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Abstract

Results of steady-state and time-resolved fluorescence studies for a model drying process of selected silane gels are discussed in the
paper. Gels which contained a fluorescence probe in the form of pyrene, at pH 4.1 and 5.9 were dried in the oxygen-free atmosphere, using
a vacuum system. After subsequent stages of the drying process the spectra of fluorescence excitation and emission as well as fluorescenc
decay curves were recorded using the time-resolution techniques. On this basis micropolarity of the environment of pyrene encapsulated
in gel pores and changes in the excimer intensity of a probe during the process were determined.

A kinetic model of drying for the tested gels and the value of a drying rate constant were specified on the basis of the determination of
the number of moles of water and ethanol evaporated from the gel. The analysis of lifetime distributions of particular pyrene forms led to
the conclusions concerning changes in the fluorophore environment during the gel—xerogel transition connected with the evaporation of
solvents from gel pores and next with a decrease of the pore sizes.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction In this paper results of fluorescence studies on gel-xerogel
transition using model drying, in oxygen-free atmosphere,
Silane gel has become recently one of the most attractivewith pyrene as a fluorescence probe are discussed. For ex-
inorganic carriers that are used successfully in the immo- periments two gels were selected, which were formed as a
bilisation of organic probes, including biologically impor- result of acid hydrolysis from sol at pH 4.1 and 5.9. From
tant compounds such as enzymes, without damaging themnliterature and previous resear2?] it followed that gels
[1-3]. Because of their properties such as transparency, me-for pH values mentioned above, were characterised by dif-
chanical stability, very good hardness and structure close toferent structure. After subsequent stages of each gel drying,
quartz, these gels have found application in optical studies fluorescence steady-state spectra for pyrene were recorded
for laser constructiofd—8] and in biotechnology9], in the at Lem = 392 nm (monomer) andem = 470 nm (excimer).
construction of optical sensors used for the measurement ofThe fluorescence decay kinetics of the probe was also
pH [10,11], oxygen[12], glucose[13], hydrogen peroxide recorded after these stages. The measurement and analysis
[14] and ammonig15]. The silane carrier formed using of fluorescence and time-resolved spectra were carried out
the sol—gel technique, is characterised by different porosity to supply information on local changes in micropolarity in
depending on the initial conditions of a starting sol, i.e. its the neighbourhood of pyrene molecule during gel—xerogel
composition and pH16], type of catalyst useftl7] and transition. On this basis conclusions can be drawn on
gelation temperature. It is known from the research carried changes in the gel net structure formed as —Si—O-Si— which
out so far that a newly formed gel is subject to further struc- took place in the dynamic process of drying. It was also
tural changes in the process of age[d§]. As a result of possible to determine the kinetics of model drying and
drying which consists in evaporation of solvent particles, i.e. compare drying process rates in these conditions.
water and alcohol from gel mass, also the carrier structure,
its pore shape and size chand®,20] The final form of
xerogel is determined by gel drying conditions, i.e. process 2. Experimental
rate, gel storage conditions and drying atmospli2i¢
In the measurements the following compounds were
used: pyrene (Aldrich) additionally purified by recrys-
E-mail addressemiller@snack.p.lodz.pl (E. Miller). tallisation from ethanol, spectrally pure ethanol (P.O.
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Ch. Gliwice), hydrochloric acid (HCI) p.a. (P.O Ch. Gli- followed that the gels differed also in their struct(té,22].
wice), tetraethylorthosilicate (TEOS) (Aldrich) as well as On the basis of analysis of pyrene lifetime decay kinetics
distilled and deionised water. The starting sol consisted during gelation, it could be concluded that the gel of pH 4.1
of TEOS:ethanol:water in molar ratio 1:6:6. A solution of was characterised by most probably larger pores than those
pyrene in ethanol of concentration>d10~*M was used. of the carrier of pH 5.9. A domain of lifetime characteris-
The pH of sol was adjusted by adding properly diluted HCI. tic of an isolated pyrene molecule in the monomeric form
The gel was obtained from sol deaerated on the vacuumwas identified in it, with a long lifetime reaching 200 ns and
line, in the cell made from special optical glass (Hellma), a pyrene excimer (45ns), while in the gel with higher pH
closed with a stopcock. Samples were stored a0 there were only pyrene aggregates with short lifetimes of
Drying of gels started 2 months after both samples had 50 ns and dozen nanoseconds, responsible for the excimer
been gelated. Vapours of water and ethanol were removedand dimer. The gels were left for a couple of months in un-
in cycles using the vacuum line and recording time of mea- changed conditions, in the oxygen-free atmosphere, until the
surements and pressure changes on a mercury manometegel network had been formed after the sol-gel transition.
Results were converted into the number of moles of solvent  After 2 months of storing the samples at the temperature
vapours assuming constant temperature of measurement20°C with no air access, i.e. in such conditions in which
equal to 20C. they were formed, the process of drying started. The vapours
Steady-state fluorescence spectra were recordeg at of water and ethanol mixture were removed in cycles using
337 nm, using the Fluoromax-2 apparatus, Jobin Yvon, while the vacuum line. After each cycle the steady-state fluores-
the emission of pyrene lifetimes in the time-correlated sin- cence excitation and emission spectra and fluorescence de-
gle photon counting system from Edinburgh Analytical In- cay kinetics of pyrene were recorded in the tested géds.1
struments. shows selected fluorescence emission spectra of pyrene in
the gel of pH 4.1 after subsequent drying cycles. The last
spectrum was recorded for a cracked gel destroyed as a re-

