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Organic dye-doped glasses, viz.,, ruthenium (II) tris(4,7'-diphenyl-1,10-phenanthroline) [Ru(dpp):]**
incorporated into thin silica xerogel films produced by the sol-gel method, were prepared and their O,
quenching properties investigated as a function of the [Ru(dpp)s]*>" concentration (3-400 pM) within the
xerogel. The ratio of the luminescence from the [Ru(dpp);]**-doped films in the presence of N, and O, (Ino/loz2)
was used to describe the film sensitivity to O, quenching. Ixy/lo2 changed three-fold over the [Ru(dpp):]**
concentration range. Time-resolved intensity decay studies showed that there are two discrete [Ru(dpp)s;]**
populations within the xerogels (7; ~ 300 ns; 7 ~ 3000 ns) whose relative fraction changes as the [Ru(dpp):]**
concentration changes. The increased O, sensitivity that is observed at the higher [Ru(dpp);]*" concentrations
is a manifestation of a greater fraction of the 3000 ns [Ru(dpp);]** species (more susceptible to O, quenching).

A model is presented to describe the observed response characteristics resulting from [Ru(dpp)s

within the xerogel.

" distribution
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Introduction

Sol-gel processing is an attractive method that can be used
to prepare a variety of novel materials that contain a wide
range of active dopants (e.g., catalysts, chromophores,
recognition chemistries, and proteins).”” Over the past
decade, sol-gel-processed thin films have been used in
concert with a number of Ru(Il) tris a-diimine dopants to
produce luminescence-based sensors for O, quantification,
with potential clinical, environmental, and process control
applications.®>!! Particularly promising among the Ru(II)
diimine series is tris(4,7'-diphenyl-1,10'-phenanthroline)
Ru(I) ([Ru(dpp)s]*") which exhibits a high luminescence
quantum yield, a long-lived excited-state luminescence
lifetime, good photostability, large emission Stokes shift,
and high molar absorptivity in the blue-green spectral
region.'”!” The photophysics and photochemistry of Ru(II)
diimine quenching by O, is also well understood.'**

There have been a few studies on the behavior of Ru(Il)
diimines when they are sequestered within sol-gel-derived
glasses. For example, Knobbe and co-workers investigated
the behavior of tris(2,2'-bipyridyl)ruthenium (II) chloride
([Ru(bpy)s]*") sequestered within silica, acrylate, and epoxide
hosts as the initial [Ru(bpy);]*'concentration was varied
from 0.7-100 mM.*' These authors found that the emission
spectra, luminescence quantum yields, and average excited-
state luminescence lifetimes depended on the host matrix
and on the [Ru(bpy);]*" concentration within the xerogel.
Baker et al.** reported on the effects of xerogel processing
temperature on the luminescence from [Ru(dpp);]*" (con-
centration fixed at 200 uM) sequestered within tetracthyl-

orthosilane (TEOS) based xerogels. These experiments
demonstrated that there is a dramatic increase in O, sensi-
tivity when the [Ru(dpp);]*'-doped films are processed at
elevated temperatures. The increased sensitivity arose because
there are two main types of [Ru(dpp)s]*" microenvironments
within the xerogel and higher temperature curing leads to an
increase in the bimolecular quenching rate between O, and
[Ru(dpp)s*".

In this paper we aim to determine how the [Ru(dpp);
concentration, within TEOS-derived thin films, affects the
sensitivity of these films to O, and establish the origin of
the observed changes in the film sensitivity to O, as the
[Ru(dpp)s]*" concentration within the film is adjusted.

]2+

Theory

The best description of luminophore quenching by a
quencher like O, depends on the luminophore distribution
within the host matrix and the total fraction of all lumino-
phore molecules that occupy individual or ensembles of sites
and/or domains within the host matrix.? If the time-resolved
intensity decay kinetics from an unquenched luminophore is
described by a single exponential decay law, purely dynamic
O-induced luminophore quenching will obey the classic
form of the Stern-Volmer relationship:*
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where /y and / are the steady-state luminescence intensities
in the absence and presence of O,, 7y and 7 are the excited-
state luminescence lifetimes in the absence and presence of
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O,, p0O:- is the O partial pressure, Ky is the dynamic Stern-
Volmer quenching constant, and 4, is the bimolecular rate
constant describing the efficiency of the collisional en-
counters between the luminophore and the quencher. For this
ideal case, a plot of Io/I or w/7 versus pO; will be linear with
a slope equal to Ky and an intercept of unity.

