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The formation of anthracene ion radicals in the H+-, Na+-, Fe2+-, and Fe3+-Nafion membrane was
established by laser kinetic spectroscopy. The formation of ion radicals was observed to be due to (1) the two
photon ionization of the anthracene molecule with the formation of the radical cation An+• radical and a fast
electron scavenging by H+, Na+, Fe2+, and Fe3+ acting as efficient electron traps in solution and (2) the
quenching of the excited anthracene by Fe3+ that leads by a redox process to the formation of An+• and Fe2+.
It is shown that the ensuing kinetics of the ion-radical decay depends on the chemical nature of the traps. The
lifetime of TAn becomes shorter after Fe2+ or Fe3+ is introduced in the Nafion. The steady-state anthracene
fluorescence is quenched by Fe3+ or Fe2+ and followed the logarithmic decay law ln(I0/I) where the decay in
solution was seen to be proportional to the [Fe3+] or [Fe2+]. The counterions of SO3--water clusters as well
as of oxygen in the reaction media strongly affect the kinetics of ion-radical reactions occurring in the Nafion
membrane. The counterions and oxygen are suggested to be the traps for the generated electrons in solution.
The excited state of An was shown to react with Fe3+ through electron transfer. Triplet excited anthracene
molecules are quenched by Fe3+ and Fe2+ with rate constantskq(Fe3+) ) (1.9 ( 0.19) × 108 M-1s-1 and
kq(Fe2+) ) (1.4 ( 0.11)× 109 M-1s-1. Anthracene ion radicals are formed in the reaction with Fe3+ but not
with Fe2+ on thermodynamic grounds. Fe2+ or Fe3+ being different chemical species quench with similar
rates the An probe inside the Nafion membrane. Treatment of Fe3+-Nafion with NaOH leads to precipitation
of iron particles in the membrane having as consequences (1) the decrease of the observed rate for the triplet
excited anthracene quenching with a concomitant decrease in the observed An+• yields and (2) a significant
decrease of the An+• decay time because of the lowering of the mobility of the iron ions in solution.

Introduction

The controlling influence of the reaction media of elementary
events is currently an important subject in photochemical
research.1-3 The Nafion matrix as a reaction media has recently
attracted much attention in photochemical research.4-12 This
membrane has to be an important material for the construction
of pH sensors,13 for copper sensing,14 and also when used as
probe to test the luminescence of molecules such as pyrene and
Ru(bpy)32+.15-18 Ion-containing polymers or Nafion are used
in a variety of photochemical and electrochemical devices
including fuel cells, solar energy conversion systems, and
batteries.19 The structure of the Nafion membrane was studied
after been embedded in aqueous solutions. A network of
compartments with diameters of about 40 Å containing water
connected by channels with diameters of about 10 Å has been
put forward to model the Nafion topology.20 When it is swollen
in water, the structure of Nafion resembles that of a reverse
micelle. We have already examined the photo-Fenton activity
of immobilized Fe3+ on Nafion toward the destruction of
hazardous pollutants.21

The present study aims at (1) the elucidation of the photo-
chemistry of the anthracene (An) as a probe molecule in the

Nafion matrix in the presence of various countercations sur-
rounding the-SO3

- -water clusters and (2) the detailed study
of the photochemical reactions between anthracene and iron ions
at the SO3

- -water clusters interface. In a previous study from
our laboratory, the electron-transfer reaction between methylene
blue and Fe2+ in Nafion was investigated5 where both the
methlyene blue and the Fe2+ were in the water compartment
surrounding the SO3- groups of the Nafion. This steric
arrangement is based on the hydrophilic nature of the later
species. Whereas, in the present case, we reported the interaction
between hydrophobic An and hydrophilic Fe2+ and Fe3 in the
Nafion membranes. It can be expected that the hydrophilic iron
ions and hydrophobic An molecules are separated in the Nafion
by the interface between the water compartment and the carbon-
fluorinated region of the Nafion polymer chains. This approach
may also provide insight into the reactivity of Fe2+ and the
different forms of Fe3+ species available in the Nafion mem-
brane. Previously, it was reported that Fe3+ exists in the Nafion
in various forms as aqua-hydroxy iron complexes and as iron
hydro/oxide precipitated particles.22-26 Fe2+ apparently does not
precipitate. Another question addressed is which is the form of
the Fe3+ existing in the Nafion that is more reactive relative to
the excited hydrophobic An, used as a probe in the hydrophobic
part of the Nafion. This study addresses the question if this iron
deposited on the Nafion membrane is precipitated or not as a
function of the preparative technique used. The iron-iron
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reactivity was investigated relative to the excited anthracene
and its ion radicals in solution.

