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The melting behaviour and transport properties of straight chain alkanes mono- and
difunctionalized with phosphonic acid groups have been investigated as a function of their length.
The increase of melting temperature and decrease of proton conductivity with increasing chain
length is suggested to be the consequence of an increasing ordering of the alkane segments which
constrains the free aggregation of the phosphonic acid groups. However, the proton mobility is
reduced to a greater extent than the proton diffusion coefficient indicating an increasing
cooperativity of proton transport with increasing length of the alkane segment. The results clearly
indicate that the ““spacer concept”, which had been proven successful in the optimization of the
proton conductivity of heterocycle based systems, fails in the case of phosphonic acid
functionalized polymers. Instead, a very high concentration of phosphonic acid functional groups
forming “‘bulky” hydrogen bonded aggregates is suggested to be essential for obtaining very high
proton conductivity. Aggregation is also suggested to reduce condensation reactions generally
observed in phosphonic acid containing systems. On the basis of this understanding, the proton
conductivities of poly(vinyl phosphonic acid) and poly(meta-phenylene phosphonic acid) are
discussed. Though both polymers exhibit a substantial concentration of phosphonic acid groups,
aggregation seems to be constrained to such an extent that intrinsic proton conductivity is limited
to values below ¢ = 107> Scm ™! at 7 = 150 °C. The results suggest that different
immobilization concepts have to be developed in order to minimize the conductivity reduction
compared to the very high intrinsic proton conductivity of neat phosphonic acid under quasi dry
conditions. In the presence of high water activities, however, (as usually present in PEM fuel cells)
the very high ion exchange capacities (IEC) possible for phosphonic acid functionalized ionomers
(IEC >10 meq g~ ') may allow for high proton conductivities in the intermediate temperature

range (T ~ 120 -160 °C).

1. Introduction

Tonomers containing immobilised sulfonic acid as the proto-
genic group (source of excess protons) and water as a proton
solvent (stabilising excess protons and allowing for high pro-
ton mobility) are generally used as electrolytes in polymer
electrolyte membrane (PEM) fuel cells. Because of the limita-
tions connected to the humidification requirement of such
membrane materials (in particular the limited operation tem-
perature of about 77 = 90 °C and significant water and
methanol transport) a separator material, which exclusively
transports protons in a low humidity environment while
operating at temperatures higher than 7 = 100 °C, is widely
considered to be one of the keys to further progress in PEM
fuel cell technology (e.g. ref. 1).

One promising approach in the development of such a
material is to combine the functions of the protogenic group
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and the proton solvent in a single molecule.>* Such molecules
must be amphoteric in the sense that they behave as both a
proton donor (acid) and proton acceptor (base), and they must
form dynamical hydrogen bond networks. The first leads to
the formation of a high concentration of intrinsic protonic
defects as a result of self-dissociation, and the latter may
promote a high mobility of these protonic charge carriers
(excess and deficient protons). It should be noted that the
mobility of intrinsic defects is generally higher than that of
extrinsic defects, which may be introduced by acid or basic
doping disturbing the local symmetry of the hydrogen bond
network.*>

Typical amphoteric liquids include phosphoric acid and
diverse heterocycles such as imidazole, pyrazole, benzimida-
zole and triazole. In the liquid state, they all show relatively
high conductivities with significant contributions from struc-
ture diffusion, i.e. the motion of protonic defects (excess or
deficient protons) via intermolecular proton transfer coupled
to hydrogen bond breaking and forming processes.’ Although
this mechanism relies on hydrogen bonding, the highest rates
are observed for the liquid state, where the short lifetime of
this interaction may be in the ps range. The dynamics of the
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hydrogen bonding and the high dielectric constant favouring
charge separation are making hydrogen bonded liquids ideal
media for obtaining high proton conductivity.®” Unlike water,
which has a low viscosity and a high molecular diffusion
coefficient giving rise to some proton conductivity as a result
of the diffusion of hydrated protons as a whole (in concen-
trated aqueous solutions of acids® and most hydrates, such as
heteropolyacids’ layered hydrates'® and zeolites,!' the mobi-
lity of e.g. H;O0" or NH, ™ is indeed the dominating proton
conduction mechanism (vehicle mechanism'*>'?), some of the
above mentioned hydrogen bonded liquids show high con-
ductivity contributions from structure diffusion (up to 98% in
the case of phosphoric acid'¥). Another essential difference
compared to water is that apart from the hydrogen bond
donor and acceptor sites there are other sites available for
immobilization to a polymeric structure. In the case of hetero-
cycles, this may be achieved by e.g. C—-O-C, C-C or C-SO,—C
bonds, but because of the hydrolytic sensitivity of the C—O-P
bond involved in the immobilisation of phosphoric acid,
phosphonic acid (HPO(OH),), which also shows high proton
conductivity as a neat compound,'® has been suggested as
protogenic group. This may be immobilised via more stable
C-P bonds.'®

