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ABSTRACT

High resolution solid state 'H NMR is used to investigate proton mobility of
Nafion, Sulfonated Polyether Ether Ketones(S-PEEK) and their composites, which
provides better understanding of their proton conductivities. Proton exchange between
sulfonic acid groups and water was observed in these materials. The proton mobility is
dependent on both the temperature and the water content. Variable temperature
experiments were used to determine the activation energy for proton transportation

which generally increases with decrease in hydration level.

The preparation of Nafion/SiO, composites can cause large difference in proton
diffusion coefficients and proton conductivities in dried states. This indicates that the
amount of dopants needs to be optimized to minimize the blocking of proton diffusion
pathways by dopant particles. Detailed information on the control of surface hydroxyl

groups in Nafion/SiO is obtained through the combination of *’Si and 'H NMR.

Although hydrated Nafion/ZrP composites show reduced proton activation energy,
they present lower proton conductivity at 35 °C than unmodified Nafion. For
composites dried at 160 °C, both the conversion of monohydrogen phosphate into
pyrophosphate and the protonation of monohydrogen phosphate have been observed,

which could be one of reasons for the decreased proton conductivity after rehydration.
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Under high humidification, a single or multiple sulfonic acid proton environments
was observed in S-PEEKSs, which explains the small proton conductivity difference
between some of S-PEEKs. However, the observed conductivity difference for
S-PEEKSs cast from different solvents was attributed to distinct mobilities of polymer
chains. In the crosslinked S-PEEK, not all the crosslinkers of ethylene glycol are fully
crosslinked. Proton exchange between residual sulfonic acid and hydroxyls of the
crosslinker was observed, which is the primary reason that the crosslinked S-PEEK,
with very low residual degree of sulfonation (13 %), still shows proton conductivity

comparable to those of S-PEEKs.
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Chapter 1 Introduction

With the increasing environmental concern for pollutants caused by the
combustion of fossil fuels to produce electricity and power vehicles, more and more
attention is given to the development of fuel cells which generate electricity by an
electrochemical reaction of oxygen with fuels such as hydrogen. Compared with
traditional electricity production technology fuel cells release little to no pollutants
into the atmosphere. ( Moreover, the fuel cells have electrical efficiencies much
higher than internal combustion engines with an added bonus of them operating very
quietly. Fuel cells can be applied from systems as small as portable electronic devices
to large scale industrial manufacturing. All these features of fuel cells make their
application very attractive. 2! In this chapter, an introduction to fuel cells and more
specifically, the polymer electrolyte membrane fuel cell, is presented. The current
research for polymer electrolyte membranes based on several types of polymers, as
well as polymer composites, is reviewed. At the end of the chapter, the research goals

of this thesis are outlined.

1.1 Fuel cells

The invention of the fuel cell can be dated back to the middle of the 19" century.
Sir William Grove produced the first fuel cell in 1839. In 1889 Charles Langer and

Ludwig Mond introduced the term “fuel cell” for their device used to produce



Chapter 1 Ph. D. Thesis — G. Ye McMaster — Department of Chemistry )

electricity by air and industrial coal gas. Unfortunately projects on fuel cell
technology dropped because of platinum catalyst poisoning and many other
problems.”! Until 1932, modern fuel cell technology was revived again by Francis T.
Bacon, an English engineer associated with Cambridge University. At the end of the
1950’s Bacon had developed a 5 kW fuel cell. ] The first application of the fuel cell
was in the U.S. space program in the 1960’s and the first fuel cell powered van was
built by General Motors in the mid-1960s. From then on the application of fuel cells
started its entrepreneurial phase. In 1993 the first passenger car was demonstrated by
Energy Partners. 5] Following that, many car manufacturers had built their fuel
cell-powered vehicles by the end of the last century, which became the birth of a new

industry.

1.1.1 The basic principles of fuel cells

A typical fuel cell consists of an anode, cathode, electrolyte and catalyst. As can
be seen from the schematic of a hydrogen/oxygen fuel cell in Figure 1-1, an external
circuit is connected with the anode and the cathode which are separated by the
electrolyte. The hydrogen is oxidized on the anode by the following reaction:

H, »2H +2¢ (1-1)

The electrons will reach the cathode through the external circuit and the hydrogen

ions will reach the cathode by diffusing through the electrolyte. In the meantime, the
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oxygen is reduced on the cathode as follows:

0,+4e -»207% (1-2)
The oxygen ions can then recombine with the hydrogen ions to form water. The
overall reaction is given as follows:

2H +0" - H0 (1-3)
Taking into account the energy produced in this process, the overall reaction is as
follows:

H, + 1/2 O, — H,0 + Electrical energy + Heat (1-4)

When a continuous supply of fuel and oxygen is available, a current is obtained in the

external circuit.

In equation (1-4) the electrical energy is determined by the change in the Gibbs
free energy of the reaction. Theoretically, the Gibbs free energy is completely
converted into electrical energy: ¢

AG=-nFE (1-5)

Where E is the theoretical potential, n is the number of moles of electrons transferred

in the reaction, and F is the Faraday constant. The efficiency for a fuel cell can
therefore be calculated as follows:

n=nFE/-AH=AG/AH = 1-T AS/AH (1-6)

Where AH and AS are the changes of reaction enthalpy and entropy, respectively, T is

reaction temperature. For a hydrogen/oxygen fuel cell, the Gibbs free energy is A G =
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-237 kJ/mol. ' The heat generated in the reaction is AH = -286 kJ/mol. Therefore, the
theoretical efficiency is 0.83. In practice, the efficiency of a fuel cell is lower than this
value because of the electrolyte resistance and the electrode overpotentials caused by

the finite reaction rate at the electrodes. [’

e Load

_L\/\/\, .

H, c===p> <a=m O,
H{—

—

H,O

Ho - Zi 1) Bt _— o

F \
Gas diffusion electrode Gas diffusion electrode
h
Anode  catalyst Catalyst ~ Catnode

Electrolyte

Figure 1-1. Scheme of hydrogen/oxygen fuel cell

1.1.2 Polymer electrolyte membrane fuel cells

Fuel cells are often classified by the electrolyte used in the cell. The typical fuel
cell includes polymer electrolyte membrane fuel cells (PEMFC), direct methanol fuel
cells (DMFC), molten carbonate fuel cells (MCFC) and solid oxide fuel cells (SOFC).

Their features are shown in Table 1-1. ®! Detailed information for the PEMFC is given
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in the following section.

Table 1-1. Comparison of different types of fuel cells

[8]

Fuel cells MCFC SOFC PEMFC I DMFC
Electrolyte LiK/LiNa carbonate Zr0,, CeO, solid organic polymer
Mobile ion cos* o> H
Anode H+CO5"— H,+0"— N CH;O0H+H,0—
H,—2H+2¢ o
reaction H,0+CO,+2e” H,0+2e” CO,+6H +6e”
Cathode 1/2 0,+CO, 172 0, +2¢ . 3/2 O,+6H +6e
) , 5 12 O;+2H+2e'—H,0
reaction +2e” —»CO;5™ -0~ —3H,0
Overall CH;0H+3/2 O,
. H, + 1/2 0, — H,0
reaction —CO,+2H,0
Operating
600 ~ 800 °C 600 ~ 1000 °C 60 ~120°C
temperature
i i transportation, portable power,
Applications power for stationary systems
energy storage systems

In PEMFC a solid polymer membrane is used as a proton exchange membrane. It
is therefore often called a proton exchange membrane fuel cell. The idea of using an
ion exchange membrane as an electrolyte was first introduced by Willard Grubb at
General Electric in 1959. ) The hydrogen fuelled PEMFC normally operates at
temperatures around 60 °C to 120 °C. PEMFC has a high power to weight ratio as well
as fast startup times varying from seconds to minutes. This makes it particularly
suitable for automotive applications. However, the noble-metal catalyst, for instance
platinum, which is usually dispersed on gas diffusion electrodes to catalyze the
reactions (1-1) and (1-2), can be easily poisoned by the trace of carbon monoxide in

the hydrogen fuel. "% '] This leads to added costs for removal of CO from the fuel.
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Water management is also very important for the performance of PEMFC as the
ionic conductivity of the proton exchange membrane is closely correlated to the level
of humidification. Both humidifying the hydrogen gas and hydrating the membrane
have been shown to be effective means to control water content in the fuel cell."> " 1t
is clear however, that the role of water in the ionic conductivity limits the operating
temperatures of PEMFC to below 100 °C and above 0 °C. How this limitation is
overcome is discussed in the studies of polymer composites in Chapter 4 and Chapter
6. A significant barrier to the PEMFC powered car is hydrogen storage. 4] Dye to the

low energy density of hydrogen, the hydrogen stored in a PEMFC powered car is not

enough to travel the same distance as an internal combustion engine powered car.

Overall, the major obstacles for PEMFC to be used in vehicles are high cost,
adequate and safe storage of hydrogen, and diminished PEMFC performance when

working at low hydration levels seen at temperatures higher than 100 °C.

1.2 Motivations of this research

This research will focus on the investigation of the polymer electrolyte which is
one of the key components in the PEMFC. The conductivities for many polymer
electrolytes have been reported. Although the conductivities are usually strongly

dependent on water content in these materials, the water content does not adequately
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explain the conductivity difference between different materials. Many efforts have
also been taken to study polymer electrolytes using small angle X-ray scattering
(SAXS) and small angle neutron scattering (SANS). These techniques provide
valuable structural information for these materials which is helpful for understanding
their conductivities. However, neither SAXS nor SANS can probe the dynamics of
proton motion in the polymer electrolytes which is even more important for
interpreting the conductivity difference of these materials. Another crucial technique,
solid state nuclear magnetic resonance (SS-NMR) which has been widely used in
exploring the local structure of materials, can be utilized to study proton dynamics of
polymer electrolytes. This provides very useful information for understanding the
conductivity differences of these materials on a molecular level which is a strong
motivation for this research. In the following sections, a review regarding the studies
of polymer electrolytes will be given, and then the goal of this research will be

presented.

1.3 Polymer electrolyte membranes for PEMFC

1.3.1 General requirements

In PEMFC the polymer electrolyte membrane (PEM) is the heart of the fuel cell.

According to the structure of fuel cell shown in Figure 1-1, the PEM must exhibit high
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ionic conductivity but extremely low electronic conductivity which otherwise causes a
short circuit of the fuel cell. '* Furthermore, the PEM must prevent either gas from
passing to the other side of the fuel cell, known as gas crossover, which lowers the
efficiency of fuel cell. In addition, the PEM must be chemically and thermally stable
in both the reducing environment at the anode and the oxidative environment at the

cathode.

Since the invention of PEMFCs in 1959, various PEMs have been developed to
improve the overall performance of PEMs. One of the most outstanding PEMs is the
perfluoronated ionomer Nafion® shown in Figure 1-2. Both perfluorinated ionomer
PEMs and non-fluorinated ionomer PEMs are introduced separately in the following

subsections.

1.3.2 Perfluorinated ionomers

The motivation of developing Nafion for PEMFC comes from the degradation of
the polystyrene sulfonate (PSS) polymer which was used as a PEM in fuel cells on the
Gemini spacecraft. It was found that the HO, radicals attack the PSS PEM, which
deteriorates the performance of the PEMFC and reduces its lifetime. The use of
Nafion, developed by Dupont in 1968, significantly improved both the performance

and the lifetime of PEMFC and was first used in the Biosatellite spacecraft in 1969. ['°
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Compared with PSS, Nafion possesses higher proton conductivity (up to 0.07 S/cm at
room temperature) and is far more stable both chemically and thermally due to its poly
tetrafluroethylene (PTFE) based structure. Encouraged by the excellent performance
of Nafion, other companies such as Dow and Aciplex developed their own
perfluorinated ionomers (shown in Figure 1-2). The main difference between these
ionomers is that they have different side chain lengths. Ascribing to the structural
similarity, they all have similar properties including very good chemical stability, and
high proton conductivity. A major drawback however, is the high cost associated with

the perfluorinated backbone.

CF, CF
/e \TFH 2""05%1
(o\ /CF\)\ /(crz,)\
cFy | 0 SOsH
CFy M "

Figure 1-2. Chemical structure of Nafion and other perfluorinated ionomers. For
Nafion: x=5-13.5; y=1000; m>1, n=2; Dow membrane: x=3.6-10, m=0, n=2; Aciplex
membrane: x=1.5-14; m=0, 3; n=2-5;

At the present time, Nafion has received the most attention compared to any other
PEMs. Over the last few decades, many researchers have used various techniques to
understand the nature of Nafion. The common Nafion products used for fuel cell
applications are Nafion117, Nafionl15 and Nafion112. These products have the same

equivalent weight (EW):1100 g/mol, but different thickness, 0.007 in., 0.005 in., and
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0.002 in., respectively. The EW represents the mass of dry PEM per mole of sulfonic
acid groups. It is inversely proportional to the ion-exchange capacity (IEC) by the

equation of IEC=1000/EW. As reported in the literature, "7 '*!

the proton conductivity
of Nafion strongly depends on its hydration states. When it works in low humidity
environments, the conductivity drops dramatically. Several models have been

proposed to understand the morphology of Nafion which contributes to conductivity

changes of Nafion before and after hydration.

(a) Cluster network model by Gierke et al. Using SAXS and wide-angle
X-ray diffraction (WAXD), Gierke and co-workers studied the morphology of Nafion
in the unhydrolyzed and hydrolyzed form. ! 2 ! They proposed that the
morphology of hydrated Nafion can be described by a cluster-network model in which
the ionic clusters are approximately spherical and are interconnected by narrow
channels, as shown in Figure 1-3. With this model, Gierke and co-workers further
calculated the cluster diameter, the number of ion-exchange sites per cluster and water
per exchange site. These values exhibited a linear increase with increased water
content. Therefore, it was proposed that the growth of clusters does not only occur by
an expansion of the dehydrated clusters but also with a continuous reorganization of
exchange sites which leads to fewer but larger clusters in fully hydrated samples. The
proposed model has been used frequently in literature to interpret characteristics of

Nafion.
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Figure 1-3. Schematic representation of cluster-network model

(resketched from ref. [21])

(b) Depleted-zone core-shell model by Fujimura et al. Fujimural and
co-workers characterized Nafion with variable equivalent weights by using SAXS and
WAXD. %! The SAXS scattering profiles of swelling samples were simulated to
propose a core-shell model shown in Figure 1-4(a). In this model, the ionic cluster is
considered an ion-rich core which is surrounded by ion-poor shells consisting of
fluorocarbon chains containing nonclustered ions. Moreover, the core-shell particles
are dispersed in the matrix of the intermediate ionic phase. The authors also found that
although the simulation of the scattering profile can be interpreted by another
two-phase model (shown in Figure 1-4(b)) where the ionic clusters are directly
dispersed in the matrix of the intermediate ionic phase, the membrane deformation
behaviour and swelling behaviour clearly supports the core-shell model in which the

short-range order distance causes the ionic scattering maximum.
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The intraparticle core-shell model is similar to the one proposed by MacKnight
and co-workers. #* %} Although it works well in explaining some results, a key
assumption of this model - that the clusters are homogeneously distributed - conflicts

261 which clearly indicates an inhomogeneous distribution

with Roche et al.’s results
of clusters. In addition, the core-shell model does not show a view of long range

structure of ionic clusters which may be useful for understanding the long range

properties such as ionic conductivities.

Short range order
~30 nm distance ~30 nm
|~—— D —-I fo— S —| Shell o:)re

_. ,.//!Zi?c’“;i‘il‘ﬁ"\
@

.
.\\ lonic cluster

or multiplet

lonic cluster

(b) (a)
Figure 1-4. Models proposed by Fujimural et al. (resketched from ref. [23]). The dots
indicate ionic sites. The crystalline region is omitted in the diagram for simplicity. (a)

core-shell model, for which the scattering peak is from intraparticle interference. (b)
two-phase model, for which the scattering peak is from the interparticle interference.

(¢) Local-order model by Gebel et al. Using SAXS and small angle neutron

scattering (SANS), Gebel and co-workers investigated a series of perfluorinated
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ionomers with variable equivalent weight. *”** % The authors presented a schematic
description of the swelling and dissolution process, as shown in Figure 1-5. % In this
scheme, the dry membrane has isolated spherical ionic clusters with diameters close to
15 A and an inter-cluster distance of about 27 A. This explains the very low ionic
conductivity of samples with low water content. When water content increases, the
ionic clusters are hydrated first. With further increases in water content, the
percolation of swollen ionic clusters occurs. The volume of the connecting channels in
this structure must not significantly contribute to the scattering intensity since the
structure is still well described by the local order model. After that, an inversion of the
structure happens if water content continuously increases. At this point the membrane
becomes a connected network of rod-like polymer aggregates which can further swell

and change into solution.

(d) Other models There are also some other models including a rod-like model
by Rubatat, ®'! a sandwich-like mode proposed by Haubold, ®* and so on. These
models have given the structure of Nafion an approximate description for specific
aspects of the structure. Nevertheless, a more overall description was presented by
Kreuer based on their SAXS and pulse-field gradient (PFG) NMR data. **! In their
microstructure, the hydrated Nafion has wide and well-connected water channels.
Both the separation of -SO3H/-SO;H and the hydrophobic/hydrophilic interface are

small. This description provides further information for both short and long range
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properties, which is very helpful for understanding the excellent proton conductivity
of Nafion in the hydrated states. However, a deeper understanding of the proton
conductivity of Nafion still needs further investigation regarding the proton dynamics

of Nafion. This information will be presented in the subsequent chapters of this thesis.

Dry membrane

Perfluorinated matrix

Swollen membrane

lonic domains

percolation

Increased water
volume fraction

Structure inversion

Colloidal dispersion of
rod-like particles

Figure 1-5. Schematic description of the swelling and dissolution process of Nafion
(resketched from ref. [30])
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1.3.3 Nonfluorinated ionomers

The development of PEMs based on nonfluorinated ionomers has also been given
much attention since these hydrocarbon polymers have many advantages over the
perfluorinated polymers. For example, they are much cheaper and can be easily
recycled by conventional methods. Furthermore, they have reduced gas diffusion
effects not seen in the prefluourinated counterparts. Some hydrocarbon polymers
show high water content over a wide temperature range, which may be used for
enhancing the operating temperature of PEMFC. Typically, the proton conductivity of
hydrocarbon polymers can be achieved by chemical modification such as sulfonation
reaction which attaches sulfonic acid groups to the polymer backbone. The popular
hydrocarbon polymers in PEMFC research include sulfonated polyether ether ketone
(S-PEEK), sulfonated polybenzimidazole (S-PBI) and a variety of polymer membrane

composites. Descriptions of each are presented in detail below.

1.3.3.1 Sulfonated polyether ether ketones (S-PEEK)

PEEK belongs to the family of polyether ketone polymers. It is a thermoplastic
polymer with a glass transition temperature of 143 °C. It does not dissolve in organic
solvents except strong acids. Thus, the sulfonated PEEK (S-PEEK, shown in Figure

1-6) is prepared by simply dissolving the PEEK in concentrated sulfuric acid. The
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degree of sulfonation (DS), which is a ratio of the sulfonated unit to the total unit, is
usually controlled by sulfonation time. The properties of S-PEEK have been
investigated by many groups. 65435, 36: 37 1¢ was reported that the water uptake of
S-PEEK increases with increasing DS, which contributes to the increased proton
conductivity. It was also reported that although the S-PEEK presents proton
conductivity comparable with Nafion at high relative humidity, the proton
conductivity of S-PEEK depends on the relative humidity more strongly than that of
Nafion. ** 3¢ Significant contributions to the correlation of the conductivity in
S-PEEK to structural and dynamic properties observed in SS-NMR experiments is

presented in this thesis.

Using SAXS, Yang and co-workers studied S-PEEK with variable degrees of
sulfonation. ¥ The authors proposed that both the cluster size and the number of
sulfonic acid group in each cluster are small due to the high rigidity of the S-PEEK
polymer chain. They found that the number of ionic clusters increases with increasing
degree of sulfonation, resulting in shorter distances between ionic clusters. This
adequately explains the dependence of conductivity on degree of sulfonation. Zhao
and co-workers investigated the block S-PEEK and random S-PEEK (by sulfonation
of PEEK) using SAXS. P** They found that the block S-PEEK polymer has larger
ionic cluster size and larger proton transport channels. This interprets the enhanced

proton conductivity of block S-PEEK very well. In spite of the above structural
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information, no specific models have been proposed for S-PEEK to understand the
morphology changes during hydration. Similar to the studies of Nafion, information

regarding proton dynamics was also absent for S-PEEK in these studies.

Kaliaguine and co-workers studied the influence of casting solvents such as
Dimethylacetamide (DMAc), N-methyl-2-pyrrolidone (NMP), and
dimethylformamide (DMF), on the conductivity of resulting S-PEEK membranes. *"
2] They found that DMF strongly decreases the proton conductivity of S-PEEK due to
the formation of strong hydrogen bonds between DMF and the sulfonic acid proton of
S-PEEK. However, although this interprets the conductivity difference of S-PEEK
membranes with residual casting solvents (which should have been removed before
conductivity measurements), it does not disclose the real difference of S-PEEK
membranes prepared by different casting solvents. Using WAXD, dynamic
mechanical analysis (DMA) and modulated differential scanning calorimetry (MDSC),
Kaliaguine and co-workers reported that the hydrophilic/hydrophobic phase separation
is promoted by thermal treatment. Samples that experienced a sequence of
heating-cooling cycles showed higher proton conductivity than untreated samples.
This was attributed to irreversible microstructural modifications that support proton
conduction. **! Kaliaguine and co-workers also prepared crosslinked S-PEEK by

using ethylene glycol to make the resulting membrane less susceptible to swelling. **

] The crosslinked S-PEEK membrane is more rigid than the non-crosslinked S-PEEK
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and comparable to Nafion in mechanical strength as well as conductivity. However,
this crosslinked polymer is not well characterized, in terms of equivalent weight,
residual degree of sulfonation, and interactions of crosslinkers and sulfonic acid
groups. This information is necessary to understand the high conductivity of

crosslinked S-PEEK and will be addressed in this thesis.
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Sulfonated polyether ether ketone (S-PEEK)
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Figure 1-6. Structures of sulfonated polymers for application in PEMFC
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1.3.3.2 Sulfonated polybenzimidazole (S-PBI)

Polybenzimidazole (PBI) is a polymer with a very high glass transition
temperature of 425 ~ 435 °C, which has excellent thermal and mechanical stability.
Similar to PEEK, sulfonic acid groups can be introduced to PBI (shown in Figure 1-6)
to increase proton conductivity. (44748 Glipa studied the benzylsulfonated PBI with
variable degree of sulfonation. *¢) It was reported that the proton conductivity of the
resulting membrane increases with increasing degree of sulfonation from 10 S/cm
for non-sulfonated PBI to >107 S/cm for a sample with 75% degree of sulfonation.
However, the shrinkage of S-PBI membrane was observed once sorbed water was
removed. Bae and co-workers investigated PBI sulfonated by butanesultone (BS). [*)
It was found that the PBI-BS showed lower conductivity than Nafion117 below 80 °C.
At temperatures higher than 80 °C, PBI-BS did not show significant loss of
conductivity, which indicates that PBI-BS can be used in PEMFCs with high
operating temperatures. Using DSC, the authors found that the sulfonic acid groups in
S-PBI have a stronger interaction with the adsorbed water than those in Nafion. This

explains the retention of the absorbed water at enhanced temperatures for S-PBI.

1.3.3.3 Sulfonated polyimide (S-PI)

Polyimides (PI) (shown in Figure 1-6) are thermoplastic polymers as well. They
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demonstrate good mechanical and thermal properties, which in turn makes them good
candidates for sulfonated PEMs. S-PI is considered to be a new type of ion exchange
membrane with advantages including indifference to external conditions and
conductivities not as strongly correlated to water content. 5% Ye and co-workers
synthesized and characterized a series of sulfonated PI. ®'! They reported that the
conductivity dramatically increased with increasing temperatures from 120 °C to
160 °C where the relative humidity is decreasing. This indicates a more significant

effect of temperature than the relative humidity at high temperatures.

Using SAXS and SANS, Cornet and co-workers investigated the structure of
S-PL.P% A disc-like hydrophobic domains spaced by a continuous ionic phase, instead
of ionic domains dispersed in the polymer matrix which are essentially spherical ionic

domains, is proposed for the structure of S-PI.

1.3.3.4 Other sulfonated nonfluorinated ionomers

[52] poly

There are also many other polymers such as polyethersulphone (PES),
(4-phenoxybenzoyl-1, 4-phenylene) (PPBP) %) and polyphenylenesulfide (PPS), (54]
which are sulfonated (as shown in Figure 1-6) for PEMFC applications. Similar to the

above introduced non-perfluorinated ionomers, the conductivities of these sulfonated

polymers were investigated but information on their structure and morphology is
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seldom reported and still needed for understanding their distinct conductivities.

1.4 Polymer electrolyte membrane composites

It is known that operating PEMFC at temperatures above 130 °C has many
advantages such as fast reaction kinetics and much higher allowable concentration of
CO for platinum catalyst. Nevertheless, almost all investigated PEMs so far show
decreased conductivity with increasing temperature due to water loss. Since a higher
operating temperature is so attractive, many strategies have been used to develop the
desired PEMs. Among them, adding dopants to the matrix of the ionomer seems to be
very promising. The dopants are usually insoluble inorganic solids which not only
improve proton conductivity at high temperature through self-humidification but also
improved mechanical strength and thermal stability of the membrane. A further
advantage of introducing inorganic solid dopants is the suppression of fuel crossover.
Oxide based composites, layered phosphate composites, and heteropolyacid
composites are all discussed in detail below. It is generally thought that the inorganic
dopants in the polymer matrix decrease the chemical potential of the water inside the
polymer, by which an additional pathway for proton conduction is created. **! In
addition, the proton hydrogen-bonding sites provided by the dopants help water

retention and proton transportation.
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1.4.1 Oxides based composites

Oxides such as SiO,, TiO,;, ZrO,, Al;0; and WO; have been used to prepare
membrane composites. A direct way to make these polymer/oxides composites is to
mix their powder with the polymer solution and then recast the mixture to form the
membrane. Nafion/SiO,, ®**” Nafion/AL,0s, ** S-PEEK/SiO, *) and S-PEEK/WO;
%) have been investigated. Improved water uptake was observed for some composites.
561 With 3% SiO, loading, the Nafion/SiO, composites show 41% water content
which is much higher than the 18% of unmodified Nafion. However, usually this
method is not able to produce very small particle sizes for the dopants in the polymer

matrix, although it does allow for very accurate control of loading of dopants.

An alternative way to load SiO,, TiO, and ZrO, in polymers is to hydrolyze
silanes and metal oxides in solutions of polymer. Using anomalous small angle X-ray
scattering (ASAXS) which is an element-specific technique, Prado and co-workers
studied the morphology and distribution of ZrO, in S-PEEK/ZrO, composites. ) The
ZrO, particles were found to be smaller than 13 A, however, the conductivity of the
composites with 13.5% ZrO; is 3 orders of magnitude lower than that of pure S-PEEK.
This was attributed to the binding of the sulfonic acid groups to the ZrO, species. By
hydrolyzing the precursors of dopants in the S-PEEK solution, Nunes and co-workers

prepared S-PEEK/TiO,, S-PEEK/ZrO, and S-PEEK/SiO, composites. **! However,
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although TiO; and ZrO, are homogeneously dispersed in S-PEEK, large SiO; particles
were observed in S-PEEK and since the higher interface interaction between the
polymer and the dopants would modify the polymer to a greater extent, smaller

particle size of dopants is desired.

Mauritz et al. developed a sol-gel method to form SiO; in Nafion in-situ. 163.641 1y
the sol-gel method, the tetraethylorthosilicate (TEOS) permeates into the previously
swollen Nafion membrane, hydrolyzes with the catalysis of sulfonic acid from Nafion
and then condense to form SiO,. Since the whole process occurs in a polymer matrix
instead of a polymer solution, the particle size of SiO; is very small due to the small
channels in Nafion. This was supported by SAXS, ! FT-IR ! and dielectric

relaxation measurements [¢”!

where it was shown that the nano-phase separated
morphology of Nafion works as a template for the in-situ formation of SiO, The

resulting composites showed higher water uptake than the original Nafion which is

believed to be due to water absorption on the surface of the SiO,,

Baradie and co-workers reported the conductivity of various Nafion/SiO,
composites. (681 When the composites have a Si/SO;H ratio of 5, the measured
conductivity at 80 °C and 100% relative humidity is 9.9x10%S cm™ which is slightly
higher than that of the original Nafion, 7.4x107S cm™. Recently, the performance of

Nafion/SiO, composites in an H,/O, PEMFC at temperatures above 100 °C has been
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investigated by Adjemian and co-workers. [** ") A PEMFC based on the Nafion/SiO,
composite with 10 % SiO, content delivered current densities four times higher than
that of the unmodified Nafion. They also found that the performance can be further
enhanced by decreasing the equivalent weight and thickness of the membrane.
However, information on how the SiO, changes the proton dynamics of the original
Nafion was not reported in these studies. This information is important not only for
understanding the conductivity of the composites but also for guiding the preparation

of the composites, which will be addressed in this thesis.

1.4.2 Layered phosphate based composites

Polymer composites with layered phosphates have been studied by many groups.
Those phosphates can be expressed by M (RPOs),, where M is a tetravalent metal
such as Zr, Ti, Ce, or Sn; R is an inorganic or organic group such as -H, -OH, or
-CH,OH. These compounds differ from the previous metal oxide dopants in that they
are good proton conductors whose hydroxyl protons are direct participants in proton
conductivity. "1 Similar to polymer oxide composites, these polymer phosphate
composites can be prepared by either recasting a mixture of polymer and phosphates

or forming the phosphates in-situ in the polymer.

At present, one of the most popular phosphates in this field is the zirconium
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phosphates (ZrP). There are two types of crystallized ZrP; o-ZrP and y-ZrP. [’
Clearfield reported that the conductance of ZrP increases with a decrease in the

structural order, (73]

thus, making amorphous ZrP the preferred phase for PEM doping.
Parado et al. prepared S-PEEK/ZrP composites by recasting a mixture of S-PEEK
solution with ZrP precipitates. ®"! They found that although the ZrP particle size is
very large - up to 185 A - the conductivity of the composites is only slightly lower
than that of unmodified Nafion. By continuously treating the Nafion in a Zirconium
solution followed by addition of phosphoric acid, Costamagna and co-workers were
able to form ZrP in Nafion in-situ. "*7>) The ZrP particle size was found to be about
11 nm which is in a good agreement with Chalkova. ["®! Although at 80 °C the Ohmic
resistance of fuel cell based on Nafion/ZrP composites is slightly higher than that of
the unmodified Nafion the ZrP composite fuel cells showed improved electrochemical
performance. Current densities of 1000 mA/cm® at 0.45 V and 130 °C were
measured and are 4 times higher than that of fuel cell with unmodified Nafion under

the same conditions. Moreover, at this temperature the composites showed thermal

stability not seen in unmodified Nafion where degradation was observed.

Using the same techniques for preparation of Nafion/ZrP composites, Bauer et al.
investigated the structure of the composites, as well as the dependence of the
composite conductivity on the % ZrP. " 7 Diffraction data indicated that a

monolayered structure of ZrP is present rather than a multi-layered structure seen in
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other Nafion composites. This could result in very strong ionic interactions between
the filler and the hydrophilic clusters of Nafion. When the relative humidity is lower
than 90% at 125 °C or 150 °C, the Nafion/ZrP composites with 24 % ZrP loading
exhibited higher proton conductivity than the unmodified Nafion, but those with ZrP
loading lower than 15% did not. They suggest that this is due to changes in the ionic
interactions between the sulfonic acid group of the Nafion and the phosphoric acid
group of ZrP rather than the additional water adsorbed on the surface of ZrP. This is
somewhat consistent with Alberti, " who proposed that the improved conductivity is
due to a modification of the polymer microstructure rather than the conductivity of
ZrP. A further study of interactions between Nafion and ZrP will be presented in this

thesis to help better understand the conductivity of Nafion/ZrP composites.

Another layered phosphate which has further enhanced proton conductivity is
sulfophenylenphosphonates (SPP). It has a general form M(HPO4),-,(O3PCsH4SO3H)y,
where M is the tetravalent ion and x=0.4~1.35. ®% Zirconium phosphate SPP and
titanium phosphate SPP have been studied. *""*? Their conductivity can be up to 0.1
S/cm at 100 °C and 90 % relative humidity. ! However, due to the insolubility of
these compounds, the corresponding polymer composites can only be prepared by
recasting the mixture of polymer solution and these compounds. Using the above
method, Alberti [* prepared sulfonated polyether ketone (S-PEK)/Zr(HPO4)o 7(SPP); 3

composites. The composites with 20% Zr(HPO4)o#SPP);3 loading showed
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conductivities 10 times higher than that of pure S-PEK at temperatures of 80-110 °C
and 90% relative humidity. Similarly, Krishnan prepared
S-PEEK/Zr(HPO4)o.65(SPP); 35 composites with 10-50 wt. % of
Zr(HPO4)o.65(SPP), 35.(5¢ They found that the composite with 10% dopant loading
consistently showed conductivity lower than that of pure S-PEEK. However, when the
loading of the dopant is 50%, a three-fold increase in conductivity was obtained. This
may suggest that a critical concentration of dopant is needed to create conduction

pathways in the S-PEEK composites.

