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ABSTRACT

The production of 'O, via photosensitization by Methylene blue (MB) supported onto
Nafion-Na films is characterized by measuring 'O, emission at 1270 nm, as well as,
using complementary techniques like UV- Visible absorption and emission, and
fluorescence and triplet- triplet absorption decay. Quantum yield of O, production (F p)
of was determined in this heterogeneous system (Fp = 0.24 + 0.03). Results are
compared with the'O, generation by MB in solution and in methanol-swollen Nafion-
Na films. Differences and similitudes are discussed in terms of factors that influence F p

magnitude in solution and in solid media
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INTRODUCTION

The lowest electronic excited state of molecular oxygen, O, (‘Dy) or 'O in short, is a
highly reactive species' with application in various fields such as organic synthesis,?
wastewater treatment (decolorization),® medicine of cancer (photodynamic therapies)*
and disinfection processes.” Singlet oxygen can be generated by several methods:
chemical reactions, electric discharge, direct excitation and, most often, energy transfer
from an electronic excited state of a so-called sensitizer molecule (photosensitization,
predominantly from the first triplet state).! The latter processes occur with rate constants
closeto the diffusional limit.

In some applications, production of *O, by photosensitizers incorporated onto solid
supports is more adequate than generation in homogeneous systems because of its
advantages such as the easy removal, separation or recover of the sensitizer from the
reaction medium after using the generated 0., and the longer lifetimes of 'O, in some
polymer materials compared to those observed in water or hydroxylic solvents where
the polymer-supported sensitizer isintroduced for its sought effect.

In order to find the optimum photosensitizing system for each application,
quantification of the 'O, production in different media is needed, i.e. knowledge of the
guantum yields of singlet oxygen generation (Fp). While this issue is well solved in
homogeneous systems (normally using a suitable standard, such as phenalenone, Rose
Bengal or tetraphenylporphyrin, in the same solvent), there is no established reference
in heterogeneous systems yet.® Obviously, a reference polymer-bound sensitizer must be
readily available, cheap enough, easy to prepare and must provide reproducible results
under awide variety of experimental conditions.

The most commonly used techniques to measure Fp are chemica trapping of ‘O,

photoacoustic methods and the *O, NIR phosphorescence measurements (I gn™™ = 1270



nm). A suitable reference system with a known F p would be required to use the latter
method in heterogeneous phase. Since we have got involved recently in a project aimed
to carry out water disinfection using solar light and polymer-bound sensitizers, the
objective of our initial work has been to find a robust solid-supported photosensitizing
system that can be used as a reference for Fp quantification. We will show that
methylene blue (MB)-dyed Nafion® films fulfill the features to become a useful
reference system, provided its 'O, production is characterized thoroughly.

We chose Nafion as the sensitizer support because it is a chemically inert, transparent,
gas-permeable ionomer material Its microscopic structure comprises a hydrophobic
skeleton of perfluorinated alkyl chains from which ramifications via an ether bond arise.
These lateral chains are terminated with hydrophilic sulfonate groups resembling the
polar heads of surfactant molecules.” Such a material seems to be ideal as a polymer
support for 'O, production via photosensitization because it has a high permeability to
molecular oxygen (6.4 x 10** cm mol s%),2 does not absorb in the uv-visible region
above 250 nm, and exchange of its native H" counterions of the sulfonate groups by
cationic sensitizers is extremely fast in polar solvents (particularly methanol).
Moreover, many organic compounds can aso be loaded in the hydrophobic domains of
Nafion. In this way, we selected MB, a well known photosensitizer, because it absorbs
in the uv-visible range, has a relatively high Fp (0.51, in methanol)® and it is easily
incorporated into the Nafion films due to its (mono)cationic nature. An additional
reason to choose this couple as a reference system is that previous 'O, trapping
experiments in MB-doped Nafion films by anthracenes have shown that the polymer-
bound sensitizer is more resistant to photodegradation by intense light than in solution.’
We compared these results with the generation of O, by MB in solution and in the

Nafion-Na films swollen by methanol.