In the case of heterocycles, the first immobilisation attempts
were undertaken for imidazole, pyrazole and benzimidazole
tethered to small molecules and various oligomers'” 2! before
the first heterocycle functionalized fully polymeric systems
based on styrene®? and siloxane backbones? were demon-
strated to show proton conductivity in the complete absence of
water. In some cases the conductivity reduction compared to
the conductivity of the corresponding liquid heterocycle is
only a little more than one order of magnitude. The results of
this work are of paramount importance, because they clearly
prove that protons may be decoupled from their binding sites,
which are covalently bonded to polymeric structures. In other
words, protons are the only diffusing species in these struc-
tures, and proton conduction is exclusively due to structure
diffusion. Later, similar conductivities of fully polymeric struc-
tures at even lower temperatures were demonstrated by using
triazole as a protogenic group.”** In the case of imidazole
and benzimidazole, these encouraging results were obtained by
a “‘spacer concept’’: the heterocyles were attached to polymer
backbones via flexible spacers such as ethylenoxide or alkane
segments. Surprisingly, proton mobilities increase with in-
creasing spacer length, and this increase even overcompensates
the dilution effect. According to the current understanding, the
flexibility of long spacers facilitates the aggregation of the
terminating protogenic groups which corresponds to the for-
mation of extended hydrogen bonded structures. The manner
in which the protogenic group is tethered to the spacer
segment (preferentially by a ¢-bond) does not disturb the
symmetry (the chemical equivalence of two nitrogens) and
still allows for rapid reorientation, i.e. rapid hydrogen bond
breaking and forming processes. Recent electronic structure
calculations at the B3LYP/6-311G(d,p) level of theory of the
corresponding barriers for isolated (non hydrogen bonded)
heptyl segments terminated by a sulfonic, phosphonic or
imidazole function,?® has revealed that the barriers for reor-
ientation are particularly low for imidazole as a protogenic

group (~3.9 kJ mol™). Of course, intermolecular interactions
(e.g. hydrogen bonding) increase this barrier, but also in the
bulk, imidazole reorientation going along with hydrogen bond
breaking and forming processes is still very fast as shown by
NMR spectroscopy®” > and by a molecular dynamics simula-
tion.*® In the case of heterocycles, the covalent immobilisation
via spacers is therefore a viable route to form a dynamical
hydrogen bond network within a true solid, i.e. a solid with
liquid-like properties.'

But when it comes to the use of imidazole based polymers as
the separator material in PEM fuel cells, inherent limitations
have to be considered. A recent critical discussion on the
choice of the protogenic group in PEM separator materials'®
provides a basis for the understanding of these limitations:
(1) the moderate amphotericity of imidazole limiting the
intrinsic charge carrier concentration to about 10~ and the
significant cooperativity in the diffusion of protons,’ showing
up as extremely high Haven ratios (up to 15), is limiting the
accessible proton conductivity to about 107> S em™!, which is
far too low for fuel cell applications; (ii) strong adsorption on
platinum surfaces leads to very high overpotentials for oxygen
reduction; and (iii) direct oxidation by oxygen is limiting the
chemical stability to low oxygen activities.

In the same study, phosphonic acid has been suggested as a
protogenic group for intrinsically conducting separator mate-
rials. Its electrochemical properties are similar to these of
commonly used sulfonic acid and its degree of self-dissociation
is one reason for the high proton conductivity of neat liquid
phosphonic acid, which is about a factor of 15 higher than the
conductivity of neat imidazole. The first principle based
molecular modelling investigation referred to above®® sub-
stantiated this experimental observation with computed en-
ergy penalties (endothermicities) for the neat proton transfer
between pairs of methyl-phosphonic acid and imidazole mo-
lecules of 37.2 and 120.1 kJ mol ™!, respectively. Provided that
immobilisation effects for phosphonic acid are similarly small
to those for heterocycle based systems, phosphonic acid
functionalized fully polymeric systems with similar architec-
ture may therefore show conductivities high enough for fuel
cell applications.

