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Figure 2. SANS reference spectra of a Nafion 112 membrane
equilibrated at various relative humidities.

mounting and (ii) the sorption between 0 and 10% RH is
mainly due to ion solvation and ionization leading to complex
water transport processes [18, 24, 33].

Reference SANS spectra were recorded at 25 ◦C with
Nafion membranes equilibrated at different values of relative
humidity between RH = 0 and 100% using different over
saturated salt solutions [14]. The samples were suspended in
the aluminum cells and stored close to the spectrometer at least
three days prior to measurements in order to insure the swelling
equilibrium. The sorption isotherm was recorded on the same
membrane using a VTI SGA 100 vapor sorption analyzer at
25 ◦C and very long equilibration times (>12 h) to determine
the water concentration associated to each relative humidity.

SANS reference spectra presented in figure 2 exhibit
the well-known ionomer peak [34–37]. Both its position
and intensity is directly related to the membrane water
content [36, 37]. These data are in agreement with
the previously published results; namely the ionomer peak
position varies linearly with the water volume fraction in this
concentration range [14, 38]. Due to the very high transmission
values (>90%), the single scattering approximation can be
considered as valid. In the presence of a water concentration
profile across the membrane, the SANS spectra recorded
during the sorption process can be considered as the sum
of the spectra originated from a series of slice of various
thickness with different water contents corresponding to the
reference spectra. The SANS spectra were then adjusted with
a linear combination of the reference spectra and the adjusted
coefficients correspond to the thickness of the slices containing
the same water content than the reference samples. This
technique is highly sensitive to the water distribution within
the membrane, as previously shown [10].

3. Discussion

The SANS spectra recorded during the sorption process are
presented in figure 3. As water content increases, the scattered
intensity increases and the ionomer peak shifts toward smaller
angles due to the swelling of the ionic domains [36, 37].

Figure 3. Evolution of the SANS spectra of a Nafion 112 membrane
during the sorption process with water vapor.

As a first result, it clearly appears that the sorption process
conducted under these experimental conditions is very slow
since after 38 h the swelling equilibrium is not yet attained.
According to the Fick law using the self-diffusion coefficients
determined by pulse field gradient NMR [2, 3, 14], the swelling
process should be complete after a few seconds. The very
slow swelling kinetic is confirmed by the data obtained using
the gravimetric method through a vapor sorption analyzer.
Sorption isotherms are usually built increasing the relative
humidity by steps of 5 or 10% RH. The swelling equilibrium
is attained in less than a few hours for each step except for
when there is a high level of relative humidity (>90% RH).
When the relative humidity is increased directly from 0 to
100%, the swelling equilibrium is not attained after 10 h.
This can be understood as the combined fact that the sorption
isotherm increases sharply close to RH = 100% inducing
a longer equilibration time and the polymer matrix should
accommodate the volume increase [19]. Therefore, it is
expected to observe two different characteristic times in the
process. At short time, the process should be characterized
by the thermodynamically driven sorption while at longer
times the process should be controlled by the polymer matrix
reorganization characteristic time. However, when plotted as
a function of the logarithm of time (figure 4), the evolution
of the ionomer peak time appear linear over almost the entire
range of sorption. The small observed fluctuations around
the average value are likely to be attributable to temperature
variations during the experiments. At very short sorption times,
a discrepancy can be attributable to the difficulty to define
the exact sorption duration in addition to an unknown delay
necessary to obtain humidity equilibration within the cell in the
absence of gas flow. First, the definition of t = 0 is not easy
(mounting the cell with the membrane and the water filled tank
and installation in the neutron beam), second the equilibration
at 100% RH is probably a long process under static mode in
a closed cell and third the count time (900 s) is non-negligible
compared to the sorption duration especially during the first
hour. The data plotted as a function of the square root of time
assuming a pure diffusion process exhibit a linear trend only
for the first hours (<4 h) and a significant deviation is observed
for larger values.
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Motivation (polymer physics)

I Aggregation mostly studied with strong electrostatic effects
I Electrostatic attraction due to the fluctuations of multivalent

counterions

I With no multivalent counterions, another attractive
mechanism is required such as

I Sticker groups (able to form strong bonds, e.g. disulfide bonds)
I Hydrophobicity

