itWESTIGATION OF INDICATORS IN
AEROGELS AND XEROGELS

By

Rebecea L. Wolfe

L Y

Submitted in partial fulfillment
of the requirements for

honors in the Department of Chemistry

UNIOM COLLEGE
March, 2003




ABSTRACT

WOLFE, REBECCA L. Investigation of indicators in aerogels and xerogels.
Department of Chemistry, March 2003.

A sol-gel is a silicon-oxygen matrix that is suitable for the entrapment
of chemical species, including biological species, indicators, dyes, and
sensors. Aerogels are sol-gels prepared by supercritical extraction, whereas
xerogels are allowed to dry under ambient conditions. The resulting materials
differ considerably in their physical properties. We are investigating a series
of luminescent species for use as probes of the microenvironment in different
sol-gel maerials. Sol gels containing each probe are prepared as both
xerogels and aerogels; aerogels are formed using a novel contained mold
process. Spectral properties, including absorption or excitation spectra,
emission sgectra, time-based fluorescence scans, and fluorescence lifetime,
of the entrapped probes are measured.

The research focuses on two dyes, tris(2,2"-bipyridyl)ruthenium(ll), an
oxygen sensor referred to as Ru(bpy)s:?*, and Eosin-Y, a pH-indicator. Eosin-
Y is successfully entrapped in xerogels and can be used to differentiate
between xerogel materia’s, but does not survive the aerogel formation
process. The response times of Eosin-Y-doped xerogels and pin-printed sol-
gel microsensors to changes in pH are also investigated. The doped xerogels
have relatively long response times of 20 minutes. Microsensors are
expected to have shorter response times. Aerogels and xerogels doped with
Ru(bpy)s®* have similar excitation spectra, with maxima at 470 nm, with
xerogels having enhanced intensity. The Ru(bpy);’*—doped materials differ in
the shape of their emission bands, with emission maxima ranging from 590 to
604 nm. Lifetime data for aerogels and xerogels doped with Ru(bpy)s?* differ
indicating that the species is entrapped in different microenvironments.
Ru(bpy)s2*-doped aerogels are successfully used as oxygen sensors and
demonstrate response times of approximately 3 seconds.
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INTRO! iON
| ion | Gels
A sol gel is a silicon-oxygen matrix that is suitable for the entrapment

of chemical species, including biological species, indicators, dyes, and
sensors. It is formed by means of a combination hydrolysis and condensation
reaction at room temperature’:

Si(OR)4 + nHz0 > Si(OR)4.n(OH), + ROH  hydrolysis

Si-OH + RO-8i - Si-0-Si + ROH condensation

Si-OM + HO-Si = Si-0-Si + H;0 polycondensation
This research paper focuses on two forms of the sol gel: the xerogel and the
aerogel. A xerogel is a porous solid created by drying a gel under subcritical
conditions. An aerogel is also a porous solid produced from a gel, but with
much less shrinkage than a xerogel. An aerogel is created by supercritical
extraction of solvent’. Aerogels are made up of 90-99% air, having the lowest
density of any known solid®. Aerogels have been fascinating researchers
and space engineers with their remarkable physical properties. They are
particularly well-known for their incredible insulating properties with regard to
thermal, electrical and acoustic energy transfers®. They have even been
used by NASA to capture cosmic dust®. Figure 1 shows a simplified diagram
of the sol-gel process on which my study focuses.

There are many advantages to using sol-gel material. Sol-gel derived

inorganic glasses have thermo-mechanical and optical advantages over

gelatin films and boric acid glasses. They are also much more processible,




and organic and irorganic dopants are easily introduced in to the sol-gel
matrices®. Sol gels can also be used to create alternative formats besides
glasses. Other than aerogels and xerogels, extensive research has been
done on sol-gel derived thin films, monoliths, ormosils, and optical fibers,
among other materials.

To examine fluorescent probes within sol-gel materials, the materials.
are doped with fluorescent dyes prior to gelling. There are many interesting
motivations for doping the sol gels. One main purpose is to explore the
mobility of the fluorescent probe within the sol-gel material to examine solvent
motion, association of the probe with the pore walls of the material, molecule-
matrix interactions, environmental heterogeneity, phase segregation, surface
chemistry, and internal solvent and dopant dynamics’. Another important
reason for doping sol gels is the application of indicators entrapped within the

sol-gel materia's as chemical sensors.
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Figure 1. Sol-Ge! Process adapted from
Figure 1 in Brinker and Scherer Sol-Gel
Science*




Introduction to Fluorescence and Absorbance

To measure how the probes interact within the sol-gel matrices, their
fluorescence and absorption properties were monitored. The probes in
solutions, xerogels, and aerogels were then compared with each other as well
as literature values from analogous experiments. UV/Visible Absorption ‘
spectra were utilized to measure at what wavelength and to what extent the
dye within the sol gel absorbed the light passing through it. Fluorescence
emission and excitation spectra were examined to provide information on the
effect of the various sol-gel matrices on the fluorescent properties of the dyes.
In this research, lifetime measurements were used for studying the possible
energy transfers and quenching of the Ru(bpy)s®* moiety doped within
xerogels and aerogels. Lifetime measurements were also used to investigate
the solvent rigidity and environmental homogeneity of the xerogels and
aerogels’.

The modified Jablonski diagram® seen in Figure 2 can be used to
explain absorption and fluorescence. A chemical species always prefers to
be in its lowest energy level. In the Jablonski diagram (Figure 2), the lowest
energy states are found in the ground state, represented by Sp. When the
chemical species absorbs a photon, a valence electron moves from one
orbital to another higher orbital. The species is then promoted to an excited

state, represented by S; in the diagram. Once the species is in the excited

state it returns back down to the ground state by giving off energy. There are
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Figure 2. Jablonski diagram for absorbance
and fluorescence only; where S, = singlet
ground state, S, = singlet excited state, Vp =
frequency of absorbed photon, and v¢ =
frequency of fluorescence adapted from

Figure 1.3 in Lakowicz
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several methods of returning to the ground state, but this research focuses on
giving off energy through the fluorescence process. Fluorescence is an
advantageous method for examining the sol gels because it reports on the
nature of the local microenvironments surrounding the probe molecule within
the sol-gel materials’.