Indeed, many phosphonated polymers (ionomers) have
been suggested for application in fuel cells.>'™ Different
polymer backbones such as polyaryleneethers,'-*¢ oligotetra-
fluoroethylenes,* 3%  polyethersulfones,>***"*  polypho-
sphazenes,”’*%7  poly(4-phenoxybenzoyl-1,4-phenylene)s,*?
polystyrenes grafted on perfluorinated backbones* and poly-
siloxanes*® have been used. Synthesis methods comprise: the
Arbuzov reaction,”®* phosphonation of aromatic bromides
(Ni- or Pd-catalyzed),*-** metallation (lithiation) of a bromide
or an acidic hydrogen and subsequent reaction with
CIPO(OR),.**>"' However, the majority of these ionomers
have low phosphonic acids concentrations (also expressed as
ion exchange capacity, IEC), and the proton conduction
mechanism is still water based, as in hydrated sulfonic acid
functionalized polymers.

In another class of fuel cell electrolytes, phosphoric acid is
the main constituent in ionic complexes with polybenzimida-
zole. Provided that the concentration of phosphoric acid is
high (> 90%), these systems show high proton conductivities
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also under low humidity conditions and temperatures close to
T = 200 °C.>** But most of the phosphoric acid has little, if
any, binding interaction with the basic polymer, and leaching
out of phosphoric acid by water is a severe problem when used
in a fuel cell.

This paper presents a summary of our recent attempts to
access intrinsically proton conducting polymers with tethered
phosphonic acid functions. The first part provides data ob-
tained on model compounds. The systematic variation of the
architecture of phosphonic acid containing molecules and
oligomers reveals insight into the hydrogen bonding, dynamics
and proton conduction mechanism. Specially, we examine
whether the “spacer concept”, which had been proven success-
ful in the case of heterocycle based polymers (discussed
above), may also be adopted to phosphonic acid functiona-
lized proton conducting polymers. Different strategies to
access fully polymeric proton conductors can be deduced from
this study, and a few selected approaches are presented in the
second part of this paper.

Apart from published data, some recent, yet unpublished,
data are included into this progress report.

2. Proton conduction in phosphonic acid based
model compounds

As a first step towards full immobilisation of phosphonic acid,
diphosphonic acids, in which two phosphonic acid functions
terminate the ends of flexible segments, have been prepared
and characterised with respect to melting point, molecular
diffusion and proton conductivity.!® Although the chosen
alkane segments are less polar and less flexible than the
ethylenoxide spacers used for preparing similar di-imidazoles'®
(just for preparative reasons), the qualitative comparison of
the properties of these two type of model compounds reveal
distinct differences in the structure, bonding and dynamics of
imidazole and phosphonic acid based systems. The conclu-
sions are actually confirmed by including a comparison of the
properties of heptyl-imidazole (I-C7) and heptyl-phosphonic
acid (P-C7) into considerations.

Although the melting points of neat phosphonic acid (7}, =
74 °C) and imidazole (T, ~ 90 °C) are quite similar, the
melting behaviour of phosphonic acid and imidazole functio-
nalized alkanes and ethylenoxides are different. While imida-
zole terminated ethylene oxide segments are highly viscous oils
which form glasses with glass transition temperatures (7, =
—8 to —24 °C) only somewhat higher than the glass transition
temperature of polyethylene oxide (7, = —65 °C), dipho-
sphonic acids show distinct melting points (for spacer lengths
from C; to C;,, melting temperatures fall into the range
T = 160 to 220 °C, where molecules with an odd number of
C-atoms have lower melting temperature (7, ~ 160-170 °C)
than those with an even number of C-atoms (7, ~ 200—
220 °C)) well above the melting point of neat phosphonic acid.
One possible explanation of this surprising finding is a high
local order (low configurational entropy) of the melts of the
diphosphonic acids. This assumption is actually supported by
the molecular diffusion coefficients, which have been deter-
mined by PFG-NMR (Fig. 1). While the reduction of the
diffusion coefficients of neat phosphonic acid and imidazole is
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Fig. 1 Molecular diffusion coefficients of different hydrocarbon
molecules functionalized with one or two phosphonic acid groups in
the liquid state as obtained by PFG-NMR. The diffusion coefficients
of imidazole functionalized molecules'®'® and neat phosphonic acid'?
and imidazole? are shown for comparison.

comparable for small spacers, the trends for increasing spacer
lengths are just opposite for both series: the molecular diffusion
coefficient of diphosphonic acids decrease (without significant
change in the activation enthalpy) with increasing spacer length,
i.e. the length of the spacer does not support the mobilisation of
the system as observed for di-imidazoles (see introduction and
Fig. 1). Not only does the “‘spacer concept’ appears to fail for
immobilised phosphonic acids, alkane spacers seem to progres-
sively order with increasing spacer length, which may even
reduce the entropy and therefore the pre-exponential factor of
the diffusion. A possible reason for this may be the more
pronounced difference in hydrophobicity/hydrophilicity in di-
phosphonic acids compared to di-imidazoles similar to that of
phospholipids, which also have a tendency to order especially in
aqueous environment (note that phosphonic acid is more polar
than imidazole and that the ethylene oxide spacer is more polar
and more flexible than the alkane spacer). It is also worth noting
that the immobilisation effect is significantly lower for mono-
functionalized molecules as can be seen from the molecular
diffusion coefficients of phenyl-phosphonic acid (P-Ph), heptyl-
phosphonic acid (P-C7)) and ethyl-imidazole (I-C7) (Fig. 1).
But the trends are in line with these of above discussed
difunctionalized molecules, e.g. the melting points are shifted
into opposite directions for imidazole and phosphonic acid
functionalized molecules.