Experimental Section

Chemicals.The Nafion membrane 1117 was obtained from
Aldrich. Fe(ClO4)3‚9H2O and FeSO4‚7H2O were Fluka p.a.
products and used without further purification as the source of
Fe3+ and Fe2+ ions.

Preparation of An Nafion Loaded Membranes.The Nafion
membranes were washed with H2O2 (10% solutions) and
subsequently with H2SO4 (5%). Finally, repeated water was used
to clean organic contaminants in the film. An was incorporated
into the Nafion by dipping the film in methanolic solution with
a chosen concentration of anthracene during 24 h. For experi-
mental purposes, 5 cm2 of An-Nafion loaded films were
prepared from a single batch to attain the adequate reproduc-
ibility needed when comparing the different samples.

(a) Preparation of An Na+-Nafion Membranes.A total of 5
cm2 of An-Nafion was equilibrated with 20 mL of 1 M NaOH
overnight under constant stirring. No loss of An was observed
by equilibrating the film in NaOH as measured by UV-vis
spectroscopy of the H+ membrane before and after NaOH
addition.

(b) Preparation of AnFe3+ and AnFe2+ -Nafion Membranes.
The 5 cm2 samples of An-Nafion were dipped in various
concentrations of freshly prepared Fe3+ and Fe2+ (0.05-0.12

mM solutions) of constant volume (20 mL). The solutions were
deoxygenated by Ar purging, and the deoxygenated solutions
were equilibrated with the Nafion loaded membranes during
24 h. No Fe3+ and Fe2+ ions were found in solution by
thiocyanate and 1,10-phenanthroline, respectively, indicating that
all of the Fe3+ and Fe2+ ions were incorporated into the Nafion
membrane. No loss of concentration of An was also observed
in both cases after Fe3+ and Fe2+ treatment. Two different types
of Fe3+ membranes were prepared on An-Nafion substrates:
(1) type I, when aqueous solutions of Fe3+ ion solutions were
equilibrated with the H+- or Na+-Nafion membrane previously
loaded with An and (2) type II, when membranes of type I were
dipped subsequently in NaOH (1 M) solutions for 1 h. In the
second case, the formation of the polymeric oxo/hydroxo iron
species occurs because of the hydrolysis of Fe3+ complexes in
the Nafion.23

Absorption, Fluorescence, and Laser Photolysis Experi-
ments.The absorption spectra were recorded using a Hewlett-
Packard 8452 diode-array spectrophotometer. The fluorescence
was monitored with a SPEX-2 photon fluorescence spectro-
photometer provided with a MX-2 baseline correction unit.

Laser photolysis was carried out with the second harmonic
of a ruby laser (λ ) 347 nm, 15 mJ pulse energy, pulse width
of 30 ns) operated in the Q-switched mode. An Oriel 450 W
Xe lamp was used as the monitoring light source. The detection
of the transient absorption changes was performed with an R
928 photomultiplier (Hamamatsu) via a grating monochromator
(Bausch & Lomb). Digitization of the accumulated signals was
achieved with a digital oscilloscope (Tektronix, TDS524A,
Portland, Oregon). Laser experiments were carried out in 2 mm
quartz cells. The excitations of the Nafion-An membranes in
the appropriate solutions were carried out in the optical quartz
cell perpendicular to the monitoring light.

