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Abstract. The influence of the acid catalyst concentration on the structural evolution of a sol-gel system was 
studied by doping TEOS based starting solutions with two fluorescent probes: a polystyrene chain (Mn = 1700) 
and a much shorter alkane chain (M = 172), both of them labeled at both ends with 1-pyrenyl. For this purpose, 
each probe was incorporated in two TEOS : H20 : C2HsOH mixtures (molar ratios 1 : 4 : 1), one at pH 1.2 and the 
other at pH 2.5 (respectively below and above the isoelectric point of silica). Very low concentrations of the probes 
were used (<10-6M), so the pyrene dimmers and excimers were formed only intramolecularly. The ratios of 
excimer to monomer fluorescence intensities at excitation wavelength of 360 nm (where mainly the ground state 
pyrene dimmers are excited) were studied as a function of time. Different evolutions of these ratios were observed, 
which allowed us to predict that the silica structure develops via the formation of primary particles, even at pH 
values below the isoelectric point of silica, where it is not possible to directly detect their formation. 
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1. Introduction 

While the applications of sol-gel materials are spread- 
ing to a variety of fields, from electrooptics to bio- 
materials and chemical sensing, some major questions 
regarding the structural characteristics of the gels and 
the structural evolution during the preparation proce- 
dure still remain to be answered. Different approaches 
have been used to clarify these questions. Much of the 
work is based on small-angle light scattering, which 
provides information on the size of the agglomerates 
and on the fractal dimension on size scales from 10 to 
1000 A [ 1, 2]. For basic catalysis, it was possible to es- 
tablish the formation of porous silica particles that ag- 
gregate forming chain-like clusters, highly crosslinked, 
with fractal structures in the gel state. For acid catal- 
ysis, it was observed that silica clusters are loosely 
crosslinked linear chains [3], with difficulty in estab- 
lishing if they are composed of very small particles 
(~  10/~) or simply of silicon monomers with function- 
ality very close to 2 [4]. Direct observation of the sol-gel 
evolution in time by cryogenic transmission electron 
microscopy (cryo-TEM) confirms the basic catalysis 

polymerization mechanism, but owing to the resolu- 
tion of this technique (about 15 A) it is impossible to 
detect particles lower in size than 15/i, [4, 5]. 

Fluorescent probes have been successfully used to 
probe the entrapping environment, both in solution 
and in solid systems [6, 7]. Pyrene derived molecules 
were particularly useful, since the vibronic structure of 
pyrene monomer fluorescence spectrum is very sensi- 
tive to the polarity of the medium [8, 9]. In a previous 
work [10], we have used a pyrene derivative group, at- 
tached to both ends of a polystyrene chain, as a probe 
to monitor the structural evolution in a sol-gel sys- 
tem with tetraethylorthosilicate (TEOS) as precursor 
and acid catalysis. In order to avoid intermolecular 
processes, as well as interference in the course of the 
sol-gel reactions, the concentration of the probe was 
kept very low (< 10-6M). The ratios of the excimer 
to monomer emission versus time, for excitation wave- 
lengths of 345 and 360 nm, were analyzed and cor- 
related with the structural evolution of the solution. 
A kinetic scheme was proposed to take into acount the 
different pyrene emissions observed, Nevertheless, the 
information obtained was only partial, as the probe was 
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a very large molecule (the radius of gyration of the 
polystyrene chain in a 0 solvent is 11.8 A) [11] and the 
experiments were performed at a high acid concentra- 
tion (pH = 1.2). 

In this work, we have analyzed the steady-state fluo- 
rescence of two probes consisting of 1-pyrenyl groups 
attached to both ends of a polystyrene chain (Probe A, 
used before) and 1-pyrenyl attached to both ends of an 
alkane chain (Probe B): 

Probe A 

Probe B 

They were each incorporated in two starting solu- 
tions with the same composition (TEOS : n 2 0  : C2H5 
OH in molar ratios 1 : 4 : 1), but differing on the acid 
concentration. The two pH values, 1.2 and 2.5, were 
selected as being respectively below and above the iso- 
electric point of silica, which occurs at about pH 2. 

The results were explained assuming that at both 
pH values a particulate silica structure is develloped, 
the dimensions and the structure of the particles being 
dependent on pH: at pH 1.2, the alkane chain is en- 
capsulated in small sites within the particles, where the 
polystyrene chain does not fit. At pH 2.5, larger par- 
ticles are formed, with "cavities" where both probes 
could be adsorbed. 