When it comes to proton conductivity, the immobilisation
effect is even larger than for long range molecular diffusion. At
a first glance, this is surprising considering a proton conduc-
tion mechanism comprising only intermolecular proton trans-
fer and structural reorganisation involving hydrogen bond
breaking and forming processes, i.e. only involving local
dynamics of the large molecules. But effects on the dissocia-
tion, cooperativity of proton diffusion and dynamical percolation
of the hydrogen bonded network may explain the conductivity
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Fig. 2 Ionic conductivities of different hydrocarbon molecules func-

tionalized with one or two phosphonic acid groups in the liquid state
as obtained by ac-impedance spectroscopy. The conductivities of
imidazole functionalized molecules'®'® and neat phosphonic acid'’
and imidazole? are shown for comparison.

data shown in Fig. 2: In the case of the imidazole functiona-
lized oligomers, the conductivity increases with increasing
spacer length only at low temperature. Above ca. room
temperature, this trend is reversed and the conductivities
diverge to an extent which can not be completely explained
by the reduced imidazole concentration with increasing spacer
length. In fact, for a fixed concentration of protonic charge
carriers (by defined doping with a strong acid), the conductiv-
ity, and therefore the mobility of protonic defects, is almost
completely controlled by 7, g.20 Therefore, the decreasing con-
ductivity with increasing spacer length is likely the result of
reduced self-dissociation. The proton conductivities of phos-
phonic acid based systems are generally higher because of their
significantly higher (about two orders of magnitude) degree of
self-dissociation. But apart from concentration effects (the
concentration of phosphonic acid decreases by a factor of
two from P-C3-P to P-C12-P), there must be other effects
reducing the conductivity. These are probably the reduced
connectivity among the phosphonic acid functions (percola-
tion) and an increasing cooperativity of proton diffusion with
increasing spacer length, i.e. increasing dilution of the phos-
phonic acid functions (Fig. 2). As can be seen from the
diffusion coefficient of the OH-protons Doy (average diffusion
coefficients of all protons exchanging between phosphonic
groups, Fig. 3), this is actually reduced to a lesser extent when
compared to the corresponding diffusion coefficient of liquid
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Fig. 3 Diffusion coefficients of the protons bond to phosphonic acid
of phosphonic acid functionallized hydrocarbons Doy and the corre-
sponding molecular diffusion coefficients Dcy (see also Fig. 1) as
obtained by site-selective PFG-NMR. The diffusion coefficients of
neat phosphonic acid'® are shown for comparison.

phosphonic acid, and for the series from P-C3-P to P-C12-P
this changes by only a factor of two. However, proton con-
ductivities gD calculated from these diffusion coefficients
(i.e. via the Nernst—FEinstein relationship as explained in detail
in ref. 16, Fig. 4) appear to be significantly higher than
the experimentally obtained conductivities corresponding to
Haven ratios (Dy/D, = op/oy+ ) which increase from a value
of 2.7 for P-C3-P to 8.9 for P-C12-P at 7" = 180 °C. This
indicates an increasing contribution to proton transport which
allows for fast diffusion, but avoids charge separation neces-
sary for proton conductivity. This phenomenon has already
been observed for imidazole based systems® and for neat
phosphonic acid,'® and it has been suggested that local order-
ing and a reduced dielectric constant are the main reasons for
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Fig. 4 Proton conductivities obtained from Doy values (see Fig. 3)
via the Nernst-Einstein relationship compared to measured conduc-
tivities (see Fig. 2) exp.
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this phenomenon. As a result, protons exchange their posi-
tions on closed trajectories in a cooperative way, which still
allows for proton diffusion but not for proton conductance. It
is worth noting that the relatively high proton conductivities
of P-Ph and P-C7 also reflect the relatively small Haven ratios
for these monofunctionalized molecules (Fig. 4).

