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Mass-transport studies of phosphoric acid !PA"-doped meta-polybenzimidazole !PBI" fuel cell membranes are described. In this
study, the fundamental differences in transport properties between m-PBI/PA membranes prepared by conventional imbibing
procedures and the polyphosphoric acid !PPA" process are explored. The membranes were characterized by proton conductivity
and multinuclear !1H and 31P" magnetic resonance measurements. Both short-range and long-range dynamical processes were
investigated by spin–lattice and spin–spin relaxation time measurements and by pulsed field gradient diffusion, respectively.
Comparative data for pure PA and PPA are included. The high proton conductivity !0.13 S/cm at 160°C" of the PPA-processed
membranes is correlated with rapid proton self-diffusion !3 ! 10−6 cm2 /s at 180°C". The 31P results reveal the presence of both
PA and the dimeric pyrophosphoric acid and indicate strong interaction between the phosphate groups and the m-PBI matrix, with
negligible anionic transport for both kinds of membranes. The higher concentration of PA in the PPA-processed membranes and
differences in membrane morphology may provide an additional proton-transport mechanism involving rapid exchange between
the PA and pyrophosphoric acid species.
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High-temperature polymer electrolyte fuel cell membranes
!PEMFCs" operational above 120°C have attracted much interest
because they offer many benefits, including increased resistance of
fuel impurities, !e.g., carbon monoxide", fast electrode kinetics, and
simplified water and thermal management.1 Among various types of
alternative high-temperature membranes developed so far, phosphoric acid !PA"-doped polybenzimidazole !PBI" has been recognized as the most promising candidate for a low-cost and highperformance fuel cell membrane material.2 It was reported that this
polymer electrolyte membrane exhibits high ionic conductivity at
temperatures up to 200°C, low gas permeability, excellent oxidative
and thermal stability, and a nearly zero water-drag coefficient.3-5
Briefly, the conventional imbibing method to prepare PA-doped PBI
membranes is a multistep process that involves casting the PBI from
N,N-dimethyl acetamide !DMAc" organic solvent and imbibing the
PBI film in a PA bath for an extended period of time. Multiple
washing and oven drying steps are also needed. This process typically produces PA-doped PBI membranes with a PA doping level of
up to 6–10 moles PA per mole of polymer repeat unit !moles PA/
PRU". More recently, a novel polyphosphoric acid !PPA" process
has been developed that produces PA-doped membranes by employing PPA as both polycondensation reagent to produce highmolecular-weight polymers and casting solvent for film preparation
in a one-pot procedure.6,7 After film casting and exposure to ambient
or controlled humidity conditions at room temperature, a transition
from sol state to gel state was induced by the hydrolysis of PPA to
PA. The resulting novel films retained high levels of phosphoric acid
in the gel structure and exhibited high ionic conductivities and stable
mechanical properties at elevated temperatures.
Previous nuclear magnetic resonance !NMR" investigations of
mass transport in phosphoric acid systems containing water or aprotic solvents have demonstrated that phosphate transport is vehicular,
while proton transport occurs via a Grotthus hopping mechanism.8,9
This conclusion was based on the observed temperature dependence
of the product of the diffusion coefficient and the viscosity, which
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have opposite slopes for 1H and 31P. The most commonly used PEM
materials are sulfonated polymers which require a significant
amount of water for proton conduction and are consequently limited
to operation at temperatures below 100°C.10 In the context of this
investigation, it is noted that the prior work on characterizing the
proton transport mechanism has shown that water-molecular diffusion is strongly correlated with proton conductivity.11,12 It is thus of
particular interest to examine proton transport in the absence of
water, assess the mobility of the phosphate counterion, and compare
the behavior of the PBI/PA membranes prepared by the different
processes.
Experimental
Polymer synthesis and membrane fabrication.— Isophthalic
acid !9.662 g, 0.0582 mol" !Amoco, 99"%", 3,4,3!,4!-tetraminobiphenyl !TAB" !12.458 g, 0.0582 mol" !Celanese, polymerization
grade", and PPA !216.9 g" !FMC Corporation, 115%" were added
into a 500 mL, three-neck, round-bottom flask equipped with a nitrogen inlet and overhead stirrer. The monomer concentration was
9.25%. The polymerization mixture was heated from 20 to 195°C in
multiple heating steps over 20 h. After polymerization, the solution
was very viscous and an additional 27.5 mL of orthophosphoric acid
was added to reduce the solution viscosity. After heating at 220°C
for 1 h, the solution was cast directly onto glass substrates using a
casting blade with a 15 mil gap dimension. The substrates were
allowed to stand at room temperature and 25% relative humidity for
3 days. Absorption of water from the environment and subsequent
hydrolysis of the PPA to PA induced a sol-to-gel transition that produced 250 #m thick films !referred to as m-PBI-ppa" with high
acid-doping levels. The polymer inherent viscosity !IV" was
1.49 dL/g.
For conventionally imbibed films !referred to as m-PBI-imb",
m-PBI film cast from DMAc solvent was obtained commercially
!Celanese". The polymer IV was measured at 0.89 dL/g. Doping
was conducted by submerging the film in 85% PA baths for 24 h at
ambient temperature, resulting in 100 #m !wet thickness" films.
Characterization.— PA doping levels were determined by titrating a piece of preweighed membrane with standardized sodium hy-
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Table I. Properties of m-PBI/PA membranes used in this study.
Film composition
a