3. Results and discussion sult of impact of the vacuum line.
A similar experiment was carried out for the gel of pH
3.1. Steady-state emission spectra 5.9. In both the cases an increase of the intensity of the

probe fluorescence emission was observed during drying of
Two silane gels, with different pH of the starting sol, the gel in the measured wavelength range. A maximum at
which were subjected to drying, were obtained at the tem- 418 nm, ascribed by some authors to the presence of pyrene
perature 20C, in the oxygen-free atmosphere. The gel of dimers[23] and a maximum at 467 nm, responsible for a dy-
pH 4.1 was formed after 6 days, while the one with pH 5.9 namic excimer formation were also reported. Changes in the
after 16 days. The gels were transparent and homogeneousntensity ratio of bands 371, 381 and 467 nm were recorded.
From previous fluorescence studies and literature survey itThese results were closely related to the change of the
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Fig. 1. Fluorescence spectra of pyrene in the gel-xerogel system at the consecutive steps ohdmioly:= (1) starting gel, (2) 0.0006, (3) 0.0023,
(4) 0.0119, (5) 0.0363, (6) 0.04078, (7) 0.05120. Concentration of pyrend@* M, pH 4.1, kex = 337 nm.
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Fig. 2. Excitation spectra of pyrene in the gel-xerogel system at the consecutive steps of minyima) = (1) starting gel, (2) 0.0006, (3) 0.0023, (4)
0.0119, (5) 0.0363, (6) 0.04078, (7) 0.05120. Concentration of pyrend@*M, pH 4.1, Aem = 392 nm.

nearest surroundings of probe molecules during drying spectrum in the range 270-320 nm, which might confirm
which was a consequence of the decreasing amount of wa-the presence of pyrene dimgg3].