2. Experimental 

Pyrene labeled polystyrene Py-Psl700-Py (Mn = 
1700; Mw/Mn = 1.07) was prepared as described [ 12], 
and kindly supplied by Dr. Winnik, of the University of 
Toronto. The pyrene labeled alkane chain Py-(CH2)12- 
Py was kindly supplied by Prof. Weiss, of Georgetown 
University. TEOS was purchased from Alfa Products 
(99%) and ethanol, spectroscopic grade, from Merck. 
Deionized water was used to assist hydrolysis and HCI 
p.a. from Merck was used as catalyst. 

Solutions of Py-Psl700-Py and Py-(CH2)12~ in 
ethanol were prepared in advance, with concentra- 
tions respectively 3.5 x 10-6M (Solution A) and 

3.0 • 10-6M (Solution B). Starting Solutions AI 
and AII were prepared mixing water and Solution A, 
so that molar ratios of 1 :4 :1  were obtained for 
TEOS : H20 : C2HsOH, the final concentrations of Py- 
Psl700-Py being 1.1 x 10-7M. An equivalent proce- 
dure was adopted to prepare samples BI and BII, but 
using Solution B instead, the final concentration of Py- 
(CH2)12-PY being 9.4 • 10-SM. pH was set at 1.2 for 
Solutions AI and BI and at 2.5 for Solutions AII and 
BII. The four mixtures were heated to 70 4- 2~ for 
40 minutes and afterwards kept at room temperature 
(,-~20~ in partially covered silica cells. 

The gelation process was monitored by steady state 
fluorescence emission and excitation spectra, recorded 
regularly during several weeks, using a Spex Fluorolog 
112 Spectrofluorometer. 

3. Results and Discussion 

In Fig. 1, we compare the fluorescence spectra of the 
two doped solutions at pH 2.5 (AII and BII), obtained 
just after preparation of the samples, for two excitation 
wavelengths. 

When exciting at 345 nm (Fig. I(A)), where mainly 
the pyrene monomers absorb, the characteristic well 
resolved spectrum of pyrene monomer as well as the 
broad excimer band are observed. The ratio of the ex- 
cimer to monomer intensities is much higher in the case 
of the shorter probe, which is a consequence of a larger 
cyclization rate in this molecule [13]. In Fig. I(B), the 
same solutions were excited at 360 nm. A new band 
superposed to the monomer emission appears for both 
probes and the relative intensity of the excimer band 
is slightly increased when compared to Fig. I(A). This 
is attributed to the direct excitation of pyrene dimmers 
formed by cyclization of the chains, which are excited 
at 360 nm, where the absorption coefficient of pyrene 
is very low. At this early stage of hydrolysis and con- 
densation reactions, the spectra at pH 1.2 are similar. 

These results can be explained by a kinetic scheme 
which assumes that in the ground state the chain can be 
cyclized forming a reversible pyrene dimmer or in an 
open conformation with the pyrene ends separated as 
monomers. Upon electronic excitation and depending 
on the optical densities of each ground state species, 
different proportions of pyrene monomers and dim- 
mers are excited. Additionally, during the monomer 
lifetime, the chain can cyclize forming the excimer, 
which can also be populated by a rearrangement of the 
excited dimmer. Equilibria exists between the different 
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Figure 1. 
345 nm (A); ~-exc ~ 360 nm (B). Solutions dopped with Py-Psl700-Py ( . . . . . .  ) and Py-(CH2)I2-Py ( 

Normalized fluorescence spectra of  the solutions at pH 2.5 immediately after preparation, for two excitation wavelengths: ~exe = 
). 

excited species, which deactivate radiatively originat- 
ing the monomer, dimmer and the excimer bands. 

The silanol groups created since the beginning of 
the hydrolysis interact with the pyrene zr electronic 
system. As the silica structure develops by condensa- 
tion of several silica species in the sol, the probe can 
be incorporated in the silica sites [14]. The emission 
spectrum of both probes is dependent on its location, 
which is mainly caused by the variation of the pyrene 
dimmer to monomer ratio. This is best followed by 
pyrene excitation at 360 nm. Figure 2(A) shows the 
fluorescence spectra of the two samples containing the 
polystyrene probe (pH 1.2 and 2.5) at different times of 
the sol-to-gel evolution. Figure 2(B) shows the equiv- 
alent spectra for the alkane probe. 

Apart important differences in magnitude, all the 
spectra show increasing intensities of the dimmer emis- 
sion with a corresponding enhancement of the excimer 
emission, along with the evolution of the sol-gel pro- 
cess. These changes can be monitored by the variation 
of the ratio of fluorescence intensities of the pyrene ex- 
cimer (L = 472 nm) to monomer (3. = 377 nm), which 
increases with the fraction of dimmers in the sample. 

Figure 3 shows the time evolution of these inten- 
sity ratios for the polystyrene chain (A) and the alkane 
chain (B) at pH 1.2 and 2.5. 

