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In the last 20 years, sol-gel science has undergone spec-
tacular development. A better understanding of the various
stages of the sol-gel process has contributed to establish a solid
basis for technological developments, such as the production
of optical components, catalysts with large specific surfaces,
and advanced ceramics. A turning point was reached with the
advent of hybrid organic–inorganic materials, which exhibit
interesting intermediate properties. The structural evolution
during the sol-gel-dry gel (xerogel) process is a conditioning
factor of the final properties obtained. It can be followed by
small-angle X-ray and neutron scattering or cryo-transmission
electron microscopy, not usually available in laboratories for
undergraduate students.

In this work, we show how fluorescence spectra, currently
used in chemistry undergraduate laboratories, are used to
follow both pure inorganic and hybrid sol-gel systems. We study
the incorporation of polytetrahydrofuran (PTHF) in sol-
gel systems based on tetraethyl orthosilicate (TEOS, currently
one of the most used precursors), water, and ethanol. The
fluorescent probe, incorporated in a very low concentration
(10�6 M), is an alkyl chain labeled on both ends with pyrene,
Py-(CH2)12-Py, which is capable of forming intramolecular
pyrene excimers. The ratio between fluorescence intensities
of the excimer and monomer of pyrene gives relevant infor-
mation on the sol-gel-xerogel evolution with time in both
types of systems.

This subject interlinks different fields, from chemical
synthesis to chemical physics and materials science. These
characteristics justify the integration of these matters in an
advanced undergraduate course in chemistry.

The Sol-Gel Process

The sol-gel process has been known
to chemists for more than a century (1).
However, only in the 1950s did Roy
recognize its potential to prepare highly
homogeneous inorganic gels (2, 3). Si-
multaneously, Iler (4 ) studied the
chemistry of silica preparation by the
sol-gel process, which led to the devel-
opment of new ceramic materials with
large industrial applications in optics
and electronics (5, 6 ). The sol-gel pro-
cess presents advantages over traditional
fusion techniques because it is clean and
does not need high temperatures (5).
The sol-gel transition is a process in
which a dispersion of colloidal particles
with dimensions between 1 and 100
nm, stable in a fluid (the sol), transforms
into a rigid three-dimensional structure
impregnated by the liquid phase (the
gel). It consists of a series of hydrolysis

and polycondensation reactions of a precursor (usually an in-
organic salt or an alkoxide) in an appropriate solvent. The
starting recipe, temperature, and pressure determine the mi-
crostructural evolution as the sol-gel transition occurs (6 ).
These processes have been carefully analyzed in this Journal
by Buckley and Greenblatt (7 ).

Composite materials, consisting of inorganic gels doped
with organic polymers, started being prepared in the 1980s (8).
These hybrid materials have attracted a lot of attention because
they can simultaneously have the properties of organic and in-
organic compounds (5, 6 ). To understand and control the fi-
nal properties of the material, it is relevant to know the chemi-
cal and structural changes that occur in the system with time.

Chemical Reactions in the Sol-Gel Process

A detailed description of the chemical reactions that oc-
cur in the sol-gel process may be found in references 6 and 7.
Summarizing, the following steps are involved.

1. Hydrolysis of the precursor, catalyzed either in acid or
in basic conditions. For the case of a tetra-orthosilicate,
the general equation may be written as

   Si(OR)4 + nH2O → (RO)4-nSi–(OH)n + n ROH (1)

where 1 ≤ n ≤ 4.
2. Condensation reactions, which may occur with the

production of alcohol:

   (RO)3Si–OR + HO–Si(OR)3 → (RO)3Si–O–Si(OR)3 + ROH (2)

or with the production of water:

    (RO)3Si–OH + HO–Si(OR)3 → (RO)3Si–O–Si(OR)3 + H2O (3)

The last step may occur in parallel with hydrolysis, de-
pending on the water content of the system, and may be acid

Figure 1. Sol-gel process in (A) a nonhybrid system and (B) a hybrid system.
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or base catalyzed: below the isoelectric point of silica (pH of
zero charge, ≈2), it follows an acid-catalyzed mechanism; at
higher pH, the condensation mechanism is base catalyzed (6 ).

Depending on the physicochemical characteristics of the
sol, a great variety of gel structures may be obtained (4, 6, 9,
10). These microstructures can be described in terms of
primary particles formed by rings and chains of three to four
silica tetrahedra with radius between 1 and 2 nm, whose as-
sociation depends on pH: for pH < 2, the primary particles
associate in chainlike secondary clusters; for 2 < pH < 7, the
primary particles associate in highly branched secondary par-
ticles of dimensions around 6 nm; for pH > 7, the secondary
particles are of even larger dimensions that can form a stable
sol in the absence of electrolytes. During the sol-gel evolution,
a tridimensional network is formed by linkage of the different
types of clusters, resulting in a gel, which in turn ages and
dries to a xerogel, by slow evaporation of the solvent still
present in the pores.

