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ABSTRACT The luminescent cyclometalated iridium complex [Ir(fppy)2(t-Bu-iCN)2]CF3SO3, 1 (fppy ) 4-(2-pyridyl)benzaldehyde, and
t-Bu-iCN ) tert-butyl isocyanide), was synthesized and characterized by X-ray crystallography and 1H NMR, absorption, and emission
spectroscopies. Complex 1 was quantitatively bound to the water-soluble amine-functionalized polymer Silamine D208-EDA by
reductive amination, to produce 2. The quantum yield of emission and excited state lifetime of 2 (φem ) 0.23 and τ ) 20.6 µs) are
comparable to that of the model complex [Ir(tpy)2(t-Bu-iCN)2]CF3SO3, 3 (tpy ) 2-(p- tolyl) pyridine) with φem ) 0.28 and τ ) 35.6 µs.
Aqueous blends of 2 with Silamine and colloidal microcrystalline cellulose (MC) were used to prepare oxygen-sensor films. Oxygen
sensitivities of these films were determined as a function of Silamine:MC ratio and obeyed Stern-Volmer kinetics. The optimum
oxygen-sensor film composition was 2 in 1:1 Silamine:MC, which had an oxygen sensitivity of 0.502 over an atmospheric pressure
range of 0.007-45 psi. Temperature sensitivity (percentage loss of intensity per °C) of this film was determined to be -1.1 and
-1.4% °C-1 at vacuum and 1 bar atmospheric pressure, respectively. These results were compared to those of films incorporating
dispersions of 1 and 3. Luminescence microscopy of 9:1, 1:1, and 1:5 Silamine:MC films of 2 show that the charged iridium complex
in 2 associates with the surface of MC and lifetime measurements of these films show an increase in lifetime with increasing MC
fraction. The optimum quenching sensitivity observed for the 1:1 Silamine:MC film suggests that the diffusion of oxygen must decrease
with increasing fraction of MC and thereby decrease oxygen sensitivity. These novel materials offer an environmentally friendly
alternative to the preparation of oxygen-sensor films.
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INTRODUCTION

Research in optical oxygen sensors has found applica-
tion in a variety of fields including in vivo imaging
(1, 2), aerodynamics (3–5), environmental analysis

(6–8), analytical chemistry (9 -11), food industry (12, 13),
and biochemistry (14–21). In the field of aerodynamics,
oxygen-sensor materials are incorporated in pressure-sensi-
tive paint (PSP) formulations, the films of which are sensing
materials whose photophysical properties change with chang-
ing air pressure (3, 5, 22–40). PSP formulations in current
use are based in organic solvents and, because of their
volatile organic content, their application and recycling
engender workplace safety and contamination concerns.
These concerns could be eliminated by using an entirely
aqueous PSP formulation that possesses acceptable perfor-
mance compared to commercial PSPs. Oglesby and Ingram
developed a water-based PSP that incorporated nonvolatile
organic solvents, an emulsion polymer and a platinum
porphyrin luminescent compound (41). This PSP formula-
tion showed good performance in a low pressure range (0
to 15 psi); however, the main disadvantage of emulsions is
that they are prone to phase separation without an organic

stabilizer and thus require greater care in their application
than homogeneous formulations. It was therefore desirable
to create a homogeneous formulation that is entirely water
based.

In past research (4, 42–44), we have used luminescent
iridium complexes in PSPs because of their large quantum
yields of emission and sensitivity to oxygen. These iridium
complexes possess poor solubility in aqueous solution but,
as this study will show, covalent attachment to a water-
soluble polymer is a solution to this problem. We report the
synthesis and characterization of [Ir(fppy)2(t-Bu-iCN)2]-
CF3SO3, 1, where fppy) 4-(2-pyridyl)benzaldehyde and t-Bu-
iCN is t-butyl-isocyanide. In situ reductive amination with
methanolic pyridine-borane (45) presents a conveniently
mild process for covalent attachment of the carbonyl func-
tionalized complex to the water-soluble amine functionalized
polymer Silamine D208-EDA to produce the water-soluble
strongly luminescent material 2. The photophysical proper-
ties of 1 and 2 are similar to [Ir(tpy)2(t-Bu-iCN)2]CF3SO3, 3,
where tpy ) N, C2′-(2-para-tolylpyridine), which possesses
an excited state lifetime of τ ) 35.6 µs and emission
quantum yield of Φ ) 0.28 (46). Aqueous blends of 2 with
Silamine and colloidal microcrystalline cellulose (MC) were
used to prepare oxygen-sensor films whose properties were
determined over an atmospheric pressure range of 0.007-45
psi. These results were compared to those of films incorpo-
rating dispersions of 1 and 3, and the results indicate that
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films of 2 are efficient barometric sensors for wind tunnel
applications.

