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Abstract

The process of tetraethylorthosilicate gelation in the acidic medium was monitored by a fluorescence probe of aminopyrene using its
concentration and excitation wavelength. Steady-state and time-resolution fluorescence measurements were recorded on the consecutive day
of gelation. The results were compared with experimental data for model water solutions of aminopyrene at different pH. On this basis,
the character of probe molecule interaction with a changing microenvironment was determined. The state of equilibrium of two forms of
aminopyrene: APH<«AP + H" on the consecutive days of sol—-gel transition was discussed. It was a measure of changes that took place
during gel net formation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction environment, include among the others, pyrene and its deriva-
tives such as carboxypyrene and aminopyrene (AR}14]

The application of silane gels as a carrier for an organic Thomas and co-workers used this fluorophore to identify the
probe in the construction of optical sensors and chemical type of hydroxyl groups on the surface of silicon ox[d8]
biosensors is a very attractive solution owing to mild condi- or aluminum oxidg15].
tions of sol preparation, easy processing, and such gel prop- Owing to its structure and the presence-&fH, amino
erties as transparency, hardness and a composition similagroup, aminopyrene is sensitive to changes in the microen-
guartz[1-3]. As a result of gelation that consists of hydroly- vironment that can lead to protonation-eflH3™ group ac-
sis and condensation of silane monomers, organic moleculescording to the formula
e.g. biologically important compounds, enzymes and fluores-
cence probes can be immobilized in the gel without destroy- APH* AP -
ing them([4-7]. From the point of view of applications it emissiontypicalofpyren;_) emissiontypicalofaminopyren—g @
is also important that compounds immobilized in the gel be

not eluted by a solvent during the sensor operation, which . ) )
basically affects stability of this operation. The fluorescence spectrum typical of aminopyrene, with a

During the sol-gel transition, significant changes occur Maximum at440nm, formed as a resultof mixingthe- m*

in the polarity, microacidity and viscosity in the fluorophore ~ ransitions of benzene ring and- =* of nitrogen electrons
microenvironment, which result from changes in the closest I the @amino group changes when the interaction of a free pair

molecule environment induced by the transition from sol to ©f elictrons in nitrogen and-electrons of pyrene rings for
gel, i.e. during the formation of a gel nf@-11]. The probes, APHT are blocked13]. As a result, for the protonated form

whose fluorescence emission spectra depend on the molecul@f @minopyrene the emission spectrum typical of pyrene is

observed.
* Corresponding author. Tel.: +48 42 6313426; fax: +48 42 6362860, |1 this paperan attemptwas made to apply the photochem-
E-mail addressemiller@snack.p.lodz.pl (E. Miller). ical properties of AP in monitoring of the sol—gel transition.
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2. Experimental crease of the excitation wavelength the intensity of fluores-
cence emission increases both in the sol and in the gel. Using
Tetraethylorthosilicate (TEOS) (Sigma), 1-aminopyrene such a probe concentration, a predominant inert form of AP
(Aldrich), spectrally pure anhydrous ethyl alcohol (P.O.Ch., with a maximum emission at the wavelength 430 nm is ob-
Gliwice, Poland) and deionized water were used in the mea-served. The intensity of fluorescence emission for a given
surements. wavelength decreases during the gelation process. The char-
A sol of tetraethylorthosilicate (TEOS), ethanol and water acter of AP spectrum with a maximum emissior 430 nm
in the molar ratio 1:6:6 was prepared. 1-Aminopyrene was in the sol confirms the nature of the AP spectrum in the water-
introduced to the sol in the form of ethanol solution at con- ethanol environmerjt.3].
centrations 5< 1074, 5 x 107® and 5x 107" M. After 2h Sols containing aminopyrene of lower probe concentra-
mixing, a sol of pH = 4.5 was obtained. The pH of sol was tions: 5x 107% and 5x 10~/ M, were also prepared. Using
adjusted by adding properly diluted HCI. The sol gelated for the concentration of AP 5 10~ in the sol, the fluores-
4 days. cence spectra were recordedvgt = 313 nm for the sol—gel
Steady-state measurements of excitation and fluorescenceransition and a band ranging from 360 to 400 nm was ob-
emission of 1-aminopyrene placed in the input silane sol, served. The band intensity increased during the gelation pro-
and on the consecutive days of gelation were made using acess Fig. 2). On every day of gelation the fluorescence emis-
FLUOROMAX-2 spectrofluorimeter (Jobin Yvon). sion spectra of AP as a function of the excitation wavelength
Time-correlated measurements were conducted using awere also recorded{g. 3. Fig. 3A illustrates consecutive
single-photon-counting system from Edinburgh Analytical experimental data on the 1st day in the sol, wifilg. 38
Instruments (FL 900CDT). shows the data on the day of sample gelation, i.e. on the 4th
day. During the sol—gel transition the inert form of AP with
a maximum emission at= 430 nm dominates in the system
and, as mentioned previously, an additional band in the range
3.1. Steady-state fluorescence spectra 360—-400 nm appears. It decreases with the transition of the
excitation wavelength to longer wavelengths and practically
Three samples of silane sol of the composition described decays at the excitation wavelength of 340 nm. As known
above, with different concentrations of aminopyrene were from literature and previous research on pyrene concerning
prepared. Fluorescence emission spectra of the probe werénvestigation of sols and silane gels by fluorescence methods,
recorded on the consecutive days of gelation. On the basis ofa subtle spectrum in the short-wave region is characteristic of
a prior research pH = 4.5 was assumed for sol, which was athis probd9,16,17] When aminopyrene is applied as a fluo-

