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ABSTRACT: This work investigates the effects of polymer solids

content and macromolecular structure on the high temperature

creep behavior of polybenzimidazole (PBI) gel membranes

imbibed with phosphoric acid (PA) after preparation via a poly-

phosphoric acid (PPA) mediated sol-gel process Low-solids,

highly acid-doped PBI membranes demonstrate outstanding

fuel cell performance under anhydrous, ambient pressure, and

high temperature (120–200 8C) operating conditions. However,

PBI membranes are susceptible to creep under compressive

loads at elevated temperatures, so their long-term mechanical

durability is a major concern. Here, we report results for the

creep behavior of PBI membranes subject to compression at

180 8C. For para- and meta-PBI homopolymers, increasing poly-

mer solids content results in lower creep compliance and

higher extensional viscosity, which may be rationalized by

increasing chain density in the sol-gel network. Comparing

various homo- and copolymers at similar solids loading, differ-

ences in creep behavior may be rationalized in terms of chain–

chain and chain-solvent interactions that control macromolecu-

lar solubility and stiffness in the PA solvent. The results

demonstrate the feasibility of improving the mechanical prop-

erties of PA-doped PBI membranes by control of polymer sol-

ids content and rational design of PBI macromolecular

structure. VC 2015 Wiley Periodicals, Inc. J. Polym. Sci., Part B:

Polym. Phys. 2015, 53, 1527–1538

KEYWORDS: compliance; compression; creep; membranes; poly-
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INTRODUCTION High temperature polymer electrolyte mem-
branes (PEM) that operate above 120 8C offer many benefits
for fuel cell operations, including better tolerance of fuel
impurities, improved electrode kinetics, higher ionic conduc-
tivities, and reduced requirements for heat and water man-
agement. Polybenzimidazole (PBI) polymers doped with
phosphoric acid (PA) are promising candidate materials for
high temperature PEM fuel cells (PEMFCs). PBI membranes
have been utilized in PEMFCs operated for extended periods
of time (up to 20,000h) at temperatures up to 200 8C under
anhydrous and ambient pressure conditions.1–9

PA-doped PBI membranes are made in two ways: the con-
ventional imbibing method1 and a recently invented PPA sol-
gel process.9 The conventional imbibing method involves
many steps, including condensation polymerization, isolation
of polymer, polymer dissolution, membrane casting, solvent
removal, film washing and drying, and PA doping. In con-
trast, the PPA sol-gel process requires only three processing
steps. First, appropriate monomers (Fig. 1) are dissolved in
polyphosphoric acid (PPA) and polymerized to form PBI

polymers. The PPA solution of PBI is then directly cast as a
liquid film onto a flat surface. Finally, placing the liquid film
in a humid environment results in absorption of water that
reacts with PPA to form PA. Because PA is a poor solvent for
PBI, the polymer undergoes a sol-gel transition to form a
physically cross-linked gel network imbibed with PA. PA-
doped PBI membranes made this way are called “sol-gel”
membranes. The reduced number of process steps and ease
of material handling make the PPA sol-gel process attractive
for commercial membrane production.

In fact, PBI sol-gel membranes are Flory type III physical
gels10 that have different structure and physical properties
than conventionally imbibed PBI membranes. The latter
have acid doping levels (i.e., molar ratio of PA to PBI repeat
unit) typically around 5–6, while PBI membranes made by
the PPA sol-gel process can achieve acid doping levels
greater than 30. Due to their high acid doping levels, PBI
sol-gel membranes made by the PPA process exhibit fuel
cell performance superior to that of conventionally imbibed
membranes.11–13

Additional Supporting Information may be found in the online version of this article.
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Successful commercialization of PEMFCs for some applica-
tions requires operation for >40,000 h under steady-state
conditions or> 5,000 h under dynamic conditions with mini-
mal performance degradation.14,15 To meet such require-
ments, a PEM must have not only stable electrochemical
properties, but also resistance to creep under compression.
During PEMFC operation, applied compressive stress main-
tains intimate contact between the PEM and adjoining elec-
trodes. Over time, the compressive stress in the PEM relaxes
due to time-dependent viscoelastic material flow (creep).
Creep and stress relaxation result in PEM thinning and loss
of intimate contact with the electrodes, leading to gradual
performance degradation. Severe PEM thinning eventually
produces pinholes or micro-cracks, causing catastrophic fail-
ure of the PEMFC.

Membrane creep has been identified as one of the major
physical degradation mechanisms for Nafion-based PEMs in
low temperature (�80 8C) applications.14,16–19 At the higher
operating temperatures of PBI membranes (120–200 8C),
thermally activated creep may be more problematic. Past
studies of PBI mechanical properties focused on stress-strain
behavior of conventionally imbibed membranes.20 Reports
on sol-gel PBI membranes are limited to stress-strain behav-
ior at ambient temperature.9,21 Suvorov et al.22 developed a
computational methodology for modeling the stress relaxa-

tion of PBI-based MEAs, but that work offered little insight
from the perspective of material development.

In conventionally imbibed PBI membranes, increasing acid
doping level has a negative impact on mechanical proper-
ties.20 One might expect inferior mechanical properties for
sol-gel PBI membranes due to their much higher acid doping
levels. In fact, the PPA process yields sol-gel membranes with
acid doping levels as high as 40,9,21 and with sufficient ther-
mal and mechanical stability to enable their use in PEMFCs
operated up to 200 8C. However, the long-term creep behavior
of PBI membranes has not been previously explored.

From the point of view of structure-property relations, the
creep resistance of a polymer network should increase with
polymer volume fraction, molecular weight, chain rigidity,
and physical cross-linking density.23 As the polymer volume
fraction (or solids content) increases, so do the number den-
sity of network strands and the elasticity of the gel network,
at least in theory.24 Considering that the polymer solids con-
tent can be as low as 5 wt % (or 3.8 vol %) in para-PBI sol-
gel membranes, increasing the solids content may be the
most obvious way to improve creep resistance. However, this
approach is limited by PBI solubility in PPA, which sets an
upper limit on solids content that can be obtained via the
PPA process.