1.4.3 Heteropolyacids based composites

The typical heteropolyacids include phosphomolybdic acid H3PMo;,049'nH,O
(PMA), phosphotungstic acid H3;PW;,04nH,O (PTA) and silicotungstic acid
H4SiW,040nH,0 (STA). Heteropolyacids are strongly acidic and show high
conductivity when hydrated. ** The polymer/heteropolyacids composites are prepared
by recasting the polymer solution containing heteropolyacids. *® ¥ Tazi prepared
Nafion/PMA composites by recasting a Nafion solution with PMA. ¥ The composite
showed 95% water uptake which is much higher than 27% of the unmodified Nafion.
Moreover, better electrochemical performance was observed for the composite PEM
fuel cell. At 80 °C the current density at 0.6V increased from 640 mA/cm? for a fuel

cell with unmodified Nafion to 940 mA/cm® for a fuel cell with a Nafion/PMA
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composite. Using the same method, S-PEEK composites containing PMA or PTA
were prepared. 9 The S-PEEK composites also exhibited higher water uptake and

higher conductivity than pure S-PEEK.

1.4.4 Other composites

There are many other compounds used to prepare polymer composites as well.
Acids such as H3;POs, H,SO4, HCI etc. have been doped into membranes for
preparation of composites. ** The strong acids react with basic sites such as the ether,
amide, or imide groups of polymers, which establishes hydrogen bonds and leads to
increased acid dissociation. As a result, the proton conductivity of the polymer
composites can be enhanced. Although high acid content usually gives high
conductivity, the mechanical properties are worsened because of too much acid. This
makes polymers with high glass transition temperature, such as PBI, desirable. High
proton conductivities of PBI membranes doped with H3PO4 and H,SO4 were reported
to be 2x10° S ecm™ and 6x102 S em™, respectively. ! The fuel cell with H;PO4
doped PBI exhibits higher performance than that with pure Nafion117. 21 Solid acids
such as CsHSO4 have been used as dopants as well. ] The conductivity of
polyvinylidene fluoride / CsHSO4 composites is up to 1x10% S em™ at 160 °C and

[94]

80% relative humidity. BPO4 was also used to prepare composites -~ where the room

temperature conductivity of S-PEEK/BPO4 with 60% BPO4 and 80% degree of
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sulfonation was found to be 5 times higher than that of the unmodified S-PEEK.

1.5 Summary for current status of PEM research

Investigation of PEMs has been mainly focused on Nafion which shows a strong
dependence of proton conductivity on water content. The existence of ionic clusters is
observed in SAXS and SANS studies and attributed to the conductivity differences
under different relative humidity conditions. Models have been proposed to
understand the morphologies of Nafion at low and high hydration level. The swelling
of ionic aggregates and polymer reorganization during the hydration process are
proposed in both the cluster network model and the local order model, which

adequately explains increased proton conductivity with increasing water content.

The studies of non-perfluorinated PEMs have been performed for different
polymers such as S-PEEK, S-PBI, S-PI and so on. Proton conductivities for these
materials increase with increasing degree of sulfonation. Similar to Nafion, they
display a strong dependence of conductivity on water content as well. However,
structural information is absent for most of these hydrocarbon PEMs. Therefore, there

are currently no models proposed to interpret their conductivity differences.

As alternatives with improved conductivities, the PEM composites are mainly



Chapter 1 Ph. D. Thesis — G. Ye  McMaster — Department of Chemistry 30

based on oxides, phosphates, and heteropolyacids. The water uptake of the composites
is usually improved by the addition of dopants. Although the conductivities of the
composites at relatively low temperature (below 80 °C) are generally lower than those
of unmodified PEMs, at temperatures above 100 °C, composites show elevated
conductivities than their pure counterparts. Moreover, the composites show greater
stability during fuel cell operation. Some structural studies have been performed to
understand these composites as well. However, the morphology information is too
limited to interpret the conductivities of the composites as the interaction of dopants
and PEMs is even more complicated and can not be observed from SAXS and SANS

studies.

1.6 The goal of this research

As reviewed above, the dynamic information of proton transport is absent from
the literature. This information is crucial when trying to understand and enhance
proton conductivity. In this research, SS-NMR is used to explore the link between
local proton mobility at the molecular level and long range proton conductivity at the
macroscopic level (see introduction in Chapter 2). This technique was chosen for the
investigation of proton dynamics of PEMs and PEM composites. The PEMs specific
to this thesis are Nafion and S-PEEK which represent the typical perfluorinated and

non-perfluorinated PEMs, respectively. Their composites will be based on SiO, and
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Zr(HPOg), since these composites have displayed improved proton conductivity at

high operating temperatures.

These PEMs and PEM composites will be studied by variable temperature NMR
experiments which investigate the dependence of proton mobility on temperature. A
Back-to-Back (BaBa) NMR experiment will be used to distinguish rigid protons from
mobile protons by contrasting with standard 'H MAS NMR experiments. This
information is very useful to understand proton conductivity under different
conditions. Moreover, for samples with multiple mobile proton sites, 2D exchange
spectroscopy (EXSY) NMR experiments will be used to study exchange between
proton sites which are involved in conductivity. In addition, other experiments such as
B¢, 8i, *'P NMR and their proton correlation NMR experiments will be used to
provide some structural information for these PEMs and PEM composites. With the
combination of impedance spectroscopy data, the information of proton dynamics and
structures of PEMs and PEM composites will allow a better understanding of their

proton conductivity at the molecular level.

1.7 Outline of thesis

The first chapter introduces the current status of research regarding proton

exchange membranes with the goals of this thesis outlined. The techniques used in this
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research, including SS-NMR, pulse field gradient NMR and impedance spectroscopy,
are introduced in the second chapter. The third chapter presents studies of Nafion
compared with those of S-PEEK. This comparison highlights the clear differences in
the nature of hydrogen bonding in the two polymers. Studies of Nafion/SiO,
composites are presented and discussed in Chapter 4. The differences in the proton
diffusion coefficients and proton conductivities between the pure and the composite

are discussed with consideration of the SS- NMR results.

The studies of ZrP are presented in Chapter 5 with the investigation of Nafion/ZrP
composites presented in Chapter 6. The characterization of ZrP and the investigation
of the interaction of ZrP with the acidic protons of H,SO, in Chapter 5 help to
understand the NMR results seen in the Nafion/ZrP composites in Chapter 6.  Special

emphasis is placed on the interaction of ZrP and the sulfonic acid proton of Nafion.

The studies of S-PEEK with variable degree of sulfonation, and prepared from
different casting solvents, are shown in Chapter 7. Their conductivity differences are
discussed according to the proton environments and polymer chain mobility in these
samples. The investigation of crosslinked S-PEEK is presented in Chapter 8. In this
chapter the superb conductivity of this polymer is better understood through
interpretation of 2D EXSY NMR results. In the last chapter a summary is presented

followed by an outlook for this exciting field of research.
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Chapter 2 Experimental Techniques

In this chapter, experimental techniques used in this thesis are introduced. First,
an introduction for solid state NMR is presented. The focus of this section is the
recoupling of dipolar coupling using the Back to Back (BaBa) pulse sequence, which
was used in this thesis to investigate proton mobility in proton exchange membranes.
In the following section pulse-field gradient (PFG) NMR is introduced. This technique
was used to investigate proton motion on a macroscopic level, providing information
for long-range proton motion. Since PFG NMR cannot distinguish proton motion
contributed by dissociated protons from that of associated protons, impedance
spectroscopy was also used to study the macroscopic proton conductivity contributed
by dissociated protons. The principles of impedance measurements are presented in

this chapter.

2.1 Solid state NMR

Solid state NMR is a powerful and widely used technique for the study of both
ordered and disordered solids, providing not only structural but also dynamic
information. Compared with spectra in solution state NMR, spectra in solid state
NMR for static samples usually do not present any peak resolution. This is due to slow

molecular tumbling in solids which is unable to average anisotropic interactions, such
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as heteronuclear and homonuclear dipolar coupling, quadrupolar coupling (for spins
of I>1/2, where [ is the spin quantum number) and chemical shielding anisotropy. In
many cases, well resolved spectra can be obtained for spins with /=1/2 (which are the
focus of the thesis) by applying NMR techniques such as magic angle spinning (MAS)
and dipolar decoupling. However, the interactions which broaden the NMR spectra
contain valuable pieces of information which are usually lost when using these
techniques. Since this information is valuable when trying to understand the properties
of materials, NMR techniques that reintroduce this information - such as dipolar
recoupling experiments - are used to access this information. ['! This makes solid state

NMR a challenging yet very powerful tool and very important in this research.

2.1.1 NMR basics

It is known from basic quantum mechanics that angular momentum for a spin is
always quantized in half-integral or integral multiples of %4, where % is Planck’s
constant / divided by 2n. Therefore, the maximum component of angular momentum
for a spin with spin quantum number 7 (7 #0) is:

p=Il-h=1-h/2xn (2-1)
The corresponding magnetic moment p is proportional to the gyromagnetic ratio 7.
L=y p (2-2)

Where the boldface type denotes vector quantities of the magnetic moment and the
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angular momentum. When the spin is placed in an applied magnetic field By, the
magnetic moment interacts with this field, which is referred to as the Zeeman
interaction. According to quantum theory, the Zeeman interaction appears in the
Hamiltonian operator H:
H=-pB=-y -h-I-B (2-3)
Where I represents a quantum mechanical operator. The solution of the Hamiltonian
gives energy levels as follows:
Em=-y-h-m-B (2-4)
Where m is the quantum number. The values for m can be: -1, -/ + 1, ..., [ -1, L
Therefore, the energy separation between states linearly depends on the magnetic field
strength. However, the selection rule Am = + 1 permits transitions only between
adjacent energy levels. As a result, the energy difference for a transition between
states is:
AE=y- -h-B (2-5)
This transition results in an observed frequency vin a NMR spectrum.
v=AE/h=y- -By/2n (2-6)
This frequency is the Larmor frequency. The Larmor frequency of a nucleus is
influenced by its local environment which creates chemical shielding of the external

magnetic field By. Therefore, different frequencies will be observed in a NMR

spectrum for nuclei in distinct chemical environments.
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Nevertheless, a difference of population of spins in the two adjacent energy levels
is necessary in order to observe this transition. This is shown by the Boltzman
distribution. For two adjacent energy levels o and B, the corresponding number of

spins N, and Ng on each level has the following form:

N
ﬁ = e—}’hBO/kT (2_7)
N

a

Where £ is the Boltzman constant and 7 is the temperature. At room temperature, the
difference in the number of spins of the two energy levels is very small, which is an
important factor in determining the intensity of the NMR signal. The NMR signal is
usually enhanced with more scans. However, a delay time between two continuous
scans is determined by the spin-lattice relaxation time 7; which is a time constant
describing how fast the longitudinal magnetization (from equilibrium magnetization
flipped by a radiation pulse into a plane perpendicular to the direction of By) returns to
its equilibrium magnetization. In NMR, there are many interactions, such as
dipole-dipole coupling, chemical shielding, scalar coupling (J coupling), spin rotation
coupling and quadrapolar coupling, which contribute to the relaxation. ! These
interactions are very important not only for the relaxation process but also for
exploring the structural information of compounds. This thesis will focus on the

interactions of chemical shielding and dipole-dipole coupling. More details for these

two interactions will be presented in the following sub-sections.
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2.1.2 Chemical shift anisotropy (CSA)

The origin of the chemical shift is due to the chemical shielding effect resulting
from a small magnetic field produced by the circulating current of electrons which is
induced by the external magnetic field. Generally, the electron distribution around a
nucleus in a molecule is not spherically symmetric. This results in a variable size of
the electron current around the nucleus when the molecule changes its orientation in
the external magnetic field, generating different sizes of chemical shielding. Therefore,
the chemical shift is orientation dependent in the magnetic field. The chemical shift
Hamiltonian H¢s can be expressed by an isotropic term and an anisotropic term as
follows:

H, =yB,I. [1 - (O'iw +Ac(3cos’ @ —1+ 1, sin’ @ cos 2¢))] 2-8)
Where 6 and ¢ are the polar angles of the chemical shielding tensor relative to the
magnetic field, o, is the isotropic chemical shielding, Ac is the chemical shielding

anisotropy and mcs is the asymmetry in chemical shielding. They are further described

as follows:
Giso = (011 + 02 + 033 ) /3 (2-9)
Ac = o33 — (o1 + op)/2 (2-10)
Nes = (622 - on) / (633 — Oiso) (2-11)

Where 11, 022 and 633 (611< 622 < 033) are the principal components of the chemical

shielding tensor.
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In solution state, only the isotropic chemical shift is observed since the CSA is
averaged to zero by the rapid molecular tumbling. However, in solids, the CSA is not
averaged to zero, resulting in a broadened spectrum with contributions from all
possible orientations of the nuclei in the magnetic field. This makes observation of the
isotropic chemical shift difficult in a static solid state NMR spectrum. Thus,
techniques which can remove CSA are needed in order to be able to resolve different

sites in the solid state NMR spectra.

2.1.3 Homonuclear and heteronuclear dipolar coupling

The dipolar coupling results from an interaction of magnetic moments from
different nuclear spins. It is also called dipole-dipole coupling. Different from scalar (J)
coupling which is an indirect coupling of the nuclear spins through electrons, the
dipolar coupling is a direct coupling of the nuclear spins through space. ! In the
solution state dipolar coupling is averaged to zero by fast molecular tumbling allowing
for scalar coupling to be well observed in solution state. However, in solid state the
dipolar coupling is not averaged to zero, which results in broadened lineshapes. Due
to the broadened lineshapes and the large dipolar coupling, scalar coupling is usually

not observed in solid state NMR.

Homonuclear dipolar coupling is a through space coupling between the same

nuclear spin. The Hamiltonian can be expressed by: 4]
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Hl()i,j) =I(i) .D(i,j) _](j) (2-12)
Where the dipolar coupling tensor D“” in the principal axes system (PAS) has the

following form:

-1/2 0 0
D6 = -2D,-| 0 -1/2 0 (2-13)
0 0 1

Where the dipolar coupling constant Dj is:

Hohy v,
3 T . il i i y
i dzr} (2-14)

Where u is permeability of free space, y and y are the gyromagnetic ratios, 7; is the

distance between spins.

Transforming the Hamiltonian from the PAS into the laboratory frame (LAB) in

which the z-direction is defined by the external magnetic field, By, results in:

H @D :_ﬂOh}/i}/j _ 3(1(')-7‘,.J.X](j)-r;.j.)ﬁ](i).](f) s
° 47[ r‘s 3 ( - )

i ij

Where r;; is the vector describing the orientation of r;; with respect to the laboratory

frame. Thus, the secular part of the Hamiltonian is expressed as:

H» - po ] —302052_‘9 RIOIO —(IO19 + IOIO)) (2-16)

D sec
Where @ is the angle of the dipolar tensor with respect to the laboratory frame. The

effect of homonuclear dipolar coupling in a multispin system is to broaden the spectral

lineshape. Generally, the 'H linewidth in organic solids is several tens of kHz.
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The heteronuclear dipolar coupling is the dipolar coupling between different
nuclear spins. According to equation (2-16), when the two spins have different
resonance frequencies, the [1Y+IP]"” terms are insignificant. So the
Hamiltonian for heteronuclear dipolar coupling becomes:

HEP =D .(1-3cos* 6)- 119 2-17)

Where i and j now represent spins from different nuclei. As can be seen from the
equation, the effect of heteronuclear dipolar coupling on the spectrum is much
simpler than that of homonuclear dipolar coupling. This makes it easier to remove the
heteronuclear dipolar coupling. For example, by constantly applying radio-frequency
(RF) pulses on the i spin, the sign of the energy determined by /"1 oscillates
between positive and negative, which averages the heteronuclear dipolar coupling to
zero in the spectrum of the j spin. In addition, the heteronuclear dipolar coupling is
often much smaller than homonuclear proton dipolar coupling in organic solids,

which also benefits from the averaging of heteronuclear dipolar coupling by magic

angle spinning of the sample (see below).

Clearly, both homonuclear dipolar coupling and heteronuclear dipolar coupling
depend on the distance between nuclei, providing structural information for the
sample under investigation. Also, both dipolar couplings are orientation dependent.
This makes it possible to extract information about the motions of nuclei, which is

crucial for the study of proton mobility in this research.
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2.1.4 Magic angle spinning (MAS)

Magic angle spinning is now used routinely in solid state NMR experiments. In
the MAS NMR experiments, the rotor in which the sample is held is spun at an angle
of 54.74° with respect to the external magnetic field, as shown by Figure 2-1. Under
MAS conditions, the Hamiltonian for dipolar coupling interaction is time dependent.
Since the axis of rotor is fixed at the magic angle, this reference frame is called rotor
frame (ROT). Therefore, by a successive coordinate transformation from PAS frame
to ROT frame and then from ROT frame to LAB frame, the spatial part of
Hamiltonian for the dipolar interaction, which is represented by a second-rank tensor

component, has the following form: !

2
LAB)Y s\ _ PAS) £(2) 2
AP ) = X 455 DE) (@, B,7)Dys (@it 6,,0) (2-18)
m=2 (PAS)—((ROT) (ROT)—~>((LAB)

Where D? and D\, denote the components of Wigner rotation matrices. The
angles a,f and y denote the orientation of the PAS frame with respect to the ROT

frame. The angle w,¢ is the rotor phase. The €, is the magic angle. Using the

reduced rotation matrices, the spatial part of the Hamiltonian becomes:

AP @) = 45 {% sin’ B cos(2ayt +2y) —Lsin 23 cos(wyt + y)}

V2

(2-19)

Therefore, the introduction of magic angle spinning results in the change of
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. : 1 . ;
orientational dependence from 5(1—3cos2 p) in the static case to

[% sin® Bcos(Qmyt +2y) - Lsin 2B cos(mgt + 7)] . This means that the

V2
Hamiltonian for the dipolar interaction will collapse after each rotor period,
leading to a narrowed spectrum, if the rotor spinning is fast enough. In the
simplest case, when the time dependent Hamiltonian commutes with itself, it can

be described by the integration of the time dependent spatial part over a period of

[to, t 1]2
APA [
Q1) = j’ ' ASH4B) (1)t = L[—sinz B(sinQagt; —27) —sinQagty —27))
0 ’ sz 2

—~2sin2 B(sin(wgt) — y) —sin(wpty — 7))]

(2-20)

Thus, the state of the spin system is fully refocused after each rotor period when it is
subject to inhomogeneous interactions. This results in a spectrum with much narrowed

peaks.

ABo

Figure 2-1. The magic angle spinning (MAS) relative to
the external magnetic field By. ax is the spinning speed.
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Magic angle spinning can also work to average the chemical shift anisotropy.
Under MAS conditions, similar to the case of dipolar interactions, the Hamiltonian for
chemical shielding interaction is time dependent as well. Over one rotor period the
integration for the anisotropic part of this interaction is zero if the spinning speed of
the rotor is fast enough, leading to observation of only isotropic chemical shifts. In
MAS NMR experiments, the CSA values of all crystallites in a powder sample are
time dependent. Since the axis of rotation, which has an angle of 54.74° relative to the
external magnetic field, is the direction of the space diagonal of a cube, each
crystallite thereby experiences the average chemical shielding cis, over one rotation
period. ! Thus, MAS can be viewed as a dynamic implementation of cubic symmetry,

which removes the CSA from the obtained spectrum.

However, if the spinning speed is moderate, the MAS will have different effect on
the CSA and the dipolar coupling. In the case of inhomogeneous Hamiltonian, ' such
as chemical shielding anisotropy, in which the Hamiltonian at different times
commutes with itself, the sample rotation results in a sideband pattern which consists
of peaks with integer multiples of the spinning speed centered at the isotropic
chemical shift resonance. The spinning sidebands can be minimized by spinning the
sample at a frequency greater than the width of the CSA. Nevertheless, in the case of
homogeneous Hamiltonian in which the Hamiltonian at different times does not

commute, such as the multi-spin homonuclear dipolar coupling, the anisotropic
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interaction is not completely refocused if the spinning speed is not fast (less than
dipolar coupling constant which is generally large in rigid solids). Consequently, a
broadened spectrum instead of a sideband pattern is often observed. In most cases,
MAS at 25 kHz, which is commonly used in this research, allows proton dipolar

coupling to be well suppressed for narrower linewidths.

2.1.5 Recoupling of homonuclear dipolar coupling

As introduced above, dipolar coupling is useful for extracting structural and
dynamic information of investigated materials. Particularly, the proton-proton
homonuclear dipolar coupling can be used as a probe to explore the proton mobility of
polymer electrolyte membranes. This helps to develop an understanding of the proton
conductivity of the membranes. However, this information cannot be extracted from
regular high resolution MAS NMR spectra since the dipolar coupling is often
averaged by the fast magic angle spinning. In order to retrieve the dipolar coupling
information, NMR techniques which can recouple the homonuclear dipolar coupling
averaged by MAS have been developed, such as DRAMA, 71 RFDR, *° DREAM, "
and C712. "] These pulse sequences have limitations. For example, DRAMA is not
efficient for powder samples since the recoupling effect displays an orientation
dependence. The C712 is applicable only under moderate spinning speeds (MAS up

to ~15 kHz) as this pulse sequence requires a RF pulse of wrr = 7wg. This is
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experimentally not applicable under fast MAS conditions (MAS>25 kHz) for
conventional NMR spectrometers and MAS probes. For instance, when the MAS is
equal to 30 kHz, this pulse sequence requires the wgr equal to 210 kHz which
corresponds to a 1/2 pulse with pulse length of 1.2 ps. Such a short pulse in turn
requires very strong power. Furthermore, since C712 consists of a large number of
continuous 27 pulses which have different phases, the strong power with a very long
total pulse time is difficult for conventional probes. This limits the application of this
pulse sequence. At present, the Back to Back (BaBa) pulse sequence shown in
Figure 2-2 (a) is very popular for dipolar recoupling due to its simplicity and

robustness. %

The BaBa pulse sequence consists of pairs of m/2 pulses which are spaced by
intervals of half rotor periods. During the excitation in the BaBa pulse sequence
shown in Figure 2-2 (a), pairs of spins change their spin states between ¥4 and 17,
corresponding to the transition between M= -1 and M= +1, which creates
double-quantum coherence (DQC) (AM=2). The DQC then evolves during a time
period t;. After that, it is reconverted into zero quantum coherence and then into
observable single quantum coherence (SQC) for detection during which the spin states
change between M= -1/2 and M= +1/2 (AM=1). Thus, the selected coherence transfer

pathway, as shown in Figure 2-2 (b), is:

excitation reconverson ead
0 43 50T —1

A 4

(2-21)
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The signal contributed by unwanted coherence pathways can be suppressed by phase
cycles employed in the BaBa pulse sequence. (3] Therefore, it is possible to use DQC

as a tool for observing two spin correlations in BaBa NMR spectra.

XY X -X
R/2 /2 WIt=08 /2 TR/2
(@) ‘ L —
| I Excitation | » Reconversion
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Figure 2-2. (a) Back to Back (BaBa) pulse sequence; (b) coherence transfer
pathway diagram; (c) dipolar coupling evolution in BaBa pulse sequence;
(d) dipolar coupling evolution in a regular single pulse experiment

As shown in Figure 2-2 (d), the dipolar coupling in a regular single pulse MAS
experiment has the opposite sign in the first and the second half of the rotor period,
which results in the integration of dipolar coupling over one rotation period to be zero.
Therefore no dipolar coupling information can be extracted from the obtained single
pulse MAS NMR spectra. However, Figure 2-2 (c) shows that the dipolar coupling in

the BaBa experiment has the same sign in both half rotor periods. This leads to a
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non-zero integration of the dipolar coupling over one rotor period. Therefore, dipolar
coupling information can be retrieved from the obtained BaBa spectrum. In the BaBa
spectrum, the detected signal intensity for a spin pair is given by the sum over all

intensities / %Q for each single pair of spins: ['*!

2
ij i 2 1 T
IDQ = Z I(DIJQ) ocz (D (U)Texc )2 T v Z g oC %c (2-22)
i<j i<j i<jli Fefr

Where 7oy is the excitation time, the D™ and rijare the dipolar coupling constant and
the distance between spins for an individual pair of spins, respectively, and the e is
the effective distance between the spin pairs. Thus, the BaBa pulse sequence works as
a filter which effectively scales the observed signal intensities by the strength of
homonuclear dipolar couplings experienced by respecﬁve spins. Namely, only dipolar
couplings with certain strength can be efficiently excited and reconverted for detection.
Those weak dipolar couplings will be filtered out of the BaBa spectrum. This allows
us to distinguish the mobile protons from rigid ones by comparing a BaBa spectrum

with a regular single pulse MAS NMR spectrum. ['>!¢]

Generally, the 1D double quantum filtered (DQF) BaBa spectrum only provides
information about whether and to what degree spins are subject to dipolar couplings.
The correlations between spins which have dipolar coupling interactions remain
unknown. Therefore, it is necessary to acquire a rotor-synchronized 2D DQ spectrum
in which the spins with dipolar couplings can be correlated through dipolar DQCs. In

this 2D experiment, the t; increment in the BaBa pulse sequence shown in Figure 2-2
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(a) is often set to be one rotation period, which makes the excitation and reconversion
of DQC have identical phases. Thus, it is called a rotor-synchronized experiment. [*!
A schematic rotor-synchronized 2D DQ spectrum is shown in Figure 2-3. In this
spectrum the two single-spin resonances A and B are shown in the single quantum (SQ)
dimension. In the DQ dimension, the A-A, A-B and B-B correspond to DQC for spin
pairs of A and A, A and B, and B and B, respectively. The chemical shift of each

resonance is the sum of the nuclei involved in the DQC. Clearly, the 2D DQ spectrum

allows us to identify the correlation of dipolar coupling between spins.
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Figure 2-3. A schematic representation of 2D BaBa spectrum
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2.1.6 DQ buildup curve for measurement of the dipolar coupling constant

Although a rotor-synchronized 2D BaBa spectrum provides more information
about dipolar couplings, no quantitative or semi-quantitative information can be
achieved from a single 2D BaBa spectrum. As shown by equation (2-16), the signal
intensity for a pair of spins is proportional to the excitation time in the BaBa pulse
sequence. If the excitation time is varied in rotor-synchronized 2D BaBa experiments,
the integration of the resonance for the spin pair will change accordingly. Therefore, a
plot of DQ signal intensity as a function of excitation time, called a DQ buildup curve,
would allow one to obtain the dipolar coupling constant by fitting the following

equation: "*!

i. .s 'Z'
I(DJQ) (rexc ) =4- (D(U)Texc )2 - €Xp ( e;xc ] (2-23)
Where A is a constant for experiments with variable excitation time Tex, D @ is the

dipolar coupling constant for the spin pair, and 7 is the decay time which represents

the effective relaxation time of the spin pair during the DQ excitation.

However, in rigid proton systems, strong dipolar couplings produce distinct DQ
signal decay effects, which need very short excitation times for the initial DQ buildup
curve. This requires very fast MAS experiments. In fact, the DQ buildup approach is
usually more suitable for systems with dipolar coupling significantly weaker than that

in rigid proton systems, such as mobile polymer melts. ' '*
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2.1.7 Sidebands for measurement of dipolar coupling constants

An alternative way to achieve the dipolar coupling constant information is by a
non-rotor-synchronized 2D DQ experiment in which the #; increment is not equal to 7.
According to the BaBa pulse sequence shown in Figure 2-2 (a), when #; is not a
multiple of 7, the rotor orientations at the beginning of the excitation will be different
from those at the beginning of the reconversion period. This causes the rotor phase for
the reconversion of DQC to be shifted relative to that for the excitation of DQC.
Namely, the reconversion is now rotor encoded. This is called reconversion rotor
encoding (RRE) mechanism. The time signals for spin-pair DQCs can be written as

follows: 14

S (1)) o sin (C; sin(@gty)) = 23" J201 (Cy)sin(2n —Dagty)  (224)

7=l

Where Jaq+1 (Cjj) is the (2n+1) order of the Bessel functions, Cj represents terms
which do not depend on ¢, but only on the orientation of the dipolar coupling vector
and the ratio of dipolar frequency ng) (=3D%)to the rotor spinning frequency ar.
Obviously, the DQ signal is modulated by the odd multiples of the spinning frequency.
A Fourier transformation of the signal in # will result in the spin pair DQ spectrum

containing only odd-order MAS sidebands.

Generally, if a spin pair is not subjected to the other spins, the MAS sideband

patterns should consist of only odd-order sidebands. '*! The presence of the
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perturbing interaction by other spins usually results in a weak intensity at the
centerband and even-order sidebands in the DQ spectrum which is an extracted slice
for a proton site in the F2 dimension. Therefore, dipolar coupling information can be
achieved by fitting the MAS sideband pattern provided that it consists of only
odd-order sidebands. More importantly, the dipolar coupling constants can be used to
analyze the mobility of the spins by comparing it with the calculated dipolar coupling

constant based on crystallographic data when they are available.

Clearly, a sideband pattern with higher order sidebands, such as the 51 order
sidebands, will allow a better fit and therefore a better determination of dipolar
coupling constants. Since the observation of the higher order sidebands requires a
larger spectra width, the #; increment has to be as small as possible. Moreover, the
recoupling time should be long enough to allow the excitation of the higher order
sidebands as well. Thus, in this thesis the recoupling time in a non-rotor-synchronized
2D DQ experiment is usually set to be 4 rotor periods and the #, increment is chosen to
be 2 ps for a sample spun at 25 kHz. Under this condition, the 5™ order of sidebands
can be observed very clearly for most proton sites in the samples investigated in this

thesis.
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2.2 Pulse field gradient (PFG) NMR

It has been shown in the previous sections that solid state NMR can provide local
mobility information of protons by a dipolar recoupling pulse sequence such as
Back-to-Back. While this information gives a good description of short range proton
motion, information for long range proton motion is still needed to understand
macroscopic proton mobility. Usually, there are two ways in NMR to measure the
long range proton motion which is measured as a self-diffusion coefficient for
translational proton motion. One way is by the analysis of relaxation data, ' which
gives the rotational correlation time, t.. Then the translational diffusion coefficient can
be determined using the Debye equation and the Stokes-Einstein equation. *°!
However, this method requires several assumptions to be satisfied. For example, the
molecules are assumed to be spherical in order to be characterized by a single
correlation time. The relaxation by intermolecular contribution can be separated from
that by intramolecular contribution. *') Beside these assumptions, the determination of
the Stokes radius which is used in the Stokes-Einstein equation to calculate the
diffusion coefficient is not straightforward. All these features limit the application of

this method, which makes another approach, pulse field gradient (PFG) NMR, very

popular.

In PFG NMR, a gradient pulse is often used to create a gradient field in the
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direction of the By field (denoted as the Z direction). As a result, magnetically
equivalent nuclei will have different Larmor frequencies at different positions of the Z
direction. This means that any nuclear motion in the Z direction will cause the change
of their precession frequencies. Therefore, if an echo pulse sequence, in which the
gradient pulses are included, is applied, nuclei which experience motion in the Z
direction, will not be refocused at the end of the pulse sequence. Consequently, an
attenuated signal is observed. With increasing strength of the gradient field, the signal
will exhibit more attenuation. By comparing these attenuated signals with a reference
signal which is obtained without applying gradient pulses, the diffusion coefficient for

translational motion can be determined.

A pulse sequence applied for PFG NMR measurements in this research is shown
in Figure 2-4. *% A pair of symmetrically spaced field gradient pulses is superimposed
onto a standard spin-echo sequence. This is known as the stimulated echo (STE) pulse
sequence. A very important feature of the STE pulse sequence is that magnetization is
aligned along the —Z direction and only subject to longitudinal relaxation during 7 ».
However, the magnetization is subject to transverse relaxation during the two T
periods. Moreover, in the STE sequence it is typical to keep 71 << 7, which allows
longer time for diffusion provided that the transverse relaxation is fast. This benefits
the samples with very slow diffusion coefficients which otherwise require stronger

gradient pulses for observable signal attenuation. Due to the longer spin-lattice
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relaxation time (7;) for macromolecules (7> T, where T is the spin-spin relaxation
time), the STE pulse sequence is usually preferred to Stejskal and Tanner pulsed-field
gradient NMR sequence in which the second and the third n/2 pulses are replaced by a

single m pulse.
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Figure 2-4. Stimulated echo (STE) pulse sequence for
diffusion coefficient measurement

The predicted dependence of the observed signal attenuation on gradient strength

is: 120

=exp(-y°g>DS*(A-513)) (2-25)
where S (21) is the observed signal intensity with an applied gradient pulse g,
S (21)4=0 is the signal intensity observed in the absence of an applied gradient, yis the
nuclear gyromagnetic ratio, D is the self-diffusion coefficient, dis a pulse width of the
applied gradient, and A is the separation in time between the leading edges of the two

gradient pulses (also referred to as the “diffusion time”). Generally, a series of spectra

are obtained at increasing gradient strengths with all other parameters kept constant.
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The diffusion coefficient is obtained by fitting the plot of the ratio of attenuated signal

intensity to reference signal intensity as a function of gradient strength.

