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Temperature Dependence of Pressure Sensitive Paints
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The photoluminescence properties of a typical pressure sensitive paint (PSP) formulation consisting of tris-(4,7-
diphenylphenanthroline)ruthenium(II) dichloride (RudpCl) dispersed in a polydimethylsiloxane (PDMS) binder
were examined as a function of temperature. Thus, the temperature dependence of the luminescence intensity
I.n and emission decay lifetime T, of the PSP formulation and for the photoluminescent RudpCl dye dissolved
in ethanol solvent were determined for temperatures ranging from 5 to 50oC. Analysis of the experimental data
indicates that under deoxygenated conditions the temperature dependence of L, and T, for either the PSP for-
mulation or ethanol solutions is dominated be the intrinsic temperature dependence of the nonradiative decay rate
of the photoluminescent dye molecule. By contrast, for the PSP formulation at 1-atm air pressure the temperature
dependence of I, and T, is dominated by the temperature dependence of the diffusivity of oxygen in the PDMS
binder. Theimplications of the experimental results on the design and applicationof PSP formulationsare discussed.

Nomenclature
A = preexponential frequency factor
C = constant
D = mass diffusivity
E = activation energy
I = luminescence emission intensity
Ksy = Stern—Volmer constant
k = luminescence decay rate constant
[O:] = oxygen concentration
R = gas constant (1.987 cal/mole K)
T = temperature
t = time
oy, o, 05 =amplitude factor for Eq. (6)
B = temperature sensitivity term
A = wavelength
T, Tom = luminescence emission decay lifetime
g) = weighted average lifetime; Eq. (7)
i = luminescence emission quantum efficiency
Subscripts
atm = atmospheric condition
nr = nonradiative
q = quenching
r = radiative
Superscripts
0 = vacuum
1 atm = value taken at 1-atm pressure

I. Introduction
RESSURE sensitive paints (PSP) are gaining wide acceptance
as an accurate and cost-effectivefull field surface pressure mea-
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surement technique."-? Originally applied in supersonic and tran-
sonic flows with large pressure gradients, the technique is success-
fully being applied in low-speed flows* and to rotating machinery*
Major difficulties with the technique include corrections for model
movement,>¢ limited time response,” and temperature effects.'?
The latter effect is currently one of the major factors that limits the
accuracyavailablein applicationof PSP to full field surface pressure
measurement.

The dyes used in PSP formulations are inherently sensitive to
temperature changes as well as to changes in the concentration of
oxygen within the coating. Although the temperature dependence
of the PSP can be used to advantage (i.e., for full field tempera-
ture measurements), it is a large source of error for pressure sens-
ing applications.! %% This paper presents the results and analysis
of an experimental investigation that explored the origins of the
temperature dependence of a typical PSP formulation comprising a
luminescent polypyridine Ru(Il) complex dispersed within a poly-
dimethylsiloxane (PDMS) binder. The results of this investigation
revealthatthe temperaturedependenceof the luminescencefromthe
PDMS-based PSP system originates from two terms. The smallest
componentarises from the intrinsic temperature dependence of the
(thermally activated) nonradiativedecay channelof the luminescent
Ru(IT) dye, whereas the dominantterm is due to the temperature de-
pendence of the diffusivity of molecular oxygen within the PDMS
binder. These results are important in guiding the development of
new PSP formulations with improved temperature sensitivities and
in developing temperature compensation methods.

