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ABSTRACT: This article reports the effect of annealing on a pressure-sensitive paint
(PSP) consisting of platinum tetra(pentafluorophenyl)porphine (PtTFPP) in a fluoro-
acrylic polymer called FIB (Puklin, E.; Carlson, W. B.; Gouin, S.; Costin, C.; Green, E.;
Ponomarev, S.; Tanji, H.; Gouterman, M. J Appl Polym Sci 2000, 77, 2795). Samples
annealed at 150°C, 75°C, annealed by a heat gun, and dried at room temperature are
compared to nonannealed samples. Temperature dependences of luminescence inten-
sity and lifetime are studied as a function and pressure and temperature and fit with
Arrhenius and Stern–Volmer equations. We find that heating above Tg is more impor-
tant than drying at room temperature in lowering the temperature dependence and
obtaining ideal PSP, ideal meaning independent effect of pressure and temperature on
luminescence properties of the paint. Ideality is achieved by lowering the activation
energy for oxygen diffusion, presumably by relaxation of the polymer network. It is
shown that ideal behavior occurs only over a limited temperature region. This range is
more useful for PtTFPP in FIB than for ruthenium bathophenanthroline in polydim-
ethylsiloxane (PDMS), another common PSP formulation. © 2000 John Wiley & Sons, Inc.
J Appl Polym Sci 77: 2805–2814, 2000
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INTRODUCTION

Pressure-sensitive paint (PSP) based on the
quenching of luminescent molecules in polymers
has become over the last few years a viable tech-
nique for the measurement of surface pressure in
the aerodynamic studies of aircraft1–4 and other
devices such as rotating machinery.5 Static pres-
sure over the surface of an aerodynamic model is
customarily measured by the use of pressure taps
connected to pressure transducers, which are
monitored by an external computer. Installation
of hundreds of these pressure taps is not only
time-consuming and very expensive, but it also
allows only a finite number of pressure values.
The pressure-sensitive paints are much more af-

fordable and, with charge coupled device (CCD)
camera sensors, produce a virtually continuous
pressure map. However, major problems limit the
use of these paints in aerodynamical studies: cor-
rection for the model movements during analy-
sis,6,7 slow response time of many paints,8,9 tem-
perature dependence of the luminescence,10,11

and self-illumination.12,13 In this article, we ex-
plore one feature of practical value for the use of
PSP: the role of annealing the paint in achieving
ideal PSP properties. The nature and value of
ideal PSP is described in the next section. Paper
III of this series discusses the effect on ideality of
using polymers with different permeabilities and
Paper IV shows how nonideal paints can be ide-
alized by adding pigment.

IDEAL PSP

Before defining ideal PSP and showing its value,
it is important to give a brief outline of the fun-
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damental physicochemical processes involved in
the study of PSP. The sensor luminophor (S) in-
corporated in the paint is photoexcited to a meta-
stable state (S*), which lives long enough for
oxygen quenching. The excited luminophor (S*)
can return to the ground state radiatively by
emitting a photon:

S* ¡

kr

S 1 hnem (1)

or nonradiatively by emitting heat:

S* O¡
knr

S 1 heat (2)

The luminophor can also return to the ground
state by transferring energy to molecular oxygen:

S* 1 3O2 O¡
kq

S 1 1O2 (3)

where 3O2 is the ground state of molecular oxygen
(in a triplet state) and 1O2 is the first singlet
excited state of molecular oxygen. The lifetime
decay rate of the excited luminophor is described
by eq. (4)

1
t

5 kr 1 knr 1 kq@O2# (4)

where [O2] is the oxygen concentration in the
polymer. Both the radiationless decay rate, knr,
and the oxygen-quenching decay rate, kq, are
temperature dependent, but the radiative decay
rate, kr, is almost temperature independent ex-
cept for the weak temperature dependence of the
refractive index of the medium.14

The radiationless decay rate is typically de-
scribed by an Arrhenius-like equation:

knr 5 Anre2DEnr/RT (5)

where Anr and DEnr are, respectively, the fre-
quency factor and the activation energy of the
radiationless decay. Henry’s law expresses the
linearity of [O2] with the partial pressure of oxy-
gen over the film. We shall take the partial pres-
sure of oxygen as directly proportional to the total
air pressure over the film and substitute:

