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Abstract

Ethidium bromide was used as fluorescent molecular probe in the understanding of structural properties of Nafion, Dow Chemica
and sulfonimide ionomer membranes. The fluorescence lifetime results show that the probe is located in the interfacial region of th
membrane structure, and that the interfacial region is inhomogeneous, consisting of two distinct subsections of different hydrophilicities
The ionomer membranes under consideration have similar structural properties with respect to the ethidium cation probing, despite the fz
that their corresponding ionomers have different molecular structures. The fluorescence lifetime results also show that there are considera
mobilities throughout the interfacial region, which allow diffusional quenching processes. Finally, results of effects of hydrothermally
stressing Nafion membrane at elevated temperatures on structural properties of the membrane are discussed. ©1999 Elsevier Science
All rights reserved.
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1. Introduction sulfide nanoparticles [7]. Recently, however, the experimen-
tal results in support of the ion cluster model were reevalu-
Because of their high thermal, mechanical, and chemical ated and modifications to the model were suggested [8].
stabilities and their excellent ion transport properties, perflu-  Luminescence spectroscopic methods have been em-
orinated ionomer membranes have recently received muchployed to study the structural properties of ionomer mem-
attention for applications in modern battery and fuel cell branes and to evaluate the ion cluster model [9-19]. Acc-
technologies [1-4]. Current knowledge on structural prop- ording to results from the quenching of Ru(bgh) fluore-
erties of the membranes is largely from studies of Nafion, a scence by various cations in Nafion membrane, Lee and
commercial perfluorinated ionomer membrane. It has beenMeisel suggested that the probe Ru(lgy)is likely lo-
proposed that the properties of Nafion membrane may becated in the interfacial region of the membrane structure [9].
understood by assuming the presence of reverse micelle-likeFurther evidence for the presence of a substantial interfacial
ion clusters in the membrane structure [5]. According to the region in perfluorinated ionomer membranes was obtained
model, the ion cluster consists of a hydrophilic water core in a recent study of a series of environment sensitive flu-
that is supported by the hydrophobic perfluorinated poly- orescent probes [19]. It was proposed that the interfacial
mer backbone through an interfacial layer. The water coresregion may be viewed as a heterogeneous mixture of per-
in neighboring ion clusters are presumably interconnected fluorinated polymer branches and water molecules, where
through channels, thus facilitating ion transportation through the microscopic environment experienced by the fluoresc-
the membrane [5]. The ion cluster model is supported by ent molecular probes is effectively close to those in polar
results from small-angle X-ray scattering measurements [6] organic solvents [19]. Results from luminescence probing
and from the experiment in which the hydrophilic cavities experiments have also provided valuable information on
in Nafion membrane were used as hosts for preparing metaltransport related processes in perfluorinated ionomer mem-
branes. Lee and Meisel demonstrated that the quenching
* Corresponding author. of Ru(bpyx?t fluorescence by various cations in Nafion
E-mail addresssyaping@clemson.edu (V.-P. Sun) membrane is dynamic and occurs at a rate similar to that
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in bulk water [9]. Yeager and Steck also used fluorescencewere used as received. Nafion ionomié) membrane, with
spectroscopy to study ionic diffusion in Nafion membrane, an equivalent weight of 1100, was provided by Du Pont Co.
and the results prompted their proposal for a three-region Dow Chemical ionomerl(l ) membrane with, an equivalent
structural model on ion clusters in perfluorinated ionomer weight of 1000, was obtained from Dow Chemical Co. The
membranes [20]. In terms of the three-region model, the ion sulfonimide ionomerl{/ ) was prepared in-house by copoly-
clusters are amorphous, formed by fluorocarbon backbonemerizing tetrafluoroethane with the sulfonimide monomer
materials surrounding a region with high contents of water [26,27]. Details on the synthesis will be reported separately.
and sulfonate exchange sites. The interfacial region consistsThe membrane was obtained by wet casting from a solution
of a mixture of pendent side chains, small amounts of wa- of the sulfonimide ionomerlY) in dimethylformimide,