3. Results and discussion

precondition of gel formation after 4 dajgj. rophore Eg. (1) such a character of the spectrum is typical
Fig. 1 shows fluorescence emission spectra of aminopy- of its protonated fornfi13].
rene at the concentration DM on the 1st day of gelation For comparison, the fluorescence emission and excitation

in the sol Fig. 1A) and on the 9th day in the gel already spectra of aminopyrene at the concentration "I\ were
(Fig. 1B), at different excitation wavelengths. With an in- recorded as a function of pH of the water probe solution
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Fig. 1. Dependence of fluorescence emission of aminopyrene on the excitation wavelength for selected days of the gelation process: (A) 18l (sol), (
day (gel);cap = 1074 M.
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Fig. 2. Dependence of AP fluorescence intensity on the consecutive days of gelatioB x 1076 M, iex = 313 nm.
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Fig. 3. Intensity of fluorescence emission for aminopyrene as a function of the excitation wavelength: (A) on the 1st day of gelation (sol), (B) daythe 4t
of gelation (gel)cap =5 x 1076 M.

(Fig. 4). On this basis the value ofkp was determined  trafor pH 2.0-3.5 diverged from the spectra for other pH val-
which equalled 4.8 and the concentration of APHroto- ues and resembled the pyrene spectriig.@B). This shows
nated form was estimated depending on the pH of water so-that the APH form can be observed only by analyzing the
lutions (Table J). Additionally, it was observed that the emis- excitation spectrum of the probe in the acidic environment,
sion spectrum was typical of an inert form of aminopyrene in at pH <4, when the concentration of APHcapy+ >5.8 x

the whole range of applied pHFig. 4A). The excitation spec-  10-8 M (Table 9. At pH exceeding 4, in the excitation state of

Table 1
Concentration of APH (capy+) as a function of pH of the solutiogne = 107 M
pH 1.9 2.8 3.2 3.4 47 5.1 5.7 6.4 8.3 9.5 10.7 11.9

capt 9.98x 108 9.91x 10® 9.80x 10® 9.62x 10® 585x 10® 3.87x 108 1.37x 10% 3.16x 10° 355x 10°1* 224x 1072 158x 107 8.91x 1074
(M)
Calculations were made using the relatiogsy+ = cap/1 + 10PH-PK)
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Fig. 4. (A) Fluorescence emission and (B) excitation spectra for aminopyrene as a function of pH: (a) pH 2.0, (b) pH 2.8, (c) pH 3.2, (d) pH 3.5, (e) pH 4.7,
(f) pH 5.1, (g) pH 5.7, (h) pH 6.4, (j) pH 8.3, (k) pH 9.5, (M) pH 10.7, pH 1185 =5 x 105 M.

the molecule, dissociation prevails and the APidrm is not recorded on the consecutive days of gelation, have the form
visible either in the emission or excitation spectra. Thomas typical of pyrene. This effect might indicate an increasing
and co-workerg13,15] observed a similar effect when an- concentration of the protonated form of aminopyrene ob-
alyzing absorbance and emission spectra of aminopyrene inserved during the gelation as a result of the interaction be-
water solutions at low pH. tween the molecule and proton coming from the microenvi-