Absorbance for the probes being studied follows Beer’s Law:

A=abc (Equation 1)
where A is absorbance, a is absorptivity, b is pathlength, and c is
concentration. Thus the absorbance is linearly proportional to the probe
concentration. Absorbance can be represented by the following equation:

S+hv->8* (Equation 2)
where 8 is a singlet state (all electron spins are paired), hv is the photon of

light being absorbed, and S* is a high energy, excited singlet state.
Absorbance is a very fast process, occurring on the order of 10™™ to 101
seconds, so there are few competing factors with the process.

Fluorescence is a process in which the excited state molecule moves
down to the ground state level by emitting a photon of light. This process can
be represented by the following equation:

S*>S+hy (Equation 3)

Fluorescence emission and excitation spectra can be used to investigate the
dye within the sol gel. Emission scans measure at what wavelengths the dye

fiuoresces and to what extent. Excitation scans measure the wavelength at




which the dye excites and, thus, absorbs light. Instead of measuring the
extent of the absorption, it measures the extent the species fluoresces
following excitation. Excitation maxima and absorption maxima should thus
occur at the same wavelength. Because fluorescence and absorbance are
directly related, fluorescence is also linearly proportional to concentration (as
long as A < 0.05)°.

Lifetime measurements can be used to measure decay of fluorescence
intensity of a molecular species. The lifetime is the average time that a
molecule spends in the excited state before emitting a photon and returning to
the ground state. Fluorescent lifetime measurements can be represented in
the following equation:

I{t) = Ase™® (for a single exponential madel) Equation 4

I(t) = Ase¥™ + Ae™ (for a double exponential model) Equation 5
where I(t) represents the fluorescent intensity at time t, A, and A; represent
the pre-exponential factors, and t' and 72 represent the lifetimes.

Once a molecule absorbs a photon of light, there are several
competing processes through which the molecule can release the energy.
Fluorescence, the process described in Equation 3, is one such process.
However, there are many other processes. Lifetime measuements take into
account these other processes, particularly possible energy transfers and
quenching. These two possibilities are represented by electronic energy
transfer and collisional deactivation, respectively. Electronic energy transfer

can be represented in the following equation:




§*+8>8+8" (Equation 6)
The process of collisional deactivation, or quenching, can be represented in
the following equation:

S*+M->8+M (Equation 7)

where M is a body that carries thermal energy.

Introduction to Eosin-Y

For the first half of the research project, the pH indicator Eosin-Y, a
pink-orange dye whose structure is shown in Figure 3, was used. Eosin-Y
can be used as a pH indicator in solutions ranging from pH values of 1.0 to
3.0. From the structure shown in Figure 3, it can be seen that Eosin-Y
contains a carboxylic group and a hydroxyl group; these have pKa values of
3.25 and 3.80, respectively.

The goals of this part of the thesis research were to prepare and
evaluate the spectral properties of Eosin-Y entrapped in sol-gel matrices in
order to demonstrate the utility of the immobilized Eosin Y as a pH sensor
and also to further gain an understanding of the sol-gel matrix. [ investigated
how Eosin-Y reacted with acids and bases once it was entrapped in a silicon-
oxygen matrix. Fluorescence and absorption measurements were used to
see how the dye and the xerogels interacted with each other. Through the
results of these experiments, | was able to demonstrate the utility of the
Eosin-Y-doped sol gel as a sensor and gain an understanding of the sol-gel

environment.




For one week during the summer of 2002, a part of this research was
conducted in Professor Frank Bright's laboratory at the State University of
New York at Buffalo with his research group and instrumentation. The Eosin-
Y-doped sol-gel material was transferred onto microscops slides, and the\ :
slides were imaged onto a computer screen to show the extent of
fluorescence. Although the time spent in Buffalo was brief, it was interesting

and helpful.




Figure 3. Structure of Eosin-Y




Introduction to Ru(bpy)s?*

For the second half of the research project, the focus was shifted to the

probe tris(2,2'-bipyridyl)ruthenium(ll), or Ru(bpy)s%*. This probe is a

ruthenium complex where “bpy” represents the bipyridine ligand. The
structure of Ru(bpy)s®* can be seen in Figure 4. Ru(bpy)s®* is often used in
the study of sol gels as a probe to examine the mobility in polar regions of
glass, the mobility of entrapped solvents, the accessibility to oxygen gas, and
the development of the matrix'®. There has been much research on
ruthenium complexes in studies of organometallic molecules due to their
luminescence properties with long excited state lifetimes, redox properties,
excited state reactivities, and relatively high chemical and thermal stability™.
From previous research™ of Ru(bpy)s>* in sol-gel materials, it has been
demonstrated that Ru(bpy)s:?* shows an intense absorption band at 450 nm
and a shoulder at 420 nm. Both of these peaks can be attributed to metal-to-
ligand charge transfer (3 (Ru) > IT* (bpy) transitions). Smaller bands or
shoulders exhibited at 325 and 350 nm are assigned to metal centered d-d
transitions. There is also an intense band at 285 nm that is due to ligand
centered (T -> IT*) transitions. In fluorescence spectra, it has been shown
that Ru(bpy)s®* in sol-gel materials shows emission maxima at 600-620 nm.
These maxima can be attributed to emission from the triplet metal-to-ligand
charge transfer excited state to the ground state. Red and blue shifts in
fluorescent spectral data have been observed for Ru(bpy)s?* entrapped in sol-

gel materials™.