II. Materials, Methods, and Instrumentation

The PSP formulation used herein comprised tris-(4,7-diphenyl-
phenanthroline)-Ru(Il) dichloride (RudpCl) dissolved in a PDMS
binder. RudpCl was synthesized by a literature procedure and puri-
fied by repeated recrystallization from water.!® The silicone binder
was derived from diacetoxy-endcapped PDMS (Gelest, Inc., DMS-
D33). In a typical film preparation, 3.0 mg of RudpCl and 1.0 g of
PDMS were dissolved in 4 ml of dichloromethane. The resulting
solution was spray coated onto several borosilicate glass slides by
using a commercially available air brush. The coated slides were
thenallowed to dry for 24-48 h at ambient temperature. Under con-
ditions of low humidity, the RudpCl/PDMS films typically dried
completely within 48 h; however, if the humidity was high, the
films remained tacky even several days after spray coating. Only
films that were dry to the touch (i.e., not tacky) were used for lu-
minescence studies. Comparisons between the luminescence prop-
erties of the RudpCl/PDMS films and RudpCl/ethanol solutions
were performed. The solutions were prepared using reagent grade
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absolute ethanol, and the concentration of RudpCl was 5 X 10-°
M (mole/liter). Steady-state emission studies were carried out on
a commercially available fluorescence spectrophotometer (SPEX
Industries, F-112A). Time resolved emission studies were carried
out by time correlated single photon counting on a commercially
available instrument (Photochemical Research Associates, FLI).
Luminescence decays were analyzed by using the DECAN soft-
ware package.!!

Emission lifetimes for RudpCl dissolved in ethanol were deter-
mined for solutionsat equilibriumwith 1-atmair pressureand for so-
lutionsthat were thoroughlydegassedby bubblingwith argon. Emis-
sion lifetimes of RudpCl dispersed in PDMS films were obtained
for samples at equilibrium with 1-atm air pressure and for samples
that were maintained under high vacuum (pressure < 2,10—* atm).
Liquid and film samples were affixed in custom-built sample hold-
ers that could be maintained at constant temperature by means of a
temperature controlled recirculating water bath. Experimental data
represent results of a variable temperature run on a single sample.
However, all temperature dependence experiments were repeated at
least three times on independently prepared samples to confirm that
the results were reproducible.

III. Background: Molecular Photophysics

To understandthe experimentalapproachthat was the heart of this
study, itisnecessaryto briefly outline pertinent back groundmaterial
on molecular photophysics. The presentation herein is brief; more
detailed discussionsare available in the literature.!>~!

Photoexcitation of the RudpCl dye in the blue region of the vis-
ible spectrum produces the luminescent molecular excited state,
*RudpCl. In the presence of oxygen, *RudpCl has available three
decay channels, which operate in parallel (Fig. 1): 1) emission of a
photon (radiative decay) with first-orderrate constantk, ; 2) transfer
of thermal energy to the surrounding medium (nonradiative decay)
with first-order rate constant k,,; and 3) quenching by interaction
with molecular oxygen with pseudo-first-order rate k,[O], where
[O,] is the oxygenconcentrationand k,, is the second-orderrate con-
stant for the quenching process. For a luminescent molecule such
as RudpCl, it is possible in principle to experimentally determine
the luminescence quantum efficiency ®.,,, and the emission decay
lifetime 7,,,. In practice, however, the former term is very difficult
to determine for specimens comprising a dye dispersed in a solid
film; thus, for the present studies we will refer to the luminescence
intensity I, which is proportional to the quantum efficiency (i.e.,
I, = CD,,, where C is a constant). These experimentally acces-
sible parameters are related to the rate constants of the individual
decay channels by the following expressions:

Ck,
Iem_ kr+knr+kq[o2] (1)
1 T = ke + ke + k,[05] )

When a vacuum is imposed (or the sample is degassed with an inert
gas, i.e., argon), the oxygen concentration in the sample vanishes
and the natural emission decay lifetime 72, is related to &, and ki
as follows:

1 0 = ks + ki (3)
RudpCl + heat
kq[OZ]
ke .
*RudpCl = RudpCl + light
Kor Fig.1 Diagram illustrating

decay pathways available
to photochemically

exicited RudpCl.
+light RudpCl + heat p

RudpCl

Dividing Eq. (1) by Eq. (2) yields
Lo/ T = Ck; 4

which reveals that the emission intensity-lifetime ratio is propor-
tional to the radiative decay rate k..