In short, the reduction by an order in the conductivity of
P-C12-P compared to the conductivity of P-C3-P is ob-
viously the result of an increased cooperativity of proton
diffusion (factor 3.5), a reduced concentration of protonic
charge carriers (dilution effect, factor of 2) and some effect
of reduced percolation (factor of 1.5). It could also be that the
degree of self-dissociation is affected by the immobilisation.
This has not been examined yet, but the total immobilisation
effect appears to be more pronounced for phosphonic acid
compared to imidazole based systems.

The trends are similar for the conductivities of phosphonic
acid functionalized siloxanes which are also included in Fig. 5
55 showing the conductivity of soft covalently immobilised
phosphonic acids as a function of the phosphonic acid volume
fraction (for a given temperature (77 = 160 °C) and estimated
volume fractions assuming ideal mixing behaviour). The curve
roughly follows a power law with a rather high exponent of
around 4.5. It is worth noting that the decrease of the
conductivity in the PBI-H3;PO, system is even steeper with
an exponent close to 6.5, an effect which is not yet understood.
Obviously, the proton conductivity of both phosphonic acid
and phosphoric acid based systems are very sensitive to
dilution (dispersion) of the acid. For a given volume fraction,
the highest conductivities are observed for systems in which
the free aggregation of phosphonic acid is less constrained (see
conductivity of P-C7 in Fig. 5). According to the above
considerations, the aggregation of phosphonic acid in dipho-
sphonic acids may be constrained by ordering of the spacer
segments, and in the PBI-phosphoric acid system, the strong
interaction between the basic polymer and the phosphoric acid
may interfere with the hydrogen bonding between phosphoric
acid molecules (aggregation). To date, there is only a very
rough understanding of the proton conduction mechanism of
neat phosphonic acid'® and neat phosphoric acid:'* it is
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Fig.5 Conductivity of phosphonic acid (data from Fig. 2 and ref. 55)
and phosphoric acid containing polymers™ as a function of the acid
volume fraction for a given temperature (see text).

certainly dominated by structure diffusion, but details of the
mechanism are not yet known. The strong sensitivity towards
dilution, however, suggests that the elementary reactions
(conduction mechanism) are complex and involve the dy-
namics of a large number of molecules. The number of
molecules participating in the conduction process is most
likely larger than in the case of imidazole forming low dimen-
sional aggregates®® and probably even larger than in the case
of water, in which hydrogen bond rearrangements within the
second hydration shell of the hydronium ion determines
proton conduction.>”->

When it comes to obtaining high intrinsic proton conduc-
tivity in a fully immobilised phosphonic acid based polymer,
two major parameters therefore have to be kept in mind: (i) the
volume fraction of phosphonic acid has to be as high as
possible; and (ii) and constraints of phosphonic acid aggrega-
tion must be minimised.

Apart from achieving high proton conductivity, this also
appears to be advantageous for reducing condensation reac-
tions. Fig. 6 shows the conductivity of neat phosphonic acid,
heptyl-phosphonic acid and a phosphonated oligosiloxane in
the nominally dry state and under a water partial pressure of
pu,0 = 1 bar (10° Pa). Under the latter conditions and low
temperature, all materials contain excess water, and the con-
ductivity is definitely water based just like in hydrated sulfonic
acid based ionomers. At higher temperature, where the con-
ductivity curves cross, also the samples under 1 atm water
pressure are nominally dry, i.e. the corresponding temperature
may formally be considered the onset of condensation (we will
later show that free water and condensation products coexist
to some extent). For neat phosphonic acid, this temperature is
close to T = 160 °C, but it significantly decreases for lower
conducting compounds. Conductivity and stability towards
condensation, therefore, seem to be affected in a similar way.
The hypothesis that aggregation is also thermodynamically
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l 150 110
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Fig. 6 Conductivities of neat phosphonic acid, heptyl-phosphonic
acid P-C7'° and an oligosiloxane with alkane side chains terminated
by phosphonic acid functional groups®® in the nominally dry state and
under a water pressure of py o = 10° Pa (1 atm). The temperatures
where the corresponding conductivities equal, i.e. at which the samples
in pure water atmosphere are nominally dry are indicated (see text).
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stabilising the system is reasonable considering the pro-
nounced amphotericity of phosphonic acid: only in extended
hydrogen bonded aggregates, is the degree of self-dissociation
expected to be high and therefore contribute to an entropic
stabilisation.

3. The first steps towards polymeric systems
3.1. Proton conductivity in the dry state

Considering the above results on low molecular weight model
compounds, the strategy towards a full immobilisation of the
phosphonic acid functional group must be different from the
“spacer concept’ successfully applied to the immobilisation of
heterocycles. For the latter, comb-like architectures in which
the functional groups terminate relatively long soft side chains,
showed the highest conductivities: e.g. a main chain functio-
nalized vinyl imidazole is a brittle polymer with negligible
conductivities,”® while a polystyrene with imidazole termi-
nated alkane side chains showed the highest proton conduc-
tivities reported so far.??