For the AP of the concentrationss 10~ M in the exci- ronment. As a result, the interaction of a free pair of nitrogen
tation spectra recorded during the process of gelation, no€lectrons in the amino group with an aromatic ring of the
APH* form was found Fig. 5A). The excitation spectra  molecule is blocked and a spectrum similar to that of pyrene
for aminopyrene, at probe concentratiom 101 (Fig. 5B), is observed during the fluorescence emisg§l@j. Itis known
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Fig. 5. Fluorescence excitation spectra of AP on the consecutive days of gelatiaap(AB x 106 M, (B) cap = 1077 M; Aem = 430 nm.
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Fig. 6. Dependence of AP fluorescence emission on the 1st day of gelatiorcfsct) 10~ M.

that hydroxyl groups are formed at the first stage of gelation,  To confirm the tests, the fluorescence emission spectra of
as aresultof silane monomer hydrolysis. Most of these groupsaminopyrene at the concentration M were recorded on
participate then in the reaction of condensation and gel for- the 1st, 4th and 9th day of the gelation proc&sgg. 6 and Y.
mation, while some small part remains unbound in the gel net On the 1st day, the spectrum with a maximum emission at the
[18-20] Itis suggested that aminopyrene molecules interact wavelength 430 nm and another one, with lower intensity in
with the proton of unbound hydroxyl groups. Therefore, the the range from 360 to 400 nm, dominate in the $6¢( 6).
effect is discernible only at such probe concentration that is On the 4th day of the process, i.e. on the day of gelation
comparable to the concentration of hydroxyl groups unbound (Fig. 7A), a distinct band appears at 360—400 nm, which de-
in the gel net and it is enhanced in the formed gel. creases with an increase of the excitation wavelength, at the
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Fig. 7. Dependence of AP fluorescence emission on the 4th and 9th day of gelationgel)t0~" M.
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Fig. 8. Intensity of AP fluorescence on the consecutive days of gelation foke(A) 313 nm, (B)iex = 345 nm.

cost of formation of a less energetic band with a maximumat  On the basis of emission spectra for the probe at the con-
430 nm. From experimental data showrFig. 7B it follows centrations 5x 10°% and 5x 10~"M, recorded on the
that in the gelated sample after 5 days of storage at the tem-consecutive days of the gelation process, lyg/l430 ra-
perature 20C the emission in the range from 360 to 400 nm tio, i.e. the ratio of a maximum fluorescence emission in-
doubled, while the spectrum intensity at maximum 430 nm tensity of the protonated and inert form of aminopyrene was
did not change. determined Fig. 9A and B). This quotient assumed values
Additionally, basing on the character of fluorescence spec- higher for shorter excitation wavelengths and higher when
tra of the probe recorded during the gelation, a conclusion a probe of lower concentration was uskgg/1430 increased
may be drawn that part 6fOH are the geminal groups. linearly until the day of the sample gelation, which confirmed
These groups interact with each other and form hydrogen a growing contribution of APH with an increase of the sys-
bonds. Suitable centers for water molecule adsorption aretem viscosity and gel net formatiohsgs/1430 in the gel took
formed in this way[12]. From studies carried out by Thomas on a constant value, which showed that equilibrium was set
and co-workers it follows that aminopyrene is adsorbed on up between the AP and APHforms. This value folkex =
silica surface near these centers just in the protonated form313 nm and aminopyrene concentratiorm 1® is equal to
[13,15] 1.72. When aminopyrene concentration isx510~6M the
Changes in the fluorescence intensity observed on the convalue oflsgs/l430 reaches 0.35.
secutive days of gelation depend significantly on the excita-
tion wavelengthFig. 8). At the excitation wavelength equal 3 2 Lifetime measurements
to 313 nm, during the gelation process the band intensity

grows significantly in the range of 360-400 niFig. 8A), Time-resolution measurements were also carried out for

which is responsible for the form of APHprobe. On the  the process of TEOS gelation at pH of the starting sol be-
basis of the intensity of the probe fluorescence emission at

Aem = 385 andiem = 430 nm, corresponding to the proto- Table 2

nated and non-protonated form of aminopyrene, the local pH pH j ¢,0,,+ on the consecutive days of gelatiogs = 10-7 M
of the probe microenvironment was estimated, and next the
APHT concentration was determined on the consecutive days

