
 

 

 

 

 

 

 

 

 

DEVELOPMENT OF HETEROPOLY ACID CONTAINING POLYMER 

ELECTROLYTES FOR USE IN ELECTROCHEMICAL ENERGY CONVERSION 

DEVICES 

 

 

 

 

 

 

 

 

 

by  

Andrew R. Motz  



 

 

 

 

 

 

 

 

 

 

© Copyright by Andrew R. Motz, 2018 

All rights reserved 

 



 ii 

 A thesis submitted to the Faculty and Board of Trustees of the Colorado School of Mines 

in partial fulfillment of the requirements for the degree of Doctor of Philosophy (Chemical 

Engineering).  

 

Golden, Colorado 

Date  _____________________ 

Signed:    ___________________________ 
Andrew R. Motz 

 

Signed:    ___________________________ 
Dr. Andrew M. Herring 

Thesis Advisor 
 

 

 

 

 

 

Golden, Colorado 

Date  _____________________ 

 

Signed:    ___________________________ 
Dr. Jennifer Wilcox 
Professor and Head 

Department of Chemical and Biological Engineering 
 

  



 iii 

ABSTRACT                           

Polymer electrolyte fuel cells are nearing commercialization due to large strides towards 

improved performance, durability, and cost targets. Some of the major breakthroughs include the 

discovery of more active and stable catalysts with reduced platinum loading, as well as the 

utilization of thin (<15 µm), mechanically supported membranes. While such advances have 

been impressive, a need still exists for highly conductive and chemically stable polymer 

electrolytes. As film thicknesses are reduced, more stable materials are needed to retain 

durability due to increased hydrogen crossover. In this work, new materials based on covalently 

attached heteropoly acid containing polymers are investigated.  

The prospect of making a perfluorocyclobutyl containing block polymer was investigated, 

using quantum chemistry calculations to discover and analyze the cycloaddition reaction 

mechanism involved in polymerization. The calculated activation energies are in close agreement 

with experimental data, giving validation to this purposed reaction pathway. A twisting motion 

occurs in the reaction mechanism and it is proposed that high temperatures or the addition of 

solvent could both be effective ways to achieve high molecular weight. The experimental portion 

of this work was hindered due to challenges with monomer purity, thermal stability, and finding 

a suitable solvent.  

The next polymer platform that was investigated involved the functionalization of a 

commercial poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) fluoroelastomer 

(FC-2178). The synthesis route was based on chemistry that is utilized in crosslinking reactions 

for producing O-rings and has been used previously to add functional side chains to PVDF-HFP. 

Although the resulting material was very brittle, it showed promise in proton transport and fuel 

cell testing. Small angle x-ray scattering (SAXS) data suggests that changing the processing 
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conditions can alter the morphology, but two characteristic features of ca. 6.5 and 1.0 nm always 

persisted in these materials.  

Next, the synthesis was altered to allow low temperature side chain attachment, which 

resulted in much stronger polymer films. These films still gravitated towards the morphology 

seen in the previous approach. Engineering of thin films resulted in superior performance and 

durability when compared to the incumbent technology, perfluorinated sulfonic acid polymers 

(PFSA). While the covalently attached silicotungstic acid (HSiW) is stable in acidic conditions 

and water at room temperature, some HSiW leaches out in warm water (80 °C). 

The final set of studies looks into utilizing [γ-SiW10O36]
-4 (HSiW10), as the chemical bonds 

are hypothesized to be stronger than the ones formed through hybridization of the [α-SiW11O39]
-4 

(HSiW11) moieties used in the previous studies. In the final chapter, the hypotheses are revisited 

and a new HSiW containing polyimide chemistry is proposed as a promising material for future 

work. 
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CHAPTER 1  

INTRODUCTION 

1.1 Energy, Economics, and Society  

Energy is at the heart of modern society, powering lights, heating, cooling, electronics, and 

transportation. Across the world there has been a growing reliance on energy since the industrial 

revolution ca. 1800 and a clear turning point between 1940-1950 where energy consumption 

started to increase at a more rapid pace (see Figure 1.1). This is likely due to the ending of World 

War II and an increase in consumerism and vehicle ownership (note the oil use in Figure 1.1).  

 
Figure 1.1: Global energy consumption since 1800 with a breakdown by source [ref. 1 and 2] 
 

Studies have found that greater energy use is correlated with increased life expectancy, 

increased literacy rates, and decreased infant mortality, three factors that can be attributed to 

improved quality of life.3 As more and more people climb out of poverty and strive for increased 

quality of life, the global energy demand is likely to continue to increase. According to the U.S. 

Energy Information Administration (EIA) the global demand is projected to continually increase 

through at least the year 2040.4 
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While energy usage can be reduced through development of new technologies (e.g. 

incandescent, compact fluorescent, and light emitting diode (LED) light bulbs each using 

progressively less energy), it will not be sufficient to fully curtail increased demand; therefore, 

we must identify the means to satisfy our energy needs of the future. Focusing in on oil can show 

the geographic discrepancy between sources of petroleum and point of use. The United States, 

China, Japan, and India (accounting for nearly half of world-wide commerce) have deficiencies 

in oil, resulting in dependence on other countries for our energy needs (see Figure 1.2).  

 

 
Figure 1.2: (top) normalized oil use (bottom) normalized, verified oil reserves [Data from ref. 5] 

 

Another important trend in fossil fuel energy is the increasing challenge in extraction. One 

metric that communicates this point is energy return on investment (EROI), or the amount of 

energy delivered divided by the amount of energy needed to deliver that energy (e.g. if 100 kJ of 

oil can be extracted, refined, and delivered to the end user with 5 kJ of expended energy, the 
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EROI would be 20). As easily accessed oil reserves are depleted, harder to reach reserves must 

be used, causing the EROI to decrease, see Figure 1.3.6  

 

 
Figure 1.3: Energy return on investment for oil and gas from 1990-2010 from [ref. 6] 

 

Hydraulic fracturing is one method used to extract natural gas that has been reported to have 

great EROI,7 but this is limited to a particularly productive, localized region and energy 

expenditure for exploration was neglected; see Figure 1.4 for this data and a more 

comprehensive set of data from western Canada.8 Hydraulic fracturing may have a good EROI, 

but the trend in decreasing in a similar manner to the rest of fossil fuels.  

 
Figure 1.4: EROI values for natural gas in Pennsylvania (few wells) and Canada (all wells in 
western Canada) [ref. 7 and 8] 

 

An alternative source of energy is the sun, from which energy can be harnessed through solar, 

wind, and biomass sources. As the sun and wind do not become more challenging to access over 
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time, technological advances will likely drive down cost of renewable energy, resulting in 

renewable energy becoming more sustainable and less expensive than fossil fuels. 

Almost all energy on this planet originates from the sun. Fossil fuel originates from 

decomposed biomass, which consists of energy stored in chemical bonds formed through 

photosynthesis many years ago. Wind, solar and biomass originate from solar energy, but these 

come from recent solar energy, unlike fossil fuels. Analyzing trends in global energy 

consumption shows both natural gas and renewable energy trending towards increased share 

where the contribution from coal is decreasing see Figure 1.5. 

 
Figure 1.5: Percentage (y-axis) of energy production by type from 1966 to 2016 [ref. 5] 

 

While renewable energy still accounts for the smallest portion of the energy consumption, it 

has been rising exponentially in recent years as the cost of solar and wind has drastically dropped 

(vide infra). The negative impacts of emissions from fossil fuels are also a driving force for 

renewable energy, often termed “clean energy”. Two major concerns exist: (i) air quality which 

impacts health and quality of life and (ii) anthropogenic climate change, resulting in loss of crops 

and increased likelihood for natural disasters.9, 10, 11, 12 A main contributing factor to emissions is 

the automotive sector and therefore represents one of the largest opportunities, but is also one of 

the most challenging sectors to change.13  
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1.2 Automotive energy use 

The United States uses about 100 Quadrillion BTUs (Quads) of energy each year, with the 

greatest energy sink being transportation, see Figure 1.6.13 Of the energy used for transportation, 

over 90% comes from petroleum, of which a majority is imported. According to the EIA, 20.04 

Quads of petroleum were imported in 2014, accounting for 85.9% of imported energy, with the 

remainder mostly consisting of coal and natural gas.14 It is clear that if the Unites States is to 

gain energy independence, a change must occur in the automotive sector. It is also worth 

pointing out that only 5.86 Quads of energy are needed for transportation, but inherent 

inefficiencies in the internal combustion engine (ICE) leads to a majority of energy rejected as 

heat.  

 
Figure 1.6: Estimated U.S energy use in 2014 broken down by source and sector [ref. 13] 

 

The question now becomes: Where do we get this energy? Not only does the energy need to 

be able to compete in a free market with petroleum, but it must also be able to retain the 

functionality of the ICE in cars, trucks, and busses. Currently natural gas is the least expensive 

source for electricity production, according to the EIA, and also for hydrogen production, 

according to the US Department of Energy (DOE). Therefore, the two near term options are 
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electricity or hydrogen, both originating from natural gas. In the long term, electricity or 

hydrogen may originate from renewable resources as fossil fuel prices increase and renewable 

energy cost decreases. Converting the data in Figure 1.6 into CO2 emissions shows that a large 

opportunity to reduce carbon emissions lies in electrification of transportation sector, see Figure 

1.7. 

 
Figure 1.7: Million metric tons of CO2 emitted by sector in 2014 [ref. 13] 
 

In addition to CO2 emissions, vehicles tend to emit NOx, SOx and particulate matter, which 

are detrimental to our health and environment. See the polluted skyline of Denver, CO (Figure 

1.8) during rush hour traffic.  

 
Figure 1.8: A brown cloud sits over Denver, CO during rush hour traffic  
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Through electrification of the transportation sector, an opportunity exists to reduce CO2 

emissions, pollution, and reliance on other countries for fuel: currently the only factor that is 

impeding its implementation is cost.  

1.3 Energy storage 

A particular advantage of fossil fuels (coal, gasoline, diesel, and natural gas), geothermal, 

nuclear, and biomass is that they are all able to be utilized on demand, and are thus considered 

dispatchable energy sources. Renewable solar and wind sources, however, are non-dispatchable 

due to the fact that we are not able control the weather and the power output is intermittent. Two 

methods to overcome these issues include (i) making a grid that is large enough that it always 

has enough energy to meet the grid demand (e.g. enough solar panels in different time-zones, 

such that there is always solar energy) or (ii) couple storage with non-dispatchable energy. Of 

these, the latter is likely the easier solution. According to the EIA, the average levelized cost of 

an advanced combined cycle natural gas-fired plant entering service in 2022 would be $56.5 per 

MWh in comparison to $63.7 per MWh and $85.0 per MWh for onshore wind and solar PV, 

respectively. To make for a fair comparison, these values are before any tax credit. This data is 

averaged over 22 different regions in the United States and there are regions that wind or solar 

have the lowest levelized cost, see Figure 1.9.15 

It has been just over 10 years since renewables (wind and solar) started to account for a 

significant amount of electricity generation. With increasing demand, advanced manufacturing, 

and technological advances, it is anticipated that cost will continue to decrease more rapidly than 

for more mature technologies (natural gas and coal). The true turning point will be when 

renewable energy generation in addition to storage is less expensive than fossil fuels, thus 

resulting in renewable energy being both dispatchable and lower cost than fossil fuels.  
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Figure 1.9: Levelized cost for new energy generation installed in 2022 from levelized cost and 
levelized avoided cost of new generation resources 2017 [ref. 15] 

 

Energy can be stored as kinetic energy as in flywheels or potential energy (pumped hydro, 

compressed air, chemical bonds, or electrochemical potential). Pumped hydro and compressed 

air work well in specific geographic regions (elevation gain is needed for pumped hydro and salt 

caverns are beneficial for compressed air) and at specific scales. While it is likely they can play a 

role in energy storage, other solutions that are universally applicable such as fuel cells and 

batteries will need to be implemented as well. An additional set of restrictions for electrifying the 

transportation sector are size, weight, durability under many start-up and shut down cycles, and 

cost. It is widely accepted that fuel cells, batteries, or biofuels are the most likely candidates to 

replace the ICE.  

1.4 Electrochemical Energy Conversion Devices 

With the need for energy storage outlined, it is important to compare and contrast different 

types of devices, with most devices having some specific advantage making it the best choice for 
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a particular application. Cost, durability, reliability and operating environment are all important 

considerations, but beyond those metrics are specific power and specific energy, see Figure 1.10.  

     
Figure 1.10: Ragone plot for different electrochemical devices with ICE for comparison [ref. 16] 

 

Improved performance through development of new materials or engineering of new 

assemblies can push the boundaries up (greater specific power) and to the right (more specific 

energy), but theoretical limits exist. Capacitors and super capacitors have use in high power, low 

energy applications whereas fuel cells and batteries have better use for high energy storage.  

Solar and wind technology are sufficiently advanced to replace fossil fuels, but are not 

dispatchable; therefore, and energy storage which is applicable across different geographies and 

climates and is economically competitive is desired. Several electrochemical devices have the 

potential to meet these criteria, but more research is needed to increase efficiently, performance, 

and durability, while decreasing cost and size. The challenge of using renewable resources for 

transportation has added restrictions; namely the powertrain needs to fit in the car and not add 

too much weight all while providing a sufficient driving range for the user. One limitation with 

batteries is that the cost and weight are directly related to the driving range. Polymer electrolyte 

fuel cells have advantages when longer range is desired. More research is needed to improve 
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performance of fuel cells and reduce cost. The rest of this chapter focuses on the historical 

development of fuel cells with a focus on polymer membranes.  

1.5 Fuel Cells 

Fuel cells are electrochemical energy conversion devices that are able to convert energy 

stored in chemical bonds directly to electrical energy, via two electrochemical half reactions. A 

schematic of a typical proton exchange membrane (PEM) fuel cell can be seen in Figure 1.11. 

 
Figure 1.11: Schematic of a proton exchange membrane using hydrogen gas as a fuel and oxygen 
as the oxidant, producing water and electricity 

 

Hydrogen gas is converted into protons and electrons on the anode. The protons are then able 

to transport through the membrane, while the electrons pass through an external circuit, 

providing work. On the cathode, protons and electrons are combined with oxygen to form water. 

The overall reaction is driven forward due to a voltage gradient across the cell. A portion of the 

free energy gained by forming water from hydrogen and oxygen can be utilized. Using 

combustion, the same overall reaction, hydrogen and oxygen going to water, will form heat. A 

heat engine may then be used to extract this thermal energy.17  

By using electrochemical conversion, as opposed to combustion (thermochemical 

conversion), the efficiency, at low temperatures can be much higher.18 This can be best 
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demonstrated through thermodynamic efficiency limits. The Carnot efficiency for 

thermochemical energy conversion can be calculated with equation (1.1) 

 � =
� − �!"#$

�
 (1.1) 

where η is the maximum efficiency, T is the operation temperature, and Tsink is the 

temperature of the heat sink, in this case it will be the ambient temperature. As the operation 

temperature increases, the maximum achievable efficiency also increases. The converse is true 

for an electrochemical device such as a fuel cell. The maximum achievable efficiency for a fuel 

cell can be calculated with equation (1.2) 

 � =
∆�!

∆ℎ!

 (1.2) 

Where η, the maximum efficiency, equals the change in Gibbs free energy divided by the 

change in enthalpy of formation for the overall equation. Assuming that the heat sink is at 50 °C 

for the thermochemical device and steam is produced in the electrochemical device, the 

theoretical efficiencies can be calculated and the results can be seen in Figure 1.12.18 

 
Figure 1.12: Theoretical efficiency for electrochemical conversion of H2 and O2 into water and 
thermochemical devices [data from ref. 18] 
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This chart represents the thermodynamic limits of the respective energy conversion methods. 

Under practical operational conditions inefficiencies occur and are manifested in voltage losses 

in electrochemical devices. A typical polarization curve can be seen in Figure 1.13.19 Note that at 

peak power the cell voltage is much less than the theoretical voltage. This voltage loss is 

attributed to three main losses: crossover of fuel and electrons, slow reaction kinetics, and the 

ohmic resistance of the cell.  

 
Figure 1.13: Typical polarization curve, with different types of losses labeled [ref. 19] 

 

To maximize fuel efficiency, these losses need to be minimized. The first source of energy 

loss is due to crossover gas; therefore, the membrane should be impenetrable to hydrogen gas, 

oxygen gas, and electrons. Also, the reaction kinetics need to be more facile and the ohmic 

resistance of the membrane needs to be minimized. The kinetics can be improved through design 

of better catalysts and the electrode structure. Half-cell reactions occur on the electrodes and 

must take place where ions and electrons can be transported and a catalyst, most often platinum, 

exists. This represents not only a complicated transport problem, but novel catalysts are also an 

active area of research.20 Novel catalyst layers are outside of the scope of this work, as the focus 
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is the polymer electrolyte. To reduce the voltage losses with ohmic resistance, two options exist: 

(i) make a membrane with a greater proton conductivity (ii) make a thinner membrane. The area 

specific resistance (ASR) of a membrane can be calculated using equation (1.3) 

 ��� =  
� 

�
 (1.3) 

Where t is the membrane thickness and σ is the proton conductivity. Proton conductivity is 

highly dependent on temperature and humidity and is discussed in more detail below. Through 

making membranes thinner, many advantages are realized, namely lower membrane cost, lower 

ASR (i.e. better performance), and improved water management. Thinner membranes are at the 

forefront of the field, but they come at the cost of durability, where pinhole formation and 

electrical shorting are increasingly likely. It is therefore impetrative to consider cost, 

performance, and durability simultaneously.  

In recent years fuel cell performance has drastically increased while Pt loading had been 

reduced, thus allowing for the release of fuel cell cars (Toyota Mirai, Honda Clarity, Hyundai 

Tucson) and busses (from Ballard Power Systems). Through advances in technology and 

improved hydrogen infrastructure, fuel cell vehicles can start to directly compete with battery 

electric vehicles.  

1.6 Membrane work 

Historically, high temperature operation with dry inlet gasses has been seen as a way to 

reduce balance of plant cost associated with heat and water management. Additionally, there is 

the potential that at elevated temperatures reaction kinetics will be more facile, thus enabling 

reduced platinum loading. A major challenge exists for proton transport under these conditions, 

see Figure 1.14.21  



 14 

 
Figure 1.14: Conductivity of various PEMs at 80°C. Lines are theoretical fits. More information 
can be obtained from the origional source of this figure [ref. 21] 

 

Due to the superior transport properties and chemical stability, PFSA materials have been the 

most widely used and studied materials.22 A verity of side chain structures and equivalent 

weights (EW)s have been synthesized and are commercially available.  

 
Figure 1.15: Chemical structure of many different PFASs [ref. 22] 
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The EW is defined as the grams of polymer per mol H+ and the equivalent volume (EV) is 

defined as the cubic centimeters of dry polymer per mol H+. Through changing m in Figure 1.15 

the EW and EV will change, resulting in polymers with different properties.  

       
Figure 1.16: (left) Conductivity vs. temperature at 100 %RH for Nafion and several hydrocarbon 
membranes (right) conductivity for Nafion and veveral hydrocarbon membranes vs. RH at 80 °C 
[ref. 23 and 24] 

 

In attempts to exceed the transport properties of PFSAs under high temperatures and low 

humidity, hydrocarbon chemistries and additives, specifically heteropoly acids (HPA), have been 

explored, see Figure 1.16.23,24 

Conductivity depends on strength of acid, concentration of acid groups, and morphology.25, 26 

The schematic shown below in Figure 1.17 is the proposed morphology of Nafion (left) and 

sulfonated poly (ether ether ketone ketone) (sPEEKK) (right) with the chemical structures at the 

top.27 

It is proposed that the smaller water channels have a capillary force that retains water at 

elevated temperatures. Nafion 117 has an ion exchange capacity (IEC) of 0.91 mol H+/g, while 

the SPEEKS-4 in Figure 1.16 had an IEC of 2.2 mol H+/g. 
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Figure 1.17: Comparison of chemical structure and morphology of Nafion (left) and sPEEKK 
(right) [ref. 27] 
 
At low temperatures, the conductivity of Nafion was much greater despite the lower 

concentration on acidic groups. This can be attributed to the highly acidic nature of the sulfonic 

acid group in Nafion compared to the less acidic phenyl sulfonic acid in SPEEKS-4. Another 

interesting difference is that after 80 °C the conductivity of nafion decreases while the 

conductivity of SPEEKS-4 increases through 100 °C (and even further with the samples doped 

with HPA). The decreased mobility is often attributed to water loss and how much water a 

specific polymer needs. The SPEEKS-4 has narrow channels, as depicted in Figure 1.17, which 

may allow conductivity with less water than Nafion. Also due to the higher IEC the acid groups 

are closer together. The mechanism of proton transport can occur via vehicle mechanism or 

Grotthus hopping, a mechanism where bond rearrangement of hydronium and water allows for 

structural diffusion. The transport mechanism and overall properties are different for different 

chemistries.28, 29 This comparison shows how many different factors can affect ionic transport of 
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a PEM. A more recent advancement in water retention is making nanocracks on the surface of a 

polymer that trap in water at low humidities and elevated temperatures.30 

One major challenge with non-fluorinated materials is durability. Membranes degrade in 

several ways. Non-uniform stress from dimensional swelling leads to mechanical stress, which 

may cause the membrane to tear. Fuel crossover leads to a reaction in which hydrogen and 

oxygen are converted to water without electrons going through an external circuit. The excess 

heat of this reaction causes localized hot spots and may result in thermal degradation. With 

currently available catalyst, radicals are formed as a side reaction. These radicals can chemically 

degrade the polymer.31  

The catalyst layers can degrade from Ostwald ripening, in which platinum nano-particles can 

agglomerate.32 Surface migration of nano-dispersed platinum particles also occurs. Both of these 

led to lower active area. This is where the durability and cost are connected. To reduce the cost, 

the amount of platinum-catalyst used is minimized. If the active surface area is limiting or close 

to limiting, then loss in the surface area will led to performance loss and thus reduced durability. 

