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ABSTRACT 

The demand for a sustainable energy economy requires the development of new solid 

stare electrochemical energy conversion devices.  Ionic membranes are the bases for most of 

these devices. Solid super acids based on zirconium phosphonates show great promise for 

development into these membranes. Copolymers of vinyl phosphonic acid with zirconium vinyl 

phosphonate have been synthesized via UV free radical polymerization from immiscible 

mixtures into amorphous, transparent, water stable, flexible membranes. Ion exchange capacities 

range from 6 to 10 meq/g corresponding to equivalent weights well below 200 g/mol. A 20wt% 

loading of the VZP co-monomer is XRD amorphous.  It is shown that 1.5 of the 2 protons in the 

beginning acidic groups are dissociated in the 20wt% VZP loaded ionomer allowing these 

materials to have high proton conductivities, up to and exceeding 0.1 S cm-1 at 80°C and 

80%RH. Water uptake measurements show very little swelling of the material below 70%RH 

and ca. 1 water per proton at low RH. Proton conductivity under dry conditions, roughly 0.05 S 

cm-1 with a lambda < 1, indicates that the material conducts protons under limiting hydration 

conditions and strongly implicates transport by a pure Grotthuss mechanism. Through this work, 

it has been demonstrated that zirconium vinyl phosphonate can, in fact, be dispersed and 

incorporated into a polymer to create new, hybrid organic-inorganic ionomers. High 

conductivities over 0.15 S/cm have been shown for multiple formulations of these ionomers, 

which is approaching conductivities that are comparable to liquid and molten phosphoric and 

phosphonic acids. Phosphonic acid functionalization yielded high proton conductivities, however 

the increased ionic character rendered the ionomer vulnerable to attack from water. Annealing 

provides a rise in conductivity at 150oC, but shows decreases after heating to 175oC, where the 

ionomer is obviously starting to degrade. 
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1  
INTRODUCTION 

It is generally accepted that as a society, we need to change our energy use towards an 

economy of renewable energy to achieve a sustainable planet. To achieve this we will need to 

implement a diverse portfolio of renewable resources such as solar, wind and biomass to create 

electricity and liquid fuels. One of the keys in developing this renewable energy economy as 

shown in Figure 1.1 is in ionic energy conversion devices utilizing ionomers including batteries, 

fuel cells, electrolyzers and even water purification membranes. Unfortunately, for these devices 

one of the performance-limiting factor is the ionic transport across the ion separator. 

There are two main differences between the ionic devices described above. First is the 

ion which is being transported, generally with the larger ion, the slower the transport. Second is 

the operating environment (i.e. temperature, pressure etc) of the device, which varies greatly 

with application. Fuel cells and electrolyzers are basically the same device, either oxygen and 

hydrogen (or other fuel) are fed and converted to electricity and water, or water and electricity 

are used to make oxygen and hydrogen (or some other hydrocarbon fuel), with the transported 

ion being a proton in many low temperature devices. It is for this reason that ion transport and 

related materials will be examined below in the context of fuel cell applications. 

1.1 Fuel Cells and Ionic Transport 

Fuel cells offer a very promising energy conversion device that allows for the conversion 

of a renewable fuel such as hydrogen or methanol into usable electrical energy1.  The main 

benefit of the fuel cell over an internal combustion engine is the ability of a fuel cell to 

theoretically surpass the carnot efficiency to create a more efficient energy conversion device, 

meaning less fuel input for the same energy output. Fuel cell technology is not quite to the 

standard that is needed to implements large scale production.  One of the main limitations to high 
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performance in a fuel cell is fast ionic transport through the membrane of the fuel cell, most 

especially at high temperature (>110oC) and low relative humidity (RH, ≤50%).  There are a 

multitude of reasons to improve fuel cell performance for higher temperatures and lower RH.  

For the case of fuel cells, higher operating temperature allows for decreased CO poisoning of the 

electrodes allowing for less pure and less expensive fuel, 2,3-5 the use of current radiator 

technology in vehicle applications, and the possibility to use carbon-containing fuels directly in 

the fuel cell. Unfortunately, current materials have problems meeting desired goals.6, 7  Currently, 

Nafion™ is recognized as the industry standard proton exchange membrane. Nafion™ is a 

perfluorosulfonic acid (PFSA) polymer membrane.  In a simplified view, the fluorination of a 

polymer increases its chemical resistance while the sulfonic acid arranges into proton-conducting 

regions.  However, Nafion™ must be fully hydrated to conduct protons, which is why the ionic 

conductivity decreases significantly above 100oC, unless the cell is pressurized.   

Improving conductivity in membrane materials at higher temperature and low RH 

requires modification of polymer systems, making composites or even finding new polymer 

systems.  Reviews on different methodologies and materials being explored have been 

published8, 9.  Attempts to improve Nafion™ conductivity has led to lower equivalent weight 

(EW) polymers, meaning more acidic groups in the polymers. Also, the formation of composite 

membranes that increase the water uptake at higher temperatures or increase the ionic 

conductivity generally via solid super-acids such as heteropoly acids and zirconium 

phosphonates.  However, a recent review of literature still shows that the ionic conductivity is 

still not acceptable at high temperature and low RH or for long operation times where any 

cycling of conditions occurs which leads to membrane degradation10, 11.   
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A quick review of recently studied competing polymer systems to PFSA includes 

phosphonic acid based polymers, fluoropolymers, sulfonated polymers, polybenzimidazoles and 

others detailed below.  Composite materials utilizing silicas and other hydrophilic metal oxides, 

super acids such as heteropolyacids and phosphonates, and many other fillers that may, or may 

not help the ionic conductivity.  With all of these research areas, it is clear that there is not one 

solution, and most research is trending towards more complex systems combining ionomers and 

composite materials in every way possible.  Part of the reason for this is the multitude of possible 

applications for electrochemical membrane devices such as gas sensors, water filters, membrane 

reactors, batteries, fuel cells and many others. 

For fuel cells, the main trend seems to be to attach as many and as strong of acidic groups 

to a polymer as possible while keeping mechanical integrity and not just making an ionic 

conducting powder or gel.  Attachment of the acidic groups to a polymer allows for the 

possibility of structuring the functional groups to a nano-scale structure.  Incorporation can be as 

a nano-composite with no ionic attachment to the polymer, or attachment to the polymer in a side 

chain, pendant group or on the backbone of the polymer.   

Within this extensive field, most focus has been on sulfonated and fluorinated polymers.  

Phosphonic acid modified polymers have seen much less focus.  Recently, simple polymers such 

as polyvinylphosphonic acid have just been characterized for microstructure and electrochemical 

use even though water is a solvent for the polymer.12-14  This will lead to major swelling 

problems in a fuel cell set-up.  Despite this downfall, the proton conductivity is quite high above 

100oC.12  Different problem mitigation strategies have been used to stabilize the membrane and 

increase performance.15  One way is to crosslink the polymer so that the covalent bonds hold the 

membrane more securely together when humidified.  Another way is to modify the polymer with 
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different functional groups or to make a co-polymer and blend properties of different materials.16, 

17  Yet another way is to make a composite membrane with composite particles that reinforce the 

polymer.  However, if the right composite particle is chosen, it may be able to perform more than 

one of the routes to a better performing polymer.  In other words, if a filler “particle” were 

chosen that created a super acid to increase conductivity while acting as a crosslinking agent in a 

homopolymer to create a better copolymer, then this composite material could act 

synergistically.  

1.2 Ionic Polymeric Membrane Separators 

Ionomers are polymers that exhibit unique properties due to the microphase separation 

between a hydrophilic phase and a hydrophobic phase. Many composite ionomers have been 

fabricated by the mixing of ceramic particles with organic polymers.4, 8, 18, 19 However, many of 

the results of these studies have been unsatisfactory due to the inability to truly create a nano-

dispersion of the inorganic material in the organic polymer.  Materials that achieve the true 

blending of the properties of an organic ductile polymer and a hard ceramic have huge potential 

applications, as they would naturally extend the operating conditions of such ionomeric materials 

into hotter and drier regimes.  

A goal of ionomer research is to develop proton-conducting films that need minimum or 

no water to facilitate practical proton conductivities, thus reducing the complexity of the balance 

of systems in the fuel cell device.  

Many ionomers have been based on composites between inorganic-organic materials 

intended for fuel cells that are designed for hotter and drier operating conditions than can now be 

achieved.2, 7, 8, 18-22 The inorganic component is designed to either retain water to higher 

temperatures than would be possible in the parent polymer18, 19, 23 or are super acidic moieties22, 
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24-26 that are intended to further dissociate the protons in the material.  Two super acidic additives 

that are known to improve conductivity are the heteropolyacids and the various functionalized 

zirconium phosphonates. 18 Modification of phosphonates with zirconium has been shown to 

polarize the acid group enough to lower the activation energy of proton dissociation resulting in 

increased proton mobility.27, 28  

Polymers can have properties that allow for the synthesis of strong, flexible membranes 

that can have functionality that allows for solid-state ion transport at moderate conditions.18 

Ceramics can allow solid-state ion transport, but generally at higher temperatures through 

different mechanisms than polymers.29 Proton mobility at low temperature is generally directly 

related to the amount of water present in the system.  Proton transport in liquid water is much 

faster than can be explained by a simple vehicle mechanism30 and so a proton hopping Grotthuss 

model must also be invoked. Through the vehicle mechanism, protons move through the system 

with associated protons as either Eigen or Zundel ions. The proton hopping Grotthuss 

mechanism can be through different protogenic sites, such as water in an acidic environment or 

through structural diffusion if the proper hydrogen bonded network is available. However, 

achieving pure Grotthuss hopping in an anhydrous environment is possible, but to date only very 

low proton conductivities have been demonstrated in phosphonic acid based systems.14, 17, 31 

Polymerized ionic liquids exhibit high proton conductivity due to increased motion and a 

rise in vehicle mechanism transport.  However, even the best ionic liquids still exhibit proton 

conductivities of 10-2 S cm-1, below desired levels.32 
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1.3 Ionomer Families 

Many different classes or families of ionomers have been investigated as described 

below. These ionomers show promise for modification into economically viable ionic 

membranes. Most will only be briefly discussed. 

1.3.1 Perfluorosulfonic Acids (PFSA) 

The most widely used ionomers are the Perfluorosulfonic acid (PFSA) membranes such 

as Nafion®, Aquivion® and the 3M ionomer and is illustrated in its generic form in Figure 1.2.  

PFSA’s must absorb a lot of water to facilitate practical proton transport. At hotter (>100oC) and 

drier operating conditions PFSA’s exhibit greatly limited proton transport.10, 33  The lowering of 

ionic conductivity is observed at low humidification due to water clusters becoming 

disconnected resulting in decreased vehicle mechanism proton mobility in PFSA’s.   

1.3.2 Polybenzimidazole (PBI) 

PBI is illustrated in Figure 1.3. PBI is another ionomer that is used for fuel cell use. It has 

been doped with phosphoric acid and demonstrated quite high ionic conductivity, however, it is 

not stable to water since PBI is generally doped with phosphoric or functionalized with 

phosphonic or sulfonic acid. 

1.3.3 Sulfonic Acid Polymers 

A large number of polymeric systems with sulfonic acids have been proposed using the 

functional group shown in Figure 1.4.  These include several highly sulfonated materials that 

have extraordinarily high proton conductivities at hotter and drier conditions.15, 34 Unfortunately 

these materials lie at the border of extreme swelling and come close to dissolving in liquid water. 

While high conductivity can be high under high hydration levels, the proton transport mechanism 
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still suffers from the fact that water needs to be tightly bound in the membrane under high 

temperature to facilitate proton transport over a long range. 

1.3.4 Phosphorous Acid  

Phosphoric acid has long held interest for a fuel cell electrolyte and phosphoric acid fuel 

cells have long been demonstrated, such as the famed use in the space program dating back to the 

1960’s.  Two phosphorous acid functionalities commonly used in ionomers are presented in 

Figure 1.5. It has been shown that high proton conductivities can be achieved in phosphoric acid 

incorporated into polybenzimidzole.35  This electrolyte suffers from the fact that it is water-

soluble and that the activation energy for proton transport is quite high only allowing the devices 

to be practical at or above 165ºC. 

The derivatives of phosphonic acid are quite intriguing from the point of view of 

anhydrous proton transport.  Indeed certain perfluorinated derivatives of phosphonic acid exhibit 

the highest anhydrous proton conductivities known.   However, when these moieties were 

incorporated into a membrane, their proton conductivities observed where several orders of 

magnitude lower.  Even the addition of only a short side chain from C1 to C4 length reduces the 

ionic conductivity by an order of magnitude.36 Phosphonic acid itself exhibits high anhydrous 

proton conductivity but again polyvinylphosphonic acid exhibits low, but well understood 

anhydrous proton conduction14, 37 Proton conduction happens through a hydrogen bonded 

network, where the oxygen in the phosphonic acid can act as both a proton donor and a proton 

acceptor. In order to have long-range transport occur, this network of hydrogen bonds have long 

range order. It is concluded that these systems could not make practical solid-state ionomers.15  

However, phosphonic acid does not fully ionize both acidic hydrogen sites without 

modification.  Evaluation of the pKa for phosphoric versus sulfuric acids shows that all the 
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mobile protons in sulfuric acid have a higher dissociation constant than for the first mobile 

proton in phosphoric acid.38 Polyvinylphosphonic acid behaves in a manner where only one 

proton dissociates.31 Despite only one mobile proton per acid group, the equivalent weight (EW) 

is extremely low, just above 100.  Typically, PFSA type polymers have an EW of about 800-

1100. 