The severe dilution associated with the application of long
spacers is however anticipated to be detrimental to the con-
ductivity of phosphonic acid based systems. Obtaining a very
high concentration of phosphonic acid functional groups,
which still aggregate in a relatively unconstrained way appears
to be the key challenge in making a polymer with high intrinsic
proton conductivity.

In fact, many phosphonic acid based ionomers prepared by
post-phosphonation of polymers have already been reported
(e.g. ref. 31, 36-38, 41-44). Except for very few cases,* such
reactions are rarely quantitative, and hence the resulting IECs
are low, and the reported conductivities are always water
based. Therefore, the method of choice to obtain high TEC
phosphonic acid functionalized polymers is the polymerisation
of phosphonated monomers.*®

We have been following such routes in order to obtain
polymers with extremely high concentrations of phosphonic
acid functional groups.

Poly(vinyl phosphonic acid), PVPA, of rather high molecu-
lar weight (62 000 g mol™!) was synthesised by free radical
polymerisation of vinyl phosphonic acids.* Freeze drying and
subsequent drying at 7 = 50 °C and p = 0.1 Pa (10> mbar)
for at least one week leads to nominally dry materials. We are
using the term “‘nominally dry” because the material contains
a significant amount of condensation products (30%) and a
corresponding amount of free water (0.15 H,O/PO3H,).®°

Poly (meta-phenylenephosphonic acid), PmPPA, in which
each ring has exactly one phosphonic acid functional group,
has been synthesised by nickel-catalysed reductive coupling of
phosphonated chlorides.®' Purification and freeze drying
results in a product, which we consider to be close to dry.

Poly(vinyl phosphonic acid) has actually the higher concen-
tration of phosphonic acid groups, but in contrast to poly
(meta-phenylene phosphonic acid) there is a pronounced
polyelectrolyte effect and only one proton per phosphonic
acid group is titratable.>® In the case of poly(meta-phenylene
phosphonic acid) both protons of the phosphonic function
may be titrated which corresponds to an IEC of >10 meq

g~ 1.%" In both polymers, the phosphonic functions are directly
attached to the main chain, but especially for meta connected
PmPPA the flexibility of the backbone and the lower concen-
tration of functional groups is anticipated to allow for rela-
tively free aggregation of the phosphonic acid functions.

Of course, the key test for the above described approach is the
conductivity measurement of nominally dry materials. Conduc-
tivities were recorded for as-prepared samples in closed con-
ductivity cells. Although the total composition does not change
under these conditions the concentration of free water and
condensation products may change with temperature. The
conductivity of nominally dry PVPA is actually relatively low
(Fig. 5 and 7) and the conductivity of PmPPA could hardly be
measured. Compared to the conductivity of dry, but soft
phosphonated oligo siloxanes, which show VTF like beha-
viour,™ the conductivity of dry PVPA is lower and of Arrhenius
type. Considering the fact that this material contains some
water (4 = 0.15 H,O/—PO3H, at room temperature), even this
low conductivity could be water based. Indeed, for a nominal
water content of 2 ~ 0.8 HyO/—POsH, the proton conductivity
is probably vehicular: PVPA in its potassium form (obtained by
ion exchange, using a column) has almost the same conductivity
as in its acid form, suggesting that the mobile species are K*
and H;0™", respectively (Fig. 7). Any contribution from struc-
ture diffusion would be much more affected by the introduction
of foreign cations into the hydrogen bond network.

In short, the very high concentrations of phosphonic acid
functions in PVPA and PmPPA do not lead to high intrinsic
proton conductivities. According to the discussion of the
conductivity of model compounds (see above), this observa-
tion suggests that immobilisation on main chains puts too
many constraints on the aggregation of the phosphonic group
and therefore severely reduces intrinsic proton conductivity.
To what extent cooperativity of proton diffusion contributes
to this conductivity reduction is not clear, because proton
diffusion data are not available yet.

T/°C
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101 T T T T T
siloxane  ®~
M
olz) |
si—of, \\ (1.~ 0.8 H,0)
(‘CHz)n
s 10% 1 pogon) 7
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e 10t / PVPA 7
PVPA (»~0.8H,0)
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10°% * 4
PO,H,
1076 | 1 1 | 1 | 1
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(1000T) / K

Fig. 7 Conductivity of PVPA in the nominally dry state and with a
water content of 4 = [H,0]/[-PO3;H;] ~0.8. The conductivity of a
K™ exchanged PVPA is also shown, and the conductivity of phos-
phonic acid functionalized siloxane® is shown for comparison.
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The results also indicate that the role of water has to be
more carefully considered for phosphonic acid based proton
conductors. Water is released in the condensation reaction of
phosphonic groups, and is present as solvation water just like
in the case of sulfonic acid based ionomers.