EXPERIMENTAL SECTION
Materials. Iridium(III) chloride hydrate (Pressure Chemical),

2-(p-tolyl)pyridine (tpy) (Aldrich), 4-(2-pyridyl)benzaldehyde
(fppy) (Aldrich), silver trifluoromethanesulfonate (AgOTf) (Ald-
rich), tert-butyl isocyanide (CN-t-Bu) (Aldrich), colloidal micro-
crystalline cellulose (Aldrich), and pyridine-borane (Aldrich)
were used as received. Silamine D208 EDA (MW 2475, amine
value 30) was purchased from Siltech Corp. and heated to 80
°C under vacuum for 30 min before use. 2-Ethoxyethanol
(ReagentPlus, Aldrich) was distilled and dried over MgSO4

(Aldrich). Dichloromethane (Technical, ACP chemicals) was
dried over calcium hydride (Aldrich) and distilled and stored
under argon before use. Methanol (HPLC grade, J. T. Baker) and
diethyl ether (Anhydrous ACS, Fisher Scientific) were used as
received. For the reductive amination reaction, dichloromethane
(Spectro grade, Caledon, 24 mL) was dried over activated 4 Å
molecular sieves (0.53 g) overnight. For spectroscopy, acetoni-
trile (Spectrograde, Fisher Scientific) and dichloromethane
(Spectro grade, Caledon) were used as received. The complex
[Ir(tpy)2(CN-t-Bu)2](CF3SO3) was synthesized using the method
of Li et al. (45), and the dimer complex [Ir(fppy)2Cl]2 was
prepared according to Lo et al. (47).

Spectroscopic Measurements. Absorption and steady-state
emission spectra were acquired in Spectrograde acetonitrile and
dichloromethane on a Cary 5 UV-vis-NIR spectrophotometer
and a Shimadzu RF-1501 spectrofluorophotometer, respec-
tively, at ambient temperatures. To obtain time-resolved fluo-
rescence decays, the samples were excited with the third
harmonic of a Continuum Surelite 2 Nd:YAG laser generating
pulses at 355 nm of 6 ns duration and 15 mJ energy. The signals
from the monochromator/photomultiplier system were initially
captured by a Tetronix TDS 2012 oscilloscope and transferred
to a Macintosh PC clone computer with software LFP V3.0
developed in the LabVIEW environment from Luzchem. A total
of 10 shots were averaged to obtain the decay traces. All
solution lifetime experiments were done in static 1.0 × 1.0 cm2

fused silica cuvettes, following purging with inert gas for 30 min.
Each thin-film lifetime measurement was acquired on a plain
microscope slide (Globe Scientific Inc.) sprayed with the paint
using a conventional airbrush and mounted in a pressure
chamber described elsewhere (43, 44). For the quantum yield
determinations, the samples were optically matched to solu-
tions of Coumarin 1 (Laser grade, Fisher) in ethanol (φ ) 0.73)
(48) at room temperature using a Shimadzu RF-1501 spectrof-
luorophotometer. Dichloromethane was used as the solvent for
all lifetime and quantum yield measurements. NMR spectra
were acquired using a Bruker 300 spectrometer at ambient
temperatures on CDCl3 (Canadian Isotopes Limited) solutions
and referenced to TMS. Elemental analysis was performed by
Canadian Microanalytical Service, Ltd. of Delta, BC, Canada. All
microscopy was performed in air. For luminescence micros-
copy, PSP films were sprayed on plain microscope slides (Globe
Scientific Inc.). The luminescence images were observed using
a confocal microscope Carl Zeiss LSM510 Meta (405 nm, 42.6%
laser intensity) with an ECPlan-Neofluar 40x/1.30 Oil Dic M27
objective exciting at 405 nm and collecting image data at 505
nm. The observed images were analyzed with LSM510 V.4.0
SP2.