1.4 Zirconium Phosphonate as a Proton Conductor 

Phosphonic acids have been combined with different metals such as Ag, Cu, Co, Ni, Cr, 

Zr and others.39 The addition of zirconium(IV) to phosphonic acid can be used to make a 

zirconium phosphonate solid acid.  There are many different forms of zirconium phosphonate.  

In its most basic form, zirconium phosphonate (ZrP) can be amorphous or have different 

crystalline phases40.  The majority of past work has focused on layered crystalline ZrP.  The a-

ZrP was first characterized in 197827.  The phosphate-phosphonate field has a broad research 

focus including different uses such as catalysis,41, 42 heavy metal contaminant determination and 

removal from water,43, 44 gas sensors,45, 46 gel electrolytes,47  fuel cell membranes,48 and other 

uses.49, 50 High ion exchange capacity (IEC) of materials based on zirconium and copper 

phosphates have long been used in the separations industry as use for processes such as fuel 

cleanup catalysts42 to trap selected ions. Similarly, hydrated Zr(HPO4)2 and hydrated Ti(HPO4) 

have been used for uranium recovery.44 The medical field benefits greatly from making 

biocompatible scaffolds out of calcium phosphate ceramics and biocompatible polymers to 

promote growth of artificial bone.51 Biocompatibility of certain phosphates along with proper 

degradation kinetics allow for medical field uses.  Another use in the medical field is dialysis 

processes.52 Dialysis works through exchange of toxins in the body for ions that are not harmful.  

Zirconium phosphate has been demonstrated to be beneficial in this process in conjunction with 
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urease and zirconium oxide to remove toxins from the body due to renal failure. Gas sensor 

technology is currently limited to mainly high temperature through use of a ceramic material 

such as zirconia. This is one example of modifying the high thermal activation of a ceramic 

towards the benefits of a polymer, where the use of composites containing layered a-zirconium 

phosphate and phosphonates lowers the operating temperature via lower thermal ionic 

activation.45 Another type of ionic membrane use is in lithium-ion battery research, where 

resistance to flammability due to the high phosphorous content in the form of fluorinated alkyl 

phosphates is exploited.53 

Zirconium phosphonate particles have been thoroughly studied for incorporation in 

nanocomposites since their crystalline layered structure is analogous to smectite clays first used 

to make nanocomposites by Toyota.  Basic synthesis schematic is shown in Figure 1.6. 

Modifications of zirconium phosphonate systems are quite numerous, and many advances are 

still possible. Early modifications began by making different crystalline structures54, 55 and then 

advanced to nanostructuring of layered particles and shape control such as pillared phosphates 

and phosphonates.56  While this work progressed, other characteristics of these particles were 

exploited.  Formation of colloidal dispersions and gels allowed for the ability of nanocomposites 

to be produced.57  These nanocomposites will be discussed in more detail later.  Currently, these 

same areas still see some of the same research on more complex functionalized phosphonates.58  

Part of the reason for colloidal formation is due to the many different functional groups 

that can be added to the phosphates and phosphonates. Examples of this include mainly addition 

of sulfonated and organic functionalities.  Some of the sulfonated ZrP also include different 

organic24, 25, 59-61 or other polymer compatible functionalities such as PEEK.62  Most of the 

sulfonated polymers are various modifications of sulfophenylphosphonates.25, 63  For non-
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sulfonated ZrP systems, it is also easy to attach organic groups.  This was realized early on with 

the attachment of ether,64 imine,64 and alkyl55 groups among others.65 

With all of these developments it was natural to move into making nanocomposites.  This 

is evident by the patents that have been filed on the preparation of nanocomposites.59, 66  Some 

work has been done on exfoliating layered particles into a polymer.60, 67-69  It seems like some of 

the fuel cell related focus was based on using these particles in Nafion® to make a membrane.5, 

20, 70  the addition of ZrP to Nafion® improved the proton conductivity.  Other fuel cell examples 

include using a sPEEK/ZrP based direct methanol fuel cell (DMFC) membrane.71 

The next logical step to more tightly incorporate the nanoparticles into the membrane is 

to actually incorporate them into the polymer by attaching them as a side-chain group or right 

into the backbone.   This has been accomplished with vinyl69, 72 and methyl methacrylate67 

functionalities among others.50, 73, 74  Copolymerization with epoxy69 and styrene72 have been 

accomplished among other copolymers.67, 73  However, there is no mention of making a 

membrane from a copolymer of VPA and VZP.  In effect this is just a stabilization of VPA with 

zirconium acting as not only a crosslinkeing agent that improves mechanical and chemical 

resistance as well as makes the membrane resistant to humidity compared to VPA, as shown in 

Figure 1.7.  The Zr also forms a phosphonate structure which improves the proton conductivity 

of the membrane over VPA.  This is especially apparent when humidified possibly due to proton 

transfer from structural diffusion in the confined phosphonic acid regions similar to fused 

phosphoric acid confirmed by NMR studies37 and from having the vehicle mechanism30 from 

protons being transported as hydronium ions or larger. 
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1.5 Thesis Statement 

In the present study a copolymer of vinyl phosphonic acid (VPA) and vinyl-

functionalized zirconium phosphonate (VZP) shows a move towards finding a material that 

accomplishes the blending of the two very dissimilar classes of materials into a continuous, 

cross-linked copolymer. The main goal is to expand the understanding of ionic transport in solid-

state phosphonic acid based ionomers. 

1.5.1 Hypothesis 

We propose a novel ionomer can be made through the stabilization of 

polyvinylphosphonic acid by crosslinking the pVPA with zirconium, through a zirconium 

phosphonate/vinylphosphonic acid copolymer. It is postulated that the zirconium will polarize 

the phosphonic acid group, increasing the mobility of the acidic protons, effectively facilitating 

selective ionic transport through a membrane. It is hypothesized that these materials would be 

good candidates for use at elevated temperatures and low humidity due to the high phosphorous 

loading increasing chemical stability of the ionomer and the ability to have structural diffusion of 

protons through certain phosphorous acid structures. 

It is also hypothesized that increases to the conductivity of the ionomer can also be 

affected by not only the strength of the acidic sites, but also by increasing the overall number of 

acidic sites. By functionalizing the zirconium phosphonate with phosphonic acid, it is postulated 

that the ionic conductivity will be increased over the parent ionomer. This increase in ionic 

nature of the ionomer could compromise the structural integrity of the ionomer, so these effects 

will need to be evaluated to determine feasibility of use in ionic devices. 

It will be shown in this thesis that I have recently developed a novel polymeric system 

that effectively combines the properties of a polymer and a ceramic.  This system is vinyl 
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phosphonic acid (VPA) copolymerized with vinyl-functionalized zirconium phosphonate (VZP).  

The resulting copolymer membrane is clear and flexible upon synthesis. This copolymer is 

mostly inorganic, has very high proton conductivity, and has high thermal stability in 

comparison with PFSA ionomers.  A major benefit of this material is the high ionic conductivity 

that is exhibited.  Here we show for the first time that a zirconium phosphonate can be truly 

nano-dispersed in a polyvinylphosphonic acid matrix through functionalization with a vinyl 

group and co-polymerization. In addition, amongst a number of unique features, these materials 

exhibit unexpectedly high proton conductivities under dry conditions. The main drawback of this 

material is that there needs to be a modification of the material in order to access the full 

capability of the ionic transport properties.  The project presented below will answer some 

questions related to solid-state ionic transport while developing new, high performing ionomeric 

systems. 
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Figure 1.1. Simplified vision of renewable energy integration.  Ionic devices are used in 
converting excess energy into fuels through electrolyzers, converting fuels into energy through 
fuel cells and are used in storing and utilizing energy through batteries. 
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Figure 1.2. Perfluorosulfonic acid generic polymer. 
 

 

Figure 1.3. Poly(benzimidazole) aromatic based ionomer. 
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Figure 1.4. Sulfonic acid functional group. 

 

P

O

HO

OH

OHP

O

HO

OH

OH P OHO

OH

P O

R

HO

OH

A B  

Figure 1.5. Phosphoric acid (A) and phosphonic acid (B). 



 21 

P OHO

OH

P O

R

HO

OH

Zr
ClCl

O
R

P

O

O
O

Zr

Zr

Zr

+ HCl
 

Figure 1.6. Generic zirconium phosphonate synthesis. 
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2  
A HYBRID ORGANIC/INORGANIC IONOMER FROM THE COPOLYMERIZATION 

OF VINYL PHOSPHONIC ACID AND ZIRCONIUM VINYL PHOSPHONATE 

Published in Macromolecules 

Gregory J. Schlichting,A James L. Horan,A Jeri D. Jessop, A Sarah E. Nelson, A Sönke 

Seifert,B Yuan Yang,C and Andrew M. Herring A, D, E 

2.1 Abstract 

Copolymers of vinyl phosphonic acid with zirconium vinyl phosphonate have been 

synthesized via free radical polymerization from immiscible mixtures into amorphous, 

transparent, water stable, flexible membranes. Ion exchange capacities range from 6 to 10 meq/g 

corresponding to equivalent weights well below 200 g/mol. A 20wt% loading of the vinyl 

zirconium phosphonate co-monomer is XRD amorphous.  It is shown that 1.5 of the 2 protons in 

the beginning acidic groups are dissociated in the 20wt% VZP loaded ionomer allowing these 

materials to have high proton conductivities, up to and exceeding 0.1 S cm-1 at 80°C and 

80%RH. Water uptake measurements show very little swelling of the material below 70%RH 

and ca. 1 water per proton at low RH. Proton conductivity under dry conditions, roughly 0.05 S 
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cm-1 with a lambda < 1, indicates that the material conducts protons under limiting hydration 

conditions and strongly implicates transport by a pure Grotthuss mechanism.  

2.2 Introduction 

The demand for a sustainable energy economy requires the development of new solid 

stare electrochemical energy conversion devices.  At the heart of all of these devices is a 

membrane separator or ionomer.  Ionomers are polymers that exhibit unique properties due to the 

micro-phase separation between a hydrophilic phase and a hydrophobic phase. Many composite 

ionomers have been fabricated by the mixing of ceramic particles with organic polymers.1-4 

However, many of the results of these studies have been highly unsatisfactory due to the inability 

to truly create a nano-dispersion of the inorganic material in the organic polymer.  Materials that 

achieve the true blending of the properties of an organic ductile polymer and a hard ceramic have 

huge potential applications, as they would naturally extend the operating conditions of such 

ionomeric materials into hotter and drier regimes. This would have benefits in such diverse 

applications as fuel cells, electrolyzers, ionic batteries, separators, and sensors.5 Here we show 

for the first time that a zirconium phosphonate can be truly nano-dispersed in a 

polyvinylphosphonic acid matrix through functionalization with a vinyl group and co-

polymerization. In addition, amongst a number of unique features, these materials exhibit 

unexpectedly high proton conductivities under dry conditions.   

One goal of ionomer research is to develop proton conducting films that need minimum 

or no water to facilitate practical proton conductivities. Higher temperature is desired for many 

reasons.  For the case of fuel cells the benefits of decreased CO poisoning of the electrodes 

allows for less pure and less-expensive hydrogen fuel,3, 6-9 the easy rejection of heat through the 
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use of current radiator technology, and system simplification through the elimination of water 

management unit operations in vehicle applications.  

Many ionomers based on inorganic-organic composites intended for fuel cells have been 

designed for hotter and drier operating conditions.1, 2, 4, 10-16 The inorganic component is designed 

to either retain water to higher temperatures than would be possible in the parent polymer1, 4, 17, 18 

or are super-acidic moieties13, 19-21 that are intended to further dissociate the protons in the 

material.  The two super-acidic additives that are known to improve conductivity are the 

heteropolyacids or the various acid-functionalized zirconium phosphonates.  Inspired by our 

work on hybrid heteropolyacid systems,22 we have investigated a hybrid zirconium phosphonate 

system. The modification of phosphonates with zirconium and an acidic group has been shown 

to polarize the acid group enough to lower the activation energy of proton dissociation resulting 

in increased proton mobility.2  

An advantage of the hybridization of the zirconium phosphonates is that the materials 

properties will benefit many applications. High ion exchange capacity (IEC) materials based on 

zirconium and copper phosphates have long been used in the separations industry, e.g. fuel 

cleanup catalysts to trap selected ions.23 Similarly, hydrated Zr(HPO4)2 and hydrated Ti(HPO4) 

have been used for uranium recovery.24 Medical applications include making bio-compatible 

scaffolds out of calcium phosphate ceramics, bio-compatible polymers to promote growth of 

artificial bone,25 and for dialysis processes.26 Gas sensor technology would also benefit from 

materials based on layered a-zirconium phosphate operating at lowertemperatures.27 These 

materials also find application in low- flammability materials for Li-ion conductors due to the 

high phosphorous content.28 
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Proton transport in liquid water is much faster than can be explained by a simple vehicle 

mechanism29, 30 and so a proton hopping Grotthuss model must also be invoked. Therefore, 

ionomers for proton transport are currently operated under conditions of water saturation.  The 

most widely used ionomers are the Perfluorosulfonic acid (PFSA) membranes such as Nafion®, 

Aquivion™ and the ionomer manufactured by 3M. At hotter (>100oC) and drier operating 

conditions PFSA’s exhibit greatly limited proton transport, due to water clusters becoming 

disconnected.31, 32 Several highly sulfonated materials that have extraordinarily high proton 

conductivities at hotter and drier conditions have been proposed.33-37 Unfortunately these 

materials lie at the border of extreme swelling and come close to dissolving in liquid water. 