ter and ethanol in gel pores. Due to this the fluorescence of Pyrene is used successfully as a fluorescence probe in
excited pyrene molecules was quenched to a lesser extentresearch on systems in which polarity chanfil24—-26]
Other researchers obtained similar results during drying of because the ratio of the thirtk§1) to first (1371) peak in its
silane materials formed by the sol-gel method, containing subtle emission spectrum is the measure of micropolarity
pyranine or 7-azaindol¢20]. An analogous tendency of of the probe surroundings in the tested sample. On the ba-
changes in fluorescence intensity was reported for excitationsis of steady-state fluorescence emission spectra of pyrene,
spectra collected after subsequent stages of drjigy ©). the value ofizgi/l371 was determined for the tested gels as
In this case an increase of fluorescence intensity duringa function of the number of moles of evaporated solvent
gel drying was closely linked with the decay of a subtle mixture (Fig. 3). For both the gels an increase lag1/l1371
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Fig. 3. Changes of polarity during drying of gels for various pH of starting dllly gH 4.1, ©O) pH 5.9.
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was observed during drying, particularly in the first period, solvent vapours from the gel at pH 4.1 under reduced pres-
which denoted a decrease of polarity in the surroundings sure, an increase of pyrene fluorescence intensity in this
of pyrene moleculef21,24] These results were explained region of the spectrum was observed. In the gel of pH 5.9
by a removal of water and ethanol from gel pores in the after reaching a maximum, a certain decreaseé;ef1371
closest surroundings of pyrene. The water and ethanol arewas observed. The increaselg§7/I371 in subsequent dry-
known to be more polar than —Si—O-Si— groups that form ing cycles was attributed to a local increase of pyrene
the xerogel frame and silanol groups —Si—OH, built into the concentration caused by the removal of water and ethanol
gel structurg27]. Higher values of this ratio were reported molecules from the gel porgd9,21,24] The growth of

for the gel of pH 5.9. The final value d§s1/I371 obtained

excimer fluorescence intensity resulted most probably also

as a result of drying the sample at pH 4.1 correspondedfrom a decrease of gel pore volume and a change of its size

to the polarity similar to that of xylene, while at pH 5.9
to the polarity of aliphatic hydrocarborj28]. Differences

(reorganisation) during dryinf28,30,32] The decrease of
l467/1371 in the final stage of xerogel formation at pH 5.9

observed if3g1/l371 were related to a different gel structure can be related to the isolation of part of pyrene molecules
which depended on the pH of the starting {E6]. Lower in the newly formed pores of the xerogel or occurrence of
micropolarity in xerogel pores at pH 5.9 as compared to ground-state pyrene aggregates in dried polymer &8k
xerogel at pH 4.1 was most probably a result of a more

colloidal structure of the gel, which might be connected 3.2. Lifetime measurements

with lower porosity of the carrier at pH 5.9 and smaller size

of the formed pores. Hence, the closest surroundings of the  after subsequent cycles of gel drying at pH 4.1 and 5.9,
probe molecules would consist of pyrene molecy&s]. respectively, in the oxygen-free atmosphere, also the kinetics
In the case of the xerogel of pH 4.1 which is formed during of pyrene fluorescence decay was recordedeaf = 392
cross-linking of linear polymer chains, interactions between gng 467 nm, which corresponded to monomer and excimer
larger gel pores of probe molecules with hydroxyl groups emjssions, respectivelfig. 5a and hllustrates the pyrene
—Si—OH of the gel net, not used in the formation of bigger flyorescence decay curves for consecutive drying cycles of
pores, are possible. Hence thgy/137; ratio being ameasure  gej at pH 4.1. The experimental data collected for both gels

of polarity assumed higher values. Some authors suggesiyere best fitted using the triple exponential equations:
that this result is determined mainly by water molecules

which are released in the time of condensation and polymer
cross-linking. They are adsorbed on the pore surface and
can be removed from it only at elevated temperaf8@g31] t t
On the basis of steady-state fluorescence spectra of/E(?) = A} exp(——) + A) exp(——)
pyrene recorded during drying, also thg7/1371 ratio was TEL TE2
determined. This ratio describes the emission intensity of The results of fitting the experimental curves are given in
an excimer band atem, = 467 nm Eig. 4). While removing Tables 1 and 2In all fits the component; = 5ns was

