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Iridium(IIT) Complexes as Polymer Bound Oxygen Sensors
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Summary: New luminescent oxygen sensors have been prepared by covalent
attachment of iridium complex luminophores to a silicone polymer. The oxygen
sensor properties of these novel materials were compared to related sensors in which
the luminophore is dispersed within the polymer matrix. Covalently bound
luminophore materials showed increased sensitivity to oxygen over dispersions in
pure silicone polymer as well as in blends with polystyrene, which was added to
improve the mechanical properties of the material.
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Introduction
It has been known for many years that the luminescent excited state of many molecules is
quenched by oxygen, forming highly reactive singlet oxygen.! This is of great concern to polymer
chemists as singlet oxygen formation is thought to be the main cause of polymer
photodegradation. On the other hand, researchers in the field of sensor technology have taken
advantage of this behavior to create oxygen sensors for in vivo, groundwater and barometric
measurements.> The latter is of particular interest to aerospace and automotive industries as an
understanding of aerodynamics is crucial to stability and fuel efficiency concerns. Traditional
methods for measuring surface pressure require pressure taps or transducers. These are time
consuming and expensive to employ and impractical for moving parts (i.e. propeller blades). A
far more efficient method is to employ pressure sensitive paints (PSP) in which a luminescent
molecule (a luminophore) is dispersed in the polymer matrix/solvent that composes the bulk of
the PSP. The luminescence derived from a model painted with a PSP will ideally be in direct
proportion to the air pressure over the model’s surface and this is illustrated schematically in

Figure 1.
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Figure 1. Schematics of a pressure sensitive paint coating a model surface. Filled circles are
ground state luminophores while asterisks are excited state luminophores.

Bimolecular collisions between excited luminophores and ground state (triplet) oxygen quench
the luminophore non-radiatively, producing singlet oxygen and ground state luminophore. The
relationship between the luminophore’s emission intensity, 7, or excited state lifetime, 7, and
oxygen concentration is given by the Stern-Volmer equation (1),

IO 0
F=T=14Ky[0,] ¢h)

in which ° and 7 are, respectively, the luminophore’s intensity and lifetime in the absence of
oxygen, and Kgy is the Stern-Volmer constant. Equation 1 assumes a single luminophore
environment, and deviations from the expected linear behavior occur when this is not the case, or
when quenching occurs by mechanisms other than bimolecular collisions.

In luminescence barometry applications, changes in ambient pressure alter the concentration of
dissolved oxygen within the sensor film. Measurements at zero oxygen concentration are often
impractical, and it is therefore convenient to use an alternate point of reference, such as P = 1
atmosphere. In this case the relationship between luminescence intensity and air pressure

becomes
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in which P, is the reference pressure at which the luminophore’s intensity is I.. The slope of
the Stern-Volmer plot, Qs, is nominally constrained to values between 0 and 1 and is a measure of
the sensitivity of the PSP to changes in oxygen pressure.*

Pressure sensitive paints must meet a number of criteria before they are of practical value. These

are:

1. Luminophore excitation wavelengths should be at long wavelengths
2. Emission properties should be largely temperature independent

3. The luminophores Stokes shift should be large

4. Good stability

5. Short response time

6. Appropriate sensitivity to oxygen concentration

Excitation at short wavelengths is likely to increase photodegredation of the polymer and the cost
and safety concerns associated with the light source are also disadvantageous. Temperature
independence of luminophore emission is a very desirable property because without it small
changes in intensity of emission due to oxygen quenching could be equivalent to that created by
changes in temperature. Deconvoluting this temperature effect from that produced by varying
oxygen pressure is not straightforward and can lead to only qualitative results. In practice, all
luminophores show some temperature dependence to their emission. The goal is to find a
luminophore with a low temperature dependence so that the correction is reasonable and leads to
quantitative results. If the overlap between the absorption and emission band envelopes is
significant, the luminophore in the PSP will absorb emission radiation. A large Stokes shift, a
measure of the separation energy between absorption and emission energies, will minimize this
effect. The PSP must be stable during the entire course of the experiment in order to demonstrate
reproducibility of the measurements. It is especially important that the luminophore be resistant
to reaction with the singlet oxygen that is produced during the experiment. The establishment of
equilibrium conditions within the PSP for a given pressure of oxygen over its surface determines
the response time (time required afterwhich measurement is constant). This is directly related to
the permeability of the PSP to oxygen or more specifically the diffusion of oxygen molecules
within the PSP layer. The required response time and oxygen sensitivity depend upon the

application. For example, the short air bursts in blow-down wind tunnels require PSP response
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times of < 1 second and, for the changes in oxygen pressures created, Q, values of 0.4 to 0.7 are
the norm.” For ground water measurements, where changes in concentration of oxygen are small,
greater sensitivity is required but response times can be much longer.