I The case of a solution without any salt has not been treated
to our knowledge
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Motivation (fuel cells)

I Polymer electrolyte membrane (PEM) appears to be a critical
component for the durability of PEFC

I The degradation of PEM involves the coupling of chemical and
mechanical mechanisms

I Understanding the structure formation of PEM is a
prerequisite to rationalise its degradation
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Structure of a PEM

The hierarchical structure should be described at different length
scales:

(which is very similar to Nafion but is processed under different
conditions) are not suitable for DMFC, because they permeate
methanol. Unfortunately both membranes cannot sustain the high
temperatures at which the catalysis would have consumed all
methanol supplied at the anode, which could have made
methanol permeation no longer the issue. To a similar extent,
this also refers to Dow and Aciplex.
Melting (glass) transition of Nafion is near 140 °C, but the

standard regime for Nafion operation lies close to 90° as water
is difficult to keep in a membrane above 100 °C, even under
pressurization. Creation of new membranes that could meet the
listed demands, particularly sustaining higher temperatures, is
a subject of intensive research38-48 and development49-52 in
many polymer laboratories worldwide. The focus on Nafion in
this paper is because it is still widely used and also is so far the
best experimentally studied material.
Chemical Structure and the Nature of Phase Segregation.

The unique properties of polymer electrolyte membranes are
related to their complex nanostructures. When exposed to water
or other hydrophilic solvents, a polymer electrolyte undergoes
nanoscale segregation into two subphases, often shown sche-
matically as depicted in Figure 1.
The hydrophobic subphase is formed by the perfluorinated

polymer backbones and by the side chains except for their
terminal SO3- groups, which will seek contact with water. The
hydrophilic subphase is formed by water, mobile countercations,
and SO3- groups. In the acidic form of the polymer, the
countercations are protons and the hydrophilic subphase is the
conducting medium when it spans (percolates) through the
whole polymer. The proton mobility in a membrane was never
observed to be better than that of pure water, but the density of
mobile protons that can be reached there, depending on
equivalent weight, approaches that of concentrated acids. This
provides respectable levels of proton conductivity within the
membrane provided the level of hydration is sufficiently high.
While these basic principles are commonly accepted, there

is no unified opinion on the “details” of the morphology of
microphase segregation in polymer electrolytes despite a large
number of investigations in this area.53,54
Nafion, best studied but still not fully understood, remains

to be the “fruit fly” for the study of the interplay between
patterns of the phase segregation and protonics. Nafion is formed
from aqueous solution and has the general chemical structure

The fluorine atoms confer on the -SO3H very high acidity,
similar to that of sulfonic acid. The products of dissociation of
CF3SO3H upon contact with water behave differently: SO3-
groups stay attached to the side chains, whereas the protons
can freely move.
There are three forms of this ionomer, sometimes labeled as

shrunk (S), normal (N), and expanded (E) forms. The S form
is acquired after a treatment at high temperatures; it corresponds
to an ultra dry state, when all the residual water molecules are
expelled from the polymer matrix. Since water works as a
“plasticizer” for this polymer, the S form is rugged and
essentially ruined for membrane applications. The E form is
made from the polymer solution kept at high temperature and
pressure. This form can have more than 50% water uptake,
which is a swollen, physically cross-linked gel rather than a
solid plastic material. The N form, even in its dry state (at zero
extra water uptake), keeps “residual”, “chemisorbed” water:
about two molecules per SO3- headgroup (the exact number,
to our knowledge, has not been precisely measured). The dry
state is a kind of a short-range ordered crystal hydrate. The wet
state is a result of swelling through up to 40% of water uptake.
In this paper, we will consider exclusively the N form.
Experimental Studies and First Models. Information about

the membrane structure comes from various sources, including
small- and wide-angle X-ray and neutron scattering (SAXS and
SANS),55-65 IR66 and Raman spectra,67 time-dependent FTIR,68
NMR,69,70,71 electron microscopy,72,73 positron annihilation
spectroscopy,74,75 scanning probe microscopy,76,77 and scanning
electrochemical microscopy (SECM).78,79
The group at DuPont55 was first to come to a conclusion about