In(t) = A exp(—%) + Az exp<_L> :
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Fig. 4. Changes in relative excimer emission of pyrene during the gel-xerogel prdiBssH(4.1, ©O) pH 5.9.
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Fig. 5. Fluorescence decay curves of pyrene in the gel-xerogel system at the successive steps af @nobhg= (1) 0.0006, (2) 0.0023, (3) 0.0049,
(4) 0.0150, (5) 0.0474, (6) 0.0518. Concentration of pyrenel®*M, pH 4.1. (A) lem = 392nm; (B) Aem = 470 nm.

observed which was probably related to the fluorescencedomain of time 80 nsiem = 467 nm) originates probably
emission originating from an admixture present in the ap- from the isolated pyrene molecules present in gel pores in
plied silane monomer. Therefore this result has not beenthe neighbourhood of polar molecules of water and ethanol.
given inTables 1 and 2 Due to interactions with the surroundings, their lifetime
In the gel of pH 4.1 both at fluorescence decay at was nearly three times shorter. Other researchers observed
rem = 392 and 467 nm, prior to drying the lifetime was similar effects during drying of silane gels with the use of
50 ns. Taking into account the applied probe concentration pyrene or ruthenium complgt8,30]
4 x 10~*M, this result can be explained by the presence of  In the gel of pH 5.9 prior to drying, the domain of lifetime
pyrene excimer formed dynamically in the gel pores which of about 40 ns was attributed to the excimer or the prob-
is indicated by a negative pre-exponential fad®]. The ably existing excimer-like ground-state pyrene aggregates.
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Table 1
The lifetime of pyrene as a function of removed water and ethanol moles during drying of gel of pH 4.1
n (mol)@ Aem = 392nm Aem = 467 nm
Amplitude 7 (ns) % Amplitude 7 (ns)
0 0.40 11.35+ 1.18 10.30 —0.52 47.75+ 1.73
0.59 55.08+ 3.86 88.60 0.47 80.5% 1.87
0.00228 0.46 8.78 1.65 11.20 —0.45 66.13+ 1.05
0.53 54.77+ 2.09 87.80 0.54 100.5% 1.54
0.00552 0.45 10.2% 1.45 5.82 —0.45 69.73+ 2.80
0.53 135.30+ 1.89 93.18 0.53 125.46 2.43
0.00871 0.43 10.8& 0.92 4.36 —0.43 51.36+ 4.30
0.56 183.20+ 2.58 94.64 0.56 202.36 6.15
0.01190 0.43 9.85 2.12 3.90 —0.48 53.47+ 8.71
0.56 183.10+ 2.19 95.10 0.51 190.9¢ 1.86
0.01505 0.44 10.21 0.98 4.30 —0.46 53.88+ 5.23
0.55 187.80+ 1.68 94.70 0.53 197.5% 1.67
0.01805 0.29 9.7+ 1.03 2.33 —0.55 42.26+ 1.62
0.70 166.30+ 1.97 96.67 0.44 203.3@ 2.93
0.02193 0.16 11.3% 1.22 1.35 —-0.47 56.49+ 4.01
0.83 155.9+ 1.22 97.65 0.52 182.33% 5.53
0.02590 0.99 146.7& 1.24 99.00 —0.55 46.71+ 2.96
0.44 187.20+ 5.07
0.02977 0.99 154.3& 1.73 97.54 —0.45 56.22+ 3.60
0.54 166.77+ 4.20
0.03255 0.99 147.16& 3.67 98.75 —0.46 46.90+ 2.67
0.53 158.90+ 1.43
0.03629 0.12 47.4% 1.41 6.59 —0.46 47.52+ 1.32
0.86 163.10+ 1.83 91.29 0.53 154.7& 1.89
0.04076 0.10 52.8% 1.05 2.95 —0.46 50.28+ 3.05
0.89 159.00+ 3.25 94.10 0.53 144.2& 3.70
0.05280 0.10 33.52 1.06 1.97 —-0.25 44.08+ 0.94
0.89 140.40+ 1.68 97.58 0.73 136.9& 1.40

210 = 0.05280 mol—the initial number of moles of the water—ethanol mixture.