EXPERIMENTAL

Materials. Methylene blue (Panreac, 98%) was used as received. [Ru(bpy)s] (PFs). was
obtained from commercial [Ru(bpy)s]Cl, (Aldrich, 99.95%) by dissolution in warm
water and precipitation with a saturated NH4PFg aqueous solution. Methanol (SDS,
HPLC grade) and perdeuteriated methanol (Cambridge I sotope Laboratories Inc., 99.8%
D) were used as received. Acetonitrile (SDS, HPLC grade) was dried with 4 A
molecular sieves for seven days (Prolabo). Nafion®-117 perfluorinated membrane
(Aldrich) and NaOH (Quimipur) were used to prepare the Nafion-Na samples. Argon
(99.999%, Praxair, Madrid) and oxygen (99.95%, Praxair, Madrid) gases were
employed to purge the samples.

Film Preparations. The Nafion membrane was cut into ca. 25 x 8 mm pieces. The
rectangles were thoroughly washed with methanol. In order to exchange with Na" for
the original H* counterion of the SOs groups, the cleaned films were dip in methanolic
NaOH solution (ca. 0.1 M) and stirred for 15 hours and washed again with methanol.”
MB was incorporated into the Nafion-Na membranes by stirring each film into a
separate via containing the required concentration of the photosensitizer dye dissolved
in methanol. The films were allowed to dry subsequently in open vials at room
temperature. In this way, films of MB concentrations of 3.6, 1.4 and 0.93 mM were
prepared. MB concentration of the different films was calculated with the number of
moles incorporated and Nafion films volumes. The amount of MB was calculated
measuring the absorbance of the solution used to dye the films before and after being in
contact with them. The volumes of the films were calculated with the dimension of the

rectangles and their thickness.



Spectroscopic Characterization. Absorption spectra were recorded in a UV-Visible
Varian Cary 3 Bio spectrophotometer. The molar absorption coefficient (€) of MB in
Nafion-Na were determined by measuring the absorption of several films containing
different amounts of the sensitizer. The film thickness (178 nmm) was used as the optical
pathlength to calculate absorption coefficient (€).

The homogeneity of MB incorporation into the films was tested by recording the
absorption profiles at 642 nm, the absorption maximum wavelength with film transport
accessory.

Fluorescence emission spectra were recorded in a Perkin-Elmer LS50
spectrofluorometer. Nafion films were placed in the diagonal of a standard quartz cell of
10 x 10 mm (Hellma QS).

Fluorescence emission lifetimes of the sensitizer (tf) were measured with an Edinburgh
Instruments FL-900 time-correlated single-photon counting (TC-SPC) spectrometer,
equipped with a Peltier-cooled Hamamatsu R-955 red sensitive photomultiplier.
Excitation was performed with a 405 nm pulsed diode laser (IBH Nanoled-07) and
monitored near the emission maximum. The luminescence decay profiles were collected
by accumulation of 10* counts at the peak channel. The signal was deconvoluted with

the excitation pulse profile.

Time-Resolved 'O, Emission. Kinetic profiles of the 'O, phosphorescence at 1270 nm
were used to measure 'O, lifetimes (tp) and to determine the quantum yield of singlet
oxygen production (Fp) for the MB dyed Nafion-Na films. [Ru(bpy)s]*" in air-

equilibrated acetonitrile was used as the reference system (F p (CH3CN/air) = 0.57 +

0.05).10, 11,12, 13, 14, 15, 16



Measurements were performed using an Edinburgh Instruments (UK) LP-900 ns laser
flash photolysis system equipped with a frequency- doubled Nd:YAG laser (Minilitell,
Continuum, CA) for excitation at 532 nm and an EI-P fast Ge photodiode for time-
resolved near-infrared detection. An Ophir AN/2 energy meter with a thermopile head
(Ophir Optronics Ltd., Israel) was employed to monitor the energy of the laser pulse
(EL), which was varied from 200 to 1000 mJ pulse. Solid and liquid samples were
placed in a 1 mm optical pathlength quartz cell (Hellma) that could be conveniently
placed in the Edinburgh Instruments diffuse reflectance accessory. The NIR emission
was detected after passing through an interference filter centered at 1270 nm (77-nm
FWMH, Spectrogon). Typically, 100 laser shots were averaged for each signal. The
absorption of liquid and solids samples was checked before and after the 'O, emission
experiments. Measurements were performed with the dry films or while dip in CH;OH
or CD;0D.