the inverted micellar structure of the aqueous subphase. The
so-called Gierke model80 considers this subphase as built of
approximately spherical water droplets of nanoscopic dimension,
confined by anionic headgroups of the side-chains. In a dry state,
the diameter of these droplets is of the order of D ≈ 2 nm and
the droplets are disconnected from each other. With water
uptake, the droplets grow up to D ≈ 4 nm, and aqueous necks
emerge between them at certain intermediate water content.
After emergence of a critical number of necks, a continuous
pathway through the water subphase spans through the sample,
and it becomes a proton conductor.
The Gierke model,80 developed later by Mauritz and Rogers,81

implies that water droplets/hydrophilic ionic clusters and
hydrophobic perfluorocarbon backbone (e.g., polytetra-fluoro-
ethylene) constitute two subphases separated by high-area
interface, but little is known about the molecular structure of
this interface. The basic conclusions of the Gierke model were
supported by the results of the DuPont,55 Kyoto,56 and Greno-
bles58,60 groups and by many further studies (see, e.g., refs 58-
65). Claims on the cylindrical micelles82 or flat lamellar
structures83-85 have also been made, but the occurrence of such
structures is more typical for Emembranes.63 For Nmembranes,
the concept of spherical or quasispherical64 micelles continues
to be the most common conjecture about the phase segregation
in the membrane, particularly in view of clear reports on the
absence of elongated objects in the patterns of MaxEnt
reconstruction of SAXS data.64
However, it has been difficult with SAXS and SANS tech-

niques to determine more than just the position of a Bragg peak
(called, sometimes, ionomer peak) characterizing the short range
periodicity motif in the arrangement of micelles. Thus the
average size of the micelles was, in fact, not known, but only
the distance between the centers of the micelles. To determine
the size of the micelles, one should have carried out the Gunier

Figure 1. Popular cartoon of the microphase segregation in per-
fluorinated membranes (courtesy of A. Vishnyakov).
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become connected by narrow channels when the humidity
increases. At a certain humidity level, the percolation network
is established, and from that point, the proton conductivity will
monotonically grow with water content.
There have not been any attempts, however, to build and

explore the class of geometric constructions underlying such
picture. Basically, the only experimentally available geometric
characteristic of the intramembrane organization is the depen-
dence of the average distance d between the micelles related to
the level of humidity, found in SAXS and SANS experiments.
In some cases also, the dependence of the sample volume on
the humidity has been obtained. All the other characteristics,
such as mean cluster diameter D, the number of headgroups
per water cluster, etc., cited in the literature, are usually extracted
from the above experimental data, based on certain theoretical
assumptions. The abrupt onset of the proton conductivity
suggests that necks joining the clusters should exist at high and
moderate water content while ceasing to exist at low water
content.
It should be noted that the existence of the micelle channel

structure postulated in the standard model of Gierke et al.,55
though very plausible and widely accepted, is still under debate.
In particular, in recent papers,105-108 it has been argued that
the micelles may be considerably elongated. Besides the popular
model of Gierke, there exist a number of alternative models.
These alternative models do not invoke a phase-transition-like
formation of channels connecting the inverted micelles. The
model due to Vishnyakov and Neimark109 introduces a fluc-
tuational formation of transient water bridges between the
micelles without establishing stationary percolation through the
water subsystem. Certainly such processes should exist, but it
remains hard to explain the abrupt conductivity crisis in terms
of these processes.
One can also speculate about a complex interplay of different

modes of protonic transport in wet membranes: the transport
via “bulk” water, the transport along the water-polymer
interface, and the transport along narrow one-dimensional water
channels (which was shown to be especially effective in carbon
nanotubes110 and other systems).111 Molecular dynamics simula-
tions of protonic transport100,103 in channels of fixed cross
sections showed that the activation energy is considerably
affected by the surface only for extremely narrow compartments,
which cannot represent the main part of the aqueous domains
in the membrane.
In the present paper, we dwell on the micelle-channel model,

not undermining the value of other models, especially the one
with the temporary water bridges, which, in our opinion, may
describe the conductivity in the low water content phase. In
the latter phase, the protonic transport seems to be more sensitive
to the details of the membrane structure, since in the absence
of channels, the protons are forced to come into closer contact
with the polymer. Indeed, the results of Eikerling et al.112 show
that the conductivities of two slightly chemically different
membranes considerably differ from each other in the low water
content regime, while at high water contents, they are practically
identical.
Housing Micelles in the Polymer Skeleton: Pressing