In contrast to the relaxation approach, no assumptions are needed regarding the
relaxation mechanism and the geometry of the molecule. A fundamental requirement
of a PFG NMR experiment is that the diffusional attenuation must be significant
relative to the attenuation caused by relaxation of the observed nuclei. Determination
of diffusion coefficients by PFG NMR measurements will be difficult or infeasible if
relaxation is too rapid. Another basic requirement is that the spectrum should have
high resolution for a static sample (MAS is not applied in PFG NMR experiments),
since only a well resolved spectrum will allow one to precisely determine the intensity
of the attenuated signal. With this limitation, the PFG NMR experiment was only

performed for the samples of Nafion and Nafion composites in this thesis.

2.3 Impedance spectroscopy

While PFG NMR experiments can provide information about proton translational
motion in the electrolyte, this technique is not able to distinguish proton motion
contributed by associated protons from that by dissociated ones. According to the

[23]

Nernst-Einstein equation shown below, all species involved in diffusion must be

responsible for conductivity.
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o = C+~qf-D++C_-qf-D_
KT (2-26)

Where o is conductivity, C: and C. are the concentration of charge carriers, ¢+ and g.
are their charges, D, and D. are their diffusion coefficients, kg is the Boltzman
constant, 7 is the temperature. Therefore, in strong electrolytes in which the
concentration of ions is equal to the number of charge carriers, the calculated
conductivity based on the diffusion coefficients from PFG NMR measurements will
be equal to that obtained from impedance spectroscopy. However, in weak electrolytes,
particularly in polymer electrolytes, the concentration of ions is not equal to that of
charge carriers as the ions are not fully dissociated. Apparently, these associated ions,
presented as neutral ion pairs, will not have much contribution to the measured
conductivity. This means that the calculated conductivity based on Nernst-Einstein
equation using diffusion coefficients from PFG NMR will be higher than the
measured conductivity by impedance spectroscopy. Therefore, it is necessary to

measure the conductivity directly by impedance spectroscopy.

2.3.1 Basic principles of impedance spectroscopy

Impedance spectroscopy is a very powerful and popular technique for

characterization of electrolytes. It has been widely used in characterizing

batteries, **>*) fuel cells ***"! and corrosion phenomena. **?°! The basic principle of
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impedance spectroscopy is to apply a small amplitude sinusoidal excitation signal
(voltage or current) to a system under investigation and measure the response (current
or voltage, correspondingly). ®”) The impedance Z (o) is defined as the ratio of the

voltage (V=V,, sin(wt)) to the current (/=Iy, sin(wt+0)) at a given frequency (), shown

below:
V  sin( @t)
Z(0) = —2 .
(@) I, sin( wt +60) &-27)
Z =|Z(w)|cos 6 (2-28)
Z' =|Z(w)|sin 6 (2-29)

Where the Z' and the Z' are the real part (resistance) and the imaginary part
(reactance), respectively. 0 is the phase difference between the voltage and the current.
Generally, the magnitude of the impedance and the phase difference & are frequency
dependent. Therefore, the impedance of an electrolyte as a function of frequency can

be obtained by varying the frequency.

The resulting impedance data are usually presented by a Nyquist plot and/or a
Bode plot, shown in Figure 2-5 and Figure 2-6, respectively. In a Nyquist plot, the
imaginary part of the impedance is graphed against the real part of the impedance. The
Nyquist plot requires that the real axis and the imaginary axis have the same scale in
order not to distort the shape of the impedance curve. This is the advantage of the
Nyquist plot as the shape of the curve allows one to have a quick overview of the data

and to make some qualitative explanations. However, the disadvantage of the Nyquist
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plot is the lack of a frequency dimension. This makes the Bode plot very useful. In a
Bode plot, the logarithm of the absolute value of impedance (log|Z |) and the phase
difference (0) are plotted against the logarithm of the frequency (log ® ). The axes for
the logIZ | and for 6 are often set at the left and the right of the Bode plot,
respectively. This is a more complete way to present the impedance data. The change
of impedance and phase difference with frequency can be easily identified from the

Bode plot.

The interpretation of impedance data is usually performed by fitting the
impedance curve of the Nyquist plot with a proper equivalent circuit. The shape of the
curve can usually be correlated to a certain type of equivalent circuit in which some of
the elements such as resistors, capacitors, inductors and Warburg impedance elements
are involved. These elements can be combined in series and parallel to give a complex
circuit. The fitting of the impedance curve allows one to determine these elements in

the electrochemical system.
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Figure 2-5. An example of a Nyquist plot. The equivalent circuit shown in the
figure consists of a 100Q resistor which is in series with a 1000 Q resistor

and a 1 pF capacitor in parallel. The intercepts on real axis clearly shows the
resistances of the two resistors.

3.2 v T L) L
2 “1 60
3.0 1
. \A 450
@ U
28} % # ]
T |} L0y Je 3
fF R % 19
i 26} F—|ogz ... . *« 130 =
N ' —e— Phase §. % X 4 2
m 2.4 = .. .. I3 A 20 (e
k) ! s 5 ! 3
22} / '\ 10 =
20 40
-2 -1 0 1 2 3 4
log f (Hz)

Figure 2-6. An example of a Bode plot. The equivalent circuit is same as
the one for Figure 2-5. At low frequency, the impedance is independent of
frequency and the phase is zero. The circuit behaves as a pure resistor at
low frequency which has a total value of 1100 Q
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2.3.2 Connection modes for impedance measurements

Most electrochemical measurement systems provide at least four connections to
the cell. The connections consist of a counter electrode, a working electrode, and two
reference electrodes. Generally, impedance can be measured by two-probe method or
four-probe method. The difference in the two methods is the configuration of
electrodes for voltage supply and electrodes for current measurement. BY In the
two-probe method, the current is supplied via the same two electrodes for measuring
potential. In the four-probe method, the electrodes which provide current are separated
from the electrodes for potential recording. Usually, the two inner electrodes (the two
reference electrodes) and the two outer electrodes (the counter and the working

electrodes) are used to record voltage and to provide current, respectively.

The two-probe method has advantages of simplicity and convenience. It is often
used for measuring materials with high impedance, such as impedance greater than
10 kQ, in which case the impedance of the cables is not significant. When the sample
under investigation has low impedance, the extra impedance derived from leads
connecting with electrodes will be added to the measured impedance, which makes
data analysis very difficult. However, a four-probe method can eliminate the
contribution of the leads to the measured impedance. This is due to the separation of

electrodes for current from those for voltage, which results in no current through the
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leads connecting with electrodes for voltage. Therefore, the four-probe method is

often used to measure low impedance devices such as fuel cells.

In the two-probe method, the impedance measurement of polymer electrolytes is
generally performed by sandwiching a polymer membrane with two disc-like
electrodes, generally have diameter of 1 cm. % This measures the resistance of the
membrane in the transverse direction (corresponding to resistance across the
membrane in PEMFC). One shortcoming of this geometry is the difficulty of
controlling the humidification of the membrane. This issue is better dealt with using
the four-probe method in which the two outer platinum foil electrodes and two inner
platinum wire electrodes are placed on the same side of the membrane separately. The
geometry of the four-probe method is shown in Figure 2-7. Clearly, this geometry
allows the membrane to establish equilibrium of hydration quickly by exposing it to
the controlled humidity. It should be pointed out that the geometry measures the
conductivity of the membrane in the longitudinal direction instead of the transverse
direction. For most polymer membranes which have an amorphous structure, their
conductivities are expected to be direction independent, which is consistent with

literature. %343

In this research, the four-probe method is taken for impedance measurement of

membranes. The ohmic resistance of membrane can be derived directly from the Bode
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plot. When the phase angle is close to zero over a reasonable frequency range, the
impedance is constant and dominated by the ionic conductance. Thus, the impedance
is the ohmic resistance of the membrane. Then, the conductivity of the membrane can

be calculated using equation (2-30):
c=d/R 1l -h (2-30)
Where o, d, R, [ and & denote the ionic conductivity, distance between the two inner

electrodes, the measured resistance of the membrane, the width of the membrane, and

the thickness of the membrane, respectively.

Figure 2-7. The four-probe cell for proton conductivity measurement used in this
research. The two platinum foils are used as outer electrodes for current. The two
platinum wires are used as inner electrodes for voltage.



Chapter 2 Ph. D. Thesis — G. Ye  McMaster — Department of Chemistry 70

2.4 Mechanism of proton conduction

In general, it is widely accepted that the proton conduction can take place via two

B36.37 in which the proton

mechanisms. One is the so-called Grotthuss mechanism,
transport is completed by the formation/cleavage of hydrogen bonds between
hydroniums and water molecules. The other is the vehicle mechanism in which the
proton migrates through the motion of the hydronium. ®* The rate of proton transport
by the Grotthuss mechanism is faster than that by the vehicle mechanism, leading to
the very high proton mobility of hydronium ion compared with that of other ions with
similar size. *°! For proton conduction taking place in proton exchange membranes
such as Nafion, Datta proposed a third mechanism. B39 This mechanism - called the
surface diffusion mechanism - describes the proton transport from the sulfonic acid
group of Nafion to the water molecule. The rate of proton transport by this mechanism
is even slower than that by the vehicle mechanism. Clearly, the determination of

proton conduction contributions from each mechanism will be particularly useful for a

full understanding of measured proton conductivity.

By referring to the equation (2-26), the mobility of the protonic charge carrier (D)
can be calculated using the measured proton conductivity, assuming that the sulfonic
acid groups are fully dissociated and the conductivity contributed by the anion of the

sulfonic group (since it is connected with polymer chain) is negligible. The
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comparison of D, with the diffusion coefficient of water will allow one to determine
the contribution of proton conductivity resulting from the Grotthuss mechanism and
the vehicle mechanism. ! Since the proton diffusion measured using PFG NMR in
this thesis results from several processes including proton transfer between the
sulfonic acid group and the water molecule (the surface diffusion mechanism), proton
transfer between water molecules (Grotthuss mechanism), and translational motion of
hydronium (vehicle mechanism), the diffusion coefficient of water cannot be
determined unambiguously in the experiment (due to fast proton exchange between
the sulfonic acid group, the hydronium, and the water molecule, these protons are not
distinguishable on the NMR time scale). Therefore, no attempt will be made in this
thesis to determine the contribution of different mechanisms to the proton conduction
by comparing the proton conductivity data with the proton diffusion coefficient data.
Instead, these data will be used in combination with solid state NMR data to interpret
on the molecular level how the preparation of polymer and polymer composites can

change the long range proton motion in these materials.
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Chapter 3

A Comparative Study of Nafion and S-PEEK Using Solid State NMR

This chapter has been published on Macromolecules (2006, 39, 3283-3290).
The co-authors are N. Janzen and G. R. Goward. The manuscript was initially
prepared by me. Then it was revised by me and G. R. Goward for submission. My
contribution to this paper includes: the sample preparations and the NMR experiments
for both Nafion® and S-PEEKs, and a proposed model to understand the difference of
proton dynamics of Nafion and S-PEEK in different hydrating states. In this chapter,
the solid state NMR studies on Nafion and S-PEEKs demonstrated proton exchange
between sulfonic acid groups and water within these samples. Variable temperature
experiments were used to determine the activation energy for proton transport in pure
Nafion, found to be 11.0 kJ/mol, which is lower than those determined for S-PEEKSs
with different degrees of sulfonation. Increasing proton exchange rates with increasing
temperature indicate the expected dependence of proton mobility on temperature. A
rotor-synchronized homonuclear double quantum filter sequence (BaBa) was used to
disclose the nature of the H-bonding interactions in the two polymers, from which a

model of the proton interactions in the polymers is developed.

3.1 Introduction

Proton exchange membrane fuel cells (PEMFCs) are promising new power

sources for both portable and stationary applications, ranging from portable
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electronics and vehicles to industries and residences. Y Membranes currently used in
PEMEFCs are sulfonated perfluorinated polymers such as Nafion (shown in Figure 1-2)
designed by Dupont or Nafion-like polymers supplied by Dow. 2] These membranes
have good proton conductivity and long-term stability. However, the high cost of
perfluorinated polymers limits the large-scale commercialization of PEMFCs. Another
drawback for these membranes is methanol cross-over which occurs when they are
used in direct methanol fuel cells (DMFC). ¥ This leads to a decreased fuel cell
performance due to depolarization of the oxygen reducing cathode. “ The problem
caused by methanol crossover can be relieved to some extent by doping with various
inorganic fillers. 561 Dopants such as silica and zirconium phosphate (ZrP) that have
surface hydroxyl groups, are preferred since these groups are assumed to retain water
even at temperatures higher than 100 °C. Data on the interactions between Nafion acid
protons and protons of hydroxyl group of dopants is elusive, and yet important to
understand the performance of these composites. Such data can be provided by solid-

state NMR studies.

Sulfonated aromatic polyether ether ketones (shown in Figure 1-6) have been
studied as an alternative to Nafion due to the good mechanical properties, thermal
stability and conductivity exhibited by this polymer. (4781 These properties have been
shown to depend on the degree of sulfonation of the polymer. Although a high degree
of sulfonation (DS) degrades the mechanical properties of humidified S-PEEK, it does
give improved proton conductivity under high relative humidity (RH) conditions. This
is a typical juxtaposition of polymer electrolyte membranes: good conductivity is

achieved at the expense of structural integrity. Such problems motivate the efforts to
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understand the molecular-level processes at work in the proton transport mechanism

and thereby contribute to the development of new materials.

Many studies on these proton-conducting materials have been carried out by

B 1011 which provide standard proton

impedance spectroscopy measurements,
conductivity data. Such studies probe proton mobility indirectly, through a
measurement of a bulk property of the material. Small angle X-ray scattering (SAXS)
112.13] and small angle neutron scattering (SANS) [ have been used to obtain details

on the structures of membranes, however dynamic information about proton mobility

is not available from these methods.

Solid-state NMR can provide useful information concerning proton mobility of
conducting polymers on the molecular level (151 pecause it is able to probe local
chemical environments. Such information is helpful to give a fundamental
understanding of the observed differences in proton conductivity. For a powder
sample, the 'H NMR spectrum exhibits noticeably broadened peaks due to the random
orientation of molecules and very strong 'H-'"H homonuclear dipolar coupling in a
rigid polymer. Fast magic angle spinning (MAS) is used to average the dipolar
couplings on the timescale of the rotor period and thereby achieve significant line
narrowing. Since the strength of dipolar interactions can be used to determine the
relative mobility of protons, methods which can selectively retrieve information about
the dipolar interaction removed by MAS are desirable. Double quantum filtering
(DQF) pulse sequences, such as Back-to-Back (BaBa) ['”'* allows us to recouple the

dipolar couplings between protons which are rigid on the timescale of the pulse
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sequence, and which are close to each other in space. As shown by equation (2-8) in
chapter 2, the dipolar coupling is very sensitive to both the distance between nuclei
and the motion of nuclei. Thus, the observation of a weak dipolar coupling will be due
to either fast tumbling of molecules (termed the residual dipolar coupling) or a long
distance between nuclei. The BaBa sequence is used here to detect proton interactions,
and gauge their relative mobilities. The intensity of the double quantum coherence
(DQC) depends on the product of coupling strength and the excitation time, meaning
DQCs based on strong dipolar coupling will be efficiently excited in a short
recoupling time. Mobile protons which generate weak or no dipolar coupling will be
absent from the DQF MAS NMR spectrum due to inefficient excitation of the DQC.
Hence we can ascertain the relative mobilities of protons by comparing 'H MAS
NMR with 'H DQF MAS NMR. By extending the length of the recoupling (excitation)
time, the DQF sequence can be used to detect weak dipolar couplings which are
partially dynamically averaged by local mobility, or where the dipolar coupling occurs

over a long distance. (7]

In this chapter, proton mobility in Nafion, Nafion composites and S-PEEK
with different degrees of sulfonation was investigated. Several samples exposed to
different relative humidity were used to understand proton interactions between water
and sulfonic acid groups. Homonuclear DQF experiments are performed to distinguish
strong dipolar couplings from weak ones. The differences in proton mobility are

compared and discussed.
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3.2 Experimental

3.2.1 Preparation of S-PEEK

S-PEEKs with different degrees of sulfonation were prepared as follows: 20 g
of commercial PEEK (Victrec Company) was dissolved in 300 ml of 98% H,SO;4 at
room temperature. In intervals of tens of hours, samples were taken periodically from
the previous mixture and added to ice water under strong agitation. To remove any
residual acid, the polymer precipitate was washed until a constant pH was obtained.
After that, it was dried first at room temperature for two days and then at 343K for a
few days. Finally, polymer beads of 1-2 mm diameter were obtained; the color of the
beads varied with the DS. The DS of S-PEEK was determined using solution NMR.
For these studies, samples of S-PEEK were dissolved in DMSO-ds. For solid-state
NMR measurements, powder samples are preferred to facilitate rotor spinning.
Powders were prepared by grinding previously dried S-PEEK in liquid nitrogen.
Afterwards the powder samples were treated at 353K in an oven for dried samples.
The humidified samples were prepared by storing S-PEEK in a humidity chamber
(model 9000, VWR) at 323K for 24 hrs. The RH of the chamber was set at 50% or

100% to control the amount of water in hydrated S-PEEK.

3.2.2 Preparation of Nafion composites

Treatment of Nafion112 was performed in two ways. Method I: Nafionl12

was first washed in 1M NaOH for 1 hour and then in distilled deionized water for
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another hour, during which time the water was refreshed four times. Subsequently, the
membrane was again washed in 1M HCI for 1 hour. Finally, it was washed in distilled
deionized water until a constant pH was obtained. Method II: Nafion112 was first
washed in 3% H,0, for 1 hour and then in distilled deionized water for another hour,
again changing the water four times. Subsequently, it was washed in 1M H,SOj4 for 1
hour. Finally, it was washed in distilled deionized water until a constant pH was
obtained. The dried Nafion samples were prepared by drying the treated Nafion

membranes at 353 K from 2 days to 1 week.

Nafion/SiO, composite membranes were prepared according to the procedure
reported by Deng. (%] Nafion treated by Method I was first swollen in MetOH: H20
(V/V) = 5:1 for 24 hours. It was then immersed in TEOS: H,O (mol/mol) = 1:1 for 9
min to allow permeation of TEOS into Nafion. After that, it was dried at 353K
overnight to remove the excess methanol. The polymerization of TEOS to silica is an
acid catalyzed process. Since the sulfonic acid groups within Nafion are the only
source of acid, it is assumed that the silica is formed within the Nafion membrane.
Nafion/ZrP composite membranes were prepared following the procedure reported by
Costamagna. ) Nafion treated by Method II was first swollen in boiling MetOH:
H,0 (V/V) = 1:1 for 2~3 hours. Subsequently the material was washed in 1M zirconyl
chloride solution at 353K for 1 hour. In order to remove excess zirconyl chloride, it
was quickly rinsed in distilled deionized water and then put in 1M H3PO4 at 353K
overnight. Finally, it was washed in distilled deionized water and dried at 353K

overnight.
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3.2.3 '"H NMR

'H solution NMR experiments were carried out on a Bruker AV 200
spectrometer at a 'H Larmor frequency of 200.13 MHz. The 3% S-PEEK solution was
prepared by dissolving beads of S-PEEKs in DMSO-ds. Tetramethylsilane (TMS) was
added as the internal standard. NMR data were acquired with a 90° pulse length of

6.35 ps at room temperature.

'H solid-state NMR experiments were performed on a Bruker AV 500
spectrometer at a 'H Larmor frequency of 500.13 MHz. Rotor diameters of 4 mm and
2.5 mm rotors were used for Nafion samples and S-PEEK samples, respectively. The
former rotor was spun at 5 or 10 kHz and the latter at 25 kHz. In both cases a recycle
delay of 3 s was used. The spectra are referenced to adamantane (1.63 ppm for 'H).
Solid-state "H NMR spectra were acquired with a 90° pulse length of 2.5 ps. Variable
temperature experiments were performed in the range of 300-360K, with the sample
temperature corrected to include heating effect arising from the high-speed MAS. 2!
The 'H linewidth as a function of temperature reflects changes of spin-spin relaxation
time (T;) with temperature, which is used to fit the activation energy for proton
transport in this work. Due to inhomogeneity of an applied magnetic field By, the
effective T, is denoted as T, in terms of the observed line width. **! Since the
chemical shift of sulfonic acid proton, which is humidity sensitive, does not show any
noticeable shift within 2 days once samples were put in the rotor, this suggests that the
humidity of samples in the rotor does not change during that time. Thus the

humidification of the samples is maintained during measurement. The rotor-
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synchronized DQF MAS spectra were recorded by using the Back-to-Back (BaBa)

pulse sequence, with variable excitation times, Texc, from T, to 87, and 512 scans. (23]

The decomposition of S-PEEK 'H MAS NMR spectra is performed by both
Bruker Topspin 1.2 and MestRe-C software to determine linewidth of sulfonic acid
proton and aromatic proton resonances. Error bars of E, within 1% were determined
by comparing the goodness of fit from the two routines. Since the difference in
activation energies determined for different samples, prepared at different times, is

less than 4%, this is taken as the error bar for each measurement.

3.3 Results and discussion

3.3.1 Determining the degree of sulfonation

Two examples of "H NMR spectra of S-PEEK samples dissolved in DMSO-dg
are shown in Figure 3-1. The DS can be determined quantitatively by 'H NMR. 2%
The presence of the sulfonic acid group increases the deshielding effect for proton Ha
in Figure 3-2, causing the H, resonance to move to a higher chemical shift compared
with proton Hp and Hc. Therefore, a distinct signal for Hs can be observed from NMR
spectra. The '"H NMR signal for the sulfonic acid group cannot be recorded directly
since the sulfonic acid proton is highly mobile. Nevertheless, the number of the Ha is
exactly equal to that of the sulfonic acid protons. Thus, if the degree of sulfonation
(DS) is defined as a ratio of sulfonated units to total units, the DS can be calculated as

follows: 24
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Figure 3-1. Solution-state "H NMR spectra of sulfonated PEEK (S-PEEK)
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Figure 3-2. Structure of S-PEEK
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The DS calculated from the "H NMR spectra of seven S-PEEK samples is plotted
in Figure 3-3. In our experiments, when the sulfonation time increases from 70 hours
to 336 hours, the DS changes from 51% to 89%. Due to differences in experimental
conditions, such as the concentration of PEEK in H,SOy4 and the reaction temperature,

Huang reported S-PEEK with higher DS but shorter sulfonation time. [**!

90 | -

o]
o
T

Degree of Sulfonation (%)
o ~
o o
)

a
o
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50 100 150 200 250 300 350
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Figure 3-3. DS of S-PEEK as a function of sulfonation time. The
curve is included as guide for the eye

3.3.2 Proton exchange between water and sulfonic acid group

Figure 3-4 shows a series of '"H MAS NMR spectra of Nafion treated under
different conditions. After Nafion was fully acidified and heated, the broad peak at 9.7
ppm in Figure 3-4(c) indicates that the only protons remaining are from the sulfonic

acid group and they are immobile. When the sulfonic acid protons were replaced with
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Na® in Nafion treated with NaOH (aq), a narrow peak at 4.2 ppm, similar to the
chemical shift of pure water, is observed in Figure 3-4(a). (261 Based on these two
assignments, it follows that the narrow resonance at 6.7 ppm observed for the fully
acidified and hydrated Nafion membrane in Figure 3-4(b) likely represents fast proton
exchange between water and the sulfonic acid group. Similar fast proton exchange has

been also reported by C.A.Fyfe *”) and J Fraissard. %

(a) F

(b)

(¢)

12 10 8 6 4 2 [ppm]

Figure 3-4. "H MAS NMR spectrum at 5kHz for Nafion 112 treated by (a) NaOHag);
(b) fully acidified and hydrated; (c) fully acidified and dried at 80 °C for 12hr

Figure 3-5 shows a series of 'H MAS NMR spectra for PEEK and S-PEEK
powders treated under differing relative humidity conditions. PEEK itself in Figure 3-
5(a) shows a single, broad aromatic resonance. Dried S-PEEK in Figure 3-5(b) gave a
broad resonance (393 Hz) for the acidic protons at 7.6 ppm. After it was treated in RH
equal to 50% for 24 hrs, the water content was slightly increased which shifted this

resonance to 7.4 ppm in Figure 3-5(c). The line width narrowed slightly to 372 Hz. In
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figure 3-5(d), when a higher RH equal to 100% was applied for an equivalent time, a
further increase in water content shifted the resonance to 5.9 ppm accompanied by line
narrowing to 261 Hz. Compared with the small fluctuation of line width of aromatic
proton less than 3 %, the significant decrease in the line width of the sulfonic acid
proton indicates increasing proton mobility resulting from rapid proton exchange with
water molecules, and thus indicates a mechanism for proton diffusion that occurs

independent of polymer backbone dynamics.

(d)

()

Figure 3-5. '"H MAS NMR spectra at 25 kHz for PEEK and S-PEEK
(DS=57%) (a) PEEK (b) dried S-PEEK (c) S-PEEK (24 hrs in
RH=50%) (d) S-PEEK (24 hrs in RH=100%)

Careful comparisons of the 'H solution-state NMR spectra and 'H solid-state
NMR spectra allow us to deduce not only the degree of sulfonation, but also the
amount of water associated in the membranes. The acidic proton resonance in the
solid-state spectra is consistently larger than what should be attributed to the sulfonic
acid proton alone at a given degree of sulfonation. Therefore, the excess proton

intensity is assigned to trapped water molecules, and is seen to increase as expected,
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as a function of humidification. Accurate spectral decomposition is essential to both
this analysis, and the previous observations regarding the aromatic polymer backbone.
Therefore, an example of spectrum decomposition is presented in Figure 3-6, showing
the two resonances, their sum, and the minimal residual signal observed following

subtraction of the fitted and experimental data.

- Simulated
- Experimental

- Sulfonic acid resonance
- Aromatic resonance

- Difference of simulated
and experimental

LB L S UL b S AR AR R AT AL

11.0 100 90 80 70 60 50 40 3.0 ppm
Figure 3-6. Decomposition of '"H MAS NMR of dried S-PEEK (DS=73%) Top:
simulated spectrum using NMR software MestRe-C. Below top: experimental

spectrum. Bottom: difference between the simulated and the experimental. Broad
single peak: aromatic proton. Narrow single peak: sulfonic acid proton

3.3.3 Activation energy for proton transport in Nafion and S-PEEK

Figure 3-7(a) shows the dependence of the proton chemical shift on
temperature for a dried Nafion sample. As the temperature increases, the effective
hydrogen bond strength of the sulfonic acid protons becomes weaker. This moves the

chemical shift toward lower frequency. As well, higher temperature leads to a faster
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proton exchange rate between the sulfonic acid group and surrounding water
molecules, and causes the resonance to narrow. The same trend was found for the

Nafion composites of Nafion/SiO; in Figure 3-7(b) and Nafion/ZrP in Figure 3-7(c).

(a) (b) (¢)

:

350K 350K 350K

310K 310K 310K

105 100 85 90 85 ppm 80 85 80 75 70 ppm 80 75 70 85 60 ppm

Figure 3-7. "H MAS NMR spectra at SkHz for (a) dried Nafion
(b) dried Nafion/SiO, (c) dried Nafion/ZrP

In the case of Nafion/SiO,, there are strong hydrogen bonding sites available
which may trap extra water molecules in the composite. These hydrogen bonds take
the form of Si — OH groups located on the surfaces of silicon oxide nanoparticles. **:
31 1t was reported that the physi-sorbed water in silica gels, such as water molecules
bound to Si — OH groups, starts to be driven off and surface silanol groups condense
at around 443K. " Since our composite was treated at 353K, water molecules bound
to surface Si—OH groups will remain. The single peak shown in Fig 3-7(b) is the

resonance of sulfonic acid proton exchanging with water adsorbed on silica surface. [*?
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The chemical shift of this resonance is lower than that of pure Nafion treated under

equivalent conditions.

In the case of Nafion/ZrP, the inorganic component, zirconium phosphate, is a
well-known proton conductor. ** In this layered compound, the acid P-OH groups
belonging to adjacent layers remain close to each other, and allow proton transport in
the interlayer region even under anhydrous conditions. It has been demonstrated that
Nafion/ZrP membranes can reabsorb water at 403 K from the vapor phase that was
lost at 413 K. ' This indicates that zirconium phosphate in the nanopores of the
Nafion can reduce the rate of evaporation of water in Nafion. Thus, after our sample
was treated at a lower temperature of 353 K, it is probable that there are still water
molecules left in the membrane which move the sulfonic acid 'H resonance to lower
chemical shift relative to Nafion treated under equivalent conditions. It has also been
confirmed by the thermo-gravimetric analysis (TGA) (not shown here) that the ZrP-

Nafion composite has a higher water content per sulfonic acid group than pure Nafion.

Not surprisingly, S-PEEKs with different degrees of sulfonation in Figure 3-8
also showed dependence of both proton chemical shifts and line widths on
temperature, consistent with the weakening relative strength of hydrogen bonding
with increasing temperature. More interestingly, the amount of water retained in S-
PEEK increases with increasing degrees of sulfonation. This is seen both in the
decreasing linewidth with increasing DS shown in the Figure 3-8(a) and Figure 3-8(b)
and by comparing the integrated acidic proton intensities in these materials. Compared

with the linewidth of the sulfonic acid proton resonance (344 Hz at 310K) of S-PEEK
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(DS=61%) in Figure 3-8(a), a narrower line width of the sulfonic acid proton
resonance (256 Hz at 310K) for S-PEEK (DS=73%) in Figure 3-8(b) indicates that the
sulfonic acid protons in the latter are more mobile than those in the former. The ratio
of the number of water molecules per sulfonic acid proton, denoted as nH,O/SOsH, in
both dried and hydrated S-PEEKs can be estimated from peak areas of the sulfonic
acid proton peak and aromatic proton peak of solid state '"H NMR of S-PEEKs, by
comparison with the degree of sulfonation established by 'H solution-state NMR
studies above. The obtained nH,O / SOs;H values for dried and hydrated S-PEEKs are
presented in Table 3-1. It is important to note that as the DS of the polymer increases,
the amount of associated water retained in the membrane will increase proportionally.
Therefore, higher proton mobility would be expected from humidified S-PEEK with
higher DS, consistent with the trend of macroscopic proton conductivity that higher

DS gives better proton conductivity. ** %!

Table 3-1. Activation energy of proton transport for S-PEEK with variable DS

S-PEEKSs with variable DS DS=61% DS=73% DS=82%

_—_ E, (kJ/mol) 20.120.8 20.840.8 27.3%1.1
I

SaMPIes | 1H,0/ SOsH 1.740.1 1.640.1 1.940.1

Hydrated | E» (<V/moD) 18.30.7 13.940.6 12.840.5
1

SaMmpIes | 1H,0/ SO;H 2.640.1 2.620.1 2.840.1
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Figure 3-8. 'H MAS NMR spectra at 25kHz for (a) humidified S-PEEK(DS=61%)
(b) humidified S-PEEK(DS=73%) (c) dried S-PEEK(DS=73%)

The influence of polymer backbone motion on the sulfonic acid proton
dynamics has also been considered. Since the aromatic proton resonance always
shows an invariable line width for S-PEEKs with variable DS treated under different
relative humidity, which is 1480 * 40 Hz, this implies that the motions of polymer
chain for measured S-PEEK samples do not change with DS and relative humidity.
Thus, in this study the contribution of polymer chain motion to proton mobility can be
ignored, compared with that of motion of sulfonic acid protons. A more accurate
measurement of polymer chain motion can be performed by examining the influence
of dynamics on the °C chemical shielding anisotropies. *®) However, in the case of S-
PEEK, the "°C spectrum shown in Figure 3-9 is not well resolved, which does not
allow one to get the information of carbon dynamics by spin-lattice relaxation time in

the rotation frame (Tp), or center-band only detection of exchange (CODEX), [3¢]
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300 200 100 0 [ppm

Figure 3-9. °C-"H CPMAS spectrum of S-PEEK (DS=72%), MAS=12 kHz. The
assignment of the spectrum is shown by the colored bars. The * indicates side bands.

The line width trends of the acidic protons can be analyzed using the
Arrhenius equation. As shown in equation (3-2), the change in line width is
proportional to the inverse of T,", the spin-spin relaxation time. Equation (3-3) shows
how activation energy can be obtained from line width, B7) where E, is the activation

energy for proton transport and 1. is the correlation time of the motion.