Synthesis of [Ir(fppy)2(t-Bu-iCN)2]CF3SO3·CH2Cl2, 1. [Ir-
(fppy)2Cl]2 (0.14 g, 0.12 mmol) was dissolved in dichlo-
romethane (15 mL) and a solution of AgOTf (0.07 g, 0.27 mmol)
in methanol (15 mL) was added. The reaction solution was
stirred for 1 h and then filtered. To the orange filtrate was added
CN-t-Bu (0.25 g, 3.0 mmol), and the resultant solution was
stirred for 2 days at room temperature. The reaction mixture
was evaporated to dryness under vacuum and the yellow

product was filtered. Yellow cubic crystals were obtained by
ether diffusion into a dichloromethane solution of the crude
complex. Yield: 0.15 g, 72%. Elemental anal. Calcd as the
monosolvated C35H34IrN4O5F3S·CH2Cl2, (%): C, 45.19; H, 3.79;
N, 5.86. Found: C, 45.13; H, 3.78; N, 5.74. 1H NMR (CDCl3, 300
MHz, see Figure S1 in the Supporting Information for proton
labeling scheme): 9.70 (Ald., 1H, s), 9.20 (N6, 1H, d, 5.7 Hz),
8.13 (N3,4, 2H, m), 7.82 (P3, 1H, d, 8.0 Hz), 7.69 (N5, 1H, td,
6.3 Hz), 7.53 (P4, 1H, dd, 8.0 Hz), 6.61 (P6, 1H, s), 1.37 (t-Bu,
9H, s) ppm.

Synthesis of 2 by Attachment of 1 to Silamine D208-EDA. To
Silamine D208-EDA (1.5 g, 0.6 mmol, predried by heating at
80 °C under a vacuum for 30 min) was added dichloromethane
(24 mL). The solution was degassed with argon for 10 min and
then 0.53 g of activated 4 Å molecular sieves and 1 (0.09 g, 0.1
mmol) were added, followed by pyridine-borane (0.01 mL,
0.099 mmol). After the solution was stirred at room temperature
under argon for 16 h, methanol (10 mL) was added and the
resultant solution was treated with 6 N HCl (10 mL) for 15 min,
and then pH was adjusted to 12 using concentrated aqueous
NaOH solution. NaCl was precipitated by addition of diethyl
ether (100 mL) and filtered off. The filtrate was solvent stripped
and the residue dissolved in a small volume of acetone, which
was filtered sequentially through 1.0 and 0.45 µm Gelman
Acrodiscs. The filtered solution was added dropwise to rapidly
stirred hexanes yielding a clear, yellow polymer fluid.

PSP Formulations. For the 1:1 Silamine:MC PSP formula-
tions, a solution of 17 mg of [Ir(fppy)2(t-Bu-iCN)2]CF3SO3 in 7.3
mL MeOH was added to another solution that was prepared by
mixing 0.5 g of Silamine D208-EDA in 2 mL of H2O. The
combined solutions were filtered through a 1.0 µm Gelman
Acrodisc and then mixed with 0.5 g of microcrystalline cellulose
in 20 mL of H2O. PSP formulations with different Silamine:MC
ratios were made by changing the proportions of the mixing
solutions. PSPs having 3 as the luminophore were made in the
same manner explained above. To prepare PSPs out of 2, we
used water in place of methanol to dissolve the luminophore.