Triplet Lifetime M easurements. Transient absorption experiments were done in order
to measure the triplet lifetime (tt) of MB in Nafion-Na by using the laser flash
photolysis equipment described above. The source probe beam was a 450 W pulsed Xe
lamp focused onto the sample cuvette. Triplet-triplet absorption decays were monitored
at 420 nm with a fast PMT (Hamamatsu) and at 870 nm with the Ge photodiode. The
monitoring light source was conveniently filtered after passing through the sample. The

transient absorption decay profiles were fitted to an exponential function.

RESULTS
Spectroscopic Characterization. Figure 1 shows the normalized absorption spectra of

an air-dried MB dyed Nafion-Na film immediately after preparation and a week later. It



can be seen that the absorption spectrum changed during the first days. The absorption
maximum is blue shifted and the shoulder near 610 nm is less pronounced. No further
changes were observed upon storage the sensitizer-doped film in the dark for up 10

months. The absorption profile shows that the film was homogeneously dyed.

Figure 1

The spectroscopic parameters of the air-dried MB/Nafion films are summarized in
Table 1. It can be seen that absorption and emission maxima in Nafion are blue shifted
with respect to the values in methanol (I 4s = 652 nm and | o, = 687 Nm, respectively).
The MB emission decay profiles in air-equilibrated Nafion films are biexponential (see
Table 1). This result agrees with the data for MB in water found in literature (0.37
(91%) and 0.82 (9%) ns).'” The prexponential weighted mean fluorescence lifetime in
air-equilibrated Nafion filmsis 0.4 ns. Thisvaueis similar to the reported value of 0.45

nsfor MB in water-dipped Nafion films.'®

Table1

Triplet Lifetime Measurements. Figure 2 shows typical experimental decays of *MB
in air-equilibrated Nafion. The triplet absorption measurements were carried out at 420
nm and 870 nm, where 3MB absorbs strongly.'® The triplet state lifetime obtained in

both experiments was nearly the same, (average value 38.6 + 1.2) ps.

Figure 2



Determination of tp and Fp. The emission profiles of the 'O, generated by
sensitization with MB in dried Nafion film (Figure 3a and Figure 4) were fitted to the

following equation
I(t)=|(0)(e'“tD- e‘”‘T) (1)
wheretpand t are the lifetime of *O, and of the triplet sensitizer, respectively.
The 'O, rise emission component is not observed when *O, is produced by either MB or

[Ru(bpy)s]** in solution or by methanol equilibrated MB/Nafion films (see Figure 3b

and 3c). Therefore, in these cases an exponential decay function was employed.
Figure 3

Figure 4 compares the 'O, emission signal at 1270 nm produced by MB in a Nafion
film when equilibrated with O, air or Ar. When the system was saturated with O,, the
signal showed a more rapid rise but the decay time is the same than under air. When
saturated with Ar, the NIR signal disappears. Similar dependence of 'O, emission
profiles with the O, concentration was found in the literature for photosensitization with

2-acetonaphtone in Nafion-K powders.™
Figure4

Table 2 summarizes the 'O, and *MB lifetime obtained after exponential fitting using

equation 1.

Table 2



The integrated time-resolved O, luminescence signal intensity (Ip) is proportional to
the tota number of photons emitted by the photogenerated 'O, that, in turn, is
proportional to the YO, luminescence quantum yield (F )

15 =£FeEL (1- 107 A )

where K is a constant that includes both geometric and electronic instrumental factors, n
is the refractive index of the medium from which the YO, luminescence is originated, E,
is the energy of the laser pulse and A is the absorbance of the sample at the excitation
wavelength (532 nm).
The 'O, emission quantum yield can be written in terms of F p:

Fe=Fpk tp €©)
where the product of the rate constant for the 'O, radiative decay (k) and the lifetime of
0, (tp) represents the fraction of *O, that, once formed, decays by emitting a NIR
photon.
Combining equations (2) and (3):

K -
|D:n?FDEL(1-10 Mk tp (4)

Equation (4) can be written in a short from:
(EA_K (5)

D :TFDkrtD
n

where 15" can be obtained after plotting Ip as a function of E, and then, the slope of

thisplot (I5°) asafunction of (1 —10™), see Figure5.