FIGURE 1 Polymerization process for producing different PBI homopolymers, illustrating the chemical structures produced from a

variety of monomers.
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PBI solubility in PPA depends on monomer type (Fig. 1) and poly-
mer molecular weight. In general, higher molecular weight and
greater chain rigidity lead to lower solubility because of reduced
entropy of mixing. On the other hand, monomers with greater
polarity increase solubility due to favorable enthalpy of polymer-
solvent interactions. Previous work21,25–27 reports that the
solubility of homopolymer PBI in PPA increases in the order
2OH-PBI< para-PBI<meta-PBI< 2,5-pyr-PBI< 3,5-pyr-PBI. The
low solubility of 2OH-PBI has been ascribed to intermolecular
hydrogen bonding and possible phosphate-mediated crosslink-
ing,21,26 which are absent in para-PBI. The greater chain flexibility
of meta-PBI renders it more soluble than para-PBI.28 Pyridine-
based PBIs have even greater solubility due to the polar imine
groups that promote favorable interaction with the PPA solvent.

Higher PBI solubility in PPA generally means higher solubility
in PA, as well. Thus PBI solubility in PPA can increase polymer
solids content, but this has a negative impact on gel thermal
stability.29 The thermal stability of PBI membranes corre-
sponds inversely to solubility: 2OH-PBI> para-PBI>meta-
PBI> 2,5-pyr-PBI> 3,5-pyr-PBI. The 2,5-pyr-PBI homopoly-
mer can form a gel membrane at room temperature, but its
stability at higher temperatures depends on the polymer solids
content.21 The 3,5-pyridine-PBI homopolymer is too soluble to
form a PA-doped gel membrane, even at room temperature.21

With these facts in mind, this work reports the synthesis
(via the PPA sol-gel process) and characterization of com-
pressive creep in a series of sol-gel PBI membranes with
increasing polymer solid content. To expand the polymer sol-
ids content range while achieving high temperature gel ther-
mal stability, we have also synthesized high-solids copolymer
PBIs by copolymerizing varying ratios of more- and less-
soluble PBI monomers. The synthesis details and characteri-
zation of some of these copolymers have been reported pre-
viously.27,30 The creep properties of a total of 23 membranes
were evaluated by carrying out creep compression and creep
recovery experiments. The creep behavior, especially recover-
able compliance and extensional viscosity, are rationalized in
terms of polymer solids content and PBI chemical structure.

EXPERIMENTAL

Chemicals
3,30 ,4,40-Tetraaminobiphenyl (TAB, polymer grade, �97.5%
purity) was donated by BASF Fuel Cells and used as received.
2,5-Dihydroxyterephthalic acid (2OH-TA, 98% purity, Aldrich)
was purified by recrystallization in an ethanol and water mix-
ture (EtOH:water5 3:2). Terephthalic acid and isophthalic
acid (>99% purity, Amoco) were used as received. Pyridine
dicarboxylic acids (2,5- and 3,5-PDAs, �98% purity, Acros
Chemical) were purified by recrystallization from dilute hydro-
chloric acid prior to use. PPA (115% conc.) was supplied by
FMC Corporation and used as received.

Polymer Synthesis and Membrane Casting
The general preparation procedure of the PPA sol-gel PBI
membrane follows that reported previously.9 Diacid mono-
mer(s) and TAB were added to a three-necked round-bottom

flask equipped with an overhead mechanical stirrer, a water-
cooled condenser, and nitrogen-purge inlet and outlet, fol-
lowed by addition of PPA. The mixture was stirred and
purged with nitrogen, and the reaction temperature was con-
trolled by a programmable temperature controller with ramp
and soak features. The typical final polymerization tempera-
tures were approximately 190–220 8C. The polymerization
time varied from 2 to 12 h, depending on the viscosity of the
reaction mixture. During the polymerization, the reaction
mixture became more viscous and developed a dark brown
color.

The viscous polymerization solution was directly cast onto a
glass plate using a Gardner film applicator with the gate
thickness ranging from 5 to 25 mils. Hydrolyzing PPA to PA
under controlled conditions led to membrane formation.
Typically, exposing cast film to ambient air at 25 8C and rela-
tive humidity of 55% for 24 h converts all of the PPA to PA.
Except for 3,5-pyridine-PBI homopolymer and some
pyridine-based copolymers at certain comonomer ratios, PBI
gel membranes were successfully formed.

PBI must have a molecular weight larger than a certain value
to permit membrane formation. According to the litera-
ture,31,32 the molecular weight should be above 11,000 Da,
corresponding to an inherent viscosity (I.V.) of �0.3 dL g21.
The PBIs made by the sol-gel PPA process typically have
high I.V. values, implying high molecular weights. In this
study, the I.V. of the synthesized PBIs ranged from 0.66 to
5.04 dL g21. The I.V. values of the PBI products were meas-
ured using a Cannon Ubbelohde viscometer at 30 8C at a con-
centration of 0.2 g dry PBI per 100mL concentrated sulfuric
acid (96 wt %). The equation for calculating I.V. is given by
lnðt=t0Þ=C, where C is the polymer concentration (0.2 g
dL21), and t and t0 are flow times of polymer solution and
solvent, respectively.

Compression Creep and Creep Recovery Measurement
The compression creep and creep recovery method33 was
used to study the time-dependent creep behavior of the PBI
gel membranes. The experiments were performed using a
dynamic mechanical analyzer (TA Instruments, model RSAIII)
using its built-in functionality for creep testing. In this work,
a typical experiment consisted of a 20 h creep phase fol-
lowed by a 3 h recovery phase. During the creep phase, a
constant compressive force equivalent to a stress level of 0.1
MPa was applied to the membrane sample, followed by
removal of this force at the start of recovery phase. The
change of specimen thickness in response to the stress load-
ing was recorded as a function of time during the entire
experiment. Figure 2 shows the stress loading program for
the experiment and the creep response of a viscoelastic
material described by the Burgers model.23 The creep
response is expressed in terms of creep compliance, J(t),
defined as the ratio of time-dependent strain divided by
applied compressive stress.