Estimation of the Average Number of Fe Ions in the
Cluster. The equation forHmax gives an estimate of the number
of headgroups in a single cluster by considering the average
density,Ew, Braggd spacing, and adsorbed volume. The number
of headgroups in one clusterHmax was calculated by

whereF ) 1.98 g/cm3 is the Nafion density,Ew ) 1100 is the
equivalent weight, andV ) 4ΠR3/3 (R ) d/2) refers to the
collision cluster volume. The Braggd spacing used was 47 Å27,
and V, the water volume absorbed by 1 cm3 of Nafion, was
0.56 cm3. Taking into account these data andHmax ) 73, a
maximum of 73/n Mn+ ions could be loaded into a single cluster.
The concentration of clustersc (in units of mol/cm3) was
calculated according toc ) F/EwHmax and was equivalent to
2.5 × 10-5 mol/cm3. The average number of ions in a cluster
or occupation number was defined as〈µ〉 ) c([ions]/1000). Ions
refers to the concentration of ions in the membrane.27

Results and Discussions

Absorption and Fluorescence of An in Nafion Membranes.
Figure 1 shows the absorption spectra of anthracene in the
Nafion membrane in the H+ and Na+ forms swollen by methanol
or water. The anthracene absorption in the water-swollen
membrane is shifted by 2 nm to the blue relative to methanol-
swollen one. A new red shifted band centered at around 390
nm is observed for water-swollen H+- and Na+-Nafion (Figure
1 parts B-D). This 390 nm band is similar to that reported in
rigid media of silica, alumina, or zeolites for a stable ground-

Figure 1. Absorption spectra of anthracene in Nafion membranes. A.
H+-Nafion swollen by methanol, [An]) 0.2 mM. B. Na+-Nafion
swollen by water, [An]) 0.2 mM. C. H+-Nafion swollen by water,
[An] ) 0.2 mM. D. H+ -Nafion swollen by water, [An]) 0.5 mM.

Hmax )
N0F
Ew

ν
1 + V

(1)
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state pair between two anthracene molecules.28-35 The dimer
concentration increases in the order of H+-Nafion/MeOH;
Na+-Nafion/H2O; H+-Nafion/H2O for the same amount an-
thracene in the Nafion (Figure 1). An increase of anthracene
concentration in the membrane leads to the rise of the dimer
concentration (Figure 1D). If the concentration of anthracene
in the membrane is less than 0.27 mM, the formation of
anthracene dimers at 390 nm is not significant. Experiments
described below were performed at anthracene concentrations
lower than 0.27 mM.

In the zeolites H+ -ZSM-5, H+-mordenite, and H+-Y,
protonated anthracene formation has been recently reported.36

Despite the acid nature of H+-Nafion interior, no evidence for
protonated anthracene was found in the absorption spectra or
in the fluorescence spectra. Molecular anthracene absorption
bands were observed to be the same in H+ and in the Na+ water-
swollen Nafion membranes. This suggests that anthracene is
localized outside of the water-SO3

- ionic clusters, mostly in
the carbon-fluorinated part of the membrane.

Figure 2 shows the quenching of the anthracene fluorescence
by hydrophilic iron ions Fe2+ and Fe3+ (type I, without NaOH
treatment) in the Nafion membrane. Iron ion concentrations in
Figure 2 are presented in millimolar concentrations. The average
occupation number〈µ〉, defined as〈µ〉 ) (Fe2+ or Fe3+

concentration)/(concentration of the SO3
- -water clusters in

Nafion) is shown in the upperx axis in Figure 2. Figure 2 shows
the dependence of An fluorescence intensity on the Fe2+ or Fe3+

concentration. This dependence is significantly different from
the case in homogeneous solutions following the usual Stern-

Volmer dependence for fluorescence quantum yield. This
intensity dependence in Figure 2 can be approximated by the
exponentialI0/I ) exp(-R[Fe2+ or Fe3+]). For Fe2+, theR value
is (22.2( 1.7) 1/M, and for the Fe3+ system, this value is (23.7
( 1.4) 1/M. Theoretical treatments of the luminescence quench-
ing in assemblies to calculate the equilibrium distribution of
reactants (occupation statistics) have been developed.1-3

The reactions in the organized assemblies have similarities
with those in Nafion such as (a) the compartmentalization of
iron ions into SO3

- -water clusters according to a similar
distribution law, (b) the exchange of ions between clusters, and
(c) the reaction of ions within the same cell and of molecules
originally contained in different clusters through diffusion. It
has also been widely reported that the structure of the Nafion
membrane resembles the structure of inverted micelles.20 At an
average concentration of An in Nafion of 0.277 mM, the average
number of An molecule per one SO3

- -water cluster is 1.1×
10-2. Thus, the probability of one cluster being occupied by
two An molecules is negligible small, and it is necessary to
consider the distribution of iron ions only. This means that the
An molecule in the vicinity of the particular SO3

- -water cluster
will be able to emit a photon when no iron ions are associated
with that cluster. However, when one or more iron ions exist
in the vicinity of the SO3

- -water cluster, then the quantum
yield of An fluorescent is infinitesimally small because they
act as fluorescence quenchers. Iron-ion exchange equilibria
between bulk aqueous solution and SO3

--Nafion cluster can
be approximated as follows:

In these equations Ci is a Nafion cluster which is consisting of
i of iron ions. k+ and k- are the rate constants for iron-ions
exchange between Nafion cluster and water bulk.