Additionally, using thinner membranes saves cost and increases performance, but this is at the 

detriment of the durability where hydrogen crossover is increased and thus chemical stability is 

decreased. Finding a membrane that conducts well under many conditions and has improved 

chemical stability is still an open area of research. One specific class of molecules has shown 

promise for achieving these requirements: heteropoly acids.  

1.7 Heteropoly Acids 

HPAs contain many oxygen atoms and at least two other elements in positive oxidation states. 

One of these elements, the heteroatom(s), exists in much lower amounts than the other, named 

addenda atoms. For the formation of a HPA, the addenda atom must be able to change their 
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coordination from 4 to 6.33 The first reported discovery of HPAs was in 1826.34 About 100 years 

later, Keggin was the first to determine the structure of a phospotungstic acid (HPW) using x-ray 

crystallography.35 This structure, PW12O40
-3 with several waters of crystallization, became 

known as the Keggin structure. It took another 20 years (1953) until the structure of P2W18O62
-6 

was discovered by, and subsequently named after, Dawson.36 A third structure of great 

prominence in the field was discovered in 1977, consisting of a Keggin molecule with a single 

vacancy, often called the lacunary structure.37,38 See the full atomistic figure of each in Figure 

1.18.39,40 

While the structure of HPAs are interesting in its own right, their highly acidic nature and 

ability to undergo oxidation/reduction reactions give rise to many applications. The Hammett 

acidity function, defined in equation (1.4), provides a more insightful description of acid strength 

than pKa for very strong acids.41 

 �! = ��! + log 
�!

�!"!
 (1.4) 

 

The acidity function (H0) is a function of the acid dissociation constant (pKA), the 

concentration of base (CB), and the concentration of protonated base (CBH+). The Hammett 

acidity function in 85 wt% acetic acid for several strong acids are displayed in Table 1.1.42 

Comparison of the Hammett acidity functions (a logarithmic scale) indicates that several 

heteropoly acids are about an order of magnitude more acidic than sulfuric acid. This high 

acidity leads to applications as a catalyst.43, 44, 45 In 1979, Japanese researchers first discovered 

the amazing solid state protonic conductivity of phospotungstic acid, H3PW12O40•29 H2O (0.17 

S cm-1 at 25 °C).45 
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Figure 1.18: Full atomistic structure of different forms of heteropoly acids where red represents 
oxygen, blue represents tungsten, and grey represents silicon. (top left) Keggin structure 
(SiW12040

-4) (top right) Dawson (Si2W18062
-8) (bottom left) mono-lacunary structure (α-SiW11039

-

8) (bottom right) di-lacunary structure (γ-SiW10036
-8)  [ref. 39 and 40] 
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Table 1.1: The Hammett acidity of some HPAs and other strong acids in different solvents from 
ref. 42 (a) Values for the same molar acid concentration (b) values for the same proton 
concentration (c) values for the same mass of acid [ref. 42] 

 

 
 

The conductivity was reported as about three orders of magnitude better than all others 

previously reported and still to this day is one of the most conductive solid-state materials known. 

One obstacle for using this material in a fuel cell is the fact that it is water-soluble. Attempts 

have been made to place HPAs in an inert polymer matrix46 and different ionic polymer 

matrices23, 47, 48 to improve conductivity under high temperature and low humidity conditions, but 

all have failed to be developed due to agglomeration or leeching out the HPA over time. It is 

hypothesized that the highly acidic and hydroscopic nature of HPAs contributes to high proton 

mobility at elevated temperatures. Through addition of a small fraction of HPA to 3M 825EW 

PFSA, the proton diffusion coefficient continues to increase past 80 °C, see Figure 1.19, where 

typical PFSA membranes start to decrease.49 

The sample with only 1 wt% HPA was likely not enough to contribute significantly to the 

overall proton mobility, but at 5 wt% a significant increase is seen above 70 °C. All of these 

studies show that HPA is a viable proton conductor at elevated temperatures and low humidities, 

but it must be made immobile.  
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Figure 1.19: Proton diffusion coefficients of PFSA membranes under dry condition, control 
PFSA (diamond), 1% HPW doped (square) and 5% HPW doped (triangle) [ref. 49] 

 

The many isomers of HSiW are displayed in Figure 1.20.50 Control of the structure and the 

number of vacancies is achieved through control of the environments pH and not all isomers are 

stable. The structures of particular interest are [α-SiW11O39]
-8 (HSiW11) and [γ-SiW10O36]

-8 

(HSiW11), which are the most stable mono- and di- lacunary structures of silicotungstic acid.  

 
Figure 1.20: Isomers of silicotungstic acid and its derivitives [ref. 50] 
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At the site of the vacancy, four O atoms exist that can be covalently bound to organic 

moieties. The several organic / inorganic hybrid molecules have been synthesized and well 

characterized.51 The full atomistic structure for two such molecules can be seen below in Figure 

1.21. 

 

 
Figure 1.21: (top left) hybridized [α-SiW11O39(PO(OC6H4OH)2)]

-4 (top right) hybridized [α-
SiW11O39(Si(OC6H4OH))2O]-4 (bottom) [γ-SiW10O36(Si(OC6H4OH))2O]-4 
 

Using similar organic / inorganic functionalization, our group previously made a polymer 

with immobilized HPA that showed outstanding conductivity, see Figure 1.22.52 
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Figure 1.22: Proton conductivity of PolyPOM85 at various levels of RH: a) 50% b) 80% c) 95% 
d) 100% [ref. 52] 

 

This system showed the potential of HPA hybrid polymers as PEMs, but was expected to 

suffered from poor chemical stability due to the methacrylate backbone. The method used to 

functionalize HPAs to allow covalent bonding starts with forming the lacunary (single vacancy) 

structure. This process is summarized in Figure 1.20.53 

One important attribute of heteropoly acids is their ability to react with radicals. This 

catalytic activity has been exploited for efficient epoxidation, but HPAs of different 

compositions have different reactivity. HPW used in the Isshi – Venterello catalyst system has 

been found to change structure, whereas HSiW analogues retain their structure, see structure of 

HPW after use in Figure 1.23.54, 55 
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Figure 1.23: Structure of HPW after use in the Isshi – Venterello catalyst system 
(PO4[WO(O2)2]4)

-3[ref. 54 and 55] 
 

One particularly interesting commercial application of HPAs in fuel cells is that of the 

FlowCath® technology, where HPA acts as a liquid oxygen reduction reaction (ORR) catalyst 

that is able to react with oxygen, giving off protons and electrons, and turning into heteropoly 

blue. This species is the same as previously shown, but the oxidation state of the heteroatom 

changes, thus changing the number of counter ions, see Figure 1.24. 

 
Figure 1.24: FlowCath® redox reaction network [ref. 56] 

 

The schematic of the fuel cell then becomes slightly different, see Figure 1.25. 
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Figure 1.25: Single cell schematic for a fuel cell operating with FlowCath® [ref. 56] 

 

While this may appear to make the fuel cell system more complex, the liquid catalyst is able 

to act as the cooling loop and adds no extra complexity to the overall system, see Figure 1.26. 

 
Figure 1.26: Acal Energy's total fuel cell system schematic [ref. 56] 
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This system has reduced platinum, resulting in projected costs lower than $40/kW and the 

oxygen is separated from the polymer, reducing chemical degradation from peroxides. 

Heteropoly acids have shown great promise in fuel cell applications as a polymer electrolyte and 

a catalyst, but further material development is needed to make a PEM with HPAs that is durable 

under fuel cell conditions. 

1.8 Catalyst Layers 

Perhaps the most complex part of a fuel cell is the catalyst layer. Typically, there are three 

phases: (i) a catalyst-decorated electronically conducting material with a high surface area coated 

with (ii) an ionically conducting electrolyte and (iii) a gas phase. This layer needs to be 

electronically conductive, ionically conductive, and also allow reactant gas to transport to the 

heterogenous catalyst surface. Figure 1.27 depicts the fuel cell and component specific 

functionality.  

 
Figure 1.27: A cross sectional diagram (not to scale) of a fuel cell with descriptions of the needs 
of the polymer electrolyte in each [ref. 57] 
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Until recently, research has focused on new catalyst and new membranes as independent 

fields of research, but it is becoming increasingly clear that the catalyst / ionomer interface needs 

to be more carefully analyzed. A fairly recent study shows that Nafion has a tendency to coat 

carbon at a thickness of 7 nm and adding more ionomer will tend to increase surface coverage 

while keeping the average thickness constant, see reconstruction in Figure 1.28.  

 
Figure 1.28: Ionomer coated Pt/C particle, reconstructed from microscopy where the blue layer is 
the ionomer [ref. 58] 

 

The typical fuel cell membrane is 12.5 µm (0.5 mil) and has a density around 2 g/cm3. The 

ionomer has the same density and has a loading of ca. 0.25 mg/cm2 (total from anode and 

cathode). A simple back of the envelope calculation gives a value of 25 g membrane/m2 and 2.5 

g ionomer/m2 in the catalyst layers. The most common ionomer used is D2020, a 20wt% Nafion 

in alcohols, and until more recently minimal efforts have been made to tailor the structure of the 



 28 

ionomer to the unique needs in the catalyst layer, i.e allowing oxygen transport (see Figure 

1.27).57  

More recent work has started to uncover oxygen transport limitations in the cathode ionomer 

layer that becomes exasperated under increasingly lower Pt loadings. It turns out that there is a 

mass transfer resistance and it is purposed that this is due to a barrier layer formed by the 

fluorinated polymer backbone.59, 60 One piece of compelling evidence is that this resistance 

scales inversely with the roughness factor, as would be expected from a surface effect.  

To enable lower Pt loadings, new materials with higher O2 transport, but similar water 

transport, proton conductivity, and binding ability need to be realized. Insofar, two groups have 

worked to tackle this problem. First, Asahi Glass Co. has worked to make the ionic group more 

bulky.57 This resulted in a doubling of the O2 transport rate and allowed for the reduction of Pt 

loading from ca. 0.2 to 0.1 mg/cm2 with similar performance. What is more intriguing is using 

similar monomers to replace the tetrafluoroethylene groups in the polymer backbone. From US 

patent 20130253157A1, it can be seen that this enables two orders of magnitude greater oxygen 

permeability. One major limitation to these measurements is that they were made on bulk films 

and not on thin films, and it is known that thin films and bulk films have different properties.61 It 

is also challenging to differentiate the effects from the rigidity and the extraordinary proton 

conductivity.  

1.9 Existing Research Challenges  

Observation of trends in energy leads to the conclusions that renewable energy is going to 

become a greater contributor to the energy portfolio. The transportation sector poses a great 

challenge with size and weight constraints making use of renewable energy difficult. Looking for 

a replacement for the internal combustion engine leads to the conclusion that batteries or fuel 
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cells are both suitable. Fuel cells offer more rapid refueling and costs are becoming low enough 

that fuel cells are able to start competing with battery electric vehicles. One trend in fuel cell 

research is utilization of ever-thinner membranes, which result in less ohmic resistance and better 

performance. As this trend continues, increasing membrane durability is likely going to become 

necessary.  

1.10 Thesis Statement 

In recent years, fuel cell technology has progressed significantly with respect to performance, 

cost, and durability nearly sufficient for mass adoption. Through covalent attachment of HSiW 

within a polymer matrix, improved performance and chemical durability may be achieved. One 

specifically important implication of this work is achieving a level of chemical stability needed 

for durability of thin (<10µm) film fuel cells.  

Herein, we purpose that films containing large amounts of silicotungstic acid will be 

chemically stable under conditions that are known to generate radical species. Two different 

materials were investigated: (i) a perfluorocyclobutyl (PFCB) containing polymer with HSiW 

functional groups utilizing trifluorovinyl ether (TFVE) containing monomers and (ii) a 

fluoroelastomer functionalized with HSiW. The following hypotheses are tested and then 

discussed.  

Hypothesis #1: We can make TFVE-HPA block polymers with high 

conductivity and chemical stability, due to high proton mobility and phase 

separated morphology in addition to radical decomposition catalytic activity of 

HSiW, respectively.  
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Hypothesis #2: Covalent attachment of HSiW11 on a fluoroelastomer 

backbone will result in a water stable film with high protogenic conductivity and 

chemical stability, due to the highly acidic and radical scavenging nature of 

HSiW11. 

 

Hypothesis #3: If HSiW10 is used as opposed to HSiW11, more HPA will be 

retained after soaking in warm water due to stronger covalent bonds. 
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CHAPTER 2  

QUANTUM MECHANICAL STUDY OF THE REACTION MECHANISM FOR 2Π-2Π 

CYCLOADDITION OF FLUORINATED METHYLENE GROUPS 

 

This chapter is modified from a paper published in 

The Journal of organic chemistry 
1 

Andrew R. Motz2, Andrew M. Herring3, Shubham Vyas4, and C. Mark Maupin5 

 

2.1 Motivation 

A set of guidelines for designing polymer electrolytes has been proposed, including 

morphology control though utilization of block copolymers containing a highly hydrophobic 

block.62 It was thus proposed to make a perfluorocyclobutyl-containing polymer with a blocky 

structure. The hydrophilic block would utilize covalently bound HSiW11 moieties as the acid 

conducting group. An overview of the HSiW11-containing trifluorovinyl ether monomer (TFVE-

HPA) synthesis can be seen in Figure 2.1. 

One of the first challenges was removing an impurity in step 2 of Figure 2.1 (1-bromo-4-

(1,1,2,2-tetrafluoroethoxy)benzene) which can be detected through a 1H NMR doublet near 7.1 

ppm and as a molecule with m/z of 274 in GC/MS. Using pure hexane in an alumina column, the 

desired product was purified. The next challenge was obtaining a high molecular weight polymer, 

as indicated by viscosity rise. N,N-dimethylacetamide (DMAc) and n-methyl-2-pyrrolidone 

                                                

1 Reprinted with permission of the Journal of Organic Chemistry, (2017), 82(13), 6578-6585 
2 Primary author and researcher 
3 Co-author, advisor 
4 Co-author, simulation expert 
5 Author for correspondence 
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(NMP) did not result in noticeable a rise in viscosity, presumably due to instability of the 

monomer. When the polymerization was performed in hexamethylphosphoramide (HMPA) or 

diphenyl ether (DPE), a viscosity rise was observed. The highly hydroscopic nature of HSiW11 

and residual HMPA made films with even modest loading of HSiW11 soluble in water. While 

this chemistry shows promise, methods to mitigate water solubility are needed to produce a 

practical material. 

 
Figure 2.1: Synthesis route for making [α-SiW11O39(SiC6H4OCF=CF2)2O]-4 (TFVE-HPA) 

 

When faced with synthesis challenges related to the polymerization reaction, a theoretical 

study was performed to elucidate the cycloaddition mechanism of fluorinated methylenes. The 

end of this chapter offers suggestions on improving molecular weight, namely adding a solvent 

to reduce the viscosity and using temperatures in excess of 200°C. With these suggestions and 

avoidance of DMAc and NMP, this material has potential to result in a new promising material.  
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2.2 Abstract 

Perfluorocyclobutyl polymers are thermally and chemically stable, may be produced without 

a catalyst via thermal 2π-2π cycloaddition, and can form block structures making them suitable 

for commercialization of specialty polymers. Thermal 2π-2π cycloaddition is a rare reaction that 

starts in the singlet state and proceeds through a triplet intermediate forming an energetically 

stable 4 membered ring in the singlet state. This reaction involves two changes in spin state and 

thus two spin-crossover transitions. Presented here are density functional theory calculations that 

evaluate the energetics and reaction mechanisms for the dimerizations of two different 

polyfluorinated precursor, 1,1,2-trifluoro-2-(trifluoromethoxy)ethane and hexafluoropropylene. 

The spin-crossover transition states are thoroughly investigated revealing important kinetic steps 

and an activation energy for the gas-phase cycloaddition of two hexafluoropropene molecules of 

36.9 kcal/mol, which is in good agreement with the experimentally determined value of 34.3 

kcal/mol. Subsequent use of the MESMER code, which evaluates the spin-crossover transition 

states, resulted in excellent agreement between computation and experiment over the relevant 

temperature range. It is found that the first C-C bond formation is the rate limiting step, followed 

by a rotation about the newly formed bond in the triplet state that results in the formation of the 

second C-C bond. Targeting the rotation of the C-C bond, a set of parameters were obtained that 

best produce high molecular weight polymers using this chemistry indicating a viable route to 

increase the overall reaction efficiency and economic viability. 

2.3 Introduction 

During Teflon’s™ development at E.I. Du Pont de Nemours and Company, Lewis and 

Naylor discovered an unexpected product after a pyrolysis experiment, octafluorocyclobutane.63 
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They proposed a reaction mechanism where two tetrafluoroethylene molecules would react via 

2π-2π, thermally induced cycloaddition. Bartlett et. al. later showed that a similar reaction 

between 1,1-dichloro-2,2-difluoroethylene and dienes had a preferred direction, namely the 

difluoromethylene group bonds with the terminal carbons of the diene, and using stereochemistry 

arguments, concluded it passed through a diradical intermediate.64,65 It has also been shown that 

trifluorovinyl ethers are able to undergo this cycloaddition.66,67 Using electron paramagnetic 

resonance (EPR), the predicted diradical triplet intermediate has been observed experimentally 

for the cycloaddition of 4,4′-bis(4-trifluorovinyloxy)biphenyl (TFVE-BP).68 In order for this 

diradical triplet intermediate to exist, the reaction mechanism must involve at least two changes 

of spin (i.e. singlet to triplet, and back to a singlet), as the reactants and product are both in the 

singlet state. This study purposes a full reaction mechanism using density functional calculations 

to find spin crossover transition states (SCO-TS)s for the dimerization of 1,1,2-trifluoro-2-

(trifluoromethoxy)ethene (TFVE) and the dimerization of hexafluoropropylene (HFP). This 

unique chemistry has practical applications in polymerization reactions where molecules with 

two TFVE functional groups are able to form linear polymers containing perfluorocyclobutyl 

groups. The versatility of the functional group on these polymers has been previously 

demonstrated, highlighting their potentially broad properties69 and thus broad range of 

applications from waveguides,70 fuel cell electrolytes,71 72 to coatings for space applications.73 

These polymers are produced without a catalyst or small molecule evolving, making 

perfluorocyclobutyl polymers suitable for production of specialty plastics on a commercial scale. 

Additionally, because this reaction only involves a rearrangement of bonds, TFVE polymers are 

able to reversibly repair damage caused from mechanical strain, via heating.74 These properties 

make them ideal for a diverse array of specialty chemical applications. A complete 
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understanding of this reaction mechanism is vital for rational design of polymerization 

conditions ranging from bench-top to commercial scale.  

Computational chemistry is able to give insight into entire reaction pathways, thus providing 

details on geometry and molecular motions that are not accessible through experiments alone. 

The cycloaddition of fluorinated vinyl groups involves formation of a diradical triplet 

intermediate, which requires the passage through two SCO-TSs. A SCO-TS is defined as a local 

minimum on the seam of intersection between the potential energy surfaces of different spin 

states. Harvey75 gives an in depth review on reactions involving SCO-TS steps and establishes a 

methodology for studying such reactions. Each energy surface exists as a 3N-dimensional 

surface; therefore, the crossing of surfaces is a 3N-1-dimensional hypersurface. In order to find 

the seam of intersection, two constraints must be met: 1) the energy of the two spin states are 

equal, and 2) the geometry of the two spin states are the same. While any point on the seam of 

intersection is a possible point of crossing from one spin state to another, the minimum on this 

seam represents a point on the minimum energy path for spin state crossing. SCO-TSs are not 

saddle points on a single energy surface, but rather a saddle point on an adiabatic surface defined 

by two different spin state surfaces. Therefore, traditional methods of finding transition states are 

not applicable, and a modified method must be utilized.  

All geometry optimizations were performed using the UM06-2X density functional and the 

6-311G(d,p) basis set as implemented in the Gaussian09 software package.76,77,78 The main 

product of this reaction is the 1,2 adduct where the ethers are on adjacent carbons, while a minor 

amount of the 1,3 adduct has been detected via 19F NMR.79 This same study indicates that the 1,2 

adduct was comprised of nearly equal amounts of cis and trans products. Additionally, it has 
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been experimentally determined that the rate of cis to trans rotation occurs at a rate which is 10 

faster than the ring closure reaction.64,65 

2.4 Methods 

To evaluate the 2π-2π cycloaddition of fluorinated methylene groups, two different model 

cyclodimerization reactions were studied. The first reaction consisted of the cyclodimerization of 

two HFP molecules, and the second reaction was the cyclodimerization of two TFVE molecules 

(Figure 2.2).  

 
Figure 2.2: Overall cycloaddition reaction for (top) HFP and (bottom) TFVE. Notice the π bonds 
rearrange, forming new σ bonds. Note that both cis and trans conformations of the –OCF3 and –
CF3 substituents in the final product are possible and the above figure is intended to be the 
general reaction. [ref. 80] 

 

To limit the scope of this study, only the trans conformation of the substituents was 

considered, as seen in Figure 2.3. In accordance with traditional nomenclature, C2 and C3 will 

be referred to as head carbons and C1 and C4 will be referred to as tail carbons. Looking at 

Figure 2.3, one can observe that head to head and tail to tail reactions will form the main product, 

while head to tail reactions will form the 1,3 adduct, a side product. All three reaction 

mechanisms are considered in this study for both TFVE and HFP.  
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Figure 2.3: The three distinct ways for the two bonds to form in the cycloaddition of two TFVE 
molecules, resulting in two unique products. [ref. 80] 

 

The bond to be formed first (C1-C3, C1-C4, or C2-C3) was scanned with a singlet 

multiplicity from 5 to 1.4 Å in increments of 0.2 Å, and starting with a dihedral of 0° between 

the 4 carbons. The geometry at 1.4 Å was then used to scan the same bond in reverse with a 

triplet multiplicity. When the two molecules approached, the relevant dihedrals (different for all 

three pathways) all converged to ca. 180°. For all three cases (Figure 2.3), the singlet energy 

increased when the distance between adjacent carbons (i.e. C1-C3 and C2-C4, or C1-C4 and C2-

C3) was decreased, while for the triplet state the energy decreased. In the region where the 

energies for the singlet and triplet crossed, two dimensional scans of the dihedral and bond 

length were performed. The bonds were scanned in increments of 0.05 Å over a range ±0.1 Å 

from the crossing point, while the dihedral was scanned in increments of 20° over a range of 

±40° from the crossing point. During these calculations, only two parameters were fixed to be 

equivalent between the different spin state calculations, resulting in some discrepancies between 

the other geometric parameters. 