Figure5



If singlet oxygen measurements for the unknown sample (x: MB-dyed Nafion films)
and the reference (R: [Ru(bpy)s]®* in acetonitrile solution) are carried out under exactly
the same geometrical and electronic detection conditions, the quantum yield of *O,

production for the sample (F p*) can be obtained from the following equation:

E.A* 2 R, R
157 ng kot
F[)D(ZD X Br DFR

(6)

|EAT B s
where tp* and tp* can be obtained by fitting an appropriate kinetic function to the 'O,
luminescence decay profiles (see above).

The values of k, for the sample (k) and the reference (k7), which are solvent
dependent, are necessary in order to calculate F 5. Values of k, for O, in liquid media
are known to be a function of the solvent electronic polarizability. The empirical
correlation found in the literature: k, = 2.83 — 37.3(n*-1)/(2n’+1) + 128.2[(n*-
1)/(2n*+1)]?> has been used.®® The refractive index of Nafion (n = 1.335)* and
acetonitrile (n = 1.344)? were used to calculate k; in the respective media. In the case of
measurements performed with the CH3;OH or CD30D swollen Nafion films, the limiting
values of F p were estimated by using the refractive indexes of Nafion (n = 1.335)* and
methanol (n = 1.328)? as the lowest and highest value expected for the sample.

The F p* values calculated by using equation 6 are shown in Table 3.

Table3

DISCUSSION
If a polymer-supported sensitizer dye is to be used as a reference system for 'O,

production measurements in solid phase, it is essential to know properties such as the

10



new environment of sensitizer itself and its relationship with the O, generation. MB
solvation will reflect the environment where O, generator, *MB, will be produced. The
absorption and emission spectra can be very useful to provide information about
solvation around a probe. The MB emission maximum shifts to the red with increasing
the polarity of the solvents (e.g. 678 nm in acetone, 684 nm in acetonitrile, 687 nm in

methanol, al determined in this work and 691 nm in water'’). The emission maximum

e -1 n? -

wavenumber displays a linear correlation with -
261 +2 2n2+2

(Figure 6), a

theoretical polarity scale derived by Lippert.* Since the emission band of MB in Nafion
is located at 674 nm (Table 1), it can be concluded that MB dwells in a lower polar
environment than in the rest of the solvents plotted in Figure 6. Niu et al.% *® performed
trapping experiments of 'O, produced by MB in water-swollen Nafion-Na and
concluded that the sensitizer islocated at the interfacial zone of the film. Asthe position
of the MB absorption maximum in air-equilibrated Nafion films and the prexponential
weighted mean fluorescence lifetime are nearly the same than in water-swollen films it
can be concluded that MB is placed in a similar environment in both cases. MB
absorption maximum in methanol-swollen films is 652 nm, identical to that found in
methanol solution so in this case MB seems to be in a methanol environment. The
differences observed in the MB absorption spectra recorded immediately after the
preparation of the dyed film and a week later evidences that MB distribution in the film
changes during this time.” Taking into account that the position of the absorption
maximum is blue shifted compared to polar solvents, it can be concluded that after
equilibration MB is located into a less polar environment than in methanol. The
shoulder observed near 610 nm can be attributed to the formation of MB dimersin polar

medial” ?* 2> 2. 27 The ratio of the absorbance at 610 nm to the absorbance at the

11



maximum goes from 0.6 to 0.5 after equilibration (Figure 1). This result can be
explained taking into account that Guadalupe et al.”® estimated a dimerization constant
for MB in Nafion-H films of 130 M™ that is smaller than the constant in a polar solvent
(in water, average value from literature 3.8 x 10° M™).24 2> %

The longer tired component fluorescence lifetime found in Nafion (1.7 ns, Table 1)
compared to the lifetime found in water literature (0.82 ns)*’ is typical for a more
viscous and rigid medium.

Considering the 'O, emission profiles collected in Figure 4 it can be concluded that the
rise part of the signal reflects the 'O, formation which depends on the O, concentration
and the decay portion can be attributed to 'O, deactivation. The biexponential model
(equation 1) to extract t+and tp from the *O, emission experiments is an approximation
that is valid under the condition t+ < tp; otherwise a deconvolution between the triplet
decay signal and O, signal should be done?® % * The difference in the value of tt
obtained in the 'O, emission experiments and the triplet-triplet absorption decay
experiments can be due to the use of this approximation or to the fact that in the first
case the number of channels used to fit the data was smaller than in the second case.
The time scale used in the former experiments was chosen to adequately cover full *O,
decay kinetics.