X-ray Structural Determination of 1·0.25(CH2Cl2). A crystal
was mounted using viscous oil onto a glass fiber and cooled to
the data collection temperature. Data were collected on a
Brüker-AXS APEX CCD diffractometer with graphite-monochro-
mated Mo KR radiation (λ ) 0.71073 Å). Unit-cell parameters
were obtained from 60 data frames, 0.3° ω, from three different
sections of the Ewald sphere. No symmetry higher than triclinic
was observed and solution in the centrosymmetric space group
option yielded chemically reasonable and computationally
stable results of refinement. The data set was treated with
SADABS absorption corrections based on redundant multiscan
data (49). The structure was solved using direct methods and
refined with full-matrix, least-squares procedures on F2. Two
symmetry unique but chemically equivalent ion pairs are
located in the asymmetric unit. One disordered methylene
chloride molecule of crystallization per unit cell was located
away from the ion pairs. The disordered triflate anions and
methylene chloride molecule were treated as diffused contribu-
tions (Squeeze/Platon) (50). Two t-Bu-iCN ligands (one on each
cation) and one fppy ligand were located disordered in two
positions with refined site occupancies of 65/35, 80/20, and 54/
46, respectively. The structure displays disorder that cannot be
satisfactorily modeled because of the subtle differences (<1 Å)
in atomic positions leading to larger than ideal Ueqmax/Ueqmin

ranges, low C-C precision and Hirshfeld test failures. All bonds
were restrained as rigid bonds with common Uij values within
standard deviation. All non-hydrogen atoms were refined with
anisotropic displacement parameters. All hydrogen atoms were
treated as idealized contributions. Structure factors are con-
tained in the SHELXTL 6.12 program library (49). The structure
has been deposited at the Cambridge Crystallographic Data
Centre under CCDC 717607.
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Determination of Oxygen Quenching Sensitivity (QS). The
degree of bimolecular quenching is dependent upon the con-
centration of oxygen in the PSP which in turn is determined by
air pressure according to Henry’s law. The effect of the partial
pressure of oxygen (pO2) on PSP luminescence can be quanti-
fied by the Stern-Volmer relationship

where I0 and I are luminescence intensity in the presence and
absence of quencher, respectively, kq is the quenching rate
coefficient that is largely diffusion limited, τ0 is the luminescence
lifetime in the absence of quencher, and KSV is the Stern-Volmer
quenching constant. When measurements at zero oxygen
concentrations are inconvenient (e.g., Wind tunnel experi-
ments), an alternate point of reference (usually atmospheric
pressure) is used. In this case, eq 1 becomes

where Pref is the reference pressure at which the luminescent
compound’s intensity is Iref and C is normally 1 - Qs if temper-
ature is constant. The slope of the Stern-Volmer plot, Qs is a
measure of the luminescent compound’s sensitivity to oxygen.

Each PSP formulation was applied to a primed aluminum
plate with a Tristar Starpoxy fluid resistant white epoxy primer
(DHMS C4.01 Ty3) using a conventional airbrush. It was then
mounted in a pressure chamber described elsewhere (43, 44).
The average film thickness was estimated to be 2 ( 1 µm by a
Positector 6000 model thickness gauge. Excitation was provided
by a Hamamatsu Lightningcure LC5 200W (model L8333
Hg-Xe) source via a 10 m × 8 mm Oriel UV-vis liquid light
guide. Several optical filters in parallel were placed inside the
lamp, before the light guide, to block wavelengths greater than
400 nm (Rapp Optoelectronic UV-1 and Hamamatsu A7028-05
filter). Thin-film emission spectra were collected using an Acton
Research Corporation SpectruMM CCD detection system. A fiber
optic lightguide (LG-455-020), equipped with a Kodak Wratten
Gelatin 3 filter absorbing ultraviolet radiations passed the emis-
sion through a SpectraPro-150 imaging dual grating monochro-
mator/spectrograph onto a 16-bit Hamamatsu 1024 × 256 CCD.
Following the dark current subtraction, the spectra were nor-
malized by the maximum intensity at atmospheric pressure to
produce the spectra variations with pressure (Iref/I). Data for the
Stern-Volmer plots were obtained by integrating the spectra
over wavelengths between 460 and 560 nm. These measure-
ments were taken at 24 °C, between 0.007 and 45 psi. A
Scanivalve Corp. pressure calibrator/controller and a thermo-
electric cooler coupled to a temperature controller were used
to control pressure and temperature, respectively. Measure-
ments at the reference pressure of 14.7 psi were taken two
times during the calibration in order to estimate the photosta-
bility of the paints. The excitation light source stability was
monitored with a temperature controlled Oriel 7123 photodiode.