The geometry located at the minimum on the line of intersection from the partial 

optimization of the singlet state was then used as the starting point for a Newton-Raphson 
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minimization algorithm, developed in-house, based on previous work from Chachiyo and 

Rodriguez.81 The python algorithm has been added as Appendix B.  

The unconstrained minimization of a function, � � , can be calculated through an iterative 

process using equation (2.1) where � is a vector of variables, �!" is defined by equation (2.2), 

and ∆� is the change in variables that are expected to minimize � � . Once the change in 

variables is enacted, the process is iterated until a sufficient minimization threshold is achieved. 

∆x
!
= −A

!
x ∗ f x  (2.1) 

 

A!" =
∂
!
f!

∂x! ∂x!
 (2.2) 

 

Using Lagrange multipliers, a constraint, c, can be added, resulting in equation (2.3) (derived 

elsewhere82), where �!" is defined by equations (2.4).  

∆�
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= ∆�

!
− �

!!
�
!
��

!!
�
! !!

∗ � + �∆�
!  (2.3) 

 

B!" =
∂c!

∂x!
 (2.4) 

 

By knowing f x , c x , and their derivatives with respect to x, the iterative process can take 

place. The function, f x , is to be minimized while meeting the constraint, c x . For finding a 

SCO-TS, equation (2.5)is minimized with the constraint that the singlet and triplet energies are 

equal (equation (2.6)). The constraint restricts the solution to the seam of intersection and then 

the minimum on that seam is found (here represented by the minimum of the square of the sum 

of energies). 

f x = (E!!! x + E
!!!(x))! (2.5) 
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c x = 0 = E
!!!(x)-E!!!(x) (2.6) 

 

A frequency calculation at both the singlet and triplet states (i.e. s=1 and s=3) on the 

resulting structures provides the required information for the calculation including the energy, 

gradient, and Hessian. The proposed algorithm works by first submitting a frequency calculation 

for both singlet and triplet states with the exact same geometries. Once the calculation is finished, 

the energy, gradient, and Hessian are extracted from the formatted checkpoint file. These data 

are then used to calculate the subsequent change in coordinates that is expected to minimize the 

sum of the energy, with the constraint that the energies must be equal. The coordinates are then 

modified, new calculations are performed, and the process is iterated until the convergence 

threshold is reached. This study found that taking the full calculated step size (∆�) would tend to 

overshoot the roots; therefore, the step size is reduced in magnitude from 0.01-0.5∆x. This 

process was done for all possible SCO-TSs.  

Once the SCO-TSs were identified, the products and intermediates were found through 

standard energy optimization procedures. Next, the SCO-TSs were analyzed using vibrational 

analysis developed by Glowacki and the MESMER program was used, in conjunction with 

Landau–Zener theory, to account for crossing probability and to create a kinetic model.83, 84, 85, 86, 

87  The model was then used to predict reaction rate over a wide temperature range (200-800 K) 

at 1 atm. These values are reported and discussed in the next section. This data is then compared 

to experimentally determined reaction rates.  

2.5 Results and Discussion 

In literature there are many different experimental examples of fluorinated vinyl 

cycloadditions with a wide variety of substituents, reaction conditions, and available 
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characterization.88 Two model compounds, 1,1,2-trifluoro-2-(trifluoromethoxy)ethene (TFVE) 

and hexafluoropropene (HFP), were chosen to represent a majority of the available reactions 

while giving insight into how the reaction proceeds and how substituent substitution impact the 

reaction. TFVE was chosen because many of the studies on cycloadditions use ether linkages to 

connect a trifluorovinyl group to a functional spacer group. HFP was chosen because it provides 

a close comparison to TFVE, without the ether linkage, and there is reliable kinetic data for that 

exact molecule (something that is lacking for TFVE). First, TFVE was studied and then the 

substituent was altered (from –OCF3 to –CF3) and part of the calculations were run again with 

the new molecule. Three different reaction pathways were analyzed for each dimerization, 

representing the three different ways the two new carbon-carbon bonds can form, as discussed in 

section 2.4 and depicted in Figure 2.3. 

2.5.1 TFVE search for transition state  

As a preliminary search for the first transition state in each reaction pathway, a 1D scan of 

the carbon-carbon bond distance was conducted on the two carbon atoms participating in the 

bond formation. This resulted in an increased energy as the two monomers approached each 

other in the singlet state from 5.0 to 1.4 Å. In the triplet state, the energy decreased as the 

molecules approached each other, eventually reaching a minimum and then increasing in energy 

again upon further reduction in the separation distance. The two different energy scans are found 

to cross at ca. 1.8-1.9 Å as depicted in Figure 2.4. It was observed that the dihedral for the scans 

rotated to ca. 180° as the C1 and C3 distance decreased, indicating a local minimum with respect 

to the dihedral.  
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Figure 2.4: Singlet (O) and triplet (X) energy from the 1D scan of C1-C3 bond for the head to 
tail addition of two TFVE molecules. [ref. 80] 

 

Near the intersection of the singlet and triplet 1D scans, 2D scans were performed with the 

additional fixed parameter being the dihedral about the newly forming C1-C3 bond. The dihedral 

was chosen because it was identified as a major differentiating parameter between the singlet and 

triplet spin states. Scanning over these two parameters (i.e. C1-C3 distance and C2-C1-C3-C4 

dihedral) enables the creation of a 2D surface depicting the crossing of the singlet and triplet spin 

states, which are required to have the same energy and geometries. This process was repeated for 

both head-head and tail-tail addition reactions. The 2D data for all three seams of intersection 

can be seen in Figure 2.5. 

The head to head addition was found to be the lowest energy at the crossing seam. Additional 

increases in steric hindrance near the reaction site resulted in the energy to increase, effectively 

shifting the energy surfaces up. Head-head addition has no -OCF3 near the reaction site, head-tail 

has one and tail-tail has two such groups. It is important to note that the two energy surfaces 

have only two parameters that are fixed and the remaining variables are allowed to freely 

optimize and therefore may not be identical for the two spin surfaces, which means that the 

minima found in the 2D scans are not the real SCO-TSs. The minima on the seams were used as 

the starting points for the Newton-Raphson algorithm discussed in section 2.4. The second SCO-
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TSs were found in a similar way. First, a 1D scan of dihedral was conducted, followed by a 2D 

scan of dihedral and bond length. 

2.5.2 SCO-TSs of TFVE and full reaction mechanism 

The singlet geometries obtained from the minimum on the seam from the 2D scans were the 

starting point for the Newton-Raphson algorithm, as outlined in the methods section. Initially the 

energy difference was ca. 20 kcal/mol, but converged to <0.01kcal/mol for all 6 SCO-TSs, a 

table with the stationary point energies along with all atomic coordinates for SCO-TSs is 

available in the supporting information. The dynamics of a well-behaved minimization is shown 

in Figure 2.6. The energy is different from that obtained from the minimum on the seam of a 2D 

scan confirming that 2D scans are insufficient in determining SCO-TSs.  

Once the convergence was completed for all 6 SCO-TSs, the overall reaction pathway and 

energy profile were constructed, see Figure 2.8. Note that the first SCO-TS is the rate-limiting 

step for all of the reaction pathways. Additionally, the activation energy increases with steric 

hindrance, following the observations from the 2D scan. The lowest energy pathway, head-head 

addition, forms the 1,2 adduct (P1) and the second lowest energy path forms the unique 1,3 

adduct (P2). This is in alignment with experiment showing that the 1,2 adduct is the major 

product and the 1,3 adduct is a minor product.79, 89 Calculating the percentage of the total 

reaction accounted for by each of the three pathways reveals that ca. 95% of the product is 

produced via head-head addition (Figure 2.7).  
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Figure 2.5: (top) 2D scans near the seam of intersection for all three reaction methods yielded 
surfaces that crossed at a seam of intersection. All three seams had minima within the scanning 
surface. (bottom three figures) Isosurfaces showing the energy difference between S=1 and S=3 
states, the steric hindrance increases down the page as an additional –OCF3 group is introduced 
near the reaction site (head-head, head-tail, tail-tail.) [ref. 80] 
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Figure 2.6: Energy convergence starting from the minimum on line of intersection from 2D scans 
for the singlet (O), triplet (X), and (∆) the difference between singlet and triplet energies. [ref. 
80] 
 

Looking at how the geometry evolves through the mechanisms elucidates two distinct 

processes (Figure 2.8 and Table 2.1). First, from the reactant to the first SCO-TS (TS1, TS3, and 

TS5) and to the intermediate (I1, I2, and I3) the C-C bond is forming and thus the distance is 

decreasing. 

 
Figure 2.7: Percentage of total reaction of the dimerization of TFVE accounted for by each of the 
three reaction pathways. [ref. 80] 

 

After the intermediate, the bond length is almost unchanged. The second process is a twisting 

motion where the dihedral rotates about 180° from the first SCO-TS to the product. This 

coincides with EPR spectroscopy showing an axially symmetric triplet, diradical molecule is 
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present in the cycloaddition reaction.68 In gas phase with small molecules, this twisting motion 

does not appear to play a significant role in the reaction rate, however this motion is 

hypothesized to have significant implications in condensed phase polymerizations. This may 

result in a higher effective activation energy. 

 

Table 2.1: Geometric parameters for the cyclodimerization of two TFVE molecules. Bond 
lengths are shown in Å, and dihedral angles are in degrees. [ref. 80] 

 1
st
 TS I 2

nd
 TS P 

C1-C3     
d(2-1-3-4) 175.30 167.87 41.95 14.27 

b(1-3) 1.75 1.55 1.54 1.56 
b(2-4) - - 2.63 1.56 
C1-C4     

d(2-1-4-3) -175.41 -162.94 47.99 -16.28 
b(1-4) 1.75 1.56 1.54 1.55 
b(2-3) - - 2.65 1.55 
C2-C3     

d(1-2-3-4) -171.66 52.53 39.84 -16.28 
b(2-3) 1.80 1.55 1.54 1.55 
b(1-4) - - 2.61 1.55 

 
Table 2.2: Energy for all of the stationary points in the reaction network for the cycloaddition of 
two 1,1,2-trifluoro-2-(trifluoromethoxy)ethene (TFVE) molecules [ref. 80] 
 

	 hartree	 kcal/mol vs. reactant	
C3F6O – R1 -788.5207 0.0 

C1C3 1st TS – TS5 -1576.9864 34.5 

C1C3 Intermediate – I3 -1577.0153 16.4 

C1C3 2nd TS – TS6 -1576.9987 26.8 

C1C4 1st TS – TS3 -1576.9844 35.8 

C1C4 Intermediate – I2 -1577.0119 18.5 

C1C4 2nd TS – TS4 -1576.9934 30.1 

C2C3 1st TS – TS1 -1576.9883 33.4 

C2C3 Intermediate – I1 -1577.0191 14.0 

C2C3 2nd TS – TS2 -1576.9990 26.7 

1,2 adduct – P1 -1577.1195 -49.0 

1,3 adduct – P2 -1577.1181 -48.1 

 



 46 

 
Figure 2.8: Full proposed reaction mechanisms for the three different routes of cycloaddition 
(head to head, head to tail, and tail to tail) for TFVE. The geometries are at the top and a 
qualitative energy diagram [relative energies in kcal/mol] is at the bottom. [ref. 80] 
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2.5.3 Full mechanism of HFP  

Using the results from TFVE, the substituent was changed from –OCF3 to –CF3 and the 

Newton-Raphson minimization was conducted for all 6 SCO-TSs. This resulted in guesses that 

were close enough to produce converged structures. The reaction pathways and energy diagram 

for the possible HFP dimerization reactions can be found in Figure 2.9.  

The same trends as discussed for TFVE hold true for the dimerization of HFP. The energy of 

the first transition state still increases with increasing steric hindrance and the rotation about the 

first bond formed is still prevalent. In general, there is a higher activation energy for HFP than 

TFVE. Experiments correlating fluorinated vinyl cycloaddition rate to the electronegativity of 

the substituent has previously predict such behavior.90 

 

Table 2.3: Geometric parameters for the cyclodimerization of two HFP molecules. Bond lengths 
are shown in Å, and dihedral angles are in degrees [ref. 80] 

 1
st
 TS I 2

nd
 TS P 

C1-C3     
   d(2-1-3-4) 171.58 69.01 40.84 11.28 

   b(1-3) 1.75 1.55 1.54 1.56 
   b(2-4) - - 2.59 1.56 

C1-C4         
   d(2-1-4-3) -172.34 -15.14 33.27 10.80 

   b(1-4) 1.79 1.58 1.55 1.56 
   b(2-3) - - 2.54 1.55 

C2-C3         
   d(1-2-3-4) 172.05 58.40 36.98 10.84 

   b(2-3) 1.75 1.55 1.54 1.55 
   b(1-4) - - 2.62 1.56 
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Table 2.4: Energy for all of the stationary points in the reaction network for the cycloaddition of 
two hexafluoropropene (HFP) molecules [ref. 80] 

	 hartree	 kcal/mol vs. reactant	
C3F6 – R2 -713.2975 0.0 

C1C3 1st TS – TS11 -1426.5308 40.3 

C1C3 Intermediate – I6 -1426.5584 23.0 

C1C3 2nd TS – TS12 -1426.5428 32.7 

C1C4 1st TS – TS9 -1426.5249 44.0 

C1C4 Intermediate – I5 -1426.5479 29.5 

C1C4 2nd TS – TS10 -1426.5345 37.9 

C2C3 1st TS – TS7 -1426.5362 36.9 

C2C3 Intermediate – I4 -1426.5622 20.6 

C2C3 2nd TS – TS8 -1426.5436 32.2 

1,2 adduct – P3 -1426.6654 -44.2 

1,3 adduct – P4 -1426.6630 -42.7 

 

The geometric parameters for all of the converged stationary points in the HFP reaction can 

be seen in Table 2. Once again, there are two main events of the reactions. First, there is a 

shortening of the C-C bond, followed by a rotation of the dihedral, as seen in Figure 2.9.   

2.5.4 Kinetic Simulations 

Because this reaction pathway contains non-traditional transition states, typical transition 

state theory and kinetics needs to be modified. One method to take into account the probability 

of crossing from one state to another is to use the Landau−Zener formula. This was 

accomplished in this study through running GlowFreq and MESMER, two programs written and 

distributed by Dr. David Glowacki. 85,86,87  MESMER was ran at atmospheric pressure and a 

temperature range of 100-700 K to give a broad range of rates for each reaction. 
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Figure 2.9: Full proposed reaction mechanisms for the three different routes of cycloaddition 
(head to head, head to tail, and tail to tail) for HFP. The geometries are at the top and a 
qualitative energy diagram [relative energies in kcal/mol] is at the bottom. [ref. 80] 
 

The kinetic simulation was implemented for TFVE and HFP, and the theoretical results 

and experimental results for HFP cycloaddition, previously reported by Atkinson91, are depicted 

in Figure 2.10. 
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TS8 [32.2] 

I6 [23.0] 
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P3 [-44.2] 

P4 [-42.7] 
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Figure 2.10: Rates of reactions in the temperature range of 127-393°C show good agreement 
between experiment (X) and simulated kinetic data for HFP (black solid line) and TFVE (red 
dotted line). [ref. 80] 

 

The theoretical results align well with the experimental results, which supports our proposed 

reaction pathway. Given the proposed reaction pathway it is now possible to compare these 

computations to previous experimental findings with small molecules in an effort to improve 

conditions for TFVE-BP polymerization.  

 

2.5.5 Molecular weight and reaction conditions from literature 

One of the drawbacks of TFVE polymer chemistry is the difficulty in producing high 

molecular weight materials. This can be remedied through use of a catalyst,92 but that reduces 

one of main benefits of this chemistry for commercial applications. If the molecules need to twist 

throughout the course of the reaction pathway, then it is conceivable that a polymerization with 

this chemistry will have a viscosity dependent rate. As the polymerization proceeds, polymer 

chains entangle, increasing the viscosity. This study suggests that this increase in viscosity could 

inhibit the reaction rate. To probe this theory, literature was reviewed in an attempt to find 

evidence to support this hypothesis. All reactions listed in Table 3 are the polymerization of 4,4'-

Bis(4-trifluorovinyloxy)biphenyl (TFVE-BP) [CAS = 134130-19-1] under various conditions. 
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These conditions include solvent free or bulk polymerizations, and use of diphenyl ether (DPE) 

and perfluorotetradecahydro-phenanthrene (PFTDP) solvents. 

Table 2.5: List of reactions and conditions for the polymerization of TFVE-BP (wt% monomer) 
[ref. 80] 

Temp (°C) Time (hrs.) Solvent Mw PDI Ref. 

250 108 Bulk 219081 6.65 93 
220 3 PFTDP (28 wt%) 103300 2.55 94 
220 3 PFTDP (28 wt%) 116400 1.89 94 
215 3 PFTDP (28 wt%) 89719 3.05 66 
200 72 Bulk 58000 N/A 95 
200 4 DPE (38 wt%) 7500 1.31 96 
180 48 Bulk 40000 N/A 95 
160 12 Bulk 7300 N/A 97 
160 16 Bulk 14700 N/A 95 

 

Since this polymerization follows second-order, step-growth kinetics, the molecular weight 

(Mw) will increase linearly with time, see derivation below.  

This derivation is modified from Polymer Chemistry – Hiemenez – section 2.3 and 2.4 
The weight average degree of polymerization for condensation polymerizations is can be 
calculated as seen below: 
 

�! =
1+ �

1− �
 (2.7) 

 
Where p is the extent of reaction and is defined as follows where nA stands for the moles of 
molecule A and the superscript 0 indicates the starting value 
 

� = 1−
�!

 �
!

!
 (2.8) 

 
Assuming the volume is constant, then the following equation holds true where [A] is the 
concentration of molecule A: 
 

�!
!

�!

=
[�]!

[�]
→ � = 1−

[�]

[�]!
 (2.9) 

 
Next, we can calculate the weight average degree of polymerization with respect to concentration 
instead of extent of polymerization.  
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Using second order kinetics, the concentration [A] can be calculated where t is time and k is the 
reaction rate constant: 
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Now substituting the expression for [A] into the previous equation, 
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Thus, the final equation is a linear function of t: 
 

�! = 1+ 2�[�]!� (2.13) 
 

Assuming that the activation energy is 25 kcal/mol for this condensed-phase 

polymerization,98 the equivalent reaction time at 118°C can be calculated for each of the reaction 

conditions found in literature. Plotting molecular weight vs. this effective time at 118°C produces 

a linear trend for bulk polymerizations (R2=0.942), where adding solvent produces high 

molecular weight material more rapidly, see Figure 2.11. Although the concentration of reactive 

species is lower when solvent is added, the rate of the reaction is accelerated. This coincides with 

our hypothesis that higher viscosity may inhibit rotation and limit the rate of reaction.  
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Figure 2.11: Plot of molecular weight vs. reaction time at 118°C showing linear trend between 
molecular weight and effective reaction time for the reaction with solvent (X) and without (O). 
[ref. 80] 

 

An additional way for producing high molecular weight materials may be to go to higher 

temperatures. As polymers heat up, the viscosity decreases. There is a general trend in molecular 

weight produced and reaction temperature, see Figure 2.12. This trend looks similar to the 

behavior of viscosity vs. temperature for a similar polymer found in literature.66 

 
Figure 2.12:Temperature vs. molecular weight for the polymerization of TFVE-BP. [ref. 80] 
 

As higher molecular weights are desired, two methods of achieving this without catalyst are 

proposed; both involve reducing the viscosity of the reaction. First, using a solvent or plasticizer 

at 220°C will product high molecular weight material in several hours. A second method is to 

use high temperature in excess of 240°C and a bulk (solvent free) polymerization. To provide 
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further support for the proposed reaction mechanism, the authors would encourage a study 

tracking molecular weight and viscosity vs. time for a bulk polymerization and polymerization 

using PFTDP (28 wt%). Using a temperature of 200°C and time of 96 hrs would be preferred.  

2.6 Conclusions 

Gas-phase calculations were performed on TFVE and HFP dimerizations, resulting in 

evidence for a reaction mechanism involving two SCO-TSs. Previously a diradical intermediate 

was observed using EPR, but this study provides insight into how this reaction may take place. 

Utilizing a Newton-Raphson minimization algorithm, 12 SCO-TSs were found for the two 

reactions studied, the result of 3 pathways for each reaction, each involving two SCO-TSs. The 

activation energy for head to head addition was the lowest in both cases, indicating this is the 

most probable pathway found. Additionally, the main product observed experimentally (1,2 

adduct) was the product of this pathway. The calculated reaction kinetics was in excellent 

agreement with previously reported experiments. Based on the computed results, higher 

temperatures and lower viscosities are advised to keep cycloaddition polymerizations catalyst 

free. This will enable the rotation of polymer chains and avoid slowing reaction rates, 

theoretically allowing for higher molecular weights produced more rapidly.  
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CHAPTER 3  

SYNTHESIS OF A POLYMER ELECTROLYTE BASED ON SILICOTUNGSTIC ACID, 

PERFORMANCE, AND MECHANICAL DURABILITY IN A PROTON EXCHANGE 

MEMBRANE FUEL CELL 

 

This chapter is modified from a paper published in 

Electrochemical Society Transactions 
6 

Andrew R. Motz7, Mei-Chen Kuo8, and Andrew M. Herring9 

 

3.1 Abstract 

To simplify heat and water management in fuel cells, new polymer electrolytes are studied 

for high temperature and low humidity conductivity. A material containing silicotungstic acid, a 

particularly promising acidic moiety, has been synthesized and characterized. Preliminary fuel 

cell data has been reported showing good performance under low temperature and low humidity 

conditions.  