If we consider a more complex host matrix, where the
ensemble of luminescent species within the matrix en-
counter different environmental influences on an averaged
time scale, the luminophores may exhibit characteristic
quenching constants that can be associated with each
distinct luminophore site and/or location within the host
matrix. Such a consideration is appropriate where a few
discrete luminophore microdomains or multiple interaction
types are expected a priori as in cases involving ground-
state heterogeneity (e.g., solid-state matrices, interfacial
adsorption etc.). In this scenario, the overall Stern-Volmer
expression is simply the superposition over all sites and eq.
(1) can be recast as:

L _{my _[& f T
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for a system comprised of m luminophore microdomains
where f; denotes the fractional contribution to the i compo-
nent, Ksy; is the Stern-Volmer quenching constant associated
with the i component, and all other terms are as described
above. Such a representation is likely for the present work
given the ample precedent for heterogeneous microdomains
surrounding dopants sequestered within xerogels.?*

In a multisite model, the luminophore time-resolved
intensity decay kinetics are best described by:

1) = z ae" 3)

In this expression, /(7) represents the excited-state lumine-
scence intensity decay following O&-pulse excitation, o
denotes the pre-exponential amplitude associated with the i
component, 7 is the excited-state luminescence lifetime of
the i component, and m is the number of discrete single-
exponential components required to sufficiently describe the
intensity decay kinetics.

If one recasts eq. (2) for the special case where m = 2, one
has the familiar “two-site” model commonly used by Demas
and co-workers:'>?

1
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In this expression, f; denotes the fractional contribution of
the total emission from the luminophore located at site type i
under unquenched conditions that exhibits a discrete Stern-
Volmer quenching constant given by Kgy. In its simplest
embodiment, such a representation is mathematically
equivalent to a biexponential decay of /(rf) where each
component independently fulfills a classic Stern-Volmer
relationship.
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Experimental Section

Chemical Reagents. Tris(4,7'-diphenyl-1,10"-phenanth-
roline) ruthenium(I) chloride pentahydrate ([Ru(dpp)s]*’,
see Figure 2 inset for structure) was purchased from GFS
Chemicals, Inc. and purified as described in the literature.'’
Tetraethylorthosilane (TEOS) was purchased from United
Chemical Technologies, hydrochloric acid was obtained
from Fisher Scientific Co., and EtOH was a product of
Quantum Chemical Corp.. All reagents were used as receiv-
ed without further purification.

Preparation of Ru(dpp)s;>*-Doped Sol-gel-Derived Thin
Films. An acid-catalyzed sol-gel-processed stock solution
was prepared by mixing TEOS (3.345 mL, 15 mmole),
deionized water (0.54 mL, 30 mmole), EtOH (1.70 mL, 30
mmole), and HCI (15 pL of 0.1 M HCI, 15 x 10~ mmole).
This solution was stirred under ambient conditions for 4 h.
We then took this mixture and transferred 700 pL aliquots
into a series of seven (7) clean glass vials. To six (6) of the
vials we then added 50 uL of [Ru(dpp);]*" dissolved in
EtOH. To the seventh vial (the blank) we added 50 uL of
EtOH. The ethanolic [Ru(dpp)s]** solutions contained 2.12,
7.43, 37.1, 74.4, 146.5, or 297.5 umoles of Ru(dpp)s**. The
final [Ru(dpp)s]** concentration within these seven vials was
thus 0, 3, 10, 50, 100, 200, or 400 uM. These solutions were
allowed to stir for 1 h.