ter, non-clustered sulfonate exchange sites, and counteriongollowed by careful annealing at a high temperature. The
[20]. The three-region model is in general agreement with equivalent weight of the sulfonimide ionomer membrane

what Falk suggested earlier on the basis of a careful infraredwas estimated to be 1200 in terms of titration.
absorption study of bO and HDO in Nafion membrane
[21]. In addition, results from a recent fluorescence study of
pyrene excimer formation in Nafion membrane also suggest
that there is considerable mobility in the interfacial region
of the membrane structure [19]. However, structural details
of the interfacial region remain to be better understood. I
Here, we report a fluorescence spectroscopic probing of
perfluorinated ionomer membrane structures using ethidium
bromide () as a probe. The results suggest the presence (OCF,CF),—OCF,CF,80,M*
of two distinct subsections in the interfacial region of the !
membrane structure.

Ethidium bromide has been widely used in the study
of DNA—drug interactions [22]. In an aqueous buffer solu- ——[(cF,CF,),,CFCF, ;7
tion, the ethidium cation is only weakly fluorescent, with a OCF,CF,S05M*
short fluorescence lifetime [23]. However, in the presence
of DNA, ethidium cation forms a loosely defined complex
with DNA due to the intercalation of the planar cationic ——[(CF,CF,),CFCF,];——
ethidium species into the helical structure of DNA [24,25]. M
The intercalation results in dramatic increases in the fluo- OCFGFOCELCE,80,N80.CFy
rescence quantum yield and lifetime of the ethidium cation CFs
due to the hydrophobic environment in the DNA structure v
[23-25]. Thus, the ethidium cation is an ideal probe for
studying hydrophilic and hydrophobic environments in per- 2.2. Sample preparations
fluorinated ionomer membranes. In our study, microstruc-

- [(CFZCFZ)mC'FCFz]n—

CF3
n

1001

tures of Nafion | ), Dow Chemical (Il ), and sulfonimide

The ionomer membranés—V were purified using a uni-

(IV) ionomer membranes were probed comparatively. The form treatment procedure to remove colored impurities in
sulfonimide ionomer membrane is being developed as anthe membranes. In the purification, the membranes were im-
alternative to Nafion membrane for potentially better struc- mersed in concentrated nitric acid while stirring at @Gor

tural properties and the ability to be used under more ex- 24 h. The acid was then decanted and the membranes were
treme conditions in battery and fuel cell applications [2]. In placed sequentially in aqueous solutions of 60, 40, and 20%
addition, effects of hydrothermally stressing Nafion mem- nitric acid, each for 1 h with stirring, followed by wash-
brane at elevated temperatures on structural properties of theng thoroughly with clean water. The treated ionomer mem-

membrane were evaluated.

2. Experimental

2.1. Materials

branes are clear and optically transparent down to 200 nm.
Converting the membranes to the sodium form was achieved
by soaking the treated membranes in a 0.1M aqueous so-
lution of sodium hydroxide with stirring for 24 h, followed

by washing thoroughly with clean water until neutral. The
membranes in the sodium form are again clear and optically
transparent down to 200 nm. Unless specified otherwise, the
membranes used in our fluorescence spectroscopic probing

Ethidium bromide (95%) was purchased from Sigma experiments are in the sodium form.
Chemical and used as received. Water was deionized and For hydrothermal stressing, a piece of Nafion membrane
purified by being passed through a Labconco WaterPros wa-was placed in a sealed stainless steel vessel filled with pure
ter purification system. Spectroscopy grade organic solventswater. The sealed vessel was thermostated at a given temper-
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Table 1
Fluorescence lifetimes of ethidium bromide in perfluorinated ionomer
membranes

ature in a tube furnace. After the hydrothermal stressing for
1h, the Nafion membrane was cooled to room temperature
and washed with pure water.