1
A 3-2
vV FwaM AT (3-2)
1 E
B = e (3-3)
T, e P o7

Figure 3-10 shows an example of an Arrhenius plot for dried S-PEEK (DS=73%).
Activation energies for S-PEEKs with variable DS treated under different relative
humidity are shown in Table 3-1. Those for Nafion and its composites are presented in

Table 3-2.
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In Table 3-2 the activation energy for hydrated pure Nafion obtained by NMR
(11.0 kJ/mol) correlates very well with the macroscopic conductivity measurements
(9.34 kJ/mol). " The dried pure Nafion shows an activation energy higher than
hydrated Nafion, due to the significantly lower water content of the dried Nafion
membrane. This is consistent with the presumed vehicle mechanism of proton
transport in Nafion and its composites. As the number of water molecules or
“vehicles” is reduced, the activation energy for proton transport increases steeply.
Analogously, the connectivity of the hydrogen bonding network is reduced in the
dried sample: as the domains become isolated, the probability of structural proton

transport is also reduced.
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Figure 3- 10. Activation energy for proton mobility in dried S-
PEEK (DS=73%) by linear fitting to the Arrhenius equation
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Table 3-2. Activation energy of proton transport for Nafion and Nafion composites

Nafion and Nafion Nafion Nafion/SiO, Nafion/ZrP
composites (hydrated) (dried) (dried) (dried)
E. (kJ/mol) 11.0£0.4 16.4+0.7 12.240.5 10.31£0.4

Compared with dried pure Nafion, both dried Nafion/SiO, and dried
Nafion/ZrP give lower activation energies for proton hopping. This is attributed to the
greater number of water molecules retained in the Nafion composites, which help to
enhance mobility of the sulfonic acid protons. It is important to emphasize again that
these activation energies arise from NMR measurements of proton dynamics, and as
such, are extremely local, molecular probes of proton mobility. This is in contrast with
impedance measurements, which give macroscopic pictures, but lack molecular-level
detail. Both composites show significantly reduced activation energies for proton
hopping relative to pure, dried Nafion. This indicates that at the molecular level, the
inorganic fillers are playing their intended roles; providing excess mobile protons to
the hydrogen bonding network. Moreover, the enhancement is more substantial for
Nafion/ZrP than for Nafion/SiO,, suggesting that ZrP, a known proton conductor,
contributes to proton mobility of Nafion/ZrP. This synergistic contribution of the
inorganic “filler’ was part of the motivation for choosing this composite. **!

In comparing S-PEEKSs with different degrees of sulfonation, higher activation
energies were determined for dried S-PEEK with higher DS in Table 3-1. As expected,

the hydrated samples show decreased activation energy with increasing degree of
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sulfonation. To our knowledge, activation energies for pure S-PEEKSs are not reported
in the literature. For comparison, the activation energy determined by impedance
measurements for fully hydrated composites of S-PEEK (DS=70%) is roughly 15

kJ/mol, ™ which is comparable to our results.

To compare activation energies of S-PEEKSs, the residual water in these
samples has to be considered. As seen in Nafion, the observed chemical shift of the
sulfonic acid proton is influenced by the exchange with residual water molecules. In
dried S-PEEK, the low value of nH,O / SOsH decreases mobility of sulfonic acid
proton due to the stronger hydrogen bonding. Therefore, within the same domain size
of polymer, the greater number of sulfonic acid groups in polymers with higher DS
will limit proton mobility and increase the activation energy for proton transport in

dried samples.

S-PEEK samples listed in Table 3-1 were hydrated at RH=50% for 24hrs,
causing a slight increase in the water content of these materials. In these slightly
hydrated S-PEEKSs, although the value of nH,O / SO3H does not increase much, the
number of water molecules within the same domain size of polymer will increase
drastically as the degree of sulfonation increases. This facilitates the water molecules
exchange among sulfonic acid groups by providing an increasingly continuous

network for proton conductivity, and allowing Grotthus mechanism diffusion.

A comparison of dried Nafion with dried S-PEEKs indicates an obvious

difference of proton mobility when their water content is low. This is consistent with
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results reported by Alberti where it is stated that Nafion is the best proton conductor at
low relative humidity and differences of proton conductivity become smaller and

vanish when the relative humidity is close to 100%. 334

3.3.4 Detection of immobile protons in Nafion and S-PEEK

DQF MAS NMR spectra differ from normal MAS NMR spectra in that
resonances are only observed for protons having strong dipolar couplings. Thus, peaks
which disappear from the DQF MAS NMR spectrum can be correlated with protons
with very weak dipolar coupling. Weak or residual dipolar couplings may still be
detected by extending the recoupling time for efficient excitation of double quantum
coherence. In Figure 3-11(a) the resonance corresponding to protons of sulfonic acid
group and associated water molecules in dried Nafion shows a strong dipolar coupling,
detected most intensely when the recoupling time is short (t;), and decaying as the
recoupling time is extended, as expected for strongly coupled spins. ['” The estimated
nH,0 / SOsH for this sample is about 1.5 £ 0.1, based on comparisons with literature
values. ® In Nafion, the flexible side chains can reorient to shorten the distance
between sulfonic acid groups. Thus, strong dipolar couplings are detected for sulfonic
acid proton of rigorously dried Nafion, and are attributed to strongly H-bonded acid-
H,0 complexes. In Figure 3-11(b) the proton resonance in a less-rigorously dried
Nafion is not observed at short recoupling times. The appearance of this peak at
recoupling times of 41, and longer indicates that the residual dipolar coupling among
these protons is nevertheless strong enough to be detected in the membrane. This is

indicative of increasing proton mobility in the membrane. The nH,O/SO;H in this
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sample is estimated to be 2.0 + 0.1 based on our TGA studies, and is consistent with
values in the literature. *® As expected, humidified Nafion did not exhibit peaks
attributable to dipolar coupled protons in DQF MAS NMR spectrum even when the
recoupling time was extended up to 8t,. The particularly weak dipolar coupling
suggests very mobile protons which are attributed to rapid proton exchange between
sulfonic acid protons and mobile water molecules. These three stages represent a
three points along a continuum of increasing humidification (illustrated in Figure 3-
13), corresponding with increasing proton-transport within the hydrogen-bonding
network. The connectivity between domains allows for structural, or Grotthus,

mechanism diffusion to participate together with vehicular proton transport.

Backbone mobility has been discounted as a significant influence on proton
transport in S-PEEK in the temperature ranges considered here. Nevertheless, there
are key differences between the polymer backbones in the two polyelectrolytes of
interest here. The flexible backbone and long side-chains in Nafion as compared to the
rigid aromatic backbone and lack of sidechains in S-PEEK play significant roles in the
nature of the hydrogen bonding domains found in the two polymers. For Nafion, the
distance between sulfonic acid protons on same polymer backbone or spatially

adjacent ones is short, on account of the flexibility of the long side chain.
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Figure 3-11. '"H DQF MAS NMR of dried Nafion spun at 10kHz, t = 0.1ms
(a) dried at 353 K for 1 week (b) dried at 353 K for 2 days

Compared with dried Nafion, a clear difference has been observed for dried S-
PEEK (DS=73%) as seen in Figure 3-12(a). Namely, there is no observable dipolar
coupling among the sulfonic acid protons, even when the recoupling time is extended
up to 81,. The possibility of close packing between adjacent polymer chains could
give short distance between sulfonic acid protons. However, since no coupling was
observed in the dried sample, the protons must be either isolated or extremely mobile.
Due to absence of long side chain in S-PEEK, proton distance of sulfonic acid groups
in dried sample must be long irrespective of whether they are on same polymer
backbone or spatially adjacent ones. Thus, the hydronium ions formed by complexing
of water molecule and sulfonic acid proton are isolated. The fast rotation of these ions
around any of O-H bonds greatly averages the dipolar coupling between protons of
hydronium ion, and could explain the weakness of the dipolar coupling in the dried S-
PEEK sample. It is important to note that the hydronium ion rotation will not

contribute long-range proton transport in the absence of a continuous H-bonding
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network. After this sample was humidified slightly, the dipolar coupling become
strong enough to be detectable when the recoupling time is 81, (Figure 3-12(b)). Since
humidification of S-PEEK will increase the mobility of the sulfonic acid group, the
dipolar coupling would be intuitively expected to decrease. The observed increase in
the coupling strength is attributed to the growth of the hydrogen-bonding network
beyond local SOsH groups and their associated ~2-3 water molecules (Table 3-1), to a
more extended, but still strongly H-bonded network. The formation of this network is
considered to be essential to long-range proton transport, and continues to grow with
increasing humidification. Again, under 100% humidification, no detectable dipolar

couplings were observed in the DQF MAS spectra.

(a) LbJ

MAS MAS

T
T
2T
27
47 4t
61 61
81: 81:
1 9 7 5 3 ppm 1 9 T 5 3 ppm

Figure 3-12. '"H DQF MAS NMR of S-PEEK spun at 25kHz, t = 0.04 ms
(a) dried S-PEEK (DS=73%) (b) humidified S-PEEK(DS=73%)
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A model illustrating the hydrogen bonding between sulfonic acid protons and
water molecules in Nafion and S-PEEK is shown in Figure 3-13. In Nafion, flexible
side chains (blue) allow for close proximity between different sulfonic acid groups
(red) and associated water molecules (green). This makes it possible to form a

hydrogen bonded network when nH2O/SO3H is about 1~2. Higher water content,
nH7O/SO3H >2, increases proton mobility, which decreases dipolar coupling. In S-

PEEK, the sulfonic acid groups (red) are too far apart, due to the lack of sidechains

and the relative rigidity of the aromatic backbone (blue). When nHpO/SO3H <2, there

is no hydrogen bonded network formed, and rotation of hydronium ion (green)

averages proton dipolar coupling, which makes it undetectable. When nH>O/SO3H is

about 2~3, a hydrogen bonded network is formed. In the mean time, the increased
water mobility makes the proton dipolar coupling very weak. Thus it is expected that a

further increased water content nHPO/SO3H >3 causes proton dipolar coupling

undetectable due to the high mobility of the water molecules.

The model resulting from this study gives a concise differentiation between the
conductivity of Nafion and S-PEEK, based on the responses of these two materials,
under varying degrees of humidification, to the DQF pulse sequences. This molecular
level understanding of proton conductivity has been lacking in the discussions of
membrane candidates, which are more typically characterized exclusively by

macroscopic conductivity measurements obtained using impedance spectroscopy.
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Figure 3-13. A model illustrating the hydrogen bonding between sulfonic acid
protons and water molecules in Nafion and S-PEEK. The blue lines, red balls and
green balls represent the polymer chains, sulfonic acid protons and water clusters in
the polymers, respectively. The figures on the left represent Nafion, with a flexible
polymer backbone and sidechains, whereas the figures on the right represent the
more rigid S-PEEK polymer, without side-chains. From top to bottom, the relative
humidity of the membranes increases, as shown schematically by the increasing size
of the acidic proton/water clusters. At the highest relative humidity, these hydrogen-
bonded domains overlap, and provide a conduit for long-range proton transport

3.4 Conclusions

Proton exchange between water and sulfonic acid groups has been confirmed
by high-resolution solid-state NMR for both Nafion and S-PEEK. The proton mobility
depends on not only water content but also temperature. Compared with dried S-

PEEK, a lower activation energy for proton transport in dried Nafion suggests that S-
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PEEK is a competitive proton conductor under low humidity conditions. The small
difference in activation energy between dried pure Nafion and hydrated Nafion/ZrP
composites indicates that ZrP is a good candidate to be an additive for Nafion
composites. In dried S-PEEK, more sulfonic acid groups due to higher DS result in a
greater numbers of hydrogen bonds among sulfonic acid protons, thereby lowering
proton mobility. Therefore the activation energy increases with increasing the degree
of sulfonation. A model is proposed for the proton-proton contacts in Nafion and S-
PEEK, based on their respective 'H-"H dipolar couplings. These data were obtained
using a homonuclear double-quantum filtered NMR sequence, which allows the

molecular level structure and dynamics to be explored.
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Chapter 4

Proton Dynamics of Nafion/SiO; Composites

This chapter has been published on Macromolecules (2007, 40, 1529-1537).
The co-authors are C. A. Hayden and G. R. Goward. The manuscript was initially
prepared by me. Then it was revised by me and G. R. Goward for submission. My
contribution to this paper includes the sample preparation, NMR experiments,
conductivity measurements, and a proposed model to understand the conductivity
differences between Nafion®/SiO, composites. In this chapter, 'H NMR studies on
Nafion/SiO, composites show that low concentrations of TEOS or short permeation
times are necessary to allow complete hydrolysis of TEOS in Nafion. »Si NMR
shows that Nafion/SiO, composite prepared from low concentration of TEOS has
more surface hydroxyl groups. Together, these data demonstrate the role of high-
surface-area SiO, particles in trapping water and building a pathway for structural
(Grotthuss mechanism) proton diffusion. The diffusion coefficients established using
PFG NMR show that the best Nafion/SiO, composite can be obtained from synthesis
with a low concentration of TEOS in a methanol solution. A model is used to explain

the different diffusion coefficients and conductivities of Nafion/SiO, composites.

4.1 Introduction

Studies on proton exchange membranes for the applications of fuel cells have
been encouraged by the necessity to reduce pollution. As a well-known polymer
electrolyte many studies have focused on, Nafion has been given much attention

because of its excellent conductivity in the hydrated state. [ ) However, when this
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membrane is operated at high temperatures (above 100 °C), the conductivity of the
membrane is dramatically decreased due to water loss. Since an elevated temperature
has benefit to the fuel cell such as minimizing platinum poisoning and improving the

B- 4 membranes providing

electrode kinetics of the oxygen reduction reaction,
acceptable conductivity at high temperature and low hydration level are desirable.
Although increasing the operating pressure can raise the boiling point of water to
prevent water loss, this is not efficient due to the energy penalty associated with
compressing the reactant gases.’) A variety of polymer electrolytes have been
developed as proton exchange membranes (PEMs)."* 7! These membranes also show
strong conductivity dependence on the state of membrane hydration. It has been
demonstrated that addition of inorganic particles to polymers can enhance
conductivity. ®) A composite Nafionl15/zirconium phosphate membrane displayed
better fuel cell performance than pure Nafion115 when the fuel cell was operated at
reduced humidity conditions. ) The proton conductivity of a Nafion/zirconium
sulphophenyl phosphate (ZrSPP) composite membrane was reported to reach 0.07
S/em at 140°C without additional humidification. '” Nafion/SiO, has also shown
better conductivity than pure Nafion at high temperature. ' ' The improved
conductivity of these composites is generally attributed to the surface hydroxyl groups
of dopants which retain water at high temperature. [ '*! However, more information
on how to obtain well-controlled composites with optimized amounts of dopants and

particle size is needed, since these factors play a particularly important role in

determining the performance of a composite as a proton exchange membrane.
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Solid state nuclear magnetic resonance (NMR) can provide useful information
concerning proton mobility within conducting polymers on the molecular level, 1415}
because it is able to probe the local chemical environments. Such information is
helpful to give a deeper understanding of the observed differences in proton
conductivity. Magic angle spinning (MAS) is used routinely to achieve high resolution
of "H NMR spectra in the solid state. Since dipolar interactions can reveal the relative
mobility, methods which can retrieve information about the dipolar interaction
removed by magic angle spinning are desirable. The double quantum filtering (DQF)
pulse sequence, Back-to-Back (BaBa), [16. 17 has been used to recouple the dipolar
coupling between protons, and thereby deduce their relative mobility. The intensity of
the double quantum coherence (DQC) depends on the product of coupling strength
and the excitation time, meaning a DQC based on strong dipolar coupling will be
efficiently excited in a short recoupling time. Mobile protons which generate weak or
no dipolar coupling will be absent from the DQF MAS NMR spectra due to inefficient
excitation. Hence we can distinguish mobile and rigid protons by comparing MAS
NMR with DQF MAS NMR spectra. On the other hand, a longer recoupling
(excitation) time is useful to detect weak dipolar couplings which indicate either
slowly mobile (i.e., less rigid) protons or dipolar couplings occurring over long

distances.

Pulse Field Gradient (PFG) NMR provides a convenient and noninvasive
means for measuring translational motion of protons. Although translational motion
can be measured by analysis of spin-lattice relaxation data, the two methods will agree

only under certain conditions since the relaxation is also sensitive to rotational
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diffusion, which does not necessarily lead to long range proton transport. '®) In PFG
NMR, the nuclear motion can be measured by the attenuation of a spin echo signal
resulting from the dephasing of the nuclear spins due to the combination of the
translational motion of the spins and the imposition of spatially well-defined gradient
pulses. Since this method can measure motion over millisecond to second time scales,
the proton diffusion coefficient obtained by PFG NMR will reflect the proton mobility
on the macroscopic level. This information can be used for comparison of various

proton exchange membranes.

In this chapter, we studied proton mobility in Nafion/SiO, composites
prepared by in-situ synthesis. Both the concentration of tetraethyl orthosilicate (TEOS)
and the permeation time (PT) were varied to investigate how the amount of silica and
particle size affects proton dynamics. Homonuclear double quantum pulse (Back-to-
Back) experiments were performed to distinguish strong proton dipolar couplings
from weak ones. PFG NMR measurements were obtained for Nafion and Nafion/SiO,
composites in both the dried and hydrated states. The differences in proton mobility
are compared and discussed, in combination with the results of our solid state NMR

measurements.

4.2 Experimental

4.2.1 Preparation of samples

Treatment of Nafion112 was performed as follows. Nafion112 was first

washed in 1M NaOH for 1 hour and then it was washed in distilled deionized water
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for another hour, during which time the water was refreshed four times. Subsequently,
the membrane was washed in 1M HCI for 1 hour. Finally, it was washed repeatedly in
distilled deionized water until a constant pH was obtained. Nafion/SiO, composite
membranes were prepared according to the procedure reported by Deng. ['”) The
pretreated Nafion was first swollen in MeOH: H,O (V/V) =5:1 for 24 hours. It was
then put in the mixture of methanol, water and tetraethyl orthosilicate (TEOS) for 24
hours to allow permeation of TEOS into Nafion. The concentration of TEOS in
mixture was changed to control the amount of silica in the resulting composites. Thus,
in this paper Nafion/SiO, composites made from different mixture will be shown as
Nafion/SiO; (a:b:c) in which the ratio is molar ratio of methanol to water to TEOS.
For the mixtures in which no methanol is used, a variable permeation time (PT) was
used to control the hydrolysis and condensation of TEOS. Three samples made from
MeOH:H;O:TEOS (mol:mol:mol) = 0:1:1 with permeation times of 9 minutes, 120
minutes, and 24 hours are denoted as Nafion/SiO, (0:1:1, PT9min), Nafion/SiO, (0:1:1,
PT120min), and Nafion/SiO, (0:1:1, PT24hr), respectively. After the TEOS was
allowed to permeate into Nafion, the membrane was dried at 105°C overnight to
remove the excess alcohols and water. Some selected composites were further treated
at 170 °C, a temperature at which water physisorbed on silica starts to be driven off. 2!
This treatment allowed the study of the interaction of water and silica. The
polymerization of TEOS to silica is an acid-catalyzed process. Since the sulfonic acid
groups within Nafion are the only source of acid, it is assumed that the silica is formed
within the Nafion membrane. For comparison, silica was also made by simply mixing

TEOS with 1M sulfuric acid solution. The molar ratio of TEOS to sulfuric acid is
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4.5:1. The white powder obtained from this sol-gel process was dried at 105 °C

overnight to remove the excess alcohols and water.

4.2.2 '"H NMR

'H solid state NMR experiments were performed on a Bruker AV 500
spectrometer at a 'H Larmor frequency of 500.13 MHz. Both 4 mm and 2.5 mm
diameter rotors were used for Nafion samples spun at 5 kHz and 25 kHz, respectively.
In both cases a recycle delay of 3 s and a pre-scan delay of 4.5 us were used. The
spectra were referenced to adamantane (1.63 ppm for 'H). Solid state 'H NMR spectra
were acquired with a 90° pulse length of 2.5 us. The rotor-synchronized DQF MAS
spectra were recorded using the Back-to-Back (BaBa) pulse sequence, with Texc

variable from half a rotor period 1,/ 2 to eight rotor periods, 8t;, and 512 scans. [16]

4.2.3 ¥Si NMR

»Si solid state NMR experiments were performed on a Bruker AV 500
spectrometer at a >’Si Larmor frequency of 99.35 MHz. A 4 mm diameter rotor was
used for samples spun at 5 kHz. A recycle delay of 180 s was used. It was found that
this delay time is long enough since the obtained spectrum does not show observable
difference from that by 420 s delay time. The *’Si NMR spectra were acquired with a
90° pulse length of 3.5 us, and referenced to tetrakis (trimethylsilyl) silane (-10.02

ppm and -135.7 ppm for *’Si). 512 scans were averaged for the *’Si NMR spectra.
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4.2.4 PFG NMR

'H diffusion coefficient experiments were performed on Bruker Avance
400WB spectrometer at a 'H Larmor frequency of 400.13 MHz. Gradient pulse
duration ranged from 1-2 ms and diffusion time ranged from 50-300 ms. The
maximum gradient strength ranged from 50-1800 G/cm. For variable temperature
measurements, the probe temperature was calibrated using ethylene glycol. A Smm
Diff30 probe was used with a 60 A (Bruker Great 1/60) amplifier. The pre-dried
sample was placed directly into a 5 mm NMR tube for measurement. The uncapped
NMR tube with the dried sample was placed in a humidity chamber for 8 days at 50°C
and 90% relative humidity to obtain the hydrated sample. Hydrated samples were
capped immediately and analyzed within a few hours of removal from the humidity
chamber. The chemical shift of the sulfonic acid proton, which is sensitive to humidity,
remained unchanged during measurement once the sample was in the capped NMR

tube.

4.2.5 Impedance spectroscopy for proton conductivity measurements

A BekkTech four-probe conductivity cell with two platinum foil outer
electrodes and two platinum wire inner electrodes, shown in Figure 2-7, was used for
proton conductivity measurement. The membrane samples were cut into strips which
were 0.3~0.5 cm wide and 2~3 cm long. The thickness of membranes was measured
by a micrometer. An AUTOLAB PGSTAT30 impedance analyzer was used for

acquisition of impedance spectroscopy. The instrument was used in potentiostatic
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mode with an AC potential amplitude of 0.01 V over a frequency range of 10 to
20,000 Hz. The conductivity of membrane was measured in the longitudinal direction.
It is calculated using the equation (2-27). *"**! In order to measure the conductivity of
dried samples, membranes were dried at 105 °C for several days and then equilibrated
overnight at 35 °C in a sealed oven with desiccants. The hydrated samples were
equilibrated overnight at 35 °C and 95% relative humidity in a humidity chamber.
This equilibration time was found to be sufficiently long for the four-probe cell
configuration, since the membrane is entirely exposed to the environment in the
humidity chamber. The conductivity was found to be constant within 1% over several
days in the controlled environment. The water content of these samples was measured
to determine number of water molecules per sulfonic acid group for comparison of
proton diffusion coefficients. For dried samples, the water content can be determined
from the first weight loss in a thermal gravimetric analysis (TGA) study. The water
content of hydrated samples was measured by the weight difference of dried samples
and hydrated samples, with the weights of the dried samples normalized for their

known water contents.

4.3 Results and discussion

4.3.1 Nafion/SiO; composites: influence of concentration of TEOS

Figure 4-1 shows 'H MAS NMR spectra of SiO,, Nafion and Nafion/SiO,

prepared from different concentrations of TEOS and 24 hours of permeation time. The

high frequency proton resonance shown in Figure 4-1(a) is assigned to the residual
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sulfuric acid protons. Due to the complete hydrolysis of TEOS under these conditions,
no residual ethyl group signals were observed. The absence of Si-OH proton signal in
this spectrum could be attributed to the insignificant amount of surface Si-OH groups,
compared with the large number of sulfuric acid protons. The only peak shown in
Figure 4-1 (b) is assigned to the sulfonic acid protons of Nafion. After silica was
doped into Nafion, water adsorbed on the silica surface forms hydrogen bonds with
Si-OH groups. This water shifts the sulfonic acid proton resonance to a lower

chemical shift as shown in Figure 4-1 (c).

(d)

(©)

(b)

(a)

0 8 6 4 2 oppm

Figure 4-1. '"H MAS NMR of SiO,, Nafion and Nafion/SiO, composites prepared
from different concentrations of TEOS and 24 hours of permeation time. All
samples were treated overnight at 105°C (a) SiO, prepared from mixture of TEOS
and 1M H,SOy (a9, MAS=5kHz (b) Nafion, MAS=5 kHz (c) Nafion/SiO, (23:1:1),
MAS=5 kHz (d) Nafion/SiO; (2.3:1:1), MAS=25 kHz

Proton resonances from Si-OH groups were not observed in this composite, as
only a small amount of silica was formed from the initial low concentration of TEOS.

When a higher concentration of TEOS was used to dope silica into Nafion, new peaks



Chapter 4 Ph. D. Thesis — G. Ye McMaster — Department of Chemistry 115

were observed in Figure 4-1 (d). The peaks at 1.0 ppm and 3.5 ppm are assigned to
CHj3; and CH; groups of the residual ethyl groups of incompletely hydrolyzed TEOS,
respectively. The broad resonance spanning from 5 ppm to 8 ppm in Figure 4-1 (d) is
assigned to hydrogen bonded —SO;H and Si-OH protons. The wide range of local
environments in the membrane causes significant spectral overlap. The broad
resonance at 4 ppm is assigned to water physisorbed on silica. Similar spectra have
been reported in the literature for silicates, in which a resonance at 4 ppm is assigned
to physisorbed water and broad resonances ranging from 2 to 8 ppm are attributed to

silanol protons in various hydrogen bonding environments. 23,24,25

Comparing Figure 4-1 (a) with Figure 4-1 (c¢) & (d), we find that full
hydrolysis of TEOS can be achieved in a mixture of sulfuric acid and TEOS without
polymer, and in Nafion membranes when the concentration of TEOS is very low.
When the concentration of TEOS is as high as that in Figure 4-1 (d), an incomplete
hydrolysis of TEOS is observed. This is caused by the steric effect of the polymer
microstructure in the Nafion/SiO, composite. When Nafion is immersed in methanol
and water, the competing hydrolysis and condensation reactions favour the former,
allowing full hydrolysis of TEOS. When the concentration of TEOS is increased, the
condensation reaction dominates over full hydrolysis of TEOS, leading to a fast
growth of silica particle size. Since the sulfonic acid group is restricted by the pendant
side chain of Nafion, the mobility of H" and SO; in Nafion will be lower than that in
free sulfuric acid. Additionally, the increasing silica particle size will decrease its
mobility. Both factors inhibit the complete hydrolysis of residual ethyl groups in the

membrane composites when the concentration of TEOS is high.
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4.3.2 Nafion/SiO; composites: influence of permeation time

'H MAS NMR spectra of Nafion/SiO, (0:1:1) prepared by varying the
permeation time are shown in Figure 4-2. As expected, when the permeation time is
decreased from 24 hours to either 120 or 9 minutes, the obtained composites exhibit
only a sulfonic acid proton resonance. However, if we take a closer look at the two
spectra, we can still observe the proton signal of Si-OH as shown in the expanded
plots in Figure 4-2 (a) and Figure 4-2 (b). In addition, Figure 4-2 (b) also shows weak
proton signals for the residual ethyl group from TEOS (near 1.0 and 3.5 ppm). Since
these signals are not observed in Figure 4-2 (a), this means that there are virtually no
residual ethyl groups of TEOS in Nafion/SiO; (0:1:1, PT9min), compared with the Si-
OH groups. The presence of residual ethyl groups from TEOS will have two negative
effects on proton conductivity of the composites. One is to reduce the number of
surface hydroxyl groups by occupying the surface of the silica. This ultimately
decreases the amount of water adsorbed by the silica particles, thereby minimizing the
targeted water-binding action of the composite. The other is to block the proton
channels of the composite due to the larger volume occupied by ethyl groups
compared with hydroxyl groups. This result demonstrates that a short permeation time
is preferable to allow hydrolysis of TEOS to form silica, while maintaining a high
surface area, ensuring that ethyl groups are fully hydrolyzed and can escape from the
membrane. These conditions will positively influence proton mobility within

Nafion/SiO;, composite.
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Figure 4-2. 'H MAS NMR of Nafion/SiO, (0:1:1) composites prepared
using different permeation times. All samples were treated overnight at
105°C (a) Nafion/SiO, (PT9min), MAS=5 kHz (b) Nafion/SiO,
(PT120min), MAS=5 kHz (c¢) Nafion/SiO, (PT24hrs), MAS=25 kHz

4.3.3 Nafion/SiO; composites: influence of relative humidity

The unambiguous assignment of 'H resonances for H,O/OH/H' groups in
these systems is difficult. With reference to literature studies of related SiO,-based
materials, and using our knowledge of the treatment conditions of the composites, we
attempt a logical interpretation of the observed changes as a function of
temperature/humidity. Figure 4-3 shows spectra of Nafion/SiO, (0:1:1, PT24hr)
treated by drying or hydration. Comparing with Figure 4-2 (c), two new peaks at 1.6
ppm and 3.0 ppm are readily observed in Figure 4-3 (a), and the resonance assigned to
physisorbed water (4.3 ppm) has disappeared from the spectrum. The peak at 1.6 ppm

is assigned to isolated (non-hydrogen bonded) Si-OH groups. ***"! The other peak at
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3.0 ppm is assigned to rapidly exchanging, weakly hydrogen bonded hydroxyls
(including those of both water and silanols).”® 2 Other studies have attributed the
resonances at 3 ppm to water on significantly dehydrated surfaces and those at 4.5-5.0
ppm to water on strongly hydrated surfaces, as reviewed by Turov et al. BT 1t has been
reported that, for silica gels, physisorbed water starts to be driven off at about 170-175
°c. %31 Since this composite was dried at 170 °C for 24 hours before NMR
measurement, loss of physisorbed water is expected, which accounts for the absence
of a physisorbed water signal. On the other hand, physisorbed water must be very
immobile at room temperature because it was not removed even when the drying
temperature was as high as 105 °C, as seen in Figure 4-2 (c). At 170°C, not only is the
physisorbed water eliminated, but water strongly hydrogen bonded with Si-OH is also
partially removed. This causes some isolated Si-OH groups to appear with a peak at
1.6 ppm. At the same time, the percentage of hydrogen bonded Si-OH groups

decreases, which results in a smaller but broader peak.
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Figure 4-3. '"H MAS NMR of Nafion/SiO, (0:1:1) composites with PT=24
hrs at 25 kHz (a) treated at 105 °C for 24hrs, then 170 °C for 24hrs (b) The
sample from (a) treated at 170 °C for another 24hrs (c) The sample from (b)
in oven for 96hrs at 50 °C and relative humidity =90%
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The weakly hydrogen bonded hydroxyls at 3.0 ppm could be due to protons
which are rapidly exchanging with water trapped within tiny cavities formed in silica
particles. In an analogous study, the improved water retention of Nafion/zirconium
phosphate composites was attributed to capillary condensation effects induced by
zirconium phosphate doped in Nafion. *! In the present case, the strong capillary
condensation effect prevented the weakly bonded water from being eliminated even at
temperatures as high as 170 °C. After this composite was treated for another 24 hours
at the same temperature, the NMR spectrum shown in Figure 4-3 (b) indicates that the
percentages of both strongly and weakly hydrogen bonded Si-OH groups decrease,
while the percentage of isolated Si-OH groups increases. This also supports the
hypothesis that hydrogen bonded Si-OH groups changed into isolated Si-OH groups
after the loss of water. The hydrated sample shown in Figure 4-3 (c) only presented
two peaks which should be assigned to hydrogen bonded Si-OH groups and
physisorbed water, respectively. Since a large amount of water is present in the
sample treated at 50% relative humidity, the residual ethyl groups cannot be observed
from this sample due to their very low relative concentration. However, once the
sample is dried again, the resonance of ethyl groups become observable in the 'H
NMR spectrum, confirming therefore the loss of this signal under hydration is simply

an issue of relative intensity, and not a completion of the hydrolysis reaction.

4.3.4 Immobile protons detected by DQ MAS NMR of Nafion/SiO,

Since DQF MAS NMR measurements provide information on the relative

mobility of protons, it is used to distinguish immobile protons from mobile ones in
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Nafion/SiO; composites. Results of Nafion/SiO; (2.3:1:1) composite prepared from an
intermediate concentration of TEOS are chosen to represent this information. Figure
4-4 and Figure 4-5 show the 1D and 2D '"H DQF MAS NMR spectra of Nafion/SiO;
(2.3:1:1), respectively. It is clear that the residual ethyl group of TEOS is not mobile
since it did not disappear from the DQF MAS spectra when the recoupling time was
increased from 1, to 8t in Figure 4-4. This proves that the ethyl group is from
incompletely hydrolysed TEOS rather than from free TEOS, since the ethyl group of
free TEOS would be mobile even if the TEOS was trapped in silica. In DQF MAS
NMR spectra, the presence of the Si-OH resonance indicates that some of these
hydroxyl groups are not mobile, which is consistent with 'H CRAMPS dipolar
dephasing experiments in which silanol groups show strong dipolar interactions. L&, 36
Not surprisingly, the strong dipolar coupling between ethyl protons was observed in
the 2D DQF MAS spectrum as well, shown in Figure 4-5. Strong dipolar coupling
between protons of the ethyl group and Si-OH was also observed. This implies that
the residual ethyl groups are spatially close to Si-OH groups. Since these Si-OH
groups always are on the surface of silica, some of the residual ethyl groups have to be
on the silica surface. Those residual ethyl groups located on the silica surface can still
be hydrolyzed once an acid catalyst is available. Thus, acidifying the composite can
finally complete the hydrolysis of these residual ethyl groups. Figure 4-5 also shows
strong proton dipolar coupling between Si-OH groups. The strong proton dipolar
coupling between Si-OH groups suggests that Si-OH groups are spatially close to each
other as well. This proximity is important for allowing a hopping mechanism of
proton transport. Water molecules hydrogen bonded with these Si-OH groups will be

able to have proton exchange with each other because of the short distance between
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these bonding sites. Nevertheless, since this composite was treated at 105 °C for 24
hours before NMR measurement, water molecules left in the composite would not be
expected to undergo proton exchange with each other at room temperature. The
reduced intensity of the Si-OH resonance relative to the CH,/CHj3 resonances in the
DQF spectrum as compared to the MAS spectrum indicates a weaker coupling,
possibly attributable to local mobility. If the composite is subjected to an operating
temperature above 105 °C, proton exchange among water would be expected. This is

also the motivation for doping silica to improve proton conductivity of Nafion.