IV
!dL/g"
0.89
1.49
a
b

Film process

Polymer
!wt%"

PA
!wt%"

Water
!wt%"

PA/PBI
!molar ratio"

Conductivityb
!S/cm"

Conventionally imbibed
PPA process

15.6
14.4

60.7
63.3

23.7
22.3

12.2
13.8

0.048
0.13

Determined in concentrated sulfuric acid !96%" at 30.0°C.
Second heating run, after heating to 160°C to remove water. The conductivity was measured at 160°C.

droxide solution. The titrated sample was then washed thoroughly
with water and dried in a vacuum oven at 130°C overnight to obtain
the dry weight of polymer. The water content of the original film
was obtained by subtraction of the titrated PA content and drypolymer weight from the original film weight. Proton conductivities
were measured by a four-point ac impedance method using a Zahner
IM6e spectrometer over the frequency range from 1 Hz to 100 kHz
at temperatures from 20 to 160°C. The conductivity was calculated
by fitting the experimental data with a model of a resistor in parallel
with a capacitor. Polymer IVs were measured at a polymer concentration of 0.2 g/dL in concentrated sulfuric acid !96%" at 30.0°C
using a Cannon Ubbelohde viscometer.
Initial NMR diffusion measurements were performed on assynthesized films sealed into 5 mm outer diameter !OD" ! 20 mm
NMR tubes, in order to ascertain the effect of residual water. However, most of the NMR data were obtained from films that were
treated at 150°C in a vacuum oven for 2 h, prior to sealing in NMR
tubes. Reference NMR measurements were also made on dry PPA
and 100% PA, the latter purchased from Sigma-Aldrich, dried in a
vacuum oven at 100°C for 1 h prior to sealing in an NMR tube.
NMR measurements were performed on a Chemagnetics CMX-300
spectrometer with 1H Larmor frequency of 301.02 MHz and a 31P
frequency of 121.85 MHz. Spectral information and self-diffusion
coefficients !D" were obtained. Spectroscopic references were distilled water for 1H and 85% H3PO4 for 31P. Spectra were obtained
by Fourier transforming the resulting free-induction decay !FID" of
single $/2 pulse sequence. Pulse widths were about 5 #s for 31P
and 10 #s for 1H. Self-diffusion coefficients were obtained with a
DOTY Z-gradient probe by the NMR pulse gradient
spin–echo technique !NMR-PGSE", using the Hahn spin–echo
pulse sequence !$/2−%−$". For a diffusing system in the presence
of a magnetic field the application of square-shaped magnetic
gradients of magnitude g and duration & results in attenuation of
the echo amplitude A. This attenuation may be represented by
A!g" = exp#−'2g2D&2$( − !&/3"%&, where ', D, and ( represent the
nuclei’s gyromagnetic constant, self-diffusion coefficient, and gradient delay. Applied gradient strengths !g" ranged from 0.2 to
1.2 T/m, & and ( ranged from about 1.0 to 10 and 5 to 30 ms,
respectively. The resulting echo profile vs gradient strength is fitted
to the above equation and D is extracted. Uncertainties in selfdiffusion coefficient values are '5%. Spin–spin relaxation !T2"
measurements were obtained using the Hahn spin–echo sequence,
and spin–lattice relaxation times !T1" were evaluated from inversion
recovery !$−%−$/2" measurements. Variable-temperature NMR
measurements were made ranging from ambient to 180°C, with
equilibration times of 20–25 min following each temperature
change.