3.2 Introduction 

Electrochemical energy conversion devices have great potential to replace the internal 

combustion engine and transform the electrical grid; this can be accomplished with batteries, fuel 

cells, and flow batteries. One main advantage that fuel cells have over batteries when it comes to 

                                                

6 Reprinted with permission of ECS Transactions, (2017), 80(8), 565-57099  
7 Primary author and researcher 
8 Co-author, synthetic chemist 
9 Co-author, advisor 
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the automotive sector is the rapid rate of refueling hydrogen is similar to petroleum refueling. 

While the field has greatly progressed in the last decade, some room for improvement still exists.  

From a systems perspective, high temperature operation would be beneficial for water and 

heat management.100 Additionally, durability is important under the chemical and mechanical 

strain experienced in a working fuel cell. One method to solve these challenges is to develop a 

new membrane that is conductive, strong, and chemically and mechanically durable. 

Silicotungstic acid is able to conduct at high temperatures with minimal hydration, making it an 

ideal acidic moiety. 52,101 

This study discusses the synthesis of a new material, followed by investigation of fuel cell 

performance. The use of silicotungstic acid (HSiW) results in a film with a low area specific 

resistance (ASR) at elevated temperatures. It is likely that a metastable state of the membrane 

resulted in these outstanding transport properties and small angle x-ray scattering (SAXS) data 

suggests that a morphology with features of ca. 6.5 and 1.0 nm will occur whenever the 

membrane is processed under a variety of conditions. 

3.3 Materials and methods 

Synthesis: First, diethyl (4-hydroxyphenyl) phosphonate (DHPP) is produced using the 

approach described in literature by Lejeune and coworkers.102 Next, 20g FC-2145, a commercial 

poly(vinylidene fluoride-co-hexafluoropropylene), or PVDF-HFP, is added to 150 mL 

tetrahydrofuran (THF), and allowed to dissolve at reflux. Once dissolved, 20g DHPP (1 eq.) is 

added followed by 30g K2CO3 (2.5 eq.) and the reaction solution is allowed to react for 5 days at 

reflux. Water is added at the end of the reaction to precipitate the polymer. The precipitated 

polymer is then washed with boiling water to remove KF, KHCO3, and unreacted DHPP. Once 

the KF is washed out, concentrated HCl is added for the hydrolysis of the phosphonate ester. The 
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polymer is then washed with water and stored. The PolyPPA (product of step 3 in Figure 3.1) is 

then used for the attachment of HSiW11. The PolyPPA is added to a round bottom flask with 

N,N-dimethylacetamide (DMAc) and allowed to dissolve. Once the solution is homogenous, the 

potassium lacuanry HSiW (K8SiW11O39) is slowly added. To start the reaction, 12 M HCl is 

added (5 mol HCl:1 mol HSiW) and allowed to react for 3 h at 80 °C. The solution is then kept 

at 4 °C until it is to be used.  

 

Film Forming: The polymer solution is cast on Teflon®
 at room temperature and allowed to 

dry overnight in a fume hood. For area specific measurements, the solution was cast on Kapton 

and removed via immersion in water. For the films analyzed with SAXS, the processing 

conditions are discussed in the text.  

 

Membrane electrode assembly (MEA) fabrication: Gas diffusion electrodes (GDEs) 

containing 0.5 mg/cm² platinum on Vulcan (60% Pt) on carbon cloth were purchased from the 

Fuel Cell Store and were cut to size. The GDEs were then sprayed with several layers of polymer 

reaction solution, allowing the layer to dry before adding a second layer. Two such GDEs were 

placed together to form a fuel cell resulting in a membrane thickness of ca. 5-15 µm.  

 

Conductivity and ASR measurements: Electrochemical impedance spectroscopy was used to 

measure the membrane resistance in-plane and calculate the corresponding material conductivity. 

The resistance in the through-plane direction, assuming isotropic transport properties, was then 

calculated with the conductivity and thickness. This measurement was done in a Test Equity 

environmental chamber at the conditions specified within the text.  
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Fuel cell testing: Two 5 cm2 fuel cells were tested using Scribner test stands. The testing 

conditions are described within the text.  

 

Small angle x-ray scattering: SAXS data was collected at the Advanced Photon Source at 

Argonne National Lab using beamline 12-ID-C with an energy of 18 keV in a custom 

environmental chamber, as fully described in a previous publication.103 

3.4 Results and discussion  

The DHPP and K2CO3 were added to the polymer solution, resulting in a color change from 

clear to dark brown. The color change occurred over several hours until the solution was too dark 

for additional changes to be noticeable by eyesight. After 5 days, the solution was precipitated 

through addition of water, followed by reflux in concentrated acid. This resulted in the 

phosphonic acid form of this polymer (PolyPPA), as seen in the synthetic pathway below (Figure 

3.1, step 3 product).  

The PolyPPA was then isolated, washed, and dried. The dried polymer was then dissolved in 

deuterated dimethyl sulfoxide (DMSO-d6) for NMR (Figure 3.2). The initial DHPP small 

molecule has an intense, sharp signal near 21 ppm in 31P NMR. Once this molecule is attached to 

the polymer and converted to the acid from the ether, the signal seen in 31P NMR is shifted to 12 

ppm and becomes broad. 
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Figure 3.1: Synthetic pathway for making the PolyHPA material (final product) through a 4 step 
process. Step 2 and 3 are done in one pot. [ref. 99] 
 

The shift is indicative of conversion of the phenol phosphonic ester to the phenol phosphonic 

acid, while broadening is an indication the phosphorous atom is covalently tethered to the 

polymeric backbone. It is also important to note here that the rest of the spectrum for the polymer 

has no additional signals, indicating that only one type of phosphorus containing side chain 

exists in an observable amount.  

 
Figure 3.2: 31P NMR of the reactant and product [ref. 99] 
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The last step to make this material is attaching the HSiW11. The functionalization of 

lacunary heteropoly acids with small molecules phenol phosphonic acids has been reported in the 

literature,51,104 but this is the first reporting of covalently attaching heteropoly acids directly to a 

functionalized polymer. For this process, the PolyPPA is dissolved in DMAc at 80 °C. Next the 

HSiW11 is added, creating a cloudy, viscous mixture. The last step is adding 5 mol H+ per 

HSiW11 in a dropwise fashion. This results in a clear reaction solution. At this point, the HPA 

loading is adjusted based on the desired properties of the material. More HSiW11 will result in a 

more conductive, but more brittle film. Optimization of this process is needed, but the initial 

results show low ASR is achievable with high levels of HSiW11 loading.  

 
Figure 3.3: ASR of the material at 50%RH. Blue films are 70 wt% HSiW11 and the green lines 
represent different trials of a film with 80 wt% HSiW11 loading. [ref. 99] 
 

The conductivity of this material was outstanding, but the data was not consistent. A full 

factorial experimental design approach was used to test the following variables: concentration of 

reaction solution, drying temperature and time in saturated DMAc environment, and annealing 

process. The loss of HSiW11 was tracked throughout the ion-exchange and washing process. 

Additionally, the protonic conductivity was measured at the end. Several films, as can be seen in 

Figure 3.4 exhibited phenomenal conductivity, but there was no correlation between processing 

conditions and any of the measurable.  
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Figure 3.4: Proton conductivity at 95 %RH for several different films. Processing conditions had 
no correlation with conductivity 
 

It is thus evident that there exist some processing condition, not captured directly within this 

experimental design, that lead to different transport properties in these materials. Typically, the 

transport is dictated by the amount of unbound H+ and the morphology; therefore, we analyzed 

the morphology through the processing of these materials. The film is cast and dried in the K+ 

form. The film can then be annealed in the K+ form, ion-exchanged to the H+ form, and annealed 

once again. The SAXS of films throughout this process can be seen in Figure 3.5.  

 
Figure 3.5: SAXS data throughout the film processing from the as-dried film to an ion-
exchanged film 
 

Two peaks appear, indicative of ca. 6.5 and 1.0 nm features, as indicated by the peaks at ca. 

0.1 and 0.6 q, respectively. First, when the film is dried, only the 1.0 nm feature is present. This 
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feature is attributed to the d-spacing between adjacent HSiW moieties. Next, the film was soaked 

in acid, resulting in the formation of a shoulder at ca. 6.5 nm. This shoulder turns into a peak 

when the film is soaked in water. When the film is not annealed, the signal at 6.5 nm is more 

intense. It is then proposed that annealing the films serves to mitigate the formation of this 

feature. Two opportunities exist to anneal the film: (i) before the film is soaked in acid for the 

ion-exchange (ii) after the film is soaked in acid and before the film is washed with water. The 

6.5 nm feature does not appear until the film is soaked in a liquid and in-situ annealing 

experiments did not show any changes. After the film was soaked in acid, an in-situ annealing 

experiment resulted in an interesting change, see Figure 3.6. 

 
Figure 3.6: in-situ SAXS annealing experiment where the film was heated to 160 °C and held for 
15 min then cooled. Transient data was collected every 2 min 

 

The shoulder is converted into a peak, indicating that annealing after ion-exchange and 

before washing is not able to fully mitigate the morphology change. To further probe this, 

different drying temperatures and annealing after ion-exchange were tested. Below in Figure 3.7 

are SAXS data for films processed under different conditions in dry air and under saturated air. 

Note that both features remain throughout all of the processing conditions and even after boiling.  
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Figure 3.7: SAXS data for a processing study (left) films that were processed in different ways.  
 

Next, a comparison of one of the films that has exceptional transport properties vs. one of the 

typical films was performed with SAXS, see below in Figure 3.8. 

 
Figure 3.8: SAXS data for a film dried at elevated temperature and one dried at room 
temperature then annealed.  

 

Note that the 6.5 nm feature is present, but as a shoulder and the 1.0 nm feature is not as 

prominent. Attempts to reproduce this material have not been successful and it is proposed that a 

metastable state was achieved, and reproduction of this film is challenging due to the many 

parameters that exist in reactive casting (DMAc content, water content, acid content, temperature, 

time). A more repeatable process was pursued, consisting of drying at room temperature 

followed by annealing at 160 °C under pressure, and will be implemented in the following 

chapter.  
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Next, to test this material in a device, a fuel cell was fabricated. Direct membrane deposition 

was used for fabrication because of the benefits reported in literature105 and the poor mechanics 

of this film. The directly deposited film had a low cell resistance, resulting in high power density. 

This fuel cell was using traditional perfluorinated sulfonic acid (PFSA) ionomer in the electrodes, 

likely leading to part of the performance drop, but high power was achieved at 60°C/75%RH 

with H2/O2 feed and no back pressure. The OCV was 0.914 V and better fabrication is needed to 

improve this value.  

 
Figure 3.9: Polarization curve of membrane made with direct deposition method. The cell 
temperature was 60 °C and the inlet humidity was 75 %RH. [ref. 99] 
 

As mentioned earlier, the mechanics of this highly cross-linked film are poor, but the 

crosslinked nature of this material also results in low swelling. It is important to note that an 

annealing step in excess of 120°C is needed to reduce the swelling. Similar swelling to PFSA has 

been reported from un annealed films.106  

3.5 Conclusion 

The details of a new synthetic route are discussed that result in a material with low ASR. The 

key to achieving this low ASR is synthesizing a polymer with only phenol phosphonic acid side-

chains, requiring high conversion efficiency. This has been accomplished through attaching a 

phosphonic ester and subsequent hydrolysis with concentrated HCl. 31P NMR showed high 
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conversion efficiency. Next, the HPA loading was increased, resulting in decreasing ASR. The 

morphology was investigated with SAXS and this material had two characteristic features, one at 

1.0 nm was always present and another feature with a d-spacing value of ca. 6.5 nm was present 

only after soaking in acid and became more pronounced when it was soaked in water. The 

morphology of a film with outstanding conductivity is believed to have been fabricated with just 

the right conditions to achieve a metastable morphology. While this performance has been seen 

several times, it is challenging to reproduce and does not represent a logical path forward for this 

material. A fuel cell was fabricated using a direct membrane deposition technique and was used 

for testing the performance at low temperature and low humidity conditions. A power density of 

0.6 W/cm2 was achieved at 60°C and 75%RH and it is proposed that the PFSA ionomer was a 

limitation for the performance.  
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CHAPTER 4  

HETEROPOLY ACID FUNCTIONALIZED FLUOROELASTOMER WITH OUTSTANDING 

CHEMICAL DURABILITY AND PERFORMANCE FOR VEHICULAR FUEL CELLS 

 

This chapter is modified from a paper published in 

Energy and Environmental Science 
10 

Andrew R. Motz11, Mei-Chen Kuo12, James L. Horan13, Rameshwar Yadav14, Soenke 

Seifert15, Tara P. Pandey16, Samuel Galitot17, Yuan Yang18, Nilesh V.Dale19, Steven J. 

Hamrock20, and Andrew M. Herring21 

 

4.1 Abstract 

To further facilitate commercialization of automotive fuel cells, durability concerns need to 

be addressed. Currently the addition of a mechanical support in the membrane is able to 

adequately solve issues of mechanical degradation, but chemical degradation via oxygenated 

radical attack remains an unsolved challenge. Typical mitigation strategies use cerium or 

manganese species to serve as radical scavengers, but these ions are able to migrate in the 

membrane and even leach out of the system. The approach used in this study is to covalently link 

                                                

10 Reprinted with permission of Energy and Environmental Science, 2018, DOI: 10.1039/C8EE00545A.  
11 Primary author and researcher 
12 Co-author, synthetic chemist 
13 Co-author, synthetic chemist 
14 Co-author, fuel cell researcher 
15 Co-author, SAXS expert and beamline scientist 
16 Co-author, membrane researcher 
17 Co-author, undergraduate researcher 
18 Co-author, NMR expert 
19 Co-author, fuel cell expert 
20 Co-author, polymer expert 
21 Co-author, advisor 
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and immobilize a heteropoly acid (HPA), more specifically 11-silicotungstic acid, a lacunary 

HPA of the Keggin structure to a fluoroelastomer, serving as both a radical decomposition 

catalyst and the proton conducting acid. This dual functionality allows for both high content of 

radical scavenging species and high ion exchange capacity. An efficient three step, high yield 

(77%), commercially viable synthesis for this polymer is reported. The synthesis route for 

making this new heteropoly acid functionalized polymer is confirmed using infrared (IR), 

nuclear magnetic resonance (NMR) spectroscopy, and thermogravimetric analysis (TGA). While 

clustering of silicotungstic acid (HSiW) results in a poorly connected phase when dry, excellent 

conductivity is achieved at elevated humidities (0.298 S cm-1 at 80°C and 95 %RH). The proton 

conductivity shows an enhancement above 60 °C due to a softening of the polymer, as shown by 

differential scanning calorimetry (DSC). Under an aggressive chemical accelerated stress test 

(AST), 90 °C, 30 %RH, zero current, and pure O2, the PolyHPA loses only 0.05 V of open 

circuit voltage (OCV) after 500 h, greatly out-performing any other material reported in literature. 

For comparison, the Nafion® N211 fuel cell drops below 0.8 V after only 76 h under the same 

conditions. In fuel cell testing the PolyHPAs have outstanding chemical stability and also 

possess very low in-situ high frequency resistance (HFR) leading to high performance (1.14 W 

cm-2at 2 A cm-2), compared to 1.11 W cm-2 for the fuel cell at the same current. At 75 wt% 

HSiW loading, the fuel cell HFR showed a 22% decrease over N211. 

4.2 Broader Context 

Fuel cell electric vehicles (FCEV) are already on the market and many more are expected to 

be released in the next few years. For transportation, FCEVs have several inherent advantages 

over battery electric vehicles, such as rapid refueling (<5 min) and decoupled energy density / 

power density. Also, cost does not scale linearly with respect to vehicle range, creating an 
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advantage for FCEVs in markets where longer range is desired. The fuel, hydrogen, stores 

energy in the form of chemical bonds and when oxidized produces water, providing one 

promising avenue for increased sustainability, decreased carbon emissions, and decreased 

pollution at the point of use, providing hydrogen comes from renewable resources. Hydrogen is 

currently produced from natural gas (the most cost-effective source), but water electrolysis is 

quickly becoming more economically viable. Water electrolysis will, when coupled with 

renewable electricity generation, such as wind or solar, provide fully renewable and sustainable 

hydrogen. While the technology is already advanced enough to commercialize, reducing overall 

cost, improving durability, and increasing hydrogen availability are still needed for mass 

adoption of FCEVs. A major current challenge is achieving adequate chemical and mechanical 

membrane durability while also maintaining or even enhancing fuel cell performance. 

4.3 Introduction  

Fuel cells are electrochemical energy conversion devices, which can directly convert the 

energy stored in chemical bonds into electricity. The volumetric and gravimetric power and 

energy density of polymer electrolyte fuel cells are such that they represent a promising 

replacement to the internal combustion engine for automotive applications. Major improvements 

in fuel cell design have been made to simplify the overall system through adoption of thinner 

membranes, which allow for back diffusion of water and improved performance with dry inlet 

gasses.107,105 Additional work to reduce catalyst loading has been successful, resulting in the 

projected stack cost dropping below $15 per kW when mass produced.59 These advances have 

enabled the beginning of commercialization of fuel cell electric vehicles (FCEV). Decreased 

platinum loading and increased power density would reduce fuel cell stack size and materials 

cost, further reducing the barriers to fuel cell technology. In addition to reducing the initial cost, 
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durability must also be improved. Polymer electrolyte membranes undergo two main types of 

degradation, chemical and mechanical, and the two degradation pathways have been proposed to 

have a synergistic effect on each other.108, 109, 110, 22 For longevity in practical devices, it is thus 

imperative to have both outstanding chemical and mechanical durability. Adding mechanical 

support to the membrane is able to satisfy the need for mechanical durability through decreasing 

swelling and improving strength, but chemical degradation mitigation techniques are still not 

satisfactory for the needs of a fuel cell system.111, 112 

The ideal polymer electrolyte membrane must be ionically conductive, electrically resistive, 

and an effective barrier to reactant gasses. Moreover, membranes must also be durable under 

conditions in which a real device will experience. Many new materials have been synthesized 

and studied, although such efforts have been unable to simultaneously meet all of the 

aforementioned criteria and provide enough benefit over the perfluoro sulfonic acids (PFSAs) for 

widespread adoption.113, 114, 115, 116 One potential factor is the reliance on the pendent sulfonic 

acid groups in a majority of these materials, which may require both high water content and high 

concentration of protons to achieve ionic conductivities over 0.1 S cm-1. One notable advance in 

hydrocarbon membranes is the use of a coating containing nanocracks, which are able to act at a 

barrier to loss of water at elevated temperatures, and thus retain high proton conductivity under 

low humidity conditions.30 A large number of these materials are hydrocarbon based and 

chemical stability data is not available.  

Preliminary efforts to improve the chemical stability of PFSA polymers included treatment 

with elemental fluorine to minimize the number of reactive carboxylic acid end groups, but once 

main chain scission occurs this method becomes ineffective.117, 118 Second generation efforts to 

improve PFSA chemical stability was the addition of a radical decomposition catalyst, most 
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notably CeO2 or MnO2.
119, 120, 112 These additives can be introduced as a composite material, or 

Ce3+ and Mn2+ ions can partially neutralize the protons, effectively lowering the number 

available for transport and therein reducing the cell performance. There is a trade-off where 

durability is greatly improved, although the performance is not greatly decreased. Unfortunately, 

the Ce3+ and Mn2+ ions are still free to move in the electrolyte domain and accumulation of them 

in the cathode catalyst layer is cause for concern.121, 122, 123 More recently a composite approach 

has been demonstrated using zirconia doped ceria additives which show further reduction of 

open circuit voltage loss.124 

An alternative class of additives that have shown promise in mitigating chemical degradation 

are heteropoly acids (HPAs), a sub-class of the polyoxometalates. 101, 47, 125, 126 HPAs are a large 

class of super acids, which also may serve as radical decomposition catalysts. It is important to 

note here that phosphotungstic acid (H3PW12O40) will decompose in the presence of radicals 

forming the Ishii-Venturello catalyst, whereas silicotungstic acid (H4SiW12O40) is known to be 

stable under similar conditions.54, 127, 55 Phosphotungstic acid and its cesium salt have 

demonstrated enhanced proton transport and chemical stability of sulfonated poly-(ether ether 

ketone) (sPEEK), although this approach has not yet been proven to result in performance and 

stability parity with N211.128, 129 Past efforts to incorporate HPAs into membranes have been 

hindered due to the HPA migration, clustering, or leaching out due to their high solubility in 

water.46, 130 One potential solution to this challenge that has recently been investigated is 

encapsulation of the HPA in carbon nanotubes.131, 132 In addition to the antioxidant properties of 

HPAs, they are also known to be very conductive even with limited hydration.133, 134 By acting as 

an ion conducting moiety and a radical scavenger, a win-win situation occurs where HPA could 

theoretically increase H+ transport and chemical stability, bypassing the trade-offs associated 
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with Ce and Mn doping. More recently our group has demonstrated a material with covalently 

immobilized HSiW as the only ion-conducting group, resulting in a paradigm shift from previous 

HPA-containing membranes. 135, 52 

Herein, we report a three-step, highly efficient synthesis producing a membrane that achieves 

the chemical durability breakthrough the community has been searching for. A novel ion-

conducting material containing HSiW hybrid moieties covalently bound to a commercial 

fluoroelastomer is fabricated into a thin, conductive, and chemically robust membrane. We have 

demonstrated that this material has lower, in-situ transport resistance and vastly greater chemical 

stability than the state of the art polymer electrolyte. 