However, in an anhydrous environment proton transport would have to be via a pure Grotthuss 

hopping mechanism, but to date only very low proton conductivities have been demonstrated 

under anhydrous conditions.38-43   

Phosphonic acid and bis(trifluoromethyl)-phosphonic acid exhibit the highest anhydrous 

proton conductivities known.44, 45 This makes the derivatives of phosphonic acid quite intriguing 

from the point of view of anhydrous proton transport.38, 46 However, when these moieties were 

incorporated into a polymer, their proton conductivities observed were several orders of 

magnitude lower. 11, 38, 47  Even the addition of only a short side chain from C1 to C4 length 

reduces the ionic conductivity by an order of magnitude.44 Proton conduction is thought to occur 

through a hydrogen-bonded network, where certain oxygen in the phosphonic acid can act as 

both a proton donor and a proton acceptor. In order to have long-range transport occur, this 

network of hydrogen bonds must have long range order. So far it has been concluded that these 

systems could not make practical solid-state ionomers.34  



 26 

One issue is that the ability for both protons in phosphonic acids to ionize, is lacking.  

Polyvinylphosphonic acid (PVA) behaves in a manner where only one proton dissociates,40 in 

contrast to highly dissociated sulfuric acid .48, 49 If both protons in PVA dissociated, the 

equivalent weight (EW) would be as low as 100 in contrast to a typical PFSA, EW = 800-1100. 

EW is a measure of material efficiency.  It is defined as the weight of polymer per mole of 

mobile protons in the ionomer. 

In a previous paper, we gave a preliminary report of an intriguing, but poorly 

characterized, set of materials formed from the copolymerization of vinyl phosphonic acid 

(VPA) and vinyl-functionalized zirconium phosphonate (VZP).50  However, the unique 

properties of these materials, especially in regard to the important implications for low water 

proton transport and the full characterization of this cross-linked nano-dispersed hybrid material 

have only recently come to light and are the subject of this report. We show that, even though 

these two co-monomers are so dissimilar that they are not miscible in each other, that upon UV-

initiated free-radical polymerization, a clear, flexible membrane is formed.  The material is stable 

to boiling in water and so is suitable for practical applications as an ionomer.  The inclusion in 

the polymer of the zirconium moieties results in the increase of proton dissociation due to 

increased polarization of the acidic groups,2 resulting in a polymer with much higher low RH 

proton conductivity than the parent PVA. The mechanism of this nearly anhydrous proton 

conductivity is discussed. 

2.3 Experimental Section 

Experimental methods related to this topic are discussed below. Experimental materials 

are also described below in great detail. 
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2.3.1.1 Materials 

Vinyl phosphonic acid (C2H5O3P) 90% and zirconyl chloride (ZrOCl2) 30% in HCl were 

purchased from sigma Aldrich and used as received. 

2.3.2 Synthesis 

Vinyl zirconium phosphonate (VZP). Vinyl zirconium phosphonate was prepared by use 

of the direct precipitation method, shown similarly in literature procedure.51 In a typical 

experiment, 1M vinyl phosphonic acid (VPA, 8.1g) in de-ionized water (~150mL) is mixed with 

30% zirconyl chloride in hydrochloric acid (19.6g) at a molar ratio of 1 Zr:2 P at RT. Once the 

monomer precipitates it is filtered and rinsed in de-ionized water then dried at 50 oC for ca. 12 h 

to give a white micro-crystalline solid in 50% yield.  

Copolymerization of VZP with VPA. The general procedure is presented in Scheme 1.  20 

wt% VZP powder  (1.0g) was added to the viscous liquid VPA  (90% purity, 4.4g).  To this an 

UV initiator, 2-hydroxy-2-methyl-1-phenyl-propan-1-one (HMPP), was added ca. 5% of the total 

weight of the monomers.  This mixture was stirred to make a white, opaque suspension.  An inert 

gas, Ar or N2, was bubbled through the suspension to help reduce the inhibition of the 

polymerization by oxygen. The suspension was then sealed in a glass jar and sonicated for 20 

min, then left to sit overnight and re-sonicated for 20 min before casting.  This suspension was 

cast in between sheets of silicon-treated Mylar® supported on a glass plate.  The mixture was 

passed through a F300 Series Fusion UV curing system five times at 15 feet per min. under a 

P300MT power supply corresponding to a power of 300 W/inch. The result is a clear, flexible 

membrane. 
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2.3.3 Characterization 

The boiling test was performed by first washing the polymer in distilled water then 

drying it in a vacuum over at 40oC for 24 hours to establish the initial weight.  The membrane 

was then boiled in a flask with a condenser above for 24 hours.  After boiling, the membrane was 

again dried in a vacuum oven for 24 hours at 40oC. 

FTIR was performed using a Thermo-Nicolet 2100 FTIR spectrometer in attenuated total 

reflectance response mode.  

1H, 31P and 13C magic angle spin (MAS) NMR was performed on a Bruker Avance III 

400 Spectrometer. A 4mm MAS BB/BB probe was used.  1H MAS NMR was taken at 400 MHz, 

with spin rates of 12kHz and 8kHz to identify spinning side-bands. 31P cross polarization (CP) 

MAS NMR was taken at 161.78 MHz, with spin rates of 8kHz and 5kHz to identify spinning 

side-bands. 13C CP MAS NMR was taken at 100.49 MHz, with a spin rate 8kHz.  Frequency 

Switch Lee-Goldburg Heteronuclear Correlation (FSLG-HETCOR) under MASwas done using 

100kHz B1(1H), 5s recycle delay, 500us contact time, 8kHz spinning speed. 

XRD was recorded using a Rigaku diffractometer from 5° to 90° from 2θ using a Cu Kα 

x-ray source and a 0.02os-1 step size. 

EDX was performed with an Eberhard Thornley detector in conjunction with a FEI 

Quanta 600i ESEM using a tungsten filament operating at 15 keV.  It is capable of confirming 

the presence of P and Zr. 

SAXS was performed at the Advanced Photon Source (APS) at Argonne national 

laboratory at beam line 12 ID-C/D. SAXS patterns were collected at 18 keV. An extremely fast 

acquisition time of 0.1-0.01 sec allowed for dynamic measurements to be taken. Static patterns 

were also recorded at dry, 25%, 50%, 75% and close to 100% RH. SAXS patterns were recorded 
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at 80oC using a custom built environmental chamber in which RH and temperature could be 

varied.  The environmental chamber is approximately 3 by 3 inches square by 6 inches long with 

4-sample positions. Mass flow controllers are used to control dry and wet gas streams that are 

mixed in a mixing tube before entering the chamber. Wet gas is created through the use of a 

humidity bottle from Fuel Cell Technologies Inc. RH was measured using a Viasala HUMICAP® 

humidity and temperature transmitter.  SAXS patters were calibrated against a Silver Behenate 

standard. 

A dynamic vapor sorption (DVS) apparatus, DVS Advantage, from Surface Measurement 

Systems Ltd was used to measure the number of waters per ionic group, λ, by passing a 

controlled humidified gas over the membrane and gravimetrically measuring weight increase.  

The measurement was programmed as follows. First a drying step of three hours at 60 oC was 

used to insure proper initial weight. Then the humidity was increased from nominally 0%RH up 

to 80%RH in 20%RH increments. Next the humidity was dropped back to 0%RH in 20%RH 

increments.  This was cycled twice.  After this, the membrane was increased to 90%RH, which is 

the highest achievable repeatable humidity that can be reached. Next the humidity was dropped 

back to 0%RH.   

Ion exchange capacity (IEC) was measured by first drying the membranes under vacuum 

overnight. Next the membranes were soaked for 24 h in 1M NaCl solution to exchange the ions. 

This solution was titrated with 0.01M NaOH using phenolphthalein as an endpoint indicator. 

Conductivity was measured by electrochemical impedance spectrometer using a Bio-

Logic VMP3 potentiostat under RH and temperature controlled by a TestEquity H1000 oven and 

data collected using EC-labs software. The membrane was held in a four-electrode test cell, with 

platinum electrodes. 
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PFGSE NMR was performed using a 5-mm Doty Scientific, Inc. #20-40 z-gradient 

pulsed field gradient NMR probe in a Chemagnetics Infinity 400 NMR spectrometer.  The 

stimulated echo pulse sequence was used.52 Spectra were recorded as a function of gradient pulse 

current using a 90o radio frequency excitation pulse of 6.5 ms, a gradient pulse width of 1.0 ms 

and a gradient pulse spacing of 3.2 ms.  In order to minimize eddy currents generated by 

switching the gradient pulses on and off, a trapezoidal gradient pulse shape with a ramping time 

of 0.5 ms was used. The gradient coil was calibrated using water at 25.0oC and was found to 

have a strength of 19 Gauss cm-1 A-1.  Spectra were recorded for 20 equally spaced values of 

gradient coil currents.   

2.4 Results and Discussion 

Many results are presented below. An in depth discussion tying these results together is 

also presented below, so that the reader can fully appreciate the completeness of the work. 

2.4.1 Synthesis 

Zirconium phosphate and zirconium phosphonate materials are readily prepared by 

reacting zirconyl chloride with phosphonic acid.51, 53 In general the resultant materials are 

crystalline solids.  The vinyl functionalized zirconium phosphonate was synthesized by mixing 

zirconyl chloride with vinyl phosphonic acid by a modification of a well-developed general 

procedure.51, 53 Our improvements are that Zr(IV) is used as a solution of zirconyl chloride in 

HCl, not the solid octahydrate, and the reaction is performed with a vinyl functionalized 

phosphonic acid. As the material was not fully characterized in the initial reports,51, 54 some 

characterization of this material is discussed in the context of the co-polymer, below. Monomer 

characterization within this paper includes NMR and XRD data. No elemental analysis has been 

performed on the monomer due to the metal content of the monomer 
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Polymerization follows the path shown in Scheme 2.1. This is not an optimized 

polymerization. VPA is a clear liquid at room temperature, with a purity of 90%, the remainder 

composed of water. Water will help increase the mobility of the monomers, but does not react 

during the polymerization. The VZP material is highly insoluble in almost all solvents and is not 

miscible with VPA. The VZP was therefore suspended in the as received VPA with a suitable 

amount of free radical initiator, HMPP. 0.5% initiator was used since there is extremely limited 

mobility within the monomer paste mixture.  The excess initiator allows for the lack of mobility 

to be partially overcome in creating this crosslinked copolymer. The resultant paste was opaque 

and white in color, and ranges from about the consistency of honey at 20wt% VZP up to a very 

think paste above 40wt% VZP. These mixtures were sonicated for 20 minutes before casting.  

Sonication assists the dispersion of the VZP in the VPA, however, the mixture is still an opaque 

suspension of the VZP, there is no dissolution. Upon polymerization at 20wt% VZP, these two 

monomers become miscible and dispersed, as evidenced by the formation of a clear membrane. 

During polymerization of ionomer, some of the 60% was translucent upon polymerization, 

showing the poor dispersion at higher VZP loadings. In fact, above 20wt%VZP, this system 

forms a composite, not a copolymer as in the case of the 20wt% VZP co-VPA. This is most 

likely due to short chains building off of the vinyl groups of the VZP layers, causing them to 

exfoliate and become increasingly compatible with the VPA oligomer chains being formed at the 

same time, Scheme 2.1.  The resulting polymer forms a membrane that is transparent and in the 

case of the 20wt% VZP co-polymerized film, ductile after the initial polymerization.  There is 

evidence, presented later, which points towards the zirconium in the phosphonate monomer 

rearranging to coordinate partially to the vinylphosphonic acid monomer during polymerization, 

creating a network with crosslinking through the zirconium.  After time, under ambient 
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conditions, the membrane yellows and becomes more brittle but regains its flexibility upon 

hydration. The membranes are all insoluble in water.  The 20wt% VZP co-polymer was shown to 

be stable to a 24 h boiling test in water with a resulting in no weight loss.   

Due to the degree of crosslinking, it is inherently difficult, if not impossible, to obtain 

molecular weights and the polydispersity index.  Since this in not an optimized polymerization, 

work is being performed to find the degree of crosslinking from rheology experiments that 

should be reported in the future. 