Low gas-permeability polymers such as polystyrene (PS) and poly(methylmethacrylate) (PMMA)
have good mechanical stability but PSPs based on these polymers would have very long response
times. Fluorination is known to increase gas permeability, and PSPs using polymers such as
poly(hexatluoroisopropyl-co-heptafluoro-n-butyl methacrylate) and poly(2,2,2-trifluoroethyl-co-
isobutyl methacrylate)’ have significantly shorter response times. Silicones (polysiloxanes, e.g.
polydimethylsiloxane, PDMS) were investigated from very early on due to their extremely large
gas permeabilities. Unlike high glass transition temperature (T,) organic polymers such as PS (90
°C) or PMMA (110 °C), many silicones have extremely low T, (e.g. PDMS, -127 °C) and thus
form films with rather poor mechanical properties unless cured (i.e. crosslinked) or mixed with
hardening additives.

Commonly used luminophores include polycyclic aromatic hydrocarbons,® metalloporphyrins,” or
polypyridyl transition metal complexes.® Sensors based e.g. on pyrene, PtOEP (OEP =
octaethylporphyrin), and [Ru(dpp);]Clz (dpp = 4,7-diphenylphenanthroline) have all been studied.
The sensors studied to date have predominantly been ones in which the luminophore is dispersed
within the host matrix as a solid solution. This can lead to the following behaviors that can lead
to undesirable properties:

1. Aggregation

2. Leaching

3. Solvation by blend polymers

Luminophore aggregation can lead to self-quenching and loss of emission. Further emission
losses can occur by luminophore leaching or sublimation from the PSP layer® If additives or
polymer blends are desired to improve PSP properties, the luminophore may partition between
the various components, leading to complex or unexpected behavior.*!® These problems could
be eliminated or at least moderated by covalently attaching the luminophore to the polymer
matrix. !

Recent studies by Marners and Winnik et al'? have demonstrated the efficacy of this approach.

These  authors covalently attached ruthenium  phenanthroline complexes to
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polythionylphosphazenes and found improved Stern-Volmer behavior and significantly increased
sensitivity compared to analogous two-component materials where luminophores are dispersed in
a polythionylphosphazene matrix.

In this study, we present our results for PSPs composed of luminophores covalently attached to
silicones. Silicones have very high gas permeabilities relative to most organic polymers."”? The
main drawback of silicones is that, without curing, they form films with poor mechanical
properties. To provide mechanical stability, silicones can be blended with high T, polymers
and/or rigidifying additives such as silica or alumina. The multitude of microenvironments
created in these heterogenous materials can create unexpected behaviors in PSP applications. For
example, it has been noted that luminophores such as [Ru(dpp);]JCl, have a strong tendency to

14 Y Covalent

aggregate within these blended matrices,'® or to adsorb to the surface of silica.!
attachment of the luminophore to silicones should alleviate aggregation and lead to improved
PSP properties.

As our luminophore we have selected cyclometallated complexes of iridium(Ill). The complex
[Ir(ppy)s] (ppy = 2-phenylpyridine, t° = 2 ps, ¢ = 0.4)" has previously been examined as a

luminescent oxygen sensor, !¢

and provides the advantage over analogous ruthenium complexes
such as [Ru(bpy);]Cl, (bpy = 2,2°-bipyridine, 1° = 0.6 us, ¢ = 0.042)'7 or [Ru(phen)s]Cl, (phen =
1,10-phenanthroline, t° = 0.74 ps, ¢ = 0.08)! of a longer lifetime and much higher quantum
yield. In addition, the non-ionic iridium complexes should be soluable in a greater range of
organic solvents compared to charged luminophores, increasing its synthetic utility, and avoiding

any deleterious electrostatic interactions.

Synthesis
Cyclometallated complexes of Ir(IIl) are well known and the synthetic route to the family of

luminophores used in this study are shown in Figure 2 and 3.
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Figure 3. Preparation of the Iridium(Ill) luminophores.
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Figure 4. Hydrosilation reaction for the attachment of luminophores to silicones.