The geometry for the compression creep and creep recovery
test setup as well as the definitions of stress and strain
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measures are illustrated in Figure S1 (Supporting Informa-
tion). A parallel plate test fixture made of stainless steel was
used. The plates were coated with a thin, dense layer of
polytetrafluoroethylene (PTFE,< 1 lm thick) to reduce the
sliding friction between the specimen and the plate surfaces
and thus approximate uniaxial compression. Data analysis
assumed that the deformation was perfect uniaxial compres-
sion. For each membrane with distinct solids loading and
monomer composition, the creep test was repeated 2–4
times using fresh specimens.

The test specimens were circular disks with diameter 6.0–
6.5mm and thickness 0.9–1.2mm. All experiments were car-
ried out at 1806 0.5 8C in a temperature-controlled oven
with dry air circulation. The as-cast membranes contained
16–39% (w/w) of water at room temperature. At 180 8C,
loss of water would cause substantial dimensional changes.
To achieve dimensional stability, the test specimens were
pre-conditioned at 180 8C for 24 h to drive off water. To pre-
vent wrinkling of membranes during conditioning, the speci-
mens were constrained between two smooth-surfaced PTFE
blocks in a metal support frame. The PTFE blocks applied
just enough force to ensure contact with the membrane
without causing significant creep.

Membrane Composition
During the compression creep measurement, the specimen
composition might change due to further loss of bound
water, formation of oligomers of PPA, and exudation of PA.
To track specimen composition changes during the test, two
identical specimens were conditioned in the same environ-
ment. After conditioning, we characterized the composition
of one specimen and used the other for the compression
creep and creep recovery test. The composition of the latter
was measured after creep testing. To determine the PA con-

tent, a sample was immersed in 40mL DI water with stirring
for several hours and then titrated with a sodium hydroxide
solution of �0.1M to determine the equivalence point, from
which the PA concentration can be calculated.9 The polymer
solids content was determined by dividing the absolute poly-
mer weight (after titration and drying, free of PA and water)
with the original sample weight (before titration). Typically,
preconditioning reduced the water content in specimens to
less than 2 wt %, with corresponding increase in polymer
solids content. Polymer solids content typically increased
during the creep test due to further elimination of water as
well as exudation of PA.

RESULTS AND DISCUSSION

Description and Analysis of Creep Data
Creep compliance J(t) under uniaxial compression (illus-
trated in Supporting Information Fig. S1) provides a direct
measure of viscoelastic deformation under a constant com-
pressive stress.33 J(t) is normally expressed as the engineer-
ing strain E(t) normalized with the nominal stress r0.
However, considering that the gel membranes are soft and
may undergo large deformations during testing, more appro-
priate measures are true strain e(t) and true stress s(t).
Hence, our analysis uses JðtÞ5eðtÞ=sðtÞ to define creep com-
pliance. Supporting Information Figure S1 provides defini-
tions of true strain and true stress. The compliance J(t)
measures the (normalized) amount of creep up to time t,
and dJ(t)/dt indicates the creep rate. Low J(t) and dJ(t)/dt
correspond to high creep resistance.

Creep compliance data can be used to directly compare dif-
ferent membranes’ creep deformation. Figure 3 shows the
time-dependent creep behavior of four selected PBI mem-
branes at 180 8C. These results introduce the main features
associated with PBI membrane creep and its rationalization
in terms of polymer solids content and polymer composition.
For all membranes, the J(t) curves in Figure 3 increase
monotonically with time, dJ(t)/dt curves all decrease with
time, and the positive curvature of dJ(t)/dt indicates deceler-
ation of the creep rates.

We may arbitrarily choose values of J(t) and dJ(t)/dt at the
end of creep phase (t5 20h) to assess the creep resistance
of different materials. In Figure 3, the para-PBI membrane
with / 5 10.8 wt % has the highest values of J20h and
dJ/dt20h, indicating that this material has inferior creep
resistance compared to the other membranes. The para-PBI
membrane with / 5 16.8 wt % has lower J20h and dJ/dt20h
values: increasing the polymer solids content improves creep
resistance. Changing the polymer chemistry from para- to
meta-PBI (Fig. 1) and increasing / to 19.8 wt % has mixed
effects: J20h increases slightly and dJ/dt20hdecreases but has
higher curvature. The higher polymer solids content should
improve creep resistance, but the more flexible meta-PBI
chain structure has the opposite effect, decreasing creep
resistance. The lowest J20h and dJ/dt20hvalues are observed
for the meta-r-para-PBI copolymer membrane with the

FIGURE 2 Creep and creep recovery of a Burgers material. The

upper plot shows the stress loading history; the lower plot

shows the creep compliance response of a viscoelastic material

described by the Burgers model with indicated spring-and-

dashpot representation.23
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highest solids content, / 5 28.0 wt %. Clearly the increase in
/ effectively reduces both creep compliance and creep rate.

Figure 3 illustrates the fact that solids content and copoly-
mer composition play important roles in governing the mem-
branes’ creep resistance. However, choosing values of J(t)
and dJ(t)/dt at an arbitrary time in the creep history intro-
duces factors that may complicate data interpretation and
rationalization. The curves in Figure 3 show that the creep
compliances and rates vary markedly among these materials
in the first 30min of testing. Uncertainties in establishing
the zero point of deformation (and thus strain) and composi-
tion variability, even among different specimens of the same
material, affect the early stages of the creep history. More-
over, membrane composition continues to evolve throughout
the creep test. For these reasons, single point values of J(t)
and dJ(t)/dt may not be the best metrics for rationalizing
creep behavior.