The lifetime of about 30 ns with a negative pre-exponential lifetime, observed during monomer fluorescence decay at
factor, shorter than in the gel of pH 4.1, would be related the first stage of dryingn( = 0-0.02 mol, Table 1), was
then to the dynamically formed probe aggregates and re-attributed to a small content of ground-state pyrene dimers.
sulted probably from the interaction of pyrene with the sur- The removal of portions of solvent vapours in the amount
roundings in smaller pores of the gel cell than in the case of over 0.02 mol, was connected again with shortening of
of gel with pH 4.1. According to many authors, formation the lifetime of monomer form of pyrene up to the value
of ground-state pyrene aggregates is possible in the condi-of 140 ns recorded in the pores of dry xerogel. The final
tions of local increase of pyrene concentration and at highertendency of shortening the probe lifetime was related to
viscosity, and also as a result of minimisation of the contact quenching of pyrene fluorescence by the gel net which—
area of hydrophobic pyrene molecules with, for example the due to drying—contained still smaller gel pores free from
surrounding polar water molecul¢®4,33]. In the case of  solvent molecules. In this case the interaction of pyrene
silane gels also silanol groups that are present on the surfacenolecules with adsorbed water molecules on the pore sur-
of a gel cell interact with hydrophobic probe molecules and face was also possib[&9].

affect their aggregatiof27,31] In the gel of pH 5.9 a small domain of the lifetime 10 ns
In gels of pH 4.1 and 5.9 after subsequent drying stageswas observed atem = 392 nm in the entire drying process.
prolonged probe lifetimes were observé&alfles 1 and R Besides, shortening of the lifetime of pyrene monomer form

