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ABSTRACT: This paper describes the use of lattice-based self-consistent mean field (SCMF) theory to
predict the equilibrium microstructure in perfluorinated ionomers used as separators in polymer electrolyte
membrane (PEM) fuel cells. The SCMF model predicts segregation of ionomer-water mixtures into
ionomer-rich and water-rich microdomains as the water content or the fluorocarbon-water interaction
parameter (øFW) increases. Phase diagrams and domain structures are reported for water-swollen Nafion,
Dow Short Side Chain, a new perfluorosulfonimide, and two other hypothetical ionomers. In general, the
phase boundary for melting of the microdomain structure moves to lower values of øFW as the branch
density decreases or the branch hydrophilicity increases. For ionomers having the same branch density
and branch hydrophilicity, the position of the phase boundary depends on the details of the internal
arrangement of chemical groups within the branches. Various phase transitions occur due to segregation
of particular ionomer chemical groups and can be rationalized in terms of the dominant fluorocarbon-
water repulsion and branch stretching to maximize ether-water and sulfonyl-water contacts. With
increasing øFW, branch collapse minimizes the fluorocarbon-water interaction while increasing the size
of water-rich domains and the degree of sulfonyl segregation.

I. Introduction

I.A. Perfluorosulfonated Ionomers. Perfluorosul-
fonated ionomers are branched copolymers containing
comonomers that differ greatly in surface energy and
electrical properties. The majority comonomer, tetra-
fluoroethylene (TFE), polymerizes to form hydrophobic
blocks having a low dielectric constant. The minority
comonomer, vinyl ether sulfonic acid, introduces hydro-
philic branches that carry an ionogenic sulfonyl group.
The juxtaposition within one macromolecule of comono-
mers with such different properties produces polymers
with unique microstructures and bulk properties. For
example, perfluorosulfonated ionomers swell with water
and can transport ions despite the fact that the copoly-
mer is 90% TFE. This makes these ionomers (e.g.,
Nafion) useful as selective transport membranes in fuel
cells, chloralkali cells, and various other electrochemical
synthesis/recovery cells.1

Membranes of perfluorosulfonated ionomers transport
water and small cations (H3O+, Na+, K+) while exclud-
ing molecules as small as hydrogen gas. X-ray scatter-
ing2 reveals the existence of ionic domains and crystal-
lites within a continuum of amorphous polymer. The
crystallites have a characteristic size that corresponds
to that of PTFE crystals. The charged branch groups
self-assemble to form ionic domains that swell upon
exposure to water. The water-swollen ionic domains
percolate so as to provide a pathway for ionic transport.
Despite extensive study3-14 of ionic transport in per-
fluorosulfonated ionomers, the relationship between
transport properties and microstructure in these ma-
terials is poorly understood, perhaps due to a lack of
consensus on the exact morphology of the phase-
separated microdomains.

The composition and number density of branches have
a large impact on the properties of perfluorosulfonated
ionomers. Tant et al.15 found that the dynamic mechan-
ical and thermal properties of perfluorosulfonated iono-

mers varied considerably with branch density and
composition. These architectural changes also have been
shown to impact the impedance and conductivity of the
material.16,17 In principle, variations in molecular archi-
tecture alter the microdomain structure and thus change
the material’s bulk properties.

This leads to the prospect of improving the ionic
transport and mechanical properties of ionomers by
identifying molecular architectures that lead to optimal
microdomain structures. For example, new classes of
ionomers, such as those based on the sulfonimide
moiety,18 may manifest improved transport and thermo-
mechanical properties and thus supplant Nafion in fuel
cell applications. Unfortunately, such experimental
exploration requires considerable investment of time
and money but does not guarantee success. Theoretical
models, such as the one presented here, may help guide
synthesis efforts in the most fruitful directions.

I.B. Self-Consistent Mean Field Theory. This
work applies self-consistent mean field (SCMF) theory
to develop a thermodynamic model for predicting mi-
crostructure in perfluorosulfonated ionomers. SCMF
theory provides a mathematical framework, within the
context of statistical thermodynamics, for calculating
the free energy of polymer/solvent mixtures in which
the components are unevenly distributed in a specified
spatial domain. Minimization of the free energy deter-
mines the equilibrium distribution of the components
in space, represented by volume fraction φi(r) for
component i at spatial position r.

The tractability of this problem depends on a number
of key approximations. In particular, the atomic-level
description of real molecules must be replaced by a
course-grained description that preserves the essential
physical phenomena yet eliminates unnecessary details.
Two main approaches have evolved within the context
of SCMF theory. The continuum approach19-22 views
polymer molecules as continuous space curves with
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chain stiffness and interactions represented by persis-
tence length and excluded-volume parameters. The
lattice-based approach23 represents polymer molecules
as chains of statistical segments that, along with small
molecule components, fill a spatial domain discretized
into lattice sites. Although the two approaches differ in
details, they construct equivalent expressions for the
partition function and free energy, and they minimize
the free energy to identify expressions that can be solved
for the equilibrium distribution of components in the
spatial domain.

The application of SCMF theory for the prediction of
microstructure in polymers, especially microdomain
phase separation, is well established. SCMF models
developed for prediction of microstructure and micro-
domain phase separation in linear block copolymers
have been recently reviewed.24,25 Various applications
of SCMF theory involving branched block copolymers
have been published.26-28 Limited work has been done
to extend SCMF theory to treat more complex architec-
tures involving multiple block types with branching.
Single-chain SCMF models29,30 require as input an
enumeration of all possible configurations of a single
polymer chain. This enumeration is impractical for high
molecular weight branched ionomers.