(DQF) MAS (8t,)

(DQF) MAS (41,)

(DQF) MAS (1)

MAS
—————T T T T T T 7

10 8 6 4 2 [ppm]

Figure 4-4 '"H MAS & DQF MAS NMR spectra of Nafion/SiO; (2.3:1:1)
composite dried at 105 °C for 24hrs, MAS = 25 kHz. 1, indicates the number
of rotor periods of recoupling used in the DQF sequence.
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Figure 4-5. 'H 2D DQ MAS NMR of Nafion/SiO, (2.3:1:1)
composite dried at 105 °C for 24hrs, MAS = 25 kHz, Texe = Tr

4.3.5 °Si MAS NMR

»Si solid state NMR is a well-established means of determining the
coordination environments of 2’Si nuclei. From this information, we can deduce the
number of surface hydroxyl groups in the various samples, and optimize the synthetic
conditions to favour high surface area materials. A silicon atom which is bonded to 3
other silicon atoms through oxygen can be shown as HO-Si-(O-Si); and is generally
denoted as Qs, giving a chemical shift of ~—100 ppm. Similarly, Si-(O-Si), is denoted

as Qq and has a chemical shift of ~ —110 ppm. % **3¥ It is clear that the higher ratio



Chapter 4 Ph. D. Thesis — G. Ye McMaster — Department of Chemistry 123

of Q3 to Qs indicates a higher surface area, therefore smaller average size of silica
particles for the same total amount of SiO,. Thus, »Si MAS NMR of Nafion/SiO;

composites can provide qualitative information regarding the silica particle size.

¥Si MAS NMR of SiO; and Nafion/SiO, composites are shown in Figure 4-6.
There is no silicon resonance observed at -80 ppm in all *’Si spectra, confirming that
there is no unreacted TEOS in these samples. Based upon the data shown in Figure 4-
6 (a), the majority of silicon nuclei in the silica made from TEOS and sulfuric acid are
in the form of Q4. This indicates that a full condensation reaction has occurred among
the hydrolyzed TEOS molecules and that the average silica particle size is large. The
Nafion/SiO, composite prepared using a short permeation time (120 minutes) gives an
increased ratio of Qs to Q4 as shown in Figure 4-6 (b), which suggests smaller silica
particles in the composite compared with neat SiO,. This is likely due to the restricted
motion of silica in water channels of Nafion. It has been reported that the diameter of
water channels in hydrated Nafion is as large as 5 nm. ®>) Compared with silica made
from a mixture of TEOS and sulfuric acid, such a narrow channel will certainly
restrict the motion of the precursor units within the membrane. Therefore, the
condensation reaction among these silica units will be limited. This maintains a large
number of surface hydroxyl groups of silica. Thus, more silicon atoms have the Q3
coordination environment in the composite. Nevertheless, when a longer permeation
time is allowed (24 hours), the ratio of Qs to Q4 decreases slightly as shown in Figure
4-6 (c). This may be attributed to the condensation reaction dominating over the
hydrolysis reaction of TEOS. Interestingly, this composite also shows a peak at —

90ppm which is attributed to silicon in the form of (HO),-Si-(O-Si), denoted as Q.
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The Q, sites of silicon could be also due to the restricted condensation reaction
between newly formed small silica particles, since the initially formed silica particles
would be large and further prevent the fast motion of the subsequently formed small
particles. As expected, due to the reduced concentration of TEOS, the composite
Nafion/SiO; (2.3:1:1) shows an even higher ratio of Q3 to Q4, as shown in Figure 4-6
(d), which suggests a further decrease in the condensation among silica particles. This
is desirable because silica with more surface hydroxyl groups will provide more sites
to retain water. Ramani reported that an enhanced conductivity of
Nafion/phosphotungstic acid composite membrane by up to 35% was obtained when
the additive particle size was reduced by nearly two orders of magnitude from 1 to 2
pm to 30 nm. *® The ratios of Q; to Qg calculated from the deconvoluted spectra for

these samples are shown in Table 4-1 for reference.

Table 4-1. Ratio of Q3 to Q4 in SiO; and Nafion/SiO, composites

Nafion/SiO, | Nafion/SiO; | Nafion/SiO,
SiO;
Samples (0:1:1) (0:1:1) (2.3:1:1)
(TEOS and H,SO4)
PT=120min | PT=24hrs PT=24hrs

Qs: Qs 1:4.2 1:1.2 1: 1.6 1: 0.7
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Figure 4-6. °Si MAS NMR of SiO; and Nafion/SiO, composites dried at
105 °C for 24hrs, MAS = 5 kHz (a) SiO, from TEOS and H,SOy (ag)
(b) Nafion/SiO; (0:1:1, PT=120min) (c) Nafion/SiO, (0:1:1, PT=24hrs)
(d) Nafion/SiO; (2.3:1:1, PT=24hrs)

Based on the °Si NMR results, we target samples which have the maximum

number of Qs sites, or equivalently, a high concentration of surface OH groups. We

also note that samples with even lower concentrations of silicate gave very weak i

NMR signals, but did not provide quantifiable spectra. Nevertheless, the same trend is

expected.

4.3.6 PFG NMR for proton diffusion coefficient measurement

The pulse field gradient NMR experiment provides a measure of the

translational motion of protons in the membrane. By comparing a select set of samples,
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where high numbers of surface hydroxyl groups are present (i.e. those with low
permeation times or low concentrations of TEOS used in the sample preparation), we
can determine the influence of those surface hydroxyl groups on water retention and
proton transport within the dried versus humidified membranes. These data are

compared to the performance of Nafion itself under equivalent conditions.

The pulse sequence applied for PFG NMR measurement in this study is shown
in Figure 2-4. A pair of symmetrically spaced field gradient pulses is superimposed
onto a standard spin-echo sequence. This is known as the stimulated echo (STE) pulse
sequence. The predicted dependence of the observed signal attenuation on gradient

strength is ['®)

E(Zz'):S—fz(f);)=exp(—72g2D52(A—5/3)) 4-1)

where S(21) is the observed signal intensity with applied gradient pulse g, S(21)g— is
the signal intensity observed in the absence of an applied gradient, y is the nuclear
gyromagnetic ratio, D is the self-diffusion coefficient, & is a pulse width of applied
gradient, and A is the separation in time between the leading edges of the two gradient
pulses (also referred to as the “diffusion time”). In this study, a series of spectra are
obtained at increasing gradient strengths holding all other parameters constant. The

diffusion coefficient is obtained by fitting the peak intensity data vs. the applied

gradient strength as shown in Figure 4-7.
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Figure 4-7. An example of fitted PFG NMR data. The sample is dried
Nafion/SiO; (23:1:1). The fitted diffusion coefficient is 2.55x10” cm*/s at 305K

A fundamental requirement of a PFG NMR experiment is that the diffusional
attenuation must be significant relative to attenuation caused by relaxation of the
observed nuclei. Determination of diffusion coefficients by PFG NMR measurement

B reported that iron

will be difficult or infeasible if relaxation is too rapid. Boyle
contamination in Nafion caused significantly shortened relaxation time (T; on the
order of 10ms for 1100 EW Nafion), which made the PFG NMR experiment of
Nafion impractical in their studies. Based on well-purified, protonic forms of Nafion,
T.A. Zawodzinski found that T, relaxation times vary from 80 to 200 ms for Nafion
117 membranes and reduce with decreasing water content in the membrane.®) In our

experiments, the T; relaxation times ranged from 130 to 580 ms, and the hydrated

samples showed longer T, relaxation times than dried samples as well.

The proton diffusion coefficients obtained by PFG NMR are shown in Table 4-

2. For pure Nafion, the hydrated sample shows a proton diffusion coefficient around
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37 times higher than the dried ones. T.A. Zawodzinski reported proton diffusion
coefficients for Nafion117 4.4x10° ¢cm?%s and 5.8x10° ¢cm*/s when H,O/SOsH is 9
and 14, respectively. (38] By comparison, H,O/SOsH in our hydrated Nafion is likely to
be in the range between 9 and 14 since the proton diffusion coefficient we measured is
intermediate (4.83x10° cm?/s). In Table 4-2, the dried Nafion/SiO, composites made
from high concentration of TEOS (such as MeOH:H20O:TEOS = 0:1:1) have lower
diffusion coefficients than pure Nafion, but composites made from low concentrations
of TEOS (such as MeOH:H20:TEOS = 23:1:1, 1:0.5:0.005 and 1:0.26:0.026) show

higher diffusion coefficients than pure Nafion.

Doping silica in Nafion will have two opposing effects on proton mobility of
Nafion/SiO,. The first effect is to help Nafion to retain water by forming hydrogen
bonds between water and hydroxyl groups of silica. This is desirable. The second is to
block the pathway of proton transportation by silica. This is undesirable. The diffusion
coefficients of Nafion/SiO; listed in Table 4-2 imply competition of the two effects. A
sketch shown in Figure 4-8 is used to display the difference in Nafion/SiO, prepared
from low and high concentrations of TEOS. For composites prepared from high
concentrations of TEOS, the silica particles are relatively large since the condensation
reaction of silica is facile, which has been proven by our *?Si MAS NMR data (see
section 4.3.5). In such a case, the negative effect will play a dominant role in changing
the proton diffusion coefficient. Moreover, for the a composite prepared from a high
concentration of TEOS with a permeation time of 120 minutes, the very low diffusion
coefficient could be due to not only the increased silica particle size but also the

residual ethyl groups which have been shown by our 'H NMR spectra. In this case, the
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negative effect will be overwhelming. Since the Nafion/SiO, composites prepared
from low concentrations of TEOS have been shown to have smaller silica particle size
and no residual ethyl groups, the positive effect will be dominant in these composites.
This composite would have well connected pathway for proton hopping, which

contributes to higher proton diffusion coefficient.

Table 4-2. Proton diffusion coefficients of Nafion and Nafion/SiO;

Samples Dried (x107cm?/s) | Hydrated (x107cm?/s)
Nafion 1.32 +£0.02 48.3+0.2
Nafion/SiO; (0:1:1, PT9min) 0.96 £0.02 41.7+0.2
Nafion/SiO; (0:1:1, PT120min) 0.097 £ 0.002 43.8 +£0.2
Nafion/SiO; (23:1:1) 2.15+0.02 46.7 £0.2
Nafion/SiO; (1:0.5:0.005) 1.82 £0.02 47.4£0.2
Nafion/SiO; (1:0.26:0.026) 1.65 +£0.02 48.3+0.2

(Error bars reported here are based upon repeat measurements with different diffusion times.)

Figure 4-8. Schematic representation of the structure of dried Nafion/SiO,
composites prepared from low concentration TEOS (the left) and high
concentration TEOS (the right). The residual ethyl groups are highlighted.
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TGA measurements shown in Figure 4-9 provide information about the total
amount of silica in the composites. Nafion/SiO, (0:1:1, PT120min), Nafion/SiO,
(0:1:1, PT9min) and Nafion/SiO; (23:1:1) have 2.8%, 1.2% and 1.0% mass percentage
of silica, respectively, after taking into account of residual mass percentage of Nafion
(1.7%). Clearly, Nafion/SiO; (0:1:1, PT120min) has the highest weight percentage of
silica. Shortening the permeation time reduces the total amount of silica in
Nafion/SiO; (0:1:1, PT9min), but still slightly exceeds the amount of silica prepared
with a long permeation time and a low concentration of TEOS, as in Nafion/SiO,
(23:1:1). Based on the TGA results and diffusion coefficient data, the composite
prepared from the lower concentration of TEOS should have the smallest silica
particle size, which should minimize the effect of blocking pathways for proton
transportation. The number of surface hydroxyl groups in dried Nafion/SiO,
composite has a significant influence on the proton diffusion coefficient. Therefore,
minimizing the concentration of SiO,, while maximizing the number of surface OH
sites, as in sample Nafion/SiO, (23:1:1), provides the best pathway for proton

conductivity.
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Figure 4-9. TGA analysis of Nafion/SiO, composites, acquired under dry in N
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In contrast, no significant difference can be seen between hydrated Nafion and
hydrated Nafion/SiO, composites. This is attributed to the high proton mobility in
expanded water channels in hydrated samples. Compared with water added by
hydration, under high relative humidity, water adsorbed on silica surface will not
contribute much to the proton mobility of Nafion/SiO, composites since the proton
diffusion coefficient in this instance is determined primarily by the water from
hydration. Under this condition, the silica dopant in Nafion will merely be an obstacle
for proton transportation, leading to decreased diffusion coefficients of Nafion/SiOs.
However, due to rapid vehicle transport in the fluid phase of the expanded water
channels and the relatively small filled silica particles, the dopant cannot lower the
diffusion coefficient significantly, even for the composite prepared with 120 minutes
of permeation time. From this behaviour, we infer that proton transport in dried
Nafion/SiO, composite has Grotthuss hopping mechanism different from that in the
hydrated composite. In the dried composites, the proton transport is achieved by
proton hopping on the surface of silica. Thus, well-distributed small silica particles
can enhance the efficiency of proton hopping. In the hydrated composite, the proton
transport is dominated by vehicle transport and completed by reorganization of
hydrogen bonds between H' and water molecules. Kreuer points out that the Grotthuss
mechanism is increasingly dominated by the vehicle mechanism as temperature
increases. *°! Similarly here, the vehicle mechanism becomes increasingly important
with increasing relative humidity. The existence of silica particles changes the
pathway of proton migration and makes it somewhat longer, but does not significantly

influence transport. The length scale of proton diffusion (d) can be given by

d=+2DA (4-2)
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where D is the diffusion coefficient and A is the diffusion time shown in the STE
pulse sequence. For the dried samples, the d is between 0.4 and 1.9 pm. Due to similar
diffusion time, the sample with higher diffusion coefficient shows longer length scale
of motion. For the hydrated samples, the d is between 9 and 17 pm. The difference of
length scale of motion for the hydrated samples results from different diffusion time.
Nevertheless, no obvious difference of diffusion coefficients is observed for the same
sample when the diffusion time changes in our experiments. The above d values for
both dried and hydrated samples are apparently much greater than the size of water
channels in the hydrated Nafion which can be up to 5 nm. ** This implies that proton
diffusion is not constrained by the diameter of the channels even under dried
conditions, but rather that the protons move readily along the channels, or from

particle to channel wall, in the presence of silica particles with hydrophilic surfaces.

Since the diffusion coefficient is temperature dependent, variable temperature
measurements with PFG NMR can demonstrate how the diffusion coefficients
changes with temperature. The corresponding activation energy of proton diffusion
can then be obtained by fitting the equation D=Dy exp (-Ea/RT), where D is the
diffusion coefficient, Dy is a pre-exponential factor, Ea is the activation energy, R is
the ideal gas constant and T is the temperature. Figure 4-10 shows the natural log plot
from which the activation energies were derived for Nafion and Nafion/SiO, (23:1:1),
which are 22.6 kJ/mol and 18.0 kJ/mol, respectively. The lower activation energy
shown by the Nafion/SiO, (23:1:1) composite indicates that proton mobility of these
composites is less sensitive to temperature change. The activation energies determined

by PFG NMR are summarized in Table 4-3, along with some of the data obtained
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from variable solid state NMR line width calculations. The composite made from a
low concentration of TEOS gives a lower E, than that made from a high concentration
of TEOS, although the difference is not very large. An interesting observation is that
the composite made from a high concentration of TEOS shows a lower activation
energy than pure Nafion, even though pure Nafion exhibits higher diffusion
coefficients at all temperatures measured. The lower activation energy shown by both
Nafion/SiO; (0:1:1, PT9min) and Nafion/SiO, (23:1:1) composites indicates that
proton mobility of these composites is less sensitive to temperature. In the previous
chapter, an activation energy for proton transport has been obtained by linear fitting of
the change of 'H line width with temperature in solid state NMR.“ These solid state
NMR-derived activation energies are also included in Table 4-3. The large difference
between the values derived from the two different methods is attributed to the fact that
PFG NMR measures the proton motion over the millisecond to second timescale;
where as solid state NMR does so over the microsecond time scale. In the case of
motion over long time scale (i.e. PFG NMR), the activation energy obtained will
include the energy of proton motion used for crossing longer length scales in the
membrane, i.e. in and out of channels, similar to grain boundary effects in
microcrystalline solids. Therefore, it is reasonable that PFG NMR measures a higher

E. than solid state NMR.
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Table 4-3. Activation energy of proton transport for Nafion and Nafion composites

PFG NMR Derived | Solid State NMR Derived
Fully Dried Samples
E, Values (kJ/mol) E, Values (kJ/mol)
Nafion 22.6 15.740.6
Nafion/SiO; (0:1:1, PT9min) 20.9 12.2+0.5
Nafion/SiO; (23:1:1) 18.0 N/A
Temperature (°C)
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Figure 4-10. Arrhenius plot of proton diffusion for Nafion and Nafion/SiO,
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4.3.7 Proton conductivity of Nafion and Nafion/SiO, composites

Although PFG NMR experiments can provide information of proton
translation motion in the electrolyte, this technique is not able to distinguish protons
dissociated from sulfonic acid groups from those associated with sulfonic acid groups
which do not contribute to proton conductivity, according to Nernst-Einstein
equation.") Proton conductivity data measured by impedance spectroscopy is the
industrially accepted method for evaluation of the conductivity of Nafion and
Nafion/SiO, composites. The obtained results are shown in Table 4-4. The measured
number of water molecules per sulfonic acid group is shown in this table for

comparison as well.

Table 4-4. Conductivity of Nafion and Nafion/SiO, at 35 °C

Dried Hydrated
Samples
o (S/em) | H,O/-SOsH | o ( S/cm ) | H,0/-SO3H
Nafion 3.7x10™ 3.1 6.0x10 12.6
Nafion/SiO; (0:1:1, PT9min) 2.4x10° 3.1 5.7x107 12.7
Nafion/SiO; (0:1:1, PT120min) | 1.1x107 2.6 4.9x10 10.5
Nafion/SiO; (23:1:1) 4.9x10™ 2.8 5.1x10 11.8

The proton conductivity of hydrated Nafion is in good agreement with values
reported by others. *" **! Similar to PFG NMR results, the hydrated samples do not
show much conductivity difference which may be attributed to the similar, high,

number of water molecules per sulfonic acid group. In contrast, the dried samples
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present significant conductivity differences, of as much as one order of magnitude,
although the number of water molecules per sulfonic acid group in dried samples is
very similar. The conductivity data is consistent with interpretation of NMR and PFG
data above, where the enhancement of performance upon introduction of the silica is
achieved under dry conditions for the composites formed with dilute concentrations of
TEOS, and short permeation times. Higher concentrations of TEOS in the preparation
give rise to more blocked channels, as reflected in the lower conductivity values for
composites formed without methanol ((0:1:1, PT9min) and (0:1:1, PT120min)). This
is a confirmation of observed trends, in which bulk conductivity measurements
indicate impediments to long-range transport, such as blocked channels (this case), or
grain boundaries, as observed in polymers with a propensity to form crystalline
regions. 3] Thus, the combination of PFG NMR and impedance spectroscopy, allow
us to derive a complete picture of the processes governing the function of the

materials.

4.4 Conclusion

Solid state NMR measurements show that increasing the concentration of
TEOS or extending the permeation time for synthesis of Nafion/SiO, composites will
cause incomplete hydrolysis of the ethyl groups of TEOS. The residual ethyl groups
are located on the surface of silica, which blocks the pathway for proton transportation
and therefore lowers the proton conductivity. For synthesis with a high concentration
of TEOS, a short permeation time needs to be used to avoid the issue of residual ethyl

groups from TEOS. Diffusion coefficient data obtained by PFG NMR show that the
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best Nafion/SiO, composite can be obtained from synthesis with a low concentration
of TEOS in methanol solution. Although all Nafion/SiO, composites in this study give
the same or slightly lower diffusion coefficients than pure Nafion in the hydrated state,
composites made from low concentrations of TEOS display higher diffusion
coefficient than pure Nafion in the dried state. The same trend has been observed from
conductivity measurements. This result suggests that Nafion/SiO, composites
synthesized using the right procedures may hold promise for use as proton exchange

membranes working at elevated temperature and reduced relative humidity.
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Chapter 5

Solid State NMR Spectroscopic Characterization of Zirconium Phosphate

This chapter is being prepared for submission. The co-author is G. R. Goward. I
have initially prepared the manuscript. G R. Goward and I are revising it for
submission. My contribution to this chapter includes the sample preparation, NMR
experiments, the proton conductivity measurements, and the understanding of the
formation of pyrophosphate in ZrP under different conditions, as well as of the
conductivity difference between o-ZrP, anhydrous a-ZrP and amorphous ZrP. In this
chapter, our '"H NMR studies demonstrated that both the acid proton and the water
proton in a-ZrP are not mobile at room temperature. Compared with the o-ZrP, the
anhydrous o-ZrP presented an even stronger dipolar coupling with the acid proton,
which may be one of the reasons for its much lower proton conductivity. In contrast,
the amorphous ZrP displayed a much higher conductivity than a-ZrP, which could be
due to the proton exchange between the acid group and the residual water. The
formation of pyrophosphate by condensing monohydrogen phosphate generally takes
place at a temperature above ~ 400 °C. However, with the presence of strong acid, this

can occur even at 160 °C.

5.1 Introduction

The acid phosphates of tetravalent metals have been extensively investigated over
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the past decades because of their ion-exchange properties. (1231 Among many

tetravalent metal phosphates, the zirconium phosphate (ZrP) received much attention,

[4-7] [8-11]

regarding its synthesis, intercalation chemistry, and ion-exchange properties.
112131 Compared with the SiO,, the ZrP itself is a proton conductor, which makes it
even more promising for the preparation of Nafion® composites. Thus, it is used as a

dopant in this thesis to prepare Nafion/ZrP composites.

The conductivities of crystalline zirconium phosphate (a-ZrP (Zr(HPO4), -H,0))
with different degree of crystallinity have been invesigated. ' The reported
conductance of a-ZrP decreases with increase in the structural order. This is believed
to be due to the significant conduction of surface protons relative to those in the
interior. Thus, the fully hydrated glassy ZrP prepared via a sol-gel process presents a
conductivity of 107 S/cm at room temperature. (') However, detailed information
regarding the proton dynamics of ZrP is still needed in order to fully understand the

conductivity of both the a-ZrP and the glassy ZrP.

Solid state NMR can provide valuable information concerning proton mobility of
proton conductors on the molecular level. The Back-to-Back (BaBa) pulse sequence,
[16:17) which creates double quantum coherence (DQC) to recouple the proton dipolar

coupling removed in a regular single pulse MAS experiment, can be used to study

proton mobility of the ZrP. In the case of presence of multiple rigid proton sites, the
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rotor-synchronized 2D DQ MAS experiment can be used to achieve the information
regarding the correlation of dipolar couplings between proton sites. 18] More
importantly, quantitative information regarding these dipolar couplings can be
obtained using a non-rotor synchronized 2D DQ MAS experiment. ['”! By fitting the
sideband patterns extracted from the obtained 2D spectrum, dipolar coupling constants
can be obtained. These dipolar coupling constants can then be used to analyze the
mobility of protons by comparing them with the calculated dipolar coupling constants

based on available crystallographic data.

In this chapter, 'H NMR was used to study the proton dynamics of the ZrP. The
dependence of proton mobility on temperature was investigated using variable
temperature experiments. The proton mobility of ZrP is studied by rotor-synchronized
BaBa experiments. A non-rotor-synchronized BaBa experiment was used to achieve
the dipolar coupling contants of proton pairs. The changes of phosphorus
environments in ZrP treated under different temperatures were studied using *'P NMR.
The obtained NMR results were discussed to understand the conductivities of ZrP. The
studies of ZrP in this chapter will provide important information for the investigation

of Nafion/ZrP composites (in Chapter 6).
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5.2 Experimental

5.2.1 Preparation of ZrP

The a-ZrP was prepared according to the literature. *” The 1M ZrOCl, was
dropwise added into the 1M H3POy4 solution. The mixture was then filtered to obtain
the precipitate of amorphous ZrP. The residual H;POy4 in the ZrP was removed by
repeatedly washing the precipitate in water until no phosphorus signal for free acid
was observed in the solid state >'P NMR. The obtained amorphous ZrP were then
refluxed for ten days in ~ 12M H3;PO4. Some small flakes of a-ZrP were obtained
after the refluxing. The excess acid in the a-ZrP was also removed by washing in
water until no phosphorus signal for the free acid was observed in the solid state *'P
NMR. Both the amorphous ZrP and the a-ZrP were first dried in vacuum at room
temperature. Then some of these samples were treated at 800 °C and 1100 °C for 6 hrs
under N, respectively. To study the interaction of strong acid with the amorphous ZrP,
IM H,SO4 was added in the ZrP. The mixture was then dried under 160 °C for 1 day.
For comparison, the amorphous ZrP without H,SO,4 was also treated under same

conditions.

5.2.2 X-ray powder diffraction

Powder x-ray diffraction measurements were performed on a Bruker D8 Advance
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powder diffractometer. The step was 0.04° and the step time was 3 s.

5.2.3 Thermal analysis

A Netzsch STA 409 thermogravimetric analyzer was used for the thermal analysis
between room temperature and 1100 °C, with a heating rate of 5 °C/min and in an
Argon flow. The samples had been dried in vacuum at room temperature before the

thermal studies.

5.2.4 Infrared spectroscopy

The infrared absorption spectra were recorded on Bio-Rad FTS-40 Fourier
transform IR spectrometer with a spectral resolution of 4 cm™ between 4000 and 400

cm™'. The powders were pressed into KBr pellets.

5.2.5 'H NMR

'H solid state NMR experiments were performed on a Bruker AV 500
spectrometer at a 'H Larmor frequency of 500.13 MHz. A 2.5 mm diameter rotor was
used for ZrP samples spun at 25 kHz. The recycle delay varies with samples from 5 to

10 s. The spectra were referenced to adamantane (1.63 ppm for 'H). Solid state 'H
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NMR spectra were acquired with a 90° pulse length of 2.5 us. The rotor-synchronized
DQF MAS spectra were recorded using the Back-to-Back (BaBa) pulse sequence,
with Te equal to one rotor period, 1, and 512 scans. For the rotor-synchronized 2D
DQ MAS experiment, the 7, increment was equal to one rotor period. In the
non-rotor-synchronized 2D DQ MAS experiment, the #; increment was 1.5 us. Four
rotor periods were used for excitation/reconversion of DQ coherence. " The
sideband patterns were obtained by extracting the columns for each proton resonance
at F, dimension. Subsequently, they were fitted using a MATLAB program to achieve

dipolar coupling constants.

5.2.6 'P NMR

3P solid state NMR experiments were performed on a Bruker AV 500
spectrometer at a °'P Larmor frequency of 202.48 MHz. The spectra were referenced
to 85% H3PO4 (0 ppm for *'P). The recycle delay varies with samples from 60 to 300 s.
Both a 2.5 mm rotor and a 4 mm rotor were used to spin samples at 25 kHz and 10
kHz, respectively. The spectra were acquired with a 90° pulse length of 4 ps. In the
cross polarization (CP) experiments, the contact time varies from 0.5 ms to 6 ms. A
recycle delay of 8 s was used and 2560 scans were used to average the signal. The
'P-'H heteronuclear correlation (HETCOR) NMR experiments were performed to

study the correlation between the phosphorus and the proton. The number of slices is
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96 and the signal for each slice was average by 80 scans.

5.2.7 Conductivity measurement

The conductivity was measured by impedance spectroscopy. The ZrP powders,
which were dried under vacuum at room temperature, were pressed into pellets with a
diameter of ~ 13 mm and a thickness of 1~2 mm. An AUTOLAB PGSTAT30
impedance analyzer was used for acquisition of impedance spectra. The instrument
was used in potentiostatic mode with an AC potential amplitude of 0.01 V over a
frequency range of 10 to 500,000 Hz. The conductivity was measured with two
stainless steel electrodes in a sealed oven with desiccants under different temperatures.
The conductivity (o) was calculated as follows:

c=I/4-R (5-1)
Where [, A and R are the thickness, the area and the measured resistance of the ZrP

pellet, respectively.

5.3 Results and discussion

5.3.1 Thermal analysis of a-ZrP

Figure 5-1 shows the thermogravimetric analysis of a-ZrP and amorphous ZrP.
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The first weight loss for a-ZrP starting at ~110 °C is due to the removal of the
crystallization water. The second weight loss starting at ~ 450 °C corresponds to the
condensation of monohydrogen phosphates which produces the pyrophosphate (P,0,")
and water. In the TGA plot, the total weigh loss of 12.5% for a-ZrP matches the
theoretical value of 12% very well. In addition, the X-ray powder diffraction of a-ZrP
in Figure 5-2 also shows a good agreement with the literature. (' Therefore, a well

crystallized o-ZrP is obtained in this study.

100
98 | —a-ZrP

! - = = =amorphous ZrP
94
92 +

90

Mass percentage (%)

88 |

86

) " L i 1

84 " 1 i 1 i "
0 200 400 600 800 1000 1200

Temperature (°C)

Figure 5-1. Thermogravimetric analysis of o-ZrP and amorphous ZrP
under nitrogen atmosphere. The samples have been dried in vacuum at
room temperature before the TGA tests.

Compared with the a-ZrP, the amorphous ZrP shows very similar weight loss up
to 600 °C, although the two processes for the loss of water and the condensation of

monohydrogen phosphates are poorly separated in Figure 5-1. Alberti reported that the
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condensation of surface acid -POH groups takes place at a temperature above 850 °C.
21 Since the amorphous ZrP is expected to have more surface acid —-POH groups than
the a-ZrP, the observed weight loss above 800 °C for amorphous ZrP is the result of

an analogous condensation.
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Figure 5-2. XRD patterns of a-ZrP

5.3.2 Proton studies by single pulse "H NMR experiments

'H NMR is a good probe for the investigation of proton dynamics of ZrP. Using
variable temperature 'H NMR experiments, the dependence of proton mobility on
temperature can be studied. Figure 5-3 shows the variable temperature 'H NMR
spectra of the a-ZrP. It can be seen from the spectrum acquired at room temperature

that there are two well resolved proton resonances. The resonance at 8.2 ppm is
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attributed to the acid proton (P-OH) and the resonance at 3.4 ppm is attributed to the
water proton. The resonance with very weak intensity at ~ 0 ppm could result from
impurities in the sample. With increasing temperature, the acid proton and the water
proton show increased mobility, as indicated by the coalescence at 370 K, clearly
indicating an exchange between these protons. This implies that an enhanced
temperature improves the proton conductivity of a-ZrP by allowing the exchange
between the acid proton and the water proton, not only by increasing their individual
proton mobility. It should be also noticed that the spectrum at 374 K in Figure 5-3 still
shows intensity for the resonance of the crystallization water. This suggests that the
exchange between the acid proton and the water proton is not significant and not all
water molecules are involved in the exchange. Moreover, the peak for the coalesced
resonance is still broad. According to the frequency difference of the two resonances,
the exchange rate may be just slightly above 2400 Hz at this temperature. However, a
further enhanced temperature for increasing proton exchange, therefore proton
conductivity, is not feasible, since this temperature is near to the temperature at which

the crystallization water of o-ZrP starts to be removed.
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Figure 5-3. 'H MAS NMR of a-ZrP at variable temperature, MAS=25 kHz

Although the removal of crystallization water in a.-ZrP starts at the temperature of
~ 110 °C as shown by the TGA data in Figure 5-1, the crystallization water was still
observed in the "H NMR of a-ZrP which was treated at 200 °C. Thus, in this work the
o-ZrP was treated at 250 °C to fully remove the crystallization water for the
preparation of the anhydrous a-ZrP. The obtained 'H NMR spectrum for this
compound is shown in Figure 5-4 (b). It is clear that the resonance for the
crystallization water has been completely removed. The remaining resonance is
attributed to the acid proton. This proton is comparatively immobile since it was
observed in the DQF MAS NMR spectra (not shown here). The spectrum shown in
Figure 5-4 (a) is for the sample of amorphous ZrP dried at 160 °C. Since this treatment
was not sufficient to entirely remove all water molecules in the amorphous ZrP, as

shown by the TGA plot in Figure 5-1, many hydrogen bonds will form between the
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acid proton and the residual water, which broadens the spectrum dramatically.
Therefore, the observed resonance includes both the acid proton and the water proton,
as opposed to only acid proton in the case of anhydrous a-ZrP. This proton resonance
becomes very narrow when the amorphous ZrP is hydrated, due to fast exchange

between the acid proton and the water proton.