Instead, we propose a data analysis method that may be less
sensitive to factors impacting creep history. The compliance

curves in Figure 3(a) resemble the viscoelastic response pre-
dicted by the Burgers model (Fig. 2, inset), quantified by

JðtÞ5Jg1J1ð12e2t=sÞ1t=g0 (1)

The compressive stress causes an instantaneous jump in
compliance (Jg in Fig. 2) at time t0 (which we may set as
t5 0). Next, over an interval with characteristic time s (one
of two relaxation times in the Burgers model), J(t) increases
and dJ(t)/dt decreases nonlinearly. At longer times, dJ(t)/dt
decreases sufficiently [Fig. 3(b)] so that J(t) becomes nearly
linear in t [Fig. 3(a)]. The nearly linear section of the JðtÞ
curve may be fit with the Maxwell model,33

JðtÞ5J0s 1t=g0 (2)

where J0s and g0 are the steady-state recoverable compliance
and extensional viscosity, respectively. In the context of the
Maxwell model,ðJ0s Þ

21 characterizes the elastic energy stored
in the material, g0 characterizes the energy dissipated by vis-
cous forces during steady-state creep, and the product J0s g0
gives another characteristic relaxation time.33 These parame-
ters may vary with polymer solids content and chemical
structure as well as process parameters such as temperature.

In this work, we attempt to rationalize the effects of polymer
solids content and chemical structure on creep behavior
using the Maxwell model, with linear regression of JðtÞ data
yielding two parameters, J0s and g0, for each data set.
Although not reported here, nonlinear regression utilizing
the Burgers model has also been explored. With four param-
eters available for regression, the quality of the Burgers
model fit (eq 1) was judged to be reasonable, but not supe-
rior, to that of the Maxwell model (eq 2).

When the compressive stress is removed at the end of the
creep period (t1), viscoelastic gel membranes manifest an
instantaneous compliance recovery [Fig. 3(a), sharp decrease
in J at t5 20 h] followed by slower, approximately exponen-
tial compliance recovery. Data from this creep recovery
phase can also be used to extract information on the elastic
and viscous components of material behavior.

With regard to the details of data analysis, J0s and g0 can be
determined by two methods.33 In Method I, J0ss and g0 are
extracted from the creep phase of the JðtÞ curve by fitting its
linear section with eq 2. The intercept of the fitted line with
y-axis gives J0s (as indicated in Fig. 2 at t0), and the inverse
of the slope (dt/dJ) gives g0. In Method II, the creep recovery
data are used to determine J0s and g0. First, the compliance
recovery data are fit with an exponential decay function to
determine Jnr, the “non-recoverable” or remnant compliance
that cannot be recovered after the stress is removed. Then
the recoverable compliance Jr equals Jðt2Þ2Jnr.By definition,
Jr is equivalent to J0s .

33 Finally, g0 is given by
ðt12t0Þ=

�
Jðt1Þ2J0s ), where J0s is the value determined by

Method I from the creep data. Method I and Method II pro-
duce the same results if the material perfectly obeys the Bur-
gers or Maxwell models.

FIGURE 3 Time-dependent compression creep behavior of

selected PBI membranes at 180 8C: (a) creep compliance J(t)

and (b) creep rate dJ(t)/dt. Indicated solids contents (/) are val-

ues after creep testing. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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Although eq 2 provides a good approximation of the experi-
mental JðtÞ curve from t5 4 to 20 h, we observe a noticeable
departure of the data from the Maxwell model. This must be
true because the creep rate dJ(t)/dt continues to decrease,
albeit at a very slow rate [Fig. 3(b)]. This departure implies
that the viscoelastic properties of the membranes are time-
dependent. Polymer chains subjected to forces undergo rear-
rangement that causes in elasticity. Such microstructural
changes are difficult to observe, and we did not attempt to
quantify them in this work. In addition, membrane composi-
tion changes under the combined influences of mechanical
load and temperature, as discussed below. Because the com-
position and structural variations have long time scales, com-
pression creep tests may not attain steady-state creeping
flow within a reasonable experimental time period. This may
render Method I unreliable for estimating J0s ;

33 Method II is
then the preferred choice.

In this work, due to time restrictions, compression creep
tests were run only for 20 h, followed by 3 h for creep recov-
ery. Suspecting that steady state creeping flow may not have
been attained, we evaluate J0s and g0 values based on two
different periods during the creep test. The first period is
between t5 4 and t5 8 h. We use Method I to determine J0s
and g0 from the compliance data during this stage, denoted
below as “short-time” results. Short-time J0s and g0 are more
representative of the membranes’ initial states, and, there-
fore, we associate them with membranes’ initial polymer
content, /initial. The second period is the late creep stage
between t5 8 h and t5 20h. We use Method II to determine
J0s and g0, denoted below as “long-time” results. Specifically,
we determine J0s from the creep recovery data, and g0 from
the compliance data between t5 8 and t5 20h. Long-time J0s
and g0 are representative of the final membrane state, and
so we associate them with the membranes’ final polymer sol-
ids content,/final. Comparing short-time results with long-
time results may help rationalize the effect of changes in
membrane composition. The main objective will be to ration-
alize the variations in J0s and g0 in terms of membrane’s
compositional and structural differences.

Effects of Conditioning on Membrane Composition
and Creep
Conditioning or compressing membranes at elevated temper-
atures causes the membrane composition to change, which
in turn changes the membranes’ creep behavior. In this
work, membrane composition was determined before pre-
conditioning, after pre-conditioning, and after the creep and
creep recovery test (Table 1). Increases in polymer solids
content and reductions in PA/PBI ratios are observed after
conditioning for all membranes. The primary cause is water
loss caused by sample conditioning. As-cast PBI gel mem-
branes are hygroscopic and consequently contain a substan-
tial amount of water at room temperature. Free water
molecules evaporate first as membranes are heated. At high
enough temperatures, formation of oligomers of PPA also
frees some bound water.

Increases in polymer solids content and reductions in PA/
PBI ratios are also observed after compression creep. We
attribute such changes mainly to loss of PA. When tempera-
ture is raised from 20 to 180 8C, the viscosity of PA
decreases by one to two orders of magnitude. With enhanced
fluidity and the aid of the compression force, PA can be
exuded out of the membrane and lost in the open test envi-
ronment. However, the reductions in PA/PBI ratios due to
compression creep are much less pronounced that those due
to conditioning, which reflects the ability of PBI membranes
to retain PA even under compressive loads.