Several existing SCMF models26,31,32 consider the
problem of identifying the most favored microdomain
structure. For example, Svensson et al.31 report phase
diagrams showing conditions favoring phase separation
of poly(ethylene oxide)/poly(propylene oxide) triblock
copolymer into various phases, including lamellae,
hexagonally packed cylinders, cubic packed spheres, and
bicontinuous gyroids. Such predictions are currently
feasible only for macromolecules with relatively simple
architecture.

Simon and Ploehn33 developed a SCMF model that
can treat branched copolymers of arbitrary architectural
complexity. This model, utilized here without modifica-
tion, only considers compositional variations in one
Cartesian spatial dimension. For this reason, only
lamellar phase-separated structures can be observed.
Although the model cannot conclusively identify the
preferred equilibrium geometry (e.g., lamellar, cylindri-
cal, spheroidal, etc.), we believe that the present work
is a useful first step in this direction.

I.C. Outline. First, we review SCMF theory and
discuss parameter selection. The model is used to
generate phase diagrams for a particular ionomer
architecture (Dow Short Side Chain, DSSC) while
exploring the effects of varying equivalent weight (EW,
i.e., molecular weight per branch). We compare the
phase diagrams of DSSC and Nafion ionomers and
discuss the consequences of differing branch lengths.
Finally, we explore the effect of branch architecture on
microdomain phase separation for a variety of candidate
ionomers (Figure 1), all having PTFE backbones but
differing comonomers and thus differing branch archi-
tectures. The comonomers include sulfonic acid func-
tionalities (Nafion, DSSC), a recently synthesized sulfon-
imide (polymer A18), and two “hypothetical” ionomers
that have no experimental analogues. We explore the
effect of branch architecture, including length, composi-
tion, and group arrangement, on the phase separation
and microdomain structure.

II. Lattice-Based SCMF Theory

Lattice-based SCMF theory employs a coarse-grained
representation of real polymer molecules as chains of
segments. The polymers of interest in this work are

Figure 1. Molecular structures and segmental representations of various real and hypothetical ionomers.
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depicted in Figure 1. A coarse-grained representation
of these molecules necessitates the introduction of three
distinct segment types, fluorocarbon, ether, and sulfonyl
fluoride (subscripts F, E, and S, respectively), as listed
in Table 1. In addition, a segment type for the solvent,
water (subscript W), is also required. Table 1 also shows
various chemical structures that may be represented in
the model by each segment type. All segments are
assumed to have identical volumes. As shown in Figure
1, the three segment types are assembled to represent
the various ionomer architectures. In addition to the
three real ionomers (DSSC, Nafion, polymer A), we have
also created two hypothetical ionomers, Long Dow (LD)
and Extra Long Branch (ELB), to investigate the effect
of architecture on phase-separated microdomain struc-
ture.

II.A. Governing Equations. Lattice-based SCMF
theory offers some computational advantages for gen-
erating predictions of microstructure in branched co-
polymers.34 This work utilizes the SCMF model origi-
nally developed by Evers et al.35 and extended by Simon
and Ploehn33 to exclude direct backfolding in the
calculation of chain end probability distributions. The
reader may consult ref 35 for the full statistical me-
chanical derivation.

The primary objective is to calculate the volume
fraction φA(z) of each segment type A (A ∈ {F,E,S,W})
throughout the spatial domain. We consider variations
in one rectangular Cartesian coordinate, z, with lattice
sites arranged in layers numbered from z ) 1 to M.
Consequently, only lamellar structures are expected in
the phase-separated state. The ionomer-water mixture
is bounded by two impenetrable walls that have neutral
interactions with all segments. Each lattice site is
surrounded by y neighboring sites. A fraction λ0 of the
neighboring sites are in the same lattice layer, and a
fraction λ1 are found in each adjacent layer. All calcula-
tions reported here employed a hexagonal lattice
(y ) 6, λ0 ) 1/2, λ1 ) 1/4).

The segment volume fractions are calculated from a
larger set of more detailed volume fraction profiles,
φi(z,s), representing the volume fraction of a particular
segment (rank s) belonging to a molecule of component
i (i ) ionomer or solvent in this work). Specifically,

where the first sum runs over the components, and the
second sum runs over all segments in that component
with only segments of type A counted in the sum. For a
linear polymer, the rank variable s is a simple enu-
meration of segments running from 1 to ri, the number
of segments in the chain. The segments in a branched
polymer can also be numbered from 1 to ri, obviously,
but the value of s does not correspond to a distance along
the contour of the polymer backbone from one of the
ends.

The function φi(z,s) is the probability that segment
number s in component i is located at position z. For
any component composed of more than one segment
(e.g., the ionomer), φi(z,s) is proportional to the joint
probability that two parts of the molecule are joined by
segment s at position z. To quantify this, we33,35 first
define the chain end distribution function Gi(z,s|1),
representing the statistical weight of all subchains
(portions of whole chains) consisting of segments 1
through s that end with segment s in layer z. Gi(z,s|1)
is constructed recursively by multiplying Gi for a chain
of s segments by the “free segment” probability,
exp[-uA(s)(z)], to produce Gi for a chain of s + 1
segments. The dimensionless mean field, uA(s)(z), de-
pends on spatial position as well as the type of segment
A in the molecule’s structure as segment s.