Transition metal catalyzed hydrosilation is a facile route to the covalent attachment of
luminophores to a silicone backbone as there are a number of commercially available hydride-
containing and hydride-terminated silcones.  Of these silcones, the hydride-terminated
polydimethylsiloxanes PDMS were the easiest to work with because cross-linking reactions,
which had a tendency to generate insoluable polymers, were avoided. Figure 4 illustrates the
general reaction scheme for luminophore attachment by hydrosilation. In addition to 4,
hydrosilation reactions of complexes 2 and 3, with hydride-terminated silicones yielded the novel

PSP materials 5 and 6, respectively.
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Figure 5. "H NMR spectra of complexes 2 and 4 in deuterated methylene chloride.

Characterization

'"H NMR of 2 and the model complex 4 (see Figure 5) provide evidence that the hydrosilation
reaction between the luminophore and silicones is indeed possible. In Figure 5a, the "H NMR
spectrum of 2 shows clearly the presence of vinyl proton chemical shifts. Hydrosilation to form 4
results in the lost of these chemical shifts (Figure 5b) and the appearance of methylene chemical
shifts. Unfortunately, the low concentration of the luminophore in 5 and 6, meant that NMR
could not be used to probe the attached luminophore directly. Luminophore attachment was,
however, evident by the different behavior of 5 and 6 relative to a dispersion of 2 and 3 in PDMS.
For example, while PDMS and 5 are both soluble in hexanes, 2 is not. A sample of 5 can thus be
wholly dissolved in hexanes, whereas with a dispersion of 2 in PDMS (prepared by solvent
stripping a dichloromethane solution of the two components to dryness) only the polymer

dissolves, leaving behind a suspension of 2. Figure 6 shows the absorption and emission spectra
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of § in acetonitrile solution. The concentration of the luminophore in 5 and 6 were estimated
from the m-m* absorption band (a combination of phenyl and pyridine m-7* transitions) that is
seen in the ultraviolet region by using the quantitative electronic absorption spectra of 2 and 3 and
assuming equivalency of spectral properties and no absorption from PDMS. In this way, the
concentrations of luminophore complex in 5§ and 6 were estimated to be 3.6 and 3.5 mM,
respectively. For 5, 100% attachment of the luminophore would have resulted in a luminophore

concentration of 18.9 mM. The hydrosilation reaction yield is therefore approximately 20%.

Method of Analyses

Each sample was treated as follows: a solution of the sample was applied to an aluminum plate
previously covered with a layer of Tristar Starpoxy fluid resistant white epoxy primer (DHMS

C401 Ty3) using a conventional airbrush. The painted plate was
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Figure 6. Absorption and emission spectra of 6 in acetonitrile solution. The molar absorptivity
has been estimated (see text) and the emission spectrum is uncorrected.

then mounted in an in-house designed pressure chamber. Pressure was controlled via a
Scanivalve Corp model PCC100 Pressure Calibrator/Controller in manual mode, and the
temperature of the mounting plate was controlled via a thermoelectric cooler coupled to a model

LFI-3551 Temperature Controller using a model TCS650 thermistor in the 10 pA range, both
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from Wavelength Electronics. Excitation was provided by a Hamamatsu Lightningcure LCS
200W model 18333 Hg/Xe source via a 10 m X 8 mm Oriel UV-Vis Liquid Light Guide
(transmission window 300-650 nm). The source was equipped with 011FG09 and 300FS40
filters from Melles-Griot, transmitting approximately in the range 280-320 nm. Emission was
measured by a 512x512 Photometrics CH350 12-bit CCD camera equipped with a 500 + 40 nm
bandpass filter (SOOFS80-50, Melles Griot). Measurements were taken at 10 °C, scanning from
low to high pressure. At each pressure, multiple measurements were taken to ensure the oxygen
concentration in the film had come to equilibrium. The time required for this to occur provided a
qualitative measure of response time. At the end of each calibration a second reading at 15 psi
was taken to ensure no significant photodegradation had occurred on the timescale of the
experiment. Backgrounds were measured on a section of primed plate. Spectra were also
collected for various calibrations using an Acton Research Corporation SpectruMM CCD
Detection System. A fiber optic lightguide (1.G-455-020) equipped with a Kodak #3 gelatin filter
passed the emission through a  SpectraPro-150 Imaging Dual  Grating
Monochromator/Spectrograph onto a 16-bit Hamamatsu 1024x256 CCD.
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Figure 7. Emission spectra of a thin film of 1:9 6/PS showing the loss of intensity with increasing
total air pressure. Spectra were taken at 5 psi increments over the range 0.05 to 45 psi and have
been corrected for background.
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Oxygen Sensitivity