At pH 1.2, the ratio of intensities increases very 
slowly until about 7 days after preparation and more 
pronouncedly afterwards for the polystyrene chain, 
while for the alkane chain a steeper continuous in- 
crease is observed since the beginning of the polymer- 
ization. Contrarily, at pH 2.5, the ratio of intensities 
for the polystyrene probe begins increasing since the 
first stages of the reaction (80% increase after 10 days), 
while for the alkane chain the same ratio increases only 
10% until about 8 days after preparation, increasing 
more pronouncedly afterwards. 

"The behavior of the polystyrene chain at pH 1.2 has 
been interpreted before [10], on the assumption that 
until the gel point the probe is in the bulk solution or 
physically bonded to the silica species and afterwards it 
is located in the pores of the silica network. During the 
drying of the gel, the pores shrink and the probe is con- 
strained to form more dimmers which increase the ratio 
of pyrene excimer to monomer intensities. Contrarily, 
at the same pH, the completely different behavior of 
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Figure 2. Normalized spectra of the dopped solutions as a function of time at pH 1.2 and 2.5: Py-Psl700-Py (A); PY-(CHz)I2-Py (B). The 
curves are labelled by the number of  days after preparation. 
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Figure 3. Ratio of fluorescence intensities of the pyrene excimer (gem ---- 472 nm) to monomer ()~era = 376 or 377 nm) as a function of time 
for the probes Py-Psl700-Py and Py-(CH2)I2-Py at pH 1.2 (filled symbols) and pH 2.5 (open symbols). 
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the alkane chain indicates that it must be located in dif- 
ferent sites of the silica. Probably, it is incorporated 
in primary silica particles whose dimensions should be 
very small (r ~, 10 ,~) due to the lower solubility of 
silica at this pH. These particles can incorporate the 
small alkane chain (r ~ 5/~) which is forced to form 
dimmers, but not the polystyrene chain, whose radius 
of gyration is around 12/~. This gives evidence for 
the formation of very small primary particles, as ob- 
served by Himmel et al. [15] using X-ray diffraction. 
These results are consistent with either the linear gela- 
tion model of Brinker and Scherer [16] or Sakka and 
Kozuka [17]. Unfortunately, the cryo-TEM results by 
Bailey et al. [4, 5] could not confirm this hypothesis 
owing to the resolution of the technique, which can not 
detect aggregates of dimensions lower than 15/k. 

At pH 2.5, the ratio of intensities increases contin- 
uously from the beginning for the polystyrene chain, 
but not for the alkane chain (see Fig. 3). This can 
be rationalized if both probes are located inside the 
primary silica particles which have bigger radius than 
the ones at pH 1.2, as the solubility of silica increases 
with pH. Therefore, the polystyrene chain now incor- 
porated inside the primary silica particles is, due to its 
large dimensions, strongly constrained while the short 
alkane chain is much less perturbed. With the progress 
of condensation the number of primary particles in- 
creases and its internal structure changes. This change 
depends also on pH, since below the isoelectric point 
of silica the condensation is acid catalyzed and above 
it is basic catalysed, the species present in each case 
being different. 

Whenever the probes are encapsulated inside the par- 
ticles, the continuous increase of the fluorescence in- 
tensities ratio with time is explained by an increasing 
number of encapsulated probes as more particles are 
formed, not allowing the detection of the gel point. 
When the number of particles stabilizes, the increase of 
the excimer to monomer fluorescence intensity ratio is 
now attributed to changes in the internal structure of the 
particles, which reduce the free volume for the probe 
and lead to the increase of ground state pyrene dimmers. 

4. Conclusions 

Using pyrene-labeled fluorescent probes with the 
capability of forming intramolecular excimers, it was 
possible to follow the sol to gel structural evolution in a 
TEOS based system, at two pH values. The important 

aspect of the probes choice was their different chain 
length (the radius of the alkane chain is ~5 /~ ,  while 
for the polystyrene chain in a poor solvent the gyra- 
tion radius is of ~,12 ,~), which enabled them to b e  
encapsulated in eventually different structural cavities. 

For pH 1.2, the results were compatible with the for- 
mation of very small particles, of the order of a ten of 
/k, where the smaller probe is continuously incorpo- 
rated since the beginning of condensation, whereas the 
larger one is located within the solvent, adsorbed to the 
surface of the pores. 

On the other hand, for pH 2.5, where condensation 
occurs by a basic mechanism, both probes are encapsu- 
lated in the larger primary silica particles (of the order 
of few nanometers) that are being formed. Therefore, 
the alkane chain is not constricted by the structure ei- 
ther before or after the gel point, while the larger probe 
is compelled to cyclized since the beginning of the 
process. 
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