Questions. The bottleneck for proton conductance in Nafion
and related substances is associated with the process of proton
transfer between adjacent water clusters so that, to work out a
theory of proton transport, it is necessary to understand the
structure and properties of the channels. It should be noted that
the very existence of channels is already a puzzle. Indeed, one
could have guessed that these channels have the “kinetic” origin,

as rudimentary passes, via which extra water has been delivered
to micelles from outside in the course of the sample-preparation
process. The samples, however, are claimed to be carefully
equilibrated, and the proton conductivity does not seem to show
any tendency to vanish in equilibrium. It forces one to admit
that the channels are equilibrium (or, at least, quasiequilibrium)
features of the system. Why could it be energetically favorable
to form narrow channels? To answer this question, one has to
examine the entire structure of Nafion.
The first problem, which one encounters, trying to give a

rationale to the model of inverse micelles, is how is it possible
to arrange curved (presumably, spherical) housings for them
out of real molecules? These molecules are known to have quite
stiff backbones, with a persistence length Lpers g d. Indeed,
measurements suggest Lpers > 10 nm.
It means that solid “cages” that confine the micelles, whose

characteristic size ranges between 1 and 4 nm, should be
constructed out of long strings which are almost straight on the
micelle size scale. Since, as we know, the cages should in fact
be partially permeable for protons, the walls cannot be continu-
ous, but we assume that they are rather cellular in structure,
with windows wide enough to provide proton permeation. Such
cages can be viewed as being made of stiff strings, constituted
by either single-polymer molecules or “bundles” of those, which
will compose the “skeleton” of the polymer.
The tendency to form bundles is caused by physical attraction

between the perfluorinated backbones of polymer molecules.
Such an attraction is the reason for structural stability of Teflon,
whose perfluoro backbone is the same as Nafion but without
the side-chain comonomer incorporation. The presence of side-
chains reduces the ability to form backbone bundles, but one
can easily imagine small bundles made up of at least a few
polymer chains to exist, (see Figure 3).
Formation of bundles would further increase the relevant

persistence length. Thus, if the bundles were there, our assump-
tion about the suppression of string bending on the length scale
of the order of intermicellar distance d would acquire additional
footing.
The strings stick to each other at their crossings due to

interbackbone forces that are not large for each individual
crossing point as the contact surface area is relatively small.
Potential barriers, which the system has to overcome, when two
crossing backbones slide with respect to each other should not
be significant. Still, since there are many such crossings, the
polymer material keeps its integrity, but it reconstructs easily
with the water uptake so that linear dimensions of cages increase.

Figure 3. A sketch of a bundle of three Nafion polymer chains. The
number of side groups per unit length for such a bundle is three times
larger than for a single chain.

11956 J. Phys. Chem. B, Vol. 108, No. 32, 2004 Ioselevich et al.

Intermediate: bundle of

ionomers

!"#"$% &'()* +",)-./ (/0 12-(3 45())"-'/6* 4,')(#$" 7..$8 9.- 4),03'/6 :./.;"- <";#-(/"8