2.4.2 Chemical Characterization 

FTIR of 20wt% VZP in VPA is compared to the FTIR of VPA in the supplemental 

information, Figure S1. There is very little difference between the spectra. Upon closer 

examination, the peak at 1117 cm-1 was shown to decrease upon polymerization and a new peak 

at 1057 cm-1 emerges, which can indicate the P-alkyl group growing in showing the 

polymerization of the vinyl groups, Figure 2.1.55 The increase of VZP loading in the copolymer 

results in the decrease of the P-OH band located between 2500 and 3000 cm-1 which we 

speculate to be due to the Zr moiety in the phosphonate rearranging to the phosphonic acid 

groups, specifically attacking a P-OH forming a P-O-Zr linkage.  

Further information on the nature of the polymerization was obtained from NMR. Solid 

State 1H NMR of the VZP monomer shows a peak at δ = 5.6 ppm assigned to the vinyl protons 

in the top of Figure 2.2.  A cartoon representation of the monomer structure is included to aid the 

reader.  13C CP MAS NMR is shown in the bottom of Figure 2.2 for the VZP monomer which 

can be assigned to at least three peaks, δ = 128.8 and 130.7 ppm, a third small peak at δ = 129.3, 

obtained from peak shape analysis, not shown. The peaks have the expected chemical shift for a 

vinyl group and the multiplicity expected for the continuous vinyl phosphonate structure 
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The ionomer 13C MAS NMR spectrum shown as the top axis in the Heteronuclear 

correlation spectroscopy (HETCOR), Figure 2.3, is as expected.  A broad peak at ca. 30 ppm is 

assigned to the methylene carbons on the pVPA block of the ionomer, three peaks at higher 

chemical shift, 125, 127 and 135 ppm are associated with carbons in the vicinity of the Zr.  The 

1H MAS NMR does not show any peaks in region associated with methylene groups, δ = 2.3 

ppm,38 and so HETCOR was used to further elucidate the structure.  The 1H peak at ca. δ = 10 

ppm is associated with the 13C peaks at δ = 125 – 135 ppm and assigned to backbone close to the 

zirconium phosphonate part of the ionomer.  Residual vinyl groups are also found under this 

peak, which has at least eight overlapping peaks from peak shape analysis. The second 1H signal 

at ca.  δ = 6 ppm is associated with the 13C peak at ca. 30 ppm and is assigned to the remaining 

pVPA section of the copolymer.  Large shifts in the expected 1H position of the backbone 

hydrogen are due to the strong de-shielding effect of the zirconium present in the system. This 

de-shielding effect allows us to see that there are not many repeat units that are not influenced by 

the close proximity of the zirconium, and basically no species that are completely uninfluenced 

by the zirconium since there is no peak combination in the HETCOR at 13C δ ~ 30ppm and 1H δ 

~1.5-2.5ppm corresponding to a pure sample of pVPA. 

31P CPMAS NMR of the monomer shows one very distinct peak at δ = -9.59 ppm in 

Figure 2.4A.  The sharpness of the peak shows that the monomer is extremely uniform in 

composition, only small traces of other chemical natures are noticed at δ = -8.00 ppm make up 

only 3% for the total make-up of the monomer and are suspected to be terminal groups of the 

layered structure that have less than three Zr-O linkages.56 Upon polymerization (Figure 2.4B) 

the chemical nature of the phosphorous becomes greatly varied due to cross-linking and 

condensation reactions that occur.  The most negative peak of δ = -9.55ppm is associated with 
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phosphorus on the polymer chain that has P(O-Zr)3 linkage, which is the same as the 

phosphonate monomer. The next major peak downfield at δ = 10.62ppm seem to indicate 

OxP(OZr)y where the linkage through O-Zr becomes reduced while moving downfield.  The 

sharp peak at δ = 16.86ppm is attributed to terminal pVPA groups in the polymer that have 

increased mobility in comparison to the groups within the chain. The peaks at 32ppm (δ = 

31.22ppm) and 25ppm (δ = 24.85ppm) have been shown to be pVPA and P-O-P formed by a 

condensation reaction, respectively.38 

End group analysis to determine the degree of polymerization was unsuccessful due to 

the overlap of the end-group with the ionomer peaks. This is illustrated well with the 13C data 

showing an overlap of 8 peaks in the 130ppm region, which cannot be directly assigned to single 

structures with certainty. 

2.4.3 Structural Properties 

Knowledge of the microstructure is crucial when determining ionic transport properties.  

This leads to the use of XRD to determine the crystalline nature of the polymer system, shown in 

Figure 2.5.  XRD shows the VZP monomer exhibits a strongly crystalline system with a very 

strong peak at 8.3o from 2θ.  However, the VZP monomer undergoes a significant change upon 

polymerization.  With XRD, copolymer compositions of up to 20wt% VZP show an amorphous 

nature with a broad peak just above an angle of 20.9o from 2θ.  At 40wt% VZP, the crystallinity 

of the VZP monomer starts to manifest itself in the XRD pattern showing the material is more a 

polymeric composite, not a copolymer.  Higher loadings of VZP do result in the decrease in 

proton conductivity, which is discussed in more detail in the electrochemical properties section, 

but it is believed this is due to a dilution effect from the VZP monomer being non-proton 

conducting. Dilution is due to the elimination of a P-OH bond in the material when it is made 
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into the vinyl-functionalized zirconium phosphonate, effectively eliminating the protogenic 

groups.  

Thermal-analysis could also be used to confirm the amorphous nature of the ionomer. 

However, when DSC and TGA were performed a similar problem occurred. Since the ionomer is 

highly acidic it reacts with metal, especially under hot conditions.  DSC about 200oC results in 

evolution of gas and the DSC pan explodes open ruining the experiment (thankfully not the 

equipment). This material is stable to just below 200oC. 

Microstructure has also been observed using small-angle X-ray scattering (SAXS) 

performed at the Advanced Photon Source at Argonne National Laboratory. SAXS allows for 

characterization of amorphous ionomers in much more detail and over a different size-range than 

XRD. Zirconium is the directly observed element in SAXS since it has the largest scattering 

influence. Swelling of the 20%VPZ-VPA membrane can be observed in the amorphous region of 

the SAXS pattern in Figure 2.6. The slope of the line changes significantly upon humidification, 

from 0.55 to 1.42, showing the rearrangement of the structure in the range 0.25 < Q < 0.5. This 

region is associated to the zirconium distance changing within the copolymer under increased 

humidification, showing the swelling of the bulk ionomer.  We also see that as the membrane is 

humidified, the strength of the signal associated with the amorphous region increases and that the 

inflection point changes from Q=0.17 to Q=0.11, showing well dispersed zirconium swelling to a 

larger distance within the ionomer.  As the copolymer becomes more crystalline in nature at 

higher VZP loadings, the change in microstructure is greatly curtailed suggesting a composite, 

not a pure copolymer; detailed SAXS patterns are shown in the supplemental information 

Figures S2-S4. 
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2.4.4 Water Uptake 

VPA-VZP copolymer systems exhibit very little water uptake between nominally dry and 

roughly 60%RH, at 60oC.  Above 70%RH this material absorbs water up to λ=5 shown by 

dynamic vapor sorption (DVS), confirming SAXS swelling experiments.  Details of the 

experimental runs are in the supporting information Figure S5. This can be interpreted as being 

very positive since there is fairly high conductivity at low hydration levels, and the water 

sorption is below one water molecule per acid group at low humidity. Also, the water that is 

present may not be associated with the proton transport mechanism at lower humidity. It is easy 

to see in Figure 2.7 that it seems that λ is independent of VZP loading, until extremely high 

hydration levels above 70%RH.  This same trend is noticed in the activation energy of the 

copolymer systems. 

The extremely low lambda values of less than one indicate that water is not the major 

source of proton mobility.  Only at very high humidity is there enough water to facilitate vehicle 

type transport. Also, the water that is present at low hydration may not even be associated with 

the acidic group in the ionomer. The proposed transport mechanism is discussed in detail below. 

2.4.5 Proton Transport 

Titration experiments were utilized to determine the EW presented in Figure 8 with more 

detail provided in the supplemental information, Table S1.  The theoretical cases of EW based on 

one or two mobile protons per molecule, Figure 2.8, show that experimentally determined values 

are between the two. At 20% VZP loading there are 1.5 dissociable protons per phosphonic acid 

group.  As the VZP loading is increased to 60% VZP, the proton dissociation appears to be 

closer to 1.8 protons per phosphonic acid group.  For the 60% VZP composite, this increase is 

due to an interaction between the VZP and VPA upon polymerization, which causes 
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rearrangement of the Zr-O bonding from the VZP to the VPA. Zirconium’s proximity to the 

phosphonic acid groups increases polarization of the protons in the VPA from the 

electronegative drawing properties of the zirconium phosphonate, giving a higher propensity for 

the ionization of the P-OH group.2  This bonding scheme also allows for an increase in hydrogen 

bonding, which is further illustrated below.  

Electrochemical impedance spectroscopy (EIS) was used to measure in plane ionic 

conductivity. Figures 2.9 and 2.10 show fairly high proton conductivity at moderate temperature 

and dry conditions.  Table S2 provides tabulated conductivity numbers with standard deviation. 

Demonstrated conductivity over the bulk material at dry conditions is about 50mS/cm 

(±20mS/cm) at 80oC and 50%RH.  

At higher humidity, the bulk proton conductivity is greatly enhanced due to the water, 

resulting in proton conductivities as high as 130mS/ cm (±30mS/cm) at 80oC and 95%RH. There 

is a difference in ionic conductivity depending on the method by which we programmed the oven 

to heat and humidify.  When the temperature and humidity are changed, the temperature changes 

first, then the humidity catches up.  This causes the material to dry out when the material is run 

at a “constant” RH when the temperature is raised.  This decreases the hydration level and results 

in slightly lower measured conductivities. 

Understanding how ions move in the solid-state is important for the development of 

improved materials. PFGSE NMR is used to find the proton self-diffusion mobility in the 

ionomer. At high humidity it is shown that this phosphonate copolymer has very high diffusivity 

and is higher than the 825EW 3M PFSA ionomer, shown in Figure 2.11.  For example, at 80oC, 

20%VZP ionomer shows a diffusion coefficient of 4.05x105 cm2/s whereas 3M 825EW PFSA 

exhibits a diffusion coefficient of only 2.80 x105 cm2/s. Figure 2.11 also shows a comparison of 
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proton mobility in liquid water, which is regarded to be the highest mobility of proton diffusion.  

As can be seen, the mobility is quite impressive and approaches that of liquid water at lower 

temperatures 

From the ionic conductivity data Ea of proton transport were calculated, Table 2.1.  

PFGSE at high RH of 20VZP co-VPA has an Ea=14.4 kJ/mol, just above that of the 825EW 3M 

PFSA with Ea=13.2 kJ/mol.  When EIS data is evaluated, it is found that the Ea at high RH is16.6 

KJ/mol for 20%VZP co-VPA to as low as 8.1 kJ/mol for the 60% VZP co-VPA case, as shown 

in Table 1.  The Ea from EIS and PFGSE NMR measurements are fairly similar, but the PFGSE 

NMR shows a slightly lower Ea, indicating slightly less energy is needed for proton movement to 

occur on a shorter length scale versus the bulk. When compared to 90%RH humidified Nafion® 

Ea=13.8 kJ/mol,57 the humidified Ea of 20VZP co-VPA is slightly higher.  

At dry conditions, the activation energy for these ionomers is just below 20 KJ/mol, 

which is comparable to the Ea for breaking a hydrogen bond.58, 59 Ea of this system is on the order 

of phosphoric acid = 22.3 kJ/mol and molten phosphonic acid = 16.8 kJ/mol, both of which 

exhibit proton transport due to fast structural diffusion.45  

It is also interesting to note that at low humidity the Ea seems to be independent of VZP 

loading, suggesting proton transport dominated by the acid region of the polymer. An increase in 

humidity shows a difference in the proton conductivity and Ea.  The differences are possibly due 

to combined transport mechanisms when more water is present. The increase in VZP loading 

acts mostly as a dilution effect of the non-proton conducting VZP component within the 

microstructure. This effect is illustrated in EIS measurements at high RH in Figure 10.  

Proton transport in this membrane is most likely to be Grotthuss hopping at low RH.  

This is partly due to the fact that the λ value is one or less below 60%RH at 60oC shown by the 
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DVS analysis.  It is hard to believe that the vehicle mechanism would occur solely through Eigen 

ions, it is more likely that the protons transport through hopping.  The proton transport 

mechanism we propose at low hydration conditions is shown in Scheme 2.2. This arrangement of 

structure is supported by MAS NMR measurements presented earlier. A long-range hydrogen-

bonded network is paramount for transport at dry conditions.  Since the bulk conductivity 

measured by EIS is still high at dry conditions (~50mS/cm), we propose that there is long-range 

order in the hydrogen-bonded network. Above 60%RH at 60oC, the DVS data shows an increase 

to a λ=5 (±1) during water uptake experiments, which should facilitate a combined Grotthuss and 

vehicle mechanism for enhanced proton transport under higher humidity. EIS characterization 

confirms a jump in proton conductivity from 50 mS/cm at 50%RH up to 130 mS/cm at 80% RH.  

All of these measurements agree with the idea that fast structural diffusion is occurring in this 

ionomer and that the order of the hydrogen-bonded network is present over a long range 

allowing for ionic conduction at low relative humidity. 