For linear polymers, Gi for the entire chain can be
constructed by starting with the free segment prob-
ability for either end segment, followed by multiplication
of free segment probabilities going down the chain to
the other end. For highly branched polymers, it is most
convenient to start the product at the ends of the
branches (in parallel), working backward along the
branches and down the backbone to an end. The
recursion for Gi thus has the form

with the initial value Gi(z,ri|ri) ≡ 1 since chain ends may
be located anywhere with equal probability. The angle
brackets in eq 2 imply a weighted average over the
lattice sites neighboring the site at z:

where λ0 and λ1 are the lattice parameters introduced
earlier.

If we know the mean fields uA(z) for each segment
type, the functions Gi(z,s|1) and Gi(z,s|ri) may be readily
computed. From these, φi(z,s) is expressed as33,35

where Ci is a normalization constant,

Here, φi
b is the volume fraction of component i in the

“bulk” reference phase, assumed to be a homogeneous
mixture of the components. Also, b3i is the number of
three-armed branch segments in component i, and y is
the lattice coordination number. Equation 4 assumes
that direct backfolding is permitted. Chain branching
and the exclusion of direct backfolding add considerable

Table 1. Segment Compositions and Interaction Parameters

interaction parameters

segment structures F E S W

fluorocarbon -CF2-CF2-, -CF3 F 0 -0.5 0 varies
ether -CF2-CF-O-CF2-, -CF2-O-CF-,

-CF2-CF-O-CF-CF2-
E -0.5 0 0 -5.0

sulfonyl fluoride SO2F S 0 0 0 -5.0
sulfonyl imide SO2NSO2
water H2O W varies -5.0 -5.0 0

φA(z) ) ∑
i

∑
s∈{sA}

φi(z,s) (1)

Gi(z,s|ri) ) exp[-uA(s)(z)]〈Gi(z,s + 1|ri)〉 (2)

〈Gi(z,s|ri)〉 ≡ λ1Gi(z - 1,s|ri) + λ0Gi(z,s|ri) +
λ1Gi(z + 1,s|ri) (3)

φi(z,s) ) Ci exp[-uA(s)(z)]〈Gi(z,s - 1|1)〈Gi(z,s + 1|ri)〉〉
(4)

Ci )
φi

b

ri
( y
y - 1)ri-2 (y - 1

y - 2)b3i
(5)

5632 Krueger et al. Macromolecules, Vol. 35, No. 14, 2002



complexity to the recursion expression. Reference 33
provides full, explicit details on the chain weighting
factor calculation for branched polymers.

To provide closure of the set of equations, the mean
fields must be specified. The statistical mechanical
development35 provides the functional forms of uA(z),
ensuring an equilibrium distribution of segments as well
as full occupancy of each lattice site. The free energy
minimization handles the latter constraint through the
introduction of a Lagrange multiplier, R(z). At equilib-
rium, uA(z), R(z), and φA(z) are related by

The sum in the denominator of the last term should be
unity, but it is included explicitly in the calculations as
indicated to facilitate convergence of the iterative solu-
tion.

The right-hand side of eq 6 defines RA(z). These
quantities for each segment type must all equal R(z).
The solution of the complete set of equations must
satisfy this condition. The nonlinearity and complexity
of the equations necessitates an iterative solution.
Following the procedure found in Appendix III of the
work of Evers et al.,35 we vary uA(z) until the objective
functions

are made equal to zero. Here Rj(z) is the average of the
RA(z). For a system involving N segment types distrib-
uted over a lattice of M layers, eq 7 represents a set of
NM objective functions. At any iteration, the NM
guessed values of uA(z) are updated via a Newton-
Raphson technique followed by recalculation of φA(z),
RA(z), and Rj(z).

Once the equilibrium volume fraction profiles are
determined, the Helmholtz free energy is calculated as
given previously:35

The quantity φ*Ai represents the fraction of A-type
segments in component i.

II.B. Parametrization. Very little data exist for
specifying the pair interaction parameters (øAB) that
quantify the interaction energy between A and B
segments of the types listed in Table 1. By definition,
øAA ) 0 for interactions between segments of the same
type, leaving six independent øAB parameters to be
specified. Lacking adequate data for fitting these pa-

rameters, we assume values (Table 1) that we believe
approximate the true nature of the various interactions.

As seen in Table 1, ether segments represent prima-
rily fluorinated hydrocarbon structures, yet the ether
moiety introduces some polar character. Consequently,
we assume that the interactions between ether and
fluorocarbon segments are weakly attractive (øFE )
-0.5). The sulfonic acid segment is more polar, so its
interactions with ether and fluorocarbon segments are
less energetically favorable (øFS ) øSE ) 0). The attrac-
tions between water and the polar ether and sulfonic
acid groups are approximated by negative values of
these ø parameters (øEW ) øSW ) -5.0). The sulfonic
acid groups will dissociate in water, but we have not
incorporated electrostatic interactions in the model at
this time.

Fluorocarbon and water segments will greatly out-
number the ether and sulfonyl segments in most cases.
The mutual repulsion of fluorocarbon and water seg-
ments should dominate the phase behavior of the
ionomer-water mixture. The corresponding pair inter-
action parameter, øFW, will be treated as a parameter
to be varied.