RESULTS AND DISCUSSION
Syntheses and Characterizations. The reaction of

tert-butyl isocyanide with the chloride-bridged iridium dimer
[Ir(fppy)2Cl]2, using a method similar to that of Li et al. (45)),
gave complex 1 in 72% yield. The 1H NMR spectrum of this
complex was consistent with its formulation and the proton
chemical shifts of 4-(2-pyridyl)benzaldehyde and tert-butyl

isocyanide ligands were assigned on the basis of a COSY 2-D
analysis (see Experimental Section and the Supporting
Information). Single-crystal X-ray crystallographic analysis
of 1 at 120 K determined its crystal structure and showed
that two symmetry unique but chemically equivalent ion
pairs are located in the asymmetric unit. Full data are given
in the Supporting Information but here we present an
ORTEP drawing of one iridium cation (Figure 1). Crystal-
lographic data and some selected bond lengths and angles
are given in Tables 1 and 2, respectively. In Figure 1, iridium
occupies a distorted octahedral coordination sphere of four
carbon and two nitrogen donor atoms in which tert-butyl
isocyanide ligands are cis to each other. In this stereochem-
istry, the bidentate pyridylbenzaldehyde ligands are ex-
pected to be coordinated to iridium with pyridine nitrogens
trans to each other because that is the geometry of the
reagent dimer complex (51), which is unchanged by the
synthesis of 1. The Ir-N bond lengths (Table 2) are similar
to those of analogous complexes possessing the bis(pyridyl-

I0
I
) 1 + kqτ0[O2] ) 1 + Ksv(pO2) (1)

Iref

I
) C + Qs

P
Pref

(2)

FIGURE 1. ORTEP of 1·0.25(CH2Cl2) with thermal ellipsoids at the
30% probability level. The alternate disordered contribution, second
symmetry unique ion pair, triflate counterion, methylene chloride
solvent molecule, and hydrogen atoms are omitted for clarity.

Table 1. X-ray Crystallographic Data and
Refinement Details for 1·0.25(CH2Cl2)
empirical formula C35H34F3IrN4O3S·0.25(CH2Cl2)
Mr 861.15
cryst syst triclinic
space group P1̄
a (Å) 15.164(5)
b (Å) 17.083(6)
c (Å) 17.242(6)
R (deg) 117.569(5)
� (deg) 104.876(5)
γ (deg) 100.075(5)
V (Å3) 3595(2)
Dx (g cm-3) 1.591
T (K) 120(2)
λ (Å) 0.71073
R[F2> 2σ(F2)] 0.0498
wR(F2) 0.1343
Z, Z′ 4, 2
µ (mm-1) 3.864
GOf 1.034
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benzaldehyde)iridium fragment (47, 52). Figure 1 also shows
that the tert-butyl isocyanide ligands are slightly bent, with
Ir1-C30-N4 and C30-N4-C31 bond angles of 176.8(6)
and 173.2(7)°, respectively, in agreement with those found
in crystal structures of other tert-butyl isocyanide iridium
complexes (53–57).

Reductive amination between 1 and the water-soluble
amine-functionalized Silamine D208-EDA gave the lumino-
phore-functionalized Silamine, 2, as shown in Scheme 1.

The yield of the reaction in Scheme 1 was estimated by
assuming that the electronic absorption properties of the
iridium complex in 2 were the same as those of free complex
3. Thus, a quantitative solution of 2 in CH2Cl2 showed a
π-π* absorption band at 263 nm that was assumed to
possess the same extinction coefficient as the π-π* absorp-
tion band of 3 (λ ) 260 nm, ε ) 3.35 × 104 M-1 cm-1). The
calculated concentration of iridium complex in 2 indicated
quantitative attachment of 1 to Silamine.

The attachment of 1 shown in Scheme 1 is of cross-linked
Silamine chains. However, it is also possible for 1 to bind to
a single Silamine chain by one or two methyl-amine links.
There was no evidence of unreacted aldehyde in the 1H NMR

of 2 (see the Supporting Information), which may indicate a
complete condensation reaction or reduction of the aldehyde
group by pyridine-borane. Unfortunately, 1H NMR chemical
shift of phenylpyridine protons overlaps with an imine
proton that may be present. This, together with the large
molecular weight of 2, makes an assignment of the chemical
shift of an imine proton ambiguous. Nevertheless, the
similarity of 2 and 3’s photophysical properties and elec-
tronic absorption spectroscopy (vide infra) suggests that
imine linkages were reduced to methyl-amines by pyri-
dine-borane. This was desired in order to closely match the
electronic and photophysical properties of the Silamine
bound iridium complex to those of complex 3.