Figure 4. Structure of Ru(bpy),2*




The goal of the research involving the Ru(bpy)s?* probe was to

evaluate Ru(bpy)az“-doped aerogels and corresponding Ru(bpy)gz’-doped
xerogels in terms of fluorescence emission and excitation, and fluorescence
lifetime. Evaluation of how the ruthenium complex’s properties may have
changed in response to the changes in structure and chemistry of the gel
matrix was conducted. The aerogels and xerogels were made by Professor
Ann Anderson, Ben Gauthier, Smitesh Bakrania, and Matt King of the Union
College Mechanical Engineering department. A collaboration was
established with the mechanical engineers who are developing a patent to a
new process for a faster, easier way to create aerogels. The research project
also included a collaboration with Professor Michael Hagerman, an inorganic
chemist at Union College, who is investigating ruthenium complexes trapped
in thin films of clays. A possible model obtained from literature™ on how
Ru(bpy)s** is entrapped inside the silicon-oxygen matrix is shown in Figure 5.
A final goal involving Ru(bpy):?* was to evaluate Ru{bpy);**-doped
aerogels as oxygen sensors. The fluorescence of Ru(bpy)s** in solution is
quenched with oxygen, however, it was unknown whether the Ru(bpy);?*
entrapped in aerogels would be as competent as an oxygen sensor as free,

mobile Ru(bpy)s®* in solution,
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Figure 5. lllustration on the process of the
entrapment of Ru(bpy);** in the sol-gel
material adapted from Figure 10 in Innocenzi,
Kozuka, and Yoko J. Phys. Chem. B, 1997,
101, 2285-2291.
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EXPERIMENTAL

There are seven Parts of the experimental section of this research,
They are (1) the preparation of xerogels, (2) the preparation of aerogels, (3)
excitation and emission spectra, (4) UVivisible absorption spectra, (5) steady-
state time-based fluorescence scans, (6) lifetime fluorescence decay cuives,
and (7) the experiments that were performed at the University of Buffalo,
Materials

The tetramethyl orthosilicate (TMOS), tetraethy! orthosilicate (TEOS),
and trimethoxypropylsilane (n-Propyt TMOS) were all purchased from Aldrich
and were all 98% pure. The Eosin-Y dye (a neutral molecule) was also
purchased from Aldrich, but with an 89% purity. The Eosin-Y stock solution
was prepared in deionized water. The Ru(bpy)s?*.6H,0 dye was purchased
from Strem Chemicals and was 98% pure with a counter ion of CI, The
Ru(bpy)s?* stock solution was prepared in deionized water.

Preparation of Xerogels

The preparation of the Eosin-Y-doped xerogels was done in the

chemistry department laboratory, whereas the Ru(bpy)az’-doped xerogels

were created by the mechanical engineers who also fabricated the aerogels.
Eosin-Y-doped Xerogels

To prepare the Eosin-Y-doped xerogels, a solution containing a silicon-
oXxygen precursor was created. The solution was then doped with Eosin-Y
and poured in aliquots into Cuvettes. The cuvettes were allowed to dry to

form the xerogels. The first step in the whole process was to create the




solution using the given precursor. Three different precursors were used:
tetramethy! orthosilicate (TMOS), tetraethyl orthosilicate (TEOS), and
trimethoxypeopylsilane (n-Propyl TMOS). The three precursors were used in
three different recipes as shown in Table |. For each recipe, the precursor(s)
and soivent were added to a beaker, then the solution was allowed to stir with
a stir-bar until it became monophasic. The volume of Eosin-Y used in each
solution depended on the desired concentration in the wet gel. Amounts
varying from 5 uL to 50 ul of a 5.0x10* M aqueous solution Eosin-Y were
added to the samples to produce the desired concentrations.

Once the solution became monophasic, each aliquot was doped with
the desired amount of Eosin-Y to make xerogels of different indicator
concentrations. Then the gels were allowed to dry in polystyrene cuvettes.
The samples were dried for three days with a cuvette cap on. Then the cap
was replaced with perforated parafiim to speed up the process. After
approximately one week, the xerogels had pulled away from the walls of the
cuvettes. After several weeks, the xerogels dried with approximately 60%
shrinkage in total volume occurring. Continuous shrinkage occurred over
time.

Ru(bpy)s**-doped Xerogels

The Ru(bpy)s?**-doped xerogels were prepared by the mechanical
engineers using the recipe shown in Tabie il. The amount of Ru(bpy)s®* used
in each solution depended on the desired concentration. When a certain

volume of Ru(bpy)s2* dye was added to the solution, it replaced that volume




of water in the recipe. The solutions gelled into “wet” xerogels overnight,

meaning that although they were solid, the monoliths had not fully pulled

away from the walls of the cuvettes. The solvent had thus not evaporated
fully out of the gels. After approximately one week, the xerogels had pulied
away from the walls of the cuvette. After several weeks, the xerogels dried
fully with approximately 60% shrinkage in total occurring.
Preparation of Aerogels

The fabrication of the aerogels was performed by Ben Gauthier,
Smitesh Bakrania, Matt King, and Professor Ann Anderson of the Union
College Mechanical Engineering department. The biggest obstacle to
creating the aerogels was that any surface tension in the gel would lead to
fracture. Ben Gauthier, before he left Union for Stanford University's
graduate school, had been developing a new technique to manufacture
aerogels based on a contained mold process employing the supercritical state
of afluid. Smitesh Bakrania has continued Gauthier's work. Ideally, the
technique will create aerogels within minutes as opposed to hours or days;
however, my colleagues are still working on the amount of tirme required in
the aerogel fabrication process. The fastest that they have been able to
create a batch of aerogels has been five hours,

The recipe used for the fabrication of Ru(bpy):**-doped aerogels can
be seen in Table IN. The volume of Ru(bpy)s®* used in each solution
depended on the desired concentration. This is the same recipe that the

mechanical engineers used to fabricate the xerogels, except instead of




pouring the solution into cuvettes, it was poured into a mold with different
bores for each aerogel.
Excitation and Emission Spectra