All of the pair interaction parameters are tempera-
ture-dependent. For dilute polymer solutions, the Flory
equation

indicates an inverse relationship between the ø and T
(ψ1 and Tθ are the entropy parameter and the theta
temperature). A more complicated temperature depen-
dence would be expected for concentrated polymer
solutions and melts. Exploring temperature variations
requires knowledge of øAB(T) for every AB pair. Tem-
perature changes would simultaneously change all of
the øAB values. In a sense, T parametrizes a specific path
through the multidimensional øAB parameter space.
Without loss of generality, we choose instead to explore
independent variations of øAB values for various AB
pairs. In the results reported here, we vary øFW while
fixing the other øAB values. While varying øFW mimics
a variation in temperature, one must bear in mind that
this path through the øAB parameter space does not
correspond to that path parametrized by T.

III. Results and Discussion

III.A. Phase Separation. III.A.1. General Fea-
tures. We first consider the nature of the phase separa-
tion that occurs as øFW and the bulk reference phase
composition (φi

b) are varied. Our SCMF theory calcula-
tions show that phase separation of ionomer-water
mixtures into hydrophobic and hydrophilic domains
occurs over relatively small changes in øFW or bulk
phase composition. For example, Figure 2 shows volume
fraction profiles for Nafion-water mixtures contained
between two planar walls. At a bulk phase Nafion
volume fraction of φp

b ) 0.84 (Figure 2a), the profiles of
water and fluorocarbon segments are essentially flat,
representing a homogeneous one-phase mixture. The
depletion and small maxima near the walls are surface
effects caused by the assumed absence of any ionomer-
wall attraction. Not including the lattice layers im-
mediately adjacent to the walls, the average water
volume fraction is 0.16.

R(z) ) uA(z) - ∑
i

φi
b

ri

-
1

2
∑
B,C

φB
b øBC φC

b -

∑
B

øAB

(〈φB(z)〉 - φB
b)

∑
C

φC(z)
≡ RA(z) (6)

fA(z) ) 1 -
1

∑
A

φA(z)
+ Rj(z) - RA(z) (7)

) 0

A - A*

LkT
) ∑

i

ln riCi

ri
∑

z

φi(z) - ∑
z,A

φA(z) uA(z) +

1

2
∑

z,A,B
φA(z)øAB〈φB(z)〉 -

1

2
∑

i

[(∑
z

φi(z))(∑
AB

φ*AiøABφ*Bi)]

(8)

ø ) 1
2

- ψ1(1 -
Tθ

T ) (9)
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Lowering the bulk phase Nafion volume fraction to
φp

b ) 0.82 (Figure 2b) leads to phase separation into
fluorocarbon-rich and water-rich domains. The mixture
in the domain between the surfaces is in full equilibrium
with material in the bulk reference state, which is a
homogeneous mixture in accord with previous work.33,35

There is no a priori reason to expect that the average
concentration in the gap between the two surfaces will
be the same as in the bulk reference state. This usually
presents no conceptual difficulties because, in most
previous work, the bulk reference state is a stable,
homogeneous, equilibrium phase. In this work, when
the parameters are such that phase separation occurs,
one must view the bulk reference state as a hypothetical
homogeneous phase.

The observed phase separation is not an artifact of
the confinement of the mixture between two planar
walls, nor does the domain spacing depend on the
number of lattice layers used in the calculation. Figure
3 illustrates the second point. Fluorocarbon-rich do-
mains occur with the same spacing and amplitude
regardless of the number of lattice layers used in the
calculations. In this case, the domain spacing is between
6 and 7 lattice layers. As the number of layers increases,
the peaks in the profiles shift to fill the space and
minimize the free energy of the mixture. When the
number of layers increases sufficiently, an entirely new

peak appears. The free energy (eq 8) depends only on
the volume fraction profiles, so the free energy density
does not depend on the number of lattice layers used in
the calculation. In all subsequent results shown here,
the calculations employed 20 lattice layers, a compro-
mise that provides enough space for the formation of
several domains while minimizing computational time.

In practice, it is computationally more convenient to
vary øFW in order to identify points on the phase
boundary. Figure 4 shows fluorocarbon volume fraction
profiles for Nafion-water mixtures for various values
of øFW. As øFW increases, the peaks in the fluorocarbon
volume fraction profile become more pronounced, indi-
cating greater partitioning of the hydrophobic and
hydrophilic components between the two domains.

III.A.2. Free Energy Discontinuities. First-order
phase transitions are characterized by discontinuities
in entropy plotted as a function of temperature. This
identifies phase boundaries. Regardless of the form of
øFW(T), we have

Assuming øFW(T) is continuous, ({∂A}/{∂øFW})V,N mani-
fests a discontinuity at a phase transition.

This derivative is calculated numerically from values
of the free energy. Figure 5 shows typical results for a
DSSC-water mixture having an ionomer volume frac-
tion of 0.65 in the bulk reference phase. The free energy
increases continuously as with increasing values of øFW.
However, ({∂A}/{∂øFW})V,N is discontinuous at two points,
øFW ) 1.78 and 2.25, suggesting two phase transitions.
Actually, a third discontinuity occurs at about øFW )
3.0, although it cannot be seen in the figure. The initial
phase separation of the mixture into fluorocarbon-rich

Figure 2. Volume fraction profiles of fluorocarbon ([) and
water (4) for Nafion-water mixtures with ionomer volume
fractions (φi

b) of (a) 0.84 and (b) 0.82 in the bulk reference
phase. Other parameters include øFW ) 2.3, EW ) 1200, and
MW ) 12 000. For these parameters, n (as defined in Figure
1) ) 8.

Figure 3. Fluorocarbon volume fraction profiles for DSSC-
water mixtures calculated using 20 (]), 26 (9), 27 (0), and 33
([) lattice layers. Other parameters include φi

b ) 0.65, øFW )
1.6, EW ) 1200, and MW ) 12 000. For these parameters, n
(as defined in Figure 1) ) 9.2.