For a sample consisting of a dilute homogeneous solution of lu-
minescent dye in a fluid solvent (i.e., RudpCl in ethanol), pulsed
excitation produces emission that decays according to a single ex-
ponential expression, i.e.,

Iem(t) = I, exp(_t] Tem) (5)

where 7 is time. An exponentialemission decay is observed because
the instantaneous emission intensity is directly proportionalto the
concentrationof *RudpCl, and, as indicated by Fig. 1, *RudpCl de-
cays accordingto a first-orderkinetic law. By contrast, the emission
of RudpCldispersedin PDMS films does not decay accordingto Eq.
(5). Thus, to adequately simulate the emissiondecays, an expression
consisting of a sum of three exponentialterms is required:

Lu(t) = ayexp(—t/ 1) + o exp(t/ ) + as exp(—t/ )  (6)

where ¢; and 7 are, respectively, the amplitude and lifetime of the
ith exponentialdecay component.

Multiexponential emission decays are typically observed for
molecules dissolved in polymer films or in frozen solvent glasses.'®
The basis for the multiexponential behavior is that the luminescent
dye molecules are in an inhomogeneous environment in the solid
medium. The inhomogeneity is associated with the fact that the
host matrix has domains that vary with respect to their interaction
with the luminescent probe. As a result, there is a dispersion in the
rates for each of the three decay channels of the molecules. In effect,
some moleculesdecay more rapidly than others because of their dif-
ferent environments. It is likely that the inhomogeneity influences
primarily k,,; however, some dispersion in k, and k,[O,] is also to
be expected.

To simplify the analysis of the temperature dependent emission
decay data for the RudpCl/PDMS films, we have used the three
exponentialfits of the experimentalemission decay data to calculate
the median lifetime (‘L’), which is defined by the following equation:

= 0T+ 0h+ 0T %)
(= 0+ 0o+ 0

where ¢; and 7 are, respectively,the amplitudeand lifetime of the ith
exponentialdecay componentobtained from fits of the experimental
decay data according to Eq. (6).

IV. Experimental Results

The RudpCl/PDMS system comprises a typical PSP formul-
ation.!” The dye is excited with blue light (A, = 450 nm) and
luminesces strongly in the red (A ~ 620 nm). Studies of the
luminescence intensity as a function of air pressure indicate that
the luminescence of the RudpCl/PDMS film is strongly quenched
by atmospheric oxygen. Stern—Volmer plots of the luminescence
intensity data over the 0_14 psi range can be obtained by plot-
ting the ratio of the intensity at zero pressure to intensity at pres-
sure, Ifm/ L., vs the pressure P. This results in a nearly linear
relation (I°,/ I, = 1+ Kgy P) and yields a Stern—Volmer quench-
ing constant Ksy of 0.70 psi—'. This Kgy value is significantly less
than previously reported by Xu et al.'’ for RudpCl in ostensibly
the same PDMS material (Ksy ~, 4.9 psi—!). However, the oxygen
sensitivity of our RudpCl/PDMS system, as reflected by Kgy, is
comparable to or greater than that of other PSP systems based on
PDMS binders.!

The temperature dependence of the luminescence from RudpCl
was investigated in two media (ethanol and PDMS) by monitoring
the emission intensity and the emissiondecay lifetimes. The temper-
ature dependence of the emission intensity quantitatively followed
the same trends as observed for 7 (or g’ ), but because more infor-
mation concerning the luminescence Hécay dynamics is available
from the lifetime studies, we focus on those data.

Table 1 contains the emission decay lifetimes of RudpCl in air-
saturated and argon degassed ethanol over the temperature range
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Table1 Emission intensity and decay lifetimes

for RudpCl in ethanol®
Air Argon Argon
saturated degassed degassed
T, oC T, ns T, ns L, relative®
8 6210 6210

14 295
18 283 5320 5170
23 273
29 4390 4030
30 272
34 4200 3510
36 277
39 280
42 3280 2680
43 285

#Estimated error in lifetimes is 45 %.

Relative emission intensity normalized to emission lifetime
in argon degassed solution at 8 <C.