According to the scheme in eqs 2-5, the ion distribution
between clusters can be approximated by the Poisson distribu-
tion:

whereC is the total concentration of SO3- -water clusters in
the Nafion.

The concentration of empty clusters of iron ions is noted as
C0 ) Ce(〈µ〉). This is in agreement with the results presented in
Figure 2 parts B and D. In this study, the simplest model has
been used to show the statistical character of the quenching
observed in Figure 2.

The experimental slopes of the liner plot of ln(I0/I) vs 〈µ〉 in
Figure 2 parts B and D for Fe2+ and Fe3+ are close to each
other, viz., 0.57( 0.08 for Fe2+ and 0.62( 0.06 for Fe3+.
According to the suggested model, the slope was expected to
be 1. The deviation between the experimental results and those
predicted by theory is∼40%. This agreement can be considered
as reasonable because the〈µ〉 value for iron ions in the Nafion
membrane was estimated on the basis of cluster concentrations
obtained from data reported for Nafion.27 A similar logarithmic
dependence of the fluorescence yield on the quencher concen-
tration was observed for the quenching of methylene blue by
Fe2+ ions5 where the fluorescent methylene blue and the

Figure 2. Dependence of the fluorescence intensity of anthracene in
H+-Nafion membrane as a function of the Fe2+ and Fe3+ ion
concentration. [An]) 0.1 mM. A. An fluorescence intensity dependence
on [Fe3+ ] in Stern-Volmer coordinates. B. An fluorescence intensity
dependence on [Fe3+ ] in logarithmic coordinates. C. An fluorescence
intensity dependence on [Fe2+ ] in Stern-Volmer coordinates. D. An
fluorescence intensity dependence on [Fe2+ ] in logarithmic coordinates.

C0 + Fe0 f C1 (2)

C1 f C0 + Feion (3)

Ci-1 + Feion f Ci ik+ (4)

Ci f Ci-1 + Feion ik- (5)

Ci ) C〈µ〉i/i! exp(-〈µ〉) (6)
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quencher Fe2+ were both hydrophilic species inside the SO3
- -

water clusters. At this point, it is important to state that Fe2+ or
Fe3+ being different chemical species produces a similar
quenching of the An probe inside the Nafion.

Intermediates Due to Laser Photolysis of An-Nafion
Membranes.Figure 3 presents the transient absorption spectra
of An in the H+- and Na+-Nafion membrane. Experiments
were carried out in air and in Ar atmospheres. Common features
for these spectra are the strong An triplet-triplet absorption
band at 420 nm and the band at 710-720 nm which is attributed
to the absorption of the An ion radicals. The assignment of the
absorption bands have been previously in the literature.37-41 The
electronic spectra of monopositive and mononegative An show
similar spectral features.39;42 To elucidate the nature of ion
radicals, the dependence of the radical yield on the laser energy
pulse and the kinetics of transient decay at the maximum of
ion-radical absorption band at 710 nm will be investigated, and
the results are presented in Figure 4.

Figure 4 shows the dependence of the triplet and radical yields
on the energy of the laser pulse for Na+-, Fe2+-, and Fe3+-
(type I)-Nafion membranes. Figure 4B shows that triplet
production follows one-photon absorption. Saturation is due to
(a) a large amount of absorption and (b) a significant ground
state population depletion at high laser intensities. The concave
curves shown in Figure 4 A for the radical yield as a function
of laser energy are typical and follow a two photon or

multiphoton process. The dependency of the radical yield
immediately after laser pulse on the pulse energy by power
function can be approximated by