For obtaining excitation and emission spectra, a PTI Quantamaster
fluorometer was used. The polystyrene cuvette, which could contain a sol-gel
solution, a xerogel, or an aerogel, was placed in the instrument. Tables IV
and V contain the parameters used for excitation and emission spectra,
respectively, of both Eosin-Y-doped and Ru(bpy)s®*-doped sol-gel materials.
For emission and excitation spectra for both of the dyes, the excitation and
emission slits were varied in length to improve the signal-to-noise (S/N) ratio
for each concentration of the sample within the cuvette.
UV/Visible Absorption Spectra

For obtaining UVivisible absorption spectra, an HP 8453 UV-Visible
Diode Array Spectrophotometer was used. The instrument was blanked with
a polystyrene cuvette containing everything the sample contained excluding
the dye. A cuvette containing the sample was then placed in the instrument
and spectra were taken over a range of 250 nm to 80C am.
Steady-State Time-Based Scans

Two different parts of this research project required the use of steady-
state time-based scans. The two different experiments used two different
fluorometers.

The steady-state time-based scans using Eosin-Y-doped xerogels

used a PTi Quantamaster fluorometer. These scans were utilized to




demonstrate the pH indicator abilities of Eosin-Y entrapped in xerogels:
whether it could detect changes in pH and whether it remained a reversible
indicator. For the time-based scans of Eosin-Y-doped xerogels, the excitation
wavelength was set for 525 nm, and the emission wavelength was set for 545
nm. One data point per second was recorded and the experiment duration
was two hours. The excitation and emission slits were both set at 2 nm. At
the beginning of each time-based scan, the xerogel was soaked in 1.000 mL
of deionized water. Then alternating 100-uL aliquots of either 0.1 M HCl or
0.1 M NaOH were added every 15 minutes to the cuvette to observe the
response of the pH sensor (Eosin-Y entrapped in the xerogel) to changes in
pH.

The steady-state time-based scans involving Ru(bpy)s®*-doped
aerogels used a PTI LaserStrobe Fluorescence Lifetime System. The
purpose of this experiment was to evaluate Ru(bpy)sz‘-doped aerogels as
oxygen sensors. The steady-state time-based scans were performed at an
excitation wavelength of 446 nm and an emission wavelength of 590 nm. The
instrument took a measurment every 8s for 360 s (or 6 min). The aerogel
was first exposed to air for 30 seconds. Then, the aerogel in a cuvette was
placed in the four-part turet of the instrument for fluorescence examination.
The fluorescent intensity was measvired for 2 min, then the instrument was
paused, and nitrogen was pumped into the Cuvette containing the aerogel
through plastic tubing for 2 min. The instrument was again paused, and the

top of the instrument was opened to allow the aerogel to become saturated

20




again with air. The fluorescence intensity was measured for another 2 min
following the aliowance of air.
ifetime Fluorescence Decay Curves

For obtaining fluorescence decay curves, two different lifetime decay
instruments were used.

For the first half of the research, a PTI LS-100 Fluorescence
Luminescence System was used. This instrument was used with the
Ru(bpy)s%* samples to analyze the fluorescence lifetime decay of Ru(bpy);**
entrapped in different microenvironments. The samples were placed in
fluorescence cuvettes polystyrene. One sample at a time was placed in
position one in the four-holed turret in the instrument. Opposite from the
sample was a fluorescence cuvette in position three filled with a light-
scattering solution of Ludox® colloidal sitica. The lifetime instrument uses a
nitrogen-gas-filled lamp, so the excitation wavelength chosen must be one at
which nitrogen emits. Consequently, the excitation wavelength and the
scatterer wavelength were both set at 337 nm, and the emission wavelength,
which was independent of the nitrogen gas, was set at 590 nm. The emission
wavelength is not set to the maximum emission wavelength known for the
samples because the instrument’s detector was not red-sensitive, and thus a
less optimal wavelength was chosen'. The parameters for the lifetime decay
curves can be seen in Table VI. The start delay and end delay were 100

nanoseconds and 400 nanoseconds, respectively. For each scan, 100
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channels were utilized, and the integration time was set 0.1 seconds. To

increase the signal-to-noise ratio, 50 averages were done on each sample.
For the second half of the research, a newer instrument, the PTI

LaserStrobe Fluorescence Lifetime System, was employed. This new lifetime

decay instrument used a pulsed nitrogen-pumped dye double laser. The

nitrogen laser was a PT| model GL-3300 and the dye laser was a PTi model

GL-302. Because one part of the laser was a dye laser, an optimal emission
wavelength of 446 nm could be used. The laser dye used was also from PTI,
and it was labelled PLD446 Coumarin 450 1.0x10? M in ethanol. The
parameters for decay curves of aerogels and xerogels with the new
instrument can be seen in Table VI.
tate University of New York at Buffalo Research

At the University at Buffalo, a sol-gel solution was prepared with the
recipe found in Table VII. The solution was then doped with Eosin-Y so that
the concentration was 3.0x10°M. The next step was to load 50.0 ul of the
solution into a Printer-Cartesian Technologies MicroSys PA Series pin-printer.
Five microscope slides were created with an array of sol-gel dots. The siides
were aged for two days. Normally the research students at the University of
Buffalo age their slides for two weeks; however, my research time there was
limited and, consequently, | was forced to shorten the aging process.