The effect of composition change on creep behavior can be
inferred by comparing the short-time and the long-time
creep properties. Figure 4 shows the comparison for para-
PBI membranes; Supporting Information Figure S2 shows a
similar set of plots for meta-PBI membranes. The points in
Figure 4 and Supporting Information Figure S2 represent
data derived from individual membrane specimens, including
multiple runs for some samples with the same initial compo-
sition. Comparing the J0s and g0 values for various para-PBI
membranes, clearly J0s decreases and g0 increases with
increasing polymer solids content, for both short-time and
long-time results (i.e., regardless of whether we consider
/initial or /final). By decreasing the creep compliance and
increasing the extensional viscosity, greater polymer solids
content improves the creep resistance of para-PBI mem-
branes, presumably due to the increase in macromolecular
physical entanglements and interactions with /. The increase
of J0s and decrease of g0 with increasing / are qualitatively
the same trends as found for other viscoelastic polymer net-
works, both in experiment and theory.23,24

Comparing the short-time and long-time J0s and g0 values, as
we move from short- to long-time results (from the left two
plots to the right two plots in Fig. 4 and Supporting Informa-
tion Fig. S2), the trend curve for J0s shifts downward, and
that for g0 shifts upward. The shifts are more pronounced
for membranes with lower polymer solids contents. These
changes in J0s and g0 between short- and long-time scales
must be related to the increase in PBI solids content over
time during creep compression. On the other hand, the
short-time and the long-time data cannot simply be superim-
posed; thus microstructural changes also contribute to the
changes in creep properties. Finally, we notice that the long-
time data have less scatter (higher R2 values), suggesting
that the creep compression reduces specimen-to-specimen
heterogeneity. Similar trends are also apparent for the effect
of composition change on the creep properties of meta-PBI
membranes (Supporting Information Fig. S2).

Homopolymer PBI Membranes
Figure 5 compares the long-time creep properties of homo-
polymer PBI membranes (para-PBI, meta-PBI, 2,5-pyr-PBI,
and 2OH-PBI), showing J0s and g0 as functions of /final. For
the para-PBI and meta-PBI membranes, the variation of J0s
with /final follows an exponential decay. The J0s values for
para-PBI and meta-PBI membranes are clearly distinct, each
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following its own exponential correlation. The g0 data for
para-PBI and meta-PBI membranes both increase linearly
with /final, with a better linear fit found for the para-PBI data.

Membranes made from para-PBI and meta-PBI prepared via
the PPA sol-gel process have been studied previously.9 Ther-
mally stable para-PBI membranes can be prepared with as
little as 5 wt % polymer (wet basis, Table 1), but relatively

high J0s values [Fig. 5(a)] indicate that such low-solids mem-
branes are more susceptible to creep under compression.
Increasing the para-PBI solids content reduces creep (J0s )
and creep rate [i.e., increases g0, Fig. 5(b)]. The trends of the
curves through the para-PBI data suggest that even lower J0s
and higher g0 values would result from further increases
para-PBI solids content. However, the solubility limit for
para-PBI in PPA prevents polymerization at higher

TABLE 1 Compositions of PBI Membranes Before Conditioning, After Conditioning, and After Compression Creep

Before Pre-Conditioning After Pre-Conditioning

After Compression

Creep

Sample Identity

Polymer

(wt %, wet)

Polymer

(wt %, dry)

PA/PBI

Molar Ratio

Polymer

(wt %)

PA/PBI

Molar Ratio

Polymer

(wt %)

PA/PBI

Molar Ratio

Homopolymers

2OH-PBI

S-1 5.1 8.3 34.8 11.1 24.9 14.1 21.4

Para-PBI

S-2 5.0 8.1 35.6 10.8 25.1 14.6 20.5

S-3 5.8 9.4 30.0 11.0 24.2 14.6 19.0

S-4 6.6 10.4 27.0 14.5 18.6 18.1 15.8

S-5 9.2 14.3 19.0 16.8 15.4 19.3 14.7

Meta-PBI

S-6 8.4 11.3 24.8 19.6 12.9 24.6 10.7

S-7 15.7 22.8 10.6 24.5 9.7 31.1 7.9

S-8 15.7 21.3 11.6 25.6 9.1 31.9 7.6

S-9 16.5 19.8 12.8 28.3 9.0 35.6 7.4

S-10 20.7 29.3 7.6 33.6 6.8 43.1 5.2

2,5py-PBI

S-11 15.2 22.5 10.9 25.9 9.2 31.8 7.3

Copolymers (A–B) Composition

(A:B ratio)

Para-meta

S-12 1:2.5 14.0 20.5 12.0 27.5 8.2 34.0 6.9

S-13 1:4 17.3 20.5 9.4 27.5 8.0 35.3 6.7

S-14 1:7 17.5 25.0 9.5 28.0 8.3 32.9 7.1

2,5py-meta

S-18 3:1 15.2 21.4 11.6 28.8 7.7 31.3 7.3

S-19 1:9 18.9 26.4 8.8 35.0 6.0 39.8 5.3

2,5py-para

S-16 3:1 13.7 20.2 12.5 30.1 7.1 32.8 6.8

S-17 4:1 15.9 22.1 11.1 30.2 7.3 37.6 6.1

3,5py-para

S-21 1:5 14.9 21.0 11.8 26.0 9.6 31.4 7.7

S-22 1:1 17.1 23.0 10.5 38.7 5.2 44.9 4.4

S-23 3:1 19.5 24.8 9.5 36.3 5.6 44.3 4.5

2,5py-2OH

S-15 3:1 15.2 22.5 10.9 30.2 7.3 32.7 6.8

3,5py-2OH

S-20 1:1 14.6 21.8 11.3 26.4 9.4 31.3 8.5
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concentrations and higher molecular weights, resulting in
solutions that are too viscous to cast into films. The highest
solids content that can be achieved in para-PBI membranes
is about 9 wt % (as prepared, wet basis, Table 1, sample S-
5), resulting in membranes with about 19–20% solids after
the creep experiment (Fig. 5). At this limit, the polymeriza-
tion time must be lowered before casting, which also lowers
the polymer IV (IV5 1.1 dL g21, versus 5.1, 5.0, and 4.6 dL
g21 for samples S-2, S-3, and S-4, respectively).

