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Abstract 

The use of metal-organic frameworks (MOFs) as proton conductors for practical 

applications is challenging, owing to the difficulties in obtaining a MOF with the desired 

conductivity levels and stability, and the complications of incorporating a polycrystalline 

powder into a device. This thesis examines these challenges, and addresses methods that 

could be used to improve the suitability of MOFs for commercial applications. First, an 

overview of the difficulties in preparing, measuring, and interpreting the data obtained 

from alternating current electrochemical impedance spectroscopy of MOFs is presented. 

Next, an examination of three potential methods of improving the performance of a 

proton conducting MOF, trisodium 1,3,5-trihydroxy-2,4,6-benzene trisulfonate (Na3Pgs), 

will be discussed. First, ligand doping of the Na3Pgs system, with 

1,3,5-benzenetriphosphonic acid, was performed via a novel isomorphous ligand 

replacement method. The conductivity increased by an order of magnitude to 

(2.1 ± 0.5) x 10-2 S/cm, which is the highest conductivity reported for any MOF system. 

Secondly, loading heterocycle guests into Na3Pgs improves the conductivity, but 

controlled loading is a relatively unexplored area, and was examined using Na3Pgs 

loaded with 1,2,4-triazole (Tz). It was found that Tz is incorporated into the system as the 

triazolium cation (HTz), giving the general formula [Na(1-x)(HTz)x]3Pgs, and that this 

kinetically controlled loading is affected by many synthetic parameters, but precise 

control over such systems is achievable. Finally, as a proof-of-principle, Na3Pgs was 

mixed with Nafion®, to examine whether a MOF mixed-matrix membrane could be used 

in a fuel cell. Homogeneous membranes were formed, and conductivity is improved 
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under anhydrous conditions above 150°C, but a more stable MOF is required before 

commercial applications can be considered. 
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Chapter 1: Introduction 

1.1 Energy Challenges in the 21st Century 

The generation, storage, and distribution of energy in the 21st century is of 

growing concern to human kind due to several factors.  Concerns have arisen recently 

about the availability of various fuels, changes in the relative amounts of intermittent 

generating sources in the electricity grid (solar and wind power), as well as the 

environmental impacts and sustainability of current energy generation technologies.  The 

major concerns arise from the environmental impacts of fossil fuel based sources such as 

coal, oil, and natural gas. Fossil fuel based sources of energy can contribute to a wide 

range of adverse effects including acid rain from nitrogen and sulfur oxides (NOx and 

SOx), particulate emissions, and, most importantly, the release of immense quantities of 

greenhouse gases leading to global climate change.  Detrimental human health effects can 

also arise from these pollutants, especially for coal and oil based power sources which 

can dramatically reduce air quality due to the generation of ground-level ozone, 

particulate emissions, NOx and SOx.  A final concern is that the global supply of fossil 

fuels is limited, and our reliance on them will have to change by finding and utilizing 

alternative sources of energy. These concerns mean that humanity is on the hunt for 

energy sources that are plentiful, renewable, accessible, safe and clean. 

One possible alternative to fossil fuel based sources is nuclear power; which 

addresses some of the concerns, but still has some major issues around reliability, safety 

and radioactive waste disposal. Other alternatives are true renewable sources such as 
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solar (photovoltaic), hydroelectric, geothermal, tidal, and wind power.  These sources are 

clean, renewable, safe, and although they can have some detrimental impacts on the 

surrounding environment, the major issues with renewable sources are that they are not 

always geographically accessible, and they are intermittent in nature.  This means that 

places that need electricity may not have access to it, and other places can have lots of 

generation, but during times with very little demand.  This currently limits the usefulness 

of these sources as they cannot meet base load power demand, and thus fossil fuels and 

nuclear currently supply base load power, while renewables help supply peak power 

demand. This situation could be improved by efficiently storing renewable power when it 

isn’t needed, and then distributing it when demand increases.  Gaining the ability to store 

and distribute power when needed would be beneficial for the environment and human 

society as it would greatly decrease the use of, and reliance on, fossil fuels for grid level 

and transportation applications, and allow distributed generation from renewable sources 

to play a greater role in the energy economy. 

1.2 Energy Storage and Conversion Mechanisms for Mobile 

Applications 

The challenge of storing and delivering energy for future consumption is ongoing 

due to various issues arising from the cost, size, capacity, and the efficiency of the 

process. In order to compete economically with fossil fuels and internal combustion 

engines, and thus be a viable alternative, new technologies must be developed where the 

cost must be as low as possible, the capacity (either volumetric or gravimetric) must be 

high enough for the desired application, and a high efficiency in the overall process will 
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also lead to reduced costs as less energy will be wasted. Due to the broad scope of energy 

storage and delivery, for the purposes of this document, only processes for transportation 

applications will be considered. 

1.2.1 Physical Methods 

Physical storage methods involve physically moving objects to store the energy as 

kinetic or potential energy.  The two most promising methods for mobile applications are 

flywheels and compressed air storage.  Flywheel energy storage involves spinning a 

wheel with a large mass at high speeds on low friction bearings, storing the energy as 

kinetic energy, which is then extracted using an electric generator.  Although flywheels 

can provide very high power densities and moderate energy densities, high self discharge 

rates (> 10% per hour) and large mass and volume requirements make them unsuitable 

for mobile applications.1  Compressed air storage uses a reservoir (such as a compressed 

gas cylinder) to contain large quantities of compressed air, but low energy densities (a 

780 L tank containing air at 310 bar would only provide a 115 km range) and heat 

transfer issues during compression and expansion of the gas make it impractical.2 

1.2.2 Chemical Methods 

Chemical storage methods store energy in molecular bonds in a fuel, which is 

then released through combustion followed by expansion of gaseous products, and they 

are widely used in modern society.  The internal combustion engine (ICE) is the most 

common and typical example of this type of technology, and they are typically powered 

by hydrocarbon fuels such as methane, gasoline and diesel.  Although chemical storage 
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provides some of the highest energy densities (6 kW∙h/kg), and the fuels are easy to store 

and transport, they releases large quantities of carbon dioxide, which is contributing to 

global climate change, and are inefficient, with only about 30% of the potential energy 

being converted to useful energy when using an ICE.3 As such, alternative energy storage 

and release mechanisms are being sought. 

1.2.3 Electrical Methods 

A final option is to use electrical or electrochemical conversion devices such as 

capacitors, batteries, or fuel cells.  Capacitors consist of electrodes that are separated by 

highly insulating materials, allowing electricity to be stored as opposing charges on the 

electrodes. Capacitors have high discharge rates and long lifetimes, with very high power 

densities, but suffer from very low energy densities (0.01 kW∙h/kg), making them 

unsuitable for transportation applications.3 

Batteries, on the other hand, are on the opposite end of the scale, showing good 

energy densities (0.8 kW∙h/kg) but lower power densities due to poor electrode kinetics.3 

Batteries are relatively expensive in comparison to internal combustion engines, although 

costs have been decreasing as increasing adoption rates have begun reducing costs due to 

economies of scale.  The major drawback to current battery technology is the amount of 

time it takes to recharge a battery, on the order of hours, due to the slow electrode 

kinetics.  This makes all-electric vehicles impractical for long distance travel, but they are 

suitable for short daily commutes. 
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A final alternative that has shown great promise for mobile applications are fuel 

cells: electrochemical devices that convert a fuel directly into electricity.  Fuel cells will 

be discussed in detail in the next section. 

1.3 The Desirability of Fuel Cells 

Fuel cells are energy conversion devices that combine the advantages of rapidly 

chemical energy storage (as used with an ICE) with those of a battery powered system.  

Like an ICE, fuel cells use chemically stored energy, a liquid or gaseous fuel, that can be 

refilled rapidly, which is advantageous for continuous operations.  Unlike internal 

combustion engines, fuel cells use electrochemical conversions to extract the energy, and 

thus are not restricted by the thermodynamics of a Carnot cycle, and can achieve higher 

efficiencies than would otherwise be attainable with an ICE.  Fuel cells can also use 

hydrogen as a fuel, which does not release greenhouse gases when consumed.  Because 

of their potential as a green technology, they are viewed as instrumental for the 

development of the hydrogen economy, where renewable energy sources (solar, wind, 

hydro, etc.) can be used to create hydrogen via electrolysis during periods of low 

electricity demand, which can later be consumed in a fuel cell to release the stored 

energy. 

1.3.1 Operation of a Hydrogen Fuel Cell 

To explain the general operating principles of a fuel cell, a hydrogen fuel cell that 

uses a proton conducting electrolyte, will be used as an example.  Other configurations 

are possible (see section 1.3.3), but the basic principles are essentially the same. A fuel 
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heat, with water being the major by-product. A general schematic for a fuel cell is shown 
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A basic schematic for a hydrogen-fuelled proton exchange membrane 
fuel cell. 
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electrons.4 The protons can then be transported by the electrolyte to the cathode, and the 

electrons can pass through the catalyst, to the anode. The electrons are transmitted 

through an external circuit to provide useful work, before arriving at the cathode. At the 

cathode, oxygen is reduced, and can be combined with the protons and electrons to form 

water, which must be removed from the cell as a by-product. 

1.3.2 A Brief History of Fuel Cells 

 

Figure 1.2 – Diagram of the first fuel cell stack.5 

The principles that led to the development of the first fuel cell were published by 

Schœnbein in January 1839, where he reported the observations that platinum wires, 

either positively or negatively charged, lost their charge upon being immersed in an 

atmosphere of oxygen or hydrogen, respectively.6 Almost simultaneously, W.R. Grove 

published a report of the first functional hydrogen fuel cell, using platinum electrodes and 

sulfuric acid as an electrolyte.7 Grove later published a more extensive account of his 



 

8 
 

experiments, creating the first fuel cell stack containing 50 cells, along with a diagram of 

his setup (Figure 1.2), and making the unique observation that a painful shock was 

obtained when a person was connected to the stack.5 

Research into fuel cell technology progressed slowly until the 1950’s, when 

NASA began developing both proton exchange membrane (PEM) fuel cells and alkaline 

fuel cells for the Gemini and Apollo space programs, due to their ability to provide both 

power and drinkable water for astronauts.8,9 This was followed in the 1970’s by the 

development of Nafion®, a perfluorosulfonic acid (PFSA) polymer, by Walther Grot of 

the E.I. Dupont Corporation.10,11  Nafion® remains, to this day, the benchmark against 

which most low temperature fuel cell electrolytes are compared, due to its remarkable 

stability and proton conductivity. Once again, due mainly to the economics and small 

market for fuel cells, development slowed until the 1980’s when breakthroughs in 

lowering platinum catalyst loading enabled much cheaper cells to be envisioned.8 Since 

then, several companies have worked on commercializing fuel cells in various areas, 

including Ballard Power Systems who have developed fuel cell powered buses and 

forklifts; UTC Power Corporation and Versa Power Systems work on stationary power 

generation; and the major car manufacturers (Honda, Toyota and Mercedes-Benz in 

particular) have worked on developing fuel cell powered cars.8 While fuel cells are not 

ubiquitous in modern society, they have carved out niches in several markets, especially 

for forklift operations, where the fast refuelling, steady power supply, and lack of harmful 

emissions make them ideal for continuous indoor warehouse operations.12 
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1.3.3 Types of Fuel Cells 

There are 5 main categories of fuel cells that are differentiated based on the 

electrolyte used to separate the anode and the cathode, and their main characteristics are 

shown in Table 1.1.4 A discussion of the characteristics, advantages, and disadvantages of 

each will be discussed in more detail in the sections that follow. 

 

Fuel Cell 
Type 

Electrolyte 
Charge 
Carrier 

Temperature 
Range 

Possible 
Fuels 

Power 
Densities 

(mW/cm2) 

Solid Oxide 
(SOFC) 

Ceramic O2- 600 – 1000°C 
H2, CH4, CO, 

Alcohols, 
Hydrocarbons 

250 – 350 

Molten 
Carbonate 
(MCFC) 

Molten 
Li2CO3/ 
K2CO3 

CO3
2- 650°C 

H2, CH4, CO, 
Small Chain 
Alcohols and 
Hydrocarbons 

100 – 300 

Alkaline 
(AFC) 

Liquid 
KOH 

OH- 60 – 250°C H2 150 – 400 

Phosphoric 
Acid 

(PAFC) 

Liquid 
H3PO4 

H+ 42 – 210°C H2 150 – 300 

Proton 
Exchange 
Membrane 
(PEMFC) 

Polymeric 
Membrane 

H+ -30 – 100°C H2, MeOH 300 – 1000 

Table 1.1 – Selected Characteristics of 5 Major Fuel Cell Types 

 

1.3.3.1 Solid Oxide Fuel Cells (SOFCs) 

SOFCs function at the highest operating temperatures, due to their use of a 

ceramic electrolyte, usually yttria-stabilized zirconia (YSZ), which conduct oxide anions 

at elevated temperatures.4 High-temperature proton conducting ceramics, such as 

perovskites, have also been investigated.13 Higher temperatures offer several advantages, 

including the ability to use a nickel catalyst that is significantly cheaper than platinum, 
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the ability to use a wide range of fuels, and having extremely high efficiencies in both 

electrical (50 to 60%) and combined heat and power applications (90%). The high 

temperatures, however, do bring difficult materials challenges, as manufacturers must 

ensure that the materials are stable to the high temperatures and do not crack or lose 

contacts during large temperatures changes during start-up and shut-down procedures. 

These high-temperature materials challenges lead to higher materials costs, and finding 

methods to operate at lower temperatures would significantly reduce the cost per kW.14 

For these reasons, SOFCs are well suited for stationary high power applications, where 

start-up/shut-down cycles are kept to a minimum, and the high grade waste heat can be 

put to use. 

1.3.3.2 Molten Carbonate Fuel Cells (MCFCs) 

MCFCs are very similar in terms of their advantages and disadvantages when 

compared to an SOFC: high operating temperature gives them fuel flexibility, CO 

tolerance, use of non-precious metal catalysts, and the generation of high quality waste 

heat.4 Unlike an SOFC, MCFCs use a molten mixture of lithium and potassium carbonate 

as the electrolyte, rather than a solid ceramic, and uses the carbonate anion as the charge 

carrier.  The MCFC generates CO2 at the anode, and then uses it as a reactant at the 

cathode, requiring the implementation of a CO2 recycling system. 

 Anode:                   �� + ���
�� → ��� + ��� +  2 �� 

Cathode:   ½ �� + ��� + 2 ��  → ���
�� 

(1.2) 

As with SOFCs, start-up/shut-down cycles need to be kept to a minimum, and 

MCFCs are best suited for stationary applications with constant usage, but due to the 
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highly corrosive nature of the carbonate electrolyte, which shortens cell lifetimes, SOFCs 

are generally preferred. 

1.3.3.3 Alkaline Fuel Cells (AFCs) 

AFCs use an aqueous potassium carbonate electrolyte and use hydroxide ions as 

charge carriers. Due to the aqueous electrolyte, operating temperatures are much lower, 

topping out at 250°C depending on the concentration of KOH being used and the 

operating pressure of the system.4 These lower temperatures are still high enough that 

non-precious metal catalysts do not necessarily need to be used, lowering the materials 

cost of the system.  The alkaline environment also significantly lowers the oxygen 

reduction reaction overpotential, allowing an AFC to get electrical efficiency of 

approximately 50%; however, this environment also means that the presence of carbon 

dioxide leads to the formation and deposition of potassium carbonate.4 Due to this CO2 

sensitivity, the cathode must be supplied with a pure oxygen stream, rather than ambient 

air, limiting its applications on earth; however, the AFC has been used extensively in the 

space program where pure H2 and O2 streams are readily available, and the high electrical 

efficiency is of great value.4,9 

1.3.3.4 Phosphoric Acid Fuel Cells (PAFCs) 

PAFCs use phosphoric acid (H3PO4) as the electrolyte, either pure or as a highly 

concentrated aqueous solution, and is contained within an inert matrix material, such as 

silicon carbide.4 Because phosphoric acid solidifies below 42°C, and begins to form 

pyrophosphoric acid above 210°C in the humid fuel cell environment, these define the 

operating temperature range of the PAFC.15 These temperatures mean that PAFCs use H2 
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as a fuel, display moderate resistance to CO impurities (< 1.5 %), and can produce low 

grade steam which allows for efficiencies of 40% electrical, and up to 70% for combined 

heat and power. The highly corrosive and slightly volatile phosphoric acid electrolyte, 

combined with the relatively low power densities and efficiencies, give PAFCs relatively 

limited commercial applications. 

1.3.3.5 Proton Exchange Membrane Fuel Cells (PEMFCs) 

PEMFCs use a thin (20-200 μm) solid-state proton exchange membrane (PEM) as 

an electrolyte: typically organic polymers functionalized with strongly acidic groups.4 

These membranes usually require liquid water to help form conducting pathways, which 

has limited their use to temperatures below 100°C. PEMFCs, due to their high power 

densities (300 – 1000 mW/cm2), moderate electrical efficiencies (40 – 50%), and low 

operating temperatures, have been the most studied systems for consumer and 

transportation applications.  These lower operating temperatures make start-up and shut-

down operations easier, but have the disadvantage of requiring the use of expensive 

platinum catalysts.  The platinum catalyst, at these lower temperatures, is poisoned by 

CO concentrations above 20 ppm, requiring very pure fuel sources to be used, which 

increases the operating costs.16 This has resulted in a push to develop PEM electrolytes 

that can operate above 100°C in order to increase the CO tolerance of the catalyst.16–20 

Operating above 100°C would give several other advantages as well. First, the electrode 

reaction kinetics become more favourable at higher temperatures.16 This is especially 

important for the oxygen reduction reaction, which accounts for the majority of the 

voltage losses in the cell. Second, operating above 100°C would mean that any water 

produced would be in the vapour phase, increasing the exposed triple-phase boundary, 
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and decreasing the possibility of cell flooding.16–18 Third, heat management of the system 

becomes simplified. Even at 40 to 50% electrical efficiency, a lot of waste heat is 

generated that must be removed, but by operating a higher temperatures, the larger 

temperature gradient compared to the surroundings increases heat transport.16,18 This 

would decrease the size of the cooling radiator required, thus increasing the mass and 

volumetric power densities of the system.18 Finally, operating at a sufficiently high 

temperature could enable the use of non-platinum catalysts, which would significantly 

reduce the manufacturing costs of the fuel cell.16 To get these potential benefits, new 

PEM materials must be discovered that can operate above 100°C. 

1.4 PEM Electrolytes 

PEM electrolytes have a large number of properties that need to be met before 

they can be considered for use in a device. First and foremost, they must have high proton 

conductivity: in current systems this means values greater than 1 x 10-2 S/cm.8,21 Second, 

they must also be electronically insulating to prevent electron transfer across the 

membrane, as this would lower system efficiency.21 Third, they must limit the diffusion 

of the fuel (and oxidant) across the cell.8 Fuel or oxidant transport across the cell, referred 

to as fuel crossover, short circuits the cell, again reducing efficiency. Fourth, electrolytes 

must be mechanically robust, thermally stable in the desired operating temperature range 

(80 to 200°C), and chemically stable to the highly oxidizing and reducing conditions in 

the cell over the lifetime of the device.8,21 For reference, the United States Department of 

Energy (DOE) 2015 target for a vehicle fuel cell lifetime is 5,000 hours of operation.8 

Fifth, the membrane must be able to be integrated into a functional membrane electrode 
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sembly of the electrolyte, anode, cathode and catalysts

maximize the number of reactive sites, and reduce the internal cell resistance

 Sixth, the membrane must also manage water transport, as most 

current membranes depend on water to maintain their conductivity.21 Finally, cost is also 

a concern, as these devices need to compete with current market technologies such as 

batteries and internal combustion engines.8,21 

This is a demanding list of requirements, and very few materials can meet all of 

them. This also explains why Nafion®, despite being invented in the 1970’s, is still the 

benchmark against which most PEM electrolytes are compared. What follows is a review 

of known proton conducting materials, their advantages, and their limitations.

Figure 1.3 – Chemical structure of Nafion® 

PFSA polymer that consists of a poly(tetrafluoroethylene

backbone with pendant perfluorinated vinyl ether side chains that are terminated by

Figure 1.3).11 The perfluorinated nature of the polymer provides 

very good chemical stability, while the sulfonic acid groups provide the mobile proton 

sources necessary for good proton conductivity.8 The proton conductivity of Nafion

depends greatly on the membrane preparation, equilibration time, temperature and 

sembly of the electrolyte, anode, cathode and catalysts) in order to 

maximize the number of reactive sites, and reduce the internal cell resistance through 
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humidity conditions, but typically falls in the range of 1 x 10-3 to 5 x 10-2 S/cm (Figure 

1.4).22 This humidity dependence is one of the biggest drawbacks to the use of Nafion® as 

an external humidification system is necessary to maintain high conductivity levels, and 

this reduces the overall efficiency of the system. The humidity dependence also means 

that the system cannot work above the boiling point of water (~100°C depending on the 

internal system pressure) and typically cells are limited to operating below 85°C. 

Operating at slightly higher temperatures (100 to 200°C) would offer many advantages 

including: easier heat and water management;23 increased catalyst tolerance to CO;24 

improved catalyst performance;25 improved diffusion rates of fuel, oxidant and 

byproducts;19,25 and the potential to use non-platinum catalysts to reduce system costs.26 

 

Figure 1.4 – Conductivity of Nafion® versus temperature and relative humidity.22 
Reprinted from Electrochemistry Communications, vol. 9, M. Maréchal et al., 

Solvation of sulphonic acid groups in Nafion® membranes from accurate 
conductivity measurements, pp. 1023-1028, Copyright 2007, with permission from 

Elsevier. 
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To understand, and improve on, the performance of Nafion®, an understanding of 

the microscopic structure of the membrane is required, but this is difficult to achieve as 

the lack of long range order prevents single crystal X-ray diffraction (SCXRD) from 

being used to determine the atomic structure. There is agreement that the hydrophobic 

backbone and the hydrophilic sulfonic acids self-segregate into separate domains, but the 

exact nature of these domains is uncertain, with many groups proposing a variety of 

models based on the data obtainable from small-angle X-ray scattering, wide-angle X-ray 

diffraction (WAXD) and small-angle neutron scattering.27 The most recent model (Figure 

1.5), developed by Schmidt-Rohr and Chen,28 describes the microstructure of Nafion® as 

being composed of long and parallel inverse micelles that are approximately cylindrical 

in shape and are filled with water; these micelles measure 1.8 to 3.5 nm in diameter at 20 

vol% water. The inverted micelles are lined with the pendant sulfonic acid groups, while 

the PTFE backbone forms elongated crystallites (with  approximately 5 nm2 cross-

sections) that run parallel to the water channels, providing mechanical strength to the 

polymer. Upon dehydration, these water channels will reduce in size, and thus increase 

the resistance towards ion conduction. 

Although Nafion® has received the most attention in the literature, it is worth 

mentioning that there are a large number of similar perfluorinated polymer electrolytes 

containing pendant acid groups that have been investigated to improve performance, 

lower the humidity dependence, or reduce the manufacturing costs, but the differences 

between the various permutations are not significant enough to merit discussion here, and 

have been covered well in the existing literature.21,29 



 

 

Figure 1.5 – Parallel water
Rohr and Chen. Parallel inverted micelles (white areas) inside the polymer matrix, 
which consists of non-crystalline 

insert: the structure and hexagonal like packing of the inverted micelles.
Reprinted with permission from Macmillan Publishers Ltd: Nature Materials
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Parallel water-channel structure of Nafion® as proposed by Schmidt
Parallel inverted micelles (white areas) inside the polymer matrix, 

crystalline (grey) and crystalline (black) domains. Upper
insert: the structure and hexagonal like packing of the inverted micelles.

Reprinted with permission from Macmillan Publishers Ltd: Nature Materials
pp. 75-83, copyright 2008. 

Other Polymer Electrolytes 
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Reprinted with permission from Macmillan Publishers Ltd: Nature Materials, vol. 7 
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more versatile, and cheaper than the corresponding perfluorinated systems.

hand, perfluorination is what provided the required thermal and chemical stability, and 

moving away from this significantly impacted the lifetimes of the polymers, and has 

generally disfavoured research into these hydrocarbon-based system. 

Chemical structure of the s-PEEK family of polymers.

In order to improve on the short-comings of the hydrocarbon based systems, 
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the sulfonic acid groups in a non-fluorinated polymer, and the less pronounced phase 

separation between the hydrophobic and hydrophilic domains leads to lower water uptake 

and smaller conduction pathways.30 This also means that the s-PEEK polymers are still 

ter to maintain their proton conductivity, and will not function above 
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which would result in a significant drop in conductivity, although a commercial product, 

Celtec® by BASF, advertises lifetimes of 20,000 h.17,31 

1.4.3 Organic Electrolytes 

Organic compounds containing acid functionalities or nitrogen moieties have 

been examined for proton conductivity, particularly for anhydrous operating conditions. 

The majority of the reports have been based on molecules containing azole rings, such as 

imidazole and triazole, that have generally been modified to improve the conductivity or 

stability of the materials. Imidazole, by itself is a very poor proton conductor in the solid 

state at 10-8  to 10-7 S/cm, but when molten the conductivity jumps to 10-3 S/cm as the 

molecules have a much greater translational and rotational freedom.32 Imidazole is 

unstable to the electrochemical conditions in a fuel cell, and cannot be used in practical 

applications, so investigators have also looked at 1,2,4-triazole, which is stable, and has 

an added advantage of an additional nitrogen to participate in hydrogen bonding 

pathways.33 1,2,4-triazole has comparable proton conductivity to imidazole in the molten 

state (1.2 x 10-3 S/cm at 120°C), but is a poor conductor in the solid state (10-5 S/cm), 

although slightly better than imidazole.33 Attempts to improve the performance by 

tethering triazole moieties to polymers, or to liquid crystals, has shown moderate 

performance (10-5 S/cm) at elevated temperatures and under anhydrous conditions, but 

are still well below useful levels.33–35 Composite materials incorporating azole ligands 

will be discussed in more detail in Section 4.1.3. 

Another group of organic molecules that have been examined are those containing 

carboxylic acids. Although they have been infrequently studied, recent investigations 
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have yielded promising results. Basak et al. have looked at squaric acid and 

with organic side chains (methyl, n-butyl, t-butyl, and phenyl).
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metal atoms (typically tungsten, molybdenum or vanadium) that are bound through many 

oxygen atoms, and surround one or more bound p-block atoms such as boron, aluminum, 

silicon, phosphorus, or arsenic. An example of a polyoxometalate is phosphotungstate 

[PW12O40]
3-∙29 H2O as shown in (Figure 1.8) which adopts the Keggin anion structure.37 

For proton conduction, the anions are usually found in their acid form, e.g.:  

H3PW12O40∙xH2O (HPW, x = 0-29), and are referred to as heteropoly acids (HPAs). 

HPAs show moderate to very high levels of conductivity (10-4 to 10-1 S/cm) depending on 

their hydration state. For example, HPW in its most highly hydrated form (x = 29), shows 

very high conductivity of 1.7 x 10-1 S/cm at 293 K, but drops almost two orders of 

magnitude to 5 x 10-3 S/cm for x = 21.38,39 Despite the impressive conductivity values, 

HPAs are very water soluble, dissolve under normal fuel cell operating conditions, and 

structural modifications are limited due to the small number of possible atom 

substitutions.37 

The second group of compounds are the solid acids, which take the form 

MxHy(AO4)z (M = Li, K, Rb, Cs, Zr, NH4; A = S, Se, P, As), and are compounds that are 

midway between their full acid and full salt forms.40 These compounds are very poor 

conductors at room temperature, but show a dramatic jump in conductivity of three to 

four orders of magnitude above a certain critical temperature (~ 130°C) depending on the 

system (Figure 1.9). The predominant theory, as suggested by Haile41 and Baranov42,  is 

that a phase transition occurs to form a superprotonic phase, where the increased thermal 

energy allows for the previously rigid hydrogen bonding network to become more 

disordered. This disorder essentially creates proton vacancies where a hydrogen bond 

could exist, but where no proton currently resides, allowing many conductive pathways to 
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form.40–42 Although the conductivity is highly temperature dependent, the humidity 

dependence is very small for these solid acid systems. Unfortunately, these systems are 

also highly water soluble, so their long term use in a fuel cell could be problematic. 

Functional cells have been made from CsHSO4 that show very little degradation (0.03 

wt% loss) over tens of hours of operation, which shows some promise for these solid 

acids; it is also interesting to note that the degradation that was observed was not 

attributed to dissolution, but rather to the reduction of the CsHSO4 to H2S.41 

 

Figure 1.9 – Conductivity of several solid acid protons conductors.41 Reprinted by 
permission from Macmillan Publishers Ltd: Nature, vol. 410, pp. 910-913, copyright 

2001. 
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The one exception to these general properties of solid acids arises when the 

zirconium hydrogen phosphate systems (α-ZrP) are examined. These systems are poorly 

water soluble, making them more suitable for practical applications, but they do not 

undergo any superprotonic phase changes. The α-ZrP systems [Zr(HPO4)2∙H2O] form 

layered materials in which chains of Zr are crosslinked by hydrogen phosphates above 

and below, with the protonated oxygen atoms pointing into the interlayer space. These 

materials conduct relatively poorly (10-7 to 10-6 S/cm), but can be modified with acidic 

organic side chains to improve the conductivity significantly (see section 1.6.1).43 

As demonstrated, there are a wide variety of systems that have been evaluated for 

proton conduction, and this is only a brief overview highlighting the most investigated 

systems and their general properties, benefits, and shortcomings, and further details can 

be obtained from the plethora of review articles on the subject.8,16–19,21,25,29,30,37,40,44,45 In 

the next section, metal-organic frameworks (MOFs) will be introduced, why they might 

be interesting for proton conducting applications, followed by a detailed literature review 

of proton conducting MOFs (PCMOFs).  

1.5 Metal-Organic Frameworks (MOFs) 

MOFs are a class of materials that are defined, in their most basic sense, as being 

a crystalline material composed of connectors (metal atoms or metal clusters), that are 

propagate infinitely in one or more dimensions by one or more bridging organic linker 

ligands.46 This definition is very vague, and encompasses a wide variety of materials, 

which has led to different research groups having very different perspectives on what 

constitutes a MOF, and what terminology should be used for a given material. A term as 
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simple as “organic”, which of itself has no strict definition according to IUPAC, can lead 

to disagreements about what is or is not a MOF.47 There are also many similar, possibly 

redundant, terms including coordination polymer (CP), porous coordination polymer 

(PCP), coordination network solid, metal organic material, and hybrid organic-inorganic 

material that have been used in the literature depending on which research group has 

published the work. Other concerns with the definition of a MOF arise from whether the 

type of ligands used (carboxylates, azolates, etc.) determine what is a MOF, whether the 

material needs to show permanent porosity or just the potential for porosity, whether the 

network needs to extend in 1-, 2-, and/or 3-dimensions (1-D, 2-D, 3-D), and even to what 

extent their crystallinity has been shown (single crystal structure, powder x-ray 

diffraction, or amorphous). IUPAC has set up a working group whose goal is to provide 

some direction in this matter, and their final report is expected by the end of 2012.47 For 

the purposes of this document, a MOF will be defined as requiring 3-D connectivity, and 

will ignore the requirement for permanent porosity. Similar structures that possess only 

1- or 2-D connectivity will, for simplicity, be referred to as coordination polymers.  

MOFs were conceptualized and first synthesized by Hoskins and Robson in 1989, 

wherein they demonstrated a rational synthetic strategy to emulate the tetrahedral 

diamond structure of carbon using a tetrahedral metal center, Cu+, with a tetrahedral 

cyano-based ligand: 4,4’,4”,4”’-tetracyanotetraphenylmethane (Figure 1.10).48 In the 

follow-up publication, Robson elucidated many of the concepts that are the guiding 

principles for MOF research: structure prediction, error-checking, derivatization, and 

crystallinity.49 
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Error checking, also referred to as reversibility, is an important concept in the 

design of MOFs. It refers to the ability of a system to reach a thermodynami

by repeatedly forming and breaking bonds until the lowest energy structure

forming reactions that would normally lead to defects in the crystal 

structure, can be reversed, repeatedly if necessary, until a (nearly) defect

obtained. This requires that the metal-ligand bonds in the structure are reversible under 

the synthetic conditions employed, in order to help ensure that a pure and highly 

crystalline product is obtained. 

Ball and stick representation of the infinite structure 
Copper (cyan), carbon (grey), and nitrogen (blue). 

atoms and BF4
- counter ions not shown.48 
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with the potential for use in a wide range of applications including gas storage, chemical 

separations, catalysis, sensors, and ion conduction. Due to the large variety of chemical 
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and organizing the diverse compounds, the predominant method is to examine the MOF 

field based on the functional groups of the linkers that bind to the 

such, there are four main groups of MO

carboxylate, nitrogen, sulfonate and phosphonate based systems.

1.5.1 Carboxylate-Based MOFs

Figure 1.11 – Ball and stick representation of MOF
SBU at each corner of the cube.

(red). Hydrogen atoms have been omitted for clarity.