Electronic Spectroscopy and Photophysical
Data. Room temperature absorption and emission data for
1, 2, and 3 have been placed in Table 3 and Figure 2 shows
representative absorption and emission spectra of 2. Three
characteristic absorption bands are observed; the overlap-
ping bands at λ ) 239, 263, and 317 nm are assigned to
fppy ligand π-π* transitions, whereas the band λ ) 359 nm
is assigned to iridium to fppy metal-to-ligand charge-transfer
(MLCT) transitions (45, 47, 51, 58).

For 1, the aldehyde group of the fppy ligand appears to
decrease the extinction coefficient of the MLCT band and to
shift it to longer wavelengths compared to the MLCT band
of 3. The decrease in MLCT intensity reflects a decrease in
metal-ligand coupling (59) and the shift to longer wave-
lengths, particularly for emission, is consistent with a stabi-
lization of the π* orbitals of fppy by a conjugated electron-
withdrawing substituent. In Figure 2, the emission band

Table 2. Selected Bond Lengths (Å) and Angles
(deg) for 1·0.25(CH2Cl2a

Ir1sN1 2.049(5), 2.039(10) N1sIr1sN2 170.7(2), 165.2(6)
Ir1sN2 2.047(5), 2.051(5) C25sIr1sC30 91.9(4). 89.1(3)
Ir1s C7 2.046(6), 2.057(11) C7sIr1sN1 80.1(2), 80.0(5)
Ir1sC25 2.037(8), 2.062(6) C19sIr1sN2 80.3(2), 79.9(2)
C12sO1 1.147(9), 1.148(14) C25sIr1sC30 91.94(4), 89.1(3)
C24sO2 1.202(8), 1.193(7) N3sC25 1.138(10), 1.157(8)
N3sC26 1.515(13), 1.457(10) N4sC30 1.164(8), 1.118(8)
N4sC31 1.487(9), 1.464(8)

a The second value is for chemically equivalent bonds in the
second symmetry unique cation. In case of disordered fragments,
only the major contributor is represented.

Scheme 1

Table 3. Solution Absorption,a Emission,b and
Photophysical Datab for 1, 2, and 3

1 2 3c

λmax π-π*(nm) (ε)d 258 (2.51 × 104) 239, 263, 317 260 (3.35 × 104)

λmax MLCT (nm) (ε) 367 (6.92 × 103) 359 348 (1.21 × 104)

λmax emission (nm) 496 461 458

φ 0.35 0.23 0.28

τ (µs) 17.3 20.6 35.6

a CH3CN. b CH2Cl2. c From ref 10. d Units of M-1 cm-1.

FIGURE 2. Solution absorption and emission spectra of 2. The
absorption spectrum was acquired in CH3CN and the emission
spectrum was acquired in CH2Cl2. For 2, the extinction coefficient
at λ ) 255 nm was assumed to be identical with that of 3 at 260
nm. See Table 3 data.
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shows a vibronic progression that has been previously
analyzed for a series of Ir(tolylpyridine)2 complexes, assum-
ing a dominant vibrational stretch (51). The relative intensi-
ties of these vibronic components is evidently substituent
dependent as shown by the emission spectra of 1, 2, and 3
in acetonitrile (see the Supporting Information, Figure S2),
but this was not investigated further. The photophysical data
in Table 3 show that the excited MLCT state for each of these
complexes is intensely emissive and possesses a long life-
time. These properties in combination with the oxygen
quenching of the MLCT excited state find use in oxygen
sensor applications.

Characterization of Presssure-Sensitive Paint
(PSP) Films. Among the PSP films studied, the only
completely water-soluble film formulations are those of 2.
The other film formulations required the addition of metha-
nol to solubilize 1 and 3. In addition, to compensate for the
poor mechanical properties of Silamine D208-EDA, we
included microcrystalline cellulose (MC) in the formulations.
A representative study of the pressure-dependent film emis-
sion of 2 in 1:2.3 Silamine:MC is shown in Figure 3.