2.5 Conclusion 

In conclusion, we have synthesized a new material as a clear, flexible, amorphous 

copolymer membrane.  The polymerization is rapid at first under the intense UV-initiated 

polymerization method utilized.  After some time, this polymerization slows, and progresses by a 

continuation of the cross-linking process.  In contrast to poly(VPA), the VZP co-VPA ionomer is 

insoluble and survives a 24 hour boiling test, showing no weight loss.   

The materials demonstrates a very high proton conductivity under dry conditions (λ < 1) 

of up to 50 mS/cm at 80°C. The lack of water suggests that the Grotthuss mechanism dominates 

under dry conditions through structural diffusion via a continuous hydrogen-bonded network.  
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This hydrogen-bonded network must be present over a long range since the bulk conductivity at 

these very dry conditions is so high.   

Upon high hydration of λ > 4, the ionic conductivity greatly increases due to combined 

Grotthuss and vehicle transport, yielding proton conductivity >100 mS/cm under the best 

operating conditions (95%RH, 80oC).  The microstructure swells in the bulk amorphous region 

of the copolymer, as evidenced by SAXS measurements.  

Bulk ionic properties also show impressive IEC and EW values of 10 meq/g and 

100g/mol respectively, showing great promise for development into ionic devices such as fuel 

cells, gas sensors and Li-batteries, among a large host of possible uses.  This VZP-VPA system 

can be polymerized to provide a mostly inorganic, amorphous ionomer. 
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Scheme 2.1.  Polymerization scheme for vinylphosphonic acid and vinyl-functionalized 
zirconium phosphonate. 
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Figure 2.1. A) Vinylphosphonic acid B) 20wt% VZP in VPA mixture upon mixing with HMPP 
added C) 20wt% VZP in VPA mixture after 2-days of mixing.  
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Figure 2.2. MAS NMR of the VZP monomer; Top) 1H MAS NMR showing the hydrogen on the 
vinyl group, Bottom) 13C CP MAS NMR showing the 2 main carbon signals at 130.7ppm and 
128.75ppm with a small end-group buried at 129.3ppm which is unsaturated with respect to O-Zr 
bonding of the VZP. * denotes spinning sideband 
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Figure 2.3. HETCOR analysis for 13C and 1H solid state NMR for the 20VZP co-VPA ionomer.  
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Figure 2.4. 31P CP MAS NMR A) VZP monomer B) 20VZP co-VPA. A line fitting analysis was 
performed using Mnova software.  
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Figure 2.5. A) 40wt% VZP co-VPA B) 20wt% VZP co-VPA C) VZP monomer. XRD of as-
synthesized VZP and different compositions of VZP co-VPA showing the amorphous nature of 
the membranes at low VZP loadings.  By 40% VZP the system starts showing crystalline nature 
related to the VZP monomer. 
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Figure 2.6.  Small angle X-ray scattering showing water uptake experiments on 20% VZP co-
VPA ionomer.  20%VZP shows a strong structural change between 0.06<Q<0.5 which is related 
to the swelling from water uptake.  
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Figure 2.7 Lambda measurement of (♦) 20wt% VZP co-VPA, (■) 40wt% VZP co-VPA and (▲) 
60wt% VZP co-VPA.  
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Figure 2.8. Theoretical equivalent weight curves based on (♦) one and (■) two mobile protons 
per acid group and (▲) EW from titration experiments.   



 54 

A) 

 

B) 

 

Figure 2.9. A) 20%VZP co-VPA run at 80oC with a humidity sweep B) 20%VZP co-VPA at 
constant humidity (■) 50%RH and (♦) 25%RH. 
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Figure 2.10. Conductivity of the copolymers at different relative humidity as a function of 
temperature plotted in the Arrhenius form.  Activation energies at low humidity are considered 
independent of VZP loading in the copolymer.  At higher relative humidity the activation energy 
decreases with an increase of the VZP loading in the copolymer, as evidenced by the shallower 
slope. A) 20%VZP co-VPA 80%RH (X) B) 40%VZP co-VPA 80%RH (♦) C) 60%VZP co-VPA 
80%RH (■) D) 20%VZP co-VPA 50%RH (▲) E) 40%VZP co-VPA 50%RH (*) F) 60%VZP 
co-VPA 50%RH (●). 
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Figure 2.11.  PFGSE NMR of (♦) water, (■) 20%VZP co-VPA and (▲) an 825EW PFSA 
ionomer where the ionomers are at 100%RH.   
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Table 2.1.  Activation energy calculated from proton conductivity measured by EIS for 
different compositions of VZP co-VPA under different environments of various RH and 
changing temperatures. 

Energy of Activation 

VZP Loading  50%RH 80%RH 

20 wt% 18.6 kJ/mol 16.6 kJ/mol 

40 wt% 19.5 kJ/mol 9.7 kJ/mol 

60 wt% 18.3 kJ/mol 8.1 kJ/mol 
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Scheme 2.2.  Proposed proton transport mechanism in the VZP co-VPA copolymer under 
dry conditions (λ≤1).  This is a simplified view, but the hydrogen-bonded network is 
present throughout the ionomer, allowing for bulk proton movement under dry conditions. 
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3  
PHOSPHORIC ACID DOPED HYBRID ORGANIC/INORGANIC IONOMER FROM 
THE COPOLYMERIZATION OF VINYLPHOSPHONIC ACID AND ZIRCONIUM 

VINYLPHOSPHONATE 

To be submitted to the Journal of Materials Chemistry A 

Gregory J. Schlichting,F Jeri D. Jessop,F Sarah E. Nelson, F So ̈nke Seifert, G Yuan YangH 

and Andrew M. Herring F, I, J 

3.1 Abstract   

This study reports on the synthesis and characterization of a copolymer of mixed 

zirconium (vinylphosphonate(X) phosphate(1-X)) co-vinylphosphonic acid (where 0<x<1). 

Resultant ionomers are transparent to translucent, flexible membranes that have high proton 

conductivities of 50 mS/cm at 110oC, 50%RH and 160 mS/cm at 50oC, 80%RH as measured by 

electrochemical impedance spectroscopy. Chemical properties and microstructure were 

evaluated using FTIR, NMR, XRD and SAXS. Water swelling was quantified using dynamic 
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vapor sorption at 60oC showing 70 wt% water uptake at 95%RH. High conductivities are 

attributed to phosphorous-based acids have the benefit of high ionic conductivities at low 

humidity due to a dynamic hydrogen bonding network where the oxygen on the phos-acid acts as 

both a proton donor and acceptor depending on the movement of protons, leading to proton 

movement through the diffusion through the solid ionomer structure. 

3.2 Introduction 

Certain ionic devices are used to convert chemical fuel into electrical energy, or energy 

into chemical fuels through fuel cells and electrolyzers, respectively.1, 2 These ionic devices will 

become central to balancing variable electrical loads presented by the ever increasing 

implementation of renewable energy sources such as wind and solar energy. Low temperature 

devices are generally based on ionic membranes, or ionomers, that have acidic functionalities for 

conducting protons. Protonic membranes used for the energy industry are based on two main 

systems, sulfonic acid based3 (usually as a perfluorosulfonic acid (PFSA))2, 4 and phosphorous 

acid (PA)5-7 based membranes such as doped imidazole systems like polybenzimidazole (PBI)s.8 

Sulfonic acids have the limitation that water is needed for ionic conduction over a practical 

length scale and operating conditions. Phosphoric acid doped PBI’s are good at hot and dry 

conditions, but generally dissolve in water, which complicates operation since water is a product 

of the half-cell reactions. Phosphorous-based are currently commercially produced generally for 

stationary applications.9 These acids have a few advantages over sulfonic acids in that there are 

more than one proton which can become mobile from each acid group, PA’s exhibit high proton 

conductivity under anhydrous conditions through structural diffusion, and PA’s can be easily 

modified for custom tailored properties.10, 11 
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PA’s exhibit extremely different properties compared to sulfonic acids, mainly in that 

with sulfonic acids, a certain amount of flexibility is needed in the polymer so that the sulfonic 

acids can arrange into phase-segregated groups of sulfonic acids, which are connected through 

hydration of the ionomer12. With PA’s, the best trend is to load as many acid groups as close as 

possible to increase the overall conductivity since with PA’s over 90% of the ionic movement is 

attributed to structural diffusion.11 Addition of even short carbon chains between PA groups can 

lead to order of magnitude decreases in ionic conductivity compared to molten phosphoric and 

phosphonic acid based systems11, 13. Production of a simple ionomer using very short 

polymerizable group such as a vinyl group on vinylphosphonic acid yields polyvinylphosphonic 

acid (pVPA) with promising conductivities.6, 14 Unfortunately, pVPA is soluble in water yielding 

pVPA problematic for implementation in a device. 

Phosphorous-based acids are easily modified through many possible synthesis routes. 

One important modification is to functionalize zirconium(IV) with phosphates and 

phosphonates.15 It has been previously shown by the authors that pVPA can be effectively cross-

linked using zirconium phosphonates16. This results in the ionomer becoming insoluble in water 

with the added benefit of the zirconium acting as a polarizing group to the phosphorous based 

acids in close proximity resulting in increased dissociation of protons from one mobile proton for 

pVPA to 1.5-1.8 mobile protons in the ionomers depending on composition when the zirconium 

is introduced. Proton conductivities are quite high for this ionomer, up to 150 mS/cm at 80oC, 

80%RH, rivaling the conductivities seen in phosphoric and molten phosphonic acids. 11 

This paper presents a modification to the copolymer of vinylphosphonic acid and 

zirconium vinyl phosphonate by incorporating increased acidic sites into the zirconium modified 
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monomer in the form of a mixed zirconium(vinylphosphonate(X) phosphate(1-X)) in the hopes of 

increasing proton conductivity towards a molten PA based system (0<x<1).  

3.3 Experimental Methods and Materials 

Vinyl phosphonic acid (C2H5O3P) 90% and zirconyl chloride (ZrOCl2) 30% in HCl were 

purchased from sigma Aldrich and used as received. 

3.3.1 Synthesis 

Zirconium vinylphosphonate (VXZP). Vinyl-functionalized zirconium phosphonate was 

prepared by use of the direct precipitation method, shown similarly in literature procedure.17 In a 

typical experiment, 1M vinyl phosphonic acid (VPA, 3.0g) was mixed with phosphonic acid 

(PA, 2.88g) to obtain molar ratios of 80%, 65% and 50% (VX50ZP shown for example) vinyl 

functionality denoted by VX80ZP, VX65ZP and VX50ZP, respectively. This acid mixture was then 

diluted in de-ionized water (~100mL) and mixed with 30% zirconyl chloride in hydrochloric 

acid (14.9g) at a molar ratio of 1 Zr:2 P at RT. Once the monomer precipitates it is filtered and 

rinsed in de-ionized water then dried at 50 oC for ca. 12 h to give a white micro-crystalline solid 

in 50% yield.  

Copolymerization of VXZP with VPA. The general procedure is presented in Scheme 3.1.  

20 wt% VXZP powder  (1.0g) was added to the viscous liquid VPA  (90% purity, 4.4g) giving 

polymer nomenclature of 20VX50ZP for the case of 20wt% VX50ZP copolymerized with VPA as 

an example.  To this an UV initiator, 2-hydroxy-2-methyl-1-phenyl-propan-1-one (HMPP), was 

added ca. 0.5% of the total weight of the monomers (0.025g).  This mixture was stirred to make a 

white, opaque suspension.  The suspension was then sealed in a glass jar and sonicated for 20 

min, then left to sit overnight and re-sonicated for 20 min before casting.  This suspension was 

cast in between sheets of silicon-treated Mylar® supported on a glass plate.  The mixture was 
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passed through a F300 Series Fusion UV curing system five times at 15 feet per min. under a 

P300MT power supply corresponding to a power of 300 W/inch. The result is a clear to 

translucent, flexible membrane, depending on composition. 

3.3.2 Characterization 

Boiling tests were performed by washing the polymer in distilled water then drying it in a 

vacuum over at 40oC for 24 hours to establish the initial weight. The ionomer was then boiled for 

1 hour.  After boiling, the membrane was again dried in a vacuum oven for 24 hours at 40oC. 

All other characterization technique details are presented in a previous paper.16 

3.4 Results and Discussion 

Synthesis of polyvinylphosphonic acid co-zirconium (vinylphosphonate(x)phosphate(1-X)) 

resulted in ionomer membranes that were white translucent and flexible. After aging for months, 

the membranes yellowed and became cloudier. Most membranes were cast at 50-100 µm in 

thickness for evaluation purposes with thin films of 10 µm thickness being cast that still result in 

self-supporting, albeit brittle, membrane.  Unfortunately, these ionomers are partially water 

soluble with up to 25% of the weight being lost upon boiling.  However, the membranes did 

exhibit very high conductivities of 160 mS/cm at 50oC, 80%RH as shown in Figure 3.1. In fact, 

under hydration, we have demonstrated conductivities that rival molten phosphoric and 

phosphonic acid systems under certain conditions, ie. both 20VX65ZP at 80%RH and phosphoric 

acid have σ = 0.15 (0.02) S/cm at 50oC and 20VX65ZP at 80%RH and molten phosphonic acid 

have = 0.16 (0.02) S/cm at 90oC.11, 16 It is therefore, instructive to fully characterize these novel 

materials, so that structure-activity relationships can be formulated so that more practical 

materials can be developed in the future. 
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FTIR spectra show that the functional groups present are the same for all the materials 

with small variations in peak intensities associated with P-H, P-O-P, P-O-H, P=O and other 

related functionalities in the supplemental information Figure S1. Since most of these functional 

groups are found in the fingerprint region between 700-1200 wavenumber and are so close to 

each other, it is very hard to distinguish between many of the functional groups. It is not until 

solid-state nuclear magnetic resonance (SS NMR) is evaluated that more of the fundamental 

differences between the ionomers are observed.  