The rise contribution in *O, emission profiles observed in dried films can be explained
considering that in more viscous environment oxygen diffusion is slower so the O,
precursor (*MB) is slowly quenched by oxygen and the *O, formation can be followed.
The triplet decay experiments of MB in Nafion equilibrated in air show that the M B
lifetime is long enough compared to the lifetime of 'O, in this media to explain the rise
contribution observed in *O, emission experiments. When the system is saturated with

oxygen more oxygen is available and the quenching events with subsequent

12



sengitization occurs faster. In methanol-swollen films diffusion occurs faster than in the
air-dried films and the rise time is not observed. Oxygen diffusion coefficient is two
orders of magnitude smaller in Nafion than in solution (4.3 x 107 cm? s* in Nafion®
versus 2.6 x 10 ° cm? s in ethanol*")

The values of tp obtained in different Nafion systems studied in thiswork (T able 2) can
be rationalized applying the model proposed by Lee et a.* based upon the distribution
of Y0, between a solvent-like (internal) and a Nafion-like (external) phase. According to
their model the observed 'O, decay rate constant, kg, (tp?) for the system by the

following equation:

_ f kint Keq +(1- f)kext
© fKegt+(@- 1)

(7)

d

where f is the volume fraction occupied by the internal phase, ki and keq are the 'O,
decay rate constant within the internal and external phase, respectively, and K is the
equilibrium constant of *O, between the two phases, expressed as the *O, concentration
in the interior phase to the exterior phase. Introducing in equation 7 the values, Keg =
0.21, kin=2.5x 10° s and keq = 2.77 x 10° s* *°, the value of kg = 1.18 x 10* s* (tp=85
ns) obtained in air dried Nafion films (Table 2) can be justified with a volume fraction
of water of 0.153 that corresponds to a 5.5 molecules of water per sulfonate group. This
result isin agreement with the number water molecules that justified the MB absorption
maximum in this film (see Figure 6). The number of molecules of 2.6 obtained by Lee
et al. * may be due to the point they used Nafion-K that absorbs smaller amounts of
water.” A value of tp= 34 ns for methanol-swollen Nafion filmsis obtained replacing in
equation 7 Key = 0.21, ki = 1.0 X 10° S, ke = 2.77 x 10° s, £ = 0.6. ¥ *° The difference

with the experimental value tp= 16 ns (Table 2) can be explained taking into account

13



that the oxygen solubility in methanol is higher than in water®® so the Keq in
methanol/Nafion system should be larger than in water/Nafion.

The F 5 value obtained in dry Nafion films (Table 3) is smaller than the value found in
literature for methanol solution (F ™™ = 0.51).° Sometimes the cage effects can
explain smaller Fp in more rigid media than in solution because more collisions
between quenchers, like the sensitizer itself, and 'O, are allowed. In the case of Nafion
films studied in this work this effect should not be important because the rate constant
of quenching of 0, by MB (1 x 10* M S, this work) is five orders of magnitude

smaller than in methanol solution (2.3 x 108 M™* S%).1°

The F p can be written in terms of the quantum yield of sensitizer triplet state formation

(F 1), the proportion of sensitizer triplet state quenched by O, ( sz ) and the fraction of
this oxygen quenching reaction that yields to 'O, ( fg ):

Fo=Fr Py, D ®
The proportion of *MB quenched by O (sz)is a function of the rate constant of
guenching of MB triplet state (kc?2 ):

T _ kccl)z [02]
%Dt kg2[og]

=t kg2[0,] ©)

where t?is the MB triplet lifetime in the absence of O, and [O] is oxygen

concentration in the media.

A vaue of sz (air) in polar solvents close to 1 was calculated with literature data (t 9

= 450 ns>, kC?Z =1.7x10°M*s?* [0,](0.21 atm) = 2.1 x 10° M &)

14



Since the M B quenching rate constant by O, (ké)Z) in Nafion filmsis not available in

literature it can be estimated from a Stern-V olmer equation:

1 1 ')
(- otke” 0] (10)
T tT

by using t+ obtained in the *O, emission experiments in air and O, (Table 2) and the

solubility of O, in Nafion in both cases (3.1 x 10° M and 1.49 x 102 M).% The value

obtained with this procedure is kéjz =1.3x10"M "1™ L, This rate constant can be used

to calculate sz (Nafion-air). This resulting value (0.85) is smaller than the sz in
methanol solution but is not small enough to justify the 50 % difference of F  observed
in both media (Table 3). The lower F pin Nafion versus in methanol may arise from a

smaller F 1 or fg in the film. Under diffusion-controlled process, if all the triplet state

quenching process by O, drive to the formation of 'O, (energy transfer process) a value

of kéjz equal to 1/9 of diffusion constant (kgi) is expected. In this case the

assumption of fDT = lisjustified. The value of kgtr, when oxygen is one of the reaction

partners, has been evaluated to be 3.1 x 10 M™ s in methanol.™® As ké)2 in polar

solvents (1.7 x 10° M s%)* is close to kgi/9 (3 x 10° M s%) avalue of fg close to

the unity is expected. Considering than diffusion of oxygen in Nafion is 100 orders of

magnitude smaller then in solution a value of Ky 10 or 100 times smaller will be

expected. The value of kc?Z =1.3x10" M 5™ should be close to the expected value of

Kairi/9 so in this case fgwill be approximately 1 too. Increasing values of F+ for MB in

increasing polarity solvents are found in literature (0.35, 0.43 and 0.52 in propylene

carbonate, metoxyethanol and methanol, respectively).3* Nafion, as is shown in Figure

15



6, is a less polar solvent than methanol so the smaller F 1 expected in this medium
should contribute to make F p smaller.

A quantum yield of singlet oxygen production when the Nafion film is equilibrated with

O, of 0.3 is predicted by using sz (air) = 0.85, Fp (air) = 0.24 and the proportion of

3MB quenched by O, when the system is equilibrated with O, (sz (Oy) = 0.97). This

value agrees with the experimental value of 0.35 (Table 3).

Nevertheless, the F p obtained in methanol-swollen Nafion film is nearly the same than
that found in literature for methanol solution (0.51).° This result means that the 'O,
produced in this case is mostly in the methanol phase. The disappearance of the rise
contribution in 'O, emission profiles, the magnitude of tp and the position of the
absorption maximum of MB are other evidences that confirm that in this case 'O, is
generated and deactivated principally in a methanol environment.

After characterization MB dyed Nafion films we can conclude it is a suitable system to

be used as areference to determine F p.
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Table 1. Absorption and emission parameters of MB in methanol and in air-dried

Nafion-Na film.
Medium | | ps(nm) | eMtem™) |1 e (NM) t; (nS)
CH3OH 652+ 2 | 80000+ 2000 | 687+ 2 0.6

Nafion 642+ 2 | 59000+ 3000 | 674+2 | 0.2(89%), 1.7 (11%) @

(a) Valuesin parenthesis are the normalized pre-exponential factors of thefit.

17



Table 2. 10, lifetime (tp) and *MB lifetime (t 1) in different media obtained by fitting

the emission profilesto eqg. 1.

Medium to(us) @ | tt(us) @
MB/Nafion-Na/air 85 20
MB/Nafion-Na/O, 90 5

MB/Nafion-Na/CHzOH/air 16 <1
MB/CHzOH/air 10 <1

(a) Estimated error: £20%; the dispersion of the data can be attributed to the water
content in the film. ¢{NO HABRIA QUE EXPLICAR POR QUE NO SE DA EL
DATOEN LOSDOSULTIMOS CASOSY SE ESCRIBE SOLO <1?No

entiendo! !
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Table 3. Quantum yield of O, production (F p) by MB-dyed Nafion-Na films.

Medium Fp
Nafion-Na/air 0.24 + 0.03
Nafion-Na/O; 0.35+ 0.05

Nafion-Na/CHzOH/air 0.47(0.51) + 0.06@
Nafion-Na/CD3;OD/air 0.47(0.50) + 0.06@

(a) The lowest value was calculated with the refractive index of Nafion (n= 1.335)** and

the highest one with the refractive index of methanol (n= 1.328)%* (see text).
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FIGURE CAPTIONS

Figure 1. Normalized absorption spectra of MB in an air-equilibrated Nafion-Na film.
Spectra obtained immediately after preparation (---) and a week later (—) are shown.
The inset shows the absorption profile at the absorption maximum (642 nm) of a MB-
dyed (0.93 M) film (O) and a non-dyed film ( ). The spectra are normalized with

respect to the absorption maximum of the full line trace.

