
urchased from Aldrich Chemicals. Ethyl triethoxysilane (EtTES)
nd 9-diethylamino-5-H-benzo [�]-phenoxazin-5-one (Nile Red)
0.30 1.40 0.60 7.40
0.10 1.80 0.20 7.80
0.00 2.00 0.00 8.00

were from Fluka and Ethanol from Merck. Double-distilled water
was used for all preparations.

2.2. Preparation of coatings

Samples were prepared from mixtures of tetracetoxysilane
(TAS) and organically modified triethoxysilanes (RTES-RSi(OEt)3),
where R is the organic functional substituent in the ormosil pre-
cursor (–CH3, –C2H5, –C3H7, –C4H9, –C6H5 and –C6F5), in the
appropriate ratio (see Table 1). The amount of water to hydrolyzing
group was kept 1:1 in all samples. The reaction was self-catalyzed
by the slow release of acetic acid from the TAS during hydrolysis.
The sols were allowed to hydrolyze for 24 h under stirring at 25 ◦C.
The polarity-sensitive dye was added as a THF solution, after the
hydrolysis of the sol, to reach a polarity dye:Si molar ratio of 3:200.
THF was used as solvent due to its good miscibility with the coating
sol. Fig. 2 shows a representative scheme of the preparation process
of the coatings.

The deposition of the films about glass slides was carried out
after the addition of the dye using the spin-coating technique (Fig.
2). A sol volume of 0.1 mL was used for the preparation of each film
with the sample-holder spinning at 2000 rpm. The films were cured
for 24 h at 100 ◦C.

2.3. Characterization

The absorption spectra of the resulting samples were measured
between 300 and 800 nm in a Varian Cary 50 Bio UV–vis spec-
Fig. 2. Scheme of the preparation process of the coatings.
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Fig. 3. Schematic representation of the pore structure in the modified silica matrix.

equation:

ET(33)(kcal mol−1) = hc�max NA = 28591/�max(nm),

where h is Plank’s constant, c is the speed of light in the vacuum,
NA is Avogadro’s number, and �max and �max are the frequency and
the wavelength of the maximum absorption of this dye in the dif-
ferent matrices, respectively. The ET(30) and ET(33) scales can be
interconverted according to the following equation [25]:

ET(30)(kcal mol−1) = 0.979ET(33) − 7.461.

The effect of the R groups on the degree of condensation of
the organic–inorganic hybrid matrices was studied by 29Si CP MAS
NMR and FTIR. The 29Si CP MAS NMR spectra of the resulting
samples were measured in a Bruker Avance 400 MHz (solids) spec-
trometer, operating at 79.4 MHz for silicon; the Fourier transform
infrared (FTIR) spectra were measured in a Bruker IFS 66v/S spec-
trometer.

3. Results and discussion

The ET(33) dye was successfully incorporated in the precursor
sol used for the deposition of the modified silica films. The dye
withstood the acidic conditions of the preparation of the samples
and remained active in the films after the drying process. The dye is
occupying both, the closed and the open porosity within the silica
matrix as is shown in Fig. 3.

The spectral behaviour of the solvatochromic dye ET(33) was
measured to determine the effect of the organic modification in
the silica matrix on the polarity of its pore environment. Matrices
were modified with different organic functional groups (R = –CH3,
–C2H5, –C3H7, –C4H9, –C6H5 and –C6F5) and different R/Si ratios.

In unmodified silica matrices (R/Si = 0), the surface of the pores
in the resulting matrix is formed mainly of uncondensed OH groups,
which confer the pore a very polar environment [20]. The incorpo-
ration of the R groups into the structure results in a decrease in the
polarity of the silica matrix, which is a function of the nature and
amount of R groups in the matrix [20].

The absorption spectra of ET(33) trapped in matrices with the
same relative amount of different modifying R groups was mea-
sured, as well as the spectra of the dye in matrices with different
amounts of modifying groups in the matrix. The spectra are given
in Fig. 4 and the calculated polarity values of the different matri-
ces are summarized in Table 2. The environments with the highest
polarity were observed in unmodified and pFPh modified matri-
ces, where the peak maxima of the absorption band of the ET(33) is
around 410 nm (Fig. 4a), corresponding to a polarity value of 59–60
in the Reichardt’s scale. Matrices modified with CH3, –C2H5, –C3H7,
–C4H9 and –C6H5 groups showed a clear existence of more than one
absorption band, which is attributed to the coexistence of different
pore environments in the same matrix. The existence of different
pore environments in modified silica matrices (pores with differ-

ent degree of functionalization) was previously observed by the
kinetic performance of photochromic molecules trapped in those
matrices [13]. The degree of functionalization of the pore surface
will determine the polarity of the specific pore environment; there-
fore, a broadening of the absorption band evidences the existence
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and –C6F5 groups, having the R/Si ratio of 0.9 and 0.5, respec-
tively (Fig. 6a). A lineal increase of the absorbance was observed
as the concentration of the dye was increased reaching a satura-
tion value around Dye/Si = 6/200 in functionalized matrices and
ig. 4. UV–vis absorption spectra of the ET(33) dye in silica matrices modified with