1H NMR of the monomer shows that we have a large peak that is most likely a composite 

of the acidic proton, positioned at the farthest downfield shift, with the hydrogen associated to 

the vinyl group dominating the spectra at c.a. δ=6 ppm, as shown in Figure 3.2. The large 

overlap of peaks is due to the many possible configurations that the monomer can be held in the 

solid. Upon polymerization, the 1H NMR spectra become much more distinguishable, showing a 

clear acidic proton signal just above δ=9 ppm, which is not as acidic as the peak in the VX100ZP 

ionomers, δ=11 ppm.16 Large peaks at δ=5.6 ppm are the hydrogen on the backbone of the 

ionomer that is in close proximity of the zirconium modified VPA with some possible overlap of 

residual unreacted ionomer, or ionomer end groups as shown previously by HETCOR analysis.16 

Usually, an aliphatic hydrogen on a backbone would be positioned at c.a. δ=1-1.5 ppm, which is 

where we see a weak peak associated with the repeat units of the VPA in long enough 

progression to not be influenced by the polarizing effects of zirconium, with the small peak 

indicating that zirconium’s polarizing effect on the phosphonic acid groups is extensive. 

Evaluation of 13C CPMAS NMR in Figure 3.3 shows a great amount of insight into the 

bonding of the ionomer. First it is noted that the monomer has the vinyl group carbon, δ=126 

ppm, with spinning sidebands appearing at δ=46, 206 ppm as expected. VXZP ionomers show a 
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multitude of peaks associated with pVPA at c.a. δ=20-30 ppm. With the increase of P-O-Zr 

bonding the pVPA peaks shift downfield, leading to the group of peaks at δ=121-133 ppm. 

Spinning sidebands are identified at δ=76, 176 ppm, which are attributed to the heavily 

zirconium influenced PA groups, showing there is more disorder in this region and more order in 

the pVPA portions of the ionomer. An analogous change in the 31P CPMAS NMR is found 

between the VXZP monomer and the VXZP ionomers. The monomers shown to the left of Figure 

3.4 clearly shows the multitude of states of the zirconium vinylphosphonate ‘doublet’ and the 

zirconium phosphate ‘triplet’ centered at δ=-19 ppm. These peaks disappear upon 

copolymerization with VPA giving the NMR spectra to the right of Figure X that is analogous to 

the 31P NMR of the parent VX100ZP ionomers.16 Farthest downfield is the pVPA peak at 

δ=34ppm with P-O-P formed by condensation reactions being found at c.a. δ=27 ppm.7 A very 

sharp peak at δ=20 ppm is the terminal phosphorous acids. It is interesting to note that this peak 

is much larger than in parent VX100ZP ionomers.  Peaks at lower chemical shifts are associated 

with OXP(OZr)Y, where the more negative the value, the stronger the influence of zirconium.  

FTIR and solid state NMR confirm the chemical nature of the ionomers. X-ray diffraction 

(XRD) shows that all of the VXZP monomers were amorphous in nature, Figure 3.5. This 

amorphous nature is in contrast to the crystalline parent monomer previously reported.16 It is 

speculated that the addition of the phosphate interrupts the crystalline phase found with the pure 

vinyl phosphonate. Upon polymerization, a crystalline phase associated with the ordering of 

zirconium phosphate, is present in most of the ionomers. Polymerization of 40VXZP ionomers 

resulted in the self-assembly of the zirconium vinylphosphonate crystalline agglomerates at 8.4o 

from 2θ similar to that seen previously at 8.3o from 2θ in the 40VZP-VPA monomer.16  
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Upon hydration, this ionomer undergoes several interesting changes. SAXS 

investigations show that the zirconium distance in the 20VX50ZP and 20VX80ZP ionomers swell 

in the 2-10 nm region, where the 40% VXZP loading do not show this swelling suggesting the 

zirconium distance does not change over the measured Q-range, Figure 3.6. Increase in swelling 

of zirconium over the size range of 2-10 nm suggests that the zirconium is well dispersed and 

attached to the ionomer. Not seeing the swelling here suggests that the zirconium phosphonate is 

in crystalline agglomerates as observed by the XRD above, and the pVPA phase of the 

composite is where the swelling occurs. In Figure 3.7, dynamic vapor sorption confirms there is 

water uptake in all of the ionomers. At RH below 60% there is an addition of λ<1, assuming 1.5 

mobile protons per acid group. At 80%RH λ is just above 2. There is not a significant difference 

between hydration levels until very high hydration of 90%RH, where it is seen that there is 

generally more water uptake for a larger proportion of vinyl groups in the VXZP monomer. It is 

also noted that the higher the loading of VXZP monomer results in higher λ  since there are 

overall less acidic sites available, not necessarily because there is more water uptake. Upon 

boiling, these ionomers generally remain as a single piece of film. Membranes become brittle 

after boiling and drying, with a weight loss of up to 25%, which is above the doping level of the 

phosphoric acid. Membranes also lose weight just being in liquid water, suggesting there are 

short ionomer chains that are not crosslinked due to phosphoric acid resulting in short oligomer 

chains that are soluble. 31P NMR shows a large terminal phosphorous acid peak suggesting that 

the increase of acidic hydrogen in the VXZP monomer results in the loss of too much 

crosslinking to render the ionomer stable to water. Despite this drawback, the conductivity is 

quite impressive for this system, even under low humidity conditions, as discussed below. 
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Conductivity measured by EIS at 50%RH is shown at the top of Figure 3.8, where proton 

conductivities of about 50 mS/cm were achieved at 110oC. At 80%RH, proton conductivities of 

c.a. 160 mS/cm are achieved above 50oC, which is a much lower temperature than shown for the 

parent system. This EIS data confirms that we can help facilitate faster ionic transport with the 

addition of the acidic dopant to the system, under certain conditions. The ionic conductivity of 

some VXZP ionomers is comparable to the molten phosphonic and phosphoric acids as discussed 

above, Figure 3.1. Most of the ion transport in the molten acids has been shown to be due to 

structural diffusion through the hydrogen-bonded network provided from phosphorous-based 

acids being capable of being both proton donors and acceptors.11 Since the overall conductivity 

is on the same order of magnitude, it is proposed that the ions travel through structural diffusion 

at low humidity, which is greatly enhanced by the introduction of water, which can also provide 

sites for Grotthuss hopping, further enhancing the ionic transport pathways over long distances. 

Examining activation energies of ionic movement we can see in Table 3.1 that the 20VXZP 

ionomers have higher activation energies with an average of 25.1 KJ/mol compared to 18.6 

KJ/mol for the parent 20VX100ZP ionomer at low RH, but at high RH the activation energy is 

lower than the parent ionomer, Ea = 10.3 KJ/mol compared to the parent ionomer, Ea = 16.6 

KJ/mol, suggesting the microstructure has a strong role in the long-range ionic pathways.16 At 

50%RH the activation energy is on the order of magnitude of phosphoric acid, Ea = 22.3 KJ/mol 

and molten phosphonic acid, Ea = 16.8 KJ/mol, which are close to that of a hydrogen bond 

enthalpy of 21 KJ/mol.11, 18 Once the ionomer is humidified to 80%RH the average Ea = 10.3 

KJ/mol for 20VXZP ionomers fall below that of Nafion™ at 90%RH with an Ea = 13.8 KJ/mol.19 

At high humidity, the increase in acidic sites through doping enhances the transport at lower 
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temperatures evidenced by having the water form a more complete hydrogen bonded network 

than the parent ionomers. 

3.5 Conclusion 

To summarize, this study has revealed that doping the zirconium vinylphosphonate 

monomer with phosphoric acid has led to an ionomer system that forms membranes with 

enhancements in ionic performance. Solid-state NMR confirms that there is an increase in acidic 

functionality as desired, however the ionomer is partially soluble in water due to the large 

increase in terminal acid sites shown in 31P experiments. There is an increase in proton 

conductivity, most noticeable between 50-80 oC at 80%RH. Under 80%RH the ionomer exhibits 

a lower Ea compared to the pure vinyl-functionalized monomer. However, at 50%RH, the Ea was 

higher for the acid doped ionomers. Ionic conductivity is 50 mS/cm at 50%RH, 110oC and as 

high as 160 mS/cm at 80%RH, 50oC. Water uptake is quite low below 60%RH, with only an 

increase in λ of 1 above a dry ionomer. At 80%RH λ is just above 2, which is quite low 

compared to PFSA type ionomers. 

Future work includes modeling studies to help further elucidate the structure of the 

ionomer while giving insight into pKa shifts, electron densities and other useful properties such 

as bond lengths. This knowledge will in designing new systems that have high conductivity with 

good mechanical properties and high chemical resistances. Also, studies on incorporating these 

ionomers and other variations into ionic devices such as membrane electrode assemblies for 

electrolyzers and fuel cells will give insight into the ability to cycle the material for practical 

applications. 
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Scheme 3.1. Synthesis of mixed functionality monomer of zirconium 
(vinylphosphonate(x)phosphate(1-x)) and subsequent polymerization with vinylphosphonic acid. 
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Figure 3.1. Proton conductivity for VXZP polymers and some competing ionic systems. A) 
20VX50ZP 80%RH (♦) B) 20VX80ZP 80%RH (■) C) molten phosphonic acid11 (+) D)  molten 
phosphoric acid11 (●) E) PBI-PS19 90%RH (---) and F) Nafion®19 90%RH(…). 
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Figure S1. FTIR of (top to bottom) 40VX80ZP, 40VX65ZP, 40VX50ZP, 20VX80ZP, 20VX65ZP and 
20VX50ZP. There is no apparent difference between any of the IR signatures of the different 
compositions of ionomers. 
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Figure 3.2.  1H MAS NMR of VXZP monomers and VXZP polymers. 
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Figure 3.3.  13C CPMAS NMR of VXZP monomers and polymers showing polymerization. 
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Figure 3.4.  31P CPMAS NMR of VXZP monomers showing the two main functionalities of vinyl 
and acidic and VXZP polymers showing polymerization and a change of phosphorous state. 
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Figure 3.5. X-ray diffraction of (top to bottom) A) VX80ZP monomer, B) VX50ZP monomer, C) 
20VX80ZP ionomer, D) 20VX50ZP ionomer, E) 40VX80ZP ionomer, F) 40VX50ZP ionomer 
showing crystalline nature of ionomers compared to amorphous monomers. 
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Figure 3.6.  Small angle X-ray scattering showing water uptake experiments on A) 20VX50ZP 
and B) 20VX80ZP C) 40VX50ZP D) 40VX80ZP ionomers, where the bottom lines in each graph are 
low hydration and rise with increased humidity.  
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Figure 3.7. Lambda increase for ionomers assuming 1.5 dissociable protons per acid group. 
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Figure 3.8. Conductivity of the copolymers at (top graph) 50%RH and (bottom graph) 80%RH as 
a function of temperature as measured by EIS.  Activation energies at low humidity are 
considered independent of VXZP loading in the copolymer. A) 20VX50ZP (♦) B) 20VX80ZP (■) 
C) 40VX50ZP (▲) D) 40VX80ZP (●). 
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Table 3.1.  Activation energy calculated from proton conductivity measured by EIS for different 
compositions of VxZP co-VPA under different environments of various RH and changing 
temperatures. Ea=[KJ/mol] 

Ea (KJ/mol) 50%RH 80%RH 

20VX50ZP 26.4 10.6 

20VX65ZP 24.6 12.6 

20VX80ZP 24.4 7.7 

40VX50ZP 20.2 7.8 

40VX65ZP 23.1 5.0 

40VX80ZP 21.6 9.7 
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4  
ANNEALING EFFECTS ON PHOSPHORIC ACID DOPED HYBRID 

ORGANIC/INORGANIC IONOMERS  

Modified from a paper to be submitted to Journal of Materials Chemistry A 

Gregory J. Schlichting,K Yuan Yang, L and Andrew M. Herring K, M, N 

4.1 Abstract 

Thermal stability of zirconium vinylphosphonate co-vinylphosphonic acid is of great 

importance for the operation of ionic devices at hot and dry conditions. It is shown that a 

significant change occurs in the ionomer between 150-175oC resulting in the rearrangement of 

zirconium in the ionomer forming crystalline agglomerates that adversely affect the bulk ionic 

conductivity of the ionomer. Thermal treatment at 150oC results in a proton conductivity of 

160mS cm-1 at 80%RH, 80oC, which decreases to 120mS cm-1 after 175oC treatment.  