where K1 is the power coefficient for the dependency of the
radical yield on the applied laser pulse energy, and then the
following values were obtained: K1) 1.8 (Na+ -Nafion), K1
) 2.43 (Fe2+-Nafion), and K1 ) 2.48 (Fe3+-Nafion). It
follows that a two photoionization process of An predominates
in the Nafion membrane leading to An+• ion-radical formation.
The treshold of photoionization of teramethylsilane (TMS) of
5.87 eV makes a two photon thermodynamically possible. In
this case, the intermediate states involved are the singlet excited
state of An with an energy of 3.29 eV and the triplet state of
An with 1.85 eV, because the threshold in the water-swollen
Nafion can be at a lower energy level than in TMS because of
the polar nature of the surrounding solvent. It can also be
suggested that the concentration of positive An ion radicals is
higher than negative An ion radicals because of the fast capture
of the photoinjected electrons can proceed on different type of
traps: (a) the countercations in SO3

--water clusters e- + H+

f H ksc ) 4.3× 1010 M-1 s-1.43,44 If the H+ is the counterion
in the sulfonic group of the Nafion, the latter reaction proceeds
with reciprocal lifetime 7.7× 1010 s-1. The concentration of
the SO3

- group in Nafion is 1.8 M, and this concentration
equals the H+ concentration. (b) Taking into account that the

Figure 3. Transient absorption spectra of An in Na+- and H+-Nafion
membrane water-swollen. Air oxygen was purged by Ar. A. Na+-
Nafion membrane, [An]) 0.11 mM. Time delay 0.2, 3, 15, and 750
µs, B. Na+ -Nafion membrane, [An]) 0.13 mM. Time delay 0.2, 3,
15, and 750µs

Figure 4. Dependence of the initial amplitude of the absorbance at
710 (A) and 420 nm (B) on the energy of the 347 nm laser pulse.
Dependences of in part A were obtained for Na+-Nafion, Fe3+-Nafion
(type I), and Fe2+-Nafion membranes. B shows the results for the
Na+-Nafion membrane.

A0 ∼ K(energy)K1 (7)
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O2 concentration in the air is about 0.21 bar, the electron should
be scavenged by O2 with a reciprocal time of 3× 1010 s-1 due
to reaction 8:

(c) e- + An f An- kst 1.2 × 1012 M-1 s-1 proceeds with the
rates inn-hexane or 1.0× 1013 M-1 s-1 in isooctane and 1.5×
1012 M-1 s-1 in tetramethylsilane.47,48 At the concentration of
[An] ) 0.2 mM in the Nafion, the reciprocal lifetime for electron
scavenging by An is expected to be in the range of (0.24-2) ×
107 s-1 taking the rate constant of e- scavenging by An in
Nafion in the same range as for hydrocarbons. The rates for
the reaction of e- + An f in organic solvents as cited above
are much higher than the diffusion rates in aqueous solutions
around 6× 109 M-1 s-1. In good dielectric liquids, it is not
possible to use 6× 109 M-1 s-1 as the diffusion limit because

the electron does not behave as a conventional particle in a
nonpolar media. (d) In Na+-Nafion membranes, e- + Na+ f
Na ksc< 106 M-1 s-1,43,44 and the reciprocal lifetime for this
reaction is>1.8 × 106 s-1. (e) For the reaction e- + Fe3+ f
Fe2+ ksc )1.6× 1010 M-1 s-1 45 at the highest Fe3+ concentra-
tion (30 mM), the reciprocal lifetime of electron to be scavenged
by Fe3+ should be 4.8× 108 s-1. (f) For the reaction of Fe2+,
e- + Fe2+ f products,ksc ) 1.6 × 108 M-1 s-1,46 and at the
highest Fe3+ concentration (20 mM), the reciprocal lifetime of
electron to be scavenged by Fe3+ should be 3.2× 106 s-1.

The above estimates indicate that the trapping time of the
photoinjected electron is comparable or faster than time resolu-
tion of the experiment except for reaction e. No experimental
evidence for trapped electrons was found in the transient spectra.
This result is expected because the trapped electrons produced
except in reactions (a, b, d, and e) do not present absorption in
the visible range. An- has about the same spectrum as An+,
and this was indicated above. Reaction e therefore is not able
to compete with reactions (a-d). Different lifetimes should be
expected for the trapped electrons in Nafion under different
experimental conditions. Monopositive An+ ion radicals are
formed during the duration of the laser pulse.