@O2# 5 C0S P
P0
D (6a)

where C0 5 [O2] when the air pressure is P0. The
solubility of diatomic gases in polymer is not af-
fected over the temperature range used in the
wind tunnel, so we shall consider C0 temperature
independent. The temperature dependence of the
quenching decay rate can also be described by an
Arrhenius-like equation. We thus get an oxygen-
quenching term:

kq@O2# 5 kqC0S P
P0
D 5 Aq

0e2DEq/RTS P
P0
D ; Aqe2DEq/RT

(6b)

where Aq and DEq are the frequency factor and
the activation energy of the quenching decay and
where we have absorbed C0(P/P0) into Aq. An
article has been published in which the behavior
of a ruthenium complex dissolved in a polydim-
ethylsiloxane (PDMS) matrix is analyzed accord-
ing to the preceding equations.10

The observed emission intensity is related to
the excited state lifetime:

Iem 5 DakrtF* (7)

where Da is a constant dependent on the appara-
tus and F* is the quantum yield of the metastable
excited state S* on photoexcitation. Quite gener-
ally photoexcitation first produces an initial ex-
cited state that then radiationlessly decays to a
metastable excited state. In the case of the lu-
minophor platinum tetra(pentafluorophenyl)por-
phine, the initial excited state formed by 390-nm
excitation is a second-excited singlet, 1S2,
whereas the metastable sensing state is the low-
est excited triplet, 3T1. In that case it has been
shown that the yield of the metastable triplet
under constant illumination, 3F(T), is tempera-
ture dependent mostly because the absorbance is
changing.15 The theoretical temperature depen-
dence of the luminescence is then summarized by

Iem 5
Dakr

3F~T!

kr 1 Anre2DEnr/RT 1 Aqe2DEq/RT (8)

It is obvious from eq. (8) that the temperature
dependence of luminescence intensity in PSP is
far from simple and a better understanding of
those processes is necessary to develop a PSP
with a possibility of temperature correction.
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Many studies proposing methods for tempera-
ture correction of PSP have already been pub-
lished.3,16–22 Some methods involve pressure taps
used as an in situ calibration of the PSP lumines-
cence.3,16,17 Other methods involve isothermal
calibration18,19 or referenced temperature cali-
bration11 of the PSP. Those methods assume that
the model is isothermal, but this is obviously not
true, because air flux and internal design of the
airfoil can induce important temperature gradi-
ents on the model. Other groups have proposed a
pixel-by-pixel temperature correction using a
temperature sensor incorporated in the PSP.20,21

This is the most promising correction method,
even if the choice of luminophor is complicated by
the needs of minimum overlap of the emission
spectra of the two sensors. Some researchers have
even proposed a liquid crystal layer for the tem-
perature mapping of models in the wind tunnel.24

A good comparison of different temperature cor-
rection methods was published by Woodmansee
and Dutton.11 However, the possibility of effective
and useful temperature correction of PSP is lim-
ited by the nonideal behavior of most of the PSP
available.

In an earlier article,23 which we consider Paper
I of this series on PSP, we describe the synthesis
of the polymer FIB made from hexafluoroisopro-
pyl and heptafluoro-n-butyl methacrylate and
show that it is a nearly ideal PSP, in that pres-
sure and temperature dependencies are indepen-
dent. Because the present article concerns the
requirements for the parameters of the various
decay rates necessary to ideal behavior, we here
review the concept of an ideal PSP.

The wind-tunnel measured intensity ratio is

I~P0, T0!

I~P, T!
; FI~P0, T0!

I~P0, T! GFI~P0, T!

I~P, T! G
;

1
gP0~T, T0!

3 fT~P, P0!

; FI~P0, T0!

I~P, T0!
GFI~P, T0!

I~P, T! G ; fT0~P, P0!

3
1

gP~T, T0!
(9)

where I(P0, T0) is the intensity measured with
wind-off at a reference pressure and temperature
and I(P, T) is the intensity measured with wind-
on, where both pressure and temperature have
changed. Here we define the functions fT(P, P0)
and gP(T, T0) as

fT~P, P0! 5
I~P0, T!

I~P, T!
(10a)

gP~T, T0! 5
I~P, T!