4.2 Introduction 

Solid stare electrochemical energy conversion devices, centered on an ionic membrane 

separator or ionomer, are key to implementing a sustainable energy economy. Various materials 

have been utilized including composite fabricated by the mixing of ceramic particles with 

organic polymers.1-3Blending the properties of polymers and ceramics can provide the benefits of 

operating devices at more extreme conditions while benefiting from the mechanical properties of 
                                                

K Department of Chemical and Biological Engineering, Colorado School of Mines, 1500 Illinois 
Street, Golden, Colorado 80401, United States 

L Department of Chemistry and Geochemistry, Colorado School of Mines, 1500 Illinois Street, 
Golden, Colorado 80401, United States 

M Corresponding Author Andrew M Herring, aherring@mines.edu 

N Gregory is a graduate student, Yuan Yang provided NMR support and Andrew was the 
principle investigator. 



 83 

the polymer matrix, resulting in increased operating parameters especially at hotter and drier 

regimes benefitting diverse applications such as fuel cells, electrolyzers, ionic batteries, 

separators, and sensors.4 Higher temperature resistance of ionomers is desired for many reasons 

in proton conducting ionomers, such as decreased CO poisoning of the electrodes allows for less 

pure and less-expensive hydrogen fuel, the easy rejection of heat through the use of current 

radiator technology, and system simplification through the elimination of water management unit 

operations in vehicle applications for the case of fuel cells.3, 5  

Parent ionomers of zirconium vinylphosphonate co-vinylphosphonic acid (VZP co-VPA) 

exhibit the unique properties of high proton conductivity under dry conditions while being stable 

to boiling water due to crosslinking through the zirconium. However, our initial studies6, 7 did not 

examine the effect of annealing the materials to higher temperatures, which have been shown to 

increase performance in other systems including Perfluorosulfonic acid (PFSA) system.8, 9 Most 

proton exchange ionomers are currently operated under conditions of water saturation since ionic 

transport is higher in liquid water is much faster than can be explained by a simple vehicle 

mechanism invoking a proton hopping Grotthuss model.4, 10 At hotter (>100oC) and drier 

operating conditions PFSA’s exhibit greatly limited proton transport, due to water clusters 

becoming disconnected.11 Several highly sulfonated materials that have extraordinarily high 

proton conductivities at hotter and drier conditions have been proposed.9, 12 Unfortunately these 

materials lie at the border of extreme swelling and come close to dissolving in liquid water.  

In an anhydrous environment proton transport would have to be via a pure Grotthuss 

hopping mechanism, but to date only very low proton conductivities have been demonstrated 

under anhydrous conditions.13, 14 Phosphonic acid and bis(trifluoromethyl)-phosphonic acid 

exhibit the highest anhydrous proton conductivities known.15, 16 This makes the derivatives of 
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phosphonic acid quite intriguing from the point of view of anhydrous proton transport.13, 17 

However, when these moieties were incorporated into a polymer, the proton conductivities 

observed were several orders of magnitude lower. 13, 18  Even the addition of only a short side 

chain from C1 to C4 length reduces the ionic conductivity by an order of magnitude.15 Proton 

conduction is thought to occur through a hydrogen-bonded network, where certain oxygen in the 

phosphonic acid can act as both a proton donor and a proton acceptor. In order to have long-

range transport occur, this network of hydrogen bonds must have long-range order. 

Phosphourous acid based ionomers that have very short chains between acidic groups and the 

ability to form a membrane are rare. 

This report examines the thermal stability of dispersed zirconium vinylphosphonate 

copolymerized with vinylphosphonic acid6, 7 (VZP-VPA) with the main emphasis of examining 

proton transport with respect to microstructural changes. The study gives insight into structural 

changes under heat as well as the role of thermal degradation of the ionomers.  

4.3 Experimental Section 

Experimental methods and materials are discussed in detail below. This section allows 

the reader the full disclose of experiments so that results can be verified in the proper manner. 

4.3.1 Materials 

Vinylphosphonic acid (C2H5O3P) 90% and zirconyl chloride (ZrOCl2) 30% in HCl were 

purchased from sigma Aldrich and used as received. 

4.3.2 Synthesis and Thermal Stability Testing Procedures 

Zirconium vinylphosphonate (VZP) were prepared and polymerized via UV free radical 

polymerization (UV FRP) by our previously reported literature procedure.6, 7, 19  
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Thermal stability of the polymers was determined by placing the membrane on thin 

Teflon in an oven preheated to specific temperatures for the specified amounts of time, basically 

annealing the ionomers. A range of temperatures and annealing times resulted in a preliminary 

test looking at color change and the basic feel of the polymer for screening degradation 

observation.  

4.3.3 Characterization 

A boiling test was performed by first washing the polymer in distilled water then drying 

it in a vacuum over at 40oC for 24 hours to establish the initial weight.  The membrane was then 

boiled in a flask with a condenser above for 24 hours.  After boiling, the membrane was again 

dried in a vacuum oven for 24 hours at 40oC. 

FTIR was performed using a Thermo-Nicolet 2100 FTIR spectrometer in attenuated total 

reflectance response mode.  

1H, 31P and 13C magic angle spin (MAS) NMR was performed on a Bruker Avance III 

400 Spectrometer. A 4mm MAS BB/BB probe was used.  1H MAS NMR was taken at 400 MHz, 

with spin rates of 12kHz and 8kHz to identify spinning side-bands. 31P cross polarization (CP) 

MAS NMR was taken at 161.78 MHz, with spin rates of 8kHz and 5kHz to identify spinning 

side-bands. 13C CP MAS NMR was taken at 100.49 MHz, with a spin rate 8kHz.  

XRD was recorded using a Rigaku diffractometer from 5° to 90° from 2θ using a Cu Kα 

x-ray source and a 0.02os-1 step size. 

A dynamic vapor sorption (DVS) apparatus, DVS Advantage, from Surface Measurement 

Systems Ltd was used to measure the number of waters per ionic group, λ, by passing a 

controlled humidified gas over the membrane and gravimetrically measuring weight increase.  

The measurement was programmed as follows. First a drying step of three hours at 60 oC was 
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used to insure proper initial weight. Then the humidity was increased from nominally 0%RH up 

to 80%RH in 20%RH increments. Next the humidity was dropped back to 0%RH in 20%RH 

increments.  This was cycled twice.  After this, the membrane was increased to 90%RH, which is 

the highest achievable repeatable humidity that can be reached. Next the humidity was dropped 

back to 0%RH.   

Ion exchange capacity (IEC) was measured by first drying the membranes under vacuum 

overnight. Next the membranes were soaked for 24 h in 1M NaCl solution to exchange the ions. 

This solution was titrated with 0.01M NaOH using phenolphthalein as an endpoint indicator. 

Conductivity was measured by electrochemical impedance spectrometer using a Bio-

Logic VMP3 potentiostat under RH and temperature controlled by a TestEquity H1000 oven and 

data collected using EC-labs software. The membrane was held in a four-electrode test cell, with 

platinum electrodes. 

4.4 Results and Discussion 

Experimental results are discussed below in the context of thermal stability of the 

ionomers that have been previously reported by this research group. The discussion details the 

importance of thermal history in ionomers. 

4.4.1 Structural Relation to Thermal Stability 

Zirconium vinylphosphonate (VZP) was copolymerized with vinyl phosphonic acid 

(VPA) by a procedure previously reported by the authors.6, 7 This monomer produces a clear, 

flexible membrane that yellows and becomes brittle over long periods of time, weeks to months. 

When these transparent ionomers are formed, it has been shown to be due to short chains 

building off of the vinyl groups of the VPA interacting with vinyl groups on the edges of the 

VZP layers, causing them to exfoliate and become increasingly compatible with the VPA 
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oligomer chains being formed at the same time. Evidence points towards the zirconium in the 

phosphonate monomer rearranging to coordinate partially to the vinylphosphonic acid monomer 

during polymerization, creating a network with crosslinking through the zirconium. These 

materials are heavily crosslinked making it is inherently difficult, if not impossible, to obtain 

accurate molecular weights and the polydispersity index.   

Normally when heating a material to anneal it, the polymer is heated above the glass 

transition temperature to enable polymer chain entanglement to make a stronger material. In the 

case of this highly crosslinked inorganic material, it was not possible to determine the Tg. 

Therefore, as the goal of this study was the increase in ionic conductivity we used EIS as a tool 

to screen ionic performance as a function of the time and temperature. Data in Figure 4.1 shows 

significant data scatter at short annealing times, Figure 4.1A,B, but consistent properties are 

exhibited after 15 minutes of annealing. It was determined that heating to 175oC is detrimental to 

the chemical resistance and conductivity of the ionomer.  

Annealing of these polymers shows many interesting changes in material properties. 

Visually, the color goes from clear to light yellow-very light brown when annealing for 5-30 

minutes at 150oC and is darker at 175oC, with crystalline precipitates that are brown in color 

being observed in most of the ionomers showing re-structuring and rearrangement the micro-

structure of the ionomer. To the touch, the materials appear more rigid and tough. Unfortunately, 

boiling tests show that the annealed ionomer was no longer stable to boiling. This is likely due to 

the drastic change in ionic properties on changing from the parent ionomer to the crystalline 

composite polymeric system between 150-175oC. It will be presented below that formation of a 

crystalline structure forms upon heating.  
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An interesting story of a phase-separated ionomer that has crystallites forming upon 

aging and annealing, as shown by SEM, Figure 4.2. As synthesized ionomers are shown as well 

dispersed membranes in Figure 4.2A, F. Upon aging for many months, rod-like agglomerates 

form that have a diameter less than 1 micron with lengths ranging 1-10 microns, Figure 4.2C. 

These agglomerates are well dispersed throughout the membrane, Figure 4.2B. Upon heating the 

membrane undergoes a different change as can be seen especially well in Figures 4.2D, G. What 

we can see after heating in the VZP-VPA membrane is first of all, the surface has been thermally 

stressed forming a cracked top skin that results in brittle fracturing of the ionomer into small 

crystallites shown in Figure 4.2E. Upon closer examination, the membranes also show dark 

agglomerates throughout the bulk of the material. This dark region is magnified at 5000X in 

Figure 4.2H showing what could be large platelets forming within the membrane. At higher 

loadings of VZP, there are more agglomerates present after heating. XRD confirms the 

crystalline nature of the ionomers. 

4.4.2 Chemical Characterization 

Solid State NMR was used to examine the chemical bonding nature of the ionomers 

compared to the previously published parent ionomer.6, 7 1H NMR of the heated VZP-VPA 

ionomers show a peak at c.a. δ = 6 ppm assigned to the backbone protons with another peak 

showing up downfield at c.a. δ  = 11 ppm assigned to the acidic protons and some methylene 

hydrogen atoms from the backbone in close proximity to zirconium, Figure 4.3A. Increases in 

acidity of a substance are manifest by a farther downfield shift in proton peak position. The 

parent system had an acidic peak position of c.a. δ  = 10 ppm, whereas the annealed polymers 

exhibit a shift of over 1ppm downfield from the parent system suggesting an increase in acidity 

of the mobile protons in the ionomer. Aliphatic backbone hydrogen atoms would generally be 
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expected to show up around δ = 2.3 ppm,13 however a previous HETCOR analysis7 on VZP co-

VPA has shown that 1H peak at ca. δ = 10 ppm are associated with the 13C peaks at δ = 125 – 

135 ppm and assigned to backbone close to the zirconium phosphonate part of the ionomer, 

while overlapping this peak are residual vinyl groups that could be the end of the polymer chains 

and other sterically hindered vinyl groups that did not polymerize. A second region found from 

previous HETCOR experiments show the 1H signal at ca.  δ = 6 ppm is associated with the 13C 

peak at ca. 30 ppm, assigned to the remaining pVPA section of the copolymer.  

13C and 31P CP MAS NMR is shown in Figure 4.3B,C for the annealed ionomers shows 

the annealing at 150oC did not change the structure of the ionomer from the parent system, but 

heating to 175oC greatly changed the carbon spectrum. A combination of peaks at ca. δ = 20 to 

30ppm are attributed to the VPA moiety while the peaks at ca. δ = 120 to 135ppm are attributed 

to carbon attached to P-O-Zr bonding. Upon annealing, the peaks associated with zirconium 

phosphonate are greatly reduced, and it takes examination of the 31P NMR spectra to see that the 

VPA peak stays the same through annealing but the multitude of peaks assigned to P(O-Zr)X 

where X < 3 bonds go away suggesting the as-synthesized ionomer is in a meta-stable state. 31P 

Peaks at 34ppm (δ = 37ppm) and 28ppm (δ = 31ppm) have been shown to be pVPA and P-O-P 

formed by a condensation reaction, respectively, where the sharp peak at δ = 22 ppm is 

associated with terminal pVPA groups with increased mobility.13 

4.4.3 Water Uptake 

Copolymer systems based on annealed VZP-VPA exhibit very little water uptake 

between nominally dry and roughly 60%RH, at 60oC.  Overall, the annealed ionomer takes up 

less water than the parent VZP-VPA ionomers as shown by dynamic vapor sorption (DVS), 

Figure 4.4. Extremely low water uptake may indicate that water is not the major source of proton 
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mobility.  Only at very high humidity is there enough water to facilitate vehicle type transport. 