Medium Te1 (NS) T2 (NS) ay/a?
2.3. Measurements Nafion membrane 2 12 0.8
Dow Chemical membrane & 13 0.4
. Sulfonimide membrane .8 14 0.65
Absorption spectra were measured on a computer-con-yy,ier 17 - -
trolled Shimadzu UV-2101PC spectrophotometer. A mask Aqueous solution with DNA 22 - -

that has a 5mm diameter hole in the center was used inaa, anda, are the pre-exponential factors in bi-exponential decay equa-
absorption measurements of the ionomer membranes to in-tion.
sure that all of the transmitted light passes through the sam-
ple. Steady-state fluorescence spectra were recorded on apectrum in bulk water and slightly red-shifted from the
Spex Fluorolog-2 photon-counting emission spectrometer spectrum in an aqueous buffer solution with calf thymus
equipped with a 450 W xenon source and an R928 pho- DNA (Fig. 1). Although a quantitative determination of
tomultiplier tube (PMT). Fluorescence measurements were fluorescence quantum yields of the ethidium cation in the
made in a right-angle geometry using a home-built sample ionomer membranes was not successful due to experimental
stage. The film sample was held between two quartz platesdifficulties associated with thin film measurements, observed
that face toward both the excitation light and the detector at fluorescence intensities of the ethidium cation in the ionomer
a 45 angle. Fluorescence was detected from the back sidemembranes are much higher than those in bulk water. Since
(the side not facing the excitation beam) of the film sample water quenches the ethidium cation excited state, the fluores-
to minimize the effects of surface scattering. cence of the ethidium cation is higher in a more hydrophobic
Fluorescence decays were obtained using the time-environment. Thus, with the higher observed fluorescence
correlated single photon counting (TCSPC) method. The intensities of ethidium bromide in ionomer membranes, it
TCSPC setup includes a nitrogen flash lamp (Edinburgh seems likely that the probe species are located in the inter-
Instruments) operated at 50 kHz. The excitation wavelength facial region of the membrane structure.
of 337nm was isolated using a band-pass filter (10nm Fluorescence decays of the ethidium cation were mea-
FWHM). Fluorescence decays were monitored through a sured using the TCSPC technique. For the ethidium cation in
380 nm color glass sharp-cut filter. The detector consists of bulk water, the observed fluorescence decay can be decon-
a Philips XP2020 photomultiplier tube (PMT) in a thermo- voluted from the instrument response function using a single
electrically cooled housing (Products for Research, Co.). exponential decay equation. The fluorescence lifetime thus
The PMT was operated at2 kV by using an EG&G 556  obtained is 1.7 ns, in excellent agreement with the literature
high-voltage power supply. The detector electronics from results [23]. In an aqueous buffer solution in the presence of
EG&G Ortec include two 9307 discriminators, a 457 bi- calf thymus DNA, the fluorescence of the ethidium cation
ased time-to-amplitude converter, and a 916A multichannel is much longer-lived, and the decay is still single exponen-
analyzer. The instrument response function of the TCSPCtial. The fluorescence lifetime of 22 ns thus obtained also
setup has a FWHM of-2ns. agrees well with the results reported in the literature [23].
However, fluorescence decays of the ethidium cation in the
perfluorinated ionomer membranes are considerably differ-
3. Results and discussion ent. In Nafion membrane, the observed fluorescence decay
of the ethidium cation can only be deconvoluted from the
Ethidium bromide is soluble in water. The loading of instrument response function using a bi-exponential decay
ethidium bromide as a fluorescent probe into the perfluo- equation (Fig. 2). The lifetimes of the two fluorescence com-
rinated ionomer membranes was accomplished by sonicat-ponents are 3.2 ns and 12 ns, which are both longer than the
ing the membranes in an aqueous solution of the probe forfluorescence lifetime of the ethidium cation in bulk water,
~2 min. Absorption spectra of the ethidium cation in Nafion, but shorter than that in the aqueous buffer solution with DNA
Dow Chemical, and sulfonimide ionomer membranes are (Table 1). Similar fluorescence decays were obtained for
compared in Fig. 1 with the spectra in aqueous solutions ethidium bromide in Dow Chemical and sulfonimide mem-
with and without calf thymus DNA. While the spectra in the branes (Fig. 2). The decays are both bi-exponential, and the
three membranes are quite similar, they are shifted from thetwo lifetimes obtained from each decay curve are similar to
spectra in aqueous solutions: red-shifted from the spectrumthose for ethidium bromide in Nafion membrane (Table 1).
without DNA and blue-shifted from the spectrum with DNA The two components in observed fluorescence decays may
(Fig. 1). be attributed to the probe molecules located in two distinc-
Fluorescence spectra of the ethidium cation in Nafion, tively different environments in the interfacial region of the
Dow Chemical, and sulfonimide ionomer membranes are ionomer membrane structure. The assignment that the probe
shown in Fig. 1. The spectra are rather similar in the three ethidium cation species are located in the interfacial region
different kinds of membranes, but blue-shifted from the is justified because both fluorescence components have life-
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Fig. 1. Absorption and fluorescence spectra of ethidium bromide in Nafion membrane (