Figure 4. Fluorocarbon volume fraction profiles for Nafion-
water mixtures for varying values of the fluorocarbon-water
interaction parameter: øFW ) 1.3 (9), 1.4 (]), 1.5 (2), 1.6 (0),
and 1.7 ([). Other parameters include φi

b ) 0.65, EW ) 1200,
and MW ) 12 000.

Figure 5. Helmholtz free energy and its first derivative with
respect to øFW as functions of øFW for a DSSC-water mixture
with φi

b ) 0.65. Other parameters include EW ) 1200 and
MW ) 12 000. Dotted lines guide the eye with respect to the
slope of the free energy before and after the transition.

S ) - (∂A
∂T)

V,N
∝ (∂øFW

∂T )
V,N

( ∂A
∂øFW

)
V,N

(10)
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and water-rich domains occurs at øFW ) 1.78, in agree-
ment with qualitative observation of the appearance of
peaks in the volume fraction profiles (similar to those
seen in Figure 4, but for DSSC).

There are three difficulties in reconciling the observa-
tions in Figure 5 with established phase transition
concepts. First, segregation occurs in several overlap-
ping stages because of the different properties of the
ionomer’s constituent segments (discussed below). This
produces two or more closely spaced discontinuities in
the free energy, so the putative phase transitions are
not very clean. Second, some inaccuracy is introduced
because we are calculating the free energy derivative
numerically. Finally, correspondence with thermody-
namic definitions of phase transitions is hindered
because we are not varying temperature, but a sur-
rogate, øFW.

Nevertheless, the features in Figure 5 suggest that
we see what may be legitimately called phase transi-
tions. Discontinuities in free energy are characteristic
of first-order phase transitions. As we increase øFW, free
energy increases because the dominant fluorocarbon-
water interactions become more repulsive. After the
transition, the free energy continues to grow but at a
lower rate (change in slope of dotted lines in Figure 5).
Moving along the ordinate from right to left (or viewing
a mirror image of the figure) simulates an increasing
temperature axis, and the dotted lines trace out the
expected form of a first-order phase transition.

Volume fraction profiles provide additional insight
into the nature of the phase transitions such as those
seen in Figure 5. For example, the free energy of water-
swollen DSSC ionomer with φp

b ) 0.75 manifests dis-
continuities at øFW values of 1.85, 2.50, and 2.70,
identifying three phase transitions in the system. At øFW
values below 1.85, the volume fraction profiles of all

segment types are essentially flat. For øFW values
greater than 1.85, we observe segregation into water-
rich (hydrophilic) and water-poor (hydrophobic) do-
mains. Figure 6 shows volume fraction profiles for
fluorocarbon, ether, and sulfonyl segments at øFW values
that are 0.1 units greater than the phase transition
points. This offset ensures that the selected states are
away from the phase boundaries and that the structures
are fully developed. The shaded regions represent
domains where the water volume fraction exceeds 50%.
All of the pair interaction parameters other than øFW
have been held constant.

The predominant feature of the first phase transition
is segregation of fluorocarbon and water segments into
fluorocarbon-rich and water-rich domains (Figure 6A).
Although the fluorocarbon domains contain most of the
fluorocarbon segments, the water-rich domains also
contain significant amounts of fluorocarbon (>10 vol %).
Ether and sulfonyl segments are concentrated primarily
in the water-rich domains. Further increase in øFW leads
to a second transition characterized by elimination of
the remaining fluorocarbon from the water-rich domains
and localization of ether segments at the domain
interfaces (Figure 6B). The water-rich domains are
thicker with sulfonyl segments dispersed evenly through-
out. Still further increase in øFW produces a final phase
transition, above which the sulfonyl segments are more
localized at the domain interfaces (Figure 6C). The
water-rich domains have grown even thicker and still
contain significant amounts of ether and sulfonyl seg-
ments. The fluorocarbon domains have become quite
thin and somewhat enriched with ether and sulfonyl
segments.

A simple physical picture explains these observations.
As the interaction energy (øFW) between the dominant
componentssfluorocarbon and watersbecomes more

Figure 6. Volume fraction profiles of fluorocarbon, ether, and sulfonyl segments for DSSC ionomer with φi
b ) 0.65. The shaded

regions denote lattice layers where the water volume fraction exceeds 50%. Columns A, B, and C are for øFW ) 1.9, 2.4, and 3.1,
respectively, representing values that are 0.1 units higher than the preceding phase transition. Other parameters as in Figure
2 and Table 1.
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repulsive, the system minimizes its free energy by
segregating water and fluorocarbon into hydrophilic and
hydrophobic domains. However, the segregation is not
complete. Attractive ether-water and sulfonyl-water
interactions (øEW ) -5, øSW ) -5) promote extension
of the branches to maximize these contacts (Figure 6A),
suggesting a picture of the water-rich domains as water-
swollen polymer gels rather than “pools” of water. Many
fluorocarbon-water contacts also remain. As øFW in-
creases further, the remaining fluorocarbon-water
contacts are replaced by fluorocarbon-ether and fluo-
rocarbon-sulfonyl contacts. This happens through more
complete fluorocarbon-water segregation and interposi-
tion of the ethers at the domain interface (Figure 6B).
Although this requires collapse of the extended branches,
the free energy reduction due to minimized fluorocarbon-
water contacts dominates at large øFW. Above the third
transition (Figure 6C), complete branch collapse occurs,
localizing sulfonyl segments at the interface and further
minimizing fluorocarbon-water contact.