Films were all prepared on glass substrates. Toward this
end, we cleaned a set of 2.5 x 2.5 cm glass microscope slides
by soaking them in 1 M KOH for 4 h. These microscope
slides were then rinsed with copious amounts of deionized
water and EtOH and dried in an oven at 80 °C for 4 days.
Films were spin cast (2000 rpm, 30 s) onto the glass surfaces
as described elsewhere.” The xerogel film thickness was 0.9
+0.1 pum. Following this deposition step, all films were
initially aged under ambient conditions for 7 days. Two of
each film type were then soaked in 10 mL of EtOH under
ambient conditions for 4 days and then rinsed with copious
amounts of distilled-deionized water and EtOH. These
soaked films were then allowed to dry under ambient
conditions for 2 days and then dried further at 80 °C for 24 h.
The films that were not soaked in EtOH were allowed to age
under ambient conditions for 6 additional days (13 days
total) and were then aged at 80 °C for 24 h. All films were
allowed to cool to room temperature before spectroscopic
measurements. Films that were soaked in EtOH are referred
to as “soaked” films and those films that were not subjected
to EtOH are denoted as “original” films.

All experiments were performed in triplicate using differ-
ent reagent batches. Results are reported as the average of all
measurements. All measurement imprecision represents =+
one standard deviation.

Instrumentation. All steady-state fluorescence measure-
ments were carried out using a SLM-Aminco Model 48000
MHEF spectrofluorometer. A xenon arc lamp was used as the
excitation source (450 nm). Emission spectra and slow-time
acquisition were obtained using a monochromator for wave-
length selection with photomultiplier tube detection. The
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Figure 1. Simplified schematic of the instrumental setup used to
record the time-resolved luminescence decay profiles. Abbreviations
are: BS, beam splitter; M, mirror; PD, photodiode; PMT, photo-
multiplier; DO, digital-sampling oscilloscope; PC, personal computer;
F, 640 nm bandpass filter; S, sample; HV, high voltage power supply.

excitation and emission bandpasses were set at 8 and 4 nm,
respectively. The excitation radiation impinged on the film-
coated side of the glass substrates at an incident angle of
~60° with a 90° angle maintained between the excitation
beam trajectory and the emission collection optics.

To monitor the performance of the Ru(dpp)s;**-doped
xerogel films we monitored the emission (570 nm long pass
filter) as we cycled the environment surrounding the sample
between N, and O,.

Figure 1 shows a simplified schematic of the instrumental
setup that we used to perform the time-resolved intensity
decay measurements. The system consists of a dye laser
(Photon Technology International, Model GL-301) that is
pumped by a N-laser (Photon Technology International,
Model GL-3300). The dye laser output is adjusted to 441
nm, and it produces 500 ps pulses at a repetition rate of 5-10
Hz. A small fraction of the laser beam output is directed to a
photodiode (PD) which serves to trigger a 200 MHz digital
oscilloscope (DO) (Tekronix, Model TDS 350). The remain-
der of the laser beam is reflected from a mirror (M) and
passed through an iris that is used to control the excitation
beam fluence at the sample (S) film surface. The emission
from the film is filtered through a 640 nm interference filter
(11 nm bandpass) (F) to prevent the excitation radiation
from reaching the detector and detected by using a
photomultiplier tube (PMT, Hammamatsu model R928) that
is operated at —1000 V DC (HV). The PMT anode output is
directed to the DO and terminated into 50 . The DO output
is sent to a personal computer (PC). During the measure-
ment, N> was used to purge the sample chamber and data
was only collected when the area under the decay profile
was constant to within £ 2%. A CVI LabWindows software
program is used to acquire the data and software from
SigmaPlot was used to recover the kinetic terms from the
time-resolved intensity decay profiles.

Results and Discussion

Steady-State Luminescence Measurements. The lumine-
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scence from [Ru(dpp)s]*-doped sol-gel derived thin film
arises from de-excitation from an excited-state triplet metal-
to-ligand charge transfer’ (MLCT) transition back to the
ground singlet state.”” The normalized excitation and emission
spectra from our [Ru(dpp)s;]**-doped sol-gel-derived thin
films were independent of the [Ru(dpp)s]*" concentration
(results not shown). The excitation and emission maxima
were seen at 450 £ 3 nm and 580 £ 4 nm. These results argue
that the [Ru(dpp)s;]*" concentration, over the range studied,
does not affect the [Ru(dpp)s]*" spectral profiles. This is in
contrast to the results reported for [Ru(bpy);]*" between 0.7
and 100 mM.?!