Figure 5. Transients at 710 nm after excitation of An by 347 nm laser
pulse for H+- and Na+-Nafion membranes. A. Effect of Na+ or H+

counterion in SO3--water clusters on the 710 nm transient at
submicrosecond time scale. Air oxygen is purged by Ar. 1, Na+-Nafion
membrane; 2, H+-Nafion membrane. B. Effect of air oxygen on the
transient kinetics at 710 nm for H+-Nafion membrane. 1, Air saturated
sample; air oxygen is purged by Ar. C. Effect of Na+ or H+ counterion
in SO3

--water clusters on the transient kinetics at 710 nm in the
millisecond time scale. Air oxygen purged by Ar. 1, Na+-Nafion
membrane; 2, H+-Nafion membrane. D. Effect of air oxygen on the
transient kinetics at 710 nm for the Na+-Nafion membrane in the
millisecond time scale. 1, Air oxygen is purged by Ar.; 2, air saturated
sample. E. Effect of air oxygen on the transient kinetics at 710 nm for
H+-Nafion membrane in the millisecond time scale. 1, Air oxygen is
purged by Ar; 2, air saturated sample.

e- + O2 f O2
- ksc ) 1.9× 1010 M-1 s-1 43,44 (8)

Figure 6. Transient absorption spectra of An in the Fe3+-Nafion
membranes with nonprecipitated and precipitated iron hydroxides/oxides
and in the Fe2+-Nafion membrane. Air saturated samples. A. [An])
0.12 mM. [Fe3+] ) 0.02 mM type I, in the nonprecipitated form. Time
delays are indicated as 0.15, 3, 15, and 750µs. B. [An] ) 0.18 mM.
[Fe3+] ) 0.02 mM type II, in the precipitated form. Time delays: 0.15,
3, 15, and 200µs. C. [An] ) 0.2 mM. [Fe2+ ] ) 0.012 mM. Time
delays: 0.6, 1; 3, and 9µs.
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Figure 5 summarizes the transient curves monitored at 710
nm for samples of H+ and Na+ Nafion membranes. Figure 5A
shows a qualitative difference between transient decay at 710
nm for Na+ (trace 1) and H+ (trace 2) Nafion membranes within
the submicrosecond time scale. In particular, for H+ Nafion,
about of 70% of total radical yield is produced during the laser
pulse. A rise of absorption at 710 nm in H+ Nafion within the
submicrosecond time scale shows about 30% of the total radical
yield having a reciprocal rise time of (670( 50) ns. The rise
of An ion radicals cannot be explained by the reaction of excited
An, because it does not coincide with the lifetime of the triplet
excited An. However, it can be explained by the reduction of
An by different reducing agents and not necessarily only by
the action due to e-. Possible channels for the reaction are etr-
+ H+ f H• + An f AnH• f An- + H+. If the AnH has a
spectrum very similar to An-, then it is not necessary to invoke
An f An- + H+ as a reaction channel. The estimated rate
constant for H+ An f AnH should bek ) 1/{(670 ns)([An]
) 0.2 mM)} ) 7.4( 1 × 109 1/M s. This value is comparable
to the reported rate constant for H+ An f An H of 3.1× 109

M-1 s-1.49 In a Na+-Nafion membrane, no raise was observed
for An ion radicals, instead a fast decay of the submicrosecond
component with a lifetime of 525( 25 ns was observed. This
shows the different nature of the trapped e- and the formation
of H atom and a different space distribution for the ionic species
due to photoionization. Air or oxygen in H+-Nafion samples
leads to the decrease of the submicrosecond rise component at
710 nm, as seen in Figure 5B.

From the above arguments, the transient decay at 710 nm
can be assigned to the reaction of An+ with the scavenging
electron. The latter reaction involves (a) H atom and superoxide
anion or HO2, in the air saturated samples, because the H+ O2

f HO2 is a fast reaction and O2 is a suitable scavenger for the
electron or alternatively, (b) H atom only in the samples in Ar

purged solutions, and (c) Fe2+ in the Nafion membrane with
the iron ions and with some amount of the An-/AnH•. It was
observed that in air saturated samples the lifetime of the An
ion radical becomes longer than 1.5 ms, and the kinetics of
radical decay did not conform to a single exponential. Super-
oxide anion and HO2• radicals are suggested to be involved in
secondary reactions such as dismutation processes leading to a
more complex decay profile. The An ion radical decay for H+

and Na+ deoxygenated or air-saturated samples show that the
decay kinetics is controlled by the chemical nature of the trapped
electrons, the mobility and space distribution of the ion radicals,
and various kinds of trapped electrons.