Figure 2. Triplet-triplet absorption decays of MB in air-equilibrated Nafion-Na film

monitored at @) 870 nm and b) 420 nm. The MB concentration is 1.4 mM.

Figure 3. Emission profiles at 1270 nm of 'O, generated by sensitization with MB in
air-equilibrated: a) Nafion-Na, b) CH3OH solution, ¢) Nafion-Na/CHz;OH. ¢PONEMOS

LAS CONCENTRACIONES DE MB EN CADA CASO?No me parece

Figure 4. Emission profiles at 1270 nm of 'O, produced by MB-doped Nafion-Na

exposed to 100% O, (O), air (O) and 100% Ar (—).

Figure 5. a) Integrated time-resolved *O, luminescence signal decay (Ip) as a function
of the laser pulse energy (E.) produced by MB-dyed films of different absorbance at
532 nm; 0.066 ( ), 0.105 ( ), 0.278 ( ), and by [Ru(bpy)s]** in acetonitrile (O). b) The
slope of the previous plot (Ip7) as a function of the absorbed photon flux (1 — 10%) for

MB/Nafion ( ) and [Ru(bpy)s]**/acetonitrile (O0).

20



Figure 6. Energy of the MB emission maximum vs. the Lippert polarity function. The
different points correspond to the following solvents: 1) water, 2) methanol, 3)
acetonitrile, 4) acetone, 5) Nafion. The dielectric constant (&) and the refractive index
(n) were taken from reference [22] except e of air-equilibrated Nafion that was taken
for a water content of 6 molecules per sulfonate group of the film, the typical value for

air-dried Nafion,® 3¢

21



FIGURES

Figure 1

Normalized Absorbance

1.2

1.0 A

0.8 A

0.6

0.4

0.2 A

1.0

0.5

0.0

0

6 12
distance (mm)

0.0
400

500

I (nm)

22

600

700

Wetzler et al.



0.03

I (mV)

0.02

0.01

0.00

-0.01

Figure 2

23

Wetzler et d.



I (mV)

0.02 0.01 0.005
0.00 0.00 | WMWMMWWWMMWMW 0.000
-0.02 -0.01 -0.005
0.04 0.04 0.04
0.03
0.02
001
0.00
© %Oo

-0.01 4 ‘ ‘ ‘ : -0.01 ‘ ‘ ; ; -0.01 ; ; ; ;

0 100 200 300 400 500 0 20 40 60 8 100 0 20 40 60 8 100

t(ms) t (s) t(ms)
Figure 3 Wetzler et al.

24



0.04

0.03

0.02

1 (mV)

0.01 ¢

Figure4 Wetzler et d.

25



00 02 04 06 08 10 12 14 0.0 0.1 0.2 0.3 0.4 0.5

EL(mJ)
(1-10™ 532

Figure5 Wetzler et al.

26



Figure 6

nem (cm'l)

14850

14800 1

14750 1

14700 1

14650 1

14600 1

14550 1

14500 1

14450
0.25

0.30

gaer -1 p2 9
§2+1 2n?+13

27

0.35

Wetzler et a.



REFERENCES

' C. Schweitzer and R. Schmidt, Chem. Rev., 2003, 103, 1685-1757.

2 A. Gilbert and J. Baggott, in Essentials of Molecular Photochemistry, Blackwell,
Oxford, 1991, p. 501-525.

®R. A. Larson and K. A Marley, in Environmental Photochemistry (The Handbook of
Environmental Chemistry, vol. 2L), ed. P. Boule, Springer, Berlin-Hiedelberg, 1999, p.

123-137.

®htpp://www.rcdc.nd.edu

" D. Garcia-Fresnadillo, M. D. Marazuela, M. C., Moreno-Bondi, and G. Orellana,
Langmuir 1999, 15, 6451-64509.

8 7. Ogumi, T. Kuroe and Z. Takeahara, J. Electrochem. Soc., 1985, 132, 2601-2605.

® E.-P.Niu, A. W.-H. Mau and K. P. Ghiggino, Aust J. Chem., 1991, 44, 695-704.

" A. A. Abdel-Shafi, P. D Beer, R. J. Mortimer and F. Wilkinson, Helv. Chim. Acta,
2001, 84, 2784-2795.

' A. A. Abdel-Shafi, P. D Beer, R. J. Mortimer and F. Wilkinson, J. Phys. Chem. A,
2000, 104, 192-202.