Also, the water that is present at low hydration may not even be associated with the acidic groups 

in the ionomer. It is easy to see water uptake increases over dry membrane conditions are greatly 

affected by annealing temperature. Ionomers annealed at 175oC and above show much less water 

sorption and consequently lower bulk ionic mobility, most likely due to the change in chemical 

environment illustrated by the FTIR and NMR analyses above.  

4.4.4 Proton Transport 

Zirconium’s proximity to the phosphonic acid groups has been shown to increase 

polarization of the protons in the VPA from the electronegative drawing properties of the 

zirconium phosphonate, giving a higher propensity for the ionization of the P-OH group.1 Upon 

annealing, the bonding structure changes upon heating above 150oC to a composite system full 

of crystalline agglomerates. Electrochemical impedance spectroscopy (EIS) was used to measure 

in plane ionic conductivity and examine overall ionic performance, since titration experiments 

were unsuccessful due to hydrolysis of the functional groups, so the ion exchange capacity could 

not be experimentally determined. Figure 4.1 shows fairly high proton conductivity at moderate 

temperature and dry conditions. Demonstrated conductivity over the bulk material at dry 

conditions is at best 50mS/cm at 110oC and 50%RH. At higher humidity, the bulk proton 

conductivity is greatly enhanced due to the water, resulting in proton conductivities greater than 

160mS/ cm at 80oC and 80%RH. These values for annealing at 150oC represent the parent 

ionomer performance data. After annealing at 175oC, the change in microstructure and chemical 

nature results in a decrease of ionic conductivity due to loss of polarization of the pVPA from Zr. 

A comparison between annealing for 5 minutes and 15 minutes shows that at 5 minutes, the 

annealing is not complete and the material performance reflects this with huge error bars in the 
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conductivity measurement. After 15 minutes of annealing the material performance is quite 

repeatable, reflected by comparing the left side of Figure 4.1 to the right sides.  

Ionic performance of this solid state ionomer is comparable to molten phosphoric acid 

systems, which from a polymeric system is rare and can only be achieved by having very short 

chains between acidic repeat units and by creating a hydrogen bonded network for proton 

transport that is enhanced by increased hydration due to combined structural and vehicle 

movement of ions. Proton transport via Grotthuss hopping is most likely at low RH due to the 

low water uptake at low humidity and the high bulk proton conductivity shown by the DVS and 

EIS analyses. Proton transport has been proposed to be through a dynamic hydrogen-bonded 

network present within this ionomer at both high and low hydration levels, however, the 

combined hopping and vehicle mechanisms at high hydration result in much higher ionic 

conductivities through the increased completion of long-range ionic movement pathways. A 

long-range hydrogen-bonded network is paramount for transport at dry conditions.  Since the 

bulk conductivity measured by EIS is still high at dry conditions (~50mS/cm), we propose that 

there is long-range order in the hydrogen-bonded network, showing agreement with the idea that 

fast structural diffusion is occurring in this ionomer and that the order of the hydrogen-bonded 

network is present over a long range allowing for ionic conduction at low relative humidity. 

Translating ionic performance to something more tangible such as a fuel cell yields 

promising results. The US Department of Energy put out a goal for commercialization of fuel 

cell membranes to have an area specific resistance of less than 0.02 Ohm. This translates into 

membranes that have a thickness of 10 microns at 50%RH and 110oC, where this same resistance 

is met at 80%RH at just over 30oC as shown in Table 4.2. A membrane of 10 micron thickness 

should be attainable for future fuel cell tests. 
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4.5 Conclusion 

We have performed annealing tests on an ionomer synthesized from zirconium 

vinylphosphonate and vinylphosphonic acid. It has been found that aging of the ionomer and 

annealing of the ionomer produces different results in membrane microstructure as evidenced by 

SEM. Annealing at 150oC did not adversely affect the ionic performance of the ionomer, but 

once the ionomers were heated to 175oC, a drastic change in the ionomer adversely affects the 

ionic performance due to rearrangement of the microstructure interrupting ionic pathways. 

Further decrease of the ionic performance of this system is due to agglomeration of zirconium 

upon annealing forming a very large crystalline-phase that inhibits movement of ions. Upon 

annealing at 150oC, the ionomers form promising membranes that have high ionic conductivity 

of over 50mS cm-1 at 110C and 50%RH.  
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Figure 4.1. Conductivity of the copolymers at different relative humidity as a function of 
temperature as measured by EIS. 20VZP-VPA annealed at A) 150oC 5min (-) B) 150oC 15min 
(▲) C) 175oC 5min (n) D) 175oC 15min (●) and E) parent 20VZP-VPA(♦).



 96 

 

 

 

Figure 4.2A. 20VZP-VPA as synthesized, 1000X. 
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Figure 4.2B. 20VZP-VPA aged many months, 1000X. 
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Figure 4.2C. 20VZP-VPA aged many months, 20,000X 
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Figure 4.2D. 20VZP-VPA annealed 150oC 15 min, 250X 
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Figure 4.2E. 20VZP-VPA annealed 150oC 15 min, 10,000X 
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Figure 4.2F. 40VZP-VPA as synthesized, 1000X 

 



 102 

 

Figure 4.2G. 40VZP-VPA annealed 150oC 15 min, 1000X 
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Figure 4.2H. 40VZP-VPA annealed 150oC 15 min, 5000X, showing growth of large 
agglomerates of crystals. 
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Figure 4.3A. Solid State 1H NMR of (top to bottom) A) 20VZP-VPA annealed at 150oC, B) 
20VZP-VPA annealed at 175oC and C) 40VZP-VPA annealed at 150oC. 
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Figure 4.3B. Solid State 13C CP-MAS NMR of (top to bottom) A) 20VZP-VPA annealed at 
150oC, B) 20VZP-VPA annealed at 175oC and C) 40VZP-VPA annealed at 150oC. 
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Figure 4.3C. Solid State 31P CP-MAS NMR of (top to bottom) A) 20VZP-VPA annealed at 
150oC, B) 20VZP-VPA annealed at 175oC and C) 40VZP-VPA annealed at 150oC. 
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Figure 4.4 Water uptake measurements of (left to right) VZP monomer (grey), 20VZP co-VPA 
(black), 20VZP-VPA 5min 150oC (light blue), 20VZP-VPA 15min 150oC (dark blue), 20VZP-
VPA 5min 175oC (light green), 20VZP-VPA 15min 175oC (dark green), 40VZP-VPA 5min 
150oC (orange) and 40VZP-VPA 15min 150oC (red). 
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Table 4.1.  Activation energy calculated from proton conductivity measured by EIS for 
different compositions and annealing conditions of VZP-VPA under different 
environments of various RH and changing temperatures. Ea=[KJ/mol] 

 

Sample 50%RH 80%RH 

20VZP-VPA 150oC 22.8 15.9 

20VZP-VPA 175oC 22.9 18.5 
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Table 4.2. Membrane thickness needed in microns to achieve 0.02 Ohm resistance across the 
membrane. 

 

20VZP-VPA  

150oC 5min 

20VZP-VPA  

150oC 15min 

20VZP-VPA  

175oC 5min 

20VZP-VPA  

175oC 15 min 

Temp 
(oC) 

50%R
H 80%RH 50%RH 80%RH 50%RH 80%RH 50%RH 80%RH 

30 1.4 9.5 1.5 9.7 0.9 7.0 1.0 6.1 

50 3.3 24 3.5 23 2.2 17 2.2 18 

65 

 

25 

 

25 

 

18 

 

19 

80 6.5 28 6.6 28 4.6 21 4.5 22 

95 8.6 32 8.7 32 6.0 23 5.8 25 

110 10 

 

10 

 

7.0 

 

6.5 
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5  
GENERAL CONCLUSIONS 

Through this work, it has been demonstrated that zirconium vinyl phosphonate can, in 

fact, be dispersed and incorporated into a polymer to create new, hybrid organic-inorganic 

ionomers. High conductivities over 0.15 S/cm have been shown for multiple formulations of 

these ionomers, which is approaching conductivities that are comparable to liquid and molten 

phosphoric and phosphonic acids. 

5.1 Synthesis of dispersed Zirconium Vinylphosphonate co-Vinylphosphonic Acid 

We have synthesized a new material as a clear, flexible, amorphous copolymer 

membrane.  The polymerization is rapid at first under the intense UV-initiated polymerization 

method utilized.  After some time, this polymerization slows, and progresses by a continuation of 

the cross-linking process.  In contrast to poly(VPA), the VZP co-VPA ionomer is insoluble and 

survives a 24 hour boiling test, showing no weight loss.   

The materials demonstrates a very high proton conductivity under dry conditions (λ < 1) 

of up to 50 mS/cm at 80°C. The lack of water suggests that the Grotthuss mechanism dominates 

under dry conditions through structural diffusion via a continuous hydrogen-bonded network.  

This hydrogen-bonded network must be present over a long range since the bulk conductivity at 

these very dry conditions is so high.   

Upon high hydration of λ > 4, the ionic conductivity greatly increases due to combined 

Grotthuss and vehicle transport, yielding proton conductivity >100 mS/cm under the best 

operating conditions (95%RH, 80oC).  The microstructure swells in the bulk amorphous region 

of the copolymer, as evidenced by SAXS measurements.  
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Bulk ionic properties also show impressive IEC and EW values of 10 meq/g and 

100g/mol respectively, showing great promise for development into ionic devices such as fuel 

cells, gas sensors and Li-batteries, among a large host of possible uses.  This VZP-VPA system 

can be polymerized to provide a mostly inorganic, amorphous ionomer. 

5.2 Phosphonic Acid Functionalized Membranes 

Phosphonic acid functionalized zirconium vinylphosphonate/phosphonate co-

vinylphosphonic acid was synthesized and characterized for basic properties as well as ionic 

performance. These materials demonstrates a very high proton conductivity under dry conditions 

of up to 50 mS/cm at 110°C. The lack of water suggests that the Grotthuss mechanism dominates 

under dry conditions through structural diffusion via a continuous hydrogen-bonded network.  

This hydrogen-bonded network must be present over a long range since the bulk conductivity at 

these very dry conditions is so high.   

Upon high hydration the ionic conductivity greatly increases due to combined Grotthuss 

and vehicle transport, yielding proton conductivity >160 mS/cm under the best operating 

conditions (95%RH, 80oC) showing the microstructure swells in the bulk amorphous region of 

the copolymer due to water uptake, as evidenced by SAXS measurements.  

Bulk ionic properties exhibit impressive ionic mobility showing great promise for 

development into ionic devices such as fuel cells, gas sensors and Li-batteries, among a large 

host of possible uses.   

Unfortunately, the increase in ionic nature of the membrane that was gained by 

functionalizing the VZP monomer with phosphonic acid resulted in chemical instability of the 

monomer when it is submerged in boiling water. 
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5.3 Thermal Stability of VZP-VPA Membranes 

We have performed annealing tests on an ionomer synthesized from zirconium 

vinylphosphonate and vinylphosphonic acid. It has been found that aging of the ionomer and 

annealing of the ionomer produces different results in membrane microstructure as evidenced by 

SEM. Annealing at 150oC did not adversely affect the ionic performance of the ionomer, but 

once the ionomers were heated to 175oC, a drastic change in the ionomer adversely affects the 

ionic performance due to rearrangement of the microstructure interrupting ionic pathways. 

Further decrease of the ionic performance of this system is due to agglomeration of zirconium 

upon annealing forming a very large crystalline-phase that inhibits movement of ions. Upon 

annealing at 150oC, the ionomers form promising membranes that have high ionic conductivity 

of over 50mS cm-1 at 110C and 50%RH.  

5.4 Future Work 

Based on findings it can be seen that ion movement is fast when hydration provides 

enough ability for long-range, fast changing hydrogen bonded networks to develop. 

Unfortunately the highest bulk conductivities observed were in samples that were not stable to 

boiling water. Increasing stability will be a major focus, while trying to keep fast ionic mobility. 

Design of new ionomers will have to be on the nano-scale, and results of this thesis shows 

immobilization of the phosphonic acid through polymerization and crosslinking with Zr for 

increased stability of the ionomer to water is a route that can provide a high performance 

ionomers. Here are a couple ways in which increases in performance could possibly be achieved: 

1. Block copolymer with VXZP and some other polymer with better structural and 

chemical resistance properties that has acidic moieties added, accomplished using 
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living polymerization. The result could provide matchup of ionic groups forming 

ionic channels, or pathways through the ionomer while increasing chemical resistance 

2. Fluorinate the polymer backbone to help increase chemical resistance similar to a 

PFSA. Drawbacks can include HF release if the polymer degrades; however the 

ability to degrade should be greatly reduced. 

Another route that is being explored is modeling the ionomers with respect to finding 

acidities and electron distributions of model compounds to examine the effect adding zirconium 

on the polarization of the acidic hydrogen atoms. It these studies could be expanded, the effect 

on polymers could provide insight into proton transport within these solid state ionomers. 

Certain ionomers made during this study could prove suitable for use in actual devices 

such as gas sensors, electrolyzer or fuel cell, battery membrane and EDI membrane to name a 

few. Eventually, development of ionic into these devices is the desired. 

  