4.4 Experimental  

4.4.1 Materials 

Diethyl (4-hydroxyphenyl)phosphonate (DHPP) was purchased from Synquest (catalog 

number 6677-1-07) and a polyvinylidene-co-hexafluoropropylene (PVDF-HFP) fluoroelastomer 

(FC-2178) was supplied by 3M. Hydrochloric acid (HCl) (37%, ACS reagent grade) was 

purchased from Pharmco-Aaper. Sodium hydride (NaH) (60% dispersion in oil) and 

bromotrimethylsilane (TMSBr) (97%) were purchased from Sigma-Aldrich. All other reagents 

were purchased from Sigma-Aldrich with >99% purity and were used as received.  

4.4.2 Preparation of PolyPPE 

FC-2178 (31.78 g) was washed with methanol, dried at 40 °C under vacuum for two days, 

then dissolved in 150 mL anhydrous dimethylformamide (DMF). In a separate flask, 20.0 g 

DHPP was added to 100 mL anhydrous DMF and allowed to dissolve at room temperature, 

followed by cooling to 0°C. Once cooled, NaH was added slowly to the DHPP solution, under a 



 72 

N2 (g) flow, producing H2 (g) bubbles. After 2 h, bubble formation subsided and the FC-2178 

solution was slowly added over a period of 30 minutes. The combined solution was then heated 

to 50 °C and allowed to react for 24 h, darkening with time, before precipitation in 1M HCl. The 

precipitate is then isolated, washed with water, and dried under vacuum for 48 h, producing 

phenol phosphonic ester functionalized FC-2178 (PolyPPE). 

4.4.3 Preparation of PolyPPA 

The PolyPPE was then dissolved in 450 mL acetonitrile overnight at room temperature. The 

following day, 32 mL bromotrimethylsilane (TMSBr) was added under a N2 environment. The 

reaction was heated to 45 °C and allowed to react overnight, producing a cloudy mixture. The 

reaction solution was filtered and the filtrate was dissolved in 600 mL MeOH with 20 mL 

concentrated HCl, quenching the reaction. The reaction solution was dried resulting in the phenol 

phosphonic acid functionalized FC-2178 (PolyPPA). The PolyPPA was subsequently washed 

with water, dried, and stored at room temperature, yield = 38.5g (77%). 

4.4.4 Preparation of PolyHPA 

4.50 g PolyPPA was added to 180 mL N,N- dimethylacetamide (DMAc) and allowed to 

dissolve overnight at 80 °C. Next, 10.50 g α-K8SiW11O39•13(H2O) (HSiW11), synthesized 

according to the protocol previously reported,54 was slowly added. The mixture was cloudy, but 

rapid stirring with a magnetic stir bar ensured no precipitate formed on the bottom. Next, 12 M 

HCl (1.356 mL) was added dropwise, turning the solution into a transparent amber. The reaction 

took place over 70 h at 80 °C, then the solution was filtered with a paper filter followed by a 

filtration using a medium porosity glass frit Büchner Funnel to remove potassium chloride 

crystals. The volume was then reduced to ca. 60 mL using a rotary evaporator. This solution was 
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then cast on Kapton® using a doctor blade to control thickness and dried at room temperature 

over night (16 h).  When dried, the films ranged from 20-80 µm. Next, thermal annealing under 

pressure (5 min, 26.7 kN, 160°C) was used to finish the attachment reaction and make the film 

more uniform. The resulting film was then soaked in 1 M H2SO4 to ion-exchange (3x) followed 

by rinsing in DI water (3x). Each rinse was more than 1 h. 

4.4.5 Materials Characterization  

Fourier Transform Infrared Spectroscopy (FT-IR).  FT-IR was collected using a Nicolet 

Nexus 470 FT-IR E.S.P equipped with a Specac Golden Gate attenuated total reflection (ATR) 

stage at ambient conditions. All spectra were collected with 512 scans and a resolution of 1 cm-1. 

All polymers were measured in the membrane form and the small molecules were measured as 

powders.   

Nuclear Magnetic Resonance Spectroscopy (NMR).  Liquid NMR spectra were recorded on 

a Joel ECA 500 MHz spectrometer in DMSO-d6 solvent. The chemical shifts for 1H, 19F, 31P 

were based on tetramethylsilane, trichlorofluoromethane, and phosphoric acid standards, 

respectively. The solid state 1H à 31P CP/MAS measurements were performed on a 400 MHz 

Bruker spectrometer using triphenylphosphine (-6 ppm) as a standard. 

Thermogravimetric Analysis (TGA). TGA experiments were performed using a TA 

instruments TGA Q 500 using a platinum pan. The ramp rate was 5 °C per minute up to 800 °C 

with a gas flow rate of 40 mL min-1. Samples were dried at 80 °C for 1 h followed by 

equilibration at ambient conditions for an additional hour. Experiments were run using N2 or air.  

Differential Scanning Calorimetry (DSC). The DSC data was collected on a TA instruments 

DCS Q20 in TZero aluminum pans with hermetic lids. The heating scan rate was 10 °C min-1 
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and the cooling rate was 40 °C min-1. Two cycles from -30 to 130 °C were first conducted, 

followed by two cycles up to 200 °C. 

Potentiostatic Electrochemical Impedance Spectroscopy (PEIS). PEIS experiments were 

performed in a TestEquity environmental chamber to accurately control the temperature and 

relative humidity. The membranes were placed across four platinum electrodes in cells designed 

after Bekktek FC-BT-115 conductivity cells and the PEIS measurements were performed using a 

BioLogic VMP3 potentiostat. Data were fit using a Randles circuit and the results were used to 

calculate an in-plane conductivity.  

Focused Ion-Beam (FIB) milling and Transmission Electron Microscopy (TEM). The sample 

was milled with gallium ions using a Helios NanoLab 600i focused ion beam and placed on a 

TEM grid. The transmission electron microscopy (TEM) was performed using a FEI 

TalosF200X. 

Small Angle x-ray Scattering (SAXS).  The SAXS data was collected on beamline 12-ID-B 

at the Advanced Photon Source, Argonne National Lab in a custom built environmental chamber, 

using 13.3 keV radiation. The chamber, described in detail elsewhere,136 is able to control 

temperature and humidity and the conditions are outlined below. A Pilatus 3M detector was used. 

Environmental Scanning Electron Microscopy (ESEM) and Energy Dispersive Spectroscopy 

(EDS).  The electron scanning microscope used was a FEI Quanta 600 operating under low 

vacuum. All SEM images shown were taken with a solid-state backscatter electron detector. The 

EDS was performed with an element EDAx at 20 keV. Standard parameters were used to 

quantify elements using EDAx Genesis software.   

Fuel Cell Testing. The Nafion standard membrane electrode assembly (MEA) was fabricated 

using a catalyst coated membrane (CCM), N211, with catalyst supplied by Tanaka Holdings Co. 
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Ltd. The anode catalyst layer consisted of TEC10EA30E, 30% Pt/C, 0.055 mg cm-2 and a 

cathode catalyst layer consisted of TEC10E50EHT, 50% Pt/C, 0.35 mg cm-2 and had an active 

area of 2x5 cm2. The PolyHPA MEAs were fabricated using commercial gas diffusion electrodes 

(GDE)s for both the anode and cathode (Johnson Matthey Pt/C electrocatalyst, PFSA ionomer, 

0.35 Pt mg cm-2). The PolyHPA-70 (70 wt% theoretical HSiW loading) MEA had an active area 

of 2x5 cm2 and the PolyHPA-75 (75 wt% theoretical HSiW loading) MEA was 5 cm2. The 10 

cm2 fuel cells were run using flow rates, 4 L min-1 at the anode and 8 L min-1 at the cathode 

while the 5 cm2 fuel cell was run using flow rates of 2 L min-1 at the anode and 4 L min-1 at the 

cathode. 

Accelerated Stress Testing (AST). The mechanical AST was performed on an MEA in 

standard fuel cell hardware at 80 °C with N2 flow on both the anode and cathode and the 

humidity of each was switched from 100 %RH to 0 %RH holding for 30s on each, making a 1 

min cycle. The test was stopped, and hydrogen crossover was tested using linear sweep 

voltammetry with a scan rate of 1 mV s-1, after 5750, 10000 and 22500 cycles. The chemical 

ASTs were performed on an MEA in standard fuel cell hardware by holding the fuel cell at open 

circuit voltage (OCV), 90°C, 30%RH anode and cathode, zero current, and H2/O2 flow.  

4.5 Results and Discussion 

4.5.1 Synthesis 

A four-step synthesis, reported elsewhere,99 was used to covalently attach HSiW to FC-2178, 

where hexafluoropropylene accounts for ca. 20 mol% of the polymer.137 This original synthesis 

method involved attachment of diethyl (4-hydroxyphenyl)phosphonate (DHPP) sidechains to 

FC-2178 utilizing K2CO3 as a reactant. The K2CO3 can ion-exchange with the alcohol to form an 
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alkoxide (-O-K+) and potassium bicarbonate (KHCO3). Both alkoxide and K2CO3 are then able 

to dehydrofluorinate the FC-2178, creating unsaturated bonds, and enabling attachment of the 

alkoxide. Because K2CO3 is a poor nucleophile, it will not attach to the polymer and only the 

alkoxide will become covalently attached. This chemistry is based on methods that have been 

used to cross-link PVDF-HFP.138, 139 The reaction resulted in excessive unsaturated bonds 

remaining in the final product and the films had extremely poor mechanical properties.  

To avoid the over dehydrofluorination, the reagent was changed to NaH, as the hydride is a 

stronger base than K2CO3, but still a weak nucleophile. This change allows for attachment of 

DHPP at much lower temperatures. The resulting phenol phosphonic acid functionalized FC-

2178 (PolyPPA, see Scheme 4-1), a transparent yellow film, was much lighter in color than the 

PolyPPA made using K2CO3, which was almost black. The work described here was done using 

the much stronger PolyPPA produced via. the process outlined in Scheme 4-1.  

The method for functionalizing lacunary heteropoly acids with small organic molecules has 

been well documented,104, 51 but this work involves attaching HSiW to a preformed engineering 

polymer chosen for its strength and stability.Attachment of HSiW to a preformed polymer, to the 

authors knowledge, has not been previously reported in the peer-reviewed literature. 

The final product is referred to as PolyHSiW11-x where x indicates the mass fraction of α-

K8SiW11O39•13(H2O), added to the reaction (Scheme 4-1, step 3), with the remaining mass 

consisting of PolyPPA. 
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Scheme 4-1: Full synthetic reaction scheme for the synthesis of PolyHPA (final product) from 
FC-2178 and DHPP [ref. 140] 
 

A majority of the studies were done on PolyHSiW11-70 and some data exists for the higher 

loading material, PolyHSiW11-75. Unfortunately, at 75 wt% loading the mechanics of the film 

resulted in challenges for more comprehensive fuel cell testing, but what was achieved (see 

below) shows much potential for the future use of these films. For the fuel cell testing of the 

PolyHSiW11-75 material, a 10 cm2 MEA could not be fabricated and the active area was 5 cm2. 

All films were thoroughly washed in acid followed by water at room temperature showing that 
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the HSiW11 moiety was indeed covalently attached. FTIR and NMR characterization and 

utilized to confirm the attachment.  

IR spectra for species involved in the functionalization of FC-2178 to form PolyPPA can be 

seen in Figure 4.1: a. The IR spectra are dominated by the -CF2- stretching bands at 1200 and 

1130 cm-1 (symmetric and asymmetric, respectively) for FC-2178 and the PolyPPA.141 Strong 

bands from the aromatic group at 1200 and 1180 cm-1 are present in both the DHPP and the 

PolyPPA, as expected. While C-O-Ar bond formation (Scheme 4-1, Step 1) is not identified, the 

washed functionalized PolyPPA shows signatures of aromatic groups, which would have washed 

away if not covalently attached to the polymer. The next step in the synthesis is attaching 

HSiW11 to the PolyPPA. The reactants and product for the attachment of HSiW to PolyPPA are 

displayed in Figure 4.1: b. It is evident that signatures from both HSiW11 and PolyPPA exist in 

the washed PolyHSiW11. Most notably are the -CF2- stretching bands and the strong W-O bands 

between 700 and 1000 cm-1.142  More thorough analysis of these bands indicates a shift to higher 

wavenumbers after the attachment, as expected from the aforementioned work with attaching 

small, organic molecules. Additionally, a peak at 1050 cm-1 is present in the product and neither 

of the reactants. Previous studies have concluded that in phenylphosphonic acid νas(P-OH) is 

located at 1017 cm-1 and for [γ-SiW10O36(C4H5PO)2]
-4 νas(P-OW) is located at 1050 cm-1.143, 104 

A list of assignments are presented in Table 4.1. 

While the IR data provides compelling evidence that the synthesis has occurred as expected, 

1H NMR was used to further corroborate the covalent attachment of HSiW (Figure 4.2: a). 
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Figure 4.1: (a) IR data of the reactants and products for the attachment of phenol phosphonic 
acid side chains to FC-2178 (step 1 and 2 in scheme 1) with an expanded view of the boxed area 
displayed to the right (b) IR data of the reactants and product for the HSiW attachment to 
PolyPPA with an expanded view of the boxed area displayed to the left [ref. 140] 
 

Table 4.1: Assignments of FTIR bands in cm-1 according to previous studies [ref. 104, 51, 142, 
and 140] 

 
K8SiW11O39 PolyHSiW11 

νas(P-O) - 1050 
νas(Si-Oa) 956 974 
νas(W=Oter)  879 904 

863 879 
νas(W-Oe-W)  768 797 
νas(W-Oc-W) 710 739 

 

First in the DHPP, the aromatic protons are located at 6.9 and 7.5 ppm and the -CH2- and -

CH3 chemical shifts are at 3.9 and 1.2 ppm, respectively. The -CH2- groups in the FC-2178 are 

located between 2.7 and 3.3 ppm. When the DHPP is attached to the polymer, the product 
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contains the same -CH2- signals from the FC-2178 in addition to the aromatic signals and the 

signals at 3.9 and 1.2 ppm. Next, the hydrolysis reaction is performed on the PolyPPE and the 

phosphonate ester -CH2- and -CH3 chemical signatures are eliminated, as expected, and a new 

signal exists at 6.5 ppm and is assigned to the -OH bonds.  

The 19F NMR (Figure 4.2: b) indicates that an additional signal at -55 ppm appears when 

adding the sidechain, consistent with other studies on PVDF-HFP functionalization.144 Perhaps 

the most compelling evidence for the functionalization of the polymer comes from 31P NMR 

(Figure 4.2: c and Figure 4.2: d). First, when the DHPP is attached to the polymer there is a 

change in chemical shift (21à 17.5 ppm) and the signal becomes more broad and complex, one 

indication that the P nuclei are associated with a polymer. At this point, some unattached DHPP 

is still present (sharp signal at 21 ppm), but after the hydrolysis step, the sharp signal at 21 ppm 

vanished and the only peak is at 12 ppm (the expected shift for PolyPPA). The final HSiW 

attached film is cross-linked and not soluble in NMR solvents; therefore, liquid 31P NMR is not 

possible on the final film. To probe the chemical nature of the final material 31P CP/MAS NMR 

was performed on both PolyPPA and PolyHSiW11-70. The chemical shift of PolyPPA is 

different in the solid phase than it is in the liquid NMR likely due to the water content and 

solvation and is shown for comparison to the PolyHSiW11-70 (Figure 4.2: d). Using a Gaussian 

fit to model the spectra, four chemical shifts are identified (23, 20.5, 15.1, and 9.5 ppm). The 

signal at 20.5 ppm is residual phenol phosphonic acid.  
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Figure 4.2: (a) 1H NMR for PolyPPA, PolyPPE, DHPP, and FC-2178, where the remaining 
solvent signals are labelled * (b) 19F NMR data for PolyPPA, PolyPPE, and FC-2178 (c) 31P 
NMR of DHPP, PolyPPE, and PolyPPA (d) 1H → 31P CP/MAS NMR of PolyPPA and 
PolyHSiW11-70 where the PolyHSiW11-70 spectra is modelled using 4 different Gaussian 
functions [ref. 140] 

 

The three remaining signals are assigned to HSiW with one phosphorous attachment (23 

ppm), HSiW with two phosphorous attachments (15.1 ppm), and a phosphorous anhydride (9.5 

ppm).145 The phosphorous anhydride is presumably formed between two unreacted phenol 

phosphonic acid side chains at elevated temperatures through the loss of a water molecule. 
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4.5.2Membrane Characterization (Ex-situ Evaluation) 

The thermal stability was investigated with TGA on the PolyPPA and PolyHSiW11-70, see 

data in Figure S3. The PolyPPA has several distinct decomposition regions. First, marginal 

weight loss occurs before 280 °C, all of which has been assigned to loss of water and has been 

previously observed in HPA containing materials.146, 147 Next, between 280 and 400°C there is a 

constant and substantial loss at 0.2% per °C. Finally, two inflection points exist at 420°C and 

490°C where the latter only exists in the presence of air, a more oxidizing environment. PVDF-

HFP has a thermal decomposition temperature near 450°C in N2,
148, 137 but no significant mass 

loss occurs beforehand. This indicates that the decomposition event starting at 280 °C is likely 

due to the decomposition or loss of the sidechain.  

Due to instability of HPAs at high pH, the IEC was calculated using data from TGA. The 

TGA data below in Figure 4.3: , which shows that at 800 °C in air nearly all of the PolyPPA has 

volatilized < 4 % remaining. Conversely, the PolyHPA-70 has a residual normalized mass of 

56 %. This calculation assumes that each silicotungstic acid moiety has 13 hydrating waters at 

room temperature and humidity, a common hydration state of the monolacunary silicotungstic 

acid.149, 150. Assuming that in air at 800 °C each elements is in its most oxidized form would 

result in 11 WO3 and 1 SiO2 for each HSiW, which has been previously observed for α-

H4SiW12O40 using x-ray diffraction and FTIR.147  
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Figure 4.3: TGA data in N2 (solid lines) and air (dashed lines) for (a) PolyPPA residue in air at 
700°C is 2% (b) PolyHSiW11-70 residue in air at 800°C is 56% [ref. 140] 
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If we add 70wt% α-K8SiW11O39•13(H2O), we would expect to have 55.4% residue at 800 °C 

if all is converted to WO3 which matches very well with the 56% observed experimentally. The 

discrepancy may be due to unvolatilized PolyPPA residues. 

An additional technique that was attempted to use for determination of the loading of HSiW 

was EDS, see Figure 4.4: . First, the SEM figure shows that the PolyHSiW11-70 membrane is 

much brighter than the PolyPPA membrane in the backscatter micrograph, one indication that we 

do have a large amount of heavy elements in the washed film. Additional evidence comes from 

the W signature in EDS, which is very prominent in the washed PolyHSiW11-70 film. While 

quantitative values are given, they are unrealistic and unreliable and should only be considered 

as semi-quantitative evidence that a large amount of W is present in the film after HSiW 

attachment and subsequent acid and water washes.  

HPAs can undergo a loss of two H+ and a terminal oxygen to form water, thereby reducing 

the concentration of mobile H+ in the film. This decomposition is difficult to discern from loss of 

bound water and theoretically has a strong variance on partial pressure of water.151 With the high 

decomposition temperature of this material, it is mostly limited by loss of charge (not seen in 

TGA). In an oxidizing environment, HSiW moieties are known to decompose into WO3 and SiO2, 

the most oxidized forms of W and Si.147 HPAs are known to be unstable in alkaline conditions 

and therefore traditional titrations to measure ion-exchange capacity (IEC) are not possible and 

therefore the WO3 and SiO2 residue mass was used to calculate the IEC. 
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Figure 4.4: (a) SEM of PolyPPA (left) and PolyHSiW11-70 (right) (b) EDS data comparing 
PolyPPA and PolyHPA-70 to each other where the PolyHPA data was normalized using C Kα 
and F Kα from PolyPPA. Discrepancies are the result of added W (*) and O (**) in addition to 
the Al peak (***) from the sample holder. (c) Table with calculated values for abundance of the 
difference elements [ref. 140] 
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indicates that nearly all of the added HSiW is stable to soaking in acid followed by water at room 

temperature, for more details, please see the SI. These films are stable to acidic and aqueous 

environments at room temperature and humidified air at elevated temperatures, but when the 

films are soaked in warm water (80 °C) some of the HSiW leaches out. 
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The DSC data can be seen in Figure S4 and has two clear transitions. First, at 60°C there is a 

thermal transition in both the PolyPPA and PolyHSiW11-70. The Tα for PVDF-HFP with a 

similar monomer ratio is -13 °C and so we assign this new transition to the Tβ of the 

sidechains.152 According to the 31P NMR data, some of the phenol phosphonic acid sidechains 

still exist in the final PolyHPA-70 film and therefore the Tβ is still observed. In the first heating 

of the PolyHSiW11-70 (non-annealed) there is an endothermic transition starting near 160°C 

which could be a chemical reaction or crystallization. An in-situ SAXS annealing experiment 

was performed on PolyHSiW11-70 (non-annealed) to observe the morphological changes when 

annealed, but no indication of change in the morphology was observed, (see Figure 4.5:).  