Table2 Emission intensity and decay lifetimes for RudpCl

in PDMS at 1-atm air pressure

Temp, T, 7, 7, (Q Iem,
oC o ns o ns o ns relative?®
8 0.74 32 024 343 0.02 2450 158 158
15 0.75 28 0.22 307 0.02 2330 138 147
22 0.75 28 0.22 283 0.02 2290 134 137
32 0.77 27 021 254 0.02 2190 119 122
38 0.78 27 020 252 0.02 2190 116 113
43 0.77 24 021 225 0.02 1890 106 105
50 0.80 20 0.19 206 0.02 1870 84 95

4Relative emission intensity normalized to median emission lifetime at 8 «C.

Table 3 Emission intensity and decay kinetics for RudpCl
in PDMS under vacuum

Temp, T, 7, 7, (Q Iem,
oC o4 ns o ns o ns relative?®
11 0.62 62 0.09 539 0.30 6010 1870 1870
18 0.61 60 0.10 678 0.29 5850 1810 1740
29 0.61 65 0.10 1340 0.29 5640 1820 1570
32 0.61 65 0.10 1540 0.29 5450 1780 1530
40 0.60 62 0.11 1390 0.29 4880 1600 1430
46 0.61 55 0.11 759 0.26 4550 1400 1370

4Relative emission intensity normalized to median emission lifetime at 11C.

from 10 to 40<C. In every case the emission decays obeyed Eq. (5)
for at least three lifetimes, indicating that, as expected, RudpCl de-
caysaccordingto a first-orderkinetic model. The emission lifetimes
are significantly shorter for the air-saturated solutions owing to the
quenching by oxygen. Close inspection of the data reveals that the
lifetime in the argon degassed solution decreases monotonically
with increasing temperature; however, the emission lifetime is con-
stant within experimental error for the air-saturated solution over
the temperature range examined. Table 1 also contains a listing of
the temperaturedependenceof the steady-stateemissionintensity of
the RudpCl in ethanol, in arbitrary units normalized to correspond
to the emission lifetimes. These data reveal that the total emission
intensity decreases in parallel with the decrease in 7 for the argon
degassed sample.

Tables 2 and 3 contain listings of the parameters obtained from
fits of the emission decays of the air-saturatedand vacuumdegassed
RudpCl/PDMS samples according to Eqs. (6) and (7). As noted in
Sec. I11, the emission decays of the RudpCl/PDMS films are nonex-
ponentialowing to the heterogeneousnature of the polymer matrix.
In both air-saturated and vacuum degassed samples the emission
decays are characterized by short, middle, and long emission life-
time components (7;, T, and T, respectively); the contribution of
each component to the total decay is reflected by the correspond-
ing amplitude factors ;. Oxygen has a pronounced effect on the
overall emission decay of the RudpCl/PDMS film as reflected by
the greater than tenfold lower (T) in the presence of air compared
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Fig.2 Plotsofemission lifetime, T or (r‘:' ,asafunction of temperature:
experimental data indicated by polygohns; solid lines indicate fits to data
in deoxygenated samples according to Eq. (8) (see text); dashed line in-
dicate fits to data in air-saturated samples according to Eq. (9) (see text).

to under vacuum. The oxygen quenching has the most pronounced
effect on the long lifetime component (7;) as indicated by the sub-
stantial decrease in both the lifetime and amplitude of this com-
ponent. Temperature also has a pronounced effect on the emission
decay kinetics for both the air-saturated and vacuum degassed sam-
ples. In each case, gz decreases with increasing temperature. For
the vacuum degassed Sample, ( decreases by approximately 25%
over the 10_50<C range, and‘fOr the air-saturated sample a 45%
decrease in g}? is seen over the same temperature range. Tables 2
and 3 also cbltain a listing of the temperature dependence of the
steady-state emission intensity I, of the RudpCl/PDMS film. In
each case, the emission intensity is provided in relative units, which
are normalized to correspond to the median emission lifetimes. In-
spection of these data reveals that overall the decrease in I, with
increasing temperature generally parallels the decrease in f(?