(b)

T e e e e o

15 10 5 0 [ppm]
Figure 5-4. "H MAS NMR of (a) amorphous ZrP treated
at 160 °C and (b) a-ZrP treated at 250 °C, MAS=25 kHz

5.3.3 Proton studies by double quantum coherence 'H NMR experiments

The proton mobility in ZrP was also studied using the Back-to-Back pulse
sequence. The 'H DQF MAS NMR spectrum for o-ZrP was shown in Figure 5-5 (b).
Compared with the spectrum by a regular single pulse experiment in Figure 5-5 (a),
the DQF MAS NMR spectrum shows both the acid proton and the water proton,

which indicates that these protons do not have high mobility at room temperature.
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This is consistent with the above variable temperature experiments in which proton
exchange between them are only observed at temperatures above 370 K. The
correlation of dipolar coupling between protons was then studied by a
rotor-synchronized 2D DQ MAS experiment. The spectrum was displayed in Figure
5-6. The peaks on the diagonal line indicate the dipolar coupling between the same
types of protons. Thus, in the a-ZrP both the acid proton and the water proton dipolar
couple with themselves. The off diagonal peaks indicate the dipolar coupling between
the acid proton and the water proton. This is consistent with crystal structure in which

the acid proton forms hydrogen bonds with water. (22

(b)

(2)

’VI'IT1|l"llll'lllll'll'l"l

15 10 5 0 -5 [ppm]

Figure 5-5. "H NMR of a-ZrP (a) MAS (b) DQF MAS t=t,, MAS=25 kHz
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Figure 5-6. '"H 2D DQ MAS NMR of a-ZrP, 1=1,, MAS=25 kHz

Since quantitative information about the proton dipolar coupling in a-ZrP is very
helpful to understand the proton dynamics, this information is desired. Using a
non-rotor-synchronized 2D DQ MAS experiment, the DQ spinning sideband patterns,
which are extracted columns from the resulting 2D DQ MAS spectrum, were obtained
for the protons in a-ZrP. They are shown in Figure 5-7. Generally, if a spin pair is not
coupled to other spins, the MAS sideband patterns should consist of only odd-order
sidebands. In real systems, perturbing interactions with other spins are often present,
which results in weak intensities at the centerband and the even-order sidebands in the
sideband patterns. **! The weak intensities do not cause significant uncertainty for the

fitted dipolar coupling constants. ['> *! Therefore, the obtained dipolar coupling
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constants shown in Table 5-1 can be used to analysis the proton dynamics in o.-ZrP.

(a) (b)

(©

w/wg wiwg

Figure 5-7. Extracted columns from non-rotor-synchronized 'H 2D DQ MAS
spectrum of a-ZrP under MAS=25 kHz, showing the DQ spinning sideband
patterns. (a) and (b) are both for the acid protons at 8.2 ppm. They fit the
negative and positive odd sidebands, respectively. The obtained dipolar
coupling constants are 4650 Hz and 4450 Hz, respectively. (c) and (d) are both
for the resonance of water proton at 3.4 ppm. They fit the negative and positive
odd sidebands, respectively. The obtained dipolar coupling constants are 8800
Hz and 9000 Hz, respectively. In both cases for different proton sites, the fitting
for negative and positive sidebands allows the estimation of errors, since the
fitting itself is very sensitive to the change of dipolar coupling constant.

The data in Table 5-1 compares the dipolar coupling determined from solid state

NMR experiments to the calculated couplings determined based on H-H distance in
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the known X-ray structure. By comparing these values, the impact of local dynamics
on the coupling can be determined. A ratio of the Dj; obtained by the two methods is
used as a measure of proton dynamics in the a-ZrP. The very low ratio of 0.22 for
water protons implies that the two protons of the water molecule are moving rapidly,
which dramatically decreases the measured dipolar coupling constant. In contrast, the
high ratio of 0.86 for acid protons indicates that they have slower dynamics. The
overall effect of the fast dynamics of water proton and the slow dynamics of acid
proton results in the observed moderate ratio of 0.67 for the ratio of dipolar coupling

constants of the water proton and the acid proton.

Table 5-1. The proton dipolar coupling constants of a.-ZrP and anhydrous a.-ZrP

a-ZrP Anhydrous a-ZrP

Proton pairs

H,O/H,O | P-OH/H,0 | P-OH/P-OH P-OH / P-OH
Dij (HZ)

8900+100 5000+150 4550+100 8400+100
by SSNMR
Dij (HZ)
calculated from 39600 7410 5320 —
X-ray data *!
Ratio of Dj;
(SSNMR) to 0.22 0.67 0.86 —
Djj (X-ray)

Interestingly, the dipolar coupling constant between acid protons in anhydrous



Chapter 5 Ph. D. Thesis — G. Ye  McMaster — Department of Chemistry 157

a-ZrP is even stronger than that in the a-ZrP. This suggests a decrease in acid proton
mobility and/or distance between the layers of anhydrous a-ZrP. It has been reported
that the layer spacing for anhydrous a-ZrP is shorter by about 1.5 ~ 2 % than the
a-Zrp. 2526 Obviously, this small difference in the distance between layers is not
enough to result in the large difference in proton dipolar coupling constants. This
implied a decrease in acid proton mobility in the anhydrous a-ZrP, which is consistent
with a lower proton conductivity under same condition for the anhydrous o-ZrP as

compared to the a-ZrP itself.

5.3.4 Infrared spectra of o-ZrP

Figure 5-8 shows the infrared absorption spectra of a-ZrP treated at different
temperatures. It can be seen clearly that the bands at 3595 cm’, 3512 cm™ and 3158
cm’, which are assigned to the H-O-H stretching in Figure 5-8(a), disappear from
Figure 5-8(b) and Figure 5-8(c). This is due to the complete removal of crystallization

1

water from o-ZrP. It can also be seen that the band at 3374 cm™ assigned to the

stretching of PO-H in Figure 5-8(a) *”! dramatically decreased and shifted to 3457
cm” in Figure 5-8(b), which is attributed to the condensation of monohydrogen
phosphates, producing pyrophosphate. As a result, the bands at 747 cm™ and 980 cm™,

[28]

assigned to the bending and the stretching vibration of P-O-P respectively, were

observed clearly in Figure 5-8(c). The weak intensity for the band of the P-O-P
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bending vibration and the unresolved band for stretching vibration in Figure 5-8(b)
indicate that the zirconium pyrophosphate formed at 800 °C has very low degree of
crystallinity. The IR spectra of amorphous ZrP treated under same temperature were
also measured (not shown here). It was found that the amorphous ZrP treated at
temperatures of 800 °C and 1100 °C showed spectra very similar to those of o-ZrP
treated under the same temperatures. This indicates a similar structure of the resulting
pyrophosphates. However, compared with the well resolved stretching vibration of
O-H in the a-ZrP in Figure 5-8(a), the amorphous ZrP dried in vacuum at room
temperature presented a very broad and unresolved band for the stretching of O-H. As
indicated by the 'H NMR in Figure 5-4(a), this is due to the existence of many

different hydrogen bonds between acid protons and the residual waters.

©) ___ ——_

(b)

(a)

T - T L) L) Ll T v Ll v T
4000 3500 3000 2500 2000 1500 1000 500
VWavenumber ( am -1)

Figure 5-8. IR of a-ZrP treated at different temperatures (a) vacuum
dried at room temperature (b) treated at 800 °C (c) treated at 1100 °C
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5.3.53'P NMR of ZrP

3P NMR can be used as a probe to study the ZrP, since the structural change
of ZrP will result in different phosphorus environments. The investigation of
phosphorus environments in ZrP will also help the studies of phosphorus
environments in Nafion/ZrP composites in Chapter 6. Figure 5-9 shows the 3P NMR
spectra of a-ZrP treated under different temperatures. The o-ZrP dried at room
temperature only shows a single phosphorus resonance at -18.8 ppm in Figure 5-9(a),
which is consistent with the literature. ®* 3% Since two crystallographically
inequivalent phosphorus atoms have been observed, this is believed to be due to the
sufficient similarity of the electronic environments of the two phosphorus nuclei. **!
When the crystallization water is fully removed from the a-ZrP at 250 °C, the
resulting anhydrous a-ZrP shows a lower phosphorus resonance at -21.4 ppm in
Figure 5-9(b), due to the deletion of hydrogen bonds between the phosphates and the
crystallization water. A further enhanced temperature for treating the a-ZrP results in
the formation of pyrophosphate by condensation of monohydrogen phosphtates,
showing a very broad resonance centered at ~ -33 ppm in Figure 5-9(c). However,
under this temperature only a small amount of the resulting pyrophosphate starts to
show ordered structure indicated by a less broad resonance at -38.7ppm. This is in

good agreement with the above IR spectra shown in Figure 5-8(b), in which the low

degree of crystallinity was indicated by the weak intensity of the band for the P-O-P
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bending vibration. For the a-ZrP treated at the higher temperature of 1100 °C, the
peaks in Figure 5-9(d) are well resolved. These sharp peaks are consistent with the

literature, 31

indicating that the zirconium pyrophosphate has a highly order structure.
The conversion of monohydrogen phosphate into pyrophosphate can take place at

much lower temperature with the presence of strong acid (see below).
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Figure 5-9. *'P MAS NMR of a-ZrP treated at different temperatures (a)

room temperature, MAS=10 kHz (b) 250 °C, MAS=25 kHz (c) 800 °C,
MAS=25 kHz (d) 1100 °C, MAS=25 kHz

Similarly, the *'P NMR was also used to study the amorphous ZrP treated at
different temperatures. The spectra are shown in Figure 5-10. The amorphous ZrP
dried in vacuum at room temperature shows clearly three phosphorus resonances in

Figure 5-10(a). The peak with the strongest intensity at -21.7 ppm is assigned to the



Chapter 5 Ph. D. Thesis — G. Ye  McMaster — Department of Chemistry 161

phosphorus atom bonded with one hydrogen atom and three zirconium atoms through
oxygen atoms (denoted as HOP(OZr)s3). This phosphorus site has the similar structure
as o-ZrP. The other two resonances at -13.3 ppm and -27.4 ppm are assigned to the
phosphorus atoms bonded with two and four zirconium atoms through oxygen,
respectively. Thus, they are denoted as (HO),P(OZr), and P(OZr)s, respectively. The
two phosphorus sites could result from the y-ZrP in which the zirconium is
octahedrally coordinated with four oxygen atoms of a phosphate group and two
oxygen atoms of a dihydrogen phosphate group. 2% 3% As indicated by the Figure
5-9(b), the treatment of amorphous ZrP at 160 °C only broadens the phosphorus
resonances, which could be mainly due to the increased dipolar coupling from protons
with decreased mobilities ascribed to much reduced water in the ZrP. Similar to a-ZrP,
the amorphous ZrP treated at 800 °C shows a very broad resonance centered at -31.7
ppm in Figure 5-10(c), indicating the formation of zirconium pyrophosphate.
Nevertheless, the zirconium pyrophosphate with ordered structure is not observed in
Figure 5-10(c), which is different from the spectrum for a-ZrP sample treated under
same temperature. As discussed above, this is due to the amorphous ZrP having more
surface -POH groups which generally condense at temperature above 800 °C.
However, the amorphous ZrP treated at a temperature of 1100 °C exhibits almost the
same spectrum as the a-ZrP treated under same temperature, which suggests that both
samples completely converted into the zirconium pyrophosphate with highly ordered

structure at this temperature.
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Figure 5-10. >’P MAS NMR of the amorphous ZrP treated at different
temperature (a) room temperature, MAS=10kHz (b)160 °C, MAS=10
kHz (c) 800 °C, MAS= 10 kHz (d)1100 °C, MAS=25 kHz

Since the ZrP is used as a dopant in the Nafion/ZrP composite and the Nafion has
high acidity, it is necessary to understand the properties of ZrP in strong acid
environment. Therefore, the ZrP was treated with the presence of sulfuric acid solution.
Surprisingly, the conversion of monohydrogen phosphate into pyrophosphate can take
place at a much lower temperature with the existence of the strong acid. The Figure
5-11 shows the *'P spectra of the amorphous ZrP which has been dried at 160 °C after
mixed with the 1M sulfuric acid. Compared with the amorphous ZrP treated under

same temperature without sulfuric acid in Figure 5-10(b), the amorphous ZrP with
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H,SO4 dried at 160 °C shows a very strong resonance at -41.2 ppm. This resonance,
which does not show any intensity in the CPMAS spectra in Figure 5-11(a) and Figure
5-11(b), should be attributed to the zirconium pyrophosphate with ordered structure.
Similar to amorphous ZrP treated at 800 °C, this sample also shows a resonance at -32
ppm in Figure 5-11(a). The weak intensity for this resonance in CPMAS spectra in
Figure 5-11(b) and Figure 5-11(c) could indicate that this phosphorus site from
pyrophosphate is near to some surface -POH groups which were not condensed.
Clearly, the strong intensity for the resonance at -25 ppm in Figure 5-11(b) and Figure
5-11(c) suggests that the phosphorus site should be from the phosphate in which the
phosphorus bonds with three zirconium atoms and one hydrogen atom through oxygen
(HOP(OZr);). The other two resonances at -16.3 ppm and -7.1 ppm can be
respectively assigned to the singly and doubly protonated phosphorus which has the
structure of HOP(OZr);. The weak intensity of the peak at -16.3 ppm in Figure 5-11(b)
and Figure 5-11(c) suggests that the proton which protonates the phosphate could be
relatively more mobile and/or further away from the phosphorus, compared with the

acid proton in HOP(OZr)s. Therefore, the resonance at -7.1 ppm was not observed.
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Figure 5-11. 3'P NMR of ZrP-gel with 1M H,SO; treated at 160 °C,
MAS=25 kHz (a) *'P MAS (b) *'P-'"H CPMAS, contact time= 0.5 ms
(c) *'P-'H CPMAS, contact time= 6 ms.

5.3.6 *'P-'"H HETCOR of a-ZrP

Since there are two proton sites in the a-ZrP, it is useful to achieve the
information regarding the dipolar coupling between the proton and the phosphorus.
This information can be obtained from *'P-'H HETCOR NMR experiments. The
spectrum is shown in Figure 5-12. It can be seen that the acid proton has strong
dipolar coupling with the only phosphorus in the a-ZrP, which is consistent with the
observed rigidity of acid proton. Nevertheless, the dipolar coupling between the water
proton and the phosphorus is weaker, as shown by the weak intensity in the 3p.'H
HETCOR NMR spectrum. This weak dipolar coupling could be due to both the higher

mobility of water proton but also the longer distance between the phosphorus and the
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water proton.
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Figure 5-12. 3p.'H HETCOR NMR of a-ZrP, MAS=10 kHz, contact time =3ms

5.3.7 Conductivity of ZrP

Since the information regarding proton dynamics of ZrP provided by solid state
NMR is more suitable for describing short range proton motion, other information for
describing the long range proton motion, such as proton conductivity, is needed. The
proton conductivity of ZrP can be measured using impedance spectroscopy. Figure
5-13 shows the impedance spectra of amorphous ZrP and a-ZrP at 20 °C. The fitting
of the spectrum of a-ZrP is presented in Figure 5-14, which gives the resistance of this
sample, from which the conductivity was obtained. The conductivities for a-ZrP,
anhydrous a-ZrP and amorphous ZrP at different temperatures are presented in Figure

5-13. At 100 °C, the o-ZrP has a conductivity of 5.4X 107 S/cm. According to the
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TGA results in Figure 5-1, the a-ZrP under investigation has ~ 0.83 water molecules
per formula weight. Thus, this conductivity is comparable with the result reported in
the literature, in which the o-ZrP with 0.67 water molecules per formula weight has a
conductivity of 1X 107 S/cm at the same temperature. **! An increase in conductivity
with increasing surface hydration has been observed in literature. ****) However, the
conductivity of a-ZrP reported here would not have significant contribution from
water on its surface, since the water on the surface has been minimized by treating the
a-ZrP in vacuum and the 'H NMR spectra clearly show resonances only for the acid

proton and the proton of crystallization water.
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£ .
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Figure 5-13. Impedance spectra of amorphous ZrP and o-ZrP at 20 °C
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Figure 5-14. An example of fitting the impedance spectrum of o-ZrP to obtain its
resistance. The spectrum was acquired at 20 °C. The obtained resistance is 7.3 MQ.
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Figure 5-15. Conductivity of ZrP at different temperatures. The a-ZrP and
amorphous ZrP were dried in vacuum at room temperature before
measured. The anhydrous o-ZrP was measured after it was prepared by
treating the a-ZrP at 250 °C for 24 hrs.
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Compared with a-ZrP, the amorphous ZrP presents almost one order of
magnitude higher proton conductivity, although they showed similar weight loss of
water below 200 °C in Figure 5-1. It has been reported that the conductivity of a-ZrP
decreases with increasing the structural order. '*! Since the amorphous ZrP would be
expected to have much lower structural order, and consequent higher number of
surface acid —POH groups, its proton conductivity is much higher than that of a-ZrP.
Interestingly, the anhydrous a-ZrP shows one order of magnitude lower proton
conductivity than o-ZrP. This is again consistent with the literature in which the
dehydrated a-ZrP has much lower conductivity than o-ZrP. ! The very low
conductivity for anhydrous a-ZrP may be also explained by our obtained proton
dipolar coupling constants. As discuss above, the acid proton in anhydrous a-ZrP was
found to have lower mobility, based on its strong Dj. Consistently, its proton
conductivity is lower than that of a-ZrP. In Figure 5-15, the fitted activation energy
shows the same trend as the conductivity. The amorphous ZrP presents an activation
energy of 42.5 kJ/mol, which is lower than 47.9 kJ/mol for a-ZrP and 53.1 kJ/mol for
anhydrous o-ZrP. Nevertheless, unlike the amorphous ZrP and the a-ZrP which lose
water near 100 °C, the anhydrous a-ZrP could be better for a proton conductor at

higher temperature since it is stable up to 250 °C.

5.4 Conclusions

The 'H NMR studies indicate that both the acid proton and the water proton in
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o-ZrP are not mobile at room temperature. These protons start to exchange at
temperatures near to 100 °C. Due to the insignificant and/or the slow exchange, its
conductivity does not show a fast increase near this temperature. Compared with the
o-ZrP, the anhydrous o-ZrP presented an even stronger dipolar coupling for the acid
proton, which may be one of the reasons for that the anhydrous a-ZrP has much lower
proton conductivity. In contrast, the amorphous ZrP displayed a much higher
conductivity than o-ZrP. This is due to the network of hydrogen bonds between the
acid proton and the residual water, which allows proton hopping on the surface of
amorphous ZrP. The production of pyrophosphate by condensing monohydrogen
phosphate generally takes place at a temperature above ~ 400 °C. However, with the

presence of strong acid, the pyrophosphate can be obtained even at 160 °C.

The "H NMR studies of ZrP in this chapter will be helpful for the preparation of
Nafion/ZrP composites by choosing the ZrP with faster proton dynamics. It will also
help the understanding of proton mobilities of the composites in the next chapter. In
addition, the information from *'P NMR of ZrP will be useful for understanding the

phosphorus environments in Nafion/ZrP composites.
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Chapter 6

Solid State NMR Spectroscopic Characterization of Nafion/ZrP Composites

This chapter is being prepared for submission to the Journal of Physical
Chemistry C. The co-author is G. R. Goward. My contribution to this chapter includes
writing the initial draft of the manuscript, and all aspects of the experimental work,
including sample preparation of Nafion®/ZrP composites, NMR experiments,
conductivity measurements, and the understanding of changes taken place in the
composites when dried at 160 °C. In this chapter, the NMR experiments show that the
reduced water content in the dried composites results not only in the decreased proton
mobility but also changes in phosphorus environments. Both the conversion of
monohydrogen phosphate into pyrophosphate and the protonation of monohydrogen
phosphate have been observed in composites dried at 160 °C. This resulted in a
significant change in the interaction of Nafion112 and ZrP, which is found here to be
the reason that the composite presented clearly decreased proton conductivity after it

was rehydrated again.

6.1 Introduction

Among many polymer electrolyte membranes (PEMs), Nafion is the one of the

most popular PEMs because of excellent chemical and thermal stability, and proton
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conductivity. ¥ However, the conductivity decreases dramatically at temperatures
above 100 °C due to the dehydration of the PEM. I Moreover, a working temperature
greater than the glass transition temperature of Nafion (~ 110 °C) will result in the
PEM with a poor stability and performance. 681 Since a polymer electrolyte
membrane fuel cell (PEMFC) working at a high temperature has benefits to both
minimizing the catalyst poisoning and improving the electrode kinetics of the oxygen
reduction reaction, 'Y PEMs which can provide acceptable conductivity at high

temperature and low hydration level are desired.

A very promising way to improve the conductivities of PEMs at high
temperatures has been demonstrated by the addition of inorganic proton conductors to
polymer. For example, it has also been reported that the Nafion/ZrP composites
showed a better ionic conductivity than the unmodified Nafion at temperatures greater
than 100 °C. "2 Compared with the dopant of SiO,, the ZrP itself is a proton
conductor. Its acid proton can participate in proton conduction. Therefore, it is

expected to have more contribution to proton conductivity in the resulting composite.

It is believed that the enhanced conductivity could be due to some modifications

of polymer microstructure induced by the filled nano-particles of ZrP, instead of their

[13]

intrinsic proton conductivity. Other authors attributed the difference of

performance between the Nafion and the Nafion/ZrP composite to the stronger ionic
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(14,151 rather than to the additional water adsorbed at the

interaction in the composite,
surface of ZrP. Obviously, these interpretations suggested that more detailed
information regarding the interaction between the polymer and the ZrP is needed in
order to fully understand the observed difference. Solid state NMR can provide us
with this type of information, since it can measure the chemical environments of
nuclei under investigation on the molecular level. For example, the change in the
interaction between protons from both the polymer and the ZrP will result in distinct

'H NMR spectra from which the information regarding the interaction between them

can be extracted.

It has been shown in Chapter 5 that amorphous ZrP has better conductivity than
the a-ZrP and anhydrous o-ZrP. Therefore, in this chapter the amorphous ZrP is
synthesized in-situ in Nafion membranes to prepare Nafion/ZrP composites, rather
than adding a-ZrP in Nafion solution to prepare the composites. Subsequently, the
proton and the phosphorus environments in composites were characterized using 'H

NMR and *'P NMR, respectively.

6.2 Experimental

6.2.1 Preparation of Nafion112/ZrP

Treatment of Nafion112 was performed as follows. Nafion112 was first washed in
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3% H,0; for 1 hour and then washed in distilled deionized water for another hour,
during which time change the water several times. Subsequently, it was washed in 1M
H,SO;4 for 1 hour. Finally, it was again washed in distilled deionized water until a
constant pH was obtained. Nafion112/ZrP composite membranes were prepared
following the procedure reported by Costamagna. (16] The pretreated Nafion112 was
first swollen in MeOH: H,O (V/V) = 1:1 for 2~3 hours. Subsequently the material was
washed in 1M zirconyl chloride solution at 80 °C for variable time, ranging from
2 minutes, to 300 minutes, to control the loading of ZrP. In order to remove excess
zirconium chloride, the membrane was quickly rinsed in distilled deionized water and
then put in 1M H3POjy at 80 °C overnight. Finally, it was washed in distilled deionized
water to remove the excess phosphoric acid. The obtained Nafion112/ZrP composites
are denoted as Nafionl112/ZrP-2, Nafion112/ZrP-10 and Nafion112/ZrP-300 in this

work.

The water content (wt.%) of Nafion112/ZrP composites were determined by the
mass difference of the hydrated sample and the dried sample. Thermogravimetric
analysis was used to determine the mass percentage of ZrP (wt.%) in the dried
composite. It was also used to obtain the mass of residual water to correct the mass of
the dried sample in the determination of water content. For solid state NMR studies,
the composites were dried at temperatures of 105 and 160 °C. The Nafion112/ZrP-300,

which has the highest loading of ZrP in this work, was dried at 160 °C and then
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rehydrated to investigate the stability of this composite. This sample was denoted as

Nafion/ZrP-300 (dried then rehydrated).

6.2.2 '"H NMR

'H solid state NMR experiments were performed on a Bruker AV 500
spectrometer at a 'H Larmor frequency of 500.13 MHz. Both 4 mm and 2.5 mm
diameter rotors were used for Nafion112/ZrP samples spun at 10 kHz and 25 kHz,
respectively. A recycle delay of 3 s was used. The spectra were referenced to
adamantane (1.63 ppm for 'H). Solid state '"H NMR spectra were acquired with a 90°
pulse length of 2.5 ps. Variable temperature experiments were performed in the range
of 300-360K, with the sample temperature corrected to include heating effect arising

from the high-speed MAS. ['7!

6.2.3 'P NMR

3P solid state NMR experiments were performed on a Bruker AV 500
spectrometer at a °'P Larmor frequency of 202.48 MHz. The spectra were referenced
to 85% H3PO4 (0 ppm for 3'P). The recycle delay varies with samples from 60 to 180 s.
A 4 mm rotor was used to spin samples at 10 kHz. The spectra were acquired with a

90° pulse length of 4 ps. In the cross polarization (CP) experiments, the contact time
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varies from 0.5 ms to 6 ms. A recycle delay of 3 s was used. 5120 scans were used to

average the signal.

The separation of undistorted powder patterns by effortless recoupling (SUPER)
experiment was performed at MAS=5 kHz, with a scaling factor x=0.155. !"*'* This
results in an effective spectral width in the indirect dimension of wgr/x=32 kHz. For
the *'P 2n pulses, the pulse strength was set to 60.6 kHz, according to
o(*"P) =12.12 wg_ Proton decoupling during 27 3P pulses was set to ~ 90 kHz. 1 ms

contact time was chosen for the *'P-'H cross polarization.
p

6.2.4 Conductivity measurement

An AUTOLAB PGSTAT30 impedance analyzer was used for impedance
spectroscopy. The instrument was used in potentiostatic mode with an AC potential
amplitude of 0.01 V over a frequency range of 10 to 20,000 Hz. The impedance was
measured over a BekkTech four-probe conductivity cell with two platinum foil outer
electrodes and two platinum wire inner electrodes. The membrane sample in the cell
was cut into a strip which was 0.3~0.5 cm wide and 2~3 c¢m long. The conductivity of
membrane was measured in the longitudinal direction. It can be calculated using the
following equation

c=d/R[-h (6-1)
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where o, d, R, [, A denote the ionic conductivity, distance between the two inner
electrodes, the measured resistance of the membrane, the width of the membrane, and
the thickness of the membrane, respectively. **?!! The samples were equilibrated for
several hours in a humidity chamber before conductivity measurement. This
equilibration time was found to be sufficiently long for the four-probe cell
configuration, since the membrane is entirely exposed to the environment in the

humidity chamber.

6.3 Results and discussion

6.3.1 Water content in Nafion112 and Nafion112/ZrP composites

Although the water content of polymer electrolyte membranes is generally not
directly correlated to their proton conductivities, especially for polymer electrolyte

(22231 the water content indeed strongly influence

membranes from different families,
their conductivities. Thus, the water content of fully hydrated Nafion112 and
Nafionl12/ZrP composites were measured and presented in Table 6-1 as this is
essential for a correct comparison of their conductivities. It can be seen from this table
that the 9.2% loading of ZrP results in the Nafion112/ZrP composites with water

content higher than that of the unmodified Nafion112. However, the composite with

4.1% loading of ZrP presents water content lower than the unmodified Nafion112.
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Since adding ZrP in Nafion112 will change the interactions of polymer chains, these
results suggest that the higher loading of ZrP could cause the larger change in their
interactions which allows higher water uptake for the composite. In contrast, the lower
loading of ZrP may minimally influence the interaction, in which case the added ZrP
will fill some of the free volume in Nafionl12. Therefore, the water content is lower
for composites with low loading of ZrP. Surprisingly, the Nafion112/ZrP-300 (dried
then rehydrated) sample shows much lower water content, although the loading of ZrP
is almost same. This should be also ascribed to the change in the interaction of
polymer chains, resulting from the change induced in ZrP by the heat treatment, which

forms a compact structure (see below *>'P NMR results).

Table 6-1. The water content in Nafion112 and Nafion112/ZrP composites at room

temperature. The mass percentage of ZrP was determined for the dried composites

Nafionl12 | Nafionl12 | Nafion112 | Nafion112/ZrP-300
Sample | Nafionl12
/ZrP-2 /ZrP-10 /ZrP-300 | (dried then rehydrated)
H,0 (%) 19% 15% 21% 27% 12%
ZrP (%) - 4.1% 6.8% 9.2% 8.7%

(The error bars for HyO (%) and ZrP (%) are about 1% and 0.2%, respectively.)
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6.3.2 "H NMR of Nafion/ZrP composites

As shown by equations (3-2) and (3-3) in Chapter 3, the dependence of proton
linewidth on temperature can be used to fit the activation energy for proton transport
in polymer electrolyte membranes. This dependence of linewidth on temperature was
also observed for the hydrated Nafion112/ZrP composites. Figure 6-1 shows In T, as
a function of 1000/T for hydrated Nafion112 and Nafion112/ZrP composites. The
fitted activation energies are presented in Table 6-2. The linewidths of
Nafion112/ZrP-2 were not obtained as the proton resonance presented as several
partially overlapped proton resonances which do not allow to be fitted as a single
proton resonance. This could be due to distinct proton environments caused by the low

loading of ZrP in the composite.

= Nafion112
A6k ® Nafion112/ZrP-10
! A Nafion112/ZrP-300
58 v Nafion112/ZrP-300
(dried then rehydrated)
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Figure 6-1. Dependence of T,  on temperature for fitting activation
energy of Nafionl12 and Nafion112/ZrP composites. The T,  was
calculated from spectra under MAS=10 kHz.
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Table 6-2. The activation energy for proton transport in hydrated Nafionl12 and

Nafion112/ZrP composites with different loadings of ZrP

Nafionl12 Nafionl12 Nafion112/ZrP-300
Sample Nafion112
/ZrP-10 /ZrP-300 (dried then rehydrated)
Ea (kJ/mol) | 11.7£0.5 6.2+0.2 6.1£0.2 8.6+0.3

The Ea for hydrated Nafion112 in Table 6-2 is quite similar to that in Chapter 3.
The small difference is attributed to different errors for temperature corrections of
rotor at different spinning speeds (The linewidth in Chapter 3 for Nafion112 was at
MAS = 5 kHz). It can be seen clearly that all the composites present lower activation
energy than unmodified Nafion112. This suggests a weaker dependence of proton
mobility on temperature. Interestingly, the Nafion112/ZrP-10 and Nafion112/ZrP-300
have almost same activation energy, despite the fact that they have different water
content and loadings of ZrP. However, a clear difference was observed for the
Nafion112/ZrP-300 including samples that underwent subsequent drying and
rehydration. Since the phosphorus environment in the composites was changed after
treatment (see 3p NMR below), this could be related to the changed in structure of

ZrP.

In the dried composites, residual water plays an important role in influencing the
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linewidth of the proton resonance. Figure 6-2 shows the 'H NMR of
Nafion112/ZrP-300 which was dried at 105 °C. The linewidth, which is greater than
400 Hz at MAS=25 kHz, results from strong dipolar coupling between the acid proton
of Nafion, the acid proton of ZrP and the residual water (observed from TGA
experiments), indicating much reduced proton mobility. For composites treated at
higher temperature, such as 160 °C, even broader linewidths were observed and the
proton resonances shifted to higher frequency due to further reduction of water
content. However, since the maximum working temperature for the NMR probe in this
project is limited to 380 K, the information regarding proton dynamics of Nafion/ZrP
at higher temperatures was not obtained. That information would be very helpful for
understanding the better proton conductivity of the composites than the unmodified
Nafion under high temperatures, and is planned in future work, which will require use

of a probe and spectrometer outside McMaster.

T T T T T T T T T T T

10 8 6 [ppm]

Figure 6-2. "H NMR of Nafion112/ZrP-300 dried at 105 °C, MAS=25 kHz
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6.3.3 *'P NMR of the Nafion/ZrP composites treated at variable temperatures

Although the NMR probe does not allow the measurement of proton dynamics at
higher temperatures, it can still measure the altered phosphorus environments for
composites treated at higher temperatures. Figure 6-3 shows the *'P NMR of
Nafion112/ZrP-300 composites, which have been treated under different temperatures.
The spectrum in Figure 6-3(a) is very similar to the spectrum of amorphous ZrP
shown in Figure 5-9(a). Therefore, the assignment of the resonances is straightforward.
The peak at ~ -22 ppm is attributed to the phosphorus which bonds with three
zirconium atoms and one hydrogen atom through oxygen (denoted as HOP(OZr);).
This phosphorus site has the similar structure to a-ZrP. The other two resonances with
much weaker intensities at ~ -14 ppm and ~ -28 ppm are assigned to phosphorus
bonding with two and four zirconium atoms through oxygen, respectively. Thus, they
are denoted as (HO),P(OZr), and P(OZr)s, respectively. The two phosphorus sites
could result from the y-ZrP in which the zirconium is octahedrally coordinated with
four oxygen atoms of a phosphate group and two oxygen atoms of a dihydrogen

phosphate group. %!
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Figure 6-3. *'P NMR of Nafion112/ZtP (Shrs) treated at (a)
room temperature (b) 105 °C (¢) 160 °C, MAS=10 kHz
Clearly, the amorphous ZrP (in Figure 5-9(a)), the hydrated Nafion112/ZrP and
the Nafion112/ZrP treated at 105 °C (in Figure 6-3(b)) showed very similar *'P NMR
spectra, suggesting that they have very similar phosphorus environments. However,
after the composite was treated at a temperature of 160 °C, a large change of
phosphorus environments was observed, as shown in Figure 6-3(c). In Chapter 5, it
was observed that the sulfuric acid treated amorphous ZrP showed both the conversion
of HOP(OZr); into pyrophosphate and the protonation of HOP(OZr)s after it was dried

(26.27] the observed large

at 160 °C. Since the Nafionl12 also has strong acidity,
change in phosphorus environments is attributed to the role of these sulfonic acid

groups. Namely, in the dried Nafion112/ZrP composite, the acid proton of Nafion112

helps the conversion of HOP(OZr)s into pyrophosphate and protonates the HOP(OZr)s.
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Therefore, the resonance at ~ -33 ppm is assigned to the pyrophosphate. The
resonance at ~ -14 ppm and ~ -5 ppm are attributed to the singly and the doubly
protonated monohydrogen phosphates (denoted as protonated (HO)P(OZr)s) by the
acid proton of Nafionl12, respectively. However, the protonation of monohydrogen
phosphate did not take place in the composite which dried at 105 °C. This is due to the
higher concentration of residual water molecules which hydrate the acid proton of

Nafionl12.