The slides were then excited by a LiConix Helium Cadmium Laser,
model 4220N. The slides were excited at 442 nm. A CCD camera with an

exposure time of 1.000 seconds took pictures of the excitation and the

22




fluorescing images appeared on the computer. The first image was taken

with the slide surrounded only by air. Then the slide was flooded with 0.1 M
HCI. then 0.01 M NaOH, and finally deionized water with a pH of 5.5. The

fiooding was done to demonstrate how Eosin-Y acted as a pH indicator while

. entrapped in a sol-gel matrix pin-printed on a micrbsoope slide. The éhénging

of pH was done to test the reversibility of Eosin-Y as a pH sensor in the sol-

gel.
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RESULTS

The results sections is split in two parts: (1) the results of the
experiments performed with Eosin-Y and (2) the results of the experiments
performed with Ru(bpy)s®*.
EOSIN-Y RESULTS

Results for the preparation of Eosin-Y-doped xerogels, the preparation
of Eosin-Y-doped aerogels, excitation and emission spectra, UV/visible
absorption spectra, time-based fluorescence scans, and the experiments that
were performed at the University of Buffalo are included below.
Preparation of Eosin-Y-Doped Xerogels

Of the three recipes used to prepare Eosin-Y-doped xerogels, only two
worked well. The recipe using n-Propyl TMOS and TMOS as its precursors
did not yield usable xerogels. The solutions never formed the gels. Aithough
the other two recipes worked well, the recipe using TMOS as its precursor
formed xerogels faster. The TMOS recipe required only three days for the
monoliths to pull away from the walls of the cuvettes, whereas the TEOS
recipe created monoliths that took several weeks to pull away.
Preparation of Eosin-Y-Doped Aerogels

Unfortunately, Eosin-Y proved to be a bad choice for doping aerogels.
When the aerogels were received, they were yellow-brown, not the normal
pink-orange color of Eosin-Y. After fluorescence and absorption spectra were
taken and enormous shifts were noted, it was concluded that the dye had

decomposed into an entirely different species.
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Excitation and Emission Spectra

The Eosin-Y-doped sol gels formed via the recipe containing the TEOS

precursor and the recipe containing the TMOS precursor both had peak
fluorescence intensity at approximately the same wavelengths in excitation
and emission spectra. The Eosin-Y-doped sol-gel solutions and wet and dry
xerogels have excitation maxima of 523 to 531 nm, Figure 6 contains
excitation spectra for TEOS sol-gels of varying Eosin-Y concentrations that

display maximum excitation wavelengths of 530 nm. F igure 7 is excitation

spectra for TMOS sol-gels of varying concentrations that display intensity

peaks at a maximum wavelength of 523 nm. The Eosin-Y-doped sol-gel
solutions and xerogels for these two recipes when excited at 525 nm resulted
in emission spectra at maximum wavelengths of 543 to 550 nm. Emission
spectra for TEQS sol-gels of varying concentrations are shown in Figure 8
with peaks at a maximum wavelength of 550 nm, Figure 9 displays emission
spectra for TMOS sol-gels of varying concentrations with peaks at a
maximum wavelength of 545 nm,

The recipe containing both n-Propyl TMOS and TMOS precursors
produced different resuits than the other two recipes for both excitation and
emission spectra, Excitation maxima of 471 to 476 nm and emission maxima
of 551 to 554 nm were observed. The spectra for the n-Propyl TMOS/T MOS

mixtures were only taken in solution form since the solutions failed to ever

form xerogels.




The spectra of the aerogels showed a significant shift from the other
Eosin-Y-doped materials. The aerogels were excited at a maximum
wavelength of 316 nm, as seen in Figure 10, and they emitted at a maximum
wavelength of 396 nm, as seen in Figure 11. These values were much lower
than the observed peaks for Eosin-Y-doped xerogels and sol-gel solutions.

In all excitation and emission spectra, the more concentrated the
sampie, the higher its fluorescence intensity was. For Eosin-Y in solution,
excitation maxima of 523 to 532 nm and emission maxima of 545 to 550 nm

were observed.
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Figure 6. Corrected excitation spectra of TEOS sol-
gels of varying concentrations (Amax = 530 nm), Aem

=550 nm, Aex =475 nm -~ 540 nm, slitem, =4 nm,
slitex =4 nm
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Figure 7. Corrected excitation spectra of TMOS sol-
gels of varying concentrations (Amax = 523 nm), Aem, =
542 nm, Aex = 450 nm — 532 nm, sliten, = 2 nm, slit,, =
2nm
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Figure 8. Corrected emission spez*ra of TEOS sol-gels of
varying concentrations (Amax = 73 »m), Aem = 535 nm —
615 nm, Aex = 525 nm, slitey = = ... ., Slitex = 4 NM
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Figure 9. Corrected emission spectra of TMOS sol-gels of
varying concentrations (Amax = 545 nm), Aem = 535 nm —
625 nm, Aex = 525 nm, slitem = 4 nm, slitex = 4 nm
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Figure 10. Corrected excitation spectra of aerogels (Amax =
316 nm), Aem = 380 NM, Aex = 250 nm — 370 nm, Slitem = 4
nm, slitex =4 nm
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Figure 11. Corrected emission spectra of aerogels (A
396 nM), Aem = 350 iM — 500 NM, Aex = 310 nm, slitem

nm, slitex = 4 NM
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U¥Nisible Absorption Spectra

The xerogels and sol-gel solutions from the recipe using the TMOS

precursor were the only samples that could be accurately examined in terms

of absorption. The other two recipes, one involving the TEOS precursor and

the other involving the n-Propyl TMOS/TMOS precursors were not colored
enough to absorb significantly. The TMOS precursor absorbed maximally
between 523 and 531 nm, as can be seen in Figure 12. As expected, all of
the absorption spectra of the samples tested concurred with their
corresponding excitation spectra. Eosin-Y in solution was determined to
absorb maximally between 517 and 536 nm. In the absorption spectra for the
aerogels doped with Eosin-Y (seen in Figure 13), a peak was observed for all
three samples at approximately 308 nm, much lower than the observed peaks
for the Eosin-Y-doped xerogels and sol-gel solutions. The aerogel absorption
spectra are very noisy due to a lot of scattering and a consequently small
transmission signal. The more concentrated samples absorbed more

intensely, and vice versa.