III.A.3. Varying Interaction Parameters. Similar
phase transitions have been found36 for all of the
candidate ionomers shown in Figure 1. The locations of
the phase boundaries in the temperature-composition
phase diagram obviously depend on the values of the
interaction parameters as well as the ionomer archi-
tecture. Since fluorocarbon and water are the two most
prevalent components, their interaction parameter (øFW)
should play a dominant role. In a sense, øFW serves as
a surrogate for (inverse) temperature. Variations in the
other interaction parameters influence the values of øFW
at which phase transitions occur, denoted below as øFW*.

As an example, consider the ether-water interaction
parameter, øEW. The base value, øEW ) -5, assumes that
polar ether oxygens manifest a strong attractive inter-
action with water. However, recent ab initio self-
consistent-field molecular orbital calculations37 suggest
that fluoroether segments may be more hydrophobic
than sulfonyl (base value øSW ) -5). We should there-
fore consider the effect of varying values of øEW on the
location of phase transitions represented by øFW*. As
seen in Figure 7, making the ether-water interaction
less attractive has little effect on the øFW* for the first
phase transition. Since fluorocarbon-water segregation
drives the first phase transition, we would not expect a
strong dependence on the interaction of the minor ether
component with water. On the other hand, the second
and third phase transitions move to lower values of øFW

and eventually merge with the first phase transition as
øEW increases.

Physically, more positive values of øEW reduce the free
energy benefit associated ether-water mixing. The
branches remain stretched after the first transition, but
branch collapse and ether-water demixing can occur
at lower øFW values, so øFW* for the second transition
decreases with increasing øEW. Eventually, for øEW > 0,
ether segments segregate with the fluorocarbon and
sulfonyl segments localize at the interface at the first
phase transition.

Similar trends have been observed for variations of
the other pair interaction parameters.36 In general, the
øFW* values for the first transition (fluorocarbon-water
segregation) are essentially independent of the values
of other interaction parameters. The øFW* values for the
second and third transitions generally decrease, ap-
proaching those for the first transition, as the value of
the varied parameter increases, all others held constant.
Various enthalpic and entropic factors probably explain
these trends, including the amount of initial branch
stretching above the first transition, the balance among
the various pair interaction energies, and the entropy
associated with changing the distribution of water
between the domains.

III.B. Phase Diagrams. In this work, we construct
theoretical phase diagrams that employ øFW and poly-
mer (ionomer) volume fraction in the bulk reference
phase (φp

b) as two parameter space coordinates. Free
energy discontinuities, determined numerically, deter-
mine the locus of (φp

b, øFW) points that delineate the
order-disorder phase transition.

III.B.1. General Features. Figure 8 shows the
DSSC-water phase diagram for ionomers having two
different branch densities. For a particular polymer,
spatially homogeneous (disordered) mixtures are ob-
served at (φp

b, øFW) points below the phase boundary,
while phase-separated (ordered) states are found above
the boundary. Assuming øFW varies inversely with T,
increasing øFW corresponds (approximately) to a tem-
perature quench. As expected, increasing øFW at fixed
composition leads to phase separation. At fixed øFW,
increasing the water content in the bulk reference phase
(decreasing φp

b) leads to phase separation. A compro-
mise between entropic and enthalpic effects explains
these (and subsequent) observations. Repulsive enthal-
pic interactions between fluorocarbon and water seg-
ments make the free energy more positive. Ionomer-
water mixing and branch stretching produce greater
configurational entropy and thus reduce the free energy.
Phase separation occurs when the reduction of unfavor-
able fluorocarbon-water interactions outweighs the loss
of configurational entropy due to segregation. With

Figure 7. Critical values of øFW associated with the first
(diamonds), second (squares), and third (triangles) phase
transitions as functions of the ether-water interaction pa-
rameter, øEW, for DSSC ionomer with φi

b ) 0.65. Other
parameters as in Figure 6.

Figure 8. Phase diagrams for DSSC-water mixtures for
ionomers with equivalent weights of 800 (0) and 1200 (2). In
both cases, MW ) 12 000.
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decreasing water content, the critical value of øFW for
phase separation increases. With fewer numbers of
fluorocarbon-water contacts, the repulsion per water
segment must be larger to induce segregation.

III.B.2. Branch Density. The branch density has a
significant effect upon the location of the phase bound-
ary (Figure 8). For the DSSC ionomer, increasing the
equivalent weight from 800 to 1200 g/mol (or decreasing
the branch density) produces a significant shift of the
phase boundary to smaller values of øFW. The configu-
rational entropy of the branches plays a role here. An
ionomer with a lower branch density loses less entropy
upon segregation. Because of the lower entropy penalty,
phase separation is favored at a lower level of fluoro-
carbon-water repulsion.

In qualitative terms (treating øFW as inversely pro-
portional to T), higher branch density shifts the phase
boundary to lower temperature. Tant et al.15 report
similar trends for the glass transition temperature (Tg)
and crystallinity of DSSC ionomers: for higher branch
density, Tg as well as degree of crystallinity decreases.
They argue that higher branch density increases steric
(entropic) constraints that hinder crystallite formation
and chain packing in amorphous regions, thus lowering
the Tg.