The above assignment is further confirmed by the *'P-'H CPMAS NMR
experiments. The spectra are shown in Figure 6-4, together with the *'P NMR
spectrum as a comparison. It can be seen that the resonance assigned to pyrophosphate
did not show intensity in the spectra with both short and long contact times, indicating
that the phosphorus is far from the protons. The resonance at ~ -14 ppm presented
stronger and weaker intensity than the one at ~ - 23 ppm in the spectrum with short
and long contact time, respectively. This implies that the phosphorus at ~ -14 ppm
could have stronger dipolar coupling with the proton than the one at ~ - 23 ppm,
which should be attributed to the protonation by the acid proton of Nafionl12.
Nevertheless, the similar trend is not clear for the resonance at ~ - 5 ppm, due to its

very weak intensity and low ratio of signal to noise in Figure 6-4(a).
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Figure 6-4. >'P NMR of Nafion/ZrP treated at 160 °C, MAS=10 kHz.

(a) *'P NMR (b) *'P-'"H CPMAS, contact time =lms, (c) *'P-'H
CPMAS. contact time=6ms

Surprisingly, after the Nafion112/ZrP composite, which has been dried at 160 °C,
was rehydrated, only a single phosphorus resonance was observed. From Table 6-1, it
can be seen that the ZrP % in the dried Nafion112/ZrP (Shrs) composite before and
after rehydration remains almost unchanged. Therefore, the disappearance of some
phosphorus sites indicates some conversion between them and the other phosphorus
site rather than loss by hydration. The phosphorus sites, which have been assigned to
the protonated monohydrogen phosphate, converted into monohydrogen phosphate
due to the rehydrated acid proton of Nafionl112 which is unable to protonate the
phosphate group. This is similar to the absence of protonated monohydrogen

phosphate in the composites which was dried at 105 °C. However, the disappearance
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of the resonance at ~ -33 ppm is due to the hydrolysis of pyrophosphate which
produces the monohydrogen phosphate. (28] Interestingly, after this rehydrated sample
was subjected to be dried at 160 °C again, the resonances for the protonated
monohydrogen phosphate and the pyrophosphate were not seen clearly in
Figure 6-5(b), which is consistent with a possible morphology change which took
place during the rehydration of the dried composite. This is consistent with the
literature in which the surface area of the rehydrated ZrP has reduced significantly and
is more compact. **! Therefore, the protonation and the conversion of monohydrogen
phosphate were restricted in the Nafion112/ZrP-300(dried then rehydrated) when it
was redried again, due to the reduced accessibility of the acid proton of Nafionl12 to

the surface of ZrP.

(b)

(a)
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Figure 6-5. *'P NMR of Nafion/ZrP-300, MAS=10 kHz, (a) dried
then rehydrated (b) dried then rehydrated and redried
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The phosphorus environments in the composite were also investigated using a 2D
3'P SUPER NMR experiment. The spectrum is shown in Figure 6-6. The chemical
shift anisotropy (CSA) of different phosphorus sites in the composite can be achieved
by extracting the columns at their isotropic chemical shifts in the F2 dimension.
Subsequently, the CSA spectra can be fitted to give chemical shift tensors for these
different phosphorus sites. However, since no intensity was observed for the
resonance at ~ - 5 ppm at ~ - 33 ppm in this spectrum, the spectra for fitting CSA were
only extracted for the resonances at ~ - 14 ppm and ~ - 22 ppm. They are shown in
Figure 6-7, together with the *'P-'H static CP spectrum of a-ZrP. The CSA
information for these phosphorus sites, which was obtained by fitting these spectra, is
presented in Table 6-3. The amorphous ZrP was not measured here. Since the
amorphous ZrP shows the very similar *'P spectrum in Figure 5-10(a) (both chemical
shifts and relative ratio of different phosphorus sites) to that of ZrP in Nafion/ZrP
composites, they should have very similar CSA parameters as well. It can be seen in
Table 6-3 that the phosphorus with the structure of HOP(OZr); in the composite has
CSA parameters similar to those of a-ZrP, which suggests a similar structure.
However, the phosphorus of the protonated HOP(OZr); in the composite has quite
different CSA parameters. This indicates that the acid proton of Nafionl112 has

significantly changed the phosphorus environment of HOP(OZr); by protonation.
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Figure 6-6. the unsheared SUPER spectrum of Nafion/ZrP-300
under MAS=10 kHz and with contact time = 1.5 ms.
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Table 6-3. The CSA parameters of phosphorus in a-ZrP and Nafion112/ZrP-300

Types of | Asymmetry Oiso A1 022 033
Samples
Phosphorus n (ppm) | (ppm) | (ppm) | (ppm)
Protonated
Nafion112/ 0.58 -14.7 49 -18.8 -30.1
HOP(OZr)3
ZrP -300
HOP(OZr);3 0.25 -22.0 6.8 -32.8 -40.0
a-ZrP HOP(OZr);3 0.23 -18.8 6.5 -28.6 -34.4
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Figure 6-7. 3P chemical shift anisotropy of ZrP for (a) the resonance at
~ -14 ppm in Nafion112/ZrP-300, MAS= 5 kHz (b) the resonance at ~
-22 ppm in Nafion112/ZrP-300, MAS=5 kHz (c) a-ZrP, the spectrum
was acquired from a static *'P-"H CP experiment.
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6.3.4 Conductivity of Nafion112 and Nafion112/ZrP composites

The conductivity data of Nafion and Nafion/ZrP composites have been reported
elsewhere. [ Their conductivities were also measured in this work to correlate to
the above NMR information. The data is shown in Figure 6-8. It can be seen clearly
that all the composites have lower proton conductivity than the unmodified Nafion112
under different relative humidity at 35 °C, although some of these composites
exhibited higher water content in Table 6-1. Among the composites with different
loadings of ZrP, the Nafion112/ZrP-300, which has displayed the highest water
content, does not show the highest conductivity. Clearly the observed difference in
water content does not explain their difference in conductivity. Moreover, the lower
activation energy for proton transport in composites determined by solid state NMR
does not help for understanding their conductivity differences. However, in the case of
Nafion112/ZrP-300 (dried then rehydrated), the lower conductivity, compared with
that of Nafion112/ZrP-300, could be interpreted by the altered structure of ZrP which

results in different interactions between Nafion112 and ZrP.
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Figure 6-8. Conductivity of Nafionl12 and Nafionl12/ZrP

composites under different relative humidity at 35 °C

6.4 Summary

The studies in this chapter demonstrated that in dried composites, the reduced

water content in the composites results in not only the decreased proton mobility but

also significant changes in phosphorus environments. For composites dried at 160 °C,

both the conversion of monohydrogen phosphate into pyrophosphate and the

protonation of monohydrogen phosphate have been observed. This caused a

significant change in the interaction of Nafionl12 and ZrP, which is one of reasons

that the composite presented clearly decreased proton conductivity after it was

rehydrated again.
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Compared with the hydrated Nafion112, all hydrated Nafion112/ZrP composites
show lower proton conductivity at 35 °C. This difference can neither be explained by
their water content nor the activation energy for proton transport. In the future, further
experiments for studying the Nafion112 and Nafion112/ZrP composites by both solid
state NMR and impedance spectroscopy at high temperatures will be helpful to have

an overall understanding these observations.
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Chapter 7

Proton Dynamics of S-PEEKSs

This chapter has been published on J. Membr. Sci. (2008, 319, 238-243). The
co-authors are C. M. Mills and G. R. Goward. The manuscript was initially prepared
by me. Then it was revised by me and G. R. Goward for submission. My contribution
to this paper includes the sample preparation, NMR experiments, conductivity
measurements, and the understanding of conductivity difference of S-PEEKSs. In this
chapter, Proton mobilities of S-PEEK membranes with variable degrees of sulfonation
(DS), and of S-PEEK membranes cast from different solvents were studied using high
resolution solid state '"H MAS NMR. Both single and multiple proton resonances were
observed in hydrated S-PEEKs with different DS. This suggests distinct acid proton
environments resulting from an uneven distribution of water to sulfonic acid protons
in these S-PEEK membranes. For S-PEEK membranes cast from different solvents,
stronger polymer chain interactions were observed in S-PEEK from
N,N-dimethylformamide (DMF) than in those from N,N-dimethylacetamide (DMAc)
and dimethylsulfoxide (DMSO). The NMR results were used to understand the

conductivity difference of these S-PEEKSs, combining with their water content data.

7.1 Introduction

The studies of polymer electrolyte membrane fuel cells (PEMFC) are being given

global attention because of increasing environmental concerns. As a commercial
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product, Nafion® is a very popular polymer electrolyte membrane because of its
excellent conductivity and chemical stability. " * However, Nafion also has some
drawbacks, such as high cost, limited working temperature, and methanol cross over.
B-5) These problems can be reduced with hydrophilic additives, such as silica L
superacid zirconium ' and zirconium phosphate, ) which provide hydrogen-bonding
sites for water retention and proton transportation in the resulting composites. An
alternative way to deal with the drawbacks of Nafion is to use fluorine-free or partially
fluorinated membranes as substitutes for Nafion or Nafion-like membranes. ['*'%
Among many fluorine-free polymers, the sulfonated aromatic polymer polyether ether
ketone (PEEK) has received much attention since it has good chemical stability and
mechanical properties, and the conductivity improves with increasing degree of
sulfonation (DS). ['"*'¥ Although Sulfonated PEEK (S-PEEK) with a very high DS is
desirable because of its high proton conductivity, this causes deteriorated mechanical
strength due to the high water content and consequent high swelling of the membrane.
This implies that a proper degree of sulfonation is crucial for both good proton
conductivity and favorable membrane strength. Consequently, it is necessary to have a

detailed understanding of the dependence of proton conductivity on the degree of

sulfonation.

The conductivities of S-PEEKs have been reported. '*'*) The water content of

S-PEEKs is usually presented in these studies to discuss proton conductivity
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differences. Generally, the proton conductivity of different families of polymers does
not directly correlate with either water content or ion exchange capacity. %%
Moreover, even in the same polymer family, the proton exchange membranes
prepared by different methods, such as using different casting solvents, present large
conductivity differences For example, the S-PEEK (DS=79%) cast from DMAc
presents conductivity one order of magnitude higher than that of the S-PEEK with
same DS but cast from DMF, although they both have similar water content. *) Such
an effect cannot be explained by water content in the samples. Therefore, we

investigate here the influence of different casting solvents on the solid-state proton

NMR spectra of the S-PEEK membranes

Solid state NMR of proton exchange membranes provides useful information
on local proton environments at the molecular level and provides a better
understanding of their conductivity differences. In this chapter, we studied S-PEEK
membranes with variable degrees of sulfonation and membranes cast from different
solvents by solid state 'H MAS NMR. Variable temperature NMR experiments were
performed to investigate the mobilities of sulfonic acid protons and polymer
backbones. The proton conductivities of these samples measured by AC impedance

spectroscopy are discussed in the context of the NMR results.
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7.2 Experimental

7.2.1 Preparation of S-PEEK membranes

Commercial PEEK (Grade 450P, Victrec Company) was dissolved in 98% H,SO4
at room temperature. In intervals of tens of hours, samples were taken periodically
from the mixture and dropwise added to ice water with strong agitation. The residual
acid in the polymer precipitates was removed by washing in ice water until constant
pH was obtained. After drying, the polymer appeared as beads. Determination of the
DS of S-PEEK was performed by solution-state NMR of the materials dissolved in
DMSO-ds. ** The S-PEEKSs with sulfonation time of 73hrs, 120hrs, 144hrs, 263hrs
and 577 hrs were determined to have DS of 58%, 68%, 72%, 86% and 95%,
respectively. S-PEEK membranes were prepared by dissolving the S-PEEK beads in
solvents including N,N-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc)
and dimethylsulfoxide (DMSO), and then casting the solutions onto glass. In this
paper, all S-PEEK membranes were prepared using DMSO unless a different solvent
is indicated. After drying, the membranes were first washed in distilled water to
remove the solvent. Then for the sake of comparison, the S-PEEK membranes were
purified using an analogous method to that reported for Nafion. ** Due to the high
solubility of S-PEEK in water at high temperature, the heating step was excluded. The

S-PEEK was first washed in 3% H,0, for lhr at room temperature, while stirring.
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Subsequently, it was rinsed with distilled water every 15 minutes for lhr. It was then
washed in 1M H,SOj4 for 1hr at room temperature. Finally it was washed with distilled
water at room temperature until constant pH was obtained. The membrane was stirred
throughout the entire process. The water content of the hydrated membrane was
measured by the weight difference of the hydrated sample and the dried sample. The
weight of the dried samples was corrected to remove the contribution of the mass of
residual water by using the peak areas of the sulfonic acid protons and the aromatic
protons obtained from the decomposition of the "H NMR spectra. ** This correction
of mass of residual water in the dried sample can be done based on integration of
spectra acquired at variable temperatures, which was used to calculate the error bar of
water content. Samples for solid-state NMR measurements were first hydrated by
soaking in water, and then surface-dried using a Kimwipe, before packing in the NMR
rotors. The NMR rotors are well sealed, as observed in the constant chemical shift

(which is highly sensitive to relative humidity) during the measurements. ¥

7.2.2 'TH NMR

Solid-state 'H NMR experiments were performed on a Bruker AV 500
spectrometer at a 'H Larmor frequency of 500.13 MHz. A 2.5 mm rotor was used to
spin the samples at 25 kHz. A recycle delay of 3 s was used. The spectra were

referenced to adamantane (1.63 ppm for 'H). The spectra were acquired with a 90°
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pulse length of 2.5 pus. Variable temperature experiments were performed in the range
of 300-370K, with the sample temperature corrected to include the heating effect
arising from the high-speed MAS. ! The decomposition of the S-PEEK 'H MAS
NMR spectra was performed by DMFIT software to determine the peak areas of the

sulfonic acid protons and the aromatic protons. *°!

7.2.3 Conductivity measurements

The proton conductivity of the membranes was measured by AC impedance
spectroscopy using a BekkTech four-probe conductivity cell with two platinum foil
outer electrodes and two platinum wire inner electrodes. *”) The membrane samples
were cut into strips 0.3~0.5 cm wide and 2~3 cm long. An AUTOLAB PGSTAT30
impedance analyzer was used for impedance spectroscopy. The instrument was used
in the potentiostatic mode with an AC potential amplitude of 0.01 V over a frequency
range of 10 to 20,000 Hz. The conductivity is calculated using the following equation

c=d/R 1[I -h (7-1)
where o, d, R, [, h denote the ionic conductivity, distance between the two inner
electrodes, the measured resistance of the membrane, the width of the membrane, and
the thickness of the membrane, respectively. The samples were equilibrated overnight
at 35 °C (the lowest stable temperature) in a humidity chamber (model 9000, VWR)

with variable relative humidity and then measured in the chamber. This equilibration



Chapter 7 Ph. D. Thesis —G. Ye = McMaster — Department of Chemistry 202

time was found to be sufficiently long for the four-probe cell configuration, since the

membrane is entirely exposed to the environment in the humidity chamber.

7.3 Results and discussion

7.3.1 S-PEEK membranes with variable DS prepared using DMSO

In order to compare and understand the mobility of sulfonic acid protons in
S-PEEKSs, it is necessary to eliminate the solvent used for membrane preparation. The
existence of residual solvent can be easily identified by 'H MAS NMR. In Figure
7-1(a) the methyl protons of the DMSO solvent are clearly observed at 2.3 ppm for the
dried S-PEEK which was not washed with water after casting from DMSO. The other
two resonances at ~ 8.5 ppm and ~ 6.9 ppm are assigned to sulfonic acid protons and
aromatic protons, respectively. The residual methyl proton signal suggests that drying
S-PEEK at 105 °C, the usual way to prepare membranes for conductivity

12,23 can not

measurements as seen in literature although the temperature may vary,
efficiently remove the DMSO solvent. In Figure 7-1(b) the dried sample which has
been washed in H>O does not show any DMSO signal. These results are not surprising
since the DMSO solvent has a high boiling point of 189 °C and is miscible with water.

These results indicate that water-washing is an efficient way to remove the casting

solvent. Nevertheless, this is not a standard step in membrane preparation for
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conductivity analysis. Residual solvent was also observed for membranes cast from
DMF and DMACc that were analyzed unwashed, as these solvents both have high
boiling points and are miscible with water. Therefore, all membranes in this study,

after preparation, were washed in water to remove residual solvent.

It has been reported that the proton conductivity of S-PEEK improves with
increasing degree of sulfonation. This is generally attributed to the direct increase in
the sulfonic acid protons, which allows higher water content for proton transportation.
By measuring the water content of hydrated S-PEEK membranes, we can calculate the
molar ratio of HyO/-SO3H (denoted as N waer/ acid proton) i the samples. The results are
shown in Table 7-1. The S-PEEK membranes prepared using DMSO show increased
N water / acid proton With increasing DS, which is consistent with literature. (19, 23] The
water content of the S-PEEK (DS=95%) was not measured because the large degree
of swelling prevented water on the surface of the membrane from being adequately
removed, such that an accurate mass could not be obtained. It is expected that S-PEEK
(DS=95%) has a higher N ywater/acid proton Value than S-PEEK (DS=85%) as it is a highly
swollen membrane. Unfortunately, these measured ratios by weight indicate only an
average value of N water / acid proton OVer the entire sample. They do not provide any
information on the distribution of water to acid proton sites at the molecular level in
the membrane, which is very important in determining morphology and the pathways

of proton conductivity.
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Figure 7-1. "H NMR of S-PEEK (DS=72%), dried at 105 °C (a) without
being washed by H,O. (b) washed by H,O before drying at 105 °C

The '"H NMR spectra shown in Figure 7-2 provide information about the
distribution of H,O to acid proton values in the membrane. This is non-uniform, as

[24]

will be discussed below, and contrasts strongly with Nafion " which has a uniform

distribution.

Table 7-1. Calculated molar ratio of H,O/-SO3;H for hydrated S-PEEK membranes

Casting Solvent | DMSO DMSO DMSO DMF DMAc
Degree of
58% 72% 86% 72% 72%
Sulfonation

Water content
12.240.3 20.610.6 27.4+1.8 13.1+£0.3 13.4+0.3

(H,0/-SO:H)
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Figure 7-2. "H NMR of hydrated S-PEEKs with variable DS at ambient temperature.
Spectra were scaled to show the same intensity for the strongest peak in each sample.

In general, the fully hydrated S-PEEKs with higher DS show lower chemical
shifts for the sulfonic acid protons. This is due to the increased water content with
increasing DS. When more water is available for proton exchange with acid protons,
the overall proton resonance moves toward the chemical shift of the water proton
resonance itself and the exchange process is more rapid which, in general, narrows the
resonance peaks. Thus, it is not surprising that the S-PEEK (DS=95%) shows a very
sharp peak which is very close to the proton resonance of pure water. The extremely
weak relative intensity of the aromatic proton in this sample, unobservable in this
figure after the spectrum was scaled, is consistent with a very high water content. A

more important difference between the S-PEEKs, observable in Figure 7-2, is that
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S-PEEKs (DS=72% and 86%) show multiple acid proton resonances but S-PEEKs
(DS=58% and 95%) show only a single acid proton resonance. This indicates that the
former have multiple acid proton environments but the latter do not. Therefore, the
S-PEEK (DS=58% and DS=95%) materials, considered individually, have similar
environments throughout the sample for the N water / acid proton, but the S-PEEK
(DS=72% and DS=86%) have multiple environments for the N water / acid proton-
Moreover, for these hydrated samples, the observed multiple acid protons, (6 ~ 5.9
ppm and & ~ 5.3 ppm) do not show any proton exchange in our '"H EXSY NMR
experiments (data not shown). The down-field shifted acid protons at =5.9 ppm are
associated with a relatively smaller number of water molecules than those at 6=5.3
ppm, and the lack of proton exchange between these two sites limits the overall proton
mobility of the sample. The high water content of S-PEEKs (DS=72% and DS=86%)
are conducive to higher overall proton mobility compared to S-PEEK (DS=58%), but
the bulk conductivity differences between them are restricted by the very
heterogeneous sulfonic acid proton environments in the DS=72% and DS=86%

materials. This is confirmed below by our conductivity data.

Since increased operating temperatures for proton exchange membranes are
desirable, information on proton dynamics of S-PEEKs at high temperatures is needed.
Variable temperature '"H MAS NMR experiments provide this information. Figure 7-3

shows the '"H NMR spectra of hydrated S-PEEKs with variable DS at 370K. The
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S-PEEK (DS=58%) in Figure 7-3 still shows a single sulfonic acid proton resonance
at high temperature. But for the hydrated S-PEEKs with higher DS (DS=72% and
86%) the linewidth of the sulfonic acid proton becomes narrower and a new proton
resonance appears at ~ 4.3 ppm. This resonance is assigned to free water due to its

very high mobility indicated by its sharp peak and also by its low chemical shift.

DS=86%

DS=72%

DS=58%
L T B A i) Ea R Je e HEM B T M R B

10 8 6 4 2 [ppm]

Figure 7-3. "H NMR of hydrated S-PEEKs with variable DS at 370K

The S-PEEKSs (DS=72% and 86%) show two resolved resonances at ~ 7.1 ppm
and ~6.4 ppm in Figure 7-3. They are assigned to the aromatic protons. Using the
liquid NMR spectrum of S-PEEK (24] a5 a reference, the aromatic proton resonances at
~ 7.1 ppm are assigned to protons bonding to carbons adjacent to the carbonyl
groups of S-PEEK. The resonance at ~ 6.4 ppm is assigned to all the other aromatic
protons. This assignment was further confirmed by variable temperature NMR spectra

of S-PEEK membranes which were treated with NaOH solutions. The spectra are
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shown in Figure 7-4. Since there are no acid protons left in the NaOH-treated
S-PEEKSs, the two resolved proton resonances centered near ~ 7 ppm for S-PEEK
(DS=86%) at 370K in Figure 7-4 must be from the aromatic protons. The
NaOH-treated S-PEEK (DS=58%) does not show resolved aromatic proton
resonances at the same temperature, confirming the relatively higher rigidity of its
backbone compared to S-PEEK (DS=86%). The appearance of resolved aromatic
proton resonances in Figure 7-3 and Figure 7-4 indicates that the fully hydrated
S-PEEKs with higher degrees of sulfonation have more mobile polymer chains and
that the interactions between polymer chains must be weaker compared to S-PEEKs
with lower degrees of sulfonation. Furthermore, as seen in Figure 7-4, these
differences are more evident in NMR spectra obtained at high temperature compared

to spectra acquired at room temperature.

DS=86%. 370K

DS=86%. RT

DS=58%, 370K

DS=58%, RT

|

T R R B T SE S B o A SR e i e i R o= s i o T

12 10 8 6 4 [ppm]

Figure 7-4. "H NMR of hydrated S-PEEK (DS=58% and 86%) treated
by NaOH (aq), then washed until a constant pH was obtained
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7.3.2 S-PEEK membranes prepared using DMF and DMAc¢

Perhaps not surprisingly it has been reported that S-PEEK membranes prepared
from different solvents exhibit different proton conductivities. For example, the
membrane prepared using DMF shows very low conductivity, compared with those
with the same degree of sulfonation but cast from DMAc or DMSO. (28] Solid state
NMR studies of these membranes reveal the molecular level details responsible for
these differences. Figure 7-5 (a) shows the room temperature spectra of S-PEEK
membranes cast from DMF, DMAc, and DMSO. It can be seen that the S-PEEK
membranes prepared using DMF and DMAc show sulfonic acid proton resonances
narrower than those of the membrane prepared from DMSO. These differences can be
correlated with the specific water contents of these membranes. As seen in Table 7-1,
the S-PEEK (DS=72%) from DMSO has a much higher N water / acid proton Value than
those from DMF and DMAc. Since all these membranes have the same degree of
sulfonation, this indicates that casting solvents can change not only the average water
content but also the environments of the water molecules and acid protons. Both
factors are important for overall proton mobility, and therefore proton conductivity.
From the spectra acquired at 370K shown in Figure 7- 5(b), it can be observed that the
membranes prepared from DMAc and DMSO display higher backbone mobility,
indicating weaker polymer chain interactions, than membranes prepared from DMF

since the resolved aromatic proton resonances are not seen in the latter. All solvents
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have been removed from these S-PEEK membranes. Therefore, the distinct mobility
differences of the polymer backbones observed between these membranes indicates
that the casting solvents can change the interactions of the polymer chains. However,

the differences between membranes cast from DMAc and DMSO are not obvious.

(a) (®)

From DMF From DMF

From DMAc

From DMAc

From DMSO From DMSO
L B il [ i AL [ B RS R S B (N LI e e e e i e S B B e e e e e
12 10 8 6 4 2 [ppm 12 10 8 6 4 2 [ppm]

Figure 7-5. 'H MAS NMR of hydrated S-PEEK (DS=72%) cast from DMF, DMAc
and DMSO solvents. Spectra acquired at (a) room temperature (b) 370K

Another distinguishing difference observed for the membrane from DMF is that it
does not show any free water even at 370K, but membranes prepared from both
DMSO and DMAc do. Since membranes prepared using DMAc and DMF have
almost same N water / acid proton, this difference could result from the stronger polymer
chain interactions in the membrane from DMF. The correctness of this interpretation
is furthered by the observation that in Figure 7-3 and Figure 7-5(b) the appearance of

free water is consistently correlated with the presence of well-resolved aromatic
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protons which implies mobile polymer backbones and weaker interactions between

polymer chains.

7.3.3 Proton conductivity of S-PEEKSs

Although the solid state 'H MAS NMR spectra provide useful information
regarding the S-PEEK membranes, the proton conductivity data are required for the
selection of a useful polymer electrolyte membrane. These data are shown in Figure
7-6 and Figure 7-7. As can be seen in Figure 7-6, the S-PEEKSs prepared using DMSO
solvent show increased proton conductivity with increasing degree of sulfonation and
relative humidity, which is consistent with literature. "> It is generally accepted that
the increased sulfonic acid protons allow higher water content, therefore faster proton
motion resulting in higher proton conductivity. Thus, in Figure 7-6 the conductivity of
S-PEEK shows a large increase when DS changes from 58% to 68%. Nevertheless,
when DS increases from 72% to 86%, the conductivities of S-PEEKs do not show
much difference, although a large increment of water content has been observed. This
could be due to the same-sample widely varying environments for the N water/ acid proton
in these two S-PEEK membranes, as has been discussed. Since the mechanical
strength deteriorates with increasing DS, the conductivity data also suggest that

S-PEEKSs with DS no higher than 72% will be best for PEMFC applications.
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Figure 7-6. Conductivity of S-PEEKSs with variable DS cast from DMSO
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Figure 7-7. Conductivity of S-PEEK (DS=72%) prepared from different solvents
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Based on literature and our solid state NMR studies, it is anticipated that the
casting solvents used to prepare S-PEEK membranes will play a crucial role in
determining macroscopic conductivity. In Figure 7-7, the S-PEEK from DMF shows
lower proton conductivity than the S-PEEK membrane with same degree of
sulfonation but cast from DMAc. Membranes prepared from DMAc and DMSO show
similar conductivity at high relative humidity. Literature indicates that S-PEEKs with
the same degree of sulfonation, cast from DMF or DMAc, show one order of
magnitude of conductivity difference. "'” This large difference was ascribed by the
authors to the hydrogen bond formed between the DMF solvent and the sulfonic acid
proton, which results in the lower number of available acid protons for conductivity in
the S-PEEK cast from DMF. Nevertheless, the conductivity data in Figure 7-6 and
Figure 7-7 were obtained from samples that were washed before measurement and the
influence of any residual solvents has been minimized. Thus, the conductivity
difference observed in this study can not be attributed to the same reason as cited in

the literature.

According to the water content data in Table 7-1, the S-PEEKSs prepared
from DMF and DMACc are very similar. Both of them have water content much lower
than that of S-PEEK by DMSO. The conductivity differences cannot be readily
explained by the water contents of the membranes even if all these membranes are in

the same polymer family. From our solid state NMR studies, the S-PEEK from
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DMF shows stronger polymer chain interactions than S-PEEKs from DMSO and
DMAc. This strong interaction contributes to lower proton mobility, and therefore
lower proton conductivity. It has been reported that DMF forms hydrogen bonds with
sulfonic acid protons during membrane preparation but DMAc does not. 9] Since
both solvents were removed from our membranes prior to our conductivity
measurements, this could indicate that differences in polymer chain interactions
remain, even if the solvent has been eliminated, causing conductivity differences.
Therefore, the choice of casting solvent can influence polymer packing and membrane
morphology, even after that solvent has been removed. Thus, choosing a solvent with
minimal hydrogen bonding character encourages a looser packing of the polymer

chains, which is conducive to increased local dynamics and proton transport.

7.4 Conclusions

The fully hydrated S-PEEKs show single or multiple sulfonic acid proton
environments, depending on their degree of sulfonation. When the degree of
sulfonation is as low as 58% or as high as 95%, the single acid proton environment in
the S-PEEKS is relatively uniform throughout the membrane. The low or high water
content cause this micromorphology. Multiple acid proton environments exist in the
fully hydrated S-PEEK with degrees of sulfonation equal to 72% or 86%, i.e., there is
a large variation of N yater / acid proton  Values throughout an individual membrane.

This could be one of the reasons for the small proton conductivity difference between
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them at high relative humidity. The small conductivity difference between S-PEEKs
prepared using DMSO and DMACc could also be attributed to a broad distribution of N
water / acid proton  Values in the S-PEEK cast from DMSO although it has much higher
water content. However, the clear conductivity difference between S-PEEKSs cast from
DMF and DMAc is due to the distinct mobility differences of their polymer

backbones.
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Chapter 8

Proton Dynamics of Crosslinked S-PEEK

This chapter has been submitted to J. Phys. Chem. C (2008). The co-authors are C.
M. Mills and G. R. Goward. The manuscript was initially prepared by me. Then it was
revised by me and G. R. Goward for submission. My contribution to this paper
includes the sample preparation, NMR experiments, conductivity measurements,
determination of residual degree of sulfonation of crosslinked S-PEEKs, and the
understanding of conductivity difference between S-PEEKSs and crosslinked S-PEEKSs.
In this chapter, high-resolution 'H MAS NMR was used to investigate the crosslinked
S-PEEKs prepared using ethylene glycol as a crosslinker. It was found that not all
crosslinkers in the resulting polymer are fully crosslinked. The residual degrees of
sulfonation were determined to be about 13%. Surprisingly, the crosslinked S-PEEK
membranes with such a low degree of sulfonation still present good proton
conductivity comparable to that of S-PEEK (DS=58%). This is attributed to the
exchange between the sulfonic acid proton and the hydroxyl proton of partially
crosslinked ethylene glycol, which is observed in 'H EXSY NMR experiments.
However, the observed decomposition of the crosslinked S-PEEK in an acidic
environment indicates that membranes prepared in this fashion are not appropriate for

application in PEM-FCs.
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8.1 Introduction

As a typical fluorine free polymer electrolyte, sulfonated PEEK (S-PEEK) was
developed to substitute Nafion®, since Nafion has some drawbacks, such as high cost,
limited working temperature, and methanol cross over, 3] However, although PEEK
has good chemical stability and mechanical properties, (" the sulfonated PEEK with
a very high degree of sulfonation (DS), which presents good proton conductivity,
often results in deteriorated mechanical strength due to the high water uptake and
consequent high swelling of the membrane. One way to improve the mechanical
strength of the S-PEEK membrane with a high DS is to crosslink the polymer by
linking sulfonic acid groups. 191 Obviously, this sacrifices a certain amount of
sulfonic acid protons, which ultimately decreases the proton conductivity of the
membrane. But if an S-PEEK membrane with a very high DS is chosen for preparing
the crosslinked S-PEEK, it was found that the mechanical property and the proton

conductivity of the resulting membrane is comparable to those of Nafion. ']

Although the crosslinked S-PEEK shows desirable mechanical and conductive
properties, it is not well characterized. For example, the remaining degree of
sulfonation after the crosslinking of S-PEEK, which is very crucial to evaluate the
conductivity of the resulting polymer electrolyte, was not reported. Recently,
incompletely crosslinking reaction for some of crosslinkers has been reported, (1]

which indicates the residual hydroxyl proton of crosslinkers in the treated S-PEEK. To
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our knowledge, questions like whether these protons are involved in proton
conduction and how they participate are not answered. At this point, a solid state
NMR study of this proton exchange membrane can provide useful information which
allows us to have a better understanding of the conductivity differences between

S-PEEKSs and crosslinked S-PEEKs on molecular level.