These lifetimes were used to approximate the fluorescenceto about 198 ns started after the removal of a smaller amount
decay curves at both 392 and 467 nm. Similar effects were of solvents, i.e. about 0.010 mol. This might be an evidence
reported during drying of silane films in the 4ik8] or at of really smaller pores in the gel of pH 5.9, as compared to
the temperature of 50-30C [30]. For the gel of pH 4.1,  the gel of pH 4.1. In xerogel, i.e. after removal of the last
the population of isolated pyrene molecules of decay time portion of the vapours of solvent mixture, two domains of
185-200ns and dynamically formed excimer of lifetime lifetimes similar to those before drying, i.e. 30 and 50 ns,
50 ns dominated after the initial drying, i.e. after removal were identified fotem = 467 nm. They refer most probably
of about 0.008 mol of water and ethanol mixture. The 10 ns to the dynamic formation of excimer-like pyrene and the
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Table 2
The lifetime of pyrene as a function of removed water and ethanol moles during drying of gel of pH 5.9
n (mol) Aem = 392 nm dem = 467 nm
Amplitude 7 (ns) % Amplitude 7 (ns)
0 0.30 11.60+ 0.52 10.65 —0.45 29.82+ 2.18
0.69 42.74+ 2.61 88.35 0.54 39.14 1.76
5.57017E-4 0.30 42.42% 2.34 87.28 —0.55 35.92+ 1.49
0.69 86.49+ 1.23 8.07 0.44 56.44 1.23
0.00121 0.24 58.12 1.42 46.38 —0.47 32.47+ 1.26
0.69 88.81+ 2.21 50.74 0.52 89.45 1.07
0.00167 0.12 53.14 1.50 8.05 —0.45 50.92+ 1.67
0.80 122.30+ 3.51 90.31 0.50 125.% 1.49
0.00232 0.07 46.2% 1.10 3.37 —-0.51 53.89+ 2.40
0.87 140.02+ 1.50 95.34 0.48 124.5% 3.31
0.00288 0.37 13.7% 0.82 7.02 —0.53 35.57+ 1.95
0.62 92.17+ 2.53 91.98 0.44 114.4% 2.63
0.00427 0.32 10.36: 0.12 2.58 —0.53 45.22+ 2.44
0.67 189.5+ 3.90 96.42 0.45 155.12 1.36
0.00473 0.30 11.3% 1.30 2.79 —0.52 54.34+ 3.08
0.69 177.30+ 2.54 96.21 0.44 182.7% 4.68
0.0052 0.29 10.04t 0.53 211 —0.53 53.93+ 1.72
0.70 193.80+ 3.62 96.89 0.46 196.92 2.74
0.00706 0.30 10.4& 0.23 2.25 —0.53 53.75+ 1.87
0.69 195.30+ 2.53 96.76 0.46 198.0% 2.42
0.01068 0.34 10.4% 0.34 3.27 —-0.51 57.14+ 2.75
0.60 173.20+ 1.34 95.73 0.48 189.0% 4.04
0.02247 0.34 11.05- 0.64 3.27 —0.53 51.44+ 1.99
0.65 180.4+ 2.92 95.73 0.45 189.3% 3.20
0.02330 0.35 11.12 0.32 3.36 —0.53 52.64+ 2.39
0.64 174.00+ 1.74 95.64 0.46 178.3 3.72
0.03054 0.36 10.8 0.63 3.69 —0.53 52.20+ 2.36
0.63 160.9+ 2.94 95.31 0.44 169.0% 3.57
0.04020 0.36 10.7% 0.74 3.95 —0.53 51.49+ 2.68
0.63 147.10+ 1.43 95.05 0.46 146.13 3.86
0.04735 0.35 13.7% 0.84 6.43 —0.52 46.88+ 3.12
0.64 105.70+ 2.93 92.57 0.45 106.9% 3.90
0.04852 0.35 10.3% 1.68 6.87 —0.52 36.45+ 1.94
0.64 56.88+ 0.34 92.13 0.47 50.12 0.74
0.04970 0.34 10.65- 1.23 8.31 —0.52 26.87+ 0.63
0.65 47.23+ 1.62 90.69 0.47 40.1% 1.09
0.05180 0.33 10.22 0.89 8.88 —0.52 26.32+ 1.63
0.66 44 .55+ 1.52 90.12 0.46 40.4% 1.21
0.05280 0.40 9.867% 0.32 10.75 —0.52 32.41+ 4.90
0.59 51.59+ 1.40 88.25 0.47 50.4% 5.10

presence of ground-state probe aggregates as a result of ¢ghat occur during formation of gels and xerogels of different
significant reduction of the pore volume and shapes understructures depending on the pH of sol.
the influence of drying.

When comparing final results of pyrene lifetime distribu- 3.3. Model drying
tions in xerogels of pH 4.1 and 5.9, i.e. fer= 0.0528 mol
(Tables 1 and ¥ it can be seen that dry gel of pH 5.9 is The aim of studies on steady-state and time-resolved
characterised by a different structure than xerogel which wasfluorescence was to describe changes that took place in the
formed from sol of lower pH. The results of luminescence closest micro-surroundings of pyrene in the gel being dried.
studies confirm the results concerning the structure of gels Selected gels were obtained in cells made from special opti-
and xerogels made by other techniqy#6]. Taking into cal glass, closed with a stopcock, in deoxygenated conditions
account the composition of tested sols which differed only (under vacuum), because a fluorescence probe applied was
by pH, the same concentration of the applied fluorescencepyrene which is quenched by oxygen. The gels were stored
probe and identical conditions in which the gels were dried in these air-tight cells, at constant temperature of Q0
in oxygen-free atmosphere, a conclusion may be drawn thatThe samples were connected to the vacuum line cyclically
the fluorescence methods are suitable for testing changeto remove some amount of solvent vapours recorded at



256 E. Miller/Journal of Photochemistry and Photobiology A: Chemistry 152 (2002) 249-257

0,8
pH=5.9
k = 0.14639 min '
0.6 R = 0.99765
=
c° pH 4.1
Eo 0,4 . -1
£ k = 0.01833 min
= R = 0.9981
0,2
Oro LANELENL Y LA L L L L R B AR L A LR R EL LR AL L L L L L LR |
0 5 10 15 20 25 30 35 40

t, [min]