Figure 2 illustrates a plot of 7 (or ISQ) as a function of ‘t¢mper-
ature for RudpCl in ethanol and in PDMS films in the presence of
air and under vacuum (or argon). This figure reveals several qual-
itative trends that are pertinent with respect to understanding the
origin of the temperature dependence of PSP formulations. First,
the temperature dependenceof 7 is qualitatively similar for RudpCl
inethanol/argonand in PDMS/vacuum. This similarity suggeststhat
the intrinsic temperature dependence of the luminescence lifetime
of the dye is not strongly influenced by the medium. By contrast, the
temperature dependence of 7 for the PDMS/air sample is substan-
tially greater than for the ethanol/air sample. Indeed, in the latter
system 7 is virtually temperature independent. Finally, note that
T is more strongly temperature dependent for PDMS/air than for
PDMS/vacuum, despite the overall lifetime of the latter system be-
ing substantially larger. The observation of a comparatively strong
temperature dependence for PDM S/air implies that in this case the
temperature dependence is determined by the temperature depen-
dence of the oxygen quenching pathway (i.e., k,[O,]).

V. Analysis of Temperature Dependence Data
The temperature dependence of the luminescence decay of
polypyridyl Ru(II) complexes has been the subject of numerous
investigations!>~!7 Typically for samples in fluid, homogeneous
solutions under vacuum, the temperature dependence of the life-
time is described by an equation of the form!3~13

Ut=k + A exp{_Em/ RT } (8)

where k, is the (temperature independent) radiative decay rate and
Ay and E,, are, respectively, the frequency factor and activation



SCHANZE ET AL. 309

Table4 Arrhenius activation parameters from analysis
of temperature dependence data

Enr» Eq»
Environment k., s—! Apr, 5= kecal/mol Ay, s—!  kecal/mol
. 5 10
Ethanol 135¢10° 19510 7.3
argon
PDMS 4.1 ><105 8.0><108 5.1
vacuum
Ethanol 1.3><105 1.9><1010 7.3 4.6><106 <0.2
1-atm air
PDMS 4.1 ><105 8.0><108 5.1 6.7><108 2.7
1-atm air

energy for the nonradiative decay channel. This equation implies
that in the absence of oxygen, the temperature dependence of the
emission lifetime (and I,) is due entirely to the temperature de-
pendence of k. Equation (8) is supported by quantum molecular
theory, which indicatesthatk, is only weakly temperaturedependent
(becauseof the temperaturedependenceof the refractiveindex of the
medium).'* By contrast, the nonradiative decay channel primarily
involves transfer of thermal energy from the luminescent molecule
to the surroundingmedium (i.e., the solventor polymerhost) and the
rate of this energy transfer process is temperature dependent.!* 14

Now we turn to analysis of the temperature dependent lumines-
cence data for the ethanol/argon and PDMS/vacuum systems. First,
the temperature dependence of the ratio I,/ T (or L,/ gr)) is rel-
atively constant over the temperature range studied. Because the
intensity-lifetime ratio is proportional to k. [Eq. (4)], this feature
indicates that, as expected, the radiative decay rate for the RudpCl
dye varies little with temperature in ethanol and PDMS. Next, the
temperature dependent lifetime data for the ethanoland PDMS sys-
tems were fitted according to Eq. (8), and the parameters from the
fits are listed in Table 4. Figure 2 compares the experimental data
(points) with the lifetimes calculated by the fitting procedure (solid
lines). The temperature dependent data for the samples in the ab-
sence of air are consistent with k, ~ 10% s=!, Ay, o 10°_10' 5=,
and Ey o, S_7 kcal/mol. These parametersare very similar to those
obtained from the temperature dependence of the luminescence in
related polypyridinerutheniumdyes, which indicates there is noth-
ing unusualabout the RudpCl probe.!3~15 Also, it is significant that
k., An,and E,, forthe dye in ethanoland PDMS are not substantially
different. This is a clear indicationthat despite the complexity of the
luminescence kinetics of the dye in PDMS (i.e., multiexponential
decays), the overall temperature dependence of the emission from
the dye is not strongly influenced by the PDMS matrix. This leads
us to conclude that the temperature dependence, which is intrinsic
to the dye, is not strongly affected by the polymer matrix.