and drying steps to produce films. Phosphoric acid is imbibed into
these films by a subsequent soaking period in phosphoric acid baths.
A newer method for preparing acid-doped films involves the synthesis of polymers in PPA and casting films directly from the polymerization solution.6 Under appropriate conditions, hydrolysis of the
PPA to PA induces a sol-to-gel transition that produces membranes
!m-PBI-ppa" which exhibit properties substantially different than the
conventionally imbibed membranes. In this study, membranes produced from the two different processes had similar compositions.
The basic characterization data are shown in Table I. For m-PBI
films, the PA loading levels used in this study were considered high
relative to the values reported previously in the literature.
The temperature dependence of the ionic conductivity for both
m-PBI-imb and m-PBI-ppa are displayed in Fig. 1. These curves
were recorded after an initial heating run and were reproducible in
subsequent runs. The conductivity measured during the first heating
was affected by the initial water content, which was removed by
evaporation above 100°C during the first heating run. The conductivity of the m-PBI-ppa membrane was significantly higher that the
m-PBI-imb membrane, even at similar PA loading levels.
The effect of residual water can be observed in Fig. 2, which
shows NMR 1H diffusion !upper curve" and T1 !lower curve" results
for as-prepared and dried m-PBI-ppa membranes. The presence of
water clearly augments the proton diffusion compared to that in the
dried film through several mechanisms, first through having additional H-bonding sites for the acid proton to transfer between and
second, through diffusion of water molecules themselves. The

Results and Discussion
Although several different PBI chemical structures have been
investigated for fuel cell membranes, this study examined the transport properties of the most commonly studied material, m-PBI, or
poly#2,2!-!1,3-phenylene"-5,5!-bibenzimidazole$. The traditional
method to prepare imbibed films !m-PBI-imb" involves casting films
from organic solvents, followed by solvent evaporation, washing,

Figure 1. !Upper curve, squares" Ionic conductivities of m-PBI-ppa and
!lower curve, circles" m-PBI-imb films. Both curves were recorded after an
initial heating to 160°C to remove residual water.
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Figure 3. !Filled circle" Temperature dependence of the proton diffusion in
m-PBI-ppa membranes. Measurements on 100% !inverted filled triangle" PA
and !unfilled circle" PPA are included for comparison.

in diffusion activation energy appears to occur around 130°C in
m-PBI-ppa, although there are too few data points to calculate a
meaningful activation energy.
Arrhenius plots of 1H T1 and T2 for dried m-PBI-imb and
m-PBI-ppa are displayed in Fig. 4. Although the T2 temperature
dependences in the membranes are quite similar in appearance, the
T2 values for m-PBI-imb are considerably lower, accounting for the
difficulties in measuring diffusion as described above. It is clear that
the short-range interactions that govern spin–lattice relaxation differ

Figure 2. !Upper curve" NMR 1H diffusion and T1 relaxation results for
m-PBI-ppa in the !filled circles" as-prepared and !open circles" dried membranes.