I~P, T0!
(10b)

Thus fT(P, P0) represents a pressure scan at tem-
perature T with the intensity at P0 as a reference,
and gP(T, T0) represents a temperature scan at
pressure P with the intensity at temperature T0
as a reference. The functions defined in eq. (10a)
fT(P, P0) form a family of pressure functions, and
the functions gP(T, T0) defined in eq. (10b) form a
family of temperature functions. These functions
are easily measured in the laboratory. We have
found that for PtTFPP in FIB

fT~P, P0! < f~P, P0! (10a)

i.e., the functions fT(P, P0) have very little tem-
perature dependence, and

gP~T, T0! < g~T, T0! (10b)

i.e., the functions gP(T, T0) have very little pres-
sure dependence. This leads us to define ideal
paints as paints such that

I~P0, T0!

I~P, T!
<

f~P, P0!

g~T, T0!
(10c)

Ideality is not generally the case. In fact, some
paints show a temperature dependence at atmo-
spheric pressure four to five times higher than at
vacuum.5 Ideal paints have the unique character
that if a way is found to determine T on the model
and the function g(T, T0) is measured in the
laboratory, then the function

g~T, T0!
I~P0, T0!

I~P, T!
< f~P, P0! (10d)

That is, we can multiply the wind-tunnel ratio
I(P0, T0)/I(P, T) by a single function g(T, T0) to
obtain f(P, P0) from which pressure can be deter-
mined. On the other hand, if the paint is not ideal,
then we must multiply the wind-tunnel ratio
I(P0, T0)/I(P, T) by a function gP(T, T0) that
depends on the pressure which we are trying to
determine. Thus temperature correction becomes
far more difficult, if not impossible.
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EXPERIMENTAL

The transition temperatures, such as the glass-
transition temperature (Tg), the melting temper-
ature (Tm), and the degradation temperature
(Td) of the copolymer used as the binder in the
paint formulation were determined on a DSC
2910 apparatus (TA Instruments, Madrid, Spain)
with a heating rate of 20°C/min between 2100
and 400°C.

The PSP formulation used in this study was
comprised of a platinum tetra(pentafluorophenyl)-
porphine (PtTFPP) sensor, purchased from Por-
phyrin Products (Logan, UT), dissolved in FIB.23

The paint was sprayed from p-chlorotrifluorotolu-
ene (which was obtained under the trade name
Oxsol-100 made by Occidental Chemical Corp.,
Dallas, TX) on clean aluminum coupons (2.5 3 2.5
cm). Samples with a thickness of about 12–15 mm
and an average smoothness (measured with a
Surtronic 10 profilometer) of 1 mm were generally
obtained. The paint formulation is typically 5 mg
of luminophor for each gram of polymer dissolved
in 25 mL of unpurified solvent. The dry coat con-
tains about 6.7 mM of PtTFPP.

The lifetimes of the luminophor were measured
on a homemade apparatus comprised of a 540-nm
nitrogen-pumped dye laser (Oriel, Stratford, CT)
and a pressure- and temperature-controlled
chamber designed in our laboratory. The emission
light received at the detector was filtered by a
645-nm narrow bandpass filter (20-nm width at
half-height). The intensities of the phosphores-
cence as a function of time were measured at least
50 times and then averaged. The lifetimes were
extracted from the intensity data by a single ex-
ponential curve fitting for vacuum experiments
and by a double-exponential curve fitting for at-
mospheric pressure experiments. The intensities
of the luminescence as a function of pressure and
temperature were measured with a homemade
apparatus comprised of a tungsten lamp and a
pressure- and temperature-controlled chamber
similar to the one used in the lifetime apparatus.
The excitation light was filtered through a 390
narrow bandpass filter and the emission light re-
ceived at the detector was filtered through a 640
narrow bandpass filter; both filters have a 20-nm
width at half-height.

The samples were sprayed and then annealed
in different ways to verify the effect of solvent loss
and/or heating of the sample on the paint proper-
ties as a PSP. Three samples were prepared for
each annealing procedure. The first annealing
was conducted at 150°C for 45 min. The second

was conducted at 75°C for 45 min, and the third
annealing procedure used a heat gun for two
short bursts of 45 s. Three samples were also
vacuum dried for 1 week and three other samples
were analyzed right after spraying, with no an-
nealing or drying. The weight losses of all sam-
ples during annealing were determined by
gravimetry.