Two models have successfully described reaction kinetics in
heterogeneous media: (a) the disperse kinetic model assuming
a Gaussian distribution of activation energies for the kinetic
decay process49 and (b) the fractal dimensional model.50 Model
b assumes a bimolecular reaction for the radical decay on the
fractal dimensional surface. The significant effect of oxygen
on the radical decay kinetics suggests that the disperse kinetic
model is preferred in our case when considering the radical
decay, because it is difficult to explain the changes of the fractal
dimension of Nafion interface when oxygen is introduced in
system.

Figure 6 shows the transient absorption spectra of An Nafion
samples containing Fe2+ or Fe3+ ions. A common feature for
these samples is the T-T absorption band at 420 nm and the
ion radical band at 710 nm. Other important observations for
these systems are (1) Fe3+ in the nonprecipitated form in the
Nafion leads to an increase of the An ion-radical yield as it is
observed relative to Nafion samples with H+, Na+, or Fe2+, (2)
a formation of hydroxo/oxo precipitated particles of Fe3+ in
Nafion after NaOH treatment leads to a decrease of the An ion
radical yield, and finally, (3) Fe2+ counterion in the Nafion
membrane does not lead to any significant qualitative changes

Figure 7. Transients for H+-, Fe2+-, and Fe3+-Nafion membranes. Air saturated samples. A. At the maximum of T-T absorption band 420 nm.
For H+-Nafion [A] ) 0.17 mM; for [A] ) 0.15 mM [Fe2+ ] ) 0.012 mM. B. At the maximum of An ion radical absorption at 710 nm. For
H+-Nafion, [A] ) 0.17 mM; for [A] ) 0.15 mM [Fe2+ ] ) 0.012 mM. C. At the maximum of T-T absorption band 420 nm. For H+-Nafion [A]
) 0.17 mM; for [A] ) 0.15 mM [Fe3+ ] ) 0.02 mM. D. At the maximum of An ion radical absorption at 710 nm. For H+-Nafion, [A] ) 0.17
mM; for [A] ) 0.15 mM [Fe3+ ] ) 0.02 mM
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of transient spectra in the visible relative to Na+-Nafion
membrane, but it increases the rate of radical decay. The
formation of An ion radicals within the laser pulse for Fe3+-
and Fe2+-Nafion samples is due to two photon ionization and
to a lesser degree to the electron transfer due the quenching of
singlet excited An by iron ions.

The observations stated above indicate that triplet excitedT-
An can react with Fe3+ through electron transfer. This is
confirmed by the analysis and comparison of the transient curves

for H+-, Fe3+-, and Fe2+-Nafion samples shown in Figure 7
as well as for Fe3+ nonprecipitated (type I) and Fe3+ precipitated
(type II) samples in Figure 8. A quenching of triplet excited
An by Fe2+ or Fe3+ (type I) is demonstrated in Figure 7 parts
A and C. The lifetime ofTAn becomes shorter after Fe2+ or
Fe3+ (type I) was introduced in the Nafion. A prominent rise
of An ion radicals at 710 nm (Figure 7D) is observed when
Fe3+ is in the Nafion. The ion-radical rise time coincides with
the time decay of triplet excitedTAn (Figure 7C). This is

Figure 8. Transients for Fe3+ precipitated and nonprecipitated samples. Samples are purged with Ar. A. At the maximum of T-T absorption band
420 nm. B. At the maximum of An ion radical absorption at 710 nm. C. At the maximum of T-T absorption band 420 nm. D. At the maximum
of An ion radical absorption at 710 nm. E. At the maximum of An ion radical absorption at 710 nm. F. At the maximum of An ion radical
absorption at 710 nm
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evidence thatTAn is quenched through electron transfer to Fe3+

(reaction C in Table 1). Fe2+ also quenchesTAn as seen from
Figure 7A but without formation of An ion radicals (see Figure
7B). The free energy of the electron-transfer reactions of the
singlet or triplet excited An with Fe2+ and Fe3+ are summarized
in Table 1 below. This free energy was estimated by eq 9:

whereE* is the excitation energy of the singlet (E*(AnS1) )
3.31 eV51 or triplet (E*(TAn) ) 1.82 eV51) state of An.E1/2-
(Fe2+/Fe3+) ) +0.53 eV (vs SCE).52 E1/2(A-/A) ) -1.92 eV
(vs SCE)52. E1/2(A/A+) ) +0.73 eV (vs SCE)52

Table 1 shows that the electron transfer between triplet excited
TAn and Fe2+ is thermodynamically prohibited but is allowed
in the case ofTAn and Fe3+. These conclusions are in agreement
with the experiments.