III.B.3. Branch Length. Tant et al.15 also investi-
gated the effect of side chain (i.e., branch) length by
comparing dynamic mechanical spectra and X-ray scat-
tering results for DSSC and Nafion ionomers having the
same branch density. They find that the Tg and crystal-
linity of the DSSC ionomer were greater than those of
Nafion. They rationalize these observations by arguing
that the DSSC’s shorter side chains introduce less steric
hindrance to amorphous packing and crystallite forma-
tion relative to the longer side chains in Nafion.
However, consideration of branch length alone may be
an oversimplification. Adding a segment to a branch
changes not only its length but also its hydrophilicity
vis-à-vis the fluorocarbon backbone.

Figure 9 shows the phase boundary in (φp
b, øFW)

space for DSSC (2) and Nafion (O) ionomers having the
same branch density. The Nafion phase boundary lies
below that of DSSC (i.e., at lower øFW values) for
moderate water contents. The longer branches in Nafion
have greater configurational entropy than those in
DSSC. Thus, the entropy penalty associated with phase
separation should be greater for Nafion. If the entropic
effect dominates, the Nafion phase boundary ought to
lie at higher øFW values than that of DSSC.

On the other hand, Nafion branches are more hydro-
philic than DSSC branches. To quantify this, we define
the “branch hydrophilicity” øBW as the sum of øiW over
all segments in the side chain38 (øBW ) -13 for Nafion
and -10 for DSSC). Phase separation creates water-

rich domains that permit greater contact between
hydrophilic branches and water. The magnitude of
fluorocarbon-water repulsion (øFW) needed to induce
phase separation should decrease with increasing branch
hydrophilicity (more negative values of øBW). This may
explain why the Nafion phase boundary lies at lower
øFW values than that of DSSC (Figure 7).

To further test this hypothesis, we performed calcula-
tions for a hypothetical ionomer, Long Dow (LD), that
has an extra ether segment in each branch (øBW ) -15).
For the same branch density, the phase boundary for
LD-water mixtures (Figure 7) lies at lower øFW values
than that of Nafion. If entropy effects were dominant,
the LD phase boundary would lie above that of DSSC.
This illustrates the point that the hydrophilicity of the
branch plays a critical role in determining the conditions
for microdomain phase separation.

Nevertheless, branch lengthsor, more generally, to-
pology (the internal arrangement of segments)smust
also influence phase behavior. The relative positions of
the Nafion, DSSC, and LD phase boundaries in Figure
9 seem to be controlled branch hydrophilicity, with
branch topology being a secondary factor. To explore the
effect of branch topology, we have performed calcula-
tions for another hypothetical ionomer, Extra Long
Branch (ELB). ELB has branches with the same hy-
drophilicity as those in Nafion (øBW ) -13) but with
differing segment topology. Figure 10 compares the ELB
and Nafion phase boundaries in (φp

b, øFW) space at the
same branch density. The ELB phase boundary lies
significantly below that of Nafion. Since øBW is the same
for both ionomers, some combination of entropic and
enthalpic effects arising from the branch topology must
be responsible for the difference. Further rationalization
based on presumptions of the relative entropy losses
associated with segregation and branch stretching may
be possible but would be highly speculative.

III.C. Domain Size and Composition. The trans-
port properties of an ionomer depend on the size, shape,
composition, and connectivity of the water-rich micro-
domains in the phase-separated state. Although the
present model cannot address the shape and connectiv-
ity aspects, it can give a qualitative indication of size
and composition trends. Even this limited information
may useful in guiding the development of new molecular
architectures.

III.C.1. Water-Rich Domain Size. First, we exam-
ine the size of the water-rich domains, defined for
convenience as any contiguous set of lattice layers
containing more than 50 vol % water. Figure 11 shows
the size of the water-rich domains as a function of øFW
for each of the candidate ionomers represented in Figure
1. For all architectures, the water-rich domain size
increases with øFW. Nafion and DSSC are similar in that

Figure 9. Phase diagrams for various ionomer-water mix-
tures, including DSSC (2, EW ) 1200), Nafion (O, EW ) 1396),
and LD ([, EW ) 1326). In all cases, MW ) 12 000.

Figure 10. Phase diagrams for Nafion-water (4) and ELB-
water (9) mixtures for ionomers with EW ) 1200 and MW )
12 000.
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the appearance of water-rich domains occurs at rela-
tively high øFW values. Polymer A, Long Dow, and ELB
all exhibit transitions to water-rich domains at lower
øFW values. The domains in polymer A remain small,
while those in LD and ELB remain relatively large over
a wide range of øFW. Considering øFW as a surrogate for
temperature (assuming øFW ∝ 1/T), these observations
suggest that LD and ELB might manifest water-rich
domains over a wider temperature range and down to
lower temperatures than any of the “real” ionomers
(Nafion, DSSC, polymer A).

Despite its smaller water-rich domain size, polymer
A should not be discounted as a viable candidate
structure. The domain spacing in polymer A repeats
every five lattice layers, while all others repeat every
seven layers. Near øFW ) 2.0, water-rich domains occupy
40% (2/5) of the space in polymer A and 42% in the other
ionomers (3/7). Thus, the proportion of the space occupies
by water-rich domains is comparable for all of the
candidate architectures.

III.C.2. Sulfonyl Segregation. The ionic conductiv-
ity of an ionomer presumably depends on the extent to
which its ionogenic groups are available for hydration
and interaction with mobile ions. For the perfluorinated
ionomers considered here, we are particularly interested
in partitioning of the sulfonyl groups. Under most
conditions, sulfonyl groups preferentially segregate into
the water-rich domains. We define a segregation factor
equal to the ratio of maximum to minimum volume
fractions of sulfonyl groups within one repeating domain
(excluding wall regions). Figure 12 shows the sulfonyl
segregation factor for all candidate ionomers as a
function of øFW. Under all conditions, LD and ELB show
the strongest segregation of sulfonyl groups, Nafion and
polymer A show similar lower levels of sulfonyl segrega-
tion, and DSSC has the lowest segregation factor.