Using DSC and SAXS, the thermal behaviour of the unannealed PolyHPA-70 was 

investigated, see Figure 4.5:. Contrasting the DSC data for PolyPPA (Figure 4.5:a) with the DSC 

data for PolyHSiW11-70 (Figure 4.5:b) one key difference exists; an exothermic event between 

120 and 200 °C for the PolyHSiW11-70. This event was thought to be either an irreversible 

change in morphology (crystallization) or a chemical reaction. To further probe this event, an in-

situ SAXS experiment was performed (Figure 4.5:c). A pre-annealed PolyHSiW11-70 film was 

loaded in an environmental chamber and dynamic SAXS data was collected as the temperature 

was ramped up to 160 °C and then held for 5 min before cooling to room temperature. The 

SAXS pattern showed the 6.5 nm clustering the entire time and it is concluded that the 

exothermic event observed in DSC was not the formation of these clusters or any other 

morphology change. This exothermic event is therefore assigned to an exothermic reaction. The 

two potential reactions are additional HSiW attachment to PolyPPA side chains or two PolyPPA 

side chains reacting with each other to form a phosphorous anhydride. 31P NMR evidence for a 

change in the P environments between the cast polymer solution and the final, annealed film can 
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be seen in Figure 4.5:d. For fair comparison, the PolyPPA signal has been set to 12.5 ppm as an 

internal standard to allow comparison between the liquid and solid-state NMR data. The relative 

abundance of the phenol phosphonic acid signal is lower after the high pressure annealing step, 

indicative of its involvement in a reaction. This reaction is assigned to result from contributions 

from both additional HSiW attachment and formation of an anhydride through the loss of water 

resulting in a new signal more downfield from all of the other 31P chemical shifts.  

 

 
Figure 4.5: (a) DSC of PolyPPA (b) PolyHPA (c) SAXS data for an in-situ annealing study 
where the film was heated from room temperature to 160°C then held for 5 minutes. Notice the 
clustering is present through out the experiment. [ref. 140] 

 

Using this knowledge, all films were processed at 160°C for 5 min to enhance crosslinking 
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The proton conductivity, seen in Figure 4.6, is >0.1 S cm-1 at all of the temperatures 

measured (50-90 °C and 95 %RH) and exhibits two different regimes of transport that intersect 

near 60 °C, the Tβ of the hydrophilic sidechains. The values at 80 °C and 95 %RH are 

remarkably high, 0.228 and 0.298 S cm-1 for the PolyHSiW11-70 and PolyHSiW11-75, 

respectively. This high conductivity is achieved due the super acidic, and thus highly mobile, 

nature of the protons of silicotungstic acid. At lower temperatures, the energy barrier for 

transport is over 4 times greater than when compared to above 60 °C. This conductivity should 

enable high performance, practical devices and contributes to the low in-situ area specific 

resistances, discussed below. The polymer’s morphology was investigated using FIB / TEM 

under vacuum and SAXS under conditions relevant to fuel cell operation (elevated temperature 

and humidity). We first consider the SAXS equilibrated in air.  

 
Figure 4.6: In-plane conductivity of PolyHSiW11-70 at 95 %RH and various temperatures with 
trend lines to guide the eye [ref. 140] 
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Examination of the high q peak, Figure 4.7b, shows a shift to lower q, or larger d-spacing 

that is highly dependent on RH. This is indicative of water moving towards the surface of the 

HSiW moieties and pushing them further apart. Interestingly with this system of HSiW and 

PolyPPA, this same SAXS pattern predominates whenever the material is processed. This 

strongly implies that a thermodynamic minimum is achieved with clusters of HSiW separated by 

a characteristic length of ca. 6.5 nm.  

Looking at the TEM (Figure 4.7c) it appears as if two levels of clustering exist. First, there 

are three large clusters, which are at an irregular distance from each other, and therefore no d-

spacing is observed in the SAXS data. On further investigation, many 3-4 nm clusters appear 

which are separated by a darker phase. The center to center distance of these smaller clusters is 

assigned to the 6.5 nm peak seen in the SAXS data. Bright spots in the TEM backscatter 

micrograph indicate regions with more heavy elements and from the EDS measurements (Figure 

4.8), it is clear that the heaviest element in high concentration is W, therefore the bright spots 

must represent a phase enriched in W. A drastic change is noted in the scattering pattern of the 

liquid-soaked film, Figure 4.7a. This change is likely a change from scattering dominated by 

structure factor scattering to a spectra dominated by form factor scattering, as indicated by the 

loss in peaks and drop in intensity.153, 154, 155 We are now able to observe several radii of 

gyration (Rg) with values of 10, 4.2, and 1.3 nm. The feature with an Rg of 10 nm is assigned to 

the large bright clusters in Figure 4.7c while the feature with an Rg of 4.2 nm is assigned to the 

clusters that are separated by 6.5 nm at lower water contents. Lastly, the feature with a 1.3 nm Rg 

is assigned to the individual, solvated HSiW moieties. 
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Figure 4.7: (a) SAXS at 80 °C in air at various humidities and in liquid water (b) High q region 
of the SAXS (c) TEM darkfield micrograph of PolyHSiW11-70 that was milled out from the 
bulk of the film using FIB (d) lambda vs. relative humidity for Nafion (Δ) and PolyHPA-70 (O) 
at 60°C [ref. 140] 
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swelling of N211 was measured at Δz = 2±2% and Δx-y = 32±7% in contrast, the PolyHPA-70 

film dimensional swelling was Δz = 24±5% and Δx-y = 56±5%. 

As the film is humidified and the water content increases, the 1 nm peak shifts to lower q and 

thus higher d-spacing. This is not true for the 6.5 nm peak and is an indication that more water is 

not hydrating the HSiW in the 6.5 nm peak until the film is immersed in liquid water.  

4.6 Chemical and Mechanical Stability of 80 µm films 

This material has been designed to solve the chemical stability issues discussed in the 

introduction through incorporation of a large amount of HSiW (a radical decomposition catalyst) 

into a polymer film. To probe the chemical and mechanical stability of these materials, ASTs, 

based on U.S. Department of Energy (DOE) suggested protocols, were performed.157, 158, 159 

Several PolyHPA-70 (80 µm) films were used for preliminary testing. The first film easily 

passed the mechanical AST with <1 mA cm-2 hydrogen crossover after 22,500 wet dry cycles 

(LSV can be seen in Figure 4.9a) which has been previously reported.99 This particular MEA 

was fabricated using a CCM and the fuel cell performance was rather poor given the high proton 

conductivity. The end of life fuel cell performance is shown in Figure 4.8.  

Once these films were made, the initial interest was mechanical and chemical stability. Two 

films were tested in the chemical stability test and one was tested in the mechanical stability test. 

The fuel cell that was tested in the mechanical stability test was fabricated using a CCM method 

and while it passed the mechanical AST, the fuel cell performance was very poor. The rest of the 

PolyHPA fuel cells were made using commercial GDEs and showed much greater performance, 

see Figure 4.10 in the main text. The end of life performance for the fuel cell that passed the 

mechanical AST can be seen in Figure 4.8  
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Figure 4.8 Data from Mechanical AST that was conducted on an 80 µm film with each cycle 
consisting of 30 second dry / 30 second wet N2 flow the polarization data collected after 22,500  
cycles at 80 °C/100 %RH [ref. 140] 

 

The rest of the fuel cells were fabricated using commercial GDEs, which resulted in much 

greater performance, see below. While this is an achievement, films with mechanical supported 

are often able to easily pass this AST and this problem is considered solved by many in the 

community. The challenge that motivated this research was making a film that was highly 

chemically stable. To test the hypothetical chemical stability of this material, a chemical AST 

was performed at 90 °C, 30 %RH, under an H2-O2 environment at OCV. Under these conditions, 

standard polymer electrolyte membranes degrade rapidly; this is due to radical generation and 
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much more rapid under an O2 environment, as used here, as opposed to air, the standard DOE 

protocol.160 Under O2 during this test Pt has been shown to dissolve and precipitate as a Pt band 

in the membrane, this phenomenon is also seen in real fuel cells that are cycled through OCV. 
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4.9b is the OCV vs. time for two different batches of PolyHPA-70 (80 µm) and a Nafion® 211 

control.  

This remarkably low OCV decay (100 µV hr-1), without OCV recovery, and under very harsh 

conditions represents the lowest rate reported to date in the literature.162 

 
Figure 4.9: (a) LSV for PolyHSiW11-70 (80 µm) after wet/dry cycling and beginning of life and 
end of life crossover targets (b) OCV hold test at 90 °C/ 30 %RH under H2-O2 flow and no 
current. Two different batches of PolyHSiW11-70 (80 µm) easily pass the test while N211 film 
for comparison (bottom trace). The typical target is 500 h while retaining a voltage above 0.8 V 
which is marked (x) [ref. 140] 
 

This accomplishment is particularly remarkable because the HSiW acts as both the proton 

conducting moiety and the radical decomposition catalyst allowing for high performance with a 

highly chemically and mechanically stable material.  

4.7 Fuel Cell Performance 
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electrodes optimized for N211. The PolyHPA fuel cells do not utilize optimized electrodes and 

the testing presented here is used solely to evaluate the PolyHPA membranes and are not to be 

taken as the performance of a future optimized fuel cell, using these materials. In fact, this is 

evident from the mass transfer limitations observed under H2-air operation.  

The I-V performance of the PolyHSiW11-75, PolyHSiW11-70 and N211 under saturated 

inlet gasses at 80 °C and different oxidants can be seen in Figure 4.10a. The performance of both 

PolyHSiW11-75 and PolyHSiW11-70 are very similar to the performance of N211, with the 

PolyHSiW11-75 fuel cell out performing N211 at higher current densities.  

Using a very simple fuel cell model, this data was fit to further analyse the contributions to 

the overpotential losses by kinetic, ohmic, and transport factors.163, 164 The equation used to for 

the model was: 

� � = �!"# − ����
�

�!

− ��!! + ���� 1−
�

�!"#

    [1] 

where V(i) is the voltage as a function of i (current), EOCV is the open circuit voltage, a and b 

are fitting parameters and i0, Rhf, and ilim are the exchange current density, HFR, and limiting 

current density, respectively. The kinetic, ohmic, and transport losses are the second, third, and 

forth terms on the right-hand side of equation 1, respectively. The ohmic losses can be seen in 

Figure 4.10b. For PolyHSiW11-75, a 22 % reduction in HFR at 2 A cm-2 results in less ohmic 

losses than PolyHSiW11-70, which has nearly the same ohmic losses as the optimized N211 cell. 

This is remarkable considering that the PolyHSiW11-70 fuel cell is 48 µm compared to the 

thinner N211 which is 25 µm. The kinetic losses (see Figure 4.10c) are slightly better for the 

optimized N211 fuel cell made with a CCM than for the PolyHPA fuel cells fabricated using 

commercial GDEs. The last source of losses considered in this model is derived from transport 

losses (see Figure 4.10d) and is the cause of poor fuel cell performance in air. To fully take 
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advantage of the PolyHPA, the membrane / electrode interface needs to be optimized and the 

transport losses in air need to be minimized. 

 

 
Figure 4.10: (a) I-V data for N211 (25 µm), PolyHPA-70 (48 µm), and PolyHPA-75 (20 µm) at 
80 °C and saturated inlet gases with both air (O) and O2 (X). Experimental data are markers and 
simulated data is the line, as indicated in the legend. The simulated ohmic (b), kinetic (c), and 
transport (d) voltage losses vs. current density. [ref. 140] 
 

Next, the PolyHPA-70 fuel cell was evaluated under low humidity operation at 80 °C, see 

Figure 4.11. A drop in voltage and an increase in HFR is seen, as expected. At low current 

densities, the HFR starts out near 1000 mΩ cm2, but drops to 141 mΩ cm2 at 2 A cm-2. This HFR 

drop can be attributed to increase in water generation from increasing current densities. Looking 

at the HFR values at low current density, an order of magnitude increase occurs when the 

humidity is reduced from 100 to 50 %RH, indicative of poor transport under low RH.  

The transport rate of H2 in the device are similar to N211. The H2 crossover, normalized for 

thickness, is slightly higher for PolyHSiW11-70 (0.69 µmol cm-2 hr-1) than for N211 (0.56 µmol 
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m-2 hr-1) at 80 °C. Two routes for improving chemical stability are reducing the crossover of H2 

and adding a radical decomposition catalyst. Due to the similar H2 crossover values, it can be 

concluded that the HSiW is indeed acting as a radical decomposition catalyst. The H2O transport 

rate in PolyHSiW11-70 is double that of N211 (0.55, and 1.10 µmol cm-1 hr-1, respectively). All 

of the species transport data (see Figure 4.12) have been normalized for film thickness to provide 

a fair comparison.  

 
Figure 4.11: PolyHSiW11-75 voltage (a) and HFR (b) at different humidities vs. current at 80°C 
[ref. 140] 
 

 
Figure 4.12: Species transport in MEA for N211, and two different PolyHSiW11-70 films. The 
H2 transport rates were measured at 100 %RH. All values are normalized by thickness [ref. 140] 
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The rapid water transport rate is important, allowing for rapid diffusion of water from the 

cathode to the anode even with thicker films, which reduces the need for external humidification. 

4.8 Chemical Stability of a 30 µm film in a 50 cm
2
 MEA 

At this point, a 50 cm2 MEA using a 30 µm PolyHSiW11-70 film was prepared to better 

align with the DOE membrane targets. The goal of this test was to ensure the chemical stability 

was sufficient even with thinner films where H2 crossover is higher and chemical stability is 

lowered. The MEA was fabricated at CSM and the testing was performed and analyzed with help 

from our collaborators at NREL (Dr. Bryan S. Pivovar and Dr. Guido Bender). This was the first 

MEA of this size and the performance was worse than the smaller fuel cells with films of similar 

thickness and membrane composition. This is mainly attributed to a high interface resistance 

between the PolyHSiW11-70 membrane and the Nafion GDEs. See the polarization data in 

Figure 4.13 compared to the data in Figure 4.10. 

 
Figure 4.13: I-V data for the 50 cm2 fuel cell fabricated using a 30 µm PolyHSiW11-70 film.  
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The HFR at 80 °C and saturated gasses (ca. 200 mΩ cm2) is much higher than would be 

expected with a PolyHPA-70 membrane that is 30 µm thick. This is attributed to the need to 

optimize the fuel cell design for this new material and should not affect the chemical stability. 

After the preliminary data collection in a H2-O2 environment, a standard OCV hold in H2-air at 

90°C and 30 %RH was performed with hydrogen crossover measurements at 20-72 h intervals. 

After 500 h, the OCV had dropped to 0.72 V, see Figure 4.14. 

 

 
Figure 4.14: OCV vs time for the length fo the AST with data between LSV tests plotted as a 
different color  

 

Once the OCV hold is resumed after the LSV H2 crossover test is completed, the voltage 

spikes. This can be attributed to conversion of Pt-O to a more pristine Pt surface. The general 

trend is decreasing OCV with time. If all of the data is lined up starting with each testing window 

between LSV tests, the decay is qualitatively consistent, see Figure 4.15. 
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Figure 4.15: OCV vs. time since the last LSV test. The two longer periods were over weekends 
and the rest of the data was collected in 20 h intervals 

 

To further probe what is causing the loss in voltage, the LSV test was analyzed at a voltage 

of 0.4 V and the current vs. OCV hold time can be seen below in Figure 4.16. It appears as if two 

regimes exist. First, the current is constant at around 2 mA cm-2 for the first ca. 200 h and then 

there is a rise thereafter.  

 
Figure 4.16:  Current at 0.4 V at different points in the AST 
 

Even more insight can be gained through deconvolution of the different sources of current 

(electric short and hydrogen crossover). Hydrogen crossover will have a limiting current where 

the current reaches a plateau and does not increase with increasing current. This is not true of 
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electric shorts. The slope between 0.25 and 0.50 V was used to calculate the contribution from 

electric shorts and then subtracted to create a electric short free data set, which was then used to 

calculate the H2 crossover. This analysis gave reasonable results initially, but towards the end of 

the OCV hold started to give nonsensical results, see Figure 4.17. 

 
Figure 4.17:  LSV data for a sample early in the OCV hold (left) and late in the OCV hold (right) 
 

The slope used to calculate the electrical shortage was much higher later in the test and 

resulted in negative values for the calculated, H2 crossover only current. While the H2 crossover 

values are not reliable, what is clear is the electric short current increases with OCV hold test 

time and can be attributed to the drop in OCV. This indicates the drop in OCV is not an issue 

with increased H2 crossover. The membranes are not mechanically supported and likely suffer 

from thinning under high compression. Mechanical support must be investigated in the future to 

stop membrane thinning and electrical shorting.  

4.9 Conclusions 

This study has outlined the synthesis of a new material designed to have superior chemical 

stability and conductivity over PFSA polymer membranes, the current state of the art material. 
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Figure 4.18: LSV current at 0.4 V, contributions from e- shorting and H2 crossover, and the fuel 
cell ASR 

 

The PolyHPA material is made through attachment of phenol phosphonate ester sidechains to 

a commercial fluoroelastomer (FC-2178). These sidechains are subsequently converted into the 

phosphonic acid analogue through a hydrolysis step, yielding PolyPPA. Next, the PolyPPA is 

reacted with HSiW forming covalent bonds, immobilizing the HSiW. 

Both IR and NMR (1H, 19F, 31P) confirm the synthesis of a new material. SAXS and 

FIB/TEM indicate that the HSiW are clustering, which is hypothesized to be reducing the H+ 

transport under low water content due to the non-continuous nature of these clusters. Even so, we 

have achieved very high proton conductivities of 0.228 and 0.298 S cm-1 for the PolyHSiW11-

70 and PolyHSiW11-75, respectively, when humidified (80 °C and 95 %RH). This material 

offers a true paradigm shift towards mitigated chemical degradation. All previous strategies have 

used radical scavenging moieties that are not covalently bound to the polymer backbone and are 

free to migrate or potentially leach out of the film. In addition to this huge shortcoming of other 

approaches, most additives do not contribute to proton conductivity and addition of too much 

will lead to performance losses. Our method overcomes these challenges and resulted in 

outstanding chemical stability under chemical ASTs with a demonstrated OCV decay rate of 100 

µV hr-1 under a H2-O2 environment. Additionally, the HFR is 22 % lower in our films than in 
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Nafion. Future work is needed to fully understand the relationship between the morphology and 

proton transport as well as to develop optimized electrodes for this fuel cell system. Additionally, 

making thin (ca. 10 µm) composite films with mechanical support would further improve fuel 

cell performance. Incorporation of different HPA moieties into this polymer system is also being 

investigated. This initial study highlights the potential for this PolyHPA platform to be integrated 

into a durable, high performance fuel cell. 
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CHAPTER 5  

COMPARISON BETWEEN MONO- AND DI- LACUNARY HETEROPOLY ACIDS 

5.1 Introduction  

In the previous chapters, HSiW11 was used to attach to the phenol phosphonic acid 

functionalized fluoroelastomer (PolyPPA). The PolyPPA was synthesized differently in chapter 

4 than it was in chapter 3, enabling the study of thin films. There is still substantial loss of mass 

when the material from chapter 4 is soaked in warm water. This phenomenon was further 

investigated using NMR, FTIR, and PEIS.  

5.2 Experimental  

First, 31P NMR was used to track the reaction kinetics with both K8[α-SiW11O39] and K8[γ-

SiW10O36] in DMAc. The reaction solution consisted of the HSiW11 or HSiW10, DHPP, HCl, 

and solvent.  

The reaction solution was equilibrated at 80 °C and the timing started once the HCl was 

added. Samples were taken at 0, 2, 4, 8, and 24 h increments, added to an NMR tube, a small 

amount of DMSO-d6 was added, and the spectra was collected immediately. Figure 5.1 depicts 

this process. Next, the same reaction was repeated in MeOH for the hybridization of K8[α-

SiW11O39]. FTIR and PEIS experiments were performed as previously described in chapter 4. 
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Figure 5.1: Set up of NMR kinetic reaction experiment. The reaction solution was directly added 
to the NMR tube and a small amount of DMSO-d6 was added 
 

5.3 Results and discussion  

The DMAc, DHPP, and HSiW11 were added to the reaction and a sample was taken to 

represent t=0. There is a strong signal near 15.2 with a shoulder near 14.8 ppm. As the reactin 

progresses three main signals appear (17.6, 16.5, and 14.8 ppm). The data can be seen in Figure 

5.2.  

The assignment of the signals at t=0 are the signal at 15.2 ppm is due to R-PO(OH)(OK) 

(DHPP-K+) where the shoulder is assigned to the DHPP in the acid form. 
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Figure 5.2: 31P NMR spectra for the attachment of DHPP to K8[α-SiW11O39] in DMAc (left) 
initial spectra before addition of HCl (right) spectra after 8 h 

 

Once the HCl is added, the signal at 14.8 ppm is much more dominant. The signal at 14.8 

ppm is therefore considered the reactant and the signal at ca. 16.5 ppm is considered an 

intermediate (partially attached) with the signal at 17.6 ppm being assigned to the product. The 

kinetic data shows negligible change after the first few hours and indicates that in DMAc only 

about 40% of the P atoms are attached to HSiW11 at equilibrium, see Figure 5.3.  

 
Figure 5.3: Kinetic data for the attachment of DHPP to K8[α-SiW11O39] in DMAc 
 

The same experiment was performed for HSiW10. Many signals existed and the signal at 15.8 

ppm was assigned to the produce, which accounted for nearly 80% of the P atoms in the sample.  
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Figure 5.4: 31P NMR spectra for the attachment of DHPP to K8[γ-SiW10O36] in DMAc (left) 
spectra after 8 h (right) Kinetic data 
 

An equilibrium in wet, dipolar, aprotic, solvents has been mentioned in previous literature 

and these reactions are typically performed in acetonitrile / water mixtures, but our polymer is 

not soluble in such solvents.51 One solvent that can dissolve our polymer and is not a dipolar, 

aprotic solvent is methanol. The small molecule reaction was performed in methanol which 

resulted in complete attachment of the DHPP to HSiW11, see Figure 5.5. Note that two different 

NMR solvents were used with the same results.   