RESULTS AND DISCUSSION

The thermal characterization of the polymer used
in the paint formulation is essential for an under-
standing of the annealing effect on the properties
of the paint as a PSP. The differential scanning
calorimetry (DSC) of the polymer, shown in Fig-
ure 1, exhibits a transition at about 70°C that can
be attributed to the glass transition temperature
(Tg). This result is in good agreement with the
so-called Fox equation,24 which predicts a Tg of
about 65°C. The Fox equation can predict the Tg
of a copolymer based on the Tg’s of the corre-
sponding high molecular weight homopolymers:

@Tg~copolymer!#21 5 w1@Tg~polymer 1!#21

1 w2@Tg~polymer 2!#21 (11)

where w1 and w2 are the weight fraction of the
monomer 1 and 2, respectively, in the final copol-
ymer and Tg(polymer 1) and Tg(polymer 2) are
the Tg’s of the homopolymers of monomer 1 and 2,
respectively. At higher temperature, the thermo-
gram has two endothermic peaks. The first peak,

Figure 1 (a) Thermogram of polymer alone. (b) Ther-
mogram of the polymer plus PtTFPP. The y axis rep-
resents the heat flow and a downward deflection means
heat given to the system.
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at 260°C, is attributed to the melting of the crys-
tallites in the polymer network and the second
peak, at 370°C, is probably the result of the ther-
mal deterioration of the polymer. This assump-
tion is confirmed by the fact that a sample previ-
ously heated at 400°C does not show a glass tran-
sition temperature nor a melting peak at 260°C
nor an endothermic peak at 370°C. It seems that
the polymer is totally degraded when heated at
temperature above 370°C.

The paint formulation developed in our lab
shows remarkable properties as a PSP. The paint
has nearly ideal behavior (i.e., temperature de-
pendence is independent of the pressure) and has
also a very low temperature dependence (about
20.52%/°C), as shown in Figure 2, which plots
gP(T, T0) for P 5 1 atm and P 5 vacuum with T0
5 25°C. However, we noticed that those good
properties are only exhibited by samples that
have been annealed at high temperature for a
long period of time before analysis. Samples ana-
lyzed right after spraying do not behave ideally at
all. Nonannealed samples show a greater temper-
ature dependence of the intensity at atmospheric

pressure, about 20.80%/°C, compared to about
20.54%/°C at vacuum.

Annealing at high temperature has two possi-
ble effects on the paint layer: a thermal effect and
a drying effect. We wanted to separate and deter-
mine the individual contribution of those two ef-
fects to understand the idealization of the paint
during annealing. Table I summarizes the differ-
ent ways samples were treated and their solvent
weight loss. Table II summarizes the fitting pa-
rameters obtained for these samples. We see in
Table I that drying in vacuum (#4) leads to 13%
weight loss, but Table II shows that this does not
appreciably change the pressure paint parame-
ters compared to the nonannealed sample (#5).
On the other hand, heating above Tg (75°C for #2)
and also heating with two short bursts of heat
(#3) lead to similar pressure paint parameters in
Table II. Note that the weight loss for #2 and #4
are the same. Finally, heating above 150°C (#1)
appears to lead to irreversible changes in the
polymer. As we discuss in more detail below, we
believe this shows that the changes in PSP pa-
rameters produced by annealing that lead to ideal
PSP come from heating the polymer above Tg

rather that from loss of solvent.
The temperature dependence of the lumines-

cence lifetime was measured for each sample at
atmospheric pressure and also in vacuum. Al-
though the temperature dependence of the inten-
sity of luminescence is somewhat easier to mea-
sure and also less time-consuming, more informa-
tion can be extracted from the lifetime data and
this method was used preferably to the intensity
experiments. Lifetimes were extracted from the
raw intensity data as a function of time by a
single exponential fitting for the vacuum experi-
ments. The intensity decay in vacuum is well
described by a simple exponential decay and thus
characterized by a well-defined t value.15 The res-
idue plots for these analyses show only randomly
dispersed data. On the other hand, it is generally

Table I Weight Loss of Paint Samples During Annealing

Sample #1 #2 #3 #4 #5

T annealing 150°C 75°C Heat gun
(approx. 175°C)