MOFs that use organic carboxylate ligands 

prominent group of MOF

for reversibility during formation of the framework, allowing errors to be corrected,
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components and network structures obtained, and the inherent difficulty of classifying 

and organizing the diverse compounds, the predominant method is to examine the MOF 

field based on the functional groups of the linkers that bind to the metal 

such, there are four main groups of MOFs that will be discussed briefly below: 

carboxylate, nitrogen, sulfonate and phosphonate based systems. 

Based MOFs 

Ball and stick representation of MOF-5, showing the octahedral Z
SBU at each corner of the cube. Zinc (cyan tetrahedrons), carbon (grey) and oxygen 

(red). Hydrogen atoms have been omitted for clarity.50

 

MOFs that use organic carboxylate ligands (RCO2
-) form the largest and most 

group of MOFs. The moderate strength of the metal-carboxylate bonds allows 

for reversibility during formation of the framework, allowing errors to be corrected,

, and the inherent difficulty of classifying 

and organizing the diverse compounds, the predominant method is to examine the MOF 

metal connectors. As 

Fs that will be discussed briefly below: 

 

5, showing the octahedral Zn4O 
Zinc (cyan tetrahedrons), carbon (grey) and oxygen 

50 

form the largest and most 

carboxylate bonds allows 

for reversibility during formation of the framework, allowing errors to be corrected,51 and 
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the predictability of the carboxylate binding mode can allow for structure prediction and 

derivatization.52,53 Carboxylates can bind in a monodentate fashion, but many of the most 

important carboxylate systems bind in a bidentate fashion.50,54,55 Due to this stable 

bidentate binding, Yaghi et al. developed a methodology for designing MOFs based on 

these known metal-carboxylate clusters, which they termed as secondary building units 

(SBUs, Figure 1.11).56 By mixing an SBU with a ligand with a given geometry (linear, 

trigonal, etc.), a limited number of potential structures are possible, which can lead to a 

greater degree of predetermined design. This was taken a step further by altering the size 

of a linker, while maintaining the geometry, in order to adjust both the size of a pore, as 

well as the polarity and functionality of the pore wall, allowing the formation of 

isoreticular MOF families.57,58 These carboxylate MOFs have been shown to have large 

pore volumes, and some have Brunauer-Emmett-Teller (BET) surface areas in excess of 

7,000 m2/g, and thus have been studied extensively for gas storage applications.59,60 The 

binding strength of carboxylates to metals is both the greatest strength, and the greatest 

weakness of these systems. Transition metal-carboxylates have bond strengths on the 

order of 180 kJ/mol per M-O-C bond, which are significantly stronger than metal-

nitrogen bonds (~55 kJ/mol),58 but weaker than metal-phosphonate bonds 

(~270 kJ/mol).61 This moderate bond strength, although beneficial for error correction 

and maintaining structural integrity upon desolvation, also makes them susceptible to 

decomposition when exposed to water or even traces of water vapour.62,63 
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1.5.2 Nitrogen-Based MOFs 

A second large class of MOFs uses nitrogen-based ligands as linkers: cyanides, 

pyridyls, and azoles. As nitrogen can only coordinate to metals in a linear monodentate 

mode, the structures are determined by the coordination sphere of the metal, and ligand 

geometry. Robson’s first MOF is a cyanide based system, but he later examined a 

4,4’-bipyridine (Bipy) system, which is much more prevalent in current MOF 

chemistry.49,64 Bipy, along with 1,4-diazobicyclooctane (Dabco), are two of the most 

ubiquitously used nitrogen based ligands as they are stable and inexpensive linear linkers, 

whose predictable geometry and ability to link 2-D sheets of metal-carboxylates into 3-D 

frameworks is quite useful for MOF chemists.65,66 The other widely used nitrogen-based 

ligands are the azoles, such as imidazolate, triazolate, and tetrazolate. When using 

imidazole with a tetrahedral metal, typically zinc, very stable structures with topologies 

similar to zeolites are obtained, and this family of structures has been termed zeolitic 

imidazolate frameworks (ZIFs).67,68 A variety of triazole and tetrazole based MOFs have 

also been reported, and have been examined for gas storage, separation, and catalysis.69–72 

1.5.3 Sulfonate-Based MOFs 

MOFs using sulfonates (RSO3̄ ) are not reported as frequently in the literature, 

relative to the carboxylate-based MOFs, because sulfonate is a soft monoanion that 

coordinates weakly to most metals, and can coordinate up to 6 metals due to its highly 

variable coordination mode, making structure control and prediction more difficult than 

with carboxylate- and nitrogen-based MOFs.53,73–75 Despite these difficulties in predicting 

the possible outcome with a new sulfonate ligand-metal system, this weak binding can 
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lead to interesting properties, such as dynamic structures that can adapt to solvation 

changes and allow for mechanical capture of guest species.76 The multiple weak 

interactions can, somewhat surprisingly, give sulfonate MOFs unusually high thermal 

stability (up to 550°C) due to the cooperative effect of the multiple ligand metal 

bonds.73,76,77 The large sulfonate group is also very acidic, and can give rise to very polar 

channels in a structure, and this has led to an interest in proton conducting applications, 

which will be examined in more detail in section 1.6.4.78,79 

1.5.4 Phosphonate-Based MOFs 

Phosphonates, like sulfonates, have a large variety of coordination modes: they 

can also coordinate up to 6 metal centers; can be a mono-ester or a full acid; be a neutral, 

mono- or di-anionic group depending on the degree of deprotonation; and be both a 

proton donor and acceptor for hydrogen bonding interactions.80 Unlike sulfonates, 

phosphonates are harder anions, and tend to bind strongly to most metals resulting in low 

solubilities, and difficulties in generating single crystals suitable for x-ray diffraction 

analysis. Conversely, these strong metal-ligand bonds also mean that the materials 

generated are very robust materials,81 and this has generated significant interest for 

proton conduction (see section 1.6.3),82,83 ion exchange84,85, and gas sorption85,86. 

As the field of MOF research is now very large and growing rapidly (Figure 

1.12),87 this was only a brief overview of the many types of systems, general properties, 

and potential applications. As the focus of the thesis lies in proton conducting 

applications, an in-depth survey of this smaller subset of PCMOFs will be undertaken in 

section 1.6 below. For more details about MOF structures and their applications, the 
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reader is referred to the multitude of reviews that have been published in the 

literature.75,88–104 

 

Figure 1.12 – Number of publications mentioning the term MOF, and the number of 
citations of those articles, per year. 

1.6 MOFs for Proton Conduction 

The interest in developing PCMOFs has primarily arisen for two reasons: their 

crystalline nature, and their potential for systematic modification. Unlike polymers, 

whose conduction pathways and nano/microstructure are subject to much debate, a MOFs 

crystalline nature enables the atomic structure to be determined through SCXRD, 

allowing for a better understanding of the conductive channels and hydrogen-bonding 

pathways present in the MOF. Based on this knowledge, modifications to the structure, 

either to the starting materials, or post-synthetically on the as-made MOF, can be done to 
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improve the  performance of the material. The potential for modification is beneficial for 

MOF proton conductors, as the number of permutations of ligands, metals and guests is, 

for all intents and purposes, infinite, and provides great flexibility to try and meet the 

demanding properties needed for a practical material. Other benefits that MOF systems 

would impart in a PEMFC are that they, typically, are thermally stable in the desired 

operating temperature range (less than 200°C) and they are almost exclusively 

electronically insulating. 

1.6.1 Coordination Polymer Electrolytes 

Although not considered MOFs by the definition that was adopted in section 1.5, 

CPs are similar enough that they deserve discussion prior to examining PCMOFs 

themselves. The CP electrolytes generally consist of 1-D chains or 2-D sheets that are 

assembled through hydrogen bonding or van der Waals interactions. The simplest, and 

earliest example of a CP electrolyte, can be considered by taking the α-ZrP structure from 

section 1.4.4 and replacing the phosphate moiety, either all or in part, with a 

m-sulfophenylphosphonate (SPP) or carboxyalkylphosphonate to give a variety of 

zirconium phosphonate coordination polymers.105–110 In these derivatives, rather than a 

protonated phosphate oxygen filling the interlayer space, the phosphonate organic groups 

prop apart the layers, allowing the sulfonic or carboxylic acid groups to poke into the 

interlayer space and participate in proton conduction. Under very hot and humid 

conditions, 100°C and 95% relative humidity (RH), the ZrSPP materials show very good 

conductivity, up to 1 x 10-1 S/cm, but these materials are hydration dependant, and 

exfoliate upon introduction of liquid water, causing the material to dissolve, and prevent 
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it from being used in any practical applications.111 To try and solve this exfoliation 

problem, Stein et al. interstratified ZrSPP with zirconium pyridyl phosphonates, which 

allowed the pyridyl groups to hydrogen bond to the sulfonic acids, thus gluing the layers 

together.111 This did have the desired effect of preventing exfoliation, but it also reduced 

the conductivity by an order of magnitude. Replacing the interlayer sulfonic acid groups 

with carboxylic acids significantly lowers the conductivity to 10-10 to 10-7 S/cm, due to 

the lower acidity of the carboxylic acid resulting in lower proton mobility.105 Switching 

the metal to generate cerium or titanium SPP does not significantly alter the properties or 

conductivity of the materials.109,110 A uranium phenylphosphonate has also been 

examined, which breaks the layered structure into hydrated chains with a hydrogen 

phosphonate groups providing acidic protons, but shows lower proton conductivity of 

10-3 S/cm at 85% RH due to the lack of pendant sulfonic acid groups.112 

 

 

Figure 1.13 – Layered structure of CuDtoa coordination polymer. Hydrogen atoms 
and 2-hydroxyethyl groups not shown.113 Reprinted from Inorganic Chemistry 
Communications, vol. 6, H. Kitagawa et al., Highly proton-conductive copper 
coordination polymer, H2dtoaCu (H2dtoa = dithiooxamide anion), pp. 346-348, 

Copyright 2003, with permission from Elsevier. 
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In 2003, Nagao et al. began looking at the conductivity of a 2-D copper 

coordination polymers using the N,N’-bis-(2-hydroxyethyl)dithiooxamide ligand 

(R2Dtoa, R = (HOC2H4).
114 In this system, copper dimers are each cross-linked by four 

(HOC2H4)2Dtoa ligands to form a layered diamond-shaped grid, as shown in Figure 

1.13.115,116 The proton conductivity was measured at 300 K under various levels of 

humidification, and the effect that the R group had on the conductivity was examined by 

looking at R = 3-hydroxypropyl, 2-hydroxyethyl, ethyl, and H (see Table 1.2). Nagao et 

al. demonstrated that the proton conductivity of the ethyl derivative was 2 orders of 

magnitude lower that the 2-hydroxyethyl derivative, giving strong evidence that the 

hydroxyl group plays an integral role in the proton conduction pathway. 

 

-R Group 
Conductivity at 
75%RH (S/cm) 

Conductivity at 
83%RH (S/cm) 

Conductivity at 
100%RH (S/cm) 

3-Hydroxypropyl - - 2.0x10-6 [117] 

2-Hydroxyethyl 9.9x10-6 [118] 
1.2x10-5 [114] 

H+ Doped: ~ 10-7 [119] 

~ 10-4 [117,118] 

H+ Doped: 2.2x10-6 [119] 

Ethyl 2.3x10-7 [118] - 4.2x10-6 [118] 

H ~ 10-6 [113] - ~ 10-2 * [113] 

*Reference in the text to an unpublished result. 

Table 1.2 – Effect of R Group Modifications on the Proton Conductivity of Copper 
R2Dtoa at 27°C. 

 

Extending the R group to the 3-hydroxypropyl derivative decreased the proton 

conductivity significantly, while shrinking to R = H resulted in the highest levels of 

conductivity being obtained. Surprisingly, proton doping of the 2-hydroxyethyl derivative 

(resulting in copper ions being reduced from Cu2+ to Cu+, and formation of NH+) resulted 

in a significant drop in proton conductivity, which Nagao et al. attributed to the increased 
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pKa of the hydrogen-doped species, resulting in less mobile protons. This series of studies 

demonstrates the utility of using derivative structures in order to systematically examine 

the structure activity relationships for a given system, and that the insights here could 

provide a useful reference for other layered proton conducting CP or MOF systems with 

modifiable R-groups. 

 

Figure 1.14 – Crystal structure of ferrous oxalate dihydrate. Iron (purple), carbon 
(grey) and oxygen (red).120 Reprinted with permission from T. Yamada, M. 

Sadakiyo, H. Kitagawa, Journal of the American Chemical Society, 2009, 131, 3144–
3145. Copyright 2009 American Chemical Society. 

 

The Kitagawa group continued their examination of proton conducting 

coordination polymers, by examining 1-dimensional chain systems based on bridging 

oxalate (Ox) moieties.120 The first system examined was ferrous oxalate dihydrate 

(Humboldtine) which consists of octahedral Fe2+ centers that are linked into 1-D chains 

via bidentate oxalate ligands, and are axially capped with water molecules (Figure 1.14). 
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The axial waters are mildly acidic due to the Lewis acidity of the ferrous ions, and were 

expected to provide a proton conduction pathway. The proton conductivity was found to 

S/cm at 25°C and 98% RH, which is quite high for room temperature 

The structure was then modified by replacing oxalate with 

dihydroxy-1,4-benzoquinone (Dhbq) (Figure 1.15), and a variety of 2

metal centers were examined (Co, Mg, Mn, Ni, and Zn).120,121 First, the Mn(Dhbq) was 

compared to the Fe(Ox) system where is was noticed that the longer ligand resulted in an 

metal distance as would be expected, but there was a 0.1 Å decrease in 

-oxygen distance, from 2.755 Å in Fe(Ox) to 2.656 Å in 

decreased the activation energy required for proton conduction.

ewis acidity of Mn2+ compared to Fe2+ decreased the conductivity 

under similar conditions by about 1 order of magnitude.122 Comparison of the 

conductivity measurements for the different metal centers, M(Dhbq)

that water uptake in the structures was the dominant factor in the results;

the highest levels of conduction across the entire humidity range 

98% RH).121 

Structural relationship between Dhbq and Ox ligands.

 

The best coordination polymer proton conductor known has been reported by 

4)2(Adp)[Zn2(Ox)3]∙3H2O (Adp = adipate).123
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high for room temperature 

with a structurally 

), and a variety of 2+ 

, the Mn(Dhbq) was 

longer ligand resulted in an 

as a 0.1 Å decrease in 

oxygen distance, from 2.755 Å in Fe(Ox) to 2.656 Å in 

conduction. On the 

ed the conductivity 

Comparison of the 
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Structural relationship between Dhbq and Ox ligands. 

The best coordination polymer proton conductor known has been reported by 

123 Each zinc is 



 

 

octahedrally coordinated by 3 

23-membered rings (Figure 

deprotonated adipic acid that is charge balanced by two ammonium cations in the 

interlayer space. Proton conductivity measurements at 25°C and 98% RH gave a spec

conductivity of 8 x 10-3 

pathways between water, ammonium, and 

hydration dependent, with the dihydrate’s conductivity dropping 3 orders of magnitud

6 x 10-6 S/cm at 25°C and 70% RH.

Figure 1.16 – Honeycomb layers of Zn
and adipate loaded pores.

and red spheres, respectively. Pore water and ammonium cations have been 
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octahedrally coordinated by 3 Ox to give a layered honeycomb structure composed of 

Figure 1.16), in which each ring is occupied by a doubly 

deprotonated adipic acid that is charge balanced by two ammonium cations in the 

Proton conductivity measurements at 25°C and 98% RH gave a spec

 S/cm due to the large number of interlayer hydrogen bonding 

pathways between water, ammonium, and Adp. Once again, the conductivity is highly 

hydration dependent, with the dihydrate’s conductivity dropping 3 orders of magnitud

S/cm at 25°C and 70% RH.  

Honeycomb layers of Zn2Ox3 coordination polymer with 
loaded pores.123 Zinc, carbon and oxygen are represented by c

, respectively. Pore water and ammonium cations have been 
removed for clarity. 

to give a layered honeycomb structure composed of 

), in which each ring is occupied by a doubly 

deprotonated adipic acid that is charge balanced by two ammonium cations in the 

Proton conductivity measurements at 25°C and 98% RH gave a specific 

interlayer hydrogen bonding 

dp. Once again, the conductivity is highly 

hydration dependent, with the dihydrate’s conductivity dropping 3 orders of magnitude to 
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As a close second place in terms of overall conductivity, Panda et al.

organic nanotubes from cadmium 5-triazole isophthalic acid, and measured 

proton conductivity of 3.61 x 10-3 S/cm at 28°C and 98% RH.124 

Structure of Zn3Btp, showing two layers (top and bottom) that stack to 
D water filled channels.82 Zinc tetrahedrons are cyan (within a layer) and 

blue (above/below the layers). Phosphorus, carbon, oxygen, and pore waters are 
by magenta, grey, red and orange spheres, respectively. Hydrogen 

atoms have been omitted for clarity. 

based coordination polymer (based on the MOF definition 

adopted in this document) has been reported by Taylor et al., who examined zinc 1,3

Zn3Btp, PCMOF-3), which forms 2-D layers of zinc Btp, and 

these layers are stacked through alternating sets of zinc metal centers (

Between these pillaring zincs are channels that contain well ordered water molecules and 

a strong hydrogen bonded network. Proton conductivity measurements gave a moderate 

et al. constructed 

triazole isophthalic acid, and measured 

 

Btp, showing two layers (top and bottom) that stack to 
Zinc tetrahedrons are cyan (within a layer) and 

blue (above/below the layers). Phosphorus, carbon, oxygen, and pore waters are 
by magenta, grey, red and orange spheres, respectively. Hydrogen 

based coordination polymer (based on the MOF definition 

, who examined zinc 1,3,5-

D layers of zinc Btp, and 

these layers are stacked through alternating sets of zinc metal centers (Figure 1.17).82 

hannels that contain well ordered water molecules and 

a strong hydrogen bonded network. Proton conductivity measurements gave a moderate 
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value of 3.5 x 10-5 S/cm at 25°C and 98% RH, since ligating water molecules on the zinc 

metal centers, which are only weakly acidic, were the only source of protons. The 

conductivity was also found to be highly humidity-dependent. 

1.6.2 Carboxylate-Based PCMOFs 

Because carboxylate based MOFs do not have any free acidic protons upon 

binding to a metal center, proton conductivity in these MOFs must arise from the 

introduction of guest molecules (water, azoles, or acids), or from the functionalization of 

the pore wall with functional groups that can participate in hydrogen bonding pathways 

(-NH2, -OH, -COOH, etc.). The first report of a carboxylate PCMOF was made by 

Bureekaew et al. in 2009 in which two MIL-53 type aluminum carboxylate MOFs (MIL 

= Materials of Institute Lavoisier), were loaded with imidazole to act as anhydrous proton 

conductors.125 MIL-53 MOFs are composed of octahedral metal centers (Al3+, Fe3+ or 

Cr3+) that are bridged with hydroxyl ions (μ2-OH) in the axial positions to form 1-D 

chains, which are crosslinked with dicarboxylates to form a framework with rectangular 

channels (Figure 1.18). The dicarboxylates examined were Bdc, and 

1,4-naphthalenedicarboxylate (Ndc), which gave channels of differing polarities, as the 

larger aromatic Ndc shielded the polar μ2-OH and carboxylate groups to give 

hydrophobic surfaces, while the Bdc gave a mixture of hydrophilic and hydrophobic pore 

surfaces. The Ndc framework also resulted in two channel sizes depending on the 

orientation of the Ndc, giving channels that alternated between 7.7 x 7.7 Å and 

3.0 x 3.0 Å, while the Bdc gave only one type of channel (8.5 x 8.5 Å). Imidazole was 

loaded into the frameworks by vapour diffusion to give 0.6 imidazoles per Al3+ in the 
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Ndc framework, and 1.3 per Al3+ in the Bdc framework. Despite the higher loading of 

imidazole in the Bdc framework, it showed much lower conductivity than the Ndc 

framework (1.0 x 10-7 S/cm versus 2.2 x 10-5 S/cm at 120°C). This decreased 

conductivity was attributed to the polar channels in the Bdc framework interfering with 

the free rotation of the imidazole molecules, thus lowering the conductivity. It should 

also be noted that the conductivity is still lower than pure imidazole under the similar 

conditions, showing that even the non-polar Ndc framework is lowering the conduction 

abilities of imidazole. 

 

 

Figure 1.18 – Porous MIL-53(Al) frameworks and chain structure with Ndc (a and 
b) and Bdc (c and d). Aluminum, carbon and oxygen are represented by blue, grey 

and red spheres, respectively.125 Reprinted by permission from Macmillan 
Publishers Ltd: Nature Materials, vol. 8, pp. 831-836, copyright 2009. 
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Shigematsu et al. also looked at the MIL-53 system, and rather than looking at 

guest doping, they examined how functionalizing Bdc affected the proton conductivity at 

95% RH.126 The conductivity data, summarized in Table 1.3, shows that the conductivity 

is correlated very well with the pKa of the benzoic acid, and as the pKa decreases, 

protons are better able to contribute to the conductivity. 

 

Functional Group 
on Bdc (R) 

meta-R-Benzoic 
Acid pKa 

Conductivity (S/cm) 

25°C 80°C 

-NH2 4.74 2.3 x 10-9 4.1 x 10-8 

-H 4.19 2.3 x 10-8 3.6 x 10-7 

-OH 4.08 4.2 x 10-7 1.9 x 10-6 

-CO2H 3.62 2.0 x 10-6 7.0 x 10-6 

Table 1.3 – pKa and Conductivity of meta-Substituted Bdc in MIL-53.126 

 

Another method of incorporating proton conductivity into MOFs is to create an 

anionic framework, that is counterbalanced by ammonium cations that can assist in 

conductivity. Pardo et al. looked at (NH4)4[MnCr2(Ox)6]∙4H2O, a framework that forms 

two types of 1-D channels, smaller A channels that are lined with polar Ox moieties and 

filled with ordered water molecules, and larger B channels that contain disordered water 

molecules.127 The ammonium cations reside near the pore walls, and form a hydrogen 

bonding network with the oxalates and water molecules. Proton conductivity 

measurements show a large dependence on relative humidity, not surprising given the 

level of hydration in the pores, and the conductivity tops out at 1.1 x 10-3 S/cm at 96% 

RH and 22°C. Rather than incorporating ammonium to charge balance, Chen et al. used 
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1-ethyl-3-methyl imidazolium (Emim+) bromide, an ionic liquid, to deposit Emim+ into 

an anionic framework containing channels along the [-110], [110] and the [001] 

direction: [Co2Na(Bptc)2][Emim]3 (bpty = 2,2’,4,4’-biphenyltetracarboxylate). The [-110] 

and [110] channels contain twice as many Emim+ as the [001] direction. Single crystal 

measurements, to look at anisotropic conductivity, determined that conductivity in the 

[110] direction was two orders of magnitude higher (2.63 x 10-5 S/cm) than along the 

[001] direction (4.73 x 10-5 S/cm), indicating that the greater number of Emim+ ions in 

the channel had a large effect on the observed conductivity. 

Several groups have investigated how varying amounts of channel water affect 

proton conduction by carefully controlling the amount of water in the structure and by 

altering the solvents used.128,129 Unsurprisingly, it was found that more water correlated 

to higher conductivity, and switching water to methanol, ethanol, or acetonitrile had a 

detrimental effect on the observed conductivity. Kundu et al. examined a series of alkali 

metal frameworks of 4,4’-sulfobisbenzoic acid, but only showed moderate levels of 

proton conductivity (10-5 S/cm), and showed moderate to poor stability to a humidified 

atmosphere, making them unsuitable for further study.130 

This highest levels of conductivity in a MOF so far have been reported by 

Ponomareva et al. who examined chromium terephthalate (MIL-101), an unusually stable 

and highly porous MOF, that was loaded with sulfuric acid and phosphoric acid.131 The 

acid loaded MOFs showed very high conductivity values, 1 x 10-2 and 3 x 10-3 S/cm 

respectively for the sulfuric and phosphoric acid doped samples, at 150°C and very low 

humidity (0.15% RH). As impressive as these values first appear, they concluded that the 

MOF is just a vessel for the acids, and plays little to no role in the conductivity that was 



 

 

obtained. It was also observed that the acid could be removed from the pores very easily 

by washing with water, making them unsuitable for use in a real fuel cell environment.
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t was also observed that the acid could be removed from the pores very easily 

by washing with water, making them unsuitable for use in a real fuel cell environment.

Phosphonate Based PCMOFs 

 

.19 – Chemical structure of the Odtmp ligand.

 

There are only three reports of phosphonate based PCMOFs in the literature, 

despite the fact that phosphonate ligands can potentially bind and charge balance metal 

acidic protons for improve proton conductivity. Colodrero 

Odtmp)∙2H2O(DMF)0.5 (Odtmp = octamethylenediamine

(methylene phosphonic acid), see (Figure 1.19), in which Odtmp pillars 

magnesium phosphonate layers to give two types of 1-D solvent filled channels, and 

results in six acidic protons being available for proton conduction.132 Proton conductivity 

studies showed a large humidity dependence, but gave a high conductivity value of 

S/cm at 19°C and ~100% RH due to the large number of free acidic protons.

. also examined a related lanthanum system: La

tmp = hexamethylenediamine-N,N,N’,N’-tetrakis(methylene phosphonic acid)

which again forms a pillared layered structure, with a slightly different binding motif due 

to the higher charge of the La3+ versus Mg2+.133 This change in charge means the ligand 
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conducts slightly better: 8 x 10-3 S/cm at 24°C and 98% RH. Two possible factors that 

could be affecting the conductivity are that the La system has a higher hydration state 

than the Mg system, helping in establishing a good hydrogen bonding pathway, and that 

the pores are smaller due to the shorter ligand, giving the channels a slightly more polar 

surface overall. A systematic study of how ligand length and metal charge (protonation 

state) affect the proton conductivity should be possible in this system, as the 

tetramethylene,134 hexamethylene, octamethylene, and cyclohexyl134 derivative ligands 

are all available, but no such study has yet been undertaken. 

The tetramethylene and cyclohexyl ligands (Tdtmp and Cdtmp) have both been 

studied with zirconium, due to the high hydrolytic stability of the zirconium phosphonate 

system.134 With the 4+ metal, rather than having a pillared layer structure, a series of 1-D 

chains of zirconium phosphonates are crosslinked by the ligands to give 1-D rectangular 

channels throughout the structure, but now has only four acidic protons available for 

conduction. The best conductivity near room temperature was found to be 2.6 x 10-5 S/cm 

at 30°C and 95% RH, thus showing only moderate proton conductivity. Comparisons to 

the previous La3+ and Mg2+ are difficult due to the difference in structures, but the lower 

number of acidic protons likely contributes to the lower conductivity, as well as the fact 

that channels only exist along one dimension, rather than two. The system is stable to 

water immersion and weakly acidic solutions (0.2 M HCl), which is highly desirable in a 

proton conducting system. 
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Based PCMOFs 

Crystal structure of β-PCMOF-2 showing A) the 18-me
D channels; B) alternating layers of ligand and sodium; C) 

model of the highly polar oxygen-lined channels. Sodium, oxygen, sulfur and carbon 
are teal, red, yellow and white, respectively.78  

Only one sulfonate-based PCMOF has been reported in the literature,

the system that has been examined extensively in this thesis, it will be examined in more 

detail than the previous systems. Hurd et al., in 2009, reported the trisodium 

benzene trisulfonate system (β-PCMOF2; 2,4,6-trihydroxy
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conditions. Heating up the sample resulted in dehydration, and conductivity fell to below 

10-8 S/cm. 

In order to try and remove the humidity dependence, the sample was loaded with 

1,2,4-triazole (Tz), as a replacement for water in the channels. Good control over the 

loading was difficult to obtain, but three different loadings were examined, 

β-PCMOF2∙(Tz)x (x = 0.3, 0.45, 0.6). PXRD of the samples showed that no apparent 

structural change occurred in comparison to the unloaded sample. Proton conductivity 

studies found that the conductivity reached a maximum when x = 0.45, and gave 5 x 10-4 

S/cm at 150°C under anhydrous conditions, showing that the triazole could replace water 

as a proton carrier. In order to examine whether it was feasible to use these materials in a 

fuel cell, an MEA was constructed by applying platinum-on-carbon electrodes to either 

side of a pellet of β-PCMOF2∙(Tz)0.45, and, at 100°C and using H2 as the fuel, an open-

circuit voltage (OCV) was measured of 1.18 V which is within error of the theoretical 

maximum value. At higher temperatures the OCV was found to decrease, and this was 

attributed to fuel crossover, demonstrating some of the difficulties in working with a 

powdered material, and is likely one reason why there are no other reports of MEAs 

being fashioned out of PCMOFs or proton conducting CPs. 

1.7 Conclusions 

At some point the world will need to address the health and environmental issues 

associated with energy technologies based on fossil fuels. Fuel cells are expected to serve 

an important role in helping to address these issues, but have only just started to be 
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commercialized. The PEM inside a fuel cell must perform under very harsh mechanical, 

chemical, and electrical conditions. Current PFSA materials: 

1) are limited to operating below 100°C, which has a large impact on many other 

aspects of fuel cell operation (especially catalyst selection and performance); 

2) require an external fuel humidification system to conduct efficiently; and 

3) tend to be expensive and hazardous to produce. 

A variety of other materials from polymers to inorganic salts have been examined, 

but all have been found lacking in one way or another, and thus a material that was 

discovered over 40 years ago remains the gold standard against which all others are 

compared. As has been shown, there are an enormous number of MOF systems that exist, 

and a number of PCMOFs have been examined in the literature in the hopes that they can 

provide some insight into the mechanisms of proton conduction and perhaps one day act 

as a replacement for Nafion®. Unfortunately, there are many reasons why PCMOFs have 

not been incorporated into fuel cells: their conductivity is generally too low, they lack 

stability to the hot and/or humid conditions that would be encountered in a fuel cell, their 

conductivity is highly hydration dependent, and their materials properties make then 

difficult to work with in a fuel cell setup. 

1.8 Scope of the Thesis 

This thesis examines several strategies that may be employed to improve the 

performance and compatibility of PCMOFs for use in fuel cell systems. Chapter 2 will 
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address the mechanisms and theories of proton conduction in solid state systems and will 

look at the difficulties that are present when trying to obtain accurate and reliable data 

when measuring PCMOFs. Chapter 3 will examine a derivative of β-PCMOF2 that was 

made by isomorphous replacement of the Pgs ligand with 1,3,5-benzenetriphosphonate 

(Btp) to improve the conductivity by increasing the number of charge carriers but without 

altering the overall β-PCMOF structure. As mentioned in section 1.6.4, despite the fact 

that β-PCMOF2∙(Tz)x showed superior conduction properties in comparison to the 

unloaded framework, controlled loading with Tz proved difficult. Chapter 4 will provide 

a new interpretation of the type of loading that is occurring, examine the synthetic factors 

that affect the amount of loading obtained, and give insights into how much control is 

actually possible in this system. Finally, Chapter 5 reports on a study of loading 

β-PCMOF2 into Nafion® to examine the performance of these MOF/Polymer-composite 

materials for proton conducting application, as a thin polymer loaded film would be much 

easier to incorporate into an MEA based on current technologies. 
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Chapter 2: Measuring Solid State Proton Conduction in MOFs 

2.1 Solid State Proton Conductivity 

Solid state ion conductors are materials which can transport cations (e.g.: H+, Li+) 

or anions (e.g.: OH-, O2
-), and act like ionic analogues of semi-conductors, where an 

external applied potential is required for conduction to occur.135 Charge carriers move 

through the material by jumping from an occupied site to an unoccupied site, with the 

applied potential difference creating vacant sites that are lower in energy in the direction 

of the applied potential. This energy difference between empty sites causes a net 

migration of charge carriers in one direction, resulting in a current being generated and 

ion conductivity (σ) being observed. The ion conductivity of a material can be described 

mathematically by Equation (2.1), and is a function of the number of mobile charge 

carriers per unit volume (�), the charge of the ion (q) and the mobility of the ion (μ). 

These three terms provide the theoretical basis for trying to create or improve the ion 

conductivity of a material. 

 � = ��� (2.1) 

2.1.1 Proton Conduction Mechanisms, and Improving Proton Conductivity in 

PCMOFs 

To increase the conductivity of a proton conductor, only � and μ can be varied, as 

q is a constant (1.602 x 10-19 C per H+). Charge carrier density in a material can be 

modified by incorporating a larger numbers of proton donors (Brønsted acids, amines, 



 

 

alcohols) into the material. These sources can be directly incorporated into the framework 

in order to line pore walls, or they can be incorporated as g

pores and can be introduced as the ligand during MOF synthesis, added by post

modification of the framework, or by controlling or exchanging the guests within the host 

framework. When attempting to design a MOF for proton conduction, incorporating 

proton donors into the framework is difficult, as they tend to deprotonate and coordinate 

to the metal linkers, thus resulting in materials that contain very few free acidic protons. 

Guest molecules can be easier to introduce, but that also makes them easier to remove, 

affecting the longevity of the material.

Figure 2.1 – The steps of the Grotthuss mechanism. The initial state (a) allow
proton to hop to the oxygen in the middle (b), followed by a 180° reorientation (c) 

which allows for the proton to hop once more.