), Dow Chemical membrgnand the sulfonimide

ionomer membrane -© are compared with the spectra in water-f{-and in an aqueous buffer solution with calf thymus DNA (— — —).
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Fig. 2. Fluorescence decays of ethidium bromide in perfluorinated ionomer
membranes.

times longer than that for the ethidium cation in bulk wa-

degrees of hydrophilicity (or hydrophobicity). The presence
of a substantial interfacial region in the ionomer membrane
structure is also supported by other experimental results
[8,9,19-21]. According to the extended ion cluster model for
structural properties of perfluorinated ionomer membranes
[19,20], the interfacial region may be viewed as a heteroge-
neous mixture of perfluorinated polymer branches and water
molecules. Thus, the subsection next to the polymer back-
bone is likely more hydrophobic due to a higher content of
polymer branches, whereas the subsection close to the water
core is likely more hydrophilic due to more water molecules
in the heterogeneous mixture. However, it is interesting that
the probe ethidium cation species are localized predomi-
nantly in two distinctively different subsections instead of
in a distribution of gradually varying environments. The lo-
calization of probe species in only two different environ-
ments could be a reflection of some structural constraints
that are not explained in the current ion cluster model for
perfluorinated ionomer membranes. It may also be associ-
ated with the properties of the probe. The ethidium cation
consists of both hydrophobic and hydrophilic groups and is
soluble in both organic and aqueous media. Because of such
properties, the ethidium cation species probably prefer mi-
croscopic environments that are either highly hydrophobic
or more hydrophilic.

The ethidium cation excited state is quenched by organic
anionic species [23]. For the ethidium cation in Nafion mem-
brane, the quenching of fluorescence lifetime by acetate an-
ion was investigated. In the sample preparation, a piece of
Nafion membrane pre-loaded with the ethidium cation was
soaked in a sodium acetate solution (%.30~2 M) for ~1 h.

The piece of membrane was then washed with pure wa-

ter. The fluorescence lifetime results also suggest that theter to remove any ethidium cation or acetate anion species

interfacial region of the ionomer structure must be sub-

on the membrane surface. The ethidium cation fluorescence

stantial and inhomogeneous, with subsections of different decay in the Nafion membrane loaded with acetate anion
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Table 2
Fluorescence lifetimes of ethidium bromide in hydrothermally stressed
Nafion membranes

Stressing temperaturé) TE1 (NS) TE2 (NS) ap/a?