We have, therefore, determined both the water content (by
gravimetric measurements, Karl-Fischer titration and quanti-
tative analysis of 'H-NMR chemical shifts of P-OH/H,O
signals) and the degree of condensation of PVPA by analysing
3'P_.NMR signals originating from PO(OH), and P-O-P as a
function of the relative humidity.®® The amount of titratable
water expressed in terms of 4 = H,O/—PO3H, as a function of
relative humidity is shown for room temperature in Fig. 8. As
expected from the relatively low acidity of phosphonic acid,
there is no steep increase at low water activities as observed for
super-acidic sulfonic acid based ionomers, where hydration is
extremely exothermic for the absorption of the first (ca. 5)
water molecules.®? The shape of the hydration isotherm rather
suggest an entropic driving force (most probably osmosis).
Unfortunately, modelling of the curve is not yet possible,
because this requires the precise knowledge of the dissociation
“constant” as a function of the water content. The fact that
PVPA finally completely dissolves in liquid water suggests that

6 L J
T=300K ®

51 PvPA
o]
o
= 3
ON
z
o9

1 ® =

oo.. !.
| | L 1

1 1
05 06 07 08 09 10

RH
1.0
08} \\ .
T 06F .
o"’ titratable water content
o
= o04f AN j
ON
)
l 02 nominal water content ]
degree of condensation
0.0
02 L L L L
0.0 0.1 0.2 0.3 0.4 0.5
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Fig. 8 Hydration isotherm of PVPA as determined by Karl-Fischer
titration (above). The degree of condensation (expressed in terms of
water content) determined by NMR is additionally shown at the
bottom.*°

the material is very soft and osmotic pressure is only a minor
parameter in the chemical potential of water in the membrane.
It should also be noted that the water uptake at RH close to
the dew point (4 ~ 5) is small compared to the water uptake of
Nafion (1 ~ 14), but considering the extremely high IEC of
PVPA, this corresponds to a water volume fraction which is
about a factor of three higher than in Nafion. Of course, this
has implications for the water based conductivity, as will be
discussed later.

However prior to this discussion, we would like to draw
reader’s attention to conditions of relatively low humidifica-
tion. For relative humidity below about RH = 50% (at room
temperature), condensation products (P-O-P) become visible,
and these condensation products coexist with titratable water
down to a relative humidity of about RH = 8%, where the
degree of condensation is about 30% corresponding to 4 =
—0.15 [H,0]/[-POsH,] (Fig. 8). Therefore, the answer to the
question of the proton conduction mechanism of “dry”’ phos-
phonic acid based polymers is probably very complex. Also for
neat phosphoric acid®® and phosphonic acid condensation
products (e.g. diphosphoric acid) are coexisting with a corre-
sponding amount of hydronium ions (H;0 "), but because of
the dominance of structure diffusion, the conductivity con-
tribution from hydronium ions is probably negligible for these
systems.!*!> This may change for small amounts of extra
water (nominally wet samples), however this corresponds to
a situation which is worth investigating, but not having been
been examined so far.

3.2. Proton conductivity under humidifying conditions

The envisaged polymeric systems obviously show only very
small conductivity at low relative humidities, but the high
IECs may render possible high proton conductivity in the
hydrated state. Even for low numbers of A = [H,0]/
[-POsH,], i.e. low relative humidities, the total amount of
water may be high enough to produce high proton conductiv-
ity. As shown recently for highly sulfonated polysulfones,
apart from a high concentration of excess protons the main
effect of high IEC is to provide a good connectivity within the
hydrated hydrophilic domain also at low relative humidity.**
We have therefore measured the water uptake and the con-
ductivity of PmPPA and PVPA for a water pressure of py,0 =
10° Pa (1 atm) from about 7 = 110-160 °C corresponding to
relative humidities decreasing from about 70 to 15% (Fig. 9).
The conductivity of poly(meta-phenylene phosphonic acid),
the ionomer with the lower concentration of phosphonic acid
functions, is somewhat lower than that of PVPA. However for
the conductivity of this ionomer, there is a certain tendency to
level off with increasing temperature, which even indicates
some intrinsic conductivity (structure diffusion). While this
still has to be proven, the relatively low values of the water
based conductivities for both PmPPA and PVPA may be the
consequence of: (i) a relatively low degree of dissociation (note
that despite the high water content in these systems, the
number of water molecules per phosphonic function is low,
<1, see Fig. 9); and (ii) the interaction of the water with the
phosphonic group, which definitely reduces the water diffusion
coefficient, in a similar way as is the case for sulfonic acid
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temperature of Nafion® and a functionalized oligosiloxane™ is shown
for comparison. The effect of fluorination is demonstrated by the
conductivities of heptyl-phosphonic acid and its fluorinated analogue.
Hydration isobars of PVPA and PmPPA obtained by TGA are shown
at the bottom. Note that the absolute water content of PVPA is well
determined,®® while there is some uncertainty in the absolute values for
PmPPA.