f a wide distribution of pores with different relative amount of
groups in their surface. However, the peak maxima of the dif-

erent bands in samples modified with –C2H5, –C3H7, –C4H9 and
C6H5 groups point out to the presence of two different environ-
ents with specific polarity values (45–47 and 50–57), which are

bserved in all different samples.
In pFPh functionalized matrices, a narrower band is observed

s compared to the analogous R functionalized samples (same R/Si
olar ratio). This effect can be explained by the higher polarity

f the –C6F5 substituents, which is much closer to that of the OH
roups, showing small changes in polarity (�� = 5 nm) for different
egree of functionalization of the pores. Another possible expla-
ation for this effect is the formation of micellar-like structures
y the hydrolysis of the pFPhSi(OEt)3 species [26]. The hydrolyzed
onomers tend to arrange themselves such that the polar –Si(OH)3

roups form the shell of the micelle and the hydrophobic –C6F5
s buried within the core of that micelle [26]. Due to the highly
ydrophobic character of the –C6F5 groups, the micelle core should
e less accessible for dye molecules and therefore, these molecules
ill mainly probe environments rich in OH groups. Another plau-

ible way to explain this behavior is based on the formation of
ydrogen bonds between the F atoms of the pFPh groups and the
H groups of the growing silica surface at the very early stages of

he condensation reaction. This situation can prevent the forma-
ion of distinctive pore environments in the matrix and hence the
ormation of a unique type of pores in the sample where the dye

olecules can be allocated. However, this situation cannot occur
n the case of the other R substituents in the matrix as they can-
ot form H-bonding with the OH groups, and the R substituents
an move freely to arrange themselves distinctively in the differ-
nt pores. Table 2 summarizes the ET(33) and the calculated ET(30)
alues of samples prepared with the same relative amount of dif-
erent R groups. The ET(30) values for the different samples were
alculated by the ET(33) values as is mentioned in Section 2.

In order to study the distribution of the R groups in the pores of
he modified silica matrices, the polarity of the pore environment
as measured as a function of the amount of –C6H5 groups in the
atrix. The absorption spectra of the ET(33) in the different sam-

les are given in Fig. 4b. The change in the spectral behaviour of
he ET(33) in thin-films prepared with different amount of –C6H5
roups can be clearly observed by the coloration of the dye in the
ifferent matrices, as shown in Fig. 5.

A progressive shift of the absorption band of the dye to longer

avelengths was observed as the Ph/Si ratio in the matrix was

ncreased. The introduction of –C6H5 groups, of lower polarity, into
he sol–gel matrix, results in a reduction of the relative amount of
ilanol groups in the inner pore surface and therefore, in a reduction
f the pore environment polarity [20].
fferent R groups (R/Si molar ratio = 0.5) and (b) different amounts of –C6H5 groups.

In samples having low Ph/Si molar ratio (between 0 and 0.3), the
pore surface is composed mainly of OH groups from uncondensed
silanol and low amounts of –C6H5 groups. Therefore, small changes
in the composition of the pore surface result in large differences in
polarity. The spectra of ET(33) in samples prepared with Ph/Si > 0.3,
show broad bands with maxima in the range 450–550 nm. The
broadening of the absorption bands of the ET(33) dye is an indicative
of the presence of different pore environments in the organically
modified matrix [27]. Two and three absorption peaks are observed
in samples with a Ph/Si ratio of 0.5 and 0.7 respectively, and very
broad bands are observed in samples prepared with higher amount
of –C6H5 groups (Ph/Si > 0.9). This is due to the coexistence of differ-
ent pore environments in the matrix in which the polarity-sensitive
dye is located. Some of the sites, showing higher polarity (absorp-
tion band at the lowest wavelength) are associated with pores rich
in OH groups. This type of pores are present in all samples, includ-
ing those with R/Si > 0.9. On the other hand, matrices with higher
R/Si ratios showed an increasing amount of ET(33) dye molecules
allocated in pores with lower polarity as interpreted by the position
of the absorption bands.

The aggregation of the dye can lead to changes in the absorp-
tion band of the dye, and therefore to deviations in the polarity
values obtained. The UV/vis absorption maxima of the dye embed-
ded matrix was measured as a function of the concentration of the
ET(33) in the film, in order to determine the concentration at which
the dye start to aggregate. This preliminary study has been per-
formed in an unmodified matrix and in films prepared with –C6H5
Fig. 5. Coloration of the ET(33) dye in the films prepared with different amounts of
–C6H5 groups in the matrix. The amount of –C6H5 groups increases from left to right
(R/Si = 0 to R/Si = 0.9).
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from 574 nm in unmodified samples to 545 nm in samples modified
ig. 6. Intensity (a) and �max (b) of the absorption band of the ET(33) dye in an unm
pFPh/Si = 0.5) as a function of the dye concentration.

ye/Si = 4/200 in an unmodified matrix, showing that no aggrega-
ion occurs with dye concentrations below this value. The samples
repared in this work have a ET(33) dye concentration much below
his limit to avoid any aggregation of the dye in the modified silica
lms. The spectral position, practically, does not change with the
oncentration of the dye in the different matrices (Fig. 6b).