 
Figure 5.5: Equilibrium 31P NMR data for the attachment of DHPP to K8[α-SiW11O39] in MeOH 
using different deuterated solvents  
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It was attempted to fabricate films out of a reaction in methanol, but the films were 

excessively brittle and not able to be handled. It is suggested that a dynamic equilibrium may 

allow the fabrication of a thin film even with high crosslink density and the methanol casting 

solution did not have this dynamic equilibrium. More work is needed to better understand this 

reaction and the effects of temperature, water content, pH, and solvent, as it is identified as a 

critical step in the synthesis of this new material. Next, films with different types of HPA were 

prepared. The prepared films were pure HSiW11, pure HSiW10, and a 90/10 mixture of 

HSiW10/HSiW11, each containing 75 wt% loading of HPA. These films were annealed under 

pressure at 160 °C for 5 minutes. Half of the film was washed in water at room temperature three 

times for 1 h each. The remaining half of each film was soaked in warm (80°C) water for 16 h 

and are henceforth referred to as “boiled”. The conductivity data for these films can be seen in 

Figure 5.6. 

 

 
Figure 5.6: EIS before and after boiling for films with 75 wt% theoretical HPA loading and 
different types of HPA. 
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The HSiW10 film lost a substantial amount of conductivity when soaked in warm water, 

while the other two films did not lose as much. FTIR data before and after soaking shows 

dramatic loss in the bands associated with the HSiW moiety between 1000 and 700 cm-1.  

 
Figure 5.7: IR data of the films before and after soaking in warm water 

 

Analyzing the intensity of three different bands, centered near 906, 875, and 750 cm-1, shows 

that there is strong correlation with the intensity of all of the bands. This is to be expected 

because loss of HSiW should result in loss in intensity from each of the bands.  

     
Figure 5.8: IR data analysis of the correlation between intensity at 906, 875, and 750 cm-1 

 

Next, the intensity at 906 cm-1 was compared to the conductivity at 80°C and 60%RH. The 

data shows some correlation, but not enough to reject the null hypothesis (conductivity variations 

are random with respect to IR intensity at 906 cm-1). 
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Figure 5.9: IR data analysis of the correlation between conductivity and intensity at 906 cm-1 
 

One intriguing change in the films is a thinning phenomenon. The loss of HSiW in all three 

cases resulted in films thinning to ca. 50%.  

 

5.4 Conclusions 

Through small molecule NMR experiments the equilibrium between reactant and product 

was investigated. The difference in DMAc and methanol was demonstrated and discussed to be 

caused by the dipolar, aprotic nature of DMAc. This equilibrium in different solvents needs to be 

further investigated and correlated with film properties. The loss in conductivity after soaking in 

hot water (80 °C) for 16h is less for films with HSiW11. Lastly, the conductivity had some 

correlation with the conductivity, but film morphology is also going to play a role.  
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CHAPTER 6  

 CONCLUSIONS AND RECOMMENDATIONS  

6.1 Summary and Conclusions 

In the introduction, global reliance on energy was discussed and arguments for migrating to 

renewable energy were put forth. Polymer electrolyte fuel cells are one technology that is 

particularly promising to replace internal combustion engines and have therefore received 

substantial interest from industry and academia. To further increase the market share of polymer 

electrolyte fuel cell vehicles, improvements in cost, performance, and durability are all needed. 

Utilizing thinner membranes enables high performance through lower ionic resistance and the 

associated reduction in voltage losses and also serves to cut the cost of the membrane, as 

material cost is typically dependent on mass. The main obstacle is now improving the chemical 

durability of a material such that a very thin film can last for a long time. Using silicotungstic 

acid as a proton conductor and a radical decomposition catalyst allows for unprecedented 

chemical durability without the addition of a mobile radical scavenging ion.  

In the Chapter 2, synthesis of a perfluorocyclobutyl polymer was attempted unsuccessfully. 

Monomer purity, stability in water, and low molecular weight plagued this material. Through 

computational investigation into this material, a new purposed reaction mechanism was 

discovered. The mechanism involves twisting of molecules was purposed to be hindered in 

viscous environments. The effective activation energy barrier of the proposed reaction 

mechanism aligns well with experiments, and literature was reviewed to support the theory that 

reducing the viscosity may help the polymerization reaction. Recommendation of high 

temperature and avoiding bulk polymerizations are put forth as suggestions to increase the 

molecular weight.  
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In the Chapter 3, the synthesis of a material starting with a fluoroelastomer and crosslinking 

it with HSiW11 was discussed. The synthesis utilized potassium carbonate to dehydrofluorinate 

the PVDF-HFP. The material produced had properties that were very challenging to control, but 

some samples showed impressive transport properties. Through a large set of SAXS experiments, 

it was concluded that the typical morphology had two distinct features, one that was ca. 6.5 and 

another that was ca. 1.0 nm. SAXS data of a film that had the outstanding conductivity did 

exhibited a drastically different morphology. It was concluded that these films were made 

through some metastable process and all of the reaction conditions made quality control 

excessively challenging. Drying at room temperature followed my annealing at 160 °C was 

chosen as the conditions that cage the most consistently good performing films. This film 

fabrication process was utilized for all subsequent film processing.  

In chapter 4, a further improvement to the synthesis was achieved through functionalization 

at a lower temperature with a stronger base, NaH. This modification enabled the fabrication of 

large, thin (<50 µm), high HSiW11 loading, defect free films. These films demonstrated high in-

situ fuel cell performance. Additionally, the chemical stability was outstanding. Thicker films 

showed almost no voltage degradation and the thinner films suffered from an electrical short, 

which could likely be fixed through incorporation of mechanical support. Lastly, the polymer 

platform discussed in chapter 4 was explored further through changing the type of HPA that was 

attached.  

This is a good point to revisit the hypotheses purposed in the opening chapter. Hypothesis 

#1: We can make TFVE-HPA block polymers with high conductivity and chemical stability, 

due to high proton mobility and phase separated morphology in addition to radical 

decomposition catalytic activity of HSiW, respectively. Challenges existed for the synthesis of 
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this material including solubility in water. While we were unable to make this material with the 

limited time and resources available, it is not deemed impossible. The highly hydroscopic nature 

of HPAs likely necessitates some crosslinking. Tri-functional TFVE monomers are available 

from Oakwood Chemical and it is suggested that they be incorporated into the final film through 

a high temperature cure step and it is important that the polymer must have a bicontinuous 

morphology at the time of crosslinking. Hypothesis #1 is therefore neither confirmed nor rejected. 

Throughout the study, a proposed reaction mechanism was proposed and validated with DFT 

calculations and comparison to experimental work. In chapter 2, was discovered that the 

cycloaddition reaction involved in this polymerization involves rotation of the reacting groups. 

The implications of this are a hypothesized slowing of the reaction as viscosity is increased and 

this was backed up with a literature search on polymerization reactions. This resulted in a 

recommendation to the scientific community to use solvent or an elevated curing step to achieve 

high molecular weights with cycloaddition polymerization reactions. Hypothesis #2: Covalent 

attachment of HSiW11 on a fluoroelastomer backbone will result in a water stable film 

with high protogenic conductivity and chemical stability, due to the highly acidic and 

radical scavenging nature of HSiW11. In chapter 3 and 4 a novel material is synthesized and 

characterized starting with a commercial fluoroelastomer and covalently attaching HSiW11 acid. 

NMR and IR evidence are used to confirm the synthesis. A substantial amount of HSiW was 

present after soaking in water at room temperature for several hours and this film demonstrated 

outstanding proton transport under humidified conditions, fuel cell performance, and chemical 

stability. All of this leads to the conclusion that hypothesis #2 is confirmed with the caveat that 

substantial mass is lost when the films are boiled. It is hypothesized that this loss in HSiW11 was 

a result of the HSiW11 that was only attached at one P site. The demonstration of this chemical 
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stability is a breakthrough for the fuel cell community, as it is the first time a covalently attached 

molecule has demonstrated this level of chemical stability. As mentioned above, typical radical 

scavenging moieties suffer from migration in real devices. The true benefits of this material are 

yet to be fully realized, as film fabrication and fuel cell integration have not been optimized. The 

novel material developed in these chapters is a promising candidate to replace PFSAs and 

warrants further study. Hypothesis #3: If HSiW10 is used as opposed to HSiW11, more HPA 

will be retained after soaking in warm water due to stronger covalent bonds. In chapter 5 

kinetic NMR data is used to show that, in DMAc at equilibrium, P has a greater affinity to attach 

to HSiW10 when compared to HSiW11. Oddly enough, this does not translate to a more stable 

film. When soaked in warm water (80 °C for 16 h) the film with HSiW10 lost the most 

conductivity and also had the greatest reduction in HSiW band intensity in IR. Hypothesis #3 is 

therefore left unconfirmed. The reaction proceeds differently for HSiW10 attachment and 

therefore different parameters may be needed to optimize the attachment reaction. The optimal 

conditions for processing the Poly-HSiW11 film (160°C, 5min, under pressure) are likely 

different from the optimal conditions for processing Poly-HSiW10 due to the difference in the 

reaction. Optimization of processing of Poly-HSiW10 films is therefore recommended.  

The main takeaways from this research are that crosslinked, HSiW containing films that 

poses sufficient mechanics to fabricate thin films have great potential to replace PFSA polymers. 

The proton and water transport properties are outstanding, and the chemical stability is 

unprecedented. Robust control of morphology is needed to ensure consistent transport properties. 

Using the HSiW as the crosslink ended up producing great films, but the reactive casting process 

led to challenges. With the addition of mechanical support, it is believed that this material has 

potential to replace PFSA polymers. A potential next generation material is outlined below. The 



 114 

potential benefits of this material are better control of phase separation, high thermal stability, 

and it is non-fluorinated, which presumably translates to more environmentally friendly.  

6.2 Recommendations for future work 

The chemical stability of silicotungstic acid containing materials has been demonstrated and 

continued work on the PVDF-HFP system is recommended. The benefits include the potential 

for low swelling due to high crosslink density, high chemical stability, and good proton transport 

under humidified conditions. Mechanical support of the material is most likely needed, and it 

will be a challenge to coat ePTFE with a crosslinked material; therefore, it is recommended that 

this material be co-electrospun with inter PVDF-HFP. In addition to mechanical support, a better 

fundamental understanding of the HPA attachment reaction and more importantly the loss of 

HPA in warm water are needed. It is hypothesized that removing any residual DMAc is required 

to make the attachment irreversible. The number of different HPA moieties and their 

combinations represents a large design space and the changes in material properties have just 

started to be realized. Lastly, the fuel cells had a clear mass transport issue that must be 

overcome through optimization of fuel cell assemblies (i.e. compression, gasketing, fabrication) 

to allow better performance in air. It would also be beneficial to use the PolyHSiW material in 

the electrodes instead of Nafion®. In summary, the PVDF-HFP system is promising and should 

be continued to be pursued through adding mechanical support, stopping the leaching out of 

HPA, exploration of different HPAs, and incorporation into electrodes. Even with all of these 

changes, this material is still based on a fluoropolymer. Through achieving high chemical 

stability and enabling thin films less fluoropolymer can be used, but there is still a negative 

environmental impact associated with fluoropolymer synthesis. It is therefore suggested a 

hydrocarbon HSiW containing material be researched.  
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The ideal polymer electrolyte material would have good proton transport under many 

conditions, low swelling, good mechanics, and good chemical stability. A nanophase separated 

HSiW containing blocky copolymer could theoretically achieve all of these. The synthetic 

scheme for synthesis of a typical polyimide is shown in Scheme 6-1 

 

 
Scheme 6-1: Synthesis of  polyimide (ref. 165) 

 

This synthesis is typically carried out in a dipolar, aprotic solvent such as NMP, but synthesis 

in m-cresol and a THF/MeOH mixture has also been demonstrated.166 This range of solvents 

allows for less risk for encountering solubility and monomer stability challenges. A HPA 

containing polyimide has already been demonstrated, but it only had a small HPA loading and 

the HPA was on the polymer ends.167 Condensation polymerizations can result in blocky 

structures through calculated monomer addition and this has been demonstrated many times with 
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polymer electrolytes.168, 169 A large number of examples of polyimides exists and below is a 

general outline of the proposed HPA containing polyimide chemistry 

 

 
Figure 6.1: Purposed HPA / polyimide chemistry 

 

First, two blocks would be constructed separately. The block length would be controlled 

through addition of slight excess dianhydride for one of the blocks and slight excess of the 

diamine for the other block. The two blocks would then be terminated by opposite functional 

groups and would be able to react forming a long chain with hydrophilic and hydrophobic blocks. 

This material would then be annealed in thin films to convert from the polyamidic acid to the 

polyimide through loss of water. Parameters that can be changed are the total HPA loading, the 

block length, and composition of the hydrophilic block. Also, the HPA functionalization 

chemistry can be switched from the P attachment to a Si attachment. Block polymers have better 
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phase separation and would likely result in better mechanics and transport properties. With the 

radical decomposition ability of HSiW, these films would be expected to have exceptional 

chemical stability. It is also expected that the thermal stability of this material will approach 

200°C. An added benefit of this proposed chemistry is the absence of F. Another important 

aspect is cost. While a full techno-economic analysis is not justified for the purposed material, 

the price of raw materials indicates that the membrane cost could potentially be very low.  

 

 
Figure 6.2: Readily avaliable monomers to base cost analysis on 

 

An IEC of 0.8 mmol H+/g poly was used to calculate the cost for synthesizing one kg of 

polymer  

• 540.6g HPA-NH2 from K2WO4 ($20-30/kg) à $15 

• 261.6g PMDA from ($100/kg) à $26 

• 200.0g ODA from ($20-30/kg) à $6 

• 1 kg Polymer = $47 

Since membranes are not sold on a kg basis, this was converted into a cost per area of a 

membrane that is 30 µm thick. Assuming a density of 3 g/cm3 results in a cost of $4.23/m2. This 

is based on raw material cost from Alibaba with no solvents or cost of synthesis steps. 
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Multiplying this cost by three gives roughly a similar price to Nafion. This is intended to be an 

order of magnitude estimate of the cost and it indeed shows that this material has the potential to 

be the same order of magnitude in cost to Nafion. It would also hopefully have better 

performance over a wider range of temperatures and outstanding chemical stability, added 

benefits that may give it a commercial edge over PFSA polymer membranes.  

This PolyHPA-Imide material could serve as an ionomer which may enable the use of Fe 

containing catalyst alloys, currently limited due to Fe contamination accelerating PFSA 

membrane degradation. Previous work has shown that PtFeNi catalysts have both greater activity 

and durability than plain Pt catalyst for oxygen reduction reaction (ORR).152 Different studies 

have shown that heteropoly acids are able to increase the ECSA and stabilize nanoparticles, 

which is expected to further enhance the durability and performance when combined with the 

PtFeNi catalyst.170  

The stability of the monomer first needs studies in different solvents that may be used in 

synthesis and casting. Next, experiments are needed to control of block length of both the 

hydrophilic and hydrophobic blocks. Due to the highly hydrophilic nature of the HSiW, 

crosslinking is likely going to be necessary to ensure the material is water stable.  
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APPENDIX A 

 COORDINATES FOR STATIONARY POINTS OF TFVE COMPOUNDS 

Table S A.1: Symbolic Z-matrix for TS1 – 1st Transition State for C2C3 – C3F6O 
 

C 1.89797 0.7923 0.01396 
C 0.6282 0.73315 -0.61502 
C -0.62781 0.73304 0.61563 
C -1.89756 0.79253 -0.01336 
F -0.33315 1.80807 1.35214 
F -0.39794 -0.39633 1.28715 
F 0.39818 -0.39597 -1.28689 
F 0.33368 1.80846 -1.3512 
F 2.30921 1.94278 0.49532 
F -2.30862 1.9432 -0.49443 
O -2.39504 -0.28745 -0.64718 
O 2.39551 -0.2879 0.64735 
C -3.42721 -0.9448 -0.0126 
C 3.42695 -0.94561 0.01196 
F -3.03898 -1.4311 1.15474 
F -4.44862 -0.12721 0.19777 
F 4.44837 -0.12831 -0.19949 
F 3.03756 -1.43204 -1.15493 
F -3.79957 -1.92614 -0.79956 
F 3.79979 -1.9269 0.79876 

 
 

Table S A.2: Symbolic Z-matrix for TS2 – 2nd Transition State for C2C3 – C3F6O 
C 1.14944 -0.33609 0.63579 
C 0.50728 1.02499 0.50776 
C -0.48354 0.94285 -0.66724 
C -1.15891 -0.40449 -0.5769 
F 0.19303 1.00985 -1.82228 
F -1.34553 1.9768 -0.61056 
F 1.39418 2.01446 0.28752 
F -0.165 1.29323 1.63584 
F 1.5472 -0.6754 1.8467 
F -1.56855 -0.9224 -1.71839 
O -1.98909 -0.59584 0.47425 
O 1.97402 -0.71303 -0.36882 
C -3.353 -0.54667 0.26225 
C 3.33891 -0.6638 -0.16308 
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F -3.6749 0.45745 -0.54056 
F -3.7877 -1.6723 -0.27859 
F 3.74711 -1.69959 0.55099 
F 3.68512 0.44692 0.47123 
F -3.92191 -0.38016 1.43411 
F 3.91092 -0.6991 -1.34478 

 
Table S A.3: Symbolic Z-matrix for TS3 – 1st Transition State for C1C4 – C3F6O 

C 0.85112 0.20749 0.62251 
C 1.04352 1.62005 0.67564 
C -1.04351 -1.62002 0.67572 
C -0.85111 -0.20747 0.62253 
F -0.85083 -2.2567 1.79891 
F -0.80982 -2.35786 -0.37493 
F 0.80981 2.35785 -0.37503 
F 0.85086 2.25677 1.7988 
F 1.27937 -0.39726 1.74871 
F -1.27934 0.39733 1.74872 
O -1.28012 0.42503 -0.52845 
O 1.28011 -0.42505 -0.52846 
C -2.60559 0.34823 -0.86931 
C 2.60558 -0.34827 -0.86934 
F -2.93633 -0.87318 -1.27262 
F -3.39707 0.67203 0.14264 
F 3.39707 -0.67202 0.14262 
F 2.93631 0.87313 -1.27271 
F -2.79292 1.19161 -1.86064 
F 2.79289 -1.19169 -1.86063 

 
Table S A.4: Symbolic Z-matrix for TS4 – 2nd Transition State for C1C4 – C3F6O 

C 0.67099 -0.03156 0.3788 
C 0.7528 1.30584 1.098 
C -0.72277 1.32071 -1.10104 
C -0.67221 -0.01661 -0.37866 
F -0.15968 1.3289 -2.28633 
F -1.86684 1.96311 -1.09452 
F 1.91075 1.92265 1.08791 
F 0.1922 1.32915 2.28423 
F 0.70837 -1.08842 1.21984 
F -0.73456 -1.07426 -1.21707 
O -1.65592 -0.07618 0.60255 
O 1.65294 -0.11667 -0.60224 
C -2.8717 -0.62465 0.2863 
C 2.85585 -0.69186 -0.28418 
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F -3.28442 -0.25927 -0.92191 
F -2.8193 -1.94617 0.32146 
F 2.77336 -2.01189 -0.31551 
F 3.27654 -0.3327 0.92306 
F -3.73274 -0.2045 1.18765 
F 3.72636 -0.29398 -1.18654 

 
 Table S A.5: Symbolic Z-matrix for TS5 – 1st Transition State for C1C3 – C3F6O 

C 1.1934 -0.46492 0.28355 
C 2.25836 -1.11093 -0.40876 
C -0.32513 -1.23531 -0.1255 
C -1.40355 -0.69308 0.62453 
F -0.06738 -2.51832 0.15776 
F -0.42055 -1.04463 -1.44348 
F 2.7139 -2.25649 0.00769 
F 2.42284 -0.92616 -1.68717 
F -1.50048 -1.01476 1.8976 
F -3.11202 -0.08478 -1.44643 
O -1.89913 0.52582 0.32152 
O 0.94236 0.84242 -0.08167 
C -3.13624 0.54103 -0.28025 
C 1.92032 1.78228 0.11696 
F -4.04467 -0.04739 0.48546 
F -3.46165 1.8 -0.46233 
F 1.2716 -0.64777 1.61535 
F 2.95494 1.58869 -0.69528 
F 1.38327 2.95238 -0.14512 
F 2.37305 1.77004 1.36158 

 
Table S A.6: Symbolic Z-matrix for TS6 – 2nd Transition State for C1C3 – C3F6O 

C -0.83414 -0.01336 -0.01267 
C -0.86527 0.7695 1.29226 
C 0.2813 0.62984 -0.85903 
C 1.44829 0.91004 0.05621 
F -0.15581 1.80252 -1.34201 
F 0.58934 -0.17421 -1.89358 
F -1.07105 0.08691 2.39002 
F -1.57213 1.87579 1.24737 
F 2.29488 1.82397 -0.38058 
F 3.20463 -0.70741 -1.12919 
O 2.01857 -0.14881 0.6772 
O -1.98706 0.04481 -0.79019 
C 3.2145 -0.64398 0.19473 
C -3.11602 -0.57401 -0.33197 
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F 4.2276 0.11775 0.57129 
F 3.36637 -1.84801 0.69747 
F -0.49753 -1.29064 0.26815 
F -3.31523 -0.32175 0.96153 
F -4.1303 -0.1072 -1.02625 
F -3.05204 -1.88654 -0.48634 

 
 Table S A.7: Symbolic Z-matrix for TS7 – 1st Transition State for C2C3 – C3F6 

C -1.81535 0.54251 0.45776 
C -0.43194 0.42852 0.75765 
C 0.44344 0.42017 -0.75551 
C 1.82948 0.49367 -0.45513 
F -0.02309 1.49519 -1.39621 
F 0.03206 -0.70146 -1.34987 
F -0.05229 -0.70732 1.34611 
F 0.06456 1.48665 1.40392 
F -2.28299 1.7543 0.24307 
F 2.33097 1.69071 -0.23415 
C -2.69386 -0.54225 -0.09342 
C 2.67713 -0.61821 0.0903 
F -3.90127 -0.46532 0.46633 
F -2.85675 -0.39762 -1.41137 
F -2.18554 -1.7436 0.14243 
F 2.13527 -1.80355 -0.15177 
F 3.88626 -0.5723 -0.46912 
F 2.84392 -0.4851 1.40898 