Figure 12. UV/Visible absorption spectra
of TMOS sol-gels of varying
concentrations (Amax = 530 nm)

Figure 13. UV/Visible absorption spectra

of aerogels of varying concentrations (A
= 308 nm)

max:
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Steady-State Time-Based Scans

The time-based fluorescence scans for the Eosin-Y-doped xerogels,
shown here in Figure 14, demonstrated that Eosin-Y was in fact a pH sensor
that could maintain its functionality while trapped in the xerogel. The time-
based scans were done over periods of two hours because of the lengthy
response times required for intensity changes. When acid was added the
fluorescence intensity decreased and when base was added the ﬂuoreécence
intensity increased, as expected.

The Eosin-Y-doped xerogels were able to maintain their abilities as pH
detectors by allowing the HsO* and OH" ions to diffuse into the xerogels.
When the pH was altered by either adding 0.1 M HCI or 0.1 M NaOH, there
were significant changes in fluorescence intensity. After acid was added and
the fluorescence intensity dropped, by adding base the fluorescence intensity
was able to return to its original level, showing that the Eosin-Y-doped

xerogels could be used as reversible detectors.




t=16 v i
,’("" " t=56m|n\

. ! ;
| , ‘1 [
1.5 ; | ; ‘
| | | ! .80
3 ! ! \ J
’s 'i L
. \ ! ! !
| |
) | .
1ol !
/ ) 3-
S / f
.‘ » - ) 40
| t=3min  t=1h16mn
| X
0s Add Base ‘
:»20
i
|
. 0
o‘oé-f—;——; --,,~_~-2~,a e '—;,—v_;'“f* T T T T e
Timo {seconds) x10°

Figure 14. Time-based scan of Eosin-Y-doped xerogel as
uhquots of 0.1 M HCl and 0.1M NaOH were added
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S niversity of New York Buffalo Research

The University of Buffalo research resulted in the creation of Eosin-Y-
doped sol-gel pin-printed slides. After exciting the slides with a He/Cd laser
the images of the sol-gel material fluorescing on the slides were projected
from a CCD camera to a computer screen. The slides displayed images of
the Eosin-Y-doped sol-gel materials fluorescing in air as seen in Figure 15.
When the slides were flooded with 0.1M HCI, the fluorescence went down as
was expected, which can be seen in Figure 16. However, when the slides
were then flooded with 0.01M NaOH to test their reversibility in indicating pH
changes, the fluorescence did not go retum to its original intensity level as
expected. This is probably due to the lack of drying time allowed for the

slides.
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Figure 1%. Fluorescing image of pin-printed
slide with Eosin-Y-doped sol-gel array in air

Figure 16. Fluorescing image of pin-printed
slide with Eosin-Y-doped sol-gel array in 0.1 M
HCI



Ru(bpy)s”* RESULTS

The results from the preparation of Ru(bpy)s?*-doped xerogels, the
preparation of Ru(bpy);**-doped aerogels, excitation and emission spectra,
and fluorescence lifetime decay curves are shown below.

Preparation of R e

The premhﬁon of xerogels wés' pérformed by the mechanical
engineers in the project using the recipe from the experimental section.
Ru(bpy)s>* was successfully entrapped in xerogels.

Preparation of Ru(bpy):**-Doped Aerogels

Ru(bpy)s?*, unlike Ebsin-Y. was sﬁcces_sfﬁl!y .éntr'apped iﬁ._aé'}og;rels.
The moiar concentrations of stock solution that worked for the aerogels were
1.0x10°° M, 1.0x10* M, and 1.0x10° M. Optically transparent aerogels at
higher concentrations could not be obtained in the current aeroge! fabrication
process, and lower concentrations did not give sufficient fluorescence signal
for measurements.

Excitation an: ission ctra

Figure 17 shows that in emission spectra, Ru(bpv)s?*-doped xerogels

fluoresced at a maximum wavelength of 590 nm. The emissi_on spectra for

Ru(bpy)sz"-doped aerogels, which can also be seen in Figure 17, show that

the Ru(bpy)s®* entrapped in aerogels fluoresced at maximum wavelengths of .

598 nm to 604 nm. In excitation spectra, seen in Figure 18, Ru(bpy)s**-doped
xerogels and aerogels have excitation maxima between 454 nm and 478 nm.

Ru(bpy)s**-doped aerogels and xerogels also show a shoulder at 420 nm.
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Figure 17. Corrected emission spectra for Ru(bpy)s?*-

doped aerogels and xerogels with concentrations within
the gels of 1.0x10"° M (Amax = 590 nm to 604 nm), Agm =
500 nm — 750 nm, Aex = 452 nm, slitem = 2 N, slitex = 4

nm
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Figure 18. Corrected excitation spectra for Ru(bpy)s?*-
doped aerogels and xerogels of va- sing concentrations
within the gels(Amax = 470 NM), dem = 590 NM, Aex = 350
nm — 575 nm, slitem = 4 NM, slitex =4 nm
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YVivisible Absorption Spectra

Figure 19 shows the absorption spectra of Ru(bpy)az"-doped xerogels
and Ru(bpy)gz*-doped aerogels. Both materials show maximum absorbance
values at 454 nm with shoulders at 420 nm.