A schematic diagram of a sol-gel-xerogel evolution for a
system based on tetraethyl orthosilicate (TEOS) is shown in
Figure 1A and for an equivalent hybrid system containing
polytetrahydrofuran (PTHF), in Figure 1B.

Direct detection of secondary particles with radius of 5–
20 nm has been possible using small-angle X-ray scattering
(SAXS) (11), small-angle neutron scattering (SANS) (12), light
scattering (13) and cryo-transmission electron microscopy
(cryo-TEM) (14). However, the direct observation of par-
ticles with dimensions as small as 2 nm is not possible with
the available techniques. Orcel et al. (15) obtained, indirectly,
the radius of particles around 2 nm by Raman scattering.
Other indirect evidence of the presence of such particles may
be obtained using adequate fluorescent probes.

Use of Photophysical Probes To Monitor the Sol-Gel
Process

The incorporation of fluorescent probes in the initial
solutions has been used to follow the physical and chemical
changes occurring during the sol-gel process (16, 17 ). Pyrene,
in particular, has been widely used to probe the polarity of
the medium during gelation, since the vibronic structure of
its fluorescence spectrum is dependent on the local environ-
ment (16 ). At high concentrations, the fluorescence spec-
trum of pyrene shows, besides the monomeric emission, a
new broad band at longer wavelengths (centered at 470 nm),
characteristic of the excimer (an excited species formed on
the encounter of an excited monomer with a ground-state
monomer, dissociative in the ground state) (18).

When incorporated in high concentrations in a sol-gel
mixture, pyrene forms ground-state dimers, which have been
observed by UV–vis absorption and fluorescence excitation
spectra since the initial stages of hydrolysis. In this case, the
excimer may be formed by the collisional process referred to
above and by deexcitation of the excited pyrene dimers (18, 19).
Upon drying of the gel, the excimer band almost disappears
and the absorption and excitation spectra resemble the pyrene
spectra in diluted solution, showing that monomer molecules
are isolated in individual pores of the silica structure (16, 20).

To obtain complementary structural information and to
avoid high probe concentrations, which could interfere with the
sol-gel reactions, the system may be doped with low concentra-
tions (≈10�6 M) of a probe labeled in both ends with pyrene,
such as 1,12-bis(1-pyrenyl)dodecane, used in this work:

Py–(CH2)12–Py

In this case, the dimers and excimers
are formed intramolecularly, by cycliza-
tion of the chain.

The evolution of the sol-gel sys-
tem is followed by fluorescence spec-
tra of this probe as a function of time,
exciting at 345 nm (S2 ← S0 pyrene ab-
sorption band) and at 360 nm (Sl ←
S0 absorption hand). At λexc = 345 nm,
practically all the light is absorbed by
pyrene monomers, whereas at 360 nm,
where the pyrene absorption coefficient
is very low, the fraction of excitation
light absorbed by pyrene dimers is sig-
nificant.

Results and Discussion

For the starting solutions of pure
inorganic systems the following recipe
is convenient: TEOS, ethanol, and wa-
ter in molar proportions 1:1:4, at two
pH values, 1.2 and 2.5. The prepara-
tion procedure is detailed in reference
21. The fluorescence spectra, obtained
at different times with a Spex
Fluorolog 112 fluorimeter, are shown
in Figure 2.

Figure 2. Fluorescence spectra obtained for the nonhybrid systems at different times: λexc =
345 nm (A and C) and λexc = 360 nm (B and D); pH = 1.2 (A and B) and pH = 2.5 (C
and D). Spectra were normalized to 1 at 372 nm.
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A feature common to all the spectra is the structureless
broad band centered at ~475 nm, characteristic of the excimer
emission, whose relative intensity increases with time.

At pH 2.5 and for λexc = 345 nm (Fig. 2C), the fluores-
cence spectrum in the range 370–425 nm shows the charac-
teristic emission of the monomer, whose shape is only slightly
modified during gelation. In contrast, when λexc = 360 nm
(Fig. 2D), the spectrum in the same region differs from the
monomeric pyrene emission and modifies substantially in the
course of reaction. This is caused by pyrene aggregation upon
cyclization of the probe, which occurs in the ground state
from the beginning of the sol-gel process, as the mixture is a
poor solvent for the probe. At 360 nm, the pyrene absorption
coefficient is minimum and therefore the excitation light has
a relatively high probability of being absorbed by the pyrene
dimer, whose structured emission superposes that of the
monomer (18).

At pH 1.2, the extensive formation of ground-state
dimers since the beginning of the process is clear from spectra
in Figures 2A (λexc = 345 nm) and 2B (λexc = 360 nm), and
the relative increase of the excimer band with time is more
drastic than at pH 2.5.

Initial solutions for hybrid systems were prepared with
the same compositions as before, but containing 1% (molar
relative to TEOS) of a low-molecular-weight sample of PTHF
(Mr = 2000). The fluorescence spectra of these systems, ob-
tained for different times, are shown in Figure 3.