No stressing 3.2 12 0.8
150 3.3 11 0.9
200 3.2 10.5 0.6
250 3.0 9.3 0.95

2a; anday are the pre-exponential factors in bi-exponential decay equa-
tion.

affected by the hydrothermal stressing, whereas the lifetime
of the longer-lived fluorescence component becomes shorter
in a membrane hydrothermally stressed at a higher temper-
ature. The results show that the hydrothermal stressing of
Nafion membrane has more significant effect on microscopic
- - structures in the more hydrophobic area of the interfacial re-
0 200 400 600 800 1000 gion. The stressing probably causes some membrane struc-
Channel Number tural damages, so that water molecules are allowed easier
access to the more hydrophobic area of the interfacial region.
O|n fact, the hydrothermally stressed Nafion membrane also
shows changes in physical properties. The membrane pieces
hydrothermally stressed at 150 and 20Gppear stretched,
remains bi-exponential, but the overall decay is faster than with the overall size larger than that before the hydrother-
that in the absence of the anionic quencher. The lifetimes mal stressing, and the piece stressed at@5ppears dam-
of the two fluorescence components are 1.6 and 9.7 ns, re-aged such that it is swollen and becomes rubbery and eas-
spectively, both shorter than those in the membrane withoutily torn. The water content also is higher in the membrane
acetate anion. The results indicate that the ethidium cationhydrothermally stressed at a higher temperature [19].
species in the hydrophobic and more hydrophilic subsec- In summary, ethidium bromide is an excellent fluorescent
tions of the interfacial region in the Nafion membrane struc- molecular probe for the understanding of structural proper-
ture are subject to fluorescence quenching effects and thaties of perfluorinated ionomer membranes. The fluorescence
the quenchings are dynamic in nature. It implies that diffu- lifetime results show that the probe is located in the interfa-
sional processes occur not only in the interfacial region of cial region of the membrane structure and that the interfa-
the ionomer membrane structure, but also occur throughoutcial region is inhomogeneous, consisting of two distinct sub-
the region. However, the quenching is apparently more sig- sections of different hydrophilicities. Interestingly, the three
nificant in the more hydrophilic subsection, corresponding ionomer membranes under consideration have similar struc-
to a much higher fluorescence lifetime quenching ratio. The tural properties with respect to the ethidium cation probing,
different quenching efficiencies might be a result of the dis- despite the fact that their corresponding ionomers have dif-
tribution of the quencher acetate anion species in the twoferent molecular structures. Mechanistically, it remains to
subsections. be understood that the probe ethidium cation species are lo-
An important application of perfluorinated ionomer mem- cated predominantly in only two distinctly different subsec-
branes is in batteries and fuel cells. In such uses, ionomertions, instead of in a distribution of varying environments
membranes are typically subject to harsh operational con-in the interfacial region of the membrane structure. There
ditions [2-4]. Among issues to be understood is the ef- are also considerable mobilities throughout the interfacial
fect of hydrothermal stressing of ionomer membranes on region, which allow diffusional fluorescence quenching pro-
their structural properties. For a systematic examination, cesses. Finally, the hydrothermal stressing of Nafion mem-
a series of Nafion membrane pieces that were hydrother-brane likely causes membrane structural damages, making
mally stressed at 150, 200, and 2680were loaded with the  the interfacial region overall more hydrophilic. Further spec-
probe ethidium bromide. Fluorescence decays of the ethid-troscopic studies of the ionomer membrane structures using
ium cation in the hydrothermally stressed Nafion membranes other hydrophilicity-sensitive molecular probes will be pur-
were determined. As shown in Fig. 3, the decays remain sued.
bi-exponential, but become progressively faster overall in
the membrane pieces that were subject to thermal stress-
ing at higher temperatures. Fluorescence lifetimes of the Acknowledgements
ethidium cation in the Nafion membranes hydrothermally
stressed at different temperatures are shown in Table 2. Financial support from the Department of Energy through
The shorter-lived fluorescence component seems marginallyDoE/EPSCoR cooperative agreement DE-FG02-91ER75666
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Fig. 3. Fluorescence decays of ethidium bromide in as-prepared and
hydrothermally-stressed Nafion membranes. The decay curves are marke
with the stressing temperatures.
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