Next we turn to analysis of the temperature dependent lumines-
cence data for ethanol and PDMS samples at 1-atm air pressure.
First, as already noted, I, and 7 for the dye in ethanolor PDMS are
significantly lower at 1-atm air pressure due to the oxygen quench-
ing pathway (Fig. 1). The substantial diminution of 7 and I, in
air indicates that under this condition oxygen quenching is by far
the major decay pathway. This fact alone allows the conclusion that
at 1-atm pressure the temperature dependence must mainly be due
to the temperature dependence of the oxygen quenching pathway.
Indeed, it is possible to determine the relative importance of the
oxygen quenching and the normal decay channels (i.e., radiative
and nonradiativedecay) at 1-atm pressure by applying Eqs. (2) and
(3). Using 7 (or {7Y\) values at 29<C, we calculate that in ethanol
(ke + har) o2 %1 >s=! and k,[O,] 4, 3.4 v 10°s—!, whereas in
PDMS (k: + kur) oy 5 3¢ 10° s=" and &, [02] &7 5 10°s=". In both
cases, oxygen quenching is greater than tenfold faster than the nat-
ural decay rate; therefore, oxygen quenching accounts for >90% of
the total decay of the luminescent RudpCl molecules.

Analysis of the experimental luminescence data at 1-atm pres-
sure was carried out by fitting the temperature dependent emission
lifetime data accordingto Eq. (9):

Vt=k + Ay exp{_Em/ RT}+ A, exp{_Eq/ RT} (9)

where 4, and E, are, respectively, the frequency factor and acti-
vation energy for the oxygen quenching pathway. While fitting the

ethanol

0 ] 1 I T T
5 10 16 20 25 30 35 40 45 50

Temperature / °C

Fig.3 Plot of B4/Bnr as a function of temperature.

experimentalluminescencedataat 1-atm pressureto Eq. (9), &, 4y,
and E,, were set equal to the values obtained by analysis of the data
for the deoxygenated samples. Table 4 contains the parameters ob-
tained from the fits of the 1-atm pressure data, whereas Fig. 2 com-
pares the experimental data (points) with the lifetimes calculated
by the fitting procedure (dashed lines). First, the analysis indicates
that in ethanol the oxygen quenching pathway is characterized by
a vanishingly small activation energy (E, < 0.2 kcal/mol) and a
low-frequency factor (4, 5 y¢ 10°s="). By contrast, in PDMS
oxygen quenching has £, 2%<kca1/mol and A, oy 7 3¢ 108 5"
The substantially larger E, value for PDMS compared to ethanol is
the origin of the much stronger temperature dependence observed
in the former medium.

To further illustratethe importance of the oxygenquenchingpath-
way to the temperature dependence of the RudpCl/PDMS system,
we take the derivative of Eq. (9) with respect to temperatureto give

o1/
2= fet (10
where
Aannr Eﬂr
B =k exp{_ﬁ} (11)
and
B, = (4,E,/ RT?) exp{_Eq/RT} (12)

The intrinsic temperature dependence of the luminescentdye due to
nonradiativedecay is given by 3, and the temperature dependence
resulting from the oxygen quenching pathways is given by f3,. The
ratio 3,/ By is plotted in Fig. 3 for both the RudpClI/PDMS and the
RudpCl/ethanol systems. Over the temperature range investigated,
the ratio 3,/ B ranges from 18 to 34 for the PDMS system and
from 0.4 to 2.5 for the ethanol system. Again, this difference is
due to the much greater impact of the oxygen quenching pathway
on the temperature dependence of the PDMS system. The oxygen
quenching pathway is the dominant source of temperature depen-
dence for the PDMS system. This result is in sharp contrast with the
ethanol system, for which the oxygen quenching pathway and the
nonradiative decay mechanism have roughly equivalent impact on
the temperature dependencies.

The significance of the empirically determined E, values for
PDMS and ethanol can be appreciated by considering the factors
that contribute to the temperature dependence of oxygen quench-
ing. As noted, the observedrate of quenchingby oxygenis given by
the productk,[O;]. Both terms of this product could contributeto the
overall temperature dependence: thus, the temperature dependence,
as reflected by E,, may be a composite of the temperature depen-
dence of k, and the oxygen concentration in the ethanol or PDMS.