!"#$%& '%$% (#'()%$"* $+%$ $+" *$,-)$-," (* !%'" ./ 0.&1!",
0%,$()&"* *-,,.-#'"' 21 3%$", !.&")-&"* ,%$+", $+%# ./ 3%$",
'.!%(#* "!2"''"' (# % 0.&1!", !%$,(45 6# .$+", 3.,'*7 $+(*
$")+#(8-" (* 9",1 *"#*($(9" $. $+" )-,9%$-," ./ $+" 0.&1!",:
3%$", (#$",/%)"5 ;+"# (#$,.'-)(#< $+" (#$"#*($1 9%,(%$(.#7 $+"
,"*-&$* )%# 2" ).#*('","' %* % 0,../ $+%$ $+" *$,-)$-," ./
=%/(.#> (* /.,!"' ./ "&.#<%$"' .2?")$* !.," ., &"** )&.*"&1
0%)@"' '"0"#'(#< .# $+" 3%$", ).#$"#$5 A&& $+" %$$"!0$*
3($+ .$+", <".!"$,("* &"%' $. -#,"%*.#%2&" 9%&-"* %#' "9.&-:
$(.#* ./ $+" /($$(#< 0%,%!"$",* B"5<5 ).-#$",(.# %#' *.&9"#$
CDEF5 A# (!0.,$%#$ 0.(#$ $. "!0+%*(G" (* $+%$ $+" 0.&%, *.&:
9"#$ (* #.$ ).#/(#"' (# )&-*$",* 2-$ /.,!* % ).#$(#-.-* *.&9%:
$(.# 0+%*" %,.-#' $+" 0.&1!",() %<<,"<%$"* 3+()+ /%9.-,* %
#.# #"<&(<(2&" (.#() ).#'-)$(9($1 %$ &.3 3%$", ).#$"#$5HIJK

!"# $%&'( )*+ ,-.%/ 0/1(23*'

L+" CAMC *0")$,% ./ (.#.!",* %," )+%,%)$",(G"' 21 %
*$,.#< -0$-,# (# (#$"#*($1 %$ 9",1 &.3 %#<&"* (# %''($(.# $.
$+" (.#.!", 0"%@5 L+(* -0$-,# *$,.#<&1 '"0"#'* .# $+" 0,"0:
%,%$(.# ).#'($(.#* HINK 2-$ % '(,")$ ).,,"&%$(.# 3($+ $+" (.#()
'.!%(#* 3%* 0.(#$"' .-$ 21 4:,%1 ).#$,%*$ 9%,(%$(.# "40",(:
!"#$* B%#.!%&.-* CAMCF5HOPK 6# $+" )%*" ./ =%/(.#> HQRK7
ACAMC *+.3* $+%$ $+" (#$"#*($1 ./ $+" *").#' !%4(!-! B%$
&.3 %#<&"*F 9%,("* (# $+" .00.*($" 3%1 ).!0%,"' $. $+" (.#.:
!", 0"%@ *-<<"*$(#< $+%$ $+" %$$,(2-$(.# $. % ),1*$%&&(#" ).!:
0.#"#$ !%@"* *"#*"5 C(#)" ($ (* '(//()-&$ $. .2$%(# ,"&(%2&" '%$%
9",1 )&.*" $. $+" '(,")$ 2"%!7 $+(* %#<-&%, ,"<(.# 3%* (#9"*$(:
<%$"' 21 -&$,% CAMC 3($+ % S.#*" %#' T%,$ )%!",%5 L+" '%$%
3"," %#%&1G"' %* .,(<(#%$(#< /,.! &.#< ,%#<" /&-)$-%$(.#* ./
$+" )&-*$", '"#*($1 %#' -*(#< $+" E"21":S-")+" !.'"& % )+%,:
%)$",(*$() &"#<$+ 3%* "4$,%)$"' 3+()+ ,%#<"' %,.-#'
U7RRR V5HIWK X.," ,")"#$ "40",(!"#$* -*(#< *1#)+,.$,.#
,%'(%$(.# ,"9"%& % )-,9%$-," ./ $+" -0$-,# 3+()+ %&&.3* $+"
'"$",!(#%$(.# ./ % !.," ,"&(%2&" 9%&-" ./ $+" )+%,%)$",(*$()
&"#<$+5HUIK 6# .,'", $. 9(*-%&(G" $+"*" &%,<" *)%&" /&-)$-%$(.#*7
%$.!() /.,)" !(),.*).01 BAYXF "40",(!"#$* 3"," 0",/.,!"'
.# =%/(.#> !"!2,%#"* %#' <&.2-&"* %00"%, )&"%,&1 3($+ %
*)%&" &"#<$+ ).!0%,%2&" $. $+" .#" "4$,%)$"' /,.!
ZCAMC5HIJK L+"*" <&.2-&"* 3"," $+"# %$$,(2-$"' $. 2-#'&"*
./ ,.' &(@" 0%,$()&"* %* ).#/(,!"' 21 *)%##(#< $-##"&&(#< !(:
),.*).01 .# $+(# /(&!*5HIPK