[Ru(dpp):]**-Doped Film Response to O, and N
Cycling. The observed response time of the films to O, and
N, were a function of the [Ru(dpp);]*" concentration. In
general, as the [Ru(dpp):;]*" concentration decreased, the
response time (time to reach 90% of the steady-state signal)
increased. For example, the response time to O, for a 400
uM [Ru(dpp)s]** film was ~1 s whereas the response time
was ~30 s for identically prepared/processed films that
contained less than 10 pM [Ru(dpp);]**. This result suggests
that the [Ru(dpp);]*" is distributing in a concentration-
dependent manner within the xerogel films. Those films
that were soaked in EtOH exhibited a statistically relevant
(10-15%) increase in the response time compared to the
original films. This result suggests that the EtOH soaking
step removes the more accessible (i.e., weakly adsorbed)
[Ru(dpp);]** molecules from within the xerogel.

Figure 2 presents the ratio of the luminescence in the
presence of N, and O, (Ixo/loz) for the [Ru(dpp)s]**-doped
sol-gel derived thin films as a function of [Ru(dpp)s]*"
concentration and film treatment. These results show several
interesting features. First, the Ino/Iop ratio decreases (i.e., the
sensitivity to O, decreases) when the films are soaked in
EtOH. This result argues that the EtOH soaking step removes
some of the more accessible [Ru(dpp)s;]** species from the
xerogel pore surface. ([Ru(dpp);]*" is observed in the EtOH
soaking solution, but the amount is generally) Second, there
is a general decrease in Ixo/lo; as the [Ru(dpp):]*" concent-
ration in the film decreases. (The value for the 3 uM
“original” film is somewhat anomalous, but the imprecision
for this point is consistently much higher than the other
values.) Taken together these results show that the film
sensitivity to O is a strong function of the amount of
[Ru(dpp)s]** sequestered within the film.

Time-Resolved Intensity Decay. If we consider the
results presented in Figure 2 in terms of a simple Stern-
Volmer scheme (eq. (1)), we can see that the average Ksy
value must increase as the [Ru(dpp);]** concentration in the
film increases. Such a result could arise from increases in the
mean [Ru(dpp);]*" excited-state luminescence lifetime in the
absence of quencher (<z,>), increases in the bimolecular
quenching constant (kq) or both.

To address this issue in more detail we performed a
series of time-resolved luminescence experiments on the
[Ru(dpp)s]**-doped sol-gel-derived thin films to determine
the effects of the [Ru(dpp);]*" concentration on the excited-
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Figure 2. Effect of [Ru(dpp)s]** concentration on the film sensi-
tivity to O, for original (@) and EtOH-soaked (M) films. Inset:
Chemical structure of [Ru(dpp)s]*".
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Figure 3. Typical excited-state intensity decay trace for a
[Ru(dpp)s]**-doped sol-gel-derived thin film under ambient pro-
cessing conditions under N». Data (O) and fits to single (------- )
and a double exponential (——) decay models.

state intensity decay kinetics. Figure 3 presents a typical data
set (points) for a 400 pM [Ru(dpp)s]**-doped film. (The full-
width at half maximum for the instrument response function
is on the order of 40 ns for our instrument.) Also shown are
the fits between the experimental data and single (------- ) and
double exponential (———) decay models. One can clearly
see that the single exponential decay model does not describe
the data well. Similar results were always seen when the
[Ru(dpp);]*" concentration was greater than or equal to 50
uM. Below ~50 uM [Ru(dpp):]*", the intensity decay is
reasonably well described by a single exponential decay
model.

The results presented in Figure 3 demonstrate that the
[Ru(dpp)s]*" decay kinetics at moderate to high [Ru(dpp);]**
concentrations is made up of the emission from two micro-
domains. In Figure 4(a) we present the average [Ru(dpp)s]**
luminescence lifetime (< z,>) as a function of the [Ru(dpp):**
concentration within the film. These results show that the
reason behind the change in \o/loz seen in Figure 2 is an
increase in the average [Ru(dpp);]*" luminescence lifetime
as the [Ru(dpp)s]** concentration increases.
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Figure 4. Effect of [Ru(dpp);]*" concentration on the average
[Ru(dpp)s]** luminescence lifetime (Panel A) and the fractional
contribution of the shorter-lived species (Panel B).