Because meta-PBI has higher solubility in PPA,13,27 mem-
branes with higher polymer solids content can be prepared
(Table 1). In particular, meta-PBI membranes with /final in
the 30–45% range have lower J0s and higher g0 values than
observed for para-PBI membranes (Fig. 5). However, compar-
ing trend lines in Figure 5 shows that meta-PBI membranes
would have higher creep and lower extensional viscosity
than para-PBI membranes if the latter could be prepared at
the same solids content.

For para-PBI, the p-phenylene linkage (Fig. 1) permits the
polymer chain to assume a more extended conforma-
tion,34,35 resulting in greater chain rigidity compared to

meta-PBI. Hence, when stretched or bent, para-PBI mole-
cules store more elastic energy. Moreover, the extended con-
formation in para-PBI may facilitate the formation of local
ordered structures, as suggested by molecular dynamics
simulations.34–37 These locally ordered structures, formed
due to hydrogen bonding34,35 or other attractive chain–chain
forces (such as van der Waals attraction),36,37 could serve as
physical crosslinks. These factors help rationalize the rela-
tive positions of the para-PBI and meta-PBI trend lines in
Figure 5, as well as their creep behavior. The stiffer, more
extended para-PBI forms strong gels at relatively low poly-
mer solids content, but polymer solubility limits the maxi-
mum solids content that can be achieved. More flexible
meta-PBI has greater solubility in PPA and thus can form
membranes with higher solids content. However, meta-PBI’s
greater chain flexibility may result in gel networks with
greater tendency to creep relative to the trend predicted for
para-PBI.

The g0 values for 2OH-PBI membranes [Fig. 5(b)] lie on the
same trend line as those for para-PBI membranes. However,
at the same solids content, 2OH-PBI membranes have much
lower J0s values and better creep resistance than para-PBI

FIGURE 4 Comparison of the short-time and the long-time values (as defined in the text) of J0
s and g0 for para-PBI membranes.

The J0
s values were fit with exponential functions, and g0 values were fit with lines. Coefficients of regression (R2) are indicated;

regression parameters are tabulated in Supporting Information. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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membranes [Fig. 5(a)]. The factors that contribute to the
lower solubility of 2OH-PBI probably also explain its better
creep resistance. In PA-imbibed 2OH-PBI, the AOH groups
provide additional hydrogen bonding sites that increase the
strength of chain–chain interactions and thus the networks’
physical crosslinks.34,35 FTIR spectra25 have confirmed physi-
cal crosslinking in 2OH-PBI via phosphate linkages between
2OH-PBI hydroxyl groups and PA (or PPA). NMR spectra26

indicate the presence of phosphate branches and possible
crosslinking in 2OH-PBI that might impede chain slippage.
These factors help rationalize the observations and explain
why 2OH-PBI membranes with low polymer solids content
have better creep resistance than para-PBI. The combination
of high creep resistance and very good fuel cell perform-
ance25 motivate our ongoing studies of homopolymer 2OH-
PBI membranes.

The J0s values for the 2,5-pyr-PBI membranes [Fig. 5(a)] lie
below the trend curve for meta-PBI, indicating favorable
elasticity in the 2,5-pyr-PBI gel network. However, the g0 val-

ues for 2,5-pyr-PBI membranes [Fig. 5(b)] are quite low,
especially considering the relatively high polymer solids con-
tent. In fact, 2,5-pyr-PBI membranes manifest high creep
rates at 180 8C, making them less suitable than either meta-
or para-PBI membranes. Based on our previous stud-
ies21,27,30 of 2,5-pyr-PBI and 3,5-pyr-PBI homo- and copoly-
mers, we believe that thermal stability limit for 2,5-pyr-PBI
membranes may be just a few degrees higher than 180 8C.
Polymer/solvent (2,5-pyr-PBI/PA) interactions may be
favored relative to polymer/polymer attraction, resulting in a
weaker network and thus higher creep rate.

Copolymer PBI Membranes
This section presents compression creep results for five ran-
dom copolymer PBI systems, including 12 membranes of
varying copolymer ratios, as listed in Table 1. The rationali-
zation of compression creep data in terms of polymer struc-
ture is complicated because there are now two
compositional variables, total polymer solids content (/) and
copolymer ratio. Combining different PBI copolymer repeat
units in a random copolymer will change chain rigidity,
chain–chain interactions, and chain-solvent interactions, all
of which affect polymer solubility, solids content, and the
strength of physical crosslinks.

In practice, low polymer solubility limits the polymer solids
content that can be achieved in 2OH-PBI and para-PBI mem-
branes. This precludes the synthesis of high-solids, low creep
membranes based on the relatively rigid 2OH-PBI and para-
PBI homopolymer structures. To overcome this limitation,
we have explored copolymers that combine more soluble
polymer repeat units (meta-PBI, 2,5-py-PBI, or 3,5-py-PBI;
see Fig. 1) with less soluble polymer repeat units (para-PBI,
2OH-PBI).27,30 We envision two routes to membranes with
low creep compliance. First, beginning with the more soluble
meta-PBI repeat unit, co-polymerizing with a less soluble
repeat unit (like para-PBI) may produce stiffer, more rigid
copolymers while achieving high solids content. Referring to
Figure 5(a), this represents moving downward (toward
lower compliance) from the meta-PBI curve at fixed /final.
The second route begins with less-soluble para-PBI (or 2OH-
PBI) repeat unit and co-polymerizing with more soluble
repeat units to produce copolymers with higher solids con-
tent and lower creep compliance. Again referring to Figure
5(a), this could be viewed as moving down the para-PBI
trend curve.