Fig. 6. The kinetics of gels drying.

constant temperature in time as a pressure change on a&f relative rates of hydrolysis and condensation in the gel

mercury barometer. Under a simplifying assumption that being formed depending on pH of the $b6].

the mixture of water and ethanol vapours satisfies the state

equation of ideal gas and knowing the volume of the mea-

suring system, pressure changes were converted into moleg. Summary

of n mixture of water and ethanol vapours. Results obtained,

particularly in the initial stage of model drying, are best de-  Silane gels based on TEOS, obtained by the sol—gel

scribed by the first-order kinetics according to the equation: method were dried in the oxygen-free atmosphere. The

process was monitored using fluorescence techniques. It

o _ kt was found that at the first stage, the model drying was best

no—n described by the first-order kinetics. The rate constant deter-

mined for gel drying at pH 5.9 was 10 times higher than for

the gel of a lower pH value. With an increase of the quantity

of water and ethanol vapours removed from the gel, also

a decrease of polarity was observed in the carrier pores,

up to the final value which was different depending on the

gel structure. An increase of the excimer intensity during

drying was attributed to the loss of solvent molecules in the

gel pores, and also to a decrease and deformation of xerogel

pores, particularly in the final stage of drying of the xerogels.

In

whereng is the initial amount of water and ethanol in the
sample equal to 0.0528 mat, the quantity of solvents re-
moved after time, k (min—1) the model drying rate constant.
Experimental results are shownhiig. 6. So defined dry-
ing of porous silane gels involves removal of unbound wa-
ter and ethanol from the carrier porf@4,34] The adsorbed
water molecules on the gel cell surface, can be removed only
by heating of the sample which was shown in fluorescence
studies concerning vacuum drying of silane gels using pyra-
nine [34] or ruthenium compleX30].
Drying rate constants were determined on the basis of €%~ A cknowledgements
periments. They aré = 0.01833 mi? for the gel of pH

. 1 _
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the gel of a higher pH was attributed to the porous structure 7 TOSE 008 16

of this gel as compared to the gel of pH 4.1. The colloidal

structure of xerogel of pH 5.9 facilitated the removal of sol-

vent molecules. The results are in agreement with the aboveReferences

described results of time-resolved and steady-state fluores-

cence measurement of dried gels_ [1] S.A. Yamanaka, F. Sishida, L.M. EIIerby, C.R. Nishida, B. Dunn,

: ; ; J.S. Valentine, J.I. Zink, Chem. Mater. 4 (1992) 495.
Also research carried out in the process of gel formation [2] N. Shibayma, S. Sajgo. J. Mol. Biol. 251 (1995) 203.

[22] confirmed that gel obtained from the sol of lower pH  [3] T. Nguyen, P. McNamara, Z. Rosenzweig, Anal. Chim. Acta 400
had higher porosity which was a result of a changing ratio (1999) 45-54.