These results can, for the most part, be rationalized
in terms of the branch architecture (Figure 1). LD and
ELB both feature sulfonyl groups at the end of relatively
long, linear, hydrophilic branches, thus enabling good
spatial separation of sulfonyl and fluorocarbon seg-
ments. On the other hand, only one ether segment
separates the branch sulfonyl from backbone fluorocar-
bons in the DSSC ionomer. Nafion and polymer A have
intermediate levels of sulfonyl segregation for two
reasons: the branches are relatively bulky, and sulfo-
nyls are either adjacent to fluorocarbons (polymer A)
or separated by one ether segment (Nafion and polymer
A). The similar level of sulfonyl segregation in Nafion

and polymer A is consistent with experimental observa-
tions of their similar ionic conductivities.39 Despite the
fact that Nafion and ELB have identical branch com-
positions, their levels of sulfonyl segregation differ
greatly. This shows the sensitivity of the microdomain
structure to small variations in branch architecture.

IV. Conclusions

To our knowledge, this work represents the first
application of SCMF theory to describe microstructure
in ionomers such as Nafion. The model introduces a
number of simplifications, including a coarse-grained
description of real molecules in terms of statistical
segments, mean-field treatment of interactions, and
restriction of phase-separated morphology to lamellar
geometry. Our assumed interaction parameters are
reasonable but arbitrary. Furthermore, the model does
not provide a satisfactory description of the crystallinity
of the fluorocarbon domains or electrostatic interactions
among ionogenic groups. Despite these drawbacks, the
model does provide interesting physical insights that
are in qualitative agreement with experiments.

Most significantly, lattice-based SCMF theory pre-
dicts that the free energy density of water-swollen
perfluorinated ionomers manifests a series of disconti-
nuities, interpreted as phase transitions, as the value
of the fluorocarbon-water interaction parameter in-
creases. Each phase transition is accompanied by a
microstructural rearrangement that reflects a compro-
mise of enthalpic and entropic contributions to the
mixture free energy. Phase diagrams can be constructed
which show conditions (fluorocarbon-water interaction
parameter, ionomer volume fraction in the bulk refer-
ence phase) leading to phase separation.

Although we do not explore explicit variations in
temperature, øFW may serve as a surrogate, since
fluorocarbon and water are the two predominant con-
stituents. In general, we may assume that øFW decreases
as temperature increases. Consequently, we can discuss
in qualitative terms the implications of our results for
the design of ionomers for PEM fuel cell applications.
To transport ions, an ionomer membrane probably must
have a phase-separated morphology with percolation of
the hydrophilic domains, particularly at higher temper-
atures and lower water contents. In the context of the
phase diagrams shown here, we would like to identify
ionomers having phase boundaries that pass as close
as possible to the lower right corner of the (φp

b, øFW)
space.

Figure 11. Size of water-rich domains (number of lattice
layers as indicated in bars) as a function of øFW for ionomers
having the same branch density. In all cases φi

b ) 0.65, MW
) 12 000 g/mol, and have equivalents weights corresponding
to nine backbone segments between branches (DSSC 1200
g/mol, Nafion 1396 g/mol, polymer A 1626 g/mol, Long Dow
1326 g/mol, and ELB 1396 g/mol). Other parameters as in
Table 1.

Figure 12. Variation of sulfonyl segregation factor with øFW
for various ionomers swollen with 35 vol % water. The inset
shows an expanded scale for low values of øFW. All other
parameters as in Figure 11.
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The branch density predictions (Figure 8) suggest
that, for a selected ionomer chemistry, decreasing the
ionomer branch density lowers the phase boundary, in
effect pushing the melting of the phase-separated mi-
crodomain structure to a higher temperature. On the
other hand, decreasing the branch density would reduce
the density of ionogenic sulfonyl groups, presumably
leading to lower ionic conductivity. Thus, an optimum
branch density should exist. At constant branch density,
more hydrophilic branches promote phase separation at
lower øFW values, corresponding approximately to higher
temperatures (Figure 9). The internal arrangement of
segments in the branch (i.e., topology) also plays an
important role (Figure 10).

With respect to the water-rich domain size and the
segregation of sulfonyl segments, the model results
suggest that ionomers with longer branches promote the
formation of larger water-rich domains with greater
sulfonyl segregation. Fluorocarbon segments in the
branch tend to impede water-rich domain formation and
sulfonyl segregation. The sulfonimide ionomer, polymer
A, may be an exception: the model suggests it may form
greater numbers of smaller domains with high levels
of sulfonyl segregation. The two hypothetical ionomers,
Long Dow and ELB, exhibit very strong segregation of
the sulfonyl segments due to the linear structure and
hydrophilic nature of their branches.

If the predicted phase transitions are real, the quali-
tative trends may have important implications for the
design and use of ionomers as membranes in fuel cells.
In particular, not only should a candidate ionomer
exhibit phase separation into microdomains at the
operating temperature, but its architecture should also
promote the formation of the most favorable structures
for maximizing performance. The model presented here
may yield some useful insights for guiding the efforts
of synthetic chemists in the development of new iono-
mers for use as ion transport membranes.
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