Meta-Based Copolymers
Figure 6 shows values for steady-state recoverable compli-
ance, J0s , for copolymers containing primarily the meta-PBI
repeat unit. The three para-meta copolymers contain primar-
ily meta-PBI repeat units with minority fractions of the less-
soluble para-PBI repeat unit (molar ratios 1:7, 1:4, and 1:2.5,
corresponding to 12.5%, 20%, and 29% para-PBI). All three
of the para-meta copolymers have J0s values similar to those
found for meta-PBI homopolymer at about the same final
solids wt %. The extensional viscosity results (Supporting
Information Fig. S3) are similar: the g0 values for all three

FIGURE 5 Steady-state recoverable compliance J0
s (a) and

extensional viscosity g0 (b) as functions of final solids wt % for

para-PBI, meta-PBI, 2,5-pyr-PBI, and 2OH-PBI homopolymers.

The solid curves are trend lines fit to the para-PBI and meta-

PBI data. The shaded regions are extrapolations of the trend

lines, broadened to visually encompass the data points. Each

data point is a single compression creep experiment. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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para-meta copolymers are the same as those for meta-PBI
homopolymer at the same final solids wt %. Thus the addi-
tion of minority amounts of less-soluble para-PBI repeat
units does not have the anticipated stiffening effect. The
creep resistance of these para-meta copolymers is dominated
by the majority meta-PBI component.

We also synthesized and tested copolymers of meta-PBI with
the more-soluble 2,5-pyr-PBI repeat unit. For the copolymer
containing 10 mol % 2,5-pyr repeat unit (ratio 1:9), the
membranes’ average J0s value (Fig. 6) and g0 value (Support-
ing Information Fig. S3) are also similar to those for meta-
PBI homopolymer. Again, the majority meta-PBI repeat unit
dominates the properties of this copolymer, as found for the
para-meta copolymers. For the copolymer containing 75 mol
% 2,5-pyr repeat unit (ratio 3:1), the average J0s value (Fig.
6) is significantly larger than that found for meta-PBI homo-
polymers. The polarity of imine nitrogen in the 2,5-pyr
repeat unit creates an energetically favorable interaction
with the PA solvent, leading to increased polymer solubility.
The favorable chain-solvent interactions result in weakening
of the chain–chain attraction. We believe that this reduces
the strength of physical crosslinks in this material, resulting
in reduction of the membranes’ creep resistance, as indicated
by the higher J0s values.

Para-Based Copolymers
Figure 7 shows J0s values for copolymers containing primarily
para-PBI repeat units. The 2,5-pyr-para copolymers (2:1 and
3:1 ratios) and two of the 3,5 pyr-para copolymers (1:1 and
3:1 ratios) have J0s values that lie significantly above the
extrapolated trend curve for para-PBI homopolymer (shaded
region). All of these copolymers contain at least 50% of the
more-soluble 2,5-pyr or 3,5-pyr repeat units, and 50% or
less of the para repeat unit. The presence of a majority of

the 2,5-pyr or 3,5-pyr repeat unit makes these copolymers
more soluble, enabling the production of membranes with
higher solids wt% than can be achieved for para-PBI homo-
polymer. This can be ascribed to the more energetically
favorable polymer-solvent interactions. However, the chain–
chain interactions in these copolymers are weaker than in
para-PBI homopolymers. This results in weaker physical
crosslinks in the copolymer gel networks, manifested in the
higher J0s valuesthan might be expected for para-PBI
homopolymers.

The steady-state recoverable compliance for 3,5pyr-para
copolymer (1:5 ratio) is remarkable (Fig. 7). This copolymer
is 83% para-PBI repeat unit with only 17% of the highly
soluble 3,5-pyr repeat unit. This copolymer has sufficient
solubility in PPA to enable production of a membrane con-
taining almost 15% solids before pre-conditioning, with a
final post-creep solids content of 31.4 wt % (Table 1). The
average J0s value for this copolymer lies on the extrapolated
trend curve for para-PBI homopolymer. The predominant
para-PBI repeat unit probably promotes the formation of rel-
atively strong physical crosslinks in the final PA-imbibed
membrane, resulting in the low compliance. Thus copolymer-
izing a small fraction of highly soluble repeat unit with a
majority of less soluble repeat unit (like para-PBI or 2OH-
PBI) gives us a promising route to stiff, low compliance
membranes.

Figure 7 also shows J0s values for 2OH-PBI homopolymer and
related copolymers, which display similar trends to those of
para-based copolymers. The average J0s value for the 2,5-pyr-
2OH copolymer (3:1 ratio) is essentially the same as that for
2,5-pyr-para copolymer with 3:1 monomer ratio. The pres-
ence of a minority amount of the less-soluble repeat unit

FIGURE 6 Steady-state recoverable compliance as a function

of final solids wt% for meta-PBI homopolymer and meta-based

copolymers. For the copolymers, each data point is an average

of 2–4 replicate measurements for copolymers with the same

copolymer ratio (as indicated in the plot). The shaded region is

the extrapolated trend curve for meta-PBI homopolymer from

Figure 5(a). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

FIGURE 7 Steady-state recoverable compliance as a function

of final solids wt % for para-PBI and 2OH-PBI homopolymers

and related copolymers. For the para-based copolymers, each

data point is an average of 2–4 replicate measurements for

copolymers with the same copolymer ratio (as indicated in the

plot). The data points for the homopolymers and the 2OH-

based copolymers are single measurements. The shaded

region is the extrapolated trend curve for para-PBI homopoly-

mer from Figure 5(a). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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(2OH or para) has little impact on compliance. Both copoly-
mers contain 75 mol % of the more soluble 2,5-pyr repeat
unit, giving them more favorable polymer-solvent interac-
tions, possibly at the expense of producing weaker polymer–
polymer interactions. If this is the case, then inclusion of
high fractions of the more-soluble 2,5-pyr monomer leads to
weaker physical crosslinks and thus more compliant gel
networks.