In this chapter, using solid state 'H MAS NMR the crosslinked S-PEEK
membranes, which were prepared from S-PEEKSs with different degrees of sulfonation,
were studied. This allows us to directly probe the proton as the nuclei responsible for
conduction. 2D 'H EXchange SpectroscopY (EXSY) NMR is used to study exchange
between the sulfonic acid proton and the hydroxyl proton of crosslinker in the
hydrated crosslinked S-PEEK. Although both proton exchange and proton spin
diffusion can cause cross peaks between proton sites, only the former is temperature
dependent, which allows us to distinguish these mechanisms by comparing the
intensity of spectra acquired at different temperatures. Homonuclear proton dipolar
coupling interactions, which can be recoupled using a double quantum filtering (DQF)
sequence, can be used to reveal the relative mobility of protons. The Back-to-Back

(12131 was used to recouple the proton dipolar coupling which

(BaBa) pulse sequence,
are removed in a regular single pulse MAS experiment. This technique provides

insight into the proton mobilities in the dried crosslinked S-PEEK. Compared with the

single pulse MAS spectrum, the BaBa spectrum will only present the rigid protons
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which have strong dipolar couplings, whereas protons experiencing motionally
averaged couplings, typical of rapid dynamics, are removed by the DQ filter. This
allows us to distinguish mobile protons from immobile ones. This method is only
applied to the dried samples, as the dynamics in hydrated membranes are too rapid to
allow for detection of any double quantum filtered resonances. The conductivities of
crosslinked S-PEEKs measured by AC impedance spectroscopy are discussed in the

context of the NMR results.

8.2 Experimental

8.2.1 Preparation of S-PEEK membranes

Commercial PEEK (Grade 450P, Victrec Company) was dissolved in 98% H,SO4
at room temperature. At intervals of tens of hours, samples were taken periodically
from the mixture and added to ice water with strong agitation. The residual acid in the
polymer precipitates was removed by washing in ice water until constant pH was
obtained. For the S-PEEK samples with a very high degree of sulfonation, which is
highly swollen in water, the dialysis of S-PEEK was performed. Then, the S-PEEK
was dried at 105 °C to remove water in the polymer. Determination of the degree of
sulfonation of S-PEEK was performed by solution state 'H NMR of S-PEEK

dissolved in deuterated dimethylsulfoxide (DMSO-ds). 'Y S-PEEK membranes were
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prepared by dissolving the dried S-PEEK in DMSO solvent and then casting onto
glass. After drying, the membranes were washed in distilled water to remove the

solvent.

8.2.2 Preparation of crosslinked S-PEEK

The S-PEEKs (DS=86% and 95%) were chosen to prepare the corresponding
crosslinked S-PEEK (DS=86% for S-PEEK) and crosslinked S-PEEK (DS=95% for
S-PEEK). The procedure is referred to Kaliaguine’s work. ') The dry membrane was
dissolved in dimethylacetamide (DMAc) to give a ~9 wt.% S-PEEK solution. The
ethylene glycol was then added as a crosslinker. The ratio of crosslinker to sulfonic
acid proton of S-PEEK is ~ 7:1. The mixture was agitated for about 1 hour and then
cast onto a glass plate. This sample was first dried at room temperature for 3 days and
then at 140 °C for 60 hrs. The obtained membranes were washed in water to remove
residual solvent and crosslinker since both of them are miscible with water. The
obtained membranes did not exhibit any noticeable expansion after being fully
hydrated in water, which indicates a certain degree of crosslinking has occured. Some
membranes of crosslinked S-PEEK were treated in 1M NaOH (59 or 1M H,SO4 (ag)
overnight to study their stability in basic or acidic environment, respectively. Before
'"H NMR measurements, excess base or acid in these membranes was removed by

washing in water until constant pH was obtained. The back titration of crosslinked
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S-PEEKs was performed as follows to determine the equivalent weight (EW) of the
crosslinked S-PEEKs. ~0.1g dried sample was added in excess 0.01M NaOH and kept
for overnight. The mixture was then titrated with 0.01M HCI to end point. The
equivalent weight is calculated as the mass of dried crosslinked S-PEEK per mole of

sulfonic acid proton.

8.2.3 '"H NMR

Solid-state '"H NMR experiments were performed on a Bruker AV 500
spectrometer at a 'H Larmor frequency of 500.13 MHz. A 2.5 mm rotor and a 4 mm
rotor were used to spin samples at 25 kHz and 14 kHz, respectively. A recycle delay
of 3 s was used. The spectra were referenced to adamantane (1.63 ppm for 'H). The
spectra were acquired with a 90° pulse length of 2.5 ps. Variable temperature
experiments were performed in the range of 300-370K, with the sample temperature
corrected to include heating effect arising from the high-speed MAS. '] 'H 2D EXSY
NMR spectra were recorded by EXSY pulse sequence with mixing time variable from
1 to 150 ms. The rotor synchronized DQF MAS spectra were recorded using the
Back-to-Back pulse sequence with tey variable from one rotor period t; to eight rotor
periods 81;, and 128 scans. The decomposition of S-PEEK "H MAS NMR spectra was
performed by DMFIT software to determine peak areas of the aromatic proton and the

methylene proton of crosslinker. ¢!
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8.2.4. ’H NMR

The H MAS NMR experiments were conducted on a Bruker AV 500
spectrometer at a “H Larmor frequency of 76.77 MHz. A 4 mm rotor was used to spin
samples at 5 kHz. A recycle delay of 3 s was used. The spectra were referenced to

D,0 (4.77 ppm for *H).

8.2.5 Conductivity measurements

The proton conductivity of membrane was measured by AC impedance
spectroscopy by a BekkTech four-probe conductivity cell with two platinum foil outer
electrodes and two platinum wire inner electrodes. '”! The membrane samples were
cut into strips which were 0.3~0.5 cm wide and 2~3 cm long. The thickness of
membranes was measured using a micrometer. An AUTOLAB PGSTAT30
impedance analyzer was used for impedance measurements. The instrument was used
in potentiostatic mode with an AC potential amplitude of 0.01 V over a frequency
range of 10 to 20,000 Hz. The conductivity is calculated using the following equation
[18, 19]

c=d/R1-h (8-1)
where o, d, R, /, and / denote the ionic conductivity, distance between the two inner

electrodes, the measured resistance of the membrane, the width of the membrane, and
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the thickness of the membrane, respectively. The samples were equilibrated overnight
at 35 °C (the lowest stable temperature) in a humidity chamber (model 9000, VWR)
with variable relative humidity and then measured in the chamber. This equilibration
time was found to be sufficiently long for the four-probe cell configuration, since the

membrane is entirely exposed to the environment in the humidity chamber.

8.3 Results and discussion

8.3.1 Incompletely crosslinked crosslinkers in crosslinked S-PEEK

It is believed that the crosslinking of S-PEEK with a high DS would improve its
mechanical strength but retain, in the resulting polymer, good proton conductivity.
In this work, crosslinked S-PEEKs based on S-PEEKs (DS=86% and 95%) were
prepared using ethylene glycol as a crosslinker. The '"H MAS NMR spectra of the
crosslinked S-PEEK prepared from S-PEEK (DS=95%) are shown in Figure 8-1. In
Figure 8-1(a), the resonance at ~2.1 ppm is attributed to the methylene protons of
ethylene glycol. The resonance at ~5.0 ppm is assigned to the hydroxyl proton of
ethylene glycol since it was found that this peak shifts to lower frequency with
increasing temperature in Figure 8-1(b), and to higher frequency with decreasing
water content in Figure 8-1(c). As the free crosslinker is miscible with water and has

been washed out of the membrane, the hydroxyl proton must be from the partially
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crosslinked ethylene glycol, ie, with one functional group tethered to the sulfonate
group as expected, while the other remains unreacted. This suggests that not all
crosslinkers are fully crosslinked and the residual hydroxyls of partially crosslinked
crosslinkers can help to retain water within the membrane. Therefore, the peak at ~2.1
ppm is comprised of both fully and partially crosslinked ethylene glycol. The other
two peaks with weaker intensities at ~7.3 ppm and ~6.7 ppm in Figure 8-1(a) are
assigned to the water-associated sulfonic acid proton as they show dependence of
chemical shift on temperature as well. The broad resonance ranging from 5 to 9 ppm

is attributed to the rigid aromatic protons of the polymer backbone.

(b)

(a)

0 8 6 & 2 0 e

Figure 8-1. '"H MAS NMR of crosslinked S-PEEK prepared from S-PEEK
(DS=95%), MAS=25 kHz. (a) hydrated sample at room temperature (b) hydrated
sample at 363 K (c) dried sample at room temperature.
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The above assignment is proved by the H MAS NMR spectrum of the
crosslinked S-PEEK (DS=95% for S-PEEK) which has been treated in D,0. It was
expected that only the sulfonic acid group and the residual hydroxyl group of the
crosslinker will undergo hydrogen-deuterium exchange with D,0O to exhibit signal in
the ’H MAS NMR spectrum. From the spectrum shown in Figure 8-2, it can be seen
that the strongest resonance is due to the deuterated hydroxyl group of the crosslinker
and the two very weak resonances are attributed to the deuterated sulfonic acid group.
The large difference in intensity for the hydroxyl group and the sulfonic acid group in
this spectrum could indicate a much decreased degree of sulfonation resulting from
the incomplete reaction of S-PEEK with ethylene glycol. This is consistent with the

following calculated residual degree of sulfonation (RDS).

I S BN RS Sme Sm i N LG B JNw e CRN G UM mE SE B N DR R G G e G e i e e ces
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Figure 8-2. ’H MAS NMR of crosslinked S-PEEK (DS=95%)
treated by D,O, MAS= 5 kHz
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8.3.2 Determination of equivalent weight of crosslinked S-PEEKSs

Both Figure 8-1 and Figure 8-2 have demonstrated clearly that not all the
crosslinkers are fully crosslinked, which makes it difficult to determine the chemical
structure of the crosslinked S-PEEK. Moreover, in the above solid-state NMR spectra
of the crosslinked S-PEEK, we are unable to tell whether diethylene glycol or/and
triethylene glycol are formed and involved as crosslinkers. Using solution state NMR,
Kaliaguine reported that these oligomers can be formed and participate in crosslinking
reaction. 'Y Thus, with including these oligomers as crosslinkers, the chemical
structure of crosslinked S-PEEK (DS=95% for S-PEEK) is shown schematically in

Figure 8-3.

Figure 8-3. Scheme of the crosslinked S-PEEK (DS= 95% for S-PEEK)

Although it is difficult to unambiguously determine the variables in Figure 8-3
because of the residual hydroxyls and the oligomers of ethylene glycol, the equivalent

weight of the crosslinked S-PEEKs can be determined straightforwardly by the
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method of back titration. Since an excess of NaOH is used in this method, it is
necessary to know if the crosslinked S-PEEK is stable in this basic environment. Thus,
the 'H NMR spectra of NaOH-treated crosslinked S-PEEK were measured. They are
shown in Figure 8-4. It can be seen that, as expected, in Figure 8-4(b) the sulfonic acid
proton does not exhibit in this spectrum, due to neutralization with NaOH. However,
the methylene proton of the crosslinker is not observed in this spectrum. The very
sharp peak at ~3.8 ppm is assigned to the water proton or the water-associated
hydroxyl proton of ethylene glycol, depending on whether the crosslinker has been
removed or the methylene proton resonance overlaps with the hydroxyl proton
resonance, respectively. However, once a significant amount of water is removed from
the sample by drying, a broad peak at ~3.2 ppm is observed clearly in Figure 8-4(a).
Since the hydroxyl proton of the crosslinker generally shifts to higher frequency with
decreasing water content, its resonance then overlaps with the broad aromatic proton
resonance. Furthermore, due to the decreased mobility of hydroxyl proton with
decreasing water content, the hydroxyl proton of the crosslinker is not resolved in this
spectrum. Thus, the resonance at ~3.2 ppm is attributed to the methylene proton of the
crosslinker. This suggests that the crosslinked S-PEEK did not decompose in the basic
environment. Therefore, titrating the NaOH-treated crosslinked S-PEEK can be used
to determine its equivalent weight. The determined equivalent weight values are
shown in Table 8-1, together with those for S-PEEKs calculated from their degrees of

sulfonation. It is clear that the two crosslinked S-PEEKs have very similar equivalent
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weight, indicating similar ion exchange capacity. Both of them show much higher
equivalent weight than S-PEEKs. Therefore, their ion exchange capacity would be

much lower than S-PEEKs from which they were prepared.

() /\J L
(a) M
_1~5 '10 - 5 - '[ppm]

Figure 8-4. '"H MAS NMR of crosslinked S-PEEK (DS=95% for S-PEEK)
treated by NaOH, MAS=25 kHz. (a) dried (b) hydrated

Table 8-1. Equivalent weight (EW) of S-PEEKSs and crosslinked S-PEEKs

Crosslinked Crosslinked
S-PEEK S-PEEK
Samples S-PEEK S-PEEK
(DS=86%) (DS=95%)
(DS=86%) (DS=95%)
EW (g/mol) 415 383 3035 3086




Chapter 8 Ph. D. Thesis — G. Ye  McMaster — Department of Chemistry 231

8.3.3 Determination of the residual degree of sulfonation of crosslinked S-PEEKSs

In order to understand the contribution of the residual hydroxyls to proton
conductivity of crosslinked S-PEEK, one has to determine the residual degree of
sulfonation (x in Figure 8-3), the degree of crosslinking (z in Figure 8-3), as well as
the percentage of units with partially crosslinked crosslinkers (y in Figure 8-3). This
makes it necessary to know the ratio of the methylene proton of crosslinker to the
aromatic proton of the backbone. This ratio can be calculated from the 'H NMR
spectrum of D,O-treated crosslinked S-PEEK shown in Figure 8-5. Different from the
’H MAS NMR spectrum of D,O-treated crosslinked S-PEEK shown in Figure 8-2,
this spectrum only shows the aromatic proton and the methylene proton of
crosslinkers. Thus, the ratio of the two types of protons can be obtained by
decomposition of the spectrum. By taking all possible values assigned to m and n in
Figure 8-3 (m and n should not be greater than 4. (1) the RDS, which is the x in
Figure 8-3, can be unambiguously determined to be 13.5% + 0.5% and 13% + 0.5%
for the crosslinked S-PEEK (DS=86% for S-PEEK) and the crosslinked S-PEEK
(DS=95% for S-PEEK), respectively. Moreover, it is also found that the RDS is not
sensitive to the ratio of the methylene proton of crosslinker to the aromatic proton of
the backbone. When the ratio varies from 0.1 to 0.7 (where it is determined to be
between 0.3~0.5 from the decomposed spectra of crosslinked S-PEEKs), the

difference between the obtained RDS and the previously determined RDS is not
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greater than 1%. This suggests that the oligomerization of the crosslinker does not
significantly influence the residual degree of sulfonation for the crosslinked S-PEEK
with determined equivalent weight and ratio of the methylene proton to the aromatic
proton. However, the values of y and the z in Figure 3 change with the
oligomerization of ethylene glycol. Although they can not be determined, the very
strong intensity of hydroxyls in Figure 8-1(a) and Figure 8-2 indirectly indicates that

the value of y in Figure 8-3 would not be small.

T e T T I T T e ey g ronre
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Figure 8-5. '"H MAS NMR of D,O-treated crosslinked S-PEEK (DS=95% for
S-PEEK), MAS=14 kHz. The sample was measured in dried state.

8.3.4 Proton exchange in the hydrated crosslinked S-PEEK

Since the hydroxyl protons of the crosslinker shows relatively stronger signal in
Figure 8-1(a), compared with sulfonic acid proton, it would be interesting to know
whether this proton can exchange with sulfonic acid proton. Such data aids the

determination of the mechanism of proton conductivity of the crosslinked S-PEEK.
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This information was achieved from 'H 2D EXSY NMR spectra of the crosslinked
S-PEEK (RDS=13%) shown in Figure 8-6. When mixing time is as short as 5 ms in
Figure 8-6(a), there is no cross peaks between the hydroxyl proton and the sulfonic
acid proton, indicating no proton exchange at this time scale. The weak cross peaks
between the acid proton and the methylene proton in Figure 8-6(a) result from proton
spin diffusion between them. Nevertheless, when a long mixing time of 150 ms is
given, cross peaks between the acid proton and the hydroxyl proton can be seen
clearly in Figure 8-6(b). Since spin diffusion between these protons can cause the
cross peaks as well, proton exchange between them can not be directly concluded
from this spectrum. A 'H 2D EXSY NMR experiment with a short mixing time of 5
ms but at an enhanced temperature of 337K (corrected temperature) has been
performed. As spin diffusion is temperature independent, it will not produce cross
peaks between these protons in a 'H EXSY spectrum acquired at the enhanced
temperature. However, it was found that cross peaks between the acid proton and the
hydroxyl proton can be seen clearly at 337K (not shown here). Thus, the cross peaks
between the acid proton and the hydroxyl proton in Figure 8-6(b) are due to proton
exchange. In addition, proton exchange between sulfonic acid protons in two distinct
environments can also be observed at this time scale as shown by the weak but clear
cross peaks. From the 'H EXSY experiments, it is implied that the hydroxyl proton of

the incompletely crosslinked ethylene glycol contribute to proton conductivity of the
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crosslinked S-PEEK by exchange with sulfonic acid proton. To our knowledge, such

a role of crosslinking groups has not yet been discussed in the literature.
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Figure 8-6. '"H EXSY NMR of hydrated crosslinked S-PEEK (RDS=13%),
MAS=25 kHz. (a) mixing time = Sms (b) mixing time = 150ms

8.3.5 Proton mobility in the dried crosslinked S-PEEK

The '"H EXSY spectra have demonstrated high proton mobility in the hydrated
sample of crosslinked S-PEEK (RDS=13%). However, as can be seen from the Figure
8-1 (c), the unresolved sulfonic acid proton in the dried sample does not allow
investigation of proton mobility by the same EXSY experiments. Alternatively, proton
mobility in polymers, particularly in rigid polymers, can be well understood in solid
state NMR by using a BaBa pulse sequence through which the mobile protons are

filtered in the resulting double quantum filtered (DQF) MAS spectrum. *% %] The
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obtained BaBa spectrum for the dried sample of crosslinked S-PEEK (RDS=13%) is
shown in Figure 8-7(b). Compared with the single pulse spectrum shown in Figure
8-7(a), the DQF MAS NMR spectrum does not show observable signal for the
hydroxyl proton. This indicates that the hydroxyl proton is still mobile in the dried
sample, resulting in a very weak dipolar coupling which can not be detected in this
recoupling time. Moreover, even when the recoupling time was extended up to 81, the
hydroxyl proton was not observed from the DQF MAS NMR spectrum (not shown
here). As the methylene protons of the crosslinking group provide a close-proximity
coupling partner, the lack of a DQF signal cannot be attributed to the isolation of the
hydroxyl group from other protons. Therefore, the hydroxyl proton in the dried
crosslinked S-PEEK must be mobile on the timescale of a rotor period, ie, faster than
40 ps. In addition, it can also be observed that the methylene proton of the crosslinker
have very weak intensity in the DQF MAS NMR spectrum, compared with the
intensity of the aromatic proton. This is consistent with the observed partially
crosslinked crosslinker of which the methylene protons are expected to be more

mobile than the aromatic protons of the polymer backbone.



Chapter 8 Ph. D. Thesis — G. Ye  McMaster — Department of Chemistry 236

(b) DQF MAS
(t=1)
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Figure 8-7. "H MAS NMR of the crosslinked S-PEEK (RDS=13%),
MAS=25 kHz. The Sample was dried before measured.

8.3.6 Proton conductivity of crosslinked S-PEEK

As expected from the 'H EXSY NMR experiments, the proton conductivities of
crosslinked S-PEEKs (RDS=13.5% and 13%) shown in Figure 8-8 are not
significantly reduced relative to the parent S-PEEK membranes, due to proton
exchange between the sulfonic acid group and the hydroxyl group of the crosslinker,
although the residual degree of sulfonation (RDS) of the crosslinked S-PEEKs are
only about 13.5% and 13% respectively. The proton conductivity of the crosslinked
S-PEEK (RDS=13%) is indeed comparable to that of S-PEEK (DS=58%) at the
relative humidity of 95%. Thus, the contribution of hydroxyl proton of the crosslinker
to the proton conductivity must be significant. However, due to the much higher pKa

of ethylene glycol (pKa=14.22 in H,O at 25 °C *?) the hydroxyl proton may not
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exhibit proton conductivity as high as that observed for the same amount of sulfonic
acid protons (pKa=2.8 at 20 °C 23]y The role of the flexible alkyl chain of the
crosslinker in increasing the mobility of hydroxyl proton is a variable which is not
quantitatively considered, but may improve conductivity in the crosslinked membrane.
In addition, despite the similar RDS, the two crosslinked S-PEEK membranes show
clear conductivity differences which could be due to the distinct sulfonic acid proton
mobility observed in the "H MAS NMR spectrum (not shown here) and/or different
percentage and distribution of polymer units with partially crosslinked crosslinker,

which can not be determined yet.
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Figure 8-8. Conductivity of S-PEEK (DS=58%), crosslinked S-PEEK
(RDS=13.5%, DS=86% for S-PEEK), and crosslinked S-PEEK (RDS=13%,
DS=95% for S-PEEK) under variable relative humidity
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8.3.7 Decomposition of crosslinked S-PEEK in an acidic environment

The spectra of crosslinked S-PEEK treated by NaOH solution have displayed that
the crosslinked S-PEEK does not decompose in a basic environment. It is even more
important to investigate the stability of the crosslinked S-PEEK in an acidic
environment, since the working environment of proton exchange membrane in fuel
cell is acidic. The '"H MAS NMR spectra of crosslinked S-PEEK which has been
treated by 1M H,SOj solution are shown in Figure 8-9. It can be seen that the signal
for the methylene proton of ethylene glycol completely disappears from both the dried
and the hydrated samples. The several peaks ranging from 4.7 ppm to 6.5 ppm in
Figure 9 (a) are attributed to sulfonic acid protons which are associated with different
amount of water. The distinct sulfonic acid proton environments in hydrated S-PEEKs
with high degrees of sulfonation, for instance DS= 72% and DS=86%, have been
observed. **! However, when the DS is up to 95%, only a single acid proton
environment was observed, resulting from a highly swollen membrane. Compared
with the S-PEEK (DS=95%), the acid-treated crosslinked S-PEEK (RDS=13%,
DS=95% for S-PEEK) shows multiple sulfonic acid proton environments after the
crosslinker has been completely removed. This indicates a distinct difference in the
structure of the two membranes although they have same initial degree of sulfonation.

In Figure 8-9(b), when the acid-treated crosslinked S-PEEK (RDS=13%, DS=95% for
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S-PEEK) is dried, the resonance for rigid sulfonic acid proton shifts to higher

frequency, resulting in a broad peak at ~8.5 ppm.

(b)

(2) “

_"'T'T—I_T—r-'ﬁ_f_h-'_ﬁ_'_'ﬂﬂ_'_'_'_'_'ﬂ_ﬁ_ﬁﬂ_
14 12 10 8 6 4 2 [ppm

Figure 8-9. "H NMR of crosslinked S-PEEK (RDS=13%) treated by 1M
H,SOy,, then washed in water until constant pH was obtained, MAS=25 kHz.
(a) hydrated sample (b) dried sample

The spectra in Figure 8-9 suggest that both fully and partially crosslinked
ethylene glycol units can be eliminated in an acidic solution. This results from the
hydrolysis of sulfonate ester which regenerates sulfonic acid and ethylene glycol in
the acidic environment. Since the free ethylene glycol is miscible with water, it is then
completely removed from the membrane by repeatedly washing in water. Therefore,
the decomposition of crosslinked S-PEEK in an acidic environment indicates that the

crosslinked S-PEEK would not be feasible in the application of polymer electrolyte
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membrane fuel cells although it can still present proton conductivity comparable to

those of S-PEEKs.

8.4 Conclusions

Not all the ethylene glycol units used in the preparation of crosslinked S-PEEK
are fully crosslinked. The equivalent weight of crosslinked S-PEEKs determined by
back titration is much higher than those of the S-PEEKs from which they were
prepared. The residual degrees of sulfonation of crosslinked S-PEEKSs were accurately
determined to be 13.5% and 13% for crosslinked S-PEEK (DS=86% for S-PEEK) and
crosslinked S-PEEK (DS=95% for S-PEEK), respectively. Although they have such
low residual degrees of sulfonation, their conductivities are still comparable to that of
S-PEEK (DS=58%). This is due to the contribution from the proton exchange between
the sulfonic acid group and the hydroxyl group of crosslinkers. However, the major
drawback of the crosslinked S-PEEK is that it decomposes in an acidic environment,

implying that it is not applicable in PEMFC.
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Chapter 9

Summary and Outlook

Solid state NMR is used in this thesis as a powerful tool to investigate proton
dynamics within PEMs, including Naﬁon®, Nafion/SiO, composites, Nafion/ZrP
composites, S-PEEKs and crosslinked S-PEEKs. Combining proton conductivity data
obtained using impedance spectroscopy, with the NMR data gives deeper
understanding of the molecular-level proton dynamics in these materials. Such data is
critical to the selection of good PEMs and the development of new PEMs. The

insights gained in this research are as follows.

The proton mobility of these materials is dependent on both the temperature and
the water content. High proton mobility can be observed by NMR in samples with
high water content at high temperatures. The activation energy for proton transport in
these materials generally increases with decrease in hydration level. These findings
are consistent with established conductivity data. Beyond these bulk properties, the
solid-statte. NMR provides further insight, on the basis of the spectral resolution
together with several multi-pulse sequence studies. Although both Nafion and
S-PEEKs show dependence of proton mobility on water content, Nafion shows proton
dynamics quite different from that of S-PEEK at low hydration level when
humidification changes (see Chapter 3), due to their structural differences. This

implies an important consideration for the development of PEMs. Namely, the PEM
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should have flexible polymer backbones as well as side chains with appropriate length,
which allow close proximity between acid protons. This facilitates proton transport
between acid groups even at low hydration levels. This feature may allow for
improved performance of PEMs, since the PEM maintain acceptable proton

conductivity under the industrial target of hotter, drier conditions.

For Nafion/SiO, composites, the preparation of the composites can cause large
difference in their proton diffusion coefficients and proton conductivities in dried
states. A high concentration of TEOS usually causes incomplete hydrolysis of TEOS
in the resulting Nafion/SiO, composites if the time for treating Nafion in the TEOS
solution is too long. Moreover, the silica particle size is much larger in the composites
prepared from the high concentration of TEOS, due to the high degree of condensation
between surface hydroxyl groups of silica. Both the existence of residual ethyl groups
from incompletely hydrolyzed TEOS and the condensation of hydroxyls negatively
impact the proton diffusion of the composites. It should be pointed out that although
the high loading of dopants is usually pursued in order to have a greater extent of
modification to the polymer, the similar high degree of condensation of hydroxyls
could take place easily, which should be avoided in the preparation of Nafion/SiO,
composites. This also suggests that a better way to control for smaller silica particle
size is to allow the hydrolysis of TEOS to occur in the swollen water channels of

hydrated Nafion, rather than hydrolyzing TEOS in the Nafion solution in which a high
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degree of condensation of hydroxyls will be expected. It has been found that the best
Nafion/SiO, composite can be obtained using a low concentration of TEOS in
methanol solution. This composite displays much higher diffusion coefficient than
pure Nafion in the dried state. Therefore, Nafion/SiO, composites synthesized using
these optimized procedures hold promise for being used as proton exchange

membranes working at an elevated temperature and reduced relative humidity.

The solid state NMR results in Chapter 5 present a good understanding of
conductivity differences between o-ZrP, anhydrous o-ZrP and amorphous ZrP. The
proton exchange between acid group and residual water contributes to the highest
proton conductivity of amorphous ZrP. The stronger dipolar coupling between acid
protons in the anhydrous o-ZrP results in its lowest proton conductivity. These results
imply that amorphous ZrP is the best choice of dopant in Nafion. More importantly,
the studies of interaction between ZrP and the acid proton of sulfuric acid show
important findings that the strong acid not only protonates the phosphoric acid group,
but also catalyzes the condensation of phosphoric acid group, leading to the formation
of pyrophosphate at much lower temperature. The observation of the interaction
between ZrP and the strong acid is crucial for a complete understanding of interaction

between ZrP and the Nafion in the subsequent chapter.

For the Nafion/ZrP composites, all hydrated composites show lower activation
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energies for proton transport, in contrast to reduced proton conductivity, compared
with unmodified Nafion. Although the composite is designed to work at high working
temperature, both the conversion of monohydrogen phosphate into pyrophosphate and
the protonation of monohydrogen phosphate have been observed after the composite
was dried at 160 °C. This indicates that the composite is not stable under such
conditions. More importantly, the subsequent hydration of the dried composite shows
much reduced proton conductivity even if the pyrophosphate has converted back to
monohydrogen phosphate by hydrolysis. Furthermore, the following drying of the
composite did not cause the conversion of monohydrogen phosphate into
pyrophosphate and the protonation of monohydrogen phosphate. These observations
clearly indicates a dramatic change of interaction between Nafion and ZrP. Since the
change during the fist drying-rehydration process is not reversible and causes reduced
proton conductivity, it should be avoided for the purpose of practical application. This
indicates that a very dry environment is still a major challenge for using the
Nafion/ZrP composite in fuel cells at a high temperature. A compromise between the
very low humidification and the high working temperature is to take a relatively lower
temperature, for example ~ 110 °C. At such a temperature, the conversion of
monohydrogen phosphate into pyrophosphate is minimized, since the acid proton is
still associated with water, and therefore does not catalyze the conversion. These data

highlight the importance of temperature and humidity cycling studies of PEMs.
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In the fully hydrated S-PEEKSs, sulfonic acid proton environments change with
the degree of sulfonation. When the degree of sulfonation is 58% or 95%, the S-PEEK
has uniform acid proton environment, which is due to low or high water content,
respectively. When the degree of sulfonation changes from 58% to 95%, the water
content of S-PEEK increases from low to high, leading to multiple acid proton
environments in the polymer. This indicates a large variation of N waer acid proton Values
through an individual membrane, which explains well the small conductivity
difference between S-PEEK (DS=72%) and S-PEEK (DS=86%). The understanding
of the conductivity differences among the S-PEEKs samples suggests that it is very
important for PEMs to have evenly distributed water molecules per acid proton
although high water content is critical to maintain high proton conductivity. In a
sample with unevenly distributed water molecules, the acid protons associated with
fewer water molecules could create a bottle neck of long range proton transport. In
addition, S-PEEKs with same degree of sulfonation but cast from different solvents
(DMSO, DMF and DMAc), present distinct proton conductivities, which was
explained by the different mobility of their polymer backbones. This clearly shows the
importance of choosing the appropriate casting solvents to allow looser packing of

polymer chains and thereby, increased local dynamics and proton transport.

In the crosslinked S-PEEK, it was found that not all the additive ethylene glycol

molecules create complete crosslinks. The residual degree of sulfonation was
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determined to be only ~ 13%. With such a low degree of sulfonation, the crosslinked
S-PEEK nevertheless presents very good conductivity which is comparable with that
of S-PEEK (DS=58%). This impressive conductivity of crosslinked S-PEEK was
attributed to the fast proton exchange between the residual hydroxyls from the
crosslinker molecules and the sulfonic acid groups from the S-PEEK. Since the
hydroxyl of the crosslinker has much higher pKa compared with sulfonic acid group
(see Chapter 8), this suggests that functional groups with low acidity can still
significantly contribute to proton transport in the proton exchange membrane through
proton exchange with acid groups. Therefore, in the development of new PEMs, some
functional groups with low acidity but having ability to exchange proton with acid
groups should be considered as well. However, in this research although the
crosslinked S-PEEK presents acceptable conductivity and improved mechanical
strength, it decomposes in an acidic environment. Since in the actual fuel cell the
proton exchange membrane will be highly acidic, the crosslinked S-PEEK will
degrade with time once the fuel cell with this polymer is operated. Therefore, the

crosslinked S-PEEK prepared by this method is not feasible for practical application.

As summarized above, in this thesis the studies of these materials have focused
primarily on the proton dynamics at relatively low temperatures (below 100 °C).
Multi-nuclear NMR studies at high temperatures, such as 100~160 °C are the obvious

next step in this research program, as manufacturers target “hot and dry” conditions
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for enhanced fuel cell performance and reliability. It has been reported that Nafion
composites show higher conductivity than unmodified Nafion in this increased
temperature range. Thus, studies of proton dynamics of these materials in this elevated
temperature range would provide useful information for understanding and optimizing

the improved performance of various Nafion composites.

In conclusion, solid state NMR studies provide valuable insight into the molecular
level dynamic and chemical processes which govern ion transport in polymer
electrolyte membranes. Considerations of PEM performance and durability under
temperature and humidity cycling, as well as exposure to the electrochemical fuel cell
processes will be necessary as automotive manufacturers seek to bring fuel cells into

competition as green vehicles of the future.