To address the origin of the change in the average
[Ru(dpp);]** luminescence lifetime in more detail we used a
global analysis strategy®® to simultaneously analyze all the
intensity decay traces at all [Ru(dpp);]** concentrations. The
results of this exercise are summarized in Table 1. Inspection
of Table 1 shows that the concentration-dependent [Ru(dpp)s >
intensity decay kinetics in the sol-gel-derived films can be
described by a model wherein the [Ru(dpp);]*" is simultane-
ously emitting from two discrete microenvironments with
intrinsic luminescence lifetimes of 308 = 19 () and 3068 +
23 ns (m) that are concentration independent. However, as
the [Ru(dpp)s;]*" concentration in the film increases from

Table 1. Average® #* for the fits of the [Ru(dpp); ]** intensity decay
data to various test models

Model Total # of Floa:ing 2
Parameters

Single Exponential 1 0.723

Double Exponential 3 0.901

Double exponential 2 0.901
(11 linked =308 + 19 ns)

Double exponential 2 0.896
(12 linked = 3068 + 23 ns)

Double exponential 1 0.900

(11 linked =308 + 19 ns)
(12 linked = 3068 + 23 ns)
912 intensity decay traces are analyzed simultaneously. ’refers to the

number of floating parameters per data file (i.e., [Ru(dpp); I**
concentration).
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Figure 5. Effect of [Ru(dpp)s;]** concentration on the recovered
average bimolecular quenching constant for [Ru(dpp)s;]**-doped
sol-gel-derived thin films.

3 to 400 puM, the fraction of the observed luminescence
that is associated with the longer-lived species () goes
from essentially zero at 3 uM to over 90% at 400 uM
[Ru(dpp)s]**. For completeness, Figure 5 shows that the
average k, is independent of the [Ru(dpp);]*" concentration.
This result argues that O, transport within the film per se is
not the origin of the results seen in Figure 2. Thus, the sole
reason for the changes in observed sensitivity (Figure 2) is
associated with a change in the distribution of the [Ru(dpp)s]**
molecules within the film with changes in the [Ru(dpp)s;]**
concentration.

A Model. Figure 6 presents a model that is consistent with
our results. In this depiction, we focus on a single pore and
the immediate environment that surrounds the pore. There
are two possible locations for the [Ru(dpp);]*" molecules
(@) within a TEOS-based xerogel: in the pore walls and on
the pore surface. When the [Ru(dpp)s]*" concentration is
< 50 uM, the [Ru(dpp)s]** molecules are mainly distributed
inside the pore walls (i ~ 1). This environment is such that
the [Ru(dpp)s]** is heavily quenched (7 = 308 + 19 ns). As
the [Ru(dpp);]** concentration in the film increases, the
[Ru(dpp)s]** molecules begin to simultaneously distribute
into the pore wall and onto the pore surface. At the highest
[Ru(dpp)s]** concentrations studied, the majority of the
luminescence comes from those [Ru(dpp):]*" species ( /2 >
0.9) that are simultaneously the most accessible to O, and

T, >> 1

ANRu(dpp)s*']

[Ru(dpp);?*] < 20 ppm [Ru(dpp);*] > 20 ppm

Figure 6. Model to describe the effects of [Ru(dpp)s]*" concent-
ration on the [Ru(dpp);]** (@) distribution within the pore of sol-
gel derived thin film. Note: Not drawn to scale.
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the more sensitive to the presence of O, (e.g., 7 is ~10-fold
greater than 7).

Conclusions

The sensitivity of [Ru(dpp)s]**-doped sol-gel derived thin
films to O, depends on the [Ru(dpp)s]** concentration in the
film. The origin of this concentration-dependent change in
sensitivity arises from the [Ru(dpp);]** distributing simultane-
ously between two discrete microenvironments within the
xerogel films. These environments are such that the
[Ru(dpp)s]** excited-state luminescence lifetimes differ by
an order-of-magnitude. Both environments are independent
of the [Ru(dpp)s]*" concentration; the only variable is a
change in the fractional contribution of the [Ru(dpp)s]**
species distributed within each environment. These results
conclusively demonstrate that the dopant concentration can
play a crucial role in the performance of devices based on
sol-gel processing methods.
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