Adjusting the proton mobility is a much more difficult prospect to accomplish as 

exerting Ångstrom level control over t

transported, a free proton not only needs to be present, it must have an empty 
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energetically accessible site to hop into. This site must also be within a reasonable 

distance (1 – 2 Å), and have an unblocked pathway between the two sites, so that a 

proton hop has a reasonably low activation energy barrier (Ea). This type of hopping is 

known as the Grotthuss mechanism, and involves a proton being transported by hopping 

through an infinite hydrogen-bonding network.136 This is shown in Figure 2.1 where a 

series of oxygen atoms (proton acceptor sites) line a pore surface, allowing a proton that 

is bound to one oxygen atom to hydrogen bond to the neighbouring atom. The proton can 

then hop to the next available site, but then a structural reorientation needs to occur to 

allow the proton to continue hopping. Proton acceptor sites are not restricted solely to 

dangling functional groups on a surface, but can also involve solvent or guest molecules 

within the pore. Controlling the distance between proton acceptor sites, the number of 

filled versus empty sites, and the ease of the reorientation process is a challenging 

proposition. Although rigorous control over all the variables is improbable, and 

serendipity plays a role, incorporating some of the principles into PCMOF design is 

possible. 

In larger pore MOF systems, an additional mechanism for proton transfer, called 

the vehicular mechanism, is available. The vehicular mechanism137 involves the diffusion 

of a proton on a carrier species (such as H3O
+), where, in this example, water is acting as 

a vehicle for the proton. The occupied vehicle travels through the solvent filled channel 

in a framework, while the unoccupied vehicles diffuse back in the opposite direction, 

resulting in proton conduction via diffusion. The rate of this diffusion is dictated by the 

size of the pores, the size of the vehicle and its associated solvation sphere, and its 

diffusion coefficient. 



 

 

Proton conduction in MOFs is not limited to either the Grotthuss or the vehicle 

mechanism, but can be a combination of the two. Determining which mechanism is 

present in a material is normally done by analyzing the E

process. A low Ea (typically below ~0.40 eV) is usually assigned to a Grotthuss

mechanism, while the veh

0.8 eV for H3O
+).136–138 

2.1.2 Determining the Activation Energy in Solid State Proton Conductors

Figure 2.2 – Energy diagram for proton transport in a s
an applied field (dashed grey line) and under an applied electri

To calculate the E

employed, and the proton hopping mechanism is the easiest to visualize and model. 

Consider the jump rate of a proton, residing in an array of equ
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ng the Activation Energy in Solid State Proton Conductors

Energy diagram for proton transport in a solid state conductor without 
applied field (dashed grey line) and under an applied electric field (solid black 

line). 

To calculate the Ea of a solid state proton conductor, a theoretical model must be 

employed, and the proton hopping mechanism is the easiest to visualize and model. 

Consider the jump rate of a proton, residing in an array of equal energy sites as shown by 
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the dashed grey line in Figure 2.2. In the absence of an electric field, the proton sits in a 

site surrounded by energetically equivalent sites, separated by equal energy barriers of 

magnitude Ea. Upon application of an electric field, the energy profile is perturbed to a 

new state (black line), where the proton acceptor sites in the direction of the electric field 

are now lower in energy by an amount qaV, where a is the distance between sites, and V 

is the magnitude of the applied electric field. The activation energy is also perturbed, 

decreasing by  
�

�
��� in the direction of the field, and increasing by  

�

�
��� against the 

field. The lower energy sites provide a driving force for the protons to move in the 

direction of the electric field, and the decreased energy barrier will increase the 

probability of such a jump occurring. As the protons can still jump in either direction if it 

has sufficient thermal energy, the rate of proton jumps from one site to the next can be 

defined both with the electric field (Γ+) and against the electric field (Γ-) as shown in 

Equations (2.2) and (2.3): 
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where v is the vibration frequency of the proton, k is the Boltzmann constant, and T is the 

temperature of the system in Kelvin. Subtracting Γ- from Γ+ will give the net proton jump 

rate ΓNet (Equations (2.4) and (2.5)). 

 ���� = �� − �� (2.4) 
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Equation (2.5) can be further simplified by pulling out the common factors to give 

Equation (2.6), and using the approximation shown in Equation (2.7) (which is valid in 

this case for field strengths up to ~108 V/m), to give Equation (2.8). 
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In order to determine conductivity, the velocity (v) of the protons must be known, 

which is the product of the jump rate and the jump distance, to give Equation (2.9). 
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 (2.9) 

Since proton mobility is defined as the proton velocity when V is 1 V/m, Equation 

(2.9) can then be substituted into Equation (2.1) to give Equation (2.10). 
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Since �, �, ��, �� and ��� are all constants, they can be combined into a single 

constant �� and can be rewritten to give Equation (2.11). 

 
ln(��) =

−��

�

1

�
+ ln(��) (2.11) 
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Thus, plotting a series of conductivity measurements taken at different 

temperatures as ln(σT) against T-1 should give a straight line with a slope of 
���

�
. 

This simplest explanation does not take into account the mechanism or free 

energy of ion movement, but a more general treatment can be performed that results in 

the same equation as given in Equation (2.11), but with a modified σ0 as shown in 

Equation (2.12), where D0 is Fick’s law pre-exponential factor for proton diffusion, and 

ΔS is the entropy of the proton motion. 
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�
 (2.12) 

This treatment accounts for the proton conduction mechanism since D0 will take 

into account the mobile proton density and their jump frequency, path, and distance, 

while ΔS will account for the entropy of the proton motion. Equation (2.11) shows that 

conductivity is optimized when there are a large number of charge carriers with a high 

diffusivity, and now shows that when the mechanism and pathway are optimized, the 

proton conductivity will improve. 

2.2 Measuring Proton Conduction 

2.2.1 AC Impedance Spectroscopy 

Proton conduction is measured using a technique called alternating current (AC) 

impedance spectroscopy. Impedance (Z) is the AC equivalent of resistance (R) in a direct 

current (DC) circuit. In Ohm’s law, Equation (2.13), the ratio between voltage (V) and 

current (i) is constant because they are always in phase with each other, giving  a value R; 



 

 

however, this relationship breaks down when an AC signal is applied because of phase 

shifts (φ) occurring between current and 

results in no phase shift occurring, thus 

capacitor, voltage lags the current by 

graph, Ohm’s law would give different values of R. Similarly, an inductor has a phase 

shift of +90° (Figure 2.3 

Ohm’s law must be modified for application to an electrical circuit experiencing an AC 

signal in order for the relationship to remain valid.

Figure 2.3 – AC phase diagrams of current and voltage in the input signal (a), and 
after passing through a resistor (b), a capacitor (c) and an inductor (d).
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(2.13) 



 

 

To accomplish this, Z is considered as two components, as shown in Equation 

(2.14), consisting of an in

which are kept separate by 

number by multiplying it by 

 

These values can then be plotted on 

as a vector quantity Z, with the angle between the vecto

phase shift φ. As φ can vary between +90° and 

negative values, while Z’ should only contain positive values. These plots are known as 

Nyquist plots. It should be noted that for ionic c

are more important than inductive elements, Z” is usually plotted with the negative axis 

going up, and the positive axis going down.

Figure 2.4 – A Nyquist plot showin
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To accomplish this, Z is considered as two components, as shown in Equation 

of an in-phase component (Z’) and an out of phase component (Z”), 

which are kept separate by keeping Z’ a real number, while Z” is treated as 

by multiplying it by j. 

� = �� + ��" 

These values can then be plotted on separate axes (Figure 2.4) to give

as a vector quantity Z, with the angle between the vector and the real-axis (Z’) giving the 

can vary between +90° and -90°, Z” contains both positive and 

negative values, while Z’ should only contain positive values. These plots are known as 

Nyquist plots. It should be noted that for ionic conductivity, where capacitive elements 

are more important than inductive elements, Z” is usually plotted with the negative axis 

going up, and the positive axis going down. 

 

A Nyquist plot showing a single point from AC impedance spectroscopy 
showing the real and imaginary axes. 

With this representation, an isolated resistor with φ = 0° would lie along the Z’ 

axis, an isolated capacitor with φ = -90° would lie along the -Z” axis in the up direction, 

To accomplish this, Z is considered as two components, as shown in Equation 

phase component (Z’) and an out of phase component (Z”), 

treated as an imaginary 

(2.14) 

) to give impedance 

axis (Z’) giving the 

90°, Z” contains both positive and 

negative values, while Z’ should only contain positive values. These plots are known as 

onductivity, where capacitive elements 

are more important than inductive elements, Z” is usually plotted with the negative axis 

g a single point from AC impedance spectroscopy 

= 0° would lie along the Z’ 
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while an isolated inductor with φ = +90° would lie along the +Z” axis in the down 

direction.  A combination of resistors, capacitors, and/or inductors would lead to a vector 

that does not lie on any axis (Figure 2.4). 

To determine what circuit elements are contributing to a given vector, the 

individual contributions from each element must be summed together. Circuit elements in 

series with one another are summed directly as in Equation (2.15), and circuit elements in 

parallel with one another are summed as their inverses as shown in Equation (2.16). 

 ������� = �� + �� + ⋯ + �� (2.15) 
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To do these summations, the impedances of each individual circuit element must 

be known. For a resistor, since φ is 0°, Z does not have an imaginary component and is 

independent of the AC frequency as shown in Equation (2.17), thus the resistance can be 

directly measured from the magnitude of the vector. 

 �� = �� + 0(��") = �′ (2.17) 

For a capacitor in an AC current, the voltage will lag the current by 90°, thus to 

keep the ratio between the two constant, the modification of Ohm’s law is shown in  

Equation (2.18): 
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where VApp is the applied voltage, ω is the angular frequency (� = 2��, where f is 

frequency in Hz), and t is the time since the signal was started. Equation (2.18) can be 

converted to the form shown in Equation (2.14) by switching to polar coordinates, 

Equation (2.19), and applying Euler’s formula, Equation (2.20), to obtain Equation 

(2.21). 
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 A similar treatment can be applied to an inductor to give Equation (2.22). 

 �� = 0 + ��� (2.22) 

As can be seen in Equations (2.21) and (2.22), the impedance of inductors and 

capacitors are frequency dependent, and both the magnitude and phase angle of Z will 

change depending on the frequency of the AC signal. Thus, by performing a series of 

measurements at different frequencies, the Nyquist plot will give traces with 

characteristics shapes depending on what combination of circuit elements are present. 

From these shapes, equivalent circuits can be determined and modelled to fit the 

experimental data. These equivalent circuits will have some physical process ascribed to 

them, and thus information about the process can be extracted from the modelled data. 

The application of these equivalent circuit models to the physical processes involved in 

solid state proton conductors will be discussed in the following sections. 



 

 

2.2.2 Parallel Resistor

Figure 2.5 – A idealized single crystal proton conductor of width (w), height (h), and 
thickness (t), is modelled as a parallel combination of a resistor (R

For proton conduction, the most important circuit element is a parallel 

combination of a resistor and a capacitor (RC). An ideal measurement would consist of a 

measuring a proton conductor as a 

thickness (t), and this would be modelled as a parallel RC 

resistor represents the resistance provided by the sample to proton transport, from which 

a volume normalized conductivity (σ

the sample thickness, and A is the area (w x h). The capacitance represents the charge 

separation arising from occupied proton sites being next to empty proton acceptor sites, 

resulting in very low capacitances on the order of 10

 

To determine the values of R

from the sum of the reciprocal impedances (see Equation 

shown in Equation (2.24)
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Parallel Resistor-Capacitor (RC) Circuits 

A idealized single crystal proton conductor of width (w), height (h), and 
thickness (t), is modelled as a parallel combination of a resistor (R

capacitor (Cbulk). 

For proton conduction, the most important circuit element is a parallel 

bination of a resistor and a capacitor (RC). An ideal measurement would consist of a 

measuring a proton conductor as a single crystal with a known width (w), height (h) and 

thickness (t), and this would be modelled as a parallel RC circuit (Figure 

resistor represents the resistance provided by the sample to proton transport, from which 

a volume normalized conductivity (σbulk) can be calculated by Equation (

the sample thickness, and A is the area (w x h). The capacitance represents the charge 

separation arising from occupied proton sites being next to empty proton acceptor sites, 

resulting in very low capacitances on the order of 10-8 to 10-10 F. 
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To determine the values of Rbulk and Cbulk, the total impedance (Z

from the sum of the reciprocal impedances (see Equation (2.16)), of each element as 

): 

 

A idealized single crystal proton conductor of width (w), height (h), and 
thickness (t), is modelled as a parallel combination of a resistor (Rbulk) and a 

For proton conduction, the most important circuit element is a parallel 

bination of a resistor and a capacitor (RC). An ideal measurement would consist of a 

with a known width (w), height (h) and 

Figure 2.5). The 

resistor represents the resistance provided by the sample to proton transport, from which 

(2.23), where t is 

the sample thickness, and A is the area (w x h). The capacitance represents the charge 

separation arising from occupied proton sites being next to empty proton acceptor sites, 

(2.23) 

, the total impedance (ZTot) is found 

), of each element as 
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By putting in the information from Equations (2.17) and (2.21) for the 

impedances of a resistor and a capacitor: 

 1
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and taking the inverse of both sides and separating the real and imaginary 

components one obtains Equation (2.26). When this equation is plotted over a range of 

AC frequencies, a semi-circle appears in the Nyquist plot (Figure 2.6). 
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From Equation (2.26), it can be seen that as ω approaches 0, the denominator of 

each term will approach 1, and the imaginary component will approach 0, resulting in 

ZTot = Rbulk. Thus at the point where the low frequency points of the plot approach the Z’ 

axis, the resistance of the proton conductor can be extracted. Knowing Rbulk, and ω for the 

data point at the peak of the semi-circle, the value of Cbulk can be determined from the 

relationship shown in Equation (2.27). 
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Rather than extracting the data directly from the plot, the values are usually 

obtained by modelling an equivalent circuit to provide a best fit for the data points 

collected. This helps to address issues such as incomplete semi-circles due to limitations 



 

 

on the frequency ranges that can be measured, randomized errors in each data point, and 

other non-ideality factors which will be discussed in more detail in the following section.

Figure 2.6

 

2.2.3 Real Measurements on Crystals, Pellets, and Powders

2.2.3.1 Single Crystal AC Impedance

Ideally, proton conductivity measurements on MOFs would be conducted on 

single crystals as shown in the previous example, but real world factors make this more 

difficult than would be ideal. First, a single crystal must be grown that is large enough to 

conduct measurements on. Growing air stable, defect free single crystals on t

millimetre length scale is ch
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on the frequency ranges that can be measured, randomized errors in each data point, and 

ideality factors which will be discussed in more detail in the following section.

6 – Nyquist plot of an ideal parallel RC circuit

Real Measurements on Crystals, Pellets, and Powders 

Single Crystal AC Impedance 

Ideally, proton conductivity measurements on MOFs would be conducted on 

ngle crystals as shown in the previous example, but real world factors make this more 

difficult than would be ideal. First, a single crystal must be grown that is large enough to 

conduct measurements on. Growing air stable, defect free single crystals on t

millimetre length scale is challenging for many MOFs and can be complicated further by 

on the frequency ranges that can be measured, randomized errors in each data point, and 

ideality factors which will be discussed in more detail in the following section. 

 

Nyquist plot of an ideal parallel RC circuit 

Ideally, proton conductivity measurements on MOFs would be conducted on 

ngle crystals as shown in the previous example, but real world factors make this more 

difficult than would be ideal. First, a single crystal must be grown that is large enough to 

conduct measurements on. Growing air stable, defect free single crystals on the 

and can be complicated further by 
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the crystal’s morphology. Thin plates and needle-like crystals are very small in one or 

more dimensions, making them prone to cracking with extensive handling. In a similar 

vein, because electrodes need to be attached to only one set of faces in order to have a 

known geometry, very small plates and needles make the application of electrodes 

difficult. Block-like crystals need to be sufficiently large and well formed so that the 

electrodes can be applied to known crystallographic faces. Finally, as conduction is 

generally an anisotropic process in a single crystal, multiple measurements are required 

to get data for each orientation, which increases the amount of measurement time 

required. The use of a single crystal can also be less relevant commercially, as it is 

unlikely that large single crystals are going to be used in a fuel cell; however, single 

crystal conductivity measurements are useful for trying to understand the relationship 

between conductivity and structure. There is only one report in the literature of 

measurements being successfully performed on MOF single crystals,139 but it has also 

been done on coordination polymers (see Figure 2.7),140 and organic-inorganic 

compounds.141 

 

Figure 2.7 – Umeyama et al.’s setup for single crystal proton conduction on a 
coordination polymer single crystal (0.55 x 0.25 x 0.06 mm) between gold-pasted 

electrodes.140 Reprinted with permission from D. Umeyama et al., J. Am. Chem. Soc. 
Vol. 134, 12780–12785. Copyright 2012 American Chemical Society. 



 

 

Figure 2.8 – Nyquist pl
two proton-blocking electrodes, resulting in a capacitive tail at low frequencies.

 

Although ideally the Nyquist plot obtained from a single crystal would be a single 

semi-circle centered on the x

frequencies, protons and electrons begin to accumulate at the MOF/electrode interface, 

since the electrodes are proton

establishes a double layer capacit

as shown in Figure 2.8, and typically

capacitance can be eliminated if needed by running the experiment 

atmosphere with non-blocking electrodes (e.g.: platinum loaded carbon).
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Nyquist plot of an idealized single crystal proton conductor between 
blocking electrodes, resulting in a capacitive tail at low frequencies.

Although ideally the Nyquist plot obtained from a single crystal would be a single 

circle centered on the x-axis, several real world effects perturb this. At low 

frequencies, protons and electrons begin to accumulate at the MOF/electrode interface, 

since the electrodes are proton-blocking, and the MOF is electron blocking. This 

establishes a double layer capacitance, which appears as vertical line in the Nyquist plot 

, and typically is on the order of 10-5 to 10-6 F. This double layer 

capacitance can be eliminated if needed by running the experiment under a hydrogen 

blocking electrodes (e.g.: platinum loaded carbon). 
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Figure 2.9 – Nyquist plot comparing the behaviour of an idealized single crystal 
proton conductor (blue) with simulat

capacitance. Dashed red lines represent the effect of the depression on the Z’ and Z” 

 

The other major perturbation is due to the fact that the capacitances deviate from 

ideal behaviour, giving rise to a 

(CPE). This causes an effect known as depression, where the plot is essentially rotated 

clockwise into the axis, resulting in a depressed semi

“extend” below the axis is no

Z’ axis, rather than being perpendicular to it.

The non-ideal behaviour of the capacitances has been ascribed to several effects 

including surface roughness of the components, current leakage, a
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Nyquist plot comparing the behaviour of an idealized single crystal 
proton conductor (blue) with simulated realistic behaviour (red) due to non

capacitance. Dashed red lines represent the effect of the depression on the Z’ and Z” 
axes. 

The other major perturbation is due to the fact that the capacitances deviate from 

ideal behaviour, giving rise to a circuit element known as a constant phase element 

(CPE). This causes an effect known as depression, where the plot is essentially rotated 

clockwise into the axis, resulting in a depressed semi-circle, as the portion that would 

“extend” below the axis is not observed, and the capacitive tail is now at an angle to the 

Z’ axis, rather than being perpendicular to it. 

ideal behaviour of the capacitances has been ascribed to several effects 

including surface roughness of the components, current leakage, and anisotropic current 
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effects at sample edges, but no one is certain to what extent any of these is operating in 

any given system.142 The impedance of a CPE is described by Equation (2.28), where n is 

the non-ideality factor (0 ≤ n ≤ 1), and Q is the non-ideal capacitance. If the CPE is part 

of a parallel RC circuit, then Q is related to the true capacitance by Equation (2.29). If n = 

1, then Equation (2.28) simplifies to that of a normal capacitor, and Q = C as per (2.29). 

If n is less than 1, the true capacitance can be calculated from Q using Equation (2.29) if 

it is part of a parallel RC circuit; otherwise, the true capacitance cannot be determined. 
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2.2.3.2 Pelletized Microcrystalline Powder AC Impedance 

To avoid the difficulties in growing large single crystals, AC impedance can be 

run on microcrystalline powders by compressing them into pellets under high pressure, 

resulting in thin discs several millimetres in diameter, and generally less than two 

millimetres in thickness. Because MOF’s do not have the same thermal stability as the 

ceramic materials used in SOFCs, the pellets cannot be sintered to produce monolithic 

materials, but instead an extremely compacted powder with microscopic boundaries 

existing between individual grains is formed. These grain boundaries result in an 

additional parallel RC circuit element in equivalent circuit, due to the transfer resistance 

across this boundary, and the separation of charge between the individual grains (Figure 

2.10). The semi-circles resulting from the bulk and grain boundary conductivities can be 



 

 

identified by the difference in the capacitance between the two, with R

capacitance several orders of magnitude smaller than R

Figure 2.10 – Nyquist plot comparing the behaviour of an idealized pelletized MOF 
proton conductor (blue) with simulated realistic behaviour and measurement 

 

Because the grains in the pellets are not chemically bound to one another, they 

tend to be very fragile, and expansion/contraction of the pellet due to changes in 

temperature or relative humidity often lead to pellet cracking and/or electrode 

delamination during the mea

the material cannot be recovered, since it is contaminated with electrode material, and 

thus more material needs to be synthesized and the measurements repeated in hopes of 

collecting a complete data set.
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identified by the difference in the capacitance between the two, with R

capacitance several orders of magnitude smaller than Rgrain (typically 10-6 

Nyquist plot comparing the behaviour of an idealized pelletized MOF 
proton conductor (blue) with simulated realistic behaviour and measurement 

frequency limits (red). 

ains in the pellets are not chemically bound to one another, they 

tend to be very fragile, and expansion/contraction of the pellet due to changes in 

temperature or relative humidity often lead to pellet cracking and/or electrode 

delamination during the measurements. This is a significant source of frustration since 

the material cannot be recovered, since it is contaminated with electrode material, and 

thus more material needs to be synthesized and the measurements repeated in hopes of 

data set. 

identified by the difference in the capacitance between the two, with Rbulk having a 

6 to 10-8 F). 

 

Nyquist plot comparing the behaviour of an idealized pelletized MOF 
proton conductor (blue) with simulated realistic behaviour and measurement 

ains in the pellets are not chemically bound to one another, they 

tend to be very fragile, and expansion/contraction of the pellet due to changes in 

temperature or relative humidity often lead to pellet cracking and/or electrode 

surements. This is a significant source of frustration since 

the material cannot be recovered, since it is contaminated with electrode material, and 

thus more material needs to be synthesized and the measurements repeated in hopes of 
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2.2.3.3 Powder AC Impedance 

To address the difficulties encountered with pelletized samples, measurements of 

the as made powders has become the method of choice in the Shimizu group. Powdered 

samples have no preparation necessary, and are simply compressed between two solid 

electrodes in a sample carrier. This results in large grain boundary resistances, and 

although a Nyquist plot similar in shape to that seen with the pelletized samples should 

be obtained, the grain boundary semi-circle is often too large to be observed in the 

frequency ranges measured. 

 

Figure 2.11 – Proton conductivity cells used by the Shimizu group. Porous ZrP2O7 
cell (top) designed for the environmental chamber, and the quartz cell (bottom), 

designed for variable atmosphere tube furnace applications. 

 

Although sample preparation is greatly simplified, and no cracking or electrode 

delamination can occur, the design and manufacture of these sample cells can be 
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challenging. The conductivity cells must be non-conductive, allow atmospheric exchange 

with the sample, and the materials must be thermally and hydrolytically stable to hot and 

humid conditions. Two different cell setups are currently in use and are shown in Figure 

2.11. The top cell pictured in Figure 2.11 consists of a porous zirconium pyrophosphate 

ceramic block with two individual sample cells, in which samples are compressed 

between solid titanium electrodes, which are held in place with screws that apply an 

unknown pressure to the sample. This ceramic cell was designed for use in a humidity 

and temperature controlled chamber. The bottom cell was designed to fit inside a tubular 

quartz cell inside a tube furnace to give control over the temperature and the atmosphere 

(e.g.: dry or humidified air, N2, or H2). This cell consists of a quartz cylinder with 

titanium electrodes between which the sample is compressed via screws, all of which is 

held in place by a metal housing. 

2.2.4 Potential Pitfalls in Proton Conduction Measurements on MOFs 

Several other steps must be taken with MOF samples to ensure that the sample 

has not undergone any chemical transformations during the analysis. Although some 

MOFs are very stable, other samples can potentially undergo reactions due to the long 

term (weeks to months) exposure to variable temperatures and humidities throughout the 

course of a measurement. 

Water stability is one of the biggest concerns, as dissolution or decomposition of 

the sample can lead to erroneous results. Sample dissolution is typically observed through 

a loss of contact between the electrodes and the sample. This can initially be confused 

with sample settling, where the vibrations in the environmental chamber and the pressure 
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exerted by the screws cause the sample to compact and lose contact with the electrodes. 

Sample settling should only be observed on the first heating/cooling cycle, while sample 

dissolution will occur during every cycle, until all of the sample has dissolved out of the 

conductivity cell. 

Sample decomposition is the other biggest concern, as samples can decompose or 

undergo phase changes during the course of the conductivity measurements. This can 

sometime be observed in the conductivity data as unexpected increases or decreases in 

conductivity as the temperature or humidity is cycled, but these changes can also be due 

to equilibration of the sample (e.g.: changes in hydration state of pores). The nature of 

any changes is unknown until the sample is removed from the cell and can be examined 

by other techniques. Post-impedance PXRD can be used to look for any changes in the 

powder pattern, and to look for a loss in crystallinity. Elemental analysis (EA) can also be 

used to check for any changes in the chemical formula, taking into account that the 

hydration state has likely been altered. 

2.2.5 Conductivity and Equilibration Times 

Sample equilibration time is an important aspect of conductivity measurements, 

but is often not reported in the literature, and whether the sample has achieved 

equilibrium or not can have a large effect on the reported results. As an example, 

powdered β-PCMOF-2 was placed in the ceramic conductivity cell, and an automated 

data collection routine was established which collected a Nyquist plot approximately 

every 45 minutes, from which the sample conductivity was extracted and plotted versus 

time after each temperature increase or decrease (Figure 2.12). The first thing that is 
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observed is that upon increasing the temperature by 10°C, a massive spike in 

conductivity is initially observed, which then decreases and eventually equilibrates. An 

enlarged view of the first three temperature jumps is shown in Figure 2.13, and the 

equilibration time is on the order of 10 to 12 hours for this particular sample, leading to 

data collection of only 1 or 2 points per day. At higher temperatures, equilibration occurs 

on the order of several hours, allowing for a marginally improved data collection rate.  

 

Figure 2.12 – Conductivity versus time for heating and cooling of β-Na3Pgs at 90% 
relative humidity. 

 

The cause of this conductivity spike is likely due to the fact that the atmosphere in 

the environmental chamber equilibrates at a much faster rate (10 to 20 minutes) than the 

conductivity cell itself, which has a much larger thermal mass than the surrounding air. 

This could lead to the conductivity cell being cooler than the surrounding environment, 
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leading to higher humidity conditions surrounding the sample, causing a large increase in 

conductivity until the cell reaches its equilibrium state. 

During the cooling cycle, the opposite trend is observed where a sharp decrease in 

conductivity occurs due to the hotter cell dehydrating the sample in the relatively less 

humid air. Although this effect is not as pronounced as during the heating cycle, the 

equilibration times for heating and cooling to a specific temperature are very similar. 

 

Figure 2.13 – Conductivity versus time for ramps from 20 to 30°C (red), 30 to 40°C 
(green) and 40 to 50°C (purple) for β-Na3Pgs at 90% RH. 

 

Because the data can appear to equilibrate at the top of the spike, care must be 

taken to ensure that the true equilibrium is obtained, and that an erroneously high 

conductivity is not reported. Samples have been observed to equilibrate over various time 
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scales, and with various magnitudes in the conductivity spikes, which means that each 

sample must be checked before establishing appropriate equilibration times, and that 

throughput (since several samples are usually run concurrently in the environmental 

chamber) is limited by the slowest equilibrating sample. 

2.2.6 Uncertainty in Conductivity Values 

One final point to be made about conductivity measurements is that uncertainty in 

the values is almost never reported in the literature, likely due to the fact that there are so 

many potential sources of error. Uncertainty in the dimensions of the sample, sample 

temperature, relative humidity, and uncertainty from the equivalent circuit modelling are 

all potential sources of error. 

Three of the errors listed above are relatively easy to determine and can be 

calculated. Errors in dimensions can be estimated through repeated measurements of the 

sample dimensions and are generally very small (< 5%). Temperature uncertainty is 

relatively small as well (< 1%), as it is easy to place a thermocouple in close proximity to 

the sample to get an accurate temperature reading. Equivalent circuit fitting programs 

provide estimated uncertainties in the resistance parameters, although depending on the 

quality of the collected data, this can vary considerably, but the error is typically small (< 

10%).  

The largest error by far is that associated with the relative humidity being 

experienced by the sample, as large uncertainties (± 5% RH) exist at high relative 

humidities (> 90% RH) for hygrometers, and it is very difficult to get a hygrometer that is 

stable to high temperatures (above 60°C) and in close proximity to each sample to 
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eliminate any uncertainty due to humidity gradients in the test chamber. This is 

compounded by the fact that most proton conductors exhibit a large change in 

conductivity with changes in humidity, potentially resulting in large errors in the 

conductivity values obtained. Although the errors are theoretically quite large, 50% or 

more is possible depending on the humidity dependence of the sample and the 

uncertainty in the relative humidity, the linear Arrhenius plots (R2 > 0.99) that are 

obtained would suggest that the actual uncertainty is much smaller than the equipment 

manuals would imply. Whenever possible in this thesis, uncertainty in the conductivity 

values has been reported as accurately as possible. 

2.3 Determination of the Conducting Species 

While AC impedance can determine the conductivity, it does not directly 

differentiate which species are participating in the conduction. The above explanation has 

assumed the protons are the conducting species, but electrons, cations or anions could 

potentially be contributing to the conductivity. The first indication as to the nature of the 

conducting species can be obtained from the fact that, for proton conduction, the AC 

impedance plot should contain a capacitive tail due to the buildup of charge at the 

electrode interface due to the fact that protons cannot be transported through the blocking 

metal electrodes as discussed in Section 2.2.3.1. Unfortunately, this only indicates that 

some form of ion conduction is occurring, without distinguishing the type of ion, and 

could be occurring in parallel with electron conduction. In order to determine the nature 

of the conducting species, different experiments, or modifications to the previous 

experiments, must be performed. 
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The simplest method of determining the conducting species is to conduct the 

measurements under different levels of relative humidity.  Knowing that electron 

conduction will be independent of the humidity level, while ion conductivity can be 

influenced heavily by the presence of water, a decrease in conductivity as the relative 

humidity lowers is a good indication that ions, rather than electrons, are the dominant 

charge transport species. Thus, a measurement at 0% relative humidity would provide a 

maximum conductivity contribution from electrons. In the examples demonstrated in this 

thesis, a low relative humidities, the samples have very poor conductivity several orders 

of magnitude lower than what is measured at higher humidities, thus excluding electrons 

as significant charge carriers. Although this method is very good at distinguishing 

between electron and ion conduction, and strongly suggests that protons are the major 

charge carriers due to the strong relationship between proton conduction pathways and 

the presence of water, water could potentially be participating in the conduction of other 

ions. If no other ions are present, then proton conduction must be dominant by default; 

however, if this is not the case (e.g. presence of metal cations), then other methods must 

be used to verify that proton conduction is dominant. 

To differentiate between ions, and show that proton conduction is dominant, an 

relatively simple modification to the experiment is to repeat the measurements with a 

fully deuterated sample, under an atmosphere that has been humidified with deuterated 

water. If protons were the dominant charge carriers, the change from protons to deuterons 

will cause a large decrease in the conductivity due to the much larger mass of deuteron 

(which is twice as heavy than a proton), giving rise to the so-called kinetic isotope 
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effect.143 If a significant decrease is not observed, then another ion must be the dominant 

charge carrier. 

Another method of differentiating between charge carriers is to adjust the 

electrodes used in the AC impedance measurement to adjust which ions they block or 

conduct. By measuring the system under an atmosphere containing hydrogen, and using 

catalyst containing electrodes, such as Pt on C, the electrodes will no longer be blocking 

towards protons as they can be transformed into H2 gas and vice-versa, thus eliminating 

the capacitive tail. If a capacitive tail remains, then another ion must be the dominant 

charge carrier, and could be determined by using the appropriate combinations of 

blocking and non-blocking electrodes. 
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Chapter 3: Isomorphous Ligand Replacement in PCMOF-2 

The number of charge carriers in a proton conductor is one of the most easily 

controllable factors that determines the level of proton conduction in a system. Increasing 

the number of charge carriers in MOF systems to improve proton conductivity has been 

done by several methods such as through the introduction of acids into the pores of a 

MOF,123,131 the charge balancing of a cationic/anionic framework with a proton 

containing anion/cation (e.g.: NH4
+, H3O

+, HSO4
-),123,139 or by the post-synthetic acid 

functionalization of pore walls.144 All of the above systems have been previously 

discussed in Section 1.6. In this chapter, a new method of introducing charge carriers into 

a MOF has been demonstrated, which has been termed isomorphous ligand replacement 

(ILR). 

