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Meeting the world’s growing demand for energy without 

contributing to the emergent problem of anthropogenic 

climate change requires the use of renewable, carbon-

free energy sources which in turn are contingent on 

advances in materials science.  A newly synthesized 

statistical co-polymer of vinylidene fluoride, 

hexafluoropropylene and phenylphosphonic acid 

functionalized hexafluoropropylene (PolyPPA) shows 

potential for use as a polymer electrolyte membrane 

(PEM) in a variety of green-energy applications including 

proton pumps, flow batteries and high temperature-low 

relative humidity fuel cells.  Preliminary testing of PolyPPA 

samples synthesized using a high molecular weight and 

low molecular weight feedstock show comparable 

conductivity, thermal stability and water uptake.  Both high 

and low molecular weight PolyPPA exhibit minimal water 

uptake, are thermally stable to 160 °C, contain tightly 

bound water and exhibit low but measurable conductivity 

with best relative performance in high temperature and 

low relative humidity conditions.  Despite a relatively low 

conductivity, the absence of liquid acid and the thermal 

stability suggests possible high temperature and high 

pressure applications.  Future work needs to be 

conducted to determine how the degree of 

phenylphosphonic acid functionalization affects the 

conductivity and mechanical properties to determine an 

optimal formulation to minimize area specific resistance. 

Abstract 

The PolyPPA is synthesized via a three step process 

which first creates a precursor to the phenylphosphonic 

acid group, secondly attaches it to the co-polymer 

backbone and thirdly acidifies the functional group.  Both 

high and low molecular weight (MW) polymers are stable 

in air and water.  The low and high MW PolyPPAs had  

ion exchange capacities (IECs) of 3.1 and of 3.5 mmol 

H+/g polymer respectively, as measured by back titration 

with NaOH. 

Chemistry 

Thermal stability of the high and low MW PolyPPAs was 

evaluated using differential scanning calorimetry (DSC) 

and thermal gravimetric analysis (TGA).   

 

Thermal Stability Water Uptake 

Conductivity measurements of high and low MW PolyPPA 

membranes show typical behavior of increasing 

conductivity with increasing temperature and relative 

humidity (RH) (Fig. 5).   

 

High and low MW PolyPPA exhibit similar conductivity 

within measurement uncertainty as evidenced by how 

closely the surface plots overlap (Fig. 5). 

Conductivity 

PolyPPA shows promise as a PEM, particularly for high 

temperature, low RH and high pressure environments.  It 

is likely that the low WU and relatively weak acidic  nature 

of the PPA cause the VTF behavior of the ions. Despite 

relatively low conductivity, characteristics including 

thermal stability up to 160 °C, minimal WU, the absence of 

liquid acid and stability in air and water make PolyPPA 

advantageous for potential applications in flow batteries, 

proton pumps for H2 generation and high temperature-low 

RH fuel cells. 

To further understand PolyPPA, morphology and transport 

behavior analyses should be performed using NMR and 

FTIR spectroscopy. 

 

Optimization trials should be conducted by manipulating 

the degree of PPA functionalization as measured by IEC 

and measuring resultant conductivity and mechanics with 

the goal of minimizing area specific resistance. 
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DSC measurements exhibited a solid-state transition 

between 47 and 60 °C and no hysteresis over 

measurement range (Fig. 3).  High and low MW PolyPPA 

exhibit similar behavior within just a few °C. 

Figure 7: WU is measured as the number of water molecules per 

available proton ,as measured by IEC.  DVS was measured using the 

DVS Advantage, a dynamic vapor sorption instrument.  

Measurements were conducted at equilibrium over two cycles from 0 

to 95% RH at a constant 60°C. 

TGA measurements show the loss of loosely bound water 

[1], ~1% mass loss, with an onset temperature of ~63 °C 

(Fig. 4).  There is a loss of tightly bound water and 

anhydride formation [2], ~ 4% mass loss, with an onset 

temperature of 160 °C.  A two-step cleaving of the PPA  

functional group from the co-polymer backbone[3] is 

evident at ~270 °C with a ~26% mass loss.   

 

High and low MW PolyPPAs exhibited similar behavior 

within just a few °C.   Behavior in air and in nitrogen 

atmospheres were comparable until ~350 °C (Fig. 4). 

Figure 3: Thermogram of  High MW PolyPPA.  Samples were cycled twice between -

40°C and 110°C and twice between -40°C and 160°C at a heating rate of  10°C/min 

and a cooling rate of 40°C/min.  Inflection points for each set of 2 cycles are shown.  

Measurements were conducted on a TA Instruments Q20 DSC. 

Figure 1: Membranes of PolyPPA.  

Low MW on left and high MW on 

right. 

Figure 2: Chemical structure of PolyPPA.  The 

ratio of m:n is known to be 78:22 from 

synthesis.  TGA analysis suggests x values of 

16 to 19. 

Figure 4: TGA of  high MW PolyPPA.  Each sample was heated from room temperature 

to 800°C at a rate of 10°C/min.  The first three mass loss events are highlighted with 

arrows indicating onset temperatures.  Measurements were conducted on a TA 

Instruments Q500 TGA. 

Figure 5: Surface plot of the log of the conductivity for high (red) and low (blue) MW 

PolyPPA as a function of both RH and the inverse of the temperature. Conductivity for 

was determined using cyclic voltammetry (CV) on EC Laboratories software.  

Temperature and RH were controlled in a TestEquity H1000 oven for surface plots.  

Isolated data points were collected using BekkTech instrument at a constant dew point 

of 93%.  For all tests membranes were held in four electrode test cells with platinum 

electrodes. 

 

Figure 6: Arrhenius plot for high and low MW PolyPPA at RH 50%.  Conductivity was 

determined using cyclic voltammetry (CV) on EC Laboratories software.  Temperature 

and RH were controlled in a TestEquity H1000 oven.  Membranes were held in four 

electrode test cells with platinum electrodes. 

The plot of temperature (°C) vs. conductivity (S/cm) on a 

log10 scale for both high and low MW PolyPPA fails to show 

an approximately linear relationship indicating that PolyPPA 

does not exhibit Arrhenius behavior (Fig. 6).   Instead the 

arc of the plot suggests VTF behavior, meaning the ions 

move in a similar manner to a polymer. 

Dynamic vapor sorption (DVS) measurements were made 

for the high and low MW PolyPPA and used in conjunction 

with IEC values to calculate water uptake (WU). The 

PolyPPA exhibits minimal WU even at high RH values and 

liquid water submersion (Fig. 7).  Because PolyPPA is 

weakly acidic the effective WU is ~2x the stated values. 

1 2 3 