The average J0s value for the 3,5-pyr-2OH copolymer (1:1
ratio) about the same as that of the 2OH-PBI homopolymer.
Copolymerizing equal amounts of 3,5-pyr and 2OH repeat
units results in a copolymer that is more soluble than 2OH-
PBI homopolymer. Consequently we can prepare 3,5-pyr-
2OH copolymer membranes with higher solids wt %, which
should improve creep resistance. However, for reasons given
above, the more soluble copolymer must also have weaker
physical crosslinks, which reduces network strength and
creep resistance. The average J0s value for the 3,5-pyr-2OH
copolymer reflects this compromise. We are investigating
3,5-pyr-2OH copolymers with ratios less than 1:1 in an
attempt to prepare membranes with higher solids wt% and
lower J0s values than the 2OH-PBI homopolymer.

Results for the extensional viscosities of membranes com-
posed of para-based and 2OH-based copolymers (Supporting
Information Fig. S4) are generally consistent with the trends
for J0s . With the exception of the 3:1 ratio 2,5-pyr-para copol-
ymer membrane, all of the g0 values for para-based copoly-
mer membranes lie below the extrapolated g0 trend line for
para-PBI homopolymer. This observation is consistent with
the view that these copolymers have weaker physical cross-
links and thus are more susceptible to continuous deforma-
tion under compressive stress. The g0 values for 2,5-pyr-para
and 2,5-pyr-2OH copolymer membranes, both 3:1 ratio, are
greater than predicted for para-PBI homopolymer. However,
the statistical significance of these comparisons have not
been established. Of course, the extrapolation of the g0 trend
line for para-PBI homopolymer may be questionable, as well.

DISCUSSION AND CONCLUSIONS

Proton exchange membranes based on PBI polymers have
emerged as viable alternatives to NafionVR for use in fuel cells
and other applications. Because PBI membranes utilize PA as
the electrolyte, they can operate at high temperatures (120–
200 8C) without the need for careful humidity control. The
recent development of the PPA process offers a simple, con-
venient method to synthesize stable sol-gel membranes with
high PA:PBI polymer repeat unit ratios. PBI membranes
made by the PPA process have been operated for extended
time periods in PEMFCs at elevated temperatures. However,
the low solids content and elevated temperatures make
these membranes susceptible to creep when subjected to
compression in fuel cell stacks.

To improve the creep resistance of PBI membranes made by
the PPA sol-gel process, we initially hypothesized that
increasing the polymer solids content would lead to stronger

sol-gel networks with lower creep. To this end, we synthe-
sized and characterized 23 different PBI polymers, and car-
ried out over 60 distinct, 24 h creep tests, to investigate the
effects of polymer solids content and chemical composition
on PBI creep behavior. In this study, we were careful to pre-
condition our samples and keep track of composition
changes due to loss of water and PA. To our best knowledge,
the current work is the first experimental report on the com-
pression creep behavior of PA-doped PBI sol-gel membranes
at relevant operating temperatures for high-temperature
PEMFCs.

Beginning with the “benchmark” para-PBI homopolymer, we
investigated the effects of pre-conditioning and compression
on membrane composition. Both pre-conditioning and pro-
longed compression result in significant increases in polymer
solids content, along with corresponding changes in the
membranes’ viscoelastic properties. Increasing polymer sol-
ids content was accompanied by decreasing J0s and increas-
ing g0, which may be rationalized in terms of increasing gel
network junction density.23 The results confirm that the
creep resistance of PBI membranes improve with increasing
polymer solids content. However, the solubility of para-PBI
in PPA limits the solids content that can be achieved in
membranes made from para-PBI homopolymer.

The structure of the meta-PBI polymer leads to polymer
chains with greater flexibility and higher solubility in PA.
Consequently, one can prepare meta-PBI membranes with
considerably higher solids content. As found for para-PBI,
the creep resistance of meta-PBI membranes shows distinct
improvement as the polymer solids content increases. How-
ever, meta-PBI membranes have significantly higher values of
recoverable compliance, and lower extensional viscosity val-
ues, than one might expect for para-PBI, at least based on
extrapolation of the para-PBI trend curves to higher solids
content. The greater solubility of meta-PBI enables produc-
tion of higher solids membranes, but the greater chain flexi-
bility reduces network strength. Ultimately, we found that
meta-PBI membranes could be prepared with J0s values sig-
nificantly lower than those of para-PBI membranes, but the
solids contents of the former are at least twice as high as
the latter.

Low-solids 2OH-PBI homopolymer membranes also had
quite low J0s values. However, the very low solubility of 2OH-
PBI in PPA limited our ability to synthesize higher solids
2OH-PBI membranes with even smaller J0s values and thus
better creep resistance.

The challenge lies in finding an optimal compromise
between factors that increase polymer solubility in PPA, and
those that increase sol-gel network strength in PA. The fac-
tors that tend to increase polymer solubility (i.e., use of
monomers that produce more flexible polymer chains or pro-
mote polymer-solvent interactions) also tend to decrease sol-
gel network strength. PBI copolymers offer us a way to
explore this tradeoff in ways that are not possible with
homopolymers.
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To this end, we synthesized and characterized a variety of
random copolymers incorporating two PBI polymer repeat
units with differing solubilities in PPA. We found that copoly-
merizing a small amount of highly soluble repeat unit (e.g.,
2,5-pyr or 3,5-pyr) with a dominant fraction of low-solubility
repeat unit (e.g., para-PBI or 2OH-PBI) leads to membranes
with a promising combination of low to moderate solids con-
tent and low creep compliance. Such copolymers may offer a
good compromise between solubility in PPA (yielding higher
solids content and thus higher density of gel network junc-
tions) and stronger polymer–polymer interactions in PA
(favoring gel thermal stability and network mechanical
strength). We are continuing to explore this part of the com-
position parameter space to identify optimal compositions
that yield superior electrochemical performance as well as
creep resistance. Overall, this work demonstrates the feasi-
bility of improving the creep properties of PBI gel mem-
branes by rational design of membrane composition and PBI
structure.
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