3.1 Post-Synthetic Modification of MOFs 

ILR is, in its most basic sense, is a method of modifying a known MOF system 

with new components to alter the properties of the material. There are several examples 

in the literature of MOF or CP structures being synthetically altered by methods such as 

exchanging the pore solvents, partial or full replacement of metal ions, reactions of non-

bonding functional groups, and ligand replacement. These methods will be examined in 

order to examine what has previously been reported in the literature, and to provide a 

basis for what makes ILR different. 
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Guest exchange and removal is the most used type of post-synthetic modification 

in MOF chemistry. Because the pores in MOF structures are almost always filled with 

solvent(s) or other guest molecules, in order to make use of the voids for applications 

such as gas sorption, the guests must be removed during a process called activation. 

Activation is typically done by heating the MOF under vacuum to remove the guests. 

Unfortunately, the presence of high boiling guests in the pores, combined with strong 

framework-guest interactions, can lead to framework collapse and pore blockage due to 

strong capillary forces acting on the framework during solvent removal. This leads to a 

reduction in accessible, and thus measureable, surface area in comparison to theoretical 

values.145,146 Post synthetically exchanging the original guests for a solvent with a low 

boiling point can reduce the capillary forces acting on the framework during solvent 

removal, and the measured surface areas can approach their theoretical values.57,147 An 

even better method is to exchange the existing guests for supercritical carbon dioxide 

which has no surface tension, and thus no capillary forces act on the framework during 

activation.145,147 For proton conducting applications, modification of pore guests has been 

examined by two groups, who have incorporated non-volatile guests to improve the high-

temperature conductivity of PCMOFs. Ponomareva et al. exchanged the solvents in MIL-

101 with sulfuric and phosphoric acid, which significantly increased the proton 

conductivity.131 Bureekaew et al. prepared some Al-based MOFs in which the pore 

solvent was removed and replaced with imidazole via gas-phase diffusion in order to 

obtain high-temperature conductivity.125 Both of these examples were previously 

discussed in Section 0. 
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Another method of altering the properties of a MOF or CP is to change the metal 

centers being used. Typically, this is done during the initial synthesis by varying the 

metal salt precursor that is used in the reaction mixture,148,149 but it can also be done post-

synthetically. This metal exchange is normally effected by immersing the MOF in a 

solvent with a high concentration of the desired metal ion in solution, and letting it sit for 

a period ranging from days150,151 to months152,153 in order to complete the exchange. This 

method allows compounds to be made that have been shown to be inaccessible via the 

usual synthetic routes,151 and can also lead to mixed metal compounds.150 After 

exchange, improvements in the gas sorption properties have been observed,153 and these 

materials could also be used as ion exchange media for the removal of toxic metals.150 

Changing the metal in a MOF could potentially be beneficial for proton conducting 

applications, by improving the stability, or increasing the acidity of the framework, but it 

is unlikely that such changes would lead to a significant improvement in the proton 

conduction levels as compared to the un-modified framework. 

A third method of post-synthetically modifying MOFs requires a porous 

framework to have an accessible reaction site that can be chemically derivatized to 

introduce a new functional group. These new functional groups can be introduced either 

through coordinative interactions, or through the formation of new covalent bonds.93 The 

earliest reports focused on the coordinative interactions, where unsaturated metal centers 

in MOFs, that are obtained after the removal of coordinated solvents, can be filled with a 

variety of species with oxygen or nitrogen donors such as alcohols,154 amines,155 and 

pyridines.54 By using a bifunctional species, such as ethylene diamine, one of the amines 

can coordinate to the bare metal site, while the other will protrude into the pore to act as a 
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catalytic site.155 Coordinative interactions have also been used to introduce transition 

metal complexes into the pores, by, for example, creating piano-stool complexes with the 

aromatic ring of a Bdc linker,156 amongst other strategies.93 For proton conduction 

applications, coordinative interactions are not expected to be very robust, as water will 

likely out-compete any bound species, thus undoing the modification during normal fuel 

cell operations. 

Covalent modifications, on the other hand, are generally much more robust, and 

have been examined in much greater detail in the literature. Research groups have looked 

at acylations,157 alkylations,158 click reactions,159 deprotections,160 protonations,119 

sulfonations,144 amongst a host of other transformations,93 with the majority of the 

transformations aimed at improving or introducing catalytic activity into the MOF.93 For 

proton conduction, Goesten et al. looked at the sulfonation of MIL-101, using triflic 

anhydride and sulfuric acid to directly sulfonate the aromatic terephthalate linkers.144 The 

sulfonic acid groups provided a good source of mobile protons, and the material 

conducted very well (10-2 S/cm) up to 70°C, before dehydrating and dropping 5 orders of 

magnitude in conductivity. Although sulfonation works well, and the introduction of free 

acid sites is very beneficial for proton conduction, there are very few MOF systems that 

are stable to such harsh reaction conditions. 

A final method of post-synthetically modifying MOFs involves the replacement 

or partial substitution of linker ligands, with new ligands that contain the same binding 

groups, in similar geometries, but with different backbones. The earliest reports of this 

type of behaviour came from metal-organic polyhedra (MOPs), which are 0-D 

supramolecular structures wherein metals connectors and organic linkers form discrete 
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Figure 3.1 – Synthesis and post-synthetic modification of copper-based carboxylate 
MOPs via ligand exchange.161 Reprinted by permission from Macmillan Publishers 
Ltd: Nature Chemistry, J.-R. Li, H.-C. Zhou, vol. 2, pp. 893–898, copyright 2010. 

 

shapes or cages. A mixture of two or more starting MOPs were mixed together, and 

resulted in a random mixture of all the possible combinations of the starting materials as 

observed by mass spectrometry.162,163 Li and Zhou demonstrated that this methodology 

could be extended, to controllably modify the starting MOPs into a desired derivative, 

and could be isolated as single crystals for x-ray diffraction analysis (Figure 3.1).161 The 

earliest attempts at applying this to MOFs resulted from the crosslinking of MOPs,164 or 



 

 

the pillaring of 2-D coordination polymers,

not truly ligand exchange, as new ligands were simply being introduced to pillar pre

made building units. 

Figure 3.2 – Surface ligand exchange in Zn
tagged carboxylate (a); giving rise to anisotropic fluorescence of the carboxylate 
faces (b).167 Adapted and reprinted by permission from John Wiley & Sons, Inc.: 

Angewandte Chemie International Edition, M. Kondo 
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D coordination polymers,165,166 to form 3-D MOFs. These reports were 

not truly ligand exchange, as new ligands were simply being introduced to pillar pre

Surface ligand exchange in Zn2(Ndc)2Dabco with a fluorescent dye 
tagged carboxylate (a); giving rise to anisotropic fluorescence of the carboxylate 

Adapted and reprinted by permission from John Wiley & Sons, Inc.: 
International Edition, M. Kondo et al., vol. 49, pp. 5327

copyright 2010. 

The first real application of post-synthetic ligand exchange to MOFs was reported 

by the Kitagawa group, who took Dabco-pillared carboxylate MOFs, and demonstrated 

icarboxylate groups on the surfaces of single crystals could be exchanged for 

dye tagged monocarboxylates (Figure 3.2).167 Because only some faces of the 
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post-synthetic metal exchange with titanium, and post-synthetic ligand exchange with the 

amine derivative of Bdc were possible. These exchanges happened despite the fact that 

UiO-66(Zr) is very robust, and demonstrate that a robust and stable MOF does not 

preclude post-synthetic exchange from occurring, and have given access to previously 

unobtainable MOFs. 

Rather than post-synthetic ligand exchange, multi-ligand MOFs have recently 

been reported in one-pot synthetic reactions. Deng and coworkers170 reported the 

synthesis of multivariate (MTV) MOF-5 derivatives, where up to eight isometric Bdc 

derivatives were combined to produce a series MTV-MOFs with a random distribution of 

functional groups protruding into the pores. Several of the MTV-MOFs showed large 

increases in carbon dioxide selectivity that were not observed in the constituent MOFs, 

demonstrating that the properties obtained are not necessarily a combination of the 

individual components. 

Rather than varying the ligand, Fukushima et al.171 examined the one-pot 

synthesis of M2+(NO2-Ipy)(Bipy) (NO2-Ipy = 5-nitroisophthalate) where M2+ was a 

combination of zinc with nickel and/or manganese (Zn(1-x-y)NixMny). By controlling the 

synthetic conditions, the products could be obtained as either a random distribution of 

metals throughout a single phase, or as a core-shell or core-shell-shell structure, where 

one of the single metal phases precipitated more rapidly, followed by growth of the 

second and the third phase. The different types of structures had a significant impact on 

the gate-opening pressure and gas uptake of the materials, and could lead to interesting 

materials for gas separations. 
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As these MOF ligand exchange reports are still very new, no one has yet reported 

any attempts to apply this methodology to a PCMOF. In addition, all the reported mixed 

ligand MOFs have use isometric ligands, where identical cores and bonding functional 

groups have been used, but variations in the non-bonding functional groups have been 

made. 

Differing from the above forms of doping, ILR involves the partial replacement of 

a ligand in a known system (Lknown), with an isomorphous ligand (Liso), being a ligand 

that possesses the same backbone as Lknown, but modifies or replaces the bonding 

functional groups with alternative functional groups. Modification of non-bonding 

functional groups can also optionally be done. By only partially replacing Lknown with 

Liso, the hope is that the overall structure of the known MOF can be maintained, while 

introducing new functional groups into the framework. These new functional groups must 

have similar bonding characteristics as those on Lknown, otherwise it is unreasonable to 

expect the overall structure to be maintained, but differences in charge can allow for 

anions or cations to be incorporated for charge balancing and new properties. Because of 

this charge difference, complete replacement of Lknown with Liso cannot be done, as a new 

structure would be formed upon full replacement of Lknown. This new ILR methodology 

has been demonstrated by partial replacement of Pgs in β-PCMOF-2 with an 

isomorphous phosphonic acid ligand: 1,3,5-benzenetriphosphonic acid (H6Btp). 

3.1.1 Conceptualization of ILR in PCMOF2 

H6Btp (Figure 3.3) is a ligand that has been previously used by the Shimizu group 

to make PCMOF-3, Zn3(Btp)(H2O)2∙2H2O, which was shown to be a moderate proton 



 

 

conductor (see Section 

mobile protons was from zinc

into a structure while only being partially deprotonated, say as H

the proton conductivity is predicted to increase significantly due to an increase in the 

number of charge carriers.

Figure 3.3 – H3Pgs (left) and H
of 1,3,5
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of magnitude higher, despite the fact that it has no available acidic protons. As the 
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phosphonate analogue of Na
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conductor (see Section 1.6.1). As H6Btp was fully deprotonated, the only source of 

mobile protons was from zinc-ligated water molecules. If H6Btp could be incorporated

into a structure while only being partially deprotonated, say as H3Btp3- rather than Btp

the proton conductivity is predicted to increase significantly due to an increase in the 

number of charge carriers. 

Pgs (left) and H6Btp (right) have isomorphous structures consisting 
of 1,3,5-trifunctionalized benzene rings. 

3 is only a moderate proton conductor, PCMOF-2 is a much better 

proton conductor under similar conditions (see Section 3.3.2), conducting a full 2 orders 

of magnitude higher, despite the fact that it has no available acidic protons. As the 

sulfonic acid group is monoprotic, there is no way to partially deprotonate a sulfonic acid 

taining the PCMOF-2 structure. However, if it were possible to substitute the 

sulfonate groups of Pgs for phosphonates, then it might be possible to have the mono

deprotonated phosphonic acid charge balance the framework, while leaving one acidic 

each phosphonate available for proton conduction. 

Initially, attempts were made to synthesize the phosphonate version of 

benzenetriphosphonate (Pgp), in order to directly produce the 

phosphonate analogue of Na3Pgs. Unfortunately, synthesis of the ligand proved to be 

Btp was fully deprotonated, the only source of 

Btp could be incorporated 

rather than Btp6-, 

the proton conductivity is predicted to increase significantly due to an increase in the 
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impossible, as all synthetic efforts failed due to the ligand having very poor stability 

during hydrolysis. As it proved impossible to make the phosphonate version of 

PCMOF-2 directly, the ILR method was seen as an attractive alternative, with the Btp 

ligand being viewed as an ideal candidate. 

Both H6Btp and H3Pgs possess D3h symmetry, and it was hypothesized that 

[H3Btp]3- could partially replace Pgs in the PCMOF-2 structure to create a framework 

that was isostructural to PCMOF-2. As only a 3- anion is needed to charge balance the 

PCMOF-2 framework, [H3Btp]3- would have three acidic protons available to assist in 

proton conduction and enhance the already considerable conductivity of PCMOF-2. As 

this method takes PCMOF-2, and modifies it with the ligand from PCMOF-3, to convey 

the hybrid nature of the system, this new structure has been called PCMOF-2.5. 

3.2 Experimental 

All starting materials were obtained from commercial suppliers (Alfa Aesar, 

Sigma Aldrich) and were used without further purification. 1H and 31P NMR spectra were 

collected on a Bruker Advance II 400 MHz NMR spectrometer. Thermogravimetric 

analysis (TGA) was performed on a Netzsch STA 409 PC TGA/DSC analyzer in 

aluminum pans under 60 mL/min flow of N2 at a heating rate of 2°C/min from room 

temperature to 450°C. Elemental analyses were performed using a Perkin Elmer Model 

2400 series II. Powder X-ray diffraction (PXRD) data was collected on a Rigaku 

Miniflex II Desktop X-Ray Diffractometer (Cu Kα X-ray source) using an automated six 

sample changer. 
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3.2.1 Synthesis of 2,4,6-trihydroxy-1,3,5-benzenetrisulfonic Acid, (H3Pgs) 

H3Pgs was prepared, with minor modifications, according to the published 

procedure developed by Hurd et al.78 Anhydrous phloroglucinol (4.004 g, 31.45 mmol) 

and a stir bar were placed in a 250 mL one neck Schlenk round bottom flask under high 

vacuum overnight to remove any moisture, and then placed under a dry argon 

atmosphere. Anhydrous dimethyl carbonate (approx. 100 mL) was added via cannula 

transfer resulting in a clear colourless solution. The solution was cooled to 0°C in an ice-

water bath over 30 minutes, then chlorosulfonic acid (6.2 mL, 93 mmol) was added 

dropwise. A white precipitate was formed initially, but disappeared after the addition was 

half completed, resulting in a pale yellow solution once the addition was complete. The 

solution was stirred for 30 minutes at 0°C, before the ice-water bath was removed and the 

solution was warmed to room temperature over the course of 90 minutes. The solution 

was distilled at room temperature under high vacuum to remove dimethyl carbonate and 

hydrochloric acid to give 2,4,6-trihydroxy-1,3,5-benzene trisulfonic acid as a viscous 

brown oil, and was used as an intermediate product without further characterization. The 

viscous brown oil of H3Pgs (11.1 g, 30.3 mmol) was diluted to a concentration of 100 

mg/mL with RO water (111 mL) for use in the remaining syntheses unless otherwise 

stated. 

3.2.2 Synthesis of α-Na3Pgs, (α-PCMOF2) 

A aliquot of H3Pgs solution (10 mL, 1.0 gram, 2.7 mmol) was removed and 

diluted to a concentration of 50 mg/mL with RO water (10 mL). The mixture was stirred 

for 2 minutes. Sodium carbonate (0.174 g, 1.64 mmol) was added part wise over 
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approximately 30 seconds, and the mixture was stirred until a total of five minutes had 

elapsed since the start of the sodium carbonate addition. The solution was poured into 

acetone (200 mL) and was stirred for two minutes. The white precipitate that was formed 

was collected by vacuum filtration through a 350 mL fine glass frit (4.5 to 5 μm), and 

then washed with two 100 mL portions of acetone. The product was dried on the frit for 

several minutes with compressed air also being blown over the top, before being 

transferred to a pre-weighed 20 mL vial to finish drying in a vacuum oven at room 

temperature and 10 mbar vacuum. MOFNoTz was obtained as a white powder (0.488 g, 

92.6% yield). Elemental analysis calculated for Na3Pgs∙2.80 H2O (%): C=14.93, H=1.80, 

N=0.00; Found: C=14.74, H=1.49, N=0.07. TGA: 23 – 200°C: -10.82% observed, -

10.45% calculated for loss of 2.80 water; 362 – 380°C: -36.84% observed, 

decomposition. 

3.2.3 Synthesis of Hexaethyl 1,3,5-Benzenetriphosphonate, (Et6Btp) 

Et6Btp was synthesized by literature methods using the nickel catalyzed 

Michaelis-Arbuzov reaction.80,82 1,3,5-Tribromobenzene (9.203 g, 29.23 mmol) and 

nickel (II) bromide (1.50 g, 6.86 mmol) were mixed in 1,3-diisopropylbenzene (20.0 mL) 

in a 3-neck round bottom flask with a water cooled condenser and a needle valve addition 

funnel. Triethyl phosphite (33.0 mL, 205 mmol) was dissolved in 1,3-diisopropylbenzene 

(20.0 mL) in the addition funnel. The setup was placed under an inert atmosphere of 

dried argon, and the round bottom flask was heated to reflux. Once refluxing, the triethyl 

phosphite solution was added dropwise as slowly as possible. The mixture was refluxed 

for one day, then cooled to room temperature and filtered to remove the insoluble nickel 
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compounds. Excess phosphite and solvent were removed by room temperature vacuum 

distillation, resulting in a viscous black oil. The oil was dissolved in dichloromethane (~ 

200 mL) and filtered through a silica gel plug (230 to 400 mesh) to remove the soluble 

nickel compounds, and washed with acetone to ensure complete removal of the product 

from the silica. The organics were combined, and the solvents were removed by rotary 

evaporation, resulting in a yellow oil. Any remaining phosphate and phosphite impurities 

were then removed by heating to 150°C under vacuum for 4 to 6 hours, resulting in a 

yellow oil. 1H NMR (400 MHz, CDCl3): δ (ppm)  = 8.38 (m, 3H, aromatic H), 4.15 (m, 

12H, CH2), 1.33 (t, 18H, CH3); 
31P {1H} NMR (162 MHz, CDCl3, trimethyl phosphate 

internal reference standard): δ (ppm) = 15.39. 

3.2.4 Synthesis of 1,3,5-Benzenetriphosphonic Acid, (H6Btp) 

H6Btp was synthesized by literature methods using acid hydrolysis.80,82 Et6Btp 

(0.874 g, 1.80 mmol) was dissolved in a mixture of RO water (25 mL) and concentrated 

hydrochloric acid (25 mL). The solution was refluxed for 8 hours, then cooled to room 

temperature to give a dark yellow solution. The hydrochloric acid was removed by rotary 

evaporation to give a dark yellow oil. The oil was dissolved in RO water (50 mL) and 

decolourized by stirring with charcoal (Norit A). The mixture was filtered to remove the 

charcoal to yield a clear colourless solution. Water was removed by rotary evaporation to 

yield a white crystalline powder which was dried under high vacuum for 6 hours (0.4400 

g, 1.383 mmol, 76.8% yield). Elemental analysis Calculated (%): C=22.66, H=2.85; 

Found: C=22.38, H=2.81. 1H NMR (400 MHz, DMSO-d6): δ (ppm) = 8.11 (m, 3H, 
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aromatic H); 31P {1H} NMR (162 MHz, DMSO-d6, trimethyl phosphate internal 

reference standard) δ (ppm) = 12.13. 

3.2.5 Na3H3Btp∙2.75H2O, (Na3H3Btp) 

H6Btp (67.9 mg, 0.213 mmol) and Na2CO3 (34.0 mg, 0.321 mmol) were placed in 

a vial with methanol (1 mL) and RO water (1 mL). The mixture was heated with a heat 

gun to help dissolve the solids. A small amount of the solids remained insoluble, so the 

clear supernatant liquid was decanted into a new vial, to which methanol (20 mL) was 

added and stirred to precipitate the product which was filtered to give a white, crystalline 

powder (40.9 mg, 0.0943 mmol, 44.3% yield). Elemental Analysis for 

Na3H3Btp∙2.75H2O, Calculated (%): C=16.62, H=2.67; Found: C=16.82, H=2.52. TGA: 

21 – 200°C: -11.46% observed, -11.43% calculated for loss of 2.75 H2O; 200 – 450°C: -

6.57% observed. 

3.2.6 Synthesis of Na3Pgs0.66(H3Btp)0.34, (PCMOF-2.5) 

α-Na3Pgs∙2.75H2O (70.0 mg, 0.145 mmol), H6Btp (25.9 mg, 0.0814 mmol) and 

Na2CO3 (8.4 mg, 0.0793 mmol) were placed in a 23 mL Teflon autoclave with methanol 

(2 mL). This mixture was stirred for 15 minutes, and then the Teflon autoclave was 

sealed in a stainless steel jacket and heated to 120°C over two hours, held at 120°C for 48 

hours, and then cooled back to room temperature over 12 hours. The product was filtered 

and rinsed with methanol (10 mL) and was dried with flowing air on the filter paper. A 

white, crystalline powder was obtained (62.8 mg, 0.141 mmol, 62.3% yield). I) As 

Synthesized: Elemental analysis for Na3Pgs0.66(H3Btp)0.34∙1.20 H2O, Calculated (%): 
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C=16.47, H=1.48; Found: C=16.87, H=1.41. 1H NMR (400 MHz, D2O): δ (ppm) = 8.24 

(m, Btp aromatic H); 31P {1H} NMR (162 MHz, D2O): δ (ppm) = 13.63. TGA: 21 – 

200°C: -4.99% observed, -4.94% calculated for loss of 1.20 H2O; 200 – 325: -2.61% 

observed; 325 – 450: -30.17% observed. II) Post-AC Impedance: Elemental analysis for 

Na3Pgs0.66(H3Btp)0.34∙0.75H2O Calculated (%): C=16.78, H=1.30; Found: C=16.74%, 

H=1.14%. 1H NMR (400 MHz, D2O): δ (ppm) = 8.25 (m, Btp aromatic H); 31P {1H} (162 

MHz, D2O): δ (ppm) = 13.74. 

3.2.7 Mechanical Mixture of α-PCMOF-2 and Na3H3Btp, (Mech-2.5) 

α-PCMOF-2 and Na3Btp were individually ground into fine powders using a 

mortar and pestle. Ground α-Na3Pgs∙2.75H2O (50.1 mg, 0.104 mmol) and ground 

Na3H3Btp∙2.75H2O (24.9 mg, 0.0574 mmol) were placed in a vial and mechanically 

shaken to produce a mechanical mixture. I) As synthesized: Elemental analysis for 

[Na3Pgs∙2.75H2O]1[Na3H3Btp∙2.75H2O]0.55 Calculated (%): C=15.51, H=2.07; Found: 

C=15.23, H=1.66. II) Post-AC Impedance: Elemental analysis for 

Na3(Pgs)0.79(H3Btp)0.21∙0.48H2O Calculated (%): C=16.73, H=1.07; Found: C=16.34, 

H=0.68. 

3.2.8 AC Impedance Analysis 

Powdered samples (20 – 40 mg each) were placed in a porous zirconium 

pyrophosphate ceramic cell and were compressed between 2 solid titanium electrodes 

(0.3175 cm diameter). The sample length was measured by the difference between the 

empty cell and the filled cell, and were typically 1 to 2 cm. The sample cells were placed 
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inside a temperature and humidity controlled chamber (Espec BTL-433) and connected to 

a Princeton Applied Research VersaSTAT 3 impedance analyzer using a 2 probe setup. 

AC impedance data was collected by cycling between 106 and 100 Hz with 200 mV of 

applied potential using VersaStudio software. Samples were equilibrated for at least 8 

hours after each step in temperature or relative humidity. Equivalent circuit data was 

modelled using Z-view software. 

3.3 Results and Discussion 

3.3.1 Synthesis and Composition of PCMOF-2.5 

PCMOF-2.5 was envisaged as a compound with the general form 

Na3(Pgs)x(H3Btp)(1-x)∙nH2O where x is less than 1. In order to maintain the desired 

β-PCMOF-2 structure, while ensuring a high loading of [H3Btp]3- to improve the proton 

conductivity, the aim was to achieve a 2:1 ratio of [Pgs]3- to [H3Btp]3-, thus x would be 

approximately 0.67. To accomplish the mixing of the two systems, two methodologies 

were postulated and examined.  The first involved dissolving both PCMOF-2 and the 

sodium salt of [H3Btp]3- in a water based solution, then precipitating out the product by 

addition of a co-solvent. It was quickly realized that the sodium salt of [H3Btp]3- is very 

water soluble, and would not precipitate if any water were present in the system. As 

PCMOF-2 is only soluble in water at room temperature, this first methodology was 

abandoned. 

 The second process investigated was a solvothermal methodology using 

α-PCMOF-2, H6Btp, and Na2CO3. α-PCMOF-2 has been previously reported78,172 as an 
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intermediate phase in the production of the proton conducting β-PCMOF

converted solvothermally into β-PCMOF-2. By introducing an appropriate stoichiometry 

Btp into this conversion, a mixed composition of the desired stoichiometry 

possible outcome. In order to ensure that H6Btp was properly charge balanced in the 

composite structure, three equivalents of Na+ (relative to H6Btp) were added to the 

reaction mixture to form Na3H3Btp in-situ. After reacting for 48 hours at 120°C, a

powder was obtained which was analysed by EA, TGA, NMR and PXRD to determine 

the composition and structure of the as-synthesized product. 

Combined TGA (in green)/DSC (in blue) of PCMOF-2.5 as
with mass losses. 

Elemental analysis confirms that the formula is Na3Pgs0.66(H3Btp)

The water content was determined from TGA of the product which shows a 4.99% mass 
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31P NMR confirms that Btp is present in the compound, with 

aromatic protons of Btp, while 

information could not be obtained about the ratio of B

Pgs only possesses phenolic protons, and they readily exchange with deuterium from the 
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Figure 3.5 - Pyrophosphonate formation via phosphonic acid condensation.
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4.94%. The TGA revealed additional mass losses, one from 200 to 325°C which 

corresponds to the formation of pyrophosphonate and elimination of additional water 

). Past 325°C the β-PCMOF-2 framework undergoes decomposition. 

P NMR confirms that Btp is present in the compound, with 1H NMR showing the 

aromatic protons of Btp, while 31P shows the Btp phosphorus peak. Quantitative 

information could not be obtained about the ratio of Btp to Pgs with 1

Pgs only possesses phenolic protons, and they readily exchange with deuterium from the 

Pyrophosphonate formation via phosphonic acid condensation.

RD of the as-synthesized product was compared with β

Figure 3.6, for the purposes of phase identification. The PXRD 

synthesized PCMOF-2.5 clearly shows peaks that would indicat

PCMOF-2 structure, but with the presence of extra peaks, some of 

which seem to originate from the Na3H3Btp, but others that do not correspond to either of 

the two original structures. This is not what was intended, as it was hoped t

2.5 would fully retain the β-PCMOF-2 structure. The as-synthesized product appears to 

be a mixture of phases. Regardless, AC impedance analysis was conducted, in order to 

see if this system possessed any sort of enhanced conductivity. 
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Pgs only possesses phenolic protons, and they readily exchange with deuterium from the 

 

Pyrophosphonate formation via phosphonic acid condensation. 

synthesized product was compared with β-PCMOF-2, and 

, for the purposes of phase identification. The PXRD 

2.5 clearly shows peaks that would indicate the 

2 structure, but with the presence of extra peaks, some of 

Btp, but others that do not correspond to either of 

the two original structures. This is not what was intended, as it was hoped that PCMOF-

synthesized product appears to 

be a mixture of phases. Regardless, AC impedance analysis was conducted, in order to 
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Figure 3.6 – PXRD patterns comparing β-PCMOF-2 (simulated from single crystal 
data, bottom), Na3Btp (middle), and PCMOF-2.5 as Synthesized (top). 

 

3.3.2 AC Impedance Analysis 

Proton conductivity in PCMOF-2.5 was measured over two heating and cooling 

cycles from 20 to 85°C at 90% RH. The Nyquist plots obtained from the second heating 

cycle are shown in Figure 3.7, and are a representative sample of the other runs. The 

Nyquist plots show that the samples provide very low resistances, resulting in only the 

tail end of a semi-circle being observed at the highest frequencies due to the limitations 

of the instrumentation being used. The low resistance also meant that a large inductive 

contribution from the measurement cell was observed in the raw data, which has been 

subtracted from the data shown in Figure 3.7. At lower frequencies, a capacitive tail is 

observed, as expected for a proton conductor within a pair of blocking electrodes. 
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To obtain the conductivity values from the Nyquist plots, the data was modelled 

using the equivalent circuit shown in , which accounts for the resistance and inductance 

of the wires, the conductivity of the sample as a parallel RC circuit, and the double-layer 

capacitance at the electrodes as a constant phases element. 

 

 

Figure 3.7 – Nyquist plots of PCMOF-2.5 for the second heating cycle from 20.4 to 
83.9°C, after correcting for inductance contributions from the measurement 

apparatus. Inset: Nyquist plot at 20.4°C showing the full capacitive tail. 
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Figure 3.8 – Nyquist plot showing the data (blue points and red line) for the 59.1°C 
data, along with the fitted data (green line). Insert: Impedance model used to obtain 

conductivity values for PCMOF-2.5. 

 

The first heating cycle (see Figure 3.13) for PCMOF-2.5 showed increasing 

conductivity with temperature as would be expected for a proton conducting material, 

and resulted in a high conductivity of 2.4 x 10-2 S/cm at 84°C; however, upon cooling the 

sample from 84°C to 79°C, a significant drop in conductivity was observed down to 6.7 x 

10-3 S/cm. This is half an order of magnitude lower than the 79°C data point from the 

first heating cycle (2.2 x 10-2 S/cm). This large drop is unusual, and the rest of the cooling 

cycle revealed non-Arrhenius behaviour as a non-linear data plot, and indicated that 

another process must have been occurring during the cooling process that was affecting 

the observed conductivity. At the time, the nature of this process was unknown, but on 

the assumption that some sort of sample equilibration process has occurred, the second 



 

 

heating and cooling cycle was un

revealed linear behaviour similar to the first heating cycle, with an E

slightly lower maximum conductivity at 83°C of (2.1

behaviour was observed during the cooling cycle, with an E

to that observed during the second heating cycle. As this second heating and cooling 

cycle were within acceptable error limits of each other, the sample was then examined 

under variable humidity conditions at 20°C.

Figure 3.9 - Proton Conductivity 
PCMOF-2.5 (heating in green, cooling in red), PCMOF

Variable humidity measurements were taken at 20°C from 90% to 50% RH in 

20% RH steps, and the results are shown in 

3.7 x 10-3, to 8.6 x 10-4, to 2.4 x 10
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heating and cooling cycle was undertaken  (Figure 3.9). The second heating cycle 

revealed linear behaviour similar to the first heating cycle, with an Ea of 0.22 eV, and a 

slightly lower maximum conductivity at 83°C of (2.1 ± 0.5) x 10

as observed during the cooling cycle, with an Ea of 0.21 eV that was similar 

to that observed during the second heating cycle. As this second heating and cooling 

cycle were within acceptable error limits of each other, the sample was then examined 

riable humidity conditions at 20°C. 

Proton Conductivity at 90% RH as a function of temperature for
2.5 (heating in green, cooling in red), PCMOF-2 (blue) and Na

(orange). 

umidity measurements were taken at 20°C from 90% to 50% RH in 

20% RH steps, and the results are shown in Figure 3.10. The conductivity drops from 

, to 2.4 x 10-5 S/cm at 90%, 70% and 50% RH respectively. T

). The second heating cycle 

of 0.22 eV, and a 

10-2 S/cm. Linear 

of 0.21 eV that was similar 

to that observed during the second heating cycle. As this second heating and cooling 

cycle were within acceptable error limits of each other, the sample was then examined 

 

at 90% RH as a function of temperature for 
2 (blue) and Na3H3Btp 

umidity measurements were taken at 20°C from 90% to 50% RH in 

. The conductivity drops from 

S/cm at 90%, 70% and 50% RH respectively. This 



 

 

humidity dependence is a good indication that proton conductivity is being observed, as 

electron or sodium conduction should remain unaffected by changes in relative humidity. 

After these variable humidity measurements, the PCMOF

the sample chamber and analysed by PXRD, EA, and NMR.

 

Figure 3.10 –Proton conductivity of PCMOF
20°C 

 

3.3.3 Composition of PCMOF2.5 Post 

PXRD analysis of the post AC impedance PCMOF

the pattern in comparison to the as

now matches that of the β

2θ that likely arises from the presence of [H
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humidity dependence is a good indication that proton conductivity is being observed, as 

electron or sodium conduction should remain unaffected by changes in relative humidity. 

After these variable humidity measurements, the PCMOF-2.5 sample was removed

the sample chamber and analysed by PXRD, EA, and NMR. 

Proton conductivity of PCMOF-2.5 (red) and PCMOF
20°C with changes in relative humidity. 