Days of gelation State pH capnt (M)

of gelation Table 9. As expected, a slight decrease of pH gg: 3'2(13 g'gg 18—2
of the sol was reported on the consecutive days until the day 3 Sol 471 579 10-8
of gelation and an over 20% increase of the AP¢bncen- 4 Sol—gel 4.66 6.0& 10°8
tration was observed in the same time. After several days, 5 Gel 4.61 6.35¢ 1078
equilibrium was established in the gel on the level of §.4 9 Gel 4.61 6.35¢ 10i:
10~8 M of APH™ content. For the excitation wavelength of gz: 3'22 g'gg 18_8

345 nm on the consecutive days of gelation the band intensity . . ———

. Calculations were made using the relation: pH =Itgg/l430 + pKa, where
assumed smal_ler values, and a predominant probe form was,.. intensity of the probe fluorescence emission at385 nm|azo: inten-
AP with a maximum at 430 nnF{g. 8B). sity of the probe fluorescence emission.at 430 nm.
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ing 4.5 with the use of aminopyrene at the concentration
10" M (Table 3. Both for Aex = 325 andiey = 340 nm two-
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=325 nm on the consecutive days of the process two lifetimes
of both domains were recorded with a clear tendency towards
an increase of the content of the longer lifetime component
in the stored gel. For comparison, it is known from literature
that the lifetimes of aminopyrene adsorbed on the surface of
silica MCB type gel (Matheson, Coleman, Bell), containing
—OH geminal groups on the surface, are prolonged to 135 ns.
The adsorption of AP on silica that has isolated, viciraH
groups (Fisher and Baker type) occurs without protonation
and the lifetime of aminopyrene is 5 [is3].

The obtained results were compared with the results of
time-resolution measurements for aminopyrene in water so-
lutions at pH values varying between 1.8-12.0. Irrespective of
pH of the environment, one inert form of aminopyrene of the
lifetime 5ns was found. This would confirm results of the
steady-state studies, namely the protonated form of APH
obtained in a strongly acidic environment is unstable and is
dissociated. On the other hand, the interaction between the
probe molecule and proton during gelation and in the formed
gel is stable.

exponential kinetics of the probe fluorescence emission decay

was reported. It is described by the relation

—t —t
I(r) = A1 exp<r—l> + Ao exp<f—2>

wherer; andz; are the lifetimes of aminopyrene recorded
during silane sol gelation. The lifetime of a dominating
component oscillated around 5 ns, typical of the inert form
of aminopyrene[21]. At the excitation wavelengthey =
340 nm, the amount of the probe with this lifetime was on
the level of around 90% during the entire gelation process.
The other lifetime was ascribed to the probe form that was

)

4. Summary

Aminopyrene is a very good fluorescence probe for study-
ing sol—gel transition in the silane gel. The application of
AP concentration of about 13 M and excitation wavelength
313-330 nm allows us to observe by the fluorescence method
an increased interaction between the molecule and proton
coming most probably from the unbound hydroxyl groups of
the monomer during the gelation process. It is reflected by
the change in excitation and emission spectra probe and an
increase of the lifetime of one of the domains, identified in

a result of the interaction between a molecule and proton the formed gel. This provides an evidence of the formation

coming probably from the hydroxyl group. It increased from
31.5ns in the starting sol to 57 ns in a highly viscous sol.

of a protonated stable form of APHnN the gel.
Additionally, the use of aminopyrene allowed us to esti-

An increase of the percentage of this domain and the lifetime Mate the concentration of hydroxyl groups unbound into the

shortened to 16 ns were observed in the gel. Similarlyeat

Table 3
Aminopyrene lifetime for sol-gel transitiamp = 10~ M
Aex (Nm) State Days of Lifetime

gelation 1(ns) % o(ns) %
325 Sol 1 - - - -
340 5.0 91.2 315 8
325 Sol 2 4.9 869 51.2 1B
340 5.1 86.4  30.2 18
325 Sol 3 5.7 924 544 .8
340 54 88.4 56.6 16
325 Sol-gel 4 5.8 86.1 422 e
340 5.5 85.2 4538 18
325 Gel 5 6.0 729 179 g
340 4.8 90.8 328 2
325 Gel 8 4.8 645 156 )
340 - - - -
325 Gel 10 5.01 575 16.3 B
340 - - - -

gel net and to determine the position of these groups against
each other as of the geminal type.
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