12 The reason for selecting [Ru(bpy)s]?* in acetonitrile as a reference system to calculate
F pisthat the pathlength of the system studied in this work was much smaller than the
10-mm one typically used in solution measurements. Therefore, the sensitizer
concentration has to be large enough to yield a quantifiable 'O, emission signal. The use
of MB in asolvent such as methanol as the reference was not appropriate because this
sensitizer shows a O, quenching rate constant of 2.3 x 108 M2 s |n thisway, the

improvement in the O, signal expected from an increase in the MB concentration

28



would be counteracted by the decrease due to quenching of *O, by the sensitizer itself.
Unlike MB, Ru(l1) polypyridyls are known to be efficient ‘O, generators and to have
small quenching rate constants of 10, [% 10131438 (e g 1.4 x 10° M s* for [Ru(bpy)s]*
in acetonitrile, this work).

3 D. Garcia-Fresnadillo, Y. Georgiadou, G. Orellana, A. M. Braun and E. Oliveros,
Helv. Chim. Acta, 1996, 79, 1222-1238.

' J.N. Demas, D. Diemente and E. W. Harris, J. Am. Chem. Soc., 1973, 95, 6864-6865.
153, N. Demas, E. P. McBride and E. W. Harris, J. Phys. Chem., 1976, 80, 2248-2253.
8 A. Acs, R. Schmidt and H. D. Brauer, Ber. Bunsenges. Phys. Chem., 1987, 91, 1331-
1337.

D, A. Dunn, V. H. Linand I. E. Kochevar, Photochem. Photobiol., 1991, 53, 47-56.
8 E-P.Niu, K. P. Ghiggino, A. W.-H. Mau and W. H. F. Sasse, J. Luminesc., 1988, 40
& 41, 563-564.

¥p C.Leeand M. A. J. Rodgers, J. Phys. Chem., 1984, 88, 4385-4389.

2 R. D. Scurlock, S. Nonell, S. E. Braslavsky and P. R Ogilby, J. Phys. Chem., 1995,
99, 3521-3526.

2! Data supplied by the manufacturer.

22 C. Reichardt, in Solvent and Solvents Effectsin Organic Chemistry, 2™ edition, VCH,
New York, 1990.

3 E. Von Lippert, Z. Electrochem., 1957, 61, 962-975.

Y H. C. Junqueira, D. Severino, L. G. Dias, M. S. Gugliotti and M. S. Baptista, Phys.
Chem. Chem. Phys., 2002, 4, 2320-2328.

2 K. Patil, R. Pawar and P. Talap, Phys. Chem. Chem. Phys., 2000, 2, 4313-4317.

% A. R. Guadalupe, K. E. Liu, and H. D. Abrufia, Electrochim. Acta, 1991, 36, 881-887.

21 3. Kiwi, N. Desinov and V. Nadtochenko, J. Phys. Chem. B, 1999, 103, 9141-9148.

29



%8 R. D. Scurlock, D. O. Mértire, P. R. Ogilby, V. L. Taylor and R. L. Clough,
Macromolecules, 1994, 27, 4787-4794.

#R. L. Clough, M. P. Dillon, K.-K. lu and P. R. Ogilby, Macromolecules, 1989, 22,
3620-3628.

%R. D. Scurlock, M. Kristiansen, P. R. Ogilby, V. L. Taylorand and R. L. Clough,
Polym. Degradation and Stability, 1998, 60, 145-159.

31 Handbook of Chemistry and Physics, ed. in chief R. C. Wheast, CRC Press, Boca
Raton, FL, 1988.

% Hanbook of Photochemistry, ed. S. L. Murov, |. Carmichael, G. L. Hug, Marcel
Dekker, NY, 1993.

% Handbook of Organic Photochemistry, ed. J. C. Scaiano, CRC Press, Boca Raton, FL,
1989.

3 C. Carré, C. Reichardt and D. J. Lougnot, J. Chim. Phys., 1987, 84, 577-585.

% 3. J. Paddison, D. W. Reagor and T. A. Zawodzinski Jr., J. Electroanal. Chem., 1998,
459, 91-97.

% M. Eikerling, A. A. Kornyshev and U. Stimming, J Phys. Chem. B, 1997, 101, 10807-

10820.

30