Composition of PCMOF2.5 Post AC Impedance Analysis 

PXRD analysis of the post AC impedance PCMOF-2.5 revealed a large change in 

the pattern in comparison to the as-synthesized PCMOF-2.5 (Figure 3.

now matches that of the β-PCMOF-2 structure, with only one small extra peak at 23.5° 

2θ that likely arises from the presence of [H3Btp]3- in the structure. 

humidity dependence is a good indication that proton conductivity is being observed, as 

electron or sodium conduction should remain unaffected by changes in relative humidity. 

2.5 sample was removed from 

 

2.5 (red) and PCMOF-2 (green) at 

2.5 revealed a large change in 

.11). The pattern 

th only one small extra peak at 23.5° 
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Figure 3.11 – PXRD Patterns comparing β-PCMOF-2 (simulated from single crystal 
data, bottom), PCMOF-2.5 as-synthesized (middle), and PCMOF-2.5 post 

impedance analysis (top). 

To confirm that the composition did not change, and that [H3Btp]3- is still present, 

EA and NMR analyses were undertaken on the post impedance sample. EA shows that 

other than some water loss, which can be attributed to the final conductivity measurement 

at 50% RH partially dehydrating the sample, the formula is unchanged, giving 

Na3(Pgs)0.66(H3Btp)0.34∙0.75H2O. 1H and 31P NMR, confirm the presence of [H3Btp]3- in 

the post AC impedance PCMOF-2.5. 

3.3.4 Determining the Composition of PCMOF-2.5 

Determination of the ratio between Pgs and Btp in the samples proved to be a 

challenging exercise due to the lack of useful NMR handles. Because of the similar 
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carbon and hydrogen values of the two ligands (Table 3.1), knowing the amount of water 

in the sample is important for getting accurate ratios of the two components from EA. 

 

Ligand 
Carbon 
(Wt%) 

Hydrogen 
(Wt%) 

Pgs3- 19.84 0.83 
H3Btp3- 22.88 1.92 

Table 3.1 – Comparison of the percent weight of carbon and hydrogen in Pgs and 
H3Btp 

 

When varying the amount of water, a wide range of possible values for x and n (in 

Na3(Pgs)x(H3Btp)(1-x)∙nH2O) can be found that satisfy the required accuracy of ±0.4% for 

EA analysis. By restricting the weight percent of water in the formula through TGA 

analysis, a more accurate result is possible. In this case, assuming a variance of ±0.25% 

in the weight percent of water, values for x can range from 0.68 down to 0.29 and still 

have acceptable EA results. This is a broad range, but the lower bound can be further 

restricted based on the reagent amounts used and their solubility differences. The 

solvothermal vessel contained a mixture where x would be 0.64. It is also known that 

[H3Btp]3- is much more soluble than Pgs3- in aqueous solutions. The reaction takes place 

in methanol, but a small amount of water is present due to 1) in-situ generation from the 

acid-base chemistry between sodium carbonate and H6Btp, and 2) methanol being 

hygroscopic and absorbing water from the ambient atmosphere. This small amount of 

water may cause a small amount of Na3H3Btp to remain in solution thus making x = 0.64 

a lower bound, as any dissolved Na3H3Btp would only serve to increase x in the final 

structure. With EA giving an upper bound of 0.68, and an established lower bound of 

0.64, the value of x was determined to be 0.66 ± 0.02. 
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3.3.5 Phase Change During AC Impedance Analysis 

 

Figure 3.12 – PXRD Patterns of Mech-2.5 (top) in comparison to the its components 
Na3H3Btp (middle) and α-PCMOF-2 (bottom). 

 

Phase changes during AC impedance analysis, due to the changes in temperature 

and/or relative humidity, are not a new phenomenon, and have previously been observed 

in both the PCMOF-2172 and PCMOF-380 systems. In PCMOF-2, the phase change from 

α-PCMOF-2 to β-PCMOF-2 was first identified through a spontaneous conversion during 

AC impedance analysis of α-PCMOF-2 to generate the thermodynamically favoured β-

PCMOF-2 phase. In the case of PCMOF-3, changes in the level of hydration were 

observed during low humidity measurements resulting in partial conversion from the 

hemipentahydrate to the anhydrous phase. In the case of PCMOF-2.5, a transformation 

from a biphasic to a monophasic system appears to occur during the first heating and 



 

 

cooling cycle of as-synthesized PCMOF

resulted in ILR, a mechanical mixtu

created: [Na3Pgs∙2.75H2O]

3.12) shows that it is, as expected, a simple combination of the two starting materials.

Figure 3.13 – Proton conductivity as a function of temperature at 90% RH for the 
first heating and cooling cycles 

green) compared to Mech

 

Mech-2.5 then underwent AC impedance analysis under the same conditions as 

the as-synthesized PCMOF

Mech-2.5, and to verify that the conductivity observed in PCMOF

rather than the simple mechanical combination of α

proton conductivity is shown in (
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synthesized PCMOF-2.5. To help confirm that this phase change 

resulted in ILR, a mechanical mixture (Mech-2.5) of α-PCMOF-2 and Na

O]1[Na3H3Btp∙2.75H2O]0.55. PXRD analysis of Mech

) shows that it is, as expected, a simple combination of the two starting materials.

Proton conductivity as a function of temperature at 90% RH for the 
eating and cooling cycles of PCMOF-2.5 (triangles, heating in red, cooling in 

green) compared to Mech-2.5 (circles, heating in yellow, cooling in blue).

2.5 then underwent AC impedance analysis under the same conditions as 

synthesized PCMOF-2.5, both to determine if a phase change would occur with 

2.5, and to verify that the conductivity observed in PCMOF-2.5 was due

rather than the simple mechanical combination of α-PCMOF-2 and Na

proton conductivity is shown in (Figure 3.13). 

2.5. To help confirm that this phase change 

2 and Na3H3Btp was 

. PXRD analysis of Mech-2.5 (Figure 

) shows that it is, as expected, a simple combination of the two starting materials. 

 

Proton conductivity as a function of temperature at 90% RH for the 
2.5 (triangles, heating in red, cooling in 

ow, cooling in blue). 

2.5 then underwent AC impedance analysis under the same conditions as 

2.5, both to determine if a phase change would occur with 

2.5 was due to ILR, 

2 and Na3H3Btp. The 



 

 

The initial heating run shows very inconsistent data, initially starting at a similar 

level as the as-synthesized PCMOF

however, the cooling cycle shows the sinusoidal

as-synthesized PCMOF-2.5, indicating that the two samples may be undergoing similar 

transformations. The second heating and cooling cycle of both samples show

behaviour as seen in (Figure 

similar in their proton conducting properties.

Figure 3.14 – Proton conductivity as a function of temperature at 90% RH for the 
second heating and cooling cycle 

in red), Mech-2.5 (diamonds, heating in purple, cooling in blue) in
PCMOF-2 (light blue circles) and Na
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The initial heating run shows very inconsistent data, initially starting at a similar 

synthesized PCMOF-2.5, but then dropping significantly past 60°C; 

however, the cooling cycle shows the sinusoidal-like pattern that was observed with the 

2.5, indicating that the two samples may be undergoing similar 

ns. The second heating and cooling cycle of both samples show

Figure 3.14), and demonstrates that both samples are now very 

similar in their proton conducting properties. 

Proton conductivity as a function of temperature at 90% RH for the 
econd heating and cooling cycle of PCMOF-2.5 (triangles, heating in green, cooling 

2.5 (diamonds, heating in purple, cooling in blue) in 
2 (light blue circles) and Na3H3Btp (orange squares).

The initial heating run shows very inconsistent data, initially starting at a similar 

2.5, but then dropping significantly past 60°C; 

like pattern that was observed with the 

2.5, indicating that the two samples may be undergoing similar 

ns. The second heating and cooling cycle of both samples shows identical 

), and demonstrates that both samples are now very 

 

Proton conductivity as a function of temperature at 90% RH for the 
2.5 (triangles, heating in green, cooling 

 comparison to 
Btp (orange squares). 
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PXRD analysis of the post-impedance Mech-2.5 shows that it has converted to the 

PCMOF-2.5 structure (Figure 3.15) and that a separate hydrothermal treatment, apart 

from that experience in the conductivity cell, is not necessary to obtain PCMOF-2.5. EA, 

1H and 31P NMR all confirm that [H3Btp]3- is still present in the compound. 

 

Figure 3.15 – Post AC Impedance PXRD patterns comparing β-PCMOF-2 
(simulated from single crystal data, bottom), Mech-2.5 (middle), and PCMOF-2.5 

(top). 

 

3.3.6 Improvements in Proton Conductivity through ILR 

The proton conductivity measured for PCMOF-2.5 is significantly greater than for 

either of the starting components (Figure 3.9), being one order of magnitude greater than 

β-PCMOF-2, and more than two orders of magnitude greater than Na3H3Btp. With 

conductivity values above 2 x 10-2 S/cm at 85°C and 90% RH, PCMOF-2.5 shows the 
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highest equilibrated proton conductivity reported to date for a MOF system (Table 3.2), 

but is closely followed by the acid impregnated MIL-101 systems reported by 

Ponomareva. This level of conductivity is on par with that of Nafion®, and PCMOF-2.5 is 

categorized as a superionic conductor, possessing conductivity above 10-4 S/cm and an Ea 

below 0.4 eV.138 

 
 

Proton Conducting MOF Systems 
Highest H+ σ 

(S/cm) 
Ea 

(eV) 
T 

(°C) 
Relative 

Humidity 

PCMOF-2.5 (this work) (2.1 ± 0.5) x 10-2 0.21 85 90% 

H2SO4 @ MIL-101(Cr) 131 1 x 10-2 0.42 150 0.13% 

H3PO4 @ MIL-101(Cr) 131 1 x 10-2 0.25 140 1.1% 

LaH5(Hdtmp) 133 8 x 10-3 0.25 24 98% 

Sulfonated MIL-53(Al) 144 ~ 4 x 10-3 - ~ 65 < 10% 

Zn8O(Bcpi)12(NO3)2 
173 ~ 3.9 x 10-3 0.22 ~ 45 95% 

CsHSO4 @ MIL-101(Cr) 174 ~ 3.7 x 10-3 - 200 < 1% 

PCMOF-5 80 2.5 x 10-3 0.16 60.1 98% 

(NH4)4[MnCr2(Ox)6]∙4H2O 127 1.7 x 10-3 0.23 40 96% 

Histamine @ MIL-53(Al)-Ndc 175 1.7 x 10-3 0.25 150 0% 

MgH6Odtmp 132 1.6 x 10-3 0.31 19 100% 

β-PCMOF-2 (this work) 1.3 x 10-3 0.28 85 90% 

1,2,4-Triazole @ β-PCMOF-2 78 5 x 10-4 0.34 150 0% 

Gd-Hpa-II 176 3.2 x 10-4 0.23 21 98% 

Ca-Btc-H2O 128 1.2 x 10-4 0.18 25 98% 

ZrCdtmp 134 1.0 x 10-4 0.09 80 95% 

Sr-Sbba 130 4.4 x 10-5 0.56 25 98% 

Imidazole @ MIL-53(Al)-Ndc 125 2.2 x 10-5 0.6 120 0% 

H2O @ HKUST-1 129 1.5 x 10-5 - ~ 21 100% MeOH 

Ca-Sbba 130 8.58 x 10-6 0.23 25 98% 

MIL-53(Fe)-CO2H 126 7 x 10-6 0.21 80 95% 

ZrCdtmp_np@H 134 6.6 x 10-6 - 80 95% 



 

107 
 

Proton Conducting MOF Systems 
Highest H+ σ 

(S/cm) 
Ea 

(eV) 
T 

(°C) 
Relative 

Humidity 

La-Hpa-I 176 5.6 x 10-6 0.20 21 98% 

(Me2NH2)[Zn(Btc)] 177 5.3 x 10-6 - 20 - 

MIL-53(Al)-OH 126 1.9 x 10-6 0.27 80 95% 

Emim+ @ Co2NaBptc2 
139 6.33 x 10-7 0.49 170 - 

MIL-53(Al)-H 126 3.6 x 10-7 0.47 80 95% 

Imidazole @ MIL-53(Al) 125 1.0 x 10-7 0.9 120 0% 

MIL-53(Al)-NH2 
126 4.1 x 10-8 0.45 80 95% 

Histamine @ MOF-74(Zn) 178 4.3 x 10-9 - 146 0% 

MIL-53(Al)-Ndc 125 < 10-13 - 120 0% 

Table 3.2 – Highest equilibrated proton conductivities reported in literature for 
MOF systems from highest to lowest conductivity. 

 

The Ea obtained of 0.21 eV is fairly low in comparison to the other PCMOFs, and 

is indicative of a Grotthuss mechanism for proton conduction, falling between 0.1 and 

0.4 eV.138 Further investigations in the proton conduction mechanism were not pursued as 

the lack of a single crystal structure for PCMOF-2.5 makes further insights difficult to 

elucidate. 

3.3.7 Future Opportunities for Isomorphous Ligand Replacement 

As demonstrated herein, ILR has been shown to be a new and effective method 

for producing mixed ligand MOFs. The full potential and scope of the methodology has 

yet to be explored, and efforts are underway to determine how broadly applicable this 

approach may be. The current work has shown that sulfonates can be replaced with 

phosphonates, but whether ILR will work with carboxylates (i.e.: exchanging Pgs with 

1,3,5-benzenetricarboxylate) is unknown and is currently being investigated. Whether 
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there is something special about the Na3Pgs system that allows this to work, or whether 

this is more broadly applicable to other linker ligands, remains to be seen. 

Of great use would be the application of this methodology to carboxylate systems, 

rather than sulfonate systems, due to the much broader scope of carboxylate based MOFs. 

The replacement of carboxylates with phosphonates could lead to a diverse range of new 

MOFs, although the difference in angles between O-C-O (~120°) and O-P-O (~110°), 

and the large difference in preferred coordination modes between the two, could make 

this unfeasible. If this can be accomplished, the introduction of free acidic sites would be 

very beneficial for proton conduction applications, and could also potentially be a site for 

additional post-synthetic modifications to further alter the pore functionality. 

3.4 Conclusions 

PCMOF-2.5 was successfully synthesized by the replacement of Pgs3- with 

H3Btp3- in a new modification strategy for MOFs, which has been called isomorphous 

ligand replacement. PCMOF-2.5 was shown to possess superprotonic conductivity of 

2.1 x 10-2 S/cm at 85°C and 95% RH, with a low activation energy of 0.21 eV. 

PCMOF-2.5 shows a significant improvement in proton conductivity in comparison to 

the starting framework, β-PCMOF-2. This demonstrates that the ILR strategy is an 

effective method for improving the proton conductivity of a MOF through the 

incorporation of additional mobile charge carriers in the form of a partially coordinated 

phosphonic acid moiety. This high level of conductivity also shows that PCMOFs can 

achieve proton conduction at levels comparable to those found in commercialized 

systems; however, future applications of this particular system are limited. The water 
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soluble nature of PCMOF-2.5 would have a detrimental impact on its long term 

performance in a fuel cell environment as it would slowly dissolve, leading to fuel 

crossover and stack failure. Despite the limitations of this particular system, the concept 

of ILR has been shown to be a viable method for the improvement of proton conductivity 

in PCMOFs, and its application to other hydrolytically stable carboxylate or sulfonate-

based systems may provide access to a more commercially viable system. 
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Chapter 4: Pore Loading in PCMOF-2 

4.1 Introduction 

Guest molecules occupying the pores or channels in a MOF are common, and 

usually consists of solvent molecules. The guest molecules are usually viewed as 

undesirable and are removed to make accessible voids for adsorption and separation 

applications, but guests can be integral components of a system in order to improve 

certain properties, or even introduce new properties to the MOF. MOFs with guest-

dependant properties have found a variety of potential applications in fields such as 

catalysis179–184, magnetism185, and ion conduction78,125,131,174,175,178,186,187; however, control 

over the amount of loading is rarely examined, and often overlooked due to the 

difficulties in exerting control over all the parameters that can affect the composition of 

the final product. This chapter will discuss the methods of guest loading, the performance 

of MOFs showing guest-dependent proton conduction, and insights into controlling the 

loading of heterocycles in α-PCMOF-2 for proton conducting applications. 

4.1.1 The Benefits and Challenges of a Guest-Mediated Proton Conductor 

Guest-mediated proton conduction in MOFs allows for a degree of control over 

the properties of the system that can be difficult to obtain through modification of the 

ligands. This method is typically used to introduce conductivity to a system that is itself 

non-conductive or to modify the conditions under which the system will conduct. 

Introducing amphiprotic guests into a MOF that shows hydration dependant conductivity 
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can reduce or remove this hydration dependence by allowing the guest to replace the 

functionality of water. If the guest has a higher boiling point than water, it can also 

extend the operating range to temperatures above 100°C. Selection of the appropriate 

guest can be made in order to optimize the size, the available functional group, and the 

thermal/chemical stability to obtain the desired conductivity profile. 

The maximum benefits of guest-mediated proton conduction can only be realized 

if precise control of the loading is possible. By controlling the amount of loading within 

the structure, the relationship between loading and conductivity can be extracted, 

allowing an optimized level of loading to be obtained that provides maximum proton 

conductivity. It also enables accurate comparisons to be made between different guests, 

to determine which one provides the best balance of the desired properties. Controlled 

loading is relatively simple if the thermodynamics favour guest inclusion, in which case 

simple control over the stoichiometry of the reagents should give effective control over 

the level of guest loading. Controlled loading is more difficult if the product is kinetically 

controlled, as a wide variety of synthetic parameters could have an effect on the loading, 

and thus a careful evaluation of the system, with rigorous control of the synthetic 

parameters, may be required to elucidate any trends in the system. 

4.1.2 Methods of Guest Loading into MOFs 

There are three potential methods of loading a guest into a MOF: 1) incorporating 

the guest during the synthesis of the MOF; 2) post-synthetically diffusing a guest into the 

pores; or 3) post-synthetically synthesizing a guest within a MOF pore. Incorporation of 

the guest during the synthesis of the MOF is as simple as adding the guest into the 



 

112 
 

reaction mixture, assuming that the desired guest is thermodynamically preferred over 

other possible guests present in the system, such as solvent molecules. Wang and co-

workers188 showed the guest preference of a tetrahedral imidazolate framework (zinc 

adeninate isonicotinate) by performing the synthesis under a variety of mixed solvent 

systems to show a strict selectivity (N,N-dimethylformamide > ethyleneurea > N-methyl-

2-pyrrolidone >  N,N-dimethylacetamide). The selectivity was not found to simply be a 

function of guest size, since NN-dimethylacetamide is the second smallest molecule but 

is outcompeted by the other three solvents. Thus host-guest interactions must also play a 

role, as evidenced by ethyleneurea uptake, as is the second largest molecule, but it can 

form a favourable N-H∙∙∙N hydrogen bond with adeninate. Incorporation of the guest 

during the synthesis can be beneficial for MOFs that contain large pores but small 

windows, as the MOF can be formed around the guest, locking it into the structure and 

preventing any future leaching of the guest from the pores. This has been demonstrated 

by Canioni et al.189 who looked at MIL-100(Fe) loaded with H3PMo12O40. MIL-100(Fe) 

has large mesoporous cages 25 to 29 Å in diameter, but that are only accessible through 

windows smaller than 8.6 Å. These windows are smaller than the van der Waals diameter 

of H3PMo12O40 (13 Å) and so the guest had to be introduced during the formation of the 

MOF. Post-synthesis stability tests in room temperature water showed no leaching of 

H3PMo12O40 from the pores even after two months, demonstrating that H3PMo12O40 is 

trapped in the cage. All attempts to post-synthetically diffuse H3PMo12O40 into as made 

MIL-100(Fe) were unsuccessful. 

In many cases, guests are small enough to diffuse into the pores, and so guests 

have been introduced by exposing the framework to solutions of the guest,175,179,186,190–193 
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or directly to the vapour,125 liquid,131,174,188 or solid187 phases of the desired guests. This 

method can be advantageous if the presence of the guest during the synthesis will 

interfere with framework formation, but ensuring that the guest does not leach out over 

time is entirely dependent on the conditions the MOF will encounter in an application. 

Exposure to solvents, heat or vacuum can potentially cause the loss of the guest over 

time, and thus reduce the performance of the material. 

The final approach to loading guests into a MOF is to synthesize the guest within 

the pores of an as-made framework.181,183,184 This is a synthetically challenging approach 

but can potentially allow for a guest to be produced from starting materials that are small 

enough to diffuse into the framework, but whose product is too large to diffuse out, and 

has been referred to as a ship-in-a-bottle synthesis. Current reports have adsorbed volatile 

metal precursors into the pores of a MOF, and then reduced them by either 

photolysis183,184 or hydrogenolysis181,183 to form metal nanoparticles in the pores. Some of 

the formed particles were actually larger than the pores, resulting in some framework 

decomposition as evidence by broadened PXRD peaks183, but showed low levels of 

leaching and good catalytic performance. The author is unaware of any attempts to apply 

this method to the trapping of a synthesized organic compound within a MOF, but this 

approach has been demonstrated in coordination compound nanocages by the Fujita 

group.194–196 

4.1.3 Guest-Dependent Proton Conduction in MOFs 

Guest-dependent proton conduction has been examined by several groups in order 

to produce MOFs with anhydrous proton conducting capabilities, by loading amphiprotic 
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species into the pores of a MOF. The group of Susumu Kitagawa125 have examined 

loading imidazole into the MIL-53(Al) and MIL-53(Al)-Ndc frameworks by vapour 

diffusion into the guest-free frameworks. The unloaded MIL-53(Al) and MIL-53(Al)-Ndc 

were non-conductive (< 10-10 and < 10-13 S/cm respectively), but the imidazole-loaded 

frameworks gave conductivities of 5.5 x 10-8 S/cm [30 wt% in MIL-53(Al)] and 

2.2 x 10-5 S/cm [14 wt% in MIL-53(Al)-Ndc] at 120°C under anhydrous conditions, 

demonstrating that the guest is imperative for proton conduction, and that suitable guest 

selection can provide anhydrous high-temperature conduction. 

The Kitagawa group continued their work on guest-dependent PCMOFs by 

replacing imidazole with histamine in the naphthalene MIL-53(Al) framework.175 

Histamine was examined as it possesses an additional hydrogen donating/accepting site, 

as a pendant amine moiety, which should improve proton conductivity; and will not 

sublime, which will allow for conductivity measurements to be made at higher 

temperatures. As histamine does not sublime, it had to be introduced as a solution in hot 

toluene rather than through vapour diffusion. The resulting material did show a 10°C 

improvement in thermal stability, and the proton conductivity was measured from room 

temperature up to 150°C under anhydrous conditions. At room temperature, the histamine 

loaded framework (30 wt%) outperformed the imidazole loaded framework by 

conducting at 3.0 x 10-5 S/cm at room temperature, but this was at double the loading of 

the imidazole framework. To perform a proper comparison, the conductivity of a sample 

with half of the loading (15 wt%) was also examined, and still outperformed the 

imidazole loaded framework even at room temperature. Conductivity measurements were 

performed up to 150°C, and values of 2.1 x 10-4 and 1.7 x 10-3 S/cm for the 15 and 30 



 

115 
 

wt% loaded samples respectively, demonstrating that higher operating temperatures were 

obtainable in comparison to the imidazole loaded framework. It also shows that the effect 

of loading on conductivity is non-linear, and that a doubling of the loading resulted in a 

ten-fold increase in conductivity, likely due to more extensive hydrogen-bonding 

pathways throughout the pores. Histamine loading was also examined in a different 

framework, MOF-74(Zn),178 but the pendant amine was found to bind to the bare metal 

sites in the pores, greatly reducing the mobility of the histamine in the pores, and 

resulting in very low conductivity (4.3 x 10-9 S/cm at 146°C). 

Rather than loading guests that have inherently low conductivity, Ponomareva et 

al.131,174 have investigated loading highly proton conducting species such as CsHSO4, 

H2SO4 and H3PO4 into the very stable and highly porous MOF MIL-101(Cr), giving 

conductivities up to 10-2 S/cm range for the sulfuric and phosphoric samples, and 

10-3 S/cm for the CsHSO4 under very low humidity conditions (< 1% RH). The samples 

were all loaded by introducing the guest-free MIL-101(Cr) to liquid phases of the 

additives. 

As has been mentioned previously in Section 1.6.4, the Shimizu group has 

investigated the loading of 1,2,4-triazole in PCMOF-2,78 and obtained good anhydrous 

conductivity up to 5 x 10-4 S/cm at 150°C. A variety of loadings were investigated, and it 

was found that moderate control could be obtained by varying the amount of sodium in 

the system. Loadings of 0.3, 0.45 and 0.6 triazoles per formula unit being obtained, with 

proton conductivities of 2 x 10-4, 5 x 10-4 and 4 x 10-4 S/cm, respectively at 150°C. The 

amount of loading has a significant, but not linear relationship to conductivity, with 0.45 

equivalents providing the best conduction performance. 



 

116 
 

As has been noted by the results of the Kitagawa and Shimizu groups, the amount 

of guest loading can have a significant effect on the observed conductivity, and with a 

non-linear relationship between the two. Thus, in order to obtain the best conductivity, 

good control over the amount of guest loading in the MOF is necessary in order to 

synthesize structures with a range of loadings in order to determine the optimal loading. 

Although this may seem straight forward, the MOF being employed and the method of 

loading can have a significant effect of how control over the level of doping is obtained, 

and what parameters must be varied in order to obtain the desired outcome. 

4.1.4 Control over Guest Loading in MOFs 

The reports of controlled loading in MOFs is not very broad in scope, nor 

examined in much detail, but the few results that are known in the literature are examined 

in the following section.  

Ma and coworkers197 examined the loading of fluorescein into IRMOF-1 and 

IRMOF-3. The use of a fluorescent guest allowed the distribution throughout single 

crystals of the MOFs to be examined by microscopy techniques. Both the incorporation 

of the guest during the synthesis, and post-synthetic diffusion methods of loading were 

examined. Post-synthetic diffusion was found to be unsuccessful, with guest loading only 

occurring in the outer layers of the MOF, indicating that the 8 Å windows were too small 

to allow passage of the fluorescein molecule (5 x 6 x 10 Å). Incorporation during 

synthesis proved to be successful for IRMOF-1 (pore size of 12 Å) giving a uniform 

distribution of fluorescein throughout the crystal, but was unsuccessful in IRMOF-3, 

which has a smaller pore size of 8 Å due to a pendant amino-group occupying part of the 
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pore. By varying the concentration of fluorescein in the synthesis of IRMOF-1, an 

increase in the loading was found, which was linear at low concentrations, but diverging 

from linearity at higher concentrations, presumably as it approaches the maximum 

possible loading. 

Su et al.191 also examined the loading of the fluorescent compound, tris(8-

hydroxyquinoline)aluminum (Alq3), into a framework of zinc 1,3,5-tris(2H-tetrazol-5-

yl)benzene dichloride (IFMC-8), by post-synthetic diffusion. In order to control the 

loading, rather than just varying the amount of Alq3 in solution, the amount of IMFC-8 

added to an aliquot of Alq3 solution was also examined. In the first case, 30 mg of 

IFMC-8 was dispersed in 4 mL of Alq3 solutions of varying concentrations (20 μM to 

2000 μM), while in the second case varying amounts of IMFC-8 (10, 30, 60 and 90 mg) 

were dispersed in 4 mL of a 500 μM Alq3 solution. Unfortunately, no compositional 

characterization was performed on the Alq3 loaded samples. Fluorescence measurements 

showed a blue shift in emission and an increase in radiative lifetime, were observed as the 

concentration of Alq3 was reduced in comparison to the amount of IFMC-8. These 

observations were attributed to the degree of interaction of the Alq3 with IMFC-8 versus 

other Alq3 molecules, likely indicating that lower loadings were being obtained. 

Khan and Jhung192 examined the loading of HPW into HKUST-1 by stirring a 

suspension of HKUST-1 in an aqueous HPW solution, allowing the HPW to diffuse into 

the pores for 5 hours, before the product was collected by filtration. The mass ratio of 

tungsten (in HPW) to copper (in HKUST-1) was examined at reactant ratios of 0.5, 1 and 

2 (weight % W/Cu). At the 2 wt% loading, the framework was found to decompose 

somewhat, but lower loadings left the framework intact. The 0.5 and 1 wt% samples 
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resulted in a 0.15 and 0.22 wt% loading in the final product, showing a non-linear trend 

and a poor loading efficiency, with only 25% of the HPW being incorporated. 

HPW loading into MOFs was also examined by Micek-Ilnicka and Gil179 who 

loaded HPW into MIL-100(Fe) by stirring a suspension of MIL-100(Fe) in an ethanolic 

solution of HPW for 6 hours, followed by evaporation of the solvent. Loadings of 20, 50 

and 80 wt% of HPW versus MIL-100(Fe) were used in the synthesis, and a decrease in 

nitrogen uptake with an increase in loading demonstrated that the HPW was located in 

the pores of the MOF, rather than simply occupying the surface, which was corroborated 

with SEM/EDX measurements. 

Juan-Alcañiz et al.198 also looked at the loading of HPW, but using MIL-101(Cr) 

as the framework. Loading was done by introducing the HPW at two different loading 

(0.33 and 0.66 W/Cr molar ratio) during the synthesis of MIL-101 under solvothermal or 

microwave reaction conditions using either water or a biphasic 50:50 water:2-pentanol 

solvent system. With the 0.66 (high loading) system, the hydrothermal reaction in water 

and the biphasic system resulted in low loadings in the final product (0.6 and 1.3 wt% W 

respectively). The microwave reaction is unsuccessful for the formation of MIL-101 in 

water, but the biphasic solvent system produced MIL-101 with a high loading of HPW 

(22.8 wt% W). No explanation was provided for this large difference between the 

solvothermal and microwave reactions on HPW loading. When dropping to the low 

loading (0.33 W/Cr) system, a drop in HPW loading to 12.7% was found with the 

microwave biphasic solvent method, which is about half of that of the high loading. This 

seems to suggest that a linear relationship between the amount of reagent and the loading 
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in the final product exists at these levels. The efficiency of HPW incorporation was also 

found to be very high, around 70 to 75%. 

In all of the above scenarios, the amount of loading is correlated to the relative 

ratio of the host and guest. Coupled with the long diffusion times or high reaction 

temperatures, this could suggest that thermodynamic products are being produced in all 

cases, which leads to guest loadings that appear relatively easy to control. In the case of 

the PCMOF-2 system discussed earlier, rather than isolating a thermodynamic product, 

α-PCMOF-2(Tz)x is a meta-stable kinetic product, in which many variables affect the 

amount of loading (x) in a cooperative fashion. It has also been reported that the amount 

of incorporated Tz was found to be influenced by the ratio of ligand to metal, rather than 

by the amount of Tz present, which is unusual, and unlike any of the systems known in 

the literature. In order to look into this unusual behaviour further, an examination of the 

effects of various synthetic parameters on x, and the composition of the products 

obtained, has been undertaken. 

4.2 Experimental 

All starting materials were obtained from commercial suppliers (Alfa Aesar, 

Sigma Aldrich) and were used without further purification. Thermogravimetric analysis 

was performed on a Netzsch STA 409 PC TGA/DSC analyzer in aluminum pans under 

60 mL/min flow of N2 at a heating rate of 2°C per minute from room temperature to 

450°C. Water loss was calculated manually by the weight loss from 23 to 175°C, while 

other mass losses were calculated using the Marsh method199 as implemented by the 

NETZSCH Proteus Thermal Analysis program. Elemental analyses were performed using 
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a Perkin Elmer Model 2400 series II. Powder x-ray diffraction data was collected on a 

Rigaku Miniflex II Desktop X-Ray Diffractometer (Cu Kα x-ray source) using an 

automated six sample changer. Proton conductivity measurements were made by 

compressing powdered samples between cylindrical (0.3175 cm diameter) titanium 

electrodes in a porous zirconium pyrophosphate ceramic cell or by compressing 

powdered samples between cylindrical (0.780 cm diameter) titanium electrodes in a 

quartz tube. The cell was placed in a temperature controlled oven (Carbolite AX-30) and 

connected to a Princeton Applied Research VersaSTAT 3 impedance analyzer using a 2 

probe setup. AC impedance data was collected by cycling between 106 and 1 Hz with 200 

mV of applied potential using VersaStudio software.  

4.2.1 Synthesis of 2,4,6-Trihydroxy-1,3,5-Benzenetrisulfonic Acid, (H3Pgs) 

See Section 3.2.1. 

4.2.2 Synthesis of α-Na3Pgs∙2.80H2O, [MOFNoTz] 

See Section 3.2.2. 

4.2.3 Synthesis of α-[Na0.88(HTz)0.12]3Pgs∙1.59H2O, [MOFControl] 

An aliquot of H3Pgs solution (10 mL, 1.0 gram, 2.7 mmol) was removed and 

diluted to a concentration of 50 mg/mL with RO water (10 mL). 1,2,4-Triazole (0.096 g, 

1.4 mmol) was added, and the mixture was stirred for 2 minutes. Sodium carbonate 

(0.174 g, 1.64 mmol) was added part wise over approximately 30 seconds, and the 

mixture was stirred until a total of five minutes had elapsed since the start of the sodium 
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carbonate addition. The solution was poured into acetone (200 mL) and was stirred for 

two minutes. The white precipitate that was formed was collected by vacuum filtration 

through a 350 mL fine glass frit (4.5 to 5 μm), and then washed with two 100 mL 

portions of acetone. The product was dried on the frit for several minutes with 

compressed air also being blown over the top, before being transferred to a pre-weighed 

20 mL vial to finish drying in a vacuum oven at room temperature and 10 mbar vacuum. 