Films of 2 and 3 displayed an intense yellow-white
luminescence with UV irradiation under low pressure condi-
tions, while films of 1 showed a noticeably reduced lumi-
nescence despite having the same concentration of lumino-
phore and a higher emission quantum yield (Table 3). This
suggests that 1 aggregates and self-quenches in the film
formulations used in this study. The decrease in emission
intensity with increasing air pressure relative to the emission
intensity at 1 atm pressure can be treated according to
Stern-Volmer kinetics (see Experimental Section) and Fig-
ure 4 shows modified Stern-Volmer plots of 2 in three
Silamine:MC formulations. A total of five Silamine:MC ratios
were used for each luminophore in order to determine the
conditions for optimum PSP performance. Oxygen quench-
ing sensitivity data for all the films were calculated from
linear fits to the Stern-Volmer plots with r2 > 0.95 and have
been placed in Table 4.

In most cases, the Stern-Volmer plots of thin films of 1,
2 and 3 showed curvature in the low-pressure region (0.007
to 5 psi), which is probably a consequence of multiple
quenching processes arising from hetereogenous lumino-
phore environments. As seen from Figure 4 and the data in
Table 4, quenching sensitivity (particularly for 2) is depend-
ent upon microcrystalline cellulose concentration. To help
understand this, we examined the luminescence microscopy
of films of 2, and the results are shown in Figure 5.

In Figure 5A, luminescence microscopy shows that at low
concentration of MC, the luminescence from the film is
largely dispersed with some local enhancement around
particles of MC. This localization of luminescence around MC
particles becomes even more obvious in Figure 5B, the film
that gives the best oxygen sensor performance. In Figure 5C,
the film that has the greatest concentration of MC, an overall
loss of luminescence intensity has obviously occurred which
we attribute to light scattering by MC particles but there is
still evidence of luminophore association with MC. It is
suggested that the positively charged iridium luminophore

FIGURE 3. Effect of pressure on thin film luminescence of 2 in 1:2.3
Silamine:MC, P ) 0.3 mbar, black; 0.34 bar, red; 1.00 bar, green;
1.70 bar, yellow; 2.72 bar, blue. Iref is measured at 1 atm.

FIGURE 4. Room-temperature Stern-Volmer plots of 2 in 9:1
Silamine:MC, black; 1:1 Silamine:MC, red; 1:2.3 Silamine:MC, blue.

Table 4. PSP films Oxygen Sensitivities
luminophore matrix Qs (r2)

1 9:1 Silamine:MC 0.242 (0.973)a

5:1 Silamine:MC 0.248 (0.977)a

1:1 Silamine:MC 0.286 (0.974)a

1:2.3 Silamine:MC 0.269 (0.970)a

1:5 Silamine: MC 0.242 (0.974)a

2 9:1 Silamine:MC 0.277 (0.976)a

5:1 Silamine:MC 0.277 (0.955)a

1:1 Silamine:MC 0.502 (0.989)b

1:2.3 Silamine:MC 0.439 (0.975)b

1:5 Silamine:MC 0.327 (0.982)a

3 9:1 Silamine:MC 0.259 (0.992)a

5:1 Silamine:MC 0.279 (0.991)a

1:1 Silamine:MC 0.299 (0.980)a

1:2.3 Silamine:MC 0.257 (0.981)a

1:5 Silamine:MC 0.259 (0.975)a

a 5-45 psi. b 0.007-45 psi.
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in 2 is electrostatically attracted to the polar groups on the
surface of MC.

Lifetime measurements of 9:1, 1:1, and 1:5 Silamine:MC
films of 2, under ambient pressure and vacuum, are com-
piled in Table 5. Emission decay was fitted with a double
exponential assuming two luminophore environments: 2 in
Silamine polymer and 2 associated with the MC surface. The
data show an increase in lifetime with increasing MC frac-
tion. Quenching sensitivity Qs is dependent upon both
lifetime and the quenching rate constant kq (eq 1 and 2) and
so the observation of an optimum Qs value (see Table 4) with
MC fraction suggests that the quenching rate constant, or
more specifically the diffusion of oxygen, must decrease
with increasing fraction of MC (60). The optimum PSP

formulation in Table 4 is 2 in 1:1 Silamine:MC, which gave
an oxygen sensitivity of 0.502, with good linear behavior in
a pressure range of 0.007 to 45 psi.