 
Table S A.8: Symbolic Z-matrix for TS8 – 2nd Transition State for C2C3 – C3F6 

C -1.09945 -0.26322 -0.71421 
C -0.45745 1.09832 -0.62294 
C 0.45978 1.10418 0.61114 
C 1.09901 -0.25758 0.71724 
F -0.29282 1.31108 1.70218 
F 1.35319 2.10617 0.51715 
F -1.34882 2.10308 -0.53999 
F 0.29563 1.29171 -1.71614 
F -1.22893 -0.73793 -1.93288 
F 1.22753 -0.71931 1.94099 
C -2.15074 -0.75165 0.25584 
C 2.14917 -0.75869 -0.24756 
F -3.11926 0.15156 0.42565 
F -1.62263 -1.00165 1.45499 
F -2.69343 -1.86844 -0.20824 
F 2.69033 -1.87092 0.22905 
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F 3.11897 0.14105 -0.42809 
F 1.62019 -1.02161 -1.44356 

 
Table S A.9: Symbolic Z-matrix for TS9 – 1st Transition State for C1C4 – C3F6 

C 0.87703 -0.17865 0.47395 
C 1.71585 0.98064 0.56122 
C -1.71582 -0.98062 0.56135 
C -0.877 0.17866 0.47401 
F -1.67306 -1.74955 1.61356 
F -2.10544 -1.61304 -0.51531 
F 2.10539 1.61305 -0.51549 
F 1.67318 1.74957 1.61342 
F 0.92078 -0.8802 1.64137 
F -0.92066 0.88024 1.64142 
C 1.26988 -1.12784 -0.66023 
C -1.26993 1.12782 -0.66017 
F 2.50623 -1.58067 -0.47867 
F 1.20965 -0.53071 -1.84396 
F 0.44853 -2.17674 -0.667 
F -1.20972 0.53068 -1.84389 
F -0.4486 2.17675 -0.66698 
F -2.50628 1.58063 -0.47856 

 
Table S A.10: Symbolic Z-matrix for TS10 – 2nd Transition State for C1C4 – C3F6 

C -0.65583 0.27302 -0.39605 
C -0.72334 1.46723 0.57795 
C 0.80974 -0.34795 1.48472 
C 0.63761 -0.49928 -0.02356 
F 0.5492 -1.4487 2.1446 
F 1.92029 0.24566 1.93397 
F -1.78624 1.53825 1.34668 
F -0.4524 2.63838 0.05028 
F -0.62713 0.72197 -1.65989 
F 0.5391 -1.82259 -0.36961 
C 1.85677 0.06417 -0.76211 
C -1.9018 -0.64977 -0.31621 
F 1.95876 1.38294 -0.57622 
F 1.73984 -0.19642 -2.05516 
F 2.9662 -0.50974 -0.30438 
F -1.94388 -1.23095 0.85238 
F -1.87819 -1.6024 -1.25618 
F -3.00099 0.07871 -0.48299 
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Table S A.11: Symbolic Z-matrix for TS11 - 1st Transition State for C1C3 – C3F6 
C -1.17183 -0.00522 -0.38833 
C -2.46305 -0.36948 0.13211 
C 0.07641 -1.00814 0.32115 
C 1.37216 -0.87972 -0.24074 
F -0.46969 -2.20262 0.03615 
F -0.03878 -0.77829 1.63457 
F -3.08014 -1.42793 -0.28054 
F -2.84477 0.02448 1.30937 
F 1.573 -1.49837 -1.39923 
F -1.09433 -0.31753 -1.71034 
C -0.83458 1.48344 -0.21474 
C 2.47137 0.01642 0.20359 
F 0.34425 1.7357 -0.77841 
F -0.77783 1.81221 1.07181 
F -1.74951 2.24596 -0.81254 
F 3.50551 -0.68964 0.67213 
F 2.05187 0.82887 1.17605 
F 2.92688 0.75284 -0.80839 

 
Table S A.12: Symbolic Z-matrix for TS12 – 2nd Transition State for C1C3 - C3F6 

C 0.7838 0.14311 -0.23806 
C 0.52259 1.26675 0.74273 
C -0.13136 -1.00159 0.2286 
C -1.45705 -0.40266 0.62989 
F 0.40545 -1.58864 1.31298 
F -0.24536 -1.93385 -0.7361 
F 0.71883 2.47717 0.28936 
F 1.02239 1.09882 1.94594 
F -2.08263 -1.07606 1.57598 
F 0.35136 0.54457 -1.46364 
C 2.26805 -0.23758 -0.39533 
C -2.38562 0.27541 -0.35536 
F 2.92412 0.80755 -0.8918 
F 2.39852 -1.26001 -1.22956 
F 2.81038 -0.56042 0.7713 
F -2.00328 1.52878 -0.60962 
F -3.61229 0.3083 0.14777 
F -2.42295 -0.37353 -1.5221 
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APPENDIX B 

 PYTHON CODE FOR THE NEWTON-RAPHSON CODE 

# This code runs a newton-raphson minimization through minimizing 

# deviation of defined functions from zero 

# 

# Note: functions can be made for fixing geometric parameters and 

# and the level of theory / basis set can be changed in the function 

# writeGaussianFile() 

 

 

#import section  

import numpy as np 

import math 

from copy import deepcopy 

import os.path 

import time 

import commands 

 

 

# global variables 

derivitiveStepSize = 1e-10 # this is the step size for the numerical derivative 

nAtoms = 20 # this is the number of atoms 

numConstraint = 2 # this is the number of constraints placed on the system 
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maxIteration = 8 # this is the max number of times this process will iterate until breaking 

tolerance = 0.000000001 # this is the desired tolerance before breaking 

 

 

# this is the main part of the code it iterates the newton-raphson process 

# and calls on the other defined functions 

def main(): 

    iteration = 1 

 

    # writes the energy data in a .txt file 

    d1 = open("Energy-Data.txt",'a') 

    d1.write("Iteration #   Singlet Energy    Triplet Energy \n ") 

    d1.close() 

 

    # main loop - will break after given number of itterations or within tolerance 

    while True: 

         

        #wait for .FChk files to exist 

        while (os.path.isfile("ts1_sing_iteration"+str(iteration)+".FChk"))==0: 

            time.sleep(60) 

            print("waiting") 

        while (os.path.isfile("ts1_trip_iteration"+str(iteration)+".FChk"))==0: 

            time.sleep(60) 
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        # This section imports all of the needed parameters from the .FChk file 

        # Note: to get the hessian, you will need to do a freq calcualtion 

        coords = importCoords("ts1_sing_iteration"+str(iteration)+".FChk") 

 

        singEnergy = importEnergy("ts1_sing_iteration"+str(iteration)+".FChk") 

        tripEnergy = importEnergy("ts1_trip_iteration"+str(iteration)+".FChk") 

 

        singGrad = importGrad("ts1_sing_iteration"+str(iteration)+".FChk") 

        tripGrad = importGrad("ts1_trip_iteration"+str(iteration)+".FChk") 

         

        singHess = importHessian("ts1_sing_iteration"+str(iteration)+".FChk") 

        tripHess = importHessian("ts1_trip_iteration"+str(iteration)+".FChk") 

 

        # this keeps the energy data in a single file, that is amended each step 

        d1 = open("Energy-Data.txt",'a') 

        d1.write(str(iteration) + "   " + str(singEnergy) + "   " + str(tripEnergy)+" \n") 

        d1.close() 
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        # make, then fill in jacobian (a row for each constraint - see math in readMe file)  

        jacob = np.array([[0.0 for col in range(3*nAtoms)] for row in range(numConstraint)]) 

        row = 0 # jacobian for the first constraint 

        for i in range(0,3*nAtoms):  

            jacob[row][i]=(singGrad[i]-tripGrad[i]) 

        row = 1 # jacobian for the second constraint 

        for i in range(0,3*nAtoms): 

            jacob[row][i]=(sum(singHess[i])+sum(tripHess[i])) 

 

        # fill in negative f-values (this is what is acutually needed for the calculation) 

        nf = [0.0,0.0] # number of values = numConstraints 

        nf[0]=-1*(singEnergy-tripEnergy) # first constraint 

        nf[1]=-1*(sum(singGrad)+sum(tripGrad)) # second constraint 

 

        # Linear algebra to calculate the step size to best satisfy constraint 

        dcoords = np.linalg.lstsq(jacob, nf)  

        dcoords = np.array(dcoords)  

        dcoords = dcoords[0] 

 

        # make new vector (half of calculated step avoids overshooting - emperical) 

        coords = 0.529177*coords + 0.5*dcoords 
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        # breaks if within tolerance (negligable step taken) or over max iterations 

        iteration = iteration + 1 

        if iteration > maxIteration: 

            print("breaking") 

            break 

        if np.linalg.norm(dcoords) < tolerance: 

            break 

 

 

 

 

         

        # writes new .gjf files with the new coordinates  

        writeGaussianFile("ts1_sing_iteration" + str(iteration), 1, coords, iteration) 

        writeGaussianFile("ts1_trip_iteration" + str(iteration), 3, coords, iteration) 

 

        # changes slurm.g09sing.scrpit and slurm.g09trip.scrpit to run new .gjf  

        updateSlurmFiles(iteration) 
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        # formats the slurm files to unix 

        commands.getoutput("dos2unix \"slurm.g09sing.script\"") 

        commands.getoutput("dos2unix \"slurm.g09trip.script\"") 

 

        # tells the super computer to run new jobs 

        commands.getoutput("sbatch -p cmmaupin slurm.g09sing.script") 

        commands.getoutput("sbatch -p cmmaupin slurm.g09trip.script") 

 

 

print("end of main") 

         

 

 

# Definition section: here many definitions are made to break up the tasks in the  

# main loop. They have the utility to calculate geometric parameters and their 

# derivitives, import energy, coordinates, gradient, and hessian. A function to  

# write a gaussian file is also included. Read comment above each for syntax 

# and what is returned.  
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# using single coord vector to return bond length between atom b1 and b2 

def calcBondLength(coords, b1, b2): 

    a = np.array([coords[3*(b1-1)], coords[3*(b1-1)+1], coords[3*(b1-1)+2]]) 

    b = np.array([coords[3*(b2-1)], coords[3*(b2-1)+1], coords[3*(b2-1)+2]]) 

    return np.linalg.norm(a-b) 

 

 

# using single coord vector to return angle between atom a1, a2 and a3 

def calcAngle(coords, a1, a2, a3): 

    a = np.array([coords[3*(a1-1)], coords[3*(a1-1)+1], coords[3*(a1-1)+2]]) 

    b = np.array([coords[3*(a2-1)], coords[3*(a2-1)+1], coords[3*(a2-1)+2]]) 

    c = np.array([coords[3*(a3-1)], coords[3*(a3-1)+1], coords[3*(a3-1)+2]]) 

    vectAB = a-b 

    vectCB = c-b 

    return math.degrees(math.acos(np.dot(vectAB, 

vectCB)/(np.linalg.norm(vectAB)*np.linalg.norm(vectCB)))) 

 

 

# using single coord vector to return dihedral between atom d1, d2, d3, and d4 

def calcDihedral(coords, d1, d2, d3, d4): 

    a = np.array([coords[3*(d1-1)], coords[3*(d1-1)+1], coords[3*(d1-1)+2]]) 

    b = np.array([coords[3*(d2-1)], coords[3*(d2-1)+1], coords[3*(d2-1)+2]]) 

    c = np.array([coords[3*(d3-1)], coords[3*(d3-1)+1], coords[3*(d3-1)+2]]) 



 144 

    d = np.array([coords[3*(d4-1)], coords[3*(d4-1)+1], coords[3*(d4-1)+2]]) 

    normABC = np.cross(a-b,c-b) 

    normBCD = np.cross(b-c,d-c) 

    return math.degrees(math.acos(np.dot(normABC, 

normBCD)/(np.linalg.norm(normABC)*np.linalg.norm(normBCD)))) 

 

 

# using single coord vector to return derivitive of bond length (b1, b2) w.r.t. coord[index] 

def calcBondDerivitive(coords, b1, b2, index): 

    temp = deepcopy(coords) 

    temp[index]+=derivitiveStepSize 

    return (calcBondLength(temp, b1, b2)-calcBondLength(coords, b1, b2))/derivitiveStepSize 

 

 

# using single coord vector to return derivitive of angle (a1, a2, a3) w.r.t. coord[index] 

def calcAngleDerivitive(coords, a1, a2, a3, index): 

    temp = deepcopy(coords) 

    temp[index]+=derivitiveStepSize 

    return (calcAngle(temp, a1, a2, a3)-calcAngle(coords, a1, a2, a3))/derivitiveStepSize 

 

 

# using single coord vector to return derivitive of dihedral (d1, d2, d3, d4) w.r.t. coord[index] 

def calcDihedralDerivitive(coords, d1, d2, d3, d4, index): 
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    temp = deepcopy(coords) 

    temp[index]+=derivitiveStepSize 

    return (calcDihedral(temp, d1, d2, d3, d4)-calcDihedral(coords, d1, d2, d3, 

d4))/derivitiveStepSize 

 

 

# imports coordinates from "fileName" (needs to be .FChk) and returns vector 

[x1,y1,z1,x2,y2, ...] 

def importCoords(fileName): 

    #Open the file 

    f = open(fileName, "r") 

 

    # Find the stard of the coordinates 

    temp = f.readline(); 

    while temp.find("Current cartesian coordinates") != 0: 

        temp = f.readline(); 

 

    # Read in coords 

    temp = f.readline(); 

    coords = ""; 

    while temp.find("Force Field") != 0: 

        # add all values in long string 

        coords = coords + temp 
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        temp = f.readline(); 

 

    # makes the string a single line     

    coords = coords.replace('\n','') 

 

    #convert coord string into a float array 

    tempCoords = np.array(coords[:16]) 

    for i in range(1, 3*nAtoms-1): 

        c1=np.array(coords[16*i:16*i+16]) 

        tempCoords = np.append(tempCoords, c1) 

    c1=np.array(coords[16*(3*nAtoms-1):]) 

    tempCoords = np.append(tempCoords, c1) 

 

    # returns the array [x1,y1,z1,x2,y2, ...] 

    return np.array(tempCoords.astype(float)) 

 

 

# imports energy from "fileName" (needs to be .FChk) and returns as a float 

def importEnergy(fileName): 

    #Open the file 

    f = open(fileName, "r") 

 

    # Find line containing energy 
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    temp = f.readline(); 

    while temp.find("Total Energy") != 0: 

        temp = f.readline(); 

 

    # extracts and returns energy 

    energy = np.array(temp[49:]) 

    return energy.astype(float) 

 

 

# imports gradient from "fileName" (needs to be .FChk) and returns array 

[d(x1),d(y1),d(z1),d(x2) ...] 

def importGrad(fileName): 

    #Open the file 

    f = open(fileName, "r") 

 

    # Find the start of the gradient 

    temp = f.readline(); 

    while temp.find("Cartesian Gradient") != 0: 

        temp = f.readline(); 

 

    # Read in gradient 

    grad = ""; 

    temp = f.readline(); 
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    while temp.find("Cartesian Force Constants") != 0: 

        # add all values in long string 

        grad = grad + temp 

        temp = f.readline(); 

    grad = grad.replace('\n','') # this makes the string a single line     

 

    # Makes grad float array 

    tempGrad = np.array(grad[:16]) 

    for i in range(1, 3*nAtoms-1): 

        x=np.array(grad[16*i:16*i+16]) 

        tempGrad = np.append(tempGrad, x) 

    x=np.array(grad[16*(3*nAtoms-1):]) 

    tempGrad = np.append(tempGrad, x) 

 

    # returns the float array [d(x1),d(y1),d(z1),d(x2) ...] 

    return np.array(tempGrad.astype(float)) 

 

 

# imports hessian from "fileName" (needs to be .FChk) and returns as matrix 

def importHessian(fileName): 

    #Open the file 

    f = open(fileName, "r") 
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    # Find the start of the hessian 

    temp = f.readline(); 

    while temp.find("Cartesian Force Constants") != 0: 

        temp = f.readline(); 

 

    # Read in hessian 

    hess = ""; 

    temp = f.readline(); 

    while temp.find("Dipole Moment") != 0: 

        # add all values in long string 

        hess = hess + temp 

        temp = f.readline(); 

    hess = hess.replace('\n','') # this makes the string a single line  

 

    #convert hess string into a float array 

    tempHess = np.array(hess[:-16*(9*nAtoms*nAtoms/2+3*nAtoms/2-1)]) 

    for i in range(1, 9*nAtoms*nAtoms/2+3*nAtoms/2-1): 

        y=np.array(hess[16*i:-16*(9*nAtoms*nAtoms/2+3*nAtoms/2-1-i)]) 

        tempHess = np.append(tempHess, y.astype(float)) 

    y=np.array(hess[16*(9*nAtoms*nAtoms/2+3*nAtoms/2-1):]) 

    tempHess = np.append(tempHess, y.astype(float)) 

 

    #convert the hess array into the proper matrix 
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    hess = [[0.0 for col in range(3*nAtoms)] for row in range(3*nAtoms)] 

    hess = np.array(hess) 

    row = 0 

    col = 0  

    for i in range(0,3*nAtoms): 

        while col<row: 

            hess[row][col]=tempHess[(row*row+row)/2+col] 

            hess[col][row]=tempHess[(row*row+row)/2+col] 

            col=col+1 

        hess[row][col]=tempHess[(row*row+row)/2+col] 

        hess[col][row]=tempHess[(row*row+row)/2+col] 

        row = row+1 

        col = 0 

 

    # returns a 3*nAtoms square matrix 

    return np.array(hess.astype(float)) 

 

 

# writes a file named "fileName" .gjf that does a freq calculation 

# for a given set of coordinates and spin. The itteration is added to 

# the filename. 

def writeGaussianFile(fileName, spin, coords, iteration): 

    g = open(fileName + ".gjf",'w') 



 151 

    g.write("%chk=" + fileName + ".chk"+ "\n") 

    g.write("%nprocs=8"+ "\n") 

    g.write("%mem=20GB"+ "\n") 

    g.write("# freq int=(grid=ultrafine) UM062X/6-311g(d,P)" + "\n") 

    g.write("\n") 

    g.write("iteration: "+str(iteration) + "\n") 

    g.write("\n") 

    g.write("0 " + str(spin) + "\n") 

    g.write(" C                 "+str(coords[0])+"   "+str(coords[1])+"   "+str(coords[2])+"\n") 

    g.write(" C                 "+str(coords[3])+"   "+str(coords[4])+"   "+str(coords[5])+"\n") 

    g.write(" C                 "+str(coords[6])+"   "+str(coords[7])+"   "+str(coords[8])+"\n") 

    g.write(" C                 "+str(coords[9])+"   "+str(coords[10])+"   "+str(coords[11])+"\n") 

    g.write(" F                 "+str(coords[12])+"   "+str(coords[13])+"   "+str(coords[14])+"\n") 

    g.write(" F                 "+str(coords[15])+"   "+str(coords[16])+"   "+str(coords[17])+"\n") 

    g.write(" F                 "+str(coords[18])+"   "+str(coords[19])+"   "+str(coords[20])+"\n") 

    g.write(" F                 "+str(coords[21])+"   "+str(coords[22])+"   "+str(coords[23])+"\n") 

    g.write(" F                 "+str(coords[24])+"   "+str(coords[25])+"   "+str(coords[26])+"\n") 

    g.write(" F                 "+str(coords[27])+"   "+str(coords[28])+"   "+str(coords[29])+"\n") 

    g.write(" O                 "+str(coords[30])+"   "+str(coords[31])+"   "+str(coords[32])+"\n") 

    g.write(" O                 "+str(coords[33])+"   "+str(coords[34])+"   "+str(coords[35])+"\n") 

    g.write(" C                 "+str(coords[36])+"   "+str(coords[37])+"   "+str(coords[38])+"\n") 

    g.write(" C                 "+str(coords[39])+"   "+str(coords[40])+"   "+str(coords[41])+"\n") 

    g.write(" F                 "+str(coords[42])+"   "+str(coords[43])+"   "+str(coords[44])+"\n") 
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    g.write(" F                 "+str(coords[45])+"   "+str(coords[46])+"   "+str(coords[47])+"\n") 

    g.write(" F                 "+str(coords[48])+"   "+str(coords[49])+"   "+str(coords[50])+"\n") 

    g.write(" F                 "+str(coords[51])+"   "+str(coords[52])+"   "+str(coords[53])+"\n") 

    g.write(" F                 "+str(coords[54])+"   "+str(coords[55])+"   "+str(coords[56])+"\n") 

    g.write(" F                 "+str(coords[57])+"   "+str(coords[58])+"   "+str(coords[59])+"\n") 

    g.write("\n") 

    g.write("\n") 

    g.write("\n") 

    g.close() 

 

 

# updates the slurm file for the new iteration by replacing a single line 

def updateSlurmFiles(iteration): 

    lines1 = open("slurm.g09sing.script","r").readlines() 

    lines1[31] = "/opt/g09/g09/g09 ts1_sing_iteration"+str(iteration)+".gjf"+" \n" 

    lines1[32] = "/opt/g09/g09/formchk ts1_sing_iteration"+str(iteration)+".chk 

ts1_sing_iteration"+str(iteration)+".FChk  \n" 

    s1 = open("slurm.g09sing.script","w") 

    s1.writelines(lines1) 

    s1.close() 

 

    lines3 = open("slurm.g09trip.script","r").readlines() 

    lines3[31] = "/opt/g09/g09/g09 ts1_trip_iteration"+str(iteration)+".gjf"+" \n" 
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    lines3[32] = "/opt/g09/g09/formchk ts1_trip_iteration"+str(iteration)+".chk 

ts1_trip_iteration"+str(iteration)+".FChk  \n" 

    s3 = open("slurm.g09trip.script","w") 

    s3.writelines(lines3) 

    s3.close() 

 

 

# run main 

main() 

print("after main") 

 

.   
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