MOFControl was obtained as a white powder (0.579 g, 78.3% yield). Elemental analysis 

calculated for [Na0.88(HTz)0.12]3Pgs∙1.59 H2O (%): C=16.89, H=1.61, N=3.17; Found: 

C=16.77, H=1.21, N=3.32. TGA: 23 – 175°C: -5.99% observed, -5.99% calculated for 

loss of  1.59 water; 267 – 304°C: -8.04% observed, -8.44% expected for 0.12 (HTz)3Pgs; 

362 – 380°C: -35.66% observed, decomposition. 

4.2.4 Synthesis of α-[Na0.75(HTz)0.25]3Pgs∙1.00H2O, [MOFLowWater] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but the initial aliquot was not diluted, and was used as is (100 mg/mL). 

MOFLowWater was obtained as a white powder (0.702 g, 93.5% yield). Elemental analysis 

calculated for [Na0.75(HTz)0.25]3Pgs∙1.00 H2O (%): C=18.55, H=1.66, N=6.49; Found: 

C=18.43, H=1.46, N=6.51. TGA: 23 – 175°C: -3.71% observed, -3.71% calculated for 

loss of 1.00 water; 263 – 298°C: -19.72% observed, -17.30% expected for loss of 0.25 

[HTz]3Pgs; 371 – 381°C: -29.55% observed, decomposition. 
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4.2.5 Synthesis of α-[Na0.99(HTz)0.01]3Pgs∙2.68H2O, [MOFHighWater] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but the initial aliquot was diluted to a concentration of 25 mg/mL with RO water 

(30 mL). MOFHighWater was obtained as a white powder (0.432 g, 57.9% yield). Elemental 

analysis calculated for [Na0.99(HTz)0.01]3Pgs ∙2.68 H2O (%): C=15.10, H=1.77, N=0.26; 

Found: C=14.88, H=1.38, N=0.37. TGA: 23 – 175°C: -10.29% observed, -10.02% 

calculated for loss of 2.71 water; 280 – 321°C: -0.49% observed, -0.70% expected for 

0.01 (HTz)3Pgs; 359 – 380°C: -34.56% observed, decomposition. 

4.2.6 Synthesis of α-[Na0.94(HTz)0.06]3Pgs∙2.01H2O, [MOFLowTz] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but half the amount of 1,2,4-triazole was used. MOFLowTz was obtained as a white 

powder (0.532 g, 84.6% yield). Elemental analysis calculated for 

[Na0.94(HTz)0.06]3Pgs∙2.01 H2O (%): C=16.02, H=1.64, N=1.59; Found: C=15.96, 

H=1.42, N=1.64. TGA: 23 – 175°C: -7.60% observed, -7.60% calculated for loss of 2.01 

water; 296 – 325°C: -2.99% observed, -4.23% expected for loss of 0.06 [HTz]3Pgs; 361 – 

379°C: -32.69% observed, decomposition. 

4.2.7 Synthesis of α-[Na0.76(HTz)0.24]3Pgs∙0.94H2O, [MOFHighTz] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but the double the amount of 1,2,4-triazole was used. MOFHighTz was obtained as a 

white powder (0.684 g, 70.7% yield). Elemental analysis calculated for 

[Na0.76(HTz)0.24]3Pgs∙0.94 H2O (%): C=18.50, H=1.62, N=6.26; Found: C=18.35, 



 

123 
 

H=1.24, N=6.34. TGA: 23 – 175°C: -3.50% observed, -3.51% calculated for loss of 0.94 

water; 266 – 299°C: -19.07% observed, -16.69% expected for loss of 0.24 [HTz]3Pgs; 

372 – 382°C: -30.34% observed, decomposition. 

4.2.8 Synthesis of α-[Na0.86(HTz)0.14]3Pgs∙0.18H2O, [MOFLowNa] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but half the amount of sodium carbonate was used. MOFLowNa was obtained as a 

white powder (0.245 g, 53.7% yield). Elemental analysis calculated for 

[Na0.86(HTz)0.14]3Pgs∙0.18 H2O (%): C=18.05, H=1.12, N=3.88; Found: C=17.89, 

H=0.87, N=3.80. TGA: 23 – 175°C: -0.70% observed, -0.71% calculated for loss of 0.18 

water; 256 – 294°C: -10.25% observed, -10.33% expected for loss of 0.14 [HTz]3Pgs; 

370 – 381°C: -37.68% observed, decomposition. 

4.2.9 Synthesis of α-[Na0.89(HTz)0.11]3Pgs∙1.68H2O, [MOFHighNa] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but double the amount of sodium carbonate was used. MOFHighNa was obtained as 

a white powder (0.870 g, 86.9% yield). Elemental analysis calculated for 

[Na0.89(HTz)0.11]3Pgs∙1.68 H2O (%): C=16.73, H=1.62, N=2.90; Found: C=16.62, 

H=1.28, N=2.98. TGA: 23 – 175°C: -6.34% observed, -6.33% calculated for loss of 1.68 

water; 261 – 302°C: -6.85% observed, -7.74% expected for loss of 0.11 [HTz]3Pgs; 369 – 

380°C: -36.73% observed, decomposition. 
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4.2.10 Synthesis of α-[Na0.96(HTz)0.04]3Pgs∙1.91H2O, [MOFLowAce] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but half the amount of precipitating acetone was used. MOFLowAce was obtained as 

a white powder (0.488 g, 66.7% yield). Elemental analysis calculated for 

[Na0.96(HTz)0.04]3Pgs∙1.91 H2O (%): C=15.87, H=1.56, N=1.07; Found: C=15.47, 

H=1.46, N=1.18. TGA: 23 – 175°C: -4.61% observed, -7.29% calculated for loss of 1.91 

water; 233 – 283°C: -1.15% observed, -2.85% expected for loss of 0.04 [HTz]3Pgs; 370 – 

382°C: -40.99% observed, decomposition. 

4.2.11 Synthesis of α-[Na0.78(HTz)0.22]3Pgs∙1.32H2O, [MOFHighAce] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but double the amount of precipitating acetone was used. MOFHighAce was obtained 

as a white powder (0.675 g, 89.5% yield). Elemental analysis calculated for 

[Na0.78(HTz)0.22]3Pgs∙1.32 H2O (%): C=18.05, H=1.71, N=5.69; Found: C=18.14, 

H=1.36, N=5.73. TGA: 23 – 175°C: -4.90% observed, -4.88% calculated for loss of 1.32 

water; 257 – 296°C: -17.12% observed, -15.18% expected for loss of 0.22 [HTz]3Pgs; 

370 – 380°C: -30.80% observed, decomposition. 

4.2.12 Synthesis of (HTz)3Pgs, [MOFNoNa] 

The synthesis procedure follows the one that was used for MOFControl (Section 

4.2.3), but no sodium carbonate was used. MOFNoNa was obtained as a white powder 

(0.250 g, 94.6% yield). Elemental analysis calculated for (HTz)3Pgs∙0.44 H2O (%): 

C=24.79, H=2.75, N=21.68; Found: C=24.81, H=2.36, N=21.61. TGA: 23 – 175°C: -
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1.76% observed, -1.36% calculated for loss of 0.44 water; 256 – 291°C: -57.57% 

observed, decomposition. 

4.2.13 Conversion of α-[Na(1-x)(HTz)x]3Pgs∙nH2O to β-Phase 

This procedure was adapted from the work of Hurd172, where the hydrostatic 

pressure procedure was replaced with the use of a 13 mm pellet die set. A small aliquot of 

the appropriate α-phase sample (~0.300 g) was placed in a 13 mm die set and compressed 

under 5,000 PSI for approximately 2 minutes to create a thin pellet. The pellet was placed 

in a 23 mL Teflon® lined autoclave, along with a 1 dram vial that was filled with 

approximately 1 mL of water. The autoclave was sealed and heated at 80°C for 

approximately 12 hours. Once cooled to room temperature, the pellet was removed, and 

surface adsorbed water was removed under reduced pressure. The pellet was then ground 

into a powder and analyzed by PXRD to confirm successful conversion. 

4.3 Results and Discussion 

4.3.1 Selection of Experimental Synthesis Conditions 

The work of Hurd et al.78,172 has previously concluded that 1,2,4-triazole was 

incorporated into the pore space of PCMOF-2, with loadings between 0.3 and 0.6 molar 

equivalents of 1,2,4-triazole per Pgs. The synthesis of PCMOF-2(Tz)x was done under 

conditions similar to those reported in the literature for the synthesis of PCMOF-2(Tz)0.6, 

but some changes were made for various reasons. The literature preparation for 

PCMOF-2(Tz)0.6 used a concentration of 125 mg/mL of H3Pgs in water, one equivalent 
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of 1,2,4-triazole, 1.2 equivalents of sodium as sodium bicarbonate, and using 53 mL of 

precipitating acetone per mL of water. Other parameters such as stirring times, reaction 

times and addition rates were not specified. 

In this study that was undertaken here, a lower concentration of H3Pgs 

(50 mg/mL) and half as much Tz (0.5 equivalents) were used in the control experiment, 

as the higher amounts reported in the literature resulted in extremely high loadings that 

were not desirable for the control experiment. This is likely due to differences in 

synthetic parameters that were not standardized between Dr. Hurd’s methodology and my 

own. Sodium carbonate was used rather than sodium bicarbonate for increased atom 

economy, and to decrease the effervescence during the addition. The effervescence is 

troublesome as this results in material being deposited on the walls of the reaction vessel 

and causes uncontrolled variability between syntheses. The amount of precipitating 

acetone was also reduced from 53 mL/mL H2O to 9 mL/mL H2O to reduce solvent costs, 

filtration time, and the amount of waste produced. Other parameters such as addition 

rates, reaction times, filtration methods, and product isolation steps (see Section 4.2.3 for 

complete synthesis details) were standardized and were followed as closely as possible 

during all the trials. Four key parameters were examined that were hypothesized to have 

the greatest effect on loading: 1) ligand concentration, 2) equivalents of Tz, 3) 

equivalents of sodium, and 4) amount of precipitating acetone. These parameters were 

varied by doubling and halving each with respect to the control sample. A reaction was 

also run without any Tz (MOFNoTz) , to verify that PCMOF-2 was obtained. All the 

samples were run with the same batch of H3Pgs, to eliminate any possible differences 

between batches, and were run sequentially over the course of several hours to eliminate 
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any potential ligand ageing affects as much as possible. Samples were analysed by PXRD 

to assess phase purity, and TGA and EA to determine the composition of the products. 

4.3.2 Initial Analysis and Anomalous Yields 

The MOFNoTz synthesis went as expected, with pure α-PCMOF-2 being obtained 

in a 93% yield. PXRD analysis verified that it was phase pure in comparison to a 

simulated pattern from single crystal data (Figure 4.1), and EA confirmed the formula as 

Na3Pgs∙2.80 H2O. TGA (Figure 4.2) shows solvent loss below 175°C, followed by 

decomposition beginning around 350°C. 

 

 

Figure 4.1 – PXRD Patterns comparing α-PCMOF-2 simulated from single crystal 
data (bottom, green), MOFNoTz (middle, red) and MOFControl (top, blue). 
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Figure 4.2 – TGA (in green) and DSC (in blue) for MOFNoTz. 

 

 

Figure 4.3 – TGA (in green) and DSC (in blue) of MOFControl. 
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Sample Yield TGA EA 

MOFNoTz 92.61% 2.68 H2O 0.00 Tz 

MOFControl 110.2% 1.62 H2O 0.37 Tz 

MOFLowWater 130.1% 1.04 H2O 0.77 Tz 

MOFHighWater 81.59% 2.73 H2O 0.04 Tz 

MOFLowTz 102.1% 2.03 H2O 0.18 Tz 

MOFHighTz 125.0% 0.97 H2O 0.74 Tz 

MOFLowNa 96.42% 0.18 H2O 0.42 Tz 

MOFHighNa 82.98% 1.71 H2O 0.34 Tz 

MOFLowAce 93.70% 1.18 H2O 0.13 Tz 

MOFHighAce 126.7% 1.37 H2O 0.67 Tz 

Table 4.1 – Summary of yields, water content, and EA analyses based on 
Na3Pgs(Tz)x∙nH2O structure. 

 

 

Figure 4.4 – PXRD patterns comparing α-PCMOF-2 simulated from single crystal 
data (bottom, green), MOFNoTz (middle, red) and MOFLowWater (top, blue) which 

contains a high 1,2,4-triazole loading. Peaks that do not match MOFNoTz are 
indicated by yellow stars. 
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MOFControl was also synthesized successfully, with EA giving the formula 

Na3Pgs(Tz)0.37∙1.24 H2O. The PXRD (Figure 4.1, blue) also matches MOFNoTz, although 

there is some slight loss of intensity in the higher angle peaks, and some peak broadening 

in all the peaks was also observed. TGA (Figure 4.3) was used to corroborate water 

content (as weight loss up to 175°C), but as previously observed by Hurd172, no 

correlation could be made between the amount of Tz determine from EA, and the weight 

loss step observed between 250 and 350°C. 

After conducting the remaining trials, the results seemed typical, until the yields 

were calculated. Sodium carbonate was used as the limiting reagent, as only 1.2 

equivalents of sodium was added, when 3 would be required to completely neutralize 

H3Pgs. When using sodium carbonate as the limiting reagent, a yield of 110% was 

calculated, based on the mass of product obtained, and the molecular weight obtained 

from EA and TGA analysis. Analysis of the remaining samples showed that in several 

cases, yields were obtained in excess of 100% when the formula was calculated as 

Na3Pgs(Tz)x∙nH2O (Table 4.1). Obviously, a yield greater than 100% is not possible, and 

three possibilities were hypothesized: 1) sodium was not the limiting reagent, 2) the 

chemical formula of the product was not correct, or 3) the product was not pure. 

The PXRDs also demonstrated that something was amiss, as the samples with the 

highest loadings of Tz had several new peaks in the pattern (Figure 4.4). An examination 

of all of the PXRD’s shows that for samples with less Tz than MOFControl, a normal 

PXRD was observed, while those with a higher loading than the control gave extra peaks. 

This suggested that an impurity, or a new phase, was being formed at higher Tz loading 

levels. 
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4.3.3 A Synthesis Without Sodium 

 

Figure 4.5- TGA (green) and DSC (blue) for MOFNoNa. 

 

If an impurity phase was being formed, then it would have to be co-precipitating 

with α-PCMOF-2. As MOFNoTz shows that, without Tz, α-PCMOF-2 is formed as 

expected and in an acceptable yield, it was hypothesized that a complex between Tz and 

H3Pgs could potentially be forming the new phase. Thus, the synthesis was repeated 

without sodium carbonate (MOFNoNa) to determine if such a product could form, and if it 

would precipitate under the reaction conditions examined. 

MOFNoNa did precipitate as a white powder, which EA identified as (HTz)3Pgs 

(HTz = 1-H-1,2,4-triazolium). TGA (Figure 4.5) shows that the product decomposes 

between 250 to 300°C, which is in the same range as the mass loss that appears in Tz 

loaded α-PCMOF-2; however, PXRD analysis (Figure 4.6) shows that this is not the 
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same as the impurity phase that was observed, as exemplified by the lack of a peak at 

~16° 2θ in the PXRD pattern. 

 

Figure 4.6 – PXRD patterns comparing α-PCMOF-2 simulated from single crystal 
data (bottom, green), MOFNoNa (middle, red) and MOFLowWater (top, blue). 

Peaks that do not match α-PCMOF-2 are indicated by yellow stars. 

Despite the fact that (HTz)3Pgs was not the impurity, it raised another possibility: 

that triazolium was partially replacing sodium throughout the framework, and thus 

sodium alone was not the limiting reagent. This would result in a compound with the 

formula [Na(1-x)(HTz)x]3Pgs∙nH2O where x is the percentage of sodium ions that have 

been replaced with protonated Tz. As the α-PCMOF-2 structure contains layers of Pgs3- 

that are connected by sodium atoms, it is possible that triazolium could replace a sodium 

atom in the interlayer space, causing the structure to swell slightly due to the size 

difference between the two cations. As the sodium cations exist on the pore surface, the 

triazolium could also be jutting into the pores, thus limiting the amount of framework 
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deformation necessary to accommodate the larger triazolium cation. This framework 

expansion, which occurs with retention of crystallinity, is aided by the relatively non-

directional bonding of sulfonate moieties which can subtly alter their coordinative 

binding interactions to adjust to changes in the overall structure. The Shimizu group has 

previously documented this phenomenon in the barium 1,3,5-benzenetrisulfonate 

system,76 where the highly variable coordinative tendencies of both barium and sulfonate 

allowed the structure to undergo large structural changes (from crystal densities as low as 

2.2 g/cm3 up to 2.8 g/cm3) while remaining crystalline. These changes were effected 

through the loss of water from the fully hydrated system, causing pore spaces to change 

as the sulfonate groups altered their coordinative interactions with the barium ions, and 

these changes were fully reversible upon the reintroduction of water. In the case of 

PCMOF-2, sodium is much less coordinatively flexible due to its smaller ionic radius, 

which could favour the formation of a continuum of closely related structures as the 

amount of Tz increases, resulting in some framework expansion, rather than the large 

structural changes observed in the barium sulfonate structure. While the framework could 

flex to allow triazolium to replace sodium up to some critical level (xcrit), ultimately a 

completely new phase, or a mixture of phases, would be formed past xcrit, which should 

resemble that identified in MOFNoNa where x is 1. 

The PXRD data obtained appears to corroborate this framework expansion 

hypothesis, as the new peaks appear to emanate from existing peaks, but are shifted to 

lower 2θ, which would occur if the unit cell was slightly expanded due to swelling, while 

maintaining a similar overall structure and symmetry. The swelling would also be 

randomly dispersed throughout the framework, causing existing peaks to broaden and 
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lose some intensity due to a loss of long range order, and this peak broadening and 

lowered intensity is observed in the experimental data. Finally, when all the sodium has 

been replaced, a completely new phase appears (Figure 4.6, in red) as the amount of 

sodium can no longer force the formation of the α-PCMOF-2 structure. 

4.3.4 EA and TGA Analysis to Determine the Composition of 

[Na(1-x)(HTz)x]3Pgs∙nH2O samples 

Based on the new proposed structure, EA and TGA results were re-analyzed to 

determine the optimal formula, and have been summarized in Table 4.2. The yields are 

based on the sum of sodium and triazole as the limiting reagent, and in all cases the 

summation of the two components is less than the 3 equivalents necessary to fully react 

deprotonate H3Pgs. The yields are all now reasonable values, with no yields exceeding 

100%. 

 

Sample Formula 
Yield 
(%) 

MOFNoTz [Na1(HTz)0]3Pgs∙2.80H2O 92.6 

MOFControl [Na0.88(HTz)0.12]3Pgs∙1.59H2O 78.3 

MOFLowWater [Na0.75(HTz)0.25]3Pgs∙1.00H2O 93.5 

MOFHighWater [Na0.99(HTz)0.01]3Pgs∙2.68H2O 57.9 

MOFLowTz [Na0.94(HTz)0.06]3Pgs∙2.01H2O 84.6 

MOFHighTz [Na0.76(HTz)0.24]3Pgs∙0.94H2O 70.7 

MOFLowNa [Na0.86(HTz)0.14]3Pgs∙0.18H2O 53.7 

MOFHighNa [Na0.89(HTz)0.11]3Pgs∙1.68H2O 86.9 

MOFLowAce [Na0.96(HTz)0.04]3Pgs∙1.91H2O 66.7 

MOFHighAce [Na0.78(HTz)0.22]3Pgs∙1.32H2O 89.5 

Table 4.2 – Summary of formulas and yields based on TGA and EA analyses given 
the general formula [Na(1-x)(HTz)x]3Pgs∙nH2O. 

 
 



 

135 
 

Sample Formula 
TGA Loss 

(wt%) 

Expected Loss 
for (HTz)3Pgs 

(wt%) 

MOFControl [Na0.88(HTz)0.12]3Pgs∙1.59H2O 8.04 8.44 

MOFLowWater [Na0.75(HTz)0.25]3Pgs∙1.00H2O 19.72 17.30 

MOFHighWater [Na0.99(HTz)0.01]3Pgs∙2.68H2O 0.49 0.70 

MOFLowTz [Na0.94(HTz)0.06]3Pgs∙2.01H2O 2.99 4.23 

MOFHighTz [Na0.76(HTz)0.24]3Pgs∙0.94H2O 19.07 16.69 

MOFLowNa [Na0.86(HTz)0.14]3Pgs∙0.18H2O 10.25 10.33 

MOFHighNa [Na0.89(HTz)0.11]3Pgs∙1.68H2O 6.85 7.74 

MOFLowAce [Na0.96(HTz)0.04]3Pgs∙1.91H2O 1.15 2.85 

MOFHighAce [Na0.78(HTz)0.22]3Pgs∙1.32H2O 17.12 15.18 

Table 4.3 – Comparing the mass loss in TGA for the second step, against the 
expected loss if it was (HTz)3Pgs. 

 

While TGA was previously used only to quantify the amount of water, it can now 

also be used to roughly determine the amount of HTz present in the compound. The TGA 

of MOFNoNa (Figure 4.5) shows that the compound lost 1.76 wt% water below 100°C, 

followed by decomposition between 250 and 300°C wherein the sample loses 57.57 wt%. 

This mass loss is not just due to the loss of HTz, as it only makes up 36.16 wt% of the 

sample, and so this must be a combined loss and decomposition of (HTz)3Pgs. 

As this 57.57 wt% is for a sample that had some residual solvent, correcting for 

this solvent loss will give an expected weight loss of 58.60 wt% between 250 and 300°C 

for pure (HTz)3Pgs. This 58.60 wt% can then be used to calculate the expected weight 

loss from the Tz-loaded MOF samples assuming that all of the Tz was in the form of 

(HTz)3Pgs. Data based on this assumption is summarized in Table 4.3, and shows very 

good correlation to the actual observed weight losses. The discrepancies between the two 

arise values arises from the fact that the assumption that Tz is exclusively in the form of 



 

 

(HTz)3Pgs is only a rough approximation, as the material is likely to contain a complex 

mixture of domains where Na

present. 

 

Figure 4.7 – Comparison of the mass loss in TGA due to an increase in HTz loading. 
From left to right: MOF

(x = 0.12, blue), MOF

 

To further examine this assumption, the TGA traces for several samples over a 

range of x (x = 0, 0.06, 0.12, 0.24 and 1), were overlaid afte

contributions, as shown in 

1) there is a correlation between 
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Pgs is only a rough approximation, as the material is likely to contain a complex 

ure of domains where Na3Pgs, (HTz)1Na2Pgs, (HTz)2NaPgs, or (HTz)

Comparison of the mass loss in TGA due to an increase in HTz loading. 
From left to right: MOFNoNa (x = 1, green), MOFHighTz (x = 0.24, purple), MOF

0.12, blue), MOFLowTz (x=0.06, red), and MOFNoTz (x = 0, brown).

To further examine this assumption, the TGA traces for several samples over a 

= 0, 0.06, 0.12, 0.24 and 1), were overlaid after removing solvent 

contributions, as shown in Figure 4.7, and the following trends can be extracted:

there is a correlation between x, and the amount of mass loss observed 

between 250 and 350°C; 

increases, the temperature at which the mass loss occurs goes to lower 

 

Pgs is only a rough approximation, as the material is likely to contain a complex 

NaPgs, or (HTz)3Pgs are 

 

Comparison of the mass loss in TGA due to an increase in HTz loading. 
0.24, purple), MOFControl 

0, brown). 

To further examine this assumption, the TGA traces for several samples over a 

r removing solvent 

, and the following trends can be extracted: 

, and the amount of mass loss observed 

which the mass loss occurs goes to lower 
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3) the high-temperature mass loss (centered around 370°C) is unaffected by x; 

4) the mass losses between 250 and 350°C, for the Tz loaded samples, are 

relatively broad in comparison to the high-temperature mass loss. 

These trends suggest that there are microscopically segregated domains, some of 

which contain higher densities of HTz and decompose at the lowest temperatures, some 

of which contain lower densities of HTz and decompose at slightly higher temperatures; 

and some of which solely contain Na, and decompose at the expected 370°C for 

PCMOF-2. This also corroborates the earlier conclusion that the initial hypothesis of 

neutral Tz being located in the pores is incorrect, as an increase in pore loading with 

neutral Tz molecules should only affect the magnitude of the mass loss, and not the 

temperature at which it occurs. These trends also reinforce the previous conclusion that 

Tz is randomly distributed throughout the framework, giving rise to a number 

coordination environments, rather than simply having a (HTz)3Pgs impurity phase. 

4.3.5 Proton Conductivity of (HTz)3Pgs 

In order to further confirm that Tz was incorporated into PCMOF-2, and that it 

was not simply a co-precipitated (HTz)3Pgs impurity phase leading to the higher 

conductivity, a proton conductivity measurement was taken at 80°C in air. The proton 

conductivity was found to be 2.1 x 10-6 S/cm, about an order of magnitude greater than 

pure 1,2,4-triazole, but still two orders of magnitude lower than reported conductivity of 

10-4 S/cm for 1,2,4-triazole loaded PCMOF-2. These results help confirm that the 

improvements observed in the anhydrous proton conductivity cannot be attributed to an 
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(HTz)3Pgs impurity phase in PCMOF-2, and further confirms the conclusion that Tz must 

be intimately incorporated into the PCMOF-2 framework as HTz. 

4.3.6 Effects of Synthetic Parameters on Phase, Loading and Yields 

To determine the effect of the four studied variables (amount of water, amount of 

1,2,4-triazole, amount of sodium, and amount of precipitating acetone), the conditions of 

the control experiment were modified with a high and a low value for each parameter, 

and were plotted against the observed loading, x. 

Figure 4.8 shows how x varies with changes in the amounts of sodium and 1,2,4-

triazole used. Although there is a correlation between the amount of sodium used and the 

observed loading, the effect is relatively small, as a four-fold increase in sodium only 

decreases the amount of Htz by 3% (from 14 to 11%). This is a similar trend to that 

observed by Hurd et al. who also observed that an increase in sodium led to an decrease 

in loading, but due to the different synthesis conditions, a direct comparison of the 

magnitude of the trend is not possible. Figure 4.8 also shows a significant decrease in the 

obtained yield as the amount of sodium used decreases, due to the fact that PCMOF-2 is 

slightly soluble (approximately 2 g per 100 mL water) and low concentrations of the 

product will not precipitate. Decreasing the amount of sodium to increase the loading of 

HTz is thus a poor method of control, as it only has a small effect on loading, and a 

detrimental effect on the yield. 
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Figure 4.8 – Relationship between the amount of cation used and observed loading 
(x) in α-PCMOF-2. Varying equivalents of sodium (red) and 1,2,4-triazole (blue). 

Yields for each product are also given as labels beside each data point. 

 

Adjusting the amount of Tz appears to be a much better method of controlling the 

loading, with the resulting trend being highly linear and spanning a wide range of 

loadings (Figure 4.8, in blue). Although the percent yield decreases as the loading 

increases, the mass of product obtained actually increases but at a slower rate than the 

increase in limiting reagents used. This can be seen by determining the mass percentage 

of ligand recovered in the product (Table 4.4). 

Figure 4.9 shows the variation in loading against the volume of precipitating 

acetone used, while Figure 4.10 shows the variation with ligand concentration (water 

used). In both cases an increase in loading is observed as the activity of water in the 
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system decreases, either through dilution with acetone or through the use of a more 

concentrated ligand solution. The yields also increase along with the decrease in water 

activity, suggesting that the loading and yield are intimately related to the solubility of 

the components in water. 

 

Sample Formula 
Yield 

(g) 
Yield 
(%) 

Pgs3- 
Recovered 

(%) 

MOFNoTz [Na1(HTz)0]3Pgs∙2.80H2O 0.488 92.6 36.7 

MOFLowTz [Na0.94(HTz)0.06]3Pgs∙2.03H2O 0.532 84.6 40.4 

MOFControl [Na0.88(HTz)0.12]3Pgs∙1.66H2O 0.579 78.3 43.8 

MOFHighTz [Na0.76(HTz)0.24]3Pgs∙1.07H2O 0.684 70.7 51.1 

Table 4.4 – Comparison of percent yields and percent of recovered Pgs with 
variation in 1,2,4-triazole added. 

 
 

 

Figure 4.9 – Variation of loading (x) versus the volume of precipitating acetone 
used. Yields for each product are also given as labels beside each data point. 
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Figure 4.10 – Variation of loading (x) versus the volume of precipitating acetone 
used. Yields for each product are also given as labels beside each data point. 

 

Figure 4.11 – Comparing the water content, n, to loading, x, in 
[Na(1-x)(HTz)x]3Pgs∙nH2O samples. 



 

142 
 

Thus, in order to optimize the yield, a concentrated solution of H3Pgs should be 

used, along with a large volume of precipitating acetone. It is reasonable to assume that 

the use of increasingly larger quantities of acetone would lead to diminishing returns in 

yield, and so more trials on the system would need to be done to optimize the two 

parameters based on the relative costs of the reagents, solvents, and the time required for 

filtration. 

An examination of the pore water content and 1,2,4-triazole loading has also been 

undertaken, and is shown in Figure 4.11. The first observation is that the data point for 

MOFLowNa ([Na0.76(HTz)0.14]3Pgs∙0.18H2O) is vastly different from the others and appears 

to be an outlier. Although the exact reason for this is unknown, it is possible that the pH 

of the solution is having an effect, as this sample would have been the most acidic due to 

the small amount of sodium carbonate added. This data point has been ignored for the 

remainder of this analysis. The remaining data points show a general trend in which the 

amount of water in the framework decreases as HTz loading increases. As this is pore 

water being analyzed, this suggests that as HTz is being incorporated into the structure it 

is either filling the pores and displacing pore water, or blocking the pores and preventing 

water from accessing the pores. Due to the fact that the framework is precipitated rapidly 

from an aqueous solution, pore blockage seems unlikely since the water could easily be 

encapsulated and trapped as the framework precipitates. Displacement of pore water by 

HTz occupying the pores is the more logical scenario. If this is the case, extrapolating to 

the x-intercept would give a value of x = 0.40, potentially giving the maximum possible 

loading before all the pore space is occupied, and no more HTz could be accommodated 

in the structure (xcrit). This loading could also potentially correspond to the point where 
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none of the original α-PCMOF-2 structure remains, and only the larger unit cell structure 

would exist. Further experiments are needed to deduce what xcrit is experimentally, and 

what materials exist between xcrit and the (HTz)3Pgs structure, if any. 

4.3.7 AC Impedance and Proton Conductivity 

It was decided that AC impedance would be performed on the samples MOFNoTz, 

MOFLowTz, MOFControl, and MOFHighTz due to the wide range of triazole loadings 

represented by these samples (x = 0, 0.06, 0.12, and 0.24 respectively). Measurements 

were conducted up to 160°C in air to evaluate the performance under low humidity 

conditions. Conductivity was initially attempted on the α-phase samples, using the porous 

ceramic sample holders, with the expectation that, as previously observed by Hurd172, the 

samples would convert in-situ to the β-phase. 

 

Figure 4.12 –Nyquist plots for MOFControl showing the data at the start of the first 
temperature cycle, which shows the expected RC circuit element and capacitive tail.  
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Unfortunately, the conductivity values obtained were poor, and for all samples, 

the conductivity dropped to unmeasureable levels during the first heating and cooling 

cycle. The Nyquist plot began as a single RC circuit element with a capacitive tail (Figure 

4.12), but slowly deteriorated until only capacitive behaviour was observed as the 

temperature cycle progressed. A representative sample of the conductivity data is shown 

in Figure 4.13 for MOFNoTz. Although the samples all began with moderate levels of 

conductivity around 10-4 S/cm, sample resistances increased to the point that they were 

no longer measureable (> 106 Ohms), and appeared as capacitors. 

 

Figure 4.13 – First heating cycle conductivity of MOFNoTz in the ceramic zirconium 
pyrophosphate cell in air from room temperature to 160°C. 
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After the cycle was complete, the samples were removed and analysed by PXRD 

(Figure 4.14). In all cases, conversion to the β-phase was observed in the post-impedance 

samples in comparison to the simulated powder pattern. It should be noted that the 

apparent amorphous hump in several of the samples is due to the sample holder used (a 

glass slide insert due to the small sample size), and does not originate from the sample 

itself. Similar to the α-phase samples, some anomalous peaks were observed at the higher 

1,2,4-triazole loadings (MOFHighTz). The samples were also observed to have discoloured 

significantly, becoming brown in colour, which suggested that, despite the conversion 

appearing successful by PXRD, some other process was occurring that was affecting the 

samples and their conductivity. 