Flugrescence Lifetime Decay Curves

Figure 20 shows the fluorescence lifetime decay curves for Ru(bpy)gz‘-

doped xerogels. The lifetime data for these xerogels can be seen in Table
Vill. The Ru(bpy)g""-doped xerogels were found to have two-exponential
lifetime decays. The proportion of the two lifetimes occurring is roughly
50:50. Figure 21 shows the fluorescence lifetime decay curves for
Ru(bpy)sz'-doped aerogels. The lifetime data for these aerogels can also be
seen in Table Vill. The Ru(bpy)gz"-doped aerogels were determined to also
have two-exponential lifetime decays, however in the case of the doped
aerogels, the shorter lifetime dominated. The percentage of the first, shorter
lifetime is approximately 85%.
Aerogels as Oxygen Sensors

Ru(bpy)sz‘-doped aerogels show success in acting as oxygen sensors
which can be seen in Figure 22. When the aerogels are allowed to be in
contact with air, which of course contains Oz, they dispiay a steady
fluorescence intensity. However, when the aerogels are flooded with nitrogen
gas, the intensity immediately .iicreases with a response time of about two
seconds. Once the Nz gas is turned off, and the aerogel is exposed to air

again, the fluorescence intensity réturns to its original level. This change in




fluorescence intensity demonstrates that the Ru(bpy)s** entrapped in the
aerogel is being quenched by oxygen. Thus, the Ru(bpy)s?*-doped aerogels

can be used as O; sensors.
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Figure 19. UV/Visible absorption spectra of a
Ru(bpy)s**-doped aerogel and a Ru(bpy)s;2*-doped
xerogel (A = 454 nm)




] S 1 |

) I}

\

| N

N

e

T 1 T T

§ 0

P —— . .
rHOxi07 e A i 0 B A u

!
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [ns]

Figure 20. Fluorescence decay curve for Ru(bpy)s**-
doped xerogels of varying concentrations, Aem = 590 nm,
Aex = 446 nm, 20 averages each




lntensity

!

a i !
i Aerogels"Fluoresq'ence De’cay
] ‘
600 - ;
- |
' ] |
N i |
i i "
- | | 1‘
400 | : |
- | i | |
5 | : i !
A
- : | i i
f i | |
3 1 | i ] |
i f
200 ! ?
100
o | I : L - : H : i f i
50 75 100 125 150 175 200

Time [ns]

Figure 21. Fluorescence decay curve for Ru(bpy)s**-
doped aerogels of varying concentrations, Aem = 590 nm,
Aex = 446 nm, 1 average each

51




|
l
‘ T | W
| el
ot
200000 -{———f L
' N ‘ ol /
H | i [ !
| | % ! | f
j 5 i | ‘ J |
150000 ;| Exposed | \-| Exposed ||
j to Air i | to Air [
Counts (1/s) [ | '
¥ ! | | | j i
100000 - _i_.u-__v.._j{._ - N. Gas Being _._.ﬁ.._..‘%-. R
i | Pumped In | |
L T
! | | | |
50000 - | [ .
0 ._ ]" ,', ! e RNl e MR O
0 25 5 75 100 125 150 175
Time (s)

Figure 22. Fluorescence time-based scan with
Ru(bpy)s**-doped aerogel with 1.0x10™* M concentration in

the gel

52




J} 8y} Jo Aoeinooe ay) sjuasaidal Nx pue

‘(14 yoaped e sajousp | = 2X)

‘Alonnoedsal sebejuaoiad lenuauodxa puooas pue

154 3Y) yuesaudal 2y pue by ‘Ajoaoadses sawnay) puooas PUe Js1i 8y} Juasaidai 21, pue ¢,

Y9/60] %L¥2L| Z0FL'L| %v¥88| 2Z000F¥9000| .0k x0L| [eBosoy
€L0V| % LFLIT| 0E0FLE0| %LF6L] 2000FLp000| ,0LX0}| oBosay
650'V| % LFGL| 0E0F26'0| % Z¥S8|20000F LP00O| 0L X0L| |eBosey

9956'0] %SFLb| ¥LOFL80| %SFES L'0¥22] 0L Xx0)| [9Bosey

1986'0] %€EFGE| 9S0F060| %EFG9 S0F1Z| ,0Lx01| |ebossy

Ovv6'0| %vFSY| 6L0F¥60| %STFSS L'0¥G2| 0L X0 | (9bosay

H_a_:._m_“,_wv
X y (s) 2y, Wy (s)ia|  c(Adq)ny]| edAy

-,z5(Ada)ny pue sjebosex padop-

"Suonenuaduod Buikien jo sjebosse padop

L25(Adg)ny 1oy ejep Aeosp swnayy 20uBdsalon|4 "IA 9lgelL

53




DISCUSSION
EOSIN-Y DISCUSSION

The data for Eosin-Y-doped xerogels is conclusive ahd somewhat

expected, however the data for the Eosin-Y-doped aerogels is more
disappointing.

Among the expected results, the excitation spectra of Eosin-Y-doped
sol-gel solutions and xerogels are similar to their UV/Visible absorption
spectra (Figures 6, 7, and 12). Also, the excitation, emission, and UV/Visible
absorption spectra of Eosin-Y in solution compared to Eosin-Y in xerogels for
both TEOS and TMOS precursors do not change (Figures 6 - 9). These
corresponding spectra demonstrate that the electronic properties of Eosin-Y
are not affected significantly by immobilization of the species in the sol-gel
matrix. The time-based scans of Eosin-Y-doped xerogels show that they are
in fact reversible pH sensors (Figure 14) but response times are relatively
long, approximately 20 minutes, which is a disadvantage. The reason for the
long response time of Eosin-Y entrapped in sol-gel material acting as a pH
indicator is because the Hs0" and OF" ions must diffuse into the monolith to
react with Eosin-Y.

In contrast, the Eosin-Y-doped aerogels produce unusual results. The
excitation and emission spectra for Eosin-Y-doped aerogels appear much
differently than the doped xerogels, mostly consisting of scattering (Figures
10 and 11). Also, the UVivisible absorption spectra for Eosin-Y-doped

aerogels show maxima around 308 nm, more than 200 nm less than Eosin-Y-




doped xerogels (Figure 13). The most likely explanation for why the Eosin-Y

in aerogels seems to have decomposed into a completely different species is

that the Eosin-Y is unable to withstand the high temperatures of the aeroget

fabrication process.