abrupt drop in D around 90°C is associated with the removal of
water, although it does not fall to the values exhibited by the dried
film. Because the sample tubes were sealed, there is some likelihood
of residual water remaining in the as-prepared film. The presence of
water also affects localized motion as noted in the different T1 values of the dried and as-prepared films. This effect has also been
noted in observing the difference in T1 between 100% and 85% PA.8
Proton diffusion results for dried m-PBI-ppa, extending to 180°C,
are plotted in Fig. 3. For comparison, data for pure PA and PPA are
also displayed. It was not possible to measure the proton diffusion
coefficient of m-PBI-imb due to the short T2 values characteristic of
this material. However, given the highest value of T2 observed for
m-PBI-imb, which occurred around 60°C !described more fully below" and the gradient strengths and spacings employed in the PGSE
sequence, it is possible to estimate an upper bound for the diffusion
coefficient. The result is 10−7 cm2 /s and is about 1 order of magnitude lower than in m-PBI-ppa. This is consistent with the order-ofmagnitude lower conductivity of m-PBI-imb relative to m-PBI-ppa
!Fig. 1". The m-PBI-ppa proton diffusion coefficients are in fact
much closer to those of PA than PPA, thus providing additional
support that the PPA has been completely hydrolyzed into PA and
remains as such, even after the water has been driven off. A decrease

Figure 4. Arrhenius plot of !filled symbols" 1H T1 and !unfilled symbols" T2
for !circles" m-PBI-imb and !triangles" m-PBI-ppa.
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between the two materials. A broad T1 minimum is observed in
m-PBI-ppa. To the extent that the minimum can be ascertained in
m-PBI-imb, it almost certainly occurs at higher temperatures, indicating that short-range proton mobility at a given temperature is
higher in m-PBI-ppa. As the motional correlation time at the T1
minimum is comparable to the reciprocal of the NMR angular frequency, the relaxation process is governed by short-range molecular
motions such as rotations or intermolecular hops, which may ultimately be related to long-range transport, the latter clearly more
facile in the m-PBI-ppa on the basis of the diffusion results. Apart
from these observations it is notable that the spin–spin relaxation
time T2 dependence on temperature does not follow the most commonly observed situation of monotonic increase when passing from
the rigid limit to the extreme narrowing regime but actually goes
through a minimum, and that T2 ! T1 in the vicinity of the T1
minimum. Such anomalous relaxation time behavior has been observed to occur in systems13-16 where there is highly correlated ion
motion or reduced dimensionality in disordered systems. The disparity between T1 and T2 values is less for the m-PBI-ppa than for the
m-PBI-imb sample, suggesting that such correlation or reduced dimensionality effects are more significant in the latter. It is speculated
at this time that the somewhat lower acid content of m-PBI-imb
relative to the m-PBI-ppa film, as well as the possible differences in
the distribution of PA in the membranes caused by different morphologies, increases the likelihood of molecular-level interaction between the acid and host polymer, leading to a greater departure from
uncorrelated isotropic ion transport expected for a homogeneous
medium.
Phosphorus-31 spectra of PPA, m-PBI-imb, and m-PBI-ppa at
20 and 140°C are displayed in Fig. 5. The PPA spectrum exhibits
three peaks, with the small one at the reference frequency indicating a relatively small amount of PA. The peak at about −14 ppm
!'1.7 kHz" is assigned to the dimeric compound pyrophosphoric
acid and the −30 ppm peak !'3.7 kHz" is attributed to the higher
oligomeric species, within the range of spectral assignments for condensed phosphate compounds reported by Crutchfield et al.17 Both
membranes exhibit the PA resonance and, to a lesser extent, that of
the dimer. The absence of the 30 ppm peak verifies that hydrolysis
of the PPA phase into PA has occurred. The spectral components in
m-PBI-imb are significantly broader than in m-PBI-ppa at 20°C, but
exactly the reverse behavior is observed at elevated temperature
!140°C". The difference in linewidths at low temperature is attributed to greater restriction of both translational and rotational phosphate group motion by the PBI matrix in the m-PBI-imb sample.
This is believed to arise from two factors: !i" its lower PA/PBI ratio
!Table I" and !ii" a greater degree of short-range intermixing of the
PA with the PBI component in m-PBI-imb. The interesting reversal
at high temperature, however, is attributed to exchange effects between the PA and dimer components, that is, the two components
gradually merge into one broad line at 180°C !not shown". Transesterification in substituted phosphate and polyphosphate systems can
occur in this system in a manner that is analogous to the transesterification reaction in carboxylic acid esters.18 This interchange reaction can contribute significantly to the proton conduction mechanism, and the current results imply that this transformation occurs
on a timescale comparable to the reciprocal of the spectral splitting
!'2 kHz". Additional details regarding this point are discussed below. That this exchange phenomenon is not observed in m-PBI-imb
could be the result of the above-mentioned lower PA/PBI ratio or the
differences in PA distribution in the membrane resulting from the
different processes used to prepare the membranes.
Diffusion results for 31P, plotted in Fig. 6, are presented only
for the three peaks of PPA and 100% PA because, as in the case
of proton diffusion measurements in m-PBI-imb, the T2 values
were too short to acquire meaningful diffusive echo decays. Again,
on the basis of measured T2 values, and known gradient strengths,
durations, and spacings, we therefore quote an upper limit of '3
! 10−9 cm2 /s for phosphate diffusion in both of the membranes,
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Figure 5. 31P NMR spectra for !upper curve" PPA, !middle curve"
m-PBI-imb, and !lower curve" m-PBI-ppa at !a" 20 and !b" 140°C.