25°C
in vacuum

Nonannealed

Weight loss 18% 13% 20% 13% 0%
Time of annealing 30 min 30 min 2 short bursts of 45 s 2 days —

Figure 2 Temperature dependence of the paint lumi-
nescence in vacuum (Œ) and at atmospheric pressure
(F): gP(T, T0) for P 5 1 atm and P 5 vacuum, T0

5 25°C. Straight lines represent the temperature de-
pendence predicted by eq. (15).
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accepted that the luminescence decay rates in
solid matrix at atmospheric pressure do not follow
a single exponential curve due to inhomogeneity
of the medium.25 Although triple exponential
curve fitting has been used by some research-
ers,10,25 both the physical significance of the pa-
rameters and the meaning of the exponential de-
cay for these systems are debatable.26–27 How-
ever, the problem can be eliminated by
considering the value of the mean lifetime ^t&,
determined by the best high-order exponential
fitting. (The intensity is described by a sum of
exponential terms I(t) 5 ¥i Aie

2t/ti and the mean
lifetime ^t& 5 ¥i Aiti/¥i Ai.) With this approach,
the Stern–Volmer equation is obeyed10 and the
deviations are small, thus the lifetimes t were
determined from a double exponential fitting at
atmospheric pressure.

The lifetime of the PtTFPP at 25°C is typically
87 ms in vacuum and between 9.0 and 10.5 ms at
atmospheric pressure, depending on the anneal-
ing history. The temperature dependencies of the
PtTFPP lifetime in vacuum for samples #2–5 are
shown in Figure 3. We can see that the annealing
procedure does not affect significantly the tem-
perature dependence of the PtTFPP in vacuum
and the curves are almost superposed. Equations
(4) and (5) lead to eq. (12), which describes the
temperature dependence of lifetime in vacuum:

1
t

5 kr 1 Anre2DEnr/RT (12)

The data from Figure 3 were fitted according to
eq. (12) and the radiative decay rate, the fre-
quency factors, and the activation energy of the
radiationless decay rate were calculated. The re-
sults from this fitting are presented in Table II.
As expected, the radiative decay rate and the
frequency factors and activation energy of the
radiationless decay rate are very similar for sam-
ples #2–5. Annealed sample #1 (30 min at 150°C)
gave anomalous results. This can be seen in the
contrast between its vacuum parameters and
those of the other samples, as shown in Table II.
It is possible that this change in parameters re-
lates to the small endothermic peak at 135°C in
Figure 1(b), which at first sight looks like noise,
but is reproducible in the paint, i.e., polymer plus
PtTFPP. This is reproducible and is present on all
thermograms of the polymer and the paint (poly-
mer plus PtTPP). The thermograms imply that
something is happening at 135°C, which may re-
late to the anomalous parameters in Table II for
sample #1, which has been heated above 135°C.
So sample #1 is not considered further.

The temperature dependencies of the lifetime
at atmospheric pressure for samples #2–5 are

Table II Parameters Obtained from Temperature Dependence Data Fitted to Eqs. 12 and 13

Sample #1 #2 #3 #4 #5

T of annealing 150°C 75°C Heat gun Vacuum dried Nonannealed

kr (s21) 1.0 6 0.2E2 9.8 6 0.3E3 9.8 6 0.3E3 9.8 6 0.3E3 9.8 6 0.3E3

Anr 2.0 6 0.1E3 4.7 6 0.1E5 4.8 6 0.1E5 4.7 6 0.1E5 4.7 6 0.1E5

DEnr (60.3 kJ/mol) 13.3 14.1 14.1 14.1 14.1
Aq

0 (60.1 E5 s21) — 1.6 1.6 1.8 1.9
DEq (60.09 kJ/mol) — 1.50 1.51 1.72 1.73

Figure 3 The temperature dependence of the lifetime
in vacuum for sample #2–5, Table I.