Initial tests of Eosin-Y-doped pin-printed microsensors are

inconclusive. The reason for the lack of success in preparing reversible

sensors with the pin-printed slides is due to the notably shortened aging

period. Instead of the usual two weeks, the two days that the slides were

allowed to age is not enough time for the sol-gel material to fully dry on and

adhere to the slides. Consequently, when the slides are flooded with solvent

the printed arrays are actually being washed off. Thus, when the

fluorescence decreases after the 0.1M HCl is added (Figure 16), it may

actually not be due to the pH levels going down, but instead to the fact that

some of the material is no longer on the slide. This washing off explains why
after increasing the pH of the solution in contact with the microsensor array,
the fluorescence stiil does not increase as would be expected.
FUTURE WORK WITH EOSIN-Y

An advantage of microsensors over xerogels is that they are likely to
have much faster response times to changes in pH than the monoliths
because there is less distance for the analyte to diffuse in microsensors. For
future work, the research with microsensors should be explored more
extensively. The Eosin-Y-doped sol-gel microsensors would probably have

given better results had the slides had more time to dry.




Continued research with the monoliths would give more insight to how

long Eosin-Y continues to work as a reversible sensor while entrapped in sol-

gel material.

Eosin-Y appears to be unsuitable as a probe for the comparison of
species entrapped in xerogels and aerogels, because it does not survive the

high temperatures of the aerogel fabrication process.
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Ru(bpy)s** DISCUSSION

Ru(bpy)s?*, unlike Eosin-Y, can successfully be entrapped in aerogels.
The emission spectra-for Ru(bpy)sz’-doped aerogels and xerogels show
significant blue shifts at their maximum peaks. The known values for
Ru(bpy)s®* maximum emission spectrum wavelengths for Ru(bpy)s?* in water
and in sol gel form are 610 nm and 620 nm, respectively'. The emission
spectra obtained experimentaily from Ru(bpy)az*-doped aerogels and
xerogels showed maxima at 590 to 604 nm (Figure 17). The shifts can be
contributed to emission from the triplet metal-to-ligand charge transfer from
the excited state to the ground state’. The blue shifts observed also show
that there is a less fluid guest microenvironment in Ru{bpy)s?*-doped xerogels
and aerogsels, suggesting that little to no water is present in the xerogels and
aerogels®. The Ru(bpy)s**-doped xerogels and aerogels have excitation
maxima at approximately the same wavelengths as the absorbance maxima
(Figures 18 and 19). The peak and the shoulder observed in both the
excitation and absorption spectra are due to metal-to-ligand charge transfer
(tzg(Ru) > IT*(bpy)) transitions'.

The fluorescence lifetime data for the Ru(bpy)s**-doped aerogels and
xerogels give informative results on the microenvironments present in the
aerogels and xerogels (Table Vill). The lifetime data for the Ru(bpy)s**-doped
aerogels show that the Ru(bpy)s>* entrapped in the aerogels demonstrate a
major, very short fluorescent lifetime o approximately 0.0050 us representing

approximately 85% of the system. There is also evidence of a minor and
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much longer second lifetime of approximately 0.98 us representing
approximately 15% of the system. The minor, second lifetime of the
Ru(bpy)s**-doped aerogels is approximately equgl to the minor, second
lifetime of the Ru(bpy);?*-doped xerogels indicating a similar
microenvironment present in both. The second lifetime in this case is
approximately 0.88 us and represents approximately 42% of the system. The
first lifetime of the Ru(bpy)s2*-doped xerogels is again the major fluorescent
lifetime and is about five hundred times larger than that of the major first
lifetime of the Ru(bpy);%*-doped aerogels. This first lifetime for the doped
xerogels is approximately 2.3 us, representing 58% of the total system. The
fact that both Ru(bpy)s®*-doped xerogels and aerogels show two lifetimes,
one major and one minor, is evidence that in both cases, the Ru(bpy):**
species are entrapped in two different microenvironments within the gels.
The ability for Ru{bpy)s** to relax once excited is strongly affected by
the solvent surrounding the species. The fluorescence lifetime data signifies
that the microenvironments around the fluorescing Ru(bpy)s?* are not the
same in xerogels and aerogels. A long fluorescence lifetime is characteristic
of a species with a more fluid microenvironment, whereas a short lifetime is a
property of a species with a less fluid environment'. The significance of the
xerogel lifetime fluorescence data, which gives two long lifetimes, is that there

" present in the Ru(bpy)s>*-doped xerogels.

is little to no “external Ru(bpy);
Instead, the data suggests that all the Ru(bpy);2* are trapped within more fluid

microenvironments. The shorter lifetimes observed in the Ru{bpy);**-doped

58




aerogels demonstrate how the Ru(bpy):?* are trapped within a much less fluid

microenvironment. There is (theoretically) no solvent in the aerogels,
whereas there is a small amount of solvent in the xerogels. The Ru(bpy)s?*
that is trapped in aerogels, is actually trapped to the Si-O walls.

The results from the O, sensor research successfully demonstrated
that Ru(bpy)s** aerogels can be used as O sensors. The response time of
the aerogels as O sensors are very quick, on the order of several seconds
(Figure 22). It should be noted that the lifetimes should be measured in the
absence of oxygen because the observed lifetimes were likely shortened from
the “natural’ lifetimes due to oxygen quenching.

FUTURE WORK WITH Ru(bpy)s**

Future work should include reexamining the lifetimes of Ru(bpy)s®*-
doped xerogels and aerogels in the absence of oxygen. [t should also
incorporate entrapping other dyes with interesting electronic properties into
aerogels, including other ruthenium complexes, to examine their abilities as
sensors. Additionally, it would be interesting to create and evaluate
Ru(bpy)s**-doped pin-printed microsensors. It would then be possible to
compare the response times as sensors of the doped microsensors to the

doped aerogels.
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