As a general consideration and taking into account all the differ-
nt pore environments in the matrix the polarity was observed to
ecrease as the amount of –C6H5 groups in the matrix is increased.
his issue can be corroborated using 29Si CP MAS NMR and FTIR, as
hey can provide information on the amount of the polar OH groups
hat remained un-reacted in the matrix. Fig. 7 shows the NMR spec-
ra of the samples prepared with different amount of –C6H5 groups
n the matrix. The mean number of bridging Si–O–Si bonds formed
y both, unmodified (Q) and modified Si atoms (T) can be calculated
ccording to (1 − x)AFQ + xAFT = AFTot [28], and provides an indica-
ion of the degree of condensation (network bonds formed) of the
ilica matrix. The calculated values for the different matrices, sum-
arized in Table 3, show in all cases a decrease in the total number

f network bonds in matrices with increasing amounts of –C6H5

roups.

The FTIR spectra of samples prepared with different amount of
C6H5 groups in the matrix is given in Fig. 8. The band at 930 cm−1,
hich is attributed to Si−OH vibration [29], indicate the existence

ig. 7. 29Si CP MAS NMR spectra of the samples prepared with different amount of
C6H5 groups in the matrix.
ed matrix and in films prepared with –C6H5 groups (Ph/Si = 0.9) and –C6F5 groups

of Si atoms on the surface of the pores as hydroxylated species
[30–32]. A decrease of the intensity of this band was observed as
the amount of –C6H5 groups was increased in the modified silica
matrix, due to the replacement of superficial hydroxyls by –C6H5
groups. These results, together with those of the NMR account
for the lower amount of un-reacted OH groups in matrices with
increasing amounts of –C6H5 groups, which can be correlated with
the reduction of the polarity of the pore environment as measured
by the ET(33) polarity probe.

The widely used polarity probe Nile Red was incorporated in the
modified silica matrices, following the same procedure as with the
ET(33), in order to compare its performance with that of the ET(33)
dye. The Nile Red is also stable in acidic media and has been used
to study the pore environment properties of ormosil films [8,33].

The absorption spectra of Nile Red molecules trapped in matri-
ces prepared with different amounts of modifying groups was
measured and is given in Fig. 9. The sensitivity of the Nile Red upon
changes in polarity was found to be much lower than that of the
ET(33) dye. The position of the absorption peak of Nile Red ranges
with –C6H5 groups with a Ph/Si ratio of 0.9 (Fig. 9), giving a variation
of 29 nm. The ET(33) dye, on the other hand, shows a much wider
change in the position of the absorption peak (of about 119 nm),

Fig. 8. FTIR spectra of the samples prepared with different amount of –C6H5 groups
in the matrix.
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Table 3
29Si CP MAS NMR spectroscopy data of the samples prepared with different amount of –C6H5 groups in the matrix.

Samples (Ph/Si) Q4 (%) Q3 (%) T3 (%) T2 (%) AFT AFQ AFTot

0.9 3.85 – 47.83 48.33 2.50 4 2.65
0.7 11.86 10.65 36.49 41.00 2.47 3.53 2.78
0.5 21.45 24.17 21.45
0.3 22.34 35.39 18.91
0.1 36.32 55.77 3.47
0 46.04 53.96 –
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ig. 9. UV–vis absorption spectra of the Nile Red in samples prepared with different
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anging from 414 nm in unmodified matrices to 533 nm in matri-
es with Ph/Si = 0.9. This allows a much higher sensitivity in the
etermination of the polarity of pore environment.

. Conclusions

The usage of the ET(33) dye resulted in an important tool for
he determination of the polarity of the pore environment in mod-
fied silica matrices prepared by acid catalysis, which is the most
requently used in sol–gel preparations. The usage of the ET(33)
olarity probe allowed to identify different pore environments
ttending to the modifying group and its relative amount in the
atrix. In some cases the ET(33) revealed the existence of dif-

erent pore environments (sites) within a matrix, as a result of
he inhomogeneous distribution of the R groups in the pores. The
olarity of the pore environment in modified silica matrices was
ound to decrease as the amount of the organic substituent groups
s increased, due to the replacement of the polar silanol groups
Si–OH) by the less polar R groups and the screening exerted by the
arger R groups to the silanols in the surface of the pores.

The ET(33) polarity dye was found to be much more sensitive
o changes in polarity than the known probe Nile Red, providing a
our times higher sensitivity in the determination of the polarity of

he different pore environments in modified silica matrices.

The ability of determining the polarity of the pore environment
n acidic media is of a great importance from the point of view of
he design of new hybrid materials that require acid catalysis for
heir preparation.
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