 

Figure 4.14 – PXRD analysis of in-situ conversion of α-phase MOF samples to β-
phase during AC impedance analysis. From bottom to top: simulated β-phase from 
single crystal data172 (green), MOFNoTz (red), MOFLowTz (blue), MOFControl (orange) 

and MOFHighTz (aquamarine). 
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Figure 4.15 – PXRD analysis of β-phase PCMOF-2 converted by the ex-situ 
methodology. From bottom to top: simulated β-phase from single crystal data172 

(green), MOFControl (red), and MOFHighTz (blue). 

 

Two hypotheses were proposed for the anomalous results: 1) in-situ conversion 

was unsuccessful for an unknown reason, despite the PXRDs matching the expected 

pattern, or 2) the ceramic cell reacted with, or catalyzed the decomposition of, the 

samples. To address these hypotheses, two different approaches were used. First, samples 

were converted to the β-phase ex-situ, by pressing pellets and heating them at 80°C in a 

humid environment. After conversion, PXRD was run (Figure 4.15) and confirmed that 

conversion to the β-phase was successful, and although the powder pattern appeared 

identical to the in-situ converted samples obtained previously, the samples were not 

nearly as discoloured, and were only slightly off-white/light beige. Samples of 

β-MOFControl were then taken for AC impedance analysis, both in the ceramic sample 
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holder, and in the quartz sample holder (refer to Section 2.2.3.3 and Figure 2.11), to 

ensure reproducibility and that the sample holders did not have any effect. 

 

Figure 4.16 – PXRD comparison of β-MOFControl after AC impedance analysis in the 
ceramic and quartz cells. From bottom to top: simulated β-phase from single crystal 

data172 (green), β-MOFControl as synthesized (red), β-MOFControl from the ceramic 
impedance cell (blue), and β-MOFControl from the quartz impedance cell (orange). 

 

Measurements in the ceramic sample holder showed similar results to those 

obtained earlier, in that the conductivity decreased during the first temperature cycle, to 

the point that conductivity became unmeasureable. Surprisingly, the measurements in the 

quartz sample holder were successful, and will be discussed in more detail in the 

following section. To look for any differences between the two samples, PXRD’s of 

β-MOFControl were obtained after AC impedance analysis for both the ceramic and quartz 

cell samples (Figure 4.16). The sample from the quartz cell shows no changes in 
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comparison to the as-synthesized material; however, the sample from the ceramic cell, 

although generally similar, shows new peaks appearing at 31° and 34° 2θ, and the 

disappearance of the peak at 24° 2θ, indicating that a change has occurred in the material. 

 

 

Figure 4.17 – Nyquist Plots for MOFControl from 30°C to 160°C in air. 

 

This small change must be responsible for the difference in conductivity between 

the two samples, and although the exact nature of this change is currently unknown, it 

indicates that the sample cell can have an effect on the conductivity, at least for this 

particular family of materials. Given that the electrodes in both types of conductivity cells 
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are made of titanium, the only difference between the two that could conceivably have an 

impact on the measurements is the material lining the sides of the sample (zirconium 

pyrophosphate ceramic versus quartz). One possible explanation is that the ceramic 

material is catalyzing some sort change in the structure, and that this change must 

propagate throughout the bulk of the material in order to explain the complete loss of 

conductivity. 

 

 

Figure 4.18 – Nyquist Plots for MOFHighTz at 20°C (blue), 40°C (brown), 60°C 
(gray), 80°C (yellow), 100°C (black), 120°C (red), 140°C (light blue) and 160°C 

(green) in ambient air. Inset shows a zoomed in view of the region near the origin. 

 



 

 

Conductivity measurements in the quartz cell were successfully comple

ex-situ converted β-phases of 

MOFControl are shown in Figure 

show that both samples 

seen by the presence of full or partial semi

frequencies, which is indicative of proton conduction due to 

titanium electrodes. 

Figure 4.19 – Conductivity versus temperature for MOF
20°C to 160°C in air (ambient humidity).

 

The associated conductivity data for both samples is shown in 

MOFControl shows a moderate level of conductivity, topping out at 

at 160°C in air. The conductivity value is similar, although slightly lower, than that 

150 

Conductivity measurements in the quartz cell were successfully comple

phases of both MOFControl and MOFHighTz. The Nyquist plots for 

Figure 4.17 and for MOFHighTz in Figure 4.18. The Nyquist plots 

 consist of a single RC circuit elements at high frequencies, 

seen by the presence of full or partial semi-circles, with capacitive tail

frequencies, which is indicative of proton conduction due to the use of 

Conductivity versus temperature for MOFControl and MOF
20°C to 160°C in air (ambient humidity). 

conductivity data for both samples is shown in 

shows a moderate level of conductivity, topping out at (6.7 ±

in air. The conductivity value is similar, although slightly lower, than that 

Conductivity measurements in the quartz cell were successfully completed on the 

Nyquist plots for 

The Nyquist plots 

at high frequencies, as 

capacitive tails at low 

the use of proton-blocking 

 

and MOFHighTz from 

conductivity data for both samples is shown in Figure 4.19. β-

± 0.3) x 10-5 S/cm 

in air. The conductivity value is similar, although slightly lower, than that 
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reported by Hurd et al.78 of 2 x 10-4 S/cm at 150°C under anhydrous conditions for their 

β-PCMOF2(Tz)0.3 which has the most comparable loading of 1,2,4-triazole. As a 

comparison, β-MOFControl, in Hurd’s notation, would be, approximately, 

β-PCMOF2(Tz)0.36. Despite the slightly lower conductivity, the activation energy for β-

MOFControl, 0.41 ± 0.02 eV, is very similar to the values reported by Hurd (0.51 and 0.34 

eV for β-PCMOF2(Tz)0.3 and β-PCMOF2(Tz)0.45, respectively), indicating that a similar 

conduction mechanism is operating. 

Unlike β-MOFControl, β-MOFHighTz shows two different activation energy regimes 

at different temperatures, room temperature to ~80°C (0.72 ± 0.06 eV) and from 80°C to 

160°C (0.14 ± 0.02 eV). This large change in activation energy between 80°C and 100°C 

is similar to what Hurd observed with his highest loaded samples, which demonstrates 

that a mechanistic change in the conductivity pathway occurs, possibly as a result of 

increased rotational freedom of 1,2,4-triazolium at the higher temperatures. The 

conductivity of β-MOFHighTz, which has double the amount of 1,2,4-triazolium as 

compared to β-MOFControl (x = 0.24 versus 0.12), reaches a maximum conductivity of 

(2.27 ± 0.06) x 10-4 S/cm at 160°C in air. This conductivity value is roughly three times 

as large as that of MOFControl, and suggests that extremely high loadings of 1,2,4-

triazolium could improve the conductivity further. Assuming that this trend is linear, 

extrapolating to the previously hypothesized maximum loading of xcrit = 0.4 would, 

however, only result in an increase to approximately 4.4 x 10-4 S/cm, which is still far 

below any level that would be commercially applicable, and is still only modest proton 

conduction for a MOF-based system. 
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Figure 4.20 – PXRD comparing β-MOFHighTz both pre- and post-AC impedance 
analysis. From bottom to top: simulated β-phase from single crystal data172 (green), 

β-MOFHighTz as synthesized (red), β-MOFHighTz from the quartz cell after AC 
impedance analysis (blue). 

 

Unfortunately, these improvements in conductivity do not come without a cost, as 

MOFHighTz appears to start undergoing decomposition to a small extent under these 

conditions. Removal of the sample from the impedance cell revealed a significant colour 

change from the previously off-white colour, to a dark brown. A post-impedance PXRD 

was run on the sample (), and shows that, in comparison to the as-synthesized 

β-MOFHighTz,  a loss of crystallinity is observed as evidenced by the loss of intensity in 

the highest angle peaks associated with the β-PCMOF-2 phase. The sample also shows 

the formation of a new phase, as evidenced by the increase in intensity of peaks at 21.8° 

and 23.5°, and significant new peaks appearing at 25.5° and 35.5°. All of these 
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observations suggest that the long term stability of this particular system is likely to be an 

issue for practical applications and in terms of further academic studies. 

4.4 Conclusions and Future Work 

Based on an in-depth analysis of the yields, EA, and TGA data, it has been found 

that rather than just Tz occupying the pores of α-PCMOF-2, Tz forms the HTz  cation, 

replacing a fraction of the sodium cations in the α-PCMOF-2 structure. Due to the fact 

that sodium lines the pore walls, HTz sits, at least partially, within the pore space, 

causing water to be excluded from the pores as HTz loading increases. Extrapolation 

leads to an estimated maximum potential replacement, xcrit, of 40% before all the pore 

space is occupied. Further trials are necessary to determine what xcrit is experimentally, 

whether it agrees with the extrapolated maximum of 40%. 

PXRD analysis shows that, at loading levels above around x = 0.14, a new but 

related phase begins to appear. The framework expands upon triazole loading as 

evidenced by the appearance of a new set of peaks that are shifted to lower 2θ, and thus a 

larger d-spacing, relative to the original unit cell. Higher loadings should result in a 

complete transformation to the larger unit cell, presumably at xcrit, but it is unknown what 

structures, if any, might exist between xcrit and x = 1. 

Four synthesis variables (the amounts of sodium, Tz, water, acetone) have been 

analyzed for their effect on the observed loading and the yield. It has been found that 

adjusting the quantity of Tz has a significant and linear impact on the observed loading 

under the conditions examined, and that lowering the water activity of the synthesis 
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results in both a higher yield, and an increase in the observed loading. Many synthesis 

parameters have been left unexamined including stirring times, reaction times, addition 

rates, sodium sources, and temperature, and need to be examined further in order for a 

complete understanding of the reaction system. As α-PCMOF-2(HTz)x is unlikely to be 

commercialized due to its poor hydrolytic stability, further investigations into controlling 

the loading of this system may not be warranted now that a degree of control has been 

obtained. 

The complex interplay between the amount of loading, the phase obtained, and 

the efficiency of the reaction requires both diligence and an exacting control over all the 

synthetic variables in order to give sufficient control over the system to obtain the desired 

product reproducibly, and without waste. This control is necessary to develop a 

well-defined structure-activity relationship in order to develop a material that is 

optimized in the desired properties that will one day lead to an commercially viable 

material. 

Proton conduction measurements have shown that the transformation from the  α- 

to the β-phase of this family of MOFs is very fickle, and that the materials are quite 

unstable and prone to producing non-conductive phases. When treated carefully, the 

conversion can be successfully accomplished by hydrothermal methods, and shows that 

anomalous peaks are still present at the higher loadings. AC impedance measurements 

show that overall the proton conductivity is moderate, but relatively high for a MOF 

material, and increases from 6.7 x 10-5 to 2.27 x 10-4 S/cm when x increases from 0.12 to 

0.24. These moderate conductivity values, combined with relative instability of these 

1,2,4-triazolium doped materials, the unknown structural changes that occur at higher 



 

155 
 

loadings, and the inability to crystallize them in order to obtain further structural insights, 

make them unsuitable for further investigation, either for commercial applications due to 

the lack of stability, or modelling applications due to the lack of in-depth structural 

knowledge about the location of the 1,2,4-triazole. Despite this, it is hoped that the 

insights gained about the loading of guests into MOF materials can be employed by other 

synthetic chemists in the exploration of more stable systems, in order to produce 

materials that are of greater interest to both the scientific and industrial communities. 
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Chapter 5: PCMOF-2/Nafion® Mixed Matrix Membranes 

5.1 Introduction 

Proton conducting polymer membranes are currently the only commercialized 

technology used as electrolytes in PEM fuel cells due to their high conductivities, 

stability, and, of equal importance, their ability to be manufactured as very thin 

membranes. This ability to be produced on large scales as very thin membranes is 

important for three reasons: 1) to lower the internal cell resistance, 2) to increase the 

power density of the fuel cell stack, and 3) to reduce material costs. 

In a PEM fuel cell, as mentioned in Section 2.2.2, the resistance of an electrolyte 

membrane is calculated with equation (2.23). It is immediately apparent that R is 

proportional to t, so as the thickness of the membrane increases, the resistance of the cell 

increases, thus lowering the available voltage at a given current load, as per Ohm’s Law. 

Thus, producing as thin a membrane as possible, while still maintaining mechanical 

integrity, is highly desirable to reduce these ohmic losses and thus improve the 

performance of the cell. In practice, PEM polymer electrolytes are typically 10 to 100 μm 

in thickness, which for an electrolyte that conducts at 0.1 S/cm, corresponds to a 0.01 to 

0.1 Ω∙cm2 area specific resistance (ASR).4 In comparison, PCMOF pressed pellets are on 

the order to 1 mm in thickness to maintain a modicum of structural integrity, and would 

have an ASR of 1 Ω∙cm2 (assuming σ = 0.1 S/cm); this resistance is significantly higher, 

and would have a detrimental effect on fuel cell performance. 
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The second effect of membrane thickness is on the power density of the fuel cell 

stack. PEM fuel cells typically generate between 300 and 1000 mW per cm2 of MEA. 

This means that large areas are required to produce enough power for automotive 

applications (e.g. 80-100 kW for the Honda FCX fuel cell vehicle).4 As the electrolyte 

increases in thickness, the fuel cell stack must also increase in size. This reduces both the 

gravimetric and volumetric power densities, and again favours membranes that are as thin 

as possible. 

This requirement for very thin electrolytes greatly favours the use of proton 

conducting polymers, but their humidity-dependent conductivity normally limits their 

operation to below 100°C (Sections 1.4.1 and 1.4.2). PCMOFs, and other inorganic 

materials, have demonstrated desirable properties such as anhydrous conduction, and 

water retaining abilities,20,200–203 but bulk samples are polycrystalline powders which are 

difficult to form into thin membranes necessary for fuel cell applications. As such, many 

research groups have investigated mixing polymer and inorganic systems to produce thin 

mixed matrix membranes with improved performance at higher temperatures,20,200–203 

reduced membrane swelling,202 and lower fuel crossover.20,204,205 Most reports of mixed 

matrix membranes for proton conduction have focused on improving the performance of 

Nafion® and will be discussed in more detail, but other polymer systems have also been 

investigated.18,200,205–226 

5.1.1 Nafion® Mixed Matrix Membranes 

Nafion® is a perfluorinated polymer with pendant sulfonic acid side chains that 

organizes into a hydrophobic backbone with hydrophilic proton conducting channels. The 



 

158 
 

proton conductivity is in the range of 10-3 to 10-1 S/cm, and is highly dependent on 

relative humidity which limits its application to operating at temperatures below 80°C. 

To maintain desirable conductivity levels at higher temperatures and lower relative 

humidities, groups have investigated mixed matrix membranes of Nafion® with 4 major 

types of additives: silica-based additives,227–235 metal-oxides,228,236,237 heteropoly 

acids,228–230,234,238 and metal phosphate/sulfophenylphosphonates.110,203,220,229,230,239–242 

The silica and metal-oxide based additives have been added for the purposes of 

water retention at higher temperatures to maintain the conductivity,231,233–237 or to lower 

fuel crossover for non-hydrogen fuelled PEMFCs.227,232 These hygroscopic particles, 

between 3 and 20 wt% loading in Nafion®, increase the water uptake of the composites, 

and allow them to maintain high proton conductivity under lower humidity or higher 

temperature conditions (up to 140°C). In general, the conductivity of the composites is on 

par with, or slightly lower than Nafion®, under normal (< 80°C and > 90%RH) operating 

conditions as the additives are not inherently highly proton conducting. The composites 

also have altered pore/membrane structures, especially at higher loadings, which can lead 

to a reduction in fuel crossover (for fuels such as methanol232 and dimethyl ether227), but 

this must be balanced against the lower conductivity levels. The loading level of these 

additives into Nafion® is also limited by the reduced mechanical strength of the 

membrane with increased loading, as they become quite brittle.232 

Rather than using non-conducting additives, high-temperature proton conductors 

can be incorporated into Nafion® to provide both increased water uptake and contribute 

to high-temperature proton conduction. HPAs have been incorporated into Nafion®, and 

have been shown to increase water retention, and improved proton conduction at high 
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temperatures and low relative humidities, but the water soluble HPAs slowly dissolve 

with time reducing the lifetime of the membrane. Attempts to stabilize the HPAs by 

introducing silica,234 or by ion exchanging the protons for large singly charged cations 

(Cs+, NH4
+, Rb+, Tl+)243 have shown some success in improving the stability, but still 

degrade with time. 

Rather than water soluble HPA’s, hydrolytically stable proton conducting metal 

phosphate/sulfophenylphosphonates have also been investigated as additives for Nafion®. 

Zirconium systems have been the most reported, but one titanium phosphate 

sulfophenylphosphate [TiP(SPP)] Nafion® system has been examined.110 Loadings from 

5 to 30 wt% were examined, and proton conduction was comparable although slightly 

lower than the unloaded Nafion® up to 20 wt%, but then decreased significantly at 25 and 

30 wt%. This decrease was attributed to a loss of interfacial contact between the polymer 

and filler, as evidenced by the brittle and heterogeneous nature of the polymers with 25 

and 30 wt% loadings. Variable humidity measurements showed improved conductivity 

above 80% RH for the 20 wt% loaded sample in comparison to unloaded Nafion®, and 

was attributed to a more robust MEA being obtained with the 20 wt% loaded sample as it 

experienced much less swelling at the higher humidities than unmodified Nafion®. 

Zirconium sulfophenylphosphate (ZrSPP) was first incorporated in Nafion® by 

Kim et al.241 at a 6.5 and 12.5 wt% loading. Conductivity measurements below 90°C 

gave similar conductivity values (0.05 to 0.01 S/cm) for the modified and unmodified 

membranes; however, above 90°C, the unmodified Nafion® began to rapidly lose 

conductivity, while the 6.5 and 12.5 wt% membranes did not lose conductivity until 

120°C and 140°C respectively (Figure 5.1). This extension in temperature range is 
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promising, but the lack of long-term stability data or mechanical characteristics makes 

evaluation of any commercial relevance difficult. 

 

Figure 5.1 – Proton conductivity changes with temperature of Nafion (squares), 
Nafion/ZrSPP (6.5 wt%, circles), and Nafion/ZrSPP (12.5 wt%, triangles) 
membranes.241 Reprinted from Electrochimica Acta, vol. 50, Y. Kim et al., 

Nafion/ZrSPP composite membrane for high temperature operation of PEMFCs, 
pp. 645-648, Copyright 2004, with permission from Elsevier. 

 

A Nafion® composite with 25 wt% zirconium phosphate (ZrP) was examined by 

Yang et al.203 They found that water vapour uptake at 80°C and 100% RH was 

significantly enhanced in the mixed matrix membrane (25 wt% water versus 18 wt% in 

the unmodified membrane), which suggests that improvements in proton conduction will 

be observed. MEA’s were manufactured, and although the conductivity was similar at 

80°C, at 130°C the ZrP modified Nafion® showed a significant enhancement in available 

power (Figure 5.2). The authors suggest that the observed improvement is related to the 

decreased swelling and increased mechanical integrity of the composite membrane as 

compared to the unmodified Nafion®. They suggest that the sealing pressure of the MEA 
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opposes water uptake in unmodified Nafion® by preventing membrane swelling, while 

the ZrP particles will help prevent compression, allowing the membrane to more easily 

retain water. 

 

Figure 5.2 – Performance plot of Nafion® compared to the Nafion®/ZrP composite at 
80°C and 130°C.203 Reprinted from Journal of Membrane Science, vol. 237, C. Yang 
et al., A comparison of physical properties and fuel cell performance of Nafion and 
zirconium phosphate/Nafion composite membranes, pp. 145-161, Copyright 2004, 

with permission from Elsevier. 

 

Lin and coworkers239 examined a Nafion®/ZrP mixed matrix that was 

incorporated into a porous PTFE substrate. The PTFE substrate enabled thinner 

membranes (17 – 22 μm compared to at least 50 μm for a pure Nafion® membrane) to be 

produced at lower cost and with higher mechanical strength. As previously observed by 

Yang et al.203, proton conductivity and MEA performance was improved at higher 

temperatures when ZrP was incorporated into Nafion®. A loading of 7.7 wt% ZrP in 



 

 

Nafion® was found to give the best results, while higher loadings resulted in rough and 

cracked membranes that decreased performance.

Finally, Casciola 

zirconium phosphate/sulfophenylphosphate [ZrP(SPP)]

phosphate was first mixed in with ratios between the moles of zirconium and equivalents 

of Nafion® (R) were 0.97, 1.44, 2.09 and 2.59 (corresponding to loadings of 20, 27, 35 

and 40 wt% of ZrP). The high loadings of ZrP reduce

Figure 5.3 A) compared with unmodified Nafion

above 130°C at 90% RH, where the Nafion

conductivity. By replacing some of the phosphate moieties with the highl

heating in an SPP solution at 80°C for 1 week, the membranes exhibited comparable 

conductivity under all conditions, and again showed the improved conductivity at 

temperatures above 130°C (

Figure 5.3 – Conductivity of Nafion, Nafion/ZrP and Nafion/ZrP(SPP) membranes 
against relative humidity (A) and 
John Wiley & Sons, Inc.: Fuel Cells, M. Casciola 
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was found to give the best results, while higher loadings resulted in rough and 

cracked membranes that decreased performance. 

Finally, Casciola et al. have looked at incorporating high loadings  of ZrP

zirconium phosphate/sulfophenylphosphate [ZrP(SPP)]240 into Nafion

phosphate was first mixed in with ratios between the moles of zirconium and equivalents 

(R) were 0.97, 1.44, 2.09 and 2.59 (corresponding to loadings of 20, 27, 35 

and 40 wt% of ZrP). The high loadings of ZrP reduced the conductivity (dashed lines in 

A) compared with unmodified Nafion® (empty circles in Figure 

above 130°C at 90% RH, where the Nafion®/ZrP membrane exhibited higher 

ty. By replacing some of the phosphate moieties with the highl

SPP solution at 80°C for 1 week, the membranes exhibited comparable 

conductivity under all conditions, and again showed the improved conductivity at 

bove 130°C (Figure 5.3 B). 

Conductivity of Nafion, Nafion/ZrP and Nafion/ZrP(SPP) membranes 
against relative humidity (A) and temperature (B).240 Reprinted by permission from 
John Wiley & Sons, Inc.: Fuel Cells, M. Casciola et al., vol. 9, pp. 381

2009. 

was found to give the best results, while higher loadings resulted in rough and 

loadings  of ZrP242 and 

into Nafion®. Zirconium 

phosphate was first mixed in with ratios between the moles of zirconium and equivalents 

(R) were 0.97, 1.44, 2.09 and 2.59 (corresponding to loadings of 20, 27, 35 

d the conductivity (dashed lines in 

Figure 5.3 A), except 

/ZrP membrane exhibited higher 

ty. By replacing some of the phosphate moieties with the highly acidic SPP, by 

SPP solution at 80°C for 1 week, the membranes exhibited comparable 

conductivity under all conditions, and again showed the improved conductivity at 

 

Conductivity of Nafion, Nafion/ZrP and Nafion/ZrP(SPP) membranes 
Reprinted by permission from 
, vol. 9, pp. 381-386, copyright 
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In summary, Nafion® mixed matrix membranes have been examined with various 

metal oxides and metal phosphate/phosphonates, and tend to show slightly lower proton 

conductivities than unmodified Nafion® membranes under most conditions, but an 

increase in high-temperature conductivity is typically observed. High loadings of 

additives also tend to detrimentally impact the mechanical integrity of the membranes, 

but lower loadings have shown less membrane swelling while maintaining high water 

uptakes which is favourable for increasing the lifetime and improving the performance of 

an MEA. 

5.1.2 MOF Mixed Matrix Membranes 

Although there are a handful of reports in the literature of MOF mixed matrix 

membranes, none have been examined for proton conduction. Rather, all the current 

reports have looked at membranes for gas separations. These will briefly be discussed 

with a focus on the synthetic approaches that have been taken in the production of these 

membranes. 

There are two possible approaches to the fabrication of a MOF mixed matrix 

membrane: mixing pre-synthesized MOF with a polymer solution and then fabricating 

the membrane; or fabricating a membrane with incorporated MOF seeding sites, followed 

by growth of the MOF. 

MOF pre-synthesis, followed by membrane fabrication has been examined the 

most as it is synthetically simpler. The easiest method involves suspending the MOF in a 

polymer solution, followed by casting of the membrane onto a flat surface, and removal 

of the solvent.244–250 Suspending the MOF in the polymer solution is one of the most 
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important aspects to ensure a good dispersion of the MOF throughout the membrane, and 

to ensure the best cohesion between the two materials. Solvent selection, stirring rate and 

time, and sonication have all been used to ensure good polymer/MOF mixing. Several 

groups use a priming methodology, where the MOFs were primed or pre-coated with a 

small amount of polymer, then dispersing the primed MOF into a polymer 

solution.247,248,250,251 This priming is beneficial when creating membranes with high 

loading of additives to improve homogeneity, and decrease MOF particle 

agglomeration.252 After creating the MOF/polymer suspension, casting is normally done 

on a flat inert surface (glass or metal, see Figure 5.4) and the solvent is then removed by 

evaporation with heat and/or vacuum to obtain the final dried mixed matrix polymer. The 

other option is to cast the mixture onto a porous backing polymer substrate which acts as 

a support for a very thin selective mixed matrix layer.248,251 Other than dissolving and 

casting the polymer, electrospinning253–255 and wet-dry spinning256 of MOF/polymer 

suspensions have also been examined, resulting in the formation of unwoven mats of 

MOF/polymer fibres. 

The other approach to producing MOF/polymer mixed matrix membranes is to 

incorporate seed sites into a polymer, and then do secondary growth of the MOF. Wu et 

al.255 used electrospinning to produce poly(styrene) fibers containing seed crystals of the 

HKUST-1 or ZIF-8, which were each immersed into a solution containing the appropriate 

metal and ligand precursors to continue the growth of the MOF in the inter-fiber spaces. 

As the MOF grew in the inter-fiber spaces, the polymer was simply acting as a scaffold 

for the MOF, and the MOF was easily accessible by gas molecules for separation 

applications. Ge and coworkers257 took a more simplistic approach, and simply rubbed 
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ZIF-8 seed crystals onto the surface of a porous poly(ether sulfone) membrane before 

adding it to a hydrothermal reaction vessel to grow a thin 7.2 μm thick ZIF-8 layer on top 

of the porous polymer substrate. Rather than using seed crystals, Meilikhov et al.258 

modified the surface of polyester fabric with carboxylate groups, and then grew thin films 

of copper Btc stepwise on the surface by alternately dipping the membrane into solutions 

of copper(II) acetate and Btc. A final method of preparing MOF/polymer mixed matrix 

membranes has been reported by Yao and coworkers which they termed contra-

diffusion.259 Contra-diffusion involved using a porous nylon membrane to separate 

solutions of zinc nitrate and 2-methylimidazole, which could permeate the membrane to 

form ZIF-8 layers on both sides of the nylon membrane. 

Both of these mixed matrix membrane synthetic approaches, solvent casting or 

secondary growth, have their advantages and disadvantages, and the choice of 

methodology employed is dependent on the choice of polymer and MOF. Solvent casting 

is limited to the use of polymers that are solution soluble, but is very simple to perform.  

The choice of MOF in this case is practically unlimited, as long as the MOF is stable to 

the solvents used during membrane casting, and thermally stable during the drying 

process; however, just because a membrane could form, does not mean that the 

membrane will be of high quality. Intermolecular interactions between the polymer and 

the MOF do not need to be complementary to obtain a membrane as, for example, a 

highly hydrophilic MOF could be cast with a highly hydrophobic polymer such as PTFE, 

but the lack of intermolecular interactions would lead to poor adhesion between the 

polymer backbone and MOF particles, potentially leading to pinhole cracks in the 

membrane. The lack of complementary interactions would also mean that the solvent 
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used to dissolve the polymer would likely interact poorly with the MOF, leading to poor 

suspensions which would settle prematurely before the polymer is completely set, 

resulting in a heterogeneous membrane, with a higher loadings near the bottom, and 

lower loading near the top. Choosing polymers and MOFs that can have some form of 

favourable interaction, would help ensure that homogeneous and mechanically robust 

membranes are formed.  

Secondary growth, on the other hand, is not as limited in terms of polymer 

selection, but the desired MOF, and its particular synthetic conditions, will impact 

whether secondary growth is feasible, and which method of seeding could be employed 

successfully.  Seeding helps to ensure that there is good particle/polymer interaction by 

ensuring good incorporation of a small amount of the particles, prior to bulk growth.257 

These interactions can be maximized by chemically bonding the MOF directly into the 

polymer through the use of dangling functional group, as shown by Meilikhov et al.258 

There are a variety of polymers that have, or can be post-synthetically functionalized 

with, desirable functional groups (e.g.: carboxylates, sulfates/sulfonates, 

phosphates/phosphonates) depending on the coordinating groups present in the MOF of 

interest. The polymer must also be stable to the solvent and reaction conditions necessary 

to form the MOF, which can be quite harsh for high-temperature solvothermal syntheses. 

One final factor to consider is that if the polymer surface is homogeneously 

functionalized, and templates a layer-by-layer growth, 1- or 2-dimensional conduction 

channels in the MOF must have the proper orientation with respect to the membrane to 

ensure that the membrane is conductive in the desired plane.258 
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5.1.3 Research Approach for Mixed Matrix Membranes with PCMOF-2 

β-PCMOF-2(HTz)x has been shown to be a high-temperature anhydrous proton 

conductor,78 but as a powdered material, incorporation into a gas-tight MEA is difficult, 

and fuel crossover occurs at elevated temperatures. Incorporation into a polymer matrix 

should allow for the formation of very thin membranes, while retaining anhydrous proton 

conducting properties. As β-PCMOF-2(HTz)x is a kinetic product formed through rapid 

precipitation, the secondary growth methodology cannot be employed with this MOF 

system, thus a solvent casting methodology will be employed. As for polymer selection, 

Nafion® is the most logical choice as it is a solution processable proton conducting 

polymer, but lacks acceptable high-temperature proton conducting capabilities. By 

combining β-PCMOF-2(HTz)x and Nafion®, it is thought that a thin membrane can be 

produced that can show proton conducting properties across a wide range of temperatures 

and conditions. 

5.2 Experimental 

To simplify naming of the mixed matrix membrane samples, they will henceforth 

be referred to as MMM-x, where MMM stands for Mixed Matrix Membrane and x is the 

weight percent of β-PCMOF-2(HTz)0.08. 

All starting materials were obtained from commercial suppliers (Alfa Aesar, 

Sigma Aldrich) and were used without further purification. Polymer membranes were 

cast in a polymer casting plate consisting of a 9 x 9 cm flat glass surface that was encased 

with a square Teflon liner, and held in place with an aluminum case with adjustable feet 
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for levelling (Figure 5.4). Powder x-ray diffraction data was collected on a Rigaku 

Miniflex II Desktop X-ray diffractometer (Cu Kα x-ray source) using an automated six 

sample changer. Polymer samples were measured by stretching a polymer strip across a 

silicon zero-background plate (Figure 5.5). 

 

  

Figure 5.4 – Polymer casting plate top view (left) and side view (right). 

 
 
 

 

Figure 5.5 – Mixed matrix polymer sample setup for PXRD analysis 
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5.2.1 Synthesis of β-PCMOF-2(HTz)0.08 

The synthesis procedure was based on previously published results.78 A flame 

dried 250 mL 3-neck round bottom flask and a stir bar were flame dried and put under an 

inert argon atmosphere. Phloroglucinol (1.9972 g, 15.847 mmol) was added to the flask, 

and then anhydrous dimethyl carbonate (50 mL) was added via cannula transfer to give a 

clear, colourless solution. The mixture was cooled to 0°C, and chlorosulfonic acid (3.1 

mL, 47 mmol) was added dropwise, initially forming a white precipitate which dissolved 

after about half of the addition was complete. The reaction mixture was stirred for 30 

minutes at 0°C under a steady flow of argon to help remove the HCl (g) by-product, then 

the ice-water bath was removed and stirring was continued for a further 40 minutes, 

resulting in a brownish-yellow solution. The dimethyl carbonate and HCl were removed 

via vacuum distillation at 25°C to give a brown viscous oil, which was dissolved in 100 

mL of water. 1,2,4-triazole (1.0666 g, 15.443 mmol) was dissolved in the solution, 

followed by a part-wise addition of sodium carbonate (1.0740 g, 10.133 mmol), allowing 

time for the evolved CO2 (g) to dissipate between additions. The solution was then added 

to 1 L of acetone, resulting in the formation of a white precipitate which was collected by 

vacuum filtration and dried under high vacuum to give the product as a white powder 

(2.509 g, 82.62% yield). Elemental analysis calculated for [Na0.92(HTz)0.08]3Pgs∙0.15H2O 

(%): C=17.44, H=0.96, N=2.26; Found: C=17.78, H=1.01, N=2.33. TGA: 39 – 71°C: -

0.71% observed, -0.61% calculated for loss of 0.15 H2O; 259°C – 288°C: -3.38% 

observed, -2.21% calculated for loss of 0.08 (HTz)3Pgs; 375 – 384°C: -42.45% observed, 

framework decomposition. PXRD of the bulk sample matches the powder pattern 

simulated from SCXRD data for β-PCMOF-2. 
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5.2.2 Synthesis of Unmodified Nafion® Membrane (MMM-0) 

Nafion® was obtained as a 5 wt% solution from Sigma-Aldrich in 45 % 

water/48% propanol/2% ethanol (Product number 527084), as this contained the least 

amount of water and would not dissolve β-PCMOF-2(HTz)0.08 to an appreciable extent 

during the loading process.   Starting with a 5 mL portion of 2-propanol, Nafion® (6.00 g 

of solution) was added and sonicated for 30 minutes to give a clear, colourless solution. 