approximately 2–3 orders of magnitude lower than the proton diffusion. Thus, it is clear that the membranes, at least m-PBI-ppa for
which proton diffusion was directly measured, are essentially pure
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enough to give a significant contribution to the high-temperature
spectral broadening, therefore lending additional credence to the exchange hypothesis described above.
Conclusions

Figure 6. Arrhenius plot of 31P diffusion for the !filled circles" PA, !open
circles" PPA, and !inverted filled triangles" higher oligomeric peaks of PPA,
and !filled squares" a separate sample of 100% PA.

proton conductors. As mentioned in the introduction, the phosphate
diffusion in pure PA and in 85% PA is governed by a vehicular
mechanism that depends on viscosity. The low phosphate diffusivity
then implies a high effective viscosity, which is certainly expected
for a membrane as opposed to liquid PA or PPA. The diffusion
coefficients of the resolvable NMR peaks in PPA overlap considerably, implying cooperative motion. This is clear from the observation that the PA phase of the PPA is less mobile than in pure PA.
Figure 7 displays Arrhenius plots of T1 for the three resolvable species in PPA, 100% PA, and the PA-associated peak in m-PBI-ppa !no
T1 measurements were made in the m-PBI-imb sample". There is
also significant overlap of the T1 values among the resolvable 31P
components of the PPA, implying cooperative motion at a shorter
timescale than the diffusion process. The T1 values are quite low in
the membrane, demonstrating a different local environment for the
phosphate ions in the film compared to PA or PPA, but not low

Figure 7. Arrhenius plot of the 31P T1 relaxation time for the !filled circles"
PA, !open circles" PPA, and !inverted filled triangles" higher oligomeric
peaks of PPA, !filled diamonds" m-PBI-ppa, and !filled squares" 100% PA.

Proton transport in PA-doped m-PBI membranes fabricated by a
conventional imbibing process and a novel sol-gel process were
characterized by NMR methods. At similar PA loading levels, proton
diffusivity is ascertained to be about an order of magnitude higher in
the m-PBI-ppa membranes compared to those prepared by the conventional imbibing method, demonstrating the significant difference
in membrane processing on transport properties. This is consistent
with ionic conductivity measurements made on the bulk films. Phosphate counter-ion mobility was inferred to be more than 2 orders of
magnitude lower that of the protons, which supports a Grotthus-type
mechanism of proton conduction. The presence of short-range interactions between the anions and the polymer matrix is inferred from
31
P linewidth T1 and T2 measurements, which differ in values and
temperature dependence from pure PA or PPA. There are also differences in 31P NMR behavior observed between the two kinds of
membranes, one being that short-range phosphate motion is more
restricted in m-PBI-imb and the other involving an exchange phenomenon between molecules of PA and a pyrophosphate dimer,
which is attributed to the higher concentration of PA in the PPAprocessed films and the differences in PA distribution caused by
variations in film morphology. It is suggested that this exchange
mechanism could arise from a transesterification process and may
provide a contribution to the overall proton conductivity.
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