!"4 5*6'3/' 7'(-89*':(&3*- *9 ;,; ;</=&'(

L+" !%(# 0,.2&"! ./ CAMC '%$% (* $+" .2$%(#(#< ./ *$,-):
$-,%& (#/.,!%$(.# (# $+" Y.-,(", *0%)"5 6$ (* $+","/.," %00"%&:
(#< $. Y.-,(", $,%#*/.,! $+" '%$% %#' ).!" 2%)@ $. $+" ,"%&
*0%)"5 C-)+ '%$% $,"%$!"#$ (* "40")$"' $. 0,.9('" '(,")$&1
(#/.,!%$(.# *-)+ %* )+%,%)$",(*$() &"#<$+* 3($+.-$ (#$,.'-:
)(#< % !.'"& $. '"*),(2" $+" *$,-)$-,"5 T.3"9",7 $+(* 0,.)":
'-," )%# (#$,.'-)" *.!" %,$"/%)$* 3+()+ %," #.$ "%*1 $.
'"$")$5 Y(,*$7 $+" *0")$,% %," #"9", ,").,'"' .# % *-//()("#$
%#<-&%, ,%#<" B/,.! G",. $. (#/(#($1F5 C").#'7 $+" $,%#*!(*:
*(.# "40",(!"#$* (#$"<,%$" $+" *$,-)$-," %&& %&.#< $+" 4:,%1
2"%! $+,.-<+ $+" *%!0&" (#'-)(#< %# %9",%<(#< "//")$ 3+()+

)%##.$ 2" $%@"# (#$. %)).-#$ 21 $+(* '%$% $,"%$!"#$5 6$ /.&&.3*
$+%$7 "4)"0$ (# $+" )%*" ./ 3"&&:'"/(#"' *$,-)$-,"* ., +(<+&1
.,("#$"' *1*$"!*7 $+" ,"*-&$ "40,"**"' %* ,%'(%& '(*$,(2-$(.#
/-#)$(.#* %," #.$ "%*(", $. %#%&1G" $+%# $+" ,%3 '%$%5 L+"
CAMC *0")$,% ./ =%/(.#> !"!2,%#"* +%9" 2""# %#%&1G"'
-*(#< $+(* $")+#(8-"5H[RK L+" ,"*-&$(#< )-,9"* 0,"*"#$ % *",("*
./ .*)(&&%$(.#* %#' $+" /(,*$ !%4(!-! )&"%,&1 ).,,"*0.#'* $.
$+" (.#.!", 0"%@5 6$ (* '(//()-&$ $. @#.3 (/ $+" /.&&.3(#< !%4:
(!% ).,,"*0.#' $. %)$-%& *$,-)$-,%& /"%$-,"* ., (/ $+"1 ).,,":
*0.#' $. %,$"/%)$* (**-"' /,.! $+" Y.-,(", $,%#*/.,!%$(.# ./
$,-#)%$"' '%$%5

\")"#$&17 ]&&(.$ "$ %&5 +%9" '"9"&.0"' % Y.-,(", $,%#*/.,!%:
$(.# 0,.)"'-," ./ 2('(!"#*(.#%& CAMC *0")$,% (# .,'", $.
9(*-%&(*" $+" *$,-)$-," (# $+" ,"%& *0%)"5H[U^[JK L+"1 -*"'
*.!" /,"8-"#)1 /(&$",* $. "#+%#)" $+" *$,-)$-,%& /"%$-,"* %$
'(//","#$ *)%&"*5 L+"1 $+"# ).!0%,"' $+"(, ,"*-&$* $. %$.!()
/.,)" !(),.*).01 0()$-,"* 2-$ $+" ,"*.&-$(.# '(' #.$ 0",!($
.#" $. 9(*-%&(G" $+" *$,-)$-," 3($+ % *-//()("#$ !%<#(/()%$(.#5
L+(* $")+#(8-" *-//",* /,.! $+" *%!" ',%32%)@* $+%# $+"
UE Y.-,(", $,%#*/.,!%$(.# %#' '(' #.$ ,"9"%& #"3 ).#)&-*(9"
(#/.,!%$(.#5 X.," ,")"#$&17 S%,2( "$ %&5 -*"' % OE )+.,' '(*:
$,(2-$(.# %#%&1*(* H[IK 3+()+ +%* 2""# 3('"&1 -*"' /., $+"
*$-'1 ./ 0.,.-* *1*$"!*5 A )1&(#',()%& *$,-)$-," /., $+" %8-":
.-* )+%##"&* 3%* '"'-)"' /., +(<+&1 .,("#$"' *%!0&"* 3+(&"
$+" %#%&1*(* ./ $+" <"#-(#" =%/(.#> *0")$,-! .#&1 ,"9"%&"'
*.!" )+%,%)$",(*$() &"#<$+* ).,,"*0.#'(#< $. $+" !%4(!%
B!%$,(4 %#' (.#.!", 0"%@*F5 E%$% .2$%(#"' (# $+(* 3%1 3","
%#%&1G"' 3($+ $+" _(",@"`* !.'"&5 L+" !%(# 0,.2&"! (* $+%$
$+" )+.,' %#%&1*(* (* "//()("#$ /., *%!0&"* 3+()+ %," 0-," $3.