Figure 7 shows the effect of changing air pressure (0 to 45 psi) on the emission spectrum of a thin
film of a 1:9 blend of 6 with PS. Similar behavior was seen for 5. It is clear that the sensitivity of
the emission spectrum to oxygen is greatest at low pressures. This is more quantitatively

represented by the Stern-Volmer plots (Eqn. 2) in Figure 8.
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Figure 8. Stern-Volmer Calibration Curves for films of 5 (@), 2 dispersed in PDMS (W), 2
dispersed in PS (A) and § blended with PS 1:9 (3¢)

The marked downward curvature of the Stern-Volmer plots of § and its blend with PS has been
seen for transition metal complexes in PDMS by other researchers, and has been ascribed to the
luminophore being solvated in different microenvironments within the polymer matrix, having

WIS Thus at low pressures only the most accessible

different accessibilities to oxygen.
luminophore molecules interact with oxygen, leading to high sensitivity, whereas at higher
pressures the easily accessible luminophore molecules are largely quenched, and the quenching
sensitivity is increasingly dominated by the luminophore molecules in the less accessible

domains. Often the luminescence emission decay profile in these cases can be modelled with two
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exponentials (luminophore lifetimes), and the downward curvature of the Stern-Volmer plots is
then attributed to the ‘two-site model’. This is, of course, a great oversimplification, and it is
generally accepted that a range of different solvation microenvironments is likely to occur in any
given sample.18

As shown by Figure 8, the oxygen sensitivity of a thin film of 5 is greater than the sensitivity of
films of dispersions of 2 in PDMS or PS. Importantly, the blending of PS with 5 to increase the
mechanical properties of the film has resulted in a further increase in oxygen sensitivity compared
to the film made up of S alone. This unexpected albeit gratifying result is suggested to arise from
an increase in lifetime of the luminophore because of a reduction in its freedom of movement.
The oxygen sensitivity of various films is given in Table 1 and, where curvature in the Stern-
Volmer plots exists, Qs values are given for an approximately linear range of data. The data
clearly illustrate the advantage of polymer bound luminophores over dispersions of luminophores
in a given polymer matrix. However, the overall Q; values of § and 6 at pressures greater than 10
psi are too low to be suitable for wind tunnel experiments (Q; values ranging from 0.4 to 0.7 are
preferred).3 It will be necessary to research other polymer bound luminophores to yield PSPs
with greater sensitivity.

Sensor response times were not measured quantitatively. Nevertheless, the ‘dispersed-in-PS’
luminophores exhibited markedly longer response times to changes in total pressure (on the order
of tens of seconds) relative to the ‘dispersed-in-PDMS’ luminophores (which responded as
quickly as the pressure could be changed). The response times of PS blends of 5 and 6 remained
very short, however, being at most a few seconds. Maintaining a short response time in the
presence of rigidifying additives is a distinct advantage brought about by attachment of the

luminophore.
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Table 1. Q; Values from CCD luminescence quenching data over the pressure range 0.05 to 45
psi

Matrix
PDMS PS
2 [0.11,° 0.04° 0.02° 0.13,” 0.08,° 0.057
3 |0.18° 0.07° 0.05° 0.20°
5 [0.62° 0.06,° 0.02° 0.57,° 0.19,° 0.12°
6 [1.00° 0.17° 0.07° 0.63,° 0.24, 0.17°
D For 5 and 6 the matrices are 5 and 6 alone and 5 and 6 blended with PS at a ratio of
&)'8:05 to 5 psi
910 to 45 psi
925 t0 45 psi
Conclusion

Luminescent oxygen sensors 5 and 6 based on cyclometallated iridium complexes have been
synthesized via hydrosilation of luminophores 2 and 3 onto hydride-terminated PDMS. These
novel PSP materials compared favorably with related luminophore-dispersed sensors both in
sensitivity and versatility. Not only is the oxygen sensitivity of these luminophore-bound films
greater than dispersions of the luminophore in PDMS, but the physical properties of the sensor
films can be improved by blending without compromising sensor behavior (higher sensitivity and
short response times).

The strategy of polymer bound luminophores offers exciting opportunities in PSP research that

we expect to address shortly in future publications.
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