Figure 4 The temperature dependence of the lifetime
at atmospheric pressure for sample #2–5.
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shown in Figure 4. There is no significant differ-
ence between the temperature dependencies of
lifetime for samples #2 and #3. However, there is
an obvious difference in the temperature depen-
dencies between the samples that have been
heated (#2 and #3) and the samples that have
been kept at room temperature (#4 and #5). Even
though sample #4 is almost dry and sample #5 is
still wet, they exhibit a remarkable similarity in
their temperature dependence plot. The data ob-
tained from the atmospheric temperature exper-
iments were fitted according to

1
t

5 kr 1 Anre2DEnr/RT 1 Aq
0e2DEq/RT (13)

where kr, Anr, and DEnr are assumed to be equal
to the values obtained from the experiments in
vacuum. The fitting parameters Aq

0 and DEq are
shown in Table II for samples #2–5. We can see,
as expected, that there is no difference between
the parameters Aq

0 and DEq determined for sam-
ple #2 and #3. However, the parameters found for
samples #4 and #5 are significantly different from
those found for sample #2 and #3. Because #2 and
#3 are close to ideal, heating seems to be much
more important than drying in the idealization of
the FIB PSP.

The pressure sensitivity of the luminescent
paint is related to the pressure dependence of the
preexponential term Aq. The lifetimes of sample
#2 were measured as a function of pressure in
isothermal condition. The fitting parameters kr,
Anr, DEnr, and DEq were kept constant and the
parameters Aq were extracted from eq. (12) for
each pressure run. The pressure dependence of
the preexponential term Aq is shown in Figure 5.

The relationship between Aq and the relative
pressure is nearly linear, as expected by eq. (6b).

Intensity of luminescence is related to lifetime
as shown by eq. (7) and the theoretical tempera-
ture dependence of the lifetime is described in eq.
(13). Those equations were used to validate the
parameters found with the lifetime experiments.
The temperature dependence of the triplet yield
for the luminophor has to be determined first. A
rearrangement of eq. (7) gives

Iem

t
5 Dakr

3F~T! (14)

The plot of the intensity (Iem) over the lifetime (t)
as a function of temperature, at vacuum, is shown
in Figure 6. The nearly linear relationship ob-
tained is solely due to the temperature depen-
dence of 3F(T), because the radiative decay rate
is assumed to be temperature independent. The
nearly linear temperature dependence of the trip-
let yield is incorporated in eq. (8) and gives the
more detailed

Iem 5 Da

1 2 hT
kr 1 Anre2DEnr/RT 1 Aqe2DEq/RT (15)

where h is the slope the temperature dependence
of the triplet yield. The parameters describing the
temperature dependence of the lifetime and the
triplet yield for sample #2, both at atmospheric
pressure and vacuum, were used to generate the
temperature dependence of the intensity accord-
ing to

gP~T, T0! ;
Iem~P, T!

Iem~P, T0!

5 S kr 1 Anre2DEnr/RT 1 Aq
0~P/P0!e2DEq/RT

kr 1 Anre2DEnr/RT0 1 Aq
0~P/P0!e2DEq/RT0D (16)

Figure 6 Temperature dependence of the triplet yield
of PtTFPP in vacuum.

Figure 5 Pressure dependence of the preexponential
term Aq, as calculated from eq. (12) at different partial
pressures.
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The experimental data and the generated curves
are shown in Figure 2. There is a very good cor-
relation between the experimental and the pre-
dicted data, which even explains the small devi-
ation from ideality at high temperature. Such a
good fit allows us to consider those parameters
reliable and use them to give an explanation of
the annealing effect based on the different results
obtained for samples #2–5. Notice that all the
parameters used in eq. (16) were determined by
lifetime measurements and that they were used
to describe accurately the temperature depen-
dence of the intensity of the phosphorescence. A
better fit would have been obtained, of course,
with a simpler function, but the point here is that
the temperature dependence of the intensity can
be predicted from the lifetime measurements
with eq. (16).

The ideality of our luminescent paint, in the
range of temperature used, comes from the very
low activation energy of the diffusion of oxygen
through the paint layer. An activation energy for
the diffusion of oxygen of 1.5 kJ/mol has been
found for FIB, the polymer used in this study,
which is much lower than any usual polymer. For
instance, PDMS, well known for its oxygen per-
meability, has an activation energy of about 11
kJ/mol.28 The remarkably low activation energy
of the oxygen diffusion makes this polymer a good
candidate for the development of quantitative
PSP. However, it seems that the polymer has to
be heated above the Tg to get this ideal behavior.
The diffusion of oxygen through polymer is an
energy activated process which involves the coop-
eration of the polymer chains. We can see from
Table II that the activation energies of the oxygen
diffusion for nonpreviously heated sample (#4 and
#5) are somewhat higher than the activation en-
ergies found for previously heated sample (#2 and
#3). Heating a polymer network above Tg allows
the chains to relax, loosens the entanglements in
the network, and, more generally, allows the sys-
tem to become thermodynamically stable. The re-
laxation of the network can have an effect on the
oxygen diffusion through the polymer, because
fewer entanglements mean easier diffusion and
lower activation energy. From those results, it
seems that the thermal contribution is the most
important effect of annealing on the idealization
of the luminescent behavior of the formulation.
The drying of the paint layer does not seem to
affect significantly the properties of the paint as a
PSP.