!"#$ % &'()*+,"' -).-)/)0,+,"10 12 ,() 3+2"104 *)*5-+0) /,-6',6-) +, 7"28
2)-)0, /'+9)/: )910#+,)7 .19;*)-"' +##-)#+,)/ <';9"07-"'+9 1- -"551089"=)
+##-)#+,)/> /6--1607)7 ?",( "10"' #-16./ +-) .+'=)7 ?",( +0 1-")0,+,"10
1-7)-"0# "0 56079)/ ,(+, +-) ,()*/)9@)/ -+071*9; 1-")0,)7 "0 /.+') +, ,()
/658*"'-10 /'+9)$ A() "101*)- .)+= '(+-+',)-"/)/ ,() +@)-+#)7 7"/,+0')
5),?))0 ,() +##-)#+,)/$ A() *+,-"B +07 ,() ?"7) +0#9) /'+,,)-"0# .)+=/
'+0 5) +0+9;/)7 "0 ,)-* 12 7"/,-"56,"10 12 ?)99 1-7)-)7 .19;*)-"' '(+"0/
+910# ,() +##-)#+,)/$ A() &C& 6.,6-0 ?1697 5) ,() /"#0+,6-) 12 ,() '1--)8
9+,"10 "0 1-")0,+,"10 12 ,() +##-)#+,)/ "0,1 + 56079)$

!"# = >??@ A:BCD2EFG E"-$(6 !;#G H F.I J!(K% A"'/L"'; MNCB FCBB4 >??@% @% +.I >

!
"#

$"
%

Long: porous structure

due to the assembly of

bundles
Ioselevitch, Kornyshev, Steinke, J. Phys. Chem. B 108, 11953 (2004).

Gebel, Diat, Fuel Cells 5, 261 (2005).

pmelchy@sfu.ca SFU — Eikerling group



Outline

1 Introduction
Context
Motivation
Basic framework

2 Dry core model
Framework
Free energy

3 Wet bundle model
Framework
Free energy

pmelchy@sfu.ca SFU — Eikerling group



Basic framework

I Structural simplification:
I No side chains
I Ionomers considered stiff rods (persistence length of

Teflon R©-based materials: 10Å to 50Å— average sum of the
projection of bonds j > i onto bond i)

I Continuous surface charge on the polymer instead of discrete
charges
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Basic framework

I Full dissociation (strong acidity of sulfonic acid)

I Cell model (mean-field approximation) 3

a) b) c) d)

Figure 1. Approximation stages of the cell model. The full solution (a) is par-
titioned into cells (b), which are conveniently symmetrized (c). Subsequently the
attention is restricted to just one such cell (d) and the counterion distribution
within it.