E. Miller/Journal of Photochemistry and Photobiology A: Chemistry 152 (2002) 249-257 257

[4] K. Maruszewski, J. Mol. Struct. 479 (1999) 53-58. [19] J. Zhang, M. Matsuoka, H. Yamashita, M. Anpo, Langmuir 15 (1999)
[5] G. Hungerford, K. Suhling, J.A. Ferreira, J. Photochem. Photobiol. 77-82.
A 129 (1999) 71-80. [20] K.K. Flora, M.A. Dabrowski, S.P. Musson, J.D. Brennan, Can. J.
[6] F. de Monte, D. Levy, J. Phys. Chem. B 103 (1999) 8080-8086. Chem. 77 (1999) 1617-1625.
[7] Y. Takahashi, A. Maeda, K. Kojima, K. Uchida, J. Lumin. 87-89 [21] T. Fuji, K. Murayama, N. Negishi, M. Anpo, E.J. Winder, D.R. Neu,
(2000) 767-769. A.B. Ellis, Bull. Chem. Soc. Jpn. 66 (1993) 739-747.
[8] H. Nishikiori, T. Fuji, J. Phys. Chem. B 101 (1997) 3680-3687. [22] E. Miller, J.S. Miller, J. Photochem. Photobiol. A, submitted for
[9] D.S. Gottfried, A. Kagan, B.M. Hoffman, J.M. Friedman, J. Phys. publication.
Chem. B 103, 2803-2807. [23] S. Akimoto, A. Ohmori, I. Yamazaki, J. Phys. Chem. B 101 (1997)
[10] A. Lobnik, N. Majcen, K. Niederreiter, G. Uray, Sens. Actuat. B 74 3753-3758.
(2001) 200-206. [24] K. Matsui, N. Usuki, Bull. Chem. Jpn. 63 (1990) 3516-3520.
[11] D.A. Nivers, Y. Zhang, S.M. Angel, Anal. Chim. Acta 376 (1998) [25] L.M. llharco, A.M. Santos, M.J. Silva, J.M.G. Martinho, Langmuir
235-345. 11 (1995) 2419-2422.
[12] C. McDonagh, C. Kolle, A.K. McEvoy, D.L. Dowling, A.A. [26] Q. Deng, Y. Hu, R.B. Moore, C.L. McCormick, K.A. Mauritz, Chem.
Cafolla, S.J. Cullen, B.D. MacCraith, Sens. Actuat. B 74 (2001) Mater. 9 (1997) 36-44.
124-130. [27] D. Avnir, D. Levy, R. Reisfeld, J. Phys. Chem. 88 (1984) 5956—-5959.
[13] S. De Marcos, J. Galindo, J.F. Sierra, J. Galban, J.R. Castillo, Sens. [28] K. Kalyanasundaram, J.K. Thomas, J. Am. Chem. Soc. 30 (1977)
Actuat. B (1999) 227-232. 2039-2044.
[14] A. Lobnik, M. Cajlakovic, Sens. Actuat. B 74 (2991) 194- [29] K. Matsui, M. Tomonaga, Y. Arai, H. Satoh, M. Kyoto, J. Non-Cryst.
199. Solids 169 (1994) 295.
[15] X. Chen, Y.J. Dai, Z. Li, Z.X. Zhuang, X.R. Wang, Fresenius J. [30] P. Innocenzi, H. Kozuka, T. Yoko, J. Phys. Chem. B 101 (1997)
Anal. Chem. 370 (2001) 1048-1051. 2285-2291.

[16] H. Schmidt, H. Scholze, in: J. Fricke (Ed.), Proceedings of the First [31] D. Levy, D. Avnir, J. Phys. Chem. 92 (1988) 4734-4738.
International Symposium on Aerogels (1st ISA), Vol. 6, Wurzburg, [32] N.P. Smirnova, T.A. Kikieva, A.M. Eremenko, V.M. Ogenko, Teoret.

Germany, 1985, p. 49. Eksperim. Chimia. 32 (5) (1996) 311-314.
[17] L.R. Allain, K. Sorasaenee, Z. Xue, Anal. Chem. 69 (1999) 3076— [33] I. Yamazaki, N. Tamai, T. Yamazaki, J. Phys. Chem. 91 (1987)
3080. 3572-3577.

[18] V.P. Kondylenko, I.G. Tarasov, G.M. Eremenko, J.M. Martinho, L. [34] J.C. Pouxviel, B. Dunn, J.l. Zink, J. Phys. Chem. 93 (1989) 2134—
llharco, Teoret. Eksperim. Chimia. 34 (1998) 122-125. 2139.



	Investigation of drying silica gel by fluorescence methods
	Introduction
	Experimental
	Results and discussion
	Steady-state emission spectra
	Lifetime measurements
	Model drying

	Summary
	Acknowledgements
	References