N,N-dimethylacetamide (15 mL) was added and sonication was continued for an 

additional 20 minutes, resulting in a clear, colourless solution. The mixture was cast onto 

a levelled square glass casting plate (9 x 9 cm, see Figure 5.4) in an oven, and was dried 

at 50°C overnight, then at 100°C under vacuum for 2 hours, and then at 130°C under 

vacuum for 2 hours, before being cooled to room temperature. The membrane was 

removed from the glass substrate by immersing in water, resulting in a slightly yellow 

transparent membrane. 

5.2.3 Synthesis of 5 wt% β-PCMOF-2(HTz)0.08 in Nafion®  (MMM-5) 

Synthesis was identical to that performed on MMM-0, but the initial 5 mL portion 

of 2-propanol contained 0.016 g of β-PCMOF-2(Tz)0.25 and was sonicated for 20 minutes 

prior to the addition of Nafion®. The rest of the synthesis proceeded as before, resulting 

in a slightly yellow transparent membrane. 

5.2.4 Synthesis of 10 wt% β-PCMOF-2(HTz)0.08 in Nafion®  (MMM-10) 

Synthesis was identical to that performed on MMM-0, but the initial 5 mL portion 

of 2-propanol contained 0.033 g of β-PCMOF-2(Tz)0.25 and was sonicated for 20 minutes 
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prior to the addition of Nafion®. The rest of the synthesis proceeded as before, resulting 

in a yellow transparent membrane. 

5.2.5 Synthesis of 20 wt% β-PCMOF-2(HTz)0.08 in Nafion®  (MMM-20) 

Synthesis was identical to that performed on MMM-0, but the initial 5 mL portion 

of 2-propanol contained 0.075 g of β-PCMOF-2(HTz)0.08 and was sonicated for 20 

minutes prior to the addition of Nafion®. The rest of the synthesis proceeded as before, 

resulting in a yellow transparent membrane. 

5.2.6 Membrane Activation (MMM-x-act) 

Membranes were activated by taking MMM-x and heating in 100 mL of each of 

the following solutions for 1 hour at 80°C, with ultra-high purity water (18 MΩ∙cm) 

rinses between each different solution: 1) 6% hydrogen peroxide to remove organic 

impurities, 2) 3 M sulfuric acid to remove inorganic impurities, 3) ultra-high purity water 

to remove sulfuric acid. Following this procedure, the membranes were transparent and 

almost colourless, having a slightly brown colour. 

5.2.7 AC Impedance Analysis 

For IP conductivity, membrane strips approximately 0.5 cm wide and 0.8 cm in 

length were placed in the conductivity cell (Figure 5.6) consisting of a Teflon structure 

with platinum wire electrodes. The cell was placed in a temperature and humidity 

controlled chamber (Espec SH-261) and connected to a Solartron 1260 Impedance/Gain-

Phase analyzer using a 2 probe setup. AC impedance data was collected by cycling 
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between 5 x 106 and 50 Hz with 100 mV of applied potential using Z-view software. 

Samples were equilibrated for at least 1 hour under the applied temperature and humidity 

conditions. Data was modelled using Z-view software. 

 

Figure 5.6 – IP conductivity cell without (left) and with (right) the cover. 

 

For high-temperature anhydrous TP conductivity, membrane squares 

approximately 1 x 1 cm were placed in a conductivity cell (Figure 5.7) consisting of two 

circular titanium electrodes (0.792 cm diameter) in a plastic housing. The sample cell was 

placed inside a temperature controlled oven (Carbolite AX-30) and connected to a 

Princeton Applied Research VersaSTAT 3 impedance analyzer using a 2 probe setup. AC 

impedance data was collected by cycling between 106 and 0.5 Hz with 200 mV of applied 

potential using VersaStudio software. Samples were usually equilibrated for 24 hours 
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after each step in temperature or relative humidity. Data was modelled using Z-view 

software. 

 

   

Figure 5.7 – TP conductivity cell. One half of cell (left) showing central titanium 
electrode and alignment rods and screw shafts in corners; fully assembled cell 

(right). 

 

5.3 Results and Discussion 

5.3.1 Appearance and Characterization of Nafion®/PCMOF-2 Mixed Matrix 

Membranes 

The synthesis of the MMM’s by solvent casting was relatively straightforward 

and was done according to a procedure that was developed by researchers at the National 

Research Council Industrial Materials Institute (NRC-IMI) with whom I collaborated on 

this project. This procedure has been developed for making Nafion® mixed-matrix 

membranes with inorganic additives. Although this procedure was not optimized 

specifically for β-PCMOF-2(HTz)0.08, mechanically intact membranes were obtained 

with loadings up to 20 weight percent. MMM-0, consisting of pure Nafion® without any 
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β-PCMOF-2(HTz)0.08, was obtained as a transparent slightly yellow coloured membrane 

approximately 20 μm in thickness. Mixed matrix membranes containing 5, 10, and 

20 wt% β-PCMOF-2(HTz)0.08 (MMM-5, MMM-10 and MMM-20) were obtained as 

mostly transparent membranes that were now yellow in colour (Figure 5.8, note that 

activated MMM-0 is shown, see section 5.3.2 for details). As the amount of incorporated 

PCMOF-2(HTz)0.08 increased, the transparency decreased as would be expected due to 

the incorporation of opaque β-PCMOF-2(HTz)0.08. MMM-20 was also found to be much 

stiffer than the other membranes, and tended to curl in on itself. All of the MMM’s 

appeared to be homogeneous, with no obvious signs of phase segregation. 

 

Figure 5.8 – Membrane colour and transparency. From left to right: MMM-0-act, 
MMM-5, MMM-10 and MMM-20. 

 

At the time the MMM-x samples were made, only loadings up to 20 wt% were 

examined due to issues with obtaining the necessary quantities of phase pure 

β-PCMOF-2(HTz)x at the time, as this research was commenced prior to, and the 

synthetic problems were the motivation for, the results discussed in Chapter 4. 

Examination of samples with higher loadings could potentially lead to improved 

performance at higher temperatures due to the formation of more conductivity pathways 
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throughout the material. Now that a controlled synthesis for the β-PCMOF-2(HTz)x 

system is available, synthesis of the higher loadings could be examined in the future. 

 

Figure 5.9 – PXRD patterns comparing, from bottom to top, β-PCMOF-2 
(simulated from SCXRD data), MMM-0-act, MMM-5, MMM-10, and MMM-20. 

 

PXRD of the membranes (Figure 5.9) was performed to confirm that 

β-PCMOF-2(HTz)0.08 was unaffected by the membrane casting process. As there were no 

purification steps, the only reason that β-PCMOF-2(HTz)0.08 would not be present is if 

decomposition had occurred during synthesis. The PXRD of pure Nafion® shows that it 

has no long range order, but some crystalline domains, reflected as two broad peaks at 17 

and 40° 2θ. As for the MMM’s, MMM-20 clearly has β-PCMOF-2(HTz)0.08 present, 

while MMM-5 and -10 don’t appear to have any β-PCMOF-2(HTz)0.08. As it is unlikely 

that decomposition only occurred in the lower loadings, and as the appearance of the 
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membranes suggest that the β-PCMOF-2(HTz)0.08 is present, the lack of observable peaks 

is most likely attributed to the thin sample depth (< 30 μm), resulting in unobservable 

diffraction signals at low loadings. 

 

5.3.2 Activation of Nafion and the MMM’s 

After casting, Nafion® typically undergoes an activation procedure in order to 

remove any impurities.260 

 

Figure 5.10 – Membrane colour and transparency after activation. From left to 
right, MMM-0-act, MMM-5-act, MMM-10-act, and MMM-20-act. 

 

This involves boiling the membrane in a 10% hydrogen peroxide solution to 

remove any organic impurities, followed by boiling in ~3 M sulfuric acid to remove any 

inorganic impurities and to ensure that Nafion® is fully acidified. Each of the MMM’s 

was thus divided into 2 pieces, and 1 part underwent the activation procedure to produce 

activated versions of each membrane (MMM-x-act). After activation, all of the 

membranes now appear identical to one another, being transparent and slightly brown in 

colour (Figure 5.10). 
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PXRD analysis of MMM-20-act shows that all traces of the β-PCMOF-2(HTz)0.08 

peaks are gone (Figure 5.11). As β-PCMOF-2(HTz)0.08 is slightly water soluble, the fact 

that it is not stable to boiling peroxide and sulfuric acid baths is unsurprising. Due to the 

loss of β-PCMOF-2(HTz)0.08 during activation, the majority of the proton conductivity 

data reported will be on the unactivated MMM-x samples. Activated Nafion® will still be 

used as the baseline for comparing the proton conductivity. 

 

Figure 5.11 – PXRD patterns comparing β-PCMOF-2 (simulated from SCXRD 
data, bottom), MMM-0-act (middle), and MMM-20 (top). 

 

5.3.3 In-Plane Versus Through-Plane Conductivity 

Proton conductivity measurements of polymer samples can be measured in two 

different geometries: in-plane (IP) and through plane (TP). IP conductivity measures the 

proton conduction in the plane of the membrane, and is normally done by applying two 



 

 

electrodes across the ends of a strip of

the other hand, measures the proton conduction through the membrane from one face to 

the other, and is normally done by applying electrodes to either face of the polymer 

membrane to make a sandwich

shows isotropic conduction, IP and TP will be the same, while anisotropic conductors 

will show a difference between IP and TP. In terms of relevant data, TP 

this is the setup that most resembles a fuel cell MEA, but IP is faster and simpler to setup, 

and provides a much larger resistance than TP, which is easier to measure for highly 

conducting polymers. For Nafion

anisotropic in nature, with 

comparison, some lamellar 

σIP/σTP > 5. References will be made throughout this chapter as to which method was 

used to collect a given set of data for the MMM

evaluation of any anisotropy in

these investigations. 

Figure 5.12 – In-plane conductivity setup (a) compared to through
conductivity setup (b). Polymer membrane is in yellow, elect

arrows represent the application of A.C. voltage between the electrodes.
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electrodes across the ends of a strip of the polymer (Figure 5.12.a). TP conductivity, on 

the other hand, measures the proton conduction through the membrane from one face to 

the other, and is normally done by applying electrodes to either face of the polymer 

o make a sandwich-like setup (Figure 5.12.b). Assuming that the membrane 

shows isotropic conduction, IP and TP will be the same, while anisotropic conductors 

will show a difference between IP and TP. In terms of relevant data, TP is most useful, as 

this is the setup that most resembles a fuel cell MEA, but IP is faster and simpler to setup, 

and provides a much larger resistance than TP, which is easier to measure for highly 

conducting polymers. For Nafion®, the proton conduction has been found to be slightly 

anisotropic in nature, with σIP/σTP = 1.0-1.4, thus either method can be used.

comparison, some lamellar polymers, which conduct well in only two dimensions, have 

> 5. References will be made throughout this chapter as to which method was 

used to collect a given set of data for the MMM-x samples studied, but an in

evaluation of any anisotropy in the conductivity of MMM-x was beyond the scope of 

plane conductivity setup (a) compared to through
conductivity setup (b). Polymer membrane is in yellow, electrodes are grey, and the 

arrows represent the application of A.C. voltage between the electrodes.

.a). TP conductivity, on 

the other hand, measures the proton conduction through the membrane from one face to 

the other, and is normally done by applying electrodes to either face of the polymer 

.b). Assuming that the membrane 

shows isotropic conduction, IP and TP will be the same, while anisotropic conductors 

is most useful, as 

this is the setup that most resembles a fuel cell MEA, but IP is faster and simpler to setup, 

and provides a much larger resistance than TP, which is easier to measure for highly 

s been found to be slightly 

1.4, thus either method can be used.261 For 

polymers, which conduct well in only two dimensions, have 

> 5. References will be made throughout this chapter as to which method was 

samples studied, but an in-depth 

was beyond the scope of 

 

plane conductivity setup (a) compared to through-plane 
rodes are grey, and the 

arrows represent the application of A.C. voltage between the electrodes. 
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5.3.4  50% Relative Humidity Conductivity of MMM-x Membranes 

The IP proton conductivity of MMM-x and MMM-x-act was measured at 80°C 

and 50% RH (Figure 5.13) to verify that MMM-0-act was conducting at an appropriate 

level for Nafion® and to see what effect the activation procedure had on the modified 

Nafion® samples. MMM-0-act was found to conduct at expected levels (~1x10-2 S/cm), 

indicating that the synthetic methodology did not have a significant impact on the 

conductivity of the membrane. The conductivity of the MMM-x-act samples (x = 5, 10, 

20) was found to be comparable to MMM-0-act, reinforcing the conclusion that the 

activation had indeed removed β-PCMOF-2(HTz)0.08 from the membrane. 

 

Figure 5.13 – IP proton conductivity as a function of loading for MMM-x (red) and 
MMM-x-act (blue) membranes at 80°C and 50% RH 
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The conductivity of the MMM-x samples was found to be significantly lower than 

that of unmodified Nafion® by about 2 orders of magnitude. This suggests that 

PCMOF-2(HTz)0.08 is located within the proton conducting channels of Nafion® and is 

having a significant impact on the proton conductivity. One possibility is that 

β-PCMOF-2(HTz)0.08 is displacing water from the pores, interrupting the usual hydrogen 

bonding pathways, and leading to significantly decreased conductivity. Although water 

uptake experiments have not been performed on β-PCMOF-2(HTz)0.08, the material is 

essentially anhydrous after synthesis, despite water being present during the synthesis, 

indicating that the material is not significantly hygroscopic. This reinforces the 

conclusions reported in the literature that highly hygroscopic additives such as HPAs 

improve the performance of Nafion®, while the results obtained here appear to show that 

non-hygroscopic additives reduce the performance. 

5.3.5 High-Temperature Anhydrous TP Conductivity of MMM-x Membranes 

To examine whether β-PCMOF-2(HTz)0.08 had any effect on the high-temperature 

conductivity of Nafion®, MMM-x membranes were examined by TP proton conductivity 

measurements. Nafion®, as MMM-0-act, was measured between 70 and 150°C under 

ambient air and gave Nyquist plots that consisted of two semi-circles, and a capacitive 

tail (Figure 5.14). The first semi-circle on the left has been assigned to the bulk 

conductivity of Nafion® as the capacitance is very small (10-11 F). The tail at the right is 

due to the double layer capacitance between the polymer and the electrodes as no charge 

transfer can occur. The remaining circuit element would be assigned to a grain boundary 

charge transfer in a powdered system due to the moderate capacitance (10-7 F), but there 
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are no grains boundaries per se in Nafion®. One possibility is that this second RC element 

arises due to boundaries forming between conductive ion channels from the hydrophobic 

PTFE pinching off the channels and forming small conductive pockets that act similar to 

grains in a powdered conductor. This hypothesis will be examined further when the 

conductivity associated with this second semi-circle is discussed. 

 

Figure 5.14 – Nyquist plot of MMM-0-act at 118.8°C under ambient air from 1 MHz 
(left) to 1 Hz (right). Data points are shown in blue with a red line, while the 

modelled data, obtained with the equivalent circuit diagram pictured, is shown in 
green. 
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Figure 5.15 – Bulk proton conductivity as a function of temperature for MMM-0-act 
in air during two heating and one cooling cycle. 

 

The bulk conductivity (from the first semi-circle) over several heating and cooling 

cycles is shown in Figure 5.15. The first heating cycle shows the membrane equilibrating, 

likely due to water uptake. Even though the relative humidity in ambient air heated above 

70°C would be well below 3%, this is still enough to affect the observed measurements. 

The first cooling cycle shows that the conductivity increases slightly from 150 to 100°C, 

but then rapidly increases as the temperature drops below the boiling point of water, 

suggesting that the hydration state of the membrane is affecting the observed 

conductivity. The second heating cycle shows the conductivity decrease up to 100°C, at 

which point it remains fairly constant until 130°C at which point it drops again, which 
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seems to indicate that MMM-0-act can retain water for a little while during heating 

before enough energy is available to remove it. 

 

Figure 5.16 – Bulk proton conductivity as a function of temperature for MMM-0-act 
during one cooling (in blue) and heating (in red) cycle in nitrogen (solid lines) in 

comparison to running in air (dashed lines). 

 

To try and eliminate this effect, running the sample under dry nitrogen was 

desirable, but the sample cell had not been designed for variable atmosphere operations. 

A crude atmospheric containment vessel was created with an overturned beaker, into 

which dried nitrogen was introduced under a constant flow, but it was not possible to 

fully seal the setup, so some exchange with ambient air was unavoidable. The next 

cooling and heating cycle did show reduced conductivity, as would be expected for more 

anhydrous conditions, but the data (see Figure 5.16) still shows similar trends as the 



 

184 
 

ambient air measurements. The heating cycle under nitrogen does show that the 

conductivity decrease now occurs at 100°C, rather than 130°C, due to the fact that there 

is now a higher driving force for the evaporation of water from the membrane due to the 

drier atmosphere. From these results, it can be concluded that the bulk conductivity of 

Nafion® is dominated by hydration effects, but that temperature has a very small effect on 

conductivity above 100°C. 

 

Figure 5.17 – “Grain-boundary” proton conductivity as a function of temperature 
for MMM-0-act during 3 heating and 2 cooling cycles under anhydrous conditions. 

 

The conductivity of the second semi-circle, that has been assigned to a “grain- 

boundary” type effect due to a capacitance in the 10-6 to 10-7 F range, is shown for several 

heating and cooling cycles in Figure 5.17. As with the bulk conductivity, the initial 

heating cycle shows the membrane equilibrating to the temperature and atmospheric 
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conditions. The next cooling and heating cycle under ambient air shows that the 

conductivity has a slight decrease up to 100°C, but then increases past that up to 150°C. 

This decrease up to 100°C is amplified under dry nitrogen, but the increase up to 150°C 

is unchanged. This initial decrease makes sense for the pinching off of conducting 

pathways during dehydration up to 100°C. One might initially expect that further 

temperature increases would continue to increase the strength and size of these pinched 

areas, but this is not observed. This closing off of the conductive channels is due to the 

hydrophilic sulfonic acids forming closed domains, with the hydrophobic PTFE 

backbone interrupting the pathways. The Tg of Nafion® has been found to be 110°C, and 

arises from the semi-crystalline PTFE backbone (Tg of ~115°C).262 Thus at temperatures 

above 110°C, the Tg of the membrane is surpassed, and the strength of these pinches is 

reduced, improving the ability of the hydrophilic domains to reconnect, thus increasing 

the conductivity observed from this “grain-boundary” like effect. 

After examining the unmodified membrane, high-temperature AC impedance was 

performed on all of the MMM samples under ambient air. In all cases, Nyquist plot 

profiles similar to those obtained with MMM-0-act were observed, consisting of two 

semi-circles and a capacitive tail. The bulk and “grain-boundary” conductivities, in 

comparison to MMM-0-act, are shown in Figure 5.18 and Figure 5.19 respectively. 
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Figure 5.18 – 1st RC equivalent circuit conductivity of MMM-0-act (red squares), 
MMM-5 (green circles), MMM-10 (orange diamonds) and MMM-20 (blue triangles) 

under ambient air at high-temperature. 

 

The second RC equivalent circuit element in the MOF containing samples, which 

is typically assigned to a “grain-boundary” conductivity, is unusual in as the capacitances 

are quite low, and vary from 10-10 to 10-8 F.  These capacitance values would suggest that 

this second RC element is also due to a bulk conductivity process, rather than a grain 

boundary-like process.  Similar to the first RC equivalent circuit element, the 

conductivity starts off very low at low temperatures, and increases with temperature, but 

ultimately remaining below the values observed in Nafion®, topping out at 10-6 S/cm for 

MMM-5 and MMM-20. These increases again result in relatively high activation energies 

that vary from 1.1 to 1.8 eV. 
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Figure 5.19 – 2nd RC equivalent circuit conductivity of MMM-0-act (red squares), 
MMM-5 (green circles), MMM-10 (orange diamonds) and MMM-20 (blue triangles) 

under ambient air at high-temperature. 

 

Explaining the observed conductivity, and providing a physical explanation for 

the equivalent circuit model, is challenging for a composite material when there are many 

potential mechanisms. Bulk conductivity could arise from Nafion® alone, 

β-PCMOF-2(HTz)0.08 alone, or at the interface of the two materials, while grain 

boundary-like effects could occur between any of those three systems. What can be said 

is that the mechanism in the composite membranes is significantly different than that 

observed in Nafion® due to the large difference in the conductivity profiles. 

For the bulk conductivity processes, the composite membranes all give essentially  

identical conductivities, showing a large increase in conductivity with temperature, while 
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Nafion® decreases slightly. This would suggest that the conductivity is not arising from 

Nafion® alone, otherwise behaviour more similar to MMM-0 would be expected, and 

suggests that the observed conductivity is due to the contributions from 

β-PCMOF-2(HTz)0.08. Given the fact that the conductivity does not vary with the loading, 

this suggests that β-PCMOF-2(HTz)0.08 alone is not responsible for the conductivity, as 

the lower loadings should have resulted in lower conductivities. 

As the measurements do not show that β-PCMOF-2(HTz)0.08 alone is providing 

the observed conductivity, then it suggests that the conductivity is arising from the 

conductivity at the interface between β-PCMOF-2(HTz)0.08 and Nafion®. The interaction 

between the two materials is expected to be relatively high, due to similar coordinative 

interactions between the sodium ions and the sulfonate groups on the ligand and the 

Nafion® side-chains, and could lead to a proton conducting pathway at the interface. As 

this interfacial surface area would be maximized at some critical loading, it appears that 

MMM-5 is above this threshold  given the similar conductivity of all three samples. 

5.4 Conclusions and Future Work 

Mixed matrix membranes of Nafion® and  β-PCMOF-2(HTz)0.08 have been 

synthesized, allowing for the formation of thin membranes that are more suitable for 

MEA fabrication than thick MOF pressed pellets. PXRD measurements have shown that 

β-PCMOF-2(HTz)0.08 survives the loading process, and remains intact within the 

membrane. Although the proton conductivity of the mixed matrix membranes is lower 

than Nafion® under humidified conditions, suggesting that β-PCMOF-2(HTz)0.08 is 

replacing water in the conduction pathways, the conduction is improved at temperatures 
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above 150°C under anhydrous conditions. Although there is some improvement under 

anhydrous conditions, the performance shows that this particular polymer-MOF 

combination would not be suitable for commercial applications, especially considering 

the water soluble nature of β-PCMOF-2(HTz)0.08 which would detrimentally impact the 

long term conductivity performance of the MMM. Experiments to measure the 

conductivity of β-PCMOF-2(HTz)0.08 in non-conducting matrices need to be conducted in 

order to examine the effect of tortuosity on the proton conduction to help analyze the 

conduction pathways being formed in MMM-20. Water uptake experiments also need to 

be run to examine the effect of  β-PCMOF-2(HTz)0.08 on water uptake in MMM-20. 

Producing and examining the properties of membranes with higher loadings is 

one area that needs to be examined further. Higher loadings should result in conductivity 

that more closely resembles that of the MOF, rather than the polymer, but this can also 

potentially lead to the formation of mechanically brittle membranes unsuitable for use in 

a fuel cell. The mechanical stability of the mixed matrix membranes would depend on the 

types of interactions between the polymer and the MOF. This interaction could be 

maximized by using a secondary seeded growth mechanism, where, for example, a 

proton conducting sulfonate MOF could grown off of the sulfonated side-chains of 

Nafion®. This could allow for the formation of thin membranes, with high loadings, and 

high conductivity, where the polymer essentially acts as a scaffold to provide membrane 

strength and structure. This methodology is not limited to sulfonate systems and could 

equally be applied to phosphonate or carboxylate systems as long as a suitable polymer 

candidate is chosen. Although this type of highly loaded system could potentially be 
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pursued with β-PCMOF-2(HTz)x, the lack of hydrolytic stability does not make it the 

best candidate, especially if the aim is to produce a material that is industrially relevant. 

For creating a Nafion®-MOF mixed matrix membrane, a more suitable MOF 

should be used and will have to show water stability, anhydrous conductivity and some 

degree of hygroscopic behaviour in order to improve the performance of Nafion® under 

all conditions. If such a material is produced, many optimization steps would also need to 

be undertaken. The synthesis of MMM-x was performed by a solvent casting 

methodology without any optimization of the synthetic parameters such as mixing time, 

mixing speed, mixing method (mechanical, ultrasonic), priming of the MOF particles, 

solvent selection, drying time, drying temperature, or drying pressure, all of which could 

potentially impact the mechanical stability and the performance of the membrane. In 

measuring the conductivity, no attempts were made to optimize the electrode-electrolyte 

interface, but this would also be important for optimizing MEA fabrication. Various 

physical characteristics of the membrane would also need to be examined (tensile 

strength, Tg, water uptake, swelling, etc.) to determine if a membrane would be suitable 

for practical applications. The loading of PCMOFs into polymers to make MMM has 

only scratched the surface of what is possible, but the early results show promise for 

producing a MOF MMM with the desired combination of mechanical properties, 

conductivity, and lifetime. 
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Chapter 6: Future Outlook for PCMOFs 

Proton conducting MOFs have, in the past year or two, finally started to achieve 

conductivity levels that would be considered practical for commercial applications, with 

two examples above 0.01 S/cm being reported in the literature, and the isomorphous 

replacement of Pgs with H3Btp (PCMOF-2.5) reported herein setting a new record of 

(2.1 ± 0.5) x 10-2 S/cm. MOF systems are now starting to approach the theoretical 

maximum proton conductivity of 1 S/cm (at room temperature for a liquid system with an 

optimized disorder and concentration of species),263 and this theoretical maximum is still 

more than twice as large as the highest reported proton conductivity: 0.3 – 0.5 S/cm for 

phosphoric acid.263,264 Despite the fact that the proton conductivity has reached 

acceptable levels, new challenges must be addressed before PCMOFs could become 

commercially relevant. 

First of all, work must continue in developing new PCMOFs systems with 

conductivity above 10-2 S/cm. Isomorphous ligand replacement, as describe in Chapter 3 

provides a new technique for improving the performance of existing proton conducting 

system. Further research is ongoing in the Shimizu group to investigate the synthetic 

factors that affect isomorphous ligand replacement including pressure, reaction time, and 

reaction conditions to obtain a fuller understanding of the process. Preliminary results by 

Kim et al. have found that pressing a pellet of the material is a crucial step in the 

development of a standard synthetic procedure for ILR. This procedure could then be 

applied to the replacement of Pgs with other ligands, such as Btc, and to investigate ILR 

in other MOF systems, in order to explore how broad the scope of this new methodology 
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is. If this methodology proves to be more broadly applicable, its effect on properties such 

as gas sorption, fluorescence, and thermal stability can be investigated, in addition to 

proton conduction applications. 

Another avenue towards increasing the proton conduction of MOF systems was 

described in Chapter 4, where attempts to controllably load neutral Tz into β-PCMOF-2, 

resulted in the controlled loading of cationic HTz into the β-PCMOF-2 structure. 

Conductivity measurements demonstrated that, despite being quite unstable, the 

conductivity of the materials improved at higher loading, reaching 2.7 x 10-4 S/cm at 

160°C in air for x = 0.24. Further improvements in proton conducting MOFs should be 

possible by expanding the proton conduction pathways to two or three dimensions, as 

opposed to the one dimensional conductivity channels in PCMOF-2 and -2.5. Although 

improvements in pore topology are unlikely to be achievable in the β-PCMOF-2 

structure, development of future PCMOFs should try to focus on systems that have or 

could give higher dimensional pore topology. This would reduce the anisotropy of the 

proton conduction pathways, leading to an enhancement in the conductivity for a 

randomly aligned polycrystalline powder, which would be the most likely form of a MOF 

to be used commercially. 

Another significant challenge facing the adoption of PCMOFs in commercial 

applications is their chemical, especially hydrolytic, stability. To use PCMOFs in a fuel 

cell environment, at temperatures approaching, or in excess, of 100°C would require 

boiling water and/or steam stable materials that could survive for thousands of hours of 

operation, while maintaining high conductivity levels. One major focus of the Shimizu 

group currently lies in the development of water and steam stable MOFs for a variety of 
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applications, including proton conduction, through the use of phosphonate MOF systems. 

Metal-phosphonates are hydrolytically stable due to the strong metal-oxygen bonds 

between the highly charged metal ions and the hard phosphonate group. By employing 

phosphonate based ligands81,82 with highly charged metals such as zirconium, tin, 

uranium and lanthanum, the Shimizu group has had some early success in developing 

water stable MOFs. Although these systems are promising from a stability standpoint, it 

also makes the synthesis and characterization of the products difficult due to their low 

solubility. Products precipitate rapidly when mixed together, and error 

checking/reversibility is limited, resulting in multiple phases and poorly crystalline 

materials that are difficult to characterize. The use of harsh conditions such as highly 

acidic/basic conditions or high temperatures can increase the amount of error checking; 

or the use of modulators (such a hydrofluoric acid, phosphoric acid, or acetic acid) in the 

synthesis can slow down the reaction in order to favour the formation of crystalline 

materials. The synthesis of these systems under highly acidic conditions can be 

favourable from a proton conduction perspective, allowing polyprotic ligands to bind a 

metal centre while still partially protonated. Boiling water stable MOFs possessing acidic 

pores have already been produced in the Shimizu group, with one example, lanthanum 

Dtp, showing proton conduction on the order of 10-3 S/cm.80 

A third challenge facing PCMOF commercialization is finding a way to 

incorporate them into a working MEA with high conductivity and stability. Preliminary 

work in this regard has been accomplished here by successfully incorporating 

β-PCMOF-2 in a Nafion® membrane to form MMM-x (x = 5, 10, 20). Conductivity 

improvements were obtained in anhydrous conductivity at 150°C, but these 
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improvements also came with a two order of magnitude decrease in the conductivity 

under moderate levels of humidification. To improve on the high-temperature anhydrous 

conductivity, efforts need to be directed towards having very high loadings of PCMOF 

within a polymer matrix in order to establish a sufficient number of conductivity 

pathways to allow for high conductivity levels, but these loadings might further 

deteriorate the moderate humidity conductivity, and could begin to impact the mechanical 

integrity of the membrane. To help ensure that mechanical integrity is maintained, 

PCMOF/polymer interactions need to have favourable intermolecular interactions, which 

could be accomplished by synthesizing, for example, a phosphonate PCMOF within a 

membrane containing pendant phosphonate groups, in order to allow the membrane to 

crosslink with the PCMOF. Rather than using a MMM approach, another possible avenue 

for membrane formation would be in the production of polycrystalline MOF thin films, 

and several reports have examined this type of methodology,255,265–273 but no reports have 

yet examined such films for proton conducting applications. 

A final challenge facing PCMOFs is the synthesis of the material on an industrial 

scale and at a competitive price. The U.S. DOE has established a target of $20 per m2 of 

electrolyte membrane.274 Assuming a 50 μm thick membrane and a density of 1.5 g/cm3, 

this would require 75 g of material, and thus a cost of $0.27 per gram. Commercially 

available MOF materials from Sigma-Aldrich (BASF Basolite) cost at least $9.59 per 

gram, which is significantly more expensive than what is required. In terms of MOF 

synthesis, the biggest cost factors are the metal connector used, and the required ligand 

synthesis. The majority of MOFs are made with relatively abundant and inexpensive 

metals, and other than restricting the metal selection to inexpensive ones, the MOF 
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chemist has little control over this parameter. Where the MOF chemist has more control 

is in ligand design. Ideally, ligands would be chosen that are commercially available 

(e.g.: 1,4-benzenedicarboxylic acid, 1,2,4-triazole, imidazole, etc.), but to get the desired 

functionality, this is not always possible. As such, when designing new ligands, some 

thought should be given to the materials cost, and the difficulty of the synthesis and 

purification if commercialization is the eventual goal. In these regards, the β-PCMOF-2 

system is an ideal example as all of the reagents (phloroglucinol, chlorosulfonic acid, and 

sodium carbonate) are inexpensive (~$1 per gram of product based on Sigma-Aldrich 

prices),  commercially available, and the synthesis is a one-pot reaction with no 

purification steps. Synthetic costs, although often overlooked in an academic 

environment, are an essential factor for these products to be of industrial relevance. 

Development of PCMOFs has progressed rapidly since their first reports in 2009, 

but as the challenges above indicate, much work remains to be done before they will 

compete with Nafion® or other commercially relevant materials. As the work here has 

shown, PCMOFs can achieve very high proton conductivity values, but the challenges of 

long term stability and incorporation into functional devices have yet to be fully 

addressed, and must be guiding principles in the future development of novel and 

functional PCMOFs. 
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