The formation of ground-state pyrene dimers from the
beginning of the sol-gel process is also clear for these systems.
As time goes on, an increase of the fluorescence intensity of
the excimer versus the monomer is observed only at pH 1.2
and, compared with the spectra for
nonhybrid systems in Figures 2A and
2B, is much less pronounced. The in-
crease of the relative excimer to mono-
mer fluorescence intensities with time
is explained by the interconversion of
excited dimers to excimers.

To follow these variations quan-
titatively, the ratio of fluorescence in-
tensities of excimer to monomer (I472/
I377) has been plotted for λexc = 360
nm, for all the systems, as a function
of time (Fig. 4). At pH 2.5, there is
just a very slight increase of this in-
tensity with time in both hybrid and
nonhybrid systems, suggesting that
the probe is not constrained as gela-
tion proceeds. In contrast, at pH 1.2,
in the nonhybrid system there is a
drastic increase of this ratio, which
attains a value >15 after 10 days of
reaction, indicating that there is a
strong effect of the forming structure
on the cyclization of the probe. The
increase is not so intense for the hy-
brid system.

How to interpret these results? Be-
cause the fluorescent probe is hydro-
phobic, it tends to remain encapsu-
lated in the forming silica particles,

Figure 3. Fluorescence spectra obtained for the hybrid systems at different times: λexc = 345
nm (A and C) and λexc = 360 nm (B and D); pH = 1.2 (A and B) and pH = 2.5 (C and D).
Spectra were normalized to 1 at 372 nm.

since they have a grater hydrophobic character than the sol-
vent (22, 23). The substantial increase of the I472/I377 ratio
in both systems at pH 1.2 is an indication that those silica
particles are restricted environments where, as they continue
to form, more encapsulated probes are forced to cyclize.
Therefore, the primary silica particles formed at pH 1.2 must
be of smaller dimensions then at pH 2.5. This is in good
agreement with previous information obtained with probes
of different gyration radius, which indicated that primary par-
ticles would have radius ≈10 Å at pH 1.2 and ≈20 Å at pH
2.5 (6, 10, 21).

In hybrid systems, however, the increase in I472/I377 is
much slower than in nonhybrid systems, even at pH 1.2. This
result indicates that part of the probe molecules are in a dif-
ferent environment and their contribution to the fluorescence
intensity of the excimer is lower than in the corresponding
inorganic systems. This may be understood in terms of some
probes remaining adsorbed on the polymer, which has a
stronger hydrophobic character than the solvent. Therefore,
the incorporated polymer links silica particles by hydrogen
or chemical bonds, acting as a spacer and inducing a more
open final structure.

A model for the different gel structures consistent with
these results is proposed below (Fig. 5).

The gel point was visually detected 7.5 and 10 days after
preparation for nonhybrid and hybrid systems, respectively.
Nevertheless, this probe was unable to sense this transition,
because it is encapsulated within the particles. Only a larger
probe that does not fit in the particle volume can sense the
formation of the silica network and the pore shrinkage oc-
curring upon drying of the gel (21).
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Conclusions

Being a fast-moving young field, sol-gel science deserves
a place in undergraduate chemistry curricula. An approach
to its fundaments and a practical laboratory study is offered
in this work. In particular, it is proved that using a currently
available technique, such as fluorescence, it is possible to obtain
relevant information on the structural evolution of sol-gel
systems, both inorganic and hybrid. It is necessary to dope
the systems with a selected probe and follow their fluorescence
with time.

An alkyl chain labeled in both ends with pyrene was
incorporated in two sol-gel systems using TEOS as precursor.
The probe fluorescence spectra as a function of time have
allowed us to propose structural models for the evolution of
these sol-gel systems.

In the pure inorganic systems, our results suggest that
the forming silica particles encapsulate the probe and, de-
pending on the particles size (which is determined by the so-
lution pH), constrain it to cyclize, resulting in extensive for-
mation of ground state intramolecular pyrene dimers.

In hybrid systems, however, the amount of intramolecu-
lar pyrene ground state dimers and excimers is reduced when
compared to the non-hybrid systems at the same pH, sug-
gesting that the polymer acts as a spacer, retaining a signifi-
cant part of the probe molecules.

The information obtained with this fluorescent probe
suggests that, in TEOS-based sol-gel systems, silica primary
particles are smaller for a pH below the isoelectric point of
silica (pH 2) and that the final structure of hybrid xerogels
should be less dense, because silica particles are separated by
the polymer. This conclusion can be confirmed by independent
methods, such as BET isotherms or thermal gravimetrical
analysis (TGA).

Figure 4. Ratios of excimer to monomer fluorescence intensities
(I472/I377) at excitation wavelength 360 nm, as a function of time.
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Figure 5. Model for nonhybrid and hybrid gel structures.
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