1.2. DECOUPLING THE MACROIONS

The cell model is an attempt to turn this situation into an advantage: If
the situation is highly asymmetric, there is no reason to pursue a symmet-
ric treatment. Since the macroions all have the same charge, their mutual
pair interaction is repulsive. Unless there are effects which cause them to
attract, aggregate and ultimately fall out of solution, i. e., unless the effec-
tive pair potential is no longer repulsive, the macroions will organize so as
to keep themselves as far apart as possible. The total solution can now be
partitioned into cells, each containing one macroion, the right amount of
counterions to render the cell neutral, and possibly salt molecules as well.
As a consequence of the assumed homogeneous distribution of macroions,
these cells will all have essentially the same volume, equal to the total vol-
ume divided by the number of macroions. Observe that different cells do
not have strong electrostatic interactions, since they are neutral by con-
struction.

The cell model approximation consists in restricting the theoretical de-
scription of the total system to just one cell. While the interactions be-
tween the small ions with “their” macroion as well as with small ions in the
same cell are explicitly taken into account, all interactions across the cell
boundary are neglected. Note that the existence of cells, all of which have
essentially the same size, requires correlations to be present between the
macroions. However, these correlations are no longer the subject of study.
The cell model can thus be viewed as an approximate attempt to factorize
the partition function in the macroion coordinates, i. e., replacing the many
polyelectrolyte problem by a one polyelectrolyte problem. Figure 1 (a) →
(d) illustrates this process for the spherical case.

The remaining effect of all other macroions is to determine the volume

Deserno, Holm, 2001

I Poisson-Boltzmann formalism:

∇2ϕ− κ2ϕ = −qn0H
ε

Boundary conditions:

êr · (εext ~∇ϕext |r=re − εint ~∇ϕint |r=re ) = −4πσ
~∇ϕ(r = Rc) = 0
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A first model: dry core

I The core of the bundle is
solvent-free; all charge at the
surface of the bundle

I Homogeneous surface charge
density σ

I A single dielectric constant in the
whole cell for the solvent around
the bundle

I Hydrophobicity is accounted for by
surface tension

I Hexagonal packing of rods
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Free energy

βfk = γS + `B

∫ Rc

re
dr ϕ(r)nH(r) +

∫ σ

0
dσ′ϕre (σ′)

With
I γ the surface tension
I nH the proton distribution in the cell
I ϕ the electrostatic potential created by the surface charge on

the bundle
I σ surface charge density at the surface of the bundle
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Electrostatic potential

Poisson-Boltzmann equation:

∇2ϕ− κ2ϕ = −4πqn0H
ε

Boundary conditions:

êr · (εext ~∇ϕext |r=re − εint ~∇ϕint |r=re ) = −4πσ
~∇ϕ(r = Rc) = 0
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Electrostatic potential

ϕ(r) =
4πσ
εκ∆

(
K1(κRc)I0(κr)− I1(κRc)K0(κr)

)
+

4πn0Hq
εκ2

where
∆ = I1(κRc)K1(κre)− I1(κre)K1(κRc)
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A second model: wet bundle

I Each rod is completely immersed in
the solvent

I Two cases are considered:
I Uniform dielectric constant and

homogeneous surface charge
density

I Low-dielectric constant core and
condensation of the protons on
the surface of the rods that is
inward-oriented
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Free energy

βfk = −c
∫

d~r
ρ(~r)2

r6
+ `B

∫
d~r ϕ(~r)nH(~r)

+
∑
i 6=j

∫ 2π

0

∫ 2π

0

dθi dθj
(2r2 + d2 + 2dr sin(θi + θj)− 2r2 cos(θi + θj))1/2

In the first case of a constant surface charge (uniform dielectric
constant)
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Free energy

In the second case we consider, a
two-zone surface charge appears
corresponding to the inner region (high
dielectric constant) and the outer region
(low dielectric constant)

I A crude approximation: full
condensation in the low-ε core,
hence zero surface charge

I Altered electrostatic potential
I Rods are divided into two zones,

each of homogeneous surface
charge density (σinner = 0)
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Outlook

I Stability of the equilibrium structures for different number of
rods per bundle

I Phase diagram: lowest free energy bundles (size)
I Transitions between dispersed, three-rod bundle phase, six-rod

bundle phase, etc.

Beside the density of ionisable groups and the concentration of
rods, key parameters to determine the equilibrium structure are:

I Dry core model:

I surface tension γ
I effective radius of the rods

I Wet bundle model:

I Hamaker parameter
I inter-rod distance d
I condensation of protons
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