The solubility of diatomic gases in condensed liquids or poly-
mers is very weakly temperature dependent 22! As a result, the
oxygen concentration in ethanol or PDMS does not vary substan-
tially over the temperature range examined. Therefore, this term
can be ruled out as contributing significantly to the experimentally
observed temperature dependence in the PDMS/air system.

The temperaturedependenceof k, arises becausethe diffusivityof
oxygen, Doyyeen, is temperature dependent. Stokes law indicatesthat
Doxyeen in fluid solvents such as ethanol is proportionalto absolute



310 SCHANZE ET AL.

temperature 2!-22 Only a narrow temperature range was investigated
(283-323 K). Over this range Doyyeen does not vary substantially in
ethanol, which explains the lack of a temperature dependence of
the emission lifetime (and therefore k,) in this medium. By con-
trast, Doyyeen 1 €xpected to be more strongly temperature depen-
dent in PDMS. This is because the diffusion of small molecules in
polymers is a thermally activated process that involves cooperative
motion of the polymer chains. As a result, the diffusivity varies
with temperature according to an Arrhenius-type relationship (i.e.,
D cexp __E,/ RTY) (Refs. 20 and 21). Indeed, the activation en-
ergy determined for x, in PDMS (2.7 kcal/mol) is in excellentagree-
ment with the literature value for the activation energy for Dyyygen
in the same polymer (E, = 2.1 kcal/mol) (Ref. 21). This excellent
correspondenceprovides very good evidence that for the PDMS/air
system, the temperature dependence is determined by the tempera-
ture dependence of Dixygen-

Looking further at the pseudo-first-order quenching rate k,[O;]
and considering the earlier arguments, the oxygen concentration in
the polymer may be modeled by Henry’s law (i.e.,[O,] = S P), with
the solubility S being temperature independent. The &, term is pro-
portionalto the diffusivityand is modeled by an Arrhenius-typeex-
pression(i.e.,k; oD = Do exp __Ea/ RTY). Our model for k,[O»]
comes from the last term in Eq. (9) as kq[Oz% = A, exp(_E,/ RT).
The preexponentialterm A, is seen to be linearly related to the pre-
exponentialconstant for the diffusivity Dy, the solubility S, and the
static pressure at the free surface P. This shows that the pressure
dependence of the PSP coating is contained in the preexponential
term A, = A4,(P). Although the present studies were not extended
to include intermediate air pressures between 0 and 1 atm, it is
possible to use the parameters listed in Table 4 to linearly interpo-
late the temperature model of the RudpCl/PDMS paint [Eq. (9)] to
intermediate air pressures using the expression

Ay(P) = (Pl Pym) 4" (13)

where P is air pressure above the PSP coating and A}]“‘m is the A4,
value listed in Table 4 at P = 1 atm.

VI. Summary and Conclusion

A study is reported of the temperature dependence of the lumi-
nescencedecay lifetime fora typical pressure sensitive paint formu-
lation consisting of a luminescent polypyridine ruthenium(II) dye
dispersedin a polydimethylsiloxanebinder. The results indicate that
the temperature dependence in the absence of air is dominated by
the intrinsic temperature dependence of the nonradiative decay rate
of the luminescent probe molecule. However, at 1-atm air pressure,
the temperature dependence of the luminescence lifetime and in-
tensity of the paint is determined by the temperature dependence of
the diffusivity of oxygen in the polymer matrix. This study clearly
indicates that to minimize the temperature dependence of the paint
formulation it is necessary to design the binder system to have the
lowest possible activation energy for oxygen diffusivity. Although
the temperaturedependencestudies were not extendedto includeair
pressuresbetween 0 and 1 atm, the parameters obtained by analysis
of the temperature dependencedata at 0- and 1-atm air pressuresal-
low interpolationto intermediate pressures. This interpolation may
prove useful in predicting the temperature dependence of pressure
sensitive paint formulations in real-world applications.
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