The temperature dependence of emission intensity of 1,
2, and 3 in 1:1 Silamine:MC films were examined in the
temperature range of 10-40 °C under vacuum and 1 bar
atmospheric pressure. The emission intensities were nor-
malized to that at 10 °C and the results plotted in Figure 6.

In Figure 6, the data for the temperature dependence of
emission gave good linear least-squares fits passing through
or at least closely approaching the normalization value at 10
°C. The temperature sensitivities (percent intensity loss per
degree) of the films were determined to be -1.5 and -1.6%
°C-1 for 1, -1.1 and -1.4% °C-1 for 2, and -1.1 and
-1.3% °C-1 for 3 at vacuum and 1 bar atmospheric pres-
sure, respectively. The increase in temperature sensitivity
at 1 bar atmospheric pressure relative to that at vacuum can
be ascribed to the temperature dependence of bimolecular
oxygen quenching and is expected but the significant tem-
perature sensitivities of the films of 1, 2, and 3 in vacuum
are not. Luminescence decay of Ir(Cs)(acac)2, where Cs is
3-benzothiazol-2-yl)-7-(diethylamino)-coumarin and acac is
acetylacetonate, showed very little dependence on temper-
ature from 1 to 50 °C in vacuum (43). Similarly, PSP’s using
osmium complex luminophores have shown a range of
temperature sensitivities varying from-0.11 to 1.00% °C-1

in vacuum (22), which suggests that the nature of the
coordination sphere plays a critical role in determining
temperature sensitivity. In any case, the temperature sen-
sitivity of 2 in 1:1 Silamine:MC films must be compensated

FIGURE 5. Luminescence microscopy of films of 2 performed under
ambient conditions: (A) 9:1 Silamine:MC; (B) 1:1 Silamine:MC; (C)
1:5 Silamine:MC. The scale in red is 10 µm.

Table 5. Luminescence Lifetime Data of 2 in
Silamine:MC Films in Microseconds

vacuum ambient pressure

Silamine:MC film τ1 τ2 R2 τ1 τ2 R2

9:1 0.5 5.9 0.990 0.3 4.9 0.986
1:1 0.6 17.6 0.995 0.6 12.9 0.997
1:5 3.2 25.8 0.993 0.5 15.3 0.984

FIGURE 6. Temperature versus emission intensity ratio (Iref is the
intensity at 10 °C) of 1 in 1:1 Silamine:MC: vacuum, black circle; P
) 1 bar, red triangle. 2 in 1:1 Silamine:MC: vacuum, green square;
P ) 1 bar, yellow diamond. 3 in 1:1 Silamine:MC: vacuum, blue
triangle; P ) 1 bar, purple circle.

A
R
T
IC

LE

1790 VOL. 1 • NO. 8 • 1785–1792 • 2009 Habibagahi et al. www.acsami.org



for to obtain correct barometric data and this can be achieve
by using a temperature sensitive calibrant as in a dual-
luminophore oxygen and temperature sensor film (61).

CONCLUSIONS
Theluminescentcyclometalatediridiumcomplex[Ir(fppy)2(t-

Bu-iCN)2]CF3SO3, 1, was prepared and characterized and
bound by reductive amination to the water-soluble amine-
functionalized polymer Silamine D208-EDA, producing 2, a
water-soluble luminescent polymer. A PSP film of 2 in 1:1
Silamine:MC had an oxygen sensitivity of 0.502 over an
atmospheric pressure range of 0.007-45 psi. Temperature
sensitivity (percentage loss of intensity per °C) of this film
was determined to be -1.1 and -1.4% °C-1 at vacuum and
1 bar atmospheric pressure, respectively. The PSP formula-
tions of 2 were entirely water-based and offer an environ-
mentally friendly alternative to nonaqueous PSP formulations.
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