One can suggest the utilization of a low Tg
polymer as the binder in the paint formulation

and therefore, no annealing would be necessary.
However, many mechanical problems are associ-
ated with a polymer having a Tg below the room
temperature. The hardness of the paint layer is
generally low and the paint tends to come off the
model. Annealing remains necessary to improve
adhesion. Finally, a polymer with such a low-
activation energy and also a significantly lower
Tg is not known yet.

Ideality Temperature Limits (ITL). We now will
reexamine the condition of ideality in terms of the
temperature dependent rates. From eq. (14) we
can derive

Iem~P0, T0!

Iem~P, T!
5 SF*~T0!

F*~T! D
3 Skr 1 Anre2DEnr/RT 1 Aq

0e2DEq/RT~P/P0!

kr 1 Anre2DEnr/RT0 1 Aq
0e2DEq/RT0 D (17)

To better understand ideality it is handy to re-
write eq. (17) in terms of

g~T! 5 S Aq
0e2DEq/RT

kr 1 Anre2DEnr/RTD (18)

This is the ratio of the oxygen quenching rate at 1
atm pressure to the vacuum decay rate. With this
substitution, eq. (17) becomes

Iem~P0, T0!

Iem~P, T!
5 SF*~T0!

F*~T! D
3 S ~kr 1 Anre2DEnr/RT!

kr 1 Anre2DEnr/RT0 1 Aq
0e2DEq/RT0D

3 F1 1 g~T!S P
P0
DG (19)

This is in the form of the ideality condition eq.
(10c) (i.e., a function of pressure divided by a
function of temperature) insofar as g(T) 5 const.
In eq. (17) we have expressed g(T) in terms of
parameters evaluated in Table II.

To understand the meaning of ideality, we use
these parameters to generate a plot of g(T) over a
wide temperature range. (We are aware that the
temperature range in Fig. 7 is far wider than is
physically reasonable, because PSP will decom-
pose at high temperature and not allow oxygen
diffusion at low temperature.) The plot shows
that g(T) rises and falls and has only a narrow
range where it is relatively temperature indepen-
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dent. For PtTFPP in FIB, the region of approxi-
mate temperature independence is between 225
and 350 K. A plot of g(T) has also been generated
in Figure 7 for another paint based on ruthenium
bathophenanthroline in a PDMS matrix using pa-
rameter values given by Shanze et al.10 It seems
that this paint has relatively constant g(T) and
could behave ideally in the temperature range
325–400 K. We believe that each pressure-sensi-
tive paint has a range of temperature where the
luminescence properties behave ideally. The tem-
perature range where ideality is preserved seems
also to be larger for a system with a low activation
energy of the oxygen diffusion. However, it seems
that ideality near room temperature could only be
reached by a paint formulation comprised of a
polymer with a very low activation energy of ox-
ygen diffusion, such as the FIB polymer used in
this study.

CONCLUDING REMARKS

This study gave an explanation of the ideal be-
havior of the PSP made of PtTFPP in FIB. The
very low activation energy of oxygen diffusion for
the polymer developed in our laboratory is an
exceptional feature and allows the possibility of
temperature correction by an internal tempera-
ture sensor. Moreover, ratioing the ideal pressure
and temperature luminescence to a temperature-
dependent but pressure-independent reference
could reduce or eliminate the temperature depen-
dence of the paint and open the door to more
accurate and quantitative PSP measurements.

Besides the very good diffusivity properties de-
scribed in this article, our paint formulation
shows a short response time (; 1 s) and a very low
photodegradation rate. Those features and also
the effect of the basecoat on the paint properties
will be discussed in a companion article.
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