Figure 8 shows an effect of formation of the precipitated Fe3+

particles in the Nafion membrane on theTAn decay. A formation
of the Fe3+ particles leads to (1) a significant decrease of the
decay rate of the triplet stateTAn relative to the nonprecipitated
form as seen from comparison of transients in Figure 8 parts A
and C. (2) At the submicrosecond time scale, the transient rise
at 710 nm disappears if Fe3+ precipitates (compare Figure 8
parts B and D). It indicates thatTAn quenching by precipitated
Fe3+ (type II) does not lead to a significant value of the An
ions formation. Finally, (3) a precipitation of Fe3+ (type II) gives
a long-lived tail in the kinetics of ion-radical decay (Figure 8
parts E and F) in comparison with nonprecipitated Fe3+ (type
I) within the millisecond time scale. It qualitatively demonstrates
how scavenging of photo-injected electrons by precipitated Fe3+

particles affects the subsequent recombination of An+ and the
reduced forms of iron. The mechanism of growth and distribu-
tion of precipitated particles has been considered elsewhere.23;53

For nonprecipitated samples, Fe3+ exists mostly in the form of
mono- and binuclear aqua complexes, whereas in the precipi-
tated samples, it is found in the form of iron oxide nanoparticles.
These results show that iron oxide nanoparticles are less
effective quenchers of the triplet excited An and in the
scavenging of electrons. Iron oxide particles have been observed
to react slower with An+ radicals relative to the reaction of triplet
An with Fe3+-aqua complexes. This applies also to the reaction
of An+ with Fe2+ in solution after the electron has been
scavenged by Fe3+. The present results with precipitated of Fe3+

exhibit the effect of iron ions mobility on both the quenching
rate of TAn states and the rate of decay rate of An+ radicals.

The dependence of the AnT1 lifetime and the rise time of
An+ formation on the Fe3+ concentration are described by the
Stern-Volmer relation. The rate constants found arekq(Fe3+)
) (1.9 ( 0.19)× 108 for triplet decay at 420 nm and (2.0(
0.015)× 108 for the radical rise at 710 nm in (M s)-1. The
almost coincidence of these two values can be considered as a
quenching due to the reaction C in Table 1. For reaction B in
Table 1,kq(Fe2+) ) (1.4 ( 0.11) 109 (M s)-1. A high value of
kq(Fe2+) indicates that Fe2+ ions have high mobility in the
SO3

- -water clusters. The rate constantkq(Fe2+) is about four
times less than diffusion control rate constant in water estimated

as 6 × 109 (M s)-1. This is consistent with Mo¨ssbauer
spectroscopy experiments showing that the polymer matrix had
essentially no influence on the cations present in aqueous

The transient absorption decay at 710 nm is accelerated when
Fe2+ is introduced in the membrane (Figure 7B). The time of
the radical decay correlates with the concentration of Fe2+,
because the higher concentration of Fe2+ used the shorter the
radical lifetime was. It is the reduction of the positive ion-radical
An+ by Fe2+:

The estimated rate constant of this reaction is 1.5× 109 (M
s)-1 that is very close to the value stated above forkq(Fe2+).
This rate constant is comparable to the limit of diffusion control
constant in aqueous solution.

Conclusions

Anthracene immersed in fluorocarbon region of the Nafion
membrane with different counterions of SO3

- -water clusters
has been photoionized through two photon mechanism by 347
nm laser quanta. Singlet and triplet excited An molecules are
quenched by Fe3+ or Fe2+ ions from the SO3--water clusters
interior. In the case of nonprecipitated Fe3+ in the Nafion,
interfacial electron transfer occurs. The Fe2+ ion reduces the
An cation radicals accelerating its decay. These processes are
summarized in Scheme 1.
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