based ionomers.®® But conductivity is still higher than for
oligosiloxanes in the hydrated state.*

As to a possible application of phosphonic acid based
systems in PEM fuel cells, the comparison with the conduc-
tivity of Nafion is interesting. This is definitely higher than the
ones of phosphonic acid based systems for the given water
partial pressure (pu,0 = 1 atm) and temperatures just above
T = 100 °C, but the conductivity of Nafion decreases more
steeply (Fig. 9), which is probably a consequence of the
significantly lower density of acidic sites (IEC) reducing the
connectivity within the hydrated domain at low degrees of
hydration. Therefore, the conductivity of some phosphonic
acid based systems, which decreases less with temperature,
exceeds that of Nafion at temperatures above 7' = 150 °C
(Fig. 9). While this may be a certain advantage for high
temperature low humidity operation, the conductivity at low
temperature and high relative humidities is significantly lower
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Fig. 10 Room temperature conductivity of PVPA as a function of its
water content 4 = [H,O]/[—PO;H,]. The conductivities of Nafion and
a sulfonated poly(arylene ether ketone)® are shown for comparison.

than for sulfonic acid functionalized systems. The room
temperature conductivity of PVPA is actually quite high for
a given value of 4 = [H,O0]/[-POsH,] (Fig. 10), but for a given
relative humidity (for the relation between 4 and RH see Fig.
8) or water volume fraction, the conductivities are indeed low.

For the appearance of intrinsic proton conductivity, the
amphoteric character of the phosphonic acid function is
essential (see Introduction), but when it comes to water based
conductivity an increase in acidity will increase the hydrophi-
licity and hence the conductivity. Phosphonic acid is signifi-
canly less acidic (higher pK,) than the commonly used sulfonic
acid, and increase of the acidity is therefore expected to
increase both the water uptake and concentration of released
protons. We have therefore prepared the fluorinated variety of
P-C7 and determined the proton conductivity under hydrous
conditions (Fig. 9). Indeed, compared to the hydrocarbon
variety, the conductivity is higher, but it should also be noted
that there is some indication of reduced hydrolytic stability for
this particular compound.

4. Conclusions and outlook

Designing a phosphonic acid functionalized polymer with high
intrinsic proton conductivity (conductivity in the nominally
dry state) requires a high concentration of functional groups
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which are free to aggregate with only minor constraints. This
is the major conclusion of a study on model compounds, i.e.
alkane segments terminated by one or two phosphonic acid
functions. The ‘“‘spacer concept”” which had been proven
successful in supporting dynamical aggregation within hetero-
cycle functionalized systems appears to fail for phosphonic
acid based systems. The dilution of functional groups asso-
ciated with the tethering of phosphonic acids to some back-
bone via long, flexible spacers is anticipated to be detrimental
to high proton conductivity. However, also for polymers in
which the phosphonic groups are covalently connected to the
main chain (at least for those presented in this study) the
signatures of intrinsic proton conductivity are also quite small
(about 107> S em™! at 150 °C in the case of poly(meta-
phenylene phosphonic acid)). Obviously, high proton conduc-
tivity requires the formation of very “bulky” aggregates of
phosphonic acid, which is difficult to achieve in fully polymeric
systems. Aggregation also seems to be favourable in minimis-
ing condensation reactions, which are also detrimental to
proton conductivity. It is worth mentioning that some con-
densation products and aqueous species (e.g. H;O ™) always
coexist in phosphonic acid functionalized polymers.

We, therefore, conclude that covalent immobilisation stra-
tegies are probably not compatible with achieving the very
high proton conductivities required for the successful applica-
tion of such materials as electrolyte in PEM fuel cells at
intermediate temperature and quasi dry conditions (¢ >
51072 S cm ' at T ~ 120-160 °C).

However, the very high ion exchange capacities (IEC)
achievable for phosphonic ionomers compared to sulfonic
ionomers renders possible interesting proton conductivities
at high temperature and some humidification. The relatively
weak acidity of the phosphonic acid function may be increased
by fluorination of the polymer segments next to the phospho-
nic group. This appears to lead to higher conductivities,
probably as a consequence of both a higher water uptake
and a higher